CONVERGENCE IN THE INCOMPRESSIBLE LIMIT OF FINITE
ELEMENT APPROXIMATIONS BASED ON THE HU-WASHIZU
FORMULATION

B.P. LAMICHHANE*, B.D. REDDY', AND B.I. WOHLMUTH?

Abstract. The classical Hu-Washizu mixed formulation for plane problems in elasticity is
examined afresh, with the emphasis on behavior in the incompressible limit. The continuous problem
is shown to be uniformly well-posed in the incompressible limit, by recourse to an equivalent modified
formulation. For the discrete problems, conditions for uniform convergence are made explicit, and
these conditions are shown to be met by particular choices of approximations based on quadrilateral
elements. These choices include bases that are well known, as well as newly constructed bases. The
modified Hu-Washizu formulation is shown to be stable and convergent in circumstances in which the
classical formulation will not exhibit these properties. The theoretical results are explored further
through selected numerical examples.
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1. Introduction. There now exists a large number of publications devoted to
the task of constructing and analyzing finite element approximations for problems
in solid mechanics, in which it is necessary to circumvent volumetric locking, or al-
ternatively expressed, to ensure uniform convergence in the incompressible limit. A
further consideration is that of obtaining approximations of high quality using low-
order elements, and for coarse meshes: when quadrilateral elements are used in two-
dimensional problems, and hexahedral in three, it is well-known that the standard
piecewise bi- and trilinear approximations in two and three dimensions lead to poor
approximations when coarse meshes are used.

There is a growing literature dealing with the well-posedness of stabilization meth-
ods, and BREZZI AND FORTIN [9] have undertaken a detailed abstract analysis that is
applicable to a wide range of such approaches. Methods associated with the enrich-
ment or enhancement of the strain or stress field by the addition of carefully chosen
basis functions have proved to be highly effective and popular. The key work dealing
with enhanced assumed strain formulations is that of SIMO AND RIFAI [22]. REDDY
AND SIMO [21] have carried out a detailed analysis of the convergence of enhanced
assumed strain methods, for affine-equivalent meshes, and for the compressible and
incompressible cases. They established an a priori error estimate for displacements
that confirms convergence at the standard linear rate. BRAESS [5] has re-examined
the sufficient conditions for convergence, in particular relating the stability condition
to a strengthened Cauchy inequality, and elucidating the influence of the Lamé con-
stant A. The case of limiting compressibility has been the subject of a recent analysis
by BRAESS, CARSTENSEN AND REDDY [6], in which A-independent asymptotic con-
vergence of the displacement error is obtained, for a class of meshes. The assumed
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stress approach [20] leads to a formulation very similar to that based on enhanced
strains, and in fact the two are equivalent under certain conditions [1, 6].

The purpose of this work is to focus on three-field mixed formulations as an ap-
proach to overcoming the problems encountered in standard formulations, for prob-
lems in elasticity. The starting point is the Hu-Washizu formulation [16, 24], in which
the unknown variables are displacement, strain, and stress. This formulation, which
was in fact first introduced by FRAELJS DE VEUBEKE [12] (see [13] and [14], a reprint
of [13], and the historical comments in [11]), serves as the point of departure for the
development of enhanced strain formulations.

The structure of the rest of this work is as follows. Section 2 is devoted to the
continuous Hu-Washizu problem, in its original and modified settings, and to the pre-
sentation of relevant results on well-posedness. In Section 3 the discrete formulations,
based on finite element approximations, are presented. Section 4 focuses on the anal-
ysis of the modified formulation, and on the conditions for its uniform well-posedness
in the incompressible limit. For this purpose it is necessary to introduce discrete
deviatoric and spherical operators on the spaces of discrete stresses and strains. An
abstract requirement for well-posedness is then that the trace of the space of discrete
spherical stresses forms, with the space of displacements, a stable pairing in the sense
of the classical Stokes problem. Of exclusive interest here are situations correspond-
ing to low-order approximations, with these being built on a space of displacements
corresponding to piecewise continuous bilinear approximations on quadrilaterals. As
with the Stokes problem, in which the pressure space of piecewise constants has to
be modified to extract from it a space of so-called checkerboard modes, it can be
shown that the lack of stability resulting from the presence of a checkerboard mode
is confined to the stress, and does not affect the displacement. This result is impor-
tant in the computational context, especially in situations in which the displacement
is the primary variable of interest. In Section 5, an a priori error estimate for the
displacement is derived, making clear that the finite element solution converges with
optimal order to the exact solution uniformly in the incompressible limit. Similarly in
Section 6, an a priori error estimate for the postprocessed stress is presented. Finally,
in Section 7, the results of Section 5 are explored through two numerical examples.
The numerical results reflect the good performance of the modified formulation.

2. The boundary value problem of elasticity. In the context of elasticity,
vector- and tensor- or matrix-valued functions will be written in boldface form. The
scalar product of two tensors or matrices o and 7 will be denoted by o : 7, and is
given by a : b = a;;b;;, the summation convention on repeated indices being invoked.

Consider a homogeneous isotropic linear elastic material body which occupies a
bounded domain  in R? with Lipschitz boundary I'. For a prescribed body force
f € L?3(Q)?, the governing equilibrium equation in €2 reads

—dive = f, (2.1)

where o is the symmetric Cauchy stress tensor. The infinitesimal strain tensor d is
defined as a function of the displacement u by

d=¢e(u) :=1(Vu+[Vu]") . (2.2)

The displacement is assumed to satisfy the homogeneous Dirichlet boundary condition

u=0 on TI. (2.3)
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With the fourth-order elasticity tensor denoted by C, the constitutive equation reads
o =Cd:=\trd)1+2ud . (2.4)

Here, 1 is the identity tensor, and A and p are the Lamé parameters, which are
constant in view of the assumption of a homogeneous body, and which are assumed
positive. Of particular interest is the incompressible limit, which corresponds to
A — 0.

The inverse C~! of C is given by

d=C"1to = i (o —~v(tro)l), ~:=

A
= K:=2(p+A) .

Standard weak formulation. We will make use of the space L?(f2) of square-
integrable functions defined on 2 with the inner product and norm being denoted by
(-,-)o and || - |0, respectively. We will also make use of the Sobolev spaces H™ (),
for nonnegative integers m. The space H}(Q) consists of functions in H!(Q) which
vanish on the boundary in the sense of traces.

For the weak or variational formulations we will require the space V := [H}(Q2)]?
of displacements; this is a Hilbert space with inner product (-,-); and norm || - ||
defined in the standard way; that is, (u,v); := Z?Zl(ui, v;)1, with the norm being
induced by this inner product. The space of stresses is denoted by S, while the
space of strains is denoted by D. For the continuous case these spaces are equal, and
D :={e| ej; = eij, e;j € L*(2)} =: S, with the norm || || generated in the standard
way by the L2-norm. We also introduce the space Sy defined by

So:={r€S|(r,1)g=0};

this is a closed subspace of S.

