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Abstract

We present a new residual-type a posteriori error estimator for the discontin-
uous finite element solution of contact problems. The theoretical results are
derived for two and three-dimensional domains and arbitrary gap functions.
The estimator yields upper and lower bounds to a suitable error norm which
measures the error in the displacements and in a quantity related to the contact
stresses and the actual contact zone. In the derivation of the error estimator
the local properties of the discontinuous solution are exploited appropriately so
that, on the one hand, the error estimator has no contributions related to the
non-linearity in the interior of the actual contact zone and, on the other hand,
the critical region between the actual and non-actual contact zone can be well
refined.

Keywords: Signorini problem, residual-type a posteriori error estimator,
discontinuous Galerkin method, Galerkin functional, full-contact zone.

1. Introduction

For the numerical simulation of processes in engineering and natural science
adaptive mesh refinement is an indispensable tool to reach certain accuracy of
the discrete solution for given computational resources. Adaptive mesh refine-
ment is steered by a posteriori error estimators. It is desirable that a posteriori
error estimators are equivalent to the error, such that they are reliable, i.e. giv-
ing an upper bound to the error and efficient, i.e. giving a lower bound to the
error.

We consider the numerical simulation of Signorini’s problem [1] which mod-
els the contact between a linear elastic body and a rigid body. The penetra-
tion of the bodies is avoided by inequality constraints at the potential contact
boundary. In the weak formulation the problem is described by a variational
inequality due to the constraints. The numerical solution of discrete variational

Email address: walloth@mathematik.tu-darmstadt.de (Mirjam Walloth)

Preprint submitted to Elsevier August 31, 2016



inequalities is expensive. Usually, primal-dual-active set strategies or monotone
multigrid methods are used. In this work we assume that a piecewise linear
discontinuous Galerkin finite element discretization has been chosen. Discon-
tinuous finite elements are more flexible, e.g. for unstructured grids, different
polynomial degrees on each element and parallel computing. However, the num-
ber of degrees of freedom is much higher than for continuous finite elements,
thus, increasing the computational costs. Therefore, adaptive mesh refinement
is an important tool.

Residual based error estimators are explicit error estimators which can be
computed directly from the finite element approximation and the given data,
hence no further computation is required. In this article we present a new
residual-type error estimator for the discontinuous finite element solution of
contact problems. The theory is derived for two and three-dimensional domains
and even non-discrete gap functions are considered. Exemplarily, we deal with
the symmetric interior penalty method [2, 3]. It will turn out that in the case
no actual contact occurs, the new error estimator coincides with the standard
residual error estimator for linear elliptic problems. The new error estimator is
also an extension of the latest error estimator for the continuous finite element
solution of contact problems [4] to the non-conforming case.

Solving variational inequalities does not only provide the solution which in
continuums mechanics is the displacement or deformation but also the con-
straining force which here in the case of contact problems corresponds to the
contact stresses at the contact boundary. Even the actual contact zone where
the contact stresses are non-zero ist a priori not known. The article [5] reveals
that sharp a posteriori error estimators can be obtained by involving the error
in the constraining forces in the error measure. Therein a Galerkin functional
is introduced replacing the role of the residual for linear equations.

In the present work we propose a suitable Galerkin functional and an er-
ror measure for both unknowns in order to derive a sharp a posteriori error
estimator. In contrast to continuous finite elements the nonconformity of the
discretization has to be considered. Therefore, we exploit the definition of a
so-called smoothing function which is a continuous finite element function con-
structed from the discontinuous finite element solution. An important point in
this work is the definition of the discrete counterpart of the contact force density
as a functional on H', which we call quasi-discrete contact force density. In Sec-
tion 3.1 we give a short excursion to the meaning of the linear residual and the
discrete contact force as well as to different definitions of this discrete counter-
part of the contact force density in the literature, e.g. in [5, 6, 7, 8, 9, 4, 10, 11]
where it has been used for the derivation of a posteriori error estimators. We
point out that applied to discontinuous finite elements the two existing ap-
proaches are very close and even in the interior of the actual contact zone, called
full-contact, these two approaches coincide. Moreover, the works [12, 9, 4] reveal
that a definition of the quasi-discrete contact force density which distinguishes
between areas of the contact boundary where the bodies are fully or only par-
tially in contact, gives rise to a localization of the error estimator contributions
related to the non-linearity. In the present work this insight is translated to the



discontinuous finite element solution, for the first time. In contrast to the case
of continuous finite elements for contact problems the definition of full-contact
is more localized and a nonlinear definition of the quasi-discrete contact force
density [4] is avoidable due to the elementwise definition of the basis functions.

In the derivation of the new a posteriori error estimator we exploit local
properties of the variational inequality where in some parts the non-penetration
condition and the contact force density have to be considered, while in the
rest the variational inequality reduces locally to a variational equation. We
emphasize that an appropriate splitting of the arising terms after integration by
parts of the Galerkin functional is important to maximize cancellation effects.
Thereby, we avoid any error estimator contribution related to the non-linearity
in the area of so-called full-contact in contrast to the work [11]. In consequence,
the error estimator perceives that at the boundary which is in full-contact, where
the solution equals the gap function, adaptive refinement cannot improve the
solution. Here, we like to mention that in the case of arbitrary non-discrete gap
functions error estimator contributions related to the obstacle approximation
occur.

The proofs of efficiency are shown for all error estimator contributions occur-
ring for discrete gap functions. They are mainly based on classical arguments
known from residual error estimation except for one error estimator contribution
which is associated to the complementarity condition. Such an error estimator
contribution also occurs in the upper bound of the error estimator proposed
n [11]. Therein it is argued that this error estimator contribution is of higher
order. We like to emphasize that in the present work we explicitly derive a lower
bound in terms of the error estimator contribution associated to the comple-
mentarity condition. The argument that terms are of higher order is only used
for data oscillation.

Finally, numerical examples confirm our theoretical results. The conver-
gence rate of the error estimator as well as refined meshes are shown for differ-
ent examples. The mesh is refined more at the free boundary as in the area of
full-contact, so that the transition zone between actual contact and non-contact
is well resolved. It is obvious that the area of full-contact is not overrefined, es-
pecially compared to the standard residual estimator. Thus, the computational
resources can be used for other areas where high errors are predicted.

2. The Signorini contact problem

The Signorini contact problem describes the contact of a linear elastic body
with a rigid obstacle. The linear elastic body is represented by a domain 2 C R¢,
d = 2,3. The boundary I' = 99 is subdivided in three pairwise disjoint parts,
the Neumann boundary I'V which is an open subset of I', the Dirichlet boundary
I'P which is a closed subset of T' and the potential contact boundary I'C which
is also a closed subset. Each material particle in the closure  is identified
with a point & = (21, ...,74)T. Throughout this work we denote all quantities
which refer to tensors of order > 1 by bold symbols as, e.g., the displacements
u : Q — R? which are vector-valued. Their components are printed in normal



type and are indicated by subindices, e.g., u;. The Cartesian basis vectors of
R? are denoted by e;, i = 1,...,d.

