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LOCKING-FREE FINITE ELEMENTS
FOR THE REISSNER-MINDLIN PLATE

RICHARD 8. FALK AND TONG TU

ABSTRACT. Two new families of Reissner-Mindlin triangular finite elements
are analyzed. One family, generalizing an element proposed by Zienkiewicz and
Lefebvre, approximates (for k > 1) the transverse displacement by continuous
piecewise polynomials of degree k + 1, the rotation by continuous piecewise
polynomials of degree k+ 1 plus bubble functions of degree k+ 3, and projects
the shear stress into the space of discontinuous piecewise polynomials of degree
k. The second family is similar to the first, but uses degree k rather than
degree k + 1 continuous piecewise polynomials to approximate the rotation.
We prove that for 2 < s < k + 1, the L? errors in the derivatives of the
transverse displacement are bounded by Ch® and the L? errors in the rotation
and its derivatives are bounded by Ch® min(1, ht~') and Ch®*~! min(1, ht~1),
respectively, for the first family, and by Ch® and Ch®~1, respectively, for the
second family (with C independent of the mesh size h and plate thickness
t). These estimates are of optimal order for the second family, and so it is
locking-free. For the first family, while the estimates for the derivatives of
the transverse displacement are of optimal order, there is a deterioration of
order h in the approximation of the rotation and its derivatives for ¢ small,
demonstrating locking of order h~1. Numerical experiments using the lowest
order elements of each family are presented to show their performance and the
sharpness of the estimates. Additional experiments show the negative effects

of eliminating the projection of the shear stress.

1. INTRODUCTION

In this paper we analyze two families of triangular finite elements for the ap-
proximation of the Reissner-Mindlin plate equations, paying particular attention to
the issue of “locking,” a problem which causes poor approximation for thin plates,
and which typically occurs when standard low-order finite elements are used.

The Reissner-Mindlin model describes the deformation of a plate subject to a
transverse loading in terms of the transverse displacement w of the midplane and
the rotation ¢ of fibers normal to the midplane. More precisely, w and ¢, defined
on the middle surface Q of the plate, are determined as the solution of the partial

differential equations
—divCE(¢p) — Mt~ (grad w— ¢) =0 in Q,
~Mt~?div(grad w — ¢) =g in Q,
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subject to appropriate boundary conditions. Here t is the plate thickness, £¢ is
the symmetric part of the gradient of ¢, g is the scaled transverse loading function,
and A = Fk/[2(1 +v)], where FE is Young’s modulus, v is Poisson’s ratio, and k the
shear correction factor. For all 2 x 2 symmetric matrices 7, Ct is defined by

E
T 12(1 - 02)
In this paper we shall consider the case of the hard clamped plate, which corresponds
to the boundary conditions
w=0,  ¢=0 onN.

Introducing the shear stress v = At~?(grad w — ¢), a weak formulation of this
problem follows. :

Find ¢ € IOJI(Q), w e I?II(Q), and v € L*(Q) such that

Cr (1 =v)T+vir(r)I].

(L1)  a(¢.%) + (vgradv— ) = (g,v) forallyp € H'(Q), ve H'(),

(1.2) (grad w — ¢,n) — A" 't2(y,m) =0, for all n € L*(Q),

where a(¢, ) = (CE(¢),E()) and (-, -) denotes the L? inner product in Q.

Many of the finite element methods which have been proposed to overcome the
problem of “locking” have the following variational formulation. Find ¢, € O,
wh € Wh, 7, € T, such that

(13) a(¢h7¢) + (7h7grad v - Rh'w) = (g,’l)) fOI‘ all ?/’ € ehy v E Wh7
(1.4) (grad wp — Ruepy,m) — A" 't%(v),,m) =0 forallp ey,

o o
where @, W}, and T, are finite-dimensional subspaces of H!(2), H!(Q), and
LQ(Q), respectively, and R}, is an interpolation or projection operator defined on
an appropriate space and mapping into I'y. In some cases, the spaces are non-
conforming and the differential operators in the formulation are applied on each
element. The elements we consider in this paper are conforming elements which fit
the above framework.

The lowest order element of the first family we consider is an element proposed by
Zienkiewicz and Lefebvre [23]. It approximates w by continuous piecewise quadrat-
ics, ¢ by continuous piecewise quadratics plus quartic bubble functions (i.e., ele-
ments which are polynomials of degree < 4 on each triangle of the triangulation and
vanish on all the triangle boundaries), and + by discontinuous piecewise linear func-
tions. The operator R, is an L? projection. For general k > 1, this family uses con-
tinuous (k+1)-degree piecewise polynomials to approximate the transverse displace-
ment, continuous (k + 1)-degree piecewise polynomials enriched by (k + 3)-degree
bubble functions for the rotation, and k-degree discontinuous piecewise polynomials
to approximate the shear stress. We prove that for 2 < s < k + 1, the approximate
values of the derivatives of the rotation converge with order A*~!min(1,ht~!) in
L?, the values of the rotation converge with order h° min(1,ht~!) in L2, and the
derivatives of the transverse displacement converge with order h® in L?. In both
cases the constant in the estimate is independent of the mesh parameter h and
the plate thickness t. Note that the estimate for the derivative of the transverse
displacement is of optimal order, while there is a deterioration of order h in the
approximation of both the rotation and its derivatives for small ¢, demonstrating
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locking of order h~!. There is no improvement in the order of convergence for the
approximation of w itself for small ¢, as shown by computations reported in this
paper.

