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Abstract

In this paper, we will consider the modelling of problems in linear
elasticity on thin plates by the models of Kirchhoff-Love and Reissner—
Mindlin. A fundamental investigation for the Kirchhoff plate goes
back to Morgenstern [Herleitung der Plattentheorie aus der dreidimen-
sionalen Elastizitdtstheorie. Arch. Rational Mech. Anal. 4, 145-152
(1959)] and is based on the two-energies principle of Prager and Synge.
This was half a centenium ago.

We will derive the Kirchhoff-Love model based on Morgenstern’s
ideas in a rigorous way (including the proper treatment of boundary
conditions). It provides insights a) for the relation of the (1,1,0)-
model with the (1,1,2)-model that differ by a quadratic term in the
ansatz for the third component of the displacement field and b) for the
role of the shear correction factor. A further advantage of the approach
by the two-energy principle is that the extension to the Reissner—
Mindlin plate model becomes very transparent and easy. Our study
includes plates with reentrant corners.

1 Introduction

The plate models of Reissner-Mindlin and Kirchhoff-Love are usually applied
to the solution of plate bending problems [15, 20, 17]. Their advantage is
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not only the reduction of the dimension; one can also better control and
avoid the locking phenomena which occur in finite element computations for
thin elastic bodies. For this reason, the justification of plate models and the
estimation of the model error is of interest and has a long history. Many
papers are based on the so-called asymptotic methods; see [9, 10] and the
references therein.

A fundamental investigation with a very different tool was done by Mor-
genstern in 1959 for the Kirchhoff plate [18]. His idea to use the two-energies
principle of Prager and Synge [19] that is also denoted as hypercircle method,
can now be found in a few papers [1, 3, 22, 26]. A second glance shows that
the results in [18] depend on two conjectures. We will verify them before
we deal with some conclusions for the Reissner—Mindlin plate and for finite
element computations.

The results in [18] may be summarized as follows. Let II(v) be the internal
stored energy of the plate for the three-dimensional displacement field v and
[1¢(0) the complementary energy for a stress tensor field o that satisfies the
equilibrium condition

divo+ f = 0. (1.1)

Given a plate of thickness ¢, he constructed a solution u,; in the framework
of the Kirchhoff model and an equilibrated stress tensor o; such that

Iy = lim t (), M5 = lim t73 (o)
exist. He reported that a student had proven

by some tedious calculations. It follows from the two-energies principle and
(1.2) that the plate model is correct for thin plates, i.e., for ¢ — 0. In [18],
the effect of ignoring partially boundary conditions on the lateral boundary
was not analyzed.

More precisely, the analysis was performed for a (1, 1, 2)-plate model, i.e.,
the ansatz for the transversal deflection contains a quadratic term in the
rz-variable

us(z) = w(wy, o2) + 23 W21, 22). (1.3)

There is the curious situation that the quadratic term in (1.3) can be eventu-
ally neglected in numerical computations as a term of higher order provided
that one is content with a relative error of order O (tl/ ?) and if the Poisson
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ratio in the material law is corrected. It is now folklore that a shear correc-
tion factor is required even in the limit ¢ — 0 if computations are performed
without the second term on the right-hand side of (1.3). The magnitude
of the factor, however, differs in the literature [4]. The results have been
obtained by minimization arguments; we will justify the model and estimate
the model error by completing the analysis with the two-energies principle.
Although we start with the Kirchhoff plate, the extension to the Reissner—
Mindlin plate is so transparent and easy that we consider it as easier than
the analysis in [1, 3]. Our analysis covers plates with reentrant corners.

Although the quadratic term in (1.3) needs not to be computed, it is re-
quired for the correct design of the plate equations and the analysis. Roughly
speaking, it is understood that the (1, 1,0)-plate describes a plain strain state
while the (1, 1, 2)-ansatz covers the plain stress state that is more appropriate
here.

We also obtain some general hints for the finite element discretization.
Of course, many facts are obvious, but surprisingly there are also counterin-
tuitive consequences.

Section 2 provides a review of the displacement formulation of the Kirch-
hoff plate model in order to circumvent later some traps. Section 3 is con-
cerned with the transition from the (1, 1, 0)-plate model to the (1,1, 2)-plate.
Since clamped plates are known to have boundary layers, we have to estimate
them before the convergence analysis. This is one of the items not covered
in [18]. The correctness of the model for thin plates is proven in Section 4
by the Theorem of Prager and Synge. In particular, a t'/? behavior shows
that such a proof cannot be given by a power series in the thickness variable
t. The extension to the Reissner-Mindlin plate is the topic of Section 5,
and the remaining sections contain some aspects of the discretization and a
posteriori error estimates.

