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Abstract

The Enhanced Strain Technique is considered in the context of incompressible elas-
ticity problems. A new triangular element is proposed and proved to be convergent
and stable when applied to linear analysis. Moreover, a model problem arising from
large deformations is presented. Such a model is used to develop some theoretical
considerations about the use of Enhanced Strain methods in nonlinear elasticity.
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1 Introduction

The aim of this paper is to report some considerations on the Enhanced Strain
Technique for elasticity problems, when applied to incompressible materials.
The basic idea of such a technique (cf. [22]) consists in enriching the strains
arising from the discrete displacement field by means of suitable local modes.
In the context of linear elasticity, the resulting element shows better per-
formances than standard schemes, especially with coarse meshes and in the
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nearly incompressible regime. Also, some theoretical results about the En-
hanced Strain philosophy are nowadays available. We wish to mention here
the work of Reddy and Simo [18], where a priori error estimates are provided
starting from the Hu-Washizu variational principle. Another interesting con-
tribution is due to Braess [3], who deeply investigated the softening effect of
strain enhancements. This analysis has been recently improved in [4], where
also a posteriori error estimates have been developed. Pantuso and Bathe
(cf. [15]) used the Enhanced Strain technique within the framework of the
displacement /pressure formulation (cf. [2]). This in order to propose a finite
element scheme satisfying the inf-sup condition (cf. [2] and [6]), a feature which
is crucial in the incompressible regime. A rigorous mathematical analysis of
Pantuso-Bathe element has been developed in [13], where the strain enhance-
ments are interpreted as a kind of nonconforming approximation. Motivated
by the success obtained in linear analysis, the Enhanced Strain concept has
been extended to large deformation analysis (cf. [21], for instance). Unfor-
tunately, it was soon realized that classical enhanced schemes suffered from
undesirable unphysical instabilities, especially when applied to strong com-
pression tests (cf. [23]). Much effort has been done in order to explain and,
possibly, to cure the occurrence of such numerical spurious modes; here we
quote, in a totally non-exhaustive way, References [1], [14], [20], [19]. What is
interesting to note is that even the Pantuso-Bathe element, which is, to our
knowledge, the only enhanced strain scheme satisfying the inf-sup condition
in linear analysis, shows unrealistic instabilities in some large deformation
situations (cf. [16]).

In this paper we will contribute to the analysis of the Enhanced Strain Tech-
nique for 2-D problems in two directions: firstly, we will present and analyze
a new triangular element to be used in linear incompressible (plane) elasticity
problems; secondly, we will propose a simple model problem which can be of
some help in understanding why discrete schemes may fail the convergence in
nonlinear analysis. The rest of the paper is organized as follows. In section
2 we briefly recall the linear incompressible elasticity problem, together with
its classical displacement/pressure formulation. We then introduce the finite
element discretization by means of enhanced strains and we review the re-
sults obtained in [13] (subsection 2.1). In subsection 2.2 we describe the new
element, and we prove an a priori error estimate by using the techniques of
[13]. We remark that our element can be regarded as the triangular version
of the Pantuso-Bathe element presented in [15]. Also, our enhanced strain
shape functions have been already used in [17] in a different context. Section
3 is devoted to a discussion related to the nonlinear case. Due to the mathe-
matical complexity of the general nonlinear elastic problem, our efforts have
been addressed to a very simplified model problem, which nonetheless retains
some of the difficulties encountered in the finite element discretization. More
precisely, we consider the minimization of a family of simple quadratic func-
tionals (dependent on a real parameter \) under the nonlinear constraint of



incompressibility det(/ + Du) = 1, Du being the gradient of the displacement
field (cf. (24) and (25)). For each value of A a trivial solution of the associ-
ated Euler equations can be easily found. We then proceed to consider the
linearized mixed problem around this trivial solution, and we study its sta-
bility. In subsection 3.1 we will show that the linearized continuous problem
satisfies the coercivity-on-the-kernel condition if the parameter A is chosen in
a suitable range of values. On the other hand, in subsection 3.2 we focus our
attention on the discrete linearized problem arising from the Pantuso-Bathe
element, and we analytically prove that it “resists” to be coercive only in a
smaller range of the parameter. Furthermore, in subsection 3.3 we analyze the
classical Qy/P; element (cf. [2]) and show that its range of stability is quite
similar to that of the continuous problem. These considerations seem to be
in accordance with the numerical results presented in [16]. In section 4 we
draw some conclusions and comments. We also wish to remark that several
interesting contributions on the theoretical analysis of finite element methods
for nonlinear incompressible problems can be found in literature, for example
in [12], [11], [10], [5] and [9]. Finally, in the paper we will follow standard
notations for functional spaces and their norms (cf. [6], for instance).

