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SHEAR LOCKING IN A PLANE ELASTICITY PROBLEM AND THE
ENHANCED ASSUMED STRAIN METHOD*

DIETRICH BRAESST, PINGBING MING!, AND ZHONG-CI SHIf

Abstract. The enhanced assumed strain (EAS) method is a popular tool for avoiding locking
phenomena, e.g., a remedy for shear locking in plane elasticity. We consider bending-dominated
problems on thin bodies which can be treated as beams and prove that the degree of approximation
of the EAS method is at least as good as that of a beam model. The hypercircle method is combined
with arguments of nonconforming methods.
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1. Introduction. It is well known that lower-order quadrilateral elements suffer
from the following two drawbacks: (a) they lead to shear locking when practicable
meshes are used on thin domains in the solution of bending-dominated problems; and
(b) volume locking is encountered for nearly incompressible materials. Introduced by
Simo and Rifai [23], the enhanced strain elements (or enhanced assumed strain [EAS]
method, for short) are designed to overcome these two shortcomings. They exhibit
remarkable improvements over the standard bilinear elements on rectangular grids as
extensive numerical tests have shown; see, e.g., [23, 21, 22, 19]. Braess, Carstensen,
and Reddy [8] have proved that the enhanced element schemes are locking-free in
the incompressible limit; we also refer to [8] for a review of the earlier endeavors and
to [12] for recent progress in this direction.

Standard quadrilateral elements often lead to spurious shear strain when
bending-dominated problems on thin domains are treated in the framework of plane
elasticity. Such phenomenon is usually called shear locking. Shear locking has been
extensively discussed by MacNeal [14, 15] from the mechanics aspect. Pitkdranta [17]
has investigated shear locking for the Turner rectangle [28].

The present paper is concerned with a different approach. The danger of shear
locking is extreme on thin bodies which can be dealt with as beams. We show that
the order of convergence for the EAS method is at least as good as a beam model
with quadratic terms in the transverse displacement. The beam model is motivated
by Morgenstern’s analysis of the Kirchhoff plate by the hypercircle method [16], and
the dimension reduction is justified. In this way, we obtain convergence in the thin
beam limit for the bending-dominated problem. The convergence rate is independent
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4474 DIETRICH BRAESS, PINGBING MING, AND ZHONG-CI SHI

of the element aspect ratio. Of course, elements with a high aspect ratio arise in
engineering computations of thin bodies like composite beams or plates.

We have restricted ourselves to rectangular grids. This is in accordance with the
observation that the EAS method of Simo and Rifai [23] may suffer from trapezoidal
locking on general quadrilateral meshes.

The paper is organized as follows. We will introduce the linearized plane elas-
ticity problem and the enhanced strain elements in section 2.1. The method can be
reformulated as a minimization of a reduced energy [7, Chapter III, section 5]. It is
shown in section 3 that the reduced energy is similar to that for the Turner rectangle
as discussed by Pitkdranta [17]. An error bound consists of the model error and the
constrained interpolation error that will be estimated in sections 4 and 5, respectively.
In particular, the hypercircle method is combined with arguments of nonconforming
methods. Finally we show in Appendix A how sensitive the analysis reacts on the
choice of the reduced energy.

Throughout this paper, we assume that the generic constants C and ¢ are inde-
pendent of the thickness parameter ¢ and the mesh size h.

2. Enhanced strain finite element for the linearized elasticity problem.

2.1. The linearized plane elasticity problem. We consider an isotropic, ho-
mogeneous, linearly elastic strip of length L and width d with d << L. Let L =1
and the center of the strip be the origin in 2-space. The strip occupies the region
P, := P x I, with P = (-1/2,1/2) and I; = (—t/2,t/2); see Figure 2.1. The di-
mensionless parameter ¢ = d/L satisfies 0 < ¢t <« 1, and this is our main concern
throughout the paper. We denote the union of the top and bottom surfaces of the
strip by 9PF = P x {—t/2,t/2} and the lateral boundary by OPL = P x (—t/2,t/2).
We assume that the strip is loaded by a surface force density g': PF — R2, and
there is no volume force. Moreover, the strip is clamped along its lateral boundary.

P

oPF Py oPF

oP
Fic. 2.1. The plate domain Pk.
The displacement u : P, — R? satisfies the following boundary-value problems:
—divCe(u) =0 in P,
(2.1) [Ce(u)n] = g’ on PF,
u=20 on OPF,

where the infinitesimal strain tensor € is the symmetric part of the deformation gra-
dient

1
(2.2) e(u): = g(Vu + [Vu]T).
The constitutive equation is given by the fourth-order elasticity tensor C. Specifically,

Ce = 2ue + Atr(e)l,
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PLANE ELASTICITY AND THE ENHANCED STRAIN METHOD 4475

where 1 is the identity and the Lamé constants A, p are related to Young’s modulus
E and the Poisson ratio v by

—EV plane stress

1—p2 ’ E
A= VEV lane strai and M:m'
—_— plane strain,
I+v)(1-2v)

Usually 0 < v < 1/2. The flexural rigidity D is defined by

E

12 plane stress, v plane stress,
D = E and v = v | ] ]

1201 - 12) plane strain, [,  Plane strain.