The second family we consider is similar to the first, except that the rotation is
approximated by continuous k-degree piecewise polynomials enriched by (k + 3)-
degree bubble functions. We prove that for 2 < s < k + 1, the approximate values
of the derivatives of the rotation converge with order h*~! in L?, and the values
of the rotation and the derivatives of the transverse displacement converge with
order h® in L2. In this case, the order of convergence for the approximation of the
derivative of the transverse displacement, the rotation, and the derivatives of the
rotation are all optimal order, so this family of methods is free of locking. Again,
computations show there is no improvement in the order of convergence for the
approximation of w itself.

In this paper we provide some numerical tests of the lowest order elements in
both these families which confirm the order of convergence results discussed above.
Further numerical experiments show the negative effects of eliminating the projec-
tion operator Rj. Additional numerical results can be found in Tu [22].

The second family described above appears to be a new family of locking-free
elements for the Reissner-Mindlin plate. A rigorous error analysis of the method
proposed in [23] and its generalization is also new.

There has been considerable progress in recent years on designing new locking-
free elements and in proving that elements previously proposed in the literature
are in fact free of locking. We mention several which fit the framework discussed
above. Combining ideas from the design of stable mixed finite elements for the
Stokes problem and second order elliptic problems, Bathe, Brezzi, and Fortin [7]
proposed several families of elements and proved error estimates for the limiting
caset = 0. The simplest triangular element in their families approximates the trans-
verse displacement by continuous piecewise quadratics, the rotation by continuous
piecewise quadratics plus cubic bubble functions, and interpolates the shear stress
in the second lowest order rotated Raviart-Thomas space. For t > 0, Brezzi, Fortin,
and Stenberg [10] (see also Peisker and Braess [17]) completed the error analysis for
the family of finite elements given in [7], deriving error estimates uniformly valid
with respect to the thickness for all variables. Experimental results for some of
these elements can be found in Bathe, Brezzi, and Cho [6]. A similar low order
element was analyzed by Durdn and Liberman [12]. It uses continuous, piecewise
linear elements to approximate w and continuous, piecewise linear elements plus
the span of AaAz7, AzA\172, and AjAo73 as the trial space for the rotation, where
{Ai}1<i<3 are the barycentric coordinates and 7; is the tangential vector to the edge
1 of the element T'. To avoid locking, the shear stress is interpolated into the lowest
order rotated Raviart-Thomas space. This element is shown to be free of locking
and optimal in order. Durdn and Liberman [13] also analyzed the convergence
of a related element proposed by Zienkiewicz, Taylor, Papadopoulos, and Ofiate
[24], in which w is now approximated by continuous, piecewise linear elements plus
the space spanned by A3A3, A\2A3, A2A3, A1A3, A2),, and A\;A3. This element is also
shown to be of optimal order and free of locking.

Arnold and Falk 2] proposed a simple finite element which uses nonconforming
linear finite elements to approximate the transverse displacement, conforming lin-
ear finite elements augmented by cubic bubbles to approximate the rotation, and
projects the shear stress into the space of piecewise constant vectors. They show
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that the method has an optimal order of convergence independent of the plate
thickness. The cubic bubble functions can be eliminated by static condensation,
producing a method only involving linear elements but with a slightly perturbed
stiffness matrix (cf. Arnold [1]). A generalization of this method with a somewhat
simpler stiffness matrix has been developed independently by Duran, Ghioldi, and
Wolanski [11], and Franca and Stenberg [14]. Some results of numerical computa-
tions with these methods are reported in Franca Stenberg, and Vihinen [20], and
Stenberg and Vihinen [21].

Nonconforming elements are also used in the scheme proposed by Onate, Zarate
and Flores [16]. This method uses nonconforming linear elements as the trial space
for the rotations and conforming linear elements as the trial space for the transverse
displacement. The shear stress is interpolated into a rotated space of lowest order
Raviart-Thomas elements. Arnold and Falk [5] analyzed this element and proved
that the method gives optimal order error estimates uniform in ¢ when ¢t < h, but
that the method does not converge as h goes to zero for ¢ fixed.

A unified approach for error analysis, which can be applied to many of the
elements described above, can be found in R. Duran and E. Liberman [12]. Another
general approach to error analysis can be found in Pitkdranta and Suri [19]. The
degrees of freedom for some of the elements described above are summarized in
Figure 1.

