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. INTRODUCTION

The Reissner-Mindlin theory is the most used model to approximate the deformation of a thin
or moderately thick elastic plate. Nowadays, it is very well understood that, due to the so
called locking phenomenon, standard finite element methods applied to the classical transverse
displacement-rotations formulation of this model lead to wrong results when the thickness ¢ is
small with respect to the other dimensions of the plate. Nevertheless, adopting for instance a
reduced integration or a mixed interpolation technique, this phenomenon can be avoided. Indeed,
several families of methods have been rigorously shown to be free from locking and optimally
convergent. We mention the recent monograph by Falk [1] for a thorough description of the state
of the art and further references.

Among the existing techniques, a large success has been shared by the mixed interpolation
of tensorial components (MITC) methods introduced by Bathe and Dvorkin in [2] or variants of
them (for instance, [3]). Other methods are based on using a Helmholtz decomposition of the
shear stress, as in [4], to write an equivalent formulation of the plate equations in terms of an
uncoupled system of two Poisson equations and a rotated Stokes system and using adequate finite
element methods for each of these problems. An alternative approach is proposed and analyzed
in [5] by Amara et al., where a conforming finite element method for the Reissner-Mindlin model
satisfying various boundary conditions is introduced. In their analysis the bending moment is
written in terms of three auxiliary variables belonging to classical Sobolev spaces. A mixed for-
mulation in terms of these new variables is discretized by standard finite elements. Under some
regularity assumptions on the exact solution, optimal error estimates with constants independent
of the plate thickness are proved in [5].

More recently, another approach has been presented by Behrens and Guzman in [6]. In this
case the plate bending problem is written as a system of first order equations and all the resulting
variables are approximated. A discretization in terms of discontinuous polynomials and enriched
Raviart-Thomas elements is proposed. A hybrid form of the method allows reducing the total
number of variables. Error estimates with 7-independent constants are proved. These estimates
are quasi optimal in regularity, since they involve a norm of the shear stress which can not be a
priori bounded independently of ¢.

In this article, we consider a bending moment formulation for the plate problem based on the
Hellinger-Reissner principle. We introduce these moments (which in practice usually represent
the quantities of interest in applications) as new unknowns, together with the shear stress, the
rotations and the transverse displacement. We obtain a mixed variational formulation involving
an elasticity-like system with weakly imposed symmetry. An advantage of this approach is that
there are several well studied mixed finite element methods for the elasticity problem with weakly
imposed symmetry (see for instance [7—11]). Using the BabuSka-Brezzi theory, we show that the
proposed variational formulation is well posed and stable in appropriate ¢-dependent norms. For
the numerical approximation, classical Raviart-Thomas elements are used for the shear stress and
piecewise constants for the transverse displacement, while for the elasticity-like problem with
weakly imposed symmetry, we use PEERS finite elements [7, 8] for the bending moment and the
rotations. We prove a uniform inf-sup condition with respect to the discretization parameter /& and
the thickness ¢, without the need of introducing any reduction operator. The convergence rate is
proved to be optimal in terms of the mesh size i. These estimates are not fully independent of
the plate thickness . However, this dependence is very mild since it only involves a term (?)6
for arbitrarily small € > 0. Therefore, in practice, the method is locking-free and this is con-
firmed by our numerical experiments. We note that our method approximates directly the bending
moments and the shear stress in classical L? norms, which is distinctive of this approach. In
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42 BEIRAO DA VEIGA, MORA, AND RODRIGUEZ

fact, standard methods based on a transverse displacement and rotation discretization only lead to
approximations of the shear stress in weaker norms. In addition, we propose a local postprocess-
ing procedure which gives piecewise linear rotations and transverse displacement that converge
to the exact solution in a stronger H!-type discrete norm. Moreover, a hybridization procedure
is introduced to reduce the computer cost to that of solving an equivalent linear system that is
smaller and positive definite. This process makes our approach computationally competitive with
other methods.

The outline of this article is as follows: In Section II, we first recall the Reissner-Mindlin
equations and some regularity results. Then, we prove the unique solvability and stability prop-
erties of the proposed formulation. In Section III, we present the finite element scheme, prove a
stability result and obtain error estimates for the method. In addition, we introduce and analyze a
local postprocessing procedure for transverse displacements and rotations, and the hybridization
process to eliminate some variables leading to a linear system smaller and positive definite. In
Section IV, we report a numerical test which allows us to assess the performance of the proposed
method. We end the article with some concluding remarks.

Throughout the article we will use standard notations for Sobolev spaces, norms and semi-
norms. Moreover, we will denote with ¢ and C, with or without subscripts, tildes or hats, generic
constants independent of the mesh parameter 4 and the plate thickness ¢, which may take differ-
ent values in different occurrences. Moreover, we use the following notation for any tensor field
T = (7;5)i,j=12, any vector field » = (n;);=1» and any scalar field v:

div n :=9n, + 0pnp, 1OtN := 011y — 01y, Vv :i= o , curl v:= dv s
azv —8|U

. 01T + 0Tp2 hn —0oim im0y
div 7 := , Curl n:= , Vnp:= ,
(311'21 + 82'522> 7 (327’/2 =01 7 01m2  0am

2 2
. ) . b, b
T'i=(1;), tr(t) = E Tii, 17 = E T
i=1 ij=1

Finally, we denote

Il. THE PLATE MODEL

Consider an elastic plate of thickness 7, 0 < ¢ < 1, with reference configuration 2 x (—%, % s
where € is a convex polygonal domain of R? occupied by the mid-section of the plate. The
deformation of the plate is described by means of the Reissner-Mindlin model in terms of the
rotations B = (B, B,) of the fibers initially normal to the plate mid-surface, the scaled shear
stress Yy = (1, ¥2), and the transverse displacement w. Assuming that the plate is clamped on its
whole boundary 9€2, the following equations describe the plate response to a conveniently scaled
transverse load g € L*(Q):

—div(C(e(B)) —y =0 in, @2.1)
—divy=g inQ, 2.2)
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FEM FOR BENDING MOMENT FORMULATION 43
K .
y = t—z(Vw —p) inL, (2.3)
w=0,8=0 onadQ, 2.4)
where k := Ek/2(1 + v) is the shear modulus, with E being the Young modulus, v the Poisson

ratio, and k a correction factor usually taken as 5/6 for clamped plates, €(8) := % (VB+(VB)YH is
the standard strain tensor, and C is the tensor of bending moduli, given by (for isotropic materials)

Ct:

=T — ot T 200)2x2
=2 l)2)[(1 V)T + vtr ()], e LAQ)>.

