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1 Introduction

One of the most successful finite element methods for the Reissner-Mindlin
plate bending model is the MITC family introduced by K.-J. Bathe and co-
workers [8], [6], [7]. The family has been mathematically analyzed under
various assumptions: The first error analysis [7] was performed for the limit-
ing case of a vanishing thickness and in [10], [12] the analysis was extended to
a positive thickness. The result is, roughly speaking, that the error is quasi-
optimal in the sense that the finite element error is bounded from above by a
constant times the interpolation error, and it is essential that the constant is
independent of the plate thickness. The estimate is, however, somewhat un-
satisfactory, because it is combined with an interpolation estimate obtained
by assuming a smooth solution. In practice, the solution is never very smooth
since it is known [1], [3], [4] that the solution contains strong boundary layers.
In [13] an analysis is performed by taking the boundary layer into account
for the free plate with a smooth boundary.

The purpose of this paper is to make an analysis in spirit of [13], but
now for a clamped plate and a polygonal domain. We prove an estimate
uniformly valid and, in particular, we give the estimate with respect to the
loading. For this we prove a regularity result that can be used for the analysis
of other finite elements as well. For simplicity, we consider a triangular MITC
method, but it is clear that the results also hold for other elements of the
MITC-type, such as the triangular and quadrilateral families reviewed in [10],
[15]. The results of this paper are used in [11] where a postprocessing method
is introduced, analyzed and tested.

2 The Reissner—Mindlin plate model

We consider a clamped plate with the midsurface @ C R? and scale the
loading f by assuming it to be of the form f = Gt3¢g, with G denoting the
shear modulus and ¢ denoting the thickness. This gives a well posed problem
in the limit ¢t — 0, cf. [9].

We define the bilinear form

B(z,¢;v,m) = a(¢p,n) +t*(Vz— ¢, Vv —n), (2.1)
with ]
v . .
a(e,n) = 6{<€(¢>’ e(n)) + :(le ¢,divn)}, (2.2)
where v is the Poisson ratio and € is the linear strain tensor
1
e(n) = 5(Vn+(Vn)"). (2.3)

The problem is then the following:

Variational formulation 2.1. Find the deflection w € H}(Q) and the ro-
tation B € [H}()]* such that

B(w,B;v,m) = (g9,v) Y(v,n) € Hy(Q) x [Hy(Q)]*. (2.4)



For the analysis the problem is first written in a mixed form with the
shear force

a= (Vo B) (2.5)

taken as an independent unknown in the space [L*(€)]? (cf. [10]). This gives
the following problem:

Variational formulation 2.2. Find (w,3,q) € H}(Q)x[H(Q)]* < [L*(Q)]?
such that
a(B,m) + (g, Vv —n) = (g,v) V(v,m) € Hy(Q) x [Hy(Q)]%, (2.6)
(Vw — B,7) —t*(q,7) =0 Vr € [L*(Q)). (2.7)

For further reference, we give our regularity results with a more general
right hand side:

Variational formulation 2.3. Find (w,3,q) € H}(Q)x[Hg(Q)]* < [L*(Q)]?
such that

a(B,m) + (g, Vv —n) = (g,v) + (G, n) (2:8)
for all (v,m) € H}(Q) x [H(Q)]?, and
(Vw — B,7) —t*(q,7) =0 Vr € [L*(Q)). (2.9)

For clarifying the detailed regularity structure of the problem the Helmholtz
decomposition is used for the shear force. In [9] it is proved that for q €
[L2(£2)]? one can write

q =V +rotp, (2.10)

with a unique pair (¢,p) € Hy(Q) x [HY(Q) N L3()], and the following
orthogonality holds

(Vi,rot p) = 0. (2.11)
By using the same orthogonal splitting for the test function
r =Vv+rotqg (2.12)

the above formulations are equivalent to the following problem:

Variational formulation 2.4. Find (w,3,v,p) € HL(Q) x [H}(Q)]? x
H}(Q) x [HY(Q) N LE(Q)] such that

(V, Vo) = (9,¢) Vo€ Hy(Q),  (213)

a(B,m) — (rotp,m) = (V¢,n) + (G,n)  Vn e [Hy(QP, (2.14)
t*(rot p,rot q) + (B,rot ) = 0 Vg e H' (Q)NL3(Q), (2.15)
(Vw, Vo) = (8, Vv) + t2(Vy, Vo) Yo € Hi ().  (2.16)

In the limit ¢ — 0 the solution (w, 3) = (w', B") converges to the Kirchhoff
limit with
B = Vu'. (2.17)
We write
w=uw’+w" and B8=0"+0". (2.18)

