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Abstract

We present an a posteriori error estimate based on equilibrated stress reconstructions for
the finite element approximation of a unilateral contact problem with weak enforcement of
the contact conditions. We start by proving a guaranteed upper bound for the dual norm of
the residual. This norm is shown to control the natural energy norm up to a boundary term,
which can be removed under a saturation assumption. The basic estimate is then refined to
distinguish the different components of the error, and is used as a starting point to design an
algorithm including adaptive stopping criteria for the nonlinear solver and automatic tuning
of a regularization parameter. We then discuss an actual way of computing the stress recon-
struction based on the Arnold-Falk—Winther finite elements. Finally, after briefly discussing
the efficiency of our estimators, we showcase their performance on a panel of numerical tests.

Keywords: unilateral contact problem, weakly enforced contact conditions, a posteriori error
estimate, equilibrated stress reconstruction, Arnold-Falk—Winther mixed finite element, adaptivity
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1 Introduction

In various fields of solid mechanics and engineering it is essential to describe contact and friction
between two bodies. This is the case, e.g., when modelling foundations and joints in buildings
or when considering impact problems. In this paper, we focus on a simplified unilateral contact
problem without friction, for which contact is mathematically expressed by some inequalities and
complementarity conditions. These constraints translate non-penetration as well as the absence of
cohesive forces and friction between the two bodies. In order to deal with the above constraints
from a numerical point of view, different strategies have been proposed in the literature, including
penalized formulations, mixed formulations, and weak enforcement a la Nitsche. We focus on the
latter, which does not require the introduction of Lagrange multipliers and results in a coercive
formulation that is easy to implement. The literature on the numerical approximation of contact
problems is vast, and a comprehensive state-of-the-art lies outside of the scope of the present
papers. We refer to the review articles [33, 9] and references therein for a broader discussion.
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Nitsche’s method was originally introduced in [27] to weakly enforce Dirichlet boundary
conditions. Its application to the unilateral contact problem considered in this paper was originally
proposed in [11], where the well-posedness and convergence of a conforming finite element scheme
are studied. Further extensions to problems involving friction or multiple bodies can be found in
[12, 7,29, 23]; we also mention [8] concerning the adaptation of these ideas to Hybrid High-Order
discretizations [18, 17, 15]. A residual-based a posteriori error analysis can be found in [10] based
on a saturation assumption.

In this paper we follow a different path and carry out an a posteriori error analysis based
on equilibrated tractions in the spirit of the Prager—Synge equality [28] (see also [21] and [32,
Chapter 7]). This approach, which does not require the saturation assumption when the dual norm
of the residual is considered as an error measure, has also the advantage of avoiding unknown
constants in the upper bound. The corresponding error estimate can additionally be refined in order
to distinguish the various components of the error (discretization, linearization, regularization).
This decomposition is leveraged here to design a fully adaptive resolution algorithm including
an a posteriori-based stopping criterion for the nonlinear solver and the automatic tuning of the
regularization parameter.

A crucial ingredient of our a posteriori analysis is a novel H(div)-conforming stress recon-
struction obtained from the numerical solution by solving small problems on patches around mesh
vertices. In the spirit of [30, 5], we use the Arnold—Falk—Winther mixed finite element spaces with
weakly enforced symmetry [1]; strong symmetry could be enforced using the Arnold—Winther
finite element spaces [2] as in [30], but would come at a significantly higher computational cost.
The stress reconstruction is built so that its divergence and its normal component on the contact
and Neumann portions of the domain boundary are locally in equilibrium with the volume and
surface source terms, respectively (such equilibrium properties are not satisfied by stress fields
resulting from H'-conforming finite element approximations). In order to distinguish the various
error components, the stress reconstruction is additionally split so as to identify the contributions
to the error resulting from linearization and regularization.

The main results of the paper are briefly summarized in what follows. The basic error estimate
of Theorem 4 establishes a guaranteed upper bound for the dual norm of the residual. Such norm
is shown in Theorem 7 to control the energy norm of the error up to a boundary term on the contact
region (this term can be eliminated when a saturation assumption similar to the one used in [10]
holds). A refined error estimate distinguishing the error components is derived in Theorem 11.

The rest of the paper is organized as follows. In Section 2 we describe the unilateral contact
problem and its finite element approximation a la Nitsche. In Section 3 we derive a basic estimate
for the dual norm of the residual and compare this norm with the energy norm. Section 4 contains a
refined version of the estimate distinguishing the error components which serves as a starting point
for the development of a fully adaptive algorithm. An equilibrated stress reconstruction based on
the Arnold—Falk—Winther finite element is then proposed in Section 5. Section 6 briefly addresses
the efficiency of the error estimators. Finally, some numerical results performed with the open
source software FreeFem++ are presented in Section 7.

2 Setting

In this section we discuss the contact problem and its finite element discretization with weakly
enforced contact conditions.



2.1 Unilateral contact problem
2.1.1 Strong formulation

Let d € {2,3} and let Q ¢ R? be a connected open subset of R representing an elastic body.
We suppose that Q is a polygon (if d = 2) or a polyhedron (if d = 3), and that its boundary 9
is partitioned into three non-overlapping parts I'p, 'y, and I'¢ such that [I'p| > O and |[T'¢| > 0
(] - | denotes here the Hausdorff measure). In its reference configuration, the elastic body is in
contact through I'c with a rigid foundation, and we assume that the (unknown) contact zone in the
deformed configuration will be included in I'c. The body is clamped at I'p and it is subjected to a
volume force f € L?(Q) and to a surface load g, € L?>(I'y) on 'y ; see Figure 5 for an example.

Denoting by n the unit normal vector on dQ pointing out of Q, for any displacement field
v: Q — R and for any density of surface forces o (v)n defined on 9Q, we have the following
(unique) decomposition into normal and tangential components:

v=v'n+v' and ocWn=c"Mn+a'(v). 2.1

We consider the following problem: Find the displacement field u : Q — R such that

divo(u)+ f=0 in Q, (2.2a)

o(u) =Ae(u) in Q, (2.2b)

u=>0 onlp, (2.2¢)

o(u)n =gy onTy, (2.2d)

u" <0, c"(u) <0, c"(w)u" =0 onT¢, (2.2e)
o'(u)=0 onT¢, (2.2f)

where g(v) = %(Vv + V") is the strain tensor field, o (v) € Rfyﬁl is the Cauchy stress tensor, div

is the divergence operator acting row-wise on tensor valued functions, and A is the fourth order
symmetric elasticity tensor such that, for all second-order tensor 7, At = A tr(7)1 4 + 2ut, with A
and yu denoting the Lamé parameters.

Remark 1 (Contact conditions). The first contact condition (2.2¢) is a complementarity condition:
if, at a point x € I'c, there is no contact in the deformed configuration (i.e., " < 0), then the
normal stress vanishes at that point (i.e., o™ (#) = 0); on the other hand, if at x € I'c the normal
stress is nonzero (i.e., " (u#) < 0), then in the deformed configuration we still have contact in x
(i.e., u"" = 0). These conditions also account for the absence of normal cohesive forces between
the elastic body and the rigid foundation. The second contact condition (2.2f) simply establishes
the absence of friction on I'c.

The incorporation of standard friction models to the following a posteriori theory seems
possible, but lies outside of the scope of the present paper. This subject will be addressed in future
works.

