Hinged and supported plates with corners
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Abstract. We consider the Kirchhoff-Love model for the supported plate, that is, the fourth order
differential equation A?u = f with appropriate boundary conditions. Due to the expectation that a
downwardly directed force f will imply that the plate, which is supported at its boundary, touches
that support everywhere, one commonly identifies those boundary conditions with the ones for
the so-called hinged plate: u = 0 = Au — (1 — o) Kun. Engineers however are usually aware that
rectangular roofs tend to bend upwards near the corners and this would mean that u = 0 is not
appropriate. We will confirm this behaviour and show the difference of the supported and the
hinged plates in case of domains with corners.
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1. Introduction

1.1. Description and motivation

Consider a thin plate subjected to a negative (downward) vertical load that lies freely at its sides on a
supporting structure. Whenever the plate touches its support, the corresponding boundary condition
fixes the height. A second boundary condition, which is necessary for the Kirchhoff-Love model of
the plate in order to find a well-posed boundary value problem, comes naturally from the variational
model describing the energy. This set of boundary conditions are known as hinged. However, if the
plate does not touch its supporting structure, one finds a different set of boundary conditions. So it
means that a supported plate may satisfy different sets of boundary conditions at different parts at
the boundary. For a downward force one expects the plate to touch at least at some boundary parts.
In the mathematical and engineering literature the (simply) supported and hinged boundary
conditions are often confused; see also the comments by Blaauwendraad on [4, Chapter 13.4]. So before
deriving a mathematical formulation let us clearly describe these two types of boundary conditions:

e hinged: the deflection of the plate is zero on the boundary;
e supported: the deflection of the plate cannot become negative on the boundary.

So the main question is:

Does a plate which is supported at its boundary by walls of constant height and is pushed
downwards, touch this supporting structure everywhere?

In engineering literature that considers supported plates, such as [4, 5], one finds that a rectan-
gular supported plate will lift at the corners when pushed downwards. A rule of thumb is described
by Figure 1. One approximates a thin plate by a configuration of 9 rigid tiles, elastically connected
to each other, and supposes that the force is distributed over 12 points at the boundary. Pushed
downwards by a uniformly distributed weight of size 1, the forces working on these 12 points act as
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depicted in Figure 1. That is, upward forces appear at the corners which, if the roof is not fixed to its
supporting walls, will tend to move the plate upwards.

Figure 1. A discretized square roof with homogeneous weight distribution lifts at the corners
(see [4, Chapter 9.3] or [4, p. 18]).

Here we will show that a similar result comes out of the analysis of a model that uses the
continuous formulation. Within the framework of this Kirchhoff-Love model, a negatively loaded,
simply supported plate will exhibit bending moments, concentrated at the corners, which will force
the plate to lift there. The unilateral boundary condition that is involved makes the present model of
the supported plate nonlinear.

Friedrichs in [9] is one of the first to give a modern variational formulation for the plate. See
also [8]. Kirchhoff plates under several linear boundary conditions with angular corners have been
studied in the seminal paper by Blum and Rannacher [6] from 1980. For numerical approaches to this
biharmonic plate model we refer to a paper by Babuska and Li [3]. Corner singularities for clamped and
so-called ‘supported’ Kirchhoff plates have been numerically dealt with in [23], [22]. In [4, Chapter
13.4] one finds numerical evidence that a square, supported plate under a uniform load will move
upwards near the corners.

1.2. The mathematical setting

The Kirchhoff-Love model for thin elastic plates can be considered as the Euler-Lagrange equation
that arises in the following minimization problem:

Find ug : Q — R in an appropriate family of functions V such that:
uo = argmin{u € V; J, (u)} (1.1)
with
Jo(u) = /Q (3(Au)® + (1 - U)(uiy — UgglUyy) — fu) dA (1.2)

Here Q represents the shape of the plate and u(x) the deflection at x € Q under the vertical
load density f(x). The mechanical problem that we are interested in concerns a downward force
f < 0 resulting in a largely negative deflection u. The parameter o denotes the Poisson ratio of
the plate, constant for the homogeneous situation considere here, and, depending on the material,
varying from —1 up to 0.5. The minimal value of the functional corresponds to the elastic energy of
the deformed plate. The minimizer u, if it exists, gives the deflection of the plate. Introducing the
boundary conditions through an appropriate set of functions V, one models the different cases; see
[31] for a detailed discussion.
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Assuming that the minimizer is smooth enough, one can perform the usual integration by parts
of the weak Euler-Lagrange equation J. (u;¢) = 0, that is

/ (AuAp + (1 — 0) (2UgyPay — UzaPyy — UyyPaz) — fp) dA =0 for all ¢ € V,
Q

to obtain, for a sufficiently smooth domain, the differential equation and the corresponding natural
boundary conditions.

e For the hinged plate the appropriate function space for the weak setting is
Y =Ww>2(Q)n W, 3(Q),
for the notation see e.g. [2]. A strong solution should satisfy the boundary value problem:
Au=f in Q,
u=0 on 042, (1.3)
oAu~+ (1 —0)up, =0 on IN.
e For the simply supported plate the weak setting uses
V= {ueW>2(@) and min(u,0) € W)}

In this case we are minimizing in a closed subset of W22(Q) and the solution will satisfy a
variational inequality. Applying local arguments one sees that a strong solution u should satisfy:

Ay=f in Q,
u>0 on 0,
oAu+ (1 —0)up, =0 on 09, (1.4)

u(z) = 0 or 9, (Au(x)) (1= 0)unrr(z) =0 for z € OO

Here n and 7 represent the exterior normal and the counter-clockwise tangent vectors respectively.
The third equation in (1.3) and (1.4) can be rewritten as

oAu~+ (1 = 0)upy = Au— (1 — 0)urr — (1 — 0)kuy, on 052

and u,|sq = 0 when ulgg = 0. The function & is the signed curvature of the boundary taken positive
on strictly convex boundary parts.

The Poisson ratio gives a measure of the tendency of materials to expand or contract in the other
directions when they are forced to expand or contract in one direction. Most materials tend to expand
when forcefully contracted in one direction and thus possess a positive Poisson ratio; cork has almost
zero and metals are close to 0.3, whereas for some exotic foam polymers o < 0, i.e. they can contract
in all directions when they are forced to do so only in one. See [31] and references therein.

1.3. The set-up of this paper

We deal with hinged and supported plates that have at most finitely many convex or concave corners
with smooth remaining boundary parts. The existence results in the weak setting do not depend to
strongly on the presence of these corners and will be considered in Section 2.

After having existence for the hinged and the supported case, we want to compare both solutions.
In order to do so we will need some more regularity and this depends strongly on the presence of
corners. This is dealt with at Section 3. We need to distinguish between convex and concave corners.
Moreover, for the hinged problem on convex corners there is a difference between acute (< %7‘(’), square
(= 1) and obtuse (€ (3, 7)). We will measure angles from inside and assume C4-smoothness outside
those corners.

e By a concave corner we mean that after a possible rotation and a translation to put the corner
in O, we may write locally, for some open neighborhood U of O, that

QNU = {(z1,72) ;22 > min (@1 (21) , 2 (1))} NU
with @1,¢09 € C* (=1,1) and ¢; (0) = 2 (0) = 0, ¢} (0) > ¢4 (0).
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Vv

Figure 2. Respectively a concave, an obtuse-convex and acute-convex corner.

e By a convex corner we mean that after a possible rotation and a translation we may write locally,
that
QNU = {(x1,22) ;22 > max (¢1 (1), 2 (1))} NU

with 1,2 € C*(—1,1) and 1 (0) = ¢2 (0) = 0, ¥} (0) > ¢4 (0). In this setting acute means

¥} (0) ¢4 (0) < —1 and obtuse ¢} (0) ¢ (0) > —1. For a square angle it holds that ¢} (0) ¢4 (0) =

—1.

In two dimensions such a curvilinear corner can be mapped through a two-side-bounded biconfor-
mal mapping on a domain which is locally polygonal with a corner of the same angle. For a conformal
mapping h one finds A (uo h) = |/|> (Au) o h. Two-side-bounded biconformal mapping h is means
0<ec <IN |2 < ¢ < 0. Since a polygonal angle will simplify the mathematics involved, we will
sometimes just consider this setting.

The case of square angles presents a special case for the hinged plate. If the force f equals zero in
a neighborhood of the corner, the presence of this corner no longer puts a restriction on the regularity.
An outline of this case was presented in [30]. The details can be found in Section 3.1.

