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The mortar finite element method is a special domain decomposition method, which can handle the situation
where meshes on different subdomains need not align across the interface. In this article, we will apply
the mortar element method to general variational inequalities of free boundary type, such as free seepage
flow, which may show different behaviors in different regions. We prove that if the solution of the original
variational inequality belongs to H?(D), then the mortar element solution can achieve the same order error
estimate as the conforming P; finite element solution. Application of the mortar element method to a free
surface seepage problem and an obstacle problem verifies not only its convergence property but also its great
computational efficiency. © 2007 Wiley Periodicals, Inc. Numer Methods Partial Differential Eq 24: 476-503, 2008
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. INTRODUCTION

Free boundary value problems have been an important topic in the field of computational science
because many physical and engineering problems such as fluid flow in porous media, obstacle
problems, elastic problems, and lubrication phenomena fall under this category. These problems
can usually be transformed into variational inequalities. Reference 1 provided a detailed theoret-
ical analysis about regularity of the solution and the free boundary. Meanwhile, different kinds
of numerical methods are proposed to solve general free boundary problems, see [2—7] and the
references therein. Among those methods, finite element method (FEM) is the most popular one.
Itis shownin [8,9] thatlim,,_,q ||u, —u|| = O where u;, and u are the finite element solution and the
original analytic solution, respectively. Therefore, the finite element solution can be considered as
a good approximation to the analytic solution of the variational inequality when the mesh size h
is small enough. Meanwhile, finite element method is also applied in solving application-oriented
problems of free boundary type, such as Stefan or Hele-Shaw moving boundary problems, see
[10, 11] for the error analysis.
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MORTAR ELEMENT METHOD FOR VARIATIONAL INEQUALITIES 477

In the last two decades, nonoverlapping domain decomposition (DD) finite element method
has been successfully applied to solve linear partial differential equations, see [12—14] and the
references therein. In [15, 16], we apply the nonoverlapping DD method to solve the variational
inequality where a robin boundary condition is utilized on the common boundary between those
subdomains. We show that at the continuous and discrete levels, the sequences of the approximate
solutions based on domain decomposition converge to the original or the finite element solution,
respectively.

The nonoverlapping DD methods proposed in [15, 16] assume the quasi-uniform meshes on
the whole domain. However, the actual situation is perhaps very complicated and we may have
different requirement in different parts of the domain. For example, in the subregion, which con-
tains the free boundary, we may wish to apply the finer grid so as to catch the free boundary more
precisely, while in the subdomain far away from the free boundary, the coarser grid would be a
better choice. In [17], the nonmatching grid technique has been used to solve a free seepage flow
problem so that better numerical performance has been observed than conforming methods on
uniform meshes. Therefore, nonmatching grid technique, such as mortar element method, is well
suited for our problem.

Mortar finite element method was introduced in [18, 19] in the last decade and since then it
has been used extensively to solve linear partial differential equations (PDE). See [20-25] and
the references therein. Meanwhile, it has also been applied to solve some kinds of variational
inequalities, such as unilateral contact problems or Bingham fluids, where either the inequality of
the problem is concentrated on the boundary (see [26]) or a nonlinear gradient term |Vu| appears
in the inequality (see [27]).

In this article, we shall apply mortar element method to variational inequalities of free boundary
type. The major difference between PDE and variational inequality of free boundary type is that
the solution of variational inequality is required to be nonnegative (or generally, not less than an
obstacle function) while PDE has no such restriction. Therefore, we shall enforce nonnegativity
for the function values in the domain. We will show that the mortar element method can achieve
the same order error estimate as conforming P; element.

This article is organized as follows. In Section II, the variational inequality is formulated for
general free boundary problem. The mortar finite element method is then applied to discretize the
original domain into multiple subdomains and P; mortar element solution {u,} is formulated. In
Section III, the error estimate between the mortar solution #, and the analytic solution solution u
is provided. In Section IV, the mortar element method is applied to solve a typical free seepage
problem and an obstacle problem. Comparison with conforming finite element method shows its
great computational efficiency. In Section V, conclusion of the article and some future efforts are
given.

Il. PROBLEM FORMULATION

Let us consider a general free boundary problem:
Find an open set Q C D and u(x) € H?(D) with x = (x;, x), such that

(—Au+cx)u— f(x))-ux)=0 inD,

u>0 in D,
—Au+cx)u— f(x) >0 in D, 2.1
U= g(x) onadD,

Q = {x € D|u(x) > 0},
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FIG. 1. The original free boundary problem.

where D is a bounded, polygonal 2D domain whose boundary is denoted by aD. c(x) > 0,
c(x) € C*(D), f(x) € C*(D), g(x) € C**(D), g(x) > 0ondD, and 3D is in C***. Here
C"+%(D) denotes the space of functions whose derivatives up to order m are Holder continuous
with 0 < o < 1 (Fig. 1). (2.1) also implies

—Au+c(x)u = f(x) in Q. 2.2)
Friedman [1] showed that the free boundary Problem (2.1) is equivalent to the following variational
inequality:
Findue V={u:uec H(D), u=g(x)ondD, u > 0in D}, such that
au,v—u)> f(v—u) VveV 2.3)

where

2
a(u,v) = /D |:; ag)(;) 8;)(:;) + C(x)u(x)v(x):| dx,

f) = / f&x)vx)dx.
D
With u determined in D, we can define Q2 = {(x,x,) € D : u(xy,x;) > 0}.
Lemma 2.1 [1].  Problem (2.3) has a unique solution u(x) € W*? (D) for any p < oo.

