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Abstract

The main aim of this paper is to study the convergence of a nonconforming triangular
plate element-Morley element under anisotropic meshes. By a novel approach, an explicit
bound for the interpolation error is derived for arbitrary triangular meshes (which even
need not satisfy the maximal angle condition and the coordinate system condition ), the
optimal consistency error is obtained for a family of anisotropically graded finite element
meshes.
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1. Introduction

It is well-known that regular assumption or quasi-uniform assumption[®12] of finite element

meshes is a basic condition in the convergence analysis of finite element approximation both
for conventional conforming and nonconforming elements. However, with the development of
the finite element methods and its applications to more fields and more complex problems,
the above conventional meshes conditions become a severe restriction for the finite element
methods. For example, the solution may have anisotropic behavior in parts of the domain.
This means that the solution varies significantly only in certain directions. In such cases, it is
an obvious idea to reflect this anisotropy in the discretization by using anisotropic meshes with
a small mesh size in the direction of the rapid variation of the solution and a larger mesh size
in the perpendicular direction.

Indeed, some early papers have been written to prove error estimates under more general
conditions (refer to [7, 15]). Recently, much attention is paid to FEMs under anisotropic
meshes. In particular, for second order problems and rectangular meshes, we refer to Acosta
(121 Apell3=6] Chen%] Duran('34 Shenk[®? and references therein. Above all, it is now
well known that the regularity assumption is not needed. As to fourth order problems, the plate
bending problem for example, only some rectangular elements have been concerned, interested
reader can refer to [11] for Adini’s element and [19] for bicubic Hermite element. However, up to
now, there are no papers on anisotropic triangular plate elements, especially for nonconforming
ones. This paper is devoted to fill the gap of it.

It is known that the nonconforming Morley element is an effective element for the plate
bending problem. This quadratic triangular element is particularly attractive, because of its
simple structure and low degrees of freedom. However, since the continuity of Morley element
is very weak (nonconforming non-C° element), even under quasi-uniform meshes, the error
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estimate of it is not easy and has been explored a long way (refer to [17, 20, 6, 21]). In
this paper, we consider the plate bending problem discretized with the nonconforming Morley
element under anisotropic triangular meshes. Since the technique developed to estimate the
local interpolation error (refer to [4, 10]) is not convenient to be applied for triangular elements,
we turn to other tricks. By using of the special properties of the shape function space of Morley
element and the results of Poincaré inequality (refer to [8, 18]), we derive an explicit bound of
its interpolation error under arbitrary triangular meshes. The consistency error is even more
hard to be treated. In order to obtain the optimal consistency error, we have to consider a
special type of product anisotropic triangular meshes, namely, tensor product meshes. As to
more general anisotropic triangular meshes, we are still work on them.

The outline of the paper is as follows. In the next section, after introducing the nonconform-
ing Morley element approximation to the plate bending problem, we derive the interpolation
error of it under arbitrary triangular meshes. In section 3, the optimal anisotropic consistency
error of Morley element is obtained by a novel approach under a family of anisotropically graded
finite element meshes . In order to verify the validity of theoretical analysis, some numerical
experiments are carried out in section 4.

2. The Interpolation Error Estimate on Arbitrary Triangular Meshes

We consider the plate bending problem[?!:

Ny = f, in Q,
2.1
U= Ou =0, on 05, 2.1)
on

where 2 denotes a plane polygonal domain, f € L?(Q) is the applied force, n is the unit outward
normal along the boundary 0€2. The related variational form is :

Find u € HZ(Q), such that 2.2)
a(u,v) = (f,v), Vv € H§(Q), '
where
a(u,v) = / A(u,v)dzdy,
Q
A(u,v) = Aulv + (1 — 0) (2UgyVpy — UzaUyy — UyyUga),
(F0) = [ fodady,
Q
9 9 ov
H;(Q)={ve H(Q),v= = 0, on 00}
and o is the Poisson ratio, 0 < ¢ < %, Ugy = %{ffy, etc.
Clearly, the above bilinear form a(-,-) is bounded and coercive :
la(v,w)| < (14 ) |v]e.alwle.q, v,we HE(Q) (2.3)
a(v,v) > (1= o)vl3 o, v e HF(9). '

Throughout this paper, we adopt the standard conventions for Sobolev norms and seminorms
of a function v defined on an open set G:

2

lollmc = / S e
G

la|<m
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2

b = { f, 3 1o

lee|=

We shall also denote by P;(G) the space of polynomials on G of degrees no more than I.
Let Jp, be an arbitrary triangulation of €2, with each element K being an open triangle of
size hi, and h = max hx. On this triangulation we construct the so-called Morley element

KeJn
(cf. [17)):

Vi = {vn € L*(Q) : wp|x € Po(K), vy, is continuous at each vertex

2.4
aeK/avhds—OV F C K,K € Jh,vn(a) = 0,a € 09} @4

where we denote faces of elements by F' and by [v] the jump of the function v on the faces F'.
For boundary faces we identify [v] with v.