We now prove the following global and interior regularity estimates:



Theorem 2.1. Let ) be a convex polygonal domain and let €2; be a domain
compactly embedded in Q. With g € H**(Q) and tg € H*1(Q), s > 1, it
then holds

[w’lls + = lw" (|2 + 1812 + &1l + l[pll + il

(2.19)
< C(llgll-1 + tllgllo + [1Gllo)

and

[0 ss2,0; + ¢ Hw" ss0, + 1Bllsrras + (¢l + [Plls.0: + tlpllsiro;
< Cllglls=2 + tllglls—1 + [|Glls-1)-
(2.20)

Proof. Step 1. As w° is the Kirchhoff solution it is clear that
[w’lls < Cllgll-1 and [[w®lsr2.0, < Cllglls—2- (2.21)

Let now ' cC " cC Q, (with CC denoting a compact embedding) be
arbitrary. For the solution of the Poisson problem (2.13) above we have

[0l < Cllgllie, for i =1,2, and [[¢]s0 < Cllglls—2- (2.22)

Step 2. To obtain the other estimates we rely on the results proved by
Arnold, Falk and Liu [2], [5] for the following general problem: find (®, P) €
[H(Q))? x [H'(2) N L3(2)] such that

a(®,n) — (rot P.m) = (F.m),  n € [Hy(Q)P, (2.23)
t*(rot P,rot q) + (®,rot q) = (K, q), q€ H'(Q)NLyQ). (2.24)
For this problem the following estimates are in essence proved in [2], [5]:

1@ [l2 + 1Pl + I Pll2 + | Plls < C(IF[lo + [ K] (2.25)

and

1@ li+2.90 + [ Pllivrgr + tPlleroor + (|1 Pllisso
< C(I1F [l + 1K [1+.07),

with [ > 0. Applying these results with ® =3, P=p, F = Vy+G, K =0,
Q' =Q;, and | = s — 1, gives

18112 + llpll + tlipll2 < C(IVElo + [1Gllo) (2.27)

(2.26)

and

1Blls+1.00 + lIpllsg, + tplsrro, < C(IVElror + 1Gllsr0r). (2.28)

Hence, we obtain all of the asserted estimates except the one for w”. To this
end, let (8", p°) be the solution of (2.14)-(2.15) with ¢ = 0. From the results
in [2], [5] one obtains

18 = 8%l < C(IIV¥llo + 1Gllo). (2.29)



The difference w” = w — w® satisfies
(Vw", Vo) = (8 — 8°,Vv) +t*(g,v), v € Hy(Q), (2.30)
and hence the H?-regularity for the Poisson problem gives

lw"llz < C(1I8 = Bl + lgllo)- (2.31)

Combining this with (2.29) and (2.22) gives the remaining part of the global
regularity estimate (2.19).

Step 3. Next, let us derive the remaining local estimates in (2.20). From
(2.14)—(2.15) we obtain

a(B—pB%m) — (rot (p —p°),m) =0, e [Hy(Q, (2.32)
(B — B",rot q) = —t*(rot p, rot q), q€ H'(Q)NLI(Q). (2.33)

From (2.15) it follows that p satisfies the natural boundary condition dp/0n =
0 on 99, and the right hand side of (2.33) above is equal to t>(Ap, q). Hence,
applying the estimate (2.26) with ® = 3—3°, P =p—p°, F =0, K = t*Ap,
Q' =Q; and | = s — 2, gives

18 = B°[ls.0. < Cpllst10r (2.34)
Exactly in the same way as before we now get
tpllsr107 < Cllglls—2 (2.35)
and hence
18 = B°ls0. < Ctllglls-a- (2.36)

The equation (2.30) and the interior elliptic regularity for the Poisson prob-
lem then gives

lwlls+r0, < (I8 = B°lsa, + llglls-1)
< Ct(llglls—2 + tllglls-1),

which concludes the proof. O

(2.37)

3 The MITC Finite Elements

Let us recall the triangular MITC elements [7], [10]. Let Cj, be the triangu-
lation of Q and let us denote h = maxgec, hx, where hy is the diameter of
K. P.(K) denotes the space of polynomials of degree k on K. Throughout
the paper C' denotes a positive constant independent of both the mesh size
h and the plate thickness t.

