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Abstract

The purpose of this thesis is to develop a gradient discretisation method for elliptic and parabolic,
linear and nonlinear, variational inequalities. The gradient discretisation method is a framework which
enables a unified convergence analysis of many different methods — such as finite elements (conforming,
non-conforming and mixed) and finite volumes methods — for 2°¢ order diffusion equations.

Using the gradient discretisation method framework, we perform the numerical analysis of vari-
ational inequalities. We first establish error estimates for numerical approximations of linear ellip-
tic variational inequalities. Using compactness techniques, we prove the convergence of numerical
schemes for nonlinear elliptic variational inequalities based on Leray-Lions operators. We also show
the uniform-in-time convergence for linear parabolic variational inequalities.

As numerical applications of this framework, we design, analyse and test the hybrid mimetic mixed
(HMM) method for variational inequalities. Several numerical experiments are presented and demon-
strate the accuracy of the proposed method, and confirm our theoretical rates of convergence, on grids
with various cell geometries

Keywords: Elliptic variational inequalities, parabolic variational inequalities, obstacle problem,
Signorini boundary conditions, nonlinear variational inequalities, nonlinear operators, Leray-Lions
operator, seepage model, gradient discretisation method, gradient schemes, gradient discretisation,
hybrid mimetic mixed methods, error estimates, convergence, monotonicity algorithm.
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Chapter 1

Introduction

Variational inequalities (VIs) are problems involving partial differential equations, in which the solution must
satisfy inequality conditions imposed either inside the domain or on a part of the boundary. Numerous problems
that arise in fluid dynamics, elasticity, biomathematics, mathematical economics and control theory are modelled
by VIs [57, 68, 53].

The topic of this thesis is the numerical analysis of variational inequalities. It aims to provide the generic
convergence results of several numerical schemes for VIs, from error estimates in the case of linear models, to
convergence analysis by compactness techniques in the case of nonlinear models. This generic analysis is done
by applying the gradient discretisation method to such models.

The next section describes the seepage model, an application of VIs. Section 1.2 presents the principles of
the gradient discretisation method. The main results are detailed in the last section of this introduction.

1.1 A motivation: the seepage problem

Free boundary problems, in which partial differential equations (PDEs) are written on a domain whose boundary
is not given but has to be located as a part of the solution, are a common kind of variational inequalities. The
main drivers of this research are unconfined seepage models, which describe the flow of water in nonhomogeneous
dam as a free boundary problem, whose unknown surface is located between the wet and the dry regions.
These models involve nonlinear quasi-variational inequalities obtained through the Baiocchi transform [7], or
quasi-linear classical variational inequalities through an extension of the Darcy velocity inside the dry domain
[96, 28, 71, 95].

Qq

Figure 1.1: Geometry of the dam.

As in [96], Figure 1.1 shows the two-dimensional seepage flow through a nonhomogeneous dam. Let p denote
to the pore water pressure and % denote to the total head at point @ = (x,y). Neglecting the gravity, the
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Y

Figure 1.2: Heaviside function.

relation linking the pore pressure and the total head is

u=1y-+ P Qw,
I
where p is the constant water density and €2, is the region occupied by the water. Using an approximated

Heaviside function 7, the Darcy velocity of the flow, denoted by V, can be written on the whole domain as
V =HNu—-yKVi inQ, (1.1.1)

where K denotes to the absolute permeability of the dam. This Heaviside function is chosen such that it is
equal to 1 in the saturated part )y, in which @ —y > 0, and the discharge velocity is approximately zero in the
unsaturated part Qq = 2\ Qy (Q being the dam). As shown in Figure 1.2, one possible choice of the Heaviside
function is

1 ifp>0,
H2(p) =< L5Ep+1 if —A<p<O, (1.1.2)
€ if p<—A.

The flow must satisfy the continuity equation,
divV =0 1inQ. (1.1.3)

The flow on the boundaries is governed by a mixture of Dirichlet, Neumann and inequalities boundary con-
ditions. On the upstream surface AB and downstream CD, the total head of water is assumed to satisfy a
nonhomogeneous Dirichlet boundary condition,

u=g onABUCD, (1.1.4)

where g is equal to the upstream flow depth on AB and it is equal to the downstream flow depth on CD.
The following flux boundary condition is imposed on the surface BC to reflects the fact that there is no flow
at the bottom of the dam:
V.-n=0on BC, (1.1.5)

where n is the unit outward vector on the boundary.
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The unknown point E, which needs to be located as a part of a solution, splits the free boundary surface DF
into two parts. The total head of water u is assumed to be less than its ordinate y at the same point on the
unsaturated part E'F, and thus water may not enter or exit the dry domain on this part. This means that

u<y=V-n=0 on EF.

When 4 is higher than or equals to y (the pore pressure is nonnegative), the water tends to travel along the
lower part DE. Due to the continuity of @, the pore pressure cannot be strictly greater than zero on this
saturated part, therefore, the flow occurs on this region only when the total head of water reaches the ordinate
y (pressure vanishes). This means
u=y=V-n<0 onFED.
Finally, there is no flow and the pressure vanishes at seepage point E. On the whole surface, either the pore
pressure is equal to zero or the flux is equal to zero. The flow and the pore pressure on the free boundary can
be mathematically controlled by the Signorini boundary conditions,
u<y
V.n<0 on DFGA. (1.1.6)
V-n(u—y)=0

The seepage model can be described by a free boundary problem, whose solution satisfies Equations (1.1.1),
(1.1.3), (1.1.4), (1.1.5) and the Signorini boundary condition (1.1.6).

1.2 Gradient discretisation method

The gradient discretisation method (GDM) is a framework for the analysis of numerical schemes for diffusion
partial differential equations (PDEs) problems. This framework consists in discretising the weak variational for-
mulations of PDEs using a small number of discrete elements, called a gradient discretisation. The scheme thus
attained is called a gradient scheme. Under a few assumptions on the gradient discretisation, the corresponding
gradient scheme can be shown to converge.

Previous studies [41] showed that this framework includes many well-known numerical schemes: conforming,
non—conforming and mixed finite elements methods (including the non-conforming Crouzeix—Raviart method
and the Raviart—Thomas method), hybrid mimetic mixed methods (which contain hybrid mimetic finite differ-
ences, hybrid finite volumes/SUSHI scheme and mixed finite volumes), nodal mimetic finite differences, and finite
volumes methods (such as some multi-points flux approximation and discrete duality finite volume methods).
Various boundary conditions can be considered within the gradient discretisation framework. This framework
has been analysed for several linear and nonlinear elliptic and parabolic problems, including the Leray-Lions,
Stokes, Richards, Stefan’s and elasticity equations. We refer the reader to [40, 48, 42, 39, 49, 46] for more
details, and the monograph [37] for a complete presentation.

1.2.1 Construction of the scheme
Consider the following simple linear elliptic PDE model:
—div(Va) = f in Q,
=0 onod,

where Q is an open bounded connected subset of R? (d = 1,2, 3) with a boundary dQ and f is in L?(£2). The
weak formulation of this problem is given by

Find u € H} (), such that, Vv € H}(Q),
/ Via(x) - Vo(x) de = / f(x)v(x) de. (1.2.2)
Q Q

(1.2.1)
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The principle of the GDM for such a model relies on defining a discrete space and reconstruction operators,
which together are called a gradient discretisation (GD). Replacing the continuous spaces and operators in the
weak formulation (1.2.2) by these discrete elements yields a numerical scheme for this problem, called a gradient
scheme (GS).

Selecting the gradient discretisation mostly depends on the boundary conditions (BCs). For homogenous
Dirichlet BCs, the gradient discretisation is a triplet D = (Xp,IIp, Vp), where the space of degrees of
freedom Xp is a discrete version of the continuous space H}(f2), Ilp is a function reconstruction operator
that relates an element of Xp o to a function in L?((2), and Vp is a gradient reconstruction in L?(2)¢ from the
degrees of freedom. It must be chosen such that ||Vp - [|12(q)e is @ norm on Xp . Substituting these discrete
elements in place of the continuous space and operators in (1.2.2) gives the gradient scheme for (1.2.2),

Find v € Xp o such that, Vv € Xp,

/ Vou(x) - Vpu(x)de = / f(x)Ipv(x) de. (1.2.3)
Q Q

Owing to the versatile choice of the GD, many numerical schemes can be written in the setting of this
gradient scheme. We provide here two simple examples of numerical schemes. In each of these schemes, we
define D = (Xp o, IIp, Vp) such that (1.2.3) is the corresponding scheme. In both of following examples, let T
be a conforming triangulation of 2.

Example 1.2.1 (Conforming P1 finite element method). The discrete space Xp o is made of vectors of
values at the nodes of the mesh, the operator Ilpv is the piecewise linear continuous function that takes these
values at the nodes, and Vpv = V(IIpv). Using this gradient discretisation D = (Xp o, IIp, Vp) in (1.2.3)
gives the conforming P1 finite element method to (1.2.2).

Example 1.2.2 (Non-conforming P1 finite element method). We take Xp o as the space of piecewise linear
functions on 7T, which are continuous at the edge mid-points and take zero values at mid-points of all boundary
edges. The GD is completed by setting IIp = Id, and Vp = Vg, which is a broken gradient defined by

for all v € Xp g, for all triangle T'€ T,Vx € T, Vpv(z) = V(v7).

Another example, the HMM method, is covered in details in Chapter 3.

1.2.2 Properties for the convergence analysis of GS

The quality of the discrete elements (Xp o, IIp, Vp) is measure through the constant Cp, and the functions
Sp : H(Q) — [0, +00) and Wp : Hgiy () — [0, +00) respectively defined by

||HDUHL2(Q)

—  max 22O 1.2.4
P eXpo\{0} [Vpvl| L2 () ( )
Yo € HY(©), So(e) = min (ITpv — gllzz@ + (Vo0 Vellizaye) (1.25)
and .
Vb € Haiv (), Wp(¢) = sup @ — / (Vpv -y + Hpvdiv(y)) dw‘, (1.2.6)
vexo o\{0} VDVl L2y 1 /o

where Hyi, (Q) = {1 € L2(Q)¢ : divyp € L2(Q)}.
The constant Cp is used to measure the coercivity (it yields a discrete Poincaré inequality). The function
Sp measures the accuracy of approximating smooth functions and their gradients by elements defined from
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the discrete space. In some contexts, it is called the interpolation error. The following Stokes’ formula is an
important property satisfied by the usual gradient:

/(Vu o+ udivp)de =0, Yu € H&(Q)7<p € Haiv ().
Q

The discrete version of this formula is usually not valid, especially in the case of non-conforming methods. The
function Wp assesses how well the function reconstruction IIp and the gradient reconstruction Vp satisfy the
Stokes’ formula. If the method is conforming, that is Xp o C HY(Q), IIp =1Id and Vp = V, then Wp = 0.

Based on these constant and functions, error estimates can be obtained, in the GDM, between the solution
@ to (1.2.2) and the solution u to (1.2.3):

[|[Vpu — Vﬂ||L2(Q)d < 2Sp(u) + Wp(Va) (1.2.7)

and
|[TIpu — al[12() < (Cp + 1)Sp(u) + CpWp(Va). (1.2.8)

Let us now explain the roles of the three indicators Cp, Sp and Wp in establishing the above error estimates.
In general, obtaining error estimates for conforming methods starts by taking a generic v = vy, € Vj, C H}(Q) as
a test function in the continuous problem (1.2.2). Subtracting this problem, written for vy, from the approximate
scheme yields the following relation between the exact and the approximate solutions,

V(@ — up) - Vup dx = 0. (1.2.9)
Q
For the GDM, which includes non—conforming methods, this formula does not necessarily make sense since
there is no hope for the continuous space H}(2) and the discrete space Xp o to share a common test function as
it does in the conforming case. The function Wp is required to deduce an approximate form of (1.2.9); applying
the definition of Wp to 9 = Va € Hg; () gives

/ (Vi - Vpu + IIpvAa) de
Q

< |IVpvl|p2 e Wn(Va),

which leads to, since —Au = f and w is a solution to the gradient scheme (1.2.3)
/ (VQ - VDU> -Vpvde < ||VD’U||L2(Q)dWD(V@). (1.2.10)
Q
Let v = w — u where w € Xp g, to get

/(pr — Vpu) - (Vpw — Vpu)dz < /(pr(x) —Viu(z)) - (Vpw(z) — Vpu(z)) de
Q Q
+ HVD(w - U)HLQ(Q)(LWD(VTL).
This inequality becomes, thanks to the Cauchy—Schwarz inequality,
[|[Vpu — V’DU}HLQ(Q)d <||Va - VDwHLQ(Q)d + Wp(Va). (1.2.11)

The role of the function Sp rises in providing the best interpolant choice, given by

w= argwg‘i’go Sp(a).

This interpolant leads to the following bounds, thanks to the definition of Sp:

||VDU) — Vﬂ||L2(Q)d < Sp(ﬂ) and HHDw - ’IZ||L2(Q) < SD(’U,), (1.2.12)
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which gives in turn
[|[Vpu — Vﬂ”]ﬂ(g)d <||Vpu — VDwHLz(Q)d +||Vpw — VﬂHLz(Q)d
< HVDU - VDwHLz(Q)d + Sp(ﬂ)

From this inequality and (1.2.11), the estimate (1.2.7) is concluded.
The constant Cp is to ensure the following discrete Poincaré inequality

HHDUHL2(Q) < C’D||VDU||L2(Q)(1, for all v € XD70.
The application of this inequality to u — w, together with (1.2.11) and (1.2.12), leads to
|Mp(u — w)l|r2(0) < Cp(Sp(u) + Wp(Va)).

Using the triangular inequality, one can write ||Ilpu — @l|z2(q) < [[Ipu — lpw||r2(q) + |[IIpw — @[|L2(q). The
above inequality and (1.2.12) show that Estimate (1.2.8) holds.

Choosing a sequence of gradient discretisation (Dy,)men such that (Cp,, )men remains bounded and that
(Sp,, (1)) men and (Wp, (Vi))men converge to 0, Estimates (1.2.7) and (1.2.8) show that (IIp,, tm)men con-
verges strongly to @ in L2(Q) and (Vp,, U )men converges strongly to Va in L2(Q)9.

1.2.3 GDM and nonlinear problems

The GDM can also be applied to nonlinear problem, such as stationary diffusion problems:
—diV(A(ﬁ)Vﬂz =f inQ, (1.2.13)

=0 on 0,

with the same assumptions as in Section 1.2.1, and A is a Carathéodory function from 2 x R to the set of
d x d symmetric matrices Sy(R) such that it has eigenvalues in (A, ) C (0, +00). The weak formulation of this
problem is

Find u € H} (), such that, Vv € HE (),
/ Al@)Va(x) - Vo(z) de = / f(x)v(z) de. (1.2.14)
Q Q

Using the same gradient discretisation D = (Xp o, IIp, Vp) as for the linear case, the related gradient scheme
for (1.2.14) is

Find u € Xp o such that, Vv € Xp o,
/QA(HDU)VDU(:B) - Vpu(x)de = /Qf(m)HDv(a:) da. (1.2.15)
In order for a sequence of gradient discretisation (D,,)men to provide converging gradient schemes for the
nonlinear problem (1.2.14), it is expected that:
(P1) (Cp,,)men remains bounded,
(P2) lim,, . Sp,, (¢) =0, Vo € HL(Q),
(P3) limpy, o0 Wp,, (¥) =0, V¥ € Haiv,

(P4) for all (4,)men such that u,, € Xp,, o for all m € N and (Vp,, tm)men is bounded in L2(2)?, then the
sequence (Ilp,, Uy, )men is relatively compact in L2(2).
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Here Cp, Sp and Wp are respectively defined by (1.2.4), (1.2.5) and (1.2.6). These properties are precisely
called the coercivity, the consistency, the limit-conformity and compactness of the sequence (D, )men. The con-
vergence of the gradient scheme (1.2.15) towards an exact solution of (1.2.14) is usually proved by a compactness
technique, whose key ideas are:

1. establish an energy estimate on the approximate solution to the scheme (1.2.15). The coercivity property
is essential for the existence of this estimate,

2. if such a bound is obtained, the limit-conformity property shows the weak convergence of Ilp, u,, (resp.
Vp, Un) in L2(Q) (resp. L2(Q)?) to a function @ € HE () (resp. Vi), as stated in the lemma below,
proved in [37]. Due to the compactness property, the convergence of Ilp_ u,, is indeed strong.

Lemma 1.2.3. Let (Dy,)men be a sequence of gradient discretisations for homogeneous Dirichlet BCs,
which is coercive in the sense of (P1), and limit-conforming in the sense of (P3). Let u,, € Xp,, o be
such that (||Vp,, uml|12(Q)4)men remains bounded. Then there evists a sequence of (Dy,,unm), denoted in
the same way, and i € H} () such that Ip, u,, converges weakly in L*(Q) to 4, and Vp,, uy converges

weakly in L?(Q)? to V.

3. show that the limit @ € H}() is the solution to (1.2.2). During this stage, the consistency is required
to construct an interpolation w of a given test function ¢ € H}(Q) such that Ilp, w, — ¢ in L*(Q)

and Vp, w, — Ve in L2(Q)% as m — oo. The strong convergence of the sequence of an approximate
gradient Vp, u,, usually depends on the assumptions on the continuous model.

1.3 Summary of the thesis

This thesis studies the application of the gradient discretisation method to different kinds of elliptic and parabolic
variational inequalities modelling the flow of water in porous media.

Chapter 2

The aim of this chapter is to study the gradient discretisation method for linear variational inequalities. The
main VI considered in this chapter involves a mixture of Dirichlet, Neumann and Signorini boundary conditions,
with each one set on a different part of the boundary:

—div(AVa) = f in Q,
u=20 on I'y,
AVi-n=0 on Iy,
i< 2 (1.3.1)
AVi-n<0 onI's,
(¢ —u)AVi-n=0

where A is a function from €2 to Sg(R), the set of d x d symmetric matrices, that it has eigenvalues in (), \) C
(0, 4+00), 2 is a bounded open set of R? (d > 1), n is the unit outer normal to 9 and (T';, T, T'3) is a partition
of 0N.

Several linear models involve possibly heterogeneous and anisotropic tensors. This happens to contact prob-
lems in elasticity models [62] involving composite materials (for which the stiffness tensor depends on the
position), and in lubrication problems [21] (in which the tensor is a function of the first fundamental form of
the film).

We focus on the weak formulation of (1.3.1), given by,

Findu € K:={ve H'(Q) : v(v)=00onTy, y(v) <aonT3ae} s.t.,

Yv € K, /QA(:B)V@(:B) -V(a—v)(z)de < /Qf(x)(ﬂ(m) —v(x)) de. (1.3.2)
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Here 7 is the trace operator.

The first step to discretise this problem is to define a relevant gradient discretisation. For the Signorini
problem, the gradient discretisation consists of a discrete space Xp r, ;, a linear function reconstruction Ilp :
Xpr,, — L*(Q2), a linear trace reconstruction Tp : Xprys = H'/2(0Q), and a linear gradient reconstruction
Vp: Xpr,, — L? (Q)d, the latter known to induce a norm on Xp r, ,. Substituting these discrete elements in
the continuous weak formulation (1.3.2) gives the gradient scheme for the Signorini problem,

Findu € Kp:={ve Xpr,, : Tpv<aonls} st.,VveKp,

/ A(z)Vpu(z) - Vp(u — v)(x) dz < / F(@)p(u — v)(z) da. (1.3.3)
@ Q

As mentioned in Section 1.2.2, the quality of these discrete elements (Xp r, ,,IIp, Tp, Vp) is usually measured
by three indicators Cp, Sp and Wp. The constant C'p is defined by

||HDUHL2(Q) ||TDU||H1/2(OQ)>

Cp = max (
P veXpr, o \(0) IVoulrzye  IVDV[lL2(a)e

(1.3.4)

This definition does not only depend on the norm of IIp as in the PDEs models, but it also includes the norm
of the reconstruction trace Tp. We define the function Sp : K x Kp — [0, 4+00) by

V(cp,v) € KxKp, SD(QD,U) = HHD'U — g0||L2(Q) + ||VDU — V@||L2(Q)d.

To build an interpolant inside p from the elements of I, the function Sp is defined in such a way as to act
on the discrete set where the approximate solution and test functions are sought, and on the continuous set in
which the exact solution lies. Finally, we define the function Wp : Hg;, () — [0, +00) by for all ¥ € Hy; (),

1
Wp(Y)=  sup =7
veXp.r, 5 \o} IVDUllL2 (o)

/Q(VDU -p + Mpovdiv(e)) de — (v (1), Tpo)|, (1.3.5)

where (-, -) denotes to the duality product between H'/2(9Q) and H~/2(9%2). This definition contains a major
change with respect to (1.2.6). This is due to insufficient regularities on the solution on the boundary I's,
preventing the reconstruction operator Tp from constructing functions in L?(99), see Remark 2.2.1 for details.

The main contribution of Chapter 2 is to carry out, thanks to GDM, a unified convergence analysis of several
numerical methods for linear variational inequalities, and to find a generic formula to obtain the convergence
rates of these numerical schemes. The main result of this chapter is Theorem 2.2.7, which gives general error
estimates between the solution to (1.3.2) and the solution to (1.3.3):

/2 1 _
||VD’LL — V’a”LZ(Q)d < XGD(TL, UD)JF + X[WD(AVQ) + ()\ + A)Sp(ﬂ, ’UD)], Yup € Kp (1.3.6)

and

/2 1 _
IMpu — ﬂ||L2(Q) < Cp XGD('&,U’D)J’_ + X[C’DWD(AVQ) + (CpA+ AN)Sp(@,vp)], Yup € Kp (1.3.7)

where
Gp(t,vp) = (Wa(AVE), Tpvp —y@) and Gp(,vp)" = max(0, Gp (4, vp)).

Dealing with variational inequalities however requires us to establish new estimates with an additional term
Gp(@,vp). This additional term apparently leads to a degraded rate of convergence, but we show that the
optimal rates can be easily recovered for many classical methods.
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The first general error estimate for VIs is established by Falk [50]. The novelty of our estimates is that they
are applicable to both conforming and non-conforming numerical schemes. A key idea in Falk’s proof requires
the use of a common test function, that is admissible in both the continuous and the discrete problems. Since
we are dealing here with possibly nonconforming schemes, the technique in [50] cannot be used to obtain error
estimates. Instead, we develop a similar technique that used in Section 1.2.2 for PDEs, that starts by applying
the definition of Wp in (1.3.5) to 9 = AVa and v = w — u, such that w € Kp. In order to obtain the equivalent
for VIs of (1.2.10), we need to develop a new technique to deal with the duality product appearing in the
definition of Wop.

The general error estimates formulas stemming from our convergence analysis are simpler than the ones
provided in the literature such as in [50], since they only depend upon the choice of an interpolant in Kp. With
an interpolant constructed from the values of @ at the vertices, Estimates (1.3.6) and (1.3.7) show that a first
order conforming numerical method has an order one error estimate on the H! norm. We also obtain the error
estimates for non-conforming methods, see Theorem 2.2.10. This theorem can be used to obtain convergence
rates for new methods that can be written in the manner of gradient scheme (1.3.3).

This chapter also considers an obstacle model, where inequalities are imposed inside the domain, and the
main corresponding results are given in Theorems 2.2.8 and 2.2.11.

The results of Chapter 2 have been published in [3].

Chapter 3

The focus of this chapter is the discretisation of linear variational inequalities by the hybrid mimetic mixed
(HMM) method, which contains the hybrid finite volume methods [47], the (mixed/hybrid) mimetic finite
differences methods [18] and the mixed finite volume methods [36]. These methods were developed for anisotropic
heterogeneous diffusion equations on generic grids, as often encountered in engineering problems related to flows
in porous media.

Using the generic setting of the GDM, we define the HMM methods for the linear Signorini and the obstacle
problems. Theorems 2.2.10 and 2.2.11 enable us to establish the convergence rates of the HMM schemes applied
on generic mesh.

The second part of this chapter concerns the computation of the HMM solutions in practice. For the Signorini
model, we first show that the gradient scheme (1.3.3), written for a particular HMM gradient discretisation, can
be represented in the manner of finite volume methods, which are based on balance and conservation equations.
Let M denote to the set of cells K, £ denote to the edges of cells, and £k denotes to the edges of a given cell
K. Also, let ug (resp. u,) represents an approximation value of the unknown @ at T, the centre of mass of K
(resp. T, the centre of mass of o). The numerical flux Fk ,(u) is defined as a linear function of the unknowns
(ur)Kem, (Us)oce (the precise definition can be found in the formula (3.3.5)). The finite volume presentation
of HMM for the Signorini problem is:

S Frealw)= [ fda, VK eM, (1.35)
oefk K
FK,U(U)+FL7G(U):O, if o€k Q(E‘L,K#L, (139

Uy =0, Vo € Euxt(external edges) such that o C T'y, (

Fgo(u)=0, VK € M, Vo € &k such that o C Ty, (
Fro(u)(ue —as) =0, VK € M Vo € Ek such that o C I's, (1.3.12

—Fg,(u) <0, VK € M ,Vo € Ek such that o C T's, (

Uy < Ay, VO € Eext such that o C I's, (

where a, is a constant approximation of ¢ on o.
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An iterative monotonicity algorithm proposed in [59] is used to calculate the solution of this scheme. It begins
with setting G(©) = &p, 1= {0 € Exi : 0 C T3} and H® = (. At any step n, we assume that there are two
known disjointed sets such that G(™ UH®™ = &r,, and we solve the linear system of Equations (1.3.8), (1.3.9),
(1.3.10), (1.3.11), together with

Fio(u™) =0, VK € M,Vo € Ek such that o € G™,
ul™ = g, Vo € Eqxt such that o € =™,

We then consider the edges included in I's to define the new two sets G("t1) and H"*D for the next step
n 4 1. We seek edges in G(™) that break the condition (1.3.14) and we transfer them to the new set H(+1),
which also gathers all edges o € H(™ such that —Fr.o (u(”)) < 0. The set G+ consists of edges in the old
set G, that meet the constraint (1.3.14), and edges ¢ in H(™ where —Fg ,(u(™) > 0. The algorithm stops
at N € N such that GN) = GIN*+D and H®™) = HV+Y . The solution to (1.3.8)-(1.3.14) is then u = u(™).

Different numerical tests are provided in Chapter 3 to evaluate the behaviour of the HMM methods on general
meshes. We develop a numerical test on a Signorini problem, for which a non-trivial exact solution is known in
order to confirm the theoretical rates of convergence.

Most of materials in Chapter 3 have been published in [3].

Chapter 4

The main objective of Chapter 4 is to use the GDM to provide a complete numerical analysis of nonlinear
variational inequalities based on Leray-Lions operators. Firstly, we are interested in the nonlinear Signorini
model,

—diva(z,u,Va) = f in Q,

U=g on I'y,

a(xz,u,Vu) - n=0 on I'y,
i<a (1.3.16)

a(xz,u,Va) - n<0 onI'3

(a —w)a(x,u, Vi) - n=0
The weak formulation of this model is: for a given p € (1, c0) associated with a,
Finda € K :={v € W?(Q) : y(v) = gonTy, y(v) < aon I3 a.e.} such that,

(1.3.17)

Vv e K, / a(z, u(x), Vi(x)) - V(u —v)(z) de < / f(x)(a —v)(x)de.
Q Q

The analysis provided in this chapter covers different possible choices of the Leray-Lions operators a. By

taking the p-Laplacian operator, a(z,u, &) = |£[P72¢, we can study the Bulkley fluid model, which describes

blood flows [85], food processing [54] and Bingham fluid flows [76]. The seepage model described in Section 1.1
is realised by taking a(x,u,§) = A(x,u)E, where A : Q x S4(R) is a Carathéodory function.

For problems involving the Signorini and nonhomogeneous Dirichlet BCs, a gradient discretisation is made

of a set of discrete unknowns Xp = Xpr,, ® Xpr, (a direct sum of two finite dimensional spaces on R), an

interpolant operator for the trace Zp r, : Wl_%’p(ﬁQ) — Xp,r,, a function reconstruction Ilp : Xp — WHP(Q),
a trace reconstruction Tp : Xp — LP(99), and a gradient reconstruction Vp : Xp — WHP(Q)? which must
be chosen to define a norm on Xpr, ,. Using this gradient discretisation in (1.3.17) yields the gradient scheme

Findu € Kp:={veIpr,g+ Xpr,, : Tpv <aonTs} such that Vv € Kp,

/ a(z, IIpu(z), Vpu(x)) - Vp(u — v)(z) de < / fl@)Ip(u — v)(x) de.
Q Q

(1.3.18)
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The main results of this chapter is Theorem 4.2.9, which shows that, up to a subsequence of a gradient
discretisation and approximate solutions (D, um), p,, um converges strongly in LP(2) to an exact solution @
to (1.3.17), and Vp, u,, converges strongly in LP(Q)? to V. Proving this theorem via error estimate, as in linear
problems, would be unsuccessful here since this technique requires the uniqueness of the solution and strong
assumptions on the data; such assumptions are not valid in applications. In order to prove the convergence
results, we follow the compactness technique, the idea of which is given in Section 1.2.3. The coercivity property
(Definition 4.2.5) is required to obtain a bound on the approximate solution. This coercivity is still measured
through the constant Cp defined by (1.3.4) where the L?(Q), L*(Q)?, H'/2(0Q) norms are respectively replaced
with LP(Q) LP(Q)4, LP(9Q). Using such a bound and the limit-conformity of (D,,)men (Definition 4.2.7) shows
that there is a such sequence of (D, )men and @ € WHP(Q), such that along this subsequence Ip,, u,, converges
weakly to @ in LP(9), Vp,, u,, converges weakly to Va in L?(2)4, and Tp,, u,, converges weakly to @ in LP(99),
see [37, Lemma 2.57]. To obtain these weak limits, we note that it is sufficient to apply the limit-conformity
indicator Wp to smooth functions. In our case, therefore, we restrict the definition of Wp to the functions in
C?(Q): for all ¢ € C?(2)¢, such that ¥ -n =0 on Ty,

‘ / (Vpou - + Ipvdiv(e)) de — 1 -nTpvdx
Q

Wp(p) = sup Ls
vEXD 1, 5\ {0} VDl Lr(q)a

This new definition is also the reason we can consider Tp with values in LP(£2) but not WiopP (092). We use the
compactness property (Definition 4.2.8) to deal with the nonlinearity coming from the operator a. This property
shows that IIp, u,, actually converges strongly to @ in LP(2), up to a subsequence. The consistency property
(Definition 4.2.6) enables us, for any ¢ € K, to find an interpolant (v, )men € Kp,, such that IIp,_ v, — ¢ in
LP(Q) and Vp,, vm — Ve in LP(Q)?. These convergences, together with the Minty trick, allow us to pass to
the limit in (1.3.18), written for IIp_ wy,, Vp,, tm and Tp,_ ty,, to deduce that @ is an exact solution to (1.3.1).
If the operator a is assumed to be strictly monotone, the strong converge of Vp_ u., can be proved by following
the same idea as in [40].

We also extend our analysis to the nonlinear obstacle problem and the Bulkley model. As an application
of generic notions of GDM, we develop the HMM methods to three nonlinear models. The convergence of the
resulting schemes are the consequences of Theorems 4.2.9, 4.3.9 and 4.3.10.

We present numerical results to illustrate the power of the HMM scheme in finding the location of the
seepage point, even though the meshes are distorted. For the numerical solution, an iterative fixed point and
the monotonicity algorithms are used at the same time to deal with the nonlinearity caused by the inequalities
in the model, and by the nonlinear operator in the diffusion equation.

The results of Chapter 4 have been submitted for publication [2].

