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NUMERICAL MODELING OF A DUAL VARIATIONAL
INEQUALITY OF UNILATERAL CONTACT PROBLEMS USING
THE MIXED FINITE ELEMENT METHOD

GUANGHUI WANG AND XIAOZHONG YANG

Abstract. We study the dual mixed finite element approximation of unilateral
contact problems. Based on the dual mixed variational formulation with three
unknowns (stress, displacement and the displacement on the contact bound-
ary), the a priori error estimates have been established for both conforming
and nonconforming finite element approximations. A Uzawa type iterative al-
gorithm is developed to solve the resulting linear system. Numerical example
shows good performance of the method.
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1. Introduction

While contact problems are being solved and many finite element programs offer
contact analysis capabilities for production and research, efforts to obtain more
effective solutions are still made (cf. [2]). One reason is that many different kinds
of contact problems can involve large relative motion, frictional forces, and static
or dynamic condition. Another reason is that contact solution procedures only stay
in research and easy-to-use finite element schemes for contact problems are still
unavailable in applications.

Developing efficient computing tools for the numerical simulation of contact
problem with unilateral Signorini boundary conditions is of a permanent grow-
ing interest in many physical areas (cf. [2, 3, 4, 15, 16, 18]). The particular feature
of the unilateral problems is that the mathematical variational statement leads
to variational inequalities set on closed convex functional cones. The modeling of
the non-penetration condition in the discrete finite element level is of crucial impor-
tance. This condition may be imposed on the displacement and expressed in a weak
sense. The way that enforced depends on the well-posedness of the discrete inequal-
ities and the accuracy of the approximation algorithm. This point is addressed in
many published papers, especially for Lagrangian finite element discretizations (cf.
[18, 16, 17, 3, 19]). In these papers, either the displacement is the only unknown
or the displacement and the stress on the contact zone are independent unknowns.
The convergence rate of these methods have been established. Much attention
has been paid to the numerical simulation of variational inequalities modeling for
unilateral contact problems by finite element methods (cf. [3, 9, 11, 16]). Either
from the accuracy point of view or from developing efficient algorithms to solve the
resulting minimization problem(cf. [20]), the hardest task is the discretization of
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the Signorini unilateral condition, which usually can not be satisfied exactly by the
numerical solution. This often leads to nonconforming method (cf. [19]).

When high accuracy of the stress and the displacement on the contact boundary
are desirable, a possible way is to successively refine the mesh. An alternative way is
to resort to a new mixed variational formulation that includes stress, displacement
and the displacement on the contact boundary as the main unknowns. However,
the well-posedness of such mixed variational problem depends heavily on the so-
called ellipticity condition and the B.-B. inequality, which is the source of trouble
in constructing finite element approximation spaces. To overcome this difficulty,
we modify the dual variational formulation by adding a new term that enhances
the ellipticity and brings more freedom in choosing finite element spaces. Based on
this modified variational formulation problem, we introduce two new types of finite
element approximation spaces. A priori error estimates have been carried out for
both methods and our numerical results confirm the efficiency of the methods.

The remaining part of this paper is as follows. In the next section we will state the
functional setting and the unilateral contact problem. In Section 3, we shall derive
the dual variational formulation of the unilateral contact problems by Lagrange
multiplier method. In Section 4, we introduce the conforming and nonconforming
finite element approximations of the dual mixed variational problem and derive the
a priori error estimates. In Section 5, a Uzawa type iterative algorithm is presented
to solve the approximation problem. Numerical study of two methods is described
in Section 6. Finally, we give concluding remarks in Section 7.

2. Functional setting and contact Problem

Notation. Let 2 C R? be a Lipschitz domain with generic point . The Lebesgue
space LP(2) is endowed with the norm: V¢ € LP(Q),

1/p
19 L) = (/Q |w(x)|pdx) .