2.1.2 Weak formulation

Let D denote a measurable set of R?. In what follows, D will be typically either equal to Q or
to the union of a finite subset of mesh elements. We denote by H*(D), s € R, the usual Sobolev
space of index s on D, with the convention that H°(D) := L?(D), the space of square-integrable
functions on D. Its vector and tensor versions are denoted respectively by H*(D) := [H*(D)]¢
and H*(D) = [H*(D)]%¢. We let, similarly, L>(D) := [L2(D)]¢ and L*(D) = [L*(D)]%*.
Moreover, || -||s.p denotes the norm of H*(D) or H*(D) according to its argument. The first



subscript is omitted when s = 0, i.e., || ||p is the standard norm of L*(D), L*(D), or I.>(D)
according to its argument. The usual inner products of these spaces are denoted by ( -, - )p, with
the convention that the subscript is omitted when D = Q. In what follows, we will also need the
space H(div, D) spanned by functions of IL?> (D) with weak (row-wise) divergence in L*(D).

Denote by H }) (Q) the subspace of H'(Q) incorporating the Dirichlet boundary condition on
I'p, and by K its subset spanned by admissible displacements, i.e.,

H,(Q) ={veH(Q) : v=00nTp}, K:={veHL(Q) :v'<0onlc}.

The weak formulation of problem (2.2) corresponds to the following variational inequality (see,
e.g., [24]): Find u € K such that

a(u,v—u) > L(v —u) Vv € K, 2.3)

where the bilinear form a: H'(Q) x H'(€) — R and the linear form L: H'(Q) — R are defined
as follows: For all (#,v) € H'(Q) x H (Q),

a(u, V) = (O'(M),S(V)), L(V) = (f’ V) + (gN’ v)FN- (24)

Problem (2.3) admits a unique solution by the Stampacchia theorem.

2.2 Discretization

Let {75} be afamily of conforming triangulations of €, indexed by the mesh size & := maxrcg;, hr.,
where hr is the diameter of the element 7. This family is assumed to be regular in the classical
sense; see, e.g., [13, Eq. (3.1.43)]. Furthermore, each triangulation is conformal to the subdivision
of the boundary into I'p, I'y, and I'c in the sense that the interior of a boundary edge (if d = 2)
or face (if d = 3) cannot have non-empty intersection with more than one part of the subdivision.
Mesh-related notations that will be used in the a posteriori error analysis are collected in Table
1. For the sake of simplicity, from this point on we adopt the three-dimensional terminology and
speak of faces instead of edges also in dimension d = 2.

For any X € 7;, U ¥, mesh element or face, £"(X) denotes the restriction to X of d-variate
polynomials of total degree < n, and we set P"(X) := [P"(X)]¢ and P"(X) := [P (X)]?*?. We
seek the displacement in the standard Lagrange finite element space of degree p > 1 with strongly
enforced boundary condition on I'p:

Vi = {vh € HlD(Q) : Vulr € PP(T) forany T € 771}

Denote by [-]r-: R — R~ the projection on the half-line of negative real numbers R™, i.e.,

[x]r- = %(x — |x]) for all x € R. For every real number 8 and every positive bounded function

v: T¢c — R*, we define the following linear operator [9]:

P W — L3
0.y (Te) ) (2.5)

v > 00 (v) — yv",

where W = {v eH (Q) : o)nlr. € LZ(FC)} (notice that V;, ¢ W). Assuming thatu € W,
the first contact condition (2.2e) can be written as (see [14, 11]):

o (w) = [0 ) = yu"lg- = | P @) . 2.6)



Notation Definition

Fn Set of faces of 7},

7—‘hb Set of boundary faces, i.e., {F € F, : F C 0Q}

FPUFN UFE Partition of 7,” induced by the boundary and contact conditions
7:hi Set of interior faces, i.e., F5 \ 7—'hb

Fr Set of faces of the element T € 7y, i.e.,{F € ¥, : F C 0T}
Fr.e€{b,D,N,C} FrNF.. T €T,

Vi Set of all the vertices of 7y,

(Vf Set of boundary vertices, i.e., {a € V), : a € IQ}

(V,i Set of interior vertices, i.e., V) \ (V,f

% Set of vertices of the element T € 7y, i.e., {a € V), : a € 0T}
V¢ Set of vertices of the mesh face F € F,i.e., {a €V, : a € 0F}
Wq Union of the elements sharing the vertex a € V},, i.e., U T

T €T,,acdT

Table 1: Mesh-related notations.

Remark 2 (Case 6 = 0). The linear operator Pg,y is well defined on V, since it is a subspace of

the space of broken polynomials. It can be easily extended to the space H ID (Q) in the case 6 = 0,
for which P{ y(v) = —yv", as v € H'(Q) guarantees v Ire € L?(T'¢) by the trace theorem.

From now on, yo > 0 will denote a fixed constant called Nitsche parameter, and we suppose
that y is the positive piecewise constant function on I'c which satisfies: For all T € 7}, such that

0T NT'¢| > 0,
Y0

E .
We consider the following method a la Nitsche to approximate problem (2.2), originally introduced
in [11]: Find u; € V}, such that

7’|6Tmrc =

aup,vy) - ([PT’Y(uh)]Rf ,v;’l)r —L(vy) Vv, €Vy. 2.7

C

For the a priori analysis of the method, we refer to [11].

3 Basic a posteriori error estimate

In this section we derive a basic a posteriori error estimate based on the notion of equilibrated
stress reconstruction.

3.1 Error measure

In the framework of a posteriori error estimation, the dual norm of a residual functional can be
used as a measure of the error between the exact solution u# of the problem and the solution uy,
obtained with the finite element method. Denoting by (H 1D (Q))* the dual space of H }) (), for
any wy, € Vy, the residual R(wy,) € (H}) (Q))* is defined by

(R(wn).v) = L) = a(wnv) + (| PL,0on)] W) WeHL@. @

C



where (-, -) denotes the duality pairing between H ID (Q) and (H }) (Q))*. We equip H ID (Q) with
the following mesh-dependent norm:

IVl = IV P+ i, Wv e HL(Q), (3:2)
where |
Pl = > —lvlE W e Hp(Q). (3.3)
FeFf F
Itis easy to show that | - | j is subadditive and absolutely homogeneous, i.e., it is a seminorm. As
a consequence, also ||| - ||| is subadditive and absolutely homogeneous. Moreover, if we suppose
vl = O, then both ||Vv|| and |v|c j are zero, and this implies v = 0 by the Friedrichs inequality
in H}) (Q), showing that ||| - ||| is indeed a norm on H}) (Q).
The dual norm of the residual of a function wy, € V, on the normed space (H}) Q) Il - 1 is
given by
R W)l = sup (R(wn),v). (3.4)

veH [, (Q), lIvlI=1

In what follows, the quantity [||R(zp) ||| will be used as a measure of the error committed approx-
imating the exact solution u with u,.
3.2 A posteriori error estimate

We start this section by introducing the concept of equilibrated stress reconstruction and the
definition of five error estimators.

Definition 3 (Equilibrated stress reconstruction). We will call equilibrated stress reconstruction
any second-order tensor o such that:

1. o, € H(div, Q),
2. (divoy + f,v); =0foreveryv e PO(T) and every T € Ty,

3. (opn)|p € L*(F) forevery F € FN UFC, and (on,v)p = (gn.v) . forevery v € PO(F)
and every F € ThN ,

4. o' =0onTc.

Given an equilibrated stress reconstruction o, for every element T € 75, we define the
following local error estimators:

hr

Nose.r = —|If +divollr, (oscillation)
n
Nsw,r = lon — o (up)llr, (stress)
. 1/2
MNew,T = Z Cirrhpllgny —onnllF, (Neumann)
FeFl
12 n n
= h [P u ] - contact
Ment,T Z F 1,),( h) R- h F ( )
Fefy

Here, C; r r is the constant of the trace inequality ||[v — Vp|[r < Ct,T,FhZ_ZHVVIIT with vg =
ﬁ fF v valid for every v € H! (T) and F € Fr; see [32, Theorem 4.6.3] or [16, Section 1.4].