For plates with general angles we need to use the theory due to Kondratiev, see [18], which is
based on the asymptotic formula due to [32].

In Section 4 we will show our main result, namely that the supported plate generically is not
supported everywhere on the boundary but comes loose at certain subsets of the boundary. In other
words, the hinged and the supported plate behave differently.

Finally, in the Appendix, we show some numerical results for a supported L-shaped plate with
different loads.

2. Existence results

Let us start with some notation. For the appropriate function classes )V we write
e hinged case: Hy(Q) := W22(Q) N Wy2(Q),
e supported case: H; (Q) := {u € W22(Q) ‘u‘ ‘= —min(u,0) € W, *(Q) }
We let d)\ and ds denote respectively the 2D and 1D boundary Lebesgue measures. Moreover,
differentiation will be denoted with subscripts (e.g. ug, Uy, Uzy), 7 and 7 will denote the exterior
normal and counter-clockwise oriented tangent vector respectively and the LP? and W™P norms will

be written as [-[|, and [|-||,,, ,, whenever there is no confusion on the domain of integration. We will
:
also use the following semi-norm

luly o = [[|V2ul]], -
Note that |-[, , is a norm in Ho(f2) which is equivalent to [|-[|5 5. See Appendix 5.
Remark 2.1. One should notice that H, () is closed in W22(Q). Indeed, let u, € H,(Q) with

U, — u € W22(Q) in the W22 norm topology. Then u, — w in W1%(Q), which implies that
W3 2(9) 3 u; — u~. Since Wy2(Q) is closed in W12(Q) it holds that u~ € Wy2().
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2.1. The hinged case

We establish the existence of a minimizer for J, in the aforementioned cases. When the plate is hinged,
existence is a straightforward and a classical result but we include it here for the sake of completeness.

Theorem 2.2 (Existence and uniqueness for the hinged case). Let Q@ C R™ be open, bounded with
Lipschitz boundary. Let J, be as in (1.2) with —1 < o < 1 and f € L?(). Then J, possesses a
unique minimizer in Hy(Q).

Proof. Defining the bilinear form

gy (u,v) = / (AuAv + (1 = 0)(2uUayVsy — UggVyy — uwvm)) dX, (2.1)
Q

we can write

1 roN _
iag(u,u)—/ﬂfu d\ and J. (u;v) = ay(u,v) /va dA.

One has the following estimate

oo (uu) = /Q (Au)? +2(1 = 0) (12, — tggtuyy)) dA

Ja(“) =

2/ (3uZ, + 3ud, + (1 — 0)ul, + 0 Uggliyy) dX
Q

Y

21~ (o) [ (& (s +03,) +02,) ah = (1= o) ul3, (2.2)

and coercivity is implied by Corollary 5.4. Since «, (u,v) is a continuous bilinear form and satisfies
(2.2), a direct application of the Lax-Milgram Lemma (e.g. [21, page 57]) completes the proof. O

2.2. The supported case and the variational inequality

Proving the existence of minimizers in H, (£2) is not so straightforward. Two problems appear that
make it more appropriate to consider an alternative approach: the nature of the boundary conditions
and the fact that the corresponding bilinear form is not obviously coercive. Thus, we will prove
existence by studying the corresponding variational inequality and its regularization.

The connection between variational inequalities and minimization problems is well known (see
[17]) and illustrated by the following Lemma which we include for the sake of completeness.

Lemma 2.3. Let X be a Banach space, F € C1(X;R) a convex functional, i.e.
F(u+t(v—u)) < F(u)—l—t(F(v) —F(u)) foru,v € X and t €10,1],

and let K C X be closed and convex. For u € K the following statements are equivalent.

(i) F'(uyv—u) >0 forallve K,
(i) F(u) :vmellr(lF(U)

Here F'(u; h) denotes the Gateauz derivative of F' at u in the direction of h.
Proof. (i) = (i). Since F is convex, one has that

F (u (o — u)) ~ F(u)
F'(ujv —u) = lim
t10 t
ie. F(u) < F(v) for allv € K.

) <
(#3) = (¢). Assume that v minimizes F' in K and let v € K. Since K is convex it holds that
u+t(v —u) € K, for all t € [0,1]. This implies that the C' function

< F(v) — F(u), for allv € K,

g(t) == F (u . u)) with ¢ € [0,1],
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attains its minimum at ¢ = 0, i.e. ¢’(0) > 0 or
Fl(ujv—u) >0

We will now move on to the theorem.

Theorem 2.4 (Existence for the supported case). Let Q € R? with a Lipschitz boundary and —1 <
o < 1. Moreover assume that 0 % f € L?(2) such that

/ fCdX <0, for all nontrivial ¢ € H () with ay,(¢,¢) = 0. (2.3)
Q

Then, there exists a minimizer u, € H1(Q) of J,.

Remark 2.5. (i) The functions ¢ which satisfy (2.3) are nothing more than the affine functions with
nonnegative boundary values. They represent the rigid motions of an unloaded plate. Assumption
(2.3) implies that the force density is such that all nontrivial nonnegative rigid motions will increase
the energy: J, (u+7r) > J, (u) for all r = a -z + b = 0 on Q. For the condition (2.3) to be satisfied it
is not necessary that f is nonpositive everywhere.

(ii) The condition also implies that there exists zo € 9 such that uy(xg) = 0: assume that
the plate does not touch 99 and so h = 7}161(191%2 tg(x) > 0. Then u, — h € Hy () and

Jo(ug — h) = Jy(uy) —|—/ fhdh < Js(uy),
Q

which is a contradiction, since u, is supposed to be a minimizer. In fact, the same argument shows
that h = 0 is the only affine function such that u, — h € Hy ().
(iii) A failure to fulfill (2.3) will result in the existence of multiple minimizers or even the

non-existence of such. To see this, assume that u, is a minimizer and that {y is a nontrivial affine
function in H, (Q) for which [, f¢o dX > 0. Then

To (g + Co) = Jo(ug) — /Q FCo dN < Jo(un).

Hence u,, if it exists, is not unique. If fQ f¢o dX\ > 0 then no minimizer exists, since u, +t (o € Hy ()
for all t > 0 and

lim Jy(uy 4 t¢p) = —00.

t— o0

Proof of Theorem 2.4. Following Lemma 2.3 a minimizer is a function u, € H4(£2) such that
J. (up;v —uy) >0 for all v € Hy (). (2.4)

Since the functional J, is not coercive on W22(Q) or H,(Q2) we are going to consider an elliptic
regularization of a, .
Define the inner product ((-,-)) on W?22(Q) by

(u,v) = /Q (uwv + Vu - Vv + V2u - V?0) dA

and consider for € > 0:
Qe (U, ) = a (u,v) + ¢ (u,v)) for u,v € W>2(Q). (2.5)

Let J, . be the corresponding regularized functional, i.e.

1
Joe (u) = iag,g(u, u) — /Q fudA,

!/
and let J _: Hy(Q) — <W22(Q)) denote the Gateaux derivative of J, . given by

J;,e (u§ v) = aO’,E(u7 'U) - / f'U d.
Q
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We stay within the setting of [17, Chapter III]. Since u +— /e (u,u) is a norm on W22(Q), the
mapping u — J(’,ys(u; -) is continuous and strictly monotone:

o (uyu—v) = J,  (v;u—v) = age(u—v,u—v) >0, for u,ve H(Q) (2.6)
with a strict inequality for u # v, and coercive in the sense that:
J (uu
lim 70’5( ) = 400
ueH () [[ullyo
llwlly =00

(take ¢ = 0 in [17, Definition 1.3, p. 84]). We also have that H () is closed (see Remark 2.1) and
convex in W22(Q). Then [17, Corollary 1.8, p. 87] implies the existence of u. € H () satisfying

Tl o (ussv —ue) > 0 for all v € Hy(Q). (2.7)
By the strict monotonicity u. is unique: if u., % would both satisfy (2.7), then
0> J(/ns (ue;ue —ve) — .](/,75 (Ve; Ue — Ve) = g e(u — v,u —v) > 0.

Rephrased (2.7) means that

O e (Ue, e — V) < / f(ue —v) dX for all v € Hi (Q), (2.8)
Q
which implies
Ore(V,ue — V) = pe(Ue,Ue — V) — Qo e(Ue — U, U — V)
< / flue —v) dX for all v € H (). (2.9)
Q

In fact (2.8) and (2.9) are equivalent. This equivalence is known as Minty’s lemma (see [17,
Lemma 1.5, p. 84]).

