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LOCKING-FREE ADAPTIVE DISCONTINUOUS GALERKIN
FEM FOR LINEAR ELASTICITY PROBLEMS

THOMAS P. WIHLER

ABSTRACT. An adaptive discontinuous Galerkin finite element method for lin-
ear elasticity problems is presented. We develop an a posteriori error estimate
and prove its robustness with respect to nearly incompressible materials (ab-
sence of volume locking). Furthermore, we present some numerical experiments
which illustrate the performance of the scheme on adaptively refined meshes.

1. INTRODUCTION

In structural mechanics, many applications involve a certain parameter-depen-
dency in their corresponding mathematical formulations. It is well known (see
e.g., [2]) that the numerical approximation of such problems by low-order finite
element methods may significantly degrade as one or more of the parameters ap-
proach a certain critical (problem-dependent) limit. This nonrobustness of the FEM
is widely termed “locking” and appears in various forms. For example, very thin
domains in shell and plate models may lead to the so-called shear locking. Moreover,
the interaction between bending and membrane energies, arising in shell theories,
can cause membrane locking. Finally, volume locking is observed in applications
dealing with nearly incompressible materials, such as the elasticity problems in this
paper.

In order to avoid the locking effects, several approaches have been suggested. We
mention here the mixed finite element methods in [8, [I0], the nonconforming meth-
ods proposed in [7, 18], and the higher-order methods in [24]. All these methods
have been quite extensively studied within an a priori context.

Another way of circumventing locking is the use of discontinuous Galerkin (DG,
for short) finite element methods. In the recent article [12] on linear elasticity (see
also [20]), a priori results for these schemes have been presented; in particular, it has
been shown that they are free of volume locking, even in the low-order case. Based
on this knowledge, the aim of this paper is to establish a locking-free a posteriori
error analysis of discontinuous Galerkin methods for linear elasticity problems.

At present, only a small number of results on the a posteriori error estimation
of discontinuous Galerkin methods for elliptic problems has been published. We
mention here the articles [4], [I7], where energy norm a posteriori error estimates

Received by the editor November 5, 2003 and, in revised form, December 20, 2004 and No-
vember 7, 2005.

2000 Mathematics Subject Classification. Primary 65N30.

Key words and phrases. Discontinuous Galerkin FEM, linear elasticity, locking, a posteriori
error estimation, adaptivity.

This work was supported by the Swiss National Science Foundation, Project PBEZ2-102321.

(©2006 American Mathematical Society
1087



1088 THOMAS P. WIHLER

for diffusion problems have been derived, the paper [21I] on L2-error estimation for
DGFEM, and the work in [I4] about energy norm a posteriori estimation of mixed
DGFEM for the time-harmonic Maxwell equations.

In this paper, we apply a new error estimation technique for DG methods, which
was recently proposed in [I5]. We develop a computable upper bound (up to a
generic constant C') on the (broken) H'-norm of the DG error |lep|/1,5 in terms of
the DG approximation uy; more precisely, we derive a function ® (error estimator)
such that

lenl1n < CP(uy).

Our main result (Theorem [L]) states that the constant C' and the term ®(uy)
are uniformly bounded with respect to the incompressibility parameter arising in
linear elasticity problems. We remark that the quantity ®(u;) may be computed
element-wise, thereby allowing for a standard adaptive procedure—based on auto-
matic mesh refinement (see [23])—that may be implemented easily. Related work
on nonconforming methods can be found in [9] and the references therein.

The main idea of our analysis is to rewrite the method in a nonconsistent way
using a lifting operator (see e.g., [1l 20 22]), and to decompose the discontinuous
finite element spaces as described in [I3]. Then, according to this decomposition,
the error of the DGFEM may be split into two parts which may be analyzed sepa-
rately using an appropriate inf-sup stability, some suitable interpolation properties
and a recent norm equivalence result from [13].

The outline of the paper is as follows. In Section 2], the linear elasticity problem
is described. Section [3] introduces the discontinuous Galerkin FEM. In Section @]
the (locking-free) a posteriori error estimate is derived. Section [Blis dedicated to a
series of numerical experiments illustrating the performance of the proposed error
estimator within an automatic mesh refinement procedure; in particular, we show
that our numerical results are robust with respect to volume locking. Finally, we
summarize our work in Section [Gl

2. PROBLEM FORMULATION

In the following section, we establish an appropriate functional setting for this
paper and introduce the linear elasticity problems under consideration.

