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Abstract

A Petrov—Galerkin scheme in a saddle point formulation gives rise
to a non-symmetric saddle point problem. This article considers a
non-symmetric saddle point problem with a penalty parameter. A
mixed finite element method for linear elasticity based on a Petrov—
Galerkin formulation is then analyzed within the framework of the
non-symmetric saddle point problem with penalty. Working with a
biorthogonal system to discretize the pressure equation, we obtain a
robust and efficient numerical scheme for nearly incompressible linear
elasticity using linear finite elements. A numerical example demon-
strates the robustness of the approach. These results are useful to
analyze a Petrov—Galerkin scheme in a saddle point problem.
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1 Introduction and abstract setting

Low order finite elements based on standard displacement formulation ex-
hibit a locking effect when applied to nearly incompressible problems [1, 2].
A standard remedy for the locking effect is to work with mixed methods intro-
ducing some extra variables leading to a saddle point problem [3, 4]. Here we
consider a simple mixed formulation in displacement—pressure form [4], and
apply a Petrov—Galerkin formulation for the pressure equation. The pressure
equation is discretized using different trial and test spaces, where the bases
of the trial and test spaces form a biorthogonal system. This results in a
diagonal mass matrix for the pressure equation, and it is easy to statically
condense out the pressure inverting a diagonal matrix. We proposed this for-
mulation in recent work [5] as an alternative approach to the method based
on primal and dual meshes. However, the mathematical analysis presented in
that study covers only the case of primal and dual meshes. We note that the
method based on primal and dual meshes results in a symmetric saddle point
system, whereas the Petrov—Galerkin formulation for the pressure equation
yields a non-symmetric saddle point system. The novel idea of this article is
to show the well-posedness of this formulation by combining the results on
the non-symmetric saddle point problem [6, 7, 8] and the stability result of
mini-element [9].
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We start with an abstract setting. Let V, W, P and Q be Hilbert spaces
with inner products (-, -)v, (-, )w, (-, )p and (-, -)q, respectively. Let a(-,-):
VW —= R, bi(,) : WxP >R, ba(r,s): VXQ — R, and c(-,-) :
P x Q — R be bilinear forms. We consider a non-symmetric saddle point
problem with penalty: given f € W' and g € Q’, find (u,p) € V x P so that

alu,w)+bi(w,p) = fw), weWw,
by(u,q) —tc(p,q) = gla), q€Q, (1)

where t is a positive small parameter, and W’ and Q' denote the space of
continuous linear functionals on W and Q, respectively. We are interested
in analyzing the well-posedness of the problem (1) when t — 0. There are
a number of publications devoted to the analysis of this problem in different
particular forms; for example, when by(-,-) and b,(-,-) are the same, and
V=W and P = Q [3, 4]. The case with t = 0 was analyzed by Nicolaides [6]
and Bernardi et al. [7], whereas the case with V=W ,P=Q and t =1 was
considered by Ciarlet et al. [8]. We show the stability of the problem (1) by
combining the ideas presented by Ciarlet et al. [8] and Bernardi et al. [7]. To
this end, we assume that the bilinear forms af(-,-), by(-,-), bz(+,-) and c(-, )
satisfy

la(v,w)| < a|vlviwllw, veViwew,
bi(w,p)l < biwlwlplle, weW,peP,
ba(v,q)l < balvlvilalle, veV,qeQ,
cp,a)l < clpllrllalle, PEP,a€Q, (2)

where @, by, b, and € are continuity constants of the bilinear forms a(-,-),
bi(-,-), ba(+,-) and c(+,-), respectively, and || - ||v, || - [lws || - [|[p and || - ||q are
induced inner products from the associated norms.

We define Uy C W and Uy C V as

Uy = {WGW: bl(W>p):O>p€P}»
Uy = {veV: bi(v,q) =0, q € QJ,
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and assume that

a(v,w
sup v, w) x|vllv, veuUy,

welly |[W]lw
sup a(v,w) > 0, w e Uw\{0},

velly
bi(w,
sup 21OV g b, pep,
wew  |[wW]lw
bz (v, q)
sup — > Balldlle, a€Q (3)
vev “VHV

hold for some constants «, 31,32 > 0, where the supremum is taken only
over the non-trivial elements of the underlying sets. In order to show the
existence and uniqueness of the problem (1), we need the following theorem,
which was proved by Nicolaides [6] and Bernardi et al. [7].

