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ADAPTIVE FINITE ELEMENTS FOR VARIATIONAL
INEQUALITIES WITH NON-SMOOTH COEFFICIENTS.

Z. BELHACHMI AND F. HECHT

ABSTRACT. We consider an elliptic variational inequality with discontinuous
coefficients arising in unilateral contact mechanics in linearized elasticity. The
contact zone is an internal boundary separating sub-domains with difference
elastic properties. We study some discrete formulations with mixed finite el-
ement methods and we give optimal error estimates in appropriate norms,
independent of the variation of the elasticity coefficients. The focus of the
article is the a posteriori analysis with residual error indicators. It is achieved
both for the conforming and nonconforming discretization, in a unified frame-
work. The residual error indicators are well suited to handle non-matching
meshes and the contact conditions, and they allow us to obtain sharp and
robust a posteriori estimates. An adaptive solution algorithm is proposed and
few numerical experiments confirming the theory are presented.

1. INTRODUCTION

The numerical implementation of contact and impact problems in solid mechan-
ics is usually based on finite element tools [50, 29, 39]. The choice of the finite
element methods which are both easy to implement, accurate from the theoretical
point of view and of low cost is crucial for these simulations. Such choice requires
the use of a priori and a posteriori analysis tools to design efficient discretization
strategies.

There has been a lot of progress in the numerical solution of such problems since
the pioneering works in the 70’s, see [27, 29, 39, 50] for an exhaustive bibliography.
Working with linear (and quadratic) finite elements, various discrete formulations,
depending on the modelling of the contact conditions at discrete level, were ad-
dressed in many studies [29, 14, 15, 39, 50, 25, 41, 20, 9, 5, 44, 35]. In particular, a
priori error estimates and numerical algorithms for solving such variational inequal-
ities have been extensively studied. On the contrary, the a posteriori analysis and
adaptive strategies have not been sufficiently developed, particularly for problems
of Signorini type. In fact, most of the existing studies are devoted to obstacle prob-
lems where various error estimators are studied. We refer the reader to [24, 1, 37, 17]
and the references therein.

For frictionless unilateral contact problems, the residual based method using a
penalized approach is considered in [16] (see also the references therein). The study
of the error in the constitutive law is performed in [21], an error indicator based on
equilibrated fluxes in [49], and a residual error estimator for the Signorini problem
is considered in [32, 33].

1991 Mathematics Subject Classification. 35J85,656N30,74M15.
Key words and phrases. Adaptive finite elements method, unilateral cracks in contact mechan-
ics, linear elasticity, a posteriori analysis.
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Most previous works dedicated to unilateral contact problems consider a contact
between a deformable and a rigid body or the contact between two deformable
bodies, in homogeneous linearized elasticity. Our aim in this paper is to consider
contact problems for nonhomogeneous linearized elasticity that rely on the study of
a variational inequality with discontinuous coefficients: the elasticity coefficients are
smooth on a finite number of subdomains. These models describe, for example, the
unilateral crack propagation in dissimilar media or the delamination in composite
materials (see [2]).

It is our goal to prove a priori and a posteriori estimates that are indepen-
dent of the size of the jumps in the coefficients across the interfaces between the
subdomains. We consider both the conforming and nonconforming discretization,
and we perform their analysis in a unified framework. In particular we introduce
new residual error estimators that take into account the contact conditions and
the non-matching grids at the interfaces of the sub-domains. The residual error
indicators are easily computable and we obtain sharp estimates without any satu-
ration assumption or any extra regularity assumption. The scaling factors of the
error estimators allow to handle correctly the local ratio between adjacent coeffi-
cients. As the meshes should be aligned with the discontinuities, we build a new
quasi-interpolation operator of Clément type [19]. This operator and the use of
appropriate norms allow us to obtain estimates for the interpolation error that are
independent of the size of the jumps of the coefficients. The a posteriori analy-
sis presented in the article covers, as largely as possible, the most realistic model
of frictionless unilateral contact in the framework of nonhomogeneous linear elas-
ticity and could be extended straightforwardly to the anisotropic elasticity. The
numerical experiments show the convergence of the adaptive strategy and are in
accordance with the theoretical results.

The outline of the paper is as follows. We consider the variational formulations
and prove well posedness results in Section 2. In section 3, we describe the discrete
problems, we prove a priori estimates and we perform the convergence analysis.
In Section 4, we perform the a posteriori analysis, we introduce the residual error
indicators and prove upper and lower bounds for the error in an appropriate norm.
The details of the implementation and some numerical results are given in Section 5.
The appendix, is devoted to the construction of the appropriate quasi-interpolant
operator.

2. VARIATIONAL FORMULATION AND DISCRETE PROBLEMS

Let © be a bounded domain of R? with smooth boundary T', and (v;);, 1 <14 <
I, a given number of Lipschitz continuous curves in 2 without self-intersections,
such that Q '\ Ule i is connected. We assume given a family Q;, 1 < j < J
of pairwise disjoint Lipschitzian open subsets which constitutes a non overlapping
decomposition of €, and the family (v;);, 1 <14 < I is made of (parts) of interfaces
of such decomposition.

I

J
(1) a=JoulJmw
j=1

=1
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Let a be a function which is equal to the constant o on each Q;, 1 < j < J (see
figure 1). We define the two parameters

Qin, = Min_ o, Qe = MaX Qi
1<j<g 7 1<5<g 7

and we assume Q,,;, positive.

FIGURE 1. Zoom on the partition of the domain 2. The plain
curve is the contact zone y

We denote by Q¢ the domain Q \ (Uf=1 vi), and we consider the problem
(2) —dive =f in Q¢,
(3) o = A%(u) in Q¢,
4) u=0 onTI,
(5)  [uln<o0, [on] =0, onuln=0 on v, 1<i<I
(6) on <0, o, =0 onyt, 1<i<I.
Here [u] = u+ — u~ denotes the jump in the displacement field across I'c, and the
signs + indicate the positive and negative directions with respect to the external
normal n. The unknown is the displacement field u = (u1,u2). The symmetric

stress tensor o = (0y5), 4,j = 1,2 is linked to the displacement by Hooke’s law (3)
where £;;(u) = % (u;,j + u;,;) denotes the symmetric strain tensor. We set

Ao‘:ajA IHQJ,1S]§J,

where A is the elasticity tensor. The body is subjected to volume forces f. We have
used the following standard notation

on = {o;; nj}le , On =04 NN, Or =0N—0p N = {O’j_}j=1 ,
{A%(u)}ij = Ajkeeres Afje = Afine = Apeijs Afjre € L7 ().

The fourth order tensor A® satisfies the ellipticity condition

(7) Aireji€re > aol§?, V&5 = &ijy ag > 0.

We use the summation convention over repeated indices.

2.1. Variational formulation and well-posedness. We assume that the data f

are in L?(Q¢) and we introduce the Sobolev space
H%(QC)2 = {V = (v1,v2) € Hl(Qc)z; v; =0onl, = 1,2},

and the closed convex set (of admissible displacements)

(8) Ko ={v=(v1,v2) € H(Qc)* [viln<0aeonTc}.
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Problem (2)-(6) admits the following equivalent variational form:

findu 6 Kc such that,
o) {

Ja. o( v—u)dx>fQ f(v—u)dx, Vv € K¢.

Due to the boundedness of «, the bilinear form on the right-hand side is continuous,
and the positivity of a,,;, ensures its coercivity thanks to the Korn inequality which
holds in Q¢. The following result is a consequence of Stampacchia theorem [29]

Proposition 2.1. For any data f € L*(Qc)?, problem (9) admits a unique solution
ue Ke.