The estimator 17,5, 7 represents the residual of the force balance equation (2.2a) inside the
element T, ny 7 the difference between the Cauchy stress tensor computed from the approximate
solution and the equilibrated stress reconstruction, 7neu, 7 the residual of the Neumann boundary
condition (2.2d), and 5jcne, 7 the residual of the normal condition (2.2e) on the contact boundary.

Theorem 4 (A posteriori error estimate for the dual norm of the residual). Let uj, be the solution
of 2.7), R(uy,) the residual defined by (3.1), and o}, an equilibrated stress reconstruction in the
sense of Definition 3. Then,

1/2
IR @l < ( 2 (Oroserr + 15+ venr ) + (Ucm,T)z)) .

TeT,

Proof. Thanks to the regularity of o, and of its normal trace (see Properties 1. and 3. in Definition
3), the following Green formula holds:

(op, Vv) == (divoy,v) + (opn,v)ry + (03, Ve Vv € H}) (), 3.5

where we have also used the decomposition (2.1) of the normal stress reconstruction o pn into
normal and tangential components on the contact boundary I'c, and the fact that 0'51 I = 0 thanks

to Property 4. in Definition 3. Now, fix v € H}) (Q) such that [|v]|* = ||V¥]*> + |v|é)h =1 and
consider the argument of the supremum in the definition (3.4) of the dual norm of the residual.
Expanding L(-) and a(:,-) according to their definition (2.4), adding and subtracting the term
(on, Vv), using the symmetry of o-(uy,), and applying Green’s formula (3.5), we obtain

(R(wn).v) = (£.9)+ (g Vhry = (o (@n), o)) + (| P1 )| )

+ (o, Vv) = (op, Vv)
=(f+divoy,v)+(op—0(up),Vv) + (gn —onn,v)ry

([P ], - o)

::SI1+~-+14.

I'c

We estimate each term separately. Denoting by HOT the L2-orthogonal projection onto P°(T'), and
using Property 2. of Definition 3 with test function H% v € PO(T), the Cauchy-Schwarz inequality,
and the Poincaré inequality ||v — H%v lr < hr =Y ||Vv|lr, the first term becomes

T = Y (f+divoy,y —TQv)r < > |If +divoylrlly - vl

TeT, TeT,
hr .
< ) I +diveulr Vel = ) doser VYl
TeT, T<eT,

For the second term, we simply use the Cauchy-Schwarz inequality:

B < D llon-oc@)lrVelr = ) nwr Vvl
TeT, T<T,

Denoting by H% the L?-orthogonal projection onto PO(F), and using Property 3. of Definition
3 with HOFv e P(F) as a test function, the Cauchy-Schwarz inequality, and the trace inequality



v = %v||r < Crr rhIVvllr, F C 8T, we have

Ti= ) > (gy-owmy-TGr < Y > gy - ounllelly - Iyl

TeTh FeFN TeTn FeFy
1
< >0 > Corrhfllgy - onnlel Vol = . aner 1991z,
TeTh FeFN T€Tn

where we recall that, for any T € 7, 7"TN collects the Neumann faces of T contained in ThN .
Finally, we consider the term on I'c. We define, for all T € 7, the local counterpart of the

seminorm (3.3)
1
2 . 2
i = 3, oI

Fers

where 7—'TC is the (possibly empty) set collecting the contact faces of T contained in 97 NI'¢c. Then,
using the Cauchy-Schwarz inequality, we obtain

TR | LA R T 2 Z ny

T€771Fe €Th FeFS

= Z Nent, T |V|C,T .

TeT,

P @] =o| wler

Let, for the sake of brevity, 7,7 = Nosc, T + Nstr.T + NNew,7 fOr any element 7' € 7;,. Combining the
above results and applying the Cauchy-Schwarz inequality, we obtain

IR@wIl < sup { D (1 199 b + ene |v|c,T)}
veH 1, (Q), Ivli=1 {1 e7;,
1/2 1/2
< s {(Z ((nu,r>2+<nCm,T>2)) (Z (||Vv||%+|v|é,r)) }
veH, (Q), lIvil=t (\1 €7, T e,

1/2
( Z ((rIOSC,T + Nstr,T + UNeu,T)z + (Ucnt,T)z)) .0

TeT,

Remark 5 (A posteriori error estimate for stress reconstructions with contact friction). Even without
Property 4. in Definition 3 one can easily obtain an a posteriori error estimate similarly to Theorem
4: introducing a fifth local estimator

1 . .
Mer = ) hiloblle,  (friction)
F e?f

which represents the residual of the tangential condition (2.2f) on the contact boundary, one gets

1/2
|||R(uh)|”* < ( Z ((nosc,T + Nstr, T + nNeu,T)2 + (ncnt,T + nfric,T)z)) .
TeT,

3.3 Comparison between the residual dual norm and the energy norm

The goal of this section is to compare the dual norm |[||R(u,)|l|. with the energy norm ||u — up ||,
of the error, where

N2, = a,v) = (c(v),&(v)) Vv € H})(Q). (3.6)



Remark 6 (Coercivity of the bilinear form @). The bilinear forma( -, - ) onthe space (H }) Q) - l1.0)
is elliptic with a constant @ which depends on the Lamé parameter ¢ and on the Korn constant Ck:

alvliq<av)=Ivls,  VWeHL(Q). (3.7)

Throughout the rest of this section, we adopt the following shorthand notation: For every
a,b e R, wewrite a < b fora < Cb with C > 0 independent of the mesh size & and of the Nitsche
parameter .

Theorem 7 (Control of the energy norm). Assume that the solution u of the continuous problem
(2.2) belongs to H %“’(Q) for some v > 0, and let uy, € Vy, be the solution of the discrete problem
(2.7). Then,

1
o lu = upllen < IR @)+ Y — o @ = | PL )] - (3:8)
FeFf hg
Furthermore, if the saturation assumption (see [9, 10])
1/2
(m) o"(u—up) S llu—unlly o (3.9
Y I'e
holds and vy is sufficiently large, then
lw —upllen < MR @R (3.10)

Remark 8 (Role of the regularity assumption). In Theorem 7, the solution of the contact problem
(2.2) u is supposed to be sufficiently regular in order to ensure that the normal component of the
Cauchy stress tensor is square-integrable on the contact boundary I'c. As a matter of fact, this
regularity assumption implies o(u)n € H” (I'c) € L*(T'¢).

Proof of Theorem 7. The proof adapts the ideas of [10, Theorem 3.5].
1) Proof of (3.8). Let vy, € Vj,. Using the definition (3.6) of the energy norm and the bilinearity
ofa(-, -), we can write

N —upll?, = a(u—up,u—up) =a(w,u—up) —alup,u—vy)—a(@p,vy,—up). (311

For the term a(u, u —uy,), we first use the definition (2.4) of the bilinear form a( -, -) followed
by the symmetry of the Cauchy stress tensor o (u) to replace £(u — uy,) with V(u — uy,), then an
integration by parts, and, finally, the fact that u satisfies (2.2) a.e. to infer:

a(u,u—up) = (o(u),e(u—up) =(o(u),V(u —up))
=—(divo(u),u —up) + (oc(u)n,u —up)so 3.12)
= (fou—up)+(gn,u—up)p + (0" (), u" —up)p .
Notice that, in the last term, only the normal component of the traction appears as o (1) = 0 on

I'c by (2.2f).
Concerning the term a(up, vy, —uy) in (3.11), since uy, solves (2.7) and v, —uy, € Vj,, we have

aun, v —up) = (fovn —wn) + (gn-vin — un)p,, + ([P?’y(uh)]Rf R ug)r . (a3)
C



where we have additionally expanded the linear form L( - ) according to its definition (2.4).
Plugging (3.12) and (3.13) into (3.11), we then obtain