So we have a unique minimizer u. of J, (u) + ¢ (u,u)) in Hy ().

What happens if we let € | 07 If [luc[|,, is uniformly bounded, then, since bounded sets in
W22(Q) are weakly precompact, there exists u. € W22(£2) and a weakly convergent sequence u., —
ue. The weak lower semicontinuity of uw +— J, (u) implies

Jo (uy) < liminf J, (ue, ) = liminf (ngen (ue, ) — %sn ((usn,usn)))

n— oo n—0o0
s < Timi _
hnn—l>1<>I<I>f Joe,, (Ue,) < hnn—1>101<1>f Joe, (V) =y (V).

for any v € Hy (). So, J, has a minimizer u, and we are done. See also [17, Theorem 2.1, p. 88].

Now suppose that [|uc||, , is not uniformly bounded, that is, there exists a subsequence {u., },,cx

-1 . .
9.0 Us, € Hy(S2), there exists a subsequence, again

with e, — 0 and [|ue, ||, , — 00. Setting wy, = [Juc,
denoted w,, that weakly converges in W22(Q), say w,, — w. Since H () is closed and convex it is
also weakly closed by Mazur’s Lemma (see [21, Theorem 6 page 103]). Hence w € H(Q2). Use (2.8)
and estimate (2.2) with v =0, € = ¢,, and divide by ||u€n|\§’2 to get

2
Ao e (Uanauen) —&n ‘“en |2,2

0<(1—lof) |wn|§,2 < ag(wn,wp) =

2
[[ate., 2,2
1
l|ue,, 2,2 JQ [[te,, 2,2
w,
< ||f||2 || €n||2,2 —e, = ||f||2 — e, (210)
l|ue,, 2,2 e, 2,2
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Thus it follows that |wy,|,, — 0 for n — co. Moreover the functional ||, , : W*%(Q2) — R is weakly
lower semicontinuous. Indeed

/ O |2 d\ — / Oaw|>dr = / (Duttn, — Bat) (Dat, + D) dA
Q Q Q
= / (OaWy — Oqw) (Oqwy — Oqw + 20,w) dA
Q

_ / (Oucton, — Do) dA + 2/ (et — Do) Doty A
Q Q

> 2/ (OaWn, — Oqw) Opw dA
Q

for any multi-index o = (@1, az) with |a| = 2. Since [, (Oawn — aw) dgwdA — 0 as n — oo we
obtain the claim and thus |wl|, , = 0. Hence w is affine.
Dividing (2.9) by [|ue, [, » we find

e, (v,wn — ||ugn||2_; v) < / f (wn - HuEHHQ_é v) d) for all v € Hy(Q). (2.11)
Q

Since w, — w in W2 (Q) and since |Jwy, ||y, = 1 we find that
e, (V,W,) = ag (V,w) for n — co.

Since moreover ||u8n||2_é — 0and [, f w, d\ — [, f w dX, one finds from (2.11) that
o, (v,w) < /Qf w dA for all v € Hi (). (2.12)
Since w is affine, it follows that
0=a,(v,w) < /Qf w dA <0 for all v € H; (Q),

with a strict inequality and hence a contradiction unless w = 0. So w = 0.

By (2.10) we have |wy|,, — 0 for n — oo. The compact embedding of W?2(Q) into W'?(Q2)
implies that w, — w strongly in W2(Q) and it follows that [[wy||, , — 0. Since ||.||; 4 + ||, , and
[[-l,5 are equivalent norms one finds that ||wy||, , — 0 for n — co which contradicts [[wy[l22 =1. O

Next we show the uniqueness of the minimizer.

Proposition 2.6. Having the same assumptions as in Theorem 2.4, the minimizer u, of J, is unique

Proof. Let u,v € Hy(Q). Then one has that

J:;(“?” - ’U) — J:,(’U;u — U) =
= [ (=02t (= 0 4 200 = = 0y 4200 = ) 2, )
Q

> (1 Jol) [ (w0 + (w3, + 20— 0)2,) A
Q
=1 —lo)|u—vl22 >0 (2.13)
with equality if and only if v — v is affine. Now let v, € H () with v, # u, such that
JL (vo;v —v,) >0, for all v € Hy (Q). (2.14)
Assume that u, — v, is not affine. Then, using (2.13) we obtain

I (Vo5U0 — Vo) < I (Ug; Ue — Vo) = =T (Ug; 05 — Ug) <0
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which is contradicting (2.14), since J/ (uy; v—u,) > 0 for all v € H, (). That means that w := uy — v,
is affine and one has

Jo (o) = J5 (Ve +w) = J5(vy) — /Q fwd\ > Js(uy)

if and only if w #0. ]

3. The regularity of hinged plates

A corner with angle %ﬂ' forms an exceptional case, in the sense that the solution has more regularity
then for corners near %77. We will first consider rectangular plate and would like to remark that similar
results hold locally whenever the plate has a corner with angle %w without being rectangular.

3.1. The hinged rectangular plate
3.1.1. An extension and a density lemma on a rectangle. When one considers functions on € that
are 0 on 02, corners in the boundary 92 may imply loss of regularity or demand extra conditions
for the behaviour of the function near such corners. Usually regularity near the boundary is obtained
by defining an extension operator on functions on €2 to those that live on a neighbourhood of €. For
domains with corners such an extension operator may be, if it exists, rather technical. The straight
angles of a rectangle
R = (0,a) x (0,b) (3.1)
with a,b > 0 however allow the following straightforward extension:
Lemma 3.1. Let R be as in (3.1). For u: R — R let us define
—u (_J"?y) fOT (—Jf,y) € R;
Eu(z,y) =4 —ulz,—y) for (z,—y) €R,
u(fxafy) fOT’ (7‘%3 7y) € R;
0 elsewhere.
Hence Fu defines a function from [—a,a] X [=b,b] to R. Set Rg = (—a,a) x (—b,b). Then
1. Let v € [0,1]. The operator E : C*Y (ﬁ) N Cy (ﬁ) — L (ﬁo) N Cy (ﬁo) s continuous.
2. The operator E: W2 (R) N Wy (R) — W22 (Ro) N Wy (Ro) is continuous.

A y -
< ‘1 - - A v -~

v v v

Figure 8. The construction of this extension can be viewed as unfolding a bulging doubly
folded piece of paper.

Proof. We will prove that the range of E is well defined and contained in the appropriate spaces. The
continuity is then immediate. Let us consider
u(x,y) for (z,y) € R,
Eru(z,y) = —u(-=z,y) for (-z,y) €R,
0 elsewhere,

which defines a first antisymmetric reflection to [—a,a] x [0,b] . With a similarly defined E5 in the
y-direction one finds E = Fs o Ey. It is thus enough to give the proof for F;.
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For the first item it is sufficient to notice that due to u (0,y) = 0 the function Eju and its first
derivatives are continuous over {0} x [0, b].
A short proof of the second item uses elliptic regularity. Set

- (Au) (:TJ, y) for (l‘, y) € R7
f (f,y) = (A'LL) (—l',y) for (_‘T,y) € Rv
0 elsewhere.
Then f € L?(Q). Let Ry = (—a,a) x (0,b) and consider the following

{ —Au=f on Ry,

i=0 ondRy, (3.2)

Problem (3.2) has a unique weak solution 4 € VVO1 2 (R1) and since R; is convex one even finds
@€ W22 (Ry1) (see [16]). Now define

U
Then @ € W22 (Ry) and it satisfies (3.2). Since strong solutions of (3.2) are unique (see [11]) we find
@ = U and thus
71(03 y) = ﬂ(07y) = 717,(0,y), Le. (Ovy) = 0.
Thus @ —u € 11/22 (R) and since —A (& —u) =0in R and @ = u = 0 on IR we find by uniqueness
that @ = u on R, that is & = Fyu € W22 (Ry). O

Remark 3.2. Let Ggr, denote the solution operator for (3.2). Then the last steps of the proof say
EGr = Gr,E. (3.3)
We recall the following definitions
C*R) = {ue C*(R); 0,u bounded, uniformly continuous in R,
for all @ € N x N with |a| < k},
C*([R) = ﬁ C*(R),
k=0

Co(R) = {ueC(R); u=00ndR}.