Note that 0 < v < 1, and v — 1 is the incompressible limit; i.e., v — 1/2 in the plain
strain case.

By the definitions of A, u, D, and -y, a straightforward calculation gives the fol-
lowing relations:

(2.3) A+2u—24D = Ny and A+2p)y =\
It follows from these identities that
(2.4) 24D = 2u(1 + 7).

As a direct consequence of (2.3) and (2.4), we have for any v = (u,v) € [H1(P;)]*:

|, Celo): e(w)de = 25 (J0suliair) + 10y0lEcr, )
(2.5) M0+ Byl ap, + 1Oy + Opvla iy
= 24D10,ulxry + S 0su+ 00l
(2.6) + 19+ vl

We consider only the bending-dominated plane elasticity problem. Therefore, we
assume that the surface traction takes the following form:

g' = (g1,92) with g1 =0 and ga(x,t/2) = ga(z, —t/2) = tg().
The space L?(P;) of square-integrable functions on the domain P; is equipped with

the inner product (-,-) and the norm || - ||z2(p,). Let H™(P;) denote the standard
Sobolev space and

lolmmy = S Jolegmy and o2 cp, = /P S D% da.
k=0

Here a = (aq, a2) is a multi-index whose components «; are nonnegative integers,
la| = a1 + ag, and D& = 91 /9z" 25> . Define

V= {'v c[HY(P))? |v=0 on OPF }, lle()]lc = <(Ce(v),e(v)>1/2

for any v € V.
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4476 DIETRICH BRAESS, PINGBING MING, AND ZHONG-CI SHI

The variational problem can be formulated as follows: find w € V' such that

(2.7) Ce(u) : €(v)de = / g'-vds forallve V.
P, apPE

2.2. Enhanced strain finite element approximation. Let 7, be a regular
triangulation of P; into rectangles. For any element T' € T, with the parameter h :=
maxreT, max(hr g, hry), welet T := I, &I, with I, := (xp—h74/2, vr+hr/2) and
I, := (yr—hry/2, yr+hr,y/2). Define h, := maxre7, hr, and hy = maxpeT;, Ary.
Let p be the element shape parameter such that 1 < hg g, /hr, < p. It is our aim to
achieve p-independent results.

Let Q1(T") be the standard space of bilinear polynomials on 7', and set

(2.8) V= {ve[CP)]? | v=00n 0P, vl € Qi(T) forall T € Ty, } .
The strain tensor € is regarded as an independent variable in the framework of

the EAS method. In addition to the symmetric gradient of the displacement (2.2),

~h
there are enhanced strains. The finite element spaces E for enhanced strains are
subspaces of the space A of symmetric 2 x 2 matrix-valued functions in L?(P;), i.e.,
in the case of homogeneous bodies,

EhCA::{TELQ(Q;Rg;g)|/P(C‘r(a:)dsc=O}.

Following [8], we formulate the enhanced strain finite element approximation:
~h ~h
Problem 2.1. Find (us,ay) € V" x E such that, for all (v,,b,) € VI x E |

(2.9) /P C(e(un) + an) : (e(vn) + by) dae = /aPi g - vpds.

~h ¢
There are several choices for £ . We focus on the finite elements suggested by
Simo and Rifai [23]. They are known to be equivalent to the nonconforming part of
the element of Taylor, Beresford, and Wilson [24]:

E'={bed|brel(T) forall TeT)},

(2.10) ) ::Span{@ 0>7 (8 2) (2 3) ((y) g)}

Here z and y are the (local) coordinates in the reference element.

The following strengthened Cauchy inequality is the key to the well posedness of
Problem 2.1 [6, 7]. There exists a constant k(0 < £ < 1) that is independent of X
and h but depends on p such that

~h
(2.11) |(e(v),b)] < kll€(v)]|L2(p)lIbllL2(p,y forall ve Vi beE.

~h
The above inequality has been proven in [6] for V" and E" defined in (2.8) and (2.10),
respectively. A similar result may be found in [13]. By pursuing the dependence of
on p, we have

P

V22

(2.12) K=
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PLANE ELASTICITY AND THE ENHANCED STRAIN METHOD 4477

~h
By [6, Lemma A], the inequality (2.11) yields the following for allv € V" and b € E :

1/2
1—k
213)  [ew) + bz > (—) (le@)llz20r + 1Bll2r0).

2
Based on (2.13) (or equivalently on (2.11)), and under the assumption that the
triangulation 7y is a refinement of 7Tz, Braess, Carstensen, and Reddy [8] proved the
following result showing that the finite elements with enhanced assumed strains are
free of volumetric locking.
THEOREM 2.2. There exists a constant c independent of A, Tr, and w such that

(2.14) lw —wnllmp) + llanllzpy < chllg'll s ops):

It is clear that the right-hand side of (2.14) depends on the size of the domain
P;. A scaling argument gives that the constant c is at least O(¢~2), which does not
guarantee the uniform convergence of the EAS finite element method in the limit
t — 0. However, Theorem 5.4 below will show that the enhanced strain scheme
is actually free of shear locking, as suggested by the extensive numerical examples
in Simo and Rifai [23] and in [21, 22]. The next three sections are devoted to the
proof of this result.