Chapter 5

The final chapter concerns linear parabolic variational inequalities (PVIs). First, we consider the following
parabolic Signorini model:

opu — div(AVa) = f in Qx(0,7),
u=0 on 'y x (0,7),
u<a
AVa-n<0 onTy x (0,7, (1.3.19)
(a —uw)AVE-n =

ﬂ(.’l), O) = Uini in Q x {0}

Chapter 5 uses the GDM to provide a unified convergence analysis of numerical schemes for the PVIs. The
time-dependent gradient discretisation DT consists of the spatial gradient discretisation (XD)F2,HD,']I‘D, Vp)
as in the elliptic problems; an interpolation operator Jp to deal with the initial condition; and a discretisation
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of the time interval (0,7'). The gradient scheme for the weak formulation of (1.3.19) is to find a sequence
(u("))nzo,m,N C Kp:= {1] S AX'DI2 : Tpv <aon FQ} such that

u©® = Jpiiy;, and for all v = (v")p=0,...N C Kp,

/0 /Q(Spu(t) Ip(u — v) (e, t) dwdt+/0 /QA(LL')VDU(w7t)'VD(U_U)(wvt)dwdt (1.3.20)

T
g/o /Qf(a;,t)np(u—v)(x,t)dxdt.

Here dpu denotes to the discrete time derivative function defined from (0,7) to L?(f2), and IIp and Vp are
extended as a space-time reconstruction; Ilpv : Q x (0,7) — R and Vpv : Q x (0,7) — R%.

The main results are stated in Theorem 5.2.7, which gives the uniform-in-time convergence of Ilp, u.,, the
strong convergence of Vp,_ un,, and the weak convergence of dp_, Uy, in time. We establish in Lemma 5.4.3 priori
energy estimates on approximate gradients and discrete time derivatives of solutions. These estimates allow
us to invoke the compactness technique as in Chapter 4. Passing to the limit in Scheme (1.3.20), written for
sequences 1y, and v,, in Kp_ , encounters a challenge in finding for a given ¢ € L?(Q x (0,T)) such that ¢ < a
on Ty, an interpolant v, € Kp,, such that IIp v, converges to a ¢ and Vp v, — Ve in L2(Q x (0,7))<.
In parabolic PDE models, finding such an interpolant hinges on the fact that the set of tensorial functions in
C>(Q x (0,T)) is dense in the space L?(0,T; H}(Q)). Using such a result would not however enable us to
satisfy the condition Tp < a on I';. To overcome this difficulty, we define a set of piecewise-constant in time
functions that satisfy the barrier condition. For any ¢ € L?(Q x (0,T)) such that ¢ < a on I'y, we can find
a piecewise-constant in time function (wx)k>o such that w, < a on I's for all k, and that converges to ¢ in
L?(0,T; HY(Q)), as k — 0 (see Remark 5.2.2). We show in Lemma 5.4.2 that for any such piecewise-constant in
time function w,, there exists a sequence (W, )men € Kp,, such that for all m € N, IIp,_ w,, converges strongly
to w, in L%(Q x (0,7)), Vp,, wy, converges strongly to Vi, in L?(Q x (0,T)) and Tp,, wy, converges strongly
to vy, in L2(0Q x (0,T)).

Following the same idea of the Signorini case, we develop the GDM to a time-dependent version of the
obstacle problem, and state the convergence results in Theorem 5.3.4.

Based on notions of the GDM, we define the HMM method for both parabolic problems. Theorem 5.2.7
proves the convergence of the HMM scheme if the corresponding gradient discretisation D satisfies the three
properties (coercivity, consistency and limit-conformity) and |[Vp,, Jp,, @inil|12 (o) is bounded. Under classical
assumptions on the mesh, we verify the three properties, and we construct an interpolant Jp , such that it is
bounded in the discrete norm ||Vop - || r2(oy¢ and Ip, Jp, tin; converges strongly to iy in L?(Q).

We conduct numerical tests to assess the efficiency of the HMM method in solving parabolic variational
inequalities. Numerically, at each time step t"), we apply the monotonicity algorithm given in Chapter 3 to
solve a number of systems of elliptic equations. The numerical results highlight that the number of iterations of
the monotonicity algorithm is reduced along the time steps if we use the final sets at time ¢(") as initial guesses
for the monotonicity algorithm at the next time step ¢+, This is due to the expected slow movement of the
solution to the PVI between the time steps t(™) and t("*1). Therefore, solving PVI could be less expensive than
solving several disconnected elliptic VlIs.



Chapter 2

Linear elliptic variational inequalities

Abstract. We show in this chapter that the gradient discretisation method can be extended to liner elliptic
variational inequalities involving mixed Dirichlet, Neumann and Signorini boundary conditions. This extension
allows us to provide error estimates for numerical approximations of such models, recovering known convergence
rates for some methods, and establishing new convergence rates for schemes not previously studied for variational
inequalities.
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2.1 Introduction

The aim of this chapter is to develop a gradient discretisation method for elliptic linear variational inequalities
with different types of boundary conditions.

Linear variational inequalities are used in the study of triple points in electrochemical reactions [69], of contact
in linear elasticity [62], and of lubrication phenomena [21]. The study of linear models is also a first step towards
a complete analysis of nonlinear models.

In this work, we consider two types of linear elliptic variational inequalities: the Signorini problem and the
obstacle problem. The Signorini problem is formulated as

—div(AVa) = f in Q, (2.1.1a)
=0 onTy, (2.1.1b)
AVi-n=0 onTly, (2.1.1c)
u<a }
AVa-n<0 on I's. (2.1.1d)
AVi-n(a—1a) =
The obstacle problem is
(div(AVa) + f)(p —a) =0 in Q, (2.1.2a)
—div(AVa) < f in Q, (2.1.2b)
<t in Q, (2.1.2¢)
=0 on dQ. (2.1.2d)

Here (2 is a bounded open set of R? (d > 1), n is the unit outer normal to 9Q and (', T2, T'3) is a partition of
0N (precise assumptions are stated in the next section).

Mathematical theories associated with the existence, uniqueness and stability of the solutions to variational
inequalities have been extensively developed [45, 68, 57]. From the numerical point of view, different methods
have been considered to approximate variational inequalities. For example, Bardet and Tobita [10] applied a
finite difference scheme to the unconfined seepage problem. Extensions of the discontinuous Galerkin method to
solve the obstacle problem can be found in [91, 31]. Although this method is still applicable when the functions
are discontinuous along the elements boundaries, the exact solution must be in the space H? to ensure the
consistency and the convergence. Numerical verification methods, which aim at finding a set in which a solution
exists, have been developed for a few variational inequality problems. In particular we cite the obstacle problems,
the Signorini problem and elasto-plastic problems (see [84] and references therein).

Falk [50] was the first to provide a general error estimate for the approximation by conforming methods of the
obstacle problem. This estimate showed that the P1 finite element error is O(h). Yang and Chao [88] showed
that the convergence rate of non-conforming finite elements method for the Signorini problem has order one,
under an H%/?-regularity assumption on the solution.

Herbin and Marchand [61] showed that if A = Id and if the grid satisfies the orthogonality condition required
by the two-point flux approximation (TPFA) finite volume method, then for both problems the solutions
provided by this scheme converge in L?(f2) to the unique solution as the mesh size tends to zero.

The gradient discretisation method framework enables us to design a unified convergence analysis of many
numerical methods for linear variational inequalities; using the theorems stemming from this analysis, we
recover known estimates for some schemes, and we establish new estimates for methods that have not, to our
best knowledge, been previously studied for variational inequalities.

This chapter is organised as follows. In Section 2.2, we present the gradient discretisation method framework
for variational inequalities, and we state our main error estimates. We then show in Section 2.3 an example of
a method that is contained into this framework, therefore satisfying the error estimates established in Section
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2.3. Section 2.4 is devoted to the proof of the main results. We present in Section 2.5 an extension of our results
to the case of approximate barriers, that is natural in many schemes in which the exact barrier is replaced with
an interpolant depending on the approximation space. The chapter is completed by an appendix recalling the
proof of equivalence between the strong and the weak formulations, and the definition of the normal trace of
Hg; functions and the.

2.2 Assumptions and main results

2.2.1 Weak formulations

Let us start by stating our assumptions and weak formulations for the Signorini and the obstacle problems.

Hypothesis 2.2.1 (Signorini problem). We make the following assumptions on the data in (2.1.1):
1. Q is an open bounded connected subset of R4, d > 1 and Q2 has a Lipschitz boundary,

2. A is a measurable function from Q to Mg(R) (where Mg(R) is the set of d x d matrices) and there exists
A, A > 0 such that, for a.e. x € Q, A(x) is symmetric with eigenvalues in [\, \],

3. I'1,I's and I's are measurable pairwise disjoint subsets of 0Q such that 't UTs UT's = 02 and I’y has a
positive (d — 1)-dimensional measure,

4. f€L?Q), ac L*09).

Under Hypothesis 2.2.1, the weak formulation of Problem (2.1.1) is

Finda€ K:={ve H(Q) : y(v) =0onTy, y(v) <aonT;3ae} sit.,

Yv e, /QA(:L’)V{L(:(:) -V(a—v)(x)de < /Qf(m)(a(m) —o(z))de, (2.2.1)

where v : H'(Q) — H'/2(0Q) is the trace operator. We refer the reader to Proposition 2.A.1 for the proof of
equivalence between the strong and the weak formulations. It was shown in [45] that, if K is not empty (which
is the case, for example, if a > 0 on 9Q) then there exists a unique solution to Problem (2.2.1). In the sequel,
we will assume that the barrier a is such that IC is not empty.

Hypothesis 2.2.2 (Obstacle problem). Our assumptions on the data in (2.1.2) are:
1. Q and A satisfy (1) and (2) in Hypothesis 2.2.1,
2. feL*(Q), v e L*(Q).

Under Hypotheses 2.2.2, we consider the obstacle problem (2.1.2) under the following weak form:

Find @ € K :={v € H}(Q) : v < inQ} such that, for all v € K,

/ A@)Vi(@) - V(@ — v)(@) de < / F(@) (@) — (@) da. (2:2.2)
Q Q

It can be seen [93] that if 4 € C?(Q) and A is Lipschitz continuous, then (2.1.2) and (2.2.2) are indeed equivalent,
see Proposition 2.A.2 for the details. The proof of this equivalence can be easily adapted to the case where the
solution belongs to H2(£2). If v is such that K is not empty, which we assume from here on, then (2.2.2) has a
unique solution.
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2.2.2 Construction of gradient discretisation method

Gradient schemes provide a general formulation of different numerical methods. Each gradient scheme is based
on a gradient discretisation, which is a set of discrete space and operators used to discretise the weak formulation
of the problem under study. Actually, a gradient scheme consists of replacing the continuous space and operators
used in the weak formulations by the discrete counterparts provided by a gradient discretisation. In this part,
we define gradient discretisations for the Signorini and the obstacle problems, and we list the properties that
are required of a gradient discretisation to give rise to a converging gradient scheme.

2.2.2.1 Signorini problem

Definition 2.2.3 (Gradient discretisation for the Signorini problem). A gradient discretisation D for
Problem (2.2.1) is defined by D = (Xp r, ,,1Ip, Tp, Vp), where

1. the set of discrete unknowns Xpr, , is a finite dimensional vector space on R, taking into account the
homogeneous boundary conditions on I'y,

2. the linear mapping IIp : Xp r, , — L*(Q) is the reconstructed function,

3. the linear mapping Tp : Xpr,, — Hllfz(@Q) is the reconstructed trace, where Hllfz(ﬁQ) = {v €
HY2(0Q) : v=00nT,},

4. the linear mapping Vp : Xp 1, , — L*(Q)? is a reconstructed gradient, which must be defined such that
||VD . ||L2(Q)d is a norm on XDTZ,S'

As explained above, a gradient scheme for (2.2.1) is obtained by simply replacing in the weak formulation of
the problem the continuous space and operators by the discrete space and operators coming from a gradient
discretisation.

Definition 2.2.4 (Gradient scheme for the Signorini problem). Let D be the gradient discretisation in
the sense of Definition 2.2.3. The gradient scheme for Problem (2.2.1) is

Findu € Kp:={ve Xpr,, : Tpv <aonl3} such that, Vv € Kp,

/ A@)Vpu(z) - Vo (u — v)(@) dz < / F(@)Tp(u — v)(x) da. (2.23)
Q Q

The accuracy of a gradient discretisation is measured through three indicators, related to its coercivity, consis-
tency and limit-conformity. The good behaviour of these indicators along a sequence of gradient discretisations
ensures that the solutions to the corresponding gradient schemes converge towards the solution to the continuous
problem.

To measure the coercivity of a gradient discretisation D in the sense of Definition 2.2.3, we define the norm
Cp of the linear mapping IIp by

ITlpvllL2 (o) HTDUHHU?(BQ))

Cp = max (
P vexnry M0} \[Vooull 2y [VoullLaye

(2.2.4)

The consistency of a gradient discretisation D in the sense of Definition 2.2.3 is measured by Sp : K x Kp —
[0, 4+00) defined by

Y(p,v) € KxKp, Sp(p,v) = [[Ipv — ¢l z2(0) + [VDv — V[ 12(0)a- (2.2.5)
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To measure the limit-conformity of the gradient discretisation D in the sense of Definition 2.2.3, we introduce
Wp 1 Hain () — [0, +00) defined by

V’lﬂ € Hdiv(Q);

1
Wp(¢) = sup I
veXpry 5\ 0} IV DVl L2(0)

(2.2.6)

/Q (Vv - + Tpudiv(yh)) de — (ya(4), Tpv)|,

where Hgi, () = {3 € L2(Q)?¢ : divep € L?(Q)}. We refer the reader to Appendix 2.B for the definitions of the
normal trace 7, on Haiy(€2), and of the duality product (-,-) between (H'/2(0Q))" and H'/2(99).

Remark 2.2.1. The definition (2.2.4) of Cp does not only include the norm of IIp, as in the obstacle problem
case detailed below, but also quite naturally the norm of the other reconstruction operator Tp.

The definition (2.2.6) takes into account the nonzero boundary conditions on a part of 9. This was already
noted in the case of gradient discretisations adapted for PDEs with mixed boundary conditions; however, a major
difference must be raised here. Wp will be applied to ¢ = AV4. For PDEs [40, 48, 37] the boundary conditions
ensure that (1) € L?(09Q) and thus that (v, (%), Tpv) can be replaced with ng () Tpv dx in Wp. Hence,
in the study of gradient schemes for PDEs with mixed boundary conditions, Tpv only needs to be in L?(99).
For the Signorini problem we cannot ensure that v, (1) € L?(99); we only know that vy, (1) € H'/2(9Q). The
definition of Tp therefore needs to be changed to ensure that this reconstructed trace takes values in H'/2(99)
instead of L?(99).

2.2.2.2 Obstacle problem

The definition of a gradient discretisation for the obstacle problem is not different from the definition of a
gradient discretisation for elliptic PDEs with homogeneous Dirichlet conditions [40, 48].

Definition 2.2.5 (Gradient discretisation for the obstacle problem). A gradient discretisation D for
homogeneous Dirichlet boundary conditions is defined by a triplet D = (Xp g, IIp, Vp), where

1. the set of discrete unknowns Xp o is a finite dimensional vector space over R, taking into account the
boundary condition (2.1.2d).

2. the linear mapping IIp : Xp o — L*(2) gives the reconstructed function,

3. the linear mapping Vp : Xpo — L%(Q)¢ gives a reconstructed gradient, which must be defined such that
VD - ||L2(q)e is @ norm on Xp o.

Definition 2.2.6 (Gradient scheme for the obstacle problem). Let D be a gradient discretisation in the
sense of Definition 2.2.5. The corresponding gradient scheme for (2.2.2) is given by

Findu € Kp :={v € Xp, : IIpv <4 in Q} such that, Vv € Kp,

/ Al@)Vpu(z) - Vo lu —v)(z)dz < / F(@)p (u — v)(x) da. (2.27)
Q Q

The coercivity, consistency and limit-conformity of a gradient discretisation in the sense of Definition 2.2.5
are defined through the following constant and functions:

[TIpv|| L2 ()

e DY) 2.2.8
veXp o\{0} [| VDl L2(0)e 2

Cp =

V(p,v) € KX Kp, Sp(p,v) = [[llpv — ¢llr2(0) + [[VDv — Vol L2 (0)e, (2.2.9)
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and

1
Vip € Haiy (), Wp(¢) = sup _
vexo o\{0} VDVl L2 ()

/Q(VDU - + Hpvdiv(ey)) de|. (2.2.10)

The only indicator that changes with respect to [40, 48] is Sp. For PDEs, the consistency requires to consider
Sp on Hg() x Xp o and to ensure that infyex, Sp,, (p,v) = 0 as m — oo for any ¢ € Hj (). Here, the
domain of Sp is adjusted to the set to which the solution of the variational inequality belongs (namely K), and
to the set in which we can pick the test functions of the gradient scheme (namely Kp).

We note that this double reduction does not necessarily facilitate, with respect to the case of PDEs, the proof
of the consistency of the sequence of gradient discretisations. In practice, however, the proof developed for the
PDE case also provides the consistency of gradient discretisations for variational inequalities.

2.2.3 Error estimates

We present here our main error estimates for the gradient schemes approximations of Problems (2.2.1) and
(2.2.2).

2.2.3.1 Signorini problem

Theorem 2.2.7 (Error estimate for the Signorini problem). Under Hypothesis 2.2.1, let u € K be
the solution to Problem (2.2.1). If D is a gradient discretisation in the sense of Definition 2.2.3 and Kp is
nonempty, then there exists a unique solution u € Kp to the gradient scheme (2.2.3). Furthermore, this solution
satisfies the following inequalities, for any vp € Kp:

2 1 _
||VDU — Vﬂ”Lz(Q)d < XGD(’I], ’UD)+ + X[WD(AVQ) + (A +A)Sp(a, UD)], (2.2.11)
and
/2 1 _
||HDU — ’&H[p(g) < Cp XGD(’EL, ’UD)+ + X[CDWD(AV’IE) + (CD)\ + A)SD(’IL ’U'D)], (2212)
where
Gp(t,vp) = (W(AVE), Tpvp —yu) and G =max(0,Gp). (2.2.13)

Here, the quantities Cp, Sp(@, vp) and Wp are defined by (2.2.4), (2.2.5) and (2.2.6), respectively.

2.2.3.2 Obstacle problem

We give in [1, Theorem 1] an error estimate for gradient schemes for the obstacle problem. For low-order
methods with piecewise constant approximations, such as the HMM schemes, this theorem provides an O(\/ﬁ)
rate of convergence for the function and the gradient (h is the mesh size). The following theorem improves [1,
Theorem 1] by introducing the free choice of interpolant vp. This enables us, in Section 2.2.4.2, to establish
much better rates of convergence —namely O(h) for HMM, for example.

Theorem 2.2.8 (Error estimate for the obstacle problem). Under Hypothesis 2.2.2, let u € K be the
solution to Problem (2.2.2). If D is a gradient discretisation in the sense of Definition 2.2.5 and if Kp is
nonempty, then there exists a unique solution u € Kp to the gradient scheme (2.2.7). Moreover, if div(AVa) €
L2(QQ) then this solution satisfies the following estimates, for any vp € Kp:

2 1 —
[Vpu — Vil 2y < XEp(a,vp)+ + X[WD(AVu) + (A +A)Sp(a,vp)], (2.2.14)
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/2 1 _
||H7_)U — aHL?(Q) < Cp XED(TL, UD)+ + X[CDWD(AV'H) + (C’D)\ + A)SD(’U, ’UD)], (2.2.15)

Ep(u,vp) = /Q(diV(AVﬂ) + f)(u —pvp)dz and EF =max(0,Ep). (2.2.16)

Here, the quantities Cp, Sp(t,vp) and Wp are defined by (2.2.8), (2.2.9) and (2.2.10), respectively.

where

Remark 2.2.2. We note that, if A is Lipschitz-continuous, the assumption div(AV4) € L?(Q2) is reasonable
given the H?-regularity result on u of [16].

Compared with the previous general estimates, such as Falk’s Theorem [50], our estimates seem to be simpler
since they only involve one choice of interpolant vp whereas Falk’s estimate depends on choices of v, € K} and
v € K. Yet, our estimates provide the same final orders of convergence as Falk’s estimate. We also note that
Estimates (2.2.11), (2.2.12), (2.2.14) and (2.2.15) are applicable to conforming and non-conforming methods,
whereas the estimates in [50] seem to be applicable only to conforming methods.

2.2.4 Orders of convergence

In what follows, we consider polytopal open sets €2 and gradient discretisations based on polytopal meshes of
Q, as defined in [41, 37]. The following definition is a simplification (it does not include the vertices) of the
definition in [41], that will however be sufficient to our purpose.

Definition 2.2.9 (Polytopal mesh). Let € be a bounded polytopal open subset of R? (d > 1). A polytopal
mesh of Q is given by T = (M, &, P), where:

1. M is a finite family of non empty connected polytopal open disjoint subsets of {2 (the cells) such that
Q =UgemK. For any K € M, |K| > 0 is the measure of K and hx denotes the diameter of K.

2. & is a finite family of disjoint subsets of € (the edges of the mesh in 2D, the faces in 3D), such that any
o € & is a non empty open subset of a hyperplane of R? and o C . We assume that for all K € M
there exists a subset £k of € such that 0K = Uyeg,.o. We then denote by M, = {K e M : 0 € Ex}.
We then assume that, for all o € £, M, has exactly one element and o C 912, or M, has two elements
and o C 2. We let &,y be the set of all interior faces, i.e. o € £ such that o C Q, and E.y the set of
boundary faces, i.e. o € £ such that o C 0€2. For ¢ € £, the (d — 1)-dimensional measure of o is |o|, the
centre of gravity of ¢ is T, and the diameter of o is h,.

3. P=(xK)kem is a family of points of Q indexed by M and such that, for all K € M, xx € K (xzk is
sometimes called the “centre” of K). We then assume that all cells K € M are strictly @ x-star-shaped,
meaning that if « is in the closure of K then the line segment [xx, ) is included in K.

For a given K € M, let ng , be the unit vector normal to ¢ outward to K and denote by dg , the orthogonal
distance between &k and o € Ex. The size of the discretisation is hag = sup{hx : K € M}.

For most gradient discretisations for PDEs based on first order methods, including HMM methods and
conforming or non-conforming finite elements methods, explicit estimates on Sp and Wp can be established
[37]. The proofs of these estimates are easily transferable to the above setting of gradient discretisations for
variational inequalities, and give

Wp () < Chplb|l i (ya,  Vab € HH(Q)Y, (2.2.17)

invae;CDSp(gp,vD) < ChMHQpHHz(Q), V(p € HQ(Q) NnK. (2218)
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Hence, if A is Lipschitz-continuous and @ € H?({2), then the terms involving Wp and Sp in (2.2.11), (2.2.12),
(2.2.14) and (2.2.15) are of order O(hy), provided that vp is chosen to optimise Sp. Since the terms Gp
and Ep can be bounded above by C||y(u) — Tpvpl||r2(a0) and Cllu — Ilpvpl|r2(q), respectively, we expect

these to be of order has. Hence, the dominating terms in the error estimates are \/GJ,E and Eg. In first

approximation, these terms seem to behave as v/h for a first order conforming or non-conforming method.
This initial brute estimate can however usually be improved, as we will show in Theorems 2.2.10 and 2.2.11,
even for non-conforming methods based on piecewise constant reconstructed functions, and lead to the expected
O(ha) global convergence rate.

2.2.4.1 Signorini problem

For a first order conforming numerical method, the P1 finite element method for example, if @ is in H?(Q),
then the classical interpolant vp € Xp r, , constructed from the values of @ at the vertices satisfies [17]

Mpvp —ll 12 () < Chiy Dl L2 (gyaxa,
IVpvp — Vil p2()e < Ch||D@l| p2(0axa,
ITpvp = (@)||12(00) < ChAID*1(@)| L2 o0)axa-

If a is piecewise affine on the mesh then this interpolant vp lies in Kp and can therefore be used in Theorem
2.2.7. We then have Sp(@,vp) = O(hp) and Gp(i,vp) = O(h%4), and (2.2.11)—(2.2.12) give an order one
error estimate on the H! norm. If @ is not linear, the definition of Kp is usually relaxed, see Section 2.5.

A number of low-order methods have piecewise constant approximations of the solution, e.g. finite volume
methods or finite element methods with mass lumping. For those, there is no hope of finding an interpolant
which gives an order h3, approximation of @ in L?(£2) norm. We can however prove, for such methods, that

Gg behaves better than the expected /haq order. In the following theorem, we denote by W?2°°(9Q) the
functions v on 92 such that, for any face F' of 92, v|r € W2 (F).

Theorem 2.2.10 (Signorini problem: order of convergence for non-conforming reconstructions).
Under Hypothesis 2.2.1, let D be a gradient discretisation in the sense of Definition 2.2.3, such that Kp # 0,
and let T = (M, E,P) be a polytopal mesh of Q. Let @ and u be the respective solutions to Problems (2.2.1) and
(2.2.3). We assume that the barrier a is constant, that yo(AVu) € L?(0Q) and that v() € W2>°(0Q). We
also assume that there exists an interpolant vp € Kp such that Sp(a,vp) < Crhag and that, for any o € Eext,
[[Tpvp —¥(@)(xo)||L2(0) < Coh2|o|'/?, where x, € o (here, the constants C; do not depend on the edge or the
mesh). Then, there exists C' depending only on Q, A, @, a, C1, Co and an upper bound of Cp such that

Vou — Vil 2 ya + [[Tpu — | p2(q) < Chag + CWp(AVa). (2.2.19)

Remark 2.2.3. Since y,(AVa) € L2(09) the reconstructed trace Tp can be taken with values in L?(9Q) (see
the discussion at the end of Section 2.2.2.1). In particular, Tpv can be piecewise constant. The H'/2(99) norm
in the definition (2.2.4) of Cp is then replaced with the L?(9f2) norm, and the duality product in (2.2.6) is
replaced with a plain integral on 9f).

For the two-point finite volume method, an error estimate similar to (2.2.19) is stated in [61], under the
assumption that the solution is in H2(£2). It however seems to us that the proof in [61] uses an estimate which
requires v() € W2°(9Q), as in Theorem 2.2.10.

We notice that the assumption that a is constant is compatible with some models, such as an electrochemical
reaction and friction mechanics [55]. This condition on a can be relaxed or, as detailed in Section 2.5, a can be
approximated by a simpler barrier — the definition of which depends on the considered scheme.
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2.2.4.2 Obstacle problem

As explained in the introduction to this section, to estimate the order of convergence for the obstacle problem
we only need to estimate Ep(u,vp). This can be readily done for Py finite elements, for example. If ¢ is
linear or constant, letting vp = @ at all vertices (as in [25]) shows that vp is an element of Kp, and that
Sp(u,vp) = O(hpm) and Ep(u,vp) = O(hA,). Therefore, Theorem 2.2.8 provides an order one error estimate.

The following theorem shows that, as for the Signorini problem, the error estimate for the obstacle problem
is of order one even for methods with piecewise constant reconstructed functions.

Theorem 2.2.11 (Obstacle problem: order of convergence for non-conforming reconstructions).
Under Hypothesis 2.2.2, let D be a gradient discretisation in the sense of Definition 2.2.5, such that Kp #
0, and let T = (M,E,P) be a polytopal mesh of Q. Let u and u be the respective solutions to Problems
(2.2.2) and (2.2.7). We assume that v is constant, that div(AVa) € L*(Q), and that u € W2>(Q). We
also assume that there exists an interpolant vp € Kp such that Sp(u,vp) < Ciham and, for any K € M,
|Mpvp — w(wx)||p2(r) < Coh%|K|Y? (here, the various constants C; do not depend on the cell or the mesh).

Then, there exists C' depending only on Q, X\, X\, C1, Ca and an upper bound of Cp such that

IVpu — V’[LHL2(Q)d + | IIpu — ﬂHLz(Q) < Chp+CWp(AVa). (2.2.20)

As for the Signorini problem, under regularity assumptions the condition that 1 is constant can be relaxed,
see Remark 2.4.1. However, if ¥ is not constant it might be more practical to use an approximation of this
barrier in the numerical discretisation — see Section 2.5.

Remark 2.2.4 (Convergence without regularity assumptions). The various regularity assumptions made
on the data or the solutions in all previous theorems are used to state optimal orders of convergence. The
convergence of gradient schemes can however be established under the sole regularity assumptions stated in
Hypothesis 2.2.1 and 2.2.2, see [1].

2.3 Example of gradient schemes

Many numerical schemes can be seen as gradient discretisation method. We show here that the family of
conforming Galerkin methods can be recast as gradient schemes when applied to variational inequalities.

Example 2.3.1 (Galerkin methods). Any Galerkin method, including conforming finite elements and spectral
methods of any order, fits into the gradient scheme framework.

For the Signorini problem, if V is a finite dimensional subspace of {v € H}(Q) : y(v) = 0 on '}, we let
Xpr,, =V, IlIp =1d, Vp = V and Tp = 7. Then (Xpr,,,IIp,Tp,Vp) is a gradient discretisation and
the corresponding gradient scheme corresponds to the Galerkin approximation of (2.2.2). Then, Cp defined by
(2.2.4) is bounded above by the maximum between the Poincaré constant and the norm of the trace operator
v HY Q) — HY2(0Q).

Conforming Galerkin methods for the obstacle problem consist in taking Xpo = V a finite dimensional
subspace of Hg(2), lIp = Id and Vp = V. For this gradient discretisation, Cp (defined by (2.2.8)) is bounded
above by the Poincaré constant in H}(Q).

For both the Signorini and the obstacle problems, Wp is identically zero and the error estimate is solely
dictated by the interpolation error Sp(@,v) and by Gp(@,v) or Ep(@,v), as expected. For P1 finite elements, if
the barrier (a or v) is piecewise affine on the mesh then the classical interpolant v constructed from the nodal
values of @ belongs to K. As we saw, using this interpolant in Estimates (2.2.14) and (2.2.15) leads to the
expected order 1 convergence.
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If the barrier is more complex, then it is usual to consider some piecewise affine approximation of it in the
definition of the scheme, and the gradient scheme is then modified to take into account this approximate barrier
(see Section 2.5); the previous natural interpolant of @ then belongs to the (approximate) discrete set Kp used
to define the scheme, and gives a proper estimate of Sp(u,v) and Gp(@,v) or Ep(a,v).

2.4 Proofs of the theorems

Proof of Theorem 2.2.7

Since Kp is a nonempty convex closed set, the existence and uniqueness of a solution to Problem (2.2.3) follows
from Stampacchia’s theorem.
We note that AVa € Hg; () since

—div(AVa@) = f in the sense of distributions (2.4.1)

(use v = utpin (2.2.1), with p € C°(2)). Taking v = AV in the definition (2.2.6) of Wp, for any z € Xpr, ,
we get

/ Vpz-AVudx + / IIpz le(AVﬁ) de < ||VDZ||L2(Q)¢1WD(AV7:L) + (%(AV@), TDZ> (242)
Q Q

Let us focus on the last term on the right-hand side of the above inequality. For any vp € Kp, we have
(m(AVE), Tp(vp — u)) = (W (AVa), Tpvp — y4) + (W(AVE),v2 — Tpu). (2.4.3)

The definition of the space Hllf %(99) shows that there exists w € H' () such that yw = Tpu (this implies that
w € K). According to the definition of the duality product (2.B), we have

(4o (AV), 7T — Tpu) = / AV - V(i — w) dz + / div(AVE)(7 — w) da.
Q Q
Since @ satisfies (2.4.1), it follows that
(Y (AV@), v — Tpu) = / AV - V(i — w) da — / (i — w) da, (2.4.4)
Q Q
which leads to, taking w as a test function in the weak formulation (2.2.1),
(" (AV@),ya — Tpu) < 0. (2.4.5)
From this inequality, recalling (2.4.1) and (2.4.3) and setting z = vp —u € Xpr,, in (2.4.2), we deduce that
/ VD(UD — u) -AVudx + / fHD(’LL — UD) de < HVD(UD — u)||L2(Q)dWD(AVﬂ) + GD(’U, ’UD). (246)
Q Q
We use the fact that u is the solution to Problem (2.2.3) to bound from below the term involving f and we get

/ AVD(UD - u) . (V’[L - Vpu) da < ||VD(UD - U)HLz(Q)dWD(AVfL) + GD(’EL, ’UD)+
Q

(note that we also used the bound Gp < G}S). Adding and subtracting Vpvp in Vi — Vpu, and using
Cauchy-Schwarz’s inequality, this leads to

AHVDUD — VDUH%Q(Q)d < ||VDUD — V’DUHLQ(Q)d (WD(AVU) + XSD(Q, UD)) + Gp(ﬂ, UD)+.