Since R is bounded and has a Lipschitz boundary there exists a total extension operator for R (see [2,
Theorem 5.24, p. 154]) and thus C*°(R) coincides with the space of functions in C> (R?), restricted
to R.

The result that follows is closely related to [15, Theorem 1.6.2].

= =l
Corollary 3.3. C=(R)NCy(R) ~° = Hy(R).
Proof. Since C*(R) N Cy(R) C Ho(R) and Hy(R) is closed the C-direction is immediate. Let us
write Roo = (—2a,2a) x (—2b,2b). For the other inclusion we may use Lemma 3.1 twice to define a
extension operator
E :R® — RRoo, (3.4)
that is, from functions on R to functions on Rgg. First we extend in an odd way as for E from
[0,a] x [0,b] to [0,2a] x [0,2b] and next again in an odd way, which could also be called a periodic
extension, from [0, 2a] x [0, 2b] to [—2a,2a] x [—2b, 2b]. See Figure 4. By Lemma 3.1 E is continuous
as operator from W22 (R) N Wy (R) to W22 (Rgo) N Wy* (Roo)-
Next we define a function xy € C*° (Rg) with 0 < x < 1 which satisfies
_ { 1 on (—%a,%ag x (—3b,3b),
X 0 on Ry \ (—ga, ga) X (—%b, %b) .
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el
/"“'4 ri;:l 3\

Figure 4. E extends a function on R to a function on Roo by respectively ‘unfolding’ to
east, north, west and south.

If u € Hy(R) then Bu € Hy(Roo) and xEu € W7 *(Roo). Using the standard mollifier with z =
(z,y) € R?

SR
ce == for |z| < 1,
p1(2) =

0, for |z| >1

with ¢71 = / ¢ T d) and 0:(2) = e 2p1(2/e), we find for the convolution
R2

- - b
e x xXEu € C5° (Rgp) for e < dist (supp xFEu, 87200) = min (g 3)

and

ws*xEu—EH — 0 for € | 0.
2(Roo)

It follows that

"(@E*XEu) —u — 0 for e | 0.

IR W2.2(R)
By the symmetry of E and e and the fact that y = 1 near IR it follows that ¢, * xEu =0 on R
for € small enough. Hence (gog * XE’u)l € Cy ( ) for those small €. O

3.1.2. The Dirichlet Laplace problem on a rectangle. We will show that a hinged rectangular plate
solves the Navier Bilaplace problem. To that end we recall some results for the Dirichlet Laplace
problem on a rectangle.

In the proof of Lemma 3.1 we have used properties of the solution of the Dirichlet-Laplace
problem. Indeed, if f € L? (R) then the solution of

{ —Au=f onR,

u=0 ondR, (3.5)

satisfies u € W22 (R) N W, > (R). If f € C7 (R) with v € (0,1), then Ef € L*® (Rgo) and in general
Ef ¢cv (Roo), such that for the solution we may conclude using regularity on Ro that u € W2 (R)
for any p € (1,00) and through a Sobolev imbedding that v € C'*+ (ﬁ) for any 6 € (0,1). This is the
optimal regularity if we refrain from putting additional restrictions on f.

3.1.3. Iterated Dirichlet Laplace and Navier Bilaplace. Concerning the Navier boundary conditions
for the Bilaplace operator, i.e. the problem

A%u=f onR,
{ Au=u=0 on IR, (3.6)

an iterated use of the regularity for (3.5) yields a function u € W%2?(R) with Au € W22(R) satisfying

{ —Au=w in R, { —Aw=f in R,

u=>0 on IR, w=~0 on OR. (3.7)
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But this does not give a priori the optimal result: For any bounded domain 2 and f € L?(f2) one
obtains a unique weak solution 4 € Hy () of (3.6) by minimizing the functional

Iy (u):/ﬂ(% (Au)Q—fu> dX.

On smooth boundary parts one finds that this solution 4 satisfies Au = 0. However, this function
is not necessarily the same as the system solution: Au € W22 (Q) does not imply u € W42 (Q) in
general (see [27]).

However, if f = 0 on R and f € C7(R), then Ef € C7(Rgo). This implies that when we
consider (3.6) as an iterated Dirichlet Laplacian a better regularity result is available for the second
step.

Lemma 3.4. If f € L?(R) then the weak solution (u,—Au) € Wy (R) x Wy'> (R) of (3.7) satisfies
u€ W2 (R).

Proof. Assuming that E and Rgg are as in (3.4), we have that Ef e L? (Roo). Solving

9~
{ A1 gff on Roo, (38)

one finds by standard regularity theory (see [1]) for the weak solution that @ € Wi’f (Q) for any
domain  with Q C Rgo. This implies that R € W42 (R). Since Ef is antisymmetric and the weak
solution of (3.8) is unique, applying an argument similar to that in the proof of Lemma 3.1(2) one
finds that @ satisfies

u(z,y) = —u(-z,y) = —u(z,~y) = u(-z,~y)
for x € Ry = (0,2a) x (0,2b). Thus

At (z,y) = —At(—z,y) = —Atu(z, —y) = At (—z, —y)

which implies that & = Au = 0 on OR. So we have found that (ﬁle —Aﬁm) is a solution to
(3.6). Hence we may conclude that u = 4 € W42 (R). O

3.1.4. A regularity result for the rectangular plate. Let us use the following notation
K(u) = / det(V2u)d\, for u € W22(R),
R
where V?u is the Hessian matrix of u and det(V?u) = tqtyy — u3,,. Defining

J1(u) ::/ (3(Au)? = fu) dA
R
we obtain the following decomposition of the energy functional:
Jo(u) = Ji(u) — (1 — 0)K(u). (3.9)

In fact K(u) will turn out to be a boundary term and its behaviour is going to yield the corresponding
natural boundary conditions for a Kirchhoff plate (see also [15, Lemma 2.2.2]). When the domain is
smooth, one can apply the argumentation found in [28] or [31]. For our rectangular domain we use
Corollary 3.3.

Lemma 3.5. Let u € C*°(R) N Co(R). Then for all v € C*(R)

K' (ujv) = —/ UrnUrdT = 2 [uxyv]ggjggiggizg +/ T—Ts
IR R

Here the entries above have a plus sign, those below a minus sign.
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Proof. Standard use of Fubini and integrating by parts gives

a a b
/Ruzcyvxy dx = / [“xy(x’y)vx(xay)]zzo da:—/ / Uy (T, Y) vz (7, y) dy dz
0 0o Jo

[ ettty [ [ vyt de iy
Since R has boundary parts parallel to the axes,

u(z,0) = u(z,b) = u(0,y) = u(a,y) =0
implies that

uww(xa 0) = uwx(xa b) = uyy(07 y) = Uyy(avy) = 07

and one obtains

/Rumvyy d\ = / [z (2, y)vy (2, Y)] / / Ugay (2, Y)vy (2, y) dy dz

/ / Uzay (T, Y)Vy (2, y) dy dz

/Ruyyvm d\ = /b [uyy (2, ) vz (2, y)}z 0dy — / / Ugyy (2, Y)Vz (2, y) dzdy

/ / Ugyy (2, Y) V2 (2, y) da dy.

Thus, a direct calculation yields that

and similarly

K'(ujv) = / (UpaUyy + Uyy Uz — 2UzyVsy) dA

b
- / by (2 9) (2, )] s — /0 [ty (2, )0 (5, )]° o ly

0

= / Uy V7 AT
oR

Moreover, by

—/ Uy (@, b) vy (z,b)dr = [uwyv]gg Z;—&-/ Ugzy (2, b)v(z,b)dx,
0 0
a a
/ Ugy (2, 0)vg(z,0)dr = [umyv]gg’gg—/ Ugay (2, b)v(2, b)dz,
0 ’ 0
b ) b
- [Cuntenendy = =l + [ w(a vy,
0 0
b o) b
/Ouxy(O,y)vy(O,y)dy = [uayv](gg) — /Ouzyy(O,y)v(O,y)d%
we find
K (u;v) =2 [U:cy”]Egjg;ﬁiEng —|—/ UrrnUAT
R
and the lemma is proved. O

Corollary 3.6. K(u) =0 for allu € Hy(R).
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Proof. Let u € Ho(R). Using Corollary 3.3 we can find a sequence {uj}ren C C*°(R) N Co(R) such
that u, — u in Ho(R) for k — oo. For uj, € C*®(R) N Co(R) one finds

1
K(ug) = iK/ (ug; ug)

and by Lemma 3.5
K’ (ug;ug) = —/ (uk) ., (ug), dr = 0.

