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Abstract

We present a new residual-type a posteriori estimator for a quasi-
static Signorini problem. The theoretical results are derived for two and
three-dimensional domains and the case of non-discrete gap functions is
addressed. We derive global upper and lower bounds with respect to an
error notion which measures the error in the displacements, the velocities
and a suitable approximation of the contact forces. Further, local lower
bounds for the spatial error in each time step are given. The estimator
splits in temporal and spatial contributions which can be used for the
adaptation of the time step as well as the mesh size. In the derivation of
the estimator the local properties of the solution are exploited such that
the spatial estimator has no contributions related to the non-linearities in
the interior of the actual time-dependent contact zone but gives rise to an
appropriate refinement of the free boundary zone.

Key words. Quasi-static contact problem, Signorini problem, viscoelasticity,
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1 Introduction

The numerical simulation plays a substantial role in understanding processes
and effects in natural sciences and engineering. Quantities that are not readily
obtained from measurements because experiments are too expensive, too diffi-
cult or even impossible can be approximated numerically. Especially in medicine
the numerical simulation is in great demand, whenever the ethical dimension
has to be considered. We are interested in the simulation of viscoelastic con-
tact problems. Biological tissue as cartilage, bones and tendons are examples
of viscoelastic materials.

In this work we consider a quasi-static contact problem which models the contact
between a linear viscoelastic material and a rigid body. The linear viscoelastic
material obeys the Kelvin-Voigt model. Viscoelasticity means that the material
behavior shows both elastic and viscous features and thus the stress tensor
depends on the displacements as well as the velocities. The resulting quasi-
static contact problem gives rise to a time-dependent variational inequality.

A posteriori error estimators which are equivalent to the error are in great
demand in the numerical simulation to determine regions with less regular or
even singular behavior. These information can be used for mesh adaptation. For



the simulation of complex processes adaptive mesh generation is important to
improve the quality of the discrete solution for given computational resources.

A popular estimator for linear elliptic problems, which appears attractive in
view of its simplicity, is the standard residual estimator [23,25]. It is explicitly
computable from the given data and the discrete finite element solution and
constitutes an upper as well as a lower bound of the error at least up to so-
called oscillation terms of higher order. Thus, it is equivalent to the error. For
the prototype of variational inequalities, the obstacle problem, techniques of
standard residual-estimation have been extended in [11,14,19,20,22] to derive
residual-type a posteriori estimators. Further, for the Signorini contact problem
residual-type a posteriori estimators have been derived in [12,16,27].

For the heat equation as an example of time-dependent problems a residual a
posteriori error estimator has been derived in [24], see also [25] for parabolic
problems. Therein global in space and time upper bounds and global in space
and local in time lower bounds have been proven with respect to the same error
measure. The error in the velocities is measured in the H ~'-norm and the error
in the displacements in the H'-norm. An a posteriori error analysis for linear
viscoelastic problems without constraints can be found in [7]. Therein an upper
bound for the H'-norm of the error in the velocities and in the displacements is
derived. The error measure for the global lower bound is different. In each time
step a local lower bound is given for the spatial error. In [8] a normal compliance
viscoelastic contact problem is considered which means that the non-penetration
condition is weakly imposed by a penalty method so that an equality instead
of an inequality is considered. Thus, the derivation of the estimator is similar
to [7]. In [7,8,24] the estimator splits in a temporal and a spatial contribution. A
posteriori error analysis for a time-dependent variational inequality can be found
in [18], where a parabolic obstacle problem is considered. In the error measure
for the upper bound not only the H'-norm of the error in the displacements but
also a dual norm of the error in the velocity and in the contact force is taken.
For the standard estimator contributions a local lower bound for the spatial
error in each time step is given.

In this work we derive a residual-type a posteriori error estimator for the time-
dependent variational inequality of the linear viscoelastic Signorini contact prob-
lem. To the best of our knowledge that is the first residual-type estimator for
this kind of contact problem without a regularization of the non-penetration
condition. We derive a global in space and time upper bound and a global in
space and local in time lower bound with respect to the same error measure.
Further we derive local lower bounds for the spatial error in each time step
with respect to a slightly different measure. The theory is derived for two- and
three-dimensional domains and even non-discrete gap functions are considered.
The works [16,22] on elliptic obstacle and contact problems reveal that sharp a
posteriori error estimators for variational inequalities can be derived by involving
the error in the constraining forces in the error measure. Thus, we consider
an error measure representing the error in the displacements, velocities and
constraining forces.

A key ingredient in the derivation of efficient and reliable residual-type a pos-
teriori estimators for obstacle and contact problems [9,16,22] is the Galerkin
functional which replaces the linear residual of elliptic unconstrained problems.
The Galerkin functional as well as the error measure consider the error in the
displacements and velocities as well as the difference between the constraining



force A and a suitable discrete approximation ;\; which we call quasi-discrete
contact force. The definition of this approximation reflecting the local struc-
ture of the solution is very crucial for the proof of the lower bound as well as
for the localization of the estimator contributions, i.e. to avoid over-refinement.
Therefore we distinguish between areas of the contact boundary where the bod-
ies are partially or fully in contact, so-called semi- and full-contact areas. The
quasi-discrete contact force as well as the definition of full-contact depend on
the evolution in time which is in contrast to [18]. The rate-dependency of full-
contact is new and enables to tackle the proof of lower bound.

The temporal as well as spatial estimators reduce to standard estimator con-
tributions if no contact occurs. The estimator contributions addressing the
non-linearity are related to the contact stresses and the complementarity con-
dition with respect to the solution in two subsequent time steps. Due to the
fact that we exploit the local structure we avoid any spatial estimator contri-
butions related to the non-linearity in the area of full-contact. In consequence,
the estimator perceives that at the boundary which is in full-contact, where
the solution equals the discrete gap function, adaptive mesh refinement cannot
improve the solution. In the case of arbitrary non-discrete gap functions estima-
tor contributions related to the obstacle approximation and constraint violation
occur.

Finally, numerical examples confirm our theoretical results. We present the
convergence rate of the estimator compared to uniform refinement. Further,
the adaptively refined meshes in each time step and the adaptation of the time
step size are shown.

2 The Signorini contact problem with
linear viscoelastic material

We consider the contact of a linear viscoelastic body with a rigid obstacle. Linear
viscoelastic materials are time-dependent. The variable in time is denoted by
t and the time interval of interest is I = [0,7]. The linear viscoelastic body
is represented by a Lipschitz domain Q C R? where d = 2,3 is the dimension.
The whole boundary T' is subdivided into three disjoint parts, the Neumann
boundary I'y which is an open subset of I', the potential contact boundary
I'c and the Dirichlet boundary I'p which are both closed subsets of I'. Each
material particle in the closure  is identified with a point = (z1,...,24)7.
Throughout this work we denote all quantities which refer to tensors of order
> 1 by bold symbols as, e.g., the displacements u which are vector-valued.
Their components are printed in normal type and are indicated by subindices,
e.g., u;. The summation convention is enforced and e;, © = 1,...,d, denote the
Cartesian basis vectors of R? such that, e.g., w = u;e;. The derivative in time
is denoted with a dot above, i.e. the velocities are denoted by .

The deformable body consists of linear viscoelastic material obeying the Kelvin-
Voigt model, see e.g. [13, Chapter 6.3], [5, Chapter 5.1]. The linearized strain
tensor is given by

e(u) = % (Va+ (Va)T).