2 Displacement formulation of the Kirchhoff
plate

Let w C R? be a smoothly bounded domain and Q = w x (—t/2,+t/2) be
the reference configuration of the plate under consideration. The top and
bottom surfaces are 90 := w x (££). The deformation of the plate under a
body force f is given by the equations for the displacement field u : Q — R3,
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Figure 1: A plate and the three parts of its boundary

the strain tensor field € : 2 — Rﬁ;ﬁ, and the stress tensor field o : 2 — Rg’yﬁ’:

() = 5(Vu+ (Va)"),

5 (tr 6)(53) : (2.1a)

=2
o u<8+1
dive = —f.

Here, the Lamé constant p and the Poisson ratio v are material parameters,
while d,4 is the d x d identity matrix. In addition, we have Neumann boundary
conditions on the top and the bottom

o-n=g ondQ"UIN" (2.1b)

and Dirichlet conditions on the lateral boundary 90" := dw x (—%,+%) in
the case of a hard clamped plate:

u=0 on 90" (2.1c)
We restrict ourselves to plate bending and purely transversal loads:
f(z) = t* (0,0, p(z1,72)),  g(w1, 22, £t/2) = t? (0,0, Qi(%, T3)). (2.2)

(See [3] for forces and tractions with non-zero components in the other direc-
tions.) Here the loads are scaled. Thus, (2.1) contains the classical equations
associated to the variational form

I(u) = p ((z—:(u), e(u))oqn + (tr z—:(u),trs(u))oyg) — load. (2.3)

v
1—-2v
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As usual, (+,-)o.q denotes the inner product in Ly ().
The (1,1, 2)-Kirchhoff plate is described by the ansatz

u; = —xg dw(xy, T2) fori=1,2, (2.4)

us = w(xy, xe) + x?,, W (xy, z3),

and the strain tensor is obtained from the symmetric part of the gradient

—x3 0w symm.
g = —.T3 812’11] —.CL’3 62211} s tre = —iL’gAU} + 25L‘3W (25)

The associated stress tensor as given by the constitutive equation in (2.1a)
is

—x3 0w symm.
v
OKL — 2,u —XI3 812’11] —XI3 82211} + 2,u 11— 2V<-.T3AU) + 2!173W)53
%.ﬁlfg 81W —.T382W 2.1’3W
(2.6)
The integration over the thickness involves the integrals
+t/2 1 +t/2 1
/ z3dry = —t°  and / rydrs = —1°. (2.7)
—t/2 12 —t/2 80

Expressions like inner products for the middle surface w are related to func-
tions of two variables and to derivatives with respect to x; and x5. Let

D2w _ [81110 81210]

821’11] 822’11]

and we obtain with the ansatz (2.4)

() =15t (D, Dw)o. +4IW 3,

+

14
=g, 18w - 2W 5., + —tZIIVWHOw) — load

with the load ¢* [ (p 4+ ¢* — ¢")wdaidey =: * [ piota w dzida,. Here the
contribution of the quadratic term has been dropped, since it is of the order
t°. Next we note that

Dzw . Dzw = Z(@,kw)Q = (81111} + 82211})2 + 2 ((812’11])2 — 811w822w)
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and apply the identity 4W? + - (z — 2W)? = =22 +
with z := Aw, following [18]. Hence,

(2W — £2)?

1—v
1—2v

H(U) —Etg (HA ||Ow /2[(812’(1])2 — 811’(1]82210)](311‘1(11‘2

14
— IAwl?
[ Awli, +

— VUV 14
1 2w — Al + IR )

1-2

- tg / Ptotal W d$1dx2
w

H o3 1 2 l-v v 2 2
=—t"| ——||A 2W — ——A —t |14
(12 18wl + 1 pl2W = 2 Bulf, + S ITWIR,

+/2[(812w)2—811w822w)]dl'1dl‘2) —tg/ptotalwdffldl‘g. (28)

The boundary conditions u; = uy = 0 on Q' together with (2.4) imply
Vw = 0 on dw. Since w = 0 on dw means that the tangential component of
the gradient vanishes, it suffices to have

Vw-n=0 on dw.

Integration by parts yields [ 2[(d1pw)? — dywdpw)]dzide, = 0, and this
integral can be dropped in (2.8). The minimization of II leads to the so-
called “plate equation” of Kirchhoff describing the bending of a thin plate
occupying a plane domain w which is clamped at its boundary Ow:

——AN'w = Protal n w,
ow :
w =—=0 on Jw.
on

More precisely, the (1,1,0)-model, i.e. W = 0, yields (2.9) with a different
coefficient in front of A%w. The actual coefficient anticipates already some
features of the (1, 1,2)-model.

3 From the (1,1,0)-model to the (1,1,2)-model

We start with the (1,1,0)-model, i.e., we set W = 0. Since 1+ % +

= (ﬁ)Z = =% it follows from (2.8) that here

11—
() = 45— Awl, — (proa w)ow (3.1)



The shortcoming of (3.1) is obvious. The denominator of the coefficient in
the first term tends to zero if v — 1/2. The coercivity of the quadratic form
becomes large for nearly incompressible material. Such a behavior is typical
for a plain strain state and contradicts the fact that we have no Dirichlet
boundary conditions on the top and on the bottom of the plate.