As the body is assumed to consist of linear elastic material, the stress tensor
o(u) : Q — R¥4 obeys Hooke’s law

oij(u) = Eijmiemi(u) (1)

where € is the linearized strain tensor given by
1
e(u) = 3 (Vu+ (Vu)")

and Ejjp,; are the components of Hooke’s tensor which is symmetric, elliptic
and bounded.

In linear elasticity the non-penetration condition can be approximated by
the so-called linearized non-penetration condition, compare [13] and [1]. The
gap function describing the distance between the elastic body and the rigid
body is given by ¢ : '¢ — R and the direction of constraints are denoted
by v. Thus, the linearized non-penetration condition is u, < g where u, :=
u -v. The non-penetration condition evokes so-called contact stresses which are
boundary stresses in direction of the constraints at the actual contact boundary.
We use the notation 6(u) := o(u)n for boundary stresses where m is the
unit outward normal to the boundary. Hence, the contact stresses are given
by 6,(u) := 6(u) - v. As we neglect frictional effects the frictional stresses
67(u) :=6(u) —6,(u) - v are assumed to be zero.

The linear elastic body might be subjected to a volume force density f, to
surface forces 7 and to Dirichlet values u”. The complete problem formulation
is given in Problem 1.

Problem 1. Strong formulation of the Signorini contact problem
Find u : Q — R? such that

—dive(u) = f inQ
(u) = w onIV
u = u” onTP
u, < g on ¢
6,(u) < 0 onIC
(uy, —g)-6,(u) = 0 onT¢
6r(u) = 0 onlC.

In the following, we assume that the actual contact boundary, where u, = g,
is a strict subset of the potential contact boundary.

2.1. Weak formulation

The solution space of the weak formulation is the subspace

H = {v e H Q) | tr|po (v) = uP}



of H*(Q) := (H'(€2))¢ where tr is the trace operator. For convenience in the
discrete approximation of the Dirichlet values we assume u” to be continu-
ous and piecewise linear on T'P. Whenever it is clear from the context that the
restriction to the boundary requires the trace operator we omit the special nota-
tion. The space of test functions is given by Hg := {p € H'(Q) | tr|rp(p) = 0}
and its dual is H*. For a gap function g € Hz (I'®) we define the admissible set

K:={veH|v, <gonT}. (2)

We assume the force density f and the Neumann data 7 to be L2-functions
on  or I'N, respectively. Further, the directions of constraints v are given by
a measurable vector field with absolute value |v(z)| = 1. The L?-norm and its
scalar product are denoted by | - || and (-, -) without any subindex. The duality
pairing between H'! and its dual H 1! is given by (-, ~>71’1 and the corresponding
norms are || - ||; and || -||_1. The duality pairing between Hz and its dual H~2
is denoted with (-, ~)_%7% and the corresponding norms are || - |1 and || - ||_1.
Later on, we need restrictions to subdomains which are indicated by a further
subindex, e.g., || - ||1,w for w C Q. Finally, we define the symmetric bilinear form

a(-) = / () : ), (3)

which is associated with the elastic energy.

The variational inequality in Problem 2 may be derived from the strong
formulation (Problem 1) by integration by parts and exploiting &, (u)(v, —u,) >
0 for u,v € K.

Problem 2. Variational inequality of the Signorini problem
We seek a solution u € IC such that

a(u, v —u) > (f,v—u)+ (w,v—u)py VYvek. (4)

The unique solvability of Problem 2 follows from the Theorem of Lions and
Stampacchia, see e.g., [1, Theorem 2.1].

It exists a distribution A € H* which turns the variational inequality (4) in
an equation

(fr@) +(m@)ry —alu, ) = (A @) 1, Vo€ Ho. (5)

From the optimization point of view A is the Lagrange multiplier while from the
physical point of view A has the meaning of a constraining force density on I'C
which we call contact force density. The contact force density is directly related
to the contact stresses

<)‘7 (P>—1,1 = <6'V(u')7 QOV>—%7%
which follows from the generalized Green’s formula, see e.g., [1, Theorem 5.9)].

Due to the variational inequality the contact force density fulfills the weak sign
condition (A, v — u>71,1 <0.



2.2. Discrete formulation

In the discrete setting the domain €2 is polygonal and the grid is a regular
simplicial mesh 9. It is taken from a shape-regular family, meaning that the
ratio of the diameter of any element to the diameter of its inscribed circle is
uniformly bounded. The polygonal boundary segments IT'?, T T'NV are resolved
by the mesh, meaning that their boundaries OT'C, 9TV, OT'" are either nodes or
edges. Further, we denote the set of all elements having a contact boundary side
by 9 and the set of all other elements by 9. For the ease of presentation we
assume that each element ¢ € 9 has exactly one potential contact boundary
side. The set of all sides s (edges in 2D or faces in 3D) is denoted by & and we
distinguish between the set & of Dirichlet boundary sides, &~ of Neumann
boundary sides, & of potential contact boundary sides and the set of interior
sides &,

The set of all nodes p of the mesh is given by 91 and we distinguish between
the set 9P of nodes on the Dirichlet boundary, the set 9V of nodes at the
Neumann boundary, the set ¢ of nodes at the potential contact boundary and
the set of interior nodes M!. If we refer to a set of nodes of a subset of the mesh
we specify it by an additional subindex, as e.g. 91, denotes the set of all nodes
belonging to an element e¢. Further, we define a patch w, as the interior of the
union of all elements sharing the node p and the union of all sides of elements
belonging to @, is denoted by 7,. We call the union of all sides in the interior of
wp, not including the boundary of w, skeleton and denote it by 7{, . For Dirichlet
and contact boundary nodes we denote the intersections between I' and dw,, by
’pr :=TI'P N ow, and 71? := I'“ N Qw,, respectively. Further, we will make use
of wg which is the union of all elements sharing a side s.

The piecewise linear discontinuous finite element space corresponding to the
mesh 91 is denoted by

Vi = PYON) = {v € L*(Q) | Ve €M va|, € Ph(0)}.