For the linear stress-strain relation we need the fourth order viscosity tensor
A = (a;jx) and the fourth order elasticity tensor B = (b;jx;). They are both



linear, bounded, symmetric and positively definite.
The stress tensor o obeys the following constitutive law

o = Ae(u) + Be(u).

Let A and g be the Lamé constants of linear elasticity, then Be = Atr(e)id+2ue.
Further, let n be the shear viscosity, ¢ the bulk viscosity, then Ae = Ay tr(e)id+
2ne with Ay = ({ — %77)

When two solid bodies come into contact they do not penetrate each other.
If the displacements are small like in linear viscoelasticity the non-penetration
condition can be approximated by the so-called linearized non-penetration con-
dition, see e.g. [6] and [15]. The gap function describing the distance between
the viscoelastic body and the rigid body is given by g : I'c x I — R and the
direction of constraints is 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 con-
straints at the actual contact boundary. We use the notation & (u) := o(u)n for
boundary stresses where n is the unit outward normal to the boundary. Hence,
the contact stresses are given by 6,(u) := &(u) - v. As we neglect frictional
effects the frictional stresses @ an(u) := (u)— 6, (u) v are assumed to be zero.
The linear viscoelastic body might be subjected to a volume force density f, to
surface forces 7w and to Dirichlet values up. The complete problem formulation
is given in Problem 1.

Problem 1. Strong formulation of the viscoelastic Signorini contact problem
Find a displacement field w : Q x I — R? such that

—dive(u) = f in QxI
6(u) = ®™ on IyxI
u = up on I'pxI
u, < g on TgxI
0, < 0 on TI'egxI
(up —g)-6,(u) = 0 on TexI
Otan(u) = 0 on ToxI
u(0) = u® in Q

2.1 Weak formulation

In order to obtain the weak formulation in space we define for each time ¢
the weak solution space H = {v € H'(Q) | tr|r,(v) = up(t) a.e. on T'p}
which is a subset of H'(Q) := (H(Q))? where tr is the trace operator. For
convenience in the discrete approximation of the Dirichlet values we assume up
to be continuous and piecewise linear in space as well as in time. The space
of test functions is given by Ho := {¢ € H'(Q) | tr|r,(p) = 0 a.e. on T'p}.
Whenever it is clear from the context that the restriction to the boundary
requires the trace operator we omit the special notation. Under the assumption
g(t) € Hz(T¢) for each t € I we can define the admissible set KC(t) := {v €
H | v, < g(t) a.e. on '} The directions of constraints v are assumed to be
constant in space and time and are given by a measurable vector field with



absolute value |v(x)| = 1. The L?-norm and its scalar product are denoted by
| - || and (-,-) without any subindex. The duality pairing between H' and its
dual H~! is given by (-,-)_; ; and the corresponding norms are |- ||; and |- ||-1.

The duality pairing between H 2 and its dual H 2 is denoted with () _ 11 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, for w C Q.
We assume the force density f(¢) and the Neumann data 7 (¢) to be L?- functions

on Q or I'y, respectively. We abbreviate <j", <p> (fy0) +(m @)p, -

11

Problem 2 (Variational inequality). Find w : I — H with u(0) = u® such that
for a.e. t €I, u(t) € IC(t) fulfills

(Ae(u(t)), e(v) —e(u(t))) + (Be (u(l)) , € (v) — € (u(?)))
> <}(t),v - u(t)> L ek,

)

We define the contact force density in the continuous setting by

A@); )11 = (F(), ) + (7(t), PIr,, — (Ae(u(t)), () — (Be(u(t)), e(p)) -

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

A, 911 = — (G (ult). o)y

which follows from the generalized Green’s formula. Due to the variational
inequality the contact force density fulfills the weak sign condition

A v— u(t)>7171 <0.
For k € N, 1 < p < oo we denote the Bochner spaces by
WL H) = {v € LP(I;H) | 09| 1o (130) < 00, Vi < k}

with

=

ol == / S D)8, dt

0<j<k

or
[0l ws.oe (1,20) 2= maxo<j<p ess sup;er[[v 4.

In this work we assume f € WYY(I,L?), # € WYY, L*(T'y)) and g €
Wheo(I,Hz (D¢)). An existence and uniqueness result can be found in [13, The-
orem 9.3] under the assumption that f € Wh(I, L?), # € Wh'(I, L*(T'y)),
up = g = 0. The regularity of the solution is uw € W>°(I;H) and thus
A€ L‘X’(I;H_l). For some cases of time-dependent convex sets IC(t), espe-
cially g # 0, an existence and uniqueness result can be found in [4, Chapter4.3].



2.2 Spatially semi-discrete formulation

In the spatially discrete setting we assume the domain 2 to be polygonal and
the grid is a regular simplicial mesh 91, taken from a shape-regular family. The
polygonal boundary segments I'p,I'c, 'y are resolved by the mesh, meaning
that their boundaries 0I'c, 0Ty, 0T p are either nodes p or edges. The set of
nodes p is given by My, and we distinguish between the set ML of nodes on the
Dirichlet boundary, the set MY of nodes at the Neumann boundary, the set ‘ﬁg
of nodes at the potential contact boundary and the set of interior nodes 91 .
For the approximation of #, we use linear finite elements. The space of linear
finite elements which are zero on the Dirichlet boundary is denoted with

Huno:={pm €C°(Q) | Ve €M, ol € Pi(e) and p,, =0 on T'p}
and the space with incorporated Dirichlet values up is
Hey = {vm € COQ) | Ve € M, vy|e € Pi(e) and vy = up on Ip}.

The nodal basis functions of the finite element spaces are denoted by ¢,. Hence,
a discrete vector quantity has the representation

d
Pu= D Y PmilD)dpe:

PEN, =1

As the direction of constraints v is constant, vy, = v -V is a linear finite
element function on I'c. Let gn(t) be a discrete approximation of the gap
function g(t) and Ky, (¢) the discrete admissible set given by

Kn(t) ={vm € Hm | Vmp < gm(t) on T}

We note that I, C K if g = gm.
The spatially semi-discrete scheme of Problem 2 is given by

Problem 3 (Spatially discrete variational inequality). Find wmy : I — Hqy with
U (0) = ul, such that for a.e. t € I, un(t) € Kun(t) fulfills

(A€ (Um(t)), € (Vm) — € (um(t))) + (Be (um(t)) , € (Vm) — € (um(?)))
> <}(t),um - um(t)> L VomeKn(t).

)

Similar to the continuous case we refer to [13, Chapter 9.3] for an existence and
uniqueness result and also for a convergence result.

2.3 Fully-discrete formulation

To discretize in time we use the implicit Euler scheme. At each discrete time
t"™ the solution is denoted by wul, the forces by f" = f(t"), #" = «w(t") and
the gap function by g = gm(t™). The admissible set is given by Il = K (7).
For each time interval (t"~!,¢"] we define the time step size 77 := t" — ¢"~!
and the linearly interpolated solution uj, := ti;tu;ﬁ_l + (1 — tj;t) uy, and it’s
derivative u;, := dul := %;7?:‘1 Further, we define the linearly interpolated
gap function gf, := “tgn=t+ (1 — L

Tn

approximations f7 := f", w7 := «" on (t""1,t"]. We define <}’n,go> =
1,1

) g and the piecewise constant in time

(F" @) + (7", )p, and F' ., respectively.