2
”ll - uh”en = (f’u - vh) + (gN7u - vh)rN + (O_n(u)’un - MZ)FC

— (o (up), s(w —vp)) - ([P?,y(uh)]R_ R uZ)l_ -+

C

(3.14)

where, recalling the definition (3.1) of the residual,

Ty = (Rup)u—v),  Tyi= (cr"(u) - [P?y(uh)] u - u;)
’ R~ T'c
Notice that the reformulation of T; in terms of the residual R(u},) is a consequence of (3.1) and
of the definition (2.4) of the linear form L( -) and of the bilinear form a( -, -).
For the first term, we can write, by definition (3.4) of the dual norm,

1 < lee = vallIR @p) - (3.15)

We now want to show that ||u — v,|| < ||lu — up||., for a properly selected function v;,. From now
on, we fix v, = uy + I,(u — uy), where 1j, : H}) (Q) — V, is the quasi-interpolation operator
defined in [3, Eq. (4.11)], whose main properties are summarized in [10, Lemma 2.1]. We analyze
separately the two parts composing the norm ||| - ||| (see (3.2)). For the H'-seminorm, we use, in
this order, the triangle inequality, the choice of v}, the boundedness in the H'-norm of the operator
I, (e, [[Zpvlli o < Vil for every v € H}) (€2)), and the ellipticity (3.7) of the bilinear form
a(-, -) to write:

V(@ —vi)ll < llu—valliq < llu —unlly o + llun =valli o

(3.16)
—1
= llu —unlly o+ 12w —un)lli g < llu—unllig <@ 7 llu—uplle .

Next, using the definition (3.3) of the seminorm |- | ;, the choice of v, and the ellipticity (3.7)
ofa(-, -), we obtain:

1 1
2 2 2
o= vnles = D gl =l = ) = = (=)
FeFf FeFf
2 2 -1 2
< D lu-unl o S llu-uallf g <o llu—uyl,,
Fe'fhc

(3.17)

where, to pass to the second line, we have used the following trace approximation property of 7
(see [10, Lemma 2.1]): For all F € ¥,

v = Zpvllp s B Vle,  Yv € Ho(Q),

with @F standing for the union of the mesh elements sharing at least one vertex with F', see Figure
1. Recalling the definition (3.2) of the triple norm, squaring (3.16) and summing it to (3.17), and
taking the square root of the resulting inequality, we conclude that

1/2
e = vall = (19 = i) P+ = vl ) @ 1w = ey
Combining this bound with (3.15), we obtain

Ti s @ flu = upllen IR ()l (3.18)

10



b A

Figure 1: Illustration of @ for F € 7—"}; (left) and for F € 7—"hb (right).

We now consider the term ¥,. Using the Cauchy-Schwarz and trace inequalities, we have

T= Y (o - [P @] )

FeFf "
. n 2\"
s( > il (u)—[Pl,y(uh)]R_HF) e = unlli.0 (3.19)
FefC

h

< a“/2( Z hi|
F

FeFf

o) - [Pt || )1/2 ot = 2l

Inserting (3.18) and (3.19) into (3.14), we obtain (3.8).

2) Proof of (3.10). For the second part of the theorem, we work under the saturation assumption
(3.9). Using the contact condition o (u) = [P;‘ y(”)]R, (see (2.6)), and the definition (2.5) of the

operator P{ 5o We have

o (7t ], - [ w0 o)

- ( [Py ], =[Py ]y =) = o =) o =)

=- ([PT,y(u)]R - [P?’y(uh)]Ri : % (p?’y(u) _ Pl,y(”h))) (3.20)

I'c

(el - [Prwn] o
(G I N N )

e

Due to the fact that a[a]z- = ([a]r-)? and a[b]r- < [a]r-[P]r-, it follows that
(a-0b)([alz- - [b]r-) = alalz- +b[blp- — a[blz- — blalz- > ([alz- — [b]r-)?

for every a, b € R. Using the latter inequality with (a, b) = (P} y(u), P! y(uh)) for the first term
in (3.20) and the Cauchy-Schwarz inequality for the second one, we have

I < - H)’_l/z ([P’f,y(”)]R, B [P?,Y(uh)]R*) 12“(;

e ([l = [l e -

We continue using the generalized Young inequality ab < a” + b?/4 for the second term followed
by the saturation assumption (3.9) to write:

1/2 2
(@) o (u —uyp)
Y I'e

1
< llu—unllf g < e = wpll2, - (3.21)

1
I < — <
4o

40

4’yoa’

11



Combining (3.14), (3.18), and (3.21) we finally get, for a suitable real number C > 0,

1 C 2
[0 = e =l = C = o AR )l

and, taking o sufficiently large,
e —upllen s NIRG@p)l-»

thus concluding the proof of (3.10). O

Theorem 9 (Control of the dual norm of the residual). Assume that the solution u of the continuous
problem (2.2) belongs to H 3+ (Q) for some v > 0, and let uy, € Vy, be the solution of the discrete
problem (2.7). Then,

1/2
1/2 n n 2
IRl < (@ +40" =l +| D b o) = [P @a)| || (3:22)
FeFf
Moreover, if the saturation assumption (3.9) holds, then
1/2
1/2 —1/2 1 2
IR @)l < [(dA+4p) " +a 7| [lu —upllen + o Z h—llu —unllp| - (3.23)
F

=

Proof. 1) Proof of (3.22). By definition (3.1) of the residual together with (2.2) (valid almost
everywhere), and Green’s formula, it holds: For any v € H i) (Q),

(R(ui).v) = (£0)+ (@n-¥ry = (o (n). o) + ([P )|

= (o =up).8() - (") - [P} @i)| ")

I'c

I'c

Then, using the symmetry of the Cauchy stress tensor o (u — uy,), the Cauchy-Schwarz inequality,
and the definition (3.2) of the norm |||v|||, and additionally observing that

llo(u —up)ll < (dA+4p)" lu = uplley
we have

(R(up),v) < |lo(u—up)| ||Vv| + Z |

o) = [ PL @] || v

FeFf
< @+ ) =gl 19911+ 3 B o) = [P || = vl
FeFf hg
1/2
1/2 n n 2
< @+ 4 = wnllen+| Y e o @ = | PLan)| ]|

Fere

By definition (3.4) of the dual norm, this yields (3.22).

12



2) Proof of (3.23). Under the saturation assumption (3.9), starting from (3.22) and using (2.6), we
obtain, for all F € 7_—hc’

2
R- ’ R~ ’ F

b o =21 ][ = e 21,00 - [pt, ],

2
< e [P, ) = Py || < e o= w) I + by = )

where we have applied the property ([a]g- — [b]r-)?> < (a — b)? valid for any a,b € R, with
(a,b) = (P?,y(”)’ P’f,y(u 1)) to pass to the second line and the triangle inequality to conclude.
Then, using the saturation assumption (3.9) together with the ellipticity property (3.7) and the
choice of vy, we obtain:

2, he|

1/2

- [rt o], |

FeF,
1/2
<| D) hrllo@—wli+ D) helly( -yl
FeFf FeFf
1/2 1/2
2
Yo
<{ D, D, hrlew—-unli| +[ > > hr (h—) lee = |17
TET FegS TET FegS r
1/2
0\" 1
< (—) cw-w)| 4yl Y o - wly
Y I'c FE7:hC F
1/2
_ 1
sa P lu—upllentyo| D5 7l —unl;
Fe?’—f F
Combining this bound with (3.22), we obtain (3.23). |

4 Identification of the error components

We consider the resolution of the (nonlinear) discrete problem (2.7) with an iterative method in

which, ateach iteration £ > 1, the nonlinear term [P’l1 y( . )] o isreplaced by a linear approximation

Pﬁ;l (+). A new approximation of the discrete solution is then obtained solving the following

problem: Find ufl € Vy, such that

a(u];lavh) - (Pk_l(u];l),VZ) = L(vy) Vv, € V. 4.1

lin T'e

The linearized operator Pﬁn‘l( -) is based on the following regularization of the projection [ - |g-:
Given a real number 6 > O (representing the amount of regularization),

X ifx <-0

1 1 0 .
[x]reg,é = _Exz + EX - Z if |)C| <0
0 ifx > 0.

