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1 Introduction

Plate structure models, together with other dimensionally reduced structure
models as beams and shells, are the main building blocks in modern structural
design. For thin plates, the most commonly used models in engineering
applications are the Reissner-Mindlin and Kirchhoff-Love plates [13, 25, 16].
In modern engineering design, on the other hand, inreasing demands for
accuracy and productivity have lead to exploitation of advanced computer-
aided design methodologies as adaptive finite element methods. In particular,
adaptive methods provide an efficient and reliable way to decrease and control
the discretization error of numerical approximations.

Regarding the finite element methods for the Kirchhoff-Love plate model,
there exists various classical [2, 23, 12] and more recent [15, 14, 3, 17, 5, 7|
non-standard finite elements which avoid using high-order polynomial spaces
of conforming, globally C'-continuous elements [12, 10]. The variety of a
posteriori error analysis for Kirchhoff plate elements, instead, is still quite
limited [11, 24, 5, 7, 6]. In addition, very often in rigorous finite element
analysis for plates only clamped boundaries are considered. Some recent
exceptions can be found in [5, 7, 4, 20].

In the present contribution, we complete our recent, theoretical a poste-
riori error analysis for the Morley plate element approximating the Kirchhoff
plate problem with clamped boundaries [6]. We first extend our analysis
to general boundary conditions, and then confirm the results by numerical
benchmark computations. In particular, since a posteriori error analysis is
intended to practical adaptive computations [19], it is natural to regard gen-
eral boundary conditions and numerical results as a desirable target. The
new features in the theoretical analysis of the present paper are not straight-
forward extensions of the results contained in [6]. Namely, for the reliability
proof of the extended method, we need to introduce a new tensorial Helmholtz
decomposition. Furthermore, a modification of a Clement type interpolation
operator is needed for the reliability analysis as well.

The paper is organized as follows. In the next Section, we briefly recall the
Kirchhoff plate bending problem and the Morley finite element formulation.
In Section 3, we first introduce two interpolation operators and the Helmholtz
decomposition, while in the following two subsections we prove, respectively,
upper and lower bounds for our local error indicator. Finally, in Section 4,
we present the numerical results.

In the Appendix, we recall a set of differential operators and formula for
integration by parts, widely used throughout the text.

2 Kirchhoff plate bending problem

We consider the classical bending problem of an isotropic, linearly elastic
plate. Let the undeformed midsurface of the plate be described by a polyg-
onal domain Q C R2, with the boundary I'. The plate is considered to be



clamped on part I'c C I', simply supported on part I's and free on ['p:
'=TcUlsUlp. (2.1)

We assume that I'c,I's,'r are finite sums of connected components and
that I'c,['s are given such that rigid body motions are avoided. Finally, a
transverse load F' = Gt3f is applied, with ¢ denoting the thickness of the
plate and G denoting the shear modulus for the material.

2.1 Continuous variational formulation

Let w, the deflection of the plate, belong to the Sobolev space
W={veHQ) |v=0inTcUTls, Vo-n=0inT¢},  (2.2)

where we indicate with n the unit outward normal to the boundary I'. Then,
let the bilinear form for the problem be

a(u,v) = (Ee(Vu),e(Vv)), Vu,veW, (2.3)

where the parentheses (-, -)q above indicate the L?(§2) scalar product, and the
fourth order positively definite elasticity tensor E is defined by the equation

Fo =

14
o+

m( — Vtr(a‘)I) Yo € R?2, (2.4)

with E, v being the Young modulus and the Poisson ratio for the material,
respectively.

Then, following the Kirchhoff plate bending model, the deflection w of
the plate can be found as the solution of the following variational problem:
Find w € W such that

a(w,v) = (f,v) YveW. (2.5)

2.2 Morley finite element formulation

First, let a regular family of triangular meshes {Cj }, be given on the domain
2. We assume that the mesh family is consistent with the boundary condi-
tions, in the sense that all boundary edges of the triangulation fall entirely
either in I'c, I'g or I'k.

In what follows, we will indicate by hx the diameter of each element K,
while A will indicate the maximum size of all the elements in the mesh. With
En, we will indicate the set of all the edges, with £ a subset comprising only
the internal edges, while 8,2,52,5,{ indicate the set of edges on I'c,I'g, I'p,
respectively. Given any e € &, the scalar h, will represent its length. Finally,
to each edge e € &, we associate a normal unit vector n, and a tangent unit
vector s, the latter given by a counter clockwise 90° rotation of the former.
The choice of the particular normal is arbitrary, although fixed once and for
all, for internal edges, while we assume that n., = n for boundary edges.



Furthermore, we will also need the definition of jumps: Let K, and K_
be any two triangles with an edge e in common, such that the unit out-
ward normal to K_ at e corresponds to n.. Furthermore, given a piecewise
continuous scalar function v on €, call v (respectively v™) the trace v|g,
(respectively v|x_) on e. Then, the jump of v across the edge e is a scalar
function living on e, given by

[v] = vt —ov. (2.6)

For a vector-valued function, also the jump is vector-valued, defined as above
component by component. Finally, the jump on boundary edges is simply
given by the trace of the function on each edge.