Turning to the (1,1,2)-model we consider both w and W as free. We
insert a provisional step in which we ignore the Dirichlet boundary condition
for W. If we ignore also the higher order term in (2.8) during the minimiza-
tion, the minimum is attained for

2W =

Aw (3.2)

1—v
and

1

M) = 2 Al (o, o + P IVWIR, (33
The main difference to (3.1) is the coefficient of the first term that describes
the coercivity of the energy functional. It is consistent with a plain stress
state that has a smaller stiffness whenever v > 0. The plate equation (2.9)
is the Euler equation for the variational problem with the leading terms in
(3.3).

Of course, the boundary condition W = 0 cannot be ignored. Morgen-
stern assumed that a suitable W can be obtained from the right-hand side
of (3.2) by a cut-off next to the boundary [18], and a similar consideration
can be found in [5]. A more precise treatment leads to a singularly per-
turbed problem. Fix w as the solution of the plate equation (2.9) and choose
W € Hj(w) as the solution of the variational problem

min oW = ¢|5,, +#*[[VWI[;,, — min! (3-4)
WeH{ (w) ’ ’
where ¢ = ﬁAw € Ly(w) and a := {2

To obtain asymptotic error bounds of solutions of dimensionally reduced
plate models with respect to the solution of the three dimensional problem, it
is necessary to estimate the minimum of (3.4) in terms of ¢, as was proposed
in [1]. There, asymptotic error bounds in terms of the plate thickness were
found to depend on the reqularity of the solution w of (2.9): specifically, in
[1], ¢ € H'(w) was assumed. This is a realistic assumption if w is either
convex or smooth and pyre € H'(w) in (2.9). In case that w has reentrant
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corners, or that pi € H 2T¥(w) for some 0 < s < 1, the arguments in [1]
are not applicable, but the following result provides bounds on W.

Lemma 3.1 Assume that w is a Lipschitz polygon or a smooth domain and
that ¢ € H*(w) for some s € [0,1], and that the Dirichlet problem for the
Poisson equation in w admits a shift theorem of order s. Then, for any
0 <t <1, the unique solution W of the variational problem

i LIV + W — o2 3.5
W?I}(ﬁw){ VW5 + I Dllow} (3.5)

satisfies the following a priori estimates with constants independent of t:
a) if ¢ € L*(w), then

IV, + 11V = ¢ll5. < 105, - (3.6)

b) if p € H*(w) with 0 < s < 1/2, there exists a constant c(s,w) > 0 such
that
IV G0+ W = @ll5, < cls,w)t™ (], . (3.7)
c) if ¢ € HY*(w), then for any ¢ > 0 there exists a constant c(g,w) > 0
such that

IVIVIG. + IV = ¢ll5, < cle,w)t 16111, .

d) if € H'(w), there exists a constant c(w) > 0 such that

VW50 + W = ¢l < clw)tlell, -

Proof. Consider first the case s = 0: The minimum (3.5) is smaller than the
value that is attained at the trivial candidate Wy = 0. This proves (3.6) and
thus assertion a).

The case d) was already addressed in [1]; we give a self-contained ar-
gument for completeness here. The unique minimizer W € Hj(w) of the
variational problem (3.5) is the weak solution of the boundary value problem

AW+ W =¢ in w, W =0 on Ow. (3.8)



Multiplication of (3.8) by the test function —AW = —t=2(W — ¢) € L*(w)
and integration by parts yields, using ¢ € H'(w), that

PIAW|Z, + [V, = — / GAW (3.9)

— / Vo - VWdz — (400, iW )o.0 (3.10)

where 7y denotes the trace and 7; the normal derivative operator, respec-
tively. Moreover, (-, ")g.a. denotes the L?(0w) inner product.

We focus on |71 W |06, Since in this case W € H?*(w) N Hj(w), we find
oW € HY(w), i = 1,2, and we recall the multiplicative trace inequality

ot lls.00 < @) (18160 + 1¥llowl Vellow) &€ H(w).  (3.11)

An elementary proof is provided, e.g., in [12]. [We note that there would be a
faster proof if the trace operator v, were continuous from H'/?(w) — L?(0w)
which is, however, known to be false; see [14] for a counterexample.]