The equivalence between problem (2)-(6) and the variational formulation (9)
as well as the precise mathematical meaning of the boundary, respectively the
contact condition on I'c, requires some care. Let X; be one of 9, , or 982, ; (the
subdomains that share the interface 7;, and that we denote for brevity ;). The
space Hz(3;) for Lipschitz closed curves ¥; is defined in [26, Chapterl, relation
(1.16)]. For the convenience of the reader, we recall that its norm is

2
VI, = ¥l + [ PR o as)

We denote by H’%(Ei) its dual. For o € L2(Q)4, dive € L?(9Q;)?, the traces
(0.n;)* can be defined as elements of H~ (El), and the trace operator with values
1 1
in H2(%,;) is continuous [26]. We denote by HZ (v;) the subspace of Hz(%;)
1
consisting of functions with support in ;. Note that the definition of Hg,(v;) does
not depend on the choice of 3; being the boundary of €2;, or €Q;,. This space is
defined for smooth ~; in [42, Chapter 1]. When ~; are smooth enough (say C11),

we obtain, by standard arguments, the precise interpretation of conditions (5)-(6):
foreach 7, 1 <¢ <1,

1
(10) < Jn(u)_ - Un(u)+7 © >4,=0, Vo € HO'ZO(%%
1
(11) < 0'”(11), ()0 >’Yz'§ 07 VSO S H020(7i)7 Sﬁ Z Oa
1
(12) < UT(u)7SD>7i:O7 V‘P: (9017902) € HO20(,Y’L)7 QDIIZO,
and
(13) < Un(u) [u] n,p >, =0, Vo € HO%(’YZ’)’

1
where < .,. >, denotes the duality product between HZ (v;) and its dual H 2 (y;)
(we will not distinguish between scalar and vector valued cases).

2.2. Hybrid variational formulation. We introduce the spaces
V(Q;)={veH(Q), v=0onTNo}, 1<;<J,

and the space
V ={veL*Q);v, € V() } NH Q).
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We define the Lagrange multiplier convex set

I

1
M={p= ()€ HH_%(%‘)» Z < iy Yi >4,2 0,
i=1 i=1

I
Vo = (i) € [[ Hip (i), vi 20,1 <i < I}

i=1
‘We denote

I
— 12 3
lilgo = (Sl )

In order to obtain error estimates which are independent of «, we will work with
the norm

Nl

J
(14) IVlla = (3 10d VI, + IVIi2;)e)
j=1

We introduce the following notations : for u = (w/)i1<j<s, v = (v/)1<j<s in V and
B
pin [Tioy H™2(7)

J
aa(u,v) = Z/Q (A") k& (W) €1, (V) dx,
=14

J
(f,v):Z/ 7. v7 dx,
j=17%

and
I I
b(p,v) = Z < i, VI endtt vl > = Z <p,[vin' >, .
i=1 i=1
The hybrid variational formulation of problem (9) consists of finding u € V and
A € M, such that

(15)

ao(u,v) +b(A,v) = (f,v), Vv eV,
b(p — A,u) <0, Y e M.

The existence and uniqueness of the solutions of problem (15) follow, in a standard
way, from the ellipticity of a4 (.,.) and the usual Brezzi-Babuska inf-sup condition
on b(.,.) (see [29], III. Theorem 9.4)

Proposition 2.2. Problem (15) admits a unique solution (u,\) € V. x M. More-
over, we have

(16) A= iz = — (o)™ 0y ngit = =(oem )t nipt

3. THE DISCRETE PROBLEMS

We assume that each of the subdomains €2;, 1 < 7 < J is polygonal and the
interfaces ~;, 1 < ¢ < I are straight lines . More general cases require additional
and non-essential technicalities that we omit for simplicity. We consider regular
families (7;7)s of partitions of Q;, 1 < j < J, into a finite number of triangles
which satisfy the usual admissibility conditions [18].
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We denote by h; = max KeT? hg the discretization parameter on €;, and h =
max(h;)1<;j<s. We also assume that the endpoints of each 7;, ¢} and ¢} are common
vertices of the triangulations 7,/ and 7,;”*", and the traces of the triangulations

Thjl’i and T}fz on v; are one-dimensional triangulations that we denote by 7,

h,’yi’
£=1,2,1<4i<1I. The set of vertices of 7;1{%,, ¢ =1,2 is denoted by

¢ ; 0 L ¢ i
Ch,i = {Czl = X0, X1,ir - X, — CZQ} )

and their elements are ti,i = } f;,i, xﬁﬂ’i [, 0 <k < my—1. We consider the (affine)

finite element spaces
Va(Q) = {vg € C(@)), YK € T}/ v} i € Pi(K)?, v} =0on r} :
and the space
Vi, = {vi € L*();vhja, € Va()} N H' (Q0).

Note that V;, C V.
For the approximation of the Lagrange multipliers, for each 1 < ¢ < I, and
£ = 1,2 we introduce the affine, respectively piecewise, finite element spaces

Wit () = {uh € C(7:), Fvn € Vy, such that vyq, -0/49 =y, on ’)’i},
= {1n €CT); mnjey, € Pilti), 1 <k <myg —2
Hnlto: € Polto,i)s Hhltn, 1. € Poltme—1.)},

and the discrete convex cones

Mi’e(%‘) = {Nh € W;}’Z(%),Nh >0 on %},

3 ) = {in € WG, [ v = 00 € 0}
Vi

These two convex cones are commonly used to express the jump conditions on
the contact zone. The choice of one is linked to the way one selects to enforce
the nonnegativity conditions (either on the displacement field or on the normal
component of the stress tensor). We set M, (y;) = Mé’e(%) or Mi’e’*(’yi), £=1,2

and we define
I

I
Wi =T]wWi(a), My =[] Mu(v).
=1

i=1
Note that if My(v;) = M} “(v) then M, < M, M} (y) € MY () but if
My, (v;) = M}""* then M), ¢ M.
The discrete problem reads : find (up, Ap) € Vi, X M}, such that
(17) { ao(up,vp) +o(An,vi) = (f,vn), Vv € Vi,
b(pn — An,up) <0, Vun € Mp,.

The Vy-ellipticity of the bilinear form holds thanks to the Korn inequality, still
valid in the case of unilateral contact cracks. It is also readily checked that

{pn € My, b(pn,vi) =0, ¥v, € Vi } = {0} .

Therefore, the next proposition follows from standard saddle-point theory in the
finite dimensional setting.
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Proposition 3.1. With M), based on the local choices Mp(v;) = Mi’g(%), or
M,i’é’*(’yi), ¢ =1,2, 1 < i < I, there exists a unique solution (up,\p) of the
discrete problem (17).

In all what follows we denote by C all the positives constants independent of «
and h.

In order to obtain optimal approximation properties, we need the bilinear form
b(.,.) to satisfy a uniform inf-sup condition (with respect to k). This condition
requires some assumptions on the triangulations on each v;, 1 < ¢ < I. The
simplest and sufficient one is the quasi-uniformity, however, we do not make this
assumption which is too stringent especially for adaptive mesh refinement which is
one of the objectives of this work. Instead, we will make the following assumption:
the 1D triangulations 'Efm, ¢ = 1,2, satisfy the Crouzeix-Thomée criterion [22]

[t

o S OO k(0 < kK < me - 1),
"\J

(18)

where 1 < g < 4.

Remark 3.2. Meshes satisfying Assumption 1 allows the adaptive mesh refinement
unlike the quasi-uniform meshes [9]

We recall some approximation tools which will be used in the following analysis.
Let R{” and rz, be the Lagrange interpolation operators with values in Vj(£2;)
(1 <j<J)and W,}’Z(%) (¢ =1,2), 1 < i < I, respectively. There exists a
constant C' > 0, such that Vv € (H?(£;))? and v € H2(7;) ([18]) the following
estimates hold
(19)

v = Rivila o,y < Chlvlimz,)> and [[v =712, < Ch2 ||v||H%(%).