The tensor C is invertible with its inverse given by
-1 12 2 ()2x2
Ct:= E[(l +v)T — vtr(r)I], T e L°(QQ)""".

To write a variational formulation of the Reissner-Mindlin plate problem, we introduce as a
new unknown the bending moment ¢ = (0;;); ;=1 defined by

o :=C(e(p)).

We rewrite the equation above as follows:
. 1
Co=Vg+ zrot B1J.

Then, introducing the auxiliary unknown r := —%rot B, multiplying by a test function T and
integrating by parts, we obtain

/(Cila) i T —i—/ B -divt + / r(ti; — 1) = 0. (2.5)
Q Q Q

Now, by testing (2.1)—(2.3) with adequate functions, integrating by parts, using (2.5) and (2.4),
and imposing weakly the symmetry of o, we obtain the following mixed variational formulation:
Find ((a,y), (B,r,w)) € H x Q such that

2
/(C’lo):r—i—t—[y-$+/,8-(divr+$)+/r(t12—t21)+/wdivé:O,
Q K Ja Q Q Q

/ﬁ'(diV0+V)+fS(012—Uzl)+/UdiVV=—fgv,
Q Q Q Q

forall ((z,§),(n,s,v)) e Hx Q.
The spaces above are defined as follows:

H:= H(div; Q) x H(div; ),
Q:= LYX(Q)* x LX) x L*(R),
with

H(div; Q) := {t € L*(Q)¥?: divt € L*(Q)?},
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and
H(div; Q) :={€ € L*(Q)*: divE € L*(Q)}.
We endow H with the following #-dependent norm:
(T, &)l == llTlloe + divT + &lloe + 11§00 + divEloe,
while for the space Q we use
1,5, V)l == lInlloa + lIslloe + llvlloe-

Finally, we endow H x Q with the corresponding product norm.
We rewrite this variational problem as follows:
Find ((0,y), (B,r,w)) € H x Q such that

a((a,y),(7,8)) +b((7,5),(B,r,w)) =0  V(r,§) eH, (2.6)
b((o,y),(n,s,v)) = F(n,s,v)  V(n,5,v) €Q, 2.7

where the bilinear forms a : Hx H — R and » : H x Q — R and the linear functional
F : Q — R are defined by

2
a((a,y),(1,£)) :=/<C*lo):r+t—fy-é 2.8)
Q K Jo
12 1*
=—[(1+v)/a:r—v/tr(a)tr(r)]+—/ y-&,
E Q Q K Jao
b((t,%),(n,s,v)) :=f n~(divr+§)+/S(nz—r21)+f vdivé, (2.9)
Q Q Q

and
F(,s,v) = —/ 8v,
Q

for all (o, y),(7,&) € Hand (n,s,v) € Q.

Next, we will prove that problem (2.6)—(2.7) satisfies the hypotheses of the Babuska-Brezzi the-
ory, which yields the unique solvability and continuous dependence on the data of this variational
formulation.

We first observe that the bilinear forms a and b and the linear functional F' are bounded with
constants independent of the plate thickness ¢.

Let

V:={(x.§) e H: b((7,5),(n,5,v)) =0V(n,s,v) € Q}
be the so-called continuous kernel; hence (cf. (2.9))
V={(r,6)eH: £4+divt =0, T =t'and divé = 0in Q}.
The following lemma shows that the bilinear form a is V-elliptic uniformly in 7.
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Lemma 2.1.  There exists o > 0, independent of t, such that
a((z,8),(z,6)) = all(. &)y V(r.,§) € V.
Proof. Given (t,£) € V, using that tr(z)? < 2(t : ), from (2.8) we obtain

a((,8), (1.6)) > 12(1—];")

2 e
Izlloe + —l&15g-
K
Thus, since ||div T + £]joo = 0 and ||div & ||o.o = O, we have that

a((t,8),(1,8) > a|(r,&) g

with & := min{6(1 — v)/E, 1/2«}. Therefore, we end the proof. [ ]
To obtain the corresponding inf-sup condition, we first prove the following lemma.

Lemma 2.2. There exists ¢ > 0, independent of t, such that, Vs € L*(Q), there exists
' € H(div; Q) satisfying (t{, — 13,) = s, divt’ = 0in Q, and ||T°|| paiv.2) =< cllslloe-

Proof. Fors € L?(R), let

_ 1 /
s =— 1 s,
12 Jg

and A := s—5. Wehavethat A € L3(Q2) := {u € L*(Q) : [, u = O}and,clearly, [[A[oo < [Isllog-
Then, there exists v = (v;,v;) € H}(Q)? such that divv = A in Q and ||Jv|l1.q < é[Alloq (cf.
[12]). Now, we consider the following function

s (x
§0.—U+§(y>,

which satisfies divyp = s and ||¢|l1.o < ||[v]l1.e + ¢lls|lo.q- Next, we define

s _ dry —01v — %5 2009)2x2
7’ := —Curly = (82v2+ i5 s e L2(Q)**2.

