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Abstract

In this paper, we introduce, analyze and test first and second order stabilized
discontinuous two-field mortar formulations for linearized elasticity problems, follow-
ing the stabilization technique of Brezzi and Marini [BM00] introduced in the scalar
elliptic case for a three-field formulation. All the fundamental assumptions arising
in mortar formulations are proved for our discretization procedure. We also detail
practical issues and present numerical tests to illustrate the analysis.

1 Introduction

In this paper, we introduce, analyze and test a non-conforming formulation using
stabilized discontinuous mortar elements to find the vector solution u of linearized
elasticity problems such as:

—div(E:e(u))=f, QcCR?(d=2,3)
u = 07 PD, (1)
(E:e(u)-n=g, TIn,

where the linearized strain tensor is classically given by:

(Vu+ V'),

N =

e(u) =

and the fourth order elasticity tensor E is assumed to be elliptic over the set of
symmetric matrices:

Ja>0,VEeR™ ¢t=¢ (B:&):6>af:C
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The analysis is also extended to the elastodynamics problem:

0%u .
pTY (B e(w) = f, [0.7)x 0,
UZO, [O,T]XFD,
(E:e(uw) -n=g, [0,T]xTy, (2)
u=1up, {0}xQ,
0 )
8—;‘ =g, {0} xQ,

and we consider this analysis as a theoretical background for using discontinuous
mortar elements in nonlinear elastodynamics.

Mortar methods have been introduced for the first time in [BMP93, BMP94] as
a weak coupling between subdomains with nonconforming meshes, or between sub-
problems solved with different approximation methods. The main purpose was to
overcome the very sub-optimal “v/h” error estimate obtained with pointwise match-
ing. The analysis of this method as a mixed formulation was first made in [Bel99].

Nevertheless, in spite of the optimal error convergence obtained with the original
mortar elements, some numerical difficulties appear. First, the original space of La-
grange multipliers ensuring the weak coupling is rather difficult to build in 3D on the
boundary of the interfaces when more than two subdomains have a common intersec-
tion (see [BM97, BD98]). Moreover, the original constrained space has a non-local
basis on the non-conforming artificial interfaces, which may lead to small spurious
oscillations of the approximate solution.

To overcome the first difficulty, one idea is given in [Ses98] when displacements
are at least approximated by second order polynomials. The introduced Lagrange
multipliers have a lower order, still enabling optimal error estimates, and no special
treatment is needed on the boundary of the interfaces. To overcome the second diffi-
culty, dual mortar spaces are proposed in [Woh00, Woh01], enabling the localization
of the mortar kinematical constraint. In order to benefit from the advantages of these
two approaches, we propose to introduce stabilized low order discontinuous mortar
elements. This idea has already been introduced for a first order three-field mortar
formulation in [BMO00], and we exploit it herein in the two-field framework for first and
second order elements when dealing with elastostatics and elastodynamics problems.

In a previous paper (Part I: abstract framework), we have proved that under gen-
eral assumptions, not only the mortar formulation is well-posed and achieves optimal
accuracy in the elastostatics framework (cf. [WohO1]), but such a result also holds
in the elastodynamics framework. Moreover, the quality of the approximation was
proved not to be affected by the number and the size of the subdomains.

In section 2, the fundamental assumptions and results arising in mortar element
methods to approximate the solution of the elastostatics (1) and elastodynamics (2)
problems are recalled. We propose in section 3 the analysis of stabilized discontinuous
mortar elements, proving the satisfaction of the fundamental assumptions. In section
4, some practical issues are pointed out: the choice of an appropriate penalization
term, and the exact integration of the constraint. We present numerical tests in sec-
tion 5 to confirm the previous analysis.



2 Nonconforming setting

2.1 Position of the problem

Let Q ¢ R? (d = 2,3), be an open set partitioned into K subsets (Q)1<k<r. We
denote by v = Qi NQ; the interface between €, and €2, and the skeleton of the inter-
nal interfaces is denoted by S = (J,. ;~; Y. Concerning the coefficients of the fourth
order elasticity tensor E, we assume that the stress tensor is symmetric whatever the
deformation is in the material, namely for almost all x € Q:

Ve e R ¢t = ¢ B(z) : £ is a symmetric matrix.

o
Q, Y, Q,
Vi3 Vs
Q 3

Figure 1: A decomposition of {2 into subdomains.

We introduce the following spaces:
Hi(ﬂ) = {1} € Hl(Q)dﬂ vlr, = 0},
Hi(ﬂk) = {U € Hl(Qk)dv U|FDﬁaﬂk =0},
K
X ={vel?()? w=u1lo, € HI(Q),Vk} = [ H} (%),
k=0

X being endowed with the H' broken norm:

K
lvllx = <Z ||U||12r{1(ﬂk)d>
k=0

Here, in order to be scale independent when dealing with a large number of subdo-
mains, we use a scale invariant definition of the H! norm:

1
[0l (2 = WHU”%?(Qk)d + Vol 22, yaxas

1
2



Ly, being a characteristic length of €, for instance its diameter.
Within a given translation handling non-homogeneous boundary conditions, the elas-
tostatic problem looks for u € H! () such that:

a(u,v) =1l(v), Yve HX), (3)

where the continuous coercive bilinear form a is defined by:

a(u,v) = /Q (E:e(u)):e(v), VYu,ve HXQ),

and the continuous linear form [ by:
Z(U):/f-v+/ g-v, Yve HNQ).
Q Tn

This problem is classically well-posed by Lax-Milgram lemma, the Korn’s inequal-
ity (see [DL72]) ensuring the coercivity of the bilinear form a over H!(Q2) x H(Q).
Similarly, the problem in elastodynamics looks for:

u € C%(0,T; Hy () NCH(0,T; LA(Q2)7),
such that in the sense of distributions on |0, T'[:

%/qu(t)-v+a(U(t),v):/Qf(t)-v+/mg(t)-v, Yoe HYQ).  (4)

2.2 Discretization

We introduce here a non-conforming discretization of the problem (3) using mortar
elements to be further defined later on.

