MORTAR FINITE ELEMENTS FOR COUPLING COMPRESSIBLE AND
NEARLY INCOMPRESSIBLE MATERIALS IN ELASTICITY
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Abstract. We consider the coupling of compressible and nearly incompressible materials within the frame-
work of mortar methods. Taking into account the locking effect, we use a suitable discretization for the nearly
incompressible material and work with a standard conforming discretization elsewhere. The coupling of different
discretization schemes in different subdomains are handled by flexible mortar techniques. A priori error analysis
is carried out for the coupled problem, and several numerical examples are presented. Using dual Lagrange
multipliers, the Lagrange multipliers can easily be eliminated by local static condensation.
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1. Introduction. Often coupled problems with completely different material properties
in different subdomains occur in solid mechanics. To get optimal a priori estimates, a proper
discretization scheme should be used in each subdomain. Here, we consider coupling of com-
pressible and nearly incompressible linear elastic materials with mortar techniques. The bound-
ary value problem of elasticity involves a critical Lamé parameter . For nearly incompressible
materials the Lamé parameter X is very large, and it is well-known that working with low order
finite elements with displacement based formulation suffers from so-called locking effect yield-
ing a poor convergence, see [Bra0l, BF91, BS92a]. Various approaches have been proposed to
overcome this difficulty. Among these are to apply higher-order finite elements with a standard
displacement formulation. For example, in [SV85], it is shown that working with the h-version
finite elements of order higher than three on a class of triangular meshes completely avoid lock-
ing. On the other hand, in [BS92a], it has been shown that the h-version can never be fully
free of locking in rectangular meshes no matter how higher-order finite elements are used in the
sense that optimal orders of convergence are not obtained. The other approach is related to
working with mixed methods. The linear elasticity problem can be formulated as a mixed for-
mulation in many different ways, see [BF91, Bra01, Bra96, Wie00, AW02, ABD84]. The general
approach in these mixed formulations is to introduce extra variables leading to a problem of
saddle point type with a penalty term. The essential point is to prove that the method is robust
for the limiting problem, which is the Stokes problem. Methods associated with nonconforming
finite elements have also been analyzed leading to the uniform convergence in the nearly incom-
pressible case, see [Fal91, BS92b, LLS03, Bre93]. The central point in these approaches is to
construct an interpolation operator at each element which preserves zero divergence. We point
out that many different methods like the reduced integration, the enhanced assumed strain and
the mixed enhanced strain can be analyzed within the framework of mixed formulation, see
[BF91, Bra98, BCR04, SR90, KT00a, KT00b, LRWO06]. All these approaches have in common
that the finite element approximation is robust for nearly incompressible materials.

In order to avoid the problem of locking-effect, we consider suitable discretization schemes for
nearly incompressible materials. Introducing the pressure as an additional unknown for the
nearly incompressible case, we arrive at the problem of coupling a saddle point problem with
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a positive definite one. Working exclusively with non-matching triangulations, we use mortar
techniques to realize the coupling of different discretization schemes.

This paper is organized as follows. In the next section, we describe the boundary value problem
of linear elasticity and introduce a new formulation of the boundary value problem in the
continuous setting suitable for coupling a nearly incompressible material with a compressible
material. In Section 3, we show the stability of the scheme and prove optimal a priori estimates.
Finally in Section 4, we present some numerical results illustrating the performance of our
approach.

2. The problem of linear elasticity in the mortar framework. We consider a
bounded polygonal or polyhedral domain 2 C R?, d € {2,3}, which is decomposed into two
non-overlapping subdomains €; and €y with the common interior interface T', T' = 9Q; N 9.
For simplicity, we restrict ourselves to the case of two subdomains. However, the approach can
easily be generalized to more than two subdomains.