Since there is no general formula for the solution u(x) of (2.1) or (2.3), different numerical
methods have been developed for the approximate solution of (2.3). Since the major concern is
to catch the free boundary, we shall apply the mortar element method to solve (2.3). That is, the
finer grids will be constructed in the area close to the free boundary while the coarser grids will
be constructed in the area far away from the free boundary.

To this end, let us decompose the domain D into several nonoverlapping subdomains Dy,
1<k<N,
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where each subdomain D, has a regular quasi-uniform triangulation X, , ; is the maximum
of the diameters of the triangles in X, and 7 = max; <<y hi. For simplicity, we consider the
geometrical conforming situation where the common boundary between any two different sub-
domains 0 D, N3 Dy, k # [ is either empty, or a vertex, or a common interface. The set of vertices
of all triangles in Dy is denoted by N;, while N ,? denotes those inside Dy. In each subdomain Dy,
the conforming P, finite element space P, (D;) is defined

Pi(Dy) ={v:v|, € PI(r) VT e€Z,, viscontinuousatp € Ny,

v(p) =g(p)atp € NyNID}.

Since X, is both regular and quasi-uniform in D, there exists constants «; > 0 and ot > 0
such that forany T € %, % < oy where p, is the diameter of the largest inscribed circle inside
7, and Z—; > «a,. The inverse inequality holds within each D; from the above assumption.

It is obvious that the restriction of X;, on the common interface of each pair of neighboring
subdomains may not match. The mortar finite element method is characterized by introducing
Lagrange multiplier space on these common interfaces. To this end, the common interface of the
neighboring D, and D, is denoted by I'y; for D, and Iy, for D, respectively. Meanwhile, Xy,
denotes the restriction of X, on I'y;, and Xy the restriction of X, on I'y.. Nj; and Ny, denote the
set of nodes on I'y; and I';. It is obvious that ¥, and ¥, are different partitions for the common
interface. We define a function as follows:

Sk, 1) = 1 Dy and D, has a common interface

> 710 otherwise
where | < k,l < N, k # 1. Therefore, 6(k,l) = §(l, k).

The skeleton composed of the common interfaces of all neighboring subdomains in D,
S = U,](V:1 d D \d D can be decomposed as

where each interface appears twice in the above expression. For each common interface, we may
select either I'y; or 'y, as the master side (called mortar) and the other as the slave side (called
nonmortar). Then the union of either all mortar sides or all nonmortar sides will form a unique
decomposition of the skeleton S. In this article, we assume the ratio of mesh sizes between any
neighboring subdomains is uniformly bounded by a constant C > 1:

h
If8(k,1) = 1, h; < hy, then h—’ <cC. (2.4)

k

For each subdomain D;, 1 < k < N, we define M(k) = {1 <1 < N : I'y; is a mortar} and
Stk) ={1 <1 < N : T'yis anonmortar}, then [ € M (k) <= k € S(I). S will then have the
following decomposition by all nonmortar sides:

S:LNJ U T

k=1 leM (k)
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Define the unconstrained product space as follows:

N
X, =[] Pi(Do),

k=1
whose norms are defined as

N

N N
2 2 2 2 2 2
loalld, =D Mol p alty =Y loalips valley =D Ioallgp vn € Xa
k=1 k=1 k=1

It is obvious that X, is not a suitable discretization of V in (2.3) due to discontinuity across the
interface and lack of nonnegativity on the whole domain. We will follow [18, 19] to construct a
mortar element method where the jump of the function value is orthogonal to a modified function
trace space on the common interfaces and the function is continuous across the vertices of all
subdomains. To this end, let 7' denote the union of all vertices of Dy, 1 < k < N.Meanwhile, We
will also enforce nonnegativity for the function values at all active nodes, which include nodes
from the mortar sides and nodes inside all subdomains, due to the fact that the function values
on the remaining inactive nodes from the nonmortar sides can be uniquely determined from the
corresponding mortar side for each common interface based on the jump orthogonality condition.
In fact, Theorem 3.6 will show that the mortar element solution converges to u pointwisely on
S. Therefore, the nonnegative constraint will also be satisfied on the nonmortar sides when # is
small, see Remark 3.2.
The Lagrange multiplier space for the nonmortar sides is introduced as follows:

N

My=1] [T Mt

k=1 leM (k)

where

MyTw) ={veC'Ty) :v=w - W € Pi(Dy),

v|, = Py(e), e is an edge containing an end point of '}

is the modified restriction of P;(D;) on I'y.
Then the discretization space of V can be defined as

V, = {v € X, :b(v,u) =0,Yu € M, v is continuous on T,
v(P)=0,PeN orPe ] Nyl §k§N} 2.5)

leM(k)

where

N
bw.w) =) Y | [vluds

k=1 leM k) Y Tik

and [v] = v|p, — v|p,.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



MORTAR ELEMENT METHOD FOR VARIATIONAL INEQUALITIES 481

The nonconforming mortar finite element formulation for (2.3) is given as follows: Find u;, € V,
such that

a(up, vy —up) > f(vy —up) Yo, €V, (2.6)

where a(u,v) = Y1, ka [Vu - Vv + cuvldx and f(v) = [, fvdx.
The following Lemma shows the well-posedness of (2.6).

Lemma 2.2.  Problem (2.6) has a unique solution u,,.