From this, we have that div t° = 0, so that T° € H (div; 2). Moreover,
(t,— ) =divo+5=1+5=s
and it is easy to check that
Tl 5eaivsey < cllsllog-
Thus, we end the proof. n

Now, we are in a position to prove an inf-sup condition for the bilinear form b.
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Lemma 2.3.  There exists C > 0, independent of t, such that

b((z,8),(n,s,v))
sup ——
(r.6)eH I(z,&)|ln

(T.§)

> Cl(m,s,v)llq  Y(n,5,v) €Q.

Proof. Let (n,s,v) € Qand 7° as in Lemma 2.2. Then,

b 9 9 9 9 b S?O 9 9’ 9 S 2 l
((7,§),(n,s,v)) . E(T ) (U‘S 1:))| _ I s”m > Lisloe. 2.10)
(r.6)eH 1(z,8) Iz°lloe + Idiveilloe  lITilloe ~ ¢
(T.§)#0
Now, let T := —e&(z), where z € H]()? is the unique solution of the following auxiliary

problem:

—dive(z) = n inQ,
z=0 onaQ.

Ijotice that this problem is well posed (as a consequence of Korn’s inequality) and ||&(z)[lo.o <
Clinlloq- Hence T € H(div;),7 = 7' and

ITloe + IdivT]oe < (C + Dlnllog.

Therefore,
b((z,§), (n,s,v)) > 11((1,0), (n:s;v)) @.11)
woen (T, 8l ITlloe + divTlloe
(T.6)#0
Inll5 1
= — e > =——nloa-
ITloe + IdivTioe — C+1
Finally, letg := —Vz, where 7 € H}(Q) is the unique solution of the auxiliary problem:
—AZ=7v in%,
z=0 ondQ.

The same arguments as above allow us to prove that there exists ¢ > 0, depending only on €2,
such that

€ llo.e + divElog < cllvlloq.
Hence, it follows that

b((r,8), (n.5,v)) _ b((0,£). (n,5,v))

won N@OIE = A+0)[Eloe + IdivE[og
(1.£)#0

o)
= ~ A n-&+ vl ) > —vlloe — =lllogq-
2([IE Nlo.g + I1divE loe) \Ja 0.2 % 5
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From this inequality and (2.11), it is immediate to show that

b((z,8), (n.5,v)) _

sup Z = lvllo.q-
(t,£)eH I(z.&)llu c(C+1)
(1.6)#0
Thus, the proof follows from this estimate, (2.10) and (2.11). [

We are now in a position to state the main result of this section which yields the solvability of
the continuous problem (2.6)—(2.7).

Theorem 2.4. There exists a unique solution ((a,y), (8,r,w)) € Hx Q to problem (2.6)-(2.7)
and the following continuous dependence result holds:

(o, ), (B, r,w)llaxq < Cliglloes

where C is independent of t.

Proof. By virtue of Lemmas 2.1 and 2.3, the proof follows from a straightforward application
of [13, Theorem I1.1.1]. [

Testing (2.6)—(2.7) with different functions, it is straightforward to show that 8 € H'(Q)?,
w € H'(Q) and Egs. (2.1)-(2.4) hold true. Therefore, we can apply the results from [4] to prove
the following additional regularity result.

Proposition 2.5.  Suppose that Q2 is a convex polygon or a smoothly bounded domain in the
plane and g € L*(2). Let ((o,y), (8,7, w)) be the solution to problem (2.6)—(2.7). Then, there
exists a constant C, independent of t and g, such that

lwlzge + 11Bllze + 1Y ln@ve) + Y lie + llolhie +tldivelie + Irllhie < Cligloe-

lll. THE FINITE ELEMENT SCHEME

Let 7, be a regular family of triangulations of the polygonal region €2 by triangles 7' of diameter
hy with mesh size h := max{hy : T € 7,}. In addition, given an integer k > 0 and a subset S of
R?, we denote by P, (S) the space of polynomials in two variables defined in S of total degree at
most k. For each T € 7, we define the local Raviart-Thomas space of order zero

=m0 )]

On the other hand, for each triangle 7' € 7, we denote by b7 the unique polynomial in P;(7")
that vanishes on 97 and is normalized by |’ r br = 1. This cubic bubble function is extended by
zero to Q \ T and therefore it becomes an element of H; (2). We define

B(7,) == {v, € Hiv,Q) : (v, Tiw) € Z(T), i = 1,2, VT € T},
where

Z(T) := span{curl (by), T € 7,}.
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Next, we define the following finite element subspaces:
H) = X, ® B(7,),
where
X, :={r, € HWiv,Q) : 7,|r € [RT(T)']* VT € T,}
is the global lowest-order Raviart-Thomas space,
H] :=1{§ € Hdiv,Q) : &l|r € RT(T) VT € T},
W= {v, € LX(Q) : vulr € Po(T) VT € T},
b= € L@ milr € Po(T)’ VT € Ty},
Q) ={s, € H(Q): sylr € P{(T) VT € T,}.

At this point we recall that H? x Q x Q7 corresponds to the PEERS finite elements introduced
by Arnold, Brezzi and Douglas in [7].