OR
Since (u,v) — K'(u;v) is continuous on Hy(R) x Hp(R), one has
1 1
K(u) = =K' (u;u) = = lim K (ug;ug) = 0.
2 2 k—oo

O

Remark 3.7. Thus, in the case of a rectangular plate with fixed boundary the total energy functional
becomes

Jo(u) = Ji(u) = / (2(Au)® — fu) dA.

R
Corollary 3.8. If @ is a minimizer of J, in Ho(R) with f € L*(R) then u € W*2(R).
Proof. This is a direct result of Remark 3.7 and Lemma 3.4. (]

3.2. A plate with corners of arbitrary opening angle

Here we consider the general case where the corners of the plate have an arbitrary opening angle
w € (0,27), measured from the inside. Note that one does not expect that the solution will have the
regularity that a rectangular plate exhibits, unless some orthogonality conditions are fulfilled. Follow-
ing the theory developed by Kondrat’ev and Williams [18, 32], the solutions will have an expansion
near the corner consisting of a regular part and a singular one. The coefficients of these “singular
eigenfunctions” depend on the domain and f; they are going to be zero only when f is orthogonal to
a set of “adjoint eigenfunctions”. Before we move on we will need the following definitions:

Definition 3.9 (Weighted Sobolev spaces on cones.). Let m € N? and (r,6) be a polar coordinate
system centered at zo € R™. For w € (0,27) let

Kegw = {(rcosf,rsinf) € R% r >0and 0 < 0 < w}.
Then we define

2
lullvrc,,.) = Z/ r2e=k=lmD|g ul? dx (3.10)
m| <k Ko

and the following weighted space on Kg,:

|- .
\l ch’f

Vo (Kagw) = C5°(Kapw \ {z0}) . (3.11)
Remark 3.10. For S C Q we take
Ce® (Q\S) = {u € C(Q); Jv € C=(R"), such that Vg = u and suppu C Q\S} .

Next we are going to define a weighted Sobolev space over a bounded domain 2 C R2. For that,
we are assuming that 92 is C2-smooth with the exception of a finite number of points, where it locally
coincides with a cone, that is, if z € 9§ is a singular point, there exists & > 0 and w € (0,27) such
that

QN B:(z) = Ky N Be(z), (3.12)

where K, ., is as in the above Definition.
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Definition 3.11 (Weighted Sobolev spaces on domains.). Let S be the set of conical points of J. Let
€ > 0 be such that (3.12) holds for every = € S and for these z € S let {, € C*°(Q) be a cut-off
function with

Cx:{ 1 inQnNB. (),

0 in Q)\ B.(z).
Moreover, set { =1— " ¢ ¢, and

C/Y\A_ Cu  in QN B.(z) C Ky,
S 0 inK,\ B:(z).

Then we define

——
VEQ) = Cr@\S) Y, (3.13)
where
HUHVO’;"(Q) = H<u||W’€»2(Q) + Z ||Czu||véc(;cz)‘ (3.14)
T€S

Definition 3.12. We define V™" %(89) to be the space of traces on 9§ of functions in VE(Q) with
the norm

||U||V§—1/2(an) = Ue%f(m HUHV&C(Q) )

For boundary value problems on polygonal domains we refer to the monographs [14, 15]. For
more general elliptic operators with a wider class of singularities see [19, 20, 25, 26]. The biharmonic
problem for a so-called freely supported plate is studied in [24].

3.2.1. The boundary value problem. We start with two useful observations that are going to enable us
to compare minimizers and solutions for the hinged plate boundary value problem in weighted spaces.
The goal is to show that a minimizer of J, in Hy(f2) satisfies a boundary value problem away from
the cornerpoints in a weighted Sobolev space and vice versa. Thus we are going to be able to prove
existence of a strong solution in a weighted space.

Lemma 3.13. Let u, be a minimizer of J, in Hy(Q). Then
J (ug;us) =0 and J (ug;v) >0 for allv e Hy (). (3.15)
Proof. Since u, is a minimizer, it satisfies the variational inequality
J (Ug;v —uy) >0 for all v € Hy (Q).
Taking v = 2u, € Hy () and v =0 € H; (Q) completes the proof. O
In the next lemma we consider for w € (0,27) the bounded cone

Qu == {(rcosf,rsinf) eER* 0<r<land 0<f<w}.

Lemma 3.14. Let 0, fori=1,...,4 a multiindex with i = |i|, denote any partial derivative of order i.
Then the bilinear forms

(i) bi(u,v) := 0?u 0'v ds,
a0,
(ii) ba(u,v) := 0*u 0*v dxdy and
Q,
(iii) b3(u,v) := O*u v dxdy
Qu

are continuous in Vs (Qw) X Ho(Qw)-
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Proof. (i) Since u € V31(€,), one gets that 0?u € V2(€)y,), that is

Puppq,, € V2 (00,) © V)2 (02),
with the last imbedding taken from [19, Lemma 6.1.2]. On the other hand, we have that

Hy () C V5 () NV ()
(see [27, Lemma 3.4]) and thus 9'vjgq,, € V01/2(8Qw) C V91/2(8§2w). Then, by Cauchy-Schwarz, one
gets

b1 (u,v)| = / (r%82u) (Tﬁ%alv)ds
o0

</mw r (0%u)? ds)é (/mw =1 (0M)? ds)é

cl|0%u] a0y Iollvaco -

(ii) The result is immediate since 0%u € V£ (Q,,) C VP(Q,) = L2 ().
(#i) One has the following estimate

IN

IN

|bs(u,v)] = /(r284u)(r_21)) dzdy
Qu
< (/ T4|84u|2dmdy) </ r_4|v|2d:1cdy) . (3.16)
Qe Qo
N N
A B

Moreover, since u € V3!(€,,), we get that

Z/ P49 dady = |l (3.17)
Qo

Im|<4
and since v € Hy(€2,) C V02 (Q,) (see [27, Lemma 3.4]) it holds with Corollary 5.4 that
< X[ oo dedy = ol < ellvl (3.13)
|m|<2
Combining (3.16), (3.17) and (3.18) completes the proof. O

The above Lemma enables us to integrate by parts functions which belong to a weighted space.

Corollary 3.15. Let Q C R? be bounded, piecewise smooth with corner boundary singularities, u €
V3H(Q) and v € Ho(2). Then the following Green’s identity holds:

/ AulAv dxdy = / A?u v dedy + Ay 0pv ds. (3.19)
Q Q a0

Proof. Let S be the set of cornerpoints of 9 and {uz}, oy C C5°(Q2\ S), such that
dmffux = ullys o) =0

Then, (3.19) holds true for u = uj and Lemma 3.14 allows us to take the limit as k — oo to complete
the proof. 0

As in previous sections, we define
K(u) = / det(V?u) dxdy
Q

for u € W22(Q), where V2u denotes the Hessian matrix of u.
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Corollary 3.16. Let Q C R? be bounded and piecewise smooth with corner boundary singularities and
let S be the set containing the corners of 02. Then the following holds true:

(i) For all u € Ho(2) and v € W32(Q) it holds that

K'(u;v) = /89 (K(8) Opu Opv + Opu Orrv) ds. (3.20)
(ii) For all u € Ho(Q2) we have
K(u) = %/89 #(8)(Onu)? ds. (3.21)

(iii) (u,v) — K'(u;v) is a continuous bilinear form on V3 () x Ho(Q).

Proof. For smooth u, v one obtains (i) and (i) by a direct computation; see for example [10, 28]. The
proof follows then by a density argument and by using [15, Theorem 1.6.2].
Concerning (iii), one gets

K (u;v) = / (K(8) Opu Opv + Opv Orru) ds
o0

for u € C§°(Q2\S) and v € Ho(Q2). The result follows then by density with the help of Lemma 3.14. [

Now we are able to give the relationship between the minimization and the boundary value
problem for a hinged plate.
Corollary 3.17. Let f € L*(Q) and -1 < o < 1.
e The solution of the hinged plate, i.e. the unique minimizer of Jo in Ho(Q) lies in W2 (Qy), for
any open y with Q1 C Q\ S, and satisfies
Au=f a.e. in §2,
u=0 on 092, (3.22)
Au—(1—-0)k0pu=0 ondQ\S,
where S is the set of corners of 0N2.
o Ifu e Vi Q) satisfies (3.22) then it is a minimizer of J, in Ho(Q).
Proof. Let € > 0 and define
B(S):= | B:(»).