Let us denote by v any v;, 1 < i < I. We define the projection operator W}L
L3(y) = Wi’e('y), with respect to the scalar product in L?(v), which satisfies the
following properties (see [11], [9]). Given p € [0,1] and v € |4,2], there exists a
constant ¢ > 0 which is independent of h, such that for all functions ¢ € H"(y),

1 v
(20) o = mhpllm-ni) + P72 Nl = ol g ) < T @l -

Proposition 3.3. Under assumption (18) on the triangulations T}fm, (=1 or2,
1 <1 <1, the following inf-sup condition holds

b
(21) inf  sup —UVR) o Om g
uneWtv,evy llenll -1 vl anm

The constant 0 is independent of h and o
Proof. Let up, € Wé’z. We want to construct vj, € V, satisfying
(22)  blpn,va) = cr(@)lpnll2y . and  ea(@)|[valla < flpnll -y .,

where ¢¢(a), £ = 1,2 are constants depending, on a but not on h. Let us consider
v, the solution of the problem

diva(z)Vv =0, in Q¢

a(x)Vv-n=0, onT

a(@)Vv-n* = p,;n*, ony, 1<i<I.
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The existence of such a v comes from the direct method of the calculus of variations.
It is clear that v is also the solution of the equivalent variational problem

/ a(x) Vv Vwdr =b(pp, w), vw € H'(Q0)?,
Qc

and satisfies, by the usual stability inequality and the continuous inf-sup condition
on b(.,.),
(23) ¢ lpnll -

where ¢t and ¢~ are constants independent of h and a.
We set v, € Vy, such that [vhmn] = W%L([V‘%.n]), 1<¢< 1T and

* S ||VHQ S C+||Mh||f%,*7

1
2

I
1 1
(24) [IValla < cady IVallare) < cadp D Imh [viym] |l
=1
I

1 1 1
<caly Y vpm oy, < cadant [Via.
i=1

1
H™2 (v:)

Such a vy, is built using a stable finite element extension operator similar to the
standard local regularization operator studied in [10]. Next, we note that

b4, Vi) = b(un, v) = V15 = ()2 iy .

and thanks to (23)-(24) and the trace theorem we have the second statement of
(22). O

3.1. A Remark on the use of piecewise constant Lagrange multipliers.
The discrete Lagrange multiplier space can also be defined with piecewise constants
instead of the one dimensional affine finite elements: for 1 <1i¢ < I,

Wy () = {thlimtgj € Po(th,),0 < k <my; — 1} ;

which yields the discrete convex cone
M;?’%%) = {,Uh € W;?’é(%),/ﬁh,i > 0}-

Denoting by M? = HiI:l M,?’L](%), and W0 = H;.rzl W,?’e(%), we have M C M and
the resulting discrete problem also admits a unique solution (uy, Ap). However, this
choice in the present case leads to non optimal approximation properties because of
the presence of spurious modes. Following [9], we use, in this case, a stabilization
technique by adding two bubble functions on each v;, 1 <i < T

P (x)

ki

= WAl(X)Az(X), Vx € K, i = 0,myp; — 1,
ki

where K, is the triangle having tf;’i, kE=0o0r mg; —1 as an edge and A, Az the
barycentric coordinates associated to the vertices of ti,r We then replace V, by

Vi = Vi & 8z &y ere Ry ).
We denote by ) the L?-projection operator L?(7y) — W,g’é(v), defined as follows:

(25) / v do = / @) ndo, Vo € W),
Yy Y
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where 7)) satisfies the following estimates (see [9]). Namely, for the functions ¢ €
H"(v), with v = %, or with v = 1, there exists a constant ¢ > 0 independent of h
such that

(26) lp = mhellze) < ch”llellmv (-
Moreover, if ¢ € L?(7), then
0 1 0
(21) o=l -3 ., < ch¥lle — mRollizr.
The uniform inf-sup condition is obtained similarly to proposition 3.3

Proposition 3.4. Under assumption (18) on the triangulations 'Efm, (=1 or2,
1 <4 <1, the following inf-sup condition holds

(28) inf  sup b(pan, Vi) Gm

— > )% > ()’
mneWp o ev, lnll=1 Lllvnlla an

where the constant § is independent of h or .

3.2. Convergence Analysis. The convergence analysis and the a priori error es-
timates come from the standard approximation theory for unilateral contact prob-
lems [25, 29, 20, 41, 9, 7, 44, 35]. For the specific case of unilateral cracks we refer
the reader to [46, 6, 47]. We give a brief summary for the reader convenience, we
skip the proofs which are rather long but standard adaptations of arguments in
[20, 9, 35] for the homogeneous case. We start with the following lemmas,

Lemma 3.5. Let (u,\) be the solution of problem (15) and (un, Ap) the solution
of problem (17). Then the following estimate holds: for any (vi,un) € Vi, x My,

(29)
a(u—up,u—uy) < (a(u—up,u—vy)+b(A— pp,up —u) +b(A— Ay, u—vy)
+ b()\ — HKh, u) + b()‘ha u))
From (29) and standard computations, we deduce

Lemma 3.6. Let (u,\) be the solution of problem (15). Assume that ujq, €
H?(Q;), 1 < j < J. Let (up,\) be the solution of problem (17) with Mp(v;) =
M;’é’*(%) or My (v;) = Mf;’o('yi), 1 <i< 1. Then the following estimate holds

J
(30) u—wnla <C(§D_a? hilulmzo,2 ¢ 1A= Anll-1 .
j=1

J
1 3
+03 " a b flull gz, ).

Jj=1

Remark 3.7. It is well known that a priori error estimates are mot optimal if
the number of points where the constraint changes from binding to non binding
[29, 14, 15]. In 2D (which is the case in this article), if Mp(v;) = M;’Z’*(%), and
the number of points on each ~; where the constraint changes from binding to non
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binding, is finite, 1 < i < I, the following (optimal) estimate holds

J
1
(31 Ju—wlla <C(§ D hylulmzo,z ¢ 1A= Aull_y..

j=1

J
1
+9> aZ hjllull e, )
j=1

Remark 3.8. Note that the regularity assumption is local and thus generally is
satisfied. The cases for which such an assumption is not valid arises only when
some subdomains §}; contain corners or if some changes in the boundary conditions
(from Neumann to Dirichlet) occur. We exclude such situations in order to focus
on the contact zone.

The proof of the following result is standard (see [20] for example)

Lemma 3.9. Under the same assumptions as in the previous lemma, the following
estimate holds

2

J
VA=l y. < CUlu—wnlla+ S ey B2 ul3ag e ¢ )

Jj=1

O

(2 (o

with a constant C' independent of o.

Remark 3.10. The choice of the multiplier spaces yields the same result in each
case. However, in the case of smooth solutions, namely A € H*(y;), 1 < i < I,
5> %, the approximation order for piecewise constant multipliers does not change,
while it increases for the other choices.

Finally, assembling the estimates of the two previous lemmas, we deduce

Theorem 3.11. Let (u,\) be the solution of problem (15). Assume that ujq, €
H?(Q;), 1 <j < J. Let (up, \) be the solution of problem (17) with M, = Mé’*
or My, = M,g, the following estimate holds

J
(% 1 i 3
(33)  u= o+ (E2E A= My <04 D b fullizco
j=1
Remark 3.12.
i) In 2D (our case), if Mp(v;) = Mi’e’*(%), and the number of points on each ~;
where the constraint changes from binding to non binding, is finite,1 < i < I, the
following estimate holds

J
Qo (L i
GO a=wila+ G-y <08 S byl
j=1
Remark 3.13. (1) In the case of homogeneous media, we retrieve the expected

rate of convergence of O(h).
(2) The case Mp(v;) = M;’E(%-) yields the rate of convergence O(azhz) by
adapting the argument of [9].



ADAPTIVE FINITE ELEMENTS FOR SOME VARIATIONAL INEQUALITIES 11

4. A POSTERIORI ANALYSIS

The a posteriori analysis by residual error indicators that we develop in this
section aims to present, in a relatively general and unified framework, the most used
approximation approaches (conforming and nonconforming) for contact problems.
Since these two approximation methods resort to different techniques to perform the
analysis and to derive the a posteriori estimates we will presents the nonconforming
case in details and we refere to the literature for the conforming one (e.g. [17, 33]).