Let ¢, be the linear finite element basis function. Then we define for
all nodes p and all elements ¢ the piecewise linear basis functions by ¢, . =
o on e
{ 0 otherwise
Thus vy|. € Pi(e) can be represented by

d
'Um|c = Z Z'Um,i(p)¢p,eei~

peMN, i=1

We assume the direction of constraints v to be constant so that vm .| :=
Um|e - v restricted to an element ¢ is a linear finite element function. Further,
we set v to the first coordinate direction e;. The discrete approximation gpy
of the gap function g is assumed to be a continuous piecewise linear function.
Then the discrete admissible set is given by

K = {Vn € Vi | Vn1le(p) < gu(p) YpEN. Ve e mc}'



For the formulation of the discontinuous Galerkin method we need the defi-
nitions of jumps and mean values. Let s be an interior edge and ¢; and ¢s be two
neighboring elements sharing the side s and n®*, n*? the two unit outward nor-
mals. The mean value on the common side is defined by {w} = 1(w|., + wl.,)
where w can be scalar, vector or tensor-valued. If w is scalar-valued the jump
can be defined as [w] = w|,, — w|., which is also scalar-valued or it can be
defined as [w] = w|,,n® + w|,,n*? which is vector-valued. If w is vector-
valued the jumps can be either defined component-by-component like in the
scalar case or alternatively defined as a matrix [v] = (v],, ® n°!) + (v|., @ N2)
where ® is the dyadic product. For matrices 7 the jump term is defined as
[T] = T]e,n® + T]e,n®2 which is a vector. For boundary edges s we define
{w} = [w] =w

For the discrete problem formulation we consider the symmetric interior
penalty method, see e.g. [2]. The bilinear form is given by

a® (Vin, Win) Z/ o (Um) : €(wm)
S /{A (V) Hw] + V] {6 (W)}

sesTusP
Ui
7 'Um wm
hs

where 7 is a positive parameter. We note that the scalar product {6 (vm)} [wm]
can be rewritten as the Frobenius scalar product {o} : [wy]. Further the

5661U6D

scalar product [vmy][wm] = Z?:l[vm,i][wm,i] can be reformulated to the Frobe-
nius scalar product [vn] : [wm]-
The right hand side is given by

FS'p Z/f'wm+ Z /ﬂ"wm

eeM seEGN
_Z/uawm > /uwm
se6P 566D
Thus we can state the discrete problem formulation.

Problem 3. Discrete variational inequality of the Signorini problem
Find uy € Ky fulfilling the variational inequality

0P (U, Vo — Um) > FP (0 — ) Y0 € K. (6)

The discrete formulation Problem 3 is consistent, i.e. the exact solution
w fulfills the discrete variational inequality under the regularity assumption
u € HNH(Q).

The norm corresponding to the bilinearform is

1
||v||as.p—<Z|| Ve + D h5||[v]||2L2(s)>

eeM seGlusP

Nl=



With respect to this norm the discrete coercivity of the bilinearform can be
shown for a sufficiently large parameter #. In [3] it is shown that 7 = 6(u + )
where p, A are the Lamé constants. Thus, as the bilinearform is bounded and
elliptic on V,, and IC,, is a closed and convex subset of V,, the well-posedness
in the discrete setting is guaranteed. For the two-dimensional case an a priori
error estimate can be found in [3].

3. A posteriori error estimator

In this section we state the main results. The error measure, the Galerkin
functional and the error estimator contributions will be defined and finally the
Theorems of reliability and efficiency are formulated. The proofs of the Theo-
rems are postponed to Sections 4 and 5. In order to define the error measure and
the Galerkin functional (Section 3.2) we motivate and define the quasi-discrete
contact force density in Section 3.1.

For the subsequent analysis we need a continuous approximation of the dis-
continuous solution. We call this function smoothing function and denote it by
Un. It is a function of the linear finite element space with incorporated Dirichlet
values

Hu = {vm €C°(Q) | Ve €m, vyl € Pi(e) and vy = ul on Tp}.
Usually, for Dirichlet nodes 4 (p) := uZ(p) and for all remaining nodes the
node values are defined as the average @y (p) := m Zee% Um|c(p), see e.g.
in [14].

Here, we have to adapt this definition at least for nodes p € M and the
direction of constraints. We define tim 1(p) := max{um1|s(p) : s € 75} Vp € N,
Thus, there exist §* such that @y 1(p) = um,1]s+(p). For a contact boundary
node and the tangential coordinate directions we can e.g. choose the node value
Um,i(D) = Um,i(p)|s+ where s* has been taken from the definition of @y 1(p) or
choose the average as for the other nodes.

In the derivation of the error estimator we will make use of the following
result. The proof follows similar to [10] and [14].

Lemma 1. Let M be a shape regular mesh and vy € V. It holds

S b o — vl S (Z / }i[va) n ( 3 / (v - uﬁ)?)

ecEM s€G! s€6GD
and
~ 2 < 1 2 1 D\2
S 19 - vl < (2 [ wal?) + [ X [ - u?).
e€M seal /5 F seeD 75 °

Remark 1. For the more general case that uP” € C°(I'P) a variant of Lemma
1 can be found in [15].



8.1. Quasi-discrete contact force density
As in [4] we aim to find an upper and lower bound of the error measure

lu — vumllasip + ||)\—5\m||_1 (7)

where An € H* called quasi-discrete contact force density is a functional on
Ho, approximating the discrete counterpart of the contact force density (5).
This quantity will be motivated and defined in this Section.

In order to give a better understanding of the role of A, € ‘H* and of the
error measure we make a short excursion to conforming finite elements and
existing residual-type error estimators for obstacle and contact problems.

We note that in the case of conforming finite elements and linear equations
the quantity (R(um),) ;= F(-) — a(um, "), called linear residual, is used for
the derivation of the error estimator. In this case if R(uy) is tested against
functions in Hq it is a measure of the error. In the nonlinear case of obstacle
and contact problems, if R(wuy,) is tested against discrete functions it represents
the difference between the discrete equation and the discrete inequality. Thus,
we call it discrete contact force density and denote it by Ay,. In consequence, in
the case of obstacle and contact problems, the linear residual is no appropriate
measure of the error. It has parts of the error as well as of the discrete contact
force density.

Further, in the case of variational inequalities not only the displacements u
but also the contact force density A is an unknown of the system. The error
measure (7) accounts for the errors in both quantities and the linear residual will
be replaced by a Galerkin functional, see Section 3.2. Therefore, the discrete
counterpart of the contact force density Am € H* has to be defined.

In [5, 6, 7] for obstacle and contact problems discretized with continuous

finite elements the discrete approximation of the contact force density is defined

A\'“7 i — .o, .
Qmfpen) v By definition
J ¢

it is a functional on Hy. We call Ay, lumped linear residual and s, are the node
values. Recently, this method has been used for discontinuous finite element
discretizations in [10, 11]. We denote that s, > 0 if um,1(p) = gm(p) and s, =0
if um 1(p) < gm(p), thus fulfilling nodewise a discrete counterpart of the sign and
complementarity conditions of X or &, (u), respectively. As Ay, = Zpemc 5pPp
is a discrete function a complementarity condition cannot be fulfilled in the so-
called semi-contact zone which consists of elements having nodes which are in
contact and nodes which are not in contact. It is only valid in so-called full-
contact areas where 1 = gm and in non-actual-contact areas where um 1 < gm.
For a posteriori error estimation it would be very advantageous, especially
for the efficiency and the localization of estimator contributions, if the quasi-
discrete contact force density is defined differently for the different areas of full-
and semi-contact. Such an approach has been first used for the derivation of an a
posteriori error estimator in [12] and applied to the finite element discretization
of obstacle and contact problems in [8, 9, 4]. As far as we know, this article
is the first one exploiting this approach for the derivation of a posteriori error
estimators for a discontinuous Galerkin method for contact problems.