Theorem 1 Let assumptions (2) and (3) be satisfied. Then for any f € W'
and g € Q’, there exists a unique solution (w,p) € V X P to the saddle point
problem of finding (u,p) € V X P so that

a(u,w)+b1(w,p) = f(W), WGW)
bZ(uaq) = g(q)) qEQv (4)

which satisfies the following stability estimates:

lullv < B2'(1+ o' a)llgllor + o Iflwe,  Ilplle < B (fllw + aflullv).
(5)

The existence and uniqueness of the problem (1) is then established by the
following theorem. Although we use a non-symmetric formulation in contrast
to Ciarlet et al. [8], the proof of this theorem is similar [8, Theorem 3.2].
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Theorem 2 Let assumptions (2) and (3) be satisfied, and
§:=pB;'Bya(l +a'ajc < 1. (6)

Then for any f € V' and g € Q’, there exists a unique solution (u,p) € VxP
to the saddle point problem (1) satisfying the following stability estimates:

1 —1a
Pl +oc alte, 5, (7)

1-5

T . .
lplle < 55 IPlle, llullv < J[tllv +

where (W, P) is the solution to (4) and satisfies the bounds

[l < B2'(0+ o 'alllglle + o flwe,  IBlle < BT (Il + allilv) -

Proof: Letting po =0 € P, we define a sequence {(u,, pn)} for n € N by

a(un+1yw)+b1(w>pn+1) = f(W), wew
ba(Uns1,d) = 9g(q)+tclpn,q), qe€Q. (8)

The sequence is well-defined from Theorem 1, and for n € N we have

a(Uny1 — Un, W) + b1 (W, Prp1 —Pn) = 0, weW
bZ(un+1 _uruq) — tC(Pn—Pn—hQ)» qc Q (9)

Theorem 1 yields the existence and uniqueness of the solution of (9) with
the estimates

||un+1 _unHV < BZ]” + “_]d)t5||Dn—Pn—1||P»
||pn+1_pn||P < BT]d||un+1_un’|Vv (10)

and hence

[pnit —palle < BBy a1 + & '@)te [pn—Pnalle <8%pallp. (1)
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Now taking n € N and an integer m > n, we have

m—1 m—1 n

i )
[Pm —Pnllp < Z lpirr —pillp < Z d[pallr < - 5||P1HP, (12)

i=n i=n

which shows that {p,} is a Cauchy sequence, and so converges to a p € P.
The stability estimate for p is obtained by taking n = 0 in (12). Using the
first inequality of (10) and the estimate (11), the sequence {u,} is shown to
be a Cauchy sequence, and stability estimate for u is obtained similarly as
for p. The uniqueness and other details is to be worked out as in the work
of Ciarlet et al. [8, Theorem 3.2]. o

Our primary concern is to find a robust approximation scheme based on
linear finite elements and simplicial triangulation for the nearly incompress-
ible elastic problem. In particular, we are interested in a mixed scheme where
the pressure variable is eliminated and obtain a formulation based only on
the displacement variable.

Let Q Cc RYwith d € {2,3}, L>(Q) be the space of square-integrable func-
tions defined on Q with the inner product and norm being denoted by (-, -)o
and || - ||o, respectively, and L§(Q) = {p € L*(Q) : [,pdx = 0. The
space H}(Q) consists of functions in H'(Q) which vanish on the boundary
in the sense of traces. To write the weak or variational formulation of the
boundary value problem, we introduce the space V := [H}(Q)]¢ of displace-
ments with inner product (-,-); and norm || - ||; defined in the standard way;
that is, (u,v); = 2321(ui,vi)1, with the norm being induced by this in-
ner product. A mixed formulation of the linear elastic problem is given by
introducing pressure as an extra variable leading to penalized Stokes equa-
tions [4]. Defining p := Adivu, a mixed variational formulation of linear
elastic problem is: given £ € [L2(Q)]4, find (u,p) € V x L3(Q) such that

A(u,v)+B(v,p) = {(v), veV,

Blu,q) 5 Clp,a) = 0, qel3o), (13)
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where A(u,v) :=2u [, e(u) : g(v)dx, B(v,q) == [,divvgdx, C(p,q) :=
Jopqdxand £(v) := [, f-vdx. Here, A and p are Lamé parameters, €(u) is
the strain of the displacement defined as e(u) = %(Vu—l— [Vu]") and f is the
prescribed body force. The existence and uniqueness of the solution of the
problem (13) is shown by a standard theory of saddle point problems [3, 4].