2.2.1 The mesh

As in Part I, for each 1 < k < K, we consider a family of shape regular affine meshes
(T;hy )i >0 on the subdomain Q. This means that each element T is the image of a
reference element 7' by an affine mapping Jr. For each T' € 7y, , we will denote its

diameter:
h(T) = diam(T),
and the local mesh size by:
hy = sup h(T).
TE€Ty;n,
Then, a nonconforming family of meshes (73,)n>0 over 2 is obtained by:
K

Tn=J Temy, h= max hy.
Pt 1<k<K

The skeleton S = | ki>1 Ykl 1S partitioned into M interfaces (I'y,)1<m<ar, and can then
be decomposed as S £U1<m<M I',.. Moreover, we assume that for each 1 < m < M,

4



there exists at least one domain €, with k& > 1 such that I',,, C 99, and denote
k(m) := k the name of one of these subdomains, taken once for all for each interface.
This side will said to be the non-mortar (or slave) side.

For each 1 < m < M, T, inherits a family of meshes (Fy..,,)s,,>0, obtained as
the trace of the volumic mesh (7 ();n, (m))hk(nz)>0 of the slave subdomain over I',.
We have denoted by:

O0m = sup h(F).
FeFm:sm

We also denote by O the size of the mesh on the mortar side:

Om = sup diam(T NTy,).
Teﬁ;hl,l#k(m)

Then, a family of interface meshes (F5)s~o can be defined over S by:

M
Fs=J Fmon, 0= max 4.
L 1<m<M
e

For each F' € Fy5,,, we denote by T(F) € Tym) the unique element T €
Tk(m);hk(m) such that TNS = F.

Moreover, we recall that we have assumed in Part I that:

shis(m)

Assumption 1. F' € Fs is always an entire face of T(F') € Ty,.

In other words, the construction of the interfaces (I';,)1<m<n respects the mesh of
the slave sides.

Remark 1. For simplicity, the mesh is assumed to be affine but the following re-
sults are still valid for reqular quasi-uniform quadrangular meshes, at least in 2D (see
[GR86]). In fact, the only assumptions to satisfy are the following standard inequali-
ties:

|ﬁ)|Hm(f<) <C diam(K)mmeas(K)—%|w|Hm(K),

|w|gm iy < C diam(K)*mmeas(K)%|@D|Hm(f<),

between the semi-norms of the function w defined on a mesh-element K and its trans-
formation W defined on the corresponding reference element K.

Remark 2. In the following sections, C will stand for various constants independent
of the discretization.

2.2.2 Interface mesh-dependent spaces

As in Part I, we also use mesh-dependent trace spaces, endowed with useful mesh-
dependent norms already introduced and used in [AT95, Woh99]. For each 1 < m <
M, they are defined by:

1

h(F) ||¢||%2(F)d < +OO}’

H§/2(Fm) — {¢ S Lz(rm)da ||¢||§,%'m = Z

FeFmsm



Hy (C) = {0 € L) B s = D hF)IAF2pya < +00},
FeFmsm,

endowed respectively with the norms || - [|51 ,, and || - |5 _1 ,,,- The product spaces
Ws = HszlHé/z(I‘m) and M5 = Hszngl/z(I‘m), are then respectively endowed

with the norms:
M 1/2
Ill5, = (Z |¢||§7;,m) ,

m=1

M 1/2
Als_s = (z unz,_;m) |

m=1

2.3 Approximate problem

2.3.1 Nonconforming formulation

Let us define the discrete subspaces of degree ¢ inside each subdomain :
Xisne = {p € HE (%) NCO(QU)L plr € Py(T), VT € Tigny, } ® Bisny,

with P, = [P,]¢ or [Q,]¢. We have denoted by P, (resp. Q,) the space of polynomials
of total (resp. partial) degree ¢. The local space B, of interface bubble stabilization
will be constructed later on. The corresponding product space is denoted by:

K
Xn =[] Xk, € X.
k=0

We introduce the following trace spaces on the non-mortar side:
d
Wm;ém - {p|Fmap S Xk(m);hk(m>}7 ng;gm - m;0m N H(:)L (Fm) 5

and the corresponding product space W[? = Hi\r/l[:l WSL; 5,, endowed with the mesh-
dependent norm || - |[5 1.

In order to formulate the weak continuity constraint, the following spaces of dis-
continuous Lagrange multipliers are defined:

M5, = {pe LQ(Fm)da plF € Py-1(F),YF € Fms,, b (5)

as well as the product space Ms = H%:l My,.s,,, endowed with the mesh-dependent

norm || - [|5 _1 and M = H%I:l L?(T,,)?%. The following continuous bilinear form is
then classically introduced:

b: XxM —R
M
(v, ) Hb(v,A):Z/ [0l A,
Cm

m=1



with [v];, = Vg(m) — v denoting the jump on 7j(my C I'y. Then, the constrained
space of discrete unknowns can be defined as in Part I by:

Vh = {uh S Xh,b(uh,)\h) = 0, V)\h S Mg}.

In order to formulate the non-conforming approximate problem, it is standard to
consider the broken elliptic form:

a: XxX —R

K
(u,v) — a(u,v) = Zak(uk, VE),
k=1

with:

ap(uk, vg) = /Q (E : e(ug)) : e(vg).

We are then interested in finding (up, Ap) € X X My, such that:
&(uh,vh) + b(’Uh, /\h) = l(vh), Yon € Xy, (6)
b(uh, uh) =0, V/Jh € Ms.

In other words, we solve our variational problem on the product space X under the
kinematic continuity constraint b(-,-) = 0, with a corresponding formulation for the
elastodynamics case (see Part I, equation 34).

2.3.2 Fundamental assumptions

The analysis of Part I was relying on the following fundamental assumption, concerning
the compatibility of X, and Ms:

Assumption 2. For each interface 1 < m < M, there exists an operator:
1/2
Tm * Hé/ (Fm) - W'I?L;éma

such that for all v € ]H[(ls/2 (T):

/(Wmv)-u:/ v-p, o Vi€ Mps,,,

m m

with:

||7vam||67%,m < Cm”v”é,%,m'

This assumption means that the projection perpendicular to the multiplier space onto
the trace space WSL; 5, with zero extension is continuous. This assumption must be
checked for each choice of discretization. Its major consequence lies in the fact that
the weak-continuity constraint is onto, as shown in Part I.