We make use of the standard Sobolev space H™(2), m > 1, equipped with the

norm:
1/2

[bllm@y = > 10%¢(@)]320 ;
0<]ar| <m

where a = (a1, as) is a multi-index in N and the symbol 0% represents a partial
derivative. In particular, L?(Q2) = H°(2). The fractional order Sobolev space
HY(Q), v € Ry \ N is defined as in [1] and equipped with the norm

1/2

aa 76(1 2
Wl = | 1l + S /Q /Q ( ﬁflwgﬁ@” dwdy|

lee|=m

where v = m + 6, m is the integer part of v and 6 € [0, 1] is the decimal part.
For any portion v of the boundary 092 and any v € R, \ N, the Hilbert space
HY () is associated with the norm

8m 78m 2 1/2
e (e /] e

where m is the integer part of v, # its decimal part. The symbol 9" stands for
the m-th order derivative of ¥ along v and dI" denotes the linear measure on 0f).
The space H ¥ (7) stands for the topological dual space of H”(v) and the duality

1
pairing is denoted < .,. >, . The spacial space HS’S+2 (7) is defined as the set
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of the restrictions to 5 of the function of H™¥2(9Q) that vanish on dQ \ 7, it is
also obtained by Hilbertian interpolation between HJ**'(v) and HJ*(y). To be
complete with the Sobolev functional tools used hereafter, recall that for v > %,
the trace operator

0
T g Wlons (50 )lon),

is continuous from H" () onto H”~2 (9Q) (cf, [1, 10, 14]). Otherwise, if 1 < v < 8,
define the space X" (Q) to be

XY(Q) ={v e H"(Q), Avel*(Q)},
equipped with the graph norm
1
¥l xv @) = (W1 ) + 18D 7202 -
Then the trace operator T is continuous from X*(£2) onto H" =z (9Q) x H”~2 (99).

Contact Problem. We consider a material body to be the closure of a set 2 in
R? of material particles z. Let 9Q = T, the deformation of the body unilaterally
supported by a frictionless rigid foundation and subjected to body force f and
surface traction ¢ applied to a portion I'p of the body’s surface. The body is fixed
along a portion I'p of its boundary and we denote by I'c a portion of the body
which is a candidate contact surface. The actual surface on which the body comes in
contact with the foundation is not know in advance but is contained in the portion
I'c of I We confine our attention to infinitesimal deformations of the body. In
addition, we further assume that the measures of I'p and I'¢ are positive. To avoid
technicalities arising from the special Sobolev space H(% 2(Fc), we assume that I'p
and T'c do not touch. Under the linear elasticity frame, let @ = (u1,u2) denote
displacement, and have the following basic relation:

1 .
(21) 6( ) = (Sij)lgi,jg% Eij = 5(8‘7"01' + &-vj), 1 S (2%} é 2,

(2.2) o(V) = (0ij)1<ij<2, 0ij = 0Eijen(0), 1<14,j <2,

—

where £(7), o(0) denote strain tensor and stress tensor, respectively, and E =
{Eijri},1 < 1,7, k,1 < 2, is the Hook tensor of elastic material. The frictionless
unilateral contact problem in elasticity is described as follows (cf. [18])

—dive(@) = f inQ,
o(@) = Fe(@) in Q,

u=0 onT
2.3 v nLD,
(23) o) =t onTp,
or(@) =0 on T¢,
on(@)(up —g) =0, up,—9g<0, o,(@) <0 onTg¢,

Si

where u, = 4 -7 = wn;, o,(4) = 0;;(W)nin;, or(d) = (V)7 — o, (U7,
denotes the unit outward normal to I'.
3. Dual Variational formulation of contact problem

Ref [22] gives the following dual variational formulation of (2.3)
Problem 3.1. Find o € K., € (L?(Q))?, such that

{ (CmT—O’)—F(diV(T—O’),ﬁ) > <7—’n_0'nvg>FCa VT € K,

(3.1) (dive,d) = —(F,5), Vi € (L2(Q))2,
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where

K, ={7€Q¢m <0, on ¢},

Q= {1 € H(div, Q)| = 7js, in Q;7-7 = t.onTp; 7r =0, on,T'c}.
C = {cijii} is the inverse of Hookean tensor E = {F; ;1 }, and satisfies the following
conditions (cf. [18]):

Ciji € L>(Q), Mazx||Cijrillo,c0 < M,
(3.2) Cijw = Cjint = Chiij
Cijr(x)Ti5Tie > m/Ti5755, Vo € Q,

where M, M', m and m’ are positive constants.
Using classical complementary energy principle, Problem 3.1 is equivalent to the
following minimal problem (cf. [6]):

(3.3) inf {;(CT, S g>pc} ,

TEK™*

where

<Tnvg>l_‘c :/ T’ngdsv
r
K*={r¢e V*|C’7'n <0, onT¢},
V*={re H(div,Q)| divr+ f =0,7; =755, in Q, 7-1 =0,
onTp, 77 =0, on ¢},
H(div; Q) = {7 € (L*(Q))?,divT € L*(Q)}.