There are many difficulties to deal with in this analysis: discontinuous coeffi-
cients with high contrast, incompatible meshes at the interfaces of the subdomains,
handling the contact conditions, and possible low regularity in these contact zones.
In particular, a key point to conduct such an analysis is to build a Clément type
operator: an interpolation operator for singular functions, that includes all these
constraints and that satisfies optimal approximation properties. As usual, the anal-
ysis consists to define the well suited error indicators and to obtain upper and lower
bounds of the error with them. In addition, we will give, as far as possible, an in-
terpretation of the theoretical error estimates, in order to highlight how each error
indicator acts in the adaptive process.

For the a posteriori error estimates we assume that f € L?(Q)? and we fix f}, to be
a finite element approximation of it associated with 7, (usually this approximation
is the same as for the displacement).

Notation . Given K € 773, we denote by Ex the set of its edges not contained on
the boundary 0925, 1 < j < J. The union of all £k, K € 771] is denoted by & ;
and the union of &, ;, 1 < j < J will be denoted E,. We denote by &y j -, the set
of edges of’ﬁf which are contained in v; and we set Ep~, = Ep jo(iy,qy, L <1 <1,
¢ =1 or 2 with the same choice of £ as for M. With each edge e € &, or e € & ,,
1 < < I, we associate a unit vector n. normal to e and we denote by [pl. the jump
of the piecewise continuous (vector valued) function ¢ across e in the direction n,.
For each K € Ty, we denote by hyi the diameter of K and we denote by h. the
diameter of e, e € Ei.

Remark 4.1. In all that follows when we write “contact zone” it means the zone
where the contact is active, that is where the jump (un)* —(un)~ = 0. In practice,
we know dynamically that zone during the computations(see Section. (68)).

We define two kinds of residual error indicators

e An error indicator for the elements of the mesh. For each element K € Ty,
we set

_1 . 1 11
(35) nx = ag’ hi|fn + divaoc(u)| 2 x> + 3 Z ae 7hé |[ao(up) nele|l L2y
eclk

e Error indicators for the edges on the contact zone. For each e € & 4,,
1<i< I, we set

_1
(36) Ne = he * ||[uh n€]€||L2(€)27

and

(37) Nc.e = e *hé [|fe An 4 1e - ao(un) nell L2 (),
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with B, = 1if My (i) = M (i) or M} (7;) and B, = 0 if My, = M;""*(v,).
We denote indifferently the scalar product = - ao(up)y or aa(uh) xy for
any vectors x,y.

Remark 4.2. The residual error indicators appear from the computation
of the residu of the equation in the appropriate norm (the dual of the energy
norm see [48]). The first indicator ng, is the standard one for a nonhom-
geneous material in linear elasticity [48]. The second one, ne is due to
the nonconformity of the meshes at the contact zone. Basically, it is the
Jump in the H?-norm of the mormal component of the displacement. Note
that it is zero, except at locations where the contact is active and where the
meshes or not compatible. The last error indicator is specific to the contact
condition it could be expressed in n -in this case it looks like a Neumann
condition on each ~;- but for the clarity and ease of implementation we
define it separately.

Remark 4.3. The error indicator nc,. measures the norm H~2 of the mul-
tiplier (the pressure on the contact zone). Its interpretation is the following
:in the conforming case, it expresses the residual A\p, = n..(ao(up)ne) .
In the nonconforming case, it expresses the residual ne.(ao(up) ne) (which
should vanishes for the exact solution if the contact is active (the jump is
zero) and if the contact is not active, the non penetration condition imply
that the pressure (on each side) should be zero (for the exact solution) and
so is the "jump”.

4.1. Abstract upper bound for the error : the nonconforming case. We
set Mp(v:) = Mi’e’*(%) and we will derive an abstract bound of the error by the
error indicators.

The ellipticity of a,/(.,.) on V gives

(38) [u—uy|]2 < Cag(u—uy,u—uy).

Since Vj, C 'V, choosing v = v, € V}, in the first equation of (15) and subtracting
the first equation of (17), we obtain

(39) aa(u - U.h,Vh) + b()\ - /\h7Vh) =0, Vv, € Vy.

We set w = u — uy, and we fix an approximation wj, of w in Vj, then we deduce
from (38) and (39) that

[lu— uh||i < Clag(u—up,w—wp) —bA— Ap,wp)).

Integrating by parts, inserting f;, and considering separately the cases where e € Ei
belongs to U/_,~; or not, yields

(40)
w2 < (3 (/ (fh+divaa(uh))~(w—wh)dx+/ (F—f3)- (wW—wp) dx

KeT, 'K K

_,Z/ cao(uy)] (W —wy,) dr) — Z Z /ne ac(uy) [w—wp] dr

eclk i=1 e€&h ~,;

— b()\,W — Wh) — b()\ — )\h,Wh)).
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Choosing wy, as a conforming approximation of w (The construction of such wy, is
not obvious, it is given in proposition 4.7) yields

(41) Jlu-—- uhHi < C’( Z (/K(fh +divao(uy)) - (w —wp,)dx

KeTn

/K(f—fh) (w—wp)d x—f Z / n, - ac(up)] (w—wp)dr)

6651(

,Z Z / cao(up)ne [w-n.] dT*b()‘vw))'

i=1ec&y, i

Note that
b()\,W) = b()\7 llh) = b()\ — )\h, llh).

Moreover, for each e € &, ,, 1 <i <1,

sl g

/()\ =) [ m) dr < A=l

€

he

ol

< CIN =Ml o (e 1 T ) o)

summing up for all e € &, , and taking the square root, we obtain

Z > /)\ An) [uy, -] dT)%gcuA—Ahn,%,*

i=1 e€En ~;

I
S0 > hit s n] 32,3

=1 eegh,.yi

Next, invoking the inf-sup condition and (39), we have

Qm | L b(An — pn, Wi
() E i — gl < sup DR W)
QN 2 whrEV) ”WhHOé
b, — A b\ —
< swp (An 7Wh)+ sup (A — pn, W)
wievin  [Whlla wiev  [Whlla
< swp aa(ufuh,wh)Jr sup b(\ — pp, wp)
wWrEV), [Whlla wievy  Whlla

/ .
< Cllu=wnlla+C" inf A= gy .

Using the triangle inequality

A= Anll—3 A0 = pallog o+ IA = pnll -1 s
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and combining it with (40), we obtain

(43)
IIu—uhIIa(IIu—uhHﬁ(zA”;)% A=Anll—y ) < C (K; (/K(fh+divao*(uh))-(w—wh) dx
/K(fffh) (w— wh)dxeeZgK/ n. - ac(up)] (W —wp)dr)
_Z Z /nE ac(uy) ]dT—b()\—)\h,uh)).
i=1 ec&y i

Using (42), Cauchy-Schwartz inequality, and dividing by ||w||«, except the last term
that we divide by (2
a

1\77/;)% A= Anll—1 ., this gives

(44) flu—upla <C (Y (I + divao(un)|rzx Iw = wall 2oy

P il
||W_WhHL2K2 1 HW—WhHLzez
I = full e (x02 WM +3 > |ao(u)n,] ”LZ(QZW())
o ecli &
I
B Zi=1 Zeeghw fe ao(uy)n, [w] dT)
||W||a
- 1
+O'(( Z > h | [un - n]|[7e)?)-
i=1 e€&y, v

Finally, we obtain the abstract upper bound in the nonconforming case

Lemma 4.4. The upper bound on the error in the nonconforming case is given by

(45)
Iw = whllz> )
Iwlla

lu—upla+(

Oy, (1 )
aM)2 ||)‘_/\h||—%,* <C (K; (Ifn+divaco(ap))l 2 (k)2
h

W —=whllz2r)2 | 1 W — WallL2(e)2
1 = Bl 2oy 0 4 5 Y o (ane flg e )

il P il
I
Zi:l Zeefhﬂi fe aU(Uh)ne [W] dT)
Wl

\ =

I
FO(E20 Y e un e n e+ f A=l ).

i=1 e€&n ~;

For the convenience of the reader, we only give the upper bound in the conform-
ing case
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Lemma 4.5. The upper bound on the error in the conforming case is given by

(46)
[u—upfla +A=Apl1 . <C Z (1fn + divoca(uh)HLz(K)zW
e =E 2 Twlo

W — whallL2x)z 1 [W —whp | £2(c)2

+|If - thLZ(K)QW + 9 ezg: | [ao(up)n,] HL2(€)2W)
e€fk
A +ne-aoc(uy)ng) [w-n.| dr 1
. Z (fe( e ( ) e)[ e] + b(ﬂfﬂhauh)-
[Wla el — 1

e€Er

Remark 4.6. Comparing these two upper bounds (46) and (45), we note that
the fourth term in (45) (the monconforming case) do not appears in the second
inequality. In fact, it is the “variational crime”, similar to the consistency error
in the a priori analysis. The two last terms in both inequalities are different since
they involve the contact conditions and thus are inherent to the discretization in
this region and particularly to the choice of the Lagrange multipliers discrete cone.

