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Abstract

We propose two different Lagrange multiplier methods for contact
problems derived from the augmented Lagrangian variational formula-
tion. Both the obstacle problem, where a constraint on the solution is
imposed in the bulk domain and the Signorini problem, where a lateral
contact condition is imposed are considered. We consider both continu-
ous and discontinuous approximation spaces for the Lagrange multiplier.
In the latter case the method is unstable and a penalty on the jump of
the multiplier must be applied for stability. We prove the existence and
uniqueness of discrete solutions, best approximation estimates and con-
vergence estimates that are optimal compared to the regularity of the
solution.

1 Introduction

We consider the Signorini problem, find u and A such that

—Au = finQ
u = Oonlp (1.1)
u<0, A<0, ur = Oonlyg,

or the obstacle problem

—Au—X = finQ
u 0 on 092 (1.2)
u<0, A<0,uAx = 0in Q.
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Here Q C R%, d = 2,3 is a bounded polyhedral (polygonal) domain and f €
L?(Q). Tt is well known that these problems admit unique solutions u € H* ().
This follows from the theory of Stampacchia applied to the corresponding vari-
ational inequality (see for instance [24]). For the discussion below we will also
assume the additional regularity u € H'*%(Q), A € H'=*(T¢), s > 1/2, for the
Signorini problem (1.1) (see [3]) and u € H'**(Q), A € H!=%(Q), s > 1, for the
obstacle problem (1.2) (see [15]).

From a mechanical point of view, these equations model the deflection of a
membrane in isotropic tension under the load f, assuming small deformations.
The membrane is either in contact with an obstacle on part of the boundary,
(1.1), or in the interior of the membrane, (1.2), preventing positive displace-
ments u. In both cases the Lagrange multiplier has the interpretation of a
distributed reaction force enforcing the contact condition v < 0. We present
the numerical analysis in the framework of the simplified model above, but there
are no conceptual differences when working with more realistic models of elas-
ticity (in which case friction can also be considered, cf. [16, 29]). Extensions to
adhesive contact models are given in [13].

2 Finite element discretization

Our aim in this paper is to design a consistent penalty method for contact
problems that can easily be included in a standard Lagrange-multiplier method,
without having to resort to the solution of variational inequalities. We consider
two different choices for the multiplier spaces, either a stable choice or an un-
stable choice where a stabilization term is needed to ensure the stability of the
formulation. In the latter case we add a penalty on the jump of the multiplier
over element faces in the spirit of [12, 11].

There exists a large body of litterature treating finite element methods for
contact problems [9, 28, 22, 6, 5, 7, 36, 35, 19]. Discretization of (1.1) is usu-
ally performed on the variational inequality or using a penalty method. The
first case however leads to some nontrivial choices in the construction of the
discretization spaces in order to satisfy the nonpenetration condition and as-
sociated inf-sup conditions and until recently it has proved difficult to obtain
optimal error estimates [26, 21]. The latter case, on the other hand leads to
the usual consistency and conditioning problems of penalty methods. Another
approach proposed by Hild and Renard [25] is to use a stabilized Lagrange-
multiplier in the spirit of Barbosa and Hughes [4]. As a further development
one may use the reformulation of the contact condition

A==y u— s (2.1)

where [z]4+ = max(0, ), introduced by Alart and Curnier [1] in an augmented
Lagrangian framework. Using the close relationship between the Barbosa—
Hughes method and Nitsche’s method [30] discussed by Stenberg [32], this
method was then further developed in the elegant Nitsche-type formulation for
the Signorini problem introduced by Chouly, Hild and Renard [18, 20]. In these



works optimal error estimates for the above model problem were obtained for
the first time. For an overview, see [17].

Using the notation (u,v). for the L? inner product over C' we have in the
case of the Signorini problem (1.1) that C corresponds to I'c, the boundary
part where the contact conditions hold and

(u,v) - ::/ uv ds,
Ie
while for the obstacle problem (1.2) C' = Q and
(U, ) = / wv dz.
Q

Finally, we define ||v||c := (v,v)éﬂ. With this notation, the augmented La-

grangian multiplier seeks the stationary point to the functional
Bl ) = ga(u,w) + 5w =42~ 2IAIZ, (22)
2 27 2

where v is a positive parameter, cf. Alart and Curnier [1], and a(u,v) :=
(Vu, Vu)g. Observe that formally the stationary point is given by (u, A) such

that )
a(u,v) + <’77 [UJ7’}/A]+,’U>C = (f,U)Q (23)
(A=A e = 0
for all (v, u), or by substituting the second equation in the first
a(uu 7)) - <)‘7U>C = (f7v)ﬂ (24)

A+ [u=7A+ e = 0.

It follows that under our regularity assumptions any solution to (1.1) or (1.2)
also solves the Euler-Lagrange equations (2.3) and (2.4). Observing now that
the contact condition equally well can be written on the primal variable as

u = —[yA — u]4+ we get by adding and subtracting u in the second equation of
(2.4)
a(u,v) - <>\ﬂv>C = (f?v)ﬂ (25)
(wt+ A =u4 e = 0.

In this paper we consider two different methods, resulting from this approach.
The first formulation is the straightforward discretization of (2.3) resulting in a
method that gives the stationary point of the functional (2.2) over the discrete
spaces. The second formulation is a discretization of (2.5) that is chosen for
its closeness to the standard Lagrange multiplier method for the imposition of
Dirichlet boundary conditions.

The augmented Lagrangian approach is well known as a solution procedure
for variational inequalities, see for instance [27], however our objective herein is
to show that it may also be considered as a discretization method that yields



optimally convergent approximations to contact problems for sufficiently smooth
solutions.

We consider discretization either with a choice of approximation spaces that
results in a stable approximation, or a choice that is stable only with an added
stabilizing term. Here we consider stabilization based on the interior penalty
stabilized Lagrange multiplier method introduced by Burman and Hansbo [12]
for solving elliptic interface problems. The appeal of this latter approach is that
we may use the lowest order approximation spaces where the displacement is
piecewise linear and the multiplier constant per element (or element side). When
considering the Signorini problem (1.1) these spaces match the regularity of the
physical problem perfectly and therefore in some sense is the most economical
choice.