Defining H, := H? x H and Q; := fo x Qf x Qp, our mixed finite element scheme
associated with the continuous formulation (2.6)—(2.7) reads as follows:

Find (a4, 1), (B, i, wy)) € Hy, x Qy, such that

a((@n, Vi) (Th, 61)) + (T, 6), Bus i wy)) =0 V(T &) € Hy, 3.1

b((@ 1, vi)s s Si>v)) = F (s Sy Un) Y (1, Sny Vi) € Q. (3.2)

A. Convergence

Our next goal is to prove the corresponding discrete versions of Lemmas 2.1 and 2.3 and to use
them to conclude the unique solvability and stability of problem (3.1)—(3.2). With this aim, we
denote by V,, the so-called discrete kernel: V,, := {(t,,&,) € H,, : b((z1, &), Mns S, v1)) =
0V, sn,vp) € Qp}; namely

Vv, = {(Th,fh) eH,: / Ny - (dive, + &) + / sp(Tizn — Tan)
Q Q

+/ vpdivE, = 0 V(ny, sp,vp) € Qh}-
Q

Let (z,,&,) € V,,. Taking (0,0, v,) € Q, and using that div &, |7 is a constant, we conclude that
div &, = 0in Q. On the other hand, since div t, = 0in Q Vt, € B(7,), we have thatdiv ;|7 isa
constant vector. Moreover, since div &, = 0, we have that &, | is also a constant vector. Therefore,
by taking (17,,0,0) € Q, we conclude that div 7, + &, = 0 in Q2. Thus, we obtain that

Vh = {(Thsgh) € Hh : Eh+diVTh =0in Q, diV%_h =0in Q

and / sp(Tion — T2n) =0 Vs, € QZ} .
Q
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Note that the third condition above does not guarantee the symmetry of the tensors in H/, as it
was the case for the continuous kernel V. Hence, we have that V, is not included in V. However,
the proof of Lemma 2.1 can be repeated (since we have not used that T = t' in this proof) to
obtain the following result:

Lemma 3.1.  There exists o* > 0, independent of h and t, such that
a((Th &), (T, &) = 1 (Th. &) I V(T8 € V.

We introduce the Raviart-Thomas interpolation operator R : H'(Q2)?> — H; . Let us review
some properties of this operator that we will use in the sequel (see, for instance, [12, 13]):

* Let P be the orthogonal projection from L?(£2) onto the finite element subspace Q}’. Then,
for all £ € H'(R)?, we have that

divRé = P(divé). (3.3)
* There exists C > 0, independent of A, such that

IE = Réllow < Chllslhe V&€ H'(Q) (3.4)

Now, let R : H'(Q)>*> — X, be the operator defined on each row of H'(2)*** by means
of the Raviart-Thomas interpolation operator R. Since X, C H;, the operator R can be seen as
acting from H'($2)*** into H/ . The above properties of R lead to similar ones for R:

« Let P be the orthogonal projection from L?(£2)* onto the finite element subspace Qf . Then,
for all T € H'(2)?>*2, we have that

div Rt = P(div 7). (3.5)
* There exists C > 0, independent of A, such that
Iz = Relog < Chlltlhe  VreH'(@> (3.6)
Moreover, let IT : L*(2) — Q) be the orthogonal projection. Then, it is well known that
Is — Oslog < Chlislhe Vs e H(Q). (3.7

The following lemma establishes the discrete analogue of Lemma 2.3.

Lemma 3.2.  There exists C > 0, independent of h and t, such that

b((Th’ sh)’ (nhysh, Uh))

(tptn)eH), 1 (Ths &) lln
(Tp6p)#0

> Cll(n, S, vi)llQ Y(Mis Sn, Vi) € Qp.

Proof. Let (ny, sy, vn) € Q. From Lemma 4.4 in [7], we know that there exists T, € Hf
and ¢ > 0 such that,

Jo i - divT, + [ 50 (Tion — Do)
1Thlloe + I1divT,llog

= c(lmmllog + lsnllog)-
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Hence, we have

b((Tn,&n)s Mns Sis V1)) - b((Th,0), (s Sk, V1))

(tpp)eH, I(Ths &) llu T 1 Tllog + 1div T, o
(Tp.Ep)#0

> c(Imnllog + lsnllo)-
Next, let z be the unique solution of the following problem:
—Az=v, in§,
z=0 onodQ.

Since v, € L*(R) and Q is a convex domain, a classical elliptic regularity result guaran-
tees that 7 € H?(Q2) and that there exists ¢ > 0 such that ||z]l,.o < ¢|lvsllo.q. Now, we define

A

£ := —Vz e H'(Q) We note that div £ = v;, in Q and
1€Ne = IVzlig < Izlag < Elvallog-

Let éh = Ré From (3.3) and the fact that divé = vy, we have that div éh = vy, in 2. Hence,
using the estimate (3.4), we deduce that

I€nllog + lIdiv Exlloe < 1 — Ellog + IElloq + lIdivE[og
< Chllélhg + IElhe < Clullog-
Therefore, it follows that

b((tr,&n)s s Sy vp)) < b((0, éh), (Mns > Un))

(e My 10, &) lln T (4 DlEllos + IdivEllos
(tp.Ep)#0
1 . .
> = — Ny - & + | vpdivg,
2(l1&rllo.e + IIdiv &xlloe) \Je Q
1 , X
> (lvrllog = Innlloell&nllos)

2l llog + lIdiv &, l0.g)

= —=vrlloe — 5 IMnllog-
2CII | 2I|77 I

Thus, the same arguments used at the last step of the proof of Lemma 2.3, allow us to conclude
the proof. ]

We are now in a position to establish the unique solvability, and the convergence properties of
the discrete problem (3.1)—(3.2).

Theorem 3.3.  There exists a unique (61, 1), (B, 1, wy)) € Hy, x Qy, solution to problem
(3.1)—(3.2). Moreover, there exists C > 0, independent of h and t, such that

”((07 J/)’ (IB’ r, w)) - ((O'h, Vh)’ (IBhs Tn, wh))”HXQ
=C inf (o, y), (B, r,w)) — ((Thsn)s (s Si> Vi) xs

((@p-€n)-(p-spvp)) €l xQp

where ((a,y), (B,r,w)) € H x Q is the unique solution to problem (2.6)—(2.7).