We assume that the subdomains €2 and 25 are occupied with different isotropic linear elastic
materials. Furthermore, the material in 21 is supposed to be nearly incompressible, whereas 2
is occupied with a compressible material. We consider the following linear elasticity problem of
finding the displacement field u in £ such that

—div (Cie(un)) = f, in Q,

_div(Ce(n)) = f, in Qo (2.1)

with homogeneous Dirichlet boundary conditions on 0f). Here, C; and C; are constant and
symmetric fourth-order elasticity tensors corresponding to different materials in Q; and o,
respectively. Denoting the identity tensor by 1, their actions on the strain tensor are defined
as

Cie(u) = A1 (divu)l 4 2p1 e(u), and Cae(u) = Az(divu)l + 2u9 e(u).
Moreover, the plane strain is assumed in the two-dimensional case. We define the global Hooke

tensor C which takes the value C; on €y and Cy on €5, and set u; := u,, and uy = up,, - We
assume that f, € (L2(€%;))%,i = 1,2. The interface conditions on I' are given by

[ul:==u; —uz=0 on T, (2.2)
[u], := (Cie(u1))n — (Coe(uz2))n =0 on T,
where n is the outer normal to I'" from ;.
In order to write the variational formulation of the linear elasticity problem (2.1), we introduce
H(Q) := (H'())? for k = 1,2 and define the unconstrained product space

2

X i= [T4v € HY%)| Vigon, = O}
k=1

The interpolation space HééQ(F) is defined by HééQ (T) == (H{, (1"))d7 and its dual space will be

denoted by H~/2(T). The weak matching condition on the interface is imposed by introducing
the vector-valued Lagrange multiplier space M := H~'/2(I') on the interface I. Here, we
consider the positive definite variational problem on the constrained finite element space which
is given by means of the global Lagrange multiplier space M

V::{VGX|/F[V]-'¢da:0,¢EM}. (2.3)
2



Then, the variational problem of linear elasticity in the mortar formulation can be written as:
given [ € (L?(2))? find u € V such that

a(u,v) =1(v), vev, (2.4)

where the bilinear form a(-,-) and the linear form I(-) are defined by

a(u,v) : = A Cie(u) : e(v)dx + 5 Coe(u) : g(v)dz, and

I(v):= f1-vdx + fo-vdex,
Q1 Qo

respectively. Taking into account the definition of Ce(u), we can write the variational formula-
tion (2.4) as

2 2
Z 2,ui/ e(u):e(v)de + )\i/ divudivvdz = Z/ fi-vdx. (2.5)
i=1 Q; Qi 178

i =

From the assumption on C, we find that a(-, -) is symmetric, continuous and V-elliptic, and hence
the problem (2.5) has a unique solution u € V. Since the material occupying €; is supposed to
be nearly incompressible \; is very large, and hence the divergence of the exact solution divu,
is very small. This constraint for the low order approximation based on displacement approach
leads to the locking. In the next paragraph, we will relax this constraint by introducing an
additional variable for the pressure.

There are many efficient numerical approaches to handle a nearly incompressible material, see
[SR90, BF91, Bra96, LRWO06]. In general, they are more complex than the standard displace-
ment formulation. Our goal is to combine the standard formulation with a suitable scheme for
a nearly incompressible material without losing the simplicity and optimality of the approach.
For that purpose, we want to get a variational formulation which is uniformly well-posed in
terms of A\;. Now we introduce an additional unknown variable p := Ajdivu in € leading to a
mixed formulation. Then the variational problem (2.5) is given by: find (u,p) € V x L?(Q)
such that
(w,v) + b(v,p) v v,

1 2 (2.6)
(wq) - 5:épg) = 0, q € L*(),

\
2
m

where
2
a(u,v) ::ZQM/ e(u):s(v)dm—i—)\g/ divudiv v dz,
i=1 Q Q2
l;(v,q) ::/ divvgdr and ¢&(p,q) ::/ pqdz.
(921

Q1

As usual, for v € H*(Q) (H°(Q) = L?(Q)), s € R, |[v||s,o denotes the standard norm in H*(),
and we use the same notation for norms on H*(Q) and H*(Q2), whereas a broken norm is used
on X defined as

Vil = lviien + [1vle,-

We remark that in contrast to the setting of the Stokes problem with homogeneous boundary
condition, where p € L2(Q1), here, the pressure p € L?(Q). The essential points for the
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existence and the uniqueness of the solution of a saddle point problem are ellipticity, continuity
and a suitable inf-sup condition. Furthermore, for the saddle point problem with penalty, it is
necessary that the bilinear form é(, -, ) should be positive semi-definite and bounded, see [Bra96].
The bilinear form a(,-) is symmetric, continuous and V-elliptic uniformly with respect to A;.
It is also clear that the bilinear form ¢é(-,-) is continuous, symmetric and positive definite. The
continuity of b(-, -) follows from its definition.