3. Error estimate for finite elements with enhanced strains. Following
Pitkdranta [17] we start with the characterization of a special norm that is related to
the reduced energy which is induced by the enhanced strains. We will estimate the
error with respect to this special norm.

Denote the L? projection onto the piecewise constant functions by ITy. For any
v, we have

(yv)|T :][ v(x) dz.
T
Moreover, we define the L? projections in the = and the y direction, respectively:

v :][ v(z,y) de, Iy :][ v(z,y) dy.
I

x Iy

Recalling (2.9) we rewrite Problem 2.1 as a minimization problem:
1
(up,ap) =  argmin {— C(e(v) +b) : (e(v) +b)de — / g vds} .
w,b)eV"xE" Py orE

The problem above can be viewed as a two-stage minimization problem, namely, first
with respect to b and then with respect to v. The result of the first step is described
by the following theorem.

THEOREM 3.1. For v = (u,v) € V", we have

(3.1) min, (C(e(0) +0),e(v) +6) = | I°

where
A
llv|I* := 24D||0xullZ2(p,) + ;I\Uo(vamu + 80yv)|172(p,)

(3.2) + p|| o (Oyu + (%v)H%z(Pt) +24D||(I — Hz)(?va%z(Pt) forallveV.
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4478 DIETRICH BRAESS, PINGBING MING, AND ZHONG-CI SHI

We note that
(3.3) o (0yv) = I, IT,(v) = I,(d,v) forallvec V"

The error bound for the EAS method will refer to the norm (3.2) and to the projector
11, in its last term in order to cope with possible boundary layers.

Proof. Obviously, it is sufficient to prove (3.1) on each element T' € 7;,. Given
v = (u,v) € V" it follows from (2.6) that

/ (C (e(v)+b)dw:24D||81u+b11|\%2(T)
(3.4) + ;Ilv(ﬁzu +b11) + (Byv + ba2) | 72y + 1Oyt + Oxv + 212172

~h
The functions in E are L?-orthogonal to piecewise constants, and we get
1
(35) b12 = —5(1 — Ho)(('?yu + (911;),
(36) b22 = —"/(I - Ho)aru

Since the original expression (3.1) is symmetrical in « and y, we obtain by a symmetry
argument from (3.6)

(3.7) b1 = —y(I — Iy)dyv
The nontrivial term in (3.4) becomes
YOzt + b11) + (9yv + ba2) = ¥[Opu — v(I — Ho)0yv] 4+ Oyv — y(I — Ilo) Iy
= Io(v0,u + 8yv) + (1 — *)(I — Ip)Oyv.
The orthogonality of the terms yields
(82t + b11) + (Byv + boa) |72y = [0 (vDwte + Dy0)|| 72 ()
+ (1= = Ho)dyvll72(r)-

Similarly, ||0,u + b11]|3 12T) = = |0zul)3- )+ 21 Ho)ava%z(T). It remains to

determine the factor of the term H(I - H0)8 U||L2 (r)- 1t follows from (2.3) that

2(1=9%) =2 = Xy = [\ +2u) — [\ +2p — 24D] = 24D. Hence,

24D7% 1+ 2(1 = ?)? = 24D7? 4 24D(1 — 4?) = 24D.
v

Collecting all terms we obtain (3.2), and the proof is complete. 0

Remark 3.2. This theorem can be viewed as a reformulation of the static conden-
sation procedure in [26].

Compared to (2.6), the expression || - resembles the strain energy. In what
follows, we shall show that || - ||| is equivalent to the strain energy over V.

The relations (2.3) and (2.4) yield for any v = (u,v) € V:

[l

A
;HHO(Varu +0y0)|[72(p,) = (A + 2 — 24D)|[ o (D) | 72 p,)

+ 2\ Io(0zu), o (9yv)) + (A + 20) [ TTo(Dyv) 172,
= (241 = 24D) [ o(@) 132 p,) + 20 o (8y0) 32
+ )\HH()(amu + ayU)H%z(pt)-
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Now we rewrite ||| v ||| into a more symmetric form:
1o 112 = 21 (| Ho (@) 32y + 1 (@) [32r, )
(3:5) P (Bt + By0) 132, + pll BBy + 0:0) |2,
+24D(|[(Z = Ho)dyull 3 + (I = H)0y0l3 ) )-

LEMMA 3.3. For any v = (u,v) € V", it holds

(3.9 Vs e le < vl < el

Proof. From (2.4) we know that 2u < 24D = 2u(1 + v). Therefore, given
n € L*(P;), we have

A

200l F2(p,y < 24D Ho()l[72(p,) + 20 (T = o)l 72 (p,)
(3.10) < 2u(1+9) [1ll72¢p,)-