Numerical Methods for Partial Differential Equations DOI 10.1002/num



FEM FOR BENDING MOMENT FORMULATION 51

Proof. It is a direct application of [13, Theorem I1.2.1]. L]

B. Error Estimates

To establish the rate of convergence of the method, first we introduce some notation and prove
some results that will be used in the sequel.

In the following, we indicate with e a general edge of the triangulation and with &, the set of
all such edges. Moreover, we indicate with %, the length of e € &, and associate to each edge a
unit normal vector n,, chosen once and for all. Moreover, 7, denotes the tangent vector defined as
the counterclockwise rotation of n, by 90°. For each internal edge e of &,, we indicate with T+
and T~ the two triangles of the mesh which have the edge ¢ in common, where n, corresponds
to the outward normal for T+ and the opposite for 7~. Then, given any piecewise regular (scalar
or vector) function v in €2, for each e € &, we define the jump on internal edges

HU]] = U+|e - vile’

where v* is the restriction of v to T=. On boundary edges, the ‘jump’ [v] is simply given by the
value of v on the edge. We introduce the following H'-type discrete norm on piecewise constant
vector functions:

lgnllZ, = llallsq + Y k. I0gallIG,

ey

The following inf-sup condition holds true.
Lemma 3.4. There exists C > 0, independent of h, such that

Jo qn - div T,
sup “2—— " > Cligslls  Yau € 0.
TpeXy ”Th”(),Q
75 #0

Proof. The proof of the above inf-sup condition is simple; thus, we give only a brief sketch.
Given g, € QF, let T} € X, with degrees of freedom t!ln, := h;'[¢;] for all e € &,. An
element-wise integration by parts and the definition of the jump operator yield

/ g -dive) = 3 b2 g,
Q

eeé‘h

ing the arguments used to prove the standard inf-sup condition for Raviart-Thomas elements, we
have that there exists T; € X, such that divz; = g;, and |7} ]lo.o < ¢21Igxllo.q. This allows us to

Moreover, by a scaling argument, we have that ||t} [lo.o < ¢1/|¢x|l,.». On the other hand, by repeat-

end the proof. L]

To establish the rate of convergence of the method, we will use Theorem 3.3 and the following
result.

Proposition 3.5. Let ((0,y), (8,7, w)) € H x Q be the unique solution of problem (2.6)—(2.7).
Then, there exist 0; € X, such that

/(divo, +Ry)-gn=0 Vg, € Q). (3.8)
Q
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Moreover, for all € € (0, 1), there exists C. > 0 such that
h €
lo —o;lloe < Cch |1+ " llgllo.q- (3.9
Proof. Let (o;, p)) € X;, x Qg be the solution of the following discrete mixed problem:

/GIITh—F/diVTh'ph:/ﬁU:Th VThEXh, (310)

Q Q Q
/divor, gy = —/Ry g Vg€ 0F. (3.11)

Q Q

By using standard results for mixed problems, we know that there exists a unique solution to the
above problem. Moreover, using (3.5) and the fact that dive 4+ y = 0 in €, it is easy to obtain
from (3.10) and (3.11) that

lo; —Rolie = [(RV = V) Dn- (3.12)
Q
On the other hand, from Lemma 3.4 and (3.10), we obtain that
pn - div, (75,0' —07) T ~
Clipullen < sup fﬂ— = Jo < IReo —a/llogq- (3.13)
T,€X) ITnllog T,EX) I Tallog
7,70 Tp#0

Now, since p;, € Qf , on each element T we can write p,|r = V(¢,|r), with ¢, being a
piecewise linear discontinuous function. Moreover, ¢, can be chosen such that fT ¢, = 0 for all
T € 7T,; therefore, we have that

I@nllor = ChIN@ullos = Chlippllor VT €Ty, (3.14)

From (3.12), first integrating by parts, then using that (y — Ry ) - n, is single valued and has zero
average on each edge, we obtain

lo) —Rolfq = /(Ry V)= /(Ry —7)- Vi
Q T

TeT)

- Y [[avo-rna+ [ Ry el
T aT

TeT,

=3 [avo-Rna+ Y[Ry =y ntiod -TaD. G159
T

TeT), eegy V¢

Eq Ey
where [[¢;,]] € R denotes the average of [[¢,]] on the edge e € &,.

Our next goal is to bound the two terms on the right hand side above. For the first one, we
recall that div Ry = P(divy) = —Pg, and use (3.14) and (3.13) to obtain

E <C Z llgllo.r ldnllor < Chlliglog llo; — 7Aé””o,sz- (3.16)

TeTy,
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To bound the second term, first we note that, for all e € &£,, by using an inverse inequality and
standard approximation results, it follows that

ollgnll

dt,
= Chl2IIVey - t.Dllo. = ChY* s - Do

10ps] — T@nllll Loy < Ch 21wl — Tdullllo. < ChY?

0,e

Therefore, since Ry - n, is constant on each edge,

Ey=Y /y - no([pn]l — TdnT)

€€€h ¢

<CY My - nellpro gl — Thullll oo

6’65;,

<CY My - nellpaht? I - tedllo.
eeé’h

<C Y hrlly nrllogr Y ke Ipalllo.- (3.17)
TeTy ecdT

On the other hand, the arguments from [13, Section II1.3.3] can be used to prove that, for all
p > 2, there exist C), > 0 such that

ly - nrllier < Cp(hG Iy llLeay + hrlldivy llor), (3.18)

where € := (1—-2/p) € (0, 1). Moreover, from the Sobolev embedding theorem (see, for instance,
[14]), it follows that H(T) — L?(T) for all T € 7,. Due to the shape regularity of the mesh, a
standard scaling immediately yields the bound

I 1zoay < COR2NY G 7 + 1Y e qr)- (3.19)