Problem 4 (Fully-discrete variational inequality). For eachn=1,..., N find
ull € ICy, fulfilling

(A€ (uy) , € (vm) — € (uy)) + (Be (uy) , € (vm) — € (uy))
> <fn,'vm — u’nﬁ>7 , Yo, €Ki

with w7, (0) = ul,.

The unique solvability of the fully-discrete variational inequality of Problem 4
in each time step follows from the Theorem of Lions and Stampacchia [17]. But
following [13] there exist up to now no a priori error estimates for the fully
discrete solution.

In each time step the discrete contact force density is given by

<)\n ) ('pm> = <fn7 (Pm>+<ﬂ-n7 "pm>FN - <A€(5u17:1)> €(‘Pm)> - <B€(u:1)’ 6(‘1"m2>)‘
1

Due to the variational inequality the contact force density fulfills the weak sign
condition (A, vm —ug) ;1 , <0.

In order to investigate the contact force corresponding to the discrete setting
further, we need some more notations and definitions. From now on for the
ease of presentation we choose the coordinate system such that e; = v. All
boundary stresses in time step n at outer or inner edges are denoted by

& (ul) = (Ae(ul) + Be(ul,)) .

Thus, at the contact boundary in the direction of constraints we have the contact
stresses G1(ull) = e1 - (Ae(dul) + Be(ul)) n. Further, we define the jump
terms in the interior over a side s € M (edge in 2D, face in 3D) by J'(u?) :=
(a(ul)]e, — o(ul)|e,) - m where e, ey are two elements sharing the side s and
the jump terms at the Neumann boundary JN( ") :=m — &(ul) and at the
contact boundary in tangential direction JG (u?) := —& an(u’).

For the integration by parts we need a grid which is a union of the grids 9" and
9mn—1. This finest common grid denoted by M™ is assumed to be shape-regular.
The elements of M™ are denoted by ¢, the sides by s and the nodes by p € ‘ﬁ”

There is a uniform with respect to n bound on the ratio of the diameters of
elements ¢ € M™ and ¢ € IM™. Whenever it is clear from the context we omit
the superscript n for the mesh 9t and the set of nodes M.

Let p be a node belonging to the mesh 9)t. We denote by w, the union of
all elements ¢ of 9 having the node p in common. We call the union of all
sides in the interior of wy,, not including the boundary of wy, by 7, 7. For the
intersections between I' and Bwp we distinguish between the three following
types vp,c :=L'c NOwy, Yp.N := =Inyn Owp and v, p :=I'p N Ow,. In the same
way, we define for all nodes p € ‘ﬁm wp as the union of all elements ¢ of M
having the node p in common. The intersection between all interior sides and
wp is denoted by <p 1, and respectively v5 ¢, v5,~, V5, 0. Further, we need the
union of all elements ¢ of 9 belonging to w,, the patch in 91. This area is
denoted by



Accordingly, the union of all sides s € M in wp is given by 7, 1 and

o= & = U & o= U &

5Cp,C 5CYp,N 5C7p,D

Using integration by parts and the introduced notation we reformulate the dis-
crete contact force

d
<>‘Tnb1a90m>_1,1:z Z[ JI( )Sme( ¢pez+ Z[ fnSDm,i(p)Qﬁpei

i=1 \peni “rl PEN M

+ 3 [ IR emi)oe - P> / Remi(p)oye:

pem{]\\r Yp,N
Note that for the integration by parts the mesh M has to be considered while
we take the partition of unity with respect to the set of nodes 9, of the mesh

.
A, 19 Lo .
Further, we define s := % which is the nodal value of the discrete
Ip,c P
contact force density obtained Zi)y lumping the boundary mass matrix. From the
variational inequality the sign condition sj > 0 follows. If p € NG and i # 1 or

p € N \NE we have (AL, ¢pei) 1, =0.

2.4 Quasi-discrete contact force density

By definition the discrete contact force (1) is only a functional on the discrete
space Hm,0. Thus, in order to measure the error in the solution as well as
in the contact forces we need an extension of the discrete contact force (1) to
a functional on Hy. This extension is called quasi-discrete contact force and
denoted by ;\; It is crucial that the quasi-discrete contact force reflects the
properties of the continuous contact force A.

We assume that the quasi-discrete contact force is piecewise constant on each
interval ("1 t"] i.e

<5\;,<p>_1,1 - <5\:"¢>—1,1 on (£°7%,¢"].

In the spirit of the works [9,16,18] we use the partition of unity in each time

step n
<)‘m"p>—1,1 . ; <)\m’p’<’01¢p>—1,1
p

m

which enables to handle the contributions differently depending on the contact
status of the nodes. We will distinguish between so-called full-contact nodes
pE ‘ﬁﬁlc and semi-contact nodes p € M:C.

Definition 1 (Full-contact nodes). At full-contact nodes the discrete solution
fulfills the following conditions
. u’nh = gn 0N Yp,c

n—1 ~
® Uni = 9m On’Yp,C



o 51(ul) <0 onF,c.

At full-contact nodes the solution is in contact in the whole contact boundary
patch 7, ¢ in both time steps n and n — 1 and the contact boundary stresses,
which depend also on the solutions in both time steps, fulfill the sign condition
as in the continuous case. At semi-contact nodes the solution is in contact, i.e.
up 1(P) = g (p) in the current time step n but does not fulfill the conditions
of full-contact. Compared to the works for static contact problems [16,27] the
definition of full-contact is space- and time-dependent.

In each time step n we define the quasi-discrete contact force as follows

<5‘Z7‘P>_171 = Z SZCP(SDI)/~y c¢p

pemsc

m

+ Z (S;LCP<¢1) } ¢p_[ 51('“%)(901_%(‘:01))(%)

peENIC
(2)

where ¢,(p1) are weighted mean values. It will turn out that in order to prove
reliability and efficiency we need specific choices of ¢,(¢1) depending on the
fbp P1¢p
Jo, ¢»
with b, € v5¢c. b, can be chosen as the boundary patch around p = p with

contact status of the nodes. For semi-contact nodes we use c¢p(¢1) =

respect to a uniform refinement of mn. Thus, due to the fact that there is a
uniform bound on the relation between elements of 9™ and 9™ the relation

between b, and 7, ¢ is also bounded. For full-contact nodes we take c¢,(¢1) =
fg P1bp

5 P

where § C 7, ¢ fulfills

fE fttﬂil P19p > fg fttnn—l P10
fE ¢p B fs ¢)P

We note that (3) is time-dependent as well as the definition of full-contact.
However, we omit the subindex n, whenever it is clear from the context, i.e.

ep(p) = Cg(@)

Vs C ’~)/p7c. (3)

3 A posteriori error estimator

The aim of this section is to introduce the error estimator and to state the
main theorems of efficiency and reliability. Therefore we introduce the Galerkin
functional, global and local error measures and the relation between each other.
The proofs of the theorems will be given in Sections 4 and 5.