There are several other approaches for finite element approximation schemes
which are not based on the modified variational formulation (1.3)—(1.4), but which
also produce error estimates uniform in the plate thickness. In important early
work by Brezzi and Fortin [9], the Helmholtz decomposition was used to obtain
a new variational formulation of the Reissner-Mindlin model, using w and ¢ and
two additional unknown functions. The drawback to this approach is that because
of the additional unknowns, the resulting discrete problem is more complicated to
solve.

Hughes and Franca [15] proposed a “stabilized” finite element scheme by modi-
fying the Galerkin variational formulation to include least-square residual forms of
the moment equilibrium equation and transverse shear constitutive equation. They
proved that as long as sufficiently high-order finite elements are used, the method
converges uniformly for all values of the plate thickness.

There are also methods which view the Reissner-Mindlin model as a penalized
form of the Kirchoff plate model and are therefore appropriate in the limiting case
t = 0. An example of such a method along with a mathematical analysis can be
found in Pitkaranta [18].

Branble and Sun (8] introduced a least squares discretization based on the
Helmholtz decomposition reformulation of Brezzi and Fortin to approximate the
solution of the Reissner-Mindlin problem. In their work, a discrete minus one norm
is used for the least squares method. The main result is that one can choose the
subspaces for different variables independently without satisfying the discrete “inf-
sup” condition. Optimal order error estimates are obtained uniformly with respect
to the thickness t.

An outline of this paper is as follows. After a brief section on preliminaries, we
turn in Section 3 to the derivation of error estimates for the two Reissner-Mindlin
element families proposed in this paper. The final section contains results of some
numerical experiments with these and similar elements.
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FIGURE 1. Some finite element schemes for the Reissner-Mindlin
plate based on the variational formulation (1.3) and (1.4)

2. PRELIMINARIES

We shall assume that €2 is a convex polygon and that {7x}{o<kr<1} is a regular
family of triangulations of 2, where the subscript h refers to the diameter of the
largest triangle. Denoting by Px(T) the set of functions on T, which are the re-
strictions of polynomials of degree less than or equal to k, we define the following
finite element spaces:

MF: {ue L¥(Q): plr € Pe(T) for all T € Tp,},

ME: MFnHY(Q),

ME. MFAHYQ),

B* :  elements of M¥ which vanish on all element edges.

Then, defining for 7 = k (we shall refer to this as the FT family) or r = k + 1 (we
shall refer to this as the ZL family),

o e}
O, = [MyaB*P,  W,=M",  Th= M3

our approximation scheme for either family of elements may be written as follows.
Find ¢, € O, wy, € Wy, 7, € Ty, such that

(2.1) a(@p,®) + (Yh,grad v — ) = (g,v) for all P € Op, v € Wh,

(2.2) (grad wy, — ¢y, ) — A" 1t2(y,,m) =0 for all p € T,.
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Introducing the L? projection IT: L? — I'; and observing that grad wy, € T'),, we
see that

Yh = At7%(grad w, — Igy,),

so that v, can be easily eliminated. This leads to the following method in the
variables ¢;, and wy,.
Find ¢, € ©}, and wp € W}, such that

a(¢n, ¥)+ t"%(grad wy, — ¢y, grad v—TIv) = (g,v) for all Y €Oy, vEW),.

In the above and in the remainder of the paper, we use boldface to denote vector
functions, operators, and spaces. To simplify the remainder of the analysis, we shall
henceforth set A = 1.

3. ERROR ESTIMATES

We shall analyze the convergence of the two families of mixed finite elements
defined in the previous section by starting with a lemma similar to one developed
by R. Durdn and E. Liberman in [12].

Lemma 3.1. Let wy € Wy, ¢; € Op, and v; = t~%(grad wy — Il¢;). Then

lér — dnlls +tlvr —vnllo
<C(ll¢r — ollr +tlvr — vllo + Ally — Iyllo).

Proof. Subtracting (2.1) from (1.1), we get the error equation
a’(¢ - ¢h7¢) + (’7 + 7hagrad v = H¢)

@1 = (v, — IIp) for all P € @y, v € Wy,
Hence
(3.2) a(@d; — dp, ¥) + (v; — v, grad v — Iap)

=a(¢; — ¢,%) + (v; — v, grad v — II) + (v, — IIep).
Taking ¢ — ¢; — ¢, € Op and v = wy — wp, € Wy, we have grad v — Iy =
t2(v; — v5,), and inserting this in (3.2), we get
a(@r = Gy 1 — Br) + (Y1 = Vho Y1 — Y1)
= a(¢; — ¢, b1 — &1) + (v = VY1 — )
+ (v, [or — on] = TL[o; — @)
=a(¢; — ¢, br — 1) + (V1 — 171 — )
+ (v = Ilv, [¢; — é1] — [ — b4))