For applying (3.11) with ¢ = 0;W we note that VW = VW/|y, €
L*(0w)?. Since the exterior unit normal vector n(z) on a Lipschitz boundary
dw belongs to L>(dw)? by Rademacher’s Theorem, we have W = 2L, =
n - VW almost everywhere on dw. The H?(w) regularity of the Dirichlet
problem for the Poisson equation on smooth or convex domains and the a
priori estimate |[W{|2, < c||AW||o. are used with (3.11) to estimate

MW loe = lIn-VWIEa. < VW5 o
Cr(w) (INW 5 + VW [low][Wl2)

<
< Co(w) (VW[5 + VW [low AW lo) -

Inserting this bound into (3.10) and recalling va + b < v/a + v/b for a,b > 0

we obtain

PIAWIE, + VW3

IA

V600wl VWl + Ihudlloa 1 W o,
LIV + Cs(@) (VoI + hodll a.)
(114<w>|wo¢uo,awvauéfiuAW||é{3

LIV + Cs(@) (V. + hodl o)

B 1 12
Cs(@)t 093 o + FNVWIRw + 5

IA

IN +

_I_

1AW 5.
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Absorbing the terms with W on the right-hand side into the left-hand side,
multiplying the resulting inequality by t?, and replacing t?AW by W — ¢
results in

W =015, +E VW5, < Co(w)t® (IVOlI5. + 100l 0.) +Cr(w)tl @5 o

Recalling the assumption ¢ € H!(w) and referring to the multiplicative trace
inequality (3.11) completes the proof in the case s = 1, i.e. d).

The proof of the intermediate case 0 < s < 1/2, i.e., of assertions b) and
¢), cannot be obtained by simple interpolation and is shifted to the appendix.

Remark 3.2 (On the dependence of s on w)

We will show below that Lemma 3.1 implies estimates of the modeling error in
plate models as the plate thickness t tends to zero. The rate s of convergence
depends on which of the cases b), ¢) or d) is applicable. This, in turn,
depends on the regularity parameters s'(w) and s*(w) below and thus only on
the geometry of w.

Specifically, let w be a bounded polygonal domain, and denote by 0*(w) €
(0,27) the largest interior opening angle of w at its vertices. Then, from
the theory of singularities of elliptic problems (cf. e.g. [13] and the refer-
ences there), the regqularity of the Poisson equation s*(w) can be any number
satisfying

0<s*(w) <7/0(w). (3.12)

Analogously, s'(w) is defined by the regularity of the Dirichlet problem (2.9)
for the biharmonic equation in w and therefore determined by the corner
singularities. It can be any number satisfying

0<s'(w)<ad(w) (3.13)
where o/ (w) is the smallest positive real part of the roots of
aecC: o? sin?(0*(w)) = sin*(af*(w)). (3.14)

We will use Lemma 3.1 with s = min{s*, s'}. In the case of a convex
polygon w we have 0* < m, and the choices s' = s* = 1 are admissible. Under
the regularity assumption py € H (w) the solution w of (2.9) satisfies
Aw € HY(w) and we are in case d) of Lemma 3.1. Below, we will show that
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then the modelling error in (2.9) for the pure bending of a hard clamped plate
behaves O(t'/?) ast — 0, as asserted in [1].

Nevertheless, Lemma 3.1 and our subsequent considerations yield the con-
vergence order O(t'/?) in plates with polygonal midsurfaces w that have reen-
trant corners provided that pe € H™Y?(w). Specifically, we obtain from
(3.12) and (3.14) that s > 1/2 for any 0* < 2mw. Hence, for pita €
H=3/%(w), we have the a priori estimate

|Awl

How) < C(W>Hptotal”H—2+s(w)

for all 0 < s <1/2 < min{s'(w), s*(w)}. From cases b) and c) of Lemma 3.1
we find that for arbitrary small € > 0 there ezists c¢(s,e,w) > 0 such that for
all0 <t <1 holds

v i —
t ||VW||07W + ||2W - :AMHQM < C(S, €,W)tmm{8’1/2 E}HptotalHH*Q*S(w) .
(3.15)

Remark 3.3 A proof of Lemma 3.1 by asymptotic expansions of W in (3.9)
with respect to t seems elusive, since the data ¢ and w lack even the reqularity
for defining the first nontrivial term of the asymptotic expansions in [2] in
the cases which are of main interest to us.

Consider the 3,3-component of the stress tensor

1—-v v
<a§i172))33 - 2“1 o (2W 11— VAw) '

From (3.15 de that |[(oi"?) | = o@?)|(oi) |
rom (3.15) we conclude that || oy, wlloo (t72) || ( ok, wlloo
i.e., the Ly norm of o33 is reduced at least by a factor of t'/2. The change

from the (1,1, 0)-model to the (1, 1,2)-model for small ¢ induces a correction
(1,1,0)
33

Y

of the 3,3-component of the stress tensor that is of the same order as o

more precisely,
(1,1,2) (LLO)) ( (LLO))
g — 0 g
' ( KL KL )y KL )y

This is an essential contribution when we move from the (1,1,0)-model to
the (1, 1, 2)-model.

(1—0('2).

0,2

> ‘

0,2
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Note that the physical solution of (2.1) exhibits boundary layers (see [2])
at the lateral boundary with shrinking thickness ¢ — 0 which are incorpo-
rated into the two-dimensional model via the function W.

The scaling of the loads as in (2.2) makes the solution of the plate equation
independent of the thickness, and (2.6) implies that

it o = ¢£¥(1 + o(1). (3.16)
We will see in the next section that the stress tensor for the three-dimensional
problem and the equilibrated stress tensor in (4.3) below show the same be-
havior for thin plates. (Of course, statements on relative errors are indepen-
dent of the scaling in (2.2)).