2 The linear incompressible elasticity problem

In this section we will consider the incompressible plane elasticity problem
in the framework of the infinitesimal theory (cf. [2]). Let the elastic body
occupy a regular region Q in R?. We are therefore led to solve a problem of
the following type:

Find (u,p) such that

—Au+Vp=f in Q
divu=0 in (1)
u=20 on 0f2 .

where u = (up,uz) : © — R? is the displacement field, p : @ — R is the
pressure field and f = (f1, f2) : @ — R? is the loading term.

Remark 1 For simplicity, we are considering only homogeneous boundary
conditions for the displacement field along the whole OS2, but the results of this
section can be easily extended to other more realistic situations.

A standard variational formulation of problem (1) consists in finding (u,p) €



V x P=(H}(Q))?* x L*(Q)/R which solves the system

/DSU:DSU—/pdiVU:/f-U YveV
Q ) )

/qdivu:O Vge P,
Q

where D?® denotes the usual symmetric gradient operator acting on vector
fields. It is well-known that problem (2) is well-posed and it fits into the
framework of the classical saddle-point theory, extensively studied in [6], for
instance.

2.1 Enhanced strain discretization

The finite element analysis of problem (2), as it is now well-established (cf. [2],
[6]), requires a suitable choice of the discretization spaces, in order to properly
deal with the divergence-free constraint. Several methods have been proposed,
analyzed and proved to be efficient in actual computations.

Among them, there are the ones based on the so-called Enhanced Strain Tech-
nique, whose basic idea is briefly recalled below. As usual, given a regular
(triangular or quadrilateral) mesh 7, of 2, h being the mesh-size, we choose
a finite element space V;, C V for the approximation of the displacements,
and a finite element space P, C P for the pressure field. A conforming mixed
method is thus given by the discrete problem

Find (up,pn) € Vi x Py, such that

/Dsuh:st—/phdivv:/f-v Yv eV
O O o)

/qdivuh:O Vq € Py
Q

An Enhanced Strain Method in this mixed context can be seen as a noncon-
forming scheme (cf. [13]), for which the strains arising from the displacements
are “enriched” by means of some additional modes. Therefore, we are led to
introduce a further finite element space S}, of symmetric tensors, and we solve
the problem



Find (un, Hp; pr) € (Vi X Sp) X Py such that

/(Dsuh+Hh) : (D°v+ R) — /ph(divv—i-trR) = /f-v
0 0 0

/q(div up +trHy) =0
0

for every (v, R) € Vj, x Sy, and for every g € P,. Above and in the sequel, we
denote with “tr” the trace operator acting on tensors. Typically, the space
Sp, of strain enhancement consists of functions for which no continuity is re-
quired across the elements of the mesh. The advantage of introducing these
additional degrees of freedom is clearly seen: enlarging the space of symmetric
gradients of the displacement results in a relaxation of the constraint (cf. sec-
ond equation of (4)), possibly improving the stability feature of the method at
hand. Moreover, since the enhanced strains are discontinuous across the ele-
ments, a static condensation procedure can be performed element by element,
so that the computational efforts are not (generally) dramatically increased.
Of course, not every choice of V},, S, and P, leads to an efficient method:
introducing the notation

br(vn, Ri; qn) = /qh (div oy, + trRy) (5)

for every (vn, Rp;qn) € (Vi X Si) X Py, it has been proved in [13] that, in
order to have a reliable scheme, one should choose the discretization spaces
satisfying the following three conditions.

e The discrete inf-sup condition: there exists a positive constant 3, indepen-
dent of A, such that

by (vn, Ry an)
inf sup >
anEPn (v, RR)EVR X Sh H(UM Rh)“ ||Qh||P

(6)

Above, we have set

1/2

(7)

o The minimum angle condition: there exists a constant # < 1, independent
of h, such that

[1(wn, Bl = (ID*vl3 + [Ral3)

/sth . Rh

sup = < f; 8
(v, Rp)EVR X Sh \D Uh\o |Rh\o ( )



This condition implies, in particular, that D*(V}) NS, = (0). Moreover,
the spaces D*(V},) and S}, “stays far from being parallel” uniformly in h. We
remark that condition (8) has been recognized to be crucial for the analysis
of enhanced strain methods also in [3].

e The consistency condition: the enhanced strain modes should have zero
mean value on each element, i.e. for every K € 7},

/Rh:O VR, €85} . (9)
K

This condition allows to control the error arising from the introduction
of the nonconforming space Sj,.