Next, the discrete Morley space [23] is introduced as

W = {ve My | /[[w m]=0 Vee& UED, (2.7)

where M, ;, denotes the space of second order piecewise polynomial functions
on C, which are continuous at the vertices of all the internal triangles and
zero at all the vertices of I'c U T'g.

Finally, the Morley finite element approximation of the variational prob-
lem (2.5) reads as follows:

Method 1. Find w;, € W}, such that
an(Wh, vn) = (f,vn)  Von € Wy, (2.8)

where

an(un,vn) = Y (Ee(Vuy),e(Vun))e  Vup,vp € W (2.9)

KeCy,

We note that the bilinear form ay is positive definite on the space W,
Therefore, there exists a unique solution to the problem (2.8).
We further introduce the discrete norm

ol = > lofew + D Iz

Kecy, e€El UESUES
+ > BIVe - nl7e (2.10)
eegiusg

on the space W), + H%. Then the stability and convergence of Method 1 in
the norm (2.10) is well established, as proved for the clamped case in [27, 22]:

Proposition 1. Assuming that I' = I'c let w be the solution of the problem
(2.5) and wy, the solution of the problem (2.8). Then there exists a positive
constant C', independent of h, such that

llw = wnllls < Ch (fewl ey + Bl Fllz2cen) - (2.11)

The numerical results in Section 4 indicate the same convergence rate
for general boundary conditions as well. Hence, the corresponding a priori
analysis is omitted here.



3 A posteriori error estimates

In this section, we derive lower and upper bounds for our a posteriori error
indicator of the Morley element, extending the results of [6] to the case of gen-
eral boundary conditions. After some preliminaries, we prove the reliability
and efficiency results of the error estimator

n= (I; 77%)1/2, (3.1)

where

e = Wl fallfa + 3 kel

ecOK’
+ > eh M Vwn - nle (3.2)
eeaKl/
with the compact notation
OK' = 0K N{& UE UESY, (3.3)
OK" = 0K N{& UESY. (3.4)

Moreover, f; denotes, as usual, some approximation of f, while ¢, = 1/2 if
e € & and ¢, = 1 otherwise.

3.1 A pair of interpolation operators

In this subsection, we introduce two interpolation operators which will be
needed in prooving the reliability of our estimator. We start by introducing
the first one:

Definition 1. Given any v € W, we indicate with v; the only function in
W), such that

vi(p) =v(p) for every vertex p of the mesh Cp, (3.5)
/ (Vo— Vo) om. =0 Yec & (3.6)

This interpolant has the following approximation property:
HU — UIHLQ(K) < Ch%{"l}‘}p(K) VK € C,, veW. (37)

Moreover, integration by parts gives
/(Vv —Vur)-s.=0 Vee€é,. (3.8)

In order to present the second interpolant, we next introduce two auxiliary
interpolation operators [, 15, the building blocks of our second interpolant.



Auziliary operator 1o, We start briefly reviewing the Clement type inter-
polant of Scott and Zhang [26]. This interpolant we shall modify below in
order to construct a similar interpolant with some additional features needed
for our purposes.

To each node v of the mesh Cj, we associate an edge e(r) such that v € e.
Then, for each node v we introduce a linear scalar function f, : e(v) — R
such that

( )fy(S)p(S) ds =p(v) Vpe Pie) (3.9)
where s stands for the standard coordinate along the edge e and P;(e) rep-
resents the space of first order polynomials on the edge. It is easy to check
that such scalar functions exist.

Let now M7 indicate the space of piecewise linear continuous functions
on Cy. Then, given any v € H'(Q), we define its Scott—Zhang interpolant as

=> ¢ / f(s s, (3.10)

VEV),

where V), represents the set of mesh nodes and ¢, € M{) is the standard
nodal basis function for the general node v. Note that it is equivalent to
define TI(v) as the only function in M} such that

fl, ds Vv ey, (311)
e(v)

This interpolant satisfies the classical approximation properties of the
Clement type, see [26], i.e

[0 = TI(v) || gm(xy < Chy ™ol gy YK € Chym = 0,1, (3.12)
o = TI(v)| 20 < Chl/szHHl(K) Ve € OK, K € Cy, (3.13)

where K indicates the set of all the triangles of €, with a nonempty inter-
section with K € Cy,.

Moreover, the operator IT has the following fundamental property: for all
veV,and v e H(Q)

Vlew) € Pile(v)) = (II(v))(¥) = v(v). (3.14)

We will now introduce the vector interpolant Ils similar to the operator
IT above, with a particular property which will be useful below. We start by
giving the rule by which edges are associated to nodes.

Assignment rule for Tlg. If a node v € ¢ for some ¢ € &, then e(v) = ¢/,
and an arbitrary edge can be chosen if more than one fulfill this property.
Otherwise, if v € €’ for some €' € &, then e(v) = €/, where again any edge
can be chosen among those that fulfill this property. Regarding the rest of
the nodes, the only restriction is that boundary nodes must be associated to
boundary edges and, obviously, v € e(v).