Starting from the symmetric form (3.8) and recalling (3.3), we apply the inequality
above twice and drop the other two terms to obtain

(3.11) o112 = 2u(l10eul22cp,) + 18,0132(r, )

The components of v = (u,v) € V" are bilinear functions, and a direct calculation
gives

(3.12) (I — Io)dyullL>p,) < pll(I — Ho)dzullL2(p,),
(I = 110)0zv| 2P,y < ([T = )0yl 12(py),

which together with the orthogonality of the different contributions implies
24D(|[(I = Io)dwullZap,y + (I = [2)0y0l|72(p,))

24D
> = ||(I = o) By + 3av) |7,

=72
p
Hence,

101 = il To(@y + 020}y + =210 = )@y 2s0)l
2 5 10y + 00 3acr,-
A convex combination of the above inequality and (3.11) leads to
(3.13) v l* > n(l0ullizgp,) + 10401122 (p,) + %Ilayu +020l[72(p,) -
Now the lower bound in (3.9) follows from this inequality and

[0l& <200 + wlle@)ll72p,) = (A + 20) (1 +)lle(@) |72 (p,)-

The upper bound in the assertion is a direct consequence of the definition (3.1). a
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4480 DIETRICH BRAESS, PINGBING MING, AND ZHONG-CI SHI

The lemma asserts that ||| - || is equivalent to the strain energy on V". In
particular, we will make use of the upper bound that is independent of the shape
parameter p. A similar upper bound with a slightly larger constant is obtained for
elements in V.

LEmMMA 3.4. For any v € V, it holds

(3.14) ol < v1+7le@)le.

Proof. Since ||[IIo(9yv)| r2(p,) < [H12(9yv)||L2(p,), we obtain the following from
the symmetric form (3.8) by using (3.10) twice:

oIl < 261+ V10wl F2py + MOru + yolT2(p,)
+ ulldyu + evl 2,y + 20(1 + )0y vl|72(p,) -

A comparison with (2.5) yields the assertion (3.14). O
Remark 3.5. If we replace IT, in the last term of the definition of ||| v ||| by Iy,
then the modified expression || - ||| would coincide with a modified strain energy
in Belytschko and Bachrach [3]. The latter, in turn, refers to a reformulation of the
classical Turner rectangle [28] as suggested by Pitkdranta [17, Theorem 5.1].
DEFINITION 3.6. We call & € H(div, P,) a statically admissible stress tensor, or
an admissible stress tensor for short, if it satisfies

dive=0 in P, -n=g' on OPE.
Let
(Che(w), e(w)) = [|w |

and (Cre(w), €(v)) be the associated bilinear form.

The following error estimate combines ideas from the theorem of Berger, Scott,
and Strang [4] with the hypercircle method.

LEMMA 3.7. Let & be an admissible stress tensor with g = (0,tg(x)) and @ € V.
Then

lw—wun | < V1+7le(w—a)llc+ nf [|a—wl]
weV
(3.15) |(Che(a) — &, €e(v))]

+ sup
ey o]l

Proof. Let @ € V" be the solution of the auxiliary problem
(Che(t), e(v)) = (Cre(n),e(v)) forall ve V"
Setting w := u — uj,, we obtain
llwl* = (Cre(a), e(w)) — (Che(un), e(w))

)~ ,
= (Cre(a), e(w)) — (Ce(u), e(w))
= (Cre(t) — &, e(w)) + (G — Ce(u), e(w)).

[~

Integration by parts and the definition of & yield
(0 — Ce(u), e(w)) = —(dive — divCe(u), w) + / (6 — Ce(u)) - nwds
oP;

=0.
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PLANE ELASTICITY AND THE ENHANCED STRAIN METHOD 4481

Hence,

(3.16) @ —un||= sup |{Cre(t) — 7, €(v))]
veV" (Tl

From the triangle inequality and (3.14) it follows that

e —wun | < fllw—aff+ e —-all+ e —u
S Vitalle(w—a)lc+(la—all+le—ull,

which together with the Galerkin orthogonality [[|@ — @ || = inf, v |[[@ — v
and (3.16) gives (3.15). 0

The lemma will be applied to @ and & from a beam model. The first term accounts
for how well the beam model approximates the solution of the bending-dominated
plane elasticity problem; cf. Theorem 4.4 below. The last two terms reflect the
discretization error of the beam model and will be estimated in section 5.

4. Model error estimate for beam approximation. The main objective of
this section is to estimate

le(w ~ @lic
le(u)lic

which characterizes the error between the solution of the two-dimensional elasticity
problem u and the (1,2)-model of the Euler-Bernoulli beam

(4.1) = (—y/ (@), w(@) + %))

Specifically, w is the main term of the transverse displacement augmented by a cor-
rection of the second order in y. In contrast to the Timoshenko beam [25] with a
more general ansatz for the rotation 6: w := (y6(z), w(z) + Ly?y(z)), the rotation is
fixed here in the spirit of the Kirchhoff hypothesis by 6 = —u’.