2.1. Notation. For a bounded Lipschitz domain D in R%, d > 1, let L?(D) be the
Lebesgue space of square integrable functions, endowed with the usual norm || - ||o,p.
The standard Sobolev spaces of functions with integer regularity exponents s > 0
are denoted by H*(D). We write |- ||s,p and |-|s,p for the corresponding norms and
semi-norms, respectively, and set H°(D) = L?(D). The trace space of H(D) is
denoted by Hz (D) and, as usual, we define Hl(D) as the subspace of functions in
H'(D) with zero trace on dD. Furthermore, for a function space X (D), let X (D)?
and X (D)?*4 be the spaces of all vector and tensor fields whose components belong
to X (D), respectively. Without further specification, these spaces are equipped
with the usual product norms (which, for simplicity, are denoted similarly as the
norm in X (D)). For vectors v,w € R? and matrices o,7 € R™9 we use the
standard notation (Vv);; = d;v;, (V-a); = Z?Zl 005, and g : T = E;{j:l TijTij-
Furthermore, let v ® w be the matrix whose ij-th component is v; w;. Note that
the identity v-o -w = ijzl v;o;w; = o : (v ®w) holds.
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2.2. The Lamé system. Given a polygonal domain  in R? with boundary I' =
0Q and an external force f € L?(Q)?, the linear elasticity problem considered in
this paper is to find a vector field u = (uy,u2) € HE(2)? (displacement) such that

(2.1) —V.g(u)=f inQ,
(2.2) u=0 onl.

Here V- is the divergence operator, o(u) = {oy;(u)}7,_; is the stress tensor for
homogeneous isotropic material given by

a(u) = 2pg(u) + A(V - u) Daxo,

where g(u) = {e;;(u)}7,—,, with
1
eij(u) = 5 (Osu; + djui),

denotes the symmetric gradient of u, and

1 0
D2><2: <0 1)

is the 2 x 2 identity matrix. Moreover, p, A > 0 are the so-called Lamé coefficients.
Standard arguments imply the unique solvability of the system (ZII)—(22).
Note that from the weak formulation of (ZI)—([Z.2), which is to find u € H}(Q)?
such that
(2.3) / a(u):g(v)dx = / f vdx Vv € Hy(Q)?,
Q Q
the stability estimate

[ullf o + IV - ull§ o < ClE]

easily follows, where C' > 0 is a constant independent of A\. This implies that, for
A — 00, there arises the constraint V- u — 0 which corresponds to (nearly) incom-
pressible materials. It is well known (see [2]) that this incompressibility constraint
may cause a loss of uniformity (with respect to A) in the convergence regime of
low-order (conforming) finite element methods. This does not mean that the FEM
does not converge; however, it may happen that the convergence begins to take
place at such high numbers of degrees of freedom that the method is not feasible in
practice. This nonrobustness of the FEM with respect to incompressible materials
is called wolume locking. In [12] it was shown that this effect may be overcome by
the use of discontinuous Galerkin methods (see also [26]).

3. DG DISCRETIZATION

In this section, we introduce the discontinuous Galerkin FEM for the discretiza-
tion of the elasticity problem (2I)-(22]), and discuss its well-posedness.

3.1. Meshes and traces. Let 7; be a finite element mesh on Q consisting of
triangles { K} xer,. For each K € T, we denote by nk the unit outward normal
vector on the boundary 0K, and by hg the elemental diameter. We assume that
the triangles in 7}, are shape regular, i.e., there exists a constant C' > 0 such that for
all K € 7, hx < Cpg holds, where pg is the radius of the largest inscribed-circle
in K. In addition, we suppose that the intersection between two elements of 7, is
either empty, a common vertex or a common edge. These properties imply that
the local mesh sizes are of bounded variation, that is, there is a positive constant
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C such that Chyg < hg < C~'hg, whenever K and K’ share a common edge. As
usual, we define the mesh size by h = maxke7, hi.