REMARK 2.1. It is crucial that the stresses be sought in Sy rather than in S.
A similar consideration appears in the conditions for well-posedness of the Hellinger-
Reissner problem [6]. The subspace Sy is, however, a natural subspace in which to
work, since for the continuous problem the solution (u, d, o) satisfies tr o = kdivu,
and using the Dirichlet boundary condition it is seen that fQ tro dx =0.

Define the bilinear form A(:,-) and linear functional £(-) by

A:VxV >R, Alu,v) = [,Ce(u):e(v) dx,
0:V - R, lw) = [of -vdr.

Then the standard form of the weak problem for elasticity is as follows: given £ € V',
find u € V that satisfies

Alu,v) =4(v), veV. (2.5)

The assumptions on C guarantee that A(:,-) is symmetric, continuous, and V-elliptic.
It is known [7, 23] that (2.5) has a unique solution u € [H?(Q2)]? and that there
exists a constant C, independent of A, such that

[ulls + Alldivally < Cflflo - (2.6)

Mixed formulations. The problem described above may be cast in a variety
of alternative mixed forms, the term ‘mixed’ carrying in this context the connotation
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that the resulting weak formulation has a link to a saddlepoint problem. We focus
on the Hu-Washizu formulation, in which the displacement, strain, and stress are
unknown variables. The standard Hu-Washizu formulation is obtained by consider-
ing the constitutive equation, the strain-displacement equation and the equation of
equilibrium in weak form. Here, we will consider a more general form depending on
a parameter a := a(u, A) < 1: find (u,d, o) € V x D x Sy such that

aa((u,d),(v,e)) + ba((v,e),0) = ((v), (v,e)eVxD,

2 2.
ba((wd), ) — U o) = 0, TS, 2.7)

where the bilinear forms are defined by

IS
Q
£
Sy
—
—
<
a
~—
~
|

2u(d, e)o + aA(trd, tre)o ,
bo((v,€),0) = (e(v)—2uCle,a))—ay(tro,tre),
clo,7) = (tro,tr7)o .

The standard Hu-Washizu formulation is given by o = 1. By using the BABUSKA-
BRrEZzz1 theory [8, 15], it is easy to show that for v = 1 there exists a unique solution.
However in this case, the continuity constant of the bilinear form a4 (-,-) tends to in-
finity as A does. Thus, our analysis cannot be based directly on the mixed formulation
with a = 1.

In what follows we will make extensive use of the L2-orthogonal decomposition
of S into its deviatoric and spherical parts. Define the L2-orthogonal projections sph
and dev on S by sph7 := (1/2) (tr 7)1, and dev 7T := 7 — sph 7. We note that dev S
is a proper subset of Sp.

LEMMA 2.2. For o # —&, there exists a unique solution (u,d,o) € V x D x Sy of
the modified Hu-Washizu formulation (2.7). Moreover, the solution does not depend
on a and satisfies the bound

[ully +[1dllo + llollo < Cllellv

in which the constant C' is independent of A.
Proof. In a first step, we show that the solution of (2.7) does not depend on a.
The first equation in (2.7) with v = 0 yields

0=(Cd—o,e+ (a—1)ytrel)y =: (Cd —o,By€e)9, e€D. (2.8)
The inverse of B, exists for a # —% and satisfies B, le = e — % trel. As a

consequence, we find o = Cd and thus tro = ktrd. The bilinear forms a,(-, ) and
ba(+,-) can be equivalently written as

(2.9)

Using Ac(d,e) = ~ve(o,e) and (2.9), it is trivial to see that the solution does not
depend on a.

The proof of uniform stability is carried out by showing that the bilinear forms for
a = 0 satisfy the conditions for well-posedness for the extended case in which ¢(+, ) # 0
(see [8], Section I1.1.2 and [4]). First, we note that ¢(-,-) is symmetric and positive
semi-definite, and that ker B* := {7 € Sy | bo((v,€),7) =0, (v,e) €V x D} = {0},
so that ¢(+,-) plays no further role in determining the well-posedness of the problem.



Next, it is easy to see that all bilinear forms for « = 0 are continuous, and that
the continuity constants do not depend on A. It remains therefore to verify that
the coercivity and inf-sup conditions are satisfied. We establish the coercivity of the
bilinear form ag(-, ) on the kernel Z of by(-,-), which is given by

Z = {(v,e) eV xD]|by((v,e),7)=0, T €Sp}
= {(v,e) €V xD|e(v)—2uClecSi}.

Let (v,e) be in Z; using Korn’s inequality and the uniform continuity of C~!, and
noting that (e(v), 1) = 0, we find that

ao((v, e), (v, e)) = 2ulells > c(llellg + le()IIF) > c(llell§ + [[v]7) -

We note that the coercivity constant depends on p but not on A. Next, to establish
the inf-sup condition we note that there exists a constant C' < oo such that for each
qge M :={qe L*(Q)| [,q dx =0}, there exists v, € V satisfying

divog =g, |lvglr < Cliglo (2.10)

(see, for example, [15]). For 7 € Sp, we have tr™ € M, and we define e, :=
dev(e(vgr+) — 7) € D. Then using (2.10), the norm of (v, +, e,) is bounded by

lvu 17 + llexlls < Cltr 7§ + [ dev 7l[5) < ClIT|5 -

The inf-sup condition now results from the orthogonality of the decomposition of 7
into its spherical and deviatoric parts; using also (2.10), we find that

(sphe(virr),sphT)g + (dev T,dev 7)o
= (1/2)(div vgrr, tr 7)o + (dev T,dev T)g
(/2 tr 71§ + | dev 7|5 = [I7[I5 -

bO((vtrT; e‘r)a 7-)

O
REMARK 2.3. The result of Lemma 2.2 can be generalized to the case o = —% for
which the operator By, is singular. The kernel of By, is given by {e € D | deve = 0}.
To obtain a unique solution of (2.7), we therefore have to seek a solution in the
subspace {(v,e,7) €V x D x Sy | tr7=rtre}.

3. Finite element formulations. Let 7; be a quasi-uniform, shape-regular
quadrilateral triangulation of the polygonal domain 2. The diameter of an element
K in 7}, is denoted by hg. Finite element spaces are defined by maps from a refer-
ence square K = (—1,1)2. For nonnegative integer k, let Py (-) denote the space of
polynomials in two variables of total degree less than or equal to k, and Q(-) the
space of polynomials in two variables of total degree less than or equal to k£ in each
variable. A typical element K € 7}, is generated by an isoparametric map Fy from
the reference element K. Tt is clear that if & € Q;(K), then © o Fic! is in general not
a polynomial on the quadrilateral K.

The finite element space for the displacement is taken to be the space of contin-
uous functions whose restrictions to an element K are obtained by maps of bilinear
functions from the reference element; that is,

Vioi={on €V, wnlic = o0 Fi' o € Qi(K)? forall K€ T, } .