Using the coercivity and continuity of a(:, ), the Schwarz and arithmetic-geometric
mean inequalities, and standard approximation properties, we obtain

lér = dull? + 2 lvr — vall3 ,
< Cllor — lhilldr — dulls + ¢ lv7 = lollvz = vrllo
+ v = Ivloll(@r — ¢n) — TL(&; — &1)llo
< C(ll¢r = @7 + Ellvy = llo + R2lly = TIv3)
+ o7 = Dulli/2+ 2 llvr —vallo/2-
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Therefore,
lor — drlls +tllvr — vnllo
< C(l¢r — ¢l +tllvr — o +Ally —vllo). O

Next we define some special approximations and examine their properties. Define
wr to be a standard interpolant of w in W, and define ¢; = ¢9 + ¢4, where ¢?
is a standard interpolant of ¢ in [M]2, and ¢} € [BF*3]2 is defined by Mg} =
H([)—qu(}—l'lgrad w+grad w;. Lemma 3.2 shows that v; = Ilv, and Lemma 3.3
shows that ¢; will be a good approximation to ¢.

Lemma 3.2. Let vv; and Iy be as defined above. Then ~; = Il~y.
Proof. Using the definitions, we have
v =t"2%(grad wy — M¢;) = t2(grad w; — ¢} — T¢})
=t~?(grad w; — II¢Y — I + Ip? + M grad w — grad wy)
=t ?M(grad w — ¢) =IIy. O
Lemma 3.3. There exists a constant C, independent of h, such that
o — &l
<Cllo—7l+h (I¢—¢7lo + [Tl grad w—grad wllo + |lgrad (w—wr)|o)]-
In particular, if k =1 in the definitions of ¢; and wy, then
¢ — @rll1 < Ch(ll@ll2 + llwlls)-
Proof. We first prove that
(33) I67llo < ClITI][lo.

Since ¢% € [B*]2, we may write it on each triangle T in the form A\ A2 A3 P, where
Py is a vector polynomial and \A; are the barycentric coordinates of T'. Since A; < 1,
1=1,2,3, we get

I¢415:r = [ MNNPidsdy < [ AdarsPidedy

= (¢}, Pr)r = (I1p}, Pi)r < |1} [0, || P lo,7-

The result follows from the fact that ||@}]|o.r and || Py||o.r are equivalent norms on
the space of vector polynomials of degree < k. Hence, we have

|TIgS o = [|TIp — 1$? — M grad w + grad wrlfo
(34) < ITH(¢ — ¢D)llo + [Mgrad w — grad wl|o + [lgrad (w —wi)llo
< C(ll¢ — d1llo + [T grad w — grad w|o +- jigrad (w — wr)|lo)-
Now, by the triangle inequality, standard approximation theory, and (3.3), (3.4),
¢ = ¢rll = ¢ — &7 — d7l1 <l — D711 + 167111
< llé— ¢2l + Ch7 Mt o < o — 7l + ChH|TIe7lo
<Clllé - #7211
+h7 ([l — ¢7llo + [T grad w — grad wljo + ||grad (w —wr)llo)]-
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In particular, if k = 1 in the definitions of ¢; and wy, then, using standard approx-
imation theory, we have

¢ = é:1ll1 < Clhligllz + 7' (h?|1Dll2 + h®llgrad wll2 + h?||w]ls)]
< Ch(||gll2 + llwlls). O

Using these results, we now derive our first estimate.

Theorem 3.4. Suppose (¢,w,v) and (@, wh,yy) solve (1.1)-(1.2) and (2.1)-
(2.2), respectively, for some g € L?(Q) and some t € (0,1]. Then there exists
a constant C, independent of h and t, such that

& — @nlls +tlly —vaullo

< Cllle — #7lh + (¢ + R) v — Tlo

+h7Y(|l¢ — #Ylo + ||TI grad w — grad wl|o + ||grad w — grad wy|o)].
Proof. The result follows immediately from Lemmas 3.1-3.3, and the triangle in-
equality. O
Applying standard approximation theory, we then obtain

Corollary 3.5. For2<s<k+1,if¢pc H°, we H**' and~vy e H*', then

¢ — dull + thy = vnllo < CR7(ll@lls + llwlls+r + vlls—2 + tl¥lls-1),
where C' is independent of h and t.

Note that for s > 5/2, the norms on the right-hand side are not bounded inde-
pendent of ¢ (cf. [3], [4]). Also note that the estimate for ¢ is optimal order for the
FT family of elements, but suboptimal by one order for the ZL family.

Remark. If we apply Lemma 3.1 for the ZL family with ¢; and w; chosen as
standard Lagrange interpolants of ¢ and w, respectively, then, for 2 < s <k +1,

Iy = v1llo < t72(llgrad [w — willlo + |6 — pllo + [[TI[¢ — &;]ll0)
<t *(|lgrad [w — willlo + ¢ — Ollo + ll& — ¢/ll0)
< Ct2Re(|wlls1 + 1lls)-
Hence, for 2<s<k+1,if ¢ € H°, w e H**! and vy € H* !,
& — @ulli +tllv —Ynllo

< Ot ([1lls + tl @l + llwllsar + tllvlls-1),

where C is independent of h and t.