4.2. Final upper bound for the error. In this section, we will derive the upper-
bound of the discretization error by the error indicators. The common factors in the
error estimates (45) and (46) will be handled by introducing a well suited Clément
type operator, which requires some technical assumptions that we introduce below
and which imposes some constraints on the topology of the meshes. The specific
factors will be estimated directly in Lemma 4.8 and Lemma 4.9.

Notations and definitions. For any K € T, we denote by Ag, resp. A., the
union of all elements that share at least one vertex, resp. one edge, with K. We
denote by N, Nk, and N,, the set of all vertices of elements of 7;5, 1<5<J,
of a given element K, and of a given edge e, respectively. With each vertex z we
associate the corresponding unique continuous, piecewise affine function that takes
the value 1 at z and vanishes at all other vertices. We denote by 8,; - the set
Enh~,; (recall that it coincides with &}, ¢ 4, when £ is such that M, (v;) = Mi’l('yi) or
M (vi) = Mi’g’*(’yi)) and 52’7% = En3—1,4;- We denote also by N5 and N the set
of the vertices which are endpoints of e € 5,1_7 - and 52—, . respectively.

We need the following assumption (see Figure 2), that allows to handle the
adaptivity with nonconforming meshes

Assumption 1 . FEach element of 5;,” is the union of some entire elements of
E;Lr% and the number of such elements is independent of h.

This assumption is easy to satisfy in the practical implementation of the adaptive
strategy.

Assumption 2 . For any two subdomains Q; and Q; sharing at least one point,
there is a connected path passing from €; to §; trough adjacent subdomains such
that « is monotone along this path (adjacent means they share a common edge).

The following proposition is proved in the Appendix

Proposition 4.7. Under assumption 2, there exists an operator Ry from V into
VN H(Q)?, and a constant C > 0 depending only on the shape parameter of T,
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FIGURE 2. Graphic representation of assumption 1

such that: for any v € V, every element K and every edge e of K, the following
estimates hold

(47) ||V_RhVHL2(K2 <ChKaK ||V||1aAK7
||V — RhVHL2(e 2 < Che e ||V||1 @A,

Lemma 4.8. The following inequality holds

(48) /(5e/\h + (ne - ao(uy)n,)) [w-n.] dr <

ChZac *[[(Bed + (e - a0 (W) no) [z D [lu— ok,
KekK.

where K. denotes the union of elements K sharing the edge e and B, = 0 if My, =
M} and =1 otherwise.

Proof. We have

/(56)‘h+n6'a‘7(uh) n.) [w-n.] dr <|[[BeAp+nc-ac(uy) n|| )” [(w-n] ||

1 1 .
H™ 2 (e H?2 (e)

Using the inverse inequality [18], we get
1
/(,Be)\h +n.-ac(up)ne) [w-n.] dr < ChZ|[[(BeAn +ne - ao(uy) el 20 E || [w - ne] ||
e KeK,

1 _1
< Ch(? Qe 2 ||(ﬁe)\h +n - OéO'(llh) ne||L2(e) Z ||u - uh”l,a,K-
Kek.

H3 (0K)

(]

Lemma 4.9. We have

b(/l, — Hhs uh !
(49) . 9 Z
i=1e€&p,

el

w\»—A

Proof. For each e € &, ,, 1 <1 < I, we have

[ = dr < = g el
and using the inverse inequality [18], we note that

o]l ) < R T n] g,
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Extending the operator 7}, respectively 79, to H 2 (7;), we have

it = nll -3 0y < = mnl gy ) < il ot

Summing up for all e € &, 4,, 1 < ¢ < 1 yields the result. [l

Finally, choosing wj, = Rp,(w) € VN H(Q)? in (46) and (45), using Lemma 4.7,
Lemma 4.8 and Lemma 4.9 yield the upper bound on the error.

Theorem 4.10. If Assumption 1 is satisfied, there exists a constant C independent
of b and «, such that if My (i) = My (),

(07770 Y _
60l =l + (E2)HA =y . < CC S (e + g Bl = o)

KeTh
I
1
YYD A nge))E
=1 eeé'h,,,yi

Corollary 4.11. If Assumption 1 is satisfied, there exists a constant C independent
of h and «, such that if My (vy;) = M}?’z('yi) or = Mi’z('yi)

51 Ju—wplla+ A= Anll_1. OO (k + o BEIE = £l 72(002)
KeTh

I
YD 2 4ng)*

=1 eegh’w

4.3. An upper bound for the indicators. To complete the a posteriori analysis,
we have to show the equivalence of the error and the error indicators which means
that we should obtain upper bounds to each error indicator in term of the local
discretization error. In order to bound the indicators 7x, 1. and 7c.., we set
E = (eu,ex) = (u—up, A — \y), then we take a test function w € V and compute

(52) aa(eu,w)—i—b(e,\,w)z/Q ao(ey): dX+Z Z /e)\ W - ]

i=1 eGEhW

= (£, W) — aa(up, w) = b(An, w)

(chrdivoza(uh)) de+/ (f—fh) - wdx
K

— Z n. - (ao(uy)) wdx) — b(A,, w)

eclk
= Z (/ (fh+diVOéU(uh)>~wdx+/(f_fh).wdx)
KeT, 7K K
_72/ aauh WdT—Z Z /agnuh +)\h)[W ne}
ecéy, i= 1€€£hry

We denote by ryw = (riw)i<i<s. If M), = Mi’e’*(%), following the same lines
than (52), and taking into account b(Ap,rpw) < 0 (by the definition of M},), we



18 Z. BELHACHMI AND F. HECHT

have
(53)
aa(€u7W) + b(e)\,W) = K;h (/K(fh —+ divao—(uh)) -wdx + A(f _ fh) . wdx
- Z n, - (« U(uh))wdx) —b(Ap, W)
eclk
> K;,(/K(fh +divao(uy)) - wdx + /K(f — ) - wdx
- Z LE (O‘U(uh))WdX) —b(Ap, W — W)
ecfk
= Kze;rh(/K(fh +divao(up)) - wdx + /K(f —f) .de)
) (ac(u WdT— ozanu [w-n.] dr
I .
- X /Ahdw-ne ~ri(wn,)] dr
i=1 e€Eh,; €

We will obtain the desired estimates by appropriate choices of w. With each
K € Ty, we associate the bubble function ¥g equal to the product of the three
barycentric coordinates on K. For each e € &g, we associate the bubble function
1, equal to the product of the two barycentric coordinates on e We introduce
a lifting operator defined as follows: On the reference element K we fix a lifting
operator P from polynomlal traces on € on K that vanish at the endpoints of é,
into polynomials on K that vanish on 0K \ é. A similar operator is obtained on
each K by an affine transformation.