3.1 Galerkin functional and error measure

A main step in the derivation of residual-type a posteriori estimators for linear
problems without constraints is to establish a relation between the error measure
and a linear residual, see e.g. [25] for linear elliptic and parabolic problems
and [7] for linear viscoelastic problems. For contact and obstacle problems a
so-called Galerkin functional replaces the linear residual, see e.g. [16,18,22].
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For the linear viscoelastic contact problem (Problem 2) the Galerkin functional
is given by

(G, 0) 11 1= (Aelis — ), e(i)) + (Be(u — up), () + (A= Ap)

~ (7~ fT,<P>_L1 {7 @)+ (77 o)r

— (Ae(isy,), () — (Be(up), () — (M) ()

1,1

On each time interval (#"~!,¢"] we have the temporal Galerkin functional

(G7,p) 11 = (Be(ug —uy), €(p)) ()

and the spatial Galerkin functional

(G )11 = (@) + (" @), —(Ae(oul) + Be(up). e(@)) —(Anie)
which is piecewise constant on each time interval, such that on (t"~! "] we
have

~n

(G.0) 11 = Gn) 11+ (Ghe) L+ (F-Fle) - ©
Let || -||zz be the norm induced by the s.p.d. bilinear form (B(:), ()) and ||- ||z,
the norm induced by the s.p.d. bilinear form (A(-), (+)).
In this work we will derive an a posteriori error estimator which constitutes

global upper and lower bounds with respect to the following global error mea-
sure on the time interval

ErrMeasG(ul,, ul, An, 1) :=
2

1,1

(Ac(i — 7). () + (A= Xyvp)
e Vel

1
T T 2
Hlle(w — wp) 22 1, + lle(u — up)(T)32 )

which considers the error in the displacements, the velocities as well as in the
contact force density and thus is related to the Galerkin functional (4).
Further, we derive local lower bounds for the spatial error in each time step n
with respect to the following error measure

ErrMeasL(u?, 7, A ) :=

-n 2
(Ac(i — i) e(@)) + (A= Xp0) 2
SUPoeto(wy) Vel 1 + [le(uw — UQ)HL%(%)

Remark 1 (Relation between local and global error measure). Integrating

N
(ErrMeasL(u’nﬁ, U, )\:1)) over the time intervall [t"~*,t"] and comparing with

. 2
(ErrMeaSG(ua,u;,)\;, [t”’l,t"])) where §) is replaced by wy, the two error

Nl
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measures differ in j;tn—l [le(w )||L2 () 0N fttrl le(w —ul)|3. 2wy 1€
difference can be bounded by ftn,l lle (U—um)‘@%(%)—ﬂz—l le(u—ur, )||L2 () <

f::_l lle(ur, — )||L2 (wp)” Using the box rule for the integration shows that the

difference is of order 72

The dual norm of the Galerkin functional G is bounded from above by

(Ae(is = af), e(@)) + (A= A )
1111 < sup
wEHo ”V"p”

—1,1
+ le(u —ug)ll g

and respectively, after integration in time by the global error measure (3.1)
||g||L2([O,T],H_1D < ErrMeasG(u;,u;75\;,I). (7)

The dual norm of the spatial Galerkin functional Gy, in each time step is
bounded from above by

167 -1 < ErrMeasL(ul, iy, An)- (8)

Lemma 1 (Abstract upper bound).

oy 2
(ErrMeaSG(u;, Uy Ams [0, T]))

2 . T o .
< (14 &) 161 + 2w~ ) O 4 [ (A= Au-ui)
)
Proof.

d
Zle(w—ug) 7 + lletu—up)l;

(Adye(u —ul), elu — uf,)) + (Be(u —ul), e(u —uj,))
= (Gu—ul) (A= Apu—ug)

l\J\»—A

Now we apply Cauchy-Schwarz, the ellipticity of B, the scaled Young’s inequality
with € = ﬁ where Cp is the ellipticity constant

) + Nl ui)y S i 19170+ el — up) e (A Afu-ug)

)

Iy 20
< @Hgngl + 5”6(“ — u;)”%% - <A - >\m7u — u;1>71’1 .

th” <l

Integration in time from 0 to 7" leads to

le(w —wf)(T)II72 — lle(w —ug)O)Z: + le(w — ug)ll7zqo7y:2)

1 N -
S @||g||%2([O,T];H_1) - 2/0 <>‘ —An - um>f1,1

and rearranging
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le(w —wf)(T)I[72 + lle(w = ug)Ze 0,722

1 T 7 T T
S G191 o a1 —2/0 (A= Au—uf) el )OI,

3

(10)
Furthermore, for the remaining part of the error measure, we get
(Al i) (@) + (A= Ane) G, (Be(u — u,), ()
sup S sSup ——=——— + su
peHo Vel ecto IVl veno Vel

<Gl + lle(w — ug) g -

Integrating in time and exploiting (10) we get

o 2
r (Ac(i — i), e()) + (A= Ane)
sup -
/0 peHo Vel
1 T
< . 2 T 2 37 AT
S (0 I o +llelw =) O, —2 [ (A= 3w um(>1),1
11
Putting together (10) and (11) we get the result. O

3.2 Error estimator and main results
We define the estimator
1 1
2 2
ny2 n n(, n
ni= <Z (n") ) = (Z(m)erT (nm)2>
which consists of the temporal and spatial estimators if g = ¢7,. The temporal

estimator is given by

= lleCun — un g

with the different contributions
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N

n= 2 f)? ] = hpll F"lla,
PENm
1
2 1
n n no . h2 1 n
mg= | 2 5 nsp = hp |7 (ug)ll5,.
PENm
1
2 1
) ) n3p = hp (um)||
Yp,N

nz,p = h2||‘]tan( g‘t)”’?p,c

—
=
B3
b~
~
[ V)
SN——
N

1
2
l jad n
» <ngﬁp>2>, nty = hi lor )l

n

Ne -

1
2 1
2
2 (ng,p)2> , 6p = (SZ% S, (9 — u,ﬁﬁ,l)aﬁp)

Nl=

n = (53, (on" — uni)o,)

Il
=
m
20
2a
—
3
N3
3
S—
[\v]
~—
S|

where h,, is the diameter of @,.
If g # g7, is not piecewise linear in space and time we get the additional estimator

g 1= (i (Z <n;ik>2> + <ng,5>2>%

k=1 n

which refers to the obstacle approximation and constraint violation. It consists
of the following contributions

2

" fbp(g _g;m)+¢p

t
n
Mg = Z S —/ Pp
9 p ¢n—1 fbp ¢p ;YZ?

pENSC
%
n filg— 9m|¢p/
Ngo i= / ¢
" (p§0 et ;c f ¢p Ap.C '

1
2

t7l

Mo (/ I (w1~ 9)* ||1Fc>
" +

Mo = ( [ 120 ||1FC>

s = (| W5 (0) = 9(O))* I g + I (Wi (T) = 9T) T I 1)

Theorem 1 (Upper bound). The estimator n provides the following upper
bound of the error measure

[N

Nl

ErrMeasG(ul,, w7, AL, [0, 7))
S+ +lletw —up) 0z + 1F = Flezqomya—)
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In order to formulate the lower bounds we need some further definitions. Let
f" be defined by the piecewise constant approximationb of the components f

and 7", respectively. We define osc, (") := || f"—f" ||z, and oscp( )= |w"—
7" ||5, - Further, we abbreviate I1(gy,, up, | f,uﬁl D=V (xt-3 (um’1 +uly))

on Ugezwg where x¥ is a suitable extension of L ( -1y gm) to a finite element
function. We denote the jumps over mterelement 81des by [-].

Assumption 1 (Geometric assumptions for lower bounds). In order to prove
the lower bounds we assume that each boundary element with a side s on I'c
has at least one interior node and each node p € ‘)’tf.f belongs to at least one
element which has no boundary edge.