€S
Since problem (3.22) is regular on 02\ S and the boundary of the domain is smooth away from the
corners, one can show, using standard regularity techiniques, that the minimizer u € Hy(2) of J, lies
in W*2(Q\ B(S)). Then one has that J'(u; @) = 0 for all ¢ € C°°(2) N Cy(2) compactly supported
with supp ¢ C Q\ B(S) and an integration by parts is allowed:

0 = / _ (Audp — fo)dady — (1 — 0)K' (us; )
9O\B(S)

= / 7(A2u_f)<pd$+/ 7(Au—(1—0)m9nu)8napds
O\ B(S) 0Q\B(S)

_/ L ((1 —0) Orrnu+ 8nAu> @ ds. (3.23)
OON\B(S)

Thus, one obtains the differential equation in © \ B(S) and the natural boundary condition on 92\
B(S). Letting € — 0 we get that
A*u=finQ and Au— (1—0)k0,u=0o0n N\ S.

On the other hand, (3.20) and Green’s identity (3.19) imply that if for the solution u to (3.22)
holds that u € V5'(Q), then u will satisfy the weak Euler-Lagrange equation J,(u;v) = 0 for all
v E Ho(Q) O
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3.2.2. Kondrat’ev’s expansion near a corner. Let w € (0,27) and define
Ko = {(rcosf,rsinf) € R* r >0and 0 < <w}, (3.24)

an infinite circular sector of R?, centered at the origin with an opening angle w. Consider the following
problem
A%y =f in ICy,,
{ u=Au=0 on JdK,. (3.25)
According to [18], for solving (3.25) one needs to find the nonzero solutions for the following two-point
boundary value problem

""" (X = 2)%v(0) =0, when 6 € (0,w),
v(0) =2"(0) =0, (3.26)
v(w) =v"(w) = 0.
We assume that 2 is smooth with the exception of N corners with interior opening angles w; € (0, 27)

for i = 1,.., N. Using the results of the previous section we are able to prove a regularity assertion for
a hinged plate.

Proposition 3.18. Let f € L*(Q) and assume for all i = 1,..,N that w; € (0,27). Then the weak
solution u for (3.22), i.e. the minimizer of J, in Ho(S2), belongs to Vi ().

Proof. We first show the existence of a solution for (3.22) in V5}(Q2), when f belongs in a larger space
than L%(Q). Assume, for the time being, that f € Vi) (Q2) and define the operator

L:VHQ) = V2(Q) with Lu:= A?u and
D(L) :={ueVs{Q); u=00n 9N and Au— (1 —0)kdu=0on dQ\ S}.
Note that functions in V() lie in W22 (Q) and are hence continuous since Q C R?; so u is defined
pointwise. Away from corners the function u is C? up to the boundary and thus the second boundary
condition is well defined. So D(L) and hence the operator L is well defined. Now we apply [19, Theorem
6.3.3] to find that L is Fredholm when A\ # 1, where A is any eigenvalue of problem (3.26). We can

directly solve (3.26) by assuming exponential type solutions, to obtain for each j a pair of eigenvalues
Aj, it; corresponding to the same type of eigenfunctions ®;:

/\j‘”anduj‘”mwith@jsm(”e).
w w w

Thus, L is Fredholm when w; # 0,7, 2 and its range coincides with the set of all functions f € V3 (£2)
such that

/ fudxdy =0 for all v e ker LT,
Q

where the operator LT : V;}(Q) — V2(Q) ) is defined similarly to L but by considering the formally
adjoint problem to (3.22): Let u,v € C5°(£2\ S) and calculate

/ (A%u) v dady + / (Au — (1 — 0)kO,u) Opv ds
Q o9

= AuAv dxdy — (1 — U)/ KOpu Opv ds
Q 1)

= / (A%0) u dady + / (Av — (1 — 0)kOpv) Opu ds.
Q 09
Thus, in view of [19, Section 6.2.3], we obtain L = LT, that is, the problem (3.22) is formally self-
adjoint. To complete the proof of this step we need to show that ker L = {0}. Let u € V3'(Q2) be such
that ,
Acu=0 in Q,
{ u=Au—(1—0)kfpu=0 ondQ\S. (3.27)
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Since V3H(Q) C VE(Q) € W?22(Q), Corollary 3.17 implies that u is the unique minimizer of J, in
Hy(Q) with f =0, that is u = 0. O

4. The comparison argument

4.1. A rectangular plate

Finally we can state our main result. The right angles of our rectangle will allow us to deploy an
argument based on Serrin’s corner point Lemma ([29]).

Theorem 4.1. Let f € L?*(R) with 0% f < 0. Then, the minimizer @ of J; in Ho(R) cannot be a
minimizer of J, in Hi(R).

Proof. We proceed by contradiction and assume that @ € Hy(R) minimizes J, also in H;(R). By

Corollary 3.8 we find that @ € W*2(R). Consequently, Sobolev’s embedding Theorem implies that

i€ C?%(R) for 0 < # < 1 and that the traces of 3rd order derivatives of @ are well defined in L?(OR).
Letting v € C*°(R) and integrating by parts the corresponding variational inequality we find

Jp(@v—a) = Jy(a;v) = Jo(a;a) = J, (G v)
= Ji(@v) — (1 —0)K (@)
- /R (AdAY — fo)dA — (1 — o)K (it v). (4.1)

Moreover, since @ also minimizes J, in Hy(R), Remark 3.7 yields that Ad = 0 on 9R. Hence we have

a b
/AﬁAvd)\ = / [AT vy — Aty v ]b dx+/ (AT vy — Aty v]5_dy
R 0

/A2uvd)\
a b
/Azﬂvd)\—/ A, v]zzodx—/ Aty v]5_, dy
0

= /AQU’Ud)\ 8 (Au)vdr.

Using Lemma 3.5, Corollary 3.3 and the density of smooth functions into L?(9R) we find

Jo(Usv—a) = / (A% — f)vdA—/ O (AU + (1= 0) Gipr) vdr
R
~ a,0) & (0,b
~2(1 = 0) [tayv ]go o?&éa 13
Since we assumed that @ is a minimizer in H; (R) one has J. (@%;v — @) > 0 for all v > 0 on IR and
thus A%% = f and

(@,0)&(0.6) (4.2)

On (Al + (1 =0)trr)vdr +2(1 —0) [awy”](oo)&(a by =

OR
Since @ = 0 on OR and f < 0 is nontrivial, then @, will have a sign at these corners. We claim that
gy (0,0) < 0. Since @ € W42 (R) the function @ solves
—At=w in7R,
=0 on OR,

where w solves

w=20 on JOR.
By the maximum principle it follows for f < 0 and nontrivial, that w < 0 in R. A application of the
maximum principle to @ implies @ < 0 and by Hopf’s boundary point Lemma even that, on a boundary
point which is not a corner, that @, > 0. At corners, & = 0 on IR and the C? smoothness imply

{ —Aw=f inR,
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Vi = 0. Hence we may use Serrin’s corner point lemma (see [29]) which implies that @.~(0,0) < 0 for
all directions =, entering R non-tangentially. Taking v = (%\/5, % 2) we have

U~ (0,0) = %&m(0,0) + Uy (0,0) + 3Ty (0,0) = gy (0,0).

So we find @4,(0,0) < 0. Let € > 0 and consider the test function v, (z,y) = e~ (*+*)/ We then
find that

On (AL+ (1 —0)tUrr)vedr =0 (e) fore L0
R
and

2(1-o0) [ﬂwyva]EZig))&(o,b) =0 (e_ mi“(“’b)z/s) <O(e) fore 0.

However
2(1-o0) [ﬁwyvg](mo) =-2(1-o0) Ugy (0,0) >0,

and we find

aAAa+(1—oga”)%d7+2(1—anawwﬁggggﬁ§:
oOR

=0(e) —2(1 — ) Ugy (0,0) > 0,
for e sufficiently small, a contradiction to (4.2). O

4.2. Comparison using Kondrat’ev’s “singular eigenfunctions”

We need to have a more accurate picture of the behaviour of the solution to the hinged plate problem
in the neighbourhood of a corner. To that end, we compute the asymptotic expansion given by Kon-
drat’ev’s theory, developed in the previous section. From now on and in order to avoid technicalities,
we will assume that the function f is smooth.