For the sake of exposition, we assume at first that all connected com-
ponents of ['g are straight, i.e. without angles. Then, for each function
v € [HY(Q))?, we simply set II¢(v) as the only piecewise linear continuous
vector field that satisfies

(Ile(v)),(v) = /( )f,,(s)vj(s) ds Yv eV, j=12 (3.15)

where a subindex j represents the respective vector component. Note that
IT¢ is nothing but a componentwise combination of II.

In the presence of angles inside connected components of I'g, the value
of Il¢(v) at those angle nodes must be changed. Given v/ any such angle
node, let e; with normal n, and e; with normal n, be the two edges in I'g
connecting in /. We then modify the value of IIo(v) in v/, by setting

M () - (1) = / fo(s) v(s) - mads i=1,2. (3.16)

Since ny # ma, ao(v)(V') is well defined. It is simple to check that Ilg
inherits from II the Clement approximation properties

lv = Te()llam@) < Ch ™ vl VK € Chym = 0,1, (3.17)
lv = (@) z2) < Chl2 |l gy Ve € 0K, K € Cy. (3.18)

Moreover, essentially due to the linearity of IIx and (3.14), it can be showed
that the following property holds:

vE[P(e)] VeeTlr, v-nePle) VecTy
— llgcv=vonTp, llcv-n=v-nonls. (3.19)

Auxiliary operator 1. Given any edge e € &, let B, indicate the globally
continuous, piecewise second order polynomial function which is equal to
one at the midpoint of e and zero at all the other vertices and other edge
midpoints of the mesh. Let V} indicate the discrete space given by the span
of all B,, e € &,. Furthermore, call Vg the discrete vector field given by
two copies of the space V};, one for each component. We then introduce the
operator Il defined by

Mg : [HY(Q)? — Vg, /(v —IIp(v)) =0 Vee€&,. (3.20)

Using the definition (3.20), inverse inequalities and the Agmon inequality
[1], it is easy to check that I1p satisfies the following property for all v €
H'(Q):

M5 (v)]

H™(K) < Ch}gm (h;(1HIUHL2(K) + |U|H1(K)) VK € Cy,. (3.21)

Then, we are able to introduce our second interpolant:



Definition 2. Given any v € [H'(Q2)]?, we indicate with v;; the continuous
piecewise polynomial function of second order given by

Vi = Hc(’v) + HB(’U - Hc(’v)) (322)

Using the properties (3.17), (3.18) and (3.21) we easily get

H/U_IUH‘H"L(K) S Ch}(_mH’UHHl([() VK ECh,m:O,l (323)
for all v € [H'(Q)]?>. Moreover, directly from (3.20) and Definition 2, it
follows

/(’U—’U]]):O Ve € & ,v e [HY(Q). (3.24)

Finally, we note that property (3.19) holds identically also for the new
interpolant of Definition 2, since along the boundary edges of I' (respectively
['s) the bubble part (respectively the bubble part in the normal direction)
vanishes due to (3.22), (3.19) and the definition of the operator IIz. We
therefore have

veE[P(e)] VeeTlr,v-nePle) VeecTly

= vy=vonlp, vy -n=v-nonls. (3.25)

Remark 1. We note that the constants C' appearing in (3.17) and (3.18) are
not uniform in the angular width of a simply supported angle. Namely, when
such an angle tends towards the straight angle, i.e., the angle width 7, the
constants C' may explode to infinity. On one hand, for any given polygonal
domain, all angles are fixed and therefore the constants are bounded inde-
pendently of the mesh size. On the other hand, the latter observation is not
true if a simply supported domain with a smooth boundary is approximated
by a series of adaptively refined polygonal domains. Nevertheless, this case
would also need an estimator for the error of the geometry approximation
and it is therefore beyond the scope of the present paper.

3.2 A Helmholtz decomposition lemma

In this section, we extend the tensorial Helmholtz decomposition lemma of
[6] to general boundary conditions. The differential operators used below are
defined in the Appendix. Note that the proof of Lemma 1 is almost identical
to that of [6], while the differences with respect to the clamped case are
shown in Corollary 1.

Let the space H™(Q), m € N, indicate the quotient space of H™(2) where
the seminorm | - [gm(q) is null. Moreover, let L§(€2) indicate, as usual, the
space of functions in L?*(Q2) with zero average over €.

Lemma 1. Let o be a second order tensor field in L*(Q;R?*2). Then, there
exist v € W, p e LA(Q) and ¢ € [H'(Q)]? such that

o =FEe(Vy)+ p+ Curl ¢, (3.26)



where the second order tensor
_ (0 —p
p= (p 0 > : (3.27)

| 200 + ol 2) + (1@l 51 (0) < Cllo|| 2. (3.28)

Moreover,

Proof. Let 1 be the solution of the following problem:
Find ¢ € W such that

(Ee(Vy),e(Vv)) = (o,e(Vv)) Yve . (3.29)

The problem above has a unique solution due to the coercivity of the consid-
ered bilinear forms on the respective spaces. The rest of the proof is identical
to the proof of Lemma 1 in [6]. O

We have the following corollary concerning the general boundary condi-
tions:

Corollary 1. Let ¢ be the function introduced in Lemma 1. Then it holds

[Curl @)y, := [(Curlgp)n] -n =0 on 'gUTp (3.30)
[Curl @|ps :=[(Curl@)n|-s =¢; onTh  i=1,2,...,m,
(3.31)
where ¢; € R and T, i =1,2,...,m, represent the m connected components

OfFF.