We note that V}, is not a subspace of H!(Q) (non C° nonconforming element). The discrete
problem of (2.2) then reads as

Find wup € V3, such that
{ ( bR (2.5)
Qp

up,vp) = (fyon),  Von € Vi,

where ap,(up, vp) Z / (up, vp)dzdy.
KeJn
Put

1

)

It is easy to prove that || - || is a norm of V}, so the discrete problem (2.5) has unique
solution by Lax-Milgram Lemma [

Let v and uy be the solutions of (2.1) and (2.5) , respectively, by Strang’s Lemma, (912,
an(u,vp) — (f,v
= up |l < c( inf lu—onfln + sup lan (1, 0n) = (f h)|>7 (2.6)
nEV) v EVh [[onl[n

where the first term is the approximation error and the second one is the consistency error.
Throughout this paper, the positive constant C' will be used as a generic constant,which is
independent of hx and of h—;( In this section we only consider the approximation error, the
consistency error will be discussed in the next section.

The Morley’s interpolant I1;,, IIj, : H%(Q2) — V}, is defined by I1j,|x = I with

Miu(a) =u(a), V vertex a€ K,

8HKU (2.7)

ds —/ —ds VF C OK.
F

The following result is the classic Poincaré inequality can be found in [18].

Lemma 2.1. Let G be a bounded convexr domain and let w € H'(G) be a function with
vanishing average, then

d
[wllo,c < ;\wh,c (2.8)

where d is the diameter of G.

Remark 2.1. It is very interesting to remark that the constant in the Poincaré inequality can
be taken explicitly and independent of the shape (i.e., depending only on the diameter) for a
general convex domain. However, the proof in [18] contains a mistake, and recently [8] gives
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a modification proof, fortunately, the optimal constant % in the Poincaré inequality remains
valid.

Now, we will derive the optimal interpolation error estimate under arbitrary triangular
meshes.
Theorem 2.1. Under the above hypothesis, let u € H3(Q), then there holds

Jf lu—vallp < flu— (2.9)
Proof. We only need to prove the the following result
2
|u — HKU|27K < ;hK|u\37K,VK c Jn. (2.10)

Firstly, let us consider o = (2,0), since D*II,u = const, then by Green’s formula and the
definition of Morley’s interpolant, we have

8HKU
DTl gu = /D"HKudxdy—— / ———ngds
IKI K| Fg;K
/<8HKu 8HKu )
Z Ny | ngds
Js
FcaK
1 ou ou
= — — Ny — — =d 2.11
|K| Z/(an” as”y>” 3 (2.11)
FCOK
|K| Z/ —ngds
FCOK
D%udzxdy.
-,

Therefore, D*u — D®IIxu has vanishing mean value on the element K, it follows form
Lemma 2.1 that

h
| D — DT gullo.x < ?K\Dauh,K. (2.12)

By the same argument, we can obtain the same result of (2.11) for a = (0,2) and o = (1,1),
which implies (2.10) and completes the proof of the theorem.

3. The Consistency Error Estimate on Anisotropic Triangular Meshes

In this section, we will focus on explain the ideas for the estimation of the consistency error.
For the sake of simplicity, let Q2 be a union of rectangles with sides parallel to the axes of the
Cartesian coordinate system (x,y). Firstly, assume € is decomposed as a union of rectangular
elements K with length hgi,hgo in © and y direction respectively, then 7; is obtained by
dividing each rectangle into two triangles.

In the sense of (2.6), it is our aim to derive an estimate for

sup |an(u, vn) — (f, on)|
vr €V th”h

If we start in the usual way, the well known result!!¢l gives

ap(u,vy) = / VA -V, + Ey(u,v) + Ea(u,vp), (3.1)
KeJn
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where
Ei(u,vp) = Z / [Au — (1 — 0)ugs|vpnds,
KeJn 8K (3 2)
Es(u,vp) = Z / (1 — o)uspvpsds
KeJn oK
and (1) = %, ()n = %, are tangential and normal derivatives along element boundaries,
respectively.