Here w is the solution of the boundary-value problem:

{ Dt?w® (z) = g(x) in P,
w(

(4.2) -1/2) = w(1/2) = w'(-1/2) = W'(1/2) = 0.

And 4 is the solution of

—t%)"(z) + A%Y(z) = A%w"(z)  in P,
(+3) { B(=1/2) = 6(1/2) =,

with A := (20/(1 —~))*/?u. To this end we shall exploit the following special form of
the hypercircle theorem (see Prager and Synge [18] or [7, p. 148]) and recall Definition
3.6.

THEOREM 4.1. Let 6 be an admissible stress tensor and w € V. Then for the
solution w of Problem 2.1,

(Ce(u—1u),e(u—u))+(C ' (o —7),0 —0) = (C (o — Ce(u)),o — Ce(u)).

To exploit Prager and Synge’s theorem, we construct an admissible stress tensor.
Morgensten’s treatment of the (1,1,2)-model of the Kirchhoff-Love plate [16] (see
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4482 DIETRICH BRAESS, PINGBING MING, AND ZHONG-CI SHI

also [2, 9, 11, 20]) motivates the following choice of the admissible stress tensor and
the decision to combine it with the Euler-Bernoulli beam model (4.1). Set

. —24Dyw" symm.
(4.4) o= (24D(y2/2 —2/8)w®(z) 24(1/8 — yQ/(6t2))yg($))

A priori estimates of w and ¢ will be derived by the inequality (4.5) below, which
can be regarded as a special case of the general Gagliardo-Nirenberg inequality in [1].
We include an elementary proof for the reader’s convenience.

LEMMA 4.2. Let (a,b) be a finite interval and ¢ € H'(a,b). Then

1 H 1/2 1/2
45 ol = masfo) < (55 + 2) 1012, 5 16114201y
Moreover, if ¢ has a zero in [a,b], then

(4.6) 16l < V2NN 201175000

Proof. For any x,y € [a,b] we have

#) = o) +2 [ 60655 < P +2/|¢ ) 16/(s)]ds
(4.7) < ¢ (@) + 29l 2@y 10 | 22 (a.p) -
Integrating the above inequality with respect to x, we get
2 < 1 2 2 /
¢ (Y) < g lIolz2 () + 20l L2 1@l 2(a,0)

1
= ||l z2(a.) <m”¢”L2(a,b) + 2||¢'||L2(a,b))

1
< (m + 2) 191122 (0,0 191l 111 (a0

This gives (4.5). If ¢ has a zero x, we apply (4.7) to obtain (4.6). O

We are ready to derive the following a priori estimates for . It can be understood
as an analogue of Lemma 5 in [2].

LEMMA 4.3. Let ¢ be solution of (4.3) andt < A. Then

(4.8) 10|22 (p) + AW — w"[[72(p) < 6At|w" I3 (p)

Proof. Set w := w”. Multiplying (4.3) by —¢” and integrating by parts, we
obtain

2" By + A% ()
= A2 / w'p ! de — A2[w(1/2)"(1/2) — w(=1/2) " (~1/2)
P
(4.9) < A2 gyl acey + 24710 o 0]l .

By Rolle’s theorem, 1’ has a zero in (—1/2,41/2), and it follows from Lemma 4.2
that

(4.10) 10113, <209 2y 19" L2cp)
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Young’s inequality yields ||t/ z2(pyllw’||2(py < i||¢’||%2(P) + ||w’||%2(P) and with
(4.10) also

A3
A pNwle. < —||w 7.+ lwlz.

/\

/\

A3
< §At||¢ /||L2(P)||¢"||L2(P) + THwH%m
10 By + A% By + 2l
=73 L2(P) L2(P) ; WL -

A

We insert the last two inequalities into (4.9) and note that the terms with the function
1) can be absorbed by the left-hand side:

1 1 A3
§t2||¢”||%2(13) + §A2||¢ llp2py < A% w'|[720py + THw”QLm :

Multiplying the above inequality by t?/A% and using the first equation in (4.3), we
obtain

A2 2
(4.11) 7||w —wl|72(p) + 5II¢ 12200y < llw” 1720y + Atllw]Z

Since |lw'||z2py < |lw|lf1(p), the Gagliardo-Nirenberg inequality (4.5) yields the
bound |lwlr.. < V3||lw|si(p), and the right-hand side of (4.11) is smaller than

(14 v/3)At||w]| g1 (py. This completes the proof of (4.8). O
As for (4.2), we have the a priori estimate

(4.12) w1y < CE2 gl -1y [w® | p2(py < D72 gll L2 (-

THEOREM 4.4. Let @ be the beam mode defined in (4.1). There exists a constant
¢ = clg] such that for sufficiently small t

(413) ||6(’LL — U)HC < Ct1/2.
le(w)llc
Proof. For any T € L*(Q; R2%2),

(6- — CE(fL),T> = <811 — 24D8w’111,7'11> + <822,T22>

A . . ~ .
— ;<78IU1 + 8yu2, YT11 + 7'22> + 2< 012 — 2[&612(11,), 7'12>.
A direct calculation yields o11 — 24Dd, 11 = 0. Therefore, we obtain