Proof. It is straightforward that a(u, v) and f(v) are continuous on V,, which is a closed
and convex subspace of X, and a(u, v) satisfies

a(up,vp) < Mlupllvn - lvallie,  Yup, vy € Vi,

where M > 0 is a constant. Meanwhile, it can be shown similarly as in ([18], Sec.2.3) that a(-, -)
is V,-elliptic, i.e.,

2
a(vp,vp) = allully,, Yo, € Vi

Therefore, Lions—Stampacchia’s theorem (see [28]) immediately implies the existence and
uniqueness of the solution u, from (2.6). [ ]

Let /! denote the Lagrange interpolation operator of order one on 2, - The following error
estimate is given in [29]:

Jv— I,f'vHH,(Dk) < Chy ' wllgmpy, Vv € H™(Dy) (2.7)

where 0 </ <1 < m < 2. From now on, we assume C and Cy, C,, ... are generic constants
independent of the mesh size i, 1 <k < N.

The mortar projection is a basic tool for the analysis of the error estimate in [18, 19]. For each
nonmortar side, the mortar projection is given by Iy : H'(T;x) — W, (Ti),

I v(a) = v(a) and T v(b) = v(b), a,b are extremities of 'y,

/ (v —Iygv)uds =0, Y € ML), (2.8)
k

where W,(Ty) = {v e CO(Ty) : v = w|r1k, w € P(D;)} is the restriction of P, (D) on I'y.
It is shown in [18] that IT;; is L?, HO%) and H, stable: for Y = L*(Ty), HOO(F,k) or Hy (T),

IMyvlly < Cllvlly, Vv € Hy(Ti). (2.9)

In Section III, we will show that the mortar element solution u;, of (2.6) can achieve the
same error estimate as conforming P; finite element method, i.e., u — u, = O(h) where
h = maXj<g<n hk.
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lll. ERROR ESTIMATE

The following lemma is an extension of Falk’s Lemma [29] to the nonoverlapping case.

Lemma 3.1. Suppose u € V and u;, € V), be solutions to (2.3) and (2.6), respectively, and

u € H*(D), then
f —[vh]ds

lu —unll, < C (mf {||u—vh||1h+||u—vhno,,+2 >

k=1 leM(k)

N

Ju dJu
4 / (i~ vds| |+ inf o — gl + / o up)ds
kzz; aDenaD Mk Z opgnap Nk
+Z Z / [uh]ds ) . 3.
k=1 leM (k)
Proof.
|l — uhllf,h <2u— vhllf,h + 2|luy, — vhllf,h Vv, € V). (3.2)

—ellipticity of a(-, -) from Lemma 2.2 implies

2
allup —vplly, < aCup — vy, up — vp)
=a(u, — u,up —vy) +a(u — vy, uy — vy)

=a(up,uy — vy) +a,v—uy) —a(u,v) +au,vy)

+a(u —v,,u, —v,) YveV. 3.3)
From (2.3), we have
—a(u,v) < —a(u,u) — f(v—u) YvelV. 34
Similarly, (2.6) implies
a(up,up —v) < fup —vy) Yvu, € V. (3.5)

Putting (3.4) and (3.5) into (3.3), we obtain

1
lup — valli, < &{f(uh —vp) +a,v—u,) —a(,u)— f(v—u)
+au,vy) +a — vy, uy —vy)}
1 1
= a[a(u,v up) — f(v—up)] + [a(u v, —u) — fv, —u)l

1
+ &a(u — Up, U, — Vp). (3.6)

Numerical Methods for Partial Differential Equations DOI 10.1002/num
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By applying Green formula to the first pair of square brackets of (3.6), we have

N
a(u,v—uy) — f(v—uy) —Z/ Vu -V —uy)+cu(v —uy)dx —/ fv—uy)dx
= /o D

N
Z (/ —(v —uy)ds + / (—Au + cu)(v — uh)dx)
aDy any Dy

k=1
- / f—uy)dx
l ou
_Z Z / —[v—uh]ds+Z/ — (v —uy)ds
k=1 leM(k) ¥ Tik iy Y oDgnaD 9Tk

—i—/(—Au +cu — f)(v —uy)dx,
D

where stands for the outward normal derivative of # on Dy and it is obvious that - a” + ;—1"1 =0
onI’ k-

By noticing [v] = v|p, — v|p, = 0 on 'y, we have

/ ds

N

> / —(v — up)ds
daD;NID ony

k=1

laGu, v —w,) = f v —up)| < Z >

k=1 leM (k)

+ + Cllv — upllon. (3.7)

By taking care of the second pair of square brackets of (3.6) similarly, we get

/ _[vh

N

Z / —(u — vp)ds
= dDNID ony

laGu, vy — u) = f vy —w)| < Z >

k=1 leM (k)

+

+ Cllu — vpllop. (3.8)

Applying Cauchy—Schwarz inequality to the last term in (3.6) yields

1 M
—lau — vy, up — vp)| < ;”M = vpllinllin — vallin

1 M?

< S llun = wall? ), + L vall? - (3.9

\S}

Putting (3.7), (3.8), and (3.9) into (3.6), where %Huh — vy, ||ih from (3.9) will be annihilated by the
left hand side of (3.6), generates an upper bound of ||u;, — vy, ||ih. Then by putting it into (3.2) and
noticing arbitrariness of v € V and v, € V,,, we prove (3.1) immediately by taking the infimum
overv € Vand v, € V,,. [
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The right hand side of (3.1) contains three terms

Ilzcvirelgh{nu—vhu + llu — vhlloﬁzz

k=1 leM(k)

/ —[vh]ds

N

Z / —(u —v)ds
aD;NID ony

]

+

]

N
L =Cinf {Ilv — upllon +Z

k=1

du
f —(v — uy)ds
dDLNID on

and

ey Y

k=1 leM(k)

/ —[uh]ds

where /; is the approximation error, while 7, and I5 are the consistency errors. In the remainder
of this section, we will show that I; < Ch?,i = 1,2,3.