The classical method to estimate the consistence error*® is directly based on the estimate
of the following identity:

/ (v — Popv)(w — Py pw)ds, F C OK,v,w € H'(K), (3.3)
F

where Py pv = ﬁ I} rvds, using coordinate transformation, interpolation theory and trace
theorem, through 0K — oK — K — K, then we have

/F(U — Mpv)(w — Mpw)ds

< |lv = Mpvljo,rllw — Mrwlo,r

(3.4)

N|=

%
|F|
<O [ Maloolia ) | X Walowlia )

|K| 1=1,2 1=1,2
) )

where 07 = 8%782 = a@.

In fact, the estimate is all right for a small side of an element, but we can not get the desire
convergence result of (3.4) as usual. Thus it is more difficult for us to estimate anisotropic
nonconforming consistency error than conventional one.

F
" m

Fy

Figure 1. a narrow triangle element K

Let us consider a narrow triangle element K illustrated in Figure 1, hx1 > hgs, for the
two long edges Fy, F5, we have the factor (2—2)% ( which is unbounded ) in the estimate (3.4).
So, something must be done for the two long edges.

For the later use, we define an operator T : H*(K) — P, P = span{1,y} as follows:

/ TUdSZ/ vds, i=1,3. (3.5)
Py F

It can be checked easily that the operator T is well-posed.

Now, we are in a position to prove an estimate for the consistency error.
Theorem 3.1. Assume u , up, to be the solution of (2.2) and (2.5), respectively, further assume
uw € H3(Q) N HZ(Q), f € L*(Q), then we have

ap L) = (Lol o

vp €V th”h

5.0+ hfllo.q)- (3.6)
Proof. Firstly, we consider the following term,

/ Au N vpdrdy = / Au(Vhzg + Vhyy)dzdy.
K K



174 S.P. MAO AND S.C. CHEN

Noticed vpyy = const,ny|p, = 0, by Green’s formula, we have

1 1
= — drdy = — d
Ty =R /Kh mly =1 2 /F hy Tty s

i=1,3
1
= & Z

1
/ TU;Lynde:—/ (Tvpy)ydzdy
i=1,3 F; |K| K

= (T'vny)y-

/ Au N vpdrdy = / Au(Vhze + (Tohy)y)ddzdy
K K

= —/ [(Aw)gvne + (Auw)yTon,] dedy
K

3
+ Z/ Au(vpzng + Topyny)ds.
i=1 Y Fi
Green’s formula gives

/umvhyyd:rdy:/ Ugg (T0hy ) ydady
K K
3
= 7/ umythydxdquZ/ Ugr TURy Ny dS
K i=1 7T
= —/ Ugay (TVhy — Vpy)dzdy
K

3
_/ uwzyvhydxdy+2/ Ug;wT’Uhynde
K =1 F

= —/ Ugay (TURy — vhy)dxdy—i—/ UgyVhaydrdy
K K

3 3
— E / Ugy VnyNads + E / Ugz T VpyNyds,
i=17Fi i=17Fi

and

3
/ UyyVhaadrdy = — UgyyVhzdxdy + Z/ Uyy VhaNadS
K i=1 7 Fi

J;
K
= —/ Uzyy (Vha —thm)dxdy—i—/ Uy (TVRe ) ydady
K K
3 3
_Z/ umythxnyds—i—Z/ Uy Vpg Ny ds
i=1YFi i=1 I

= 7/ Ugyy (Vha —thm)da?der/ Ugy Vhaydrdy
K K

3 3
— E / Ugy T VRN ds + E / Uyy Vhg N dS.
i=17 T i=1 v Fi

(3.9)

3
Ugyy (Vng — Topg)dady — /K Ugyy T Vpedxdy + Z/F Uy VhgNadS
i=1 7 Fi

(3.10)
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Note that the proof of (3.10) has exploited the property (Tvpe)y = Vnay, which can be obtained
by the same argument as (3.7).

Let Ij, be piecewise linear interpolation operator on Q, I |k = Ik, Ik is the linear interpo-
lation operator on K. Apparently, Iv, € H}(Q), then

(f, Invn) = (O%u, Invp)

S Z / v A u -y Ipvpdedy
Kegn 'K (311)

- Z /K[(Au)z(lhvh)mJF(AU)y(Ihvh)y]d:Z:dy.

