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Abstract

The uniform convergence of finite element approximations based on a modified
Hu-Washizu formulation for the nearly incompressible linear elasticity is analyzed.
We show the optimal and robust convergence of the displacement-based discrete
formulation in the nearly incompressible case with the choice of approximations
based on quadrilateral and hexahedral elements. These choices include bases that
are well known, as well as newly constructed bases. Starting from a suitable three-
field problem, we extend our a-dependent three-field formulation to geometrically
nonlinear elasticity with Saint-Venant Kirchhoff law. Additionally, an a-dependent
three-field formulation for a general hyperelastic material model is proposed. A
range of numerical examples using different material laws for small and large strain
elasticity is presented.

Key words: Hu-Washizu formulation, mixed finite elements, low-order
approximations, uniform convergence

1 Introduction

It is well-known that standard low-order finite elements based on four-noded
quadrilaterals or eight-noded hexahedra have two drawbacks in finite element
computation. The first one is the locking effect in the nearly incompressible
case; in other words, they do not converge uniformly with respect to the Lamé
parameter A. The second one is that these standard elements lead to poor accu-
racy in bending-dominated problems when coarse meshes are used. There are
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many approaches to overcome these difficulties. Among them are the methods
associated with the enhancement of the strain or stress field. The method of
enhanced assumed strain, first proposed by SIMO AND RIFAI [1], has become
a popular approach; see, e.g., [2-4]. A detailed mathematical analysis of en-
hanced assumed strain has been done by BRAESS, CARSTENSEN AND REDDY
[5], where a robust asymptotic convergence of the error in the displacement
has been proved for a class of meshes. The assumed stress approach proposed
in [6] has a very similar feature to that based on enhanced strains, and in
fact the two methods are equivalent under some assumptions on the discrete
spaces [7,5]. SIMO AND RIFAI have started from the Hu-Washizu principle
[8,9] to derive a method based on the enhancement of the strains. We note
that this idea has been also successfully extended to the nonlinear setting.
A different idea using the Hu—Washihzu formulation as starting point results
in the mixed enhanced strain approach introduced by KASPER AND TAY-
LOR [10]. Static condensation of the stress and strain yields a displacement
based formulation. The method of the mixed enhanced strain is also applied to
nonlinear hyperelasticity [11]. Another relevant approach having a close link
with the Hu—Washizu formulation is the strain gap method due to ROMANO,
MAROTTI, AND DIACO [12]. However, the analysis presented in [12] does not
cover the uniform convergence of the finite element solution in the nearly in-
compressible case. All these methods, variationally based on the Hu—Washizu
principle, yield a promising approach to overcome the difficulties referred to
earlier. However, there were open questions on the full mathematical analysis
of the Hu-Washizu formulation. This gap has been filled by a recent work on
the uniform convergence of the Hu-Washizu formulation in the nearly incom-
pressible case, see [13]. The uniform convergence of the finite element solution
in the nearly incompressible case has been shown through a parameter depen-
dent modification that is equivalent to the standard Hu—Washizu formulation
in the continuous setting. However, in the discrete setting the new modified
Hu—Washizu formulation results in a possibly parameter dependent finite ele-
ment solution

The essential point of the analysis in [13] is the requirement that the discrete
space of displacements V}, forms, with the trace space of a discrete spherical
part of Sj,, a Stokes-stable pair, i.e. a uniform inf-sup condition with a constant
independent of A and A is satisfied. We note that in the discrete setting, the
spherical part of the stress field is not necessarily in the discrete space of
stresses. Thus we use a orthogonal decomposition and a suitable projection
operator to define a discrete spherical part which is a subspace of the discrete
space for the stresses. If bilinear or trilinear elements are used to discretize the
displacement field this condition is, in general, not satisfied, so that spurious
modes might be present. However it can be shown that the discretization error
of the displacement is not affected by these spurious modes.

In this paper, we extend the analysis of [13] to the three-dimensional lin-



ear elasticity and consider also the nonlinear case. We present the spaces of
stresses and strains which satisfy the conditions of well-posedness for linear
elasticity in three dimensions. Moreover, we extend our formulation to geo-
metrically nonlinear elasticity with Saint-Venant Kirchhoff law. Furthermore,
an a-dependent three-field formulation for a general hyperelastic model is pro-
posed. We note that the presented mathematical analysis is restricted to the
linear case. Finally, we illustrate the numerical performance of all our formu-
lations by considering different nonlinear material laws and small and large
strain elasticity.

The structure of the rest of the paper is organized as follows. In the next
section, we briefly recall the standard and the modified Hu—Washizu formu-
lation of linear elasticity. In Section 3, we present examples of discrete spaces
for the stress and strain which satisfy the conditions of well-posedness and
which will be used in our numerical computations. Moreover, we summarize
the results shown in [13] for the two-dimensional setting and extend them to
the three-dimensional case. In Section 4, we consider the geometrically non-
linear situation with Saint-Venant Kirchhoff law. The idea of an a-dependent
three-field formulation is generalized to hyperelastic material laws in Section
5. Finally, numerical results are presented in the last section.