We compare (3.1) and (3.3); see also Table 1 in Section 6.2. The higher
order term in (3.3) is estimated by Lemma 3.1, and it follows that

1—2v

H(’U,(LLO)) = m H(U(ng))[l + O(t)] (317)
Note that the correction factor
1—2v

equals 0.4/0.49 ~ 0.82 if we have a material with v = 0.3. This factor was
already incorporated in the plate equation (2.9). In the literature a constant
shear correction factor « is often found, with the value k = 5/6 going back
to E. Reissner [20]. Without computing the function zZW we obtain from
Lemma 3.1 the following information on the resulting stress tensor in the
(1,1,2) model

—x3 0w symm. o
OKL — 2,& —XT3 812’(1] —x3 62211} - 2,&1 i T3 Aw
20w 120W 0 . 0
23 Y1 232
T T3 symm. 5
+2u 0 5o T3 <2W — Aw)
1—v I—-v
0 O 12, XT3
—x3 01w symm. o
=24 | —x3 012w —x3 Ooow —2u v T3 Aw
1—v
0 0 0 0
+O(t1/2>HO'KLHO,Q- (319)
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The relation is to be understood in the sense that the L, norm of the higher
order terms that result from the contribution of W are O (/2| okyl0.0)-

4 Justification by the two-energies principle

The a priori assumptions in the preceding sections will now be justified. To
this end, the internal stored energy will be determined in terms of strains or
of stresses. The relation between those quantities is given by the elasticity
tensor and its inverse, i.e., the compliance tensor A; cf. (2.1a):

b v N v
AO’—QM <cr 1+V(tra)53), A 5—2u(5+1_2y(tr5)53>.

The associated energy norms are

loll% = / Aoiods, el = / Al ede
Q Q

The theorem of Prager and Synge [19] is applied to the differential equation
with Dirichlet boundary conditions on 92 and Neumann conditions on
00 U Q. The solutions of the 3D problem (2.1) are denoted by u* and

*

o .

Theorem 4.1 (Prager and Synge) Let o € H(div, Q) satisfy the equilibrium
condition and the Neumann boundary condition

dive =—f inQ,
o-n =g ondQTUIN

and u € HY(Q) satisfy the Dirichlet boundary condition
u=0 on 00"

Then
le(w) — ()% + o — o5 = llo — A e(u)|% . (4.1)

The proof is based on the orthogonality relation (e(u)—e(u*),c—0*)pq =
0 and can be found, e.g., in [19, 1, 6]. Tt reflects the fact that

[[(w) = H(w")] + [I%(07) = II°(0)] = I(u) — 1I*(0).

In this context the following corollary will be useful.
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Corollary 4.2 Let the assumptions of Theorem 4.1 prevail and v € H'(Q)
satisfy the boundary condition v =0 on OQ. If I(u) < II(v), then

le(u) — @)% + o — o™ < o — A7 e ()1 -

We start with the case of a body force as specified in (2.2) and zero

tractions
dive = —t*(0,0,p(zy,22)) in Q,
o-n =0 on 00T UIN~.

Following [18] we derive an appropriate equilibrated stress tensor from the
solution of the plate equation (2.9). Set

(4.2)

].22L‘3M11 121‘3M12 —(61‘?;’ - %t2)Q1
Oeq = ].22L‘3M12 121’3M22 —(61‘% - %t2)Q2 (43)
— (623 — 51*)Q1 —(625 — 51%)Qx  — (225 — 5x5t%) p

with M : w — R%2 and Q : w — R? given by

sym
1 v
M. =215 A .
ik 6 (alkw + 1— 1 5@k w) ) (4 4)
- 1
Q; := (div M) 601 = V>8 w
It follows from (2.9) that div @ = —6(1‘iy) A%w = —p, and

3 1
(div 0eq)3 = — (625 — 5752) div @ — (623 — 5752)2? = —t%p,
(le Ueq)i = 12I3(81Mi1 + 82Mi2) - 12I3 Qz =0 for i = 1, 2.
Thus the assumptions (4.2) are verified. These relations and (2.6) yield

Teq — Aflg(u(l’m))

0 0 (623 — 32620 Aw—6(1 —v)z30,W
0

i
=500 (623 — 3t2)0,Aw — 6(1 — v) 30 W
symm. —x3(223 — 1) A%w
v
-2 2W — A
iy g, el B .
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Obviously, ||geqlloe = O (¢7?); cf. (3.16). Using Lemma 3.1, (2.7), and
t T3 t?) we end up wit
(623 — 32)2day = O (1° d up with
loeg = A (@) o = O?) [loeq o0 (4.5)

Since 2pl| - % < 1| - 5.0 < 2p(1+

- QV)H - |I%, it follows that

o = A7 (@) [ 4 = O(F?) || 4.