For an alternative stabilization method of Barbosa—Hughes type in the aug-
mented Lagrangian setting, see Hansbo, Rashid, and Salomonsson [23].

We assume for simplicity that {7}, is a family of quasiuniform meshes of
Q (the extension to locally quasi uniform meshes is straightforward), such that
the mesh is fitted to the zone C'. That is, for the Signorini problem, C C T'¢
is a subset of boundary element faces of simplices K such that K N T'¢ # 0,
F = 0KNT¢ To := {F}, C := Uper., with C C R?"L. For the obstacle
problem C is defined by € and hence Uger =: C C R? and 7o = 7. Below
we will denote the elements of 7o by K in both cases. We define V}, to be the
space of H'-conforming functions on 7T, satisfying the homogeneous boundary
condition of I'p.

th = {Uh S Hl(Q) : 2)|FD = 0;’U|K S Pk(K), VK € T},

where Py (K) denotes the set of polynomials of order less than or equal to k on
the simplex K. Whenever the superscript is dropped we refer to the generic
space of order k. For the multipliers we introduce the space Aj defined as the
space piecewise polynomials of order less than or equal to [ defined on C.

Ap = {pn € Lz(C) Cpnli € P (K),VK € To}-

Whenever | = k — 1 the superscript is dropped. We will detail the case of
discontinuous multipliers, but all arguments below are valid also in case the
Lagrange multiplier is approximated in the space of continuous functions, Ail N
C°%(C), I > 1, in this case no stabilization is necessary. The differences in the
analysis will be outlined.

Both formulations that we consider herein take the form: Find (up, Ap) €
Vi, x Ay, such that

a(un,vn) + b[(un, An); (v, )] = (f,on)a V(vn, ) € Vi X Ay, (2.6)

where (-,-)o denotes the standard L2-inner product, and the methods are dis-
tinguished by the definition of the form b[-;-] that acts only in the zone where
contact may occur. The stabilization term will be included in the form b[-;-]. As
already pointed out this term is necessary only when the choice Vj, x Ay, does



not satisfy the inf-sup condition. In our framework, this is the case when the
multiplier is discontinuous over element faces. In this paper we will focus on a
stabilization using a penalty on the jumps over element faces of the multiplier
variable in the spirit of [12, 11],

o) == 32 5 [ nvdm] ds, (2.7)

FeFc

where 6 > 0 is a parameter, [z]|F denotes the jump of the quantity = over
the face F' and F¢ denotes the set of interior element faces of the elements in
Tc. The semi-norm associated with the stabilization operator will be defined as

s == s()2,
We will also below use the compact notation
An[(un, An), (Vhs pn)] := aun, vi) + b[(wn, An); (Vn, p1n)]

and the associated formulation, find (up, A\n) € Vi x A, such that

Ah[(Uh, /\h)7 (’U}L?,LL}L)] = (f7 Uh)Q7 for all (’Uhvﬂ'h) S Vh X Ah- (28)

We will now specify two different choices of b[; -] leading to two different Lagrange-
multiplier methods.

FORMULATION 1: In the first formulation we use the original formula for
the contact condition proposed by Alart and Curnier, A\ = —y = u — yA] ¢
b[(uns An); (s pn)] = (v Hun — YAnl 4, vn)
(Y un = AR TR )
+ (YAns ) o+ 8(An, 1n) (2.9)

or, changing the sign of u we may write the nonlinearity as the derivative of a
quadratic form. Here, using the notation Py (up, Ap) = £(un —yAn)
b[(wns An); (Vs n)] = (v [Py (uny An) ]y Py (vns 1))
- <Wth7 An)e = (A, pn), (2.10)

with v > 0 a parameter to determine. In this case the finite element formulation
corresponds to the approximate solutions of (2.3) in the finite element space.

FORMULATION 2: In the second formulation we use a reformulation of the
contact condition on the displacement variable, & = —[yA — u]+ to obtain the
semi-linear form

b[(wn, An); (Vn, pn)] == — (Ansvn) o + (ks un) o
+ (b, [Py—(uns An)] ) o + s(Ans pin), (2.11)

with v > 0 a parameter to determine. In this case the finite element formulation
corresponds to the approximate solutions of (2.5) in the finite element space.



2.1 Alternative formulations

In both formulation 1 and 2 above it is possible to derive an alternative formu-
lation of the same method using the relation

[Py—(un; An)]+ = [Py (un; An)]4 = Py (uns An).

Considering the form (2.10) and adding and subtracting P, (up,Ap) in the
nonlinear term we have the alternative form (omitting the stabilization term)

b[(un, An); (vns tn)] = (v [Py (uny An) )y Pyt (Uny 1)) o — (Yihs An) ¢
= (v [Py (un, An)ls = Py (uny An))s Poy (0n, )
+ (VT Py (uns An)s Pyt (Vns 1)) ¢ — (Vi An) o
= — (\nvn)e = (s un)e + 77 (Uns o)
+ (v Py~ (uns An) 45 Py (0n, m) ) - (2.12)

Similarly for formulation 2 we obtain in (2.11) omitting for simplicity the sta-
bilization term

b[(uns An); (vhs n)] = = (s vn) o+ (tny An) o+ (s [Py (uny Al ) o - (2.13)

We see that this semi-linear form corresponds to a discretization of (2.4).

The methods defined by (2.11) and (2.13) or (2.10) and (2.12) respectively
are equivalent, but if during the solution process the linear and nonlinear parts
are separated in the nonlinear solver, one can expect the different formulations
to have different behavior and give rise to different sequences of approximations
in the iterative procedure.