Proof. A straightforward calculation, using s-s =1 and s-n = 0, gives on
the boundary I’

[Plnn =0, [plns = p, (3.32)

to be interpreted in the sense of traces.
Standard arguments in variational analysis and integration by parts in (3.29)
easily give

(Ee(Vy) —a)-n, Vo)r
—(div(Ee(VyY) —0o) -n,o)r=0 YveW, (3.33)
where here and in the sequel (, )r is to be intended in the sense of traces and

dualities (see the Appendix). Note that the identity (3.33) can be rewritten,
through a normal and tangent component splitting, as

((EFe(VY) — 0lnn, VU -n)r
+<[EEZ(V¢) - U]n& VU . S>F (334)
—(div(Ee(VyY) —0o) -n,u)r=0 Yve W

10



Testing with v € W being zero on I' one obtains from (3.34)
[Ee(VY)) —0lpn=0 onTgUTE, (3.35)

which together with the first identity in (3.32) and recalling (3.26) gives (3.30).
For (3.31), we now observe that, by first applying the operator div
to (3.26) and then recalling the definition (3.27), it follows

div(Ee(Vy) — o) -n=—(divp) -n = —(curlp) - n
dp
ds’
where here and in the sequel s indicates a coordinate along the boundary.
Due to (3.35), the first term in (3.34) vanish. For the sake of exposition,
we at first neglect the presence of angles in T'% by assuming that each ' is
straight. In such case, by recalling (3.36) and integrating by parts separately
along each I'% in (3.34), one obtains
0

)
(5, [Ee(VY) = olns + a—g,mp —0 YweW. (3.37)

Due to the second identity in (3.32) and the definition (3.26), we get from (3.37)

—Vp-s= (3.36)

<%[Curl Plns, v)r =0 Yo €W, (3.38)

which clearly implies (3.31).

Whenever an angle inside I'% exists for some ¢, we follow the same identical
argument as above separately on each straight component of T'%.. Let Ti,}j,
j=1,2,...,m; represent the straight components such that

[ = U Iy (3.39)
Testing with functions v being zero at the endpoints of each F’}j we then get
[Curl @|,s =¢;; on Fj[;j L i=1,2,...,m;, (3.40)

with¢;; € R, 7 =1,2,...,m;. We finally get that all ¢; ; are equal, i.e.
cj=¢ YVi=12...,m,, (3.41)

simply by testing with functions v which are non-zero at the angles. O

3.3 Reliability
We have the following lower bound for the error estimator:

Theorem 1. Let w be the solution of the problem (2.5) and wy, the solution
of the problem (2.8). Then it holds

1/2
o =willln <C( D nk+ 30 bkl = fallar) - (342)

KeCy, KeCy

11



Proof. Recalling that w € W, it immediately follows

[|lw — w|[; = Z |w—wh|§{2(m + Z he_3||[[wh]]||%2(e)

Kecy, ecE}UEFUES
+ 2 bV e e (3.43)
e€&} UES

Therefore, due to the definition of 7k in (3.2) and the norm (2.10), what
needs to be proved is

>l —wilieg < C( D mk+ D0 Wkllf = fullfeae)- (344)

Kecy, KeCy, KeCy,

For convenience, we divide the proof of (3.44) into five steps.

Step 1. Let in the sequel e, represent the error w — wy,. First due to the pos-
itive definiteness and symmetry of the fourth order tensor E , then applying
Lemma 1 to the tensor field E e(Vey), we have

Z len|Fr2 (i) < Canlen, en) (3.45)

KeCy,

= Y (e(Ven). Be(Ver)) = Ty + To+ T,

KeCy
where

=Y (e(Ver), Ee(V))y . (3.46)

KeCy

Ty=> (e(Ven),p)g, (3.47)

KecCy,

Ty= ) (e(Vey),Curl ). (3.48)

Kecy,
We note that, by recalling (3.28), it holds
1911720y + 10110y < C Z lenlFr2 k) (3.49)
KeCy,

Step 2. We now bound the three terms 77, 75, T3 above. Due to the symmetry
of E, from (2.5) we get

Ti=(f,0)a— ) (Ee(Vun),e(VY))y - (3.50)
KeCy,

Let now ¢; € W), be the approximation of ¢ defined in Definition 1. Recalling
(2.8) and integrating by parts on each triangle, from (3.50) it follows

Ty = (fio—¥a— > (Ee(Vuwn),e(V(Y — 1)) (3.51)

Kecy,

= (fa w - ¢I)Q - Z Z <E€(th)nK, VW - w1)>67

KeCyp, ecOK

12



where, here and in the sequel, nx indicates the outward unit normal to each
edge of K € C,.