2.2 A triangular version of Pantuso-Bathe element

Aim of this subsection is to introduce and analyze a new finite element method
based on the Enhanced Strain Technique described in subsection 2.1. Our
scheme can be seen as the triangular version of a quadrilateral element intro-
duced by Pantuso-Bathe in [15], the latter theoretically proved to be efficient
in [13]. We thus suppose to have a regular triangular mesh 7;, of 2. In Q, let
us define a global Cartesian system of coordinates (z,y). For each triangle
T € Ty, let (xp,yr) be the coordinates of its barycenter, and define on 7" a
local Cartesian system of coordinates by simply setting

{ o (10)

Y=Y —yr.

We are now ready to introduce the finite element spaces for the discretization
of problem (4): for the displacements we choose

Vi = {Uh eV UpT € Pl(T) WS ,];L} ) (11)

where P;(T) is the space of linear functions defined on 7. For the pressure
interpolation, we set

Pyo={g e H(Q) : qur e P(T) VT €T} . (12)

We notice that, as for the Pantuso-Bathe element described in [15], the discrete
pressure field is continuous. Finally, the enhanced strain modes are chosen to
be

Sy ={Ri € (L*(Q):

S

: Ryr € ET) VT €T}, (13)



where F4(T') is the space of tensor-valued functions defined on T, spanned by
the following shape functions (cf. (10))

Al + oy 5 (a2 — ag)Z + (a3 — 1)y
1 2l 5 (o 1) (as 1)y with o; € R . (14)

symm. 3T + oy

Remark 2 We remark that the enhanced strain modes described in (14) have
already been used in [17]. Moreover, another set of enhanced modes, still with
four degrees of freedom per element, can be chosen: namely, we could take
E(T) as the space spanned by

1T Qe + a3y
' e sy with o; € R . (15)
symm. ; oy

It is easily seen that the subsequent analysis remains valid also for E4(T).
Howewver, this element is not frame invariant. A strategy to make the results
at least independent of the user’s input data is detailed in [17].

Remark 3 It has been shown in [18] that the strain enhancement is degener-
ate for triangles. However, the considerations of [18] apply for displacement-
based methods. The displacement/pressure formulation used in this paper opens
the possibility to design enhanced strain schemes also for triangular elements.
A brief discussion about this point is provided in appendiz.

We can now prove the following proposition.
Proposition 4 The choice (11)-(14) satisfies conditions (6)—(9).
Proof. First of all, notice that by construction condition (9) is satisfied. More-

over, take v, € Vj, and Ry, € Sy. The symmetric gradient D*vy, is constant on
each T' € 7y, so that

/sth Ry=0. (16)
Q

It turns out that condition (8) holds, with # = 0. It remains to verify the inf-
sup condition (6). To this end, we will use Fortin’s criterion. In our context,
we thus want to build a linear operator II, : V' — V}, x S}, such that

[|[Tpo]| < Cllvllv YoeV (17)



and

/qh dive = by (I,v; qp) YoeV | Vg, € Py . (18)
Q

We first define II; : V' — V}, as the standard Clément’s operator (cf. [8]).
Next, we search for a linear operator Il : V' — V), x .S, such that

/qh divo = by, (Ilqv; gp) YoeV Vg, € P, . (19)
Q

For our purposes, it suffices to set Tlov = (0, L) € V}, x S, i.e. the operator
I1; is essentially valued only on S;,. In fact, since the pressure interpolation is
continuous, from (19) we see that we need to solve:

Given v € V, find L;, € S}, such that

/qhtth:—/th'U thEPh. (20)
Q Q

This can be seen as a finite dimensional linear system, whose unknown is Lj,.
Thus, problem (20) is solvable (for all v € V') if and only if the adjoint problem
is injective. Hence, we have to show that if ¢, € P, satisfies

/qh tIRh =0 VRh € Sh , (21)
Q

then ¢, = 0 in P,.