Proposition 4.12. There exists a constant C' independent of h and « such that:
VK €T,

(54) nx < C(

— 1
(> arhiallf = full3z)2)?),
K'eGk

where G is the union of K and all triangles containing an edge of K.

Proof. We will bound each term of ng which, as standard in a posteriori analysis
([48]), relies on appropriate choices of the test function w in (52)

(1) We take w in (52) equal to

(fp + divao(up))yx in K,
W =
0 elsewhere.

Since i vanishes on OK, this yields
1
(£ + divao(un)) P72 ) <

/ ao(ey) :e((fp +divao(up))yr) dx — / (f—1)  (f), +divao(un))vk) dx
K K
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It follows that

1 1
(£ + divero(un) v lIZ2 (k)2 < Cllu = 10| (B + divao(un)pi

1,0,K+

1
Hf — fh||L2(K)2||(fh + divaa(uh))wf(HLZ(K)z.

It can be checked by going to the reference element that for any polynomial
¢ of degree at most k, the following inequalities hold [18] :

1
lellzry < Cllovllreys  levlma < Chigtllellra ),

with constants depending only on k£ and the shape parameter of K. Noting
that ¥k is < 1 (and with obvious extension to vector valued functions), we
obtain

_1 _1
(55) aKQhKHfh +divao(uh)||Lz(K)z < C(”u_uh”l,a,K+CVK2hKHf_fh||L2(K)2)o

(2) We denote by e an edge in Ex. We distinguish between two cases.
e First, if e is not contained in U!_~;, it is a common edge of the two
adjacent elements K and K’. Now, we choose w in (52) to be equal
to

Pre([ao(up)n]ye) in K,
w =1 Pg(lao(up)ne]|te) in K,
0 elsewhere,

This yields

| [co(up)n.] Ve “%2(3)2 < Z lu — uh|1,a,H‘Pn,e([aU(uh)ne] we)‘l,a,n
RE(K,K")

+ ([[fr + divao(un) |2 (ry2 + I = full22(0)2) || Pr.e (oo (un)ne] ¥e) (| 22 (x)2-

The following inequalities, obtained by going to the reference element,
hold

1
IHao(up) ne][[r2(e)2 < el oo (un)ne] & || L2 ()2,

1
|Pee([ava(un)ne] o) | mwy2 +he | Pre ([ o (un)ne] ve)l|2(myz < Che ?[[[ao(un) ne] |12 (o)
Noting that ch, < h, < hy, we obtain

1.1
(56) « zth [aa(uh) ne] HLQ(e)Z <C Z (\u—uh|1,a7ﬁ+
re(K,K")

_1 _1 )
aK2 h,i”f — thLz(,Q)2 + aK2 h,/u”fh + leOéO'(llh)||L2(,€)2).

e Letec Ul v Ifee S;rﬂ for a given i, we denote by K’ the element
such that e is contained in ¢’ € Ex/. We extend [ao(up)n. | . to the
entire e’ by zero and we make the same choice of w as previously and
we obtain (56). If e € &, then according to assumption 1, we replace
K’ by the finite number of elements K;, which share the edge e, we
define w as previously with respect to this change and we proceed
similarly to the previous case to obtain the estimate (56)

O
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Corollary 4.13. If Assumption 1 is satisfied, there exists a constant C independent
of h and o such that

(57) (> nk)r <C(lu—uplla+ (D o' hklf —fal320)2) 7).
KeTy, KeTy

Proposition 4.14. If Assumption 1 is satisfied, we take B. = 0 if Mp(v;) =
Mé’e’*(%) and B, = 1 otherwise, then, there exists a constant C independent of h
and o such that

1 1
(58) nce < C(lu—unlia.6. + e 2hE[IA = AnllL2(e)

+ (1= Be) ae 2hé [Nl + (O an 'R2[IE — fall22(02) ).
KEGe

where G, is the union of all triangles having a non null intersection with e.

Remark 4.15. Note that either 8. = 1 and the third term in the right-hand side
vanishes, or B. = 0 and it is of high order. In all cases it could be neglected.

Proof. Let us denote by o,(u) = (n-o(u))n. Fore € &, ,,, 1 <1i < I, we take w
in (52) equal to

- PK,e(we(Be)\h n. +ao(uy)n.)) in K,
wW =
0 elsewhere.

with e = 1if My,(v;) = M2 (v;) or M} (v;) and B, = 0 My (i) = MY (7).

o If My (vi) = M (v;) or Mé’é(%) then arguing as in the previous proposition,
we deduce that

1
A + aom (un) & [ 72(0p2 < 10— nl1 0,5 | Pre((Anne + a0 (un)ne] o) 10,5+
(Ifn + diveco(an)llL2x)2 + If = fullL2()2) | Pre ([Anne + oo (up)ne] ve)ll L2 (k)2

+ / (A= 2n) (An + aop(up)) e dr).
Thus, we obtain
(59) ae_EhE H)\h —+ Oéo'n(uh)”L?(e) < C(Hu — uh|17a7K -+ Oél_(fhKHf — fh||L2(K)2+
_1 1 1
OéK2 hKHfh + diVOzO’(uh)HLz(K)z) + e 2hé H)\ - )‘h”Lz(e)-

o If Mp(v;) = Mi’e’*(%): using (52), we deduce as in the previous case

1
laon (un) ¥é 72y < 0= unlliax|Pre(laon(n)] Ye)liax+

(I + div ac (w2 + I — Full ) Pee (a0 ()] )12 0
+ / (A=) (aon(up)) Ve dr) + / My (o, (uy) — 7h (o, (uy))) e dr).

€

The last term and (19) yield the additional extra term ae_%he% | Anllz2(e) on
the right-hand side of (59).

O
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Corollary 4.16. If Assumption 1 is satisfied, there exists a constant C independent
of h and o such that,

I I
1 _ 1
Y ot <Cu-wla+ S ar bl A=Al

i=1 e€Eh o, i=1 e€Eh,n;

+ () art W = £l Fa02) ).
KeTh
Remark 4.17. The second term in the right-hand side is bounded by a constant
times the norm H~2(D¢). However, the constant depends on the ratio (g=). Con-
sidering the a posteriori estimate (60) (with regard to the error for the Lagmnge
multipliers), shows that when the ratio between adjacent bodies (sharing the same
contact zone) is large, nonconforming approzimation is more suited.

It now remains to bound 7.

Proposition 4.18. If Assumption 1 is satisfied, there exists a constant C' indepen-
dent of h and « such that the following estimate holds

(61) Ne < Ce ||u - uh”Hl(Qe)2

where G. denotes, as before, the union of all elements having a non null intersection

with e and v, = 1 + max(aj’, axr).

Proof. We define a function pj, on U_ &), . by
s = { [up, -n.] Y. one,

0, elsewhere.

(62) b(pn, un) = b(pn, up — )

o If &, = EZW then we consider the two elements K, K’ from both sides
of v; such that e is an entire edge of K and is contained on an entire edge
e’ of K'. We extend the product pp. by zero to ¢/ and then we solve the
problem: for x € (K, K'), find ¢ € Hé’aﬁ\e(lﬂi)

Ap =0, ink,
(63) @ =pp, one,
p =0, elsewhere,
where H} ome(K) = = {ve H'(k); v=0o0n 9k \ e}. From the definition of

wh, b(.,.), (62) and integration by parts, it follows that

| fn 0 2 220y = blyan, )

= b(pn, up — 1)

/.Uh u, —u) -n)dr = Z (/gradsﬁ'(uh*u)dx
-/

RE(K,K') 1

pdiv (up — u) dx)
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and we deduce that
1
I fan el ey < I un -] w0 (72

<C Y (elmpolun = ullageye + Il 2 ey B [1div (an = w)]| L2
ke(K,K')

By going to the reference element and using direct estimates on the bound-
ary value problem (63), we have
1
et lellz iy + 1ol ey < Ol un -0 92 |2 (e
_1
< Che ? | [up - ne] || z2(e).-
Thus, we have
1
I Tan - ne] 7200y < Che [ [un 0 2 (Y (lun = ull2(e2+
re(K,K")

i |div (u, —a)llz2())) + [l [un - 1] [|22e)

Noting that ch, < h, < c’h, we have

1
H [uh ) ne} HLZ(E) < Che® Z hillun — uHHl(N)2
KE(K,K')

1
< C’he2 Z Huh —u||H1(,,€)27
kE(K,K")
thus,

(64) he

N

Hun-nel[z2e) < Coe Y lun = ullia,
KE(K,K'")

where §, = 1 + max(aj', ajs). which is the disred estimate.

o If &y, = 8,; v then it follows from Assumption 1, that e is an entire edge
of an element K on one side and is a union of edges €}, i = 1,...,4*. Since
uy, belongs to V, it is continuous at the endpoints of €, therefore we can
still solve (63) with K’ replaced by A. N Q}. Arguing as in the previous
case we obtain the desired estimate.