~ . ~ A . .
(4.14) (0 —Ce(w), ) = (022, T22) — ;<’78IU1 + 3yu2,’YT11 + Tag)

+ 2<812 — 2#612('&), 7'12>.
By the definitions of & and @ in (4.4) and (4.1), respectively, we have

3.2
. N v
||C’22||L2 Py) ||g||L2 (P)» |70zt + 8yu2||2L2(P) T~ 12 [l — WN||2L2(p)7

uv

1512 — 2u€12(@) |72 (p,y < =111 [ 20py + 267 (1 + 1) * w72y
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Substituting the above equations into (4.14) and using (4.8) and (4.12), we obtain

(8 — Ce(@). 7] < C(u) [P/t L2y + Al — " L 22(2)
+ 2|0 2y + gl 2y Il
(4.15) < ) (gl cpy + 2 lgllzae) ) Il
It follows from Theorem 4.1 that
(416) le(u—@)lle < O(u) (Jlol-soy + £ lgll o) -
Recalling (2.6), we evaluate the denominator in (4.13),

le(@)[|g = 24D |yw" (@) Z2(p,) + My @ — 0" ) @) Z2(p,) + 17 [6W)Y " (@)1 22(p,)
)\,.y t3 N72t5

TW —w"|[22p) + WW 172 (py-

Using Lemma 4.3, we conclude that the second and third terms on the right-hand
side of the above identity are bounded by a constant C' uniformly with respect to t.

A simple scaling argument shows that

= 2Dt3||o.)”||%2(p) +

(4.17) lw” | L2py =t 2,
where the nonzero constant ¢ depends on [|g||z7-1(p). Therefore,
le(@)lle > ct=*/2

holds with a nonzero constant ¢ that depends on |[|g||z-1(p). From (4.16) and the
triangle inequality it follows that

(4.18) le()llc > lle(@)]c — lle(w —a)llc > %ct_l/z

holds for ¢ sufficiently small. By combining this inequality with (4.16), we complete
the proof of (4.13). O
We note that the constant in (4.13) depends on the quotient ||w” ||z /||w”||L,-

5. Discretization error of the beam model. In this section we estimate the
last two terms on the right-hand side of (3.15) and start with a construction of a finite
element approximation w € V". Let 6(z) = «'(z), s(z) := 1/4 — 22, ¢(y) := 3?/2,
and

(5.1) w = (w1, wa) = (—yOn(x), wa(x) +v0n(Y)Yn(x)),
where

) fP(G—H10)(x)da:
0y, = 11,0 1T th =
h 10 +alls wi @ JpIis(z)de

x

¢h = qubv 1/)h = H¢a wh(x) = / H()Hh(ﬂ?/) dZIZ/.
—1/2

Here I1; is the standard linear interpolation operator, and IT is a Clément interpola-
tion operator (see [10]).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



PLANE ELASTICITY AND THE ENHANCED STRAIN METHOD 4485

By definition, wy,(—1/2) = 0, and we have

2= [ mon= [ o= [ mo+a [ ms=[ o

= w(1/2) —w(~1/2) = 0.

By construction, we get 6, (+1/2) = 0. This shows that w € V"
A standard finite element interpolation estimate yields

(5.2) |\6" — 9}:||L2(p) < Chw||6‘”||L2(p) = Cthw(B)HLz(p).

From ¢(y) < ¢?/8 it follows that also ¢, (y) < t?/8 and

1
(5.3) lénllz2,) < §t5/2-

The following lemma is the key to an estimate of the interpolation error.
LEMMA 5.1. Let ¢y, be defined by (5.1). It holds that

(5.4) [ = ¥nllzpy < C(I1Y = w2y + hallw® [l 2(p)).
(5.5) [ — Il p2py < ¥ —w” |12y + Challw™ | 12p)
Proof. We write
b=t =T - —w")+ I - Mw"
By the following properties of the Clément operator [10]
1T¢lc2py < Cllllizey, 1T = Mw"[l2py < Chalw™ || L2(p),

we get the first estimate (5.4).

Proceeding along the same line and using the above estimate with IT replaced by
II,,, we obtain (5.5). O

It is our main task to show that locking phenomena are eliminated. Note that
the shear term of the beam model

€12(@ ):_y¢()

is small. It is crucial that the reduced shear term of the finite element interpolant

IIye12(w) is also small.
LEMMA 5.2. Let w be defined by (5.1). Then

(5.6) e —wll < O+ ha/t?)l|glla-1(r)-

Proof. From
(5.7) On(y) = . on(9)dij = . o' (§)dy = 11,0’

it follows that IIy[¢, (y)vn(x)] = oo (y)n(x)] and

||H0[78w(a1 - wl) + ay(ﬂg - w2)]||L2(Pt)
< A0e (it = wi) | L2 (pyy + YN0 W) (W — 1) (@) 2y
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Invoking (5.7) once more, we get