Arguing locally on each T' € 7;,, we find that if ¢, € P, satisfies (21), then
qnr is constant in 7' (cf. (12) and (14)). Since the pressure interpolation is
continuous across the elements, it follows that ¢, is indeed a global constant
on Q, ie. ¢ = 0in P, (because P, C P = L?(Q)/R). As a consequence,
problem (20) is solvable. Taking the solution of minimum norm to problem
(20), a standard scaling argument shows that

ITv]] = [Lilo < Ch™" oo - (22)

Finally, if we set

Mo =Ty (v — o) YoeV,

it is easily seen that ITj, verifies (17) and (18). The proof is then complete. O



Fig. 1.
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As a consequence, applying the theory detailed in [13], we obtain

Proposition 5 For the scheme detailed by (11)-(14) and provided that the
solution of the continuous problem is sufficiently reqular, we have the error
estimate

lu —unllv + [lp = pnllp < Ch . (23)

3 A model problem for nonlinear incompressible elasticity

In this section we present a simple model problem which nonetheless shows
some of the difficulties arising in general nonlinear elastic problems for incom-
pressible materials. In the sequel we consider the square Q@ = (—1,1) x (=1, 1)
endowed with the usual Cartesian coordinates (x,y), and we denote with
' = [—1,1] x {1} the upper part of its boundary, while the remaining part of
02 is denoted with I'p (cf. Fig. 1).

Our starting point is to find the stationary points of the following functional:

E(u) = %/|Du|2—)\/f-u, (24)

where D is the tensorial gradient operator and the vector field f will have the
particular shape f = (0,1) (i.e. we are considering vertical loads). Above, A is



a real parameter and the critical points have to be searched for in the set

Vi={veV : det(I+Du)=1} (25)

where V is a space of sufficiently regular functions v vanishing on I'p. We
point out that, since the determinant is a nonlinear function, V; is not a
vector space, but it could be regarded as a sub-manifold of V. Moreover, in
the rest of the paper we will denote with C[F] the tensor of the cofactors of
F, for any generic tensor F. Introducing a Lagrange multiplier p (in a suitable
space P) for the incompressibility constraint and taking variations, we are led
to solve the following system:

Find (@,p) € V x P such that:

/Dﬁ:Dv—/ﬁC[I+Dﬂ]:Dv:)\/f-v Vo € U
0 0 0
(26)

q(det(I + D) —1) =0 Vg€ P,

D —

where U is an appropriate space of variations for the displacement field. It
is not our intention to rigorously specify the regularity needed for the space
involved in variational formulation (26), and we refer to [12] and [11] for details
on such a point. Instead, we wish to notice that system (26) constitutes a set
of nonlinear equations for which a trivial solution can be easily found for every

AER, ie. (@,p) = (0, Ay — 1)).

Remark 6 We are not claiming that, for each A € R, (4,p) = (0, A\(y — 1))
1s the only solution of the system.

Since any numerical approximation of problem (26) requires a linearization of
the system itself, we fix our attention on the linearized problem around any
solution (@, p). We are thus led to consider the problem

Find (u,p) € V x P such that:

/Du:Dv—/ﬁC’[Du]:Dv—/pC[I+Dﬁ]:DU:.7:(v)

(27)
/qO[I+Da] . Du=0.

for every v € U and every ¢ € P. If the solution (@,p) is chosen to be the

10



trivial one, system (27) simplifies to the parameter-depending problem:

Find (u,p) € V x P such that:

/Du:Dv—)\/rC[Du]:Dv—/pdivv:}"(v) Vo € U
0 Q Q

(28)
/qdivu:O Vge P,
O
where we have set r = r(x,y) = y — 1. Letting
V=U=V={veH Q) :vr,=0}; P=P=LQ), (29

we consider system (28) as a model problem for our subsequent considerations.
Problem (28) has a clear structure: if one introduces the forms

aA(F,G)::/F:G—/\/rO[F]:G (30)

for tensor fields F, G € L*(Q)*, and

b(v,q) =: —/q divo , (31)

then problem (28) can be written as:

Find (u,p) € V x P such that:

{ ax(Du, Dv) + b(v,p) = F(v) YoeV
(32)

b(u,q) =0 Vqe P .
We notice that, since C[F] : G = F : C[G], the form a,(-, ) results to be sym-
metric. Furthermore, we are clearly facing a typical (parameter-depending)

saddle-point problem. As it is well-established (cf. [6]), the crucial properties
for the well-posedness are, together with continuity:

e the inf-sup condition: there exists a positive constant ( such that

. b(v,q)
inf sup ———— >3 ; 33
LS Tl el (33)