13



.
- [x]reg,6

Figure 2: Comparison between the projection operator [x]g- (blue) and the regularized operator
[X]req, s (red).

Figure 2 shows the graphs of the projection operator [-]z- and of the regularized operator [-]¢s s-
Notice that they coincide for [x| > ¢ and [],, s belongs to C '(R) (but not to C*(R)). The
linearized operator Pﬁ;l (-) is obtained setting, for any wj, € Vy,

P [P;gy(v)]

2,0 ov

reg, & k-1
“(wp — u, )
k-1

" (4.2)

Pt (wn) = P} (ui™h)) .
( )

Pinswn) =P @k
v=u
d [x]reg,d

n k-1
- [Pl’y(uh )]reg 5 dx

x=P}_(uk™")

Here, we add the subscript ¢ to emphasize that the linear operator depends on the choice of this
parameter. The refined error estimate presented in the following section enables an automatic
tuning of 9.

4.1 A posteriori error estimate distinguishing the error components

We present in this section an error estimate for u;‘l which enables one to identify and separate the
different components of the error. The estimate hinges on the following assumption:

Assumption 10 (Decomposition of the stress reconstruction). Let (r’h‘ be an equilibrated stress

reconstruction in the sense of Definition 3. Then, 0'1;1 can be decomposed into three parts

k _ k k k
Op = o-h,dis + O-h,reg + o-h,lin’ (43)
k . . . k . . k i
where o h.dis TepTESsents discretization, T ), reg TEPTESENES regularization, and O}, 1in TepTesents lin-
earization.

In Section 5 we will show how to obtain an equilibrated stress reconstruction which satisfies this

14



assumption. Finally, we introduce the following local error estimators: For every element T € 7y,

(oscillation) (4.4a)

h .
nlgsc,T = 7T ”-f +div a-z”T ’

N = 0 g = o (@)l (stress) (4.4b)
12|k, o
nfegl’T = ”‘JJZ,reg”T and nfegz,T = Z hl{‘ZHO-h,ng”F’ (regularization) (4.4c)
FeF<
20| -k, o
Mg = bl and o= ) kol Ginearization)  (4.4d)
FeFf
1
nllifeu,T = Z Ct,T,FhIéZHgN - O'IZHHF, (Neumann) (4.4e)
FefN
! k
Bar= > hf [P'f,y(uf,)]w—ah;;s .- (contact) (4.4f)
FefFS

The corresponding global error estimators are defined setting

k= ( > (n’:,T)Z)]/Z- (45

T€eT,

Theorem 11 (A posteriori error estimate distinguishing the error components). Let uﬁ € Vy be
the solution of the linearized problem (4.1) with Py, s( ) defined by (4.2), and let R(ufl) be the
residual of u Z defined by (3.1). Then, under Assumption 10, it holds

IR (aejp)

<

1/2
k k k k k 2 k k k 2
Z ((nosc,T + nstr,T + nregl,T + nlinl,T + nNeu,T) + (ncnt,T + nregZ,T + nlinZ,T) )] (4'6)
TeT,

and, as a result,

1/2
k k k k k
|||R(uﬁ)”|* S I:(TI(];C + nstr + nreg] + n]]jn] + nllileu)z + (ncnt + nreg2 + T]]inz)z] . (47)

Proof. Proceeding as in the proof of Theorem 4, we immediately get

IR (2.
2,112
2 1
< Z ((Uécsc,T + HU';C, - O'(Mz)”T +n§eu]) +( Z h}éz [P?,y(ui)]R_ ~ O_}l;,n F) )
TeT, Feg:TC

Decomposing 0';‘1 according to (4.3) and using the triangle inequality, we arrive at (4.6). Finally,

(4.7) is obtained from (4.6) applying twice the inequality Y7 s (27, air)’ < (X7 a;)’ valid

I/2
for all families of nonnegative real numbers (a; 1 )1<i<m, Te7, With a; = (Zrefrh afT) for all
1<i<m. O
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4.2 Fully adaptive algorithm

We propose an adaptive algorithm based on the error estimators (4.4) and (4.5), and on the result of
Theorem 11. Denote by Yreg, Yiin € (0, 1) two user-dependent parameters that represent the relative
magnitude of the regularization and linearization errors with respect to the total error. Moreover,
we define the following local estimators:

k — .k k k — .k k
77reg,T T nregl,T + rlregZ,T’ nlin,T T 77linl,T + nlinZ,T'

The corresponding global counterparts are given by (4.5) with e € {reg, lin}. With these estimators
and the parameters yreg, Yiin, We define stopping criteria for the regularization and linearization
loops, respectively, so that both the parameter § and the number of Newton iterations on every
mesh refinement iteration will be fixed automatically by the adaptive algorithm. For all T € 7,
the total error estimator is given by

1/2
k. k k k k k 2 k k k 2
Mot,r = [(Uosc,T Fsr, 7 T eegt,r + Mint,r + MNew,r) + (Menr + Mreg2,1 Mino,7) ] (4.8)

Algorithm 1 Adaptive algorithm

1: choose an initial function ) € V4, 6 > 0, Yreg, 1in € (0, 1)

2: repeat {mesh refinement loop}

3: repeat {regularization loop}

4 set k =0

5 repeat {Newton linearization loop}

6: setk=k+1

7 setup the operator Pﬁ;lé and the linear system
8 compute ufl, 0'2, and the local and global estimators
9 until 75 < Yiin (75 + M8 + My + o)
10: decrease § (e.g. 6 =6/2)
11: until nfeg < yreg(n’gsc + nsktr + nllfleu + nfm + nlkin)
12: set ¢ at its previous value (e.g. § = 20)
13: refine the elements of the mesh where r]t'; .1 is higher

14: update data
15: until ntko . 7 1s distributed evenly over the mesh

Remark 12 (Local stopping criteria). The stopping critera in Lines 9 and 11 can alternatively be
enforced locally inside each element:

k k k
Min,T = yliﬂsT(n(]:sc,T + nftr,T + MNew.T + Ment, 1) VT € Tn, (4.92)

nﬁsg,T < Vreg,T(Ulgsc,T + nftr,T + ’hlfleu,T + ni(nt,T + nﬁn,T) VT € Tp, (4.9b)

where the parameters yiin, T, ¥reg,1 € (0, 1) can possibly vary element by element; see, e.g., [26]
and also the discussion in [19, Section 4.1].

5 Equilibrated stress reconstructions

We first show how to construct an equilibrated stress reconstruction o, that satisfies the conditions
of Definition 3, then modify the construction to match Assumption 10.

16



K AP

Figure 3: Illustration of a patch w, around an inner node a € (V;; (left), and around a boundary
node a € (Vf (right).

5.1 Basic equilibrated stress reconstruction

Following the path of [5], we construct o, patchwise around the mesh vertices using Arnold-
Falk—Winther mixed finite element spaces [1], which are based on a stress tensor constructed in the
Brezzi-Douglas—Marini space (see, e.g., [6, Chapter 3] and [4, Chapter 2]), along with Lagrange
multipliers that enforce a weak symmetry constraint. From this point on, (V,f) will denote the
set collecting all mesh vertices which lie on some Dirichlet boundary face. Notice that ’V}? also
contains the vertices lying at the intersection between ', and I, @ € {N, C}.