The spaces of stresses and strains are discretized by defining the finite-dimensional
spaces

Spi = {'Th € So | (Tulx)ij = (Fn)y o Fc', n € So for all K 6771} )

Dy: = {eh € So | (enlx)ij = (én);; 0 Fi', én € Do forall K € Th} ,

where D and Sg are the reference bases of strains and stresses, defined on K. These
two variables are defined locally on each element and no continuity conditions apply
at the element boundaries. Moreover, we define the space M}, by

My :=tr Sy .

Before giving some concrete examples, we recall the Voigt representation of the
tensorial quantities stress and strain in vectorial form, in two dimensions. These are
written as

011 di 1 00
o= | o099 , and d= doa , ZT:=span|{ 0 1 0 ,
O12 2d2 0 0 1

so that, in vectorial form, o7'd = 0;;d;;.
The spaces S, and D}, will be generated from bases defined on K , and we will
make use of the following bases on K:

g 0 z 0 0 0
A:=span | 0 & |,B:=span| 0 ¢ |,C:=span| 0 0 (3.1)
0 0 0 0 Ty
Of special interest will be the following choices (S;,D}), 1 <i <5:
TABLE 3.1
Different cases for the discrete spaces
Case I I 11 v A%
So IT+A I+ A I+C I+A+C I+A+C
Dq IT+A |I+A+B| I+C |I4+A+C|IT+A+B+C
SI—Dl | SIcDl (S =D | Si=Dl | S CD]

Case II corresponds to the method of mixed enhanced strains [17, 18] while Case
V corresponds to the method of enhanced assumed strains [22]. We remark that
tr(Z +A) =tr(Z+A+C) = P (K) and tr(Z + C) = Py(K).

In the following, all constants are generic, do not depend on the mesh size, and
do not degenerate in the limit case A — co. We restrict our analysis to the case
of meshes for which Fk is an affine mapping for each element K € 7;,. However,
numerical results will also be given for the more general case of meshes of arbitrary
quadrilaterals in Section 7.

From (2.7), the discrete modified Hu-Washizu formulation is as follows: find
(ug,dy,0%) € Vi x Dy x Sp, such that

ao((uy,dy), (vn,en)) + ba((vhza en), o) = {L(vy), (vn,en) €VypxDy,
bo((us,d), 1) - 0= o) = 0, h €S .
(3.2)



7

In contrast to the continuous setting (2.7), the discrete solution can depend on «a.
However for simplicity of notation, we suppress from now on the additional index «
in the solution and replace (uy,dy, o) by (un,dp, o).

ASSUMPTION 3.1.

3.1(i) Sp C Dy,
31(’”} tr Dp1 C Dy,

LEMMA 3.2. Under the Assumptions 3.1(i) and 3.1(ii), the solution of (3.2) does
not depend on o # —4&.

Proof. Let (up,dp, o) € Vi, X Dj, x Sp, be the solution of (3.2). Using (2.8) and
Assumptions 3.1(i) and 3.1(ii), we find that Byep, Cdy, o, all belong to Dy, and thus
o = Cdy. The rest of the proof follows the same lines as in the continuous setting.
|

REMARK 3.3. For Lemma 3.2 the Assumption 3.1(ii) is essential, as this implies
that CDyp, = Dy,. In particular, for the choice Sy, = Dy but tr Dp1 ¢ Dy, the Hu-
Washizu formulation with o = 1 can yield bad numerical results in the limit case
whereas the formulation with, for example, o = 0 gives good results (see also Section
7). We note that Cases II, III and V in Table 3.1 satisfy both Assumptions 3.1(i) and
3.1(i1), but that the Cases I and IV do not satisfy 3.1(ii). Furthermore, Case IV in
combination with the classical Hu- Washizu formulation (o = 1) leads to the standard
Q1 -approach.

We note that there exists a strong link between the modified Hu-Washizu formula-
tion (3.2), the Hellinger-Reissner, Mixed Enhanced Strain, Enhanced Assumed Strain
and the classical Q1-Py formulation. A detailed discussion on these equivalences can
be found in [10].

4. Analysis of the modified Hu-Washizu formulation. In this section we
turn to the task of establishing conditions under which the discrete saddle point
problem (3.2) is uniformly stable in the limit case. For the inf-sup condition, we need
some preliminary results. First we note that dev.S; and sph.S; are in general not
subspaces of Sp,. This is remedied by introducing the discrete deviatoric operator
devy, defined by devy Sy, := Ps,, dev S}, where Pg, is the orthogonal projection onto
Sh, and by decomposing S}, according to

Sy = devy S, @ sphy, Sp, . (4.1)

Here the discrete spherical operator sphy, is defined in such a way that sphy, S}, is the
orthogonal complement of devy, Sp,. Next, we define Mj := trsphy Sy, and remark
that dim M}, > dim M)}, where M}, = tr S}.

LEMMA 4.1. The orthogonal complement sphy, Sy, can be written as

SphhShZ{ThESh|Th=%(trTh)1}=Mh1.

Proof. We start by establishing that the spaces sphy, Sy and Mhl are equal. Using
the decomposition of sphy, 75, into its deviatoric and spherical parts and the definition
of devy, Sy, we see that

0 = (sphy 74, Ps, devsphy, 74,), = (sphy 71, devsphy, 71) = || devsphy T}L”(Q) ,

and thus sphy 7, = %tr sphy, 71 € Mhl. Conversely, for 7, € Mhl, there exists
o, € Sy, such that

T, = tr(sphy 1)1 = 2sphy, o, € sphy, S, .



Now, it is trivial to see that
MhlzﬂhlﬂShC{T}LESh, Th = %tl"Th].} .

Using the definition of devy Sy, we can write any element 7, € devy, S, as 7, =
Ps, devoy, oy € Sp. Let T4 = § tr 71,1 € Sp; then we find that

(Th,f'h)o = (Th,PSh dev U'h)() = (% trThl,deVO'h)o =0, T, €devy,Sh,

yielding {75, € Sp | 7h = %trrhl} C sphy, Sp,. O

As a result of Lemma 4.1, we find that not only the elements 7, € sphy Sy and
75, € devy S), are orthogonal with respect to the L2-inner product, but also their
traces: that is,

2(tr T, tr Tp)o = (tr TR, tr Tr1)o = 2(Th, Th)o =0 . (4.2)

To get a better feeling for the discrete spherical and deviatoric parts, we consider
Case I in more detail. We have

10 & g 1 & 9
dev(Z+ A)=span| -1 0 —& —y |, sph(Z+A)=span| 1 & gy |,
0 1 0 0 0 0 0
and we find that dim(Z + A) = 5, dimdev(Z + A) = 4, and dimsph(Z + A) = 3. We
point out that in general sphy, Sy, # Ps, sph Sp; for example
10 g 0 1 g 0
devp(Z+ A)=span| =1 0 0 2 |, Ps,sph(Z+A)=span| 1 0 2 | ,
01 0 0 0 0 0

whereas sphy, (Z + A) = span [1, 1, O]T. In the continuous setting, the definition of the
deviatoric part yields that the trace of the deviatoric part is equal to zero. This is
not the case for an element in devy, Sy,

For T € S, the norm of the trace is bounded by || tr 7||2 < 2||7||2. The following
lemma shows that a stronger bound holds for the norm of the trace of an element in
dth Sh.