11



o the invertibility on the kernel condition: there exists a positive constant cv(\)
such that

ax(Dug, Duvy)

inf su > a(N) 34

R 8 S8 5 Tuallv Toolly = *Y (34
where

KerB={vo €V : blvy,q) =0  Vqe P} . (35)

As far as the inf-sup condition is concerned, it is a classical result that it holds
for the divergence operator. We therefore focus our attention on condition
(34). In particular, we will show that the form a,(-,-) is coercive on Ker B
whenever X\ stays in a suitable range of values. We thus expect that within
such choices of the parameter, for the continuous problem the trivial solution
(@, p) = (0, \r) is unique and stable. On the other hand, we will show that for
a discretization based on an Enhanced Strain Technique, the range of stability
is smaller (even though the scheme at hand satisfies the inf-sup condition).

3.1 The stability range

We now investigate on the coercivity on Ker B of ay(-,-). More precisely, we
would like to find conditions on A assuring that there exists a ¢(\) > 0 such
that:

/DU:DU—/\/TC[DU] : Dv > c(\)|Dv)j Vv e KerB . (36)
0 0

Using Piola’s identity (cf. [7]), an integration by parts gives

/DU:DU—A/TC[DU]:Dv:/Dv:Dv+)\/VT- C[Dv]™v . (37)
0 0 0 Q

Above, the boundary integral arising from integration by parts disappears
because of the boundary conditions on v, and because on I' the function r =
y — 1 vanishes. To continue, we notice that, since v is divergence-free, it holds
C[Dv]" = —Dv. Hence, a further integration by parts and using dive = 0,
leads to

)\/VT-C’[DU]TUZ/\(/H(T)U-U—/(U-VT)(U-ﬂ)) ) (38)

where n is the outward normal vector and H(r) is the Hessian matrix of the
function r. But 7 = y — 1 is linear, hence H(r) = 0. On the other hand, on

12



the boundary I' we have ¥V r = n, so that we deduce that

)\/VT- C[Dv] v = —A/(U n)? . (39)

From (36), (37) and (39) we conclude that our form a,(-,-) will be coercive
on Ker B if there exists a ¢(\) > 0 such that:

/DUIDU—/\/(U-H)2ZC()\)|DU|3 Yv e Ker B . (40)
0 r

By (40) we first infer that for A < 0 we can simply take ¢(\) = 1. Furthermore,
setting

2
ay = sup fF(U n)

>0, 41
veKer B |DU|(% ( )

we see that condition (40) still holds whenever

1
A< — . 42
< (42)

We give now an estimate of o, by establishing the following
Proposition 7 Suppose that Q = (—1,1) x (=1,1). Then ay < 1.
Proof. First take v = (v1,v9) € (Ker B) N CH(Q). Writing

1

va(@,1) = [ vay(e,y)dy |

-1

(above we used that vy(z, —1) = 0), Cauchy-Schwarz inequality gives

[leal? <2 [fos, (43)
T Q

Since divv = 0, we get

[l < [fosy P+ [ ol < Dol (44)
Q Q

r

13



Noting that on I' we have v - n = vy, we obtain

1w nl < |Doff (45)
r

for all v € (Ker B)NC*(Q). By density the same estimate holds in Ker B, so
that

Jr(v-n)?
sup ——— <1, 46
vGKegB |D'U|(% B ( )

which concludes the proof. O

Remark 8 We remark that the above estimate of ays is not sharp, and it
could be improved. However, it is sufficient for our subsequent considerations.

To summarize, our analysis shows that the linearized continuous problem (28)
is well-posed and positive-definite on the relevant kernel Ker B if

Ae(—oo,ai)g(—oo,l). (47)

3.2  Enhanced Strain discretization

We now consider the discretized counterpart of problem (28), using an En-
hanced Strain Technique. This means that we wish to solve:

Find (up, Hy;pn) € (Vi X Sp) x By, such that:

/(Duh+Hh) : (DU+R)—)\/rC[Duh+Hh] . (Dv + R)

- /ph (dive+trR) = F(v)  Y(,R) € Vi x S (4)

/q(div up +trH,) =0 Yq € P, ,
Q

where, still, r(z,y) = y — 1. It is clear that an optimal method should be
able to reproduce the “stability” features of the continuous problem. More
precisely, it is natural to ask that if A stays in the range given by (47), the
following two conditions should hold (cf. (33), (34) and also (36)):

