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ON THE CONVERGENCE OF WEISSMAN-TAYLOR ELEMENT
FOR REISSNER-MINDLIN PLATE

JUN HU AND ZHONG-CI SHI

Abstract. In this paper, we study the Weissman-Taylor rectangular element
for the Reissner-Mindlin plate [12] model and provide a convergence analysis
for the transverse displacement and the rotation. We show that the element is

stable and locking free, thereby improve the results of [8] and [9].
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1. Introduction

The Reissner-Mindlin plate model is widely used by engineers. A direct finite
element approximation often yields poor results due to the shear locking, namely,
the numerical solution is significantly smaller than the exact one. The development
of general procedures to overcome this drawback is an active research area. Many
methods have been proposed so far. However, a rigorous convergence and stability
proof is missing for most of these methods, even if numerical tests show that they
work properly. This is the case for the rectangular element proposed by Weissman
and Taylor[12]. The element was analyzed in [8] and [9]. Nevertheless, whether the
element is locking free is unclear in the previous analysis.

In this paper, we show that the transverse displacement and the rotation are con-
vergent uniformly with respect to the plate thickness for the rectangular Weissman-
Taylor element. Therefore the element is locking-free. For simplicity, we consider
only a square mesh. However, the analysis is valid for a rectangular mesh as well.

The paper is organized as follows. The Reissner-Mindlin plate model is reviewed
in Section 2; the Weissman-Taylor element is introduced in Section 3; the error
analysis is presented in Section 4; and finally, a conclusion is given in Section 5.

Throughout the paper, C' denotes a genetic constant, which is not necessarily
the same at different places. However, C' is independent of the mesh size h and the
plate thickness t. We shall use standard notations of the Sobolev space.

2. Reissner-Mindlin Plate Model

Let Q be a rectangle representing the mid-surface of the plate. Assume that
the plate is clamped along the boundary 0€). Let w and ¢ denote the transverse
displacement and the rotation, respectively, which are determined by the following

Problem 2.1. Find (¢,w) € H(Q) x HY (), such that

(1) alg, )+ A3 (Vw— ¢, Vv —1p) = (g,v), V(h,v) € Hy(Q) x H}(Q).
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Here g is the scaled transverse loading, ¢ is the plate thickness, A = Ex/(2+ 2v)
is the shear modulus, E is the Young’s modulus, v is the Poisson ratio and x is
the shear correction factor. The bilinear form a is defined by a(n, ¥) = (CEn, EY),
here Cr is defined for any 2 x 2 symmetric matrix 7 as

E
Cr:= 019 [(1-v)T+vtr(r)I].

Introducing the shear strain

v =M (Vo - ¢)
as an independent variable, we get the following mixed problem
Problem 2.2. Find (¢,w,v) € H(Q) x H}(Q) x L*(Q), such that
(2)  alg )+ (v, Vo—9) =(g.0), V() € Hy(Q) x Hy(%),
(3) A2 (v, 8) — (Vw — ¢, 5) = 0, Vs € L*(Q).

The existence and uniqueness of the solution of Problem 2.2 and the following
regularity result can be found in [4, 9].

Lemma 2.3. Let (¢,w,y) € H5(Q) x HY(Q) x L*(Q) be the solution of Problem
2.2, then the following regularity estimates hold

(4) ol + 7l < Cllgll-1,
(5) [wll2 < Cllgl-1 +#lgllo),  tllells < Cliglo,
(6) 171z (aiv) < Cllgllo, tllyvlle < Cllgll-1 +tllgllo)-

3. Finite element approximation

Let 75, be a uniform square partition of the domain  with the mesh size h,
which is the refinement of a coarser partition 75, with the mesh size 2h. Let Fx

be the affine mapping from the reference square K = [—1,1]? onto the element K,
which is defined by