Corollary 4.2. Assume that u € V3'(Q) solves (3.22) for f € C§°(Q\ S). Then, for each corner of
opening angle w; € (0,2m)\ {w}, there exist constants my,,, cj,d;, such that, in a neighbourhood of this
corner, u has the following expansion:

u= Z cjr% sin (‘Z@) + Z djr2+j77r sin (%9) +w (4.3)

0<IZ <m+3 0<2+1X <m+3

with m > m,, and w € ‘/()m+4(Q). Moreover, if u; denotes the lowest order term in the above expansion
(i.e. the smallest power of r), then for

e we (0,m): u =cp 75 sin (56),

o w€E (7r, 37’7) cup =d_q r? % sin (59),

o w=3T:y = ré (d—1sin (36) + cosin (36)),

o wE (37’7,2%) LU = Co P sin (%”9)

Note that in the last case the lowest order term is sign-changing.

Proof. Since f € Cg° (ﬁ \ S), we have that f € VJ*(Q) for all m € N. A solution of the hinged
plate problem satisfies u € V34(Q) C V34(Q) and thus one can apply [18, Theorem 3.3] with k; = m,
k= a; =0, and a = 3 to obtain that the solution will have the expansion

_ S (I ez g (lilm 4.4
u= Z cyr &n(w@)—l— Z d;r sm<w9 +w (4.4)
0<LiF<m+3 0<24 L% <m+3

whenever % # m+3 withw € Voer4(Q). Since w # 7, 27, we can always choose m as large as needed,
such that

j:%mﬁﬁ) (4.5)



Hinged and supported plates with corners 21

20F
15F
1.0F e —
05} e P ST T T =
L - - _ -
L s _ - -
L 7 —~ -
2 /\/ | — |
s ~ //37‘—

Figure 5. The exponents of the radial part of the expansion (4.3). The lowest order terms
are given by the thick blue line; everything below the horizontal grey line is “too singular”,
i.e. does not belong in W?22(Q).

is not a positive integer: If “ € Q and #(m + 3) € N, then #(m + 1 + 3) ¢ N. Moreover, there will
exist at least one term in the above sum when
T

> .
w m+3

(4.6)

Summing up, for a given opening angle w we choose m such that (4.6) holds and (4.5) gives that j is
not a positive integer. O

Before we move on with the comparison of the hinged and supported plate, it is important to
have a certain estimate on the coefficients of the lowest order terms in the expansion (4.3). We would
wish to have a general answer to the sign of the coefficients of the lowest order terms. This depends
highly on © and f and thus a general answer is not to be expected. However, when the boundary of
the domain has only convex corners, then one can give the following estimate based on the maximum
principle.

Lemma 4.3. Assume that Q) is a convex polygon and let f € C§° (Q\S) with f <0 and f#£0. Then
c1 <0.

Remark 4.4. The proof of this lemma is based on the existence of a comparison principle for convex
polygonal plates, since, in that case, the hinged plate problem coincides with the Navier bilaplace
problem. When the boundary of the domain has curved parts, then these two problems are no longer
the same. However, for the hinged plate problem on convex domains with C?!-smooth boundary, a
sign preserving property holds true; see [28]. Judging from the behaviour of hinged plates in polygonal
and smooth convex domains, we suppose that a similar result should hold on general convex domains
with nonsmooth boundary.

Proof of Lemma 4.3. If all corners of the boundary are convex, one obtains that v has the expansion
u=cyre sin (EG) +dyr?T % sin (E6‘> + higher order terms
w w

in an e-neighbourhood of a corner, where the first term is harmonic and the higher order terms
smoother than the first two. Then we have

€
/ (7"5_2)2r dr < oo,
0



22 S.A. Nazarov, A. Stylianou and G. Sweers

which implies that Au € W?22(Q2). Thus, a hinged plate will satisfy

—Au=v inQ, —Av=f inQ,
{ u=0 on 0N and { v=0 on 0N (4.7)
and an iterated application of the maximum principle yields that u < 0 in 2. Now u as a solution of

the Dirichlet Laplacian with right hand side v has the expansion

Ei jﬂ'
U= Z cjrw sin (w9> +w
0<j<(m+2)2
with w € VJ""2(Q) (see [19, Section 6.6.1]). Note that Vy"*t*(Q) c V2,,(Q) and one can apply [27,
Lemma 6.7] with v = —m to find that there exists a positive constant C, such that

lw| < Crttm

sufficiently close to the corner. Since m can be taken arbitrarily large and the functions sin (3 ’TH) are

w

sign-changing for j > 1, we get that u = 0(7“5 sin (%0) ) and thus c¢; < 0. (]

We will make the comparison of the hinged and supported plates via a contradiction and we thus
need a way to check for solutions to the supported case. A criterion for checking whether a hinged
plate is also a solution to the supported problem is given by the following

Lemma 4.5. Let f € C5°(2\ S) and assume that the minimizer u € Ho(Q) of J, is also a minimizer
in Hy (Q). Then
O Au~+ (1 —0)0pr7u <0 on 0Q\ S, (4.8)

where S is the set containing the corners of 0S).

Proof. Similarly as in the proof of Corollary 3.17 one can show that for f € C§° (ﬁ \ S) c Wh2(Q)
we get u € W52(Q\ B(S)) and thus all third order derivatives of u are continuous on the boundary.
Testing the variational inequality J'(w;v) > 0 with functions v nonnegative on the boundary and
supported away from the corners proves the Lemma. O

Now we move on to compare the hinged and supported plates. For simplicity we assume that 02
contains only one corner at the origin, of opening angle w.

Theorem 4.6. Let w € (0,27) \ {r}, f € C(Q\ {0}) and suppose:
(i) for we (0,7) that c1 <0,
(ii) forw € (77, 37“) that d_1 < 0,

)
(iii) for w = 37” that d_1 < 2(4%;) |cal,
(iv) forw € (37",271') that co # 0 or d_y < 0.

In each of these cases the minimizer u € Ho(Q2) of J, cannot be a minimizer in Hy ().

Remark 4.7. Note that f should also satisfy assumption (2.3) on the existence of a minimizer of J,
in H; (). Otherwise the result of the theorem is trivial: There would exist no minimizer in H ().

Proof of Theorem 4.6. Here we are going to use Lemma 4.5 in the following way: we assume that the
solution u to the hinged plate problem minimizes J, in H, () and thus the “supported” boundary
condition

N(u) := 0,Au+ (1 — 0)0prru <0 on 00\ {0} (4.9)
holds true by Lemma 4.5. Then, if u; denotes the lowest order term in all cases of Corollary 4.2, we will
see that N(u;) is also the leading term of N (u). Thus, calculating N (u;), we will see that it does not
satisfy the supported condition near the origin, that is, N(u;) > 0 sufficiently close to 0, which yields
a contradiction. We thus conclude that the solution to the hinged plate problem is not a solution in
the supported case.
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A hinged plate, i.e. the minimizer of J, in Hy(2) has the following expansion in a neighbourhood
of the origin:
u = w; + higher order terms + w,
where w € Vy"t(Q) with m arbitrarily large. Thus one has for its third order derivatives that
PPw € Vg™t (Q) ¢ V2, and therefore

[(B3w)(r,0)] < c ”w||vo5(ﬂ) rm (4.10)

(see [27, Lemma 6.7]). Hence, there exists a sufficiently large m such that N(u) ~ N(w;). For = w
we get 0, = 0y and 9, = 0. Consider the following cases:
(i) w € (0,7): We get

N (clr% sin (39)) L):w = (1-0) wﬁ—z cos (7T9>

w w w /|,
2 s
ar?(1-F) =,
= (1 — 0') w2 Tw > O
(ii) w € (m, 2F): We compute
P d_ — 2w — -6 P
N (darEsin(To))| - dmemmlo@emminot) g
w O=w w
since for 0 < 1 < =T we find that o(2w — 7) + 7 — 6w < 0.
(iii) w = 3 The calculation here is a bit more complex. We have
N (r# (dorsin (30) +cosin (30)))|
-2
8
= —ﬁr_Q/g’ (d-1(—4+0)cos (2) +2c5(—1+ o) cos (%))
0=
3
= Er_2/3(d,1(—4 +0) 4 2¢2(1 — 0)),
whereas for § = 0 we have that 9, = —0y and thus, similarly,
4 . . 8 _
N (7,?, (d—1sin (36) + cosin (%0))) ’0:0 = o7 23(d_1 (=44 0) — 2¢5(1 — 0)).