as a discrete function Aw = > ye spdp With s, =



We call an element full-contact element, if u1 m|e(p) = gm|.(p) for all contact
boundary nodes p € Y. This implies that @ m|e(p) = gmlc(p) ¥p € NE. We
call an element semi-contact element if 41 m|.(p) = gml(p) for at least one node
p € N but not for all nodes. As in the case of discontinuous finite elements
the support of a basis function is the element while in the case of continuous
finite elements the support of a basis function is the patch w,, the definition
of full-contact is more localized for the discontinuous than for the continuous
finite element discretization, compare [4]. The set of all full-contact elements is
denoted by 97¢. The set of all semi-contact elements is denoted by 9*¢. The
elements of 9 which are neither in full- nor in semi-contact belong to the set
of non-actual contact elements 9"

We define the quasi-discrete contact force density Am as follows

<5\m,<p> = > > spetpelen /60 Pp.c (8)

e€MC pen¢ ¢

where ¢, ¢(p1) is defined differently depending on the contact status of the
elements. For full-contact elements ¢ € 9/¢ and the corresponding contact
boundary side s C &¢ we define for all nodes p € MY N5

f ©1Pp,e
Cp,e (901) fg (bp,e (9)

For semi-contact and non-actual contact elements ¢ € 9°¢ U M"C and the
corresponding contact boundary side s C 6? we define for all nodes p € ‘ﬁ? Ns

Cpe(p1) = fhf@;%’
b Pp.e

where b C s, e.g. the side belonging to p obtained by uniform refinement of s.
(Ama¢p~eel>71,1,e
fse@? Dp,e
ual. Using integration by parts (6) can be reformulated to

Z/leO' Un) + f) - (Vm — Um) Z/ 0 (um){vm — Un}

(10)

Further s, . := is the node value of the lumped linear resid-

eeM seSt
_Z/ 6 (U —w{vm—um}—Z/ (U ) {0 — U}

se6GN 5€6¢ (11)
+J§I/um {6(Vm — Un }+5§D/um—u Ho(vm —uw)}

- i L [wnlon

From now on, we use the abbreviation r(uy) := f + dive(uy) for the element
residual.

-> 3 / m = tm) <0.

5€6D

10



For ¢ € IMC, p E ‘ﬁ? and vy = Um — Ppe1 € Ky in (11), we get the

following representation of (Am, dp.c€1) {4,

(Am, dp,e€1)_ 1,1,¢

/7“1 U )Pp,e — Z /5 (um)] ¢p,

s€6!
- Z / um *Wl)gbp,e - /0'1 Um ¢pe
seGN s€60VF
- Z /uml(bp,ene_ Z /uml ml ¢P,
5661 56(‘7D
1
+ Z / Um 5 ¢p eel Z / ¢p eel) > 0. (12)

s€6! s€e6P

Thus, sp. > 0 Ve € MC. As for all ¢ € M" one can choose test functions
Um = Uy £ e@p.e1 € Ky in the variational inequality (11), it follows that
Spe =0 Ve € M.

Inserting this representation (12) of s, . in (8) we get the formulation

<5‘m’(’0>—1,1
= Z Z /(rl(um))cp’ ©1)¢p,e — Z (61 (Um)] Cp, (01)Pp,e

e€MC \ pem¢ ¢ secl V"
- Z /(&l(u ) = m1)Cpe(91)Ppe — Z /‘71 U )Cp,e (01)Pp,e
se6N VU F s€6¢
= 30 g [umalencentnenc= 3 3L [l — R (oo
sebf seGD
+ Z /um Cpe 901 d)peel Z/ Cpe(@l) (pr,eel)
se6! se6P s

(13)

As 6(un); is constant on each element it follows from the definition of ¢, (1)
for full-contact elements that

Z/O’l Um ) Cpe(P1)Ppe = Z/al Um)P1dpe Ve € MC.

se6¢ s se6¢ s

11



Exploiting this fact and s, . =0 Ve € IMM"C, we get the alternative formulation

(o),
Z Z Spyccp,e(ﬁol)/ Dpe

e€M=C peNn¢ s€6¢

+ Z Z / 1(Um ) Cpe(01)Pp,e — Z / ()] Cp e(01)Pp,e
ceMFC \ pemd ¢ s€6!

SO [LITNEATHERTNED'S / () P10
EEGN s EEGC

- Z /um 1]Cp,e 501 d)p eMe — Z / Um,1 — 0107 (‘Pl)d’p,
*‘ECI sebD

+ Z /um SCp,e 901 d)p,eel Z / - u CP’ (901) ((bp,eel)
ISICH seGP s

(14)

We note that the definition (14) of the quasi-discrete contact force density re-
minds us of the definitions in [12, 9, 4] while the definition (8) is similar to the

lumped linear residuals used in e.g. [5, 11]. The difference can only be found

in a factor p(¢1) = (% %) which is the ratio of the integral means

p,e(p1) over s and the subset b. The contributions for semi-contact elements
are weighted by this ratio.

() | = 2 T speerelon) | oo O

ceMC pen¢ €

- > zspe/ it

e€MFC pen?

+ Z Z sp,ep(P1 /6 P1Pp,e

eeM=C pen?

In the following we will use the representation (8) as it is easier in the subsequent
analysis.

3.2. Galerkin functional

Similar to the linear case where the error is bounded by the linear residual
we want to exploit the dual norm of the Galerkin functional defined by

(Grrp) 1= a(u—um @)+ (A=Amp) Ve HyQ)  (15)

)

12



for the derivation of upper and lower bounds. From the definition of the Galerkin
functional it follows directly

A= Amll?1 SUGmll? ) + lle(w — ue)]? (16)
and ~
[Gall-1,e S lle(w —wm)fle + [[A = Am -1 (17)

The latter will be exploited in the proofs of the local lower bounds.

For the upper bound it remains to bound ||€(u — uy)|? which also occurs
in the error norm ||u — wnl|? -

From the triangle inequality, Young’s inequality, Lemma 1 and the ellipticity
of Hooke’s tensor follows

le(w — wm)|[* < lle(w — i) [I* + [|€(@m — wm)]*

< e — i) + (Z/ um) (ZD/B;QM_UQ)Q).

s€GT

()
(18)

As the contributions (%) occur in the error norm as well as in the error estimator,

it remains to bound further ||e(u — @y)||?> by means of Lemma 1 like in (18), of

the boundedness of Hooke’s tensor and of the weighted Young’s inequality
e — t)|* < a(u — i, u — @)

=a(t — Uy, U — Uy) + a(Uy — Uy, U — Uy

= (G —tm) ;g = (A= A=)+ i — i, 0~ )

s

= ) ) e = ) | = (A= Ayt i)

(
<G (1w (3 [ o) (5, [om-u2))

+ %He(u )P~ (A=A an)

<aeutr+ (5 [ + (5 [ )

s€ST se&D

—2<)\—)\m,u—ﬁm> . (19)

—1,1

< C1 (I Gall—1 + le(utm

3.3. Error estimator and main results

The error estimator

9
ni= Mk (20)
k=1
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for which we prove efficiency and reliability in the following sections consists of
the following contributions:

1
2
mi= (Z@) 7 e 1= el ()

e

1
2
N 1= (Z 77§5> ) N2, = h |6 (um)]ls

€61
1
: 1
Ny 1= ( Z 77575) ) N3,s = hd [|6(um) — 7|,
se6GN
1
2 1 ;
hs 2||[u ifs e &
m= ) { tlfunlls st
se(6TUSD) he 2 lum —ul|ls ifsed

d 2
l A~
ns *( Zn§,5> : M0 = hi (64 (um)
s5€6C 1

[N

1
e = Z ’7(%,5 , M6,s = hs |61 (Um)||s

1
3 3
2
Ny = < E 17%2) , N7e E Sp.e /b(gm — Um,1)Pp,e , bCse 6?

pEN?