2.4 Proofs of the theorems 23

Applying Young’s inequality gives

2 1 -~ 2
||VDUD — VDUHLZ(Q)d < \/AGD(’LL,’UD)J'_ + P [WD(AVQ) + )\Sp(ﬁ,vp)] . (2.4.7)

Estimate (2.2.11) follows from ||Vpu — Vil 2y < [|[Vpu—Vpup|| 20y + 1| Voup — Vi 12 (qye and va +b <
Va+ Vb, Using (2.2.4) and (2.4.7), we obtain

2 1 -~ 2
||HDUD — HDuHLz(Q) < CD\/AGD(U,’UD)J" + P [WD(AV’[L) + )\SD(Q,UD)] .

By writing ||[Tlpu — || 12(q) < [TIpu — IIpvp||L2(q) + [[IIpvp — 4| 12(), the above inequality shows that

2 1 - ?
ITIpu — ’EL||L2(Q) < CD\/)\GD(U, vp)t + P (WD(AVU) + ASp (4, ’UD)> + Sp (@, vp).
Applying va + b < v/a + v/b again, Estimate (2.2.12) is obtained and the proof is complete.

Proof of Theorem 2.2.8

The proof of this theorem is very similar to the proof of [1, Theorem 1]. We however give some details for the
sake of completeness.

As for the Signorini problem, the existence and uniqueness of the solution to Problem (2.2.7) follows from
Stampacchia’s theorem. Let us now establish the error estimates. Under the assumption that div(AVa) € L?(€2),
we note that AVa € Hyiy(€2). For any w € Xp, using ¥ = AV in the definition (2.2.10) of Wp therefore
implies

/ Vpow - AVudx + / IIpw le(AV’L_L) da < ||va||L2(Q)dWD(AV’l7,). (248)
Q Q

For any vp € Kp, one has
/ IIp(u — vp)div(AVa) dx = / (IIpu — ) (div(AVa) + f)dx
Q Q
+ / (¢ — Mlpvp)(div(AVa) + f) de — / flp(u—vp)de. (2.4.9)
Q Q

It is well known that the solution to the weak formulation (2.2.2) satisfies (2.1.2b) in the sense of distributions
(use test functions v = 4—¢ in (2.2.2), with ¢ € C°(Q2) nonnegative). Hence, under our regularity assumptions,

(2.1.2b) holds a.e. and, since u € Kp, we obtain /(Hpu —¢)(div(AVa) + f) de < 0. Hence,
Q
/ IIp(u — vp)div(AVa) de
Q

< / (w — HD’UD)(dIV(AVfL) + f) dx — / fHD(’LL — ’U'D) dx
Q Q

:/ (¥ — w)(div(AVa) + f) de +/
Q

(@ — Hpvp)(div(AVa) + f) de — / fMp(u — vp) de.
) Q

Our regularity assumptions ensure that @ satisfies (2.1.2a). Therefore, by definition of Ep,

p (1 — vp)div(AVE) dz < Ep (i, vp) — / Fllp(u — vp) dz. (2.4.10)

Q Q
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From this inequality and setting w = vp —u € Xp in (2.4.8), we obtain
/ VD(’UD — u) -AVudx + / fHD(u — ’UD) de < ||VD('U’D - u)”LQ(Q)dW’D(Avﬂ) + ED(I_I,,UD).
Q Q

The rest of the proof can be handled in much the same way as the proof of Theorem 2.2.7, taking over the
reasoning from (2.4.6).

Proof of Theorem 2.2.10

We follow the same technique used in [61]. According to Remark 2.2.3 and due to the regularity on the solution,
since Tpup = y(@) = 0 on 'y and v, (AVa@) = 0 on T'y, we can write

Gp(u,vp) = /F (Tpvp — (@) (AVa) de.

We notice first that the assumptions on % ensure that it is a solution of the Signorini problem in the strong
sense. By applying Theorem 2.2.7, we have

IVpu — Vil 2y + |[Tpu — @ z29) < C (WD(AW) + Sp(a,vp) + /Co (&, UD)+) (2.4.11)

with C' depending only on A, A and an upper bound of Cp. Since Sp (@, vp) < Ciha by assumption, it remains
to estimate the last term Gp(@,vp)". We start by writing

(i1, vp) = /

(Tovp — a)ym(AVE) de + / (@ — 7(@)1n(AVE) dz
s

s

- /F (Tpvp — a)m(AVE) de

Z (Tpvp — a)ym(AVE) dx

o€, oCl3” 7

= Y G,(u,vp),

ce€f,oCl's

where the term involving (a — v(@))yn (AV@) has been eliminated by using (2.1.1d). We then split the study on
each o depending on the cases: either (i) y& < a a.e. on o, or (ii) meas({y € o : yu(y) —a =0}) > 0 (where
meas is the (d — 1)-dimensional measure).

In Case (i), we have v,(AV@) = 0 in o since yu satisfies (2.1.1d). Hence, G, (@, vp) = 0.

In Case (ii), let us denote V, the tangential gradient to o, and let us recall that, as a consequence of
Stampacchia’s lemma, if w € Wh(o) then Vow = 0 a.e. on {y € o : w(y) = 0} (here, “a.e.” is for the
measure meas). Hence, with w = % — a we obtain at least one yo € o such that (ya — a)(yo) = 0 and
Vo(va — a)(yo) = 0. Let F be the face of 9Q that contains o. Using a Taylor’s expansion along a path on F
between yg and x,, we deduce

(v — @) (@,)] < Lk, (2412)

where Lp depends on F and on the Lipschitz constant of the tangential derivative Vaq(y@ — a) on F (the
Lipschitz-continuity of Vgq(y@i—a) on this face follows from our assumption that ya—a € W2°°(92)). Recalling
that ||[Tpvp — vi(o)||12(s) < CohZ|o|*/2, we infer that ||Tpvp — al|z2(s) < Ch}4lo|Y/2, and therefore, that
|Go(,vp)| < Ch34||1a(AVE)||12(s)|o]'/2. Here, C depends only on €2, @ and a. Gathering the upper bounds on
each G, and using the Cauchy—Schwarz inequality gives Gp (@, vp) < Ch3|[1n(AVa)||L2(50), with C' depending
only on Q, A, @ and a. This implies Gp(u,vp)™ < Ch3,, and the proof is complete by plugging this estimate
into (2.4.11).
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Proof of Theorem 2.2.11

The proof is very similar to the proof of Theorem 2.2.10. As in this previous proof, we only have to estimate
Ep(u,vp), which can be re-written as

Ep(,vp) = /Q (div(AVa) + f)(a — ) de + /Q (div(AVa) + f)(¢ — lpvp) dee
= /Q(div(AVﬂ) + (v — pvp) dax
=> /K(div(AVa) + ) —Tpvp)de =: Y Ex(a,vp),

Kem KeMm
where the term involving (div(AVa) + f)(@ — ¢) has been eliminated using (2.1.2a). Each term Ex (@, vp) is
then estimated by considering two cases, namely: (i) either @ < ¢ on K, in which case Fx(@,vp) = 0 since
f+div(Au) =0 on K, or (ii) {y € K : u(y) = ¢} > 0, in which case Ex(4,vp) is estimated by using a
Taylor expansion and the assumption |[Ilpvp — a(zk)||12(x) < Coh%k | K|Y/2.

Remark 2.4.1. If (xx)kenm are the centres of gravity of the cells, the assumption that ¢ is constant can be
relaxed under additional regularity hypotheses. Namely, if F' := div(AV#) + f € HY(K) and v € H*(K) for
any cell K, then by letting Fx and 1k be the mean values on K of F' and ), respectively, we can write

EK('I_L,’UD) :/ F(w—HD’l}D) dx
K

- / F(ex) - pop) de + / (F — Fr)(6 — xe) d + / Fx — dlax)) de
K K K
=T g +To x + 13 k.

The term Tj g is estimated as in the proof (since 4(xx) — ¥(xx) can be estimated using a Taylor expansion
about yg). We estimate Ty x by using the Cauchy-Schwarz inequality and classical estimates between an H'
function and its average:

To, x| < I|F = Frlle2 (o)l = ¥xll2x) < ChENF a9 (x)-

As for Ty i, we use the fact that ¢ € H%(Q) and that x is the center of gravity of K to write [¢)(xx) — K| <
Ch ||| ir2(x)- Combining all these estimates to bound Ex (@, vp) and using Cauchy-Schwarz inequalities leads
to an upper bound in O(h3,) for Ep(i,vp).

2.5 The case of approximate barriers

For general barrier functions (a in the Signorini problem, % in the obstacle problem), it might be challenging
to find a proper approximation of @ inside Kp. Consider, for example, the P1 finite element method; the
approximation is usually constructed using the values of u at the nodes of the mesh, which only ensures that
this approximation is bounded above by the barrier at these nodes, not necessarily everywhere else in the
domain. It is therefore usual to relax the upper bound imposed on the solution to the numerical scheme, and
to consider only approximate barriers in the schemes.

2.5.1 The Signorini problem

We consider the gradient scheme (2.2.3) with, instead of Kp, the following convex set:

Kp={veXpr, : Tpv <ap onTs}, (2.5.1)
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where ap € L?(02) is an approximation of a. The following theorems state error estimates for this modified
gradient scheme.

Theorem 2.5.1 (Error estimates for the Signorini problem with approximate barrier). Under the
assumptions of Theorem 2.2.7, if Kp is not empty then there exists a unique solution u to the gradient scheme
(2.2.3) in which Kp has been replaced with Kp. Moreover, if a — ap € H%fQ(aQ), FEstimates (2.2.11) and

(2.2.12) hold for any vp € IZD, provided that Gp(a,vp) is replaced with

Gp (i, vp) = Gp (i, vp) + (Ya(AVE), a — ap)

Proof. The proof is identical to that of Theorem 2.2.7, provided we can control the left-hand side of (2.4.3).
For any vp € Kp, we write

(m(AV@), Tp(vp — u)) = (1 (AVE), Tpvp — va) + (Wn(AVE),va — (Tpu + a — ap)) + (1 (AVa),a — ap).

We note that the first term in the right-hand side is Gp (@, vp); hence, the first and last terms in this right-hand
side add up to ép(ﬁ, vp) and we only need to prove that the second term is nonpositive. We take w € H'(Q)
such that y(w) = Tpu + a — ap, and we notice that w belongs to K since Tpu and a — ap both belong to
H%F(@Q), and since Tpu + a — ap < a on I's. Similarly to (2.4.4), the definition of w shows that

(Wn(AVﬁ),’yﬁ—(TDu—i—a—aD)):/QAVﬁ~V(ﬂ—w)dw—/Qf(ﬂ—w)dw.

Hence, by (2.2.1), (yn(AV@),ya@— (Tpu+a—ap)) < 0 and, as required, the left-hand side of (2.4.3) is bounded

above by Gp (@, vp). O

In the case of the P1 finite element method, ap is the P; approximation of a on 9€2 constructed from its values
at the nodes. The interpolant vp of 4 mentioned in Section 2.2.4.1 is bounded above by a = ap at the nodes,
and thus everywhere by ap; vp therefore, belongs to Kp and can be used in Theorem 2.5.1. Under H 2 regularity
of a, we have |lap — al|r2(90) = O(h4,). Hence, if 7,(AVa) € L*(9Q), we see that Gp(@,vp) = O(h3,) and
Theorem 2.5.1 thus gives an order one estimate.

For several low-order methods (e.g. HMM, see [40]), the interpolant vp of the exact solution @ is constructed
such that Tpvp = v(@)(F,) on each o € Eoxt. The natural approximate barrier is then piecewise constant, and
an order one error estimate can be obtained as shown in the next result.

Theorem 2.5.2 (Signorini problem: order of convergence for piecewise constant reconstructions).
Under Hypothesis 2.2.1, let D be a gradient discretisation, in the sense of Definition 2.2.3, and let T = (M, E,P)
be a polytopal mesh of Q. Let ap € L?(09) be such that ap—a = 0 on Ty and, for any o € Eeyy such that o C I3,
ap = a(x,) on o, where x, € o. Let @ be the solution to (2.2.1), and let us assume that v,(AVa) € L*(09)
and that y(@) —a € W2>(92). We also assume that there exists an interpolant vp € Xpr,, such that
Sp(a,vp) < Crhag with Cy not depending on D or T, and, for any o C I's, Tpup = y(@)(xs) on .

Then Kp # 0 and, if u is the solution to (2.2.3) with Kp replaced with Kp, it holds

IVpu — VﬁHLz(Q)d + HHDU - ’[LHLZ(Q) < Chpm + CWp(AVa) (2.5.2)
where C' depends only on Q, A, @, a, C1 and an upper bound of Cp.

Proof. Clearly, vp € Kp. The conclusion follows from Theorem 2.5.1 if we prove that Gp (@, vp)t = O(h%,).
Note that, following Remark 2.2.3, it makes sense to consider a piecewise constant reconstructed trace Tpv.
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With our choices of ap and [Ipvp, and using the fact that @ is the solution to the Signorini problem in the
strong sense (and satisfies therefore (2.1.1d)), we have

G (@, vp) = /F (Tovp — i) (AVE) de + /F (a — ap)m(AVE) de

= / ’yn(AVﬂ) (TDUD — CLD) dx
I's

0€Eext,0CI3

> [ o) - @n)a(ave) de
= > Go(uuvp).
0€Eext,0Cl3

We then deal edge by edge, considering two cases as in the proof of Theorem 2.2.10. In Case (i), where v& < a
a.e. on o, we have G, (4, vp) = 0 since 7,(AV@) =0 in o. In Case (ii), we estimate G, (@, vp) using the Taylor
expansion (2.4.12). N
2.5.2 The obstacle problem

With ¢p € L?(2) an approximation of v, we consider the new convex set
Kp ={ve Xpy : Ipv < ¢p in Q} (2.5.3)

and we write the gradient scheme (2.2.7) with Kp instead of Kp. The following theorems are the equivalent for
the obstacle problem of Theorems 2.5.1 and 2.5.2.

Theorem 2.5.3 (Error estimates for the obstacle problem with approximate barrier). Under the

assumptions of Theorem 2.2.8, if IED is not empty then there exists a unique solution u to the gradient scheme
(2.2.7) in which Kp has been replaced with Kp. Moreover, Estimates (2.2.14) and (2.2.15) hold for any vp € Kp,
provided that Ep(u,vp) is replaced with

Ep(ﬂ, UD) = ED(fL, ’UD) + A(le(AVﬂ) + f)(’(ﬁp — 1/)) de.

Proof. We follow exactly the proof of Theorem 2.2.8, except that we introduce 1p instead of ¥ in (2.4.9). The
first term in the right-hand side of this equation is then still bounded above by 0, and the second term is written

/ (1/)1) — HDUD)(diV(AVﬂ) + f) de = /(Q/JD — ’l/))(diV(AVﬁ) + f) dx + / (w — HDUD)(diV(AVﬂ) + f) dz.
Q Q Q

The first term in this right-hand side corresponds to the additional term in Ep(a, vp), whereas the second term
is the one handled in the proof of Theorem 2.2.8. O

Theorem 2.5.4 (Obstacle problem: order of convergence for piecewise constant reconstructions).
Let D be a gradient discretisation, in the sense of Definition 2.2.5, and let T = (M, E,P) be a polytopal mesh
of Q. Let p € L*(Q) be defined by

VK e M, ¥p = ¢Y(xk) on K.

Let @ be the solution to (2.2.2), and let us assume that div(AVa) € L?(Q2) and that 4 — 1 € W2>(Q). We also
assume that there exists an interpolant vp € Xp o such that Sp(u,vp) < Crhpm, with C1 not depending on D
or T, and that Upvp = w(xk) on K, for any K € M.
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Then Kp # 0 and, if u is the solution to (2.2.7) with Kp replaced with Ko,
||V'DU — VﬁHLz(Q)d + HHDU — 'ftHLZ(Q) < Chpm + CWD(AV’&) (2.5.4)
where C' depends only on Q, A, u, 1, C1 and an upper bound of Cp.

Proof. The proof can be conducted by following the same ideas as in the proof of Theorem 2.5.2. O

Let us now compare our results with previous studies. In [17, 50], O(haq) error estimates are established
for P; and mixed finite elements applied to the Signorini problem and the obstacle problem. This order was
obtained under the assumptions that 4 € W1>°(Q)NH?2(£2) and a is constant for the Signorini problem, and that
A =1d and @ and 1 are in H?(f2) for the obstacle problem. Our results generalise these orders of convergence
to the case of a Lipschitz-continuous A and a nonconstant a (note that mixed finite elements are also part of
the gradient schemes framework, see [41, 37]).

Studies of non-conforming methods for variational inequalities are scarcer. We cite [87], which applies
Crouzeix—Raviart methods to the obstacle problem and obtains an order O(hq) under strong regularity as-
sumptions, namely f € L>(Q), u—1 € W2>(Q), ¢ € H?(Q), A = Id and the free boundary has a finite length.
For the Signorini problem, under the assumptions that a is constant, u € W>°(Q) and A = Id, Wang and Hua
[92] give a proof of an order O(haq) for Crouzeix—Raviart methods. The natural Crouzeix—Raviart interpolants
are piecewise linear on the edges and the cells, and if we therefore use it as ap for the Signorini problem, we
see that under an H? regularity assumption on a, we have ||a — ap||r2(90) < Ch%,. Hence, the additional term

in Gp(@,vp) in Theorem 2.5.1 is of order h%, and this theorem therefore gives back the known O(hay) order of
convergence for the Crouzeix—Raviart scheme applied to the Signorini problem. This is obtained under slightly
more general assumptions, since A does not need to be Id here. The same applies to the obstacle problem
through Theorem 2.5.3.

We finally notice that most previous research investigates the Signorini problem under the assumption that
the barrier a is a constant. On the contrary, Theorems 2.2.7, 2.5.1 and 2.5.2 presented here are valid for
nonconstant barriers.



Appendix

2.A Equivalence between the weak and strong formulations

There is no guarantee to find a smooth classical solution in C2(£2) to the Signorini and the obstacle models,
(2.1.1) and (2.1.2), even under strong assumptions on the data, such as taking f in C1(Q), see [73], for example.
However, the existence of these solutions can be proved in the weak sense. The following propositions show
that, for smooth solutions, the strong and weak formulations of the Signorini (resp. the obstacle) problem are
equivalent.

Proposition 2.A.1. Let Hypothesis 2.2.1 hold. We assume that 4 € C?(S0), then i is a weak solution to (2.2.1)
if and only if @ satisfies (2.1.1).

Proof. The following proof is introduced in [55]. We temporarily assume that the solution 4 € C?(Q) N K and
satisfies (2.1.1). We multiply Equation (2.1.1a) by @ — v, for a generic v € K, and apply the divergence theorem
to obtain

/VfrV(ﬂ—v)de V@-n(ﬂ—v)dw—i—/f(ﬂ—v)dw, Yo € K.
Q o9 Q

Introducing the barrier a, this equality becomes

/VfrV(ﬂ—v)dazz Vi -n(i—a)dx + Vﬂ~n(a—v)dw—|—/f(ﬂ—v)d:1:, Yo € K.
Q T3 Ty @

Due to (2.1.1b), the first term of the right-hand side of this equality is zero, and the second term is non—positive
(because v € K). Therefore, @ satisfies the inequality of Problem (2.2.1). Since this formulation still makes
sense if & € K and f € L*(Q), then 4 is a solution to the weak formulation problem (2.2.1).

Conversely, letting u € C?(Q)NK be a solution to (2.2.1), we show that @ also satisfies the strong formulation
(2.1.1). Take v = % %+  such that ¢ € C5°(€2) as a test function in (2.2.1) to deduce

/(f —Va)pdx =0, forall p € C§°(Q).
Q
From the definition of distribution, it follows that
/(f +div(Va))pdz =0, for all ¢ € C§°(Q),
Q
which yields (2.1.1a). B
Let g be a smooth function with compact support in T's. Let ¢ € C°°(2) such that yo = g on 'y and yp =0
on I'; UT'3. Insert v = @ £ p respectively in (2.2.1) to get
/(Vﬂ — flpdx =0, for all ¢ € C°°(Q), such that vy =0 on I'; UTs3.
Q

By utilising (2.1.1a) proved previously and the divergence theorem, we obtain

Vi-ngde =0, forall ge Cx (),
I'>



30 Chapter 2. Linear elliptic variational inequalities

that proves (2.1.1c).

Take v = % — ¢ in (2.2.1), such that ¢ € C*(Q), y¢ = 0 on I'; and ¢ > 0 on I's. Applying the previous
reasoning and using (2.1.1c), we see that the second inequality of (2.1.1d) holds.

It remains to verify the last equality of the Signorini boundary conditions (2.1.1d). To do so, it is sufficient
to show that Vi -n = 0 on the set A := {@ € I's : u(x) < a(x)}. Let g be a smooth function with compact
support in A and g be a zero extension of g on I's. Let ¢ be a function of H'(£2) such that v(¢) = g on I's and
v =0 on I'y. Introduce § > 0 by

d = essinf(a — va(x), x € supp g).

There exists p = m

reasoning as previously, we infer

, such that v = @ &+ up belong to K. Setting v as a tests function in (2.2.1), and

/Vﬁ~ngdw:0, for all g € C°(A),
A

which concludes the proof. O

Proposition 2.A.2. Let Hypothesis 2.2.2 hold. We assume that 4 € C%(Q), then @ is a solution to the
variational problem (2.2.2) if and only if u satisfies (2.1.2).

Proof. The proof is the same as in [93]. Temporarily, assume that solution % of (2.1.2) is in C3(Q) N K. For
any v € K, multiplying both sides of Equation (2.1.2a) by 4 — v and integrating over 2, we obtain

/ (= div(Vad) — f)(d —v) = / (— div(Vad) — f)(@ — v) de + / (— div(Vad) — f)(v — v) da
Q Q

Q
<0, forallvelk,

due to (2.1.2a), leading to the first term on the right-hand side is zero, and to v < ¢ in Q, that shows, together
with (2.1.2b), that the second term is non—positive. Integrating by part this relation, the divergence theorem
proves that @ must satisfy the inequality formula in the problem (2.2.2). This inequality also makes sense if
u e K.

Conversely, suppose that @ € C?(2) N K is a weak solution of (2.2.2) and let v = & — w as a test function
such that w € C§°(2) and w > 0 in Q to get

/(Vﬁ -Vw — fw)de <0, forall we C§°(Q) and w > 0.
Q
Integration by part of this inequality gives again,
/(— div(Va) — flwde <0, for all w € C§°(Q2) and w > 0,
Q

which shows that differential inequality (2.1.2b) is fulfilled.
We assume that % < 1 for some points g € Q. Then @ has a neighbourhood N (zg) C Q such that u < ¢—C
in N (x), where C > 0. Let w € C§°(N(x)), then there exists u = Tallc=w such that v := u + pw < .

Choosing v as a test function in (2.2.2), the integration by part produces
/(fdiv(Vﬂ) — flwde =0, for all w e CF°(N(xo)).
Q

Then —div(Va) = f in N(xo) if @(xzg) < ¥(xo) for &y € Q, which implies that (2.1.2a) is verified. Other
boundary conditions (2.1.2¢) and (2.1.2d) are easily derived from the definition of the closed convex set K. [
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2.B Normal trace

We recall here some classical notions on the normal trace of a function in Hgj. Let @ C R? be a Lipschitz
domain. Then there exists a surjective trace mapping v : H*(Q) — H/2(99). For v € Hg,, the normal trace
Ya(tp) € (HY?(09))" of 4 is defined by

(T (), y(w)) = / Y- Vwde +/ divep - wde, for any w € H(Q),
Q Q
where (-, -) denotes the duality product between H/2(9Q) and (H/2(99))’. Stoke’s formula in HJ (Q) x Hgy (Q)

shows that this definition makes sense, i.e. the right-hand side is unchanged if we apply to w € H'(Q2) such
that y(w) = y(w).



Chapter 3

Application to hybrid mimetic mixed (HMM)
methods

Abstract. As an application of the gradient discretisation method framework, we design and analyse the hybrid
mimetic mixed (HMM) method to linear elliptic variational inequalities. We also propose an implementation
methodology to solve the HMM method for linear variational inequalities in practice. For this purpose, we
re-write the methods in the sense of classical finite volume discretisations, resulting in a linear system of
equations. We provide different numerical results that demonstrate the accuracy of these schemes, and confirm
our theoretical rates of convergence obtained under general grids.
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3.1 Introduction

Using the gradient discretisation method framework, this chapter aims to develop the hybrid mimetic mixed
(HMM) method, containing the mixed/hybrid mimetic finite difference methods, to linear elliptic variational
inequalities. It also aims to compute the solution of the HMM scheme in practice and to provide some numerical
experiments to illustrate the validity of theoretical results obtained in the previous chapter.

The notions of T (the polytopal mesh of Q) defined in Definition 2.2.9 are still valid throughout this chapter.
We also take d = 2 here. The HMM scheme is a family of the finite volume (FV) methods, which are based on
cells unknowns (ux)rxem and edges unknowns (uy)scg, respectively approximating the values (4(Tx))kem
(recall that Ty is centre of mass of K) and (4(%,))sce, (recall that T, is centre of mass of ). Let us summarise
the principle of the FV methods in the setting of simple PDEs,

~div(AVa) = f inQ,

3.1.1
=0 ondN, ( )

with the same assumptions on data given in Section 1.2. Throughout this chapter, let F i () denote to the
exact flux on edge o of a cell K given by — fa AV - ng , de. We integrate (3.1.1) on cell K to get

> Fro(w)= / f(x)de. (3.1.2)
oefk K

This equality is called the balance of fluxes equation and it can also directly be derived from the original physical
model, see [34] for more details. The FV methods also maintain the physical conservation laws of the model,

Fr o)+ Fpro,(i) =0, foranyoe€&xNEy. (3.1.3)

The main idea of the classical F'V schemes is to find F k.o (1), which is expected to approximate the exact flux
Fr () in such a way that it satisfies the following discrete versions of the balance and conservativity laws
equations:

forall K e M Z Fr o (u) :/ f(x) de, (3.1.4)
cEEK K
forall o € Eg NEL, Fro(u)+ Fro(u) =0, (3.1.5)

where the flux Fk , = Fk () is a linear function of the unknowns (ux)xem and (us)oes-

In this chapter, we show that the HMM method fits into the gradient discretisation method framework and
therefore its approximate solution provided by the HMM method satisfies the error estimates established in
Section 2.2.

This chapter is organised as follows: in the next section we recall the idea of the HMM method in the
setting of the above PDEs model. In Section 3.4 we design the HMM method for the linear Signorini problem,
and establish a convergence rate for this scheme, as an application of the gradient discretisation method. We
also show that this method can be reformulated in the sense of the balance and conservativity equations, we
describe an implementation procedure and we discuss its convergence. Section 3.5.2 is concerned with studying
the HMM method for the obstacle problem and a computation of this scheme’s solution. We provide in Section
3.6 numerical results that demonstrate the excellent behaviour of this new scheme on test cases from the
literature. We develop a test case for the Signorini problem with analytic solutions, and we use it to assess the
practical convergence rates of the HMM methods. Further, to numerically confirm our theoretical results, we
also perform numerical tests on different types of meshes. Finally, an appendix explains how to build a local
matrix that is used to assemble the HMM matrix.
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3.2 Three forms of the HMM method for (3.1.1)

As previously mentioned, the HMM method is a framework containing three methods, the hybrid finite volume
(HFV) methods, the mixed finite volume (MFV) methods and the (mixed-hybrid) mimetic finite differences
(MFD) methods, see [38]. Let us summarise the principle of these three methods. In this section, let the
discrete unknowns space be defined as

Xp,o={v=(vkr)xkem, (Vs)sce) : VK,Vs €ER, v, =0 for all 0 € Eex }- (3.2.1)

Let F be the set of discrete fluxes around all cells. The notation Fx denotes to the set of fluxes Fi(u) =
(Fk,o(u))see restricted on the boundary of a given cell K, such that Fi ,(u) is still approximating — [ AVa-
ng , de. The central idea of all three methods is to express discrete equations of (3.1.1) in terms of discrete
unknowns (ur)xem, (Us)sece and (Fi o(u))k,o by using approximation of the exact solution @ and its exact
gradient V.

e HFV method: It is the form that is closest to the gradient scheme idea. A cell-wise constant gradient
is defined by

1
Viv = & > lol(ve — vk )ngo. (3.2.2)

oelk

It is proved in [37, Lemma B.6] that this gradient is linearly exact, that is, if ¢ is affine and v = p(xK)
and v, = ¢(T,), then Vgv = V. Although this gradient is consistent, it does not satisfy a Poincaré
inequality and therefore cannot be directly used in the weak formulation to approximate the bilinear term
fﬂ AVu-Vuda, that appears in the weak formulation of Problem (3.1.1). For this purpose, a stabilisation
term is required,

Ri(v) = (Vg — vk — VK- (g — Tx))oee, € ROFIER), (3.2.3)

The HFV method for the weak formulation of (3.1.1) reads: seek u = ((uk)kem, (Ue)oecs) € Xp,0, such
that for any v € Xp g,

S KAV Vo + 3 Ri() BrcRic(w) = S vx / (@) de. (3.2.4)
KeM KeM KeM K

Here Ak is the value of A in the cell K (it is usual — although not mandatory — to assume that A is
piecewise constant on the mesh) and, for K € M, Bx is a symmetric positive definite matrix of size

Card(Ek).

e MFV method: It is a standard format of the finite volume schemes and is based on the same discrete
unknowns as in the HFV scheme. If F € F, then vi (Fk) is defined by

1
Kk (Fk) = —71\}1 Z Fro(Ty —Tk), VK eEM. (3.2.5)
(K" =
This vector can be considered as the approximation of the gradient Vu in K. Taking the quantity
Tk,o(Fk) = Fr,o + Ak vk (Fk) - Dk o, (3.2.6)

the space Fi can be equipped with an inner product defined by

<FK, GK>K = |K|V(FK) . AKV(GK) + TK(GK)TEKTK(FK), (327)
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where E is a symmetric positive definite matrix. The formula controlling all discrete unknowns (ux ) ke,
(Ug)oee and (Fi o (u))oee, 18

VK e M, VGi € Fi : <FK(U),GK>K = Z (UK — UU)GKJ. (328)

c€lK

The MFV presentation for Problem (3.1.1) is defined by Equations [(3.1.4), (3.1.5), (3.2.5), (3.2.6), (3.2.7)
and (3.2.8)].

e MFD method: Let )?D,o be the restriction of the space Xp o on the values at cells; )?D,O ={v =
(vi)Kxem : vx € R}. This space can be equipped with a standard L?>-inner product defined by

@05, = > IKluxvx.
KeM

Given a symmetric definite positive matrix Mg, the space Fx can be also endowed with the local inner
product,
[F,Glx = FEMgGy. (3.2.9)

A discrete divergence operator DZV : F — )?970 is defined by

1
he E

oefk

The definition of the MFD method is based on finding a matrix Mg that must satisfy the stability and
the discrete Stoke formula conditions, respectively called (S1) and (S2) in [18],

(S1) There exists s, > 0, S, > 0 independent of the mesh such that

VK e MVG € F 5. > |K|(Gro)® <[G,Glk < S0 > |K|(Gro)™

c€EK cEEK

(S2) For all affine function v and for all G € F,

[(AV0), Glxc + /K VDIV G de = 3

c€€K

1
0_|GK70/"U dS,

where (AVv))E = [ —AxVv-ng,dS.
The discrete flux operator G" : )A(D,o — F is defined as the adjoint operator of DIZV",

[F,G"ulr = [u,DIV"F|g_ .
The MFD method to (3.1.1) is to find (u, F) € 551),0 x F such that
DIV'F = f,, F =G,

where fj is the mean values of the source function f.
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3.3 All HMM methods are gradient schemes

The operator IIp and the piecewise constant gradient Vp for the HMM methods are defined as follows:

Vv e Xpo, VK € M : TIpv =vg on K. (3.3.1)
Vd

Yve Xpo, VK e M : Vpv=Vguv+ 7 (Ak Rk (v))ong - on co({o, xk}), (3.3.2)
K,o

where co(S) is the convex hull of the set S and
e Rk (v) is defined by (3.2.3),
e Aj is an isomorphism of the vector space Im(Rg).