Remark 3.1. The similarity and difference between the analysis of the linear equation and our
variational inequality lie in the following facts: 1. The first term in /; corresponds to the approx-
imation error of the linear case while /; and the third term in 7, are similar to the consistency
error for the linear case; 2. The terms with L?-norm in ; and I, are generated by the nonlinear
constraint and don’t apply to the linear case. Meanwhile, the boundary terms in /; and I, have
no counterparts for the linear case where homogeneous boundary conditions are assumed for
simplicity. 3. The construction of v, € V and v € V should keep the nonnegative constraint so
that we can not apply the discrete harmonic extension operator as in the linear case. Instead, a
jump term needs to be constructed in the neighborhood of each nonmortar side.

A. Approximation Error

Firstly, let us estimate ;. Construct v, € X, as follows: for all nodes P of X;,, 1 <k < N,

u(P) PeN
_ M(P) P e U c Nk]
v (P) = 2(P) Pe 311)”“") (3.10)

(Mg l'u)(P) P € Usesw Nu

It can be seen that v, = I,f‘u holds at all the nodes of ¥;, except on the nonmortar sides where
the function values are defined as the mortar projection of those from the corresponding mortar
sides. Figure 2 shows the mortar decomposition of D where the dashed lines denote the mortar
sides. Here, I'; stands for the mortar side, while I'y; is the nonmortar side. The dotted region Sy,
denotes the union of all the triangles whose intersection with I'y; is either an edge or an interior
node. The boundary of Sy, is then composed of I'y; and §;, which is the portion inside Dy. Then
v, = I'u inany © € ¥, outside Sy.
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D

[k (mortar)

D

FIG. 2. Mortar decomposition of the domain.

It can be verified from (3.10) that v, € V,,. Therefore,

N
2 2
e = a3, = > Ml = vall§
k=1

IA

N N
(Sl = teliy + sl
k=1 k=1
N N 5
<C (Z Wil p, + > Y | iu— vy HO,SM> : 3.11)
k=1

k=1 leS(k)

The last term in (3.11) can be taken care as follows.

|| L'u — v, H(z),sk] = Z /‘(I,f'u - vh)zdx

TESK T
= Y -l [ 10
TeSy T
= Z ” I:M — Un ||3,oo,‘rﬂl"k[ ’ Clhi
TESK
= Z (h]:l) ” I]flu - Hkﬂlh””é,z,mrkl ’ C]hi
TeSK
= Cihy - | M (tfu = 1w s (3.12)

where the second inequality holds since /;'u — vy, is a linear polynomial on any element T € Sy
and I}'u — v, = 0 on 8y then max, |['u — vj| can only happen at nodes on I';, while the third
inequality holds based on the inverse inequality.
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By applying (2.9), the trace theorem [30], (2.7), and the mesh size uniformity assumption (2.4)
to the last term on the right hand side of (3.12), successively, we have

| T (2 = 1)) < G| 1 — 1/ ||§,rk,

lore
< Co(flu = tlulgp, + lu = 1'ul5y)
< Colfu—gul , + Ju =1 )
< Co(Rllull3 p, + hilluel )
< Gl (3.13)
Combination of (3.12) and (3.13) yields

| 1w — v, < Cshi (3.14)

Putting (3.14) into (3.11) yields an upper bound for the second term in /.
lu = villon < CH?, (3.15)
where C and C; stand for generic constants independent of the mesh size 4. Then the first term

in I; proceeds as below.

N
2 2 2
e —vall}, = e —vall3, + Y lu = wal}p,
k=1

N N
2 h |2 h 2
< llu —wvnllg, + Z |“ - Ik”|1,Dk + Z |Ik” - vh|1,Dk
k=1 k=1

N
< Gl + Gl ullyp + C5 Y b | 1w — v, ||§,ok’ (3.16)

k=1

where (3.15), (2.7) and the inverse inequality are applied. The last term in (3.16) can be estimated
based on (3.14) as follows.

N N
DI VT WD DU B R 1Y
k=1

k=1 leS(k)

N
<Ciy h >

k=1 leS(k)

N
<Ciy Iy
k=1
< Cih*. (3.17)
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Combination of (3.16) and (3.17) yields
lu — vh||ih < Ch*. (3.18)

As to the third term in [, for 1 <k < N,[l € M(k), we apply (2.8) to obtain

d d
/ —u[vh]ds / —M(H,kl,f‘u — I,f’u)ds
Tk anl T

I 8}’11

= f ou ((Ilhu — Ikhu) — Hlk(llhu — I,i’u))ds
r

Ik 8_n[
= / (aa_“ — w) (1w = 1u) — (1w — Liu))ds| V¢ € My(Ty)
i n
< min |2yl e ) - (e — )|
T yeMu Ty || Omy BT Hey (Ti)
(3.19)