2 The boundary value problem of linear elasticity

We assume that a bounded domain Q in RY, N = {2,3}, with piecewise
Lipschitz boundary I' is occupied by a homogeneous isotropic linear elastic
material. Given a body force f € L*(Q2)", we consider the equilibrium equa-
tion in €2

—dive =f, (2.1)

where the symmetric Cauchy stress tensor o is related to the strain tensor
d by the Saint-Venant Kirchhoff constitutive relation written in terms of the
elasticity tensor C as

o=Cd:=\trd)1+2ud . (2.2)

Here, 1 is the identity tensor; and A and g are the Lamé parameters, which
are assumed to be constant and positive. We are interested in the case of
incompressible limit, which corresponds to A — co. The infinitesimal strain
tensor d is defined as a linear function of the displacement u by

d=e(u) :=1i(Vu+ [Vu]'), (2.3)

and, for simplicity, we assume homogeneous Dirichlet boundary condition for
the displacement u.



Introducing the Sobolev space V := [H} (2)]V of displacements with standard
inner product (-, -); and norm || - ||1, we define the bilinear form A(, ) and the
linear functional £(-) by

A:VxV >R, Au,v) = [Ce(u) : e(v) dz
(:V =R, l(v) = o f-vdx.

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

A(u,v) =L(v), veV. (2.4)

Since A(-, -) is symmetric, continuous, and V-elliptic under the assumptions on
C, standard arguments can be used to show that (2.4) has a unique solution
u € V. Furthermore, we assume that the domain €2 is convex and smooth
enough such that w € [H*(Q2)]¥ NV, and there exists a constant C' independent
of A such that

[wllz + All divally < Cf| o - (2.5)
The a priori estimate (2.5) has been shown in [14] for the two-dimensional

linear elasticity posed in a convex domain with polygonal boundary, see also
[15].

We also introduce the space of stresses S and the space of strains D, where
D :={e|ej =ey, e; € L*(Q), 1 <i,j <N} =5 with the norm || - [|o
generated in the standard way by the L?-norm. We also need the space S,
which is a closed subspace of S defined by Sy := {7 €S| (7,1) = 0}.

The standard Hu—Washizu formulation is obtained by considering the consti-
tutive equation (2.2), the strain-displacement equation (2.3) and the equation
of equilibrium (2.1) in a weak form. Although the existence and the unique-
ness of the solution of the standard Hu—Washizu formulation can be shown,
the continuity constant of one of the involved bilinear forms tends to infinity
as A does, and thus all a priori results depend in a sensitive way on A. There-
fore, we consider a modification of the Hu—Washizu formulation depending on
a parameter « € R: find (u,d, o) € V x D x Sj such that

ao((u,d), (v,e)) + by((v,e),o) =Ll(v), (v,e)eV xD |, (2.6)
bo((u,d), T) — % clo,7) = 0, TESH, .

where the bilinear forms are defined by

aa((u, d), (v, €))
bo((v,€),0) = (
= (

clo,T):

2u(d, e)g + au(trd, tre)g ,
e(v)—e, o)+ d(tro,tre)g ,

tro, tr7)g ,



and k 1= 2u+ N, 0 = w The standard Hu-Washizu formulation can
be obtained by setting a = % in (2.6). We note that the solution of (2.6) does
not depend on «. The existence of a unique solution has been established in
[13].

3 Discrete formulations

Suppose that 7, is a quasi-uniform and shape-regular quadrilateral or hexa-
hedral triangulation of the polygonal or polyhedral domain 2. Each element
K € 7T, is generated by an isoparametric map Fi from the reference element
K = (—=1,1)N. We recall that if 0 € Qi (K ) Q1(K) being the space of bilinear
or trilinear polynomials on K then v o F is in general not a polynomial on
the quadrilateral or hexahedron K. However, for the theoretical analysis, we
assume that Fk is an affine mapping for each element K € 7. The finite
element spaces for the displacement, stress and strain are defined as

Vi, = {'vh eV, vyl =00 Ft, vy € Q1 (K )N for all KE'Z?L} ,
S, = {Th € So | (Talk)ij = (Fn)y;0 Fx', n € Soforall K € Th} ,

Dy, = {en € So | (enlx)yy = (en);; 0 Fii's én€ Do forall K € T,}

respectively, where Dp and Sy are the reference bases of strains and stresses
defined on K. These two variables are defined locally on each element and no
continuity condition applies at the element boundaries. In the following, we
need additionally the space M, defined by M), := tr S.

We recall the Voigt representation of the tensorial quantities stress and strain
in vectorial form in two and three dimensions

o = [011,00,012]", d=[di,da,2d12]"; and

T T
o = [011,092,033,012,023,013] , d = [d11,da2,d33,2d12,2da3,2d13]" ,

respectively. It is easy to see that this representation yields o7'd = E 0iidi; =0
d, where on the left the scalar product is applied on the vectorial quantltles and on
the right the product is applied to the tensorial quantities. The spaces S, and Dy,
will be generated from bases defined on K, and we will make use of the following
bases on K:



Ay :=span

Bo:=span [ 0 7 |,

00
Co:=span | 00|,
Ty
00
Dy :=span [ 0 0 |,
Ty

Ag := span

Bsj := span

C3 := span

D3 := span
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where the lower index 2 or 3 stands for the space dimension. We note that
Cy = Dy but C3 # Ds. Of special interest will be the choices (S}, D}), 1 <
1 < 5 given in Table 1. Here, Z stands for the span of the identity tensor in
N dimensions and is of dimension one. We note that the five different spaces