Fr(&,n) = (zk + h&, yr + hn),

where (zg, yx) is the center of K. Denote 9(§,n) = v(xg + h&, yr + hn).
Define

Wi = {veHj(Q) |, €Qi(K) VK €T},
Bye = {veL?(Q)]o, € 1-&1-n") VK € Tp},

T, = {yeL*Q)|v, € A(K)* VK € T,.},

Ty = {xeL*9)|x), €Qo1xQioVKeT},

I, = {x€Ho(rot,Q) | x|, € Qox X Qi VK €Ty},

where (1 — ¢2,1 —7?) is the non-conforming bubble space generated by 1 — ¢2 and

1—7% Qo1 =(1,1),Q10=(1,).
Set

Wi =W, @ Bne, Vi = [Wh]? © B3, Vi = [Wi]2
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Let Ry, be the usual Raviart-Thomas interpolation operator from H (rot,{2) to
T'j,, which is locally defined by

/ (¥ — Rptp) - tds = 0, e; C OK.

€

For the operator Ry, we have the following properties(see [9] and references therein):

Lemma 3.1. Let II be the L? projection operator onto T'y, IIy be the L? projection
operator onto the piecewise constant space, then

Ry =11,  rot Rptp = lprot e, P €V,

I~ Ruwlle < Chlwlh,  ¥ab e H'(Q)n Holrot, ),
I = Rty < CR(Il + [rotpll),  Vab e H(R) 0 H (rot),

where the norm || - ||H(71> is defined by
rot

bllr. = (12, + ot ]2,/
The Weissman-Taylor element [12] can be stated as the solution of the following
Problem 3.2. Find (¢;,,wn,~,) € Vi x W x Ty, such that
an(@p, ) + (v, Vv =) = (f,0°), V(¢ v) € Vi x Wy,
(Vawh = ¢p,8) = A (v;,8) = 0, Vs €Ty,
where v¢ denotes the conforming part of v € Wi,

Due to the non-conforming bubble, the bilinear form a(-, -) is replaced by a (-, -),
which is the same bilinear form computed element by element. Similarly, the gra-
dient operator V is replaced by gradient on each element, V. See [12] for details.

By the static condensation procedure, Problem 3.2 can be converted into the
following

Problem 3.3. [8] Find (¢5,ws,~,) € Vi, x Wy, x TR, such that
(7) Ah(¢27w277h;¢7v7 S) = (fvv)7 V(QP»U»S) € Vh X Wh X Fﬁa
where ¢}, and wj, are the conforming parts of ¢, and wy, respectively, and

Ah(d)huwh?")lh;’(/]vvvs) = ah(d)haw) - /82h2 Z (A¢)h7AQ/J)

KeTy,

H(¥n VU = ) + Bih? D (5, A) + A (yy, 8)
KeTy,

—(Vwn = ¢y, 8) + Bsh? > (Hoyy, s) — ih® Y (Agy, s),
KeTy, KeTy
where A is the linear operator induced by a(-,-) in the natural way and Il is
the L2-orthogonal projection operator onto the piecewise constant function space,
Bi,i =1,2,3 are constants which can be written as

2 2H=Y(1 — v+ 20?) H7 (3 -v)
=-g-! = =
br=3H™ B 3(1+v)2 ) Ps 3(1—v)
with H = ﬁ The well-posedness of Problem3.3 can be found in [8] based on

the following
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Lemma 3.4. There exists a positive constant o, such that
an (1, ) — Boh® D (A, Ap) > al||}, Vap € V.
KeT,

For the analysis, we need the following auxiliary problem, which is often called
in literature the MITC} element or Bathe-Dvorkin element for the R-M plate[2].

Problem 3.5. Find (¢;,wr) € Vi, x Wy, such that

a((ﬁ],’(,b) + (7]5 Vv — Rh":b) = (g7v)7 V(’l,b,li) € Vh X Whv
~; = M 2(Vw; — Ry¢;).

For our rectangular meshes, we have the following error estimates[7].

Lemma 3.6. Let (¢p,w) and (¢, wr) be the solutions of Probelm?2.1 and Problem3.5
respectively, then

I = &l + lw = wills + v = vllo < Ch(llgll-1 + tllgllo)-
4. Error Analysis

In this section, we give the error analysis of Weissman-Taylor element. First,
we introduce the following result from [8].