1 1
where (Hg, (')’ stands for the topological dual space of Hyg ().
It is shown in [19] (Lemma 4.1, p. 37) that

a
min | —y| , <Ch|—| . (3.20)
veMy(Ty) || Ony HR )Y 0 | g2y
Meanwhile, applying (2.9), the trace theorem and (2.7) to the last term in (3.19) yields
|('w = Bru) = e (Fu = )|y < 1= Ry
Hiyo (Tik Hgo (1)
<fu=tul v u—Fu]
2 2
Hio (Trk) Hio (Trk)
h h
< fu =1l 1 g + = Bl 1,
< Gohllull g2 py- (3.21)
By putting (3.20) and (3.21) into (3.19), we obtain
]
/ M vds| < cn. (3.22)
Tik ony

The last term in /; involves integrals on the boundary of D, y, = dDx NaD for1 <k < N.
Define p;, € L%*(y,) as edge-wise constants on y; such that p;|, = ! e gs for every edge

lol Jo any

o C ¥ and |o| denotes the length of o. Triangle inequality implies that
0 a
/ —u(u — vp)ds / —u(u — I,f’u)ds
Vi 8i’lk Yk Bnk
<

ou
— —p —I"u)d
/yk <8nk k) (u ,\u) g

Numerical Methods for Partial Differential Equations DOI 10.1002/num
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By applying Cauchy—Schwarz inequality, (2.7) and the trace theorem to the first term on the right
hand side of (3.23), we have

ou > N ou N
— — D (u—Iku)ds <|\=— — m ~||u—[ku||
/yk <8nk o 0.7k
ou 3
<Cy-hi || — hilull 3
k ) 1 k 5
Ny Hf(yk) Vi)

2
< Gl Vullyp, lull2.p;

< C\h% (3.24)

Meanwhile, applying the trapezoidal integration rule to the last term in (3.23) yields

:Z/pku—lu

ocy %

fpk(u—IZ’u)ds
Yk
=12 n /(u—l”u>ds|
L=
Z L/_“ds .
lo| Jo dny
<
Z o] ./

oCyk
o Cyg

< Cyh? /
Yk

< C,h%. (3.25)

IA

uds —

1uds

ds - C
Bnk s - 2|U|

ank

ds

By replacing the two terms on the right hand side of (3.23) with (3.24) and (3.25), we have

0
/ —u(u —v)ds
Yk Iy

Combination of (3.15), (3.18), (3.22), and (3.26) implies that

< Ch?. (3.26)

I, < Ch>. (3.27)
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B. Consistency Error

Next, let us consider the consistency errors I, and /3. I3 is estimated as follows. For 1 <k < N,

l € M(k),
au ou
/ —luplds| = / — (up,p; — Un,p,)ds
Tk anl Tk 8”]
ou
= — — ¥ ) (upp, —upplds| V¢ € M)
r; \On
< min [ _y || ||
< min —_— = Un,p; — Un,D 1
veM, (T | Oy HE Ty ! PO T (g
ou
S Ch P 1 ||uh,D] - uh,Dk” 1
il 2y H2 @)

< Ch|Vu u—u 1 + |lu—u 1
< Ch|[Vullip,(l Dy ”H7<sz> I h,Dk||H7(Flk))

< Ch(llu — upllp, + llu — unlli.py),

where (2.8) and the trace theorem are applied and the infimum is also bounded as in [18] (Sec. 4,

p- 277). (H% (T'y))’ stands for the topological dual space of H? Tp).
By putting it into the expression of I3, we have

I < Chllu — up |1 p

SR TR
<Ch +Z||M uplli s (3.28)

where the last term %Hu —uy ||%’h will be annihilated by | — uy, ||%’h on the left hand side of (3.1).

To evaluate I,, we need to construct a particular function v(x) € V, which is close enough to
u;, under L? norm. It is obvious that upp, € Pi(Dy) C H'(Dy) for every 1 < k < N. However,
u, may not be continuous across each interface I'y; and u, = I,fg #*gony, = 3D, NID.
Therefore, v should be defined based on proper modification of u,, in the neighborhood of I';; and
¥, as shown in Fig. 3. S, and &, have been specified in Fig. 2. The starred region Sy, denotes the
union of all triangles whose intersection with y; is either an edge or a node. The boundary of S,
is composed of y; and J;, which is the portion inside Dy.

For every nonmortar side I'y, in D, 1 < k < N, € S(k), we define vy € H*(Sy) as the
harmonic function in S;:

Avk, =0 in Sk]
Uy = Upp, — Upp, ONDg (3.29)
vy =0 on 8y

Similarly, for every y;, 1 < k < N, we define vy, € H?(Sy) as the harmonic function in Si;:

Avkk =0 in Skk
Uk = 8 — I,f'g on (3.30)
Vkk = 0 on Skk
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[k ¢mortar>

¥
P25 B |
¥
Oicke D
TN TAETATE
Vi

FIG. 3. Neighborhood of T'y; and yx.

v(x) is now defined as follows: for1 <k < N,

Upp, + vy inSy, I €Sk)
Vip, = \ Un,py; =+ Uk in Si, 3.31)
Up,py otherwise .

Lemma 3.2. v defined in (3.31) satisfiesv € V.

Proof. It is obvious that both vy from (3.29) and vy, from (3.30) belong to H'(Dy)
under the assumption that they are set to zero outside S;; and Sy, respectively. Meanwhile,
unp, € Pi(Dy) C H'(Dy). Then (3.31) implies that v|p, € H'(Dy). Furthermore, v|p, = vlp,
on T, for every pair of neighboring subdomains. Therefore, v € H!(D).