The right-hand side of (3.2.4) is equal to the right-hand side of the gradient scheme for the weak formulation
of (3.1.1), (see (1.2.3) in Chapter 1). It is proved in [37, Proposition 12.5] that for any symmetric positive
definite matrix By, there exists an isomorphism A, such that for all (u,v) € X%)O,

|K|AKVKU -Vigv—+ RK('U)TBKRK(U) = / AxVpu-Vpvde. (333)
K

Moreover, it shows that this relation is satisfied, provided that, for all (¢,7) € (Im(Rg))?,

"B = (Ak (€)) D (Ak (1)), (3.3.4)

where D = diag (%AKnKQG . nK,g> is a diagonal definite positive matrix.

Summing (3.3.3) over K € M, the left-hand side of (3.2.4) is identical to the left-hand side of the gradient
schemes (1.2.3). Therefore, using this gradient discretisation (Xpo,IIp, Vp) in the gradient scheme (1.2.3)
gives the HMM method to (3.1.1).

The above scheme can also be expressed in terms of fluxes as a classical finite volume method. The fluxes on
the edges of a cell K that correspond to u € Xp o are defined by:

Yo e Xpo, Y. Fro(u)(vk —vs) = |K|AxViug - Vivg + Rig(u)Bx R (v)
o€EK (3.3.5)
= / AKVDU . VD’U dx.
K

Note that the flux F »(u) thus constructed is an approximation of — fa AViu-ng , dz. Based on this relation,
the HMM scheme (3.2.4) can be seen as: find u in Xp g, such that for any v in Xp g,

Z Z Fu)(vg —vy) = Z vK/de:c. (3.3.6)

KeMoe€k KeM

This formulation enables the equivalence between the HMM scheme (3.2.4) and the finite volumes scheme
(3.1.4)—(3.1.5). Setting v = 1 only on a given cell Ky and v = 0 on all edges and other cells yields (3.1.4) for
K = Ky. The conservation law is obtained by taking v = 1 on a common edge o between cells K and L and
v = 0 on the other degrees of freedom.

Conversely, let u satisfy Problem (3.1.4)-(3.1.5); for v € Xp o, we have

YY) Flupk =) UK/decc. (3.3.7)

KeMoe€k KeM
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Thanks to the conservation equation and the boundary condition, we deduce

2{: }B(a EE: }a¥a EE: Zq(a

o€k o€Eint 0EEext
=0.

Combining this equation with (3.3.7) leads to u satisfies (3.3.6).

3.4 The HMM method for the Signorini problem

3.4.1 Construction of the HMM method
Let T be a polytopal mesh of 2. The discrete space to consider is

Xpr,s ={v = ((vK)Kem (Vo)oce) © vk € R,v, € R vy =0 for all 0 € Eexq such that o CT'1}. (3.4.1)

We assume here that the mesh is compatible with (I';);=1 2,3, in the sense that for any i = 1,2, 3, each boundary
edge is either fully included in I'; or disjoint from this set.
The operators IIp and Vp are defined by (3.3.1) and (3.3.2). It is natural to consider a piecewise constant
trace reconstruction:
Vo € Ext : Tpv = v, on 0. (3.4.2)

This reconstructed trace operator does not take values in Hllf 2 (09), and the corresponding gradient discreti-
sation D is therefore not admissible in the sense of Definition 2.2.3. However, for sufficiently regular @, we can
consider reconstructed traces in L?(912) only, see Remark 2.2.3.

With Kp := {v € Xpr,, : v < aono, forall o €&y such that o C I's}, the gradient scheme (2.2.3)
corresponding to this gradient discretisation can be recast as

Find u € Kp such that, for all v € Kp,

S KAk Viu-Vic(u—v) + S Ric(u— ) BxRi(uw) < S (ux — vic) / flo (3.4.3)
KeM KeM KEM

where A is the value of A in the cell K and, for K € M, By is a symmetric positive definite matrix of size
Card(Ek). This matrix is associated to Ag, see Section 3.3.
Assume the existence of 6 > 0 such that,

hi drkos  dpeo
max | max + Card(€k) max s L.
KeM \o€ék di » UESinc,MczKJz drs dik.o
X ’ : (3.4.4)
+max{ KEMJEEK}SH
hilo|
and, for all K € M and u € REx,
}%K'U 441(}%K(ﬁ0)0 2
Dk ‘ Dg || ——————
o 3 10 & e,
* K ( r (3.4.5)
<03 Dl \
o€k

Under the above assumptions on the mesh and on the matrices By, it is shown in [37] that the constant Cp
can be bounded above by quantities depending on the 6§, but not on the mesh size, and that Wp(4)) is of order
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O(hp) if 4p is in (HY)? If d < 3 and a4 € H%(Q), we can construct the interpolant vp = (Vi) ke, (Vo )oerm)
with vg = 4(Tk) and v, = 4(Z,) and, by [37, Lemma 12.8 and Proposition A.10], we have

SD(’I],UD) = ||HD’UD — ﬂHLz(Q) + ||V'D’U'D - Vu||L2(Q)d < ChMHﬂHHz(Q)

Under the assumption that @ € W?#°°((Q), this estimate is also proved in [41] (with [|@||g2(q) replaced with
||@]lw2.0(0)). If € K and a is constant, this interpolant vp belongs to p. Moreover, given the definition
(3.4.2) of Tp, we have (Tpvp)|, — V(@)(%Ts) = vo — u(%,) = 0. Hence, using this vp in Theorem 2.2.10, we
see that the HMM scheme for the Signorini problem enjoys an order 1 rate of convergence. A nonconstant
barrier a can be approximated by a piecewise constant barrier on Eqyy and Theorem 2.5.2 shows that, with this
approximation, we still have an order 1 rate of convergence. Note that since this convergence also involves the
gradients, a first order convergence is optimal for a low-order method such as the HMM method.

3.4.2 Recast as a finite volumes scheme

We show here that the HMM method given in the previous section can then be re-written in terms of the
balance and conservativity of the fluxes.
With a, € L?(99) a constant approximation of a, we consider the HMM scheme (3.4.3), replacing Kp with

Kp = {veXpr,, : vo <a, on o, for all o € ey such that o C T's}.

Lemma 3.4.1. Let T be admissible mesh in the sense of Definition 2.2.9. Assume that for any o € &, there
1 =1,2,3 such that o C T';. Under Hypothesis 2.2.1, u is a solution to Problem (3.4.3), in which Kp has been

replaced with Kp if and only if u is a solution to the following problem:

> Fro(u) =m(K)fx, VK€M, (3.4.6a)
o€k

Fro(w)+ Fro(u)=0, ifoeéxnNé&L, K#L, (3.4.6b)

Uy =0, Vo € Eext such that o C Ty, (3.4.6¢)

Fro(u)=0, VK € M, Voe &k such that o C Ty, (3.4.6d)

Fgo(u)(ue —a,) =0, VK € M ,Vo € Ex such that o C T, (3.4.6e)

—Fg,(u) <0, VK € M, Vo€ &k such that o C I's, (3.4.6f)

Uy < Gy, Yo € Eexy such that o C I's. (3.4.6g)

Here, the flux Fi ,(u) is given by (3.3.5) and fx = ﬁ [y fdx, for any K € M.

Remark 3.4.1. The above problem (3.4.6) is the HMM discretisation of the strong Signorini problem (2.1.1)
based on the physical characteristics of the model. Integrating (2.1.1a) over a cell K and using Stokes formula
give the fluxes balance equation (3.4.6a). The boundary data on I'; and on the impermeable surface I'y are
respectively approximated by (3.4.6¢) and (3.4.6d). Finally, the Signorini boundary conditions, controlling the
flow and the pressure of water on the free boundary I's, are naturally expressed by (3.4.6e)—(3.4.6g).

Proof of Lemma 3.4.1. The proof is inspired from [61]. Using the definition of flux (3.3.5), the equivalent
formulation to Problem (3.4.3), written with Kp, is:

Find u € Kp such that, for all v € Kp,

SN Frow)(uk —uo) = > Y Fro(u)(ve —ve) < Y (uK—vK)/Kf(a:)d:c. (3.4.7)

KeMoelk KeMoelk KeM
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First, assume that u is a solution to (3.4.6). With v € Kp, multiplying (3.4.6a) by (ux — vx) and summing
over control volumes yield

Z Z Fro(u)(ug —vk) = Z (ux —UK)/ Jde.
KEMoeEx KeM K

We introduce u, and v, to obtain

SN Fro@ur —uo) = Y. Y Frolw)ok —ve)+ > > Fro(u)(us —vs)

KeMoe€k KeMoe€k KeMoe€k

= Z(UK_UK)/dex~

KeM

(3.4.8)

If we prove that the third term on the left-hand side is nonnegative, we deduce that u satisfies (3.4.7). Since
Uy = vy = 0 whenever o € Eqy such that o C I'y and Fi »(u) = 0 whenever o € it such that o € 'y, we have

Y Frow)(us —v,) = > (Fro(u) + Fro(w)(ue —ve) + > Y Freo(u)(ug — vy).

KeMoelgk oc€E|loeERKNEL KeMoe€k
oCT'3
Thanks to the conservativity condition (3.4.6b), the first term in the right-hand side also vanishes. Introduce
a, in this relation to get

Z Fr o(u)(te — vs) = Z Fr o (u)(ue — as) + Z Fg o(u)(as —v5).

o€k UE:%K o’EéI"K
oCl's oCl's

Owing to (3.4.6¢), the first term on the right-hand side is equal to zero. From (3.4.6f) and the fact that v € Kp,
the last term on the right-hand side is nonnegative and thus the proof of the first part is complete.

Let us now prove the converse. Assume that u € Kp is a solution to Problem (3.4.7). Let L € M and
v=utwwithwy =1, wg =0 forany K € M and L # K, and w, = 0 for any o € £. v is an element oflzp.
Thus, inserting this v in inequality of Problem (3.4.7) leads to, respectively

> Y Foliwk - Y Fealwun > 3 wi [ fda.

KeMocelk KeMoclk KeM

and

Z Z FK,U(U)UIK_ Z Z FK’U(U)’LUUS Z wK‘/deq;.

KeMoelk KeMoelk KeM

Since w, = 0 for any o € £ and wxg = 0 for all L # K € M, splitting the sum over edges and cells in the above

two inequalities yields
Z Fr o(u) = / fdx.
L

o€ef,

In a similar way, let s € &py and take v = u+w in (3.4.7) with w € Xpr, , such that wx = 0 for all K € M
and ws = 1 for s € &y and w, =0 for all 0 € €, s # 0. (3.4.7) implies Fk s(u) + Fr s(u) = 0 for K, L such
that s € Ex NEL.

Pick s € Eot such that s C I'y and choose v = v + w with w € Xpr,, such that wg =0 for all K e M
and wg = 1 for s € €yt such that s C Ty and w, = 0 for all o € £, s # 0. Inserting this v in (3.4.7) gives
Fr s(u) = 0, which proves (3.4.6d). Since the solution u € Kp, (3.4.6¢) and (3.4.6g) are obviously fulfilled.
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To prove (3.4.6f), let s € ey such that s C I's and choose w € Xp r, , such that wx = 0 for all K € M and
ws = —1 and w, =0 for all 0 € £, s # 0. Setting v = u +w in (3.4.7) (v € Kp), we infer

—Frs(u) <0, se€ &k, such that s C I's.

To verify (3.4.6e), let F = {0 € Ext : 0 C I's and u, < as}. Choose s € E, we only need to show that
Fr s(u)(as —us) = 0. Letting t = as — us > 0, define v1 = u + tw and vy, = u — tw such that wx = 0 for any
K € M and ws = —1, and wy, = 0 for all o € Eext, 0 C '3, and s # 0. Since voy = a5 and v1, = us —t < a,
we see that vy, vy € Kp. Setting v = vy (respectively v = vy) as a test function in (3.4.7), and reasoning as
previously, we obtain

FK,s(as - us) >0 and FK,s(as - us) <0,

which concludes the proof. O

3.4.3 Resolution of the HMM for the Signorini problem

This section explains how to compute the solution of the HMM scheme (3.4.6) in practice. To deal with the
non-linearity caused by the Signorini boundary conditions, the iteration monotonicity algorithm proposed in
[59] can be naturally applied to this flux approximation formulation . This algorithm has been used to calculate
the solution of P1 finite elements and two-point flux approximation finite volumes to variational inequality in
[59]. Its convergence and efficiency relies on the discrete maximum-minimum principles. We note that by
[77, Section 4.2] the HMM method is monotone when applied to isotropic diffusion on meshes made of acute
triangles. In this case, the convergence of the monotonicity algorithm can be established as in [59] for finite
element and two-point finite volume methods. In our numerical tests, we noticed that, even when applied
on meshes for which the monotonicity of HMM is unknown or fails, the monotonicity algorithm actually still
converges.

The monotonicity algorithm approximates the solution to the discrete variational inequalities by sequences
of solutions to linear problems. If we assume that there are two known sets G and H such that G UH = T's,
GNH =0 and

Uy < ag, for all o € G,

(3.4.9)
—Fgo(u) <0foral Ke M, st. o€ &g NH.

The set H is not any set that satisfies (3.4.9) but the largest one that gathers all o C I's such that —F ,(u) < 0.
Therefore, the discrete Signorini boundary conditions (3.4.6e)—(3.4.6g) would be equivalent to

Fro(u)=0, VK e M, Voeg,

(3.4.10)
Uy = Ay, Vo € H.

The monotonicity algorithm (explained in Algorithm 1) is an iteration process; at each iteration we solve
(3.4.6a)—(3.4.6d) together with (3.4.10), which is a square linear system on the unknown (ug)xeam and (ug)oee-
At each step, we also iterate on all edges included in I'3 to switch edges that break the constraints (3.4.9).

Given that the gradients (Vi ,u)scs, are constructed based on the discrete unknowns (uq)see, and ug,
the fluxes can be expressed in terms of these unknowns,

Fi o(u) = Z Wfo_,(uK —u,), VK € M,Vo ek, (3.4.12)

o' €€k

where (ng,)a’glegi is a symmetric positive definite matrix, whose construction is given in Appendix 3.A.
There are two possible ways to solve the linear system (3.4.11a)—(3.4.11f) in Algorithm 1. For simplicity, we
drop the indexes (n).
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Algorithm 1 Monotonicity algorithm for the Signorini model

1: Set GO ={oe& : 0 cT3}and HO =0

2: Set N = Card(G)
3: while n < N do

> Theoretical bound on the iterations

4: G™ and H™ being known, find the solution u(™ to the system

Z Fi o (™) = m(K) fx,
o€k

FK,U(u(n)) + FL,U(U(R)) =0,

uf™ =0,

FK,U(U(H)) = 07

FKyg(u(n)) = O,

uon) = ag,

Set H) = {5 € H(™

Exit “while” loop
9: end if
10: end while

Set Gt = {7 € G . W < as} U {o € H®
—Fr,(u™) <0}yu{o e G
if Gt = G and H" Y = H™ then

VK € M,

VoeExkNEL, K # L

Vo € Eext such that o C I'q,

VK € M ,Vo € Ek such that o C I's,
VK € M Vo € Ek such that o € G™,
Vo € Eext such that o € [,

: —Fr o (u™) >0}
ud > as}

11: Set u = u™, G = GtV and H = H"*Y
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e Without elimination of cells unknowns: We produce a linear system, whose matrix corresponds to
the cells and to the edges. This system, therefore, is of size Card(€) + Card(M). Plugging (3.4.12) in
the linear system (3.4.11a), (3.4.11b) and (3.4.11d) directly provides the following linear equations:

VK eM, > > WK (ux —uo) = fx, (3.4.13)
0€EK 0'EEK
VoexNér, > WE (ux —uo)+ D> WE(up —up) =0, (3.4.14)
o'€€K '€l
VK € M,Vo € Eg s.t. o CTyor o € G, Z Wfa/(u;( — uy,) = 0. (3.4.15)
o' €EK

The entries of the system matrix corresponding to the edges which are of Dirichlet boundary condition
are directly provided by Equations (3.4.11c) and (3.4.11f).

In the assembly of the system, all elements on the right-hand side are zeros except the ones corresponding
to degrees of freedom associated to cells K and to edges 0 € H. Only the right-hand side of Equation
(3.4.15) needs to be modified in the case of nonhomogeneous Neumann and Dirichlet BCs.

e The hybrid resolution (elimination of cells unknowns): The size of the system given in the previous
way can be reduced. As in [24, 36], algebraic processes are used to eliminate the discrete unknowns

(ur ) kem in order to produce a sparse linear system with Card(€) unknowns. Let bk »» = > ¢, —ng,
and b =3 /ce. b o From (3.4.13), it follows that
1
ug = — |m(K)fx + > by |, VK€ M. (3.4.16)
bK o' €€k ,

This equation is used to compute the discrete unknowns (urx)gxem if (uy)oce are known. Reporting
(3.4.16) in (3.4.12) and using the conservation equation (3.4.11b), we have

Dl AR P o R

o' €€k bK o'€e&y, (3.4.17)
bi .o bro
= BOm(K) fx + =2m(K)fL, Vo€ ExNEL,
by by

that controls the relation between the interior edges. For the exterior edges involving the Neumann
boundary condition, again, we report (3.4.12) in (3.4.16) and substitute the flux into the equation F , = 0
to obtain for all K € M and for all 0 € £k such that c C ' or 0 € G,

bic.obic o bic.o
> (—W;fg,—""> Uy = 22 m(K) fr. (3.4.18)

b b
o€k K K

Finally, other edges o € Eqxt such that o C 'y or o € H can be easily handled by Equations (3.4.11¢) and
(3.4.11f). Equations (3.4.17), (3.4.18), (3.4.11c) and (3.4.11f) provide a symmetric linear system, whose
unknowns are (U )gce-

nonhomogeneous Neumann boundary condition can be easily included in the previous computation by
adding the boundary data to the right-hand side of Equations (3.4.18).

Based on the discrete maximum and minimum principles, it is proved in [59] that the iterations number of the
monotonicity algorithm is theoretically bounded by the number of edges included in I's. As previously stated,
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satisfying the maximum principle is a sufficient condition, but not a necessary one, to ensure the convergence
of the algorithm as the number of iterations might be still bounded, even though the monotonicity property
is not satisfied. The following results investigate the convergence of the algorithm when such a bound exists.
Their proofs are inspired from [59].

Lemma 3.4.2. Under Hypothesis 2.2.1, for each iteration n, there exists a unique solution to Problem (3.4.11)
introduced in Algorithm 1.

Proof. Let g = ((9x)kem; (95)oce), where g € R and g, € R, be defined by gx = 0 for all K € M, g, =0
for all o € Eu such that o € I'y and g, = a, for all & € H™. Consider

Xpr, ={v=((vk)kem; (Vo)oee) : vk €ER,v, € R,v, =0 for all 0 € Eeyy, such that 0 C Ty or o € H(")}.
The weak formulation of Problem (3.4.11) is:

Find u™ e Xpr, + g such that for all v € Xp ,,

S Freo™) ok —vo) = 3 v /K fdz.

KeMoelk KeM

This problem is the linear system coming from the HMM method for mixed BCs, for which we know there is a
solution. O

Lemma 3.4.3. Let Hypothesis 2.2.1 hold and (G™),cn and (H"™),cn be the sets determined by applying the
monotonicity Algorithm 1. If there exists N € N such that GN) = GIN*D gnd HN) = HWNV+YD | then the
solution uN) to (3.4.11) is also the unique solution to Problem (3.4.6).

Proof. Set G = G, H = H™ and u = «™¥). Thus v is a solution to the problem stated in the algorithm.
We only need to verify the discrete Signorini conditions (3.4.6e)—(3.4.6g). Due to HW) = HN+D  we have

Fro(u) <0, VoeH, VK € M.

From (3.4.11e), one obtains
Frgo(u)=0, VoeG, VK €¢ M.

Hence, (3.4.6f) holds since G UH = I's. Likewise, from (3.4.11f) and the fact that G(V) = G(N*+1 it is deduced
that

Uy < ay,, Vo eG,
Uy = Ay, Vo € H,

which verifies (3.4.6g). It is clear that (3.4.6e) follows from the property I's = GUH and GNH = 0. O

3.5 The HMM method for the obstacle problem

The idea in the obstacle problem is very similar to the Signorini problem. We nevertheless provide the details
here, for the sake of completeness.
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3.5.1 Construction of the HMM method

We still take 7 a polytopal mesh of €, and we consider D = (Xp g, IIp, Vp), where the elements Xp o, IIp and
Vp are defined by (3.2.1), (3.3.1) and (3.3.2). Using D in (2.2.7), we obtain the HMM method for the obstacle
problem.

Setting Kp :={v € Xpo : vk <9 on K, for all K € M}, this method reads

Find u € Kp such that, for all v € Kp,
Z KAk Vgu-Vi(u—v)+ Z Ri(u—v)TBg Ry (u) < Z (ug — UK)/ f(z) da. (3.5.1)
K

KeMm KeMm Kem

Using the same interpolant as in Section 3.4.1, we see that Theorem 2.2.11 (for a constant barrier ) and Theorem
2.5.4 (for a piecewise constant approximation of ¢) provide an order 1 convergence rate, under Assumptions
(3.4.4) and (3.4.5).

3.5.2 Recast as a finite volumes scheme

The following lemma shows that the above HMM scheme can then be reformulated by the means of the balance
and conservativity of the fluxes, a useful formulation for computational purposes. To do this, we replace the
set Kp in the scheme (3.5.1) with the set

Kp = {ve Xpy : vk <Yk on K, for all K € M},
where )i € L?(Q) is an approximation of ¢ on K, see Section 2.5.

Lemma 3.5.1. Let D be admissible mesh. Under Hypothesis 2.2.2, u is a solution to the HMM scheme (3.5.1),
in which Kp has been replaced with KCp if and only if u is a solution to the following problem:

( > Fro(u) +m(K) fK> (Y —ug) =0, VK eM, (3.5.2a)
cEEK
> Fro(u) <m(K)fx, VK€M, (3.5.2b)
c€EK
ug < Vg, VK e M, (352(3)
FK,U(U)-I-FL’U(U):O, ifoelxNEL, K #L, (3.5.2(1)
Uy =0, Vo € Eext, (3.5.2¢)

where fx = ﬁf}(fdm, for any K € M.

Remark 3.5.1. The above problem describes the HMM formulation to the obstacle model (2.1.2). By inte-
grating —div(AVa@) < f on a control volume K leads to Inequality (3.5.2b). Equation (3.5.2a) is naturally the
discretisation form of (2.1.2b). Inequality (3.5.2¢) and Equation (3.5.2e) respectively translate the continuous
barrier inequality (2.1.2¢) and the homogeneous Dirichlet boundary condition (2.1.2d).

Proof of Lemma 3.5.1. The idea of the proof is taken from [61]. Based on the definition of flux (3.3.5), the
discrete problem (3.5.1), with Kp can be formulated as:

Find u € IED such that, for all v € IED ,

Z Z Freo(w)(ur — ug) — Z Z Fro(u) (v —v5) < Z (UK*UK)/Kf(a:)dw. (3.5.3)

KeMoelyk KeMo€elk KeM
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Assume that u satisfies (3.5.2) and let us show that u is a solution to (3.5.3). It is clear that

> <— > FK,o(U)+/dew> (ug —vK) = Y ( > Fro(u /desc> (ug — Vi)

KeM o€k KeM o€€K
£ 3 (= X ot [ sas) o om0
KeM o€k K

Thanks to (3.5.2a), the first term in the right-hand side is zero. We use (3.5.2b) and the fact that v € Kp (i.e.,
vg <Y, VK € M), to see that the last term is nonnegative. Hence, it follows that

Z <— Z FK,U(U)—F/I(fda:) (ug —vg) >0,

KeM o€l

which gives

Y>> Frolw)(ux —vi) < Y (uk —vK)/de-’B-

KeMoelk KeM

Adding and subtracting u, and v, in this relation lead to

SN Fro@uk —us) = YN Frolw)ok —vo) + > > Fro(u)(us —v)

KeMoe€k KeMoe€k KeMoe€k
< Z UK — VK / fdﬁﬂ
KeM
By writing
YD Frolw)ug—ve) = Y (Fro() +Fro()(us —vo)+ Y > Fro(u)(us —v,),
KeMoelyk ocEE|cEEKNEL KeMoeEgNEext

the left-hand side vanishes due to the conservation of fluxes (3.5.2d) and the zero boundary condition (3.5.2¢).
Therefore, we deduce that u is a solution to (3.5.3).
Let now u be a solution to Problem (3.5.3). We note that (3.5.2¢c) and (3.5.2e) immediately follow from the

fact that u belongs to the set IED. Pick L € M and set v = u — w as a test function in (3.5.3) with w € Xp
such that wy = 1 and wg = 0 for any K € M and K # L, and w, = 0 for any o € £. We deduce that

S Freo()(wk —ws) < S wK/ fda,
KeMoecEx KeM
which becomes, since w, = 0 for any o € &,
> Y Frlwus < Y wx [ fae
KeMo€Ek KeM
By splitting control volumes, it follows that
> Frof / fdz <o0.
cef

It remains to verify (3.5.2a). Let S = {K € M : wug < 9¥g}. Choose L € S and let us prove that
de& Fro(u foda: Consider w € Xp o such that wy = —1 and wxg = 0 for any K € M and K # L,
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and wy = 0 for any o € €. Letting v; = v + pw and vy = u — pw where px = Y — ugx > 0, we see that both
vy and v are in Kp. Setting v := vy (respectively v := vy) in (3.5.3) and reasoning as previously (splitting the
sum over the cells and making use of the characteristic of w), we obtain

> FL,U(u)g/Lfdm and ) FL,U(u)z/Lfdm,

o€y, o€y,

which completes the proof. O

3.5.3 Resolution of the HMM for the obstacle problem

The monotonicity algorithm is also used to compute the approximate solution of the HMM scheme to the
obstacle problem. Its idea here is based on dividing the domain into two disjoint groups: the first part gathers
all the cells in which the fluxes balance equation holds, and the second part is made of the remaining cells, in
which the solution equals the barrier:

I={KeM: Z Fi o(u) =m(K)fx and Yvx < ug} and

oc€lk

J={KeM : g =uk and Z Frgo(u) <m(K)fk}.

c€lk

If there are two known sets I and J such that ITUJ = M, INJ =0 and

ug < Vg, for all K €1,

> Fro(u) <m(K)fx for all K € J.

o€k

Therefore, the discrete version (3.5.2a)—(3.5.2¢) can be expressed as

Z Fro(u) =m(K)fr, forall Kcl,
7K (3.5.4)

ug =Yg, forall K €].

The set J contains all cells K € M, where > o Fr s (u) <m(K)fx. The monotonicity algorithm detailed
in Algorithm 2 aims to find a solution to the above problem and identify the two sets of cells I and J as a part
of the solution.

Thanks to the monotonicity algorithm, the non—linearity caused by the inequalities in the model is eliminated
and thus we solve at each step n a linear system of Equations (3.5.5) with unknowns ((u%)) KeM, (uc(,"))oeg).
Let us describe the processes for calculating a solution for this system. For simplicity, the iteration indicator n

is dropped.

e Without elimination of cells unknowns: Problem (3.5.5) is a linear system, whose matrix is of size
Card(€) + Card(M). The equations to assemble this system are:

SN WE (uk —uer) = fx, VK€L (3.5.6)
o€l o' €€k
N WE g —uo) + Y WE(up —up) =0, Vo€ ExNEr, (3.5.7)
o' €€Kk o'e&y

together with Equation (3.5.5b) and (3.5.5d).
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Algorithm 2 Monotonicity algorithm for the obstacle model

10:

11

Set IO = M and J = 0
Set N = Card(IV) > Theoretical bound on the iterations
while n < N do

1™ and J™ being known, find the solution u(™ to the system

> Fro(u™) =m(K)fx, VK eI, (3.5.5a)
€€k

ulV =, VK € JM), (3.5.5b)

Fro(u™) 4+ Fr,(u™) =0, Voe&xn&, K #L (3.5.5¢)

u™ =0, Vo€ . (3.5.5d)

Set 1) = {K € I+ o) <} U{K €I™ : 3 o Fro(u™) > m(K) fx}
Set J+D) = (K € J) . > et Fro(u™) < m(K)fr} U{K €TI0 . ug;> > i}
if 1) = 1) and J(*+D) = J() then

Exit “while” loop
end if

end while
Set u = u™, T =T+ and J = Jn+1)

e The hybrid resolution (elimination of cells unknowns): Reporting (3.5.6) in (3.5.5a) leads to

1
ug = a(m(K) fk+ Y broug), VKEL (3.5.8)

o€k

Equation (3.5.5b) governs the unknowns (ux ) key. Again by o = ZJEEK fog, and by = Zo'efK b o

It remains to build a linear system to determine the edges unknowns (u,),cg. The degrees of freedoms
corresponding to the boundary edges can be directly governed by (3.5.5d). For any interior edge o €
Ex N &, four cases are considered:

1. If both cells K and L are in I, reporting (3.5.8) in (3.5.6) and using the conservation equation
(3.5.5¢), we have

Z (_ngl — bKUbK“') Ugr + Z <_Wol':a" — bL"bLU') U — b o m(K) fi + br,o m(K) L.

b b b b
o€k K o'e€p L K L

2. In the case where both K and L are in J, using (3.5.5b), (3.5.5¢) and (3.4.12), it follows directly
that
Z _Wol',(alua'/ + Z _Wol-:o./uo'/ = Z _Wol-,(a”l/)K+ Z _Wo{:o"d)L'
o'€lk o'e&y o'efk o'e&y,
3. If K el and L € J, by similar argument, it can be obtained

Z (_Wfo’ _ bK’”bK”/> U + Z —WULJ/UU/ = b m(K) fx + Z —WJLJMbL.

b b
o' E€EK K o'€EL K o'€EL
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4. If K € J and L € I, we have

> Wi+ X (W~ I Y = S W+ IR

b
o'efk o'eEr L o'efk L

It has also been proved in [59] that the number of cells Card(M) is the theoretical upper bound of the
iterations number of the monotonicity Algorithm 2 when the discrete maximum principle is satisfied by the P1
finite element and the two-point finite volume methods. The following lemmas discuss some theoretical findings
associated with the convergence of our resolution.

Lemma 3.5.2. Under Hypothesis 2.2.2, for each iteration n, there exists a unique solution to Problem (3.5.5)
in Algorithm 2.

Proof. Under Hypothesis 2.2.2, the equivalent weak formulation of Problem (3.5.5) is to find v € Xp ¢ such
that for all v € Xp g,

Z Z Fro(uw) (v —vs) = Z UK/ fdx, such that vy =0if K € J,
K

KeMoeEx KeM (3.5.9)

ug =Yg, forall K €].
This scheme is equivalent to solving the linear system Mu = Z with unknowns u = ((ux)kem, (Us)oce) and
the right-hand side is Zx = m(K)fx for all K € I, Zx = ¢k, for all K € J, and Z, = 0, for all ¢ € £. To

show that this system is invertible, we prove Mu = 0 implies u = 0. It is obvious that ux = 0 for all K € J.
Therefore, it is admissible to take v = u in (3.5.9) to see, thanks to the definition of fluxes (3.3.5)

Z Z Frow)(ug —uy) = / AxVpu-Vpudz =0,

KeMoelyk Q

which leads to ug = 0 for all K € M and u, = 0 for all 0 € £, owing to the construction of the discrete
gradient (||Vp - |[12(q)e is a norm on Xp ). O

Lemma 3.5.3. Let Hypothesis 2.2.2 hold and the two sets (1), cn and (JU), ey be the ones determined by
applying the monotonicity Algorithm 2. If there exists N € N such that IN) = IIN+1 gnd J(N) = JIN+D then
the solution u™) to the scheme (3.5.5) in Algorithm 2 is also the unique solution to Problem (3.5.2).