Lemma 4.1. Under the hypotheses on the uniform square partition Tp,
Ry, = 1y, Vb, € Vi,
where Tl : Hy(Q) — T'FF is the usual L?-projection.

Remark 4.2. Lemma 4.1 can be regarded as a direct consequence of Lemma 3.1
and the definition of space I‘f.

Then, we have the following theorem concerning the energy error estimate.

Theorem 4.3. Let (¢p,w,~) and (¢, wn, ) be the solutions of Problem 2.2 and
Problem 3.2 respectively, then

¢ = @pllin + [lw = wnllin + 2IToy = Tovllo + v = vallo < Ch(llgll-1 + tllgllo)-

Proof. First, by Lemma 2.3, Lemma 3.6 and the inverse estimate, we have

lprlen < o —Thidlon + [Tl n
< Chlg, — il + C| 9|2
< Ch7lpr— ¢+ Ch7 g — Lo + C| 9l
(8) < Clgl-1 +tllgllo),

where II; is the usual bilinear Lagrange interpolation operator.
Set

Ep =) — P Ew=wjh —wr &y =, — oy
From Lemma 3.4, we obtain
(9) a(lleglli + P2 Moy |5 + *llex17) < Anleg, cw, evi € €ws E4)-
Taking into account Problem 2.2 and Problem 3.3, we have the following decom-
position,
An(€gp,€w,6~5€¢,EuwrEy) = A1+ Ax + -+ - + Asg,
where

AL =00y Y (Ady, Asy), Ar=—h"B1 Y (v, Acy),
KeTy, KeTy,
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A3 = —h263 Z (H077€7)a A4 = h2ﬁ1 Z (A¢135‘Y)7

KeTy, KeTy,
A5 = a’(¢ - ¢Iv€q§)7 AG = (7 - HO'Ya ng - 5(]5)

Ar = Ay —Tov,e5),  As = (V(wr —w) — (97 — @), &4).
Let us estimate the above terms one by one.

By virtue of (8), using the inverse estimate again, the first term A; can be
bounded as

| A1 [< O] @ Lo lleglls < CR2(lgl2y + llgll5) + arlleg -
Applying Cauchy-Schwarz inequality, we can bound terms As and As as
| A2 [< Ch|[Tovolleelh < CR?|Tov|[§ + azleg |,
| A3 |< CR® | Hoyllo|Moe~ llo < Ch? oy |§ + ash?|[Toe 3.

Using Cauchy-Schwarz inequality, (8) and the inverse estimate once more, we pro-
ceed as

| Ay [ CR? | b |2 [Mozylo < CR2(llgl21 + £[lg]13) + aah®|[Moe~ 3.
Taking into account Lemma 3.6, we obtain
| As |< Ch(llgll-1 + tllgllo)leglls < CR*(Igll*1 + £*1lgll5) + aslleqlli-
Now from Problem 3.3 and Lemma 4.1, we find that
Vwi |k= Rno§ + A\ 't?5, + Cx, where Ck is a constant.

Thus we come to

As = (v—Tov, V(v —wi) = (¢}, — ¢1))
= (v —Tov,Ru(d) — ¢;) — (¢f, — &) + A (v — Moy, i — 1)
= Ag+ 43

Owing to Lemma 3.1, we have
| A |< Chlly = Tovllolleglls < CR2|IVIE + as1lleg |-
The key is to bound the second term
A = Xy = Tov, v, — 1)
AT (v = T, vy, — o)
AT (y = o,y — o) + A2 (y = Mo,y — 1)

By virtue of Lemma 2.3 and Lemma 3.6, taking into account the error estimate for
projection operator Iy, we derive as

| 451 < Cht(llgll—1 +tlgllo)llva — Movllo + CR*(llgl2 + *[lg]13)
Ch2(llgll21 + £ 1lgll5) + as.2tllex1I5.