Nl
—

2
ng = Z 77§,e y M8, *= Z Sp,ecp,e((g - gm)Jr) /¢p,e , S € Gec
5

e€EMsCuUMSC peEN?

19 = ||(m,1 — 9) "l

3.lc

In the following we will make use of the abbreviation

dp,e = /h(gm - ’&m,l)(bp,e (21)
in 177. We denote the positive part of a function by ¢t := max{p,0} and the
negative part by ¢~ := max{—¢, 0} such that ¢ = ¢ — ™. Note that in 57,79
the smoothing function #y,,1 occurs. The error estimator contributions are like
the ones in [4], except 1y which is special for discontinuous Galerkin methods.
Further, in the absence of any contact, we have n; = ng = 19 = 0 and g
has contributions from all potential contact nodes such that 7 is a residual error
estimator for linear elliptic boundary value problems where the potential contact

14



boundary is replaced by a Neumann boundary with = = 0. If contact occurs
this standard residual error estimator for linear equations would overestimate
the error because the expected boundary stresses in the actual contact zone
are non-zero. Except for the error estimator parts 7s ., n9 which disappear for
discrete gap functions we provide lower bounds. For a discussion about the
meaning of additional error estimator contributions like 7g .,79 in the upper
bound we refer to [5].

In [11] the error estimator contribution h; llo1(wm) — Am||s occurs instead
of ng. Thus, in [11] there is a non-zero contribution from the contact boundary
in the area of full-contact. In the proofs in Section 4 we will see, how these
contributions are avoided by splitting the different contributions occurring in
the Galerkin functional in a way that cancellations are maximized.

In Sections 4 and 5 we will give the proofs of the following theorems about
reliability and efficiency of the error estimator n defined in (20) and its local
contributions.

Theorem 1 (Reliability). The error estimator n provides an upper bound of
the error measure (7):

lu— um”a,sip + A~ S‘mel S

In a posteriori error estimation f and 7 denote piecewise constant approx-

imations of f and 7. We recall that h.| f — f||. and hé || — 7||s are formally
of higher order.

Theorem 2 (Efficiency). For the different local error estimator contributions
Nk, with k =1,5,6 the following local lower bounds hold

a,sip,e + ||)‘ - Xm”—l,e + he”} - .fHe

Mye S [lw— wm|
and

N2,s S 11— Umllasipw, T 1A= S‘mel:ws + Z hel f = £l
eCws
- _ 1
13,s N um”a,sip,e +IA— >‘m||—1,e + hellf — flle +RE[|T — 75
Under the assumption that for each p € NS with ¢ € MY there ewists a neigh-

boring interior node p € M and for a suitable extension Gm € Hm of gm to a
finite element function on ), the following estimate holds for n;:

~( Gm
(%)
where for simplicity we supposed that the actual contact zone is a strict subset
of the potential contact boundary.

S ||u_um||a,sip+||)‘_5‘mH—1+Z hel f=Flle+ Z Z hé
[4

e€MsC peN.

Yp, I

15



The local estimator contributions
-3 I -3 D D
Ns = he 2 ||[um]lls Vs € & and nus = he ?||tm — Uy lls Vs € &

are part of the norm

1
1 2
o = o = (Z leu — un)lFe + h||[uum1||%2(5>>

e€mMm sesiusP *

as [ — Up| = [uy] for all s € & and [u — uy] = [ul — uy] for all s € G as
we assumed u” to be continuous and piecewise linear. Thus, the global bound
N1 < || U — Um]|a,sip follows directly.

We note that Theorem 2 also deals with the error estimator contributions
related to the non-linearity. While for g standard arguments from residual error
estimation for linear problems have been adapted, the argumentation for 77 is
different as can be seen in the proofs of Section 5. In [11] an error estimator
contribution of the same type as 77 occurs in the upper bound. We like to
emphasize that in the present work a proof for the lower bound in terms of 7;
in both dimensions d = 2,3 is given.

4. Reliability of the error estimator

4.1. Upper bound of the Galerkin functional

In this Section we derive an upper bound of the Galerkin functional tested
against a function ¢ € Hy. First, we use integration by parts, the identity
[lo(v)w] = [ {6(v)}w]+ [ [6(v){w} for all s € &' and exploit [¢] = 0.

16



<Gm790>—1,1
=a(u — Uy, p) + <)\ - ;\m,cp>

o+ Y [divoune - 3 / (6 (um)ee]
cem ¢ seaI”*®

+ 2 [r-stume- ¥ [otune—(Ang)

seG&N VS 5€6¢

cem V¢ seal Vs -y s€6fl

Foo)+ Y [dvotune - 3 [{o@n) (b - 3 /

+ 3 /(w —G(um)e— Y /&Wm%o— <Xm=‘P>7m

seGN VS s€6C VS

= (U )P — &uml _ 6 (ug) —
-> [ rtun)e 562635/5[( 5o 56%/5(( )
_5ezeec/5&(um)gp - </\ma<P>_1,1

YTy [rtumoisne = 3 [l6tum)zoion

eeM \ i=1 peN, ¢ s€SI s
-y /(a'i(um) — T )Pidpe— D /&i(um)%%,e
seeN 7 F s€60 VS

Ui U
- E */[um,i]%"eﬁbne - Z */(Umz _Uﬁ,i)%@v,e
hs Js hs Js

s€6! s€6D

B <5‘m’90>7171

(22)

For nodes p € M\M and all coordinate directions and for nodes p € M and
the directions 7 # 1 we can choose test functions v = Um £ ¢ c€; € K in the

variational inequality (11) concluding for all elements (Am, ¢p, c€;)

1l T 0 as

in the linear case without constraints where A, is the linear residual. Thus, we

can add for the aforementioned nodes and coordinate directions

{(Am; Cp,e(@i)¢p,eei>—1,1 =0
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where
o fe ‘piﬁbp,c

Ccpelpi) = W (23)

Further, we exploit the definition of Ay, (13) to get

<Gma 90>—1,1
d

=2 |2 Z(/ i (tm) (91— p.e(91))dpus

eeM \i=1 \peN.,

-y /[fn(um)]%(% — Cp,e(9i))Pp,e

se6!