2 Finite element discretization

We consider a quasi-uniform triangulation 73, of the polygonal or polyhedral
domain ), where 73, consists of simplices, either triangles or tetrahedra.
Making use of the standard linear finite element space Sy defined on the
triangulation 7y,

Shi={veH (Q): v, ePiT), TE T},

and the space of bubble functions
By, = {bT € Hl(T) : bT\aT =0 and J bt dx >O, Te E} R
T

we introduce our finite element space for the displacement as Vi = (Sp &
Bh) ﬂ V. The bubble function on an element T is most often defined as

= Cyp ]_[ ! Ati(x), where Aqi(x) are the barycentric coordinates of the
element T assomated Wlth vertices x1i of T,1=1,...,d+1. The constant cy
is computed in such a way that the value of the bubble function at the
barycenter of T is one. Let N be the number of nodes in the finite element
mesh, and {¢d1,..., dn} be the finite element basis of Sy,. Starting with the
basis of Sy, we construct a dual space Qp spanned by the basis {u1, ..., un}
so that the basis functions of Sy and Qy, satisfy biorthogonality:

Jui(bjdxzcj%, c;#0, 1<i,j <N, (14)
o
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where 0y is the Kronecker symbol, and c¢;j a scaling factor, which is chosen
so that fT i dx = fT ¢idx. Hence, the sets of basis functions of Sy, and Qp
form a biorthogonal system. The basis functions of Qy, is constructed locally
on the reference element T so that basis functions of Sk and Qp have the same
support [5]. We also need a subspace of Sy, and a subspace of Qy, having zero
average on () defined as

SOZ:{\)}LES}LZJ \)th:O}, Q%Z:{thQhZJ qth:O}
Q Q

The first equation in (13) is discretized using a Galerkin formulation, and
the second equation is discretized using a Petrov—Galerkin formulation. The
Petrov—Galerkin formulation is chosen so that the pressure solution is taken
from Sy, whereas the test functions are taken from Q. Hence the discrete
formulation of variational equation (13) is written as: find (up, pr) € Vi xS9
such that

A(up,vi) +Bi(vi,prn) = Uvn), vhe Vi,

Bafun, @) — 5 Clpran) = 0, ane Q) (15)
where the bilinear forms B1(-,-) : V;, x S¥ — R and By(+,+) : Vi x QY — R
have different domains of definition but are defined exactly as the bilinear
form B(+,-) in (13). The goal of choosing the Petrov—Galerkin formulation
for the pressure is to obtain a diagonal matrix corresponding to the bilin-
ear form C(-,-) so that the degree of freedom corresponding to the pressure
variable is eliminated easily.

We show the existence and uniqueness of the solution of the mixed for-
mulation (15) using Theorem 2.

The continuity of the bilinear form A(-,-) on Vi, x V., of By(+,-) on Vi x
S9 . and Bs(+,-) on Vi, x QP and of C(+,-) on S¥ x Q2 is straightforward. By
using the Korn’s inequality, it is standard that the ellipticity of the bilinear
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form A(-,-) holds on V4, x V4. It remains to show that the uniform inf-sup
condition holds for the bilinear form B1(+,-) on Vi, x SO | and for the bilinear
form B,(,-) on V}, x QY. As the bilinear form By(-,+) on Vi x S® satisfies
the inf-sup condition uniformly with respect to the mesh size [9], we turn our
attention to prove a uniform inf-sup condition for By(-,-) on V}, x Q¥ . That
means we have to show the existence of a constant 3 > 0 independent of the
mesh-size such that

B2(vn, gn)
sup —2om I > Bhiaullo, an e QP (16)
AT

To this end, we define an operator I, : QY — S® mapping every element
Hh = Y i cipy of Qf to the element ¢n = Y ', cid; of S§. Using that
de)idX = fTuidX, 1 <i<d+1, we have de)hdx = ITIhcl)hdx, and
hence the operator is well-defined.

For the reference triangle or reference tetrahedron, using Gauss divergence
theorem, we have the following identity for any bubble function by € By,

J Vbruidx = (d—i—Z)J Vbrd;dx. (17)
T T

Using (17), we show the following properties of the operator Ij.