A

It is easy to see
| A7 [=[ AT (v = oy, ) |< CR2(llglI2y + 2]lglIR) + art? e~ [I5.
From the definition of operator Rj, we can easily prove

(Rnor — ¢1757) =0,
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which, together with Lemma 4.1 and Lemma 3.6, imply
| As | = [ (V(wr —w) = (o1 — }),&4) |
= | ((Vwr = Rugy) — (Vw — @), &) = X2 (v) —7,5) |
Ch*(|lgllZy +#]|gl13) + ast®[le~[5-

Let a1,--- ,a6,1,a6,2,a7,as be small enough and bring these inequalities together,
we come to

(10) [lp; — @il + RlTo(y; =)l + th(vr = ¥a)llo < Ch(llgll-1 + tllgllo)-

On the other hand, by the decomposition, we have ¢, = @7 + ¢;.°, where ¢} °
is the nonconforming part of ¢,. Proceeding along the same line of Theorem 2.1
of [9], applying the above estimate about the conforming part and the following
inequality

(11) lon‘llo < Chll@nll1.n;
the nonconforming bubble can be bounded as

C lerel2,

< an(@ B1%) = (v B1) — an (@ B1) = oy, 61°) — an (65, H1°)

= (Tgvs %) — an(d, — 6. B1%) + (7, B1°) — an(, S1)] — (7, 1)

< Clovalloll i<l + Clies, — lls 1]
e /8 _cgg-naids | +lol¢ilo.

KeTy,

A

1,h

which, together with (10) and (11), and owing to the consistency error estimate of
the Wilson element [11] imply

(12)  llop“llin < Ch(llgl-1 + tllgllo),  lldn°llo < CR*(llgll-1 + tllgllo)-

Then we obtain

(13)  lén — @l < lPn — @l + D1 l1n < Ch(llgll-1 + tllgllo)-

By the triangle inequality and (10), taking into account Lemma 3.6, we have

RIo(y = p)llo + (v —¥u)llo
< h|[To(y = Toy)llo + Ao (Mo — v5)llo + tl (v = vDllo + (v —¥u)llo
(14) < Ch(llgll-1 + tllgllo)-

As for the transverse displacement wy,, from the second equation of Problem 3.2,
we have the following decomposition

Viwn =V = Ay, =) + (Mg, — ¢),
where ﬁh is the projection operator on f‘h, therefore
(15) [Vawn — Vwllo < Ch([lgll-1 +tllgllo),
which completes the proof. O

In order to analyze the L? error estimate of the rotation, we need the following
auxiliary problem and its mixed formulation:

Problem 4.4. Find (¢ ,wq) € H5(Q) x HY(R), such that

(16) a(,¢) + (Vo—1th,0)=(d—9¢f, %) Vb€ Hy(9),
(17) o = M %3(Vwg—9,).
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Problem 4.5. Find (¢, wq,0) € Hy(Q) x HY(Q) x L*(Q), such that

(18) a(y,dy) + (Vv —1p,0) = (d—¢f.9) V(i v) € H{(Q) x H}(Q),
(19) (Vwg — ¢g,8) — XN UH2(8,0) =0 V& L*(Q).

For the solution of Problem 4.5, we have the following regularity result
(20)  pallz + llwalls + llello + tlloll + [lolm@iv) < Cll¢ = @hllo-

Let ((bfl, wk, o!) be the finite element approximation of (¢, wq, o) by the MITC4
method, owing to Lemma 3.6, we have

(21) 1z = dalli + llwa = willy + tllo — a'llo < Chllp — B o.
Similarly,
(22) dllz.n < Cll — ¢fllo-

Then, we have the following L? errror estimate for the Weissman-Taylor element.