3 Technical results

Here we will collect some useful elementary results. We will frequently make
use of the notation a < b for a < Cb with C some positive constant. First recall
the following inverse inequalities and trace inequalities (for a proof see, e.g., [2])

Vun||x < Csh™Hunllx, Yun € Vi (3.1)
lullox < Cr(h™% |lullk + h*|Vulk), Yue HY(K) (3.2)
lunllox < Crh™2|Jun|x, Yun € Vi (3.3)

Similar inequalities hold for functions in A, and we will use them without mak-
ing any distinction between the two cases. We let m : L2(C) — A9 denote
the standard L? projection onto AY) and we observe that there holds, by stan-
dard approximation properties of the projection onto constants (and a trace
inequality in the case of lateral contact),

(1 =7o)onlle < coh®([Vonlla (34)



with s = 1 for the Obstacle problem where C' C Q2 and s = % for the Signorini
problem where C' C 9Q. Similarly we define 7, : L2(C) — A} NC°(C) and note
that the corresponding inequality holds for m;

11 =7m)onlle < erh®|[Von|lq. (3.5)

We also observe for future reference that [Jul|c < C||ul|g1(q) in both cases.
For the analysis below it is useful to introduce an indicator function for
the contact domain C' defined on the space V. Let &, denote a finite element
function such that &, € Vil with &,(x) = 0 for nodes in (Q\ C) UTp, that
is nodes outside the contact zone. For all other nodes x; € K with K C 7T¢,
x; € Ip, &n(x;) = 1. The following bound is well known, see for instance [14]

1
See € RY such that cellunlle < lEhunlle,  Vim € AL, 120, (3.6)
Stability of the method will rely on the satisfaction of the following assumption:

Assumption 3.1. There exists cp € [0,1) such that for all up, € Ay, there holds

11 = &pnlle < epllpnlle-

The assumption holds whenever there exists a quadrature rule on the sim-
plex, with positive weights and only interior quadrature points, that is exact
for polynomials of order less than or equal to [ + 1. This is easily shown by
observing that since (1 — &,)un|x € Pry1(K),

1= &unlle = D D (1= &nl(@) (@)’

KeTec i€Qk
< 1 -
max (max (1 = &,(w:)) 2P (i) ws
KeT i€eQxk
= pllunlE

where Qp is a set of integers indexing the quadrature points in K, w; is the
weight associated to the point z; € Qi and

cp = max (max (1 — &,(x;))%

b= max (max (1 - ()
Since 1 — &, is zero only on the boundary of C' and no points z; € Qi are on
the boundary we conclude that cp < 1.

This is a very mild condition, on triangles it has been shown to hold for the
integration of polynomials of degree at least up to 23, see [33, 37]. It follows
that for the Signorini problem in three dimensions and the obstacle problem in
two space dimensions the analysis holds at least up to £ = 12. For the lowest

order case where the multipliers are constant per element it is straightforward
to show that cp < 1/2if C C R? and cp < & 1fC C R3.

Lemma 3.1. Let a,b € R; then there holds
([al+ = [b]+)* < (la]4 — [B]+)(a = b),
lal+ = [b]+] < fa—b].



Proof. Expanding the left hand side of the expression we have

(a2 + B2 — 20al by < [alya+ B+b — abls — [alb = (fals — [bl1)(a —b).

For the proof of the second claim, this is trivially true in case both a and b are
positive or negative. If a is negative and b positive then

llal+ = [b]+| = |6 < |b—al
and similarly if b is negative and a positive

[aly = [b]+] = la] < |b—a].

||
Lemma 3.2. (Continuity of b[-;-]) The forms (2.11) and (2.10) satisfy
[b[(u1, A1); (v, w)] = b[(uz, A2); (v, |
_1 1 _1 1
< (72 lur = u2) ) + 72 A = Aelle) (v 2 [lvlle + 2 llelle)

+ |)\1 - )\2|S|M‘s-
Proof. Immediate by the definitions of b[-; -], the second inequality of Lemma
3.1, the Cauchy-Schwarz inequality and the assumptions on || - ||¢. |

Next we define the local averaging interpolation operator I.¢ : A, — Ap N
C°(C) such that for every Lagrangian node x; € T¢, with the associated set
QiZ:{KCTCIIEiEK}

Iepdn(zi) = k7t Z An ()| K,
KeQ;

where k; denotes the cardinality of the set ;. Observe that since &, € Vhl, for
any pp, € Ay there are functions R, in Vj, such that Rp|c = I.;&npn. We recall
the following interpolation result between discrete spaces:

Proposition 3.1. For all uy, € Ay, there holds

1€nin = Leg(Enpn)llo < cslh2[pnlll 7o, [eppnllo < cerllpnllo

and
lunlZ < C8|lpnllE-

Proof. For a proof of the first inequality we refer to [10, Lemma 5.3]. The
second inequality is immediate by applying the trace inequality (3.3) to each
term in the definition (2.7) of s(:,-). |

Lemma 3.3. Letr, € A, NCY(C), then there exists Ry, € Vi, such that Ry|c =
Enrn and || Ry g1 o) + | Rrlle < Crh™®||rulle, with s = 1/2 when C'is a subset
of 90 and s =1 when C' is a subset of Q.



Proof. Define Ry, so that Ry, (z) = &,rp(z) for all nodes = in T and Ry (x) =0
for all other nodes x in the mesh. First consider the case when C' is a subset of
the bulk domain 2. Then, using an inverse inequality,

IVRillo < Cih™ Y| Ryl = Cih™rnlla = Cih™ e

In the case C is a subset of the boundary of Q2 we observe that

2 2

IVRy|o = > IVRk| < > PRk
KCT:0KNC#) KCT:0KNC#)

Using that Ry, is defined by the nodes in C', combined with the shape regularity
of the mesh, we may use the following inverse trace inequality [10, Lemma 3.1]
on every K : 0K NC # 0,

IRnllx < ChZ || Rulloxnc-
It follows, since Rp|c = &prp, that

VRl < Ch7Y2||Ryllc < Ch™Y2|r]|c

4 Existence of unique discrete solution

In the previous works on Nitsche’s method for contact problems [18, 20] existence
and uniqueness has been proven by using the monotonicity and hemi-continuity
of the operator. Here we propose a different approach where we use Brouwer’s
fixed point theorem to establish existence and the monotonicity of the nonlin-
earity for uniqueness. To this end we introduce the finite dimensional nonlinear
system corresponding to the formulation (2.6).

Let M := Ny + Nj, where Ny and N, denote the number of degrees of
freedom of V3, and A}, respectively. Then define U,V € RM | where U = {uz}fi‘/lu
N, Vo= {u U {pad YA where {u;}, {v;} and {\;}, {v;} denote the
vectors of unknowns associated to the basis functions of V}, and Aj, respectively.