Observing that E e(Vwy,)ng is constant on each edge, then the properties
(3.6) and (3.8) applied to (3.51) imply

= (f,Yv—=va=(f— [V =Y+ (fu, ¥ —Yr)a. (3.52)
Two Holder inequalities and the interpolation property (3.7) therefore give

1/2
T < O( X WllT = Allfago + Y Pl fillfa) Il (35)

KeCy, KecCy,

Regarding the term 75, it is sufficient to observe that, due to the symmetry
of €(Vey,) and the definition of p in (3.27), it immediately follows

T, = ;; (e(Ven), p)x = 0. (3.54)

Step 3. We now bound the term T3 in (3.48). Recalling that w € W and the
fact that div Curl ¢ = 0, integration by parts (see the Appendix) for the w
part in 75 gives

(e(Vw), Curl ¢), = (Vw, Curl ¢ n)r (3.55)

= <VU) 'n, [Curl ¢}nn>l“ + <VU) S, [Curl ¢]ns>I‘ =

= <VU) ", [Curl ¢}nn>FSUFF + <vw S, [Curl ¢]ns>I‘F

From identity (3.55), using Corollary 1, we get

m

(e(Vw), Curl ) = > (Vw - s, ¢;)py . (3.56)

i=1

Integration by parts edge by edge in (3.56) now gives

(e(Vw), Curl ¢) (3.57)
=3 Vs =3 3 alwld) — w(?)

where 7, j = 1,2, represent respectively the first and last node of each edge
e along the boundary coordinate s.

Observing that w is continuous and, by definition, null at the endpoints
of each T'%, from (3.57) it follows

(e(Vw), Curl ¢),, = 0. (3.58)
We therefore have

Ty =Y  (e(Vuwy), Curle)

KeCy,
— Z (e(Vwy,), Curl (¢ — dp)) g
KeCy,
+ Z (Vwy), Curl @) (3.59)
KeCy,

13



where ¢; is the approximation of ¢ introduced in Definition 2. Integrating
by parts triangle by triangle and recalling (3.24), we have

> (e(Vwn), Curl (¢ — ¢y) (3.60)
KeCy,

Z Z (Vwp)sk, ¢ — Pp)e =

KeCy ecOK

where sy represents the unit vector which is the counter clockwise rotation
of nx at each edge of K € Cy,.

First integrating by parts and noting that Curl ¢p;;n. is continuous across
edges, then with a simple splitting, it follows

> (e(Vuwn), Curlgy) e = = > > (Vuwy, Curl ¢yng).

KeCy, KeCy, ecOK
== ([Vw],Curl¢;n.). = — Y ([Vuwp], Curlg,n.).
ecéy, e€&l UES
= A[Vwy - s], [Curl pylns)e — Y _([Vuwy - 5], [Curl §yy]ns).
ecEy 665}{
— > A[Vuwn-n], [Curl ¢ylnn)e = Ts + Ts + Ts + T (3.61)
ec€sUE]

Step 4. For the term T} above, first Holder inequalities, then the Agmon and
the inverse inequality, and finally the property (3.23) with m = 1 give

Ty= Y (([Vws], Curl¢yn,).

e€&} UES
_ 1/2 1/2
< (X mVellie) (Y hlCurtggmiay)
ecELUES e UES
B 1/2 1/2
<c( X IVedBg) (X Ieul)
e€&) UES Keky,
1 9 1/2
<o X BVEdB) el (3.62)
eegzUSfL

Again a tangent and normal component splitting applied to (3.62) grants

1 9 1/2
ni<o( Y hNVenllag)  lmo

eeg,ius;;
<c( > nIVen-nl (3.63)
ecELUES:
1/2
+ 3 e sdliEa)  lelme
e€E} UES

14



Observing that

0
[[th : Se]] = 8—[[wh]] Ve € &, (364)
S
where s represents the coordinate along the edge e, standard scaling argu-
ments give
Y Vel - sellfa <C Y0 b TwalllZeg. (3.65)
e€E} UES ec& UES

Combining (3.63) with (3.65) it finally follows

n<C( Y bV nlg) (3.66)
e€E} UES
1/2
+ >0 B ) el
ec& UES

The second term 75 in (3.61) is bounded with identical arguments giving

1/2
75 < O( 3 hPwnlle) ol (3.67)

eesy

We now observe that, along each edge e € &, the normal and tangent vectors
are constant. Therefore, recalling Corollary 1, on each edge of I'sUI'g it holds

N -

0= [Curl @|pn = — [V 5] -1 = —@;—m, (3.68)
S

where s represents, as usual, a coordinate along the edge. Again, using

Corollary 1 and the same argument, we also have that

(¢ -s)
Js

on each edge of I'p. As a consequence of (3.68) and (3.69), we have that ¢
is piecewise linear on I'r and that ¢ - n is piecewise linear on I's. Therefore
we can apply (3.25) which, in combination with Corollary 1, easily gives

is constant (3.69)

[Curl ¢;;]nn = [Curl @, =0 on 'sUTE (3.70)
[Curl ¢;;]ns = [Curl @|ps =c; onT% , i=1,2,...,m.
(3.71)
Due to (3.70) we immediately get
T; =0, (3.72)

while (3.71), following the same argument used in (3.56)(3.58), gives
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Combining (3.59) with (3.60), (3.61), (3.66), (3.67), (3.72) and (3.73) we
finally obtain

o( Y h Ve nedlg (3.74)

e€ElUES
» , \12
Y P enlla)  Ilme.
e€&l UELUES
Step 5. Combining (3.45) with (3.53), (3.54), (3.74) and recalling (3.49),

gives

> lenlie (3.75)

Kecy,
1/2 1/2
< (30 S = fillto + 3o k) (X lenleao)
KeCy, KeCy, Kecy,
which implies (3.44) and hence (3.42) as well. O

3.4 Efficiency

We have the following upper bound for the error estimator. The proof is not
shown here since it is essentially identical to the efficiency proof of [6].