LEMMA 4.2. There exists a w < 1 such that

Il tr 7|2 < 2wl7nll3, Th € devy Sy,

and thus (C~ 7p,Th)o > :L;—#MHT;LH(Q), Th € devy, Sh.
Proof. The proof is based on a discrete norm equivalence on the reference element.
To start, we define |||, := || dev 7|, . It is trivial to see that || - ||, defines

a seminorm on (L2(K))2*2 and that it is zero if and only if dev T is zero. Given

71 € devy So and dev 1), = 0, we find by means of (4.1) and Lemma 4.1 that 7, €
devy, So Nsphy, So = {0}. Thus the seminorm || - ||,k restricted to devy Sg is a norm.
The dimension of the space devy So is finite and thus || - |,. z is equivalent to || - ||, -
Using the definition of S;, and the special structure of the isoparametric element map
Fe, the equivalence of [|-[|Z := 3" e |12 and ||-||5 on devy, Sy, is established. Now
let 0 < 8 < 1 be such that ||74]|2 > B||7h||3, Tn € devy Sp; then a straightforward
computation reveals that

_ 1
20 = O)lrulld = trals, (€' 7a,Th)o = E(HMII(Q) —29(1 = B)I7ullp) -
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We can now use these preliminary results to establish a uniform inf-sup condition.

ASSUMPTION 4.3. The following assumptions are essential for uniform stability
in the discrete case:

4.3 (i) ||Ps,e(vn)llo = clle(vn)llo,
4.8 (ii) max(—%E1—2) <o <min(%£1),0< g <1,0< 0, < oo,
4.3 (i) (Vh,Mh) forms a stable Stokes pairing,

where w is the bound from Lemma 4.2. In the following the generic constants
depend on ¢; and C,. It is easy to verify that & = 0 or when pu < A, a = /X are
possible choices that satisfy Assumption 4.3 (ii) with some suitable ¢; and C,. As
we will see later, of special interest for Cases I and IV will be a negative value of «.
However, as Assumption 4.3(ii) indicates, the choice of a negative « can lead to the
loss of coercivity.

Roughly speaking, Assumption 4.3 (i) says that S}, has to be large enough and
Assumption 4.3 (iii), that S}, has to be small enough. We point out that Assumption
4.3 (iii) is weaker than the assumption that (V},, M},) forms a stable Stokes pairing. For
example, in Case I we find that tr(Z + A) = P, (K), whereas trsphy,(Z + A) = Py(K).

The discrete kernel associated with the bilinear form b, (-, ) is given by

Iy = {('Uh,eh) c Vi, x Dy, | PShE('Uh) = Pgh(2,uC’1eh +a’ytreh1)} .

LEMMA 4.4. Under the Assumptions 4.3 (i) and 4.3 (i), the bilinear form as/(-,-)
is uniformly coercive on Zy X Zp, and uniformly continuous on (Vi X Dy) x (Vi x Dp,).
Proof. Let (vp,en) € Zy. Assuming 4.3 (i) and 4.3 (ii), we find that

lon ]l < Clle(wn)lls < ClIPs,e(wn)ll§ = CllPs, (2uC en + ary(tren) 1)
< Cllenlls < Caa((vn,en), (vn,en)) -

m|
LEMMA 4.5. Under the Assumptions 3.1 (i), 4.3 (ii) and 4.3 (iii), the bilinear
form by (-, ) satisfies a uniform inf-sup condition.
Proof. The proof is based on the decomposition of 7}, into discrete deviatoric and
spherical parts, that is,

Th = devy T + sphy 7, = devy 7 + g1

where devy, T, € devy, Sy, sphy 71, € sphy, Sy, and ¢, € Mh. Under the Assumption
4.3 (iii) we can find, for each g5, € M}, a displacement v,, € Vj, such that

(divvqmqh)o = ||qhH(2Jv ”vth”l < CHQhHO : (43)

Using the unique decomposition of Pg, (v, ) into its discrete spherical and deviatoric
parts, so that Ps, e(v,,) = sphn Ps, €(vy, ) + devy, Ps, (v, ), we define e,, € Dy, by

er, :=devy Pg,e(vg,) — fdevy s, [5>0.

By means of (4.3) and the fact that || devy Ps, e(vy, )|lo < lle(vg,)llo < Cllvg, |1, we
can bound the norm of (vy, , e, ) by

lvg, 11} + ller, I3 < Cllgnll§ + 82[l devi Tallg) < C(1+ 52 Tall3 -
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To obtain the inf-sup condition, we use the equivalence (2.9) and consider the two
terms of by (-, -) separately. We start by obtaining a lower bound for b1((vg, , €r,, ), Th):

b1((vg,s€r,),Th) = (Ps,€(vg,) — €r,,Th)o = (sphn Ps,&(vg,) + Bdevh Th, Tr)o
= (sphy Ps,e(vg,),qn1)o + Bl devi, 713
= (e(vg,),qnl)o + Bl devy 743
= (divwg,,qn)o + Bl devi T lg = llgnlld + B devi 7415 -

Next, we bound c(er,,Tp) by applying Lemma 4.2, (4.2) and (4.3):

cler,,Th) = (trer,,try)o = (tr(devy Ps,e(vg,)) — O tr devy Tp, tr devn 74)o
= (tr Ps,e(vy,),tr devy 71)0 — O] tr devy, 75|12
> —Cllgnlloll dev Tallo — 28w|| devi, T4l[5 -

Combining the lower bounds for bi((vg,,er,), Tr) and c(e,,, T5), and using 2y <1
we find that

ba((Vaser,), Th) = llanllg — 2Clgnloll deva Tallo + B(1 — w(1 — )| devy 74lf7 -

Assumption 4.3 (ii) gives (1 —w(l —a)) > 1 —¢ > 0, and we can apply Young’s
inequality to find

ba((Vg,,er,), Th) = (1= Co)llanllg + (B — ) = Ce™ )l devi 745 -

For 0 < e small enough and § < oo large enough, we obtain b, ((vg,,er,),Tn) >
c(llgnll + l deva Thllg) = cllTnll§.  ©

We now formulate our main result. The following theorem provides optimal a
priori estimates for the displacement, strain, and stress.