Consider the mapping G : RM — RM defined by

(G(U), V)gn := Ap[(un, An)s (v, pn)] — (f, vn)a-

Existence and uniqueness of a solution to (2.6) is equivalent to showing that
there exists a unique U € RM such that G(U) = 0.
We start by showing some positivity results and a priori bounds

Lemma 4.1. There exists a > 0 and an associated constant c, > 0 so that with
the form b defined by (2.10), § > 0 and v = 5 *h?* with vo > 0 there holds, for
all (uh,)\h) € Vi x Ay,

IV unlld + YAk + 3 Py (s M) 12 + call v nlE
5 Ah[(uh, )\h), (uh — aRy, /\h)], (4.1)



where Ry, € V, is defined in Lemma 8.3, such that Rp|c = YéndcfAn.

There exists a > 0 and an associated constant ¢, > 0 so that with the form
b defined by (2.11), k > 2 and v = voh?® with vo > 0, yo sufficiently large, and
§ > 0 there holds, for all (up,\n) € Vi X Ap,

_ 1
IVunlld, + 5~ Hlun + [Py—(wn, M)+ 18 + callv2 Anlle:
< Anl(uns M), (un + @Ry, A+ trous)],  (4.2)

with Ry, as before. In case k =1 (4.2) holds under the additional that 0 < § <

(coCr)*yo -
Under the same conditions on the parameters as above, for both formulations
there also holds, for (up, Ap) solution of (2.8),

IVunlla + 172 Anlle S 1 £l (4.3)

The hidden constants are independent of h.

Remark 4.1. For k > 2 and continuous multiplier space the parameter § and
the term |An|? can be dropped above.

Proof. First consider the claims for formulation 1. By testing in (2.8), using
(2.10), with vp, = up and pp = —Ap,

An((Wn, M), (un, =2n)) = [IVunlB4 7 Pyy (un, M), untyAnd o172 Al +HAn 2
and observing that

(v Py (i, M)A o+ 17 E A%
= Il (7 Py G ), =730 ) +2 (3 3Py Al )
implies

(™ P (s An) un+An) e 2 MnllE = I3 Mll + ™2 [P (un, An)]+ I

+2 <7_% [Py (un, )‘h)]+7’7%)\h>c

we obtain the relation

IV un 1+ 1172 [Py (s M) 72 AnllE A+ A2 = An[(n, M), (un, An)]- (44)
Testing (2.8) with v, = —aRy,, with 7, = vI.f({pAn) and pp, =0,

Ap[(up, An), (—aRp,0)]
= a(up, —aRp) + (Y [Pyt (wny M)l = Les (€nAn))
= a(un, —aRp) + (v [Pyt (s A+ + Ay =7Lep (En20))
= (A Y(ErAn — L (EnAn))) & + (Ans YEnAR) ¢ - (4.5)

10



For the last term in the right hand side we have by the inequality (3.6), ¢ [oERYY P
(YAn, EnAr)c. The second to last term of the right hand side, which is zero for
continuous multiplier spaces, can be bounded using Proposition 3.1

1, 1 9
(YA, EnAn — Lep(§nAn))c < C§1||"/§)\h”2c + e 267wl (4.6)

The second term is bounded using a Cauchy-Schwarz inequality and the stability
of T, cfs

(VT Py (uxs M)+ Ay v s (6 n) )
1 — 1 1 1 1
< Leorce) PPy Al A + SIS (47

for the first term we use the Cauchy-Schwarz inequality followed by the stability
of Ry, Lemma 3.3, and of I.; to obtain

_ 1,1
a(un, Rp) < C?{h_2s'70¢2:fcg | Vun I + 051”7; Anlle (4.8)
Applying the inequalities (4.6)-(4.8) to (4.5) we have

1 _ _
czall VI MllE — CRh™*ycl e *al|Vun o
1 _ _1 1
= 5(cerce) Pally T2 [Py (un, An)]+ + 72 AnlE
- cgcg25_1a|)\h|§

< Ap[(un, An), (—aRp, 0)] (4.9)
We conclude that (4.1) holds, by observing that h=2*y = O(1) and by combining
the bounds (4.4) and (4.9) with « small enough. The a priori estimate (4.3)

follows noting that for (up, Ap) solution of (2.6) there holds using the Poincaré
inequality and the properties of Ry,

Anl(un, M), (up, — aRy,0)] = (f,un — aRy) < C|flla([Vunllo + |72 Anllo)-

To prove (4.2) we start by testing in the left hand side of (2.8) with v, = uy,
and pp = Ay + v mun = Y Py (upy M) + v H(un + miug), where i = 0 if
k=1andi=1 for k > 2. Observing this time that, using the definition (2.11)
and adding and subtracting u;, at suitable places the following equality holds

bl(whs An)s (uns A+ v tmiun)] = 7 (un, un) o — v | miun — un |
+ v Py = (un, An)] 4 12
+2 (v up, [Pw—(uh7)\h)}+>c

+ 7 (miun — un, [Py— (un, An)]4) o
+ A2+ s,y (miun — ).

11



This results in

IVunllg, + 7~ Hlun + [Py—(wn, M)l l1& + A2 =7 Imiun — unll2
+ 7 (miun — up, up 4 [Py— (un, M)+ ) o + s,y (miun — up))
= Ap[(un, An), (vn, pn)]-

We now bound the three last terms on the left hand side. First by the properties
of m; we have
v Himiun = unl|E < Ry Vup |G (4.10)

Using a Cauchy-Schwarz inequality, the previous result and an arithmetic-
geometric inequality we have
M (miun — wn, un 4 [Py— (un, An)l+) o
1 . 1 _

< SR Y IVunllg + 5y lun + [Py (wns M)l & (411)

Finally for £ = 1 we have for the last term
_ 1 _
SO 7 (moun = ) < 5 Pf2 + 91 6CH moum, — un?
1 5c3C2,

R A

< %l/\hE +
and for k > 2, s(Ap, v~ (miup—wup)) = 0. Collecting the results above we obtain
for k=1

(1=3/2¢37, " = 1/2065CT )| Vuallg
g7 un + [Py G ML 2+ 50l
S Anl(un, An), (v, pn)]- (4.12)

We see that the factor (1 — 3/2c2v; " — 1/20c3C2~,!) is positive under the
assumptions on 7y and 6. The corresponding inequality for k& > 2 is obtained
by omitting the term with § and replacing ¢y with ¢;. Observe that by using

vp = Ry with rp, = —yI. & A and py, = 0 we have using similar arguments as
above
1
YNEEARNE = Ay Y (EnAn — Lep€nAn)) o + alun, Rn) = An[(un, Ar), (Ra,0)].
(4.13)

Using once again (4.6) and (4.8)

SeellvE B — Ch e eIVl — eg 0 A2 < Anluns M), (B, O)

(4.14)
where the stabilization contribution can be dropped whenever continuous ap-
proximation is used for the multiplier space. We conclude as in the previous
case by combining the bounds (4.14) and (4.12). The a priori estimate (4.3)
also follows as before. |

12



Proposition 4.1. The formulation (2.8) using the contact operators (2.11) or
(2.10), and the same assumptions on the parameters &, v as in Lemma 4.1,
admits a unique solution.