Under assumptions 1 and 2 and additional hypothesis mainly dealing with the geom-
etry of the partition, it can be shown (Part I) that:



e the discrete problem (6) is well-posed,

e the solution (up,An) € Xp x Ms of (6) is an optimal approximation of the
displacements u € H}(£2) solution of (6), and of their fluxes (A = Vu-n) through
the artificial interfaces,

e the discrete solution in displacements u,’; € Vi, and velocities uz eV, 0<n<

T/ At of:
o h o h h h
Upt1 — Uy L Up + Up11 Ln (Uh) + L7L+1(Uh)
—_— _— = , Yup € Vy,
/QP Al Uh +a < 5 Uh) 5 Up € Vh
up oy —u, _ gy + Uy
At 2 ’

(7)
is an optimal approximation in space and time of the solution of (2), where
we have introduced the virtual work of the applied forces at the discrete time

t, = nAt:
Ly(vp) = / f(tn) - v +/ g(tn) -vn, Yup € Vi,
Q I'n

e such properties are not affected by the number K and the size of the subdomains.

3 Analysis of discontinuous mortar spaces

In this section, the fundamental assumption 2 on mortar spaces is checked for partic-
ular discrete spaces with discontinuous Lagrange multipliers, when a suitable stabi-
lization on the interface is added. Let us mention (see Part I) that this assumption is
equivalent to the following interface inf-sup conditions for 1 <m < M:

/ Hm (bm
inf sup m > B, (8)
N g o T ls - golomlogm =0

In subsection 3.1, we show that a P; /Py approximation with interface bubble stabi-
lization on wp, is compatible for u/), i.e satisfies assumption 2. This idea has been
introduced in [BM00] for the so-called three-field formulation. In subsection 3.3, we
propose a numerical procedure to check the compatibility condition (8). In subsection
3.4, we show a useful lemma enabling to check only a local inf-sup condition on the
interface in the way of [BN83, Ste84, Ste90] for divergence free problems. We use
it in the subsection 3.5 to prove (8) for a stabilized Py or Qq/P; — discontinuous
formulation.

3.1 Stabilized first order elements

Here, we assume that A\ is approximated by piecewise constants (¢ = 1), and u by
continuous piecewise linear functions with bubbles on the interface S (see figure 2).
For each mesh element F' € Fs on the interface S, an interface bubble can be defined



on T(F) in the way followed by [BMO00]. If T'(F) is a triangle or a tetrahedron whose
vertices are denoted by (a;); with the associated barycentric coordinates (););, an
interface bubble br can be defined as:

br =[] M

a; €S

8,

S a,

Figure 2: Bubble function As\3 on the interface S, in a triangle T'. (Bidimensional prob-
lems)

When considering a square or cubic reference element Q =[-1, l}d, we can also define
the face bubble associated with the face ' = [—1,1]97! x {—1}
e for d =3 by:

1 N PPN
bp = 5(1 — (1 —22)(1 — x3), Vi = (&1, &9,23) € [-1,1]%,
e for d =2 by:
1 2 N PN 2
by = g(l—xl)(l—xg), Vi = (&1,32) € [-1,1]°.
Proposition 1. With ¢ = 1 and a bubble stabilization on the interface, the assump-
tion 2 is always satisfied with a stability constant independent of the discretization,

whatever the relative configuration of the meshes on the interface S.

Proof : Let I,, be an approximation operator from Hﬁ/ 2(I‘m) to WSM 5, » to be detailed

later. For all v € H};/ %(T,), we define with constants yp to be computed later:

T = Iv + Z 'yFbF|F.
FeFm:sm



Because Lagrange multipliers are piecewise constant, we must have for all F' € F,,,.5,.:

[ o= [ o
F F

O )
T

By a classical change of variable on the reference element F:

/FbF:%zgg/Fi):Cmeas(F),

which imposes:

and then by Cauchy-Schwartz inequality:

| | ||U - I”nUHLz(F)
= eas(F)1/2

Thus, we obtain the following estimate:

1
||7Tkv||§,%,m: Z Wﬂﬂkvﬂiz(m

FeFmsm,
1 9 1 9 ||bF||2L2(F)
<ol > mﬂfmvﬂp(m + ) W”U_IMUHLQ(F)W
FEFms,m FeFm:sm
1 2 1 2
<C Z mHImUHB(F) + Z 7(F) [v = ImvllZ2(m)
FeFm:sm FeFmsm,
1 2 1 2
<C Z mHImUHB(F) + Z m”””m(zw)
FEFmsm FeFm:sm

By chosing the approximation operator I, as the projection from Hé/ 2(I‘m) to Wﬂol; 5
for the inner product:

1
D

Fefmﬂsm,

which ensures that we have:

1 1
> mHImUH%z(F) < > m”“”%z(ma
FeFmsm FeFm:sm
we conclude:
1m0l5 3 < Cll54 s
which ends the proof. |
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3.2 A counter example

We show here that the assumption 2 can be easily violated when a bubble stabilization
is not introduced. For example, let us consider an interface S whose non-mortar side
is represented on figure 3, and equipped with a uniform square mesh. The diameter
of the squares is denoted by .

We adopt the classical Q; x Py discretization:

Ms = {p e L*(S)*, plr € Po(F)*,VF € Fs},
WY ={pe H}(S)'NCS)", plr € Q(F)*VF € Fs}.

If A} € M;s is taken as a checkaboard (as shown on figure 3), that is:
Ni|lp = +a, a€R%

depending of F' € F; in the way indicated by figure 3, then we have by point symmetry
of each shape function around each node:

/(;5;1-)\};:0, Ve, € WY.
S

As a consequence, the inf-sup condition (8) cannot be satisfied.

+1 -1
-1 +1 -1
+1 -1 +1
-1 +1

Figure 3: Uniform square mesh of the interface S between two subdomains.