_ Z (&i(um) — Wi)(sﬁi - Cp,e(sﬁz‘))%,e
s€6N VS

-y /5’i(um)(s0i — Cp,e(9i))Bpe
s€60 VS

_ Z hﬂ /['umyi}(@i - Cp,e(%))%&”t
s€6! 2 Vs

-2 / (tm s = i) (91 = Cp.e(2:)) e

se6P
1 .
+ Z /s[um]2 Z Cp,e(@i)o'(qsp,eei)
s€6! PEN.
+3 [n =) Y enclodd(opeen)
EGG? s PEMN.

We recall that for ¢ € /¢ and the direction of constraints which has
been chosen ¢ = 1 the part 25669 [, 6 (um)i(0i — cpe(9i))Pp,e vanishes. We
like to emphasize that due to the right splitting of the contributions of the
Galerkin functional we can exploit cancellation properties. Thus, there will be
no contribution in the error estimator stemming from the contact stresses in the
full-contact zone.

Applying Hélder’s inequality to the Galerkin functional and rearranging the
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different parts we end up with the bound

<Gm7 (70>71,1

d
<D 2 X Uritum)lell(@i = epe(@i))dpielle

cemt \i=1 \pent,

+ Z [[6i(um) Hﬁ (i = Cpe(@i))bp.ells

s€6!

+ > 63 (um) = millsll (i = cpe(0i))Bpells
seSN

+ Z [ [m,illls ]l (@i = cpe(@i))Pp.ells
5eC1

+ Z Hum i = Um,illsll(Pi = cp,e(0i))Dp.clls
se6P hs

+ Z [ [t ||s [ Z Cp,e(0i)0 (dp,c€i)ls
s€G! pEN,

+ D lum =Rl Y cpe(wi)6(dpeei)lls
EGGD pEN.

d

AT ST S 1as )l (0i — cpe(0))dpcls

eeMC \ =2 \peN. \s€6¢

+ Y ST D a1 (um) sl (01 — cpe(e1))bpeels (24)
c€eMnCUMsC \peN. \s€6C
The mean values (23) fulfill the standard L2-approximation properties
loi = cpe(@i)lle < el Vepille
i — cpelpillls S hE 1V,

(25)

e.g., [16]. The L2-approximation properties hold also for the constants ¢, .(¢;)
defined in (9) and (10) for semi- and full-contact elements, see [17].
It remains to bound [|3_ . cpe(0i)0(dp,c€:)s in terms of [V, ..

Lemma 2. For an arbitrary function @, an element ¢, a node p € N, and
cp.e(pi) defined as in (23),(9) or (10) for all coordinate directions e; with p; =
@ - e; the following stability estimate holds

| Z Cpe(9i)0(Ppc€i)lls S he 2||V<P2He

PEN.
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Proof. First we use a scaling argument

| Z Cp,e(0i)0 (Pp,e€i)lls < he 2” Z Cp,e(pi)o(dpe€i)le. (26)

pEN. pEMN.

To further bound || 3 o, Cp,e(9i)o(Pp,c€:)||c We exploit 0 = o (e;) = (3 ¢, Pp,c€i) =
Zpéz o (¢p.ce;) and the local L2-approximation properties.

[ Z Cp,t(‘Pi)U(ﬁbp,eei)Hf

peEe

/(Zcp, pi)o ¢p,eez)>2
pEe
<

S Z ||0'(¢p,eei)||Loo(e) llcp,e (i) ‘Pz”p‘

Z (cp,e(i) — i) o(dp,c€:)

peEe

Z CPJ(SDZ')U(QSp,eei)

pEe

> epe(pi)o(p.ces)

pee pEe L2(e)
hellVillel Y cpe(@i)a (dp.cei)lle. (27)
pEe
Thus, combining (26) and (27) we end up with the desired result. O

Lemma 3. The Galerkin functional defined in (15) and the error estimator
contributions defined in Section 3.3 satisfy

6 3
[Gwl-1 (Z m%> : (28)
k=1

Proof. Applying in (24) the result of Lemma 2, the L?-approximation properties
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Holder’s inequality and the shape regularity, we get

(G )
N\
S (Z(Mr(um ) ) PR CH [
eceM cEMscS!
Y X (rlotuw) —wl.)
€M secSY
XS (bl + X2 (e~ w2)
eeM \ses! s€GP

NS> 5

n 2
(é Iai(un)1ls )
e€MC s€6¢ =2

1 2
X Y (Wlawal) | | IVele

e€EMNCUMSC s€6¢
1
6 2
2
S (E 77k>
k=1

4.2. Upper bound

In Section 3.2 we have shown that in order to give an upper bound of

[N

le(u — uy)||*> we have to bound ||Gy||—1 and <5\m —)\m,u—ﬂm>. As we

have derived the upper bound of |G ||-1 in the foregoing section it remains to

bound <5\m “Au— ram>. We recall that (\i, ;) = <Xm,i, ¢i> —0fori#1.
First, we consider the case where the gap function is discrete g = gy, .

Lemma 4. We assume g = gn. Let the continuous approzximation G, defined
as in Section 3 and the quasi-discrete contact force density as in Section 3.1
then it holds ~

(At =My —itma) S}
Proof. If gn = g it holds @y € KKy C K and thus (Ai, U,y —u1)_;, < 0. It

remains to bound </\m,1, Uy — ﬁm71> .
—1,1
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Due to the definition of the continuous approximation u,, for the contact
boundary side s € G¢ of a full-contact element ¢ € M/ it holds Um,1ls = Gmls-

- § g Sp,eCp,e ul - um 1 /¢p,

€M pen¢

DI f;‘;; Ly

c C
e€MFC peNns >0

+ Z Z Spvefb(’ll,lf:;m,l)qsp,e ¢p’e
b 7'P:¢

e€MsC pen¢ s

+ Z Z Sp, fb ;L:,l)¢p,e (bp,e

eeMmnC pe‘)’tc =0

</\m,17 Uy — ﬂm,1>

Z Zspe fb(ul (bp, fb — Um,1 ¢p7

ceMsC pemec fb ¢p7 fb ¢P7

A

A

)b
Y i, el fb;;,l e /asp,

e€MsC pen¢

2. 2 snathns

e€MsC peNn¢

A

O

Second, we consider the general case for an arbitrary gap function ¢ €
H%(I‘c). Thus, in contrast to the foregoing case iy, < g may not hold.
We start with the same idea as in [4, Section 4.3] applied to the continuous
approximation ty,1. We define

@y = min{im1|re, 9} € H2 (o)

and a harmonic extension w of w := tim,1 — Uy 1 € Hz(I¢) so that the stability
estimate (see e.g., [18], pp. 70-71)

[dm,1 = Gl S ldma = 1 re (30)
holds. We set iy, | 1= tim,1 —w € H.