Theorem 2 (Global lower bound). Under the Assumption 1 and g = gI, the
estimator n™ on each time interval [t"~1,t"] fulfills the global lower bound

0" < ErrMeasG(ul,, al, A, 1"~ L") + |1 F — F L2 (jen—1,em), -1y

+ Z oscf)(fn)—i— Z osczzj(ﬂ”)

PENm pe‘)’tn]\;’

+ S hlime it R, .,

PENSC 5Nby#0

Theorem 3 (Local lower bound). Under the Assumption 1 and g = g, the
local spatial estimators fulfill the local lower bound

Niep S ErrMeasL(uy,, g, Ao m) +oscp(f™) + oscp(w™)
fork=1,...,5 and
Mrp S ErrMeasL(uy,, iy, S\n)

+ osc, (F™) + oscy(m Z h 1T (g vt s g ) Uge s
Nb,#£0

for k=6,7.

Remark 2. The definition of full-contact depending on the solutions in time
steps n and n—1 enables to show lower bounds of ng,n7. In contrast, the defini-
tion of full-contact in [18] depends only on the solution in time step n. Therein
the estimators comparable with ng, n7 have contributions from full-contact nodes.
Thus, é1(uy) on vp.c forp € ‘ﬁﬁ:c is part of ne,n7 as it occurs in s, but is not
part of the Galerkin functional.

Remark 3. Although the additional term hé (g, uﬁ;ll, up )| Ugesws» which
occurs only for p € ‘ﬂm , on the right hand side of the global and local lower
bounds does not depend only on the data, Theorems 2 and 3 show that the decay
of mg,n7 is of the same order as the other estimator contributions. Further, in
our numerical results, we have observed that ng,n; are very small compared to

the other estimator contributions.
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4 Reliability of the error estimator

In this section we give the proof of Theorem 1. Our starting point is the estimate
of Lemma 1. Thus, in Section 4.1 we give an upper bound for the dual norm of
the Galerkin functional [|G||z2(0, ;1) and in Section 4.2 we derive the upper

bound for — fOT <)\ — AL u— ug> N

4.1 Upper bound of the Galerkin functional

In the following we apply integration by parts to the Galerkin functional (4) on
(t"~1,t"], use the partition of unity and (A}, ppei) 1, =0 forallpe NC and
i#1orpe€ Ny\NG. Further, we exploit the definition of the quasi-discrete
i
contact force (2). We set ¢,(¢;) = 0 for Dirichlet nodes and ¢, (yp;) := f‘}.” 9:5 Z
@p TP
for all nodes p € ML UMY . For this mean value and the definitions of ¢, (;) for
full- and semi-contact nodes defined in Section 2.4 the L?-approximation prop-
erties hold, see [25] and [21]. Besides the L2-approximation property, Holders
inequality is applied.

G.0) 1= (F—F"0) |+ (Belup, —uf).ele))

{7 0) + (7 i, — (Ae(duy,) + Be(up). €(9)) — (A )

%)
_ <}' —f 7¢> + (Be(uy —up,), €(p))

d
+3 % (Ui, + [ T,

i=1 pENn Tp,I

+/%1N N (u)pidpy — /%’c ﬁz‘(uﬁ)@mﬁp)

1,1

)

= (F-F"e)_,, + Betui—uiel@)) + 30 3 (U7 (01— ol

L L L IR AT cp<soi>><z>p)

p, I Yp,N
d
Y [ s -aen - Y [ e - ale)s,
i=2 peMm¢ ¥ ».C PEN W \NLE Tp,C
SUF = PVl + leus — iz Vel + 3 (s o, 1Vl

pemm
% I n % N n
+hp [T (ug) |5, IVella, + b ([T (ug)l5, ~ [ Vella,

% C n % ~ n
+hp ||Jtan(um)||ap,cIIVSOHQP) + Y ey, IVerls,
pefﬂm\fﬁ{;c



16

Thus, we get on each (t"~1,¢"]

5

19111 < lle(uy —ug)llzy + (Z(n?)2> +1F = Fll-r (12)

k=1

Taking the square of (12) and integrating in time, we get

1630y S [ (Bl — uf) eluf, — ug)
n -

5 o (13)

+ ZT" 2(771?)2 +1F = F e o.rp-1y-

n k=1

Next, exploiting the two relations

t" «
th—t "
/ it = —
tn—1 T a+1
with o > 0 we can reformulate the first sum in (13) and thus derive the estimator
in time

Z /tn_l (Be(uy — up), €(ug —ug)) = Z %He(uﬁl - u;ﬁ_l)HQL% (14)

n

such that we end up with the following upper bound of ||G|| 2o, 77,7-1)

Hg||2L2([o,T],H—1) S Z (m)* + ZTn () + I1F — }RH%%[O}T];H—l)' (15)

4.2 Upper bound of — fOT <)\ — AL u— u;>

1,1

As g € Wh([0,T], H2 (I'c)) there exists p] = min{uf, ;, g} € W">([0,T], H2(I'c))
and an extension p] € W1H°°([0,T], H*(Q2)) which follows from e.g. [28, Chapter
8] and [1, Chapter 1]. Further we set p] = up, ; for i # 1.

We recall that (\;, ;) _;; =0, <)\m,i, <pi> =0 for ¢ # 1. Further, as p™ € K
’ 1,1

we get

T ~
T T
_/ <)\1 — )‘m,l’ul - Um71>
0 -1,1

T
T T T
:/ </\1,um)1—u1>_11+<x\m,1,u1—um’1> .
0 ’ -1,

T
< / <)\1,U;71 — PI>71 Lt </\Tm71,u1 — UQ1>
o .

T
— [ (- Funa oty =)+ (R - o)

0 —1,1 -1,1
(16)

~1,1

—-1,1

)
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In order to derive a computable upper bound of the last two terms in (16)
we have to distinguish between full- and semi-contact nodes according to the
definition of the quasi-discrete contact force (2). We recall that the sets of nodes
ne, ‘)’K,J;C always refer to the mesh of the current time step n although we omit
the index n. We recall that for semi-contact nodes the definition is linear. We
make use of (uf,, — p7) = (ufy, —g)* and of (g — pf) = (g — ufy ,)* on Lo
which follows from the definition of p] and obtain

T B T N
b , T > </\7' , T _ T>
/0 < m,1 U1 um,l _1,1+/0 m,1 um,l P1 11
:E /til E <5‘Tm, ( - p1 ¢p> - + E < m,1> Ul*UTmJ) ¢p>711

peENSC peMi’
NT T

+ E <>‘m,17 (um 1 P1) p> 1

peN’ )

t’Vl
n . n T n_n
< E / L E spcp(g_pl)/ ¢P+ § : Spcp(g_uml)/: ¢P

n Jt peENC Yp,C pem‘{‘c Vp,C

+ Z Sgc;((u;,l - g)+) : bp — Z ([ o1 (upy) (u;,l —p1— CZ(U&J - PD) ¢p>

Fp,c
pend’ v peNL’

-y </ 61 (i) (UI—“@l_CZ(“I_u:"l))%)

pe‘ﬁﬁ,c Yp.C
sZ/ S sren((g - u 1>+>/ bt 3 spcpcqfuml)/ b
n tn— pemfnc Yp,C pé‘ﬁgc Yp,C

In the last line we exploited that

-2 / / —c <0,

pemm BC'yp c

which follows from —&q(ull)|z > 0 and

/tnl/mp / /aspffii” <0

due to the properties of full-contact and (3). First, we consider the contributions
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. U
for semi-contact nodes exploiting }”’C 3 ! <C
Jop, Pr