THEOREM 4.6. Under the Assumptions 3.1 (i), 4.3 (1)—4.3 (iii), the discretization
error n7 := |lu —up||? + |d— di||} + ||o — on |2, where (up, dy, o) is the solution of
(3.2), is bounded by the best approzimation error

2 <0 inf |lu—v,|2+ inf ||d—epl? inf — 2
N < vigvhll wll1 e;gDhll h||o+7;gshlld Thllp

Proof. The a priori estimate results from the continuity of the bilinear forms
and Lemmas 2.2, 4.4 and 4.5; see, for example, [8]. In particular, it is seen that
ker BF' = {0}, as in the continuous case, and ||c(-,-)|| is bounded, independently of
A. These conditions suffice to establish the uniqueness of o and the uniform error
estimate (see [8], Section II and [4]). O

In the rest of this section, we consider the Assumptions 4.3 (i) and 4.3 (ii) in more
detail. To verify Assumption 4.3 (i) we consider the reference element and observe
that

e(Va) := span

o O =
o = O
= o O
2 O
< B O

where Vg is the space spanned by the standard bilinear polynomials on the reference
element. A straightforward computation shows that on the reference element and
thus on all elements K € 7, Assumption 4.3 (i) is satisfied for all choices of Sg in
Table 3.1.
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We recall that Assumption 4.3 (iii) is on M), which must be such that it forms with
V}, a stable Stokes pair. Now for all our five choices of pairings (D}, S};), 1 <i <5,

we find that M 1 is given by
Mi={qe L) | qlx € P(K), KeTy}, 1<i<5.

Using_bilinear elements for the displacements, it is well known that the pairing
(Vi, M}) does not satisfy Assumption 4.3 (iii), and that checkerboard modes might

be observed (see, for example, [15]). Thus it is necessary that M), be a proper subset
of Mj. There are different ways in which to overcome this difficulty. One option
is to work with macro-elements and to extract from M }1 the checkerboard mode on

each macro-element, as in [15] (Section II.3). The restrictions of functions in M, I to
a macro-element are spanned by the four functions depicted in Figure 4.1. The func-
tions having the signs indicated in Figure 4.1 (d) are the local checkerboard modes.
To obtain a stable pairing, we have to modify the space sphy, Si but not devy, Sj.

A reduction in the dimension of M; results in a smaller dimension of S}, and thus
for our choices Assumption 4.3 (i) cannot be verified locally on each element, but must
be done on macro-elements. Using the fact that V};, comprises continuous displace-
ments, and taking into account the rigid body motions, we find that the dimension
of &(V},) restricted to one macro-element is 15 and not 4 x 5. The modification of
M }1 reduces the dimension of SZ on each macro-element by one, and thus for all our
examples the dimension of S} restricted to one macro-element is not less than 19.
Moreover, a straightforward computation on the macro-element shows that for all S7,
1 < i < 5, Assumption 4.3 (i) is satisfied even if we work on macro-elements and
reduce the dimension of S} restricted to a macro-element by one.

+ | + + | - + | + + | -

+ | + + | - - | - - | +

@ (b) © ©)

Fic. 4.1. Restrictions of the basis functions of M;L to a macro-element with + indicating the
stgn inside the elements

5. A priori estimate for the displacement. Due to the local definition of
Sy and Dy, the discrete stress and the discrete strain variables can be locally elimi-
nated in our modified Hu-Washizu formulation. Static condensation in (2.7) yields a
displacement based formulation of the following form: find w, € V}, such that

(Qre(vn), ChQne(un))o = L(vy), vp €V, (5.1)

where @, is a suitable local projection and Cj, is some positive-definite symmetric
operator. The symmetry results from the symmetry in (2.7). We note that the
operators as well as the displacement depend on S;, Dj and «. For simplicity of
notation, we do not indicate this dependence.

In the following, we provide in a first step some abstract conditions under which
(5.1) gives optimal A-independent a priori estimates. In a second step, we verify
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these conditions for all our five examples. The optimal a priori estimate is based
on some preliminary results which can be found in the literature. For convenience
of the reader, we present some of these results in a form which is suitable for our
analysis. We assume that the triangulation 7, has a macro-element structure and
that there is a local checkerboard free subspace M; C Mj. The space M; is the
orthogonal complement of M, », which is spanned by the local checkerboard modes
(Figure 4.1 (d)). Moreover, we assume that the pairing (V?, M; 7) satisfies a uniform
inf-sup condition, where

Ve ={v, € Vi, | (divop,qn)o =0, g € M,”j} ,

and that both subspaces M, 2 and V}? satisfy suitable approximation properties [15, 6].
In the following, we assume that w is the solution of (2.1)—(2.4), uy is the first
component of the solution of (3.2), and we set W := [H%(Q) N Hg(2)]?>. We recall
that Fortin’s interpolation operator If : W — V> for the stable Stokes pairing

Ve, Mﬁ) is then given by the problem of finding (It w,py,) € V;¥ x M} such that

(VI w,Vzp)o + (divzn,pr)o = (Vw,Vza), 2w €Vy, (5.2)
(div It w, qn)o = (divw, qn)o, qn € M} .

LEMMA 5.1. Under the regularity assumption (2.6), the operator I} satisfies the
approximation property

lw — I3 ully + Al div e — Iy (div Iy u) o < Chl|flo

where I, is the L%-projection on Mh,

Proof. Using the stability of the saddlepoint problem (5.2) and (2.6), the upper
bound for ||u — I u||; is standard. There exists a @ € W such that divu = diva
and ||| < C| divul|i, see, for example, [2]. Observing the definitions of V;* and of
IF | we find that

(div IEw, gn)o = (div IE @, qn)o, an € My ,
and thus ITj,(div It w) = II;,(div I} @). In terms of (2.6), we obtain

| diva — II, (div It w)||o = || diva — I, (div IE )|
< ||div(w — I, @)|jo + || diva — 1T, div @|o

_ _ _ . C
< C(la— Ijall + k@) < Chlldivul: < SRR

O

In this section, we provide some assumptions on @p, and Cj, under which optimal a
priori estimates for (5.1) can be established. These assumptions can be easily verified
for all given examples.