Lemma 5. Let g € H%(Fc). The continuous approximation Uy is defined as
in Section 3 and the quasi-discrete contact force density as in Section 3.1. Then
it holds

—_

M = Al + 03 + 03 + 3

<;\m,1 — Ay, up — ﬁm,1>_ S5

)1
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Proof. The upper bound of (A1, tim,1 — u1) follows as in [4, Section 4.3]

<>‘17ﬂm,1 - U1> 1.1 — <>‘13ﬁm,1 - ﬁ’:l,1>,1’1 + <)‘13ﬁ:1,1 - ’U,1>71$1

]

<0

3 ~ ~ % Y ~ A~ %
= <)\1 — Am,1, Um,1 — um71> » + </\m,1,um,1 — um71> »
- — 4

)

A

1 < 1, . N ~ . R
SIA = Ama 2+ S lima = @l + (s lima = )

s

Thus,

<>\m,1 — A1, U — ﬁm,1> - S

)

~ 1 . . { "
g =R l12 4 Gl = il + (Ao =) -

For further estimations we use the following identities on the contact bound-
ary

up = Uy = (w1 = g) + (9 =ty 1) < (9= m)™
and
(9= tm1)" < (9= gm)" + (gm = @m,1)" < (9= gm)" + (g — thm 1)
Putting all together we end up with

N ) 1 . 1,
<)\m,1 - >\13U1 - Um,1>71’1 ,S §||>\1 - )\m,1||2_1 + §||(um,l - g)+|‘2%71‘c

+ 2 Y mendo—tnn) [ o

€M pen¢

1 ~ 1,
S §||>‘1 - )‘m71||2—1 + 5”(“\11,1 - Q)JrH;rC
3 salla—om) [ o
eeMC pemcc 5669
+ Z Z 8p,eCp,e(gm _am,l)/ Dp.e
e€MC peN? s€6¢
1 ~
S 51 = AwallZy+ng + g + 7
O

Theorem 1 is established by inserting the results of Lemmata 3, 4, 5 in (19)
and (16), respectively.

23



5. Efficiency of the error estimator

In this section we give the proof of Theorem 2. Therefore, it is useful to
rewrite the definition of the Galerkin functional (15) as follows

Go#)an= X | [rlume— 3 [lotumlze

ceMm \V° s€6!

- [ —me— Y [ olun)y

seeN vV* 5€6C0 V"
- E, E Spyecp,E(‘Pl)/ Ppe-
scSC
c€MC pem? 5€6;

To prove that 1;.¢,712,5,73,s and 75 s are bounded from above by the error
measure (7) (plus data oscillation) the properties of the element bubble functions
U, and side bubble functions U, see, e.g., [19] are used. Due to the definition
of the quasi-discrete contact force density, especially the mean values ¢, .(¢1)
for all p € NY and ¢ € M, it follows that ¢, .(¥.) = 0 and ¢, (¥s) = 0 for
all s ¢ G¢. Thus, it is obvious that the proof follows as in the case of a linear
elliptic problem where G, replaces the linear residual.

Next, we consider ng s for all contact boundary sides s belonging to a semi-
or non-actual contact boundary element. Imagine a triangle or intervall s to be
refined uniformly. The four new triangles or three new intervals are denoted by
sy and s, where 5, are the new sides belonging to the nodes p and we set b,

occuring in the definition of the mean values ¢, (p;) = % to b:=s,. We

define a bubble function 8, = ap ¥y belonging to sp. Thus, ¢, (6s) = 0 as
s = 0 on b. The coefficient ays is chosen such that [ 1= [ an¥as. Thus,

161 (um)|I? = / 61 (th) 1 (1) s

s

- <Gma&1(um>9561>,1’1,2 + /Tl(um)&l(um)es

[4

+ Z Sp,e&l(um”scp,e(es)/ Dpe

PENC s€6¢
61 (um)Os1,e + 171 (wm) [ e[|1 (1 )05 |

=0
HGm||—17e|
_1 1 ~
S NGl —1,chs 2161 (wm)|ls + he (|71 (wm)[|e[[61 (wm)]]s-

IN

Thus, it follows from Lemma 3 and from the bound of 7 .
P - _
hellor(um)lls S lle(w —um)lle + 1A = Amll-1,e + hell £ = Flle-

1
It remains to bound 77, = (Sp.dpe)? in terms of the error measure. If ¢
is a full-contact element we have d, . = 0 and if we have a non-actual contact
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element we have s, . = 0. In consequence it suffices to consider semi-contact
elements and a node p with s, . > 0 and (gm — @m,1)(p) = 0. We choose § as
the node maximizing (gm — Um,1)(¢) > 0 for all nodes ¢ € s and we define an
extension of g, to a function in H*(Q2) by means of Gm(q) = tm,1(q) for all
q € N\NY. The function under consideration (gm — @m,1) is continuous such
that we can use arguments from the case of continuous linear finite element

functions. Thus, it holds as in [4]
() )

In a next step we apply the result of Lemma 1 for discontinuous finite elements

(1))

—d+3

(gm — Um,1)(@) She *

Yo, I

—d+3

(gm - 7-A’fm,l)((j) SJ he 2

o

’Yp,I

<nH (H () -w)] o - famnn%,,)

<hH (H (%) - un), IV - amﬂnvp,I)

<1 (o (% )y + 12 Notunly
0 2V (), )

<0 (o (% )1y + 1 Nl

71vYs

q€wWp sCg

For the ease of presentation we here exploited the fact that Tc NT'p = 0.
Otherwise contributions from the Dirichlet boundary would occur.
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Exploiting the fact that ¢ is the node maximizing (gm —@m,1) on s we deduce

dp,c = / (gm - ﬂm,1)¢p,e
5

P

Sumn | o (% Yy + Héliotumll; + ZZ/ ]

q€wp sCrl

v nélie (% Yoy + o tunllog 4 {5 [ flunl

qewaC’YI s
a 1
_nd (e (g'“) it St 3 | (31)
5€’y qupsc'y

For the upper bound of s, . we use the representation (12), Hélder’s inequality
and scaling arguments

<>\ma ¢p,e>,171’e

S =
e fs ¢p,€
She ™ (ua)l[ell@pelle + D 1161 (wm)] | 6p.els
sCS!
+ > 61 (uw) = mllldpels + D 161 ()l 6p.ells
sCeN sC6¢
+ Z [t 1]l @p,ells + Z | (tm 1 _un[:,l)Hs””%,eus
PR 5 s€&D 5
+ 3 lun]lls6(dpee)ls + Y ll(u )lsl16(dp.ce1)lls
se6! sesPb

d d—1 -1
She™ I (ue)llché + D M1 (ua)lhe® + > [1[61(wm) — m]|lhe

sCSI sCSN
d—1
+ > 1161 (um ||h T Z |[tim,1] s het + Z IIum1 U1 llshe ™
sC&¢ 5661 s€&D

a1 d—1
+ Z ||[um]||5he_1he2 + Z ||um—unD1||5he_1hc‘2

se6! se6&P
=d
S he® 771e+z7725+ ZU3,4+ Znﬁs Z Nays | - (32)
5C61L sC6N sC6¢ se(6lusp)
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Combining (31) and (32) and exploiting the local lower bounds in terms of
M,e5 72,5, 13,55 M6, and the fact that 1, 5 is part of the norm

;= Z Z Sp,elp,e
e€MsC peN?¢
SN et D] met D mast D Mest D, us
e€M=C pen¢ sCS! sCSN sC6¢ se(6luep)
2
L /e
£ met 33 mataillo (%)l
sevl q€wp sCvl

_ 1 (g
< {Iu=tnll 1A= Anllost s = Flc+ XS wdllo (% )y

cEM e€MsC peMN,

6. Numerical results

The implementation has been carried out in MATLAB. For the adaptive
mesh generation we have taken from [20, Chapter 5] the refinement strategy
refineNVB.m for simplicial meshes and we extended the provideGeometricData.m.
As solver for the variational inequalities we implemented a primal-dual-active
set method similar to [21, Chapter 5.3.1].

