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Abstract. We derive a residual a posteriori estimator for the Kirchhoff plate bending problem.
We consider the problem with a combination of clamped, simply supported, and free boundary
conditions subject to both distributed and concentrated (point and line) loads. Extensive numerical
computations are presented to verify the functionality of the estimators.
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1. Introduction. The purpose of this paper is to perform an a posteriori error
analysis of conforming finite element methods for the classical Kirchhoff plate bending
model. So far this has not been done in full generality as it comes to the boundary
conditions. Most papers deal only with clamped or simply supported boundaries; see
[28] for conforming C! elements, [9, 16, 28] for the mixed Ciarlet-Raviart method
[11], and [8, 7, 18, 14, 20, 29, 21] for discontinuous Galerkin (dG) methods. The
few papers that do address more general boundary conditions, in particular free, are
[5, 19], in which the nonconforming Morley element is analyzed, [3, 4], where a new
mixed method is introduced and analyzed, and [18], where a continuous/discontinuous
Galerkin method is considered. One should also note that the Ciarlet—Raviart method
cannot even be defined for general boundary conditions. Free boundary conditions
could be treated using dG methods following an analysis similar to the one presented
here.

In this study, we will derive a posteriori estimates using conforming methods and
allowing for a combination of clamped, simply supported, and free boundaries. In
addition, we will investigate the effect of concentrated point and line loads, which are
not only admissible in our H?-conforming setting but of great engineering interest,
on our a posteriori bounds in numerical experiments.

The outline of the paper is the following. In section 2, we recall the Kirchhoff-Love
plate model by presenting its variational formulation and the corresponding boundary
value problem. We perform this in detail for the following reasons. First, as noted
above, general boundary conditions are rarely considered in the numerical analysis
literature. Second, the free boundary conditions consist of a vanishing normal moment
and a vanishing Kirchhoff shear force. These arise from the variational formulation
via successive integrations by parts. It turns out that the same steps are needed
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in the a posteriori analysis in order to obtain a sharp estimate, i.e., both reliable
and efficient. In the following two sections, we present the classical conforming finite
element methods and derive new a posteriori error estimates. In the last section, we
present the results of our numerical experiments computed with the triangular Argyris
element. We consider the point, line, and square load cases with simply supported
boundary conditions in a square domain as well as solve the problem in an L-shaped
domain with uniform loading using different combinations of boundary conditions.

2. The Kirchhoff plate model. The dual kinematic and force variables in
the model are the curvature and the moment tensors. Given the deflection u of the
midsurface of the plate, the curvature is defined through

(2.1) K(u) = —e(Vu),
with the infinitesimal strain operator defined by

(2.2) e(v) = = (Vv + Vo'),

N

where (Vv);; = gzj The dual force variable, the moment tensor M, is related to K

through the constitutive relation

d3
(2.3) M (u) = E(C K(u),

where d denotes the plate thickness and where we have assumed an isotropic linearly
elastic material, i.e.,

_ B v 2% 2
(2.4) CA1+V(A+1_y(trA)I> VA € R*°.

Here F and v are the Young’s modulus and the Poisson ratio, respectively. The shear
force is denoted by Q = Q(u). The moment equilibrium equation reads as

(2.5) div M (u) = Q(u),

where div is the vector-valued divergence operator applied to tensors. The transverse
shear equilibrium equation is

(2.6) —divQ(u) =1,

with [ denoting the transverse loading. Using the constitutive relationship (2.4), a
straightforward elimination yields the well-known Kirchhoff-Love plate equation,

(2.7 A(u) := DA*u =1,
where the so-called bending stiffness D is defined as

Ed?

(2.8) D= Tt

Let 2 C R? be a polygonal domain that describes the midsurface of the plate.
The plate is considered to be clamped on I'. C 92, simply supported on I'y C 99,
and free on I't C 012, as depicted in Figure 1. The loading is assumed to consist of a
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Fic. 1. Definition sketch of a Kirchhoff plate with the different loadings and boundary conditions.

distributed load f € L?(2), a load g € L?(S) along the line S C Q, and a point load
F at an interior point zy € €.