Now the two-energies principle (Theorem 4.1) yields

1,1,2 * " "
le(ugg™®) — e(u®)|2mr + [0eq — o*[12 = OF) 0™ || (4.6)

and the model error becomes small for thin plates. This is summarized in
the following theorem.

Theorem 4.3 The model error of the (1,1, 2)-Kirchhoff plate model becomes
small for thin plates

(1,1,2 X N .
le(uigy ™) = e()lLas + loeg = 0 = O(t"?)[|0”||a (4.7)

Here we have implicitly assumed full regularity. From Remark 3.2 we
know how the exponent has to be adapted in the case of plates with reentrant
corners.

Remark 4.4 We get a solution for the displacements, strains, and stresses
with a relative model error of order O(t/?) without computing an (approzi-
mate) solution of (3.4) for the quadratic term x2W. Let u%1%) denote the
displacement that we obtain from w52 when we drop the quadratic term. It
is obtained from the solution of the plate equation (2.9). Obuviously, the Lo
error of uMY0%) differs from that of ub? by a term of higher order. Neat,
we can set (see (2.5), (3.2))

_fesae pig=33,
Y g;.;(ubB09)  otherwise.

Finally the stresses may be taken from ok, in (3.19) or from o, in (4.3).

Note that the stress tensor is not derived from e(u*) and the original
material law. This may have consequences if the plate is connected to 3D-
elements in finite element computations — and also for a posteriori error
estimates.
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The fractional power of ¢ in the model error is also a hint that there may
be complications with power series in the thickness variable.

Remark 4.5 A consequence of (3.17) is also worth to be noted. We have
IT (u209) =TT (u12) (1 + O (t)). The estimate shows that only a portion
of order O(t') of the energy can be absorbed by the boundary layer of the
plate. It is known that the portion can be larger in shells.

We turn to the pure traction problem

dive =0 in (2,
o-n =t3(0,0,¢"(zy,22)) on IO, (4.8)
o-n =0 on 0f)~.

It can be handled similarly. Only the kinematical factor in oeq 33 has to be
adapted:

3 1
Teq,33 = (—2x§ + §x3t2 + —t3) qt.

2
Obviously,
3 1 t3 forx = +1L
—203 + Zast? 4+ —tP = 27
597 2 0 foraz=-1L

Therefore the boundary conditions from (4.8) are satisfied. The equations
(div 0eq); = 0 for i = 1,2 are obtained as above. Finally,

3 3
(div oeq)3 = — (623 — 5152) divQ + (—6z3 + §t2) gt =0.

We have an equilibrated stress tensor again, and the relative error is of the
order O(t'/?) as before.

5 Extension to the Reissner—Mindlin plate
Recently, Alessandrini et al [1] provided a justification of the Reissner—
Mindlin plate in the framework of mixed methods. We will see that we obtain
the justification with the displacement formulation faster by an extension of

the results from the preceding section, and we cover also the (1,1,0)-model
that was not analyzed in [1]. The assumption (2.2) concerning vertical loads
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implies that the differences between the models are smaller than expected,
provided that we measure them in terms of the energy norm.

Since there are several variants called by the same name, we have to be
more precise. We consider the displacement formulation with the rotations
0; no longer fixed by the Kirchhoff hypothesis:

w;, = —x30;(x1,z0) fori=1,2,

5.1
uz = w(wy, ) + 22 W(wy, 22) (5-1)

and the boundary conditions w = W = 6; = 0 on dw. Clearly, (5.1) covers
the (1,1, 2)-model, and we have the (1, 1,0)-model if W = 0. The associated
stress tensor is

—x3 010, symm.
orm =20 | —215(0105 + D201) —13 Oq0
LOw —61) + 23 0W 10w — 6r) + $23W 223W
v 3 :
+2u T 5, T3 N (—dive +2W). (5.2)

The minimization of the energy leads to a smaller value for the Reissner—
Mindlin plate than for the Kirchhoff plate. It follows from Theorem 4.3 and
Corollary 4.2 that also

1,1,2 * . .
le(uiizr®) — e(u)amr + |oeq — 0%[la = O(/3)]|0* | 4. (5.3)

in accordance with the results in [3]. The computation of the quadratic term
is not required if one proceeds also here in the spirit of Remark 4.4.

More interesting is the question whether the (1, 1, 0)-model of the Reissner—
Mindlin plate has a substantial better behavior in the thin plate limit than
the Kirchhoff plate of the same order. This was not discussed in [1]. We will
conclude from the results in the preceding section that it is indeed not true
again.

Proposition 5.1 Let0 < v < 1/2. Then the (1,1,0)-model of the Reissner—
Mindlin plate with non-zero load has a solution with

Afl (1>170) _ *
t—0 lo*]l.a

> 0. (5.4)

17



Proof. Set ory = A te( %{}I’O)) and suppose that
lora — 0 [la = o(1)[|0™[| 4 (5.5)
holds for t — 0. Theorem 4.3 and (3.16) yield
lo*[la = ct2(1 + o(1)).