Thus, first using (3.17) and (3.18), then the Cauchy-Schwarz inequality and finally (3.19), we
obtain

Ex<Cp S (W5 Iyllirer + Halidivyllor) S A7 ITpslloe

TeT), ecdT
1/2 1/2
242 2 -1 2
<G | Doy g, > h pallls,
TeT), ec&y
12

+ Coh divy loe | D A ITpATIG,

ec&y
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1/2 1/2

<Co | D2 mvlies +h3 > Wy ler (72 [

TeTy ec&y

172

+ CoR divy loe | D A ITpaTlIG,

eegh
Using the above estimate and recalling (3.13), we obtain that, for all € € (0, 1),

Ey < Cch(|ly llog + 1Y ue@ + hllglloa)llor — 750”0,9

hY ~
< Cch [1 + (;) ] lglloe llor —Rolloq, (3.20)

where in the last step we have used that, since ||y |loo + ]|V |l1.e < Cligllo.q (cf. Proposition 2.5),

Ny lwe < Cligllog for all € € [0, 1] (see for instance [12, Theorem 1.1.4]).
Finally, the proof follows by substituting (3.16) and (3.20) into (3.15) and using the triangular
inequality, (3.6) and Proposition 2.5. ]
To prove the rate of convergence of the method, we will also use the following result.
Lemma 3.6. There exists C > 0, independent of h, such that

1€ — Pulloq < ChlldivE,lloe V& € H .

Proof. Let &, € H) . Then, by using standard error estimates,

16— Pl = Y 16— Pall, < € Y h2I&1, < CRIIdivE 2,

TeT), TeT],

where we have used that, for Raviart-Thomas elements, |&, |7 , = 1[Idiv & 13 ;. n
The following theorem provides the rate of convergence of our mixed finite element scheme.
Theorem 3.7. Let ((0,y),(B,r,w)) € H x Qand (&1, V1), (Br,rn, wy)) € Hy, x Qy, be the

unique solutions to the continuous and discrete problems (2.6)—(2.7) and (3.1)—(3.2), respectively.
If g € H'(RQ), then, for all € € (0, 1), there exists C. > 0 such that

h €
(@, y), (B, r,w)) — (@4, Vi) (Bus i wi)) laxq < Ceh [1 + <7> } lglha

Proof. Leto; € X, be as in Proposition 3.5. According to Theorem 3.3, we have that

1@, 1), (Borsw)) = (1 ¥i)s Bis T wi)) i
=< C”((O', V)» (ﬂsrv w)) - ((01’ R)’), (73:3’ Hrva))”HxQ
=C(l(,y) — @1, RVl + 1B, r,w) — (PB, TIr, Pw)llq).
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The second term is easily bounded by using standard error estimates for P and P, (3.7) and
Proposition 2.5:

(B, r,w) — (5ﬁ,Hr,Pw)IIQ < Chligllog- (3.21)
For the first term, we write

lo,y) = (0, RY)la=llod —0ollog+ lIdiv(c —0o;) + (¥ — RY) o
+tly — Ryllog + IIdiv (y — Ry)lloe

h €
< Cch |:1 + (;) :| lglloa + Chlliglloq
+ Chtllyllie + Chliglh.e, (3.22)

where we have used (3.9) for the first term and standard error estimates for Raviart-Thomas ele-
ments for the third and the fourth. Regarding the second term, the estimate follows from the fact
that dive + y = 0 in Q and, hence,

Idiv (6 — o)) + (¥ — Ry)llog = Idive; + Rylloe = IRy — P(RY)llogs
the latter because of (3.8). Finally, from Lemma 3.6, we have

[div(c — o)+ (y — Ry)lloa < Chligloe-

Thus, the proof follows from (3.21), (3.22) and Proposition 2.5. ]

Remark 3.1. The error estimate from the previous theorem is optimal with respect to the mesh
size h and only involves the problem data. It is not thoroughly independent of the thickness ¢, but
this dependence is very mild, since the estimate holds for any € > 0. On the other hand, the term
liglli. could actually be replaced by (3", llgll7 ;)'/*. In fact, this norm is only used to derive
(3.22) and this relies on a Raviart-Thomas interpolation error estimate which holds true element
by element. Therefore, the theorem holds for piecewise smooth loads, too.

C. A Postprocessing of Transverse Displacement and Rotations

In this section we present an element-wise postprocessing procedure, which allows us to build
piecewise linear transverse displacement and rotations with improved approximation properties.
With this aim, we introduce another H'-type discrete norm for all sufficiently regular (scalar or
vector) functions v.

ol = D IVolls, + > A1,

TeT), ec&y

Given the discrete solution ((6, y1), (B, 11, wr)) € H;, x Q,, we define a postprocessed
transverse displacement w; € L*(Q) as follows. For all T € 7, let w; € Py (T) be such that

Pw;, = wy, (3.23)
Vuw! =PB + 2k ). (3.24)
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It is immediate to check that w}, is well defined and unique.
We start proving the following preliminary result.

Lemma 3.9. There holds

h €
Pw — wyllip < Ch |:1 + (7) i| lglh.e-

Proof. To prove the result we will apply the following inf-sup condition, whose proof we do
not include since is very similar to that of Lemma 3.4: for all v, € QJ, there exists &, € H, such
that

/ vdive, = [ul?, and  [Elog < Clluslls. (3.25)
Q

Taking v, = (w, — Pw), noting that div §, is piecewise constant and finally using (2.6) and
(3.1), we obtain

1Pw — w2, = f (Pw — wy)divE, = / (w — wy)divE,
Q Q
= /(/3 — Bu)én + 127! /(V — Yn)én.-
Q Q

The proof follows from the above equation by using a Cauchy-Schwarz inequality, recalling
Theorem 3.7 and using (3.25). ]

Now we are in a position to prove an improved convergence result for the postprocessed
transverse displacement.