Next, we will turn to the boundary conditions, which are best understood from
the variational formulation. (Historically, this was also how they were first discovered
by Kirchhoff; cf. [26].) The elastic energy of the plate as a function of the deflection

1

v is 5a(v,v), with the bilinear form a defined by

d3
(2.9) a(w,v) = / M(w) : K(v)dx = / E(C e(Vw) : (Vo) dz,
Q Q
and the potential energy due to the loading is
(2.10) l(v) = fvdx+/gvds+Fv(xo).
Q S
Defining the space of kinematically admissible deflections
(2.11) V ={veH*Q):v[r.ur, =0, Vo n|r, =0},
minimization of the total energy
1

(2.12) u = argmin < —a(v,v) — l(v)

veV 2

leads to the following problem formulation.

PROBLEM 1 (variational formulation). Find v € V' such that
(2.13) a(u,v) =1(v) YveV.

To derive the corresponding boundary value problem, we recall the following
integration by parts formula, valid in any domain R C :

/RM(w) . K(v)d

(2.14) = / div M (w) - Vo dx — M(w)n - Vuvds
R AR

:/ A(w)vdz + Q(w) -nvds — M(w)n - Vuds.
R oR aR
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At the boundary OR, the correct physical quantities are the components in the normal
n and tangential s directions. Therefore, we write

v v
(2.15) Vv = " + 255

and define the normal shear force and the normal and twisting moments as

Qn(w) =Q(w) -n, M,,(w)=n -Mw)n,

(2.16) M,s(w) = Mg, (w) = s - M (w)n.

With this notation, we can write

(w) -novds — M(w)n - Vuds
aR OR

(2.17)
0 0
= - Qn(w)vds — /aR (M,m(w)az + Mnb(w)als}) ds

and thus rewrite the integration by parts formula (2.14) as
/M(w) : K(v)de
R

(2.18) Z/R.A(u))vdx+ aRQn(w)vds

ov ov
_ /33 (Mnn(w)an + Mns(w)as> ds.

The key observation for deriving the correct boundary conditions is that, at any

boundary point, a value of v specifies also % Defining the Kirchhoff shear force

(cf. [12, 23, 13))

OM,,s(w)
s
an integration by parts on a smooth part S of OR yields

(2.19) Va(w) = Qn(w) +

e20) [ Quupas- [ M) Pots = [ vatwpwas - " Mo (w),

a

where a and b are the end points of S.
We are now in position to state the boundary value problem for the Kirchhoff
plate model. Assuming a smooth solution u in (2.13), we have

a(u,v) Z/Q.A(U)U dz + /89 Qn(u)vds

ov ov
— /6(2 <Mnn(u)8n + Mm(u)as) ds.

With the combination of clamped, simply supported, and free boundary conditions
at 02 =T, Uy UTt, we have for any v € V,

Qn(uw)vds — /

o0

(2.21)

Mnn(u)@ + M, (u)% ds
’ Ov Ov

= Qnuvds—/ Mnsu—ds—/ M, (u) —ds.
[ Quwds = [ Moo Glas— [ w0
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In the final step, we integrate by parts at the free part of the boundary. To this end,
let T = U4 Tk, with T} smooth. Integrating by parts over I': yields

ov Ci
(2.23) Qn(uw)vds — Mys(u)=—ds= | Vy(uw)vds— M s(u)v,
Ty Ty 9 Jr
where ¢y and ¢,,+1 are the end points of I't and ¢;, « = 1,...,m, its successive interior

corners. Combining (2.21)—(2.23), and noting that v(co) = v(¢my1) = 0, gives finally

a(u,v) = /A(u)vdxf/ Mnn(u)@ds
Q [ Ul on
(2.24) -

+ Z} /F Vo(u)vds — Z} { (M (u)

where M, (u) it = hme~>0+ Mns(”) cite(cit1—ci)

Choosing v € V in such a way that three of the four terms in (2.24) vanish and
the test function in the fourth term remains arbitrary and repeating this for each
term, we arrive at the following boundary value problem:

e In the domain we have the distributional differential equation

cit — Mps (U)

Ci*} U(ci)>

(2.25) Aw) =1 inQ,

where [ is the distribution defined by (2.10).
On the clamped part we have the conditions

0
(2.26) u=0 and a—z =0 onl..