Let 04 be given by (4.3), where w = wy, denotes the solution of the plate
equation (2.9). In particular, the nonzero load implies Awy # 0. We know
from Theorem 4.3 that [Joeq — 0*[|4 = O(t"/?)||0*||.4, and obtain from the
Theorem of Prager and Synge the equality

1,1,0 . . - 1,1,0
le(uris™) = e(u)Z + lloe = 073 = llow — A e(uiesy™) I
Using again ||0eq — 0*||4 = O(t*/?)||0*|| 4, the hypothesis (5.5) implies that

loeq = ormll.a = o(1)]|o7]| 4.

The (3,3) component of o, is a term of higher order in ¢, and we have from
(5.2) (by setting W = 0 therein) that

2p|z5 div Ollo.o = O)]|o™||a-

On the other hand, we conclude from (5.5) that the diagonal components for
1 = 1,2 have to satisfy the conditions

2ul|23(0:0; — Ouwp) [lo,o = o(1)[|o™]| -

The triangle inequality yields 2u||zsAwpy||4-1 = o(1)]|o*|| 4 and eventually
|Awpi]|ow = o(1). Now there is a contradiction to Awy # 0. |

So it is not surprising that in the analysis of beams also the (1,2)-model
and not the (1,0)-model is used [7].

6 Closing Remarks

6.1 A posteriori estimates of the model error

The two-energies principle and the theorem of Prager and Synge have been
used for efficient a posteriori error estimates of other elliptic problems; see,
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e.g., [6, 8]. Since the principle was used successfully in the preceding sections
for a priori error estimates, it is expected to be also a good candidate for
deriving a posteriori error estimates of the model error. Remark 4.4, however,
contains already a hint that special care is required.

Let v be an approximate solution of the displacement derived from w
or the pair (w,0) after solving the associated plate equations by a finite
element method. We know from the a priori estimates that the relative
error is of the order O(t'/2). If we derive an error estimate for u via the
two-energies principle directly, in principle, we compute a stress tensor o
from e(u) with the original material law in (2.1a) and compare it with an
equilibrated stress tensor. This process, however, is implicitly performed
within the framework of the (1,1,0)-model. The resulting bound cannot be
better than the error of the (1, 1,0)-model and cannot be efficient for t — 0
since [ A™e (1) — 0eqll 4 / |0eqll 4 does not converge to zero as t — 0 (cf.
Proposition 5.1).

The consequence is clear. We have to compute an approximate solution
of the higher order term x3W (xy,z9) if we want an efficient a posteriori
error estimate by the two-energies principle. On the other hand, we will
obtain then reliable estimates directly from the two-energy principle which
are independent of a priori assumptions [21].

To compute W, the efficient numerical solution of the singularly per-
turbed problem (3.8) is necessary. The regularity and finite flement approx-
imation of this problem is well understood; we refer to [16] for details on the
design of FE approximations of W which converge exponentially, uniformly
in the plate-thickness parameter t: appropriate finite element meshes are the
admissible boundary layer meshes in the spirit of [16]. They have one layer
of anisotropic, so-called “needle elements” of width O(¢) at the boundary.

6.2 Computational aspects

The (1, 1, 0)-models with appropriate shear correction factors and the (1, 1, 2)-
models without correction lead to a relative error of O(tY/2); cf. also [3] for
the Reissner-Mindlin plate. Of course, a smaller error within the O(t/2)
behavior is expected for computations with the (1,1, 2)-ansatz.

Finite element approximations of w, 6, and W often serve for the dis-
cretization in the xy, x5 direction. Although the quadratic term z2W may be
considered only as a correction of the popular plate models, its finite element
discretization requires more effort than it looks at first glance. It contains a
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big portion of the boundary layer, and we get only an improvement to the
simplest models if the finite element solutions are able to resolve the layer.

Another short comment refers to computations when plates are connected
with a body that is not considered as thin. More precisely, the total domain
consists of two parts. The first part is modeled as a plate, while the second
one is regarded as a 3-dimensional body. In order to avoid complications at
the interface, a linear ansatz in the thickness direction, i.e., a (1,1, 1)-model
is used for the plate [24]. Since there is also the tendency to return to the
full 3D models, the following question arises.

Table 1: Scaled coercivity constant of the plate model

model factor of £t*||Awl|* in the energy
(1,1,0)-model T
(1,1, 2)-model — + O(t)
1 1 V2
m layers of (1,1,1)-model | —— + iy + O(t)

Problem 6.1 How stiff is the energy functional if the plate is represented
by m > 1 layers of the (1,1, 1)-model?

We recall (2.8), but consider the energy before the integration over x
has been performed The impact of the quadratic term is the fact that
(%(ZL‘%W) w37~ Aw is small. The model above with m layers implies that
73 is approxunated by a piecewise linear function s(z3). The O(t) term in
the energy is now augmented by the approximation error

9 5 2 2 e 2
!/
I3, (@5 = s(@s))Wloa = Wl / (225 — 5')"dws.