Table 1
Different cases for the discrete spaces, N = 2,3

Case I 11 111 v A

So | In+ AN In +An IN+Cn | IN + AN+ Dy In + AN + Dy

Do | IN+ANx | IN+AN+By | IN+CN | IN+ AN +Dy | Inv + Ay + By + Dy
St =D} S2c D? S =D3 St = Dj Sy c Dy

of stresses and strains have been considered for the two-dimensional setting
in [13], and here we introduce the associated three dimensional cases. The
spaces of stresses and strains for both dimensions can simply be obtained
from Table 1 by setting N =2 or N = 3. Case II corresponds to the method
of mixed enhanced strains [10,11] while Case V corresponds to the method of
enhanced assumed strains [1]. The Cases IV and V are in three dimensions
more involved because in contrast to the two-dimensional situation, we cannot
work with C'5 but have to introduce the new space Ds.

The discrete a-dependent Hu—Washizu formulation is as follows: find (uf, d;,, o%) €
Vi, x Dy, x S}, such that

aa((’u’(f){7d?:)7 (Uh7eh>> + ba(('vhueh)aag> - e(vh>7 (’Uh,@h) c Vh X Dh )

bo((us,dy), 1) — % (o, Th) = 0, Th €Sy .
(3.1)
Although the continuous solution of (2.6) is independent of «, the discrete
solution can depend on a. However, for simplicity of notation from now on we
replace (u?, dy, o?) by (up, dy, o).

In the following, we assume that S, C Dp, and we restrict ourselves to two
types of discretization.

e Type 1: S, C Dy and tr Dy1 C Dy,
® Type 2: Sh = Dh and tr Dhl §Z Dh.

For discretizations of Type 1, the numerical solution does not depend on o #
—1, whereas for the discretizations of Type 2, it depends on «, see also the
numerical results of Section 6 and the theoretical result of [13]. We note that
the Cases II, III and V in Table 1 correspond to a discretization of Type 1,
and the Cases I and IV correspond to one of Type 2. Case IV for a = % is
equivalent to the standard )-approach and thus yields poor numerical results
in the nearly incompressible limit. The link between the modified Hu—Washizu
formulation (3.1), the Hellinger—Reissner, Mixed Enhanced Strain, Enhanced
Assumed Strain and the classical Q;-F, formulation has been discussed in
detail in [16].

The rest of this section is devoted to summarizing some relevant results proved
in [13] for the modified Hu-~Washizu formulation in planar elasticity, which can



easily be extended to the three-dimensional case. Since the spherical part of
the stress plays a crucial role in the analysis of the incompressible limit, we
define the L?-orthogonal projections sph and dev on S by sphT := % (trm)1,
and devT := 7 — sph7. In contrast to the continuous setting, dev.S, and
sph S;, are in general not subspaces of S;,, and therefore, we introduce the
discrete deviatoric operator devy, defined by devy, S}, := Ps, dev S}, where Ps,
is the L2-orthogonal projection onto Sy, and decompose S}, according to

Sp = devy, S, @ sphy, Sy, . (32)

Next, we define M, := trsphy Sy, and find that M, = {qg € L2(Q) | q|x €
Py(K), K € T,} C M, for all our cases.

The analysis of the saddle point problem (3.1) is done in [13] for plane elas-
ticity but can be quite easily extended to the three-dimensional case, see also
[17,5]. The implementation of the modified Hu-Washizu formulation does not
use the saddle point formulation (3.1) but is based on the positive definite dis-
placement based system. Element-wise static condensation of the stress and
the strain yields a symmetric and positive-definite system for the displacement

Ah('u,h,'vh) = E(’uh), v, €V, . (33)

To obtain the explicit expression for the discrete bilinear form Ay (up,vy), we
decompose S}, orthogonally in S, = S§ & S} with Sf := {7 € S, | Cr € S,,}.
We note that S C devy, Sy, sphy S, C S§ and tr(sphy, Sp) = trS5. In the
following, we provide two lemmas for N € {2,3}. These results can be found
in [13] for N = 2, and the proof can easily be generalized to the case N = 3.

Lemma 1 We define a scalar quantity 0(u, \, ) depending on the material
parameters p and X and the stability parameter o # 1. For the Cases 11, I11,
Vit is given by

. 2p(2p+ NA)
O(p, \, o) == NN = 1) and by
2 NXA)?2u(2
O A 0) = At =3

p(2+ )2+ 2NX — X) + (N —1)232 7
for the Cases I and IV. Then the bilinear form Ap(uy,vy) is equal to:
Ap(un, vi) = (Qne(un), e(vn))o ,

where Qre(uy) := CPsse(un) + 0(u, A, a) Pste(uyp), and Pse and Ps: are or-
thogonal projections onto the spaces S5 and S}, respectively.

The definition of the bilinear form Ay(-,-) shows that it is symmetric and
positive semi-definite. From this representation it follows directly that the



parameter a does not enter into the formulation for the Cases II, III, and V.
Moreover, it is easy to see that 0(u, A, ) is uniformly bounded with respect to
A in the Cases I and IV if « is bounded uniformly. The classical Hu-Washizu
formulation is given by o = A/ and thus 0(u, A\, a) grows linearly with respect
to A for the Cases I and IV.