On the simply supported part it holds that

(2.27) u=0 and M,,(u) =0 on I.

On the free part it holds that

(2.28) My (u) =0and V,(u) =0 onT} i=1,...,m.

At the interior corners on the free part, we have the matching condition on
the twisting moments

(2.29) My, (u)

it = Mps(u)|e,—  for all corners ¢;, i =1,...,m.

3. The finite element method and the a posteriori error analysis. The
finite element method is defined on a mesh Cj consisting of shape regular triangles.
We assume that the point load is applied on a node of the mesh. Further, we assume
that the triangulation is such that the applied line load is on element edges. We denote
the edges in the mesh by &, and divide them into the following parts: the edges in
the interior &, the edges on the curve of the line load & C &}, and the edges on the
free and simply supported boundary, 8,]: and &;, respectively. The conforming finite
element space is denoted by V}. Different choices for V}, are presented in section 4.
Note that we often write a < b (or a 2 b ) when a < Cb (or a > Cb) for some positive
constant C independent of the finite element mesh.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/19/19 to 130.233.216.233. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

A POSTERIORI ESTIMATES FOR PLATE ELEMENTS A1391

PROBLEM 2 (the finite element method). Find uy € V}, such that
(3.1) a(up,vp) = Uvp) Yop € Vi,

Let K and K’ be two adjoining triangles with normals n and n’, respectively,
and with the common edge £ = K N K’. On E we define the following jumps:

(32) [[Mnn(v)]”E == Mnn(v) - Mn’n’ (U)
and
(3.3) [Ve()]le = Va(v) + Vo (v).

In the analysis, we will need the Girault—Scott [15] interpolation operator IIj, :
V' — V}, for which the following estimate holds:

Y hte —w|§  + Y hpHIV(w — w)lff
KeCy, Ee€é&y

+ > e -Thwlge S wl;  and  [[Thwllz S [w]l2.
Eec&y,

(3.4)

Note that the Girault—Scott interpolant uses point values at the vertices of the mesh.
We use this property in the proof of Theorem 1 to derive a proper upper bound for
the error in terms of the edge residuals.
Next, we formulate an a posteriori estimate for Problem 2. The local error indi-
cators are the following:
e the residual on each element,

hicllA(un) = fllox, K € Cp;

the residual of the normal moment jump along interior edges,

hlE/QH[[Mnn (up) Ho m PE Ehs

the residual of the jump in the effective shear force along interior edges,
W2 Vi (un)] = gllo.g,  E € £,
| Vaun)llo.e, E € €\ &

the normal moment on edges at the free and simply supported boundaries,

il * | Mo ()| e B € ELUE;

the effective shear force along edges at the free boundary,
W2 Va(un)llos, E €]
The global error estimator is then defined through

= > hicllACwn) = fl3 + D hENVa(un)] - gllf &

KeCh Eegp
3 2 2
(3.5) + Z Rl [Va (w5, 5 + Z hE”[[M"”(uh)]]HOE
E€&iN\EY Eeg;,
2
+ > IV l5e+ Y bl Man(un)|fg -
EcE] Ecgfues
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THEOREM 1 (a posteriori estimate). The following estimate holds:
(3.6) lu—unll2 S

Proof. Let w = u — up, and w := IIyw € V, be its interpolant. In view of the
well-known coercivity of the bilinear form a and Galerkin orthogonality, we have

lu —upl3 < alu —up,w) = a(u — up, w — W)
(3.7) _ ~
=l(w—w) — a(up, w — w).

Since z( is a mesh node and the interpolant uses nodal values, we have

(3.8) F(w(zo) — w(zo)) =0,
and hence
(3.9) (w—w)=(f,w—w)+ {g,w—W)gs.