An interior edge of 7}, is the (nonempty) one-dimensional interior of 9K+ NIK
where KT and K~ are two adjacent elements of 7;,. Similarly, a boundary edge of
71, is the (nonempty) one-dimensional interior of 9K NT which consists of entire
edges of 0K. By &7 we denote the union of all interior edges. Similarly, g is the
union of all boundary edges. We set &€ = E7 U Ep.

Next, we define the trace operators that are required for the DG method. To
this end, let K and K~ be two adjacent elements of 7, and x an arbitrary point
on the interior edge ¢ = 0K+ N 0K~ C &z. Furthermore, let g, v, and 7 be some
scalar-, vector-, and matrix-valued functions, respectively, that are smooth inside
each element K*. By (¢%,v*, 7%), we denote the traces of (¢,v,7) on e taken from
within the interior of K*, respectively. Then, we introduce the following averages
at x € e:

1 _ 1 _ 1 _

fad =356 +a7),  Avi=506"+v0), Ard=5E"+1)
Similarly, the jumps at x € e are given by

ld] = ¢t ng+ +q¢ ng-, [vl=v" ng+ +v -ng-,

[VI=v*®@ng+ +v- @ng-, [z] = r'ng+ + 770k
On boundary edges e C &g, we set {q} = ¢, {v} = v, {z} = 7, as well as
[g] = gn, [v] = v -n, [v] = v®@n, and [r] = 7n. Here n is the unit outward
normal vector to the boundary I'.
3.2. The discontinuous Galerkin method. On a given mesh 7, we define the
finite element space

Vi, ={velLl*)?: vlx € P1(K)? K €T},

where P1(K) = {v : v(x1,22) = agx1 + b + ¢k, ax, bk, cx € R}, K € Ty,
denotes the space of all linear polynomials on K. Furthermore, we consider the

following discontinuous Galerkin finite element formulation for the approximation
of the linear elasticity problem (ZI)-(22): find u, € V}, such that

(3.1) ap(up, v) = lp(v)
for all v € Vj,. The bilinear forms aj and the linear functional ;, are defined by

an(u,v) = / o) : £, (v) dx - /g (fon} : V] + [u] : {on(v)}) ds

(3.2)
—&—/‘ch:Mds—i—)\/gc[[u]][[v]]ds

and
(3.3) Ih(v) = /Qf - vdx,

respectively; see [I2]. Here g, and g;, are the stress tensor and symmetric gradient,
respectively, taken element-wise. Furthermore, the function ¢ € L*(€) is the
so-called discontinuity stabilization function which is chosen as follows: writing
h € L*(€) to denote the auxiliary mesh function defined by

h(X)— min{h;gh;w}, XEezaKmachgz,
) bk, x€e=0KNC Eg,
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we set
(3.4) c=n~h"1
with a parameter v > 0 that is independent of the mesh size.

Remark 3.1. The DG scheme (B1]), based on the bilinear form a; in B2), is
called the interior penalty (IP) discontinuous Galerkin method. It was previously
introduced for the discretization of closely related diffusion problems; see, e.g., [3,
111, 25]. For those problems, there exists a remarkable number of other DG methods
(see [1] and the references therein) which could also be used for the approximation
of the elasticity problems in this paper.

Remark 3.2. In the case of inhomogeneous Dirichlet boundary conditions u = g on
I, with a datum g, the functional [, in ([B.3]) must be replaced by

zh<v>:/ﬂf-vdx—/gs<g®n>:gh(v>ds+/ cg-vds

&

+ A c(g-n)(v-n)ds.
&n
3.3. Well-posedness. The existence of a unique solution of the DGFEM (3]
follows directly by the coercivity of the DG bilinear form ay,.

Proposition 3.3. There exist constants C,Vmin > 0 independent of the Lamé
coefficient A and of the mesh size such that for all v in B4) with v > Ymin, it
follows that

(3.5) an(u,u) > Cllullpa Yu € Vy,.
Here

lalde = lenIZq + AIVa - ulZq + /5 c|[ul? ds + A /g c|[u] 2 ds.