ASSUMPTION 5.2. The following assumptions are essential for A-independent
constants in the a priori estimates: for vy € Vj,

5.2 (i) |e(vn)ll§ < C(Qne(vn),CrQne(vn))o:
5.2 (’LZ) (th(vh),Cths(wh))o = (e(vh),Cths(wh))o, wp, € Vi
5.2 (iii) ||(ChQp —TILC)e(vp)]lo < C||(Id —IIy)e(vn) o, where 1y, is the component-
wise L2-projector.
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THEOREM 5.3. Under the Assumptions 5.2(i)-(iii) and (2.6), the upper bound
[w —wunlly < Chl o

for the discretization error holds, where C' < oo is independent of X and h.
Proof. In a first step, we bound |[vy — upl|1, vi € Vi, in terms of [|v, — ul|;.
Using Korn’s inequality and Assumptions 5.2(i)—(ii) and (2.5), we find that

|vn — unlf < Clle(vr — un)|l§ < C(Qre(vn — un),CLQre(vy, — ur))o
= C ((e(vh — un), ChQre(vn))o — (e(vh — un),Ce(u))o)
< Cllvn — unl[1[|CLQrE(Vr) — Ce(u)l|o -

In terms of Assumption 5.2(iii), the triangle inequality, the properties of I}, and
Lemma 5.1, we obtain

[ — unlly < CUICAQN — TLC)e (T} w)llo + C(Tre (I} u) — e(w))llo + u — T4 ulh)
< CO\ Iy (div I3 w) — divullo + e(w) — Mhe(u)llo + |u — Iy ull) < Chl|fllo -

O
Next, we consider the operators C; and @ in more detail. We start with an
orthogonal decomposition of Sj, and define S§ := {7 € S), | CT € S},}, and

Sp =S¢ @St

We note that S} C devy, Sy, sphy Si, C S5 and tr(sphy Sp,) = tr Sj.

ASSUMPTION 5.4. (74, wh)o = (tr 7, trw})o, 74, w! € S},

It is straightforward to verify this assumption for all our Cases I-V. For Case 111,
we find S} = {0}, and for all other cases, S! is spanned locally by the basis A in
(3.1). Let %h,cbh S Sé, be given by 7A'h11 = agj, 7A'h22 = biy 7A'h12 = 7A'h21 = 0, (;Jhu = CQ,
Whyy = dT, Op,, = Why, = 0, then we find tr 75, = ay + b2 and trwp, = cy + dz. Using
the definition of the reference element we find that

L. 4 . .
(Thnwh)o;f{ = g(CLC-i- bd) = (tr Th,trwh)o;f( ,
and thus Assumption 5.4 is satisfied for all our cases.

LEMMA 5.5. For a # —X% the operator Cy, is given by:

(a) under the Assumptions 3.1(i)-(%i) and 5.4

2u
I—7v

Cren :CPSfLeh'f' Pszeh.

(b) under the assumptions Sy, = Dy, o # —2u/\ and 5.4,

4+ N)2(2u + a))
A2 + (21 + 3N (2u + a))

Crep = CPS;;eh + St €h

where Pse and Pg: are orthogonal projections onto the spaces S5 and S,
respectively.
The operator Qy, is given by Qpe(vy) = Ps, e(vy) for both cases (a) and (b). Then

the displacement based formulation (5.1) is equivalent to the three field formulation

(3.2).
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Proof. The main idea of the proof is to use the orthogonal decomposition of S} as
given above and to apply static condensation. In the case that Assumptions 3.1(i)—(ii)
hold, Lemma 3.2 yields o, = Cdy. In terms of the decomposition given above, we
can write o, = o + o}, o € S, of € Si. Using dj, = C"'o},, Assumption 5.4,
and the orthogonal decomposition of Sy, in the second equation of (3.2), we get

2
o}, = CPsce(up), and ol = ’u,yPSZe(uh) . (5.3)

1 _
We point out that 0 < 2y < 1 independently of A. If Sj, = Dy, the first equation in
(3.2) yields Pg, (Ba(Cdp, — o)) = 0. Using the decomposition for dp, we find that
dy, =dj +d}, dj € S¢, dj, € S, and

=C oy, Psi(Ba(Cdj,—0}))=0. (5.4)
Assumption 5.4 yields
1+v(a—-1)

In terms of (5.4) and (5.5), we can eliminate d§, and d}, from the second equation of

(3.2). The elimination of dj, gives o, = CPsce(u), and by means of (5.5), we obtain
ol = 4+ N2 (2u + aN)

A2 + (21 + 3N (2u + a))

Pt e(up) . (5.6)

O
REMARK 5.6. The theoretical analysis requires that we work with the discrete
space Sp, C Sy. Using the bigger space Sy =S, ® span{1}, dimSy, = dimSy, + 1, we
find that (Pg e(vn),1)o = (e(vn),1)o = (divws,1)o = 0, vy € Vi Thus Qp can be
locally computed on each element K € Ty by

Qhe(vh) = Pghe(vh) S Sh, v, €V .

REMARK 5.7. The operators specified in Lemma 5.5 are also well defined for the
cases o = —p/ X and o = =24/ . Thus the displacement based formulation (5.1) can
be extended to these cases. The well-posedness of (5.1) for a = —2u/\ depends on
Sy, see also Section 7.

In a next step, we provide sufficient conditions such that the Assumptions 5.2(i)—
(iil) are satisfied.

ASSUMPTION 5.8. sphy, Sh|K CIZCShy, KeTy.

By construction all our cases satisfy Z C Sp|,. and sphy, Sy, = Po(K)1 C 7.
Thus Assumption 5.8 is satisfied for all our cases. We note that Assumption 5.8
guarantees that the best approximation error in the L?-norm of the space S5 C S, is
of order h.

LEMMA 5.9. Assume that Assumptions 3.1(i), 4.3(i), 5.4 and 5.8 are satisfied.
If either the Assumption 3.1(i) or Sp, = Dp, and 0 < cqg < (2pu+ aX) < Cy < oo hold,
then the Assumptions 5.2(i)- (i) are satisfied.

Proof. For both cases, we have the displacement based formulation (5.1) with
Qnre(vy) = CPsce(vy) +9(,u,/\ @) Ps: e(vp), where

2u

O(u, A\, o) := T in the first case, and
A+ N2 (20 + a)) .
O(p, A\, @) == th d .
(s A @) 2 (20 + 30 (20 + N in the second case
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Since in both cases 6 is positive and bounded independently of A from below, As-
sumption 4.3(i) yields

(Qnre(vn),Ch@re(vn))o = (Psge(vn),CPsce(vn))o + 0(p, A, a)(Pst e(vn), Pst €(vn))o
> C(Ps,e(vn), Ps,e(vn))o = Clle(vn)|3

with a A-independent constant C'. Assumption 5.2(ii) is satisfied as a result of @y, =
Ps, , and CrQne(vy) € Sp. Now, we turn our attention to 5.2(iii). Assumption 5.8
yields tr(Pse — ITy)e(vy) = 0, and thus

(Cth — CHh)é‘(’Uh) = CPSZ&?(’U}L) + 9(,[1,, A, Oé)Ps;LE(’Uh) — Cth-:('vh)
= 2p(Psze(vn) — re(vn)) + 6(p, A, @) Psy e(vp).

Since 6(u, A, «) is bounded independently of A from above, it suffices to show that

[(Ps; — I )e(vn)llo < C|(Id — ITy)e(vn)llo (5.7)
| Ps: e(vn)llo < Cll(Id — IIy)e(vn)lfo -

To prove the first inequality in (5.7), we start with the identity
[(Ps; — Id)e(vn)llg = ((Ps; —Id)e(vn), (Ps; — Iy + I — Id)e(vn))o-
By definition of Ps¢ and Assumption 5.8, we find that (Pse —II)e(vp) € Sf, and so
(Ps; — Td)e(wn) o < [|(TT, — Td)e(wn) o.