For any element 7" € 73, and any integer ¢ > 1, we set

L =PUT),  Ur =P T), Ar={peP'(T): p=-p"}.
At the global level, we define the following spaces
Yy = {rp € H(div,Q) : tplr € Xy forany T € 7},
U, = {vh € L (Q) : vyplr e Uy forany T € 7;,},
Ay = {,uh € LZ(Q) : Hplr € Ar forany T € 7;,} .
Notice that X;, c H(div, Q) implies that its elements have continuous normal components across
interfaces [15, Lemma 1.17]. Now, let ¢ = p, let u, be the solution of (2.7), and fix a mesh vertex
a. We denote by w, the patch around the node a, see Figure 3, by n,,, the normal unit outward

vector on its boundary dw, and by i, the hat function associated with @. On any patch w, we
then define the following spaces:

ya . {‘rh € Xp(wa) @ Thny, =00ndw, \FD} ifa e (Vf 5.1)
h {‘rh € Xp(we) @ Thly, =00ndw, } otherwise, '
{‘rh € Xp(wa) @ Thlg, =00ndw, \ 09,
. Thlw, =z, (Vagn) ondwe NIy, and ifaeVb
YyNc = Thllw, =g, (Va [P?,y(”h)]R_ n) ondwa NTc}, (5-2)
e otherwise
U - Un(wa) ifa € (VhD
h {vh €Up(wa) : (Vh,2)w, =0 forany z € RMd} otherwise,
A} = Ap(wa).

Above, Xy (wq), Un(wa), and Ay (wq) denote the restrictions of the spaces X, Uy, and Ay, to the
subdomain wy, respectively. Moreover, X n,,, is the space of normal traces on the patch boundary

17



Ow, of elements in Xy, (wg), i.€., it is the space of vector-valued broken polynomials of total degree
< p on the set of boundary faces of the patch, while RM is space of rigid-body motions, i.e.,
RM? = {b +c(xo,—x))T : beR>ce R} and RM? = {b +cxx : b,ce R3}.

Remark 13 (Boundary condition for the reconstruction on internal vertices). In the definition (5.1)
of X, we distinguish between boundary and internal vertices in order to ensure, in the case a € V,
zero normal components on the whole boundary of the patch w, even if |0w, NT'p| > 0.

Construction 14 (Basic equilibrated stress reconstruction). Let, for any vertexa € Vy, (o4, r4, A7)
X8 v ¢ X UG x Aj be the solution to the following problem:

(0% Th)wa + (1, divTy) e, + (A5, Th)we = Wa0 (Uh), Th)w, vV, € X9, (5.3a)
(divoy,vi)w, = (~Vaf + 0 W) Va,vi)w, Yvn €Uy, (5.3b)
(0%, My we =0 Y, € Af. (5.3¢)

a

Extending o, by zero outside the patch wa, we set 0 = Yge, 0.

By definition of the space Xf ., -, a homogeneous Neumann boundary condition is enforced

on the whole boundary of w, for interior vertices and on dw, \ dQ for boundary vertices. In
particular, for boundary vertices in (Vlf \ VP, a possibly non homogeneous Neumann boundary
condition is enforced on the boundary faces of the patch. Therefore, when a € (V;l' ora € (Vf \ VP,
the right hand side of (5.3b) has to verify the following Neumann compatibility condition:

(~taf + 0 @R) VW s,
= Mz, Wa8n) ) gy, *+ (M2imae (Va | PL, @] n).2) (5:4)

OdwaNl'c

for any z € RM“. Fixing a rigid-body motion z, it is possible to check that (5.4) holds by
taking 4z as test function in (2.7). The following Lemma lists the main properties of the tensor
o, resulting from Construction 14. In particular, it shows that o, satisfies all the conditions of
Definition 3, i.e., it is an equilibrated stress reconstruction.

Lemma 15 (Properties of o). Let o), be defined by Construction 14. Then, it holds
1. oy € H(div, Q),
2. ForeveryT € T, and every vy € pr-l (T), (divoy + f,vr)r =0;
3. Forevery F € ThN and everyvp € PP(F), (opn,vE)r = (gn,VF)F;

4. Forevery F € 7_-hc and every vg € PP (F),
(wmvi)r = ([Pl @n)|_novr) = ([P, | k)

Proof. 1) By definition, o € H(div, w,) for any a € V},. Due to the no-flux boundary condition
on internal faces enforced in the local problem on wq, the extension of o} by zero outside the
patch is in H(div, Q) and, as a consequence, o, € H(div, Q).

2) First, we check that, for any a € V},, equation (5.3b) holds for every v;, € Uy (wq). If a € VP,
this is trivial since U} = U (wq). If, on the other hand, a € V;, \ V| D it is sufficient to use the fact
that U} = (RM 4)+ (with orthogonal taken with respect to the L”(w,)-product) along with the
Green formula, the definition (5.2) of £¢, the Neumann compatibility condition (5.4), and (5.3c).
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Now, fix T € 75 and let v € PP -1 (T). Extending vy by zero outside of 7, we have
vr € Up(wg) foralla € Vy. Indeed, by definition, Uj, (w,) is composed by piecewise polynomials
of degree at most p —1 that can be chosen independently inside each element of the patch. Summing
(5.3b) over a € Vy we obtain:

0= Z [(diva‘;l’ vT)wa + (‘ﬂaf’ vT)wa - (O'(uh)Vl//a, vT)(ua] = (diV(Th +.f’ VT)T .

acVr

Here, we have used the fact that oplr = Xgeqy 0% |r and Ygeqy, Yo = 1 over T (so that, in
particular, ., e, Vigg = 0).

3,4) We only detail the proof of 3) as that of 4) is similar. Let F € ThN and let v be a polynomial
defined on F from the discrete normal trace space (X,n)|F, i.e., a polynomial of total degree at
most p. Then, by the definition of X}  ~ (5.2),

(umve)p = ), (ohmve)p = D) (Vagnve)p = (gn:vr)p- o

acVg acVg

5.2 Stress reconstruction distinguishing the error components

In Construction 14 we used the solution uj of the nonlinear problem (2.7) to reconstruct an
equilibrated stress oj,. However, as argued in Section 4, in practice we only dispose of an
approximated solution obtained by means of a linearization method. Let k£ > 1 be an integer and
let ulg be the solution of the linearized problem (4.1) with operator Pjiy s( ) defined by (4.2).
Then, for any boundary vertex a € V?, we set

2";lllc\’ Cdls ={th € Zp(wa) : Thly, = 0 on dw, \ 09,

Thlw, =x,n,, (Vagn) ondwe NTy and
Thlw, =g, (1//,, [P?,y(”z)]R, n) on dwg NT'c},
El;,];\; Coreg = {th € Zp(wa) : Thly, =00n dw, \ 0Q and on dw, N Ty, and
Thlw, =g,n,, (d/u ([Pfy(uﬁ)] - [Pfy(ufl)] _) n) on dw, NT'c},
’ reg, o ’ R

EZ’;\] Cllin * ={th € Lp(wa) : TR, =0o0n dw, \ QL and on dw, NT'y, and

Thn(l)a Hzll"o)a (wa (Plln (thC) - [P;l’y(u]]z):lreg 5) n) on awa N FC}’

and, for any internal vertex a € V!, E‘;LI;V Coe = = X% (see (5.1)) for e € {dis, reg,lin}. Moreover,

letyk,j:k € RM? be such that, for all z € RMd,
(yk>z)wa = (~Yaf + O'(uﬁ)VWa’z)wa - (HE;lnwa (lﬁagN) ’Z)awaml"N