Remark 3. The standard assumption 2 ensures the well-posedness of the approximate
problem (6) whatever the relative configuration of the mortar and non-mortar meshes.
In particular, it is always strictly stronger than the strictly sufficient inf-sup condition:

. b(un, An)
inf sup @ @——
M EMs\{0} uy, ex\ {0} 1 Anlls,— 2 llunllx

> p, (9)

except in the conforming case, where it is equivalent. The instability shown on fig-
ure 8 entails that (6) is not well-posed for conforming meshes on the interface, but

11



the problem (6) could be well-posed for strictly non-conforming interfaces. Indeed,
in the inf-sup condition (9), the displacement over the interface enters through its
Jjump whereas it only enters in the assumption 2 through its value on the non-mortar
side. Obviously, the space of jumps over the interface can be considerably richer than
the space of the displacements on the mon-mortar side if the interface is really non-
conforming. This enrichment coming from the non-conformity can make the inf-sup
condition (9) satisfied, but in such cases, there will be no robustness with respect to
the relative position of the interfaces.

3.3 Numerical validation

We propose here a numerical test to check if the inf-sup condition (8) is satisfied
for a given discretization by mesh-refinement. This test is a simple variant of a test
introduced by [BCI00]. For 1 < m < M, let us denote by:

B = min max m
T N €M, \{0} 6 €WO, o \{0} ||

[[Am| ’
5, L mliAm 5,7%7#1

5
the discrete inf-sup constant. Then, we have the following result:

Proposition 2. Under the assumption that the family of meshes (Fum:s,,)s,,>0 on the
interface T'y, is quasi-uniform, we have:

1
Bins,, = O (FAmm(Bmen)m) ,

where B, is the matriz associated to the bilinear form b on ngm;ém X Mps,, and
Amin (M) the smallest eigenvalue of the matriz M. We remark that )\mm(Bmen)l/2

is the smallest positive singular value of Byy,.

Proof : We have (.5 min Ay, with:

Am €Mz, \{0}

Am : d)m

r
Ay max m

" Gmewl {0} [[dmlls 1,

mH)‘m”&f%,m

Using matrices and vectors representing data in the chosen discrete spaces in a given
basis, we have:

(B®,,, Apy)
<M<I>(I)m7 (I)m>1/2 <MAAma Am>1/2

In particular, the matrix Mg (resp. My ) is the definite positive matrix representing
| Il5,2.m (resp. ||+ ll5_1,,) in the discrete spaces. Let us remark that B, Mg and
M, depend on h. The vector ®,, reaches the maximum if:

Ay

m

= max
P

<B\I/m; Am> — S <M<I>q>m; \I/m> = Oa V\I/ma

12



with (Mg®,,, ®,,,) = 1. As a consequence:

,, = M, 'B'An
(BM;'BtA,,, A, )

and:

(BMz'BtA,, A,)°
<MAAm7 Am>1/2
1 1 (BB!A,,, Ap)'?

m

< A (Mg )72 Xim (M5 )12 <Am7Am>1/2 VAp,.
The last result is a consequence of the inequality:
Amin(M) (A, A) < (MA, A) < Aoz (M) (A, A) -
Hence we get:
Bris, = in Ay, < C——Amin(BnB! )2,

m -
A €Mpm.s,, \{0} ot

using the result from lemma 1, because the interface mesh is quasi-uniform.

Conversely, proceeding as previously, we deduce that:

(BM;'BIA,,, A, )

<MAAm7 Am> 1/2
1 1 (BBtA,,, An)/?
Amaz (Ma) /2 Apae (MA)V2 (7 A )Y

Ay, =

m

v

C

yielding:

1
6;n;5m > C(Sd*l )‘min(Bmen)lmv
m
using lemma 1 on a quasi-uniform mesh. Hence the proof. U

In the previous proof, we have used the following lemma:

Lemma 1. We assume that Fp.s,, s a family of uniform meshes. For all ¢, €
Winss.,» the following inequalities hold:

05,'";1;2 <(I>m, (I>m> < <M<I>(I)m7 (I)m> < 05;1,:2 <(I>m’ (I)m> ’

where By, is the vector of the nodal degrees of freedom of ¢, in Winss,,, and (Mae®p,, Brp) =
||¢m||§ 1. Moreover, for all A, € My, , we have also:
3

mJ

13



where Ay, is the vector of the degrees of freedom of Ay, in M5, , and (MaAp, Ap) =

2y

mJ

The proof of this lemma can be found in [EG02] for the L? norm and the adaptation
to the weighted L? norms is straightforward. As an illustration, we check numerically
the satisfaction of the inf-sup condition (8) with piecewise constant A\, € Ms and
piecewise linear ¢, € W) with bubble stabilization. It is done on the same square
interface S used in the previous subsection (counter example). On figure 4, we present

1
the quantity ﬁ)\mm(BBt)l/ 2 as a function of §. In particular, it remains greater than

a positive constant as ¢ goes to 0, proving (8).

0.51

0.49 - 4

048 4

0.47 - 4

0.451- 4

0.44 1 1 1 1 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

1
Figure 4: Numerical computation of 5_2>\min (BBt)l/ 2 as a function of § when § — 0.

3.4 A useful lemma

It can be useful to check only a local inf-sup condition on macro-elements, in the way
of Boland-Nicolaides [BN83] or Stenberg [Ste84, Ste90] for divergence free problems.
We assume that the interface S is equipped with a family of macro-meshes (Ns)s=o
constituted of macro-elements. Each macro-element w € Nj is a subset w C Fs of
adjacent elements.

We assume that each element F' € Fs5 belong to at least one and less than L
macro-elements in N, independently of 6.

Moreover, each w = U; F; € N is assumed to be the image of a reference macroele-

ment & = U; F} by a mapping J, such that the restrictions J| g B — Fjare bounded

transformations. The set of reference macro-elements is denoted by N.

14



Figure 5: Example of a macro-element in a mesh.