Proposition 3.10.  There holds

h €
o= uil,, = cn 1+ (2 Jneth

Proof. Let w, and w be such that
wy =w,+w, and w=Pw+w. (3.26)

Since w,, and w have zero average on each element T, by applying a scaled trace inequality we
have that

—1\ ~112 2~ ~12 ~ ~2
> T, — G, < Y (hF N, — B3, + 1T, — B )

ee&y, TeT),

< C Y V@ — )5 (3.27)

TeT),
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We now observe that, due to (3.26), there hold Vw}|; = Vi,|y and Vw|;y = Vi, for all

T € 7T,. Therefore, first we use (3.23) and (2.3) and then standard properties of the projector P,
to obtain for all T € 7,

IV @ — D)2y = 1P B+ 26 ) — (B + 26 '),
< IPBy+ 26 yi) = PB + 2 )2,
HIPB+2y) = B+,
< 1B+ 2k y) = (B+ 2675 + CRLIB + 267" Y)I3,

< C(I1Br = BI2; + 1 yi — v 125 + W21B12 , + K21y 12 ,).

The above estimate, combined with Theorem 3.7 and Proposition 2.5, immediately yield

h €2
S V@@ — D)lig, < Ch? [1 + (;) } g o (3.28)

TeTy,

From (3.27), (3.28) and the definition of || - ||;;, we finally obtain

~ ~ hY
lwy, —wliy, < Ch |:1 + (;) :| llglliqs

which combined with Lemma 3.9 and a triangle inequality lead to

~ o~ h\
w — wZHLh < NPw —wyllip + 1wy — wly < Ch |:1 + (?) i| llglh.e-
Thus we conclude the proof. ]

We define also a postprocessed rotation field B; € L*($2)* as follows: For all T € 7, let
B; € Py (T)? be such that

PBy =B VB, =P(C oy +14d),
where P is the L2 projection onto the space of piecewise constant R?*? tensor fields. It is

immediate to check that g; is well defined and unique. Moreover, the following result can be
proved by following the same lines as above.

Proposition 3.11.  There holds

|88

h €
o =Ch |:1 + (;) ] gl -

Finally note that both postprocessing procedures are fully local and therefore have a negligible
computational cost.
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Remark 3.2. Although the main purpose of this scheme is to compute a better approximation of
the bending moments and the shear stress, using this postprocessing, a piecewise linear approxi-
mation of transverse displacement and rotations converging in an H'-type norm can be recovered.
Note in particular that, from the definition of the norm || - ||, , and the fact that the jumps of w and
B are null, it follows that at the limit for 4 — 0 the postprocessed discrete functions will also be
continuous.

D. Hybridization of the Discrete Problem

Similarly as in [7] the solution of the discrete problem (3.1)—(3.2) can be computed by solving
an equivalent linear system significantly smaller and positive definite. We will show briefly such
construction. We start introducing the following ‘broken’ spaces:

X, = {r, € LX(Q¥?: 1,y € [RTy(T)' > VT € T,},
H) :={& € LX()*: &lr € RTy(T) VT € T},

~

H, := H x H} .

Note that no inter-element continuity is required for the above spaces. Furthermore, we introduce
a space of Lagrange multipliers that we use to enforce the continuity condition on the solution.
This is a discrete space of piecewise constant (vector) functions defined on the set 5;,"‘ of internal
edges of the triangulation:

Eh = {(kh,dh) : g}ilm —> Rz X R}

Since such functions (k;,d;,) are constant on each edge, they can be identified with the collec-
tion of its values (k,,d,) on the internal edges e € 5},"‘. We also introduce the bilinear form
v : H, x €, — R defined by

Db ) i= Y e [Irnd+ . [Hg - nD.
eeg}ilm ¢ ¢
where [[-]] is the jump operator defined above. It is easy to check that the original discrete problem
(3.1)—(3.2) is equivalent to the following one:
Find ((1, Y1), (Bu> s wi), (X3, 21)) € Hy X Qp x Ey such that

a((@n, vu)s (Th, §1)) + b((Th, &), (Brs s wi)) + 0 ((Ths 80, (ki 20)) = 0 (3.29)
V(T &) € Hy,

b((ap, ¥)> M1, 0,v4)) = F(0,0,v) Y (nn, vp) € Q£ x Q) (3.30)

b((oh,vh), (0,s,,0)) = F(0,s;,0) Vs, € O}, (3.31)

(o, Yn)s ki, dy)) =0 V(ky,d,) € By (3.32)

The advantage is that most variables in the above system can be eliminated with the following
static condensation procedure:
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FIG. 1. Square plate: uniform meshes.

1. Due to the full inter-element discontinuity of the functions in ﬁh, from (3.29) one can
compute (g, ¥;) as a function of the remaining variables by solving an 11 x 11 system for
each element of the mesh.

2. Substituting (o4, y,) as a function of the remaining variables in (3.30), one calculates
(B, wy,) as a function of F (namely of g), r, and (x,, z;). Note again that, due to the inter-
element discontinuity of the functions in Qf x @}, such operation reduces to solving a
3 x 3 linear system for each element of the mesh.

3. Substituting back the result (8, w;,) of item 2 into item 1, allows computing also (¢, y;,) as
a function of F, r;, and (x;, z;,). Therefore, Egs. (3.31)—(3.32) now become a linear system
that can be solved for r;, and (x;, z;), which constitutes the main bulk of the computations.

It can be checked that the final system obtained in item 3 above is symmetric and positive
definite. The dimension of such a system corresponds to that of the space Q) x Ej, i.e., the
number of vertices plus three times the number of internal edges. Therefore, the size of the final
system is similar to that of more standard finite elements. For instance, the well known low-order
Durén-Liberman element adopts a total of three degrees of freedom per vertex plus one degree of
freedom per edge.