We assume that the triangulation has a macro-structure so that Mgh C Mh,
where My, = {q € L§(Q)| q, € Po(K), K € T5}. Then the following
theorem holds for all our cases.

Theorem 2 For the Cases I and IV, we assume that o satisfies 0 < ¢; <
w2+ a) < Oy < oo. Then under the regularity assumption (2.5), we obtain
an optimal a priori estimate for the discretization error

lw —wplly < Chl| fllo
where C' < oo is independent of A and h.

Remark 3 The results of Lemma 1 and Theorem 2 can be extended to other
discretizations of Type 1 or Type 2. Suitable new pair of spaces (Dy, Sy) can be
constructed by using the assumptions specified in [13]. A more detailed analysis
shows that negative values of o might be also of interest. This is also reflected
by our numerical results.

4 Nonlinear elasticity with Saint-Venant Kirchhoff law

In this section, we extend our modified Hu—~Washizu formulation to geomet-
rically nonlinear elasticity with Saint-Venant Kirchhoff law. The three-field
formulation for geometrically nonlinear elasticity with Saint-Venant Kirchhoff
law is obtained by taking the symmetric second Piola—Kirchhoff stress, the
Green—Lagrange strain and the displacement as unknowns. In a variational
form, this consists of finding (wy, dy, o) € Vi, X Dy, x Sp, that satisfy

Jo(Cdy — o) s ey dz =0, e, € Dy,
fQ(E(’U,h) — dh) cThdr =0 , Ty € Sh , (41)
fQ(l + Vuh)ah Vo, dr = €('Uh) , v, €V}, s

where Dy, and S), are as defined before, and E(uy) := $[(1 + Vau,)"(1 +

Vauy) — 1], Vi, € WH(Q)N. The Sobolev space W () for r € N is a Banach
space and is defined in a standard way [18],

T T ol a,U T
W) == {v € Lioo(2) : [vllgn + D I3z < o0}
k=1 &rk



with L, .(Q) denoting the space of locally integrable functions in Q. Working
with this three-field formulation, we cannot expect that we obtain the uniform
convergence of the numerical solution with respect to the Lamé parameter \.
As in the linear case, we can infer that the continuity constant of the form
(Cdp—o, en)o = 0is not bounded independently of X. Therefore, we introduce
an a-dependent three-field formulation written as a nonlinear saddle point

problem: find (wy,dy, o) € Vi, X Dy, x S, such that

ao((un, dp), (vn, en)) + bl (up, (vi, en), o) = L(vy) , (vn,en) € Vi x Dy,

bi((“’hvdh)uTh) - % C(Uh77h> = 0, Th €5, ,

where the bilinear forms a,(-,-) and ¢(-, ), are defined as before, and

bl (u, (v,e),o):=(trol —oa,e)y + ((1+ Vu)o, Vo), ,
V2 ((u,d), 7):=(E(u) —d, 7)o+ 6(trd, tr 1) .

We note that if we replace E(u) by €(u) in the definition of 02 (-, ), we find
bo(+,+), and if we replace 1 + Vu by 1 in the definition of b.(-,-), we find
ba(+, ). As in the case of linear elasticity, the solution of (4.2) does not depend
on « under the assumption tr D1 C Dy,.

We recall a result concerning the equivalence between the Hu—Washizu and
the Hellinger—Reissner formulation in the linear case. STOLARSKI AND BE-
LYTSCHKO [19] have shown that, if the spaces of stresses and strains satisfy
the inclusion

S, C CDy, , (42)
then the classical Hu-Washizu formulation is equivalent to the Hellinger—
Reissner problem of finding (uy, o) € Vj, X Sy, such that

fQC_la'h:‘rhdx—fgs(uh):Thdx: 0, Th €Sy, (43)
st(vh) coy, dx = E(vh) , v V).

Under the assumption tr D1 C Dy, the modified Hu—Washizu formulation

(3.1) can be shown to be equivalent to the Hellinger—Reissner formulation
(4.3), see [16].

As in the linear case, if tr D, 1 C Dy, the geometrically nonlinear Hu—Washizu

formulation (4.1) can be reduced to a two-field variational problem of Hellinger—
Reissner type so that the weak discrete form can be written as: find (uy, o) €

Vi, x S, such that

fQC_IO'hIThdz—fQE(’U,h)Z’Thdxz 0, ’ThESh,

(4.4)
fQ(l + V’U,h)O'h : Vo, dx = £(vh) , Uy € Vi .

10



Following exactly as in Lemma 1, the stress and strain can be statically con-
densed out from the system to obtain the following displacement-based for-
mulation.

Lemma 4 Defining 0(-,-,-) and Qp as in Lemma 1, the displacement-based
formulation of (4.2) is given by

(1 + Vuy)QrE(uy), Vop)o = L(vy)

for all our cases.

5 Extension to general hyperelasticity

Using the inverse of the elasticity tensor C, we have obtained an a-dependent
three-field formulations for linear and geometrically nonlinear elasticity. In
contrast to the linear Saint-Venant Kirchhoff law, the general hyperelastic
constitutive equation cannot be inverted easily. As a consequence, we have
to use a different starting point for the construction of our new a-dependent
three-field formulation.