Proof. By the positivity results (4.1) and (4.2) of Lemma 4.1 we have for
each method that there exists a linear mapping B : RM — RM such that
b1|U| < |BU| < by|U| for some 0 < by < by and that for U sufficiently big

0 < (G(U),BU). (4.15)

We give details regarding the construction of B only in the case of formu-
lation 2 with & = 1. The argument for k£ > 2, and that for formulation 1,
are similar. Let the positive constants ¢;, and C}, denote the smallest and the
largest eigenvalues respectively of the block diagonal matrix in RM*M with
diagonal blocks given by (Ve;, V,)a + <'y*1goi,goj>c, 1 < 4,57 < Ny where
p;, denotes the basis functions for the space V}, and %’Y(%ﬂ/fj)c where ;,
denotes the basis functions for the space Ay, 1 < 4,5 < Nj such that, with
hunli2 2= IV unll3 + I~ Funl2

1
cnlUlgar < [lunllfp + Zv\l/\hllé < CulUlzm-

Recalling the a priori bound (4.2), let B denote the transformation matrix such
that the finite element function corresponding to the vector BU is the function
(up + aRp, A\, + v~ 1moup), with R, defined in Lemma 4.1. First we show that
for « sufficiently small, there are constants by and by such that b1|Ulgm <
|BU|gm < bo|U|gm. This can be seen by adding and subtracting aRpand
v~ Iroup, and using (a + b)? < 2a? + 2b%,

1 1 _
el 5+ 3IwlE < 2l + aBal} .+ 371 + 7 moun 2

1, _

+ 5”7 V2 roun||% + 2||O‘Rh||ih
1 _

< 2C,|BUgn + §||Uh||ih + Ca*h || Al

where we have used the properties of R from Lemma 3.3. It follows, for «
small enough, recalling that v = O(h?%), that

1 1 1
SenlURs < (1= 3)llunll s + (5 = Calrlwuliz < 204 BU R

Similarly we may prove the upper bound: using that by the properties of
Ry, and mguy, we have

1 _
Ch|BU|%JM < Huh + OZRh”ih + 1’7”)\}1 + Y 17'(0’Uzh||2c

1 1,
< 2flunllip + 2laBultn + 57IMIE + 5y Ve moun |8

1
<€ (Hunll s+ oIl )
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We have shown that (4.15) holds and we observe that, by Lemma 3.2, G(U) is
continuous. Existence of a solution to the nonlinear system is then a consequence
of Brouwer’s fixed point theorem using standard arguments, see for instance [34,
Lemma 1.4, Chapter 2].

Uniqueness is consequence of the positivity results of Lemma 4.1 and the
monotonicity of Lemma 3.1. Considering first formulation 1, where the form
b[-; -] is given by (2.10), we have

IV (ur — u2)IIf,

= = [Py (ur, M)y = [Py (u, o))y un — uz + 7 (A = o))
=l = AallE = A = el
It follows that, defining

[, A2 = [Vl + AL,

[lur = ug, A = Aal||?
= =M = Xl
= [Py (un, M)y — [Py (ug, A2)] 4, Pyy (un — uz, At — Aa))
=T [Py (un, M) = [Py (w2, A2)] 4, 29v(M1 = A2)) -

Then, using the monotonicity of Lemma 3.1 we deduce

[[lur = w2, A = Ao |* + v A = Ao
TPy (i, M) = [Py (w2, A2)] 1[I
< = [Py (ua, M)+ — [Py (u2, A2)] 4, 27(A1 = A2)) -

Therefore

[t =z Ax = A llI2 437 1l O — Aa) + [Py s (g, Al — [P7+(u27A2)]+II?C o

4.16

and u; = ug. Repeating the arguments leading to (4.9) on A\; — A2 and using
(4.16) allows us to conclude that Ay = Aq.

In the case of formulation 2 we only give the details for k > 2, the case k =1

is similar, but we need to handle an additional stabilization term. Assume that

(u1, A1) and (u2, A2) solves (2.8) with the contact conditions defined by (2.11).

V(w1 —u2)[[§ = (M — Ao, us — ug) e
= =7 (A = Ao, [Py (ua, M) — [Py—(u2, A2)]4) ¢
— [\ = Aol

1

Observing that with pp =y~ m(u1 — ug) we also have

Y Im (s = u2) & + 97 (i (wn — ug), [Py—(u1, A1)]y — [Py—(u2, A2)]4) e =0

14



and therefore we can write
[V (w1 —u2) &+ lug — ug + [Py— (w1, Ar))4 — [Py—(u2, A2)|4+ 1+ A1 — A2
=77 {(1 = m)(ur — u2),ur — up + [Py—(ug, Ar)]y — [Py—(uz, A2)] 1) -

By splitting the term in the right hand side using the arithmetic-geometric
inequality and using the approximation properties of 71,

11 =m) (w1 —ug)lle < erh®[[V(ur —us2)lla
we may conclude that
(1=~ eth*)| V(w1 — u2) [
57 =z + 1Py M) = [Py, Mol
+1]A = A2 <0.

As a consequence u; = wug when 7y is sufficiently large. That Ay = Ay is
immediate from (4.13) since the first equation of (2.4) is linear. |

5 Error estimates

In this section we will prove the main results of the paper which are error
estimates for the two methods given by (2.6) with the two contact formulations
(2.11) and (2.10). The idea of the proof is to combine the uniqueness argument
with a Galerkin type perturbation analysis. Since this result is central to the
present work we give full detail for both formulations.