KeJn
By (3.8), (3.9), (3.10) and (3.11), we have

() = (Fovn) = (FTvon = 0) + Y [ (Bu)aTicon = vn)zddady
KeJy K

+ > /K(Au)y((IK'Uh)y_TUhy)dl‘dy

KeJn

3
+ Z Z /F Au(vpgng + Topyny)ds + (1 — o)

KeJp i=1

Z /Kul.gcy(thy —vhy)dxdy+ Z /Kua:yy(vh;c _thw)dxdy (3.12)

KeJy KeJn
3 3
+ Z Z/ Ugy VpyNads — Z Z/ Uge TRy dS
Kegy i=1"F Kegy i=1"4
3 3
+ Z Z/ Ugy T URgNyds — Z Z/ UyyVngNypds}
KeJy i=17Fi KeJy i=17 1

4 10
i=1 =5

Now we will estimate the above terms one by one.
From classical interpolation theory 212, we have

L= (f,Inon—vp) < > ‘/Kf(IKUh_'Uh)

KeJn
< Y fllosxlxvn — vnllo.x
KeJn (313)
< Y Ch¥lIfllo.slvnlzx
KeJn

< CR?|| fllo,llvnlln-
By [3, 4], the interpolation I, is an anisotropic interpolation, and have the following estimate

2k, Y€ H(K), (3.14)

|IK’U — U‘I,K S ChK|U
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then
E= Y [ (bu)icv, — vn).dody
KeJn K
< > Juls gl Ikon — vnlx (3.15)
KEJ}L

< Chlulsallvn|n-
I3 can be decomposed as

I3 = Z /K(Au)y(Ith—vh)ydxdy

KeJn
3.16
+ Z / (Au)y(vhy — Topy)dzdy (3.16)
Keg, K
= I31 + I32.
Similar to I, I3; can be estimated as
I3 < Chluls allvnlh- (3.17)

Since the operator T is exact for constant, by the interpolation theory we have

Iy < > fuls kllvny — Tonyl

0,K
KeJn
< Z Chluls, i lvnyl1,x (3.18)
KeJn
< Chlulzallvnlln-
By the same argument, we can obtain
Is < Chlulzallvnlln, Is < Chlulsallvn s (3.19)

I, can be decomposed as

3 3
Iy = Z Z/ﬂ Auvpengds + Z Z/ﬂ AuTvpynyds (3.20)

KeJ, i=1 KeJn i=1
= Iy + Lyo.
Employing the properties of the Morley’s finite element space, we get
3
I41 = Z Z/ (A’U, - PO,FI. AN u)(vhz — PO,Fivhm)nmds, (321)
KeJy i=17 1
and s
I42 = Z Z/ (Au — PO,Fi A ’u)(T’Uhy — PO,Fi (thy))nyds (322)
Kegy, i=1"7Fi
_ —_ — _ hxo ;
Thanks to the fact that ng|p = 0,n|p, = 1,0 |p, = T (refer to Figure 1), then by
(3.4),
1 L
3 |F | 2 2
g
In< Y, ZCKW x| 2 Wallos A ullf > BiillOonal5 x
KTy j=1 i=1,2 i=1,2
3 (3.23)
< >0 Y Chiluls klvnl2ux
KeJy, i=1
< Chluls o |vnl|n-
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Noticed that ny|p, = 0 and Tvp, € span{l,y}, by (3.4) we have

L) Y 5
Ly Z Z / (Au Po,r; & u)(Tvny — Por (thy)) nyds
F;

KeJp j=1,3
5 ' :
in
< 3 X Rt | Xohloisull | 30 haei®l0Ten) I
KeJn j=1,3 i=1,2 i=1,2
%
|Fjln
= Z Z |]K‘y X Z h%{i”@'Aqu,K hKZ”(thy)y”O,K (3.24)
KeJy j=1,3 i=1,2
1
Byl 2
z z # x Z h%i10s AUH(Q),K [vnyyllo,x
KeJnj=1,3 K1 i=1,2
< > Y Chiluls klvala.x
Kedn j=13
< Chluls,allvalln-
Following the lines of 141, there holds
I; < Chlulzalvnln, Tio < Chlulsqllval|s. (3.25)