LEMMA 2.1. The bilinear form l;(, ) on 'V x L2() satisfies an inf-sup condition uniformly
with respect to A1.

Proof. The proof is based on applying the argument due to Boland and Nicolaides [BN83].
Given ¢ € L*(Q), we split ¢ = qo + g, where fﬂl godx = 0 and gq. is a constant such that

Jo, adx = [o, gedr = |[lge. Thus [lql§ o, = llaollf o, + [12cl§ .o, Since g0 € L§(€21), there
exists a vo € H}(Q1) with ||voll1.0, < Cllgollo.q, such that

lgolls 0, = b(vo,qo), see [GR86, Corollary 2.4].

Hence [|q[|§ o, = b(vo, q0) + ¢2|Q1]. Now, we define a piecewise constant function f in Q with

~ e if v € Qq,
f(x) = { q‘cs|2§22‘1| if x € Qs

so that f € L3(Q2), and hence the divergence equation
V-w=f in Q (2.7)

has a solution v, € H}(Q) with |[v.|[1 < C| fllo, see [ASV88, Gal97]. Thus

&0 =b(vo,q0) + 21| = b(vo,q0) + [V Veqedz = b(vo, go) + b(ve, qc).
Q1

llq]

Since vo € H} (1), we can extend vg trivially on 2 by defining vo := vq in 1 and vo := 0 in
9, and find that vy € H}(Q). Hence b(vo, qo) = b(Vo, qo). On the other hand,

b(Vo + Ve, go + 4c) = b(¥o, q0) + b(Ve, gc) + b(Vo, ¢c) + b(ve, qo).
Noting that B(\?O, gc) =0, and l;(vc, qo) = 0, we get
lallg.0, = b(Vo + Ve, qo + ge)-

Finally, taking into account that vo € H{(2) we get ve + Vo =: v € Hj(Q) with [|v]; <
[Ive +volli < C(Ifllo + llgollo.e, ), which completes the proof. O

An immediate consequence of the previous lemma is the following theorem.

THEOREM 2.2. The problem 2.6 has a unique solution and there exists a constant C' independent
of A1 such that

[ally + [Ipllo.0, < Cllllo-



3. Mortar discretizations and a priori estimates. In this section, we briefly review
mortar finite elements and prove optimal a priori estimates for the discretization errors. Let
77 and 73 be independent shape regular triangulations on €7 and 5 with mesh-sizes bounded
by hy and hg, respectively. We define the unconstrained discrete finite element space for the
displacement X, := X3 X X3, where X := X ,‘j, X} being the conforming finite element space
of order pi, > 1 in ;. We recall that no interface condition is imposed on Xj,, and the elements
in X}, do not have to satisfy a continuity condition at the interface. The pressure space L?(Q1)
is discretized by some finite elements and will be denoted by R; C L?(€;). The efficiency
and optimality of the mortar method depends on the choice of a discrete Lagrange multiplier
space, which should satisfy assumptions stated in [Lam06, Assumptions 2—4]. Without loss of
generality, the Lagrange multiplier space is based on a “d — 1”-dimensional mesh 7p, inherited
from 73, and its basis functions are defined locally having the same support as finite element
basis functions associated with the interior nodes of the slave side.

We observe that since the normal has jumps if I has corners although u € H**1(Q;), e(u)n

is, in general, not an element in H*~'/2(T') when s > 1. Therefore, we decompose I' into a
finite number of subsets v;, 1 < ¢ < N, such that each ~; entirely lies in a “d — 1”-dimensional

hyperplane, and

N
r= U Vi
i=1

where v, Ny, = 0, and 7, U 4; does not entirely lie in a “d — 1”-dimensional hyperplane,
1 <k #1 < N. Denoting the discrete Lagrange multiplier spaces on v; by M;, 1 < i < N,
we define M; := M¢, and our global discrete Lagrange multiplier space is then given as the
product space

N
M, = HM
=1

The finite element nodes in dv; on the slave side, 1 < ¢ < N, are the crosspoints and they do
not carry any degree of freedom for the Lagrange multipliers. We assume that W* and W are
the trace spaces of X; and X5 restricted to ~y;, respectively, satisfying homogeneous boundary
conditions on 07;, and we set