(I = 112)0y (2 — wa) = (I — IIy)¢ (I — Io)tp + Iy "(I — 1) (¥ — ).
This leads to

(I = I0)0y (2 — w2) || 2(pyy < @' (I — ILo) | L2y + 10 (¥ — n) | 2Py -
Obviously,
[110[0y (41 — w1) + Oz (2 — w2)]|[22(p,) < |l€12(@) |2,y + [ Ho€12(W) | L2(P,).-
Combining the above three inequalities with (3.2) and (2.3), we have
1w [ < 20/ 192 (i — w)lzacry + lera (@)l zagey + | Hoera (@)l 2y
(5.8) o' (W = vn)lliap) + 10" (I = o)l L2(py) |-
By (5.2),
10 (1 = wi)llz2(py = 90" = i)l L2(pyy < Chat® 20| 2.
A direct calculation leads to
lexa(@llzary = 3 19llzan 14 o) < CE2)10 sy,

and

Moers(w) = L olon () ()] + 5 T0(6h — Tobh) = 2 Tolén (y)es )]

It follows from (5.3) and |4y z2(py < O]t || 2(py that

i
[Hoera(w)zacpy < S lon@)er (@)lacpy < C26 |L2(p),
By (5.4) and (5.5), the last two terms in (5.8) are bounded by

6" = ¥m)lpacpy + 116" (1 = L)l r2(py < CEP (1Y = w"lli2(p) + hallw® |l 22(p))-

Summing up the above estimates for the terms on the right-hand side of (5.8)
and using the a priori estimate (4.8), we obtain

e —wl| < Ct¥2(|v — w"llz2(py + tl [l z2(p) + halw® | 2p))
<O+ he/t?)glla-2(p)- O
In Theorem 4.4, we have shown that the quantity

(C~Y(6 — Ce()), & — Ce(w))"/?
e(u)llc

is small. Next we show that it remains small with C replaced by Cj,.
LEMMA 5.3. Let & and @ be defined as in (4.4) and (4.1), respectively. Then

(5.9) sup

weV"
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Proof. Similar to (4.14), we have the following expansion:
<Fr — (Che(ﬁ), e(w)) = (822 - 24D(I - Hw)ay’llg, 8UU}Q>

A . . A N
— ;(Ho[vawul + Gyug], YO w1 + GUUJ2> + 2< o129 — 2/LH0€12(U), 612(w)>,
which may be rewritten as

. . ~ A " "
(0 — Cre(n), e(w)) = (22, [THOywa) — ;mawul + Oyl I [0y w1 + Oywa))
+ 2<812 — 2/14612(’&), Hoelg(w)> + 2< (I — Ho)alg, 612(w)>
+ <822, (I — HQ)@UU}Q> — 24D< (I — Hw)ay’llg, 8UU}Q>
= [(6’ — (CG(’&), HQG(’UJ)> + (822, (I — Hw)angﬂ
(510) + 2<6\'12, (I — H0)612(W)> — 24D< (I — Hw)ayﬁg, 8UU}Q>
It is clear to see that
2<812, (I — H0)612(UJ)> = <812, (I — Hm)ﬁywﬁ + <812, (I — Hg)@zua}
We use (I — II,)0yw1 = 0y(I — II;)w; and integrate by parts (note that (I — I, )w

is continuous in y and 712 vanishes on 8Pti) to obtain

<812,(‘9y(I — Hw)w1> = —<6y812, (I — Hw)’w1> +/ N Elgny(I — Hw)wl dx
OP;

= —<6y812, (I - Hw)’w1>.

Here n = (ng,ny) is the outward unit normal to aPti. We proceed by applying the
Cauchy—Schwarz inequality

[(G12,0y(1 — I )wr)| < [|0y012| L2 (P | (I = Iz)wr || L2(p,)
< C24D)hat*?|w® || 2y | Oawr || 2 ()
< Chacfl/2||g||H—1(P)||| w |||

Moreover, it follows from (4.12) that [|[G12||r2(p,) < CtY/2|\g|lsr-1(p), which together
with the second equation in (3.12) leads to

[(G12, (I — Io)dzw2)| < 512 L2(p) I(1 — ITo)Orw2 || L2(py)
< CtY2|gll -1y lI(1 — 1) Oyw2| 12(p)
< Ct1/2||g||H—1(P)||| w ||

Combining the above two estimates, we obtain
(5.11) 12(G12, (I = Ho)era(w))] < Clhe /12 + /%) g g1 (p) | w |l
It follows from (5.5) that

(I = I1,)dy i, Oyws)| < Ot — M| L2 (p) | Oy w2 L2(p)
< CEP(|¢ = w” || 2(p) + Cha ||| L)l w |
(5.12) < O(1+ha/t?)|glla-cpyll w -
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Using (3.12), (4.15), and |[Ilpe(w)]|c < |||w ||, we bound the terms in the square
bracket of (5.10) as

(& — Ce(@), Moe(w)) + (Foz. (I — I1.)9ywn)]
< O gl g | (I = L)Oyws gy + Cllgli-scpy + €2 gl 2ol w0
< C (gl e + E2llgll o)l w

By inserting the above estimate, (5.12), and (5.11) into (5.10), we complete the proof
of the lemma. d

Now we are ready to establish the main result.