By the same argument of I3, we can show that

Ig < Ch\u|3yg||vh\|h, Iy < C’h|u

3’Q||Uh||h. (3.26)
Thus we have obtain that
an(u,vn) = (fyvn) < Ch(|ulso + ki fllo,e) lvalln, (3.27)

which implies the desired result of (3.6) directly.
A combination of Theorem 2.1 and Theorem 3.1 gives the following optimal error estimate.
Theorem 3.2. Under the hypothesis of Theorem 3.1, we have

lu —unlln < Ch(|ulz.a + bl fllo.q)- (3.28)

4. Numerical Experiment

In order to examine the numerical performance of Morley element for narrow triangular
meshes, we consider the unit square plate bending problem[?3 with clamped supported bound-
aries under a uniform load. Let the Poisson ratio ¢ = 0.3, f = 1. The analytic values of
deflection and bending moment at the center are 0.00126532 and 0.0229051 respectively.

The unit square 2 = [0, 1] x [0, 1] is subdivided in the following two fashions:

mesh 1: Each edge of € is divided into n segments with n -+ 1 points (1 — cos(X))/2,i =
0,1,...,5,(1+ sm(% —3))/2,i =% +1,...,n. The mesh obtained in this way for n = 16 is
illustrated at left Figure 2, and the anisotropic triangular mesh is obtained by dividing each
rectangular into two triangles.

mesh 2: Each edge of Q is divided into m segments with n + 1 points sin(%)/li =
0,1,---,n/2,(1 —cos(Z — Z))/2,i =n/2+1,---,n. The mesh obtained in this way for n = 16
is shown at right Figure 2. Then the anisotropic triangular mesh is obtained by dividing each
rectangular into two triangles.

The error of the deflection |(u — uy)(O)| and the error of bending moment |(M — M},)(O)|
at the center of the unit square are shown in Table 4.1 and Table 4.2, from which the optimal

convergence of the element for unregular subdivisions can be seen.
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Furthermore, in order to present the advantages of the anisotropic meshes over the regular
meshes, we carry our another experiment by solving a biharnomic differential equation with
Q2 = [0,1] x [0,1], ¢ = 0.3, and the right hand side f(x,y) is taken such that u(z,y) =
(1—e—*(1=2)/2)2(1 —e=¥(1=¥)/€)2 (refer to the left of Figure 2) is the exact solution, which varies
significantly near the boundary of Q for small e. A comparison of the errors ||u — up||n/||u||n
between square triangular mesh and mesh 1 (please refer to Figure 3), which shows that the
anisotropic meshes are more attractive than the regular meshes for some special cases.

Figure 2. The initial rectangular meshes of Q for case n = 16, mesh 1 (left) and mesh 2 (right)

RN
R

~:*“\‘\\\\\\\\\\\“‘:“‘\\

SRR Wo. )

AN "“\\\\:\\\\\\\\\\\\\l\\“\\ T \\\‘?ﬂl‘ il
DR il
AN Q‘\\\\\
T
)

\
il
Sl

i

I

Figure 3. the solution u for case € = 0.05 (left) and for case € = 0.01 (right)

4
0.4

3
0.3

2 —— square nes
0.2
0.1 1 —— nmesh 1

16-16 32.32 64-64 128-128 16-16 32-32 64-64 128-128

Figure 4. the error ||u — up||n/||ul|n for case e = 0.05 (left) and for case e = 0.01 (right)
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Table 4.1. The errors |(u —up)(O)| and |(M — M)(O)| (mesh 1)

nxXn 8x8 16 x 16 32 x 32 64 x 64 128 x 128
[(u — up)(0)| 0.00192686 | 0.00147450 | 0.00131584 | 0.00127800 | 0.00126849
[(M — My)(O)| | 0.02123944 | 0.02253187 | 0.02281558 | 0.02288296 | 0.02289956
nax hx 0.270598 0.137950 0.069309 0.034696 0.017353
€Jp
}r{najx {hx/pK} 7.109732 14.358751 28.786978 57.608674 | 115.234703
€Jn

Table 4.2. The errors |(u — uz)(0)| and |(M — M,)(O)| (mesh 2)

179

nxXn 8x8 16 x 16 32 x 32 64 x 64 128 x 128
[(u — up)(O)] 0.00185503 | 0.00141956 | 0.00130444 | 0.00127514 | 0.00126778
|(M — My)(0)| | 0.02164107 | 0.02262186 | 0.02283717 | 0.022888306 | 0.02290090
max hr 0.270598 0.137950 0.069309 0.034696 0.017353
€Jn
max {hx/pr} 7.109732 14.358751 28.786978 57.608674 115.234703
€Jn
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