N N
mo._ m S .__ S
wi =W, Wi =W
i=1 i=1

As in the continuous setting, we consider the positive-definite variational problem on the con-
strained finite element space V;, which is given by means of the discrete global Lagrange mul-
tiplier space My,

Vi = {vn € Xy | b(vi,¥p,) =0, ¥), € My}, (3.1)

where b(vp, ;) = Zf;l f%_ [Vi] ), do. We remark that the elements of the space V, satisfy a
weak continuity condition on the skeleton I' in terms of the discrete Lagrange multiplier space
M,,. However, V}, is, in general, not a subspace of H}(Q). Replacing the space V x L?(Q;) by
our discrete space Vy, X Ry, in (2.6), we obtain our discrete variational problem: find (up,pp) €
V;, x Ry, such that

(:J’(uha V) + b(vvph) = Z(V), v E Vh7
b(an, q) — 3-¢(pn ) 0, q € Ry.
5
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To establish a priori estimates for the discretization errors, we consider the saddle point for-
mulation (3.2) of the elasticity problem and apply the theory of mixed finite elements. The
continuity of the bilinear form a(-,-) on Vj, x Vi, of b(-,-) on Vj, x Ry, and of &(-,-) on Ry, x Ry,
is straightforward. Moreover, the continuity constants are independent of A\;. Furthermore, we
need the ellipticity of the bilinear form a(-,-) on V}, x Vy, and a uniform inf-sup condition for
the bilinear form l;(, Yon Vp x Rp,.

3.1. Uniform inf-sup condition and ellipticity. The following two assumptions will
be crucial to prove the inf-sup condition in the discrete setting and are supposed to hold in the
following.

ASSUMPTION 3.1.

3.1(i) For a constant q. € R, there exist functions v; € Wi, vi* € W for some i €
{1,--, N} with HVZHH%?(%.) < Olgel, thmHHéé?(%.) < Clge| so that

/ v; -ndo = q., and/ (vi —=vp')-do =0, P € M,.
Yi

Vi

3.1(ii) For any q € Ry N L3(), there exists a constant C > 0 independent of the meshsize
such that

sup bV 9) > O|lql

viREX1NHE (1) [vill1,0

0,Q -

Assumption 3.1 (i) is readily met if the triangulation is fine enough and the discrete Lagrange
multiplier space satisfies the stability assumption [Lam06, Assumption 2], and Assumption
3.1 (ii) tells that the spaces X; and Ry, should be chosen carefully so that they form a stable
pair for the Stokes problem. The following lemma provides a necessary tool to prove inf-sup
condition.

LEMMA 3.2. For a constant q. € R, there exists a vy, € Vy with ||[vi|1 < Clgc| such that
le V- vpdr = q..

Proof. Because of Assumption 3.1 (i), we can choose a function v; € W with

HVZHH})(/)Z('H) < C|qe| such that / vy -ndo = g,
Vi

and define a function v}* € W!* with ||VZL||H(1)(/)2(%_) < C|¢c| so that f%_ (vi —vi*) - pdo =

0, ® € M. Since v}, v} € Hcl,(/)2 (7:) both v; and v}* can trivially be extended to functions in

W7 and W7}, respectively, still denoted by v} and v}*. Using the discrete harmonic extension,
we obtain functions w}' € X; and wj € X5 so that W2|F = v} and W;Zl'F = v}'. Defining a
function v, € X, with Vilg, = Wp' and v, = Wj, we find that v, € V}, and from the well
known property of harmonic extension we have ||vy||1 < C|gc|. Finally, the result follows from

V-vhdm:/vi-nda:/ vy -ndo = g..
951 r Vi



THEOREM 3.3. For any qn € Ry, there exists a constant C independent of A\ and the meshsize
such that

b(vh, qn
sup bV, an) > Cllgnllo,0, -

vievy, Vel

Proof. As in the continuous case, we resort to the argument due to Boland and Nicolaides
[BN83] to prove the inf-sup condition. We take g, € Rjp and split g, = qon + gen, Where
le gon dx = 0 and ¢, is the L?-projection of g onto R such that le gn dx = le geh dx. Since
qon € Ry N L3(2), from Assumption 3.1 (ii), we get a vop, € X3 N H(Q1) with [[vor|1.0, <
Cllqon 0,0, so that HQOhHg,Ql = b(von, qon). Hence

g5 o, = b(von, don) + 2| . (3-3)