Theorem 5.1. (Formulation 1) Assume that u € HY(Q) and A € L*(C) sat-
isfies (2.3) and (un, \n) the solution to (2.6) with (2.9) and 0 < v = 5 "h?*,
where s = 1/2 for the Signorini problem and s = 1 for the Obstacle problem.
Also assume that g € RT is sufficiently large and § € RT sufficiently large.
Then there holds for all (v, un) € Vi, X Ap,

allu = unll @y + IO = M)+ A+ 7Py (un, M)+ [
1 _
S Sl =onlli ey + 9O = )& + 77 I = on)lIE + [l
Proof. Using the coercivity of a(-,-) we may write

allu — uhll%{l(ﬁ) < a(u— up,u — up)
(

lu = wnl|F ) + = o3y + a(u — up, vn —up).

=~ R

15



It follows, using Galerkin orthogonality, that

a(u — up, vy — up)

= (v Py (s M)y — 7 [Py (u, A)] g, o — Un)
= (VM [Py (wns M) — 7 Py (u, Ny v — i + (i — )‘h)>c
+ (Y(An = A), (. — An)) + 8(An, pin — An). (5.1)
First observe that
(YO = A), (= An)) = = (172 (= )12

+ 172 (e — Nllellvz (pn = An)lle
1 1 1
< (e =) v2 (un — Mn)llE + E”’Y"‘ (1 — NI&

where we see that the first term can be made negative by choosing €; small
enough. Similarly

1
$(Any tn — An) = —|pn — Al 4 s(un, n — An) < (2 — D)l — A2 + E\Mh\i
2

where once again the first term on the right hand side can be made negative by
choosing €2 small. Considering the first term on the right hand side of equation
(5.1) we may write
(v Py (s M) = 7 [Py (1, N s o = w4 (i = An)) o
= (VM [Py (wns M)l — 7 Pyt (u, V)], Py (vn — wy pin — A))
I
+ (7 Py (s M)l = 77 [Py (0, Ay Py (w0 — s A = An))
11
+ (7 Py (s M)l = 7 [Pt (1, )], 29(1n = An))

117

=I+1I+111

The term I may be bounded using the Cauchy-Schwarz inequality followed by
the arithmetic geometric inequality

1 1 1, 1
< elly? A7 [P (s )l &+ g2 Poc (on = s = A2

For the term IT we use the monotonicity property ([a]+ —[b]+)(b—a) < —([a]+ —
[b]+)? to deduce that

IT <~y (N 47 Py (s M) )12

Finally to estimate term I11, let R, be defined by Lemma 3.3 with the associ-
ated rp, := I.f(26ny (1t — An)) and set ¢, = 1 — &,. Using that

a(u — Uh, Rh) - <’771[P’Y+ (uha /\h)]-‘r - Vil[P"/-‘r(u? A)]-‘rv ’rh>c =0
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and adding and subtracting 2&, (1, — Ar) in the right slot, we may write

(v Py (s M) = 7 [Py (1w, M) s 29 (i = An))
= (V7 Py (uny M) =7 [Py (s M) 260 (1 — M),
Illa
+ (v Py (s Al = 77 [Py (1w, M, 2607 (i — An) = )

II1Tb

+ a(u —up, Rp)
—_————
IIlc
=[Ila+I1IIb+111c.

We estimate IIIa-I11c term by term. For I1la we use the assumption 3.1
I11a < cplly™ [Py (un, M)+ + 72 AIE + enlly® (un — M8

As a consequence of Proposition 3.1 we get the following bound of term 1711b
1 12 Y 2
ITTb < egfly™ 2 [Pyg-(un, An)]+ + 72 Alle + ;Z*thﬂﬂh = ]l

For the third term we observe that by the continuity of @ and Lemma 3.3 we
have

e < |lu = upl|gr @)l Bullar@) < Cllu— unllmr@yh™*[Irallc
g 1. 1
< Ollu —upl| @)™ *y2 |72 (An — pn)lle
« Cos 1y 1
< gllu= unli oy + C*h™ > ya vz (A — )16
Collecting the above bounds and recalling that by definition
1
s(An, An) = 8y[[R2 [An]l 5,
we have
« _1
Fllu— unllFqy + (1 —es —ea — en) v ™2 (YA + [Py (un, M) )1 &

+(1—e1 —cp — CPyt a)llvE (un — M) |%
+ (1 — &2 — c2/(624)) | tn — Anl?
1 1 1
< = vnlli @) + EHV 2Py (v — u, i — A&
1

2
462 ‘:U’h‘s

1 1
||~z — )12
4t G Wl +

Observe that, as usual when a continuous multiplier space is used, all terms and
coefficients associated to the jump operator may be omitted.

17



Fixing e1,e3,e4 and ~y sufficiently large so that
€1 +02/(")/004) =¢€e3+¢&4 = (1 - CD)/Q,
and e, sufficiently small and § sufficiently large so that eg + ¢2/(de4) < 1, then
there holds
_1 1
allu —un|[Fr gy + 1772 [Py (un, )]+ + 72 A2
1
F 7E (= ANE + ln = Anl
< 1 9 1 2
S a”u = Onlla o) + 11772 Pyt (v — u, in — Al
1
F 1172 (= NI + 2.