From integration by parts over the element edges, using the fact that the interpolant
uses values at the nodes, it then follows that

[ — un|3
§(f,w—w)+<g,w w)s — a(up, w —w)
=:(f,U)—-uﬂ-+<g >
- Z { (Aun), w — ) ;¢ + (Qn(un), w — W)ox
Kecy,

(3.10) — (Mo (un), 2 (w — @))ox — (Mon(un), 2 (w — @))ox

= (f,w—w)+(g,w —w)s

3 {(Alun)yw = @) + Valun),w — @ox

KeCy,

— (M (un), 2 (w — @)) ok }-
Regrouping and recalling definitions (3.2) and (3.3) yields

lu = unl3

S Y (= Alun),w— )

KeCy,

= (Walw)] - gw—@p— S (Valun)]w— @)
(3.11) Be&y Begi\&f

= S M (un)], 52 (w0 — @) g

Eeg]

=Y Valwn)yw=@)g— Y (Mun(un), 5% (w —@))s.

s 5
Eeg! Eeglues

The asserted a posteriori estimate now follows by applying the Cauchy—-Schwarz in-
equality and the interpolation estimate (3.4). d
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Instead of the jump terms in the estimator 7, we could consider the normal and
twisting moment jumps

Wil > 1M )l o 2N TMs ()]

and the normal shear force jumps

R NQn (w0, B 11Qn(un)] — gllo,e-

In this case we cannot, however, prove the efficiency, i.e., the lower bounds.
Next, we will consider the question of efficiency. Let f; € V}, be the interpolant
of f and define

(3.12) osci (f) = hillf = fullox-

Similarly, for a polynomial approximation g, of g on £ C S we define

(3.13) oscp(g) = hyl*[lg — gnllo. -

In the following theorem, wg stands for the union of elements sharing an edge E. In
its proof, we will adopt some of the techniques used in [17].

THEOREM 2 (lower bounds). For all v, € V}, it holds that

(3.14) Wil A(on) = fllo.x S (f), K €Cy,
(3.15) A I [Mun(on)]llo,m S llu — vall2.ws + > ose(f), E €&,

KCwg

(3.16) W2 Vaon)llo.e S llu— vnllows + Y osex(f), E€E&\E,
KCwpg

(3.17) B3| [Vi(wn)] — + > oscx(f) +oscr(g), E €&,
KCwg

(3.18) hil2 || My (010,52 < + Y osex(f), Eeglug,
KCwg

(3.19) W2 Vi wn)lo.s S + 3 osex(f), Eeégl.
KCwg

Proof. Denote by bk € Ps(K) the sixth-order bubble that, together with its first-
order derivatives, vanishes on 9K, i.e., let by = (A1 kA2 kA3 1 )%, where Aj i are the
barycentric coordinates for K. Then we define

(3.20) v = brhk(A(vp) — fn) in K and g =0in Q\ K

for v, € V. The problem statement gives

(3.21) ax (u,vK) = (f,7x) K
where ag (u,vk) = [ M K(vk)dz. We have
hicl| A(vn) — hicllV/br (Avn) — fu) I3
(322) = (A(Uh) - fhv’YK)K
= (A(vn), 7x)x — (f,7x)x + (f = fro 76 K

=ag(vn —u,vx) + (f = fry 76K
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The local bound (3.14) now follows from applying the continuity of a, the Cauchy—
Schwarz inequality, and inverse estimates.

Next, consider inequality (3.15). Suppose E = K7 N K5 for the triangles K; and
Ks; thus wg = K1 U Ky. Let Ag € Pi(wg) be the linear polynomial satisfying

8)\E
2 A = d —=1
(3 3) E'|E 0 an 8’[7,]3 s

and let p; be the polynomial that satisfies p1|g = [Mun(vp)]|g and apl \E = 0.
Moreover, let po € Ps(wg) be the eighth-order bubble that takes value one at the
midpoint of the edge E and, together with its first-order derivatives, vanishes on
Owg. Define w = Agp1ps2. Since

ow - 8)\]3

HMnn ('Uh)]]p2 = [[Mnn (Uh)ﬂp%

scaling yields the equivalence

[T [FEE i N Y 38

= <[[Mrbn Uh ’%>E

(3.25)