From Lemma 3.2, we get a v, € Vj, such that le V - Ven qen dx = g%, ]. Using this in (3.3),
we get

lanllf ., = b(Von, qon) + b(Ven, gen)
The rest of the proof follows exactly as in continuous setting. O

REMARK 3.4. Working with bilinear or trilinear finite elements and piecewise constant pressure
(Q1 Po) in the subdomain with the nearly incompressible material, it is well known that the uni-
form inf-sup condition does not hold, and one can observe some spurious pressure modes. Since
Assumption 3.1 (ii) does not hold, the theoretical analysis does not cover this case. However, as
analyzed in [GR8G] for a problem posed in a single domain with homogeneous Dirichlet boundary
condition, the spurious pressure modes do not substantially affect the displacement. Further-
more, through the numerical results we will show that the Q Py formulation can be successfully
used in a subdomain with nearly incompressible material.

Now we turn our attention to the ellipticity of the bilinear form a(-,-) on the space V. If
00, N ON has a non-zero measure for k = 1, 2, we can apply Korn’s and Poincare’s inequalities
to each subdomain and obtain the desired results

2 2

i(v,v) =Y an(v,v) 2CY_ |Vliq, =CIvIi, veXa

k=1 k=1

where ag(-, ) stands for the restriction of a(-,-) to the subdomain Q. Thus a(-,-) is elliptic
on X X Xp. Unfortunately, there are many interesting situations where we cannot satisfy this
assumption. However, it is sufficient to have ellipticity of a(-,-) in V; x V}, for the problem
(3.2) to be uniquely solvable. Since the bilinear form a(-,-) does not involve A; the ellipticity
can been shown exactly as in [Woh01, Bre04, HT04] uniformly with respect to A;. It is shown
in [Bre04, HT04] that the ellipticity constant is independent of the number and the size of
different subdomains of the decomposition.

REMARK 3.5. Using the Stokes equation in the subdomain €y instead of equation of elasticity
we arrive at the Stokes flow coupled with a linear elastic body. The coupled problem can be
written as: given | € L2(Q) find (an,pn) € Vi X Ry, such that

Coe(uy) : e(vy) dx +,u1/

Vuy, : Vv, dx —|—/ divvpppde = l(vy), vp € Vy
Qq

Qz Q1

/ divuay, qn dx = 0, qn € Ry,
Ql



where uy, restricted to the subdomain Qo represents the displacement, wy, restricted to the subdo-
main )y represents the velocity, and py is the kinematic viscosity for the incompressible fluid.
The mathematical analysis of mortar finite elements for the Stokes problem can be found in
[Ben00, Ben04]. The mortar finite element method for mized elasticity problems is analyzed in
[BCS03].

3.2. A priori estimates. The immediate consequence of the above discussion is the well-
posedness of the discrete problem (3.2). From the theory of saddle point problem, see, e.g.,
[BF91], we have

LEMMA 3.6. The discrete problem (3.2) has ezactly one solution (uy,pp) € Vi, X Ry, which is
uniformly stable with respect to the data f;,i =1,2, and there exists a constant C independent
of Lamé parameter \1 such that

[anlls + llpallo.0, < Cllfllo-

The convergence theory is provided by an abstract result about the approximation of saddle
point problems by nonconforming methods, see [DM87, Ben00, BCS03].

LEMMA 3.7. Assume that (u,p) and (up,pp) be the solutions of problems (2.6) and (3.2),
respectively. Then, we have the following error estimate uniform with respect to Ap:

lu—wnlls + [Ip = prllo.o,

. . a ) +6 ) _l
< c( inf fu—vali+ inf [p—agrlon, + sup 1AVR)Fb(VAP) W’”'). (3.4)
VhEVH an€Ry, viLEVL\{0} [vhll

We note that the first two terms in the right hand side of (3.4) denote the best approximation
error and the last one is the consistency error. In the following, any integral over I' is to be
understood as a duality pairing between H=2(I') and H2 (T").