(s s [ 0], 7)),

S P | ) I o I B

ifaeV andy* =55 =0ifa eV,

dwa N’ ¢
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Construction 16 (Equilibrated stress reconstruction distinguishing the error components). Let, for

e c {dis,reg, lin} and any vertex a € Vj, ((rh T k LA k) € E‘;LI;V .0 XU} X Aj, be the solution

to the following problem:

k
(a'h .,Th)wa + (rh _,dlv Th)w, + (xlh .,‘rh)wa = (TZ,,sTh)wa VT, € X9,
Jk
(dlvoh’.,vh)wa = (V‘;,’.,Vh)wa Vv, € U,
Jk
(0 Hi)w, =0 Y, € Af,
where
. . ~Yaf + O'(uh)v‘r//a —y© ife=dis,
ak ._ l//aO'(uﬁ) if o =dis, ak ._ ~k .
Th P . . vh P _y UC. = reg’
* o if e € {reg,lin}, : v o
y oty if o = lin.
Extending O'ZI: by zero outside the patch wg, we set O'ﬁ’. = Yaev, ‘;l ., and we define 0'5‘1 =
k k k
Ohdis T Thyreg T O h i

By definition, y* and j* ensure that the forcing terms v he satlsfy the following Neumann
compatibility conditions for a@ € (Vf \ (V;f) :

a.k _ n k
(Vi dis» Deva = (Myn,, (Vagn) ’Z)ﬁwaﬂfzv + (HZ”"“’“ (l’//“ [Pl’V(uh)]R— n)’z)awamrc’

ok D, = (Hz,mwa (wa ([P?,y(u@]reg,é -|p ’iy(“ﬁ)]R-) ") ’Z)aw,,nrc ’

Ot Do = (thnwa (wa (P{in%u,ﬁ) - [P?,y(u’,j)]reg’é) n) ,z)

OwaNl'c

for any z € RM“. The obtained tensor O'fl is an equilibrated stress reconstruction in the sense of

Definition 3, and in particular it satisfies the properties stated by the following lemma whose proof
is similar to that of Lemma 15 and is therefore omitted for the sake of conciseness.

Lemma 17 (Properties of 0";1). Let o'I;l be defined by Construction 16. Then
k k k k : .
1. T dis' Thoreg> Thotin Th € H(div, Q),
2. ForeveryT € T, and every vy € PP~(T), (div a'ﬁ + fvr)r =0

3. Forevery F € 7"hN and every vp € PP (F), (O'I;In,vF)F =(gN,VF)F,

4. Forevery F € 7_-hC and every vg € PP (F),

k _ k
(O qis™> VF)F = ([P?,y(uh)]R_ n,VF)F,

(G g VE)F = (([P?,y(uf,)]reg’é - [P?,y(ui‘,)]R) n,vF) ,

F

and

(o-i,linn’VF)F = ((Pllinl(ulli) a [P?J(uﬁ)]reg 6) n’vF)F .
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Figure 4: Illustration of @r for T' € 7}, such that £ b = 0 (left) and that Fr b+ 0 (right).

Remark 18 (Validity of Property 4. in Definition 3 and of Assumption 10). The fourth property
of the previous lemma implies that (aﬁ .11)|F has the same direction as the normal vector n, and,

as a consequence, o,', = 0on F € F-, C, for e € {dis,reg,lin}. Moreover, by definition, O'h is
the sum of three tensors representing dlscretlzatlon regularization and linearization, respectively.
Therefore, 0';‘1 is an equilibrated stress reconstruction in the sense of Definition 3 that additionally

satisfies Assumption 10.

Remark 19 (Alternative expressions of local estimators). Thanks to Lemma 17, we can rewrite the
oscillation (4.4a), Neumann (4.4¢), and contact (4.4f) estimators as follows:

1
rlusc T= ”f Hp f” nNeuT Z Ct T FhF HgN 1 gN”F ’
Fe
Ufm,T = Z hy? [ (uh)] [P?,y(ulﬁ)]R_HF,
FefE

where l'[’T7_1 s l'[g, and H; denote the L2—orth0gonal projectors on the polynomial spaces P? -1 (1),
PP(F), and PP (F), respectively.

6 Efficiency of local estimators

In this section we briefly discuss the local efficiency of the estimators defined by (4.4) when using
the stress reconstruction described in Section 5.2.

Following [31], for any T € 7;, we denote by @r the union of all elements sharing at least
one vertex with T (see Figure 4) and by 77 the corresponding set of elements. Moreover, as in
Subsection 3.3, a < b stands for a < Cb, where C > 0 is a constant which is independent of the
mesh size h and of the Nitsche parameter yg. We introduce, for all T € 7}, the local residual
defined as follows: Forall w;, € Vj, and allv € H! p(O1)

(R 041).9) 3, = (V)i (& Moy = (001, 60)) g, +([PL, 0 |0
where

HlD(cDT) = {v € HI(LDT) :v=00ndor NI'p and on Ao N Q} .
Letting

1/2 ] 1/2
Wllar = (19912, + Vi o) =(||Vv||%~,r+ > Envn,%) ,
Feﬁ(:;

21



with 7:7(_; denoting the (possibly empty) set of faces of 77 that lie on I'c, the corresponding dual
norm of the local residual for a function wj, € V}, is

|||R7'T (wh)”I*,tI)T = sup <RTT (wh)9v>(;,T . (6.1)

veH j, (ar), Ivllor=1

Theorem 20 (Local efficiency). Assume d = 2. Let uZ € Vyand let 0';‘1 be the stress reconstruction
of Construction 16, and assume that the local stopping criteria (4.9) are used in Lines 9 and 11 of
Algorithm 1, respectively. Then, for every element T € Ty, it holds

k k k k k k
nosc,T + nstr,T + nNeu,T + ncnt,T + nlin,T + nreg,T

k k k k
N ”lRTT (uh)lll*"f)T + nosc,’]'r + nNeu,TT +ncnt,7'T’ (62)

where

1/2

2

771:,7'7 = ( Z (n’f’T,) ) with e € {osc, Neu, cnt}.
T €Tr

Remark 21 (Restriction on the space dimension). The proof of Lemma 23 below requires the
introduction of a space with suitable properties that are known only for in dimension d = 2 (see
the definition of the space M Z in [5, Section 4.4]). This assumption reverberates in Theorem 20,
whose proof uses Lemma 23.

Proof of Theorem 20. The proof hinges on classical arguments, so we only briefly outline the main
ideas and refer to [22, Section 5] for further details.

We introduce, for any element 7' € 75, a local residual-based estimator n* 7 on the patch &r,
following the path of [31], and then compare it with the local estimators (4.411)’ and the dual norm
of the local residual operator (6.1). In particular, it is possible to prove the following two lemmas
by adapting the approach of [20, Appendix A] and [5, Subsection 4.4], respectively:

Lemma 22 (Control of the residual-based estimator ny 7). For any element T € Ty,

My S IR% @ille.or + Mo 77 + Mew 77 + Mot 775 (6.3)
Lemma 23 (Control of the local stress estimator). Assume d = 2. Then, for every element T € Ty,
k k
nstr,T S nﬁ,T'
The estimate (6.2) follows using the local stopping criteria along with Lemmas 22 and 23. O

Remark 24 (Global efficiency). The results of this subsection can be easily extended in order to
prove the global efficiency. Indeed, combining the global criteria shown in Line 9 and 11 of
Algorithm 1 and the global counterpart of Lemma 22 and 23, we achieve

k k k k k k k k k k
Nosc + Nstr + nNgu + Nene + 7711-” + nreg S ”|R(uh)”|* + Mose + 77Neu + Neni-

7 Numerical results

We present numerical cases to validate the a posteriori error estimate of Theorem 11 and show
its use in the framework of an adaptive algorithm. The simulations are performed with the open
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FDU(FN,IUFN,z)Orc.