Hence the first inequality in (5.7) results from the triangle inequality.
Using Ilne(vy,) € S, and the orthogonality of Sf and S}, the following upper
bound is obtained:

| Pst e(vn)|lg = (—Ps:e(vn), (Id — Ps; —1d + I, )e(wn))o

< [|Pst e(vn)llol|(Id — IIn)e(vn)|lo-

O

Now, we show that Assumptions 5.2(i)—(iii) are satisfied for all our cases. To
do so we use Lemma 5.9. We recall that Assumptions 3.1(i), 4.3(i), 5.4 and 5.8 are
satisfied for all our cases. Moreover Assumption 3.1(ii) holds for Case II, Case III and
Case V and Dy, = S}, holds for Case I and Case IV.

REMARK 5.10. Lemma 5.9 provides sufficient conditions such that the displace-
ment based formulation (5.1) is well defined and yields A-independent optimal a pri-
ori estimates. We recall that for Cases I and 1V, the choice of « is crucial. Set-
ting o = 1 will result in volumetric locking whereas the case aw = 0, for example,
will give good numerical results. For the A-independent estimate, the Assumption
0<cqg <(24aNp) <Cy< oo is essential. We remark that this condition on « is
weaker than Assumption 4.3(ii).

In the rest of this section, we show that the well known @Q1-F, saddlepoint problem
can be analyzed as special situation of our modified Hu-Washizu formulation.

LEMMA 5.11. Case IV with a = —%§ 32);:_2: is equivalent to the penalized Q1-Py
saddlepoint problem (Stokes)

2u(e(vy),e(un))o + (divop,pp)o = £(vp), vh € Vi,
(div un, qn)o - xnan)o = 0, qn € Mp, .
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Proof. By static condensation, we can eliminate the pressure from the saddle
point problem and arrive at

QM(E(U}L), 5(“}1))0 + /\(Hh div vy, I div uh)o = E('vh), vy € V. (5.8)

Using the given «, we show that (5.1) is equivalent to (5.8). With the given o, we get
Cpthn = CPS}clTh + 2/,LPSZ7-;L . Hence

(Qne(vn),Cr@Qre(un))o = (Psge(vn), CPsze(un))o + (Pst €(vn), 2uPs: e(un))o
= 2u(Ps,e(vn), Ps,e(un))o + Atr Psee(vp), tr Psee(un))o
= 2u(Ps, e(vr), Ps, e(up))o + A1y, div oy, 1T, div ug)o -

Finally, the result follows by using the fact that Ps, e(vy) = e(vy,) for Case IV. O
REMARK 5.12. The choice a = —& 3A21 does not satisfy Assumption 4.3(ii)

A 22+
but 0 < cqg < (24 ar/p) < Cy < 0.

6. A priori results for the stress. The results of the previous sections show
that the lack of stability resulting from the presence of a checkerboard mode is con-
fined to the stress, and does not affect the displacement. In this section, we establish
an optimal a priori result for a post-processed stress. Let (uy,d},, o) be the unique
solution of the modified Hu-Washizu formulation (3.2), and o be the post-processed
stress given by

o, = devyop+sphyon, =devy o+ prl, Ph € Mh ,
o; = devyon+pjl, p;, =1 pp

where II§ is the L?-projection onto the checkerboard-free subspace M, b

THEOREM 6.1. Under the Assumptions 4.3(ii), 5.2(i)-(iii), 5.4, 5.8 and (2.6),
the following A-independent upper bound for the discretization error for the stress
holds

o —ajllo < Ch| fllo -

Proof. We start by eliminating the strain from the saddlepoint problem (3.2), to
obtain a modified Hellinger-Reissner two-field formulation. Using (5.3), (5.6) and the
definition of 8(u, A, o), we find that

a(on, Tn) — (e(un), Th)o = 0, Th € Sh
(e(vn),on)o = Llvy), vpEV,

where (o, T1) == (C; 'op, Th)o with C;, 17y, = C™'Psethn +1/6(u, A, @) Ps: Th.

We define S; and V- such that the orthogonal decomposition of S, = S @ M, o1,
and Vj, = V2 @ V- holds, respectively. Then, we have (e(v3),¢"1)o = (divvs, ¢*)o =
0, vj € V}?, qif € M}. Using the orthogonality between S; and M;'1 and observing
that (e(v}),pnl)o = (e(v}),pi1)o, we find that (o}, up) € (S5 x V3) satisfies

|
L

a(oy, ;) — (e(wn), T3)o Th €5h s

S S S S S 6'1
(e(vy),a7)o = {(v}), v, €V (6.1)
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The bilinear form a(-,-) is not uniformly in A coercive on S; x S;. We recall that
St C devy, Sy, and decompose 73, according to 75 = 7§ + 74, 75 € Si, 7i € S}, and
7§, according to 7§ = devy, 7§ 4+ sph;, 7}. Due to Lemma 4.2 and using the fact that
0(p, A, o) is uniformly bounded from above, we obtain

Al__S s —1__c c 1
a(ty,my) = (C 17’ha7h)0+m(72772)0
1
= (C*1 devy, 75, devy, T5)o + (C'*l sphy, 74, sphy, 77 )o + e )(T’;L,T’;l)o

> c(|[devi THIE + I8 > cll deva(7f, + T3)II5 = cll devi 755 -

To establish an upper bound for the norm of 7}, we have to consider sphy, 7 in
more detail. Lemma 4.1 and the definition of S} yields that sphy 7 = ¢;1, 2¢; =
trsphy 75, € M,f Since (V}?, Mﬁ) forms a stable Stokes pairing, we can find 'vfzi eVy
such that

(ah, divwge)o = 2[lalls, o5 s < Cllgillo -

and the discrete spherical part of 7§ can be bounded by

lsphu 7512 = 2003 13 = (g7, div o3, Jo = (gL, £(v3:))o = (sphn 75, £(w3)o
= (1}, e(v},)) 2o
)

e(vss
a5
e(vgs))o + Cll devn 7 [[o]| sphu 75 [lo -

< (7h- &l
Applying Young’s inequality, we obtain

o — (devy T}, e(v

17516 = I sphu 715 + [| devi 735 < (75, e(v3))o + Calrh, T3) . (6.2)

Replacing 77 by 7§ — o} and using the second equation in (6.1), the first term in the
upper bound of (6.2) can be estimated by