LEMMA 3.8. The following identity holds for the consistency error in Lemma 3.7

7 b —1 Coe [va]d
sup 13w VR) +b(vip) — Ul _ | Jp Coe(ug)n - [vi] dor|
vhEVI\{0} Vil vhEV\{0} [[vall1

Proof.

2

a(w,vy) + b(vi,p) — l(vp) = Z A Cre(u) : e(vp)dx
k=1"%

+ / (p—MV-u)V-vyde —1(vy)
951

:/FCgs(ug)n' [vi] do,

where in the last step we have used the second equation of (2.2), and u € H}(Q). O

The a priori error estimate is obtained by combining the approximation of the saddle point
problem in our nonconforming situation with the best approximation property of Vy, R; and
My,.



THEOREM 3.9. Assume that u € ILE_ H™(Q), p € H™ (), and x := Ce(uz)n €
vale”*%(’yi) with i > %, k= 1,2. Moreover, assume that

inf ||g — qnllo0, < CAY lqllpy0, g € HP ().
qnERp

Then the following a priori error estimate holds for the discretization error

2
la = unlls + [Ip = pnllo.o, <C (Z i lulleri, + Ay ||p||t1,szl> :
k=1

where ty, = min(rk,pr), k= 1,2.

Proof. The best approximation property of V; is quite standard and can be found, e.g., in
[BMP93, BMP94]. Hence using Lemma 3.7 it is sufficient to consider the consistency error.
The definition of space Vj, the best approximation property of Mj and the trace theorem
yield for v, € My,

/ X [vn] do = / (Cae(uz)n —3py) - [vi] do
N N
N
< Z inf  [|Cae(uz)n — Py [l (er/2(y,)) 1 [Valll /2.4,

=1 REM;

N
< Ch¥ Z [C2e(u2)n 1,124

i=1

VhHl

< Chy [[ulleyr1,0.[1vall-
a

The assumption of Theorem 3.9 requires a strong assumption on the regularity of the solution
u € II7_ H"™T1(Q) with 7, > %, k = 1,2. In the following, invoking a result about the
regularity of the co-normal derivative on Lipschitz domain [Cos88], we prove an optimal estimate
under a weaker regularity assumption such that 0 < ry < % We note that we have to exclude
the case ry, = % as the result in [Cos88] does not cover this case.

THEOREM 3.10. Assume that u € II3_ H™T1(Qy), p € H™ () with 0 <1, < &, k=1,2. If

inf Hq - qh||0791 < Ch7£1|‘q|‘T1191’ qe H™ (Ql)a
gnERp

the following a priori error estimate holds for the discretization error

[u—waplls + [lp — pal

2
oo =C (Z Wil + Rt Plra0 + ho? (1] 0,92> -
k=1

Proof. As fo € (L?(22))? and u), € H™(Q2), Lemma 4.3 of [Cos88] yields x|. € H22(T)
with

1xllr—1,0 < CUallitr 0, + [ F2llo..) -
9



Let v;, € M},. Proceeding exactly as in Theorem 3.9 and using the previous result, we obtain

N
/X [vi]do < Chy? Y~ [ICae(ua)nllny—1/2,4, Va1
r i=1
< Chy? ([ulli4rs,0, + 1 f2ll0,0.) [Vl

We note that the inegral [ x-[vx] do is to be understood as a duality pairing between H™~z2(I)
and H2="2(I). O

Here we have assumed f, € (L2(Q2))? to use the result of [Cos88]. For a loading function f.,
with low regularity and for the case with some 7, = %, results similar to those of [Cos88] are
obtained in [Hu08].

REMARK 3.11. If Q) is on the slave side of the interface I, then we have to estimate the term

N
Z inf HC1€(111)11*Tybh”(Hl/z(’Yi))"

i=1 YrE€M:

where now the Lagrange multiplier spaces M; are defined on v;, 1 < i < N, with the mesh

inherited from Ty. In this case, assuming ro,11 > %, we can use the second equation of (2.2)

to obtain
N
/X-[Vh] do <Y inf [|Cie(ui)n — ¥yl ez VAl 2.0,
r i=1 YreMy
N
=2 i Cae(ua)n =y gz a2,
;lbhEMi RIL(H/2 (7:)) 1/2,~
N