Furthermore, since

ow

(3.26) 2|

=0, w|puows =0 and Vuw|g,, =0,

the integration by parts formula (2.18) yields
(3.27) (M (vn)] ,anE / M (vp) (w)dz + (A(vp), w)wg-
Extending w by zero to Q \ wg, we obtain from the problem statement (2.13)
(3.28) / M(u): K(w)dz — (f,w),, = 0.

wp

Hence, using the Cauchy—Schwarz inequality, we get from (3.27)

<HMnn(vh ]]7 ong >E

(3.29) = M(u—wvp) : K(w)dz + (A(vg) — f,w)wp

wWE

+ [ A@R) = fllows llwllo.ws-

By scaling, one easily shows that

pol/2 3/2

(3.30) [wl2.wp S hp and [|wlo.wp S B

HanEHOE HanEHOE

The estimate (3.15) then follows from (3.24), (3.25), (3.29), (3.30), and the already
proved bound (3.14).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/19/19 to 130.233.216.233. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

A POSTERIORI ESTIMATES FOR PLATE ELEMENTS

A1395

FIG. 2. A depiction of the sets wg (the entire polygon) and w'; (the gray area). The triangles

K| and K, are symmetric with respect to the edge E.

Since (3.16) follows from (3.17) with g = 0, we prove the latter. Due to the
regularity condition imposed on the mesh there exists for each edge E a symmetric
pair of smaller triangles (K7, K}) that satisfy wf = K| U K} C wg; see Figure 2. Let
w' = ph([Vi(vr)] — gn), where p) is the eighth-order bubble that takes value one at
the midpoint of E and, together with its first-order derivatives, vanishes on dw%. By

the norm equivalence, we first have

(3.31) 1TV (on)] = gl = w13 & S ([Va(on)] = gn, w')E.
Next, we write
(3.32) ([Va(wn)l = gn,w') e = ([Va(on)] — 9, w") e + (9 — gn, w') -

Due to symmetry, %—“7’1/|E = 0, and hence (2.18) and (2.20) give
(Va(on)] = 9. w") e = ([Va(on)], w') e — (g, 0')E

= M(vp) : K(w')dx — (.A(Uh),w/)wjg —(g,w") .

7
Wi

(3.33)

Extending w’ by zero to 2\ wl;, the variational form (2.13) implies that

(3.34) M(u) : K(w')dz — (f,w')w, — (9,0")p = 0.

’
Wg

Hence,

(335 (WVao] = g.w)e = [ Mo —u): K(w)do+ (7 = Awn) v}y

and the Cauchy—Schwarz inequality, scaling estimates, and (3.14) give

(Va(vn)] = g,uw") &

<0 (lu—vn

|25, + i AWR) = Fllowy,) lw'llo.

<R (u—vhu,w + ) oscK<f>> [ [|o, 5

Kewg

(3.36)
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The asserted estimate then follows from (3.31), (3.32), and (3.36).
The estimates (3.18), (3.19) are proved similarly to the bounds (3.15) and (3.16),
respectively. ]

The above estimates provide the following global bound.

THEOREM 3. It holds that
(3.37) n < llu — unll2 + osc(f) + osc(g),

where

(3.38) osc(f) = | Z osck(f)2  and osc(g) = | Z oscp(g)?.
KeCp, Eeg?

4. The choice of V},. Let us briefly discuss some possible choices of conforming
finite elements for the plate bending problem. Each choice consists of a polynomial
space P and of a set of N degrees of freedom defined through a functional £ : C*° — R.
We denote by x*, k € {1,2,3}, the vertices of the triangle and by e, k € {1,2,3},
the midpoints of the edges, i.e.,

1 Lo 2 2 _ 1, o 3 3 Lo 3
(4.1) e :5(:0 +x°), e :i(w +x°), e :5(33 + 7).

The simplest H?2-conforming triangular finite element that is locally H*(K) in

each K is the Bell triangle.