" "
<>/ Sepo—a ) [ a )+ [ | X s

peEMNSC ' n peEMNSC
sY (oot X [ [ e
n peaze 7T b
n n Tn n Tn n n
= Z (Ug,1)2 + Z Sp (2/ (9 — Um,1)Pp + 7/ (9ot —upm )¢ >
n pENSC by bp
=Y (g )2+ + ")) - (17)

Second, we consider the contributions for full-contact nodes where ug, ; = gm

Z Y sae- ) ot 2 sellna o) [ o
t"l

C C
peN peN

<Z/ D> J: ((9— 97) f¢igmg)+)¢p[ 4,

e‘ﬁfc 5CYp,C

= (152" (18)

In remains to bound the first term in (16). To cope with our error measure we
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add and substract (Ae(d — 4,), e(ul, — p7)).

m

T ~
JARCIER PNy
0 -1

T
= [ (et aq)etug, — o)+ (M- X - o)
0 -1,1

)

1

T
- / (Ae(a — aT,), e(ul, — p7))

T A
< 3 J 'u,Tm — "
/ SUPyeH, ”V(PH || P Hl
T
- [ et — i) e, = o)
. . T 2
e (Ae(i— i) ee)) + (M = Mpior)
<z , 1
~ 2 / SPectto Vel
1 (T o T o
w3 | M= e~ [ (A= i) eun — p7)
. . ~ 2
LT (Ac(i— i) e)) + (M = Mpior)
< Z . >
—2A S Pectto Vel
1 n \2 r . . T - ‘r
Sy~ [ (et = i) et~ ) (19)

As the first term in (19) is part of the error measure, the second one is an
estimator contribution, it remains to bound the last one. Therefore we use
integration by parts in time.

T
- / (A — aT,), e(uf, — p7)

= — (Ae(u—uy) e(uy, —p7) g + /O (Ae(u —uy), e(uy — p7))

1 T 2 1 T 2 1 T 2
S glletw = ui) (Dl + iy = ) (D p, + 5llew —ug)O)]7
1 T + 2 1 4 T2 1 4 T + 2
+5luny =) Ol e + 5 ; leCu —up)llzs + 5 ; 19: ((um 1 —9)) I e

1 . 1 T
S glletw —uf) (D) + 5 llelw —ui)(O)]7:,

1 T n
+ (1g5)° + 5\\6(7‘ - um)||iz([o,T];Lg) + Z(Ug,4)2 (20)
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Putting together (17), (18), (19) and (20) we get

T ~
T T
_/ <)\1 — >\m,17u1 — ’Uzm’1>
0 —-1,1

1 T 2 1 T 2 1 T2
S glleCu —un)(D)zs + 5 lle(w —ug)(O)7zs + 5 lletw —un)lzaoryrz)
2

—-1,1

s

- (Ae(is — af), e(@)) + (M = Ay )
+ = sup
) | swsen Vel

+ (TR ) Y () + (0 2) + (ya)” + (1.4)°) + (1,5)°

Combining this result with Lemma 1 and estimate (15) we have proven Theorem
1.

Remark 4 (Upper bound for discrete gap function). Under the assumption that
the gap function is discrete g = gy, and thus we can define p7 := min{up, ;,g} =
Ug,1 on §Y all estimator contributions 1y . vanish.

5 Lower bound of the error estimator

In this section we give the proof of Theorems 2 and 3, i.e. the lower bound in
terms of the contributions ;! for kK =1, ...,7. We note that no lower bounds are
given for the data-dependent estimator contribution n,.
From (7) we know that HQ||i2([tn,17tn]’H71) is bounded by the error measure
~T
ErrMeasG(ul,, g, Ay, I) and frorgl (8) that ||Gmll—1 is bounded by the local
error measure ErrMeasL(u}, @y, Ay, ). Thus, in order to derive a lower bound
we show that the estimator contributions are bounded by the dual norm of the
Galerkin functional.
We start with a bound of the estimator in time n? by the dual norm of G7.
Next, we give local bounds of the standard estimator contributions in space
np for k = 1,...,4 by the dual norm of Gi;. Then, we consider the estimator
contributions related to the contact boundary n; for & = 5,..,7. Finally, we
bound the sum of the norms ||gf||%2([tn,17tn]’H71), ||gﬁ||%2([tn4’tn]ﬁHfl) by the
norm of the sum ||Q\|%2([t71,17tn]7H,1) plus data oscillation following [25, Lemma
6.3] (or [25, Lemma 3.53], respectively).

5.1 Bound of the estimator in time

In this section we give a bound of the estimator in time ™ by HQZH%Q(W,I i), H-1)
which is global in space but local in time. The upper bound for the estimator
in time n2 follows from (14), the definition of the temporal Galerkin functional
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5) and Hélder’s inequality
m

" _
et~y DIEy = [ (Betu — wq).elup - uf)
tn—1

tn
= / (G up — u:Tn>—1 1
t

n—1

t" ) B N 3 )
S([emes) () retwn - w iz
tn—

and therewith we get

1
n 3
S (/t . |9¢II21> = G722 (e, 1) (21)

5.2 Local bound in space of n},...,n}

To prove that n;, & = 1,...,4 are bounded from above by [|G]-1., and
respectively by the local error measure (plus data oscillation) we proceed as
in [26]. The properties of the element bubble functions ¥; and side bubble
functions Ws, see e.g. [25] are used. Due to the definition of the quasi-discrete
contact force density, especially of the mean values ¢,(p1) for all p € NC it
follows that ¢,(¥.) = 0 and ¢,(¥,) = 0 for interior and Neumann boundary
sides. Thus, it is obvious that the proof follows as in the case of a linear elliptic
problem where G, replaces the linear residual and we get

4
D kp SGRI-1a, + osc(F7) + oscy (7). (22)
k=1
Together with (8) we have a local bound

Z N p S ErrMeasL(uy,, iy, 5\:1) + osc, (f") + osc, (™). (23)

4
k=1

5.3 Local bound in space of 7!

In order to give a bound of nf by means of the dual norm of the spatial Galerkin
functional |Gy, [|-1,w,, the bubble functions have to be adapted appropriately in
the spirit of [16, Section 5.1]. Let p € MI\NLE be an arbitrary but fixed node

and § be a side of M with § N b; # (). Taking for example the bubble function
Uz we get

3 [@ww%%
pENL\MLS ~°

= - <g7nlv\I/§el>_1,1 + Z <f{l’\1’§¢p>w§

PEMNm

— Z Sgcp(‘lfg) (bp"‘r Z (}1(“41)61)(\1/3)(2517’ (24)

peMC Yp,C pENIC
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i.e. the direct relation between the Galerkin functional and 61 () is disturbed
by additional contributions with the factor ¢,(¥z). Thus, we will replace U5 by
a suitable function 5 such that c,(6;) = 0 for all semi- and full-contact nodes.
Let s be a side of M with § C s and denote by p, the nodes of s which are in
‘ﬁm\‘ﬂﬁqc. We note that p = p as the node belongs to 91 as well as to M and by
is the boundary patch around p with respect to a uniform refinement of ~; c.
Further, for the function 6; we make the ansatz that it is a linear combination
of all bubble functions with respect to the refined mesh. The coefficients of the
linear combination are determined such that

1. fg 1= Epiemm\m{'\C fg 95¢Pi

2. fﬁmbpi 0z¢p, = 0 for all semi-contact nodes

3. [;05¢p, = 0 for all full-contact nodes with § = 5

If § = s the construction of 0; is the same as in [16, Section 5.1]. As p is not
a full-contact node the third condition will not be required for all p, and thus,
there is at least one contribution in the right hand side of the first condition.
At this point the special choice of ¢,(¢) as mean value on b, with b, N§ # § for
semi-contact nodes becomes clear because if b, 1§ = § the first condition would
contradict the second condition.