< CREY lICas(ua)nllg, —1/24, IVala

i=1

< Chy ulley 1,00 [1vall-

4. Numerical results. In this section, we investigate the computational performance of
our approach through some numerical examples. In particular, we compare the results from the
standard approach and mortar approach for different test examples. In the following, Q; or Qo
denotes that standard bilinear or quadratic serendipity elements are used in the whole domain
Q, whereas Q;-Q;Po, Qu-QyPp or Qy-QyP1 denotes that Q;Pg, QyPo or QyP; formulation is
used in subdomains with a nearly incompressible material (v — 0.5) in combination with the
standard Q; or Q, formulation in subdomains with smaller . We note that the mathematical
theory presented in the previous sections do not cover the case of Q;Pq discretizations as these
discretizations do not satisfy a local inf-sup condition.

In all our examples, we work with non-matching triangulations and employ dual Lagrange
multiplier spaces introduced in [Woh01] to realize the weak matching condition. Construction of
dual Lagrange multiplier spaces for higher order finite elements can be found in [Lam06]. For the
pressure space, piecewise constant pressure is used for Q,Po and Q,Pq, whereas discontinuous
linear pressure is used for Q,P; case. Furthermore, we do not specify the measurement units,
and they should be understood with proper scaling.
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Example 1: Cook’s membrane problem. In this example, we consider a structure
occupying a region 2 := conv {(0,0), (48, 44), (48, 60), (0,44)}, where conv ¢ is the convex hull
of the set £&. The left boundary of € is fixed and an in-plane shearing load of 100N is applied
along the positive y-direction on the right boundary. Here, the domain {2 is decomposed into
two subdomains 7 and 5 with

Qs := conv{(12,20.25), (36, 38.75), (36,50.25), (12, 38.75)},

and Q; = Q\Qg. The decomposition of domain §2 and the initial triangulation are given in
Figure 4.1. The material parameters are taken to be F; = 250, Fs = 80, 1 = 0.49999, and

4

7

Fig. 4.1: Cook’s membrane decomposed into two subdomains

vy = 0.35 to get a nearly incompressible response in ;. We recall that Lamé parameters A
and p are related to Young’s modulus E and Poisson ratio v by

FEv and 1 — E
A+ —2v) M HT o010y

and note that A\ — oo corresponds to v — 0.5. In Figure 4.2, we have shown the absolute
error in the vertical tip displacement of the membrane at point 7. We have used a reference
solution in a fine mesh computed by using Q,P; formulation in the whole domain 2 to obtain
the error. We see that uniform convergence is obtained if we work with Q;-Q;Po, Q,-QsPo,
Q,-QsP1 or Q,, see Figure 4.2. In this problem, we see that Q;-Q;Po and Q, elements work
as good as Qy-Q,Pg and Qy-Q,P1. To show the influence of the choice of the master and the
slave side, we have given the plot of the absolute error in the vertical tip displacement at the
top right corner of the membrane in the left and right pictures of Figure 4.2 for different choices
of master and slave sides. Comparing both of these pictures, we can see that there is not any
essential difference between choosing 21 or 25 as the slave side. However, since the Lagrange
multiplier space M}, is based on a coarser mesh if {25 is on the slave side, we see some influence
in the first step.

In a next step, we investigate the situation with the nearly incompressible material in 25 so
that the material parameters are E; = 80, Fy = 250, v1 = 0.35, and v, = 0.49999. As before
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Fig. 4.2: Absolute error in the vertical tip displacement at the top right corner versus number of
elements (2; master, Qs slave) (left) and (Q2 master, ; slave) (right), Q1 nearly incompressible,
Example 1

we also want to see the influence of the choice of the master and the slave side. The vertical tip
displacement at the top right corner of the membrane for different levels of refinement are shown
in the left and the right pictures of Figure 4.3 for different choices of master and slave sides. The
standard approach in both subdomains leads to locking, whereas we obtain a good convergence
behavior if a mixed formulation is used in Q5. As before, we do not see any influence of the
choice of the master and slave side when we refine the mesh.