Proof. This can be proved as in [I2], Proposition 6]. O
Henceforth, we always assume that
(3.6) v > max(1, Ymin),
where ymin is the constant from the previous Proposition
4. LOCKING-FREE A POSTERIORI ERROR ESTIMATION

Our main result is a locking-free a posteriori error estimate for the DGFEM (B.))
with respect to the norm

2
VI = I9svlo+ [ el ds.
where V), is the element-wise gradient on 7j,.

Theorem 4.1. Letu € H(Q2)? be the exact solution of the linear elasticity problem
ZI)-@2), and vy, its DG approzimation obtained by BI). Then, there exists a
constant C > 0 independent of the Lamé coefficient \ (incompressibility parameter),
the mesh size and of the stability parameter v, such that the following a posteriori
error bound holds true:

(4.1) lu—uulf,<C Y 0k
KeTy,
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Here the elemental error indicators ng, K € Ty, are given by
(4.2) i = Wi IE113 i + hic | [ (un)]|

The error estimator, i.e., the right-hand side of (@I, is bounded independently
of \.

(2),8K\89 + ¥ hi 1wnd 15 ok -

Remark 4.2. The above a posteriori result is a computable upper bound on the
energy norm of the DG error u — u; (in terms of the DG approximation uy)
which may be easily integrated in an automatic mesh refinement procedure (see
the adaptive algorithm in Section [B.T]). We stress the fact that this upper bound is
uniformly bounded with respect to the incompressibility parameter A. This clearly
confirms the absence of volume locking in the DG method which was previously
studied in the a priori analyses [12] [26].

The proof of Theorem E.1] is worked out in Section L4l Tt follows from several
auxiliary results, which are developed in the ensuing Sections [£THL3l The main
idea is to rewrite the method using a lifting operator (see e.g., [II, 20, 22]), and
to decompose the DG spaces in an appropriate way (see [I3]). This approach
was recently presented in [I5] for the a posteriori error estimation of mixed DG
discretizations for the Stokes problem.

4.1. Lifting operator and nonconsistent DG form. Due to the (possibly) low
regularity of the exact solution u € HE(2)? of the elasticity problem ZI)-(Z.2),
we first reformulate the DGFEM (B]) using a lifting operator; this results in a new
(nonconsistent) formulation of the DGFEM that is well defined on H}(2)2. To do
so, we introduce the spaces

V(h) = Hy(Q)* 4+ Vy

and
S, ={r € L*(Q)*?: 1|x € P1(K)*? K € Ty}
Then, the lifting operator £ : V(h) — X, is defined by

(4.3) /QL(V) cTdx = /SM {z} ds VT eX,.

Note that L is stable (see e.g., [1]), i.e., there exists a constant C' > 0 independent
of the mesh size such that

(4.4 1L <C [P ds
for any v € V(h).
Remark 4.3. For v € HE(2)2, we have L(v) = [v] =0 and [v] =0 on &.

With these definitions, we can now introduce the following (nonconsistent) DG
form on V(h) x V(h):

an(u,v) = /Q (W) 1 £(v) dx — /Q (LOV) 2 () + L(w) = 2 (v)) dx
—|—/gc[[u}] :Mds—!—)\/gc[[u]][[v]]ds.



LOCKING-FREE ADAPTIVE DGFEM FOR LINEAR ELASTICITY PROBLEMS 1093

Note that, due to @3), an(u,v) = ap(u,v), for all u,v € Vy, where a;, is the
bilinear form (3:2). Hence, the DGFEM (B.)) is equivalent to finding u;, € V}, such
that

(45) Eh(uh, V) = lh(V) Vv € V.

Here I}, is again the linear functional from (B3]).

4.2. Inf-sup stability. In order to prove an a posteriori error estimate for the
DGFEM that is robust (locking-free) with respect to nearly incompressible ma-
terials, the following stability result, which is explicit with respect to the Lamé
coefficient ), is required.

Lemma 4.4. For any u € H}(Q)?, there exists a function vy € H}(Q)? such that

(4.6) ap(u, vu) = |u|%9
and
(4.7) Vali o + A2V - vall§ o < Clulf g,

where C' > 0 is a constant independent of X\ and of the mesh size.