The triangle inequality [|v2(A = M)l < 172 (n — A)lIZ + (72 (un — M2
concludes the proof. |

Corollary 5.1. Assume thatu € H"(Q), 1+s <r <k+1 and A\ € H'~175(C),
with s = 1/2 for the Signorini problem and s = 1 for the Obstacle problem.
Let (up, An) be the solution of (2.6) with the contact operator defined by (2.9).
Under the same conditions on the parameters as in Theorem 5.1 there holds

1 1 _
allu—up| ar@) + 72O = An)lle + 2N+ Pyt (un, An)l4)lle
S h’”_l(|u|Hr(Q) + |A‘Hr—1—s(c))7
Proof. Let v, = ipu where 7, denotes the standard nodal interpolant and let
pn = mA where m; denotes the L2-projection. Using standard approximation
estimates and the trace inequality (3.2) we may then bound the right hand side
of the estimate of Theorem 5.1,

lu = vnll3p ) S 220 Vlulf ),

“Ip2re) |u|%1'r'(52) < h |“|3{r(sz)a

T M (w =)z S
1 1 r—1-—s r—
YA = )& S 72 RPN ey S RPN eoa-a o).
Finally we have,
ln|? = s(pn, pn) = s(mA — pp, mA — pn) S b~ HImA — |
SA(llmA = AP+ 1A — wall2) S h28+2(7'_1_s)|)\\§1r71*5(c)
<

] DV oS
and we conclude by taking square roots. |

Theorem 5.2. (Formulation 2) Assume that u € H'(Q) and X € L*(C) satis-
fies (2.3) and that (up, \p) is the solution to (2.8) with (2.11) and v = voh?®,
where s = 1/2 for the Signorini problem and s = 1 for the Obstacle problem. If

18



Yo sufficiently large and § > 0 (for k =1 assume § sufficiently small) then there
holds for all (vp, pp) € Vi, x Ay
allu = unll ) + IO = )
7 (= un) + [Py (u, M) — [Py (un, A+ &

1 _
S lu=wnlli) + lin = Me + leals + 97 lon —ulle. (5:2)
Proof. Using the coercivity of a(-,-) we may write
aljlu — uh||?{1(9) < a(u—up,u—up) =a(u—up,u—ovp)+alu— up, vy — up)
o 1
< Z”U — unll3n o) + a”“ — onllF (o
+ a(u — up, vy — up). (5.3)

By Galerkin orthogonality and by adding and subtracting suitable quantities it
follows that

a(u —up, v —up) = (A — Ap, Uh — Un) e
= <)\ — )\h,vh — uh>c
— (n — An,u — up) o + S(Apy o — An)
= (= An, [Py—(u, A+ = [Py—(un; An)]+) o -
Then we proceed by adding and subtracting v in the right slot of the first term
on the right hand side, A in the left slot of the second term, py in the left slot

of the third term and finally A +~~!(u — uz) in the left slot of the fourth term
in the right hand side, leading to

a(u —up,vn —up) = (A= Ap,vn —w) e — (b — AU — up) o
— (un — A, [P’Y—(u?)‘)]-‘r - [Pv—(uh>/\h)]+>c
=Py (u, A) = Py (un, An), [Py—(u, M) = [Py (un, An)]s )
— (v M w = un), [Py—(u, M) = [Py—(un, An)l4) o
— lpn = Anlg + s (s pin — ).

We may then apply the monotonicity of Lemma 3.1 to obtain the bound

a(u —up,vp —up) < (A=A, vp —u) e
= (pn = A, (u = un) 4 [Py (u, A) ]+ = [Py (un, An)l4) o
=y Py (M) = [Py~ (uny An)] 4 (12
= (= un), [Py (u, N4 = [Py (un, )]+ ) o
= ln = A2+ st = An)- (5.4)
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Summarizing (5.3) and (5.4) we have

3 3 _
200w = wnllfr o) + i = MnlZ + Py (s )]y = [Py, A1
7 (= un), [Py—(u, N4 = [Py (un, An)l+) o
1
< EHU — onll5 ) + A = Ay vn —u)g

— (pn = A, (u = up) + [Py (u, A4 = [Py (un, An)] ) e + ]2
(5.5)

To control the fourth term on the left hand side we need to obtain some control of
¥~ Hu—up||%. To this end first observe that the following Galerkin orthogonality
holds

(pnyuw —un) o = $(An, pin) + (pns [Py—(u, ] = [Py—(un, An)l4) o s Vi € Mg

(5.6)
Defining € = m;(u — up), with i =0 for k =1 and ¢ = 1 for k > 2 and taking
pn = vy '€ in (5.6) we may write (the stabilization term is present only for
k=1)

0 =771 (& [Py (u, M4 = [Py (un, Mn)]4) e+ EllE + s,y e)

1. 3 1y
>y [Py (u, My = [Py (un, M)l ) e + v lElle = CalalE.

In the last inequality we used the Cauchy-Schwarz inequality and (3.3), to obtain
the bound

1 Ly
s(n,71e) < ColAIT + 7 fellE

It follows that

3 - 1
17 Held = Colanlz < =771 (& [Py (u, N+ = [Py—(un, An)] 4 )

We recall that by the L?-orthogonality there holds, with e = u — uy, ||&[|2 =
lel|2 — |le — €||% and therefore
_1 R _
72 llellE < vz llellE + CyT R Ve[,
For the Signorini problem this follows by using approximation |e — é|lc¢ <
1
M el

there exists constants C, ¢ independent of «v and h such that

< C’h%||e||H1(Q). Consequently using also that ||e]lc < |lellc,

1 1
37 llelle = 577 M Iy (s Ml = [Py (s An) 411

— 208]1, — Mf? = O(6 + ™ B2 — w3 gy < 2C8lal? (5.7)
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Collecting the results of equations (5.5), and (5.7) we have
§ _ -1 _ 2 § _ _ 2
1 CO+ v ) llu—unllg o) + 1 206 | |pn — il

1 _ 1 _
+37 HlellE: + 37 HITPy = (s M) = [Py (uny M)+ 1IE:
7 {(w = un), [Py (u, N4 = [Py (un, An)]+) ¢
1
< - unll3n ey + A = A, vn — )
— (pn = X —up A+ [Py (u, M) = [Py (un, Ap)l+) g + (200 + 1) 2.

Assuming that v, is large enough so that C(§ + 1)y~1h2® < %a and § small so
that 206 < 1/4, using that 2a? + 1%+ ab = 1 (a+b)? and the Cauchy-Schwarz
inequality followed by the arithmetic-geometric inequality in the second to last
term in the right hand side we obtain

allu —up|| 3 ) + ln = Anlz

577 = ) + [P G N = [Py s M) I

2
< e onllFrqy + 2 (A = Ay on — we + 29|l — MG +4(C8 + 1) 2.
(5.8)

Observe that § and the associated conditions on may be omitted for k > 2.
It remains to control the Lagrange multiplier. Observe that taking v, = Ry
as defined in Lemma 3.3 with r), = —dvI.r&n(n — An) we may use Galerkin
orthogonality to obtain

SYIEE (un — M)IZ — 67 — A (1= L)€ (i — An))e
+ 0y(A — pns Lep (§n (i — An)))e + a(u — up, Ry) = 0.