If § C s we have § N b,, = () for some or even all p;. In the case § N by, = 0 the
second condition is fulfilled trivially.

As we assumed that the elements are simplices, 1(ul,) is constant on § and
thus with the last conditions, ¢,(03) = ¢p(61(uf)fs) = 0. Together with the
first condition and (24) we get

LACSIEED DU EACHIN TR
PEN W\ °
Lo 1 .
SNGall-1.a, 2 161 (ug)lls + hp [ /1 la, 161 (wi)lls-— (25)
Here, we used the properties of the bubble functions on the subgrid of e

—1
which constitute by linear combination #;. Dividing by hy 2|61 (ull)|ls, using
the triangle inequality and exploiting the results (23) and (8) we get

ns, S ErrMeasL(uy,, iy, AL+ osc,(f") + oscp(7™). (26)

5.4 Local bound in space of 74,77
Summing up the two error estimator contributions we get

n n n n n 1 n -
8y + () = 53 | 5l =)oy + 50— w0,

P
- / (X — wl 1)
b

where we set xj = $(gn + gnmt) and wi o= L(ulk, + uzjll). If sp =0 or

(xp —wp 1) =0 on b, we have s}, [, (xp — wp 1)¢p = 0. Therefore, we assume
: » :
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sy > 0and (xj —wy 1)(g) > 0 for at least one node, i.e. (g — uy 1)(g) > 0 for
one node g € M or (¢! —u”™')(q) > 0 for one node g € N%~1. We note
that p belongs to 9 as well as to .

In the case that (x5 — wy, 1)(p) = 0 we can derive an upper bound as in [16,
Section 5.2]. But as s; > 0 implies (g — uy 1)(p) = 0 but not necessarily
(gn=t — u:fll)(p) = 0, we have to consider the case that (xj — wi 1)(p) > 0,
too. In order to derive an upper bound of

/ =l by = 3 /m (@ — w1y

bp §C’st,c

we consider the integral over each side independently where x¢ = xj|s. For
each side 5§ Nb, # 0 belonging to an element ¢, we choose a node g* fulfilling
(X5 —wi.1)(@") > (X —wh 1)(q) for all g on 5. Further, we define 7* the unit
vector pointing from a node q of § to ¢* such that

VIg(xs —wg1) -7 > 0.

First, we consider the two-dimensional case. Due to the Assumption 1 we can
choose a neighbouring node z; in the interior belonging to another element e¢.
We define an extension of x? to a finite element function Y7 in the interior of
the domain with X% (21) := wy, 1(21) such that

(& —wn)(@") = (G —wna)(z1) +(@" = 20)V(XE —wia)
—_———
=0

Shy V]e(XE —wi 1) - T1 (27)

m,1

>0

where 77 is the unit vector pointing from z; to g*. Further, we can choose
another neighbouring node zs in the interior belonging to the element ¢ and
define the discrete extension x% such that (¥ — wy )(22) = (X§ — wp 1)(q")-
Thus,
£72V[e(XE —wy 1) =0 (28)
holds for 79 pointing from z5 to g¢*. The line given by g* and the vector 74
divides the plane into half-planes with 7* and —7; on one side and 71 on the
other side. Therefore,
—T1=ate+ 7" (29)

with 8 > 0 and « arbitrary, see Figure 1. Combining (27, 28, 29) we get
VIs(Xs —wy 1) (=71) 20, (30)
such that
(& = wn1)(@") S hy (VIe(E —wny) = VI(E —wia)) -1 (31)

In the three-dimensional case we can proceed almost in the same way. The
interior node of ¢ will be denoted by z3 and we define a discrete extension of
n

X% to X% to the interior of the domain by (i — wi 1)(23) = (X§ — wp 1)(q")-
With 73 being the vector pointing from z3 to ¢* we have

73V (X§ —wy 1) =0 (32)
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Figure 1: Construction of the linear combination of 7

The cut of the plane defined by 7* and 73 with an interior side § of another
element ¢ defines 71. Let z; and z9 be the two interior nodes of the interior
side 5 then we define X7 (21) = wy, 1(21) and X% (22) = wy, ;(22) such that

(X& — wm1)(@") ShpVI(GE —wat) - T

as for the two-dimensional case (27). Together with (32) we can draw the same
conclusion as in (29, 30, 31)

(Vs —wm (@) S hy (VI(XE —wiy) = VI(XE —wiy)) -1 (33)

Let ¢g = ¢ ¢pn =¢and ¢; ¢ = 1,...,m — 1 the elements between. Common
sides are denoted by s; := ¢;_1 N¢; and the interelement jumps of gradients by
[Vom]l = (V]e,um — Vl]e,_,vm). Thus, for each side § the right hand side of
(31, 33) can be bounded by the jumps

| @-vi)ons Xk (IVGEE g ) 69

Due to the definition of sp

),
’ Sy P
- fap,, I (ufy)dp + f@p fiép + f:,pyN Ji (ug)dp — f:mc o1 (ug)dp
R Sy 00
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and the fact that ng and 17 have no contributions from the area of full-contact
nodes we get a bound

S (Zmz,p)) hy (35)
k=1

by estimator contributions for which we already derived an upper bound in
Sections 5.2 and 5.3. We note that in the case that p would be a full-contact

1
node defined as in [18] g [[61(ug 1)l/5,  would occur in the upper bound of s}
but is not related to the Galerkin functional and other estimator contributions,
respectively, see Remark 2. Combining (34) with (35) we arrive at

5
5/ (Xg—wx,1)¢ps(z<nz,p>2>+ > hlV 0 =)l 1

r k=1 5Nby 70
(36)
Together with (23, 26) we get
((ng7p)2 + (n?p)2> * < ErrMeasL(u”, l, A + oscy(f") + oscp(mw™)
(37)
+ 3 BV OE = 0 ) s
5Mb,#£0

We conclude that Theorem 3 follows from (23, 26, 37).

5.5 Global lower bound

Finally, we aim to bound the estimator globally by the error measure (3.1).
From the local estimates (22), (25) and (36) we get directly

7

Do) S IG5 0+ 3 (oseh(#7) + oscin™)
k=1
+ > Z (h IV = win DI 12, )

PEMNSE 5Nby#D

where we used that the local lower bounds imply a global bound (see e.g. [18,
Remark 3.8]) . Integrating in time and exploiting (21) we get

7
)+ > " (mp)?
k=1
< Hgn||i2 tnfl t"] Hfl + ||gn ||%2 [tnfl t"] Hfl)

+ 7" Z osc —|—osc —|—T Z Z (h 1V g_w$,1)]1||aqggwq)~
pENSC 5Nb,#D

m

(38)

As the dual norm of the Galerkin functional is bounded by the error measure
(7), we make use of the following result
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Lemma 2. There exists a constant 3 such that the inequality

Nl

8 {192 3 s a1y + 19 Baen s ot} < 167+ Glz om0 -1y
holds.

which follows from [25, Lemma 6.3] (or [25, Lemma 3.53], respectively). Com-
bining (38),(7),(6) and Lemma 2 leads to the result of Theorem 2

77n 5 EI‘I‘MG&SG(U;, U’Tm7 S‘mv [tnilvtn]) + ||:f - }‘ ||L2([t”*1,t"],H*1)

FVTE [ Y os () + D ose(m) + Y Y (hpll[V(X?—wﬁ,l)]l\\aqegw)

PENm pENY PENSC 5Mby#0

6 Numerical results

The implementation has been carried out in MATLAB. As basis for the imple-
mentation of the adaptive mesh generation we have used [10, Chapter 5] as well
as [2]. As solver for the variational inequalities we implemented a primal-dual-
active set method similar to [3, Chapter 5.3.1].