This standard estimate improves the order of convergence, but the estimate
deteriorates as t — 0. Combining this result with Corollary 3.5, we get, for the ZL
family,

Theorem 3.6. For2<s<k+1, if¢pc H, we H*', and v € H*™!, then
& — @rlls + thy — Yullo
< Ch*~ T min(1, it~ (plls + thpllssr + fwllstr + 1vlls—2 + tllvlls—1)-

The above estimate indicates a deterioration of order h from t = 1 tot = h
in the approximation of the derivatives of the rotation, demonstrating locking of
order h=1. This deterioration is clearly seen in the computational experiments in
Section 4.
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Theorem 3.7. Under the assumptions of Theorem 8.4, we have

6 = dnllo < Cll¢ — Tepllo + (h* + ht)|ly — Ivllo + hlld — H] 1
+ ¢ = 7llo + [Mgrad w — grad wllo + |grad w — grad wyllo)-

Proof. We introduce the dual problem: Find ® € H L), w e H 1(Q), and ¢ €
L*(Q) such that

(3.5) a(th,®) + (grad v —,¢) = (1,6 — ¢y) for all € HL(Q), v € HY(Q),

(3.6) (n,grad W — ®) — t2(n,¢) =0 for all n € L*(Q).
Choosing ¥ = ¢ — ¢}, and v = w — wy, in (3.5), we get
grad v — ¢ = grad w — grad wp, — ¢ + ¢},
= 2y — t*y, + ¢y, — Iy,
Hence,
¢ — @ulls = ald — én, ®) + (v = V1, O) + (b — My, C).-
Now from (3.1), for any (9,%) € Wy, x Oy, and 4 = t~2(grad  — IIyp) we have

(@ — ¢n %) + (Y = Vo A) — (1, % — TI).
Combining these results and using standard estimates, we get
3.7
16 — s = a(d — dp, @ — ) + (v =V, ¢ = H)
+ (¢y, — Oy, ¢) + (7,9 — TIeh)
=a(¢ — by, ® — ) + (v~ Y, ¢ —A)
+ (¢ — ¢+ e — 11y, ) + (¢ — 11, )
+ (v~ Ty, @ ~11®) + (y — [Iy,9 — @ — [y — &])
< Cll¢ = dullill® = Bblls + 21y = valloli¢ = Allo
+ | — ¢ — (¢, — D) 0lI<llo + [l — TLpllolIC]lo
+ v = Ty)lo| @ — T2 (o + |17 — Tvllo]l$h — @ — TL(3 — @)]|o
< C(l¢ — bllll® — Dlls + 2l = allollS = 4llo
+ ki@, — @l1l<llo + @ — TLllolI¢lo
+ 1y — Tylloh®| @2 + [l7 — T loh]lP — @[1).-

By Lemma 3.3 we can choose 17; and 4 such that

12 — Pl < CR(I®ll2 + Wlla), 1< =Allo < CRICh-
By the regularity proved in the Appendix in [2] we know that

Wlis + l1@ll2 + [¢llo + ¢li¢ll < Clig = @y llo-
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Applying these inequalities and standard approximation theory to the right-hand
side of (3.7), we then have

o — &nlls < Chllp — dpllo(ld — drlls +tIY — Yallo
+ k7| — Illo + h|ly — Tvllo).

The theorem now follows directly from Theorem 3.4. O

Applying standard approximation theory, we then obtain
Corollary 3.8. For2<s<k+1,if¢pc H°, we H*!, and v € H* !, then
[ — @nllo < CR° (@ lls + wlls+1 + [I¥lls—2 + VIls-1),
where C' is independent of h and t.

Again note that for s > 5/2, the norms on the right-hand side are not bounded
independent of t.

Remark. Asin the case of the previous error estimate, the estimate for ¢ is optimal
order for the FT family and can be improved for the ZL family at the expense of
introducing a negative power of t. To do this, we follow the derivation of (3.7),
except that the term (¢ — II¢, {) is estimated by

(¢ -1, () = (¢ — I, ¢ — II() < [[¢ — TP|lo[I¢ — TIC][o
< Cht™ ¢ — To|lot||¢ll < Cht™ | — Tlloll@ — dpllo-
Hence, for2<s<k+1,iff ¢ € H*, w € H**! and v € H*!, then
16— Bullo < CE R (lls + tlllass + Nollssr + Elvlles),

where C' is independent of h and t.
Combining this result with Corollary 3.8, we obtain, for the ZL family,

Theorem 3.9. For2<s<k+1, ifp € H°, we H** and v € H*™', then
¢ — @nllo < Ch®min(1,ht =) ([|@lls + tlDllsr1 + wllssr + [Ylls—2 + tllvlls—1)-

We next show that for both families of elements, the derivatives of w are approx-
imated to optimal order uniformly in .