Under the assumption that the material is hyperelastic and isotropic a stored
energy function W exists with o = Qavgéc), where o is the second Piola—
Krichhoff stress tensor, and C' is the right Cauchy—Green strain tensor given
by C = FTF. The first Piola Kirchhoff tensor 7 is related to the second

Piola-Kirchhoff tensor o by w = Fo. Defining W (F) := W (C), we can write

T = 81/;/1(?F)‘ For the isotropic material the energy function W depends only on

the three principal invariants I, [Ic and I11q of C, where I = tr(C), [ 1o =
Ltr*(C)—tx(C?)), and I1Ic = det(C) = J* with J := det(F). If the material
law satisfies the two-term Mooney—Rivlin law [20], we have

W(C) =AU (J)+5[(1—cm)Uc—3-2In(J)) + ¢ (Ie =3 —2In(J))] |
o =N'(N)JIC +u(l-cn) (1-C) +en(CL-C—-CY)]

where ¢, is a material constant. The real-valued function U is given by U(J) =
%(J 2—1—2InJ). We recall that the standard neo-Hookean law is recovered
with ¢,, = 0.

In the nonlinear Hu-Washizu formulation considered in [1,10,11], the displace-
ment w, the first Piola—Kirchhoff stress tensor 7 and the deformation gradient
F' are regarded as independent variables. Different Hu—Washizu functionals
are considered in [21,22]. We start with the three-field formulation where the
displacement w, the Kirchhoff stress 7 and the deformation gradient F' are

11



unknowns. We note that the Kirchhoff stress 7 is related to the second Piola—
Kirchhoff stress o by 7 = FoFT. Denoting the inverse of F¥ by F, this for-
mulation in its strong form can be written as: given a body force f : Q — R?
and suitable boundary conditions on 0f, find (u, 7, F') such that

—div(TF) =f,
- _ avg}mFT ’ (5.1)
=1+ Vu.

We point out that the first equation of (5.1) refers to the balance law, the
second equation is the constitutive relation and the third one reflects the rela-
tion between the deformation gradient and the displacement field. We assume
that the relation between the deformation gradient and the displacement is
satisfied in the strong form and introduce

W)

Glu): OF ’F:1+Vu'

By doing so the three-field formulation can be reduced to a two-field formu-
lation: find (u,7) € V x S such that

JoT:Vo(1+Vu)tde =L(v), veV,
Jo(r =G(u):¢de = 0, Ce€8§.

Moreover, we decompose G(-) into G(u) = Gi(u) + AGa(J)1. In the case
of the Mooney-Rivlin material law, we can set Gy(u) = p(l — ¢,,)B(u) +
e (tr B(u)B(u) — B*(u)) — pl and Gy(J) = U'(J).J. Here B(u) is the left
Cauchy—Green tensor defined by B(u) := (1 + Vu)(1 + Vu)?. We note that
J — 1, A — oo and G5(J) — 0 for a nearly incompressible material.

To treat the nearly incompressible case, we introduce a pressure-like variable
p € L*(Q) and add the variational equation

| =2Ga(1)qdz =0, g€ LX) .

A similar pressure-like variable is introduced in [23] to study the convergence
of finite element approximations of the nonlinear elasticity problems in the
incompressible limit. Making use of the variable p, we define an a-dependent
function G(u,p,a) = Gy(u) + paGy(J)1 + (1 — E5)pl to arrive at an a-
dependent three-field formulation involving the displacement u, the Kirchhoff
stress 7 and the pressure p. Combining all these three variational equations,
our weak formulation reads: given a body force f and suitable boundary con-
ditions on 99 find (u,7,p) € V x S x L*(Q) so that

12



JoT :Vo(1+Vu)lder =l(v), veV,

Jo(T = G(u,p,a)): {de= 0, (€85, (5.2)
Jo(p = AGa(J))q dx = 0, qel*(),

where V' C W (Q) with a suitable » > 2, see [24]. In the following, we
concentrate on the three-field formulation (5.2). In contrast to the Hu-Washizu
type formulation given in [11,2], we consider the symmetric Kirchhoff stress
as an independent variable. Working with a symmetric tensor as unknown
leads to a symmetric formulation and a reduction of the number of unknowns.
Furthermore, we point out that the first and second Piola—Kirchhoff stress
tensors are rational functions of the displacement and its gradient for the
considered material laws, whereas the Kirchhoff stress depends polynomially
on the displacement and its gradient. Since the stress will be discretized by
using some piecewise polynomial space .S}, it is more reasonable to work with
the Kirchhoff stress rather than first or second Piola-Kirchhoff stresses.

From the linear analysis, see also [13,5], it is crucial to project Gao(J) onto
piecewise constant functions to obtain a robust numerical scheme for the nearly
incompressible case based on bilinear or trilinear finite element interpolations
for the displacements. Therefore, the pressure is discretized by using piece-
wise constant functions, i.e., by M}, and the space of stress is discretized by
defining a finite-dimensional space Sg on a reference element K. Both stress
and pressure variables are defined locally on each element and no continuity
conditions apply at the element boundaries.