Proof. Set I =1 J=J™ and v = u™). Due to J™¥) = J(N+1 one has

> Fro(u) <m(K)fx, VK €.
o€k

From (3.5.5a), it follows that
> Fro(u) =m(K)fx, VK €T,

cEEK

which shows that u satisfies (3.5.2b) since M = TU J. Likewise, from I(N) = I(W+1) and (3.5.5b), we conclude

UK § #U(v VK € L
ug =Yg, VK €.

Hence, (3.5.2¢) holds. Finally, (3.5.2a) is a consequence of the fact that M =IUJ and INJ = 0.
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Table 3.1: Number of iterations of the monotonicity algorithm in Test 3.6.1
Mesh size h | 0.0625 | 0.0500 | 0.0250 | 0.0156
#{o C T3} 16 20 40 46

NITER 4 5 5 6

3.6 Numerical results

We present numerical experiments to highlight the efficiency of the HMM methods for variational inequalities,
and to verify our theoretical results given in the previous chapter. All tests below are performed by MATLAB
code using the “PDE Toolbox”.

The choice of A = BxId, with Sk > 0, in the schemes (3.4.3) and (3.5.1) satisfies Assumption (3.4.5). The
solutions of the HMM schemes in the following tests are computed based on this choice, therefore the matrix

By to be considered here is
|o|

BK—]DK—diag<d

AKIIKJ . IIKJ) . (361)
K,o

3.6.1 The Signorini problem
Test 3.6.1. We investigate the Signorini problem from [88]:
—Au = 2rsin(2rx) in Q= (0,1)?,

u=0 onlYy,

Vi-n=0 ODFQ,
u>0

Va-n>0 on I's,
uVu-n=0

with I’y = [0,1] x {1}, T2 = ({0} x [0,1]) U ({1} x [0,1]) and T's = [0, 1] x {0}. Here, the domain is meshed with
triangles produced by “INITMESH”.

Figure 3.1 presents the graph of the approximate solution obtained on a mesh of size 0.05. The solution
compares very well with linear finite elements solution from [92]; the graph seems to perfectly capture the point
where the condition on I's changes from Dirichlet to Neumann at about 0.7 on the x —axis. Table 3.1 shows the
number of iterations (NITER) of the monotonicity algorithm, required to obtain the HMM solution for various
mesh sizes. [59] proves that this number of iterations is theoretically bounded by the number of edges included
in I'3. We observe that NITER is much less than this worst-case bound. We also notice the robustness of this
monotonicity algorithm: reducing the mesh size does not significantly affect the number of iterations.

Test 3.6.2. Setting 2 = (0,1), we consider the Signorini model with nonhomogeneous Dirichlet boundary
condition presented in [61]:

—div(AVa) = f in Q,
uw=g¢g onlhy,
AVi-n=0 on Ty,
u>—1
AVE-n> -2 on I's,
(AVa-n+2)(a+1)=0
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Figure 3.1: The HMM solution for Test 3.6.1 with A = 0.05. The line represents where the boundary
condition on I's changes from Neumann to Dirichlet.

with I'y = {0} x [0,1], [y = [0, 1] x {1} U ({1} x [0,1] and I'3 = [0, 1] x {0}.
The source term f € C%(Q) and the boundary data g € C*(Q) are defined such that the solution @ to the
above problem satisfies the following properties:

1. 4 e C*Q),

2. a(z,0) > —1, Vi(z,0) -n = -2 for all z € [0, 3],
3. u(z,0) = -1, Vi(z,0) -n > =2 for all z € [3,1],
4. Vi(z) -n=0, for all x = (z,y) € I's.

Let us explain the construction of these functions f and g. First, one possible choice of g such that ¢g(0,0) =
9(0,1) =0 is

9(y) = 2(y° — 2y° + ).
With this function g, we define a function V' € C?(Q) such that V(%,0) = —1 in the following way:

3 _ 19,2 1
g(y) + 162° — 1222, for z € (lO, 5)and y € (0,1), (3.6.2)
27

V) = o e+ arl)e+ o) Torn e (b Do 0.1

The task now is to determine the coefficients a3, as, a; and ag depending on y. To ensure Vi - n = 0 on Iy,
impose 9,V (3,y) = 8,V (1,y) = 0, which gives

%a3+a2+a1:0
3as + 2as + a1 = 0.

With an algebraic elimination processes, one deduces

2 1
as = _§a1 and ag = §a1' (3.6.3)
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Substituting this relation into (3.6.2) implies, for € (3, 1) and for y € (0,1),

2 1
Vix,y) = —galmg + §a1x2 + a1z + ag.

From the continuity of the function V at & = (1,y), one has

13
ke — -1
o +ao = g(y) )
which is simplified as

24
a; = 1—3(g —1—ag), forye(0,1). (3.6.4)
Using this equation and (3.6.3), it follows that, for all (z,y) € (

12 24 48 12 24
_ = o 3 -~ - 2 == o >3 ~-«.2 “=
Viz,y) = —55(9(y) = D2 + 5 (9(y) — 12" + 5(9(y) — D + <39I 3% T3t t 1) ao(y)-
Setting F(x,y) = (— 2843

Bad+ 2a? + 2a)(g(y) — 1) and G(z) = 3523 — 1227 — o + 1, we get

V(z,y) = F(z,y) + G(x)ao(y).

(3.6.5)
To satisfy the condition “@(z,0) > —1 on the left part of I's“ , take V(z,0) = —1, thus

4 )
—8:173 — Ex2 — %x + — g3 = 9102 24
39 13 13

which yields ao(0) = —1.
To guarantee that VV -n = 0 on a part of I'y, in which y = 1, impose d,V = 0. Then
48 12 24
(—39x3 + 1—3x2 + 13x> g (1) + G(z)agj(1) = 0.
Since ¢’(1) = 0, this relation leads to af(1) = 0.

To meet the condition that —VV -n < 2 on [$,1] x {0}, the inequality 8,V < 2 must be satisfied on this half
of I's. It follows that

Choosing a(,(0) = 2, this inequality holds. Hence ay can be defined by

ao(y) = —(1—y)*

The remaining unknowns a1, ag and as can respectively be determined by (3.6.4) and (3.6.3). Reporting these
coefficients in (3.6.2) gives

1
V(z,y) = E(—lﬁxg + 1222 + 24x)(2y3 — 3y2) —(1- y)2,

1
for x € (5, 1) and y € (0, 1).
Finally, take f = —div(V') to deduce: for x < %,

flz,y) =24 — 29 +y) + 162° — 1222,
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Table 3.2: Number of iterations of the monotonicity algorithm in Test 3.6.2
Mesh size h | 0.0625 | 0.0500 | 0.0250 | 0.0156
#{o C T3} 16 20 40 46

NITER 4 5 5 6

1
and, for z > 3,

flz,y) = %3(123/ —6)(—162° + 1227 + 24x) + %(9633 —24)(3y* — 2¢°) — 2.

Figure 3.2 depicts the computed HMM solution to the Signorini model described in Test 3.6.2 on a mesh
which is of size h = 0.05, while Table 3.2 reports the iterations number of the monotonicity algorithm. As
in the previous test, the solution is computed on a triangle mesh generated by “INITMESH”, but the final
outputs are presented based on “XYGRID”. The graph shows that the transition between the Dirichlet and
the Neumann BCs happens around (%, 0), which matches the results obtained by the two-points finite volume
(TPFV) method [61]. Table 3.2 also confirms that the required iterations number of the monotony algorithm
is still far from the theoretical bounded.

Figure 3.2: The HMM solution for Test 3.6.2 with A = 0.05.

To more rigorously assess the rates of convergence, we develop here a new heterogeneous test case for the
Signorini boundary conditions, which has an analytical solution with non-trivial one-sided conditions on I's (the
analytical solution switches from homogeneous Dirichlet to homogeneous Neumann at the mid-point of this
boundary).

Test 3.6.3. In this test case, we consider (2.1.1a)—(2.1.1d) with the geometry of the domain presented in Figure
3.3, left. The exact solution is

(2, ) = { P(y)h(z) for y € (0,3) and z € (0,1),
’ zg(z)G(y) fory e (3,1) and z € (0,1).
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To ensure that (2.1.1b) holds on the lower part of I'y, and that the normal derivatives AV - n at the interface
y = % match, we take P such that P(0) = P(1) = P'(1) = 0. Assuming that P < 0 on (0, 1), the conditions
Ontt = —0,u =0 and u < 0 on the lower half of I's, as well as the homogeneous condition 9,4 = 0 on the lower
half of T's, will be satisfied if h is such that h’'(0) = ’(1) = 0 and h(0) = 1. We choose

Py) = — (y - ;)2 and h(z) = cos(rz).

Given our choice of P, ensuring that div(AVa) € L*(2) (i.e. that @ and the normal derivatives match at y = 3)
can be done by taking G such that G(3) = G'(3) = 0. The boundary condition (2.1.1b) on the upper part of I'y
is satisfied if G(1) = 0. The boundary conditions 9, @ = 0 on the upper part of I's, and @ = 0 and 9,a < 0 on
the upper part of I's, are enforced by taking g such that g(1) + ¢’(1) = 0 and g(0) > 0 (with G > 0 on (3,1)).
We select here

1+ cos(mx)

2
— o2 (T —(1— 1
g(x) = cos (236) = 5 and G(y)=(1-vy) (y 2) .
This @ is then the analytical solution to the following problem

—div(AVa)=f inQ,
=0 onIYy,
AVi-n=0 on Ty,
<0
AVa-n<0 on I's,
uAVu-n=0

: 1
with, for y < 3,

f(z,y) =100 [w2y cos(mx) <y - ;) — 2y cos(mz) — 2 cos(mx)(2y — 1)] ,

and, for y > %,

’/T2$

flz,y) = > cos(mx)(y — 1) <y — ;)2 — 2z cos? (%ﬂ) (3y — 2)

+ msin(rz)(y — 1) (y - ;)2 .

We test the scheme on a sequence of meshes that are (mostly) made of hexagonal cells. The third mesh in
this sequence (with mesh size h = 0.07) is represented in Figure 3.3, right.

The relative errors on % and Vi, and the corresponding orders of convergence (computed from one mesh to
the next one), are presented in Table 3.3. For the HMM method, Theorem 2.2.10 predicts a convergence of
order 1 on the gradient if the solution belongs to H? and AVu € H'; the observed numerical rates are slightly
below these values, probably due to the fact that A is not Lipschitz-continuous here (and thus the regularity
AViu € H! is not satisfied). As in the previous test, the number of iterations of the monotonicity algorithm
remains well below the theoretical bound.

The solution to the HMM scheme for the third mesh in the family used in Table 3.3 is plotted in Figure 3.4.
On T3, the saturated constraint for the exact solution changes from Neumann V@ - n = 0 to Dirichlet @ = 0 at
y = 0.5. It is clear in Figure 3.4 that the HMM scheme captures well this change of constraint. The slight bump
visible at y = 1/2 is most probably due to the mesh not being aligned with the heterogeneity of A (hence, in



54 Chapter 3. Application to the HMM methods

s 55225
Gl
T, (1,1) 0l Ge 52525225, "
, 0082525252 2525222 0000
9895252552525/ g
0255255252 52570/% 7
- 0959%2525750259/; /
i = 29(x)G(y) i
A =
= s
) . i
Pl e 2 (77 o9e
i
A =100
(0,0) Iy

Figure 3.3: Test 3.6.3: geometry and diffusion (left), typical grid (right).

Table 3.3: Error estimate and number of iterations for Test 3.6.3

mesh size h 0.24 0.13 0.07 0.03
Tu-TMoully2 o) 0.6858 0.2531 0.1355 0.0758

”ﬂ”LQ(Q)

Order of convergence — 1.60 0.92 0.84
Vi—Vopull 2 g,
Va2

o 0.4360 0.2038 0.1041 0.0542
Q

Order of convergence 1.22 0.99 0.95

#{o C T3} 20 40 80 160
NITER 5 5 6 7

some cells the diffusion tensor takes two — very distinct — values, and its approximation by one constant value
smears the solution).

When meshes are aligned with data heterogeneities, such bumps do not appear. This is illustrated in Figure
3.5, in which we represent the solution obtained when using a “Kershaw” mesh as in the FVCA5 benchmark
[60]. This mesh has size h = 0.16 and 34 edges on I's. The monotonicity algorithm converges in 7 iterations.
The relative L? error on % and Vi are respectively 0.017 and 0.019. As expected on these kinds of extremely
distorted meshes, the solution has internal oscillations, but otherwise is qualitatively good. In particular, despite

distorted cells near the boundary I's, the transition between the Dirichlet and the Neumann boundary conditions
is well captured.
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Figure 3.4: The HMM solution for Test 3.6.3 on an hexagonal mesh with h = 0.07.

3.6.2 The obstacle problem
Test 3.6.4. In this test case taken from [59], we apply the HMM method to the homogeneous obstacle problem:

(Au+C)(yp—a) =0, inQ=(0,1)2

—Au>C, inQ,
U Z ¢7 in Qa
=0, on 0f.

The constant C' is negative, and the obstacle function ¢ (x,y) = —min(z,1 — z,y, 1 — y) satisfies ¢ = 0 on 9.

Figure 3.6 shows the graph of the HMM solution to the above obstacle problem on a triangular mesh of size
h = 0.05. Table 3.4 illustrates the performance of the method and the algorithm. Here again, the number of
iterations required to obtain the solution is far less than the number of cells, which is a theoretical bound in the
case of obstacle problem [59]. Our results compare well with the results obtained by semi-iterative Newton-type
methods in [20], which indicate that decreasing |C| contributes to the difficulty of the problem (leading to an
increased number of iterations). We note that, for a mesh of nearly 14,000 cells, we only require 29 iterations
if |C| = 5 and 14 iterations if |C| = 20. On a mesh of 10,000 cells, the semi-iterative Newton-type method of
[20] requires 32 iterations if |C| = 5 and 9 iterations if |C| = 20. Figure 3.9 presents the contact regions based
on a cartesian mesh. The black dots represent the set of cell centres where the approximate solution u is equal
to the obstacle 1. The figure also illustrates the fact that decreasing |C| results in maximising the number of
meshes where the diffusion equation holds; this might be a reason for the increase in the number of iterations.
In this situation, starting from the initial I(9) = M, that is the diffusion equation is everywhere satisfied, is an
appropriate choice to achieve the solution in a small number of iterations. For instance, for |C| = 5 and using
triangular mesh (with h = 0.016), 42 iterations are needed to obtain the solution if we begin with JO) = M, the
case where the initial solution is everywhere equal to the barrier. With the initial guess I(9) = M, 29 iterations
are enough.

To achieve a better interpolation at the boundary, the “MATLAB SURF function”, which takes into account
the data at the edges midpoints, is used to plot the HMM solution to the problem in Test 4. This is demonstrated
by the graph in Figure 3.7 in which the solution exactly takes zero values at the boundary, which is unlike the
one in Figure 3.6, where the solution seems to be not as well approximated at some points of the boundary (due
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Figure 3.5: The HMM solution (left) for Test 3.6.3 on a Kershaw mesh (right).

to the use of the “MATLAB PDEPRTNI function” that provides linearly interpolated values at node points).
We conduct the same test on a Kershaw mesh (Figure 3.5, right) with size h = 0.5 to examine the performance
of applying the HMM method to the obstacle model on a general grid. Figure 3.8 shows that the results obtained
by means of this type of mesh are in agreement with those achieved by using a triangle mesh. It requires the
same iterations number to determine the solution and decreasing |C| still results in raising the iterations number.

Table 3.4: Test 3.6.4: number of iterations for various C' (with a triangle mesh)

mesh size h 0.016 0.025 0.050 0.062
Card(M) 14006 5422 1342 872
NITER (C = —5) 29 20 12 11
NITER (C = —10) 23 18 10 9
NITER (C = —15) 19 13 9 8
NITER (C = —20) 14 12 7 8

Test 3.6.5. To evaluate the validity of the convergence rate of HMM for the obstacle problem, we implement
the method to the model with an available solution [6],

~u(AT+ f) =0, inQ=(-1,1)%

—Au > f, inQ,
>0, in €,
=0, on 09,
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Figure 3.6: The HMM solution for Test 3.6.4 with h = 0.05, C' = —20.

where the function f is defined by:

Faay) = —8(22% + 2y* — r?), if a2 +y? >r
= —8r2(1 —a? —y? +1?), if a2+ y2 <7

The exact solution to this problem is given by:

a(z,y) = (max{z?® + y* — r?})%

The test is performed on three different sequences of meshes, triangular, hexahedral (Figure 3.3, right) and
Kershaw type (Figure. 3.5, right). Figure 3.10 shows the approximate HMM solution with the case r = 0.7 on
the hexahedral mesh (with size h = 0.05).

For the three types of meshes, the relative error on the solution and on its gradient and the corresponding
convergence rate is given in Tables 3.5, 3.6 and 3.7. Theorem 2.2.11 shows that the approximate HMM solution
to the obstacle problem enjoys an order 1 rate of convergence; we see that the hexahedral and the “Kershaw”
meshes present slightly better rates on this test case than the triangular mesh. Indeed, the HMM method
is based on the number of unknowns edges, that controls the number of degrees of freedom. For instance, a
triangular mesh (with h = 0.125) includes 1337 edges while a hexahedral (with A = 0.13) and a Kershaw mesh
(with h = 0.17) respectively produce 5200 and 9384 edges. We also see a super-convergence in L? norm (a
case where the solution behaves better than the order 1, initially expected here since Ilp is piecewise constant
reconstruction). The tables also state that the monotony algorithm converges in a small number of iterations
even on meshes of small size.
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Figure 3.7: The HMM solution for Test 3.6.4 with h = 0.05, C' = —20.

Table 3.5: Error estimate and number of iterations for Test 3.6.5 with a triangular mesh

mesh size h 0.125 0.063 0.031 0.016
% 0.0822 0.0199 0.0047 0.0012
Order of convergence — 2.05 2.08 1.97

Wu—Voull2o) 0.0530 0.0259 0.0126 0.0063

IVall L2 q)
Order of convergence - 1.03 1.04 1.00
Card(M) 870 3474 14120 56980
NITER 10 15 28 49

Table 3.6: Error estimate and number of iterations for Test 3.6.5 with a hexahedral mesh

mesh size h 0.48 0.26 0.13 0.07
Te—Toull20) 0.0314 0.0089 0.0027 0.0007
HUHL?(Q)
Order of convergence - 2.06 1.72 2.18
Wu—Voull,> @ 0.0593  0.0230 0.0081 0.0029
||quL2(Q)
Order of convergence - 1.54 1.51 1.35
Card(M) 121 441 1681 6561
NITER 5 7 13 23
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Figure 3.8: The HMM solution for Test 3.6.4 on an hexagonal mesh with h = 0.06 and C' = —20.

Figure 3.9: Coincidence set corresponding to Test 3.6.4, |C| = 20 (left) and |C| = 5 (right).
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Figure 3.10: The HMM solution for Test 3.6.5 on an hexagonal mesh with h = 0.06 and r=0.7

Table 3.7: Error estimate and number of iterations for Test 3.6.5 with a Kershaw mesh
mesh size h 0.66 0.33 0.22 0.17
e Toully2 o) 0.0255 0.0071 0.0033 0.0019

lallp2q)
Order of convergence - 1.84 1.89 2.14
Vo _Voulize 100329 0.0110 0.0061 0.0041
||quL2(Q)
Order of convergence - 1.58 1.45 1.54
Card(M) 289 1156 2601 4624

NITER 8 15 23 32




Appendix

3.A Computation of the local HMM matrix

We present here a way to compute the local matrix (ng,)o’a/egg( used in the implementation procedures,

precisely in Equation (3.4.12).

As previously mentioned, all the numerical tests are performed by taking the isomorphism Ax = BxId.
Letting Fi(u) = (Fr,o(U)ocer, Uk = (Ux — Uo)oece, and Wi = (W(f;,)gﬁ/egk, the relation (3.4.12) can
be rewritten F(u) = WrUgk. Equation (3.3.5) can be written, thanks to Equation (3.3.3) and the particular

choice of A
VEWxUk = |K|AxkViu - Vv + 82 (Ri(v) By (R (u)),

where By is a diagonal positive definite matrix defined by (3.6.1) and Vi = (VK — Vo )oee -

One can write Vgu = Lg Uk, with
LK == —MHK .
K|
Then, Ry (u) = (Ix — XgLk)Uk, where
o [y is the Card(Ek) identity matrix,
o Xy is the Card(Ex) x d matrix with rows ((Z, — Tx)7T)see.

Equation (3.A.1) can be also reduced to
ViWgUg = Vi (| K|LkAxLx)Uk + Vi (B%(Ix — XkLk )" Bg (Ix — XxLg))Uk,

which gives
Wg = |K|ILEALg + 6% (Ix — XgLg) "B (Ix — XgLi).

(3.A.1)



Chapter 4

Nonlinear elliptic variational inequalities

Abstract. Using the gradient discretisation method, we provide a complete and unified numerical analysis
for nonlinear variational inequalities based on Leray-Lions operators and subject to nonhomogeneous Dirichlet
and Signorini boundary conditions. This analysis is proved to be easily extended to the obstacle and Bulkley
models, which can be formulated as nonlinear VIs. It also allows us to obtain the convergence results for many
conforming and nonconforming numerical schemes included in the GDM, and not previously studied for these
models. Our theoretical results are applied to the HMM method. Numerical results are provided for HMM on
the seepage model, and demonstrate that, even on distorted meshes, this method provides accurate results.
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4.1 Introduction

The purpose of this chapter is to provide a complete and unified convergence analysis of numerical schemes for
nonlinear variational inequalities. Nonlinear variational inequalities are related to a wide range of applications.
In particular, unconfined seepage models can be used to study the construction of earth dams, embankments
and hydraulic design. With nonlinear variational inequalities, one can also study the Bulkley fluid model, which
is applicable to different phenomena and processes, such as blood flow [85], food processing [54] and Bingham
fluid flows [76].

We consider here variational inequalities related to elliptic equations of the type

—diva(z,u,Vu) = f inQ, (4.1.1a)
u=g on 08, (4.1.1b)

where (Q is an open bounded connected subset of R%, d > 1, with boundary 0. Precise assumptions on data
will be stated in the next sections.

The theory on PDEs of the kind (4.1.1) has been covered in several works, see [89, 33, 51, 70] and references
therein. A number of numerical analyses on these models has also been carried out, starting from the approxi-
mation of the p-Laplace equation, with proved rates of convergences, by P1 finite elements in [11]. Subsequent
works consider more general Leray-Lions models, possibly transient, and establish either error estimates (under
regularity assumptions on the solution to the PDE), or prove the convergence towards a solution with minimal
regularity. We refer the reader to [40, 33, 30, 29, 58, 78, 4, 5] for a few examples. Several algorithms can be
used to compute the solution to the corresponding nonlinear numerical schemes, from basic fixed-point iter-
ations (which corresponds to the Kaganov method [70]) to Newton methods, to multigrid techniques [12], to
augmented Lagrangian algorithms [65].

The mathematical theory of Variational inequalities (VI) based on equations of the kind (4.1.1) is well
understood, see e.g. [74, 72, 86, 23]. We note that [86] considers an obstacle problem with measure source terms
rather than W1P(Q)’ source terms (the theory for the corresponding PDEs is developed in [14]). [63] studies
nonlinear quasi-variational inequalities and proposes a semismooth Newton iteration to obtain a solution.

Apparently, the numerical analysis for VI based on (4.1.1) is much more limited in scope. Under strong
monotonicity assumptions on the operator, [82] develops a convergence analysis of conforming numerical schemes
for nonlinear VI. [56] develops the analysis of conforming finite elements method for VI involving a nonlinear
proper function. The P1 finite element method is applied to the obstacle problem, restricted to a p-Laplacian
operator, homogenous Dirichlet boundary condition and zero barrier inside the domain, and an a priori error
estimate is obtained under W?2? regularity on the solution [66, 79]. The Bulkley model is also approximated
by P; finite elements [26, 27] and the Lagrange methods [26]. In [96], a seepage model is approximated by a
finite elements method, but no convergence analysis is carried out. The authors utilise a fixed point method
(Kaganov) to treat the nonlinearity and to compute the solution to the scheme.

This chapter is organised as follows. Section 4.2 details the nonlinear Signorini problem, its approximation
by the gradient discretisation method, and the corresponding convergence results. Section 4.3 shows that the
GDM can successfully be adapted to the obstacle problem and the Bulkley fluid model. A short section, Section
4.4, describes the case where the barriers of the Signorini and obstacle problems are approximated as part of
the discretisation process. In Section 4.5 we apply our results to the HMM scheme, and we provide numerical
tests to highlight the efficiency of this method for solving the seepage model on a range of different meshes.
Section 4.A contains basic materials corresponding to the Leray-Lions operators.
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4.2 Nonlinear Signorini problem

4.2.1 Continous problem

We first consider the following nonlinear Signorini problem:

—diva(z,a,Va) = f in Q, (4.2.1a)
a=g only, (4.2.1b)
a(xz,u,Va) - n=0 on Dy, (4.2.1c)
u<a
a(z,a,Va)-n<0 on I's. (4.2.1d)
(¢ —w)a(x,u, Vi) -n =

Here n denotes to the unit outer normal to 9 that consists of three parts (I'1,I's,T'3). The assumptions on
the Leray-Lions operator a are standard:

a:Q xR xR?Y— R?is a Carathéodory function, (4.2.2)
(i.e., for a.e. ¢ € Q, (u, &) = a(x,u, &) is continuous and, for all (u,&) € R x RY, & — a(x,u, &) is measurable)
and, for some p € (1,00) and p’ = pfl,
Jae LP(Q),3u>0:
(), 3u (4.2.3)
la(e, u, &)| < a(x) + plé[P~t, for ae. € Q, Vu € R, VE € RY,
Ja > 0:a(z,u,&) - &> al¢|P, for ae. € Q, YueR, V6 € RY, (4.2.4)
(a(x,u, &) —a(x,u,x)) - (€ —x) >0 forae xcQ, VucR, V& x € R (4.2.5)

Assumptions (4.2.3), (4.2.4) and (4.2.5) are called the growth, coercivity and the monotonicity conditions,
respectively. Setting a(z,u, Vu) = |Vul[P~2Vu in (4.2.1a) gives in particular the p-Laplacian operator.

Remark 4.2.1. With p = 2 and a(x, u, Vu) = A(x,u)Vu, Problem (4.2.1) covers the seepage models, where
A(x,u) is defined based on a permeability tensor K and a penalised Heaviside function depending on a fixed
function. Using the penalised Heaviside function, the Darcy law, initially only valid in the wet domain, can be
extended to the dry domain. We refer the reader to [96] and references therein for more details.

Assumptions 4.2.1. The assumptions on the data in Problem (4.2.1) are the following:
1. the operator a satisfies (4.2.2)—(4.2.5) and the domain Q has a Lipschitz boundary,

2. the parts of the boundary, I'1,T'y and I's, are assumed to be measurable and pairwise disjoint subsets of
00 such that Ty UTo UTs = 9 and the (d — 1)-dimensional measure of I'y is non zero,

3. the source term f belongs to LPI(Q), the barrier a belongs to LP(0S) and the boundary data g belongs to
W52 (00),

4. the closed convex set K := {v € WLP(Q) : y(v) =g onTy, y(v) <aonT3 a.e.} is nonempty.

Based on Assumptions 4.2.1, Problem (4.2.1) can be written in the following weak sense:

Find % € K such that for all v € K,

/ a(x,u(x), Vi(x)) - V(z —v)(x) dz < / f(z) (@ — v)(z) dz. (4.2.6)
Q@ Q

The existence of a solution to this problem is ensured by the classical results in [74] as follows.
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Lemma 4.2.2. Under Assumptions 4.2.1, Problem (4.2.6) has at least one weak solution.
Proof. Letting g € K be a lifting of g such that v(g) = g, we define the nonlinear operator A : V = Wlllp(Q) —
V= Wr P (Q) by
(A(@), w) = / a(z,i+g,V(u+g) Vode, vYi,a e WrP(Q),
Q
where (-, ) denotes the duality product between the space Wlllp(Q) ={veWHP(Q): y(v) =0o0n I} and its
dual space Wr_ll’p,(Q). Letting @ = @ — g and w = w — g, Problem (4.2.1) can be recast as

Find u € K — g, such that for all w € K — g,
/a(m,ﬂ+§,V(ﬂ+§))'V(ﬂ—5)da:§/f(ﬂ—@dm.
Q Q

With a satisfying the standard assumptions of a Leray-Lions operator (4.2.2)—(4.2.5), it is proved in [74,
Section 2.6] that A is of the calculus of variations on Wl’p (©) and it is therefore pseudo-monotone. Let us

verify that, for a fixed @ € Wllip( ) such that y(@) < a on I's,

M@ a9 _ (4.2.7)
@l —oo [y
To do this, we start with
(A@@),u—@) = / a(z,u+g,V(u+g)) V(u+g) de - / a(z,u+g,V(u+g) V(g +g) de
Q Q

%

/ o V(@ + )P de — / @+ pV@+ P - V(F+37)de.
Q Q

Using Holder’s inequality, we get

(p—1)/p 1/p
(A ii—3) > /Qa|v<a+§>|pdx—cl+(/g V@ +g>|pd:c) (/Qv<a+a>|pdx)
> all Y@+ — O — BTG + Doy IVE + DIk

(4.2.8)
where Cy = [,a V(¢ + g) d (note that C; does not depend on @). Applying Young’s inequality to the third
term in the right-hand side yields

~ ~ _ ~ o~ 9 ~ ~
IVt ) aye IV (B + ) lariys < IV D)y + i [VE+ 5y

peP/P’

where € > 0 is chosen to satisfy a — ,u}% > 0. Together with (4.2.8), we obtaln
(Aw),u—¢) = (a— )IIV(U + D7rya — Co2 (4.2.9)
where Cy = C1 + o [IV(& + 9)1], )a- We always have ||z + y|[f, < 207V ([[llf, + [[yll7,), so [[«[l}, >
2=z + y||¥, — ||yl[%.. We apply this inequality to z = V( + g) and y = —Vg, to deduce
IV @+ DI o0y = 28PNVl )0 = 11Vl Lo
Then Inequality (4.2.9) becomes, with C3 > 0 and Cy not depending on 1,
<~A(ﬂ)7ﬂ - @) > C3||va||ip(g)d + C4~

Using this inequality, we can easily obtain (4.2.7). Hence the assumptions for [74, Theorem 8.2, Chapter 2] are
satisfied, and therefore Problem (4.2.6) has at least one solution. O
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4.2.2 The gradient discretisation method

Definition 4.2.3 (Gradient discretisation for the Signorini BCs). A gradient discretisation D for Sig-
norini boundary conditions and nonhomogeneous Dirichlet BCs is D = (Xp,IIp,Zp r,, Tp, Vp), where:

1. the set of discrete unknowns Xp = Xpr,;®Xpr, is a direct sum of two finite dimensional spaces on R.
The first space corresponds to the interior degrees of freedom and to the boundaries degrees of freedom
on I'y UT'3. The second space corresponds to the boundary degrees of freedom on I'y,

2. the linear mapping IIp : Xp — LP({2) reconstructs functions from the degrees of freedom,

3. the linear mapping Zp r, : Wlfi’p(ﬁQ) — Xpr, interpolates the traces of functions in W1?() on the
degrees of freedom,

4. the linear mapping Tp : Xp — LP(91) reconstructs traces from the degrees of freedom,

5. the linear mapping Vp : Xp — LP(Q)? reconstructs gradients from the degrees of freedom. It must be
such that ||[Vp - [|Lr(q)a is @ norm on Xpr, .