Theorem 3.10. Under the assumptions of Theorem 3.4, we have
lw = whlly < C(llwr —wll1 + [[¢ — |l
+ (h® + ht) |y = Ty [lo + hllé — ¢7h
+ |l — ¢ + |[TTgrad w — grad wl|o).

Proof. Taking 9 = 0, v = v, € Wy, and n = M~ 2grad vy in (1.1)—(1.2) and
(2.1)-(2.2), we get

(3.8) t~%(grad w — ¢, grad vi,) = (g, vn),

(3.9) t~%(grad wy, — ¢y, grad vy) = (g, vh).

Subtracting (3.9) from (3.8), we deduce that for all v, € W},
(grad [w — wp],grad v,) = (¢ — ¢, grad vp,).
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Hence,

310 (grad [w; — wp], grad vp,)
(3.10) = (grad [w; — w],grad v) + (¢ — I, grad vy).

Choosing vy, = wy — wp, in (3.10) and applying the Schwarz inequality, we get
lgrad (wr —wh)llo < llgrad (wr —w)llo + [[¢ — Iy lo-
It follows easily that
lwr = whll1 < C(lwr = w1 + [ — Ty l0)

< C(|lwr —wlli + ||¢ — |0 + [ TI(d — &p)ll0)
< C(lwr —wllr + |l¢ — H|lo + [|@ — D4llo)-

Applying Theorem 3.7, we obtain

lwr —whll1 < C(llwr —wll1 + || — Lo
+ (h® + ht)||ly — |0 + k|l — @011
+|l¢ — @70 + | grad w — grad w|o).

The result now follows from the triangle inequality.

Applying standard approximation theory, we then obtain

921

Corollary 3.11. For2<s<k+1,ifp € H*, we H**' and v € H*"!, then

lw—whlly < CRE([1Bls + lwlls+1 + [Hls—2 + tllVlls-1),
where C is independent of h and t.
Finally, we derive estimates for the approximation of the shear stress.

Theorem 3.12. Under the assumptions of Theorem 3.4 we have

I = hll-1 < Clly = Tyfl-1 + (R + 1)l = Tyllo + [|¢ — 9711
+h7 (|6 — ¢7llo + [ITLgrad w — grad w|lo
+ grad (w —wr)llo)],
Iy = nllo < Cl(L+th™Y)lly = Myllo + ™" ¢ — @711
+h7' (6 — ¢7llo + [T grad w — grad w]jy
+ |lgrad (w — wr)llo)]-
Proof. Choosing v =0 in (3.1), we easily see that
(311)  (Thy— vy, IY)) = a(¢ — ¢y, %) — (7,4 — [yp) for all ¢ € O
For ¢ € IC-)II, let 1 € Oy, satisfy

(3.12) My =TI¢,  [[¢ = ¥llo + AllYlly < CRIC]L-

Such a % is easily constructed by first using the Clément interpolant and then
adding bubble functions to enforce the condition ITip = II{. Then, using (3.11)
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and (3.12), we have
Iy = Y3, €) = (T — ¥, I1IC) = (TITy — 3, ITY)
=a(¢— ¢, ¥) — (v, ¥ — )
= a(¢ = ¢, ) — (v — v, ¢ — I19)
< Cli¢ — dullill¥lls + Iy — yllolly — Meplo
< ClK¢lli(l@ — épll + hlly — TIv]o).
Hence,
Ty — -1 = sup T V)
(3.13) cetn ISl
< C(l¢ = dplls + hlly — IIv|o).

The first estimate of the theorem follows directly from the triangle inequality and
Theorem 3.4. To obtain the second estimate, let ¥ € @, satisfy

Iy =11y — vy, [¥llo < ClITIy — v lo-

Such a function is easily constructed using only the bubble functions in @}, (cf.
(3.3)). Then

Ty — 74 l§ = (Ty — 74, Tp) = (Thy = vy, %) < Ty — v, ][ ]s

< Ch7H Ty = 4l [[9llo < CR™HITTy — | —1 1By = Yallo
and so, from (3.13),

Ty = vpllo < CA™Y|TTy = 4|1

<O ¢ = dplls + Iy — vllo).-
The second estimate of the theorem now follows directly from the triangle inequality
and Theorem 3.4. O
Applying standard approxiamtion theory, we then obtain

Corollary 3.13. For2<s<k+1, if¢p € H®, we Ht', and v € H*™', then

Iy = vall-1 < CR T ([1Blls + lwllsrr + 1¥lla—z + tllvlle—1),
7 = Anllo < Che2([lls + lwllstr + [Vlls—2 + tll7lls—1),

where C' is independent of h and t.