The finite element subspaces Wj, C HJ(2) and V', C [H}(Q)]? are defined
for the polynomial degree k > 2 as follows:

Wy, = {w S H&(Q) | WK < Pk(K) VK € Ch}, (31)
Vi={ne[H, Q) | nx € [P(K)®[Ben(K)] VK €C},  (3:2)



with the "bubble space”

Bri1(K) ={b="bsp | p € Prso(K), by € P3(K), byp =0 VE C 0K},
(3.3)
where ﬁk_g(K ) is the space of homogenous polynomials of degree k — 2 on
the element K.
The rotated Raviart—Thomas space of order k — 1 is denoted by

Q,={r € H(rot;Q) | rix € [Por(K)* ® (y, —2)Po1(K) VK €Cp, }.
The reduction operator Ry, : [H*(2)]*> — @Q,, is defined by the condition(s3.4)
(Rym—m) Te,p)p =0 Vpe€ P,_1(E) VE C 0K, (3.5)
(Run —n,p)x =0 Vp € [Peo(K)]*. (3.6)
Here E denotes an edge to K and 7g is the unit tangent to E. (-,-)x and

(-,-)g are the L?-inner products.
The MITC method is now defined as follows:

Method 3.1. Find the deflection wy, € W), and the rotation B, € V', such
that

Bh(whaﬁh;vun) = (g,U) V(U7T’) S Wh X Vha (37)
with the modified bilinear form

Bz, ¢ v0.m) = aldm) + 5(Ru(V= — §) Ru(Vo—m). (39

The discrete shear force q; € Q,, is

4, = 5 RU(Tun— B, (3.9

Now, the mixed variant of Method 3.1 is of the following form [10]:

Method 3.2. Find (wn,B,,q,) € Wi X Vi, x Q, C H}(Q) x [H{(2)]? x
[L2(2)]? such that

a(By,m) + (qn, Ru(Vv —m)) = (g,v) V(v,n) € Wi x V, (3.10)
(Ry(Vwy, — By), 1) — t2(‘1h>7°) =0 VreQ,. (3.11)

The key in the error analysis of the MITC elements performed in [10], [12]
is that there exists a discrete Helmholtz decomposition. For this we define

Po={qe Li(Q) | qr € Pr_1(K) VK € Cy }. (3.12)

Lemma 3.1. For every r € Q,, there exists unique v € Wy, q € P, and
a € Q,, such that
r=Vi+a (3.13)

and
(o, 8) = (rot s,q) Vs € Q,,. (3.14)



The second relation motivates the notation
a =rotyq (3.15)
and we have the orthogonality
(roty g, Vv) = 0. (3.16)

Note that this gives [12], with L*-projections IIj, : L3(2) — B, and IT}, :
(L2 — Q,

roty, IT,q = IT,rot q Vg € H'(Q), (3.17)

and for q € P,
(roty, ¢, RyB),) = (g, 0t B;,). (3.18)

By using this result and writing
q, = Vi, + roty, py (3.19)

and
r = Vv +rot, q (3.20)

in Method 3.2 we get the equivalent formulation:

Method 3.3. Find (wy, B3, Yn,pr) € Wi X Vi, x Wy, X Py, such that

(Vn, Vo) = (9, 9) Vo € Wh, (3.21)

a(By, M) — (P, Tot n) = (V%, Rym) Vn € Vy, (3.22)

t*(roty, pp, rot, q) + (rot By, q) = Vq € Py, (3.23)
(Vwy, Vo) = (Rhﬁh, Vo) + t3(Vapy, Vo) Yo € Wi,

(3.24)

We now estimate the errors between the continuous Variational formu-
lation 2.4 (with G = 0) and the discrete Method 3.3. In W), and V), we
use the standard Lagrange interpolants with the well-known estimates of the
following type:

Lemma 3.2. There is a positive constant C' such that
v — Iowllx < CRE Hollmr Yo € H(K), (3.25)
where 2 <m < k+1.

In the discrete shear space Q) we use the Raviart-Thomas interpolation
operator defined in (3.5)—(3.6) for which it holds:

Lemma 3.3. [14] There is a positive constant C' such that
I = Runllox < ChE|nllmx Y0 € [H™(K)P, (3.26)

where 1 < m < k.



In order to have a measure of the influence of the boundary layer we use
the following notation. With the interior region €2; we denote

QO = Ugca, K,  Qr=Q\Q" (3.27)
and
h; = max hg, hy = max hg. (3.28)
KeQh KeQh

Our error estimate is now the following:

Theorem 3.1. Let Q be a convex polygon and suppose that the plate is
clamped. For g € H*=2(Q), tg € H*"1(Q) it then holds

lw = whlly + 18 = Bl + 1Y = ¥nlls + [Ip = pallo + tllrot p — roty, pullo
< C{hi(glle—2 + tllgll-1) + ho(llgll -1 + tllgllo) }