We use newest vertex bisection as refinement strategy and the maximum strat-
egy as marking strategy. We denote by 9141 the refined or coarsened mesh
succeeding M. In each time step n the starting mesh Mg is the final mesh
ML of time step n — 1.

First, we conduct some coarsening steps if the interpolation error obtained by
replacing u&;l with [ (uf,ﬁ;il) in the residual is a small percentage of the es-
timator of the foregoing time step. Next, we start the refinement process in
the new time step n based on the spatial estimator nj,. The refinement process
stops if a given maximal number of elements has been passed over in the forego-
ing iteration step or if the estimator n], is very small. Finally, we compute the
temporal estimator. If the temporal estimator is larger or significantly smaller
than the spatial estimator we reduce or increase the time step size, restore the
mesh from the foregoing time step and start the adaptive mesh refinement in
time step n, newly. Otherwise, we accept the mesh and the time step size and
continue with time step n + 1.

6.1 Contact with a wedge

We simulate the deformation of a linear viscoelastic unit square which is moved
via time-dependent Dirichlet boundary conditions up; = (0.1 —¢) at x = 0
towards the obstacle g(y) = —0.2 + 0.5 - |y — 0.5] which describes a wedge with
a semi-angle a =~ 63. We consider two examples with different sets of material
parameters. In the first example we choose the Young’s modulus E = 2 - 105,
the Poisson ratio v = 0.25, the shear viscosity 7 = 5-1072 and the bulk viscosity
¢ = 5-1072. In the second example we choose E = 500, v = 0.3 and n = 30,
¢ = 30. The maximal number of elements which has to be passed before the
refinement process stops is set to 5000 elements. In both cases the time step is
7 = 0.03 and is not changed.

For the first example we show the deformed configuration and the adaptively
refined meshes in the area [0.2,1.0] x [0.1,0.9] at times ¢t = 0.03, ¢ = 0.12

[
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and t = 0.27 in Figure 2. At time ¢t = 0.03 and ¢ = 0.12 it is obvious that
the adaptive refinement is strong where the tip of the wedge indents and at
the free boundary whereas not the whole contact zone is highly refined. We
note that the body detaches at time ¢ = 0.3. Thus, at time ¢t = 0.27 the
area of contact coincides with the area where the tip of the wedge indents and
thus this effect cannot be seen. In Figure 3 we plot the estimator against the
number of nodes with logarithmic scales to show the experimental order of
convergence at times t = 0.03, t = 0.12 and ¢t = 0.27. At the first time step we
compare also with uniform refinement. At the following time steps there are less
adaptive refinement steps as we do not start again from the coarsest mesh. The
experimental order of convergence is &~ 0.5 in the case of adaptive refinement
and in contrast ~ 0.3 in the case of uniform refinement.

For the first example we list in Table 1 and Table 2 the estimator contribution

referring to the complementarity residual \/ ™ ((n;ﬁhﬁ)Q + (77{}%7)2> and the

sum of the spatial estimator contributions v7"ny —in time steps n = 1 and
n = 6. As stated in Remark 3 the complementarity residual is much smaller
than the spatial estimator. The difference is about 10%.

Table 1: Comparison of spatial estimator and complementarity residual in time
stepn=1

e (o) Gh0) |V
E=1 5.1297 1.9124 - 10%
k=2 1.0733 0.9896 - 104
k= 0.4801 0.7496 - 10*
k= 0.4588 0.6334 - 10*
k=5 0.3919 0.4896 - 104
k=6 0.3782 0.3649 - 104
k=17 0.1355 0.3113- 104
k=8 0.0509 0.2226 - 104
k=9 0.0423 0.1758 - 10*
k=10 0.0429 0.1270 - 10*
k=11 0.0177 0.0987 - 104

Table 2: Comparison of spatial estimator and complementarity residual in time
stepn =6

ey () + O)?) | Vs,

k=1 0.0109 546.4735
k=2 0.0027 490.6460
k=3 0.0016 295.4914

Due to the different material parameters in the second example the deformation
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(a) deformation t = 0.03

(c) deformation t = 0.12

(e) deformation t = 0.27

Figure 2: Indentation by a wedge (first example): Deformation and adaptively

refined mesh
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Figure 3: Indentation by a wedge (first example): Convergence of estimator
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(a) E=2-10°, v =0.25,n=¢ =5-10"2 (b) E =500, v=0.3,n=¢=230

Figure 4: Comparison of deformation for different material parameters at de-
tachment time ¢t = 0.03

which depends on the elastic as well as viscous stress develops differently in time.
In the second example there is still a significant deformation at detachment time
t = 0.3, see Figure 4. In Figure 5 we show for the second example the adaptively
refined meshes and we plot the estimator against the number of nodes at times
t =10.03, t =0.15 and ¢ = 0.27. In order to visualize the experimental order of
convergence we use logarithmic scales. At the first time step we compare also
with uniform refinement. The experimental order of convergence varies between
~ 0.45 and ~ 0.49 for adaptive refinement and is ~ 0.33 for uniform refinement.

6.2 Contact with a parable

In the third example we simulate the deformation of a linear viscoelastic unit
square which may come into contact with a parable depending on a time-
dependent force term f. The obstacle is described by g(y) = (y — 0.5)? at
the right hand side 2 = 1 and the Dirichlet values by up,; = 0 at the left hand
side x = 0. The right hand side is given by

fi = (sin(10tm)) (=2(A + 2u)(y — ¥°) — 2p(x — 2?))
+ 107 (cos(10tm)) (—2(Av + 2n)(y — y*) — 2n(z — 2?))

and

o = (sin(100m) (1 — 24)(1 — 22) + A(1 — 22)(1 — 2))
+ 107 (cos(10¢m)) (n(1 — 2y)(1 — 2z) + Ay (1 — 2x)(1 — 2y)).

In the case no contact occurs the right hand side corresponds to the solution
uyp = sin(10tm)z(1 — 2)y(1 — y), us = 0. The material parameters are chosen
as in the first example. In Figure 6 we visualize the solution uy 1 at different
times. We start with a time step size 7 = 0.05 but due to the time-dependent
right hand side the time step size will be adapted and thus varies between 0.05
and 7.8125 - 10~%. The maximal number of elements which has to be passed
before the refinement process stops in each time step is set to 5000 elements.
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Figure 5: Indentation by a wedge (second example): Adaptively refined mesh
and experimental order of convergence
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-

In this case (Zn " (77]7}1)2) = 1.8123-10°. Reducing the maximal number of

elements which has to be passed before the refinement process stops to 2000

or 500 increases the spatial estimator to (Zn " (17"}1)2>§ = 3.2498 - 103 or

1
(Zn T" (77,?1)2) ® = 6.1488 - 103, respectively.
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