Theorem 4.6. Let (¢p,w,vy) and (¢, wn,~;,) be the solutions of Problem 2.2 and
Problem 3.2, respectively, then

I — @nllo + llw —wnllo < CR?||gllo

Proof. Let ¢ = ¢ — ¢}, v =w —wf, and § = v — ;. Taking into account Probelm
2.2 and Problem 3.2, we have

lo—illd = aled—df. g — bh) + (v — Y1, V(wa —wy) — (g — B1))
+H(V(w=wf) = (¢ — %),0) = X'y — v, 0) + an(Pr, 1)
= B+ -+ Bs.

Owing to (13) and (21),
|Bi| < CR*(lgll-1 +tllgllo)ll¢ — dhllo-
Because (7y,, ¢4 — Rudl) = 0, we obtain
By = A"y = vy, 0 — ') + (7, ¢ — Rudi) = Baa + Baa.
It is easy to see

|Ba.1| < CR*(llgll-1 + tllgllo) I — @5 lo-

Proceeding along the same line of Lemma 5.9 [10] and using (22), we come to

|Bzo| < CR?|[¥ || rgaiv) | ddl2n < CR2|lglloll ¢ — 7 o-

By virtue of the equation of Problem 3.3 and the second inequality of Lemma 3.1,
we derive

B3+ Bi| = |—(Vwj — ¢, 0) + At (v, 0)
= |=Bih* Moy, 0) + Bk Y (Adh, 0)k + (95, — Ry, o)
KeT
< CR*(ITovsllo + @5 l2.m) e llo + |85, — Rudfill -1 o) |l 12 (aiv)
< CR*(llgll-1 + tllgllo)ll¢ — D5 llo-
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Integrating by parts and using (22) and Theorem 4.3, the last term can be bounded
as

|Bs| = |-(¢}< diveepl)+ 3 / SreCED, -7l

KeTp, V9K
Cllérloll@hllan + RISl n
CR(lgll—1 + tllgllo)l|d — 5. lo-

Bring these inequalities together, we come to

(23) ¢ — #hllo < Ch?[lgllo-

The nonconforming bubble has been bounded in (12), which, together with (23)
and triangle inequality, imply
(24) ¢ — dullo < Ch?[lgllo-

For the L? error estimate of the transverse displacement, we need the following
auxiliary problem: Find z € H{ () and 2;, € W), such that

(V2,Vs) = (w—wn,s), Vs€ HYQ), (Vzp,Vs)=(w—wns), YseW.

|Ballzn

IAIA

By a routine way, we have
llz — znllo + R|z — zn]1 < CR?|lw — whllo.
Therefore,
lw—wnllz = (w—whnw—wr) —(Vz, Vi(w—wp)) + (Vz, Vi(w —wp))
= J1+ Jo
By the standard procedure of the nonconforming Wilson element[11], we get

1] < Ch?|lz]l2llw = wrllin < CR*(llgll -1 + tlgllo)llw — whllo,

Jo = (Vz,Vyw— Vywp)
= (Vz2—=Vaz, Viw — Viawr) + (Vzp, Viw — Viwn)
= (Vz—Vz, Viw — Viwy) + X 12 (y — v, Vap)
+(¢ — Rudpy,, Vau) + (Ilnpy®, Vazp)
= Jy4-+ Js.
Obviously,

| Js + J3| < CR*(lgll -1 + tllgllo)lw — wnllo, JF = 0.
The last term can be estimated as

| J3] | (¢ — Rnoy,, Vazn) =] (¢ — Y, Van) |
Ch?|lgllollznlly < Ch?|gllollw — whllo-

IN

Bring all these inequalities, we obtain

lo —wnllo < Ch?|lgllo,
which completes the proof. O
Remark 4.7. We focused on the Weissman-Taylor element in the discussion.

However, the analysis and error estimates hold also for other Wilson-type plate
bending elements proposed in [9].
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5. Conclusion

In this paper, we have analyzed the rectangular Weissman-Taylor element for
the Reissner-Mindlin plate and have proved that the element is locking free. Our
analysis depends heavily on some orthogonal properties associated with rectangular
meshes. These properties are not valid for general quadrilateral meshes. Therefore
the locking free issue for the Weissman-Taylor element over quadrilateral meshes is
still unsolved.
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