—t)2

We choose s as the interpolant of 23 at the m + 1 nodes of m subintervals.
Elementary calculations yield

+t/2 1 1 +t/2
/ (225 — 8/ )2dag = — 13 = / (223)2dxs.

t/2 3m? m? t/2
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Hence,
0 1,0
I3 = s@)Wla = ==
The resulting coercivity constant is listed in the last row of Table 1. In
particular, the error is smaller than 2% if v = 0.3 and m > 3.

)W 5.0

Remark 6.2 Roughly speaking the shear correction factor in the (1,1,0)-
models helps to compensate that there are no higher order terms in the x3-
direction. The correction factor (3.18) is not valid anymore in higher order
models. The so-called (1,1,2) model of plate bending also can show an in-
creased consistency order with respect to the three-dimensional problems upon
introduction of a suitable shear correction factor, whereas even higher order
models will not exhibit improved asymptotic consistency upon introduction of
a shear correction factor [4].

In particular, this has to be taken into account when hierarchical a poste-
riori error estimates are used.

A Appendix: Completion of the Proof of
Lemma 3.1

Here we prove the assertions b) and ¢) of Lemma 3.1 in order to complete the
proof. To treat the intermediate cases 0 < s < 1, the use of interpolation is
suggestive, but the upper endpoint result for interpolation is not available, if
the geometry of w is such that ¢ ¢ H'(w). Other arguments that are based
on fractional order Sobolev spaces are required. We start by recalling their
definitions via interpolation and some basic properties.

Given g € L*(w), the weak solution Z of the Dirichlet problem of the
Poisson equation

—-AZ =g in w, Z=0 on Ow (A.1)
belongs to H'™*(w) N H} (w) for all 0 < s < s*(w) for some 1/2 < s*(w) < 1
(s*(w) = 1 for a smooth domain or a convex polygon); cf. Remark 3.2.

Moreover, Z satisfies the a priori estimate
1 Z][1450 < Csllg]l-14s0 forall 0<s<s"(w), (A.2)
and the Dirichlet Laplacean is an isomorphism

A H™(w)N Hy(w) — H (W), 0<s<s%(w),
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where we define (cf. [25], Chapter 1) for 0 < s <1

H™ '™ (w) = H'* (W) = (L), Hy(@)h-s2) = (H (), L*(w))s2

(real method of interpolation) with duality taken with respect to the “pivot”
space L*(w) =~ (L?(w))’. The spaces H%(w) := (L*(w), H}(w))s. satisfy

H'(w) ~ Hw):= (L*w),H (w))ge for 0<6<1/2 (A3)
H'(w) c H'w) for 1/2<60<1. '

Note that H'/?(w) ~ H(%Q(w).

Now we are prepared to consider case b): 0 < s < 1/2. We extend the
L?(w)-inner product in the right-hand side of (3.9) to H*(w) x H*(w) which
implies

CIAW, + [VWIZ, < 6l AW]|wr 0<s<1/2.

Since (A.1) constitutes the principal part of the problem (3.8), it follows
that W € H}(w) N H™*(w) with 0 < s < s*(w). We deduce from (A.2) and
H™*(w) = (H Yw), L*(w))1_s2 that for 0 < s < 1/2

EIAWE, + VWG < 8llsul AW o 1AW 2,
= [IllswlAW o IV, -

Using Young’s inequality

1 1
|ab| < ]‘,a” + 5bq for 1/p+1/g=1, 1<p,q<oo, (A.4)

withpt=1—35,¢! =s,

a=t"|AW o b=t VWG,

and a = 1/[p + ¢|, we find that there exists Cs(s,w) such that for any
0 <t <1 holds

PIAWIE, + VWG, < Cslldllswt™ 1<tHAWH0w+HVWHOw)
< Gollglls ™"+ —HAWIIM HVWHow-
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We collect all terms with W on the left-hand side and proceed as in the proof
of case d). Multiplying by ¢? and substituting t?AW = W — ¢ implies that
forall0 <t <1

VW5 + IV = [l < 2Co|4I[3 6™

Sy

which is b).
The proof of case ¢) is now immediate. Let 0 < ¢ < 1/2. The estimate
(3.7) with s = 1/2 — £/2 yields the assertion. [

Remark A.1 [t is suggestive that, for s = 1/2, the rate (3.15) equals, in
fact, O(tY?); a verification would require, however, different technical tools.
The proof as in b) fails for s = 1/2 because AW in (3.9), in general, is not
contained in the interpolation space (H' (w), L* (w))%g. The characteriza-

tion of H=* (w) by interpolation, however, was used in the proof of b) for the
direct estimate of (3.9) (without integration by parts).

To prove Lemma 3.1, part d, we have applied partial integration to (3.9)
and then estimated the arising boundary integral by trace inequalities. One
can generalize the proof of case d to 1/2 < s < 1. However, it turns out that
such a proof does not lead to a sharper estimate as in Lemma 3.1, part c.
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