Since uy,p, is a piecewise linear polynomial on Sy; and thus achieves its minimum on one of
its nodes on 9.Sy,. The maximum principle [30] implies that vy, achieves the minimum on 9.5y, as
well. Therefore, v = u;, p, + vy achieves its minimum on 05y, where either v = u; p, > 0 on §y,
orv=u,p >0onTy,ie,v>0inSy.

Similarly, v > 0 in Sy. In the other part of Dy, v = u;p, > 0. Then v > 0 in Dy for
1<k<N.

Finally, (3.30) and (3.31) imply v = g on y; for 1 < k < N. Therefore, v € V holds. [

The following lemmas reveal some important properties of vy (x) in Sy and v (x) in Sg.

Lemma 3.3. Suppose D = [0,a] x [0, h] is a 2D rectangle region and u(x) € H'(D) satisfies
u(x;,0) =0,0 <x, <a, then

lllop < Chlulip.
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Proof.
a h
||M||(2),D=/ / M(Xl,xz)zdxzdxl
0 0
a h
2/ / (M(xl,xz)—M(xl,o))zdxzdxl
2
/ / (f —(x.,mdn) dxodx,
0
2
//(Jsz (—(xl,n)> )dXdel
a h au 2 h
s/ f (—(xl,n)) di dxl-f rads
0 0 0x, 0
1
§§h2|u|%,0
Therefore,
2
llllop < 7h|u|1,0-] u

In fact, Lemma 3.3 can be extended to a general strip where the width is O (h) and # = 0 holds
along its bottom side, just as vy (x) in Sy and v (x) in Si.

Lemma 3.4.
v 1 < C v 1 v 1 < C v, 1 .
” kl”H Sk = ” kl” 2¢ kl), ” kk”H (Skr) — ” kk” ()

Proof. Application of Lemma 3.3, Green formula, and the trace theorem yields

loi s, < (14 CH vl g

d
=C (/ ﬂl}kldS — / Avk, . vk,dx>
ISkl on Ski

vy
=C —vpd
/ an Vi ds

kal
Mol 1
(HZ ) H2 Ty)
1
< Cllvullns,, + 180lag,)* ol y
= Cllvu |l ||Ukl||
H G (sz)
ie.,
vl a1 s,y = C||Uk/||
k) T
The second inequality can be proved similarly. ]
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Finally, let us consider I,. For such v € V defined in (3.31), we have

N
2 2
lv— uh”()h = E lv — Mh”o,Dk

k=1
N N
2 2

=3 vl + D v —wlli g,

k=1 leS(k) k=1

N N

2 2

=3 Mvuliss, + Y lvulls, - (3.32)

k=1 leS(k) k=1

Lemma 3.3, Lemma 3.4, Cauchy-Schwarz inequality, and the trace theorem imply that

2

2 2
vk llos, = Ch Vel s,

2 2
< Ch%|lvull” ;

H2 Ty
2 2
= Chllupp, — unp,ll” 1
H2(1"kl)
2 2 2
<Ch <||u —uppll”y Al —pp 17 )
H2 Ty) H?2(Ty)
2 2 2
< CR (Il = unll} p, + Nl = wll3 ). (3.33)
Similarly, we have
2 2 2
Ve llo s = Ch™ VRl s,
2 2
< Chilloull” |
HZ (y)
_ 2 h_ |2
= ol tial’y,
4 2
<Chlgll" ;
H2 ()
4y,02
< Ch ”””2,Dk' (3.34)

Putting (3.33) and (3.34) into (3.32), we obtain
lv—ulg, < Ch*+ Ch*|lu — u, 17,
ie.,

v = unllon < Ch* 4 Chllu — upllin- (3.35)

From the definition of v in (3.31), we can see that the second term in I, is the same as the last
term in /;, which has been taken care in (3.26), i.e.,

N ou
E / — (v —uy)ds
k=1 Y% Ing
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Therefore, (3.35) and (3.36) imply

L < Ch* + Chllu — uy | 1
2 1 2
=< Ch™+ Z”u - uh”l,h, (337)
where the last term %Ilu —uy ||%’h will be annihilated by |lu — uy, ||%,h on the left hand side of (3.1).

Combination of (3.27), (3.28), (3.37), and Lemma 3.1 yields the main result of this article as
in Theorem 3.5.

Theorem 3.5. Suppose u € V and u;, € V), be solutions to (2.3) and (2.6), respectively, and
u € H*(D). Then for h = max, <<y hy,

l — upllip < Ch.

The following theorem shows pointwise convergence of the mortar solution u, toward u on
the skeleton S.

Theorem 3.6. Suppose u € V and u;, € V,, be solutions to (2.3) and (2.6), and u € H?>(D).
Then for the common interface 'y, between any neighboring Dy and D,

1
||uh,Dk - u”(),oo,f‘k[ < Chz.

Proof. Triangle inequality implies that
”uh’Dk - u”O’OOstl = Hu - I:u ||O,oo,rk/ + “I:M - uh’Dk H0,00,F](/' (338)

By applying the inverse inequality, the trace theorem, the interpolation error estimate on Iy,
Theorem 3.5, and the fact C < %" < 1 based on the uniformity assumption (2.4) to the second
term on the right hand side, successively, we obtain

_1
H I,:’u — up, <Cih.* ” Ikh” — Un,py ||0,rk,

Dy ”o,oo,rk,

-1
< Cily ’ (”u - Ikhu”(),rkl + llu = uh’Dk”(’Tkz)

1 3
<Cih, 2 (h}|u u—u
< Cil, (ku I3, = wnllng
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_1
< Ciblul 3+ Ci*
kl

Bol—

< C\h2.
Similarly,
; 3o
u— 1] u”mm < Cyhlh, ”““H%md)
< Cohyllullz,p,
Putting the above two estimates into (3.38) yields the desired result. ]

Remark 3.2. Based on Theorem 3.6, we can show u, also satisfies the nonnegative constraint on
the nonmortar sides when # is small enough. In fact, if the node P on nonmortar side I'y; is located
within  where u(P) > 0, then u,, p, (P) > 0 holds when # is small enough; If P is located in
D\, since limy,_.o u p, (P) = 0 and u;, p, > 0 on the mortar side I'y;, the orthogonality condition
will imply u; p, (P) > 0 on I';; as well. As to the free seepage example in Section IV, we can
always observe satisfaction of the nonnegative constraint on the whole domain for the provided
mesh sizes.