Theorem 2. Let w be the solution of the problem (2.5) and wy, the solution
of the problem (2.8). Then it holds

nx < ||lw —willlng + hi ) f = fallzcro), (3.76)

where ||| - |||n.x represents the local restriction of the norm ||| - |||n to the
triangle K :

011E = 10320 + D b I [0112
ecOK'

+ Z ceh VY ne]3 2 (3.77)

ecOK"

where OK' and OK" follow the definitions (3.3) and (3.4).

4 Numerical results

In this section, we present numerical results from various benchmark tests
with different kinds of domains, boundary conditions and loadings. Our goal
is to illustrate the reliability and robustness of the local error estimator by
means of convergence graphs and mesh plots obtained from adaptively and
uniformly refined computations.

In order to compare the numerical and theoretical results, we have chosen
benchmark problems with known exact solutions, or at least the regularity
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of the exact solutions is known in a qualitative sense. In [7], the same bench-
marks have been used for testing an a posteriori estimator of a C°-continuous
family of Kirchhoff plate elements.

For simplicity, as usual, in all of the test cases the values £ = 1 and
v = 0.3 have been used for the material constants.

4.1 Adaptive solution strategies

We have implemented Method 1 with the estimator of (3.1) in the open-
source finite element software Elmer [18] developed for simulations of multi-
physical problems. However, we emphasize that the error estimator proposed
can be implemented in any adaptive finite element solver utilizing local error
indicators.

For adaptive mesh refinements, the software supports the following method-
ology usually refered as error balancing strategy. First, a coarse starting mesh
is prescribed for the problem considered. After the finite element solution
and the corresponding error indicators are computed for the mesh, a com-
plete remeshing is accomplished by Delaunay triangulations. The strategy
for the refining—coarsening process is based on the local error indicators and
on the assumption that the local error for an element K is of the form

Nk = OKh%-K s (41)

with some constants C'x and pg. A new mesh is then built with the aim of
having the error uniformly distributed over the elements of the new mesh.

We remark that the optimality of the final mesh depends on the desired
maximal mesh density ratio as well as the stopping criteria given, i.e., the
number of refinement steps and the global or local error tolerances. We have
used the value 1.5 as the maximal mesh density ratio defining the change
in the mesh density between two subsequent adaptive steps: For example,
a subdomain currently covered by six elements is covered by four to nine
elements after the next remeshing step.

4.2 Convex rectangular domains — effectivity index

For the first three problems of convex rectangular domains, the exact solution
of each problem can be found as a trigonometric-hyperbolic series which
we have used as a reference solution. For these problems, we compare the
behavior of the estimated and true error, finally reported as the effectivity
index, i.e., the ratio between these two error measures.

4.2.1 Rectangle with simply supported boundaries

We first consider the simply supported rectangle 2 = (0,1) x (—1,1) with
the uniform loading f = 1. The exact solution for the problem can be found
by writing the load as a trigonometric series as specified in [7]. The critical
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corner regularity in this problem is w € H3(2) [21, 8], which implies, in the
light of Proposition 1, the convergence rate O(h?) with o = 1.

The convergence graphs for uniformly refined meshes are shown in Fig-
ure 1 (left). The solid line represents the true error (circles), while the dashed
line indicates the error estimator (asterisks). For clarity, the convergence rate
O(h) is indicated in the same figure as well (dashed line without markers).
We remark that for quasiuniform meshes it holds that h ~ N~'/2 where N
denotes the number of elements in the mesh. The numerical results are in
agreement with the theoretical ones: the behavior of the estimated error is
almost identical with the true error, up to a multiplicative constant.

We note that for adaptively refined meshes the convergence graphs are
practically identical to the present ones for uniform refinements. Since the
exact solution of the problem is regular, this is in agreement with the theory.
Hence, the graphs for adaptive refinements are omitted here and for the other
benchmarks with convex domains below as well.

4.2.2 Rectangle with simply supported and free boundaries

Second, we consider the rectangle Q = (0,1) x (—1, 1) with the simply sup-
ported left and right boundaries {z =0,-1 <y <1}, {z=1,-1<y < 1}
and free bottom and top boundaries {y = —1,0 <z <1}, {y=1,0< 2z <
1}. As above, the loading is constant, f = 1, and again, the exact solution for
the problem can be found by a trigonometric series, see [7]. The regularity
in the corners is again w € H3() [21, 8], which implies the convergence rate
O(h?) = 1.

The convergence graphs for uniformly refined meshes are plotted in Fig-
ure 1 (right), with the solid line representing the true error (triangles), and
the dashed line indicating the error estimator (asterisks). In this case, the
true error and estimator are practically identical.