(Th — Uiae(vZ;_p;))o =(rh - 0'75(1’22—1);))0 + (o — O'ias(véi—p;))o

<75, = alloliTh — oo -
To bound a(7§ — o, 75 — o7.), we have to use the first equation in (6.1). This gives
a(rh, — o3 — 0h) = (G i — oo — (e(un), T — oo
= (' —C 7o, — oo+ (e(u) — e(un), Ti, — 7)o
< |lmh = anllo(liCy, i — € o llo + le( — un) o) -
Combining the last two estimates with (6.2), we find that

Im5 = aillo < CIC™ o = ¢ rillo + o — Tillo + lle(w) — e(un)lo) - (6.3)

Since S5, C San C S; Assumption 5.8 guarantees that the best approximation
error in the subspace S§ N Sj; satisfies infr:csenss |75 — allo < Ch|f|lo. In terms of
Theorem 5.3, the triangle inequality in combination with (6.3) yields

—oillo<C inf
o~ ailo < C(, inf_(

lo = 7hllo+ lle(w) —e(un)llo) < Chl fllo -

We recall that C, restricted to S} is identical to C. ]
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7. Numerical examples. In this section, we illustrate the performance of the
formulation discussed in the preceding sections in some numerical tests. In particular,
we show the locking free response in the incompressible limit of the proposed formu-
lation by comparing the results with the analytical solution and the results obtained
from the standard @):-displacement approach. All examples are in two dimensions,
and based on four-noded quadrilateral elements with standard bilinear interpolation
of the displacement field. Furthermore, we assume isotropy and plane strain. The
implementation is based on the finite element toolbox UG, [3]. In our two examples,
we use the modified Hu-Washizu formulation (3.2) and apply static condensation.

Ezample 1: Cook’s membrane problem. In this popular benchmark problem [22,
19, 17], we set Q := conv{(0,0), (48,44), (48,60), (0,44)}, where conv¢ is the convex
hull of the set £&. The left boundary of the tapered panel 2 is clamped, and the right
one is subjected to an in-plane shearing load of 100N along the y-direction, as shown
in Figure 7.1(a). The material properties are taken to be E = 250 and v = 0.4999,
so that a nearly incompressible response is obtained. The vertical tip displacement

48
/T
16 / 100N
¥ ~<1000
44
6 190
A

Fi1a. 7.1. (a) Cook’s membrane problem with initial triangulation; (b) the square beam problem
with a mesh of four squares

at the point T is computed for the different cases in Table 3.1, for different levels of
uniform refinement, starting with the initial triangulation shown in Figure 7.1 (a).
As can be seen from Table 7.1, the standard displacement approach and standard
Hu-Washizu formulation (o = 1) with stress and strain spaces given in Cases I and
IV exhibit locking whereas all other cases show rapid convergence.

TABLE 7.1
Vertical tip displacement at point T, Example 1

a=1 « independent a = ﬁ a= —ﬁ a=0 Q1-Py
lev Q1 I 11 111 \Y% I v I v I IV
2.00 | 2.00 | 4.00 | 458 | 3.15 | 293 | 2.70 | 3.18 | 2.82 | 3.04 | 2.75 3.01
2.07 | 2.08 | 540 | 5.64 | 4.42 | 4.18 | 3.76 | 4.53 | 3.97 | 4.34 | 3.86 4.31
210 | 2.12 | 6.73 | 7.02 | 6.24 | 593 | 5.60 | 6.20 | 5.83 | 6.06 | 5.71 6.28
215 | 222 | 759 | 7.52 | 7.17 | 7.00 | 6.85 | 7.13 | 6.97 | 7.06 | 6.91 7.21
232 | 254 | 759 | 7.68 | 7.53 | 7.45 | 7.40 | 7.50 | 7.45 | 7.48 | 7.42 7.55
284 1339|769 | 7.73 | 7.67 | 7.63 | 7.62 | 7.66 | 7.64 | 7.64 | 7.63 7.68

4.03 | 494 | 7.74 | 775 | 773 | 77l | 700 | 772 | 70l | 771 | 771 | 773

O | WIN| O

Example 2: Square beam. In the second example, we consider the domain 2 :=
(0,2) x (0,2), which is fixed in the z-direction at the point (0,2) and fixed in both



19

directions at the origin. A linearly varying horizontal force is applied in the z-direction
along the boundary x = 2, with resultant point forces p = 1000 at (2,0) and p = —1000
at (2,2) (Figure 7.1 (b)). This problem has also been considered in [25]. In Table 7.2,
we present the vertical tip displacement at the point A := (2,0) for £ = 1500 and for
different values of Poisson’s ratio v, where v, v5, v3 and v4 are given by 0.4, 0.49, 0.499
and 0.4999, respectively. The exact vertical displacement at A is 4(1 — v/?2).

TABLE 7.2
Vertical tip displacement at point A, Ezample 2

o

a=1 « independent a= 4 a=—4k a=0 Q1-Po
v Q1 I 11 11T Vv I I\ I IV I IV
vy | 2.64 | 2.80 | 3.36 | 4.07 | 3.13 | 3.04 | 2.85 | 3.13 | 2.92 | 3.08 | 2.88 3.45
ve | 0.75 | 0.76 | 3.04 | 3.74 | 2.86 | 2.39 | 2.27 | 2.60 | 2.47 | 2.49 | 2.36 3.23
vy | 0.09 | 0.09 | 3.00 | 3.70 | 2.83 | 2.30 | 2.19 | 2.53 | 2.41 | 2.41 | 2.29 3.20
vge | 0.01 | 0.01 | 3.00 | 3.69 | 2.82 | 2.29 | 2.18 | 2.53 | 2.40 | 2.40 | 2.29 3.20

As in the previous example, the standard displacement approach and the standard
Hu-Washizu formulation with Cases I and IV show the locking effect whereas all
other cases exhibit stable behavior. In particular, Cases II, V and Q1-P give better
numerical results. Furthermore, the numerical results from Case II are almost exact.

To illustrate the dependence of the numerical solution u;, on «, we show in Figure
7.2 the absolute error of the vertical tip displacement at A versus ‘;—)‘ The left picture
shows the Case IV and the right pictures shows the Case I. We set £ = 1500 and
v = 0.4999. As can be seen from Figure 7.2, the locking effect increases with aA. We
note that B, is singular for a = = but the displacement based formulation (5.1)
with @, and Cp given as in Lemma 5.5 is well defined. Therefore, we use formulation
(5.1) to compute the displacement here. For a@ = 772“, we find that Chls; = 0 and

(SHe = S3 = (S3)°, and (S})¢ = Z. Thus Case IV reduces to Case III, whereas for
the Case I Assumption 5.2(i) does not hold locally for this special choice of a.

12 1.2
1 1
5 S
508 508
2 2
206 206
2 2
© 0.4 © 0.4
0.2 0.2
0 0

0.5 1 -0.5 0.5 1

0 0
aN2p aN/2p

Fic. 7.2. Error of the vertical tip displacement at A versus ‘2% €

Case I (right)

[—1,1], Case IV (left) and
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