IV. NUMERICAL EXAMPLES

A. Free Surface Seepage Example

As the first example of the mortar element method, we consider the problem of free surface
seepage (Fig. 4): find the free surface in a steady, two-dimensional seepage through a rectangular
dam.

I =y 1

FIG. 4. Free boundary seepage problem.
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In this study, the free surface, whose position is not known in advance, is to be found. In the
seepage region 2 with (x,x,) = (x, y), the velocity potential ¢ must satisfy the following:

¢=0 1inQ

¢ =y onlaf]

¢ =y, onlbc]

¢=y onlcd]

¢$=y onfd
¢, =0 on f‘?z’
¢, =0 on[ab], 4.1)

where y; and y, are the heights of the water on the left and right sides, respectively. ¢, is the
normal derivative of ¢ on 9€2. The flow domain €2 is not known since the location of the free
surface fd needs to be found. Define Dtobe D = {(x,y) : 0 < x < X,0 < y < y;} and define
¢ as an extension of ¢ as follows:

—  |ox,y) inQ
¢_{y inD— Q= Q. 42)
Using the Baiocchi transformation [3], a new variable is defined as
o
wiey) = [ (G - T “3)
y

0.8

0.6

0.4%

0.27

0 L
0 0.2 0.4 0.6 0.8

FIG. 5. Nonmatching decomposition of D.
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1
0.8
0.6
0.4
0.2
0
0 0.2 0.4 0.6 0.8
FIG. 6. Uniform mesh of D.
Then w satisfies
Aw = xq inD
w=0 inD-Q (4.4)
with the associated boundary conditions
1 2
w(0,y) = E(yl —y)° onlaf]
_
LS wb“**am¢$$ai
el m‘-:’"cnq:-
L
'$seaa$
ﬂ*sa
a***a@
&
e %99
+ Modtar melhod
o FEM
* Exact solution
10,1667
®
}
Q 0.6667

FIG. 7. Numerical results.
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TABLE I. Free surface approximation.
X 0.083 0.167 0.250 0.333 0.416 0.500 0.583

[Ymortar — Yexactl 328E—3 309E—3 284E-3 409E-3 303E-3 596E-3 548E-3
IYeonforming — Yexactl 328E—3 3.09E—3 284E—3 409E—3 3.03E-3 596E—3 548E-3

2 2.2
w(x,O):y?l—%x on [ab]
1

wELy) =502 - y)*  on[bc]
w(x,y) =0 on[ce]U][fel. 4.5)

(4.4) and (4.5) are equivalent to the following variational inequality problem:
Find w(x,y) € H = {u : u € H' (D), ulyp satisfies (4.5)} such that

/ Vw -V —w)dxdy > / —(v—w)dxdy Vv e H. 4.6)
D D

i, X1 = 3. Toapply the
mortar element method to solve (4.6), we decompose D into four equal nonoverlapping regions
with different mesh sizes, as shown in Fig. 5. Since the free boundary is mainly located in D;
and D, and far away from D; with possible intersection with D,, a finer mesh is constructed in
D; and D, to catch the free boundary more accurately and a coarser mesh is constructed in D,
for computational efficiency, while the mesh size of D, is between those of the finer and coarser
meshes. To this end, the mesh sizes of D1, D,, D3, and D, are set to 5, ¢, =5, and =5, respectively.
The mortar is defined as the union of I'5;, I'y4 from D, and I's;, I'34 from Ds.

With the discretization space V}, constructed in (2.5), the mortart element solution w;, € V,,
satisfies:

The sample seepage problem has the following data: y; = 1.00, y, = 1

D

4
Zf Vw, - V(v, — wy)dxdy > — / (vp — wp)dxdy, Vv, €V,. “@.7
k=1 Y Dk

We shall apply the relaxation method ([5], Chapter 5) to solve the discretized variational
inequality in (4.7). The main idea of the relaxation method is to consider all active mesh nodes
P;, which include the internal nodes from all subdomains and the nodes on all mortar sides,
sequentially at each step n. As we go through each active node P;, we need to solve the following
equation (4.8) for wj, (P;). When we solve wj (P;), all the wj, values at other nodes are temporarily
fixed. Then, we use the projected value max(wj, (P;), 0) as the final choice of wj, (P;) at step n.

/ Vuw, - V®pdxdy =/ —®pdxdy, 4.8)
D

D

where ®p, is the nodal basis function of V}, such that ®p, (P;) = §;;.

TABLE II. Performance comparison.

Number of unknowns Number of iterations Time spent (seconds)
Mortar element method 1964 386 252
Conforming FEM 3337 717 1582
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TABLE III.  Free surface approximation errors by mortar element method.