IV. NUMERICAL RESULTS

This numerical method has been implemented in a MATLAB code. We report in this section some
numerical experiments which confirm the theoretical results proved above.

We have taken as a test problem an isotropic and homogeneous plate 2 := (0,1) x (0, 1)
clamped on its whole boundary, for which the analytical solution is explicitly known (see [15]).
We analyze the convergence properties of the method by considering different uniform meshes
as those shown in Fig. 1, and keeping the thickness fixed to t = 0.001.

Choosing the following transverse load,

glx,y) =m
x {12y(y — D(5x% = 5x + D[2y*(y — D> + x(x — D(5y> = 5y + D]

+ 12x(x — D(5y* = 5y + D[2x*(x — 1> 4+ y(y — D(5x*> = 5x + D1},

Numerical Methods for Partial Differential Equations DOI 10.1002/num



60 BEIRAO DA VEIGA, MORA, AND RODRIGUEZ

TABLE I. Errors and experimental rates of convergence for o, (dive + y), y, r, B and w.

N err(o) rc(o) err(a,y) rc(o,y) err(y) rc(y)
609 0.40270e-04 — 0.29609¢e-03 — 0.31715e-02 —

2497 0.19649¢-04 1.054 0.14805e-03 1.018 0.15876e-02 1.016
10113 0.09760e-04 1.019 0.07404e-03 1.009 0.07942e-02 1.008
40705 0.04868¢-04 1.008 0.03702e-03 1.004 0.03971e-02 1.004
163329 0.02431e-04 1.004 0.01851e-03 1.002 0.01986e-02 1.002
N err(r) re(r) err(f8) rc(B) err(w) rc(w)
609 0.87462¢-04 — 0.39713e-04 — 0.66226e-05 —

2497 0.39217e-04 1.178 0.18189¢-04 1.147 0.27707e-05 1.280
10113 0.15009¢-04 1.398 0.08884¢-04 1.043 0.13136e-05 1.086
40705 0.05491e-04 1.457 0.04416e-04 1.013 0.06478e-05 1.025
163329 0.01991e-04 1.466 0.02205e-04 1.004 0.03228e-05 1.007

the exact solution of problem (2.6)—(2.7) is given by
__2
51 —v)
+ 27— D’y(y = DGy =5y + DI,
Bi(x,y) =y (y — D’x*(x — 1)*Q2x — 1),
Bo(x,y) =’ (x = P2 (y = D*Q2y = D).

w(x,y) = %x3(x -DY'y-1° Py — Dx(x — DGx> = 5x + 1)

The material constants have been chosen E = 1 and v = 0.30 and the shear correction factor
has been taken k = 5/6.

In what follows, N denotes the number of degrees of freedom, which according to Section D
corresponds to N := dim(Q},) + dim(&;). Moreover, we define the individual errors by:

err(0) :=|lo — oplloqs err(o,y) = |[(dive + y) — (dive, + yu) llo
err(r) := ||Ir — rullos err(y) :=tlly — ¥ulloo + Idiv (¥ — vi)llog,
err(B) :== 1B — Bulloqs err(w) = [[w — wylloe,

where ((o,y),(B8,r,w)) € H x Q and (64, ¥1), (B, 1, wy)) € H, x Q,, are the solutions to
problems (2.6)—(2.7) and (3.1)—(3.2), respectively.
We have also computed experimental rates of convergence for each individual error as follows:

log(err(-)/err'(-))
log(N/N")

re() == =2 )
where N and N’ denote the degrees of freedom of two consecutive triangulations with respective
errors err and err’.

Table I shows the convergence history of the mixed finite element scheme (3.1)—(3.2) applied
to our test problem.

We observe from these tables that a clear rate of convergence O (h) is attained for all quantities.
Actually, the computation of » seems to be superconvergent.

Figures 2-5 show the profiles of all the computed quantities obtained with the finest mesh
(N = 163329).
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FIG. 2. Transverse displacement wy,. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

FIG. 3. Rotations S, (left) and B, (right). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

!n

FIG. 4. Shear stress y;;, (left) and y,;, (right). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FIG.5. Bending moments oy, (top-left), 012, (top-right), 021, (bottom-left), and o5, (bottom-right).

V. CONCLUSIONS

We have introduced a finite element method to solve the bending problem for a Reissner-Mindlin
plate. The method is based on a dual mixed variational formulation, in which the unknowns
are both stresses and displacements. In addition, the symmetry of the bending moment tensor is
imposed in a weak sense.

The discretization scheme uses PEERS finite elements for the bending moments and the corre-
sponding Lagrange multiplier to recover the symmetry. Shear stresses are discretized by lowest-
order Raviart-Thomas elements, while the kinematic variables are approximated by piecewise
constant functions.

Despite the high number of the involved degrees of freedom, the actual scheme implementation
can be efficiently made by using a hybridization procedure. Therefore, the resulting approach has
a computational cost which is comparable with those of other low-order schemes.

Error estimates are derived for the bending moment o and the shear stress y, both in H (div ).
For these estimates to hold, an additional piecewise smoothness assumption is needed for the
load g = —div y, which is the only data of the problem. We note that standard methods based
on a transverse displacement and rotation discretization only lead to approximations of the shear
stress in weaker norms.
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The method is proved to be practically locking-free, without the need of any reduction oper-

ator. In fact, the obtained error estimates only depend on norms of the solution which can be a
priori bounded in terms of the data g. These error estimates are not fully independent of the plate
thickness ¢, since they involve a term (';’)‘. However the exponent € can be arbitrarily small, so
that the dependence on ¢ is actually very mild. This is confirmed by the numerical experiments.
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