14



o The discrete inf-sup condition: there exists a positive constant B, indepen-
dent of h, such that

b Ry : -
inf sup (v, Fins ) >3 (49)
n€P (v, Ry )eVi xSy || (Vs Ba)l| [lan]p

where the form by (-, ;) is defined in (5) and the norm [|(-,-)|| is given by

(cf. (7))
(on Ba)ll = (1Dval? + |Raf2)"” . (50)

o The discrete coercivity on the kernel condition: there exists a positive con-
stant «(A), independent of h, such that

CL,\(DU}L + Rh, DUh + Rh) Z a()\)||(vh, Rh>H2 y (51)
for every (v, Rp,) € K, where
K, = {(’Uh, Rh) eV, xS}, : bh(vh,Rh;qh) =0 th S Ph} . (52)

In the sequel, we focus our attention on the quadrilateral method proposed by
Pantuso-Bathe (cf. [15]). As already mentioned, the scheme optimally performs
in linear analysis, it verifies the inf-sup condition and the minimum angle
condition, as theoretically proved in [13]. However, in [16] it is shown by some
numerical experiments that such an element may fail the convergence when
applied to large strain analysis. In particular, unrealistic instabilities occur and
dramatically compromise the reliability of the results in compression tests. We
stress that this bad behavior is not typical of Pantuso-Bathe element, but it is a
common drawback of other methods based on the Enhanced Strain philosophy
(cf. [23]). Moreover, Pantuso and Bathe conjectured that the lack of stability
should be addressed to an “unphysical” loss of discrete ellipticity. We now
give an analytical proof of such a conjecture by means of our simple model
problem. For our purposes, it suffices to consider a sequence 7, of uniform
meshes; each mesh is formed by N? equal square elements, denoted by K,
whose side length is h (hence h = 2/N). The Pantuso-Bathe element is then
described by the following choice of spaces. For the displacement field we set

Vh:{vhev D Uplk € Ql(K) \V/KG'Z;Z} , (53)

where Q;(K) is the standard space of bilinear functions. For the pressure
discretization, we take

Po={g € H(Q) : qux € Qi(K) VK €T} . (54)

15



Finally, the strain enhancement space is given by

Sp={Rn € (L))" : Ryx € Bo(K) VK €T} . (55)

Above, Eg(K) is the space of tensor-valued functions defined on K, spanned
by the following shape functions

1§ + adn ; asé
oy s asn + aedn

with a; € R, (56)

where (£,n) denotes the standard local coordinates on K.
We are now ready to prove

Proposition 9 For the choice (53)-(56), the discrete coercivity on the kernel
condition does not hold, whenever A\ > 1/2.

Proof. Let us define the set FI(\) C Q by

FO) ={(z,y) €2 : 1+ r(z,y) <0} . (57)
Recalling that r = r(x,y) = y—1, the set F'(\) has positive area for A > 1/2. It
follows that, for sufficiently small h, there exists K € 7}, completely contained

in F'(A\). Now take (v, Ry) € Vi, X S by choosing v, = 0 and R, vanishing
outside K. Moreover, in K choose (cf. (56))

agn; 0
0 ; —adn

Ryi = with @ #0 . (58)

Notice that trR;, = 0; hence (0,0) # (0, Ry) € Kj (cf. (52)). On the other
hand, a direct computation shows that

ax(Rn, Rp) = /(1 4 M) Rl (59)

K

Since K C F()), we have (1 + ) < 0, so that (59) implies

CL)\(Rh, Rh) S 0. (60)

As a consequence the form ay(-,-) can not be coercive on Kj for A > 1/2,
uniformly in h. O

16



From proposition 9 we see that the coercivity on the kernel breaks down, for
the enhanced scheme, when A > 1/2, even though the continuous problem
“resists” at least until A =1 (cf. (47)).