Using our assumptions for this case, we obtain again that N(u;) — 400 as r — 0, either for
f=0orf=w.
(iv) w € (2%,27): Similar to the previous cases we compute for § = w that

s 4 2 (2w _ 1 B
N (CQTQ‘” sin (%0>) = (1-o0) Mr%ﬂ cos (27ﬂ9>
w

w? w
and for 6§ = 0 we have that

x 2
N (chzw sin (Wﬂ))
w 6=0

In the last case the result follows for ¢o # 0 since the corresponding function is sign-changing.
If ¢co = 0, then we have to consider the next leading term, which is the one with coefficient d_; and
proceed as in case (i) O

0=w O=w

_ ool (Sl s

doyr® (25— 1) o
= —(l—o) g —r¥2
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5. Appendix

5.1. An inequality of Poincaré type
It is well known that for bounded domains €2 it holds that [|ul|12q) < ca [[[Vull|12(q) for u € W2 ().
It is less known that |[|Vull|p2(q) < co N uH’Lz for u € W22(Q2) N W, *(Q) and we will include a

proof. Consider x = (21, ..., Z,) €  and write dx and ds for the n-D Lebesgue and (n — 1)-D surface
measure.

Lemma 5.1. Let Q) C R™ be a simply connected bounded domain. Then there exists a constant ¢ > 0,
such that

/ Vule)2dz < c [ul2, for allu € WH(Q) 1 C3(Q) N Co(@)
Q

Proof. First we consider the 1D case and assume that « € W22(0,1) N C?(0,1) N Cy[0,1]. Since u(0) =
u(l) = 0, the mean value theorem shows that there exists zo € (0,1) such that u'(z¢) = 0. Using twice

Holder’s inequality one has that
/ "()dt dr < / (/ |u” (t |dt> dx

/w:u'(x)zdx _ /l
/K/ Ju” (¢ |dt></ )]dm
</I |u”(t)|2dt> /m(l’fvo) dx = % (1 xO)Q/m: (1) dt.

l o l
Since / W/ (2)| do = / |/ (z))*dz + [ |u'(x)|” dz, one obtains the desired result.
0 0 xo

IA

IN

In the n—dimensional case we will proceed using Fubini’s theorem and the above result for one variable

at a time:
/ |Vu|?dx / / / [Vu(zr, 22, ... )| dap...dzoday
Q x1 J X2 Tn
/ / / (Jtigy [* + gy |2+ oo + [ta, |?) d2p...dzoday
Z1 J T2 Tn

c/ / / (Jtizy o |+ [Uasas|* + oo + [y, |?) dn-..dzoday
Z1 J T2 Tn

IA

IN

and the assertion is proved. O

Remark 5.2. A related result will hold for functions with nonzero boundary conditions. Let Q be a
simply connected bounded domain of R™. Then there exists ¢; > 0 such that

/ \Vul? dz < ¢, (|u§72 +/ |Vul? ds> for all u € W22(Q) N C%(Q) N C Q).
Q o0

Based on a remark on the Theorem of Meyers and Serrin (see [2]), stated in [12], one can prove
the following.

Proposition 5.3. Let Q C R™ bounded, with Lipschitz boundary and define CE(Q) as the space of
k-differentiable functions whose derivatives up to order k are zero on 02. Then, form >k +1

Ml p

W™P(Q) N C™=(Q)NCEN) = W™P(Q) N WITHP(Q).
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Proof. For consistency reasons we will first outline the proof given by Meyers and Serrin. Let k € N
and define

Qk;:{xeﬁ‘ |x<kandd(m,89)>;},

Q_l = QO = @

Setting Uy := Qg1 N (Qk,l)c one sees that {Uk}keN is an open covering of €2, so there exists
a partition of unity ¥ subordinate to {Uy},cy. Moreover, let v, be the sum of the finitely many
functions ¥ € ¥ with support in Uy and 7. the standard mollifier. Fixing

1

V<< ZiDm+2)

one can see that 7. * (¢pu) has support in Vi, := Qk0 N (Qk_2)° CC Q. Choose &, small enough, such
that

&
1M, * (Vru) — Yrullwmre) = 106, * (Yru) = Yrullwme vy < o (5.1)

ok
and set

Pe 1= Z"?ek * (¢ku)
k=1

Then ¢. € C*°(Q) and, since ¢ is independent of Vj one obtains that ||¢e — u|/m p.o < €.
1
Following [12, Remark 1.18, p. 16] we consider § > 0, p > 0, 29 € 9Q and kg = [-‘ — 2. Then
p
one has that for all x € B,(xo) N2

o

05(@) = u(@) = > (ms, * (Vi@)u(@)) — vr@)u(@))

k=ko
Now, estimate (5.1) yields
s} s} 1 .
||’LL o (%HWWP(BP(Q:O)OQ) < Z ||J5k * (¢ku) - wkuHWm,P(Bp(xo)mQ) <46 Z 27k =2"786.
k=ko k=ko

Assuming that the norm on the left is not identically zero, there exist constants ¢(d), p(6) > 0 such
that for all positive p < p(d):

_1
c(@)p* < |1t = Gsllypmn (5, (o)) < 89277
which cannot hold. Thus for p small enough

||u - ¢6||mep(Bp(mo)ﬂQ) =0

which together with the Lebesgue’s differentation Theorem implies that the traces of the m — 1 order
derivatives of the approximating sequence s agree in an LP-sense with the ones of u (which are well
defined since 99 is Lipschitz) and the claim is proved. O

Combining Lemma 5.1 and Proposition 5.3 we obtain the desired result.

Corollary 5.4. Let 2 C R" bounded with a Lipschitz boundary. Then ||y, and ||-[|, 5 are equivalent
norms on W22(Q) N Wa2(€).
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5.2. Numerical computations for the supported plate

Figure 6. An L-shaped plate with a uniform load (f = —1) leads to a solution that moves
upwards near all corner points.

L L
-1.0 -05 0.0

Figure 7. An L-shaped plate with small load (f = —.1) everywhere except for a local heavier
load (f = —1.1) on the dark circular area. On the right this force density.

L
05

L L
-10 -05 0.0

Figure 8. An L-shaped plate loaded locally on one side results to a large free boundary on
the other side.

L
05
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In order to illustrate these analytical results we display some numerical evidence. Note that it is not
our intention to prove convergence of the numerical scheme we used. For the sake of completeness and,
since numerics for fourth order variational inequalities on domains with corners are far from trivial, a
short sketch follows.

We have used a damped Newton method to solve the penalized problem corresponding to the
variational inequality (2.4) (see [13]): Find u € W22() such that

J! (uzv) — (u)v ds =0 for all v € W>2(Q),
a0
where i,
—10""s  for s <0,
Bls) = { 0 fors>0. (5.2)

The calculations were done using a negative right hand side f (see Figures 6-8) and C* NW?22-Argyris
elements (see [7, Theorem 2.2.13]).

Define by Vv := span ({e;}/L,), the linear span of the Argyris basis element functions {e;}
defined on a triangulation of € consisting of N triangles (see [7]). A finite element approximation of
(5.2) would consist in solving the system of nonlinear equations

F(u) =0, (5.3)
for u = Zil u;e;, where F : RN — R¥ is defined by

N
=1

I (u; — d
b (u) O'(u1 61) . B(U)Bl S
Fuy=| : |=
Fwlu) Twen) — [ ey ds
a0
. c e (0) (0) (0) T . . .
To solve (5.3), we start with an initial guess u'® = (ul sy Uy ) and calculate the iterations via
the formula
u§k+1) ugk) B
: - : 9. (F/(uw))) - F(u®),
)\

The standard Newton method uses ¥ = 1 but is primarily equipped for differentiable functionals. Our
functional is not differentiable near 0 and for convergence we had to use a rather small damping factor
¥ € (0,1). The matrix F’(u) is the Jacobian of F, given by

F'(u) = (apy) ,
du; ij=1,...,.N

.....

where
OF)
3ui

= / (AeiAej + (1 = 0)(20,y€;0zy€j — Opge;Oyyej — 8yyei8mej)> dx
Q

— /89 B8 (chvzl ukek) e;e; ds.

Note also that, since the e;’s have small support, the Jacobian F’(u) becomes a band matrix.
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