Defining the discrete determinant Jj, := det(1 + Vuy,) and using the discrete
spaces introduced above, we can write our discrete three-field variational for-
mulation as: find (wp, 74, pn) € Vi X Sp X M), such that

JoTh: Vo,(1+Vu,)tde =Ll(vy), vy €Vy,
Jo(Th = G(un,pn, @) s ¢pdz = 0, ¢, €5, (5.3)
Ja(pn — AG2(Jn)))an dx = 0, @€M,.
We denote the projection onto the space of piecewise constant functions with
respect to the mesh 7y, by IIj, , Then, it is trivial to see that p,, = AI1,G2(Jy).

Furthermore, static condensation of the stress from (5.3) yields the following
displacement-based formulation.

Lemma 5 The displacement-based formulation of (5.3) is given by

/QPShGNY(’U,h,ph,Oé) . V’l)h(]_ + V’U/h)_l dr = f(’l)h) s
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where P = AHhGg(Jh) .

Lemma 6 The numerical solution is independent of « if for T, € Sy, the
components of Ty, restricted to an element of the mesh are constant.

Proof. In this case, Ps, (Go(J5)1) = II,G2(J,)1, and we have Ps, G(up, pp, ) =
Pg, G(up,). The proof now follows by using the displacement-based formulation
from Lemma 5. O

Although we have only the displacement and the stress as unknowns in our
general nonlinear mixed formulation, we refer to the different cases by using
the bases of the stress given in Table 1. We point out that since the spaces
of stress are the same for Cases I and II, and for Cases IV and V, we have
here only three distinct cases: Cases I, III and IV. Lemma 6 shows that the
numerical solution is independent of « for Case I11. We recall that for the Saint-
Venant Kirchhoff law, we obtain also an a independent numerical solution not
only for the Case III but also for the Cases II and V.

6 Numerical examples

In this section, we present some numerical examples in two and three dimen-
sions using the bases of stresses and strains given in the previous sections.
In particular, we show the locking-free response in the quasi-incompressible
limit of the proposed formulation by comparing our results with the analyti-
cal solution and with the standard (), finite element approach. The examples
in two and three dimensions are based on four-noded quadrilateral elements
with standard bilinear interpolation and eight-noded hexahedral elements with
standard trilinear interpolation of the displacement field, respectively. We as-
sume plane strain in the two-dimensional case. Our numerical results show an
excellent performance of the proposed formulation in the nearly incompress-
ible range whereas the standard case exhibits well-known volumetric locking.
One example with a typical shear locking situation is also considered.

6.1 FEzample-I (Bending of a clamped plate)

In this classical numerical example [25] for a clamped plate subjected to bend-
ing, the formulation is tested for a bending dominated situation. A thin plate
of dimension 2mm x 2mm x 0.01mm is considered. The plate is clamped along
the complete boundary, and it is subjected to a uniformly distributed pressure
of —100 N/mm? on the top surface in z-direction [26]. A linear elastic material
is considered with Young’s modulus E = 1.7472 x 10" N/mm? and Poisson’s
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ratio v = 0.3.
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Fig. 1. Problem definition (left), deformed mesh (middle) and relative error versus

§ with Case I (right) (clamped plate)
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Fig. 2. Comparison of numerical results (clamped plate)

Taking advantage of the symmetry of the problem, only one fourth of the
plate is discretized as shown in Figure 1, with two elements in z-direction.
The convergence behavior of the proposed formulation with respect to the
number of elements can be seen in the left picture of Figure 2. We find that
Case IT and Case I (o = 0) yield extremely good coarse mesh accuracy, whereas
Case III, ()1 and @):1-F, exhibit locking effect. In the right picture of Figure 2,
the vertical deflection at the center of the plate with thickness ranging from
0.01mm to 0.3mm are compared with the analytical solution from Kirchhoff’s
plate theory. In this case, a finite element mesh with 10 x 10 x 2 elements is
used. We can see the increasing locking effect for Case I1I, ()1 and Q,-F, with
decrease in thickness, whereas Case I (a = 0) and Case II show extremely
good results.

In a next step, we consider the nearly incompressible plate. The numerical
solution at the center of the plate for Poisson’s ratio v = 0.4999 is tabulated
in Table 2. Case II works well whereas Case I1I gives similar results as Q1-Fy
with shear locking and the standard (); formulation gives results much worse
than the other formulations. In the right picture of Figure 1, the relative error
of the vertical deflection at the center of the plate (v = 0.4999) using Case
I (mesh 10 x 10 x 2) is plotted with respect to the parameter «/2. Since we
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do not have an exact solution for v = 0.4999, we compute the error using a
reference solution from Case II with a very fine mesh. At o/2 ~ —0.4, we find
a minimum for the error. As o approaches —2 or +2, increasing locking effect
can be observed.