Lemma 3 Given vy, € Vy, we construct an element vy, € Vy so that there
exists a constant ¢ > 0 with

[Vnll1 < clvulli,  Ba(Vn, dn) = Ba(vi, Ingn), qn € Q% (18)

and there exist two constants ¢c; > 0 and c; > 0 with

cillanllo < [[Tnanllo < c2flanlfo- (19)
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Proof: We start with

B2(Vh, qn — Ingn) = J divvh (qn — Ingn) dx = Z J divvh (qn — Ingqn) dx
Q Ter, 7T

for viy € Vi, and gy, € Q% Let vy, = sy, + by, with sy, € S o, and by, € Bﬁ.
Then

B2(Vn, qn—Tnan) = ) J

div sp (qn — Ingn) dx +J div by (qn — Inhgn) dx.
Ter, T T

Using that div sy, is constant in each element T, the first integral in the right
side of the above equation is zero, and hence

B2(Vh, n — Ingn) = B2(bn, gn — Ingn) .

As gn € QY , we write q, = Zl\; giu; and obtain

2(bn, gn) = Z%J divbp pidx,

Si

and  Ba(bn, Ingn) = quj div by, ¢ dx |

1

where S; denotes the support of ¢; or pi. Since by, belongs to the space of
bubble functions, restricted to an element T, it is written as by, = arbr for
some constant vector ay. Now we decompose the integrals inside both sums
into each element

Ba(bn, qn) = ZQIZ aT‘J Vb dx,
T

i=1 TCS;

Bo(bn, Ingn) = Z di Z aT'J Vbt ¢ dx,
T

i=1  TCS;
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and use the property of a bubble function (17) to get
B2(bn, qn) = (d + 2)Ba(bn, Ingn) .

Hence defining vy, := sy + d+r2bh7 and noting that s;, and by, are linearly
independent the first condition (18) is proved. The second condition (19)
follows by using the fact that || Tnqnl|3, |qnl|3 and 31, qZh? are equivalent,

i
where h; is the local mesh-size at the ith node of 74, [
A consequence of the above lemma is the following theorem.

Theorem 4 The finite element pair (Vy, QY) satisfies the inf-sup condi-
tion (16).

Proof: Let qn € QY, and Ir,qy € S¥. Since the pair (Vy, S2) satisfies the
inf-sup condition, we can find an element v, € Vy, satisfying

B2(Vi, Ingn) > c||Ingnly and [[villi < c||Tngnllo.

Hence, using the properties (18) and (19) of the interpolation operator Iy,
we can find an element vy, € V4, with

B2(V, qn) = Ba(vi, Ingn) > || Tnqnlld > cllanll3,

and
[Villr < cllvulls < cllTngnllo < clldnlfo-

&

Thanks to Theorems 2 and 4, the following corollary holds [6, 7, 3, 10].

Corollary 5 The discrete problem (15) has exactly one solution (Un,pn) €
Vi x SO and there exists a constant ¢ independent of Lamé parameter A
such that

[unlls + lipnllo < clfllo-
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Furthermore, if (u,p) is the solution to the problem (13), we have the fol-
lowing error estimate uniform with respect to A:

lu—unfli + llp = pullo < e1 inf flu —wvnfy + ¢z inf [jp — qnlo,
VheVy dn€op

where the constants ¢y and ¢, are independent of the mesh size.

Using the standard approximation properties of the spaces Vi, and S, we see
that the approximation to the displacement converges to the exact solution

with O(h) in H'-norm.

3 Numerical results

This section illustrates the performance of the formulation discussed in the
preceding sections in a numerical example [11] showing a comparison of
different formulations using L% and H'-norms. Here, the exact solution
u = (LL1,LL2) is

sin (7tx) sin (7ty)

wi(x,y) = sin(2my) (=1 + cos (2rx)) + o )
ux(x,y) = sin(27x) (1 — cos (2my)) + sin (”;‘)fi)r\l (7ty)

with A = 2499666.644443238 and p = 500.0333355557037 (the correspond-
ing Poisson ratio and Young’s modulus are v = 0.4999 and E = 1500) so that
a nearly incompressible response is obtained. We compute the solution by
taking Q) as a unit square, where the right hand side and the Dirichlet bound-
ary conditions are computed by using the exact solution. We have shown the
discretization errors with respect to the number of elements in Figure 1. Asis
seen from Figure 1, the standard approach locks completely, whereas we get
very good numerical approximations with our approach and mini-element.
However, our formulation is more efficient as we reduce the problem to the
displacement-based formulation by inverting a diagonal matrix.
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FIGURE 1: Error plot versus number of elements, [%norm (left) and H'-norm
(right).
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