O

Corollary 4.19. If Assumption 1 is satisfied, there exists a constant C independent
of h and « such that

I
(65) S0 Y ) <Clu—w.

=1 eegh’%

5. NUMERICAL EXPERIMENTS

First, we describe briefly the implementation of discrete problem (17). All of the
numerical experiments are achieved with FreeFem++ [31]. The discrete solution
(up, Ap) is a saddle-point of the Lagrangian functional defined over KCj, by

1
ﬁ(Vmuh) = §aa(Vh,Vh) - L(Vh) - b(#mvh),
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which means that it satisfies the min-max principle

(66) L(ap, pin) < L(up, An) < L(VR, An),  V(Vh, pn) € K.

Let V, U, denote the vectors with the entries given by the nodal values of the
functions (v, pr) and (up, Ap), respectively. Let M and A be the vectors with
the entries given by the nodal values of uj, and Ap, respectively, for the three
different choices of the space My, namely My, (v;) = M} (v;), My (i) = My*(y:) or
Mp(v;) = MP(7;), 1 <i < I. The saddle-point problem for the Lagrangian (66)
can be rewritten in the finite dimensional setting :

Find U, = (up, An) and A, solution of the following max-min problem

1
(67) max (min WKV — 'VF + (tV L)PM),
PM>0"V 2

where the matrix K denotes the stiffness matrix, L the coupling matrix and P
expresses the sign conditions for the multipliers. F denotes the vector corresponding
to the external loads. _

Given the triangulations 7,/ of ©;, 1 < j < J, let N;, 1 < j < J denote the
number of nodes in ;. We introduce the finite element basis of V,(€;):

(M1, m2n;) = (wier, wiey), ..., (wy,e,wy,e2)), j=1,...,J,
where (w;); denotes the (scalar) affine Lagrange finite element basis and (ej, es)
the canonical basis in R2. Then the matrix K is defined by
K' 0 ..
2
K — 0 K° 0...
K,

(K ps = aa (M, ms) = / e(nn) : A%(ns)dx, n,s=1,...,2N;
Q2

and the right-hand side takes the form F = (F7), with FJ = (fJ),,, D = (fQJ N Ns A2 ) ns,
n,s=1,...,2N;.

Since each contact zone «y; occurs between two bodies §2;1(;) and Qjs(;), we will
drop the index 7, and we denote by 21 and €5, the subdomains in contact at ;. Let
my denote the number of nodes of 2, on . We fix £ = 1 as a Lagrange multiplier
side and we define (¢)k, 1 < k < m;—1 to be the finite element basis associated
with W2 (7) and (@x)r, 1 < k < mi—1, to be the finite element basis associated
with W, (7).

If Mp(y)is= M,?’l(fy) or = Mi’l(y), then P is given by the identity matrix, else
My (v) = My (7), and Py = [ iepjdr, 1<, 5 <mq —1.

1

Finally, the coupling matrix L = (£2> is defined in the following way

o If My(v) = M"' (v) or My(y) = M}""*(v), then

(Le)ij:/%(nrne)dﬂ 1<i< Ny 1<j<mg—1
Y
o If My (v) = M, (7), then

(Le)ij:/%(m-ne)dﬂ 1<i<Npy 1<j<mg—1.
Y



24 Z. BELHACHMI AND F. HECHT

In order to solve the discrete problem we will use an adapted semi-smooth Newton
method [34, 36] which consists in finding the contact zone

(68) S= {Ah eWF(7), k=0,1 Px, < o}.

We use the algorithm of primal-dual active set strategy [[36], algorithm (2.9)]. The
stopping criterion consists in checking if the residual vanishes at the endpoints of
each connected component of a stable set S. In practice the algorithm is very fast
and very efficient.

Remark 5.1. One has to pay attention to the initial guess in the algorithm which
has to contain the full reached contact zone. In practice, such a choice is always
possible because the candidate area to the contact is always known. If the initial
guess does not fulfill this condition, it may occur that the missed part of the contact
zone is not obtained when convergence is reached.

5.1. Adaptive strategy. We start always with a fixed uniform or quasi-uniform
triangulation 7 ,, n = 1. Next, we perform iteratively the following adaptivity
step:

On the triangulation 7y, ,,, we compute the solution (uy,, Ap) of problem (17), the
corresponding error indicators as defined in (35), (36) and (37) and the mean value

(69) My = Nn Z K,

where Nj' is the number of triangles in 7y ,. Next, each triangle K such that
NK > My, is divided in such a way so that the diameters of the new triangles inside
—n

it are very close to hx times the ratio n—h.

Ulie
When 7, + n¢ is of the same order as nx we perform a second step of the

adaptivity on the edges of I'c following the same strategy as above.
The adaptivity is performed either a fixed (small) number of times or until the
quantity 7;, becomes smaller than a given tolerance.

5.2. Example 1. In this case the data are as follows: we consider the L-shaped
domain Q; = ]—10,0[ x ]0,1[U]—1,0[ x ]=3,1[, Q = ]—15,—5[ x ]—2,0[, T, =
]—10, =5[] x {0}, v = 0.3, E = 215. The surface force is f(z) = —1 and is defined
on the boundary I'y = ]—1,0[ x {—3}. Also,

o 1 in Ql 5
OL(IE,y) - { 10—3 in Q27
We show the initial and the final deformed mesh after 10 cycles of mesh refinement,
as well as the error indicators on Figures 3-4 and on Figures 5-6

5.3. Example 2. The T-shaped domain is a union of two rectangles ; = |—5, 5[ x
10,1[U]—1,1[ x ]—4, 1] and the support part is Qs =]—8,—1.5[ x |-2,0[ and Q3 =
11.5,8[ x ]-2,0[, Te = ]—5,—1.5] x {0} U]L.5,5] x {0}, v = 0.3, E = 2150. The
gravity force is g = —0.1. To remove free sliding in the z-direction we impose zero
displacement on {0} x |—5,1[. We give the initial deformed mesh in Figure 7 and
the final one in Figure 8 for &« = 1 in the entire domain.

We give the same plots in Figures 9-10 for the case

a(aj )7 1 ian,
YT 1072 inQ, UQs.
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The convergence of the adaptive strategy is given on Figure 11. We have com-
puted a reference solution on a very fine uniform mesh with a constant mesh size of
0.05. The mesh size in the coarse initial mesh is 0.3 in all examples. We plot, as a
function of iteration numbers, the global error indicator 7, the error in the energy
norm and the error indicator n-mortar, the Hilbertian sum of the error indicators
on the contact zone. We observe in this example that both 1 and n-mortar decrease
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with the energy norm of the error. We also remark that the p-mortar is negligible
for the adaptive process in this example and this is not surprising since solutions of
the Signorini unilateral contact problems with straight contact zones are smooth,
see[43] for more details.

T
err

3 eta mortar --------

FicUure 11. Convergence of the adaptivity

Finally, we perform another experiment with

1 in Ql,
a(z,y) =4 1071 inQ,,
1072 inQs.