DEFINITION 1 (Bell triangle, N = 18).

. P={p e P5(K): gk € Ps(E) VE C K},
w(z") for1<k<3,

(4.3) L(w) = %(wk) for1<k<3and1<i<2,
ot (@*) for 1<k <3and1<i,j<2.

Even though the polynomial space associated with the Bell triangle is not the
whole P5(K) it is still larger than P4(K). This can in some cases complicate the
implementation. Moreover, the asymptotic interpolation estimates for Ps(K) are not
obtained. This can be compensated by adding three degrees of freedom at the mid-
points of the edges of the triangle and increasing accordingly the size of the polynomial
space.

DEFINITION 2 (Argyris triangle, N = 21).

w(zk) for1 <k <3,

fe(dh)  for1<k<3and1<i<2,
(4.5) L(w) = 7

afiéuzj(wk) for1<k<3and1l<i,j<2,

Ju(er)  for1<k<3.

The Argyris triangle can be further generalized to higher-order polynomial spaces;
cf. Solin [25]. Triangular macroelements such as the Hsieh—Clough—Tocher triangle
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are not locally H*(K) and therefore additional jump terms are present inside the
elements. Various conforming quadrilateral elements have been proposed in the liter-
ature for the plate bending problem; cf. Ciarlet [10]. The proofs of the lower bound
that we presented do not directly apply to quadrilateral elements, but the techniques
can be adapted to them as well.

5. Numerical results. In our examples, we will use the fifth-degree Argyris
triangle. On a uniform mesh for a solution u € H"(2), with r > 2, we thus have the
error estimate [10]

(5.1) lu—unlle S hlul.

with s = min{r — 2,4}. Since the mesh length is related to the number of degrees of
freedom N by h ~ N~/2 on a uniform mesh, we can also write

(5.2) u —upll2 S N7*/2|ul,..
If the solution is smooth, say, r > 6, we thus have the estimates
(5.3) |u —upll2 <A and |Ju —uplls S N2

In fact, the rate N2 is optimal also on a general mesh since, except for a polynomial
solution, it holds that [2, 1]

(5-4) lu = unll2 2 N72.

In the adaptive computations we use the following strategy for marking the ele-
ments that will be refined [28].

ALGORITHM 1. Given a partition Cy, error indicators ng, K € Cp, and a thresh-
old 6 € (0,1), mark K for refinement if nxg > 6 maxg:cc, K-

The parameter 6 has an effect on the portion of elements that are marked, i.e.,
for 6 = 0 all elements are marked and for § = 1 only the element with the largest
error indicator value is marked. We simply take 8 = 0.5, which has proven to be a
feasible choice in most cases.

The set of marked elements are refined using Triangle [24], version 1.6, by requir-
ing additional vertices at the edge midpoints of the marked elements and by allowing
the mesh generator to improve mesh quality through extra vertices. The default
minimum interior angle constraint of 20 degrees is used.

The regularity of the solution depends on the regularity of the load and the corner
singularities; cf. [6]. Below we consider two sets of problems, one where the regularity
is mainly restricted by the load, and another one where the load is uniform and the
corner singularities dominate.

5.1. Square plate, Navier solution. A classical series solution to the Kirch-
hoff plate bending problem, the Navier solution [27], in the special case of a unit
square with simply supported boundaries and the loading

(5.5) )= o feelh—agtdx[z-di+d,
0 otherwise,
reads
L d
(5.6) u(z,y Dﬁfg Z Z sin “5* sin 5 sin mmesin nw e sin .

mn(m?2 + n?)?
m=1n=1
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1 1.0
0.8 1 0.8
0.6 1 0.6
0.4 1 0.4
0.2 1 0.2
0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

F1c. 3. Initial and 6 times refined meshes in the point load case.