1073

IsoValue -
49 —T¢ - reference conf.
3.5 4 —I'c - deformed conf.
m-0.0086032 37
2.5
m-0.00164807 2
m-0.000257042
m0.00113399 1.5
m0.002525
m0.003916 14
m0.00530707
m0.00669809
m0.00808912 0.5
m0.00948015
m0.012957 04

amplifi- 00 02 04 06 08 10

—~

(a) Vertical displacement in the deformed domain
cation factor = 5).

(b) Displacement of the contact boundary.
Figure 6: Vertical displacement in the deformed configuration (left), and representation of the
contact boundary part "¢ in the reference (black) and deformed (blue) configuration (right).

source finite element library FreeFem++ (see [25] and also https://freefem.org/). We will
use the notion of local and global total estimator: 5o, T defined by (4.8) and

1/2
Ntot = (Z (ntot,T)z) .

T<T,

For the sake of brevity, above and throughout this section we omit the superscript £ which identifies
the step of the Newton method.

We consider a body that, in its reference configuration, occupies the rectangular domain
Q= (-1,1)x (0, 1) (see Figure 5), with mechanical parameters £ = 1 and v = 0.3, corresponding
to Lamé coefficients ¢ = 0.385 and A4 = 0.577. The body is subjected to a weight force f =
(0,-0.01). Homogeneous Dirichlet boundary conditions are enforced on I'p, = (—1,0) x {0},
and the the body in its undeformed configuration is in contact with a rigid horizontal interface on
I'c = (0,1) x {0}. The Nitsche parameter is yo = 100E, whereas the regularization parameter
which defines the operator [ - ]reg,5 is 6 = E/100. A pressure g5 = (—0.0275,0) acts on the
right side of the body I'y.; = {1} X (0,1), and the rest of the boundary is free, i.e., gy = 0
onI'y2={-1}x(0,1) U (-1,1) x {1}. Since a closed-form solution is not available for this
configuration, we take as reference solution the function i, computed solving (2.7) with Lagrange
#? finite elements on a fine mesh (4 ~ 0.0084). To compute the approximated solution uy,
we use Lagrange P! elements (while this choice is known to lock in the quasi-incompressible
limit, it is admissible for the set of parameters considered here and is compatible with the use of
the lowest-order mixed finite elements available in FreeFem++ to compute the equilibrated stress
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Figure 7: Initial mesh and adaptively refined mesh after 3, 7 and 11 steps, respectively.

‘ Initial 1%t 2nd 3rd 4th 5th 6th 7th 8th 9th 1 Oth 11 th

Neg| 70 1 0 0 0 0 0 0 0 0 0
Nin| 26 2 4 5 3 4 4 4 5 8 8§ 7

Table 2: Number of regularization iterations N, and Newton iterations Ny, at each refinement
step of the Algorithm 1.

reconstructions). In the deformed configuration, the body is in contact with the rigid foundation
in a non-empty interval Ic C I'c which is approximately (0.279,0.447). Figure 6a shows the
vertical displacement in the deformed domain with an amplification factor equal to 5. Moreover,
in Figure 6b, which display the contact boundary part I'c in the reference domain (black) and in
the deformed domain (blue), we can easily identify the contact interval Ic.

We refine adaptively the initial mesh following the distribution of the local total estimator
Mot T » Tefining only the elements in which the value of this estimator is higher. In particular, at
each refinement step, the 6% elements with larger estimated error are refined, i.e., are subdivided
into four sub-triangles dividing each edge by two. Figure 7 shows the initial mesh and the result
of adaptive refinement after 3, 7, and 11 steps, respectively. We remark that the refinement is
concentrated on the endpoints of I'p (singularities due to the homogeneous Dirichlet conditions)
and near the contact interval Ic. Figure 8a compares the convergence on uniformly and adaptively
refined meshes for the H'-norm ||it), — upll;.q and for the energy norm ||it), — up|l,, showing
the corresponding curves as functions of the number of degrees of freedom. In particular, the
uniform refinement is performed dividing all triangles of the mesh into four sub-triangles. The
adaptive approach provides better convergence rates, i.e., adopting it we can achieve a fixed level
of precision with fewer degrees of freedom. The asymptotic convergence rates are approximately
0.309 and 0.255 in the uniform case, and 0.450 and 0.449 in the adaptive case, for the H I_norm
and energy norm, respectively (the optimal convergence rate for smooth solutions is 0.5).

We recall that the measure of the error is the dual norm ||R(up,) ||« defined by (3.4), which is
not computable (it can be, however, approximated through an elliptic lifting). As a consequence,
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Figure 8: Comparison between the uniform case (circles) and the adaptive one (triangle) for the
H'-norm ||@t), — up |li.@ and the energy norm ||@), — uy||., (top), and for the global total estimator
Mot L(wy) and U (uy) (bottom-left). Corresponding effectivity indices lefjow and Iefup (bottom-
right).

recalling Theorems 7 and 9, we compare the global total estimator 7, with the following quantities:

L(up) = uP iy —uplle

and

1/2
Uur) = (@ N = wnll | 3 e o @ = [P0, )| ||

Feh

In particular, the latter incorporates an additional error component on the contact interface. Fur-
thermore, we define the two following effectivity indices:

Ntot

Ntot Ntot I —
T Uy

1 fF,1 = = - and
TV L) g g - upllen

The results are illustrated in Figure 8b and 8c. The total estimator always remains between the
energy norm rescaled by a Lamé parameter £ (uj,) and the upper bound for the dual residual norm
U(up),ie., lefow > 1 and Legup < 1. Figure 9 shows the distribution of the local total estimator
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Figure 9: Evolution of the distribution of the local total estimator n,,r over the mesh with
uniform refinement (left) and adaptive refinement (right). The right panel shows that the interval
(ming e, Niot,7» MAXT e7;, Miot,7) Shrinks much faster in the adaptively refined case than in the
uniformly refined one. The labels of the y-axis report the number of elements of the corresponding
mesh.

Nwt,7 at each mesh refinement step in both the uniform and adaptive frameworks. Here, we use
boxplots to see where values concentrate. With the adaptive approach, all the local estimators
{Not, T }T e7;, are contained in an interval that becomes smaller and smaller at each refinement
iteration, and the decrease of the maximum value is significantly faster than in the uniformly
refined computation. Indeed, in the latter there is always a value which is much bigger than the
others even if the number of degrees of freedom and the number of elements are high (in the last
case, |Vi,| = 1156 and |7,| = 1088), showing that the error concentrates in specific areas. Figure
10 compares the selection of triangles to refine (highlighted in green) using the distribution of the
energy norm ||it, — up||e, v (left) and the total estimator 7,1 (right) for the initial mesh and the
adaptively refined mesh after 6 and 10 steps. The sets of selected triangles are concentrated in the
same zones.

Finally, we apply the fully adaptive Algorithm 1 with yee = 0.04 and yji, = 0.08. The initial
regularization parameter ¢ is taken equal to the Young modulus E and, at each step in which the
global stopping criterion shown in Line 11 of Algorithm 1 is not satisfied, we divide it by 2. Table 2
contains the number of regularization and Newton iterations, denoted by Ny, and Ny, respectively,
and Figure 11a displays the curves of the different global estimators for 11 adaptive refinement
steps as functions of the degrees of freedom. The same estimators are shown in Figure 11b and
11c as functions of the Newton iterations for the 3rd and 9th adaptively refined meshes. A circle
underlines the step (5th and 8th, respectively) at which the global stopping criterion of Line 9 is
reached. At this step, the regularization estimator satisfies the global stopping criterion of Line 11,
and the other ones have already stabilized.
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Figure 10: Triangles to refine following the distribution of ||&z;, — u||., (left) and of 1y (left)
for the initial mesh (top), and adaptively refined mesh after 6 and 10 steps (middle and bottom,
respectively).
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