As already explained, the gradient scheme is obtained by taking the weak formulation (4.2.6) of the model,
and replacing the continuous elements (space, function, gradient, trace...) by the discrete elements provided by
the chosen gradient discretisation.

Definition 4.2.4 (Gradient schemes for Signorini problem). Let D be a gradient discretisation in the
sense of Definition 4.2.3. The corresponding gradient scheme for Problem (4.2.6) is

Findu € Kp:=Kp:={veIpr,g+ Xpr,, : Tpv <aonls} such that Vv € Kp,

/ a(z,lpu(z), Vpu(z)) - Vp(u — v)(z) de < / f(@)p(u —v)(x) de. (4.2.10)
Q Q

We presented in Chapter 2 three properties called coercivity, GD-consistency and limit-conformity to assess
the accuracy of gradient schemes for linear VI. These properties are sufficient to establish error estimates and
prove the convergence of the GDM for VI based on linear differential operator. For nonlinear problems, an
additional property called compactness is required to ensure the convergence of the GDM. Let us describe these
four properties in the context of Signorini boundary conditions.

Definition 4.2.5 (Coercivity). If D is a gradient discretisation in the sense of Definition 4.2.3, set

Cp =

Moo s () IITDvaam) (4.2.11)

% (
veXp,r, M0} N[V r)e  [[VDUl e ()a
A sequence (D, )men of gradient discretisations is coercive if (Cp,, )men remains bounded.

Definition 4.2.6 (GD-Consistency). If D is a gradient discretisation in the sense of Definition 4.2.3, define
Sp : K = [0,+00) by

Vi € K, Sp(p) = min ([pv = @llrro) +[Vov = Vellis)) - (4.2.12)

- v
A sequence (Dy,)men of gradient discretisations is GD-consistent (or simply consistent, for short) if for all
p € K, limy,—,00 Sp,, (¢) = 0.
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Definition 4.2.7 (Limit-conformity). If D is a gradient discretisation in the sense of Definition 4.2.3, define
Wp : C2(Q) — [0, +0) by

Yy € C?(Q)¢, such that ¢ -n =0 on I's,
‘ / (Vpv- ¢+ pvdiv(ep))de — | ¢ -nTpvde (4.2.13)
Q

Wp(y) = sup Ty
vEXD 1, 5 \{0} IVDu|l Lr(q)a

A sequence (D,,)men of gradient discretisations is limit-conforming if, for all 1 € C?(Q)? such that ¥ -n =0
on I'y, limy, 00 Wp,, (1) = 0.

Remark 4.2.2. The convergence of sequence of approximate solution is obtained by following the compactness
technique, which requires finding a weak limit to the reconstructed function, its trace and its gradient. In order
to prove the existence of such a limit, which is the result of [37, Lemma 2.57], we need to apply the above
definition only to smooth functions 1. Therefore the function Wp in the above definition only needs to be
defined on the space C2(Q2)%.

Definition 4.2.8 (Compactness). A sequence (D,,)men of gradient discretisations is compact if, for any
sequence (U )men With uy, € Kp,, and such that (||Vp,, um|Lr Q)¢ )men is bounded, the sequence (Ilp,, wm )men
is relatively compact in LP(£2).

4.2.3 Convergence results

We can now state and prove our main convergence theorem for the gradient discretisation method applied to
the nonlinear Signorini problem.

Theorem 4.2.9 (Convergence of the GDM for the nonlinear Signorini problem). Under Assumptions
4.2.1, let (Dy)men be a sequence of gradient discretisations in the sense of Definition 4.2.3, which is coercive,
GD-consistent, limit-conforming and compact, and such that Kp,_, s nonempty for any m. Then, for any
m € N, the gradient scheme (4.2.10) has at least one solution u,, € Kp,, .

Assume furthermore that

Jp, € WHP(Q) s.t. v(py) = g and
Jim min{[|{Ip,, vm = @l Lr @) + [T, 0m = ¥(@g)llLr(0s) (4.2.14)

+ VD, vm — VogllLeye = v—1Ip,, r,v(¢g) € Xp,, 155} =0.

Then, up to a subsequence, Ilp ., converges strongly in LP(Q) to a weak solution @ of Problem (4.2.6), and

m

Vp,, Um converges weakly to Vi in LP(Q)<.

m

Moreover, if a is strictly monotonic in the sense
(a(x,s,&) —a(x,s,x)) - (E—x) >0, forae xcQ, VsecRVE x € R with € # x, (4.2.15)
then Vp, um converges strongly in LP(Q)? to V.

Remark 4.2.3. Assumption (4.2.14) is obviously always satisfied if g = 0 (take ¢, = 0). For most sequences
of gradient discretisations, the convergence stated in (4.2.14) actually holds for any ¢ with ¢ = (), and
corresponds to the GD-consistency of the method for nonhomogeneous Fourier BCs (see [37, Remark 2.58 and
Definition 2.49]).
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Proof. The proof is inspired from [40], and follows the general path described in [34, Section 1.2] and [35
Section 2.2].

Step 1: existence of a solution to the GS.
Let g € K be a lifting of g, such that v(g) = g. Introduce

gp = argmin (|Ipv — gl Lr() + VDV = VG 10 (02)a) - (4.2.16)

veEXp

Let (-,-) be the duality product between the finite dimensional space Xp r,, and its dual X;),rz ,- Define the
operator Ap : Xpr,, — X’D,F2 , by, for u,w € Xpr, ,,

(Ap (1), w) = /Q a(z,Ip(u+ gp)(x), Vot + gp)(x)) - Vp(© + gp)(x) de.

Applying the same reasoning as in [74], we check that Ap is an operator of the calculus of variations (this is
made extremely easy here, due to the finite dimension of Xpr, ,). See Proposition 4.A.4 for details.

The existence of a solution to the scheme (4.2.10) is then a consequence of [74, Theorem 8.2, Chapter 2]
since, setting & = u — gp and @ = w — gp, this scheme can be re-written

find u € Kp — gp, such that for all w € Kp — gp,
(Ap(u),u — w) < L(u — W),

where £ € X7, 1, is defined by (@) = [, flIpw dz.

Step 2: convergence towards the solution to the continuous model.
Let us start by estimating ||V p,, um| r(oye. In (4.2.10), set u := u,,, and v := vy, a generic element in Kp,,.
By using the Holder’s inequality and due to the coercivity assumption (4.2.4), it follows that

Vo, gy < [ @D, 00V, 1) Vit
< ”fHLP’(Q)HHDm (Um — V) lLr () + lla(z, Up,, un, va,UM)”LP’(Q)dHvaUm”LP(Q)d-

Since Uy, — v, is an element in Xp, r,,, applying the coercivity property (see Definition 4.2.5) gives C}, not
depending on m such that [[Ilp,, (um — vm)llzr@) < CpllVp,, (Um — vm)|Lr(0)e, and thus, using the growth
assumption (4.2.3),

al CDmurnHLp Q)d <C ”fHLP Q) (” Vp,, umHLP(Q)d VD, vimll e Q)d)
()
(HaHLp (Q)d wll ;DmumHLP(Q ) VD, vmll e (Q)d-

Applying Young’s inequality to this relation shows that

190,002 g0 < 1 (190,00 g+ 112 )+ 1120 ) (42.17)
where C; does not depend on m. Let us now define, for ¢ € K, an element Pp_ ¢ of Kp,, by

Pp, (@) = argmin(|[Tlp,, v — |l zr0) + VD, v = Vol Lr)e). (4.2.18)

veED,,

Take ¢ € K and let v, := Pp,, ¢ in (4.2.17). By the triangle inequality

VD, vmllLr(@)e < Sp,, (¢) + IVl Lr ()
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and the GS-consistency of D,, shows that ||V p,, v (o)« is bounded. This shows that ||V p,, %ml|Lr (o) remains
bounded.

Now, using (4.2.14), [37, Lemma 2.57] (slightly adjusted to the fact that the limit-conformity involves here
functions such that ¥ - n = 0 on T'y, see (4.2.13)) asserts the existence of & € WP(Q) and a subsequence, still
denoted by (D, )men, such that y4 = g on I'y, lp, u,, converges weakly to @ in LP(Q), Vp,  u,, converges
weakly to Va in LP(Q)4 and Tp,, u,, converges weakly to va in LP(T'3). Since u,, € Kp,,, we have Tp, t, < a
on I's and thus vu < @ on I'. In other words, @ belongs to K. By the compactness hypothesis, the convergence
of IIp, unm to @ is actually strong in LP(€2). Up to another subsequence, we can therefore assume that this
convergence holds almost everywhere on ().

To complete this step, it remains to show that @ is a solution to (4.2.6). We use the Minty trick. From
assumption (4.2.3), the sequence Ap, = a(x,IIp_ tm,Vp, Um) is bounded in L¥' (2)? and converges weakly

m m

up to a subsequence to some A in L? ()%, Owing to the GD-consistency of the gradient discretisations, for

all p € K we have Ip, (Pp,, ) — ¢ strongly in LP(Q2) and Vp, (Pp, ») — V¢ strongly in LP(Q)?. Taking
v:= Pp_ ¢ as a test function in the gradient scheme (4.2.10) and passing to the superior limit gives
lim sup/ a(x,p, tm, VD, Um) - Vb, Um de
m—oo JQ
< limsup (/ f(H’DmUm —p,, Pp,, v)dx +/ Ap,, - VDmPDm(pd.’B>
m— o0 O Q
< / f(ﬂ—cp)d:c—i—/ A-Veode, forallpin K.
Q Q
Choosing ¢ = u, yields
limsup/ a(z,p,, Um, VD, Um) - Vp,, tm de < / A-Vaude. (4.2.19)
m— o0 9] Q
Using the monotonicity assumption (4.2.5), one writes, for G € LP(Q)4,
lim inf [/ a(x,Up, Um, VD, Um) - VD, Uy de — / a(x,p, tm, Vp, um) - Gde
m—r oo Q Q
- / a(x,Up, Um,G) - Vp, tuyde +/ a(x,p, um, G) - Gdz}
Q Q
= Jim nf / [a(m,HDmum,VDmum) - a(w,HDmum,G)} : [vpmum - G} dz
m (o) Q
> 0. (4.2.20)

The strong convergence of IIp t,, shows that a(x, IIp, un, G) = a(z, 4, G) in L (Q)?. Hence, passing to the
limit in (4.2.20),

liminf [ a(z,p,, um, VD, tm) Vb, Uy de — / A-VGdx
Q

m— oo Q

- / a(z,u,G) - Vade +/ a(z,u,G) - Gdz > 0. (4.2.21)
Q Q

Combining this inequality with (4.2.19) yields the following inequality

/A-Vﬂdm—/.A~Gda:—/a(wﬂ,G)-Vﬂdw—f—/a(m,ﬂ,G)'deZO.
Q Q Q Q
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Assume that ¢ € C(2)? and a > 0. Putting G = Va + a¢ and dividing by «, one obtains
—/Q(A— a(z,u, Vi + ad)) - pdx > 0, V¢ € C°(Q)4, Va > 0.
Letting a« — 0 and applying the dominated convergence theorem yields
- /Q(A —a(x,,Va)) - ¢pdx >0, Vo € C(Q)%
Applied to —¢ instead of ¢, this leads to
- /Q(A— a(x,u, Vi) - ¢pdx =0, Vo € C(Q)%,

which implies that
A = a(zx,u, Vi), a.e. on Q. (4.2.22)

Setting G = V@ in (4.2.21), it follows that

/ a(x,u,Va) - Vade <liminf [ a(x,p,, um, Vo, Um) - Vp,, U, dz, (4.2.23)
Q

m—r oo O

which gives, since u,, is a solution to the gradient scheme (4.2.10), for all ¢ € IC,

/ a(zx,u,Va) - Vade < liminf {/ flp,, (um — Pp, @) dx —|—/ a(z,p, um, Vo, um) - Vo, (Pp, ¢)de| .
Q Q Q

m—>00

Using (4.2.22) and the strong convergence of Vp_(Pp, ¢) to Vi yields

/a(:c,quﬂ)-Vﬂd:l:§/f(ﬁ—<p)d:c—i—/a(:c,ﬂ,Vﬂ)-V(pdalr:7
Q Q Q

and therefore shows that @ is a solution to (4.2.6).

Step 3: strong convergence of the gradients, if a is strictly monotonic.
Owing to (4.2.19) and (4.2.22),

lim sup/ a(x,p, Um, VD, Um) - Vp,, ty de < / a(x,u,Va) - Vade. (4.2.24)
m—oo JQ Q

Together with (4.2.23), we conclude that

lim a(x,p, Um, VD, Um) - Vb, tm de = / a(x,u,Va) - Vade. (4.2.25)
Q

m

The remaining reasoning to obtain the strong convergence of Vp, u,, is exactly like in [40]. For the sake of
completeness, we recall it. Equality (4.2.25) leads to

lim [ (a(z,p,, um, Vo, um) — alx,a, Va)) - (Vp,, ty — Vi) de = 0.
m—o0 Q
Making use of the fact that (a(x,p,, tm, Vo, um) — a(x, @, Vi) - (Vp,, um — Va) > 0 for ae. © € Q, we
deduce that
(a(z, Tp,, Um, Vp,, Um) — a(x, @, Va)) - (Vp,, ty — Vi) — 0 in LH(Q).
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Up a subsequence, the convergence holds almost everywhere. The strict monotonicity assumption (4.2.15) and
[40, Lemma 3.2] yield Vp, uy, — V@ a.e. as m — oco. Furthermore, as a consequence, a(x, IIp, U, Vp,, tm) -
Vb, Um — a(x,a, Vi) - Va a.e. Since a(x,Ip_ tm, Vp, Um) - Vb, um > 0, and taking into account (4.2.25),
[40, Lemma 3.3] gives the strong convergence of a(x, IIp,, um, Vp, um) Vo, um to alz,u, Va) - Va in L (Q) as
m — 0o. As a consequence of this L'-convergence, we obtain the equi-integrability of the sequence of functions
a(x,p, tm,Vp, Um) - Vb, Um. This provides, with (4.2.4), the equi-integrability of (|Vp,, um|?)men. The

strong convergence of Vp_ u,, to Va in LP(Q) is then directly implied by the Vitali theorem.

m

O

4.3 Nonlinear obstacle problem and generalised Bulkley fluid model

4.3.1 Continuous problems

4.3.1.1 Nonlinear obstacle problem

We are concerned here with other kinds of variational inequalities problems. The first one is an obstacle model,
in which the inequalities are imposed inside the domain 2. It is formulated as

(diva(e,a,Va)+ f)(¢ —a) =0 in Q, (4.3.1a)
—diva(z,a,Va) < f inQ, (4.3.1b)

<t in Q, (4.3.1¢)

u=~h on 0. (4.3.1d)

Assumptions 4.3.1. The assumptions on the data of the obstacle model (4.3.1) are:

1. the operator a and the domain Q satisfy the same properties as in Assumption 4.2.1,

2. the function f belongs to LP (), the boundary function h is in Wlf%’p(aﬂ) and the obstacle function 1
belongs to LP(R),

3. the closed conver set K := {v € WIP(Q) : v < inQ, v(v) = h on ON} is nonempty.

The weak formulation of the obstacle problem (4.3.1) is
Find @ € K such that, for all v € IC,

/ a(z,u(x), Va(x)) - V(i — v)(x) de < / f(z)(a —v)(z) da. (4.3.2)
@ Q

4.3.1.2 Generalised Bulkley model

The second problem is called Bulkley model, whose weak formulation is given by
Find @ € WP () such that, for all v € W, (1),

/ a(z, i(z), Vi(z)) - V(i — v)(z) dz +/ Vii(x)] de — / Vo(e)| dz (5.3
Q Q Q o
< [ f@)@- o)) de.

Q

Here the operator a is assumed to satisfies (4.2.2)—(4.2.5) and the domain  has a Lipschitz boundary. Models
considered in the removal of materials from a duct by using fluids [54] are included in (4.3.3) by setting
a(zx,u, Va) = |VaP 2 V.

As for the Signorini problem, [74, Theorems 8.2 and 8.5, Chap. 2] and respectively yield the existence of a
solution to problems (4.3.2) and (4.3.3).
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4.3.2 Discrete problems
4.3.2.1 Obstacle problem

Let us recall the definition of a gradient discretisation for nonhomogeneous Dirichlet boundary conditions [37].

Definition 4.3.2 (GD for nonhomogeneous Dirichlet boundary conditions). A gradient discretisation
D for nonhomogencous Dirichlet boundary conditions is defined by D = (Xp,Ip,Zp sq, Vp), where:

1. the set of discrete unknowns Xp = Xp g ® Xp oq is a direct sum of two finite dimensional spaces on R,
representing respectively the interior degrees of freedom and the boundary degrees of freedom,

2. the linear mapping Ilp : Xp — LP({2) provides the reconstructed function,

3. the linear mapping Zp gq : WP (09) — Xp sq provides an interpolation operator for the trace of
functions in W1P(Q),

4. the linear mapping Vp : Xp — LP(§2)¢ gives a reconstructed gradient, which must be defined such that

VD - [ Lr(0)¢ is @ norm on Xp o.

Definition 4.3.3 (GS for the nonlinear obstacle problem). Let D be a gradient discretisation in the sense
of Definition 4.3.2. The corresponding gradient scheme for (4.3.2) is given by
Findu € Kp :={v € Xpo+ZIposah : IIpv < in 0} s.t., Vv € Kp,

/ a(@, lpu(@), Vou(@)) - Vo(u — v)(x) dz < / F@)Tp (u — v)(2) da.
Q Q

(4.3.4)

4.3.2.2 Generalised Bulkley model

Definition 4.3.4 (GD for homogeneous Dirichlet boundary conditions). A gradient discretisation D
for homogeneous Dirichlet boundary conditions D = (Xp o, IIp, Vp), where Xp o is a finite dimensional vector

space over R, taking into account the zero boundary condition in the space I/VO1 P(Q), and IIp and Vp are as in
Definition 4.3.2 but defined on Xp .

Note that the gradient discretisation D defined in Definition 2.2.5 is a particular case of this definition when
p=2.

Definition 4.3.5 (GS for the Bulkley model). Let D be a gradient discretisation in the sense of Definition
4.3.4. The corresponding gradient scheme for (4.3.3) is given by

Find u € Xp o, such that for all v € Xp g,

/Q a(z, Tlpu(z), Vpu()) - Vp(u — v)(x) de + /Q Vpu(z)| dz - /Q Vpu()|de (4.3.5)

< /Qf(m)HD(u—v)(w) de.

4.3.2.3 Properties of GD

Except for the restriction to the convex sets K and Kp in the GD-consistency, all the properties of GD required
for the convergence analysis of the GDM on the nonlinear obstacle and Bulkley models are similar to the
corresponding ones for GD adapted to PDEs as in [40, 37].
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Definition 4.3.6 (Coercivity). If D is a gradient discretisation in the sense of Definition 4.3.2 or Definition
4.3.4, define
IIpv
p = max M. (4.3.6)
vEXp,0\{0} ||VDU||Lp(Q)d

A sequence (D, )men of such gradient discretisations is coercive if (Cp,, )men remains bounded.

Definition 4.3.7 (GD-Consistency). If D is a gradient discretisation in the sense of Definition 4.3.2, let
Sp : K — [0, +00) be defined by

Vo €K, Sp(p) = min (IMpv = @llLr) + VDU = Vo Lo (aa) - (4.3.7)

If D is a gradient discretisation in the sense of Definition 4.3.4, Sp is defined the same way with (IC, Kp) replaced
by (WyP(Q), Xpo). A sequence (Dy,)men of such gradient discretisations is GD-consistent if for all ¢ € K,
lim,, 00 Sp,, (¢) = 0.

Definition 4.3.8 (Limit-conformity). If D is a gradient discretisation in the sense of Definition 4.3.2 or

Definition 4.3.4, define Wp : Wv#' (Q) — [0, 4+00) by

— 1
v e @), Wo@p)=  sup o
v€Xp 0\{0} H D””LP(Q)d

| (Vo v+ Mpvdiv@)da.  (1s)

A sequence (Dp,)men of such gradient discretisations is limit-conforming if lim,, o Wp,, () = 0 for all
Y e C?(Q)%

Finally, Definition 4.2.8 (compactness) remains the same as the case of gradient discretisation D in the sense
of Definition 4.3.2 or Definition 4.3.4, with Kp_, replaced by Xp, o in the latter case.

4.3.3 Convergence results

The following two theorems state the convergence properties of the GDM for the nonlinear obstacle problem
and the Bulkley model.

Theorem 4.3.9 (Convergence of the GDM for the nonlinear obstacle problem). Under Assumptions
4.8.1, let (Di)men be a sequence of gradient discretisations in the sense of Definition 4.3.2, which is coercive,
GD-consistent, limit-conforming and compact, and such that Kp,, is a nonempty set for any m.

Then, for any m € N, the gradient scheme (4.3.4) has at least one solution u,, € Kp, and, up to a
subsequence, Ilp, uy, converges strongly in LP(Q2) to a weak solution @ of Problem (4.3.2) and Vp,, uy, converges
weakly in LP(Q)? to V.

If the strict monotonicity (4.2.15) is assumed, then Vp, um, converges strongly in LP(Q)? to Va.

Theorem 4.3.10 (Convergence of the GDM for the Bulkley model). Under Assumptions (4.2.2)—(4.2.5)
and f € LPI(Q), let (Dyn)men be a sequence of gradient discretisations in the sense of Definition 4.3.4, which
is coercive, GD-consistent, limit-conforming and compact. Then, for any m € N, the gradient scheme (4.3.5)
has at least one solution u,, € Xpo and, up to a subsequence, Ilp, u,, converges strongly in LP() to a weak
solution u of Problem (4.3.3) and Vp,, um converges weakly to Vu in LP(Q)2.

If we also assume that a is strictly monotonic in the sense of (4.2.15), then Vp,_ u,, converges strongly in
LP(Q)? to Va.

The proof of Theorem 4.3.9 is extremely similar to the proof of Theorem 4.2.9. We therefore only provide
the proof of Theorem 4.3.10.
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Proof of Theorem 4.3.10. Let us define the operator Ap : Xp o — X/D,0 and the functional Jp : Xpo — R
as follows:

(Ap(u),v) = /Qa(w,HDu(a:),VDu(w)) -Vpu(z)der and

Jp(u):/ﬂ\vpu(wﬂdw,

where (-, ) is the duality product between Xé),o and Xpo. Applying the same arguments as in [74], one can
easily prove that the operator Ap is pseudo-monotone and obtain, since Jp > 0,

(Ap(u),u — ¢) + Jp(u)

HVDUHLP(Q)d

— 400 as [|[Vpul prqe — 0.

A direct application of [74, Theorem 8.5, Chapter 2] gives the existence of a solution to (4.3.5).
We now show that ||Vp,, uml1r ()¢ is bounded. Choose u := u,,, and v := 0 € Xp,, o in (4.3.5). Due to the
coercivity assumption (4.2.4), the Holder inequality and the coercivity, one has

QHvaumHi:D(Q)d < / a(x,p,, um, Vo, Um) - Vp,, tn dx
Q

S /fHD”Lumd%
Q
< CP”fHLP/(Q)HvaumHLP(Q)d~

This shows that ||Vp,, um| rr)e is bounded. According to [37, Lemma 2.12], there exists u € Wy P(Q) and
a subsequence, denoted by the same way (Dp,)men, such that Ip,_ u,, converges weakly to @ in LP(Q)) and
Vp,, Uy converges weakly to Va in LP(Q)9. In fact, the strong convergence of the sequence Ilp, u,, to %
in LP(Q) is ensured by the compactness property. The growth assumption (4.2.3) shows that the sequence
Ap, = a(x,lp, tum, Vp, tny) is bounded in LPI(Q)d and thus, up to a subsequence, that it converges weekly
to some A in this space.

Defining Pp,, as in (4.2.18) with K and Kp,, replaced with W "*(€) and Xp o, respectively, the consistency
guarantees that Ilp, (Pp, ¢) — ¢ strongly in LP(Q) and Vp, (Pp, ») — Ve strongly in LP(Q)%, for all

pE WO1 P Inserting v := Pp,, ¢ into the gradient scheme (4.3.4), we obtain
/Qa(w, p,, tUm, Vp, tm) - Vp,, ty de
< /Qa(ar;7 p,, tm, Vp, tm) - Vp, Pp, odxr+ /Q fp,, (um — Pp,,p)dz  (4.3.9)
— [ 1Vp, e+ /Q Vo, (Pp, )| da.

All the terms except the last two can be handled as in Theorem 4.2.9. From the strong convergence of the
sequence of Pp, ¢, letting m — oo in the last term implies

m—r oo

lim /|me(Ppmcp)|dw:/ V| de. (4.3.10)
Q Q

Estimating liminf, o [, [VD,, tm|de is rather standard. For any w € L>(Q)? such that [w| < 1, write
Jow Vo, unmdz < [, |Vp,, un|dz. The weak convergence in LP(Q)? of Vp, up, then yields

m m

/ w-Vide = lim [ w-Vp, uy,de <liminf | |Vp, uy,|de.
Q Q
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Taking the supremum over w leads to

/|Vﬂ|dw§hminf/ |V, tm| de.
(9] m—r o0 O

From this estimation and (4.3.10), passing to the superior limit in Inequality (4.3.9) gives

lim sup/ a(x,p, Um, VD, Um) - Vb, Um dz
Q

m—r oo

< / A-Vede +/ fla—p)de — / |Va|de +/ [Vo|de. (4.3.11)
Q Q Q Q
Since this inequality holds for any ¢ € I/VO1 P(Q), making ¢ = @ gives

hmsup/ a(z,Ip, um, VD, Um) - Vp,, Uy de < / A-Veodz. (4.3.12)
Q Q

m—o0

Exactly as Theorem 4.2.9, it is then shown that A = a(x, @, Va) and

/ a(z,q,Va) - Vade < lim inf/ a(z,Ip, um, VD, Un) - VD,, Un de.
Q m—o0 Q

Substituting A and using this relation in (4.3.11) show that @ is a solution to Problem (4.3.3). The rest of proof
follows along the same steps of Theorem 4.2.9. O

4.4 Approximate barriers

Let us now discuss the case of approximate barriers. In most numerical methods, as the P1 finite elements for
instance, the standard interpolant of smooth function v is constructed by taking the value of v at interpolation
nodes. When v is bounded by the barrier (a for the Signorini problem, 1 for the obstacle problem), this
interpolation may not satisfy the barriers conditions at any point on the boundary/in the domain, especially for
the case of the nonconstant barriers. It is therefore classical to modify these barriers conditions when discretising
the model. This modification can often be written in the following way.

Using ap € LP(0N) (for the Signorini problem) or ¢p € LP(Q) (for the obstacle problem), which are
respectively approximations of a or v, we introduce the convex sets as

Kap ={v€Ipr,g+Xpr,, : Tpv<aponTls}

or
K:¢D = {U S I’D,Flh + XD70 : Ipv < wD}

The schemes (4.2.10) or (4.3.4) are then modified by replacing the set Xp by K., in the Signorini case, or by
Ky in the obstacle case. The convergence results for this case of approximate barriers are given in the following
theorems, whose proofs are identical to that of Theorem 4.2.9 (see [3, Section 6] for the case of approximate
barriers in gradient schemes for linear VI).

Theorem 4.4.1. Under the assumptions of Theorem 4.2.9, let (Dp,)men be a sequence of gradient discretisations
in the sense of Definition 4.2.3, which is coercive, limit-conforming, compact, and GD-consistent, in which Sp
is defined using Ko, instead of Kp. Assume that each Koy, =~ is nonempty.

Then, for any m € N, there exists at least one solution u,, € Ko, = to the gradient scheme (4.2.10) in which
Kp,, has been replaced with Koy, . If ap, — a in LP(0S2) as m — oo, then the convergences of Ilp, wy, and
Vop,, Um stated in Theorem 4.2.9 still holds.
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Theorem 4.4.2. Under the assumptions of Theorem 4.5.9, let (D )men be a sequence of gradient discretisations
in the sense of Definition 4.3.2, which is coercive, limit-conforming, compact, and GD-consistent in which Sp
is defined using Ky, instead of Kp. Assume that Ky, —is nonempty for any m.

Then, for any m € N, there exists at least one solution u,, € Ky, ~to the gradient scheme (4.3.4) in which
Kp,, has been replaced with Ky, . Furthermore, if ¢¥p, — 1 in LP(2) as m — oo, then the convergence of
p, U and Vp, Uy given in Theorem 4.3.9 still holds.

m m

4.5 Application to the hybrid mixed mimetic methods

The gradient discretisation method is used here to design a hybrid mimetic mixed (HMM) scheme for nonlinear
variational inequalities. In Chapter 3 we established the HMM method for the linear Signorini and obstacle
problems (i.e., a(z,d,Va) = A(x)Va). The only other application, that we are aware of, mimetic method
to variational inequalities only concerns linear variational inequalities and the nodal mimetic finite difference
method [6]. Our application of an HMM scheme for nonlinear variational inequalities seems to be the first one
of a scheme for these models on generic meshes.

The notion of polytopal mesh described in Definition 2.2.9 still valid here to construct the HMM method for
the nonlinear variational inequalities.

4.5.1 HMM for the nonlinear Signorini problem

Let T be a polytopal mesh that is aligned with the boundaries (I';);=1,2,3, that is, for any ¢ = 1,2,3, each

boundary edge is either fully included in I'; or disjoint from this set. We describe here a gradient discretisation

that corresponds, for linear diffusion problems and standard boundary conditions, to the HMM method [40, 37].
Define two discrete spaces as follows:

Xpr,s ={v = ((vK)Kkem (Vs)oce) * vk €R, vy € R,v, =0 for all 0 € ey such that o C Ty} (4.5.1)

and
Xpr, = {U = ((vk)Kem; (Vo)oce) + VK ER, v, €R,

vg =0 for all K € M, v, =0 for all o € &y and (4.5.2)
vy =0 for all o € Eqyt, such that o C Ty UTs}.

The space Xp is the direct sum of these two spaces, and the function reconstruction Ilp, the piecewise constant

trace reconstruction Tp and the gradient reconstruction Vp are given by (3.3.1), (3.4.2) and (3.3.2).
Although Zp r, is formally defined on the whole space WP (09), to define and analyse the gradient

scheme (4.2.10) we only need to consider Zp r, g where g is the specific boundary condition (4.2.1b). When this

boundary condition is known to be more regular than WP (092), the definition of Zp r, can take advantage
of this regularity. Given the assumption in Proposition 4.5.1 below, we therefore set

Vg€ C%(Q) : Ipr,g = 9(%,), for all o € Egy such that o C Ty, (4.5.3)

The convex set is then Kp := {v € Xpr,, +Ipr,9 : Vo < aono,Vo € Eex s.t. 0 C I's} and, translating
the gradient scheme (4.2.10), the HMM discretisation of Problem (4.2.6) is identical to the gradient scheme
(4.2.10) corresponding to these gradient discretisation.