14
10

12

10

2 3 4 2 4

10 10 10 10 10 10

Fig. 4.3: Absolute error in the vertical tip displacement at the top right corner versus number of
elements (2; master, Qy slave) (left), and (Q2 master, ; slave) (right), Example 1, {22 nearly
incompressible

Example 2: Comparison of errors in the L?- and H'-norms. In this example, a two-
dimensional region Q := (—1,1) x (—1,1) is decomposed into four non-overlapping subdomains
defined by Q; := (-1,0) x (-=1,0), Q2 := (0,1) x (—=1,0), Q3 := (—=1,0) x (0,1) and Q4 :=
(0,1) x (0,1). The problem for this example is taken from [Bre93] with a slight modification
to enforce that the jump of the flux across the interface I' is zero. Here, the exact solution
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u = (uy,uz) is

sin(27y) (=14 cos(27wx)) (2+2v) (1+v)(1-2v)

ur(z,y) == 7 Jrzysin(ﬂx)sin(ﬂy)1_V_2V2+EV,
in (2 1-— 2 242 1 1-2
ws(r,y) = TETDL BTN ELII |y ()i () 20

where v = 0.3, F = 25 in Q; and 4, and v = 0.49999, E = 250 in 5 and 23 so that a nearly
incompressible response is obtained in {29 and 3. In this example, the right hand side and the
Dirichlet boundary conditions are computed by using the exact solution. We have given the
decomposition of the domain and the initial triangulation in the left picture of Figure 4.4, and
the error plot versus number of degrees of freedom for different levels of refinement for the L2
and H'-norms are given in the middle and the right pictures, respectively. From Figure 4.4,
we can see that the optimality can be obtained by using QP and Q,Pi-approaches for the
nearly incompressible material, whereas the standard Q;-approach locks. Furthermore, we can
observe the sub-optimal behavior for Q,P¢ and Q,-discretizations.

0 0

10" g 10° B
\ <
X 10" N
10 gl -9 s
-2 -
-=Q,7Q;Py -=-Q1-Q,P,
Q,-Q.P 2 2-Q,P,
== 107 —%-Q2-Q,P,
—— QP ——Q2-Q)P,
w0 7T -0o(h?) ---0(h)
---o(h’) - --o(h)
10° 10° 10* 10° 10° 10*

Fig. 4.4: Decomposition of the domain and initial triangulation (left), error plot versus number
degrees of freedom in L2-norm (middle) and error plot versus number of degrees of freedom in
H'-norm (right), Example 2

Example 3: Three-dimensional I-beam. In this numerical test, we consider the cou-
pling of compressible and nearly incompressible elasticity in three-dimensional elasticity. The
computational domain €2, which is an I-beam, is decomposed into three subdomains €21, €5
and Qs with € := (0,50) x (0,10) x (0,2), Q9 := (0,50) x (3,7) x (2,11) and Q3 := (0,50) x
(0,10) x (11,13). We impose zero Dirichlet boundary condition on I'p, where I'p is a part of
the boundary of Q2 with z = 0 and x = 50 so that the left and the right sides of each subdomain
are fixed. And a constant vertical force is applied on a small part of the top boundary (z = 13)
so that o(u)n = gy on I'y with Ty := 9Q\I'p. The function gy = (g1, 92,93) on I'y is given
as g1 = g2 = 0, and

—20.35 if22<x<28andz=13
gs = . .
0 otherwise

The material parameters are E; = 250, v; = 0.3, E5 = 300, vo = 0.4, and F3 = 350, v3 =
0.49999. We have shown the setting of the problem in the left picture of Figure 4.5, and the
resulting deformation of the structure is shown in the right.

In Figure 4.6, we have shown the error in the vertical displacement along the line y = 0,2z = 13
versus z-coordinates. The error is obtained by using a reference solution computed in a fine
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Fig. 4.5: Left: I-beam decomposed into three subdomains, Right: the distorted mesh

mesh with Q,P; formulation in the whole domain Q. As can be seen from this figure, the
standard approaches show performance worse than a coupled approach due to the locking
effect. In the case of coupled approach, the mixed formulation is used only in subdomain (3.
The vertical displacements from Q,, Qy-QoP1 and Qy-QyPg-approaches are computed by using
a one-level coarser mesh than those from Q,-approach. We can see that numerical solutions
from the coupled approach with Q,P¢ and Q,P; discretizations are almost the same.

0 10 20 30 40 50

Fig. 4.6: Absolute error in the vertical displacement on the line y = 0,z = 13 versus a-
coordinates
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