1
Applying the bound (3.6), ¢Z[lpun — AnllE < [1€7 (i — An) || in the first term and
using the Cauchy-Schwarz inequality followed by Proposition 3.1 in the second
and the third terms term of the left hand side leads to

c? 1
Forlln i = & (e + 5 ) Ion = M + alu = wn R < A=l

Applying now the triangle inequality ||(A —Ap)||Z < 2[|un — Anl|Z + 2]\ un — A|Z
we obtain, with ¢s ¢ = cg(ch +1/4)

2
C
SO = A& = ol = Ml3 + alu — un, Rn) £ 691X = e

Recall that by Lemma 3.3 we have

2 , 402~

62 C
a(u—un, Rn) > =287 (A= MlIz: = g n = M[& = 5 2550 V(= )|
3
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from which we deduce that there exists a constant Cy > 0 depending on 7y, «,
CR, cesuch that, (recalling the assumption, 7% = O(1))

CaYII(A = A)lIE = en = Anl2 = adllu — unlF o) S VA = mnlle- (5.9)
Multiplying both sides of (5.9) by % and adding it to (5.8) leads to the inequality
allu = unllF @) + ln = Anl2 + Al = A)[IE
Ay (= un) + [Py (uy M) = [Py (un, A+ &
1
S —lw =l )+l = A& + il + A=A on —w)e - (5.10)
Finally splitting the last term on the right hand side
1 1 _
O At~ < IO = Ml + 5O ol
we conclude that
1
oflw = unlls ) + ln = Anl3 + 571 = An)llE
7w = un) + [Py (u, N — [Py (un, )]+ [IE
1 _
S aHu — onllF ) + Vlln = IS + lenls + 57 Hlon = ull2 (5.11)
|

Corollary 5.2. Assume thatu € H"(Q), s+4 <r <k+1 and A € H"17%(C),
withs = 1/2 for the Signorini problem and s = 1 for the Obstacle problem. Let
(un, An) be the solution of (2.6) with the contact operator defined by (2.11).
Under the same conditions on the parameters as in Theorem 5.2 there holds

allu — un|| g1 ) + A= An)lle
V2w = ) + [Py (u, My = [Py (uns )] o
S BT Jular ) + AEr-1-0(0))-
Proof. Similar to that of Corollary 5.1. |

Remark 5.1. Note that the assumption X € L?(C) hides an assumption on the
primal variable w. Formally identifying A with the exterior normal derivative
Onu for the Signorini problem we have d,u € L*(U¢) and similarly for the
obstacle problem Au € L*(Q).

6 Numerical examples

In the numerical examples below, we define h = 1/v/NNO, where NNO denotes
the number of nodes in a uniformly refined mesh. We use the formulation (2.8)
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with the nonlinear term defined by (2.10). Numerical experiments with the
formulation (2.11), not reported here, resulted in very similar results. For the
spaces we choose piecewise linear finite elements for the primal variable and
piecewise constants for the Lagrange multipliers, constant per element for the
obstacle problem, and constant per element edge on the Signorini boundary for
the Signorini problem.

6.1 Smooth obstacle problem

Our smooth obstacle example, adapted from [31], is posed on the square 2 =
(—=1,1) x (=1,1) with

Fr) = 8r¢(1— (r?2 —13)) if r <o,
T 8(r2+ (r?2 —1d)) ifr >y,
where r = /22 +y? and rq = 1/4, and with Dirichlet boundary conditions
taken from the corresponding exact solution
u=—[r*—r3]%.

We choose v = h?/vy with 79 = 107! and show the convergence in the L2
and H'-norms in Figure 1. An elevation of the computed solution on one of
the meshes in a sequence is given in Fig. 2. We note the optimal convergence
of O(h?) in L? (dashed line has inclination 2:1) and O(h) in H' as well as for a
weighted norm of the multiplier error (dashed line has inclination 1:1).

6.2 Nonsmooth obstacle problem
This example was proposed by Braess et al. [8]. The domain is = (—2,2) x
(=2,2)\ [0,2) x (—2,0] with
2/3 / /" 4 —-1/3 7/ .
frop) =17 sin (20/3)(g1(r) /7 + 91 (r)) + 577 /g1 (r) sin(20/3) + g2(r)
where, with 7 = 2(r — 1/4),

L,
g1(r) = =675 + 1574 — 1073 + 1,
0,

gQ(T){ 0, r<5/4,

1 elsewhere.

S O
IV IA A
= 3 O
A
—_

with Dirichlet boundary conditions taken from the corresponding exact solution

u(r, o) = —r2/3g1 (r)sin(2¢/3)

which belongs to H°/37¢(Q) for arbitrary ¢ > 0.

For this example we plot, in Fig. 3, the error on consecutive refined meshes.
We note the suboptimal convergence in L? which agrees with the regularity of
the exact solution. In Fig. 4 we show an elevation of the approximate solution
on one of the meshes used to compute convergence.
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6.3 Signorini problem

The Signorini problem is posed on the unit square (0,1) x (0,1) with homoge-
neous Dirichlet boundary conditions at y = 1, homogeneous Neumann boundary
conditions at x = 0 and = = 1, and a Signorini boundary at y = 0. The load is
f = —2msin 2rx (following [6]), and we set o = 10. No explicit solution is avail-
able and we instead use an overkill solution, using 66049 nodes (corresponding
to h =~ 4 x 1073) to estimate the error. In Fig. 5 we show the convergence in
the L2~ and H'-norms and again we observe optimal convergence of O(h?) in
L? (dashed line has inclination 2:1) and O(h) in H' (dotted line has inclination
1:1). Finally, in Fig. 6 we show an elevation of the computed solution.
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Figure 1: Convergence for the smooth obstacle. Dashed lines indicate expected
convergence for smooth solutions.
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Figure 2: Elevation of the discrete solution, smooth obstacle.
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Figure 3: Convergence for the nonsmooth obstacle. Dotted line has inclination
1:1, dashed line has inclination 1:5/3.
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