3.3 The Qo/P; element

We now consider the well-known “biquadratic displacements/(discontinuous)
linear pressures” element, which satisfies the inf-sup condition and it has been
reported in [16] to be very efficient when applied to large deformation analysis.
Given a quadrilateral mesh 7;, we thus discretize the displacement field by
means of

Vi={m€V : mx € Q(K) VKeET}, (61)
where Qs(K) is the usual space of biquadratic functions. For the pressure
field, we take

Po={g e L*(Q) : qux € Pi(K) VK eT,} . (62)
We remark that for this scheme we do not use any kind of strain enhancement.
Hence, we are interested in studying the features of the following problem with

respect to the real parameter A:

Find (up,pn) € Vi x P, such that:

/Duh:Dv—/\/rC[Duh]:DU—/phdiVU:}—(v) Yo eV,
0 0 Q

(63)
/qdivuhzo Vge Py,
Q
For this element the relevant kernel K}, is defined by
K, = {'UhEVh : /qhdivvh:O \V/thPh} . (64)
Q

We notice that the functions in K} are not exactly divergence-free, but they
satisfy the constraint only in a weak sense. As a consequence, given v, € K
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we cannot infer that it holds (cf. subsection 3.1)

ax(Dvyp, Dvy,) = /Dvh : Dy, — )\/(vh -n)?, (65)
Q r

so that the coercivity on the kernel is not automatically assured for A < 0,
contrary to what happens for the continuous problem. However, we are able
to prove the following proposition.

Proposition 10 Given \ < 1, the element Qs /P, satisfies the discrete coer-
cwity on the kernel condition, for h sufficiently small.

Before giving the proof of the above proposition, we need the lemma:

Lemma 11 Let Q be the square (—1,1) x (—=1,1), I' = [-1,1] x {1} and
Ip =00 —T. For every p € H'(Q) such that o;r, = 0 it holds

[P < [1v0P. (66)

Proof. For regular functions we have, taking into account the boundary con-
ditions on [—1,1] x {—1}

Y

ol,y) = [ wylwtyit | (67)
by which
oz, y)* < (1+y) / oy (2, )Pt < (1 + ) / 0.y (2, ) [Pdy - (68)

Integrating on €2 we obtain

J1et <2 [loyP. (69)
Q Q

On the other hand, from a similar argument and using the boundary conditions
on {—1} x [—1,1] we get

[P <2 102 (70)
Q Q
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Summing (69) and (70) we obtain

[P < [1v0f. (71)

By density, the above estimate still holds for functions in H! having the same
boundary conditions. O

Proof of proposition 10. We have to prove the coercivity on K} of

ax(Duy, Dvy,) = /Dvh : Duy, — )\/TC'[DUh] : Duy, (72)
Q Q

for A < 1 and h sufficiently small. We split the proof into two parts. First,
consider A < 0. As already mentioned, for v, € K, we do not have

CLA(D’U}Z, Dvh) = /D’Uh . D’Uh — )\/(Uh : n)2 . (73)
Q r

However, it holds

ax(Dvp, Dvy,) = / |Dup|® + A (2/(divvh)vh -Vr— /(vh : n)2) . (74)

T

If A <0 is fixed, we thus have

ax(Duwy, Duy,) > /|Dvh|2 + 2)\/(divvh)vh VA (75)
0 )

Let us denote with 7, (v, - V r) the L2-projection of vy, - V 7 over the space Pj.
Since v, € K, we get

2 / (div vn)vn - V7 = 2X / (div vp) (0 - V7 — Th(vn - V7)) - (76)
Q Q
But
lon - V7 = (v - V7)o < e1h|Duplo (77)
so that
2 /(divvh)(vh V1 —mp(vp - V7)) < 2c1h|Duyls (78)
Q
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From (78), (75), (76) and recalling that \ is negative, we obtain

ax(Dvp, Dvy) > (14 2Xcih)|Duy2 . (79)
For a fixed A\, we can take h sufficiently small to get (1 4+ 2Ac;h) > 0, and
coercivity follows. We now consider the case 0 < A < 1. Take v, = (v1,v2) €

Vi, not necessarily in Kj,; if one takes into account the boundary conditions
for v, and r =y — 1, it is easily seen that (74) can be written as

ax(Dwy, Dvy,) = / | Doy, |? —1—2)\/@1@@2 ) (80)
Q Q

Since

2/”1@”2 2 _/|U1,x‘2 _/”U2’2 ) (81)
Q Q Q

we can apply lemma 11 to vy and we obtain

2/v1xvg > - /mx\ = [(aal? + 02, ) /|Dvh12 (82)

Q

From (80) and (82) we infer

ax(Dvp, Dup) > (1 — A / | Doy ? . (83)

Hence the coercivity condition is fulfilled also for 0 < A < 1. O

Compared to the enhanced element we have considered in this paper, we see
(cf. proposition 9) that the Qs/P; scheme retains the coercivity in a range
which is closer to that of the continuous problem.