4.2.3 Square with clamped boundaries

Third, we consider the clamped square 2 = (—1,1) x (-1, 1) with the uniform
loading f = 1. In this case as well, the exact solution can be written as a
trigometric series [7]. Now, the regularity in the corners is w € H*™(Q)
[21, 8, 9], which implies, by Proposition 1, the convergence rate O(h?), o =
min{2.74,1} = 1.

The convergence graphs for uniformly refined meshes are shown in Fig-
ure 2 (left), together with the convergence rate O(h). Comparing the solid
line with squares (true error) and the dashed line with asterisks (error esti-
mator) clearly shows the identical behavior of the error measures.

4.2.4 Effectivity index for the different problem types

In figure 2 (right), the effectivity index for the adaptive error estimator, i.e.,
the ratio between the estimated and true error, is reported for the uniform
refinements of the three test problems above.
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The dashed line in the figure represents the value 1, the effectivity in-
dex lies between 0.6 and 2.9. In all of the test cases, the effectivity index
first slightly decreases (between 8 and 22 elements in the mesh) and then
uniformly remains in the range 0.6 ... 1.0 (between 22 and 23218 elements).
More precisely, after the first two steps, for the problem with simply sup-
ported boundaries (circles) the effectivity index remains around 0.6, while
for the other two problems (squares, triangles) it stays around 1.0.

Finally, we note that the results here are similar to the ones in [7]. Alto-
gether, within these different types of problems, the effectivity index remains
on a certain almost constant level uniformly in the mesh size. Hence, to-
gether with the the theoretical results above, this seems to indicate that the
error estimator can be used as an reliable and efficient error measure.

o

o

o

Convergence of the True error and Error estimator
Convergence of the True error and Error estimator

o
)
©

10' 10° 10° 10 10° 10 10" 10° 10° 10 10
Number of Elements Number of Elements

[S)

Figure 1: Left: Simply supported rectangle; convergence of the true error
(solid line, circles) and the error estimator (dashed line, asterisks). Right:
Simply supported and free rectangle; convergence of the true error (solid
line, triangles) and the error estimator (dashed line, asterisks).

o

Error Estimator / Exact Error

o

Convergence of the True error and Error estimator

Effectivity Index

1
®

o

10° 10° 10 10 10 10' 10° 10° 10* 10°
Number of Elements Number of Elements

o
o

Figure 2: Left: Clamped square; convergence of the true error (solid line,
squares) and the error estimator (dashed line, asterisks). Right: Effectivity
index for uniform refinements; simply supported (circles), simply supported
and free (triangles), clamped (squares) boundaries.
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4.3 Non-convex domains

Next, we consider a set of benchmark problems with nonconvex domains
for which the behavior of the estimated error is reported alone, due to the
lack of known exact solutions. However, the bahaviour of the exact solution
is known in a qualitative sense. In particular, the regularity of the exact
solution is known in the critical reentrant corners.

Within these problems which comprise different types of boundary condi-
tions as well, we focus on comparing estimated errors of uniform and adaptive
refinements.

4.3.1 L-shaped domain with simply supported boundaries

The first nonconvex benchmark problem is a uniformly loaded, f = 1, simply
supported plate of an L-shaped domain €2 with the corners (0, 0), (2,0), (2,1),
(1,1), (1,2) and (0,2). The regularity in the critical L-corner is now w €
H™/3(Q) [21, 8], which implies the convergence rate O(h?), ¢ = min{1/3,1} =
1/3 for uniform refinements. We remark that without the corner singularity
the convergence rate would be of order O(h).

In Figure 3, the convergence graphs are shown for both the uniformly
(circles) and adaptively (triangles) refined meshes. The two upper graphs
(solid lines) represent the global error estimator, while the lower ones (dashed
lines) indicate the maximum local estimator. Moreover, the convergence
rates O(h) and O(h!'/?) are presented in the same figure with dashed lines
(without markers). Finally, two example meshes from adaptive steps with
the distribution of the error estimator are depicted in Figures 7 and 8.

For analyzing the results, we first recall that for quasiuniform meshes it
holds that h ~ N~ with N denoting the number of elements in the mesh.
Now, for the uniform refinements (circles), we see that the convergence rate
first follows the order O(h) and then turns to the order O(h'/?). This holds
not only for the global error estimator but also for the maximum local one.
The adaptive process (triangles), instead, starts as uniform refinements, but
finally shows its robustness and finds the corner singularity and refines locally
near the L-corner. This can be seen in the convergence graphs and in the
meshes of Figures 7 and 8.

In addition to the corner singularity, the method refines the mesh near
the simply supported boundaries as well. This is natural due to the boundary
terms in the error estimator (3.2), which result from the fact that the essential
boundary conditions of the problem are not fully a priori satisfied by the
degrees of freedom of the discrete solution in the finite element space (2.7).

Compared to the results in [7], the refinements near the boundaries im-
plied by the present method can be seen as the main difference. Otherwise,
the results of these two methods are quite similar.
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4.3.2 L-shaped domain with a clamped corner

In this test problem, the two boundaries forming the reentrant corner of the
L-shaped domain are clamped, while the remaining ones are again simply
supported. The regularity in the critical corner is now w € H**4(Q) [21, 8, 9],
which implies the convergence rate O(h?) with o = 0.54.