1.0, _-
036 018
032 0.16
028 014
024 012
020 0.10
016 0.08
012 0.06
0.08 0.04
0.04 0.02
1.0, - 1.0 -
0.045
0.040
0035
0.030
0.025
0.020
0.015
0.010
0.005
0.0120
0.0225
0.0105
0.0200
0.0175 0.0090
0.0150 0.0075
00125 0.0060
0.0100
0.0045
0.0075
0.0030
0.0050
0.0025 0.0015

F1G. 4. Elementwise error estimators in the point load case.
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100 |- —e— Uniform ||
I —=— Adaptive
| \ O(N*Of’)
<
I O(N2) |
107 |- -
L | | |

102 10°
N

Fic. 5. The results of the point load case.

In the limit ¢ — 0 and 2c¢fy — go we get the line load solution

890 sin T sin &F sin nwd )
(5.7) u(z, =55 Z Z o o an)g sin mmz sin nmy,
m=1n=1

and in the limit ¢,d — 0 and 4cdfy — Fj we obtain the point load solution

oo o0

4F0 sin T gin &%
5.8 i .
(5.8) u(z, Z Z m2 n n2 sin mmx sin nTy
m=1n=1

From the series we can infer that the solution is in H3~¢(Q), H7/27¢(2), and H/27¢(Q2),
for any € > 0, for the point load, the line load, and the square load, respectively, in
the three cases. On a uniform mesh, one should thus observe the convergence rates
N70‘5 N70.75 and N71.25

K K N
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T T T T T T
1.1F =
=
ol
JERT |
|
Q
09} 5

| | | | | |
100 200 300 400 500 600
N

Fic. 6. The efficiency of the estimator in the point load case. The normalization parameter c
is chosen as the mean value of the ratio n/||u — upl||.

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Fic. 7. Initial and 6 times refined meshes for the line load case.

An unfortunate property of the series solutions is that the partial sums converge
very slowly. This makes computing the difference between the finite element solution
and the series solution in H?(Q)- and L?(Q)-norms a challenging task since the finite
element solution quickly ends up being more accurate than any reasonable partial sum.
In fact, the “exact” series solution is practically useless, for example, for computing
the shear force, which is an important design parameter.

The H?(Q)-norm is equivalent to the energy norm,

(5.9) lloll = v a(v,v),

with which the error is straightforward to compute. In view of the Galerkin orthogo-
nality and symmetry, one obtains

(5.10) Il = unll® = a(u = up,u) = U(u = up),

i.e., the error is given by

(5.11) e —wpll] = VIlw— up).
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Fi1c. 8. Results of the line load case.

1.0 s

0.0040
0.0035
0.0030
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0.0015
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0.00036
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0.00008

0.00004
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0.000008

Fi1c. 9. Elementwise error estimators for the line load case.
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0.8 0.8
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0.4 0.4

0.2 0.2

Fic. 10. Initial and 8 times refined meshes for the square load case.
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103 10*
N

FiG. 11. Results of the square load case.

This is especially useful for the point load for which

(5.12) llu = unll = /Fo(u(}, ) — un(3, ).

Evaluating the series solution at the point of maximum deflection gives [27]

>\ o~ (sin 2T sin 2T)2

4F
11y 0 2 2
ulz,3) = Drd > (m2 + n?)?2
m=1n=1
2
4F) & mr\2 = (sin ")
5.13 = =2 <~ 44,> sy
(5.13) Drt 2 S n; (m2 + n2)2

12 (sinh mm — m)

- FO i (Sin )
- 2Dn3 = m3(1 4 coshmm)

We first consider a point load with Fp = 1, d = 1, E = 1, and v = 0.3 and
compare the true error with the estimator 7. In this case, we have the approximate

maximum displacement u(%, %) ~ 0.1266812, computed by evaluating and summing
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1.0 7y

0.00045
0.00120

0.00040
0.00105

0.00035
0.00090

0.00030
0.00075 000025
0.00060 0.00020
0.00045 0.00015
0.00030 0.00010
0.00015 0.00005
0.00018 0.00008
0.00016 0.00007
0.00014 0.00006
0.00012