The convergence of the HMM scheme is a consequence of Theorem 4.2.9 and the four properties proved in the
following proposition. The condition (4.2.14) follows from the GD-consistency of HMM for Fourier boundary
conditions (see [37, Definition 2.49 and Section 12.2.2]).
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Proposition 4.5.1. Let (D,,)men be a sequence of HMM GD given by (4.5.1), (4.5.2), (4.5.3), (3.3.1), (3.4.2)
and (3.3.2), for certain polytopal meshes (T )men- Assume the existence of 8 > 0 such that, for any m € N,

max (max s + Card(c‘,’K)> + max (dK’U + dL’”)

KeM,, \oc€€k dK7(,— 0EEm, int ,Mo=K,L dL7(T dK,rT (4 5 4)
K 5.
+max{|:K€Mm7JESK} <40
hilo|
and, for all K € M,, and p € R®%,
1 Ri,o(p) P (AR (1)) |P
] Z Dk .ol T’ < Z |Dr ol T dke
c€EK i oc€EEK 7 (4 5 5)
RK o(/jf) p o
<0 Dio 7‘ .
o Z | b | dKO'
oelk ’

Then the sequence (Dm)meg is coercive, limit-conforming and compact in the sense of Definitions 4.2.5, 4.2.6
and 4.2.7. If moreover C%(Q) N K is dense in K and the function a is piecewise constant on Eey, the sequence
(D) men is consistent.

Note that the assumption that C%(2) N K is dense in K already appears in [56], to ensure the convergence of
numerical schemes for variational inequalities with the case of the homogeneous Dirichlet boundary condition
and a constant barriers.

Proof. The coercivity, limit-conformity and compactness follow as in the case of the HMM for PDEs; see [37,
Theorem 12.12]. We therefore only discuss the consistency property. Due to the density of C?(Q2)NK in K, as in
[37, Lemma 2.13] we see that the GD-consistency follows if we prove that Sp, (¢) — 0 for all p € C%(Q)NK. For
such a ¢, Let vy, = (VK )Kem,,, (Vo)ocs,,) € Xp,, be the interpolant such that, vg = ¢(Z ) for all K € M
and v, = @(Z,) for all o € £. From the definition (4.5.3) of Zp r,g, we see that v,, —Ipr,g € Xp, rys-
Moreover, since a is piecewise constant on Eext, we clearly have Tp vy, < a on I's since ¢ € K. Hence, the
interpolant v,, belongs to Kp, . From the proof of [37, Theorem 12.12 and Proposition 7.36],

p,, vm — ¢llLe@) + VD, vm — Vol Lr)e < Chum,,

with C not depending on m. This shows that that lim,, Spm(gp) = 0 and concludes the proof. ]

4.5.2 HMM methods for the nonlinear obstacle problem and Bulkley model

We use the notations introduced in Section 4.5.1 to reconstruct the HMM schemes corresponding to the two
gradient schemes problems defined in Section 4.3.2. The elements of gradient discretisation D to consider here
are given by

Xpo={v=(vk)kem, (Wo)oce) : vk € Rjv, € R,v, =0 for all 0 € Eeyy such that o C 9N},

Xp.oa ={v=((vk)kem, (Vo)oce) : vk €ER,v, € R,vg =0 for all K € M, v, =0 for all 0 € Ene }-

The discrete mappings Zp gq, IIp and Vp are as in Section 4.5.1.
Setting Kp = {v € Xpo+Ipsah : vk < ¢Yx on K, for all K € M}, the HMM methods for (4.3.2) and
(4.3.3) are respectively the gradient schemes (4.3.4) and (4.3.5) coming from the above gradient discretisation.
Recall that the coercivity, limit-conformity and compactness for sequences of GD adapted to the obstacle
problem are the same properties as for sequences of GD for PDEs with nonhomogeneous Dirichlet boundary
conditions. The proof of these properties follow therefore from [37], under the regularity assumptions (4.5.4)
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and (4.5.5). The GD-consistency follows, if the barrier ¢ is a piecewise constant and C?(2) N K is dense in K,
as in Proposition 4.5.1.

For the Bulkley model, all the properties of GD are identical to those for PDEs with homogeneous Dirichlet
boundary conditions, and therefore follow (still under the assumptions (4.5.4) and (4.5.5)) from [40].

Using these properties, the convergence of the HMM method for each of the problems is a straightforward
consequence of Theorems 4.3.9 and 4.3.10.

Remark 4.5.1. If the barriers a and v are non piecewise constants, for the HMM method they would normally
be approximated by piecewise constants. The convex sets Kp would be modified as described in Section 4.4,
and Theorems 4.4.1 and 4.4.2 would insure the convergence of the HMM schemes.

4.6 Numerical results

We demonstrate here the efficiency of the HMM method for solving nonlinear Signorini problems by consider-
ing the meaningful example of the seepage model. Due to the double nonlinearity in the model, two iterative
algorithms are used in conjunction to compute a numerical solution: fixed point iterations to deal with the non-
linear operator, and a monotonicity algorithm for the inequalities coming from the imposed Signorini boundary
conditions.

We consider a test case from [96]. The geometry of the domain 2 representing the dam is illustrated in Fig
4.1. Letting « = (z,y), the model reads

in Q,
on I'y,

0
g
0 OD,F%
} on I's,

I'i={(z,y) €R*: z=0and y € [0,5]} U {(z,y) €R? z+y="Tandy € [0,1]},
Iy = x,y) G]RQ ) ::0}7
I3 ={(z,y) €ER?*: y=5and z €[0,2]} U{(z,y) €ER? z+y=7andy < (1,5]}.

with

—~

The boundary condition g is defined by ¢(0,y) = 5 for all y € [0,5] and g(x,y) = 1, for all z € (0,7). We set
a(zx,s, &) = H2(s — y)¢ in which the regularised Heaviside function H?2 is given by (1.1.2). Here, both A and ¢
are taken as 1073,

As stated above, to obtain the solution to this problem, we first apply a simple fixed point iterations (Al-
gorithm 3), whose idea is to generate a sequence (u(™), ey € Kp by solving linear VI problems, in which the
nonlinearity in the operator has been fixed to the previous element in the sequence.

At any iteration n in Algorithm 3, we need to solve a linear VI. To compute its solution, introduce the fluxes
(F¥ 5 (1)) kem,oee defined by: for all K € M and all u,v,w € Xp,

Z 0| F¥ 5 (u) (v — Vo) = / HX(wi )Vpu - Vpu da.
K

o€k
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(0,5) (2,5)

(0,0) T, (7,0)

Figure 4.1: Geometry for the numerical tests.

Algorithm 3 Fixed point algorithm

1: Let & be a small number (stopping criteria) and u(®) = 0 > For us, 6 = 1073,
2: forn=1,2,3,... do
3: Solve the following linear problem > u(™ is known

Find u"*Y € Kp such that, for all v € Kp ,
> / A, u)Tpu™ D VoD — ) de < 3 (ul - UK)/ f@)de, (461)
K K

KeM KeM
4: if Hu(nJrl) - u(”) HL2(Q) < (5Hu(”) HLQ(Q) then
5: Exit “for” loop
6: end if
7: end for
8: Set u = w1

Choosing w = u(™ in this relation, Problem (4.6.1) can be recast as [3]

> ol Fro (™) =m(K) fx, VK €M (4.6.2)

oc€EK
Fre o (™) 4 Fp ,(u™ ) =0, Vo € &y with M, = {K, L}, (
ul(,”H) =g, Vo € Es such that o C I'y, (
FKJ(U("H)) =0, VK € M,Vo € Ek such that o C I'y, (
Fr o (um)(ui ) — 5 ) =0, VK € M ,Vo € g such that o C T3, (4.6.6
—Fro(u™Y) <0, VK € M,Vo € Ex such that o C T3, (
uf,"'H) <Y,y Vo € Eext such that o C I's. (

Here 3, denotes to y-coordinate of the centre of gravity of edge 0. The monotonicity algorithm performed in
Chapter 3 is used to solve this nonlinear system at each iteration n (see Algorithm 4 for completeness). This
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algorithm only requires, at each of its steps, to solve a square linear system on the unknowns (ux)rxer and
(uo)aef .

Algorithm 4 Monotonicity algorithm

:Set A ={oe& :0cT3landB=19
. Set I = Card(A() > Theoretical bound on the iterations
while 7 < I do

A® and B® being known, find the solution (") to the system

Y Fro(u®)=m(K)fx, VK€M,

0, Yoe&xNELK #L

0, Vo € Eext such that o C I'y, (4.6.9)
=0, VK € M Vo € £k such that o C I'o,

0, VK € M ,Vo € £k such that o € A,
) = Yy, VO € Eext such that o € B,

5 Set AU+ = {o € AO u((,i) <as}U{o € BO . —FKyg(u(i)) >0}
6 Set Bt = {0 € BO : —Fr,(u®) <0} U{oe Al : 4 > a,1
7. if AGTD = A® and BOHD) = B then
8 Exit “while” loop

9: end if

10: end while

11: Set A = AGHD) and B = BO+D

Our numerical tests are conducted on two different mesh types given in Figure 4.2. The first type (left)
is build on hexagonal cells with maximum size hyq = 0.69 and a number of edges including in I's equal to
N = T72. For the second type (right) of mesh inspired by the “Kershaw mesh” in [60], the cells still have the
same maximum size as the first one and N = 92. The fixed point algorithm (Algorithm 3) converges respectively
in 5 and 6 iterations, and the maximum number of iterations of the monotonicity algorithm (Algorithm 4) is
also still far from the bound, with 6 for the first mesh and 5 for the second mesh.

The monotonicity algorithm offers a useful way to determine the location of the seepage point. Following the
interpretation of the model in [96], the seepage point should split the free boundary I's into upper and lower
parts in the following way: (1) there is no flow on the upper part (so Fk , = 0 for every edge o in this part); (2)
the pore pressure vanishes on the lower part (so 4 = y on this part); (3) both conditions are met at the seepage
point. Note that the first and second conditions are naturally expressed by the last two equations in (4.6.9).
Since any edge in the set B cannot satisfy the last property (due to the strict inequality u, < y,), the seepage
point does not lie on those edges. This point can thus be located at the edge ¢ in the set A whose midpoint
has the largest ordinate %,. Considering the mesh size and the fact that the HMM solution is computed at the
mid-point of edges, our numerical results point out the seepage occurs at point with ordinate g, € [3.31, 3.65]
for the hexahedral mesh, and 3, € [3.28,3.63] for the Kershaw mesh. This location is in perfect agreement with
the numerical tests in [96].

Testing the scheme on a mesh with a large number of cells, the seepage location does not change much. We
observe that the seepage position moves up only by 1% for a 1681-cell refinement of the hexahedral mesh, and
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Figure 4.2: The first mesh type (hexahedral, left) and the second mesh type (Kershaw, right).

Figure 4.3: Isolines obtained on the hexahedral mesh (left) and on the Kershaw mesh (right).

by 2% for a 4642-cell refinement of the Kershaw mesh.

Figure 4.3 provides the isolines presentation of the Darcy’s velocity field of the solution which are generated
by MATLAB via ISOLINES function.

As expected, the distorted cells at the top of the domain provoke

perturbations of the isolines there, but quite remarkably do not impact the location of the seepage point.
Otherwise, the isolines are very similar to the ones in [96].



Appendix

4.A Basic results on nonlinear operator

Let us begin by recalling the concept of calculus of variations as defined in [74, Chapter 2].

Definition 4.A.1 (hemi-continuous mapping). Let V be a reflexive vector space and (-,-) be the duality
product between V' and its dual space V’. The mapping T : V — V' is said to be hemi-continuous if A € R —
(T'(u+ Av),w) € R is continuous for all u,v,w € V.

Definition 4.A.2 (Calculus of variations). Let V' be a reflexive vector space and (-, -) be the duality product
between V and its dual space V’'. The mapping T : V — V' is of the “calculus of variations® if T'(u) = B(u,u)
where B : V x V — V' satisfies:

(H1) Yu, v — B(u,v) is hemi-continuous bounded V- — V' and
(B(u,u) — B(u,v),u —v) > 0.
(H2) If (wm)men — u weakly in V' and if (B(wp,, W) — B(Wp, w), w, —u) — 0, as m — oo then, for all v,
B(w,, v) = B(u,v) weakly in V', as m — oco.

(H3) Ifw, — uweakly in V, as m — oo and if B(wy,,u) — F weakly in V', as m — oo, then (B(wm, u), wy,) —
(F,u), as m — oo.

The following lemma taken from [43] enables us to pass to the limit in the nonlinear form a(x, t,,, Vo).

Lemma 4.A.3. Let Q be a bounded subset of RN . Suppose G : Q@ x R — RN is a Carathéodory function such
that there exists positive constants C1,7y such that, for a.e. € €,

|G(x,&)| < Ci(1+1¢]7), V€ e R,Vn € N. (4.A.1)
If p € [y,00] and (tum)men C LP(Q) satisfies that u,, — w in LP(Q2) as m — oo, then
G (2, Up) — G(x,u) in LP/7(Q) as m — oo.

Proof. For v € LP(Q), then G(-,v) € LP/7(Q) and condition (4.A.1) asserts that there exists a constant C;
such that
GG, 0) Lo/ () < Cr(meas()/? + [[v][ ], q)- (4.A.2)

Let u,, — u in L?(Q) and we assume that G(-,u,,) does not converges to G(-,u) in L?/7(Q). This means that
there exists € > 0 such that
”Gm(',um) - G('»U)HLP/'Y(Q) > €. (4A3)

Since u,, — uwin LP(Q) as m — oo, the partial converse dominated convergence theorem shows that there exists
a subsequence of (ty, )men and a function v € LP(Q) such that u,, (x) — u(x) for a.e. x € Q, and |uy, ()| < v(x)
for a.e. € Q. Using the fact that G is a Carathéodory function, we obtain, G(x, u,(z)) — G(x,u(x)) for a.e.
x € Q. In addition, for a.e. € ),

|G (@, um (2))] < C1(1 + (v(2))7),
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therefore, by the dominated convergence theorem, we have
G(-yum) = G(-u) in LP/7(Q),
which is a contradiction to (4.A.3). O

Proposition 4.A.4. Let Xpr,, be the finite dimensional space described in Definition 4.2.8 and (-,-) be the

duality product between Xpr,, and its dual X,D)F2 .- Let the operator Ap : Xpr,, — X/D,Fz , be defined by,
fO?” ﬂ, w e XD,F2,37

(Ap (@), @) = /Qa(w, Tp (@ + g0), Vo (i + go)) - Vo (@ + gp) d,

where gp 1is defined by (4.2.16) and a is the Leray-Lions operator satisfying the assumptions (4.2.2)—(4.2.5).
Then the mapping Ap is of the “calculus of variations “.

Proof. For u,v € Xpr, ,, let us introduce B(u,v) € Xé),m , by, forallw € Xpr, ;,

(B(iL,7), @) = /Qa(:c, Tp (i + gp), Vo (@ + g0)) - Vo (@ + gp) da.

Then, we see that, for u € Xpr, ,, B(u,u) = A(u).

Let (Um)men € Xpr,, such that w,, — @ weakly in Xpr,, and let us prove that B(u,,v) — B(u,v)
weakly in XQIF“. Since weak convergence implies to strong convergence in a finite dimensional space, ., — u
in Xpr,,, which, in turn, implies that IIpt,, — IIpu in LP(2). Lemma 4.A.3 shows that a(x,IIp(t,, +
9p),Vp(U + gp)) — alx,lIp(u + gp), Vp(U + gp)) in Lp,(Q). Hence, B(u,,v) — B(u,?) in X'/D,Fzs’ that
verifies (H2) of Definition 4.A.2. 7

From the above argument (with %,, — % in Xpr,,), we conclude that B is hemi-continous. By the mono-
tonicity assumption (4.2.5), we know that

(B3, @) — B(@,9),ii — 0) >0, forall @, € Xpr,,.

To check (H1) of Definition 4.A.2, we only need to prove that B is bounded. By the growth assumption (4.2.3),
we get

(B@v).7)| = ‘/a(m,HD(ﬂ-l—gD),VD(ﬂ-l-gD))-Vmﬂdaz’
< ( la(x, Ip(z + gp), Vo (U + gp)) |p da:) </ |pr|pdcc> "
< /Q a+ p|Vo @+ gp)P7) de [|[ Voo 1oy
< (ClIVOIIE, gy + Cs ) IV D@ 1o(yes

where Cy = p and C3 = [[al| 1 () + ,u||VDgDH1£;(IQ)d. From the above inequality, we deduce
~ ~ip—1
IB@ D, < CollV0T5 ke + O,

and then, since ||V - || r(q)e is a norm on Xp r, ,, this proves that B is bounded.
Finally, let (& )men € Xp 1, , such that u,, — u weakly in Xp r,, and B(t,,,v) — F weakly in X;D,Fz o It
is clear to see that passing to the limit in (B(Uy,, V), Uy,) gives (F, ), which verifies (H3) of Definition 4.A.2. [



Chapter 5

Linear parabolic variational inequalities

Abstract. In this chapter, we adapt the gradient discretisation method to two linear parabolic variational
inequalities (PVIs), the time-dependent Signorini and obstacle problems. We prove bounds on the approximate
solutions in discrete norms. Together with the classical set of properties (coercivity, space—time consistency
and limit-conformity), these estimates enable us to obtain the convergence of the gradient schemes to the
weak solutions of the parabolic variational inequalities. We introduce a numerical scheme based on the HMM
discretisation and provide numerical experiments.



5.1 Introduction 85

5.1 Introduction

The main objective of this chapter is the convergence analysis of numerical methods for linear parabolic varia-
tional inequalities modelling the diffusion in porous media. Semipermeable membrane including osmosis phe-
nomenon, and problems concerning the control of temperature at thermal boundaries are standard applications
of the PVIs in porous media and physic [76].

In what follows, let [0,7] € R and © C R? (d = 1,2,3) be a bounded connected open set. One model
considered here involves homogeneous Dirichlet and Signorini boundary conditions, each one set on a different
part of the boundary. The Signorini BCs are of the form

w<a, Vi-n<0, and (a—u)Va-n=0 onTy x (0,7). (5.1.1)

Here n still denotes the unit outer normal to 92, which is split into two parts, I'y where the Dirichlet boundary
condition is imposed and I';. The Signorini BCs (5.1.1) typically express the flow of fluid among a domain with
a semi-permeable membrane boundary [76], and unsaturated flow in porous media [64].

We also consider a linear model appearing in financial mathematics, a parabolic obstacle problem where
unilateral conditions are imposed inside a domain,

Oyu — div(AVa) > f, >, and (0u—div(AVa) — f)(a—¢) =0 in Qx (0,7).

This chapter aims to provide preliminary results on the gradient discretisation method for parabolic VIs.
Obtaining a general error estimate will be the topic of future work.

The theoretical results concerning the existence and uniqueness of the solution, as well as its regularity, to
the linear PVIs can be found in foundational studies such as [75, 8, 15, 90]. Discretisation of linear PVIs
is undertaken in various works. In [22], a discretisation framework, using the backwards Euler and Galerkin
methods, is developed for the parabolic Signorini problem.

Regarding P1 finite element methods for parabolic obstacle problem, we refer the reader to [32, 94, 83, 81,
52, 80, 67]. The L>°—convergence and the error estimate for P1 finite element method, applied on triangular
meshes with acute angles, are obtained in [52] under regularity assumptions on the solution (9;z and Az in
L>*(Q2 x (0,T))). [80] provides a posteriori error estimate of order O(h + 7), where 7 is the time step, for linear
finite element method for the parabolic obstacle problem, provided that the initial solution g is smooth.

[13] designs a two-points finite volume scheme for the parabolic obstacle model involving a convection term,
and establishes energy estimates on the approximate solution in a discrete L?(0,7; H}(2)) norm, and on its
discrete time derivative in the L2(£2x (0,7)) norm. Using such estimates, [13] establishes the strong convergence
of the scheme’s solution to the exact solution in L?(Q x (0,T)), as well as the weak convergence of the discrete
time derivative of the scheme’s solution to the time derivative of the continuous solution in L2(2 x (0,T)).
[9] studies a posteriori and a priori error estimates for a discontinuous Galerkin method for parabolic obstacle
problems.

In this chapter, we adapt the gradient discretisation method to the linear parabolic Signorini and obstacle
problems. This adaptation provides a unified convergence analysis of numerical methods for these problems. It
also enables us to obtain convergence theorems of numerical schemes for PVIs. As an application of the gradient
discretisation framework, we extend the HMM method to PVIs.

The outline of this chapter is as follows. Section 5.2 states the continuous parabolic Signorini model and
its weak formulation, and studies the gradient discretisation method for this model. Section 5.3 is devoted to
the parabolic obstacle model. In Section 5.4 we prove some estimates on the approximate solutions for both
models and prove the convergence of the gradient discretisation method. In Section 5.5, we introduce the HMM
method to the parabolic Signorini and obstacle problems. Finally, numerical tests are given in Section 5.6 to
evaluate the behaviour of the method.
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5.2 Parabolic Signorini problem

5.2.1 Notations

Let us start with recalling basic notations of vector spaces to be used throughout the current chapter. If V' be
a Banach space equipped with the norm || - ||y, we denote by LP(0,T;V) the space of Lebesgue measurable
functions w : Q x [0,T] — V such that ||w||Ls(o,1;v) < 00, where

T 1/p
lwl|Le(0,75v) = (/ |[wl[3, dt) , if p# oo,
0
|[wl[Loe (0,7;v) = esssup,e o,y [|w]]v-

The spaces LP(0,T;V) are Banach spaces w.r.t. the above norms. If V is endowed with a Hilbert product
{-,")v, the space L?(0,T;V) is also a Hilbert space w.r.t the inner product

T
(f,9)L2(0,1v) :/o (f,g)v dt.

In what follows, we use these notations with V = H} (Q) for the Signorini problem, and V' = H{ () for the
obstacle problem. Here H{. () denotes to the space of all functions in H'(€2) with zero values on the boundary
I'y. Let v(t) denote the function & — v(x, t).

5.2.2 Continuous model and weak formulation

The first model to be considered is

Oyt — div(AVa) = f in Q x (0,7), (5.2.1a)
@=0 onTyx(0,T), (5.2.1b)
u<a
AVE-n<0 onT'y x (0,7, (5.2.1¢)
(a—w)AVi-n=0
ﬂ(ac,O) = Uy In QX {0} (5.2.1d)

Assumptions 5.2.1. The data in (5.2.1) are assumed to satisfy the following:
1. Q is an open bounded connected subset of R (d = 1,2,3) with a Lipschitz boundary, and T > 0,

2. A is a measurable function from Q to Ma(R) (where M4(R) is the set of d x d matrices) and there exists
A, A > 0 such that, for a.e. x € Q, A(x) is symmetric with eigenvalues in [A, A,

3. 00 =T1UTy, where 'y and I's are measurable pairwise disjoint subsets of 02 such that I's is open and
the measure of I'y is strictly positive,

4. 0<a€Rand f e L?(Qx (0,T)),
5. Ui € K:={ve H} (Q): yv<aonTy ae}.
Based on the set I given in the above assumptions, we define the following closed convex subset of the space
L?(0,T; HE ()):
K = {ve L*(0,T; Hf, (Q)) : v(t) € K for ae. t € (0,T)}.

Let ¢ be an arbitrary point in (0,7') and @ be a classical solution to the above model (5.2.1). Then @ belongs
to the set K, since it satisfies (5.2.1b) and (5.2.1¢). Multiplying Equation (5.2.1a) by @(x,t) — v(x,t), with
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v € K, and following the same idea as in the elliptic model (Appendix 2.A), we deduce that 4 € K satisfies the
inequality, for all v € K,

/@u 2, 8) (u(e, t) — o(x, t))d:c—i—/ A@) Vi@, ) - V(i —v)(@,t) do
/fwt ) — v(a, 1)) de.

Under Assumptions 5.2.1, integrating this inequality over the time interval [0,7T] generates the weak formu-
lation of Problem (5.2.1),

Find @ € KN C°([0,T]; L*(Q)), such that atu € L2(0,T; L*(Q)), u(x,0) = tn;, and

/ /8tu:ct (z,t) —v(x,t)) dwdt+/ /A Wa(z,t) - V(a—v)(z,t)dedt (5.2.2)

g/o /Qf(ar:,t)(ﬂ(a:,t)—v(ac,t))dacdt, for all v € K.

In [74, 44] it is shown that there exists a unique weak solution to (5.2.2). Conversely, let 4 € K be a solution
0 (5.2.2) and for t € (0,T), take
v(x,t) = a(x, t) + p(x,t),

where ¢ is an arbitrary function in C§°(€2 x (0,7")). Taking the function v as a test function in (5.2.2) (because
it belongs to K) gives

T
/ (@i, Dp(@.1) + A@)Va(a.) - Vilo.t) = f(o.Dp(a.0) dedt =0

By integration by part, we see that u satisfies the evolution equation (5.2.1a) in  x (0,7"). The boundary
conditions in (5.2.1) can be verified as in the case of the elliptic model in Appendix 2.A.

Remark 5.2.1. Let the time interval [0,7] be divided into ¢, intervals of length x, where x tends to zero
as £, — oo. Let 1;, be the characteristic function of I; = [ik, (i + 1)k), i = 0,...,¢,. We define a set of
piecewise-constant in time functions by

L,{—{w,{ x,t) le (x) : @602(5) and ¢ < aon I’y a.e.}. (5.2.3)

By the density of the set C%(Q2) N K in K established in [56], every v € K can be approximated by a piecewise
constant function in time w, € L, such that w, converges strongly to v in L2(0,T; H*(2)) as k — 0 (note that
Y(wy) < aonTy x (0,T)). Hence, Problem (5.2.2) is equivalent to

Find @ € KN C°([0,T); L%(Q)), such that 8,4 € L?(0,T; L*(Q)), @(x,0) = tini, and

/ /@u x,t)(u —wy)(x,t) dxdt+/ / x)Vu(x,t) - V(u — wy)(x, t) dedt (5.2.4)

< / / flae,t)(a — w)(x,t)dedt, for all w, € Ly, for all k > 0.
0o Jo
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5.2.3 Discrete problem and main results

In this section, we present the approximate problems for the parabolic Signorini model. As in the elliptic
case, the gradient scheme for such a model is obtained by replacing the continuous spaces and operators in the
weak formulations (5.2.2) by a set of discrete elements called a space—time gradient discretisation. Besides the
notations of previous gradient discretisation (Definition 2.2.3), time steps and interplants are introduced to deal
with the time dependency and initial solutions.

Definition 5.2.2 (GD for time-dependent Signorini problem). Let Q be an open subset of R? (with d =
1,2,3) and T > 0. A space-time gradient discretisation DT for problems with the Signorini and homogeneous
Dirichlet boundary conditions is a family DT = (D, Jp, (t("))nz()’.._,N), where:

1. D= (Xpr,,Ip,Tp, Vp) is a (time-independent) gradient discretisation, whose elements are defined by:

e Xpr,, afinite dimensional vector space on R, taking into account the zero boundary conditions on
Iy,
e the linear mapping Ilp : Xpr, — L?(Q) is the function reconstruction,
e the linear mapping Tp : Xpr, — L?(09) is the trace reconstruction,
e the linear mapping Vp : Xpr, — L? ()% is a gradient reconstruction, which must be defined such
that ||V - [|L2(q)e is a norm on Xpr,.
2. Jp : K — Kp is an interpolation operator, where the discrete set Kp :={v € Xpr, : Tpv < a on I'p},
3.t =0 <tW < .. <t =1
Remark 5.2.2. Tt is classical, for any v = (v(™), =y n € X{)V};, to define the three space-time functions,

the reconstructed function Ipv : Q x [0,T] — R, the reconstructed gradient Vpv : Q x [0,T] — R and the
reconstructed trace Tpv : I’ x [0,T] — R, given by:

pv(-,0) = Opo® and Vn =0,...,N — 1, Vt € (£, "] va € Q,
Mpv(x,t) = HDU("+1)(:B), Vopu(z,t) = va("ﬂ)(w),
and Tpv(x,t) = Tpo™ ) (2).

Setting Stn+2) = ¢+l _ () for p = 0,...,N — 1, and §tp = max,—o,.. N—1 §t(+32) the discrete derivative
dpv € L>(0,T; L*(Q)) of v € ng:i is defined by

L Tro™tD — [Ty
dpu(t) = §(D+2)U == Stn+3) = , foralln =0,...,N —1and t € (¢ ¢t(+1)], (5.2.5)

Based on the above gradient discretisation, the gradient scheme (GS) for the Signorini problem is given in
the following definition.

Definition 5.2.3 (Gradient scheme). The gradient scheme for Problem (5.2.2) consists in a sequence u =
(u("))nzo,m’N C Kp, such that ©(9) = Jpii,;, and for all n =0, ..., N — 1,

/ 6gl+%)u(:l:) p (u"Y (x) — v(x)) dz + / Ax)Vpu™ ) (z) - Vp (u"D) —v)(z) dz
Q Q
((n+1) (5.2.6)
< &(n%l)/ / fla, )Ip(u™ Y (x) — v(x)) de dt, for all v € Kp.
20 Jm) Q
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Multiplying this scheme by 6t(”+%), putting v = v(™, summing over n and using the notations in Remark
5.2.2, the above gradient scheme is equivalent to finding a sequence (u(”))nzopw ~N C Kp such that

u(®) = Jpiis;, and for all v = (v™),—0

.....

T T
-/0 /Q()'Du(t) IIp(u —v)(x,t)dedt + /0 /QA(:I))VDU((E, t) - Vp(u—v)(z,t)dedt (5.2.7)

T
g/o /Qf(as,t)ﬂp(u—v)(ac,t)docdt.

The convergence of this GS is guaranteed by the usual three properties. The coercivity and the limit-
conformity are similar to those in the steady problems, whereas the consistency needs to be modified to include
information on the time steps and initial interpolant. For the sake of completeness, we recall them all.

Definition 5.2.4 (Coercivity). If T > 0 and (DL)men is a sequence of space-time gradient discretisation
in the sense of Definition 5.2.2, then (DL ),.cn is coercive if the sequence of time-independent (D,,)men is
coercive. This means that (Cp,, )men remains bounded, where

Cp =

1I T
Mooz | |l Dvllewm) (5.2.8)

max (
veXp,r, \{0} \ IV r2()e  [[VDVlL2(q)e

Definition 5.2.5 (Space—time consistency). If T > 0 and (DL),,cn is a sequence of space—time gradient
discretisation in the sense of Definition 5.2.2, then (DZ),,cx is consistent if:

1. (Dm)men is consistent, that is, for all ¢ € K, lim,,—o0 Sp,, () = 0, where Sp : K — [0, +00) is defined
by
Vo €K, Sp(p) = min (IMpv — ¢l 220y + VDY — Vol L2(02)a) (5.2.9)

2. Ip,, Jp,, tini — Uini in L?(Q), as m — oo,

m m

3. dtp,, — 0, as m — oo.

Definition 5.2.6 (Limit-conformity). If 7 > 0 and (DI),,en is a sequence of space-time gradient dis-
cretisation in the sense of Definition 5.2.2, then (DI),,cn is limit-conforming if the sequence of time-
independent (D,;,)men is limit-conforming. This means that for all ¥ € C?(Q)?, lim,,, o Wp,, (1) = 0, where
Wp : C?(Q) — [0, +00) is defined by

‘ / (Vpv - + pvdiv(ey)) de — 1 -nTpvdx
Q

Y € CHQ), Wp(y)=  sup S =
vEXD ry \{0} V| L2y

Remark 5.2.3. As in the nonlinear elliptic Signorini problem (see Remark 4.2.2), we need to define Wp in the
above definition only on smooth functions ¥ € C?(€). Since the convergence of the GS is proved based on the
compactness technique, this definition is sufficient to use Lemma 5.4.1 throughout the proof of convergence.

The convergence results of the gradient scheme for the Signorini problem is stated in the following theorem,
whose proof is detailed in Section 5.4.2.

Theorem 5.2.7 (Convergence of the GS for the Signorini problem). Under Assumptions 5.2.1, let
u be the unique solution to (5.2.2). Let (DI)en be a sequence of space—time gradient discretisations in the
sense of Definition 5.2.2, that is coercive, space—time consistent and limit-conforming in the sense of Def-
initions 5.2.4, 5.2.5 and 5.2.6, and such that Kp,, is a nonempty set for any m € N. Also, assume that
(IIV D, Jp,, Uinil| L2 ()4 )men is bounded. Then for each m € N there is a unique solution u,, € ng:'H to the
scheme (5.2.6) with DT = DL and, as m — o,
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1. Up, uy,, converges strongly to @ in L°°(0,T; L*(Q2)),
2. Vp,, um converges strongly to Va in L2(2 x (0,T))?,
3. Op,, um converges weakly to Oyt in L*(Q x (0,T)).