Table 2
Vertical displacement at the center of the clamped plate

Number of Elements | Case I (« = 0) | Case IT | Case III (of Q1-Py
25 X 25 x 2 -0.7197 -1.0024 | -0.2729 | -0.0036 | -0.2629

20 x 20 x 2 -0.7101 -0.9923 | -0.18875 | -0.0036 | -0.1831

15 x 15 x 2 -0.6943 -0.9756 | -0.1134 | -0.0035 | -0.1106

10 x 10 x 2 -0.6637 -0.9428 | -0.05313 | -0.0032 | -0.0521

6 x6x2 -0.6061 -0.8791 | -0.0200 | -0.0028 | -0.0196
HXHx?2 -0.5789 -0.8490 | -0.0140 | -0.0026 | -0.0138
2xX2x2 -0.2589 -0.4894 | -0.0026 | -0.0014 | -0.0024

6.2 Example-1I (Cook’s membrane example)

In this popular benchmark example [1,10,27], we consider a two-dimensional
tapered panel Q := conv{(0,0), (48, 44), (48,60), (0,44)}, where conv{{} rep-
resents the convex hull of the set £&. The left boundary of the panel is clamped
in both directions and the right boundary is subjected to an in-plane shear
load in the positive y-direction as shown in the left picture of Figure 3. The
material parameters £ = 250N/mm? and v = 0.4999 are considered. Finite
element analysis is performed using different discretizations with the initial
mesh given in Figure 3. In the right picture of Figure 3, we show the relative
error of the vertical displacement at 7" with respect to /2 using the mixed
formulation (5.3) and the space of stress from Case I for neo-Hookean law
after refining the initial mesh two times. The error is calculated using a refer-
ence solution from Case I with a very fine mesh. We observe that the locking
increases with the increase in «.

In the left and the right pictures of Figure 4, we study the convergence of the
numerical results with respect to the number of elements using different finite
element formulations using Saint-Venant and neo-Hookean material model,
respectively. We can see that for both material models all cases of the mixed
formulation converge rapidly, whereas the standard displacement formulation
shows the well-known locking effect. In particular, we observe a better coarse
mesh accuracy from Cases II and III in the left picture of Figure 4, whereas
Cases I and III give better results in coarse meshes in the right picture. We
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recall that we have only three distinct cases (I, III and IV) for our mixed
formulation with hyperelastic constitutive relation.

Y
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Fig. 3. Cook’s membrane (geometrical data) and relative error in y-displacement at

T versus % with neo-Hookean law
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Fig. 4. Numerical results with Saint-Venant Kirchhoff material law (left) and
neo-Hookean material law (right) (Cook’s membrane)

6.3 Ezample-111 (Arch subjected to bending load)

In this numerical example, the formulation is tested for bending condition. The
fixed circular arch beam with 6, = 60 °, t = 0.1m and r = 1m is considered
as shown in Figure 5. The beam is subjected to a uniformly distributed load
P = 25N/m in radial direction on the upper boundary in a range of the angle
0,=10°. Quasi-static finite element analysis is performed where the load is
applied in incremental steps. The material parameters considered are F =
250N /m? and different values of Poisson’s ratio v as shown in Table 3.

In Table 3, the vertical deflection at the central point A is compared for the
different formulations with Saint-Venant Kirchhoff material model with 5 x 80
finite element mesh in radial and angular directions. Similarly in Table 4, the
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Fig. 5. Problem setting and deformed mesh (circular arch)

vertical deflection at the same point is compared for the different formulations
using neo-Hookean material law. In both cases, the proposed mixed formula-
tion shows better behavior while the standard ), formulation shows locking
as v approaches 0.5. The deflected finite element mesh obtained for v = 0.499
using Case III of the mixed formulation with neo-Hookean material model is
shown in the right picture of Figure 5. Load-deflection curves using the Saint-
Venant Kirchhoff and the neo-Hookean material law for the Poisson’s ratio
v = 0.499 are compared in Figure 6. In both pictures, we can hardly see any
difference among our different formulations.
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Fig. 6. Load-deflection curves for circular arch, Saint-Venant Kirchhoff material
(left) and neo-Hookean material (right) (circular arch)

6.4 Example-1V (Torus subjected to compression)

In this numerical example, we consider a torus with inner radius 8m and outer
radius 10m subjected to a vertical load (0,0, £0.3)7 N/m? along the diagonally
opposite external edges in the plane z = 0 with a range of P, = 4.5m as
shown in Figure 7. In addition to this, the torus is fixed in z-direction in
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Table 3
Comparison of numerical results (circular arch using Saint-Venant Kirchhoff mate-
rial law)

v Case I (« =0) | CaseIl | Case III | @1 | Q1-P
0.49000 -0.371 -0.373 | -0.377 | -0.352 | -0.373
0.49900 -0.370 -0.372 | -0.376 | -0.263 | -0.372
0.49990 -0.369 -0.372 | -0.376 | -0.101 | -0.372
0.49999 -0.369 -0.372 | -0.376 | -0.056 | -0.372
Table 4
Comparison of numerical results (circular arch using neo-Hookean material law)
v Case I (a4 =0) | CaseIIl | Case IV (¢ =0) | @1 | Qi-Fo
0.49000 -0.417 -0.417 -0.417 -0.396 | -0.416
0.49900 -0.416 -0.417 -0.415 -0.231 | -0.415
0.49990 -0.416 -0.417 -0.415 -0.069 | -0.415
0.49999 -0.416 -0.417 -0.415 -0.032 | -0.415

the plane x = 0, in y-direction in the plane y = 0 and in z-direction in
the plane z = 0. Geometrically nonlinear Saint-Venant Kirchhoff material is
considered with Young’s modulus E = 17N/m? and Poisson’s ratio v = 0.499.
The implementation is performed with six quasi-static steps. The deformed
meshes obtained using Case II of the mixed formulation and the standard @
formulation are shown in Figure 7. As expected the standard ¢); formulation
shows locking effect.