0.00005
0.00010

0.00004
0.00008

0.00003
0.00006

0.00002
0.00004
0.00002 0.00001

0.000028
0.000056

0.000024
0.000048
0.000040 0.000020
0.000032 0.000016
0.000024 0.000012
0.000016 0.000008
0.000008 0.000004

7
10 i 0.0000135

0.0000064
0.0000120

0.0000056
0.0000105

0.0000048
0.0000090

0.0000040
0.0000075
0.0000060 0.0000032
0.0000045 0.0000024
0.0000030 0.0000016
0.0000015 0.0000008

Fic. 12. Elementwise error estimators in the square load case.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/19/19 to 130.233.216.233. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

A1404 T. GUSTAFSSON, R. STENBERG, AND J. VIDEMAN

1.0 1.0,

0.5 0.5

0.0 0.0

-0.5 -0.5

0.5 0.5

0.0 0.0

Fic. 13. The initial (top right) and the final meshes with different boundary conditions. The
boundary conditions at the reentrant corner are either simply supported (top right), clamped (bottom
left), or free (bottom right). Surprisingly enough, the meshes for the simply supported and clamped
boundaries end up being exactly the same.

the first 10 million terms of the series (5.13). Starting with an initial mesh shown in
Figure 3, we repeatedly mark and refine the mesh to obtain a sequence of meshes;
see Figure 4, where the values of the elementwise error estimators are depicted for
four consecutive meshes. Note that the estimator and the adapted marking strategy
initially refine heavily in the neighborhood of the point load as one might expect based
on the regularity of the solution in the vicinity of the point load.

In addition to the adaptive strategy, we solve the problem using a uniform mesh
family where we repeatedly split each triangle into four subtriangles starting from
the initial mesh of Figure 3. The energy norm error and 7 versus the number of
degrees of freedom N are plotted in Figure 5. The results show that the adaptive
meshing strategy improves significantly the rate of convergence in the energy norm. In
Figure 5, we have also plotted, for reference, the slopes corresponding to the expected
convergence rate O(N %) for uniform refinement and the optimal convergence rate
for Ps elements, O(N~2).

In Figure 5 it is further revealed that the energy norm error and the estimator n
follow similar trends. This is exactly what one would expect given that the estimator
is an upper and a lower bound for the true error modulo an unknown constant. This
is better seen by drawing the normalized ratio n over ||u — uy]||; see Figure 6. Since
the estimator correctly follows the true error and an accurate computation of norms
like || — upl|2 is expensive, the rest of the experiments document only the values of
n and N for the purpose of giving an idea of the convergence rates.
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F1G. 14. L-shaped domain results. Simply supported (top), clamped (middle), and free (bottom)
boundary conditions on the reentrant corner.
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We continue with the line load case taking go = 1 and d = %, and using the
same material parameter values as before. The initial and final meshes are shown in
Figure 7. The estimator can be seen to primarly focus on the end points of the line
load. The values of 7 and N are visualized in Figure 8, together with the expected
and the optimal rates of convergence. Again the adaptive strategy improves the
convergence of the total error in comparison to the uniform refinement strategy. The
local error estimators and the adaptive process are presented in Figure 9.

We finish this subsection by solving the square load case with fo =1, c=d = %
and the same material parameters as before. The initial and the final meshes are
shown in Figure 10. The convergence rates are visualized in Figure 11 and the local
error estimators in Figure 12. An improvement in the convergence rate is again visible
in the results.

5.2. L-shaped domain. Next we solve the Kirchhoff plate problem in an
L-shaped domain with uniform loading f = 1 and the following three sets of boundary
conditions:

1. simply supported on all boundaries,

2. clamped on all boundaries,

3. free on the edges sharing the reentrant corner and simply supported along

the rest of the boundary.

Due to the presence of a reentrant corner, the solutions belong to H2-33(Q), H?-54(Q),
and H?%%4(Q) in the cases 1, 2 and 3, respectively (see [22]). As before, we use
fifth-order Argyris elements to demonstrate the effectiveness of the adaptive solution
strategy. The initial and the final meshes are shown in Figure 13. The resulting total
error estimators and unknown counts are visualized in Figure 14.
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