Lemma 2. Let us assume that for all reference macro-element & € N, we have with

obvious notations:
[
inf

sup
AeMa(w)\{0}¢eW0(w)\{0} 161l L2 (@) Al L2 (@)

> fo. (10)

Then (8) is satisfied for all k > 1, with a stability constant B;, > C inf 3.

weN
The proof exactly follows the arguments from Stenberg [Ste84, Ste90], and we detail
it for completeness.
Proof : Thanks to a change of variable, the local assumptions (10) on reference macro-
elements can be extended on any macro-element w = J&. Indeed, for A € M;s(w) and

¢ € W(?(w):

/w)\.qsz;/)\¢ me / u>C’Zh / 4,

meas( E

by regularity of the mesh. Using its quasi-uniformity, we obtain:

/wx-a;zcad—l/w&-gs.

We have also:

o} 1. = H¢||L2 F)
1
- P30
h ) meas(E})
< 5d 2H¢”L2(d})7

and similarly: A
M5 -1 < C8MAZ2 )

Then, from (10), we get for all w € Ns:
Lo
sup =

inf
A€Ms (@O} pew; (w)NHE (w)\{0} H¢||572,w|\>\||57§7w

> CPs. (11)

15



Now, we will prove the global inf-sup condition (8). Let A € M. For all w € N, the
condition (11) proves that there exists a function ¢, € W{(w) vanishing outside w
such that:

[rouzciy.

with:
16ulls 0 < IAl5— g

o= Z G-

wENa

Let us define:

Then, because each element is in a macro-element at least and in less than L:

/A = Z/)\ 6,>C Y I,

w€eN weNs

=C Y S B My =C 30N RE) M2y

wENs FEw FeFswdF

>C ) h(E) g2y = CIIM3 s
FeFs

lol3s < D lulisn< D INE 4,

wEN wENs
< 3 S RPNy < L3 ENNBagrye = LIAE .
FeFs wdF FeFs

which proves (8). O

and:

As a consequence, local inf-sup conditions has only to be checked on reference macro-
elements to ensure a global inf-sup compatibility.

3.5 Second order stabilized interface elements

We now introduce some stabilized elements achieving second order approximation in
displacements and satisfying the local inf-sup condition (10).

3.5.1 1D macroelements

For bidimensional problems, we build on the reference interface element & = [—1;1],
the following spaces:

M;s(@) = Py(@)?,
WO@) = (Pa(@)? ® span{b}?) 1 HF (@),

16



where the interface bubble function b is an odd function over [—1,1], which satisfies:

/1 ab(z) dz # 0.
0

Then, the local inf-sup condition (10) is satisfied on a macro-element made of the
single element ©. Indeed, let A € Ms() be such that:

/¢-A:07 Vo € W().

For all 1 < i < 2, denoting by A; the ith component of A, we have \;(x) = «;z + ; for
T € w, and its integral against any second order polynomial and the bubble b vanishes,
which implies:

1
/Ai(x)u—x?)dx:%ﬁi:o = (i =0,

1
1 1
/ )\1(%)1;(33) dr = 2041'/ xi)(m) dr =0 = q; =0.
1 0

Therefore, A = 0, which proves that the local inf-sup condition (10) is satisfied.
As a bubble b, one can take:

b(z) = z(1—2?), e (12)
Obviously, b is the trace over @ x {0} of a bubble function A defined in a reference
element K C R?, whose @ x {0} is an edge.
In the case where K = T is a reference triangle, if A = (—1,0), B = (1,0) and
C = (—1,2) are its vertices, the interface bubble function h can be defined as:

Y\ ; 2x+y> -

. 1—-=1)b , V(x,y) eT\(—1,2),

W (B (3). vewmeti(1
07 (may) = (_172)

Such a function A is represented on figure 6.

In the case where K = @ is a reference square, if A = (—1,0), B = (1,0), C = (1,2)
and D = (—1,2) are its corners, the interface bubble function h can be defined as:

hay) = (1-5)b(@), ¥y €Q.

Such a function A is represented on figure 7.

3.5.2 2D quadrangular interface macroelement

For tridimensional problems, we introduce the following second order 2D quadrilateral

interface element. Let @ = ) = [—1, 1] be a reference quadrilateral, on which we build
the following spaces:

P )
WP(w) = (Qz(Q)B @ span{br, 52}3) N Hg(w)3,
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Figure 6: A reference triangle T and a corresponding interface bubble function h on the
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Figure 7: A reference square @ and a corresponding interface bubble function A on the

where the bubble functions are defined as follows:

b(r1,22) = w(1 = 23)(1 — af), 1#F, (13)
the (zx)k=12 being the euclidian coordinates in R?. An illustration of such bubble
functions defined on the reference square is shown on figure 8.
The corresponding element satisfjes the local inf-sup condition (10) on a macro-
element made of the single element (). Indeed, let A € Ms(@) be such that:

/¢-A:07 Vo € W(&)

polynomial and bubble vanishes, which implies:

For all 1 < ¢ < 3, denoting by A; the ith component of A, we have \;(z1,22) =
a;x1 + PBize + v, for (xz1,z2) € @, and its integral against any second partial order

[ Mzy,20)(1 —2)(1 —a3)drydeg = —v =0 = ~; =0,
Q
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Figure 8: A bubble function defined by (13) on the reference square Q

16
/ My, x0)xr (1 — 22)(1 — 22) day day = B = 0 = a;=0,
Q
5 5 16
. /\(331,33‘2)$2(1—Il)(l—xg)dxl dry = E@:O — BZZO,
Q

that is A = 0, which proves that the local inf-sup condition (10) is satisfied.

As previously, the interface bubble functions (f)k)kzl,g are the restrictions to Q x{0}
of functions (Ay)g=1.2 defined on a reference cube Q = Q x [0;2] whose Q x {0} is a
face. More precisely, we can define for k =1, 2:

~

hk(xl,xg,xg) = (1 — %) bk(xl,xg) V(l‘l,mz) S Q,ng S [0,2].

3.5.3 2D triangular interface macroelement

For tridimensional problems, we introduce the following second order 2D triangular
interface element. Let @ = T be a triangular element whose vertices are A = (1,0),
B =(0,1) and C = (0,0). We introduce the following spaces:

Ms(@) = Py(T)?,
W) = ( S(T) & span{él,ég,ég}B) NHY ),

where the bubble functions are defined by:

in which 5\1, A2 and A3 are the barycentric coordinates on T, respectively associated
to the vertices A, B and C. A typical example of such bubbles is given on figure 9.
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Figure 9: A bubble function on the reference interface triangle T.