5.3 Parabolic obstacle problem

5.3.1 Continuous model and weak formulation

This section is concerned with a linear parabolic obstacle model given by

(0yu — div(AVa) — f(lu—¢) =0 in Qx (0,7), (5.3.1a)
Ou — div(AVa) > f in Qx (0,7), (5.3.1b)

u>1 inQx(0,7), (5.3.1¢)

=0 ondQx(0,T), (5.3.1d)

w(x,0) = Uiy in Q x {0}, (5.3.1e)

with the following assumptions on the data:
T >0, and 2 and A satisfies Items 1 and 2 in Assumptions 5.2.1,
feL*(Qx(0,T)) and ¢ € H'(Q) N C(Q), such that ¢» <0 on 9L, (5.3.2)
Ui € K :={v € HH(Q): v>1)in Q}.
The time-dependent closed convex subset of the space L%(0,T; H}(2)) is defined by
K = {ve L*0,T; H;(Q)) : v(t) € K for a.e. t € (0,T)}.

If @ is a solution to (5.3.3), then @ belongs to the set K. Assume (5.3.2) hold. Following standard variational
techniques (as in the case of the elliptic model, Proposition 2.A.2), the weak formulation of Problem (5.3.3) is:

Find @ € KN C°([0,T]; L*(Q)), such that d,u € L?(0,T; L*(Q)), @(x,0) = i, and

T ) T - _
/O /Qatu(a:,t)(u(:c,t)—v(m,t))dwdt-ﬁ-/o /QA(:B)Vu(:c,t)-V(u—v)(%t)dwdt (5.3.3)

T
< /0 /Qf(a:,t)(u(w,t) —v(x,t))dedt, forallvek.

It has been proved in [74, 44] that there exists a unique weak solution to Problem (5.3.3). Indeed the set K
contains ¢T (it belongs to H}(€2)) and thus the set K contains the constant in time function ¢ ~ .

Thanks to the fact that the set C?(2)NK is dense in the set K (proved in [56]), Remark 5.2.1 is still applicable
to the obstacle problem, and the weak formulation (5.3.3) can be recast as

Find 4 € KN C°([0,T]; L*(R)), such that d,u € L?(0,T; L?(Q)), @(x,0) = iy, and

T ) T - i
/O /Qatu(z,t)(u—wﬁ)(w,t)dwdw/o /QA(w)Vu(w,t)-V(u—wn)(w)dwdt (5.3.4)

T
< / / flx,t)(u — wg)(x,t)dedt, for all w, € Ly, and for all k > 0,
0o Jo

where

L, = {w,{(m,t) = Z 17,(t)pi(x) : ¢ € C*(Q) and ¢ > ¢ in Q} . (5.3.5)
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5.3.2 Discrete problem and main results

Definition 5.3.1 (GD for time-dependent obstacle problem). Let  be an open subset of R? (with
d=1,2,3) and T > 0. A space-time gradient discretisation DT for the obstacle problem with homogeneous
Dirichlet boundary conditions is a family DT = (D,vp, Jp, (1) n=o.... n), where:

1. D= (Xp,,IIp,Vp) is a gradient discretisation in the sense of Definition 2.2.5,
2. p € L*(Q) is an approximation of the barrier v,
3. Jp : K — Kp is an interpolation operator, where Kp := {v € Xpr, : Hpv > ¢p, in Q},

4. 1O =0 <M <« . <t =T,

Remark 5.3.1. We define here the set p based on the approximate barrier ¢»p € L?(2) to be able to construct
an interpolant that belongs to KCp. This is unlike the Signorini problem where the barrier a is assumed to be
constant to use the density results, and thus there is no need to use an approximate barrier.

With the notations recalled in Remark 5.2.2 and using the discrete elements given in the above definition,
the gradient scheme for (5.3.3) is: seek u = (u(™),—o_ N C Kp, such that u(®) = Jpis,; € Kp and for all
n=0,.,N—1,

/ 5gz+%)u(w) Hp(u(n+1)(w) —v(x))de + /Q A(w)VDu(n—i-l)(a;) . Vp(u(n-H) —v)(z)dx

¢(n+1)
- t(n+ ) /

Applying this scheme to v = v, multiplying by 5t +2) and summing over n = 0,..., N, we obtain an
equivalent problem consisting in finding a sequence (u("))nzo,m7 ~N C Kp such that

(5.3.6)
/ fa, )Ip (™ (x) — v(x)) de dt, for all v € Kp.
Q

u(®) = Jpiisy; and for all v = (v" =1, N C Kp,

/ /(5Du Ip(u —v)(x,t) dxdt—l—/ / z)Vpu(z,t) - Vp(u —v)(x,t)dedt (5.37)

g/o /Qf(a:,t)HD(ufv)(m,t) da dt.

The three properties used to assess the convergence of the above gradient scheme are listed in the following
definitions.

Definition 5.3.2 (Coercivity and limit-conformity). Assume that 7" > 0 and (DI),,en is a sequence of
space-time gradient discretisation in the sense of Definition 5.3.1. Then the sequence (DL ), is:

1. coercive if the sequence of the gradient discretisation (D, )men is coercive; that is (Cp,, )men remains
bounded, where Cp is given by (2.2.8),

2. limit-conforming if the sequence of the gradient discretisation (Dj,)men is limit-conforming; for all
P € Hyiy (), limy, 00 Wp,, (¥) = 0, where Wp is defined by (2.2.10).

Definition 5.3.3 (Space—time consistency). If T > 0. A sequence (DI),,en of space-time gradient dis-
cretisation in the sense of Definition 5.3.1 is consistent if:

1. (Dm)men is consistent; that is, for all ¢ € K, lim,;, 00 Sp,, () = 0, where Sp : K — [0, +00) is defined
by
Y€ K. So() = min (Illpv — @lsee + Vo0 ~ Vel izaye). (535)
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2. p, — 1 in L?(Q), as m — oo,

3. lp,, Jp,, ini — Uini in L?(Q), as m — oo,

4. otp, — 0, as m — oo.

The following theorem, whose proof is identical to that of Theorem 5.2.7 and therefore is omitted, states the

convergence of the gradient scheme to a weak solution of the obstacle problem. The inclusion of the approximate
barrier ¥p in the discrete set Kp does not entail any major change in the convergence analysis.

Theorem 5.3.4 (Convergence of the GS for the obstacle problem). We assume (5.3.2) and consider
a sequence (DL )men of space—time gradient discretisations, in the sense of Definition 5.3.1, that is coercive,
limit-conforming and consistent in the sense of Definitions 5.3.2 and 5.3.3, and such that Kp,, is a nonempty
set for any m € N. Also, we assume that (||Vp,, JDmﬂiniHLz(Q)d)meN s bounded. Let u be the unique solution

to (5.3.3). Then for any m € N there is a unique solution u,, € Kg::“ to the GS (5.2.6) with DT = DL and
the following convergence occur, as m — 0o:

1. Up_ Uy — 4 strongly in L>(0,T; L?(Q2)),
2. Vp, um — Va strongly in L>(Q x (0,T))<,
3. Op,, Um — Oyl weakly in L*(Q x (0,T)).

5.4 Proof of the convergence of GS for the Signorini problem (Theorem
5.2.7)

5.4.1 Technical lemmas

To prove the convergence result, we establish here some estimates on the scheme’s solution and its gradient.
Let us first recall the results of [37, Lemma 4.7] concerning the regularity of the limit in the space—time setting.

Lemma 5.4.1. Let (DL),,cn be a sequence of space-time gradient discretisations in the sense of Definition
5.2.2, which is coercive and limit-conforming in the sense of Definitions 5.2.4 and 5.2.6. Let u,, € Xg::"fi be

such that (|[Vp,, um||r2(0.1,12(0)2))men is bounded. Then, there exists u € L*(0,T; HE (Q)) such that, up to a
subsequence, as m — oo,

p, t, — @ weakly in L*(Q x (0,T)),

Vo, Uy — Vi weakly in L?(Q x (0,T))4,

Top,, Um — v weakly in L*(0Q x (0,T)).
Lemma 5.4.2 (Interpolation of space—time functions). For T > 0, let (D1),.en be a sequence of space—
time gradient discretisations in the sense of Definition 5.2.2, that is space—time-consistent in the semse of

Definition 5.2.5. Let w,, € L, be a piecewise constant in time function, where L, is the set defined by (5.2.3).
Then the following statements hold.

1. There exists a sequence (Wy,)meN Such that w,, = (wﬁ,f))nzo,wNm € ICg::'H for all m € N, and, as
m — 00,

Ip, wy, — W, strongly in L*(Q x (0,T)), (5.4.2a)
Vo, wm — Vi, strongly in L*(Q x (0,T))% (5.4.2b)



5.4 Proof of Theorem 5.2.7 93

2. If (DL),.en is coercive and limit-conforming in the sense of Definitions 5.2.4 and 5.2.6, then the sequence
(Wi )men @n Item 1 also satisfies

Top,, wm — V(W) weakly in L*(0Q x (0,T)), as m — occ. (5.4.3)

Proof. Since the set L, is defined in Remark 5.2.1, write w,(x, t) = Zf;l 17, (t)p;(x) such that ¢; € C2(Q)NK.
Let s € (0,7) and choose n := n(s) such that s € (t™() D] Let w,, € Xp 1, be defined by w,, =
>y 1, (D) Py, and

Pp, (¢) = al‘“gglcmin (”HDm'U —¢llz2) + Vo, v — V<p||Lz(Q)d). (5.4.4)
v DWL

For i = 1,...,4,, we define x%, : (0,T) — R by x’,(s) = 1,(t"®)*+D) for s € (0,T). Using the relation
ab —cd = (a — )b+ ¢(b — d), we obtain, for all s € (0,7) and a.e. x € Q,

)

K

0
(Ip,, wm — W) (@, 5) = > (X (s) = 11,(5)) Ip,, Pp,, pi(x) + > _11,(s) (p,, Pp,, i — ¢i) ().
1 =1

3

An application of the definition of Sp,_ yields

m

0
ITp,, wm — Bx |2 @x0.17) < Y 11X (8) = 11,(8)l | L2019 [T, P, 5l 120

=1
0
+ Z 1111, (s)l|z2(0,7) |, P, i — @il lL2(0) (5.4.5)
=1
l . Ly
<Y X (8) = 11, () 20,1y (Sp,, (02) + il lL2(ey) +C1 Y Sp,, (94),
=1 i=1

where C; = ngl I111,||z2(0,7)- From the consistency property, it follows that Sp, (@) — 0 as m — oo, for
any i = 0, ...,{,, implying that the second term on the right-hand side vanishes. In the case in which both s,
t(($)+1) ¢ T; or both s, t(M$)+D) & [, the quantity x%, (s) — 17,(s) equals zero. In the case in which s € I; and
t)+) ¢ T, or s ¢ I; and t*)+D) € I; one can deduce (writing I; = [a;, b;] and because s is chosen such that
|s — t(()+H)| < §tp

a; + 5tpm] U [bi - 5tDm;bi + 6tDm])

m?

X0 (8) = 11,(8)l|Z2 0,7y < measure([a; — dtp
< 46tp,,.

This shows that the first term on the right-hand side of (5.4.5) tends to zero when m — oo. Hence, (5.4.2a)
is concluded. The proof of (5.4.2b) is obtained by the same reasoning, replacing @, by Vw, and IIp_ w,, by
Vop,, Wm. Item 2 follows by applying Lemma 5.4.1 to vy,. ]

Lemma 5.4.3 (Estimate on the discrete gradient and time derivative). Under Assumptions 5.2.1, let
DT be a space-time gradient discretisation in the sense of Definition 5.2.2, such that Kp is a nonempty set,
and let u € Kp be a solution of the gradient scheme (5.2.6). If ||VDJDTLiniHL2(Q)d is bounded by Cs, then there
exists a constant Cs > 0 only depending on Co and f, such that

[[0pul|L2(@x (0,1)) + IVDUl| o0 (0,7;22(02)4) < Cs. (5.4.6)
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Proof. Setting, as a test function in Scheme (5.2.6), the function v := u(™ (it belongs to Kp) leads to
1 ) (D) )
stmtd) [ stz qg 4 / AVpu™ D) V(D) — M) dz < / Ut udzdt.  (5.4.7)
Q Q ¢(m) Q

Using the fact that (r —s) -7 > [r|? — L|s|? with r = AY2Vpu™* and s = AY2Vpu™, it follows
A
/ AVpu™D) . Vp (u ) — (W) de > 5/ (|Vpu(”'“)|2 - |Vpu(”)|2) de.
Q Q

Plugging this inequality into (5.4.7) gives
Hnt1)

n+is5 A
515(”"’_%)/ |§(D+§)u|2da:+§/ (|V'Du(n+1)|2_|VDu(n)|2) dazg/
Q Q t

/ fég“r%)u dx dt.
) Q

We sum this inequality on n =0, ...,m — 1, for some m =0, ..., N, to obtain

t(m’) t(m)
A
/ /|§Du|2dw+:/ (|vDu<m>|27 |vDu<0>|2) da g/ /fdpuda:dt. (5.4.8)
0 Q 2 Jg 0 Q

Applying the Cauchy-Schwarz’ and Young’s inequalities to the term on the right-hand side implies that, for all
m=0,...,N,

t(m)

1 1
/0 o fopudedt < §||f||2L2(QX(o,t(m))) + §||5DU||%,2(QX(0¢(17L)))-

Substituting this relation into the inequality (5.4.8) leads to, for all m =0, ..., N,

1 A m 1 A
§||5DU||%2(QX(O¢<7”>)) + g /Q |VDU( )|2d$ < §||f||%2(ﬂ><((),t(m>)) + §||VDU(O)H%2(Q)d'

Thanks to the fact that sup,, (a,) + sup,, (bn) < 2sup,,(an, + by), taking the supremum on m =0, ..., N gives

1 A "
§|\5DU||L2(Qx(o,T)) +5 sup / IVou™ [ de < || £1I72(0x 0.1 ‘*‘AHVDU(O)H%%QW
m=0,....N Ja

This leads to Estimate (5.4.6). O

5.4.2 Proof of Theorem 5.2.7

The proof follows the same compactness technique used in Chapter 4. It is divided into three steps.

Step 1: existence and uniqueness of an approximate solution.
Note that at any time step (n + 1), we need to solve a gradient scheme for a linear elliptic variational

inequality: setting o = pRCE=SE find u("*1) € KCp, such that for all v € Kp,
t 2

b(u(n+1)’u(n+1) _ U) < L(u("+1) _ ’U), (549)

with the bilinear form b(v,w) and the linear form L(w) respectively defined by

b(v,w) = a/ Ipvllpwdx + [ Vpv-Vpwde, forallv,w e Kp and
Q Q
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L(w) = /Qfﬂpw dx + oz/Q pu™Tpw dz, for all w € Kp.

The assumptions for Stampacchia’s theorem can easily be verified, and therefore there exists a unique weak
solution to (5.4.9). This leads to the existence and uniqueness of the solution to (5.2.6).

Step 2: convergence towards the solution to the continuous model.

Applying Estimate (5.4.6) to the sequence of solutions (um,)men of the scheme (5.2.7) shows that the norm
[IVD,, uml||L2(@x(0,7))¢ i3 bounded. Using Lemma 5.4.1, there exists a sequence, still denoted by (DL),men, and
w € L*(0,T; HE (€2)), such that, as m — oo, Ilp, up, converges weakly to @ in L?(Q x (0,7)) and Vp,, tm,
converges weakly to Va in L2(2 x (0,7))%, and Tp,, u,, converges weakly to v(u) in L?(9€2 x (0,T)). Since
Um € Kp,,, passing to the limit in Tp,_ u, < a on I'y shows that y(u) < a on I'y x (0,T), because I'y is
an open set in 9. Thanks to [37, Theorem 4.31], Estimate (5.4.6) shows that @ € C([0,T]; L?(2)), Ilp,, tm
converges strongly to % in L>(0,T; L%(Q)) and dp,, u,, converges weakly to 9, in L?(0,T; L?(Q2)). Recall that

u$2> = Jp,, Uini, therefore the space-time consistency shows that Ilp, ugg) converges strongly to @i,; in L2(Q), as
m — oo. Hence, i € C([0,T]; L2(2))NK and 4 satisfies all conditions except the integral inequality imposed on
the exact solution of Problem (5.2.2). Let us now show that this integral relation holds. According to Remark

5.2.1, it is sufficient to show that % is a weak solution to (5.2.4). The L?~weak convergence of Vp, u,, yields

m—r0oQ

T T
/ / AVa - Vudz dt < lim inf/ / AVp, tum - Vp,, u,dedt. (5.4.10)
o Ja o Ja

Fix k > 0 and let w,, € L;. Thanks to Lemma 5.4.2, there exists a sequence (W, )men such that w,, € ng’:'H

and Ip,, w,, converges to 1w, strongly in L2(Q2x (0, 7)) and Vp,, w,, converges to Vi, strongly in L2(Q2x (0, T))4.
Setting v := w,, as a test function in the scheme (5.2.7), Inequality (5.4.10) implies that

m—roo

T
- / / 0p,, umIp,, (Um — wp,) de dt}
0 Q

Using the convergences of u,, and w,, leads to

T T T
/ / AV - Vide dt <liminf [/ / flp,, (U — wy,) dedt + / / AVp, Upm - Vp,, Wy de dt
0o Ja 0o Jo 0o Ja

T T T
/ /AV@-VﬂdmdtS/ f(a—w,@)dmdt+/ /AV@-V(a—w,ﬁ)dwdt
0 Q 0 Q 0 Q

T
—/ /ata(a—wm)dmdt,
0 Q

which shows that @ is a weak solution to (5.2.4).

Step 3: proof of the strong convergence of the discrete gradients Vp,_ u,.
In view of the discrete inequality (5.2.7) and the previous convergences, we have

m—r o0

T T T
limsup/ /AVDmum~meumda:dt§/ /f(ﬂfﬁ/,@)d:cdtJr/ /AVz‘rvw,{dmdt
o Ja 0o Ja 0o Ja
T
—/ /0tﬂ(@—wﬁ)dwdt, for all w,, € L,
o Ja

According to Remark 5.2.1, for any ¥ € K, we can find (w0, ).>0 that converges, as k — 0, to v in L2(0,T; H*(f)).
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Therefore, we infer

T T T
lim sup/ / AVp, Uup - Vp,, tum dedt < / / f(a—v)dedt+ / / AVa - Vodadt
m—oo J(Q (9] 0 Q 0 Q
T
—/ / ovu(u —v)dedt, for all v € K.
o Ja

Taking v = @ in this inequality yields

m—r 00

T T
lim sup/ / AVp, up - Vp, updedt < / / AVa - Vadzdt.
Q o Ja

Together with (5.4.10), we deduce

T T
lim / / AVp, up - Vp, updedt = / / AV - Vadzdt.
m—r 00

Thanks to this relation and the weak convergence of Vp_ u,,, we see that

m

0< limsupg/ / |V — Vo, um|* dz dt
0 Ja

m—r oo

T T T
< lim sup [/ AVu-Vu+ / / AVop, Um - Vo, U dedt — / AVa - Vp,, uy, dedt
0o Ja Q 0o Ja

m—roo

which completes the proof.

5.5 Application to the HMM method

5.5.1 HMM method for the parabolic Signorini problem
We still use here the notions of polytopal mesh T of 2, given in Definition 2.2.9. The discrete space to consider

is
Xpr, ={v=((vk)kem: (Vs)oece) : vk € R,v, € Rjv, =0 for all 0 € Egyy, such that o C Ty} (5.5.1)
The mesh is assumed to be compatible with the boundary: for any o € &, there is ¢ = 1,2 such that o C T;.
The operators IIp, Tp and Vp are still defined by (3.3.1), (3.4.2) and (3.3.2). The discrete set Kp is defined
by
Kp:={veXpr, : v, <aono, for all o € Eex such that o C Ty}

The interpolation operator Jp is defined by: for all ¢ € K, Jpp = v € Kp is defined by

K
VK = \K|/ z)de, VK eM

(5.5.2)
Vg = —/cp(:r,)dac, Vo e €.
ol Jo
The gradient scheme (5.2.3) stemming from such a space-time GD can be written as
Find (u("))nzo,m’N C Kp s.t., w9 = Jpii;, and for all n = 0,..., N — 1, for all v € Kp
K| (1) () [, () (n+1) (n+1)
Z 51D (uK — Uy )(uK —v)+ Z |IK|AkViku Vi (u —0) (5.5.3)
KeM KeM
+ 3 Ri® =) BieRi () < 30 (Y <) [ 00 da
KeM KeM
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Here, for all n = 0,..., N — 1, the function f(®*1) is the average over (t™ t("*1)) of f(z,-). The matrix By,
Ak, Vi and Rk are defined in Section 3.2.

Proposition 5.5.1. Let (DL),.en be a sequence of HMM space—time gradient discretisation given by (5.5.1),
(3.3.1), (3.4.2), (3.3.2) and (5.5.2) for certain polytopal meshes (Tp)men. Assume that there exists 0 > 0, not
depending on m, such that (4.5.4) and (4.5.5) hold.

Then the sequence (DL)men is coercive and limit-conforming in the sense of Definitions 5.2.4 and 5.2.6. If
otp,, — 0 as m — 0o, then (Duy,)men is space—time consistent in the sense of Definition 5.2.5.

Proof. Recall that a sequence of space-time gradient discretisation (D, Jp,,, (t("))n:0,17___7 N,,)meN 1S coercive
(resp. limit-conforming) if its space-independent time (D, )men is coercive (resp. limit-conforming). Therefore,
the coercivity and the limit-conformity for (DL ),,en considered here follow from Proposition 4.5.1.

It remains to prove the space-time consistency. Thanks to the density of C?(Q)NK in K, the consistency of the
spatial gradient discretisation D also follows from Proposition 4.5.1. Let v, = ((vK)kem,, s (Vo)oce,,) € Kp,,
be the interpolant such that v,, = Jp, Gii. Applying [37, Estimate (B.11), in Lemma B.7] with p = 2, we can
find C4 not depending on m such that

l|tini(2) — v |2 (k) < Cahi||Viini(x)||L2(ky, YK € Moy,
Squaring this estimate and summing this relation over K € M,, gives
|@ini — TpJp,, Ginil[72 0y < CFhA,, |Vl 72 (o) -
This shows that lim,,, o ||%ini — Ip, Jp, Uinil|r2(Q) = 0 and concludes the proof. O
m m ( )

It is shown in [37, Proof of Theorem 12.12] that, for ¢ € W1P(Q), there exists an interpolant v, =
((vg)Kem,, (Vs)see,,) € Xp o defined by (5.5.2), and there is 0 < Cs not depending on m such that

[V, vmllLe@ye < Csl|Vol|Lr(aye-

Applying this estimate (with p = 2) to ¢ = @in; and vy, = Jp,, Uini shows that ||Vp,, Jp,, Uinil|£2(0)e is bounded.
With these properties, the convergence of the above HMM scheme is a consequence of Theorem (5.2.7).

5.5.2 HMM method for the obstacle problem

We consider the space-time gradient discretisation D, whose elements Xp,o, lIp, Vp, Jp are respectively
defined by (4.5.1), (3.3.1), (3.3.2) and (5.5.2). We define the element 9p as the function equal to ¥ i on K, for
each K € M. Using the scheme (5.3.7) with this particular gradient discretisation DT yields the HMM method
for the parabolic obstacle problem. Setting Kp := {v € Xpoy : vk > ¢k in K, for all K € M}, this method
is given by

Find (u™),—0,...y C Kp s.t., Jpiini = u(®, and for all n = 0,...,N — 1, for all v € Kp
Z | K| (u(n-‘rl) _ u(”)) (u(n) —0) + Z IK\AKVKU(”“) . VK(u(n+1) —v)
otlrd) LR/ (5.5.4)
KeM Kem
+ >0 R =) "BRi (™) < 37 (uitt — o) / £ g
KeM KeM K

where ¢ = £, ¥ dz (the mean value of ¥ over K).

In Section 4.5.2, we show that the sequence of HMM space-independent time (D,,)men considered here is
coercive, consistent and limit-conforming. The space-time GD consistency and the boundedness of the norm
[|Vp,, Jp,, Uini||L2(0)e can exactly be verified as in Section 5.5.1. With the above definition of ¢)p, we can obtain
the convergence of (¢p, )men to ¥ in L2(£2) as in the proof of the convergence of Jp_ i, in the previous

section. Theorem 5.3.4 provides, therefore, the convergence of the scheme (5.5.4) under the assumptions (4.5.4)
and (4.5.4).
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5.6 Numerical results

We present here two numerical tests to illustrate the numerical behaviour of the HMM schemes for the parabolic
Signorini and obstacle problems.

In Section 3.2, we introduce the formula of the fluxes (Fi o(u))kem,oce defined for v € Xpp, for the
Signorini problem and v € Xp o for the obstacle problem. The HMM methods (5.5.3) and (5.5.4) can be
re-written in terms of the balance and conservativity of the fluxes in the following ways:

e Parabolic Signorini problem:
m(K)
§t(n+3)

(u<n+1> - u(")> + Y Fro™) =m(K)fY, VK e M, ¥n=0,..,N -1,

c€EK
Fr o™ 4+ Fp ,(u™™) =0, VYoec&xkn&, L#K,¥n=0,..,N—1,
uf,”H) =0, Vo € &y such that o C Ty, Vn=0,...,N —1,
FKJ(U(”H))(aU — ug"+1)) =0, VK eM,K o€k, suchthatc CI's, Vn=0,...,N — 1,
—FKﬁg(u(”H)) <0, VK e M, Vo€ suchthato CTy, Vn=0,....N —1,
ug""'l) < ay, Vo € Eext such that o C Ty, Vn=0,...,N —1.
e Parabolic obstacle problem:
m K n n
((3 (4™ = u) 4 3 Fiea (WD) = m(E) *”) (W — ) = 0,
st(ntz)
oc€lK
VK e M, Vn=0,...,.N—1,

m(K)
St(n+3)

(w0 ™) 4 37 Fre o (u) > m(E)FE, VK € M, ¥n =0, N~ 1,

oc€lk
(n+1) _
Upe >V, VKeM,Vn=0,...,N—1,
Fro(@™) + Fp o(u™Y) =0, Voe&xnNEL, K#L, ¥n=0,..,N —1,
u((,"H) =0, Vo€&x, /n=0,...,N—1.

For both problems, at any time step n, we need to solve a nonlinear system of equations. We apply the
monotonicity Algorithm 1 to solve the nonlinear system for the Signorini problem and Algorithm 2 for the
obstacle problem.

Test 5.6.1. We consider the Signorini problem (5.2.1), in which the domain is square Q = (0,1) x (0,1) with
I'; = {0} x [0,1] and 'y the remaining boundary of . The time interval is [0, 7] = [0, 0.5], the initial condition
and the barrier are u4j,; = a = 0. The source term f is given by

f®) =2(y —t)(1 4 cosmx).

Figure 5.1 shows the HMM solution to this parabolic Signorini problem at ¢t = 0.1 (left) and at the final time
t = 0.5 (right) on a hexahedral mesh, which is of size h = 0.07 and has 80 edges on I's. In this experiment,
we take as time step 0t = 0.01. The graph indicates that the approximate solution at t = 0.5 switches from
homogeneous Dirichlet to homogeneous Neumann around the mid-point of the boundary I's whereas there is
no change in the constraints at ¢ = 0.1. We conduct also the test on a “Kershaw” mesh as in Figure 3.5 (right).
This mesh has size h = 0.11 and 51 edges on I'3. The results are shown in Figure 5.2. Although this type of
mesh presents extreme distortions, the HMM scheme still captures the shift in the constraints, that happens in
the case where ¢t = 0.5.
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Figure 5.2: Test 5.6.1: the HMM solutions on a “Kershaw “ mesh at t = 0.1 (left) and ¢ = 0.5 (right)

Test 5.6.2. In this experiment, we consider the obstacle problem (5.3.3) with particular data as in [19]:
Q= (-1,1)2,T=0.1, f = —4 and @; = ¥, where the barrier function v is chosen such that

Y(z,y) = max{0, —0.1 + 0.6 exp(—1072),0.5 — r}, with r = /a2 +y2.

The test is performed on two different mesh types; a mesh consisting of 6561 hexagonal cells and a cartesian
mesh with 4096 cells. The time step is 0t = 0.005. Figure 5.3 presents the HMM solution to the above obstacle
problem computed at the final time 7' = 0.1. The difference function v — 1 at ¢ = 0.1 is plotted on Figure 5.4
with the same types of meshes.

Figure 5.5 provides a presentation of the coincidence set based on a hexahedral mesh (left) and a cartesian
mesh (right). The black area presents the set of cell centers where the approximate solution u reaches the barrier
1. For the cartesian mesh, the contact regions are very similar to the ones obtained by the finite difference
method in [19]. For instance, the maximum y ordinate of points x € 2, where the solution is strictly larger
than the obstacle, is located around y = 0.6.

Solving parabolic variational inequalities in practice is more expensive than linear parabolic partial differential
equations models. At each time step, we iterate to solve a number of systems of elliptic equations (see Algorithm
2). To determine the initial two sets T and J introduced in Algorithm 2, we assume that 10 = M, that is the
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solution is everywhere equal to the barrier at the initial step. After determining the final T and J at time ¢("),
we use these sets as initial guesses for the monotonicity algorithm at time ¢, Given that the solution to
the PVI is not expected to move a lot between t(™ and ¢t("*1) these initial guesses are not far from the correct
regions at time ("1, As a consequence, the number of iterations is reduced as the time step increases. This
is illustrated in Table 5.1; from 8 iteration (starting from the guess I(®) = M) at t(1) to 2 iterations at time ¢(*)
and after.

Figure 5.3: The HMM solutions for Test 5.6.2 on a hexahedral mesh (left) and on a cartesian mesh
(right).
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Figure 5.4: Test 5.6.2: the difference function v — 1) on a hexahedral mesh (left) and on a cartesian
mesh (right).
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Figure 5.5: Test 5.6.2: coincidence set to the HMM solutions, a hexahedral mesh (left) and a cartesian
mesh (right).

Table 5.1: Test 5.6.2: relation between time steps (n) and number of iterations of the monotonicity
algorithm (NITER).

Hexahedral mesh
Timestepn |1 23|45 | N
NITER 813 (3|22 1

Cartesian mesh
Timestepn |1 2|3 |4 |5 | N
NITER 612222 1




Conclusion

We extended a gradient discretisation method framework to elliptic and parabolic variational inequalities. For
linear elliptic problems, we established, based on the three quantities constant and functions, general error
estimates and orders of convergence. These results present new, and simpler, proofs of optimal orders of
convergence for some methods previously studied for variational inequalities. They also allowed us to establish
new orders of convergence for recent methods, designed to deal with anisotropic heterogeneous diffusion PDEs
on generic grids but not yet studied for the variational inequalities. Using the GDM framework, we provided
a unified and complete convergence covering all numerical schemes contained in this framework, for nonlinear
elliptic and linear parabolic variational inequalities. Based on a limit number of properties, we presented a
proof that does not require uniqueness of a solution or strong assumptions on the solution.

As an application of the GDM framework, we designed an HMM method for elliptic and parabolic Signorini
and obstacle problems. We also proved the convergence of the method towards the exact solution in the
nonlinear elliptic and linear parabolic variational inequalities, as well as, we obtained the rate of convergence in
the linear elliptic case. We introduced an easy implementation processes including the monotonicity algorithm
to calculate these solutions in practice.

Through various numerical tests, we showed the efficiency of the HMM method in solving variational inequal-
ities on generic meshes, especially, in determining the location of the seepage point in the seepage model. Tests
with analytical solutions were considered to confirm the validity of the general error estimates.
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