Note that when k& = 1 we obtain a convergence rate of O(h) in the minus one
norm, but no positive rate of convergence in L?. For k = 2 and s = 5/2 we get a
convergence rate of O(h'/2) in L?, where the norms on the solution are all bounded
independent of ¢ (cf. [3], [4]). Of course, at the expense of introducing negative

powers of t, it also follows directly from the definitions, standard estimates, and
Corollaries 3.8 and 3.11 that

lv = allo < Ct*(llgrad [w — wrlllo + [ — Tgp]lo + [TI[d — Hp]]0)
< Ct2R8 (| lls + llwllsr + [Vlls—2 + tllvlls—1)-

These estimates may be combined to give

Iy =nllo < CR* 2 min(L, t 1) (| @lls + lwlls+1 + I¥lls—2 + tvlls—1)-



LOCKING-FREE FINITE ELEMENTS 923

4. NUMERICAL RESULTS

In this section we present numerical results for several examples of Reissner-
Mindlin elements. The aim is to show that the estimates derived in the previous
section are sharp, and also to show what happens if the projection into the lower
order space is eliminated.

All the examples are done for a unit circular plate which is clamped on its edge
and loaded by g = 1. Because of the symmetry of the plate, we need only discretize
one quarter of the domain. The meshes used in our computations are shown in
Figures 2 and 3.

Essential boundary conditions ¢; = ¢, = w = 0 are applied on the curved
portion of the boundary, while on the vertical segment of the boundary ¢; = 0 is
imposed and on the horizontal segment of the boundary ¢, = 0 is imposed. For the
other parameters, we choose Young’s modulus £ = 1, the Poisson ratio v = 0.3,
the shear correction factor k = 5/6, and the thickness ¢ = 1 and 0.001. For each
value of the thickness, we compute on a sequence of five meshes with 4N? elements,
where N = 1,2,4,8,16. The exact solution of this problem is given by

é _z(@®+y’ - 1) é _y@’+y* - 1)
! 16D ’ 2 16D ’
(B +yP)? 2 oy (AT 1 1 1,2 1
YY) @+~ *3:p) 1Nt T

where D = E/[12(1 — v?)].

FIGURE 2. Triangular mesh of a quarter circle with 4 elements and
16 elements

AVAN

FIGURE 3. Triangular mesh of a quarter circle with 64 elements
and 256 elements
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TABLE 1. FT1 for hard clamped plate on a unit circle when ¢ = 1.0

% error

component N=1 N=2 N=4 N=8 N=16
b, 58.45 16.32 4.23 1.07 0.27
(o3 58.45 16.32 4.23 1.07 0.27

w 8.02 2.30 0.60 0.15 0.04
0, /0x 59.88 29.40 14.56 7.26 3.63
0¢,/0x  128.73 6858 3525 17.79 8.92
Ow/0z 9.81 2.64 0.68 0.17 0.04
0¢,/0y  128.73 68.58 35.23 17.78 8.92
O, /0y 59.88  29.40 14.57 7.26 3.63
Ow /0y 9.81 2.64 0.68 0.17 0.04

We define the FT1 element by choosing k = 1 in the FT family (r = 1), i.e., we
choose the usual conforming P; element augmented by three bubble functions as
the space ®}, to approximate the rotation ¢, and W, as the conforming P, element
for the displacement w. From Corollaries 3.5, 3.8, and 3.11, we obtain the following
optimal order error estimates for ¢ and w:

¢ = drllr + tlly — vnllo < CR(lIBl2 + @iz + vl + [7Vllo),
6 = @nllo + llw = wrlls < CRA(lIBll2 + llwlls + tlvllL + [17llo)-

The numerical results in Tables 1 and 2 show that the method converges for
all variables when ¢t = 1.0 and ¢ = 0.001. The order of convergence for the first
derivative of ¢, and ¢, is 1, and the order of convergence for the first derivative
of w and for the Ly norm of ¢ is 2, which is consistent with the above estimates.
Note that there is no improvement in the order of convergence of w itself.

If we choose k = 1 in the ZL family (r = 2), i.e., the usual conforming P, element
augmented by three bubble functions as the space @), to approximate the rotation
¢ and W}, the conforming P, element for the displacement w, we get the triangular
plate element ZL1 proposed by Zienkiewicz and Lefebvre [23].

TABLE 2. FT1 for hard clamped plate on a unit circle when ¢ = 0.001

% error

component N=1 N=2 N=4 N=8 N=16
o 80.17 36.24 12.20 3.47 0.90
b, 80.17 36.24 12.19 3.47 0.90

w 78.53 36.51 12.25 3.44 0.89
O¢,/0x 79.97 54.21 3234 17.55 8.92
d¢,/0z  146.87 99.22 57.51  29.69 14.66
Ow/0x 81.04 36.28 12.18 3.46 0.90
0@, /0y  146.87 99.22 57.54 29.70 14.66
O, /0y 79.97 54.21 3234 17.54 8.91
Ow/dy 81.04 36.28 12.17 3.46 0.90
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TABLE 3. ZL1 for hard clamped plate on a unit circle when ¢t = 1.0

% error
component N=1 N=2 N=4 N=38
b, 4.87 0.60 0.08 0.01
b, 4.87 0.60 0.08 0.01
w 1.15 0.15 0.02 0.00