The corresponding element satisfjes the local inf-sup condition (10) on a macro-
element made of the single element 7'. Indeed, let A € Ms(w) be such that:

/QS-/\:O, Yo € W().

For all 1 < ¢ < 3, denoting by A; the ith component of A, we have A\; = aid +
BiX2 + 73, and its integral against any second partial order polynomial and bubble
vanishes, which implies:

(673 0
M| g |=]0], (14)
Yi 0

with:
Mkl:fékﬁl, 1<k, 1<3.
T

To compute these coefficients, we use the following lemma (see for example [Lar95],
page 57):

Lemma 3. Let T a non-degenerated triangle in R? and M1 (z),\2(x),\3(x) the barycen-
tric coordinates of x € R? with respect to the vertices of T. Then.:

k! 1 m!
k l m — -
/Th(x) Ao (2) s (2)™ dz = 2meas(T) (k+1+m+2)

Now, let us calculate the coeflicients of the matrix M by using the previous lemma.
It is obtained that for £ = 1,2, 3:

N 1 ~oA A oA A 1 oA A
My, = /(A1—§> A%A2A3:fA?A2A3—§fA%A2A3,
T 7 7

/3 1 2! 2meas(T
2 meas(T) <ﬂ -3 X @) = _T()7 (15)
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and that for all k,1 € {1, 2,3} such that i # j:

N 1\ ~ 5~ PRI 1 PN
v = [ <)\1—§) Mg = [k — 5 [ iy
T T T

Lof2120 1 2! 2meas(T)
= 2mea8(T) <T — 5 X g) =-3x T
Then:
71 1 3 3
" m=(313],
2meas(T) 3 3 1
and the original linear system (14) is equivalent to:
1 3 3 o 0
31 3 g =1 o
33 1 i 0

The right hand side matrix is invertible, and the only solution is then a; = 3; = v; =0
for all 1 < ¢ < 3, that is A = 0, which proves that the local inf-sup condition (10) is
satisfied.

As previously, the interface bubble functions (i)k)kzl)zg are the restrictions to
T x {0} of functions (hy)z—1.23 defined on a reference tetrahedron T whose 1" x {0}
is a face. More precisely, if A1, ..., A4 are the barycentric coordinates associated to the
vertices of T, and assuming that A4 is the barycentric coordinate associated to the
node not belonging to 7' x {0}, we have for k =1,2,3:

/Alk = /\k(>\k - %)/\l/\m(l - >\4)7 {l7m} = {172’3} \ {k}

4 Some numerical issues

The practical implementation of mortar elements such as those introduced in the above
sections, faces a few technical problems outlined in this section.

4.1 Penalized formulation.

One can replace the solution of a saddle-point problem by the solution of a positive
definite one, by introducing a penalized formulation for (6). It is a very standard
solution in many academic and industrial implementations for treating kinematic con-
straints and non-homogenous essential boundary conditions. Herein, we propose a
mesh-dependent penalization term. Introducing the following L2 inner product:

C(/\,u)=/sk'u, VA, 1€ Ms,

and denoting by n > 0 a small penetration parameter, we propose to replace the
problem (6) by the symmetric positive definite one:

a(uyl,vp) + b(vp, A]) =1(vp), Vo, € Xp, 16)
b(’LI/Z, Mh) = némln C()\Z, Mh)a VMh S MtSa
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where the minimum diameter of interface surfacic elements has been denoted by:
(Smin = FI%i}% h(F)

Then, one can prove (following [EG02] for example) the convergence of the penalized
solution of the system (16) to the exact constrained solution of (6) as 7 goes to zero:

Proposition 3. We assume that the original mortar formulation (6) is well-posed
in the sense of Part I, with quasi-uniform meshes on the interfaces, and denote by
(un, A\n) € Xp X Ms its unique solution. Then, for all n > 0, there exists a unique
solution (u), \]) € Xp x My of (16), and the convergence of the penalized solution to
(un, A\n) as 7 — 0 holds in the sense that:

Jun —upllx <Cn,

An = Alls,—1 < C,

where C denotes various constants independent of the penalization coefficient n, of the
decomposition into subdomains, and the discretization.

The penalized formulation reinforces the interest in mesh-dependent formulations. We
insist on the presence in the penalty term of the minimum diameter of the surfacic in-
terface elements &,,4,, which is of crucial importance to obtain constants independent
of the discretization in convergence estimates with respect to the penalization coeffi-
cient 7, because we have ,,inc(A, \) ~ ||>\||§,,; . In spite of the practical computational
interest of such a penalized formulation, it is Tecalled that the condition number clas-
sically explodes like O(1/n), which suggests that a good compromise should be chosen
on the value of the penalization coefficient 7.

4.2 Exact integration of the constraint

From the numerical point of view, especially in 3D, the accurate calculation of the
integral fp &y, - Ap is difficult when ¢, and Ap do not live on the same side of the
interface I', and are therefore defined on completely independent meshes.

The question of approximating this integral by quadrature has been risen in [CLM97,
MRWO02]. The authors prove that any approximation of this integral by quadrature
either on the mortar or non-mortar side is not optimal, leading to a convergence in
“Vh?. This bad behavior will be illustrated in the numerical results to follow. A
dissymetric formulation in which this integral is always approximated by quadrature
is proposed.

Herein, we have decided to compute exactly such an integral because the simplest
quadrature approach does not lead to accurate simulations as illustrated on figure 13
of the next section, and have giving it up using the non-symmetric approach from
[CLM97, MRW02].

More precisely, let ¢y, a finite element displacement living on the mortar side of the
interface, and P an interface element on the same side, where ¢;, does not vanish. Let
@ an interface element of the non-mortar side having a non-empty intersection with
P, and where the finite element Lagrange multiplier A;, does not vanish. To compute
the integral meQ ®h - An, we proceed as follows:
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1. We compute the exact intersection of the convex polygons P and @ (see figure
10), for which we refer to the book of Joseph O’Rourke [O’R82] for example.
The code source in C can be downloaded on his website. It is originally written
in integer precision, but can be modified to deal with double precision, and also
to detect the complete inclusion of a polygonal into another.