In Figure 4, the convergence graphs for the uniformly (circles) and adap-
tively (triangles) refined meshes are presented, together with the conver-
gence rates O(h) and O(h%%*) (dashed lines without markers). Two example
meshes from adaptive steps with the error distribution are depicted in Fig-
ures 9 and 10.

Essentially the same comments as for the previous, completely simply
supported L-shaped domain above apply for the results of this problem as
well — except that now the corner singularity is weaker, which implies that,
with respect to the refinement steps and the mesh density, the benefit from
adaptivity comes true later than in the previous case.

4.3.3 L-shaped domain with a free corner

The two edges forming the reentrant corner of the L-shaped domain are now
free, while the remaining ones are simply supported. The regularity in the
corner is now w € H?*%4(Q) [21, 8], which implies the convergence rate O(h?),
o = min{0.64,1} = 0.64.

For this case, the convergence graphs for the uniformly (circles) and adap-
tively (triangles) refined meshes are presented in Figure 4, with the conver-
gence rates O(h) and O(h%51). Example meshes from adaptive steps are
given in Figures 11 and 12.

Now, the corner singularity is once again weaker than before. Hence, in
view of the convergence curves in Figure 5, the superiority of the adaptive
computation is not so clear anymore. However, after some adaptive steps,
the error and refinements still seem to concentrate near to the L-corner and
the simply supported boundaries, see Figures 11 and 12.

4.3.4 M-shaped domain with simply supported boundaries

As the final test for the Morley element, we consider a uniformly loaded,
f =1, M-shaped "corridor” domain with simply supported boundaries. The
corner points of the domain 2 are now (0,0), (1,0), (1,2.5), (2,1), (3,2.5),
(3,0), (4,0), (4,4), (3,4), (2,2.5), (1,4) and (0,4).

The regularity in the critical V-corner in the middle is w € H*2(f2), while
in the two singular corners with widest opening w € H*'(Q) [21, 8]. This
implies the convergence rate O(h?), 0 = min{0.1,0.2,1} = 0.1 for uniform
refinements.

The convergence graphs for the uniformly (circles) and adaptively (trian-
gles) refined meshes, together with the convergence rates O(h) and O(h%1),
are now shown in Figure 6. The example meshes are shown in Figures 13
and 14.
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In this case, there appears strong corner singularities of two different
orders. The global convergence rate for the uniform refinements first follows
the order O(h) of non-singularity, while for further refinements it turns to
following the critical order O(h%1). In the first mesh example of Figure 13, the
two strongest singularities are clearly visible. In the second mesh example of
Figure 14, the method has found and evidently distinguished all of the three
separate corner singularities.
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Appendix

Let v indicate a sufficiently regular scalar field 2 — R. Analogously, let

¢ and o represent, respectively, a vector field Q — R? and a second order

tensor field 2 — R?*2_ both sufficiently regular. Finally, a subindex i after a

comma will indicate a derivative with respect to the coordinate z;, 1 = 1, 2.
We then have the following definitions for the differential operators:

V1 —U2
Vo= "], curlv= “,
V2 U1

(D11 P12 [ —P12 P11
Vo= (¢2,1 ¢2,2)’ Curl¢_(—¢2,2 ¢2,1)’

divep = @11 + ¢a2, 1Ot D = P21 — P12,

. (o111 + 0122 (0121 — 0112
dive = , roto = .
021,1 + 0222 0221 — 0212

Furthermore, the strain tensor is defined as the symmetric gradient,

P12+ P21
o oen B
e(¢) = 19+ P21
— $2,

The corresponding formula for integration by parts are, for a scalar v and
a vector @,

(VU, ¢)Q = —(U, div ¢)Q + <U, d) . n)@g,
(curlv, @) = —(v,rot d)q + (v, @ - 8)aq,

and for a vector ¢ and a tensor o,

(Vo,0)q = —(¢,divo)g + (¢, on)sq,
(Curlg,0)q = —(¢p,rot o)q + (P, 08)sq.
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Figure 3: Simply supported L-corner: Convergence of the global estimator
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Figure 4: Clamped L-corner: Convergence of the global estimator (solid lines)
and the maximum local estimator (dashed lines); Circles for the uniform
refinements, triangles for the adaptive refinements.
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Figure 5: Free L-corner: Convergence of the global estimator (solid lines)
and the maximum local estimator (dashed lines); Circles for the uniform
refinements, triangles for the adaptive refinements.
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Figure 6: Simply supported M-domain: Convergence of the global estimator
(solid lines) and the maximum local estimator (dashed lines); Circles for the
uniform refinements, triangles for the adaptive refinements.
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Figure 7: Simply supported L-corner: Distribution of the error estimator for
the step 3 of the refinement process.
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Figure 8: Simply supported L-corner: Distribution of the error estimator for
the step 11 of the refinement process.
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Figure 10: Clamped L-corner: Distribution of the error estimator for the step
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Figure 11: Free L-corner: Distribution of the error estimator for the step 3
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Figure 12: Free L-corner: Distribution of the error estimator for the step 11
of the refinement process.
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