8¢, /0x 1177 278 069  0.17
dp,/0r 2672 645 164  0.42
Ow/dx 4.42 1.22 0.32 0.08
8¢, /dy 2672 645 164  0.42
dp,/dy 1177 278  0.68  0.17
Ow/dy 4.42 1.22 0.32 0.08

TABLE 4. ZL1 for hard clamped plate on a unit circle when ¢t = 0.001

% error
component N=1 N=2 N=4 N=38
o} 33.94 14.16 4.01 1.03
b, 33.94 14.16 4.00 1.03
w 29.72 12.50 3.47 0.88

d¢,/0x 5801 38.18 20.12 10.15
dp,/0z  83.90 53.88 30.63 16.23
dw/dx 3745 1461 407  1.04
d¢,/0y 8390 53.88 30.68 16.25
d¢p,/0y  58.01 38.18 20.11 10.14
dw/dy 3745 1461  4.06  1.04

From Theorems 3.6 and 3.9 and Corollary 3.11, we obtain the following error
estimates for ¢, v, and w:

l¢=dnlli+tly—"nllo < Chmin(1, it~ )(l|pll2+tl@lls+ lwlls+tlvlI+IVllo),
6 — dnllo < Ch? min(1, ht ™) ([|@ll2+tllDlls + lwlls +llvI +lvllo),
lw —wnlli < CR2(I@ll2 + lwlis + tllvll + ¥llo)-

The numerical results in Tables 3 and 4 show that the method converges for
all variables when ¢ = 1.0 and ¢ = 0.001. Also the order of convergence for the
first derivative of ¢; and ¢, is 2 for t = 1, but deteriorates to 1 when ¢ = 0.001,
while the order of convergence for the first derivative of w remains at 2. There is
a similar deterioration in the order of convergence for ¢ and w from 3 for ¢t = 1
to 2 when ¢ = 0.001. This is consistent with the order of convergence estimates
given above (the L? estimate for w was omitted, since there is no improvement over
the H! estimate for ¢t small and the result for ¢ = 1 is easily obtained by standard
methods), and shows that they are sharp. Thus, this element demonstrates locking
of order ™! in the approximation of the rotation and its derivatives.
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TABLE 5. P2P2B4 for hard clamped plate on a unit circle when ¢ = 1.0

% error

component N=1 N=2 N=4 N=8
b, 5.13 0.62 0.08 0.01
o3 5.13 0.62 0.08 0.01

w 1.21 0.15 0.02 0.00
0¢,/0x 11.95 2.79 0.69 0.17
0, /0x 26.46 6.43 1.64 0.42
Ow/0x 4.42 1.22 0.32 0.08
0, /0y 26.46 46.3 1.64 0.42
O, /0y 11.95 2.79 0.69 0.17
Ow /0y 4.42 1.22 0.32 0.08

TABLE 6. P2P2B4 for hard clamped plate on a unit circle when ¢ = 0.001

% error

component N=1 N=2 N=4 N=8
&, 89.28 98.53 91.36 44.04
28 89.28 98.53 91.35 44.01

w 85.04 97.57 91.04 43.51
O¢,/0x  113.01 104.75 92.76 45.61
O¢,/0r  116.96 105.07 92.81 45.75
Ow/0x 89.33 98.54 91.36 44.04
0¢, /0y 116.96 105.07 92.81 46.75
0¢, /0y  113.01 104.75 92.76 45.62
Ow/0y 89.33 98.54 91.35 44.01

TABLE 7. P2P2 for hard clamped plate on a unit circle when ¢ = 1.0

% error

component N=1 N=2 N=4 N=8
0N 6.52 0.82 0.10 0.01
b, 6.52 0.82 0.10 0.01

w 1.21 0.15 0.02 0.00
O¢,/0z 14.81 3.51 0.86 0.21
O¢,/0x 23.68 5.95 1.54 0.40
Ow/dx 4.44 1.22 0.32 0.08
O¢, /0y 23.68 5.95 1.54 0.39
0, /0y 14.81 3.51 0.86 0.21
Ow /0y 4.44 1.22 0.32 0.80

Finally, Tables 5 and 6 show the negative effect of dropping the L? projection,
and Tables 7 and 8 show the result of experiments with a standard piecewise qua-
dratic approximation for both variables, with no bubbles or projection.
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TABLE 8. P2P2 for hard clamped plate on a unit circle when ¢ = 0.001

% error
component N=1 N=2 N=4 N=8
o3 86.80 97.06 92.21 49.38
b, 86.80 97.06 92.20 49.35
w 81.73 95.86 - 91.84 48.85

8¢, /0z  106.37 10248 93.46  50.69
Op,/0x 11454 103.37 93.58  51.60
dw/dz 8691 97.07 9221 49.38
8¢, /0y 11454 103.37 93.58 51.60
8p,/0y  106.37 102.48 93.47  50.71
dw/By 8691 97.07 92.20 49.35
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