4 Conclusions

In this paper we have proposed a new scheme based on the Enhanced Strain
Technique and we have shown its convergence and stability when applied to
linear analysis. Furthermore, we have presented a simple model problem which
can be used to investigate the properties of finite element discretizations in the
framework of large deformation analysis. By means of our model, we have given
a further contribution to the theoretical analysis of mixed Enhanced Strain
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Methods. However, we wish to stress that much deeper studies are needed.
For example, a clear mathematical theory, capable to identify the relevant
features the strain enhancements should satisfy, is still missing in the context
of nonlinear elasticity. This will be the topic of future communications.
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A  Appendix

The aim of this appendix is to briefly discuss the effect of the strain enhance-
ment for triangular elements based on different variational formulations. In
particular, we will show that:

e For a displacement-based (low-order) triangular element, the enhanced strain
modes do not provide any kind of improvement. This fact has been already
pointed out in [18].

e For a triangular method based on the displacement/pressure formulation,
the situation is different, and effective enhanced strain modes can be se-
lected.
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In what follows, we restrict to consider the case of linear homogeneous and
isotropic elasticity. Moreover, the spaces V},, S), and P, will be the ones chosen
in subsection 2.2. Hence, both the displacement field and the pressure field are
approximated by means of piecewise linear and globally continuous functions.
Finally, the enhanced strain modes have zero mean-value in each triangle.

Displacement-based formulation.
When the usual displacement-based variational formulation is considered, the
enhanced strain problem reads as follows.

Find (uy, Hy) € Vi, x Sy, such that

/Q,u (D*up + Hp) : (D*v+ R)+ / A (divuy, + trHy,) (dive + trR)
QO 0

:/f-v (A.1)

for every (v, R) € V}, x Sy,. In particular, taking variations with respect to the
enhanced strains, one has

/Q,u(DSuh—l—Hh) ; R+/)\(divuh—|—tth)trR: 0 (A.2)
QO 0

for every R € Sj. Since the discrete displacements are piecewise linear func-
tions, their derivatives are locally constants, so that the zero mean-value prop-
erty of the enhanced strains implies

/2,uHh:R+/>\tthtrR:O (A.3)
Q Q

for every R € S},. It follows that the enhanced strain solution Hy, is zero, inde-
pendently of the value of A. This actually means that the strain enhancement
is useless (for both compressible and nearly-incompressible regime), although
it has been inserted in the formulation. Therefore, the enhanced strain method
collapses into the corresponding standard scheme (cf. [18]).

Mixed displacement/pressure formulation.

When one considers a mixed displacement/pressure formulation, the above
considerations, concerning a displacement-based method, do not necessarily
apply. In the sequel, we discuss the case of incompressible regime, but the
same arguments can be extended to compressible and nearly-incompressible
regime. Also, we set 2 = 1, for the sake of simplicity and without loss of
generality. A standard scheme for the mized u/p formulation reads as follows.

23



Find (up;pn) € Vi X P, such that
/Dsuh:st—/ph divv:/f-v
Q Q o)

/qdivuh:()
Q

for every v € V} and for every ¢ € P,. On the contrary, an enhanced strain
scheme consists in solving:

Find (fl,h,Hh;]ah) S (Vh X Sh) X Ph such that

/(Dsﬂh + Hyp) : (D°v+ R) — /ﬁh(divv—i-trR) = /f v
0 0 Q

/q(div Up +trHy) =0
0

for every (v, R) € V,, x Sj, and for every q € P,. It is clear that problem
(A.5) collapses into problem (A.4) if and only if (up,pn) = (Up,pr). Since
the displacement gradients are L2-orthogonal to the enhanced strain modes,
problem (A.5) can be written as

/Dsﬁh:st—/ﬁhdivv:/f-v
Q Q Q

/q divuy, = —/qtth (A.6)
Q Q

/Hh:R—/ﬁhtrRzo
Q Q

for every v € V), ¢ € P, and R € S,. Comparing (A.4) with the first two
equations of (A.6) it follows that the enhanced strain scheme collapses into
the standard scheme if and only if

/qtth —0 VYgep,. (A7)
Q

24



However, for our choice of spaces, the traces of the enhanced strains are not L>-
orthogonal to the piecewise linear continuous functions, so that condition (A.7)
is not generally satisfied. As a consequence, the enhanced strain (mixed)
method is not equivalent to the corresponding standard (mixed) scheme.
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