2. We introduce the barycentre G of the n vertices of the intersection polygon PNQ,
and decompose it into n triangles sharing the same vertex G as illustrated on
figure 10. We denote PN Q = U}, T;.

3. For all i = 1,..,n, the integral fT, on - A\p is computed exactly by quadrature,
since ¢y, - Ap, is a polynomial over T;. The exact integration is then obtained by:

¢h'/\h=Z Oh - An,
i=17Ti

PNQ

the last term being computed thanks to lemma 3.

PNQ

Ts

Figure 10: The exact intersection of the convex polygons P and (), and its decomposition
into triangles.

Remark 4. A major practical problem concerns the case when the discretization of the
mortar and non-mortar interfaces do not geometrically match. Sometimes, in the case
of second order approximation for the displacements, an isoparametric discretization
of the interface enables perfect geometric matching and the work done by [FMWO04] en-
sures optimal properties. Nevertheless, in real life cases, such a matching often proves
to be impossible and the reformulation of the interface weak-continuity constraint on
a reqularized interface is crucial, especially when dealing with non-linear elasticity.
Indeed, stress singularity on the non-mortar interface may occur during large defor-
mations if this interface is not reqularized, and Newton’s method convergence is then
compromised. Some interesting works regarding these aspects have been published by
T. Laursen and M. Puso, and propose Gregory or Hermite patch regularization of the
interface (see [PL0O2, PL03, Pus04]). Such contributions deal also with the treatment
of contact surfaces.
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5 Numerical tests for discontinuous mortar-elements

First, we consider an homogeneous beam made with a Hooke’s material, whose a tip
is clamped on a wall, and whose the other tip is under traction by a uniform negative
pressure. All the characteristics are detailed in the table, figure 11. For comparison
purpose, both non-conforming and conforming meshes are considered, as shown on

figure 12. They are respectively made of 2926 nodes with 2240 elements and 4225
nodes with 3456 elements.

Young modulus F 5000 Pa
Poisson coefficient v 0.2
density p 1 kg/m3
traction pressure p 10000 Pa
length L 2 m
thickness [ 1m
extension under static loading 3.97 m
period of the first extensional eigenmode | 0.1125 s

Figure 11: Characteristics of the beam and first numerical estimations.
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Figure 12: Conforming (4225 nodes, 3456 elements) and non-conforming (2926 nodes,
2240 elements) meshes of a beam using first order elements.

We test the proposed first order formulation by using a QQ; approximation for the dis-
placements on both conforming and non-conforming models, enriched with an interface
bubble stabilization (defined on the finer side of the interface) for the non-conforming
model together with Py Lagrange multipliers on the finer side of the interface (non-
mortar side) as described in section 3.1 (page 8). We start by illustrating the non-
optimal results obtained when computing the mortar constraint by quadrature on the
finer side of the interface. The quadrature is exact for computing fF th - vp, when both
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wr and vy, live on the finer side of the interface. Such a computation leads to inter-
face oscillations of the displacements, as shown on figure 13. This result confirms the
work of [CLM97, MRWO02], and we will definitively use the exact integration technique
described in section 4.2.

20 isovaleurs 20 isovaleurs.

204et>
2034
2028
2022
2016
201

204et>
2034
2028
2022
2016
201
2,004
1.998

Figure 13: Interface displacements on the finer side, when using a quadrature approxima-
tion (left) and the exact integration (right) of the mortar constraint.

First, we observe the L>(2)%-norm of the error between the displacements obtained on
the conforming model and the non-conforming model on which a penalized formulation
of the mo?tar constraint i§ adppted, thaYt is ||wh,con forming —uzynon_wnformmgﬂLoo(g)d,
as a function of the penalization coefficient 1/7. The convergence process is illustrated
on figure 14. By the triangular inequality, we have:

i M
||uh,conformzng uh,non—conforming”L""(Q)d <

o . R
S”uh,conformzng uh,non—conformzng”Lm(Q)d"‘||uh,non—conformzng uh,non—conforming”L""(Q)d'

For 1/n < 109, the first term appears to be negligible, and the linear convergence is
observed. At the penalization limit, the error in displacements between the conforming
and non-conforming models is about 5.10%m in L> norm. The corresponding relative
error is about 107%. Concerning Cauchy stresses, a 4.10~* relative gap between the
conforming and non-conforming models is observed. This very good agreement is
illustrated on figure 15, where the computed distribution of o1 stresses is represented.
Finally, let us discuss the influence of the choice of the non-mortar side (defining the
multipliers either on the coarse side, or on the fine one) on the solution. The rel-
ative gap of the displacements (resp. of the o1 stresses) in L° norm between the
non-conforming solutions computed with these choices is 2.107% (resp. 8.107%). As
illustrated on figure 17, the relative gap of stresses remains concentrated on the ele-
ments sharing the interface. The relative gaps in displacements and stresses have the
same order than the relative gaps between the conforming and non-conforming solu-
tions. Therefore, the static analysis is confirmed (at least in a homogeneous model),
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———rrr——rrr| Conver gence of the penalized formulation —rrrrrm—r—rrrm

10° \ E

L infinity error on displacements
=
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T
I
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Figure 14: Error in displacements ||t con forming — U1 non-con Formin gH Leo(0)e as a function
of the penalization coefficient 1/7, with ||uh7conformmg|||Loo(9)d: 3.97m .

indicating that the choice of the non-mortar side can be done on both sides without
affecting the convergence.