Proof. We define v, as the unique solution in H}()? of
(4.8) ap(Vy, W) = / Vu: Vwdx vw € H} ()%
Q

Then, taking w = u in (L)) and using the symmetry of the form @y, results in (6.
It remains to prove ([{1). Selecting w = v, in (@8] and using Remark 3] leads
to

2ulls(v)lF o + AV vl = [ Vui Vvudx < fulialvalia.
Q
Here the first Korn inequality (see [19], for example) implies that
||§(VU)H(2),Q > OKorn|VU|iQa

for a constant Ckom > 0, and hence we have

QNCKorn‘Vuﬁ,Q S |u|1,Q|Vu 1,Q-

Squaring both sides of the above inequality and dividing by |V“|%,Q results in
(49) 4#2012(0“1‘Vu|§)9 < |u|%,Q'

Furthermore, by [6, Lemma 9.2.3] (and the references therein), there exists ¢ €
H}(Q)? such that

V¢ =AV vy, |l < KAV - valloq,
where £ > 0 is a constant independent of vy, A, and of the mesh size. Therefore,

taking w = ¢ in (4.8), leads to

ap(va, @) = /QVu : Vo dx

< |ufi,0ldl10
< kAulol|V - vallo.o

2 2 )‘2 2
< 2l o+ 1V vl o

(4.10)



1094 THOMAS P. WIHLER

Moreover, recalling again Remark 3] it holds that

n(vur6) =20 |

Q

E(va) 1 £(0) dx + A / (V- va) (V- ) dx

> —2plle(va)lloelle(@)llo.o + XV - vall§ o
(4.11) > =2u|valielglie + X2V - valf o
> _2N’f)‘|VU|LQ”v *Vu |0,Q + )‘QHV ) VUH(z),Q
3
> _4N2H2|VU|%,Q + Z/\QHV : Vu”g,ﬂ-

Combining (£I0) and (@II)), results in

)\2
(4.12) 4?2 vyl o + 7HV vallfg < Kulf g

Hence, (@) follows by choosing a suitable linear combination of the inequali-
ties ([9) and ([@I2)) (independently of ). O

4.3. The BDM interpolant. Although the so-called Brezzi-Douglas-Marini in-
terpolant (BDM) was originally introduced for the analysis of mixed FEM, it has
been recently shown (see [12], for example) that it is also ideally suited for the
analysis of DG methods for linear elasticity problems. The reason for this is that
the BDM interpolant provides some essential properties for the circumvention of
volume locking which are not available for conforming elements (see also [7, [26] for
related considerations based on the Crouzeix-Raviart interpolant). Referring to [8],
we collect some of its basic properties.

Lemma 4.5. Let K € T, and v € H'(K)?. Then, the BDM interpolant
I : H'Y(K)® — P(K)?

on K is uniquely defined by
(4.13) /(V—IKV)-nequ:O Vg € Pi(e), Ve € Ek.
e

Here Ex = {e € £: e C OK} is the set of all edges of K, n. is the unit outward
vector of K on e € &k, and Py(e) is the space of all polynomials on e € Ek of
degree at most 1. The following approximation properties hold true:

(a)

R v —Igvlox + v —Ixviix < C|v|ik;

(b)

1
v —Ixvloox < Ch vk

(c)
[V (v—=Ixv)lorx <CV-vlox-

Proof. This follows directly from the results in [8] §I11.3]. O

We are now ready to derive a locking-free a posteriori error estimator for the DG

method (BJ)).
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4.4. Proof of Theorem [4.Il We start with the proof of the a posteriori error
estimate ({I). To do so, we proceed in several steps.

Step 1: We first decompose the discontinuous finite element space Vj, into two
orthogonal parts: a conforming part and a purely nonconforming part. To this end,
let V¢ =V, N H}(Q)% The orthogonal complement in Vj, of V§ with respect to
the norm || - [|1,,, is denoted by Vi; i.e.,

(4.14) Vi, =Via Vi

Then, decomposing the solution uy, € Vj, of the DGFEM (1)) into u;, = u§ ®uy,
according to (£I4]), we can write the error of the DG approximation as

(4.15) en=u-—u, =ej —uy,
where e = u—u§ € H}(Q2)?, and it holds that
(4.16) lenlld s < 2(leflITn + luil? ).

Furthermore, refering to [I3, Theorem 5.3], we have the estimate

(4.17) lut|2, < C /g cl[us]? ds,

for a constant C' > 0 independent of the mesh size and of the stability constant ~.