(3.29)
and
oo = wnllo + 18 = Bl a0
< Ch{N(llglle-2 + tlglle—1) + Po(llgll -1 + tllgllo)}-
Proof. Step 1. From (2.13) and (3.21) we get
[ — nli < ¢ — Iny (3.31)

<ly- [h¢|1,ﬂ? + v = Ih¢|1,Q{;-

In QF we apply Lemma 3.2 with m = k + 1 and in Qf with m = 2, and then
we use Theorem 2.1 and obtain

Y — 1h¢|1,Q§l + | — Ih¢|1,Q{;
< C (M llsr 0 + Plllla0n) (3.32)
< C{RE(llglle—2 + tllglli-1) + ho(llgll—1 + tllgllo)}-

Step 2. The equations (3.22)—(3.23) are a discretization of the singularly
perturbed Stokes system (2.14)—(2.15) (with G = 0). For this we have the
stability in the norms ||-||; (for the rotation) and ||-||o + t|[roty (-)||o (for
the pressure). By the standard arguments, taking the non-consistency into
account (cf. [12]), we get

18 — Bullr + [[p — pallo +t[lrot p — rot, prlo
< C(I8 = 1Bl + |lp — Ipllo + t|rot p — roty, Iypllo

+ | — ¢l + sup [V, Bep — 77)|)
nevy Hnul

(3.33)




The first two terms above we estimate as before by using the interpolation
estimates and Theorem 2.1

18 = 1Bl + [lp — npllo

<[B- Ih5||1,9g +lp— th”o,Qy
+ 18 = InBll.an + [P = Duplloor (3.34)

< Ch?(”ﬁ“lﬂ—l,ﬂ? + Hp“lmf) + Chb(”ﬁ”zgg + ||PH1,Q{;)

< C{hi (llglli—2 + tllglli-1) + ho(llgll -1 + tllgllo) }-

For the third term the relation (3.17) and the interpolation estimate give
t|[rot p — roty, Ilpllo = t|[rot p — IT,rot pllo

< tllrot p — ITrot pllgor + t[rot p — ITrot plloon
< C(hflltrotpllk,gg + hb”“'OtpHm;})
< C{R(lglle—2 + tllgll-1) + hs(llgll-1 + ¢lgllo) }-

Next, let T, : [L*(Q))> — {r € [L*(Q)]* | 7k € [Pr—2(K)]? VK € Cy} be
the L%-projection. Then, by (3.6) it holds

(3.35)

(TrhVy,n — Rym) = 0. (3.36)
Therefore, we obtain

(Vion,m — Rym) = (V¥ —¥),n — Rpm) + (VY — TV, n — Rym)
<[V = ¥n)llollm — Rumllo + (VY — TV, n — Rym)
<V —)llolnll + (VY = TV, — Rym)
= CIV( = vn)llollmll + (VY = TV, n — Rym)on

+ (Vo =TV, m — Rym)on
< V@ = dn)lollnlls + [V = TRV gon
+IVY =TVl orlln — Bamllo o
< CIV& = vn)lolnll + ChEIVEll_y
+ Cho|[ VYo an Il -

n-—- RhnHo,ag

77”1,522’%

(3.37)
From Theorem 2.1 and the estimates already proved we thus have

|(Vn, Ryn — m)|
sup

< C{B; (llgllk—2 + tllglli—1) + hu(llgll -1 + tllgllo)}-
nevy ||T’||1

(3.38)
The right hand side of (3.33) is then bounded by the right hand side in the

asserted estimate (3.29).
Step 3. From (2.16) and (3.24), by using (2.13) and (3.21), we get

|w — w1 < (|18 — RuByllo- (3.39)

10



Now, it holds

18 = RiBrllo = (B — RuB) + (B = Br) + (I — Ru)(B = By)llo
<18 =RuBllo+ 118 = Bullo + (T = Ru)(B = B)llo-

By using Lemma 3.3 and the previous estimates we then get

(3.40)

lw —wnlle < C{AF(lglle-2 + tlglle-1) + Pollgll -1 + tllgllo)}. (3.41)

We have now proved the asserted estimate (3.29).

Step 4. The L?-estimates for the deflection and the rotation are proven by
adapting the usual duality technique (cf. [10], [12]) and using the regularity
estimate (2.19). O

Remark 3.1. For the shear force the previous theorem gives the estimate

tha = aullo < C{h;(lglli-2 + tlgller) + he(llgl-1 + tllgllo)},  (3.42)

which is utilized in the analysis of the postprocessing method in [11]. Also
the splitting w = w” +w° for the deflection and the corresponding regularity
result of Theorem 2.1, which we have not used here, are utilized in [11].
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