We plot the final deformed mesh in Figure 12 where we can see the influence of the
parameter « in the adaptive strategy
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APPENDIX

In this appendix, we give the proof of proposition 4.7. The proof consists in con-
structing a regularized interpolation operator with the appropriate approximation
properties. Such operators are based on local modified quasi-interpolation opera-
tors of Clément type [10]. In our case the construction has to take into account the
nonhomogeneous materials in the spirit of [12], the non-compatibility of the meshes
at the cracks UL_,v;, and the new (and major) difficulty which is the discontinuity
(even) of the solution of the continuous problem at the contact zone U!_;;.

Given z € (M \NZ)UNS, let w, denote the support of the nodal basis function
.. It is the union of all elements that have z as a vertex. With each z we associate
{(z) in {1,...,J}, such that

e 2z belongs to Q..
® () is maximal among oy, j =1,...,J such that ﬁj contain z.

We denote by
1
7{ vdx = 7/ vdx
w meas(w) J,

the mean value of the function v on the set w. Then, we set

(70) T = §°’z“9e<z> vdx, ifze (Q\NF)UNG,
) 0 ifz € 9QUN.

We define the quasi-interpolation operators R} : L2(Q)% — V),
(71) Riv= Y (mv)e.,
ZENh\Ng

with the obvious notation R} v = (R}v1, Rjv2).
In order to enforce the continuity at the vertices of /\/'5r , we define the affine
piecewise continuous function on ~

®(2) = (p1,92)(2) = RL(2), Vze€Ng.
We define
| ®(2) ifze N&\ N,
(72) By = { R} otherwise.

It is clear that Ry : L2(2)? — V;, N HE(Q)2. For arbitrary K € T}, and for each
component of v = (vy,v2) € V, we have

lvi = Rpvill 2 (k) = || Z @ (vi = Rpvi) |2 (k) < Z ll=(vi = Rpvi)|l L2 (k)
2€ENK 2€NK
We have to distinguish between several cases.
e We consider a vertex z which is not contained in the boundary of any of
two subdomains. Then from the Bramble-Hilbert inequality, we deduce
l¢=(vi = Rpvi)|l2(x) < [Jvi — Ravillz(xy < llvi — Ravil| L2 (w.)
_1
< cdiamw, |[vi| g1 (w,) < chrag’ [[vill1,a,ak-

When z € 99, similar computations with the Poincaré-Friedrichs inequality
lead to the same estimate.
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e Consider now z which is not in 9Q but is in 9Qy(x) where £(K) is such that
K € Q). If {(K) = £(z), then the previous argument with w. replaced
by w. N Qy k) still applies.

o If {(K) # ¢(2), we have

[0z (vi = Ryvi)llL2(x) < Il (vi —f v; dX)|| 2 (k)

w2 N2y

< = (vi —7{ v; dx)| L2 (k)
wzﬂQz(K)

+ Hm]! ff 01 0| 2 -
wzng(K) wzﬁQe(Z)

The first term is estimated as previously. The second term is estimated as
follows

||soz<j$ v — 74 P L J v — 7! vi dx)|
wzﬂQ((K) wzﬁﬂl(z) wzﬁQ[(K) (/szﬂ((z)

< chg| Ui*j{ v; dX)|.
wzﬁQ((K) wzﬂﬂg(z)

Consider first the case where the two subdomains €(.) and k) are ad-
jacent, i.e. they share a common edge that we denote by e

e As a subcase, we still have ¢(K) # {£(z) and we consider z such that
2z & 7, v € UL 7; being a crack between the two subdomains Q(z) and
Q). Then it is an endpoint of e which is the entire edge of two ele-
ments, each in one subdomain. Using the regularity of the triangulations

Tt € = U(K),{(z), we have

1
hK‘% Uiff ’UidX)| Sche?” ”Uiff Uidx)||L2(e)
wzﬁQg(K) wzﬁﬂg(z) wzﬂQ@(K) wzﬂQe(z)

1
< chZ(]| v — Vil L2(e) + ||lvi — % villL2(e))-

wzﬂQg(K) wzﬁQg(Z)

Denoting by « any of the two elements K, K’ which share the edge e, and
£(k) = £(z) or £(K), and thanks to the trace theorem [[48], Lemma 3.2] we
have

_ 1 1
(73) lellz2(ey < clhe 2 llellL2(x) + RéPlm1 (1)),

and we obtain
1
he?”’l)i*% ’UiHLz(e) < C(H'Ui 7]{ ’UidX||L2(,Q) +he|Ui‘H1(n))
wzﬁQg(n) WzmQZ(K,)

_1
<chgag® ||[villna,ak-

o If ze7and z € N \/\/25, it follows from the Assumption 1, that z is an
endpoint of e which is an entire edge of K and only a part of & an edge of K.
In addition v = (v;), ¢ = 1,2 is not continuous through +, therefore, we have
to modify the previous argument. Inserting and subtracting h_* fe Vi[ Q) 0
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k = (K, K), we obtain

hm% v; —j{ v dx| < hK(|% v; —h;l/vimz(m dr|
wzﬁﬂg(K) wzﬁﬂg(z) wzﬁQZ(K) e
+ |h€_1/vi‘ge(2) dr —7{ o +he_1|/[vi] drl),
e wz N8 (2) e
< hK(hgl/(|Ui\Q£<K) —j{ v; dx|) dr
e wzﬁQ[(K)

+ht /(|vi|m<z> _]{ vidx) dr + b / ] drl).
e wzNQy(z) ¢

1
S ChK (he 2 ||1}i|Qe(K) —% V; dX”L?(e)

wzﬂﬂz(K)

_1 _1
+ he 2 H’U“QZ(Z) —% o V; dXHL2(e) + he 2 || [1}@] ||L2(e))-
wz M8 ()

Invoking the trace theorem (73) once, we obtain

helf v d wdxchi (- vl + llngo)
wzﬁQe(K) wzﬁQg(z) WzmQZ(K)

+ (he_lei — ‘% V; dX||L2(,,€) + |Ui|H1(n))
WMy (2)

_1
+ ke 2| o] |22 (e)) -

The two first terms yield as previously
_1
Bl = f vkl + [oilimgo) < chicax Folhoa,
wzﬂQé(N)

Thanks to assumption 1, the last term is bounded as follows

1 _1
2 2

hic (he || o] l2(e)) < hic (he * v — RavillL2(e) + (32)% (he * |lv; 5 — Bavill2(e)))

s

1 ~1
< c(hé |lvix — Ravillpze) + Ré [lv; g — Ruvillz2)

The second term on the right hand side of this inequality is bounded for
small 6 > 0 as follows

~1 1
(74) hé ||’Uz\f( - RhUiHLQ(é) <4 ||’U1|I~( - thi”iz(f() + Ehé

and we have obtained for K

1
vy = Buvill 2y < chrag® villna.n, -

Therefore the worst term is O(hg). The first term is simply added to
|vi — Ryvil| 12k on the left hand side of the estimate thanks to the decom-
position (74) which will still add to the right hand side a term of O(hg).
o If 2z € ./\/Ef, z is an endpoint of e which is an entire edge of K and only a
part of & an edge of K. We denote by a;j, j = 1,2,3 the vertices of K, and



30 Z. BELHACHMI AND F. HECHT

by A;, the associated barycentric functions,

3
Vi, — BrvillLzx) < Z |(vi = Rvi) @)1 Al 27

Jj=1

3
< Chf( Z |(Ui|Qg(K) - thi)(aj”a
j=1
Using Assumption 1, and the regularity of the triangulations, we obtain

1 1
[VijQue, — Ruvillz () < B2 llvije,., — BavillLz@) + héll vil 22 (e)-

When the subdomains gy and () are not adjacent, by using Assump-
tion 2, we introduce the subdomains (€y), which are on the path between
Q) and ;). We apply the previous argument each pair of adjacent
subdomains. This establishes the first estimate of the Lemma. The second
one is proven in exactly the same way by noting that

1
le=llz2(e) < ché.
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