: T 1 1 1 T 1 1 1 T 1 1 1
Mesh sizes {135 15 36 36} (33> 36 7> 7} {3073 1> )

Free surface error 591E-3 2.89E-3 1.88 E—-3

Convergence is determined when

max |wit' (P) — wi(P)| <,

where € = 1 x 1077 is some fixed positive constant.

The free surface is taken as the first mesh point with a value of w{ that is less than 1 x 107°
when you move in the vertical direction for a fixed x. The final free surface location based
on (4.7) is shown in Fig. 7 along with the exact solution reported by Crank [3], attributed to
Polubarinova—Kochina.

To show the computational advantage of the mortar element method, we also solve (4.6) with
conforming finite element method on the uniform mesh in D, as shown in Fig. 6. The approxi-
mated free surface location by conforming FEM is also reported in Fig. 7. The difference between
the exact location of the free surface and the approximated ones by the mortar and conforming
element methods are reported in Table I. We can see that the mortar element method has reached
the same accuracy as conforming finite element method in approximating the exact solution of
the seepage problem. These two programs are written with Matlab and run on Dell E520 Desktop
with Intel Core(TM)2 Duo 1.86 GHz CPU and 1G RAM.

0.8 i ! 11 1 2

0.6

0.4

02

—08E

-1 ! i
-1 -0.8 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

FIG. 8. Nonmatching meshes.
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Table II compares the total number of unknowns (which is the same as number of active
nodes), number of iterations required to reach the tolerance, and the time spent for both meth-
ods. We can see that the mortar element method can achieve the required precision with
much less computational effort than conforming FEM due to its economical nonmatching
technique.

Table III reports the discrete L2-error between the exact location of the free boundary and the
approximated location by mortar element method for different mesh sizes. The discrete error is

defined as \/Z,’lio |Ymortar %i) — Yexact (Xi)|?Ax, where Ax = i and x; = i x Ax. We can
observe its linear dependence on decreasing mesh size 4. Since w is constructed by the Baiocchi
transformation and has no explicit formula within €2, it is not convenient to evaluate [|w —wy, || 1 (g,
with different mesh sizes. To this end, an obstacle problem is provided as the second numerical
example where the exact solution has an explicit formula so that we can compare [|u — u; || 1 (g
with respect to different values of 4.

FIG. 9. Exact solution u.
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B. Obstacle Problem
We consider the following obstacle problem with a constant obstacle x = 0 on the domain
Q=(-11) x (—1,1):

Findu ¢ K ={ve H'(Q)|v>0in Q, v = g on 9} such that

a(u,v—u) > / f( —u)dxdy, 4.9)
Q

where a(u,v) = [, Vu - Vv dxdy, Dirichlet boundary value is g(x,y) = (x* + y* — rj)* with
ro = 0.2, and

—8(2x2+2y* — 1) X2+ yr>rg
—Srg(l + rg —xr - y2) x24+r2 < rg.

f(x,y)={

FIG. 10. Mortar solution uy,.
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The exact solution to (4.9) reads
ulx,y) = (max {x2 + y2 — rg,O})z.

To apply the mortar element method to solve (4.9), we decompose €2 into nine equal nonover-
lapping regions shown in Fig. 8 where the mesh size of the central region (—%, %) X (—%, %) is
only half of that of the other regions, since the free boundary x* 4+ y* = r{ is only located within
the central region.

We apply the same relaxation method as in the previous seepage problem with the stopping
criterion € = 1 x 1075, The mesh sizes of the central region and the other regions are set to
hy = % and h, = ﬁ, respectively. Figures 9 and 10 show the graphs of the exact solution # and
the mortar element solution u;, while Fig. 11 reports the error |u(x, y) — u,(x, y)| within €.

Finally, Table IV shows that ||u — u, || 41, linearly depends on decreasing mesh size £, i.e.,
lu — u,lly1q = O(h), which conforms with the rate of convergence proved in Theorem 3.5.
It is also interesting to notice that [lu — u, |l 2q) = O (h?), which holds for conforming FEM
as well. This indicates that the mortar element method can achieve the same error estimates as
conforming FEM for general free boundary problems.

-3

x 10

FIG. 11.  |u(x,y) — uy(x,y)| in Q.
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TABLE IV. HI and L2 errors for obstacle problem.

Mesh sizes {h1, h} {5 ¢} (%5} {4}
It = wall 10 66 E—2 32E-2 1.6 E—2
It — 1l 20, 3.0E-2 94E -3 25E-3

V. CONCLUSION AND FUTURE WORK

In this article, we applied the mortar finite element method with standard Lagrange multiplier
proposed in [18, 19] to solve the variational inequality of free boundary type. The original domain
is split into multiple nonoverlapping subdomains, which are discretized arbitrarily with different
mesh sizes. We showed that the mortar finite element method can yield the same error estimate
as conforming P; element.

Mortar element method allows the coupling of different discretization schemes in different
subregions and thus is superior in solving both linear and nonlinear heterogeneous problems. A
large amount of work have been reported in the literature to solve linear problems with mortar
element method while our work is concerned with nonlinear problems. Based on the work from
this article, we will apply mortar element method to a wide range of nonlinear differential equa-
tions and variational inequalities, such as the problems with moving interface or boundaries. The
error estimate of higher order mortar finite element methods for the variational inequalities will
be considered. Meanwhile, we will investigate the possibility of applying mortar nonconforming
finite element methods (such as Crouzeit—Raviart), which have less continuity requirement and
thus provide more freedom of computation to those nonlinear problems.
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