Thus, using (3.8) and (£Id), we obtain
(4.18)

lenl3 s < C(llefll3 s, + /g cllunl?ds) < C(llesli2s +9* 3 ritlundBor ).
KeTy,

and it remains to bound the term ||ef,||1 5.
Step 2: Since e§ € H{ ()%, we notice that [|e§ |1, = |ef|1,o (cf. Remark 3.
Furthermore, we can apply Lemma 4l to find w € H{ ()2 such that

an(ef, w) = lef [ g
and
(4.19) (wlia+ ANV wl§q < Clejliq
Hence, due to ([@I5]), we have
|efl|ig = ap(en, w) —l—Eih(uﬁ,w .

)
Moreover, due to Remark FE3] the exact solution u € Hg (2)? of [21)-(22), respec-
tively (Z3), satisfies ap,(u,v) = I, (v) for all v € H}(Q)?, and therefore, it follows
that

lefi |5 o = an(u,w) — ap(un, w) + an(uy, w) = (W) — an(un, w) + an(uj, w).

Now let Ij, : H}(2)? — V), be the global BDM interpolant defined by I|x = Ix
VK € Ty, where I, K € T, is the local BDM interpolant from Lemma .5l Then,
using (1), we obtain that

(4.20) ef|Tq = In(w —Lyw) — ap(up, w — Iyw) +ap(up,w) = E, — Ey + Fs.

Step 3: We analyze the terms E1, Fs, F5 separately. For convenience, we write
&, = w — Ipw. Using the definition of [ results in

E, = Z /Kf~§hdx§ Z |

KeTy KeT,

lo,x I€nllo,x-
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For the estimation of Fs, we integrate by parts. Notice that V, - g, (up) = 0 (since
uy, is element-wise linear) on  and recall the definition of the lifting operator L.
This leads to

—Fy = Z/ ap(up) : (€, ®ngk)ds

KeTy,

+ [ (€@ o) + Lw) s 0 (61) dx
(4.21) - /8 clun] : [€n] ds — )\/g clur]lér] ds

- [ 46 Tztwlds + [ L) s (6 dx
Er Q
—/gc[[uh]] :Mds—/\/gc[[uh]][[fh]] ds

Since V}, - uy, is element-wise constant on &£, it holds, with the definition of I, that
/ L&} - [(Vh - up)Dayo] ds = /{{fh [Vi-un]ds =0,
&z ecéz

and thus,
(6 - Lontwn)lds =2u [ 0} - len(un] ds
81 51’

Moreover, observing that, for e € &, [u]|. € P:1(e), and applying again the defini-
tion of Iy, yields

/ c[un]én] dS_Z/ c[un]én]d
ecE
Substituting these identities into ([@2I]) results in

—By= 2 | {6} - [en(wn)lds + /Q L) : () dx — [ clu] s [ ds

Er &

<0 (

KeTy,

[en (un)]

+ 1L(up) o,k llon (Er)llo,x + YR [ Turdllo,ok ||€nllo,0K)-

Finally, in order to bound Ej3, we use the fact that w € H}(2)? and Remark A3t

E; = /Qgh(uf;) ce(w)dx — /Qé(uf;) co(w)dx

:/Qgh(Uﬁ) iQ(W)dX*/Q

L(u
< > (len@i)llox + I£@i) llo.x) lle(w) o,

KeT,

) o(w)dx

Step 4: Inserting the above estimates for Ey, Fa, E3 into (£.20)), applying Cauchy-
Schwarz inequalities, recalling ([B.0]) and the stability (£4]) of the lifting operator L,
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and using the fact that [Ju;-] = [us] on &, we conclude that

el < C( Y hkIEIS & + hrclllen (@)D o
KeTy,

1/2
+ 72 hi I undl o + (i) )

x (30 mi2lnl3 s + llan €I s + bl
KeTy,

5 \7?
Bx)

|(2),8K + |la(w)

The term ||le(uy ) || x is estimated using EIT) as follows:

S leub) 2. < Cllut |2, < C /5 cl[un]|? ds.