Fig. 7. Geometrical data (left), deformed shape with the mixed formulation Case-I1
(middle) and deformed shape with the standard @)1 formulation (right) (torus under
compression)
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6.5 FEzample-V (Bending of a cylindrical shell)

In this example, the proposed three-field formulation is used to model a cylin-
drical shell pinched by a radial load along the outer edge, see also [28]. Taking
advantage of the symmetry of the problem, only one quarter of the cylinder
is modeled. In addition to the symmetric boundary conditions, the external
lower edge of the cylinder is fixed in y-direction. The load is applied as a uni-
formly distributed force on the upper longitudinal section. The geometrical
dimensions and material data used are given in Table 5.

125

12

115} —@~neo-Hookean
—¥— Mooney-Rivlin

-04 -02 0 0.2 0.4 0.6

Fig. 8. Problem setting (left), deformed configuration (middle) and y-displacement
at C versus § (right) (cylindrical shell)

Table 5
Geometrical and material data (cylindrical shell)
E | 17853.6585 N/mm?
v 0.4878
t 2mm
R; 9mm — /2
L 15mm
Cm 0.2

Finite element analysis is performed using 24 quasi-static steps with an equal
load increment in each step resulting in a total load of Py = 450N/mm?. The
study of convergence has been performed with a shell thickness of 2mm.

The numerical solution at C' along the y-direction using neo-Hookean mate-
rial law are given in Tables 6 and 7 for Cases I (o = 0) and III, respectively,
whereas numerical results with Cases I (a = 0) and III with Mooney—Rivlin
material model (¢, = 0.2) using different finite element meshes are presented
in Tables 8 and 9, respectively. The load factor v, is defined as v, = P/F,
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with the applied load P. As in other examples, we can observe a good con-
vergence behavior for both material laws with both cases. We note that the
difference between Mooney—Rivlin and neo-Hookean material laws depends on
the material property. In the right picture of Figure 8, we show the absolute
value of the y-displacement at C' with respect to /2 using the space of stress
from Case I for neo-Hookean and Mooney—Rivlin material laws with the mesh
16 x 8 x 2. As in our other examples, the locking effect is more dominant for
larger «.

In all our numerical results, we get the locking-free response in the nearly
incompressible limit from all cases of our mixed formulations. In particular,
the space of stress from Case I shows better behavior in almost all considered
examples. However, more numerical experiments are necessary to test the per-
formance of our a-dependent mixed formulation for the general hyperelastic
model.

r(f;(%)i)llveel?gence of numerical results with Case I (neo-Hookean material law)
Mesh 8X4x2[12x6x2|16x8x2|20x10x2|24x12x2
Load factor ~,
0.1667 -1.2193 -1.402 -1.470 -1.502 -1.521
0.3333 -2.6437 -3.066 -3.230 -3.311 -3.357
0.5000 -4.2480 -4.974 -5.272 -5.423 -5.510
0.6667 -5.9512 -7.046 -7.519 -7.765 -7.909
0.8333 -7.6452 -9.167 -9.852 -10.218 -10.435
1.0000 -9.2555 -11.252 -12.114 -12.698 -13.004
Table 7
Convergence of numerical results with Case III (neo-Hookean material law)
Mesh 8X4x2[12x6x2|16x8x2|20x10x2|24x12x2
Load factor v,
0.1667 -0.8396 -1.158 -1.342 -1.450 -1.517
0.3333 -1.7649 -2.497 -2.933 -3.193 -3.356
0.5000 -2.7872 -4.026 -4.782 -5.238 -5.523
0.6667 -3.9204 -5.732 -6.859 -7.534 -7.952
0.8333 -5.1755 -7.584 -9.091 -9.977 -10.521
1.0000 -6.5520 -9.535 -11.392 -12.474 -13.141
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Table 8
Convergence of numerical results with Case I (Mooney-Rivlin material law)

Mesh 8X4x2[12Xx6x2 |16 x8x2][20x10x2|24x12x2
Load factor ~,
0.1667 -1.2318 -1.409 -1.476 -1.509 -1.527
0.3333 -2.6285 -3.040 -3.201 -3.281 -3.327
0.5000 -4.1948 -4.906 -5.197 -5.345 -5.431
0.6667 -5.8555 -6.931 -7.392 -7.634 -7.776
0.8333 -7.5121 -9.005 -9.673 -10.031 -10.243
1.0000 -9.0944 -11.044 -11.881 -12.450 -12.749
Table 9
Convergence of numerical results with Case III (Mooney-Rivlin material law)
Mesh 8X4x2[12Xx6x2 |16 x8x2]20x10x2 |24 x12x2
Load factor ~,
0.1667 -0.8710 -1.189 -1.374 -1.482 -1.549
0.3333 -1.7959 -2.529 -2.965 -3.225 -3.388
0.5000 -2.8172 -4.056 -4.813 -5.269 -5.555
0.6667 -3.9484 -5.760 -6.889 -7.565 -7.985
0.8333 -5.2002 -7.609 -9.118 -10.006 -10.553
1.0000 -6.5717 -9.555 -11.413 -12.498 -13.164
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