THEOREM 5.4. There exists ¢ = c[g] independent of t and p such that for suffi-
ciently small t

[l — un |l

(5:13) EOIL

< (tt? + hy).

Proof. The substitution of (5.6) and (5.9) into (3.15) leads to
e = || < CO+ha /)9l =100y + CE gl 20p) + [l €(w — @)

Using (4.13) to estimate the last term on the right-hand side of the above inequality
and recalling (4.18), we get (5.13). O

Proceeding along the same lines that led to (5.13) and using (3.14), (4.17),
and (4.16), we get

el = [l el =l w—al
> V24D |0y 0 || 2(p,) — V14 v lle(w — a)c
> ct—1/2

for a nonzero constant ¢ that depends on ||g||z-1(p). This immediately implies the
following.

COROLLARY 5.5. There exists ¢ = clg] independent of t and p such that for
sufficiently small t

llw—will _ 1oy

(5:14) Tall <

In view of the equivalence between the enhanced strain finite element and the
method of incompatible modes [23] over the rectangular mesh, we have actually proved
that the Wilson nonconforming elements [27, 24] are also free of shear locking in the
thin beam limit.

6. Conclusion and perspective. In this paper, we have investigated the
bending-dominated plane elasticity problem and proved that the EAS method yields
finite element solutions with an order of approximation that is at least as good as a
beam model with dimension reduction. The convergence result holds also for meshes
with a high element aspect ratio, which is common when solving problems with thin
domains. In this way we exclude shear locking, although a generic constant in the
error estimate depends on the smoothness of the load. The main result, Theorem 5.4,
may also apply to other EAS methods as discussed in [5].
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Appendix A. A negative result for the triple norm. The error bound in
our main result heavily depends on the right choice for the reduced energy. If we
replace IT, in the last term of || - ||| by o and denote the modified norm by ||| - |||+,
then we have the following lower bound for the interpolation error in this norm, which
plays the same role as the lower bound in [6, Theorem 3] for the volumetric locking.

LEMMA A.1. Let @ be the beam model defined in (4.1). Then

(A1) inf || —wl|. > Chy,t=/2.
weV"

Proof. For any w € V" we have
la—wlff>[la—wl|f—lla—wl|?=24D| (I, — o)y (iz — w2)|2(p,)-
Noting that (I1, — Ily)0yws = 0, we get

(A.2) inf 18—l > V2D (T, — o)y ialuxe,
we

A straightforward calculation gives
24D||(IT; — o)dyiz||22(p,) = 24DI(I = 11)¢ |21 Lot 22 (p)
= 2Dht|| I )[|7 2 py -

Proceeding along the same line as that leading to (5.5) and using the a priori esti-
mate (4.8) and (4.17), we obtain for sufficiently small ¢ and h,

L] 2Py 2 lw” z2(py — (T — Ie)w " || L2(py — [T (¥ — w ") L2(p)
> ct™? = cha|w®||L2py — 1t — w” || z2(p)
> ct72(1 — hy — tY/?)

(c/2)t72.

The substitution of the above two inequalities in (A.2) yields (A.1). O
Based on the above lemma, we shall obtain a lower bound for the relative error
in the norm ||| - ||[+. For any w,v € V, let

vV

(Che(w), e(w)): = [|w |2

and (Cre(w), €(v)) be the associated bilinear form. Proceeding the same way as for
the derivation of (3.14), we obtain

(A.3) v« < vV/14+~v|e()|c forany veV.

LEMMA A.2. There exists a constant c that depends on |g||g-1(py but is inde-
pendent of t,p, and h such that

[l — wn ]«

(A-4) Tetwllc

>c

Proof. Let u € V" be the solution of

(Che(t), e(w)) = (Che(a), e(w)) forall we V"
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By the Galerkin orthogonality, we obtain

o —unllZ=lla—alZ+lla-ull=inf [l&-w|?+]la-—ul?,
we

which immediately implies

e —wnlle > nf la—wll..
we

This together with the triangle inequality, the inequality (A.3), Lemma A.l, and
Theorem 4.4 implies for sufficiently small ¢:

e —wp [« > (@ —up [l = [l w — ]|
> inf fla—wll. —1+7]e(u—a)e
weV™"
> chy, /t3/2.

Recalling (4.18), we get (A.4). O
Remark A.3. In view of Lemma A.1 and Lemma 5.2, we have

. b i —wll.
o Mamwll e b e - wll

weV"  [le(u)llc t " awevh  lle(u)llc
which shows that the alternate triple norm ||| - ||| does not soften the strain energy

sufficiently enough such that the approximation result holds, while the triple norm
Il - |ll, indeed, reduces the strain energy to the desired degree.
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