KeT,

By the definition of g, this leads to

eila<o( X ) (2 e

KeTy, KeTy,

|(2),K + hitl|€n |(2),8K

1/2
1603 ANV - nlE s W X Wl k)

Step 5: Recalling that &,|xk = w — Igw, K € 75, where Ik is the BDM inter-
polant ({I3]), and applying the approximation properties (a)—(c) from Lemma 5]

leads to ,
1/2
eilia< (> k) (1w
KeTy,

Estimating the second factor on the right-hand side of the above bound using (£19)),
and dividing both sides of the resulting inequality by |ef|1 o, completes, together

with (@I8]), the proof of (@I).

Finally, we need to show that the a posteriori error estimator ) KeT, N3 is
bounded independently of A\. To do so, we note that it holds the inverse estimate

> hilllen(un)]

KeTy,

1

/2
2o+ NIV wiig)

|(2),8K < C||§h(uh)||(2),97

and hence, we have
> nk < Cllunlpe + IE15.0),

KeTy,
where || - || pg is the norm from Proposition B3l Therefore, it is sufficient to show
that
(4.22) lunlpe < Clifflo.q,

for a constant C' > 0 independent of .
Indeed, by the coercivity ) of aj, the definition (BI]) of uy, and the Cauchy-
Schwarz inequality, we have

[unllbe < Can(un, un) < Clif[|o.qllunllo.o-

Moreover, applying a broken Korn inequality (see [5]), implies

1/2
o < C(len@nla+ [ wl?) "
&

lun
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and thus, we conclude

Junlbo < Clieloa (len(w) o+ [ 57! [w]

1/2

)" <

o.llurllpe-

Hence, dividing both sides by ||u||pe, implies [@22).
This completes the proof of Theorem [£.11 O

5. NUMERICAL EXPERIMENTS

The goal of this section is to illustrate the practical performance of the a pos-
teriori error estimator from Theorem F.]] within an automatic mesh refinement
procedure.

5.1. Adaptive algorithm. Starting from an initial (coarse) grid ,]-h(o), our adap-
tive mesh refinement process operates in the following (widely used) way (see [23]):

)
(2)
(3
(4)

Set k£ =0.

Compute the DG solution uzk) from (BJ) on ’];l(k).

Compute the local error indicators ng, according to (42]).

If Y xer, Mk is sufficiently small then stop. Otherwise, find

Mmax = MaX . k) 1K and refine those elements K €7; with nK >
h

OMmax- Set k=k+1 and go to (2).

Here 0 < 6 < 1 is a fixed threshold. In our numerical experiments, we always
set 0 = 0.5.

5.2. Model problem. Let €2 be the polygonal domain in Figure[[l with a reentrant
corner at the origin O = (0,0). We set y = 1 and f = 0. Then, using polar
coordinates (7, ¢), we impose an appropriate boundary condition for u on 92 such

that

u(r,0) = ﬂr

1, (—(a + 1D cos((a+ 1)) + (Cy — (o + 1))y cos((a — 1)9))
(a+1)sin((a+1)0) + (Co + a — 1)Cy sin((o — 1)0)

Here oo = 0.544484... is the solution of the equation

asin(2w) + sin(2wa) = 0,

FIGURE 1. Polygonal domain {2
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with w = 37/4, and C, Cs are constants given by

cos((a + 1)w) _2(A+2p)

cos((f@—Tw)" 7T Afp

Note that u is analytic inside the domain 2. However, Vu is singular at the origin;

especially, u ¢ H?(Q)2. This solution exhibits the typical (singular) behavior of
solutions of linear elasticity problems near reentrant corners.

Cy=—

5.3. Discussion of the numerical results. In all our computations, we set the
stability constant v from ([B4]) equal to 10 which, for the example under consider-
ation, is sufficiently large to ensure the stability of the DG method (cf. Proposi-
tion B3). The adaptively refined meshes are constructed using the red-blue-green
refinement strategy (see [23]). In order to incorporate the inhomogeneous boundary
conditions on 0f2, the jump terms h[}l”[[uh]]”aa  in the local error indicators ngx
(for all K € 7, with 0K N 0N # () have been modified appropriately.

Figure [2 shows the adaptively refined meshes for A = 1 and A = 5000 after
14 refinement steps. Both meshes have been strongly refined near the reentrant
corner O, thereby accounting for the singularity of the exact solution u at this
point. We see that the refinement of the meshes is (nearly) circular around the
origin and symmetric with respect to the x-axis.