In this section we have a look at different contact problems in 2D. We ex-
amine the structure of the refined simplicial meshes and the rate of convergence
of the new estimator for adaptive und uniform refinement.

The starting grid has been two times uniformly refined by means of newest
vertex bisection, compare [20, Chapter 5] and thus consists of 32 elements. As
marking strategy for the adaptive process we use the maximum strategy, i.e. an
element is marked for refinement if its local element estimator is bigger than 0.6
times the maximum of all element estimators.

In all our experiments Dirichlet conditions are applied to push the linear
elastic body against a rigid obstacle while the force density f and the Neumann
values 7r are set to zero. The Poisson ratio is ¥ = 0.3 and the Young’s modulus
is B = 5002

mm?2"

6.1. Contact with a Tigid wedge

In the first example we simulate the deformation of a linear elastic unit
square which is moved in z-direction towards the obstacle g(y) = —0.2 4+ 0.5 -
|y —0.5] which describes a wedge with a semi-angle @ & 63. The Dirichlet values
on the left side at z = 0 are u) ; = 0.1.

Figure 1 (a) illustrates the deformed unit square above the undeformed ge-
ometry. The convergence of the new error estimator for contact on adaptively
and uniformly refined grids is shown in Figure 1 (b) with logarithmic scales on
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(a) deformation (b) convergence of estimator

Figure 1: Wedge example
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Figure 2: Wedge example: Part of the adaptively refined grid

both axes. The blue line (with circles) refers to uniform refinement. The exper-
imental order of convergence is about 0.443. And the red line (with stars) refers
to adaptive refinement steered by our new error estimator for contact problems.
The experimental order of convergence is about 0.509.

In Figure 2 the adaptively refined grid in the area [0.4, 1] x [0.2, 0.8] is shown.
The adaptively refined grid steered by the presented estimator for contact (Fig-
ure 2 (a)) is refined strongly around the corner caused by the tip of the wedge
and at the free boundary. In contrast, the adaptively refined grid steered by
the standard residual error estimator for linear elliptic problems (Figure 2(b)) is
refined strongly at the whole contact boundary. This can be seen even clearer in
Figure 3 where a magnifying glass shows the area around the contact boundary
for both methods.
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il |

(a) new estimator for contact (b) standard estimator

Figure 3: Wedge example: Zoom of grid at the contact boundary

6.2. Contact with a rigid block

In the second example we simulate the deformation of a linear elastic unit
square which is moved in z-direction towards the obstacle which is a block,
coming into contact in the interval [0.25,0.75]. The Dirichlet values on the left
side at = 0 are u£,1 =0.1.

Figure 4 (a) illustrates the deformed unit square above the undeformed ge-
ometry. The convergence of the new error estimator for contact on adaptively
and uniformly refined grids is shown in Figure 4 (b) with logarithmic scales
on both axes. The blue line (with circles) refers to uniform refinement. The
black line (with diamonds) refers to adaptive refinement steered by the standard
residual error estimator for linear elliptic problems without constraints. And
the red line (with stars) refers to adaptive refinement steered by our new error
estimator for contact problems.

The adaptively refined grid, steered by the presented estimator for contact
(Figure 5(a)) and steered by the standard estimator (Figure 5(b)) can be seen.
It is obvious that we have an over-refinement of the contact boundary in Figure
5(b) due to the standard residual error estimator for linear elliptic problems.
In Figure 6 we see the area around the contact boundary through a magnifying
glass.

6.3. Contact with a parable

In the third example we simulate the deformation of a linear elastic unit
square which is moved in z-direction towards the obstacle which has the form
of a parable g(y) = (y — 0.5)2 — 0.1. The Dirichlet values on the left side at
x =0 are unf?’l =0.1.

Figure 7 (a) illustrates the deformed unit square above the undeformed ge-
ometry. The convergence of the new error estimator for contact on adaptively
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Figure 6: Block example: Zoom of grid at the contact boundary

and uniformly refined grids is shown in Figure 7 (b) with logarithmic scales on
both axes. The blue line (with circles) refers to uniform refinement. The exper-
imental order of convergence is about 0.475. And the red line (with stars) refers
to adaptive refinement steered by our new error estimator for contact problems.
The experimental order of convergence is about 0.513.

In Figure 8 the adaptively refined grid in the area [0.2, 1] x [0.1,0.9] is shown.
In Figure 8 (a) the adaptive refinement is steered by the new error estimator for
contact and in Figure 8 (b) the adaptive refinement is steered by the standard
residual error estimator for linear elliptic problems. While in Figure 8 (b) a
thin line around the whole contact boundary is highly refined in Figure 8 (a)
the contact boundary is not entirely strongly refined. But there are well refined
regions close to the boundary which are symmetrically distributed. This refine-
ment comes mainly from the jumps in the stresses and in the solution due to
the deformation. The different structure of the grids can be seen even clearer in
Figure 9. We denote the number of nodes of a mesh by #9t and the number of
nodes in the discontinuous finite element setting, meaning the number of pairs
(p,e), is denoted by #Mqg. The number of nodes at the contact boundary in
the grid shown in Figure 8 (a) amounts to #M¢ = 123 which corresponds to
#‘ﬁdcg = 244. The whole number of nodes in the grid represented in Figure 8
(a) is #MNgg = 39366. In comparison, the grid shown in Figure 8 (b) consists of
#‘)“(fg = 1968 contact nodes where the whole number of nodes #9qz = 38850
is approximately the same as in Figure 8 (a). In other words we have approx-
imately 8 times less contact boundary nodes using the new a posteriori error
estimator for contact which reflects the fact that in the full-contact area the
solution is fixed and cannot be improved by adaptive refinement.

31



(a) deformation

estimator
>

—a— adaptive (contact estimator)
=€~ uniform

0.51339

102 10°
number of nodes

(b) convergence of estimator

Figure 7: Parable example

09 g 09
08 08
07 07
06 06
>05 ~05
0.4 0.4
03 03
0.2 02
0.1 @ 0.1

0.2 04 06 08 1 0.2

X

(a) new estimator for contact

0.4 0.6 0.8 1

X

(b) standard estimator

Figure 8: Parable example: Part of the adaptively refined mesh

32



i |l

(a) new estimator for contact (b) standard estimator

Figure 9: Parable example: Zoom of grid at the contact boundary
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