The same simulations have been computed for a Qy approximation of the displace-
ments both on conforming and non-conforming models, using the interface stabiliza-
tion presented in section 3.5, and P; Lagrange multipliers. For this second order
approximation, we have kept the same number of nodes than the previous first or-
der approximation. Then, the conforming model is made with 4225 nodes and 432
elements, and the non-conforming one with 2926 nodes and 280 elements. We have
adopted the value 1/n = 10! of the penalization coefficient. Then, the relative gap
of displacements (resp. maximal stresses) in L norm between conforming and non-
conforming models is 3.10°6 (resp. 1.10’3). The distribution of o7 stresses for the
conforming and non-conforming models is represented on figure 16. Moreover, we
show on figure 17 that the influence of the choice of the non-mortar side (defining
the multipliers either on the coarse side, or on the fine one) is again rather small in
this case. Indeed, the relative gap of the o011 stresses between the solutions for the
two possible choices of the non-mortar side is always smaller than 2.1073, keeping
the same order than the gap in stresses between the conforming and non-conforming
solutions. It is worth noticing that whereas the relative gap of displacements between
the first and second order models is 2.10™% in L> norm, the maximal stress has been
increased by 10% in the second order model, due to the presence of a singularity at
the corners of the fixed tip of the beam.

Let us now consider the elastodynamics problem associated with the previous beam
model, by using the trapezoidal time discretization given by (7). For comparison
purpose, the first order conforming and non-conforming space discretizations used
above in the static case are tested. Here, the non-mortar side is the finer one. A
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Figure 15: Distribution of 017 stresses on the deformed configuration of the non-conforming
(top) and conforming (bottom) models, by using a first order approximation for the dis-
placements.
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constant traction (identical to the static case) is applied at the tip of the beam. As this
sollicitation is derived from a potential, oscillations are expected and observed. Some
snapshots of the computed dynamics are given on figure 18. In order to compare the
space non-conforming solution with the conforming one, the horizontal displacement
of the central node of the free tip of the beam is represented on figure 19 both for
non-conforming and conforming approximations when using 20, 50 and 100 time steps
per oscillation period. The proximity of the solutions confirms the theoretical result
of optimality of the space non-conforming approximation in linear elastodynamics.
Finally, an homogeneous bidimensional cylinder in plane displacements under pres-
sure is considered. It is made with a Hooke’s material and its characteristics are given
on table, figure 21. As previously, for comparison purpose, we consider both con-
forming and non-conforming meshes, respectively constituted of 1456 nodes with 1350
elements and 973 nodes with 810 elements, shown on figure 20. The displacements
are approximated by Q; polynomials, together with a bubble interface stabilization
and Py Lagrange multipliers, as presented in section 3.1 (page 8). In that case, the
non-mortar and mortar interfaces do not geometrically match. Then, to formulate
the weak-continuity constraint, the displacements of the mortar side are projected
on the non-mortar side by elementary plane projections on the non-mortar faces. Of
course, the previous analysis do not take this approximation into account. A better
approach would have been to consider a Q2 approximation for the displacements, with
an isoparametric description of the interface as recently analyzed in [FMWO04]. Never-
theless, the bold approach presented proves to provide good results in that simple case.
The distribution of maximal stresses over the deformed configuration is represented on
figure 22, both for conforming and non-conforming first order approximations. The
quality of the non-conforming approximation shows here the small influence of the
geometric non-conformity. The influence of the choice of the non-mortar side is also
studied, and the relative gap of the maximal stresses between the two possible choices
is represented on figure 23. Because of the homogeneity of the material and because
the non-conforming interface is not in a high stress region, such an influence remains
very small.

From a practical point of view in the case of discontinuous mortar elements, let us
underline that when dealing with a penalized formulation of the mortar constraint, or
the elimination of the constraint as well, the assembling of the stiffness matrix of the
problem in displacements can be done in a purely local way due to the discontinuity
of the Lagrange multipliers. Indeed, in the corresponding stiffness operator:

1 L1
BICTIB = A+

At n 5min n 5min

> BiCy'Br,
FeFs

with the natural operator notation coming from (16), the second term can be computed
element by element. Moreover, no special treatment is needed on the boundary of the
interfaces, which is a great advantage in terms of implementation. The price to pay
for these numerical advantages lies in the implementation of the proposed bubble
stabilization.
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6 Conclusion

In this two-part paper, we have extended the classical mortar analysis to the elas-
todynamics framework, have shown that the mortar method is not affected by the
number, the size and the shape of the subdomains (chosen sufficiently regular) both
in the static and dynamic cases, and have proposed a discontinuous stabilized formu-
lation in which the kinematic constraint is more local than usual. Tests have also been
performed to confirm the theoretical work.

Beyond the analysis proposed by our contribution, an extension to the geometri-
cally non-conforming framework appears to be necessary from the practical point of
view, and the interested reader can look at the early analysis proposed in [FMWO04]
or at the formulation with patch introduced in [PL02, PL03, Pus04].
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Figure 16: Distribution of o1 stresses on the deformed configuration of the non-conforming
(top) and conforming (bottom) models, by using a second order approximation for the
displacements.
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Figure 17: Relative gap of 011 stresses between the solutions computed on the non-
conforming model for the two possible choices of the non-mortar side, when using a first
order (top) and a second order (bottom) approximation for the displacements. The pic-
tures on the right column are zooms on the finer side of the interface.
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Figure 18: Snapshots of the computed dynamics of the beam by using a non-conforming

first order approximation of the displacements.
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Figure 19: Horizontal displacement of the central node of the tip of the beam as a function
of time, both for the non-conforming and conforming first order space approximation of
the beam, together with a trapezoidal approximation in time. Simulations done with 20,

50 and 100 time steps per period. The good agreement confirms the optimality of the
non-conforming space approximation.
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Figure 20: Conforming (1456 nodes, 1350 elements) and non-conforming (973 nodes, 810
elements) meshes of a cylinder in plane displacements.

Young modulus F 5000 Pa
Poisson coefficient v 0.2
internal pressure p 100 Pa
internal radius 1.0 m
interface radius 1.33 m
external radius 1.5 m
maximal displacement under loading | 0.058 m

Figure 21: Characteristics of the cylinder.
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Figure 22: Distribution of the maximal stresses in a cylinder under pressure both for
conforming and non-conforming space approximation.
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Figure 23: Relative gap of the o1 stresses between the solutions computed on the non-
conforming model for the two possible choices of the non-mortar side, when using a sta-
bilized first order approximation for the displacements and piecewise constant Lagrange
multipliers.
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