The performance of the DGFEM with respect to the (global) L?-norm | - ||o.0
and the DG energy norm || - |1, for A € {1,10,100,1000,5000} is presented in
Figure B We see that the convergence is optimal already for a reasonably low
number of degrees of freedom. Moreover, we observe that the convergence regime of
the DGFEM is (asymptotically) robust with respect to the parameter A as A\ — 0.

In Figure @l we compare the energy error of the DGFEM on adaptively and uni-
formly refined meshes. We see that, although the DGFEM still converges robustly
with respect to A on uniformly refined meshes, the above-mentioned optimal con-
vergence rate on adaptively refined meshes cannot be obtained due to the presence
of the corner singularity; see also [26].

1 1
0.8} 0.8}
0.6} RS 0.6}
0.4} s 0.4}
0.2} 0.2}

ot of
0.2} 0.2}
04f 2 04}
0.6} KX 0.6}
08} 08}

-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 0 02 04 06 08 1

FIGURE 2. Meshes after 14 adaptive refinement steps for A = 1
(left) and A = 5000 (right)
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10"
100

b

—e— eyl o’gfor =1
—a— Hehll1 Ihfor A=1

B +I\ehllolﬂfor}u=10
107 e llel; fora=10
—p Hehlloyﬂfor 2=100
—q—llelly ’hfor A=100
10_3_ +I\ehllo’9fork:1000
—a—llegly for 2=1000

o— lleyllg o for A=5000
o Hehllthfor}‘:SOOO

107 L
10! 10?

number of degrees of freedom

FIGURE 3. L? and DG energy norm of the error

—*%— =1 (adaptive)

—+&— A=1 (uniform)
—+— A=10 (adaptive)
F | —— 2=10 (uniform)
—p— =100 (adaptive)
—<— =100 (uniform)
—%— A=1000 (adaptive)
—4A— %=1000 (uniform)
—&— %=5000 (adaptive)
—6— %=5000 (uniform) oo o
10’2 n L L
10! 10? 10° 10*
number of degrees of freedom

FIGURE 4. DG Energy norm of the error for uniform and adaptive
mesh refinement

Finally, in Figure Bl we show a comparison of the actual and estimated DG
energy norm of the error. We see that the error estimator over estimates the true
error by an approximately consistent factor; indeed, we observe that the efficiency
indices i, defined by the ratio of the error estimator and the true error, lie in
the range between 3 and 6. In particular, we see that, although the efficiency
indices grow very slightly (a similar phenomenon has been observed in [I5]), this
range is (asymptotically) independent of the choice of A, which again indicates the
DGFEM’s robustness with respect to volume locking.
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10
—+— g for A=1
101 : 9 H —a— g forr=10
—o— e for2=100
8 | —g—lgfiforA=1000. ..
..... 7 +ieﬂ_fork:5009
x T H
o)
1000 o E
+Ilehl\1lﬂfor?»:1 >
—a—nfor =1 .5
——lley 11y  for 2=10 ]
—«—nfor A=10 15
10—1 »—lleylly o forA=100 | -
—<—nfor A=100 :
—o—lleyly ofori=1000
—a—mnfor 2=1000 .
o—lleplly oforr=5000] .
2 —e—nfor A=5000 .
107 7 > 3 v 0 i i i i i i
10 10 10 10 0 2 4 6 8 10 12 14

number of degrees of freedom refinement step

FIGURE 5. Left: Actual and estimated DG energy norm of the
error. Right: Efficiency indices.

6. CONCLUSIONS

In this paper, we have presented an a posteriori error analysis of a discontinuous
Galerkin FEM for linear elasticity problems. The main result is an a posteriori
error estimate that is robust with respect to incompressible materials. Our numer-
ical experiments show that the proposed error estimator converges to zero at the
same asymptotic rate as the DG energy norm of the actual error on a sequence of
(nonuniform) adaptively refined meshes. Moreover, the results confirm the absence
of volume locking in the scheme.

Future work will include an extension of the low-order results in this paper to
an hp-context; see also [16], where an hp-a posteriori error analysis for a mixed DG
method for linear elasticity problems has been established.
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