In order to relax the constrains div 7+ f =0 and 7,|r, <0 from K* simultane-
ously, we introduce Lagrange multiplier v and p,

(3.4) inf { %(CT, 7) = (Tn 9)ro }

TEK*

1 B
= inf  sup  {(C7,7)+ (divT + f,0) + (7w, 0 — g)rc }
TEQ: 5eL2(Q),ueA 2

where

Hy)*(Te) = {u € HY2(Te)|e 2 € LA(Te)}.

The norm of HééQ (T'¢) is defined as follows:

{ A={pe HééQ(l"cﬂ w>0,onTc},

2 }1/2

0.l

oolltlljzre = {ulli jore + 1€ 21

here ¢ is the distance from any point on I'c to two ends of I'c. In fact, ool|l[1/2,re
is equivalent to ||y /2,0, (cf.[18]).
Assume that

(33)  L(rdp) = 5(Crr)+ @iV )+ s — ghre + (F.0).

The saddle point (o; @, \) of L(7;9, 1) on Q¢ x ((L?(92))? x A) satisfies the following
variational formulation (cf [18]):
Find 0 € Q4, % € (L?(2))2, )\ € A, such that, for V7 € Qo, 0 € (L*(Q))%,n € A

(3.6) { (Co,7) + (div T, @) + (7o, Mre = (Tns g1

(div o, & — i) + (o, pp — N1 + (f,0 — @) <0,
where Qo = {7 € H(div,Q)|7;; = 755, in Q,7-i=0,0n T'p,7r = 0,0nT'c},

The existence and uniqueness of the solution of (3.6) depends on the ellipticity
condition and the B-B condition [18]. However, it is not easy to find finite element
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spaces satisfying these two conditions simultaneously. We instead enhance the
ellipticity of (Co, ) by adding an extra term (div o, div 7). Therefore, we define

a(o,7) = (Co, 1) + (divo,divT).
It is clear that for any 7 € H(div),

a(r,7) > C”THiI(div,Q)'

This shows that the modified bilinear form a(-, ) satisfies the coercive condition
over the whole space H(div) instead of the kernel space, which shall bring more
freedom for constructing the finite element spaces as we will show later on. Similar
idea has been exploited by Brezzi et al in [7] to obtain continuous stress approxima-
tion in mixed finite element set-up. We reshape (3.6) into another dual variational
formulation of unilateral contact problem:

Problem 3.2. Find o € Q;, 4 € (L*(Q))%,\ € A such that
(3.7) { a(o, )+ b(T; a4, \) = <T,L, e — (f,divT), VT € Qo,
b(O’;ﬁ—fL,M—)\)S—(f,f)—ﬂ), Vﬁe(LQ(Q))Qa /LEAv
where
b(7; 0, p) = (div 7,0) + (T, 1)1 -
It is easy to obtain
(3.8) { a(r.7) 2 Colllr v,
a(o,7) < Mollo|| g aiv,o) IT] 7 (div,0)-
It follows from [21] the following B.-B. condition and the existence result.

Lemma 3.1. If measI'p > 0, then there exists a constant § > 0, independent of
v, W, such that

b(r:
(39)  sup 2TTH
reQo Tl H(div,0)

Theorem 3.1. If the conditions in Lemma 3.1 and condition (3.8) are satisfied,
then Problem 3.2 has one and only one solution.

> B(lI9llo.e + llelhizre), Vo € (LX(2)?, e A

Remark 3.1: The relation of solutions between Problem 3.1 and Problem 3.2 can
be derived as follows. Substituting

(Co,m) = (Un, Tn)Te + (T, W), — (div 7, @)
into the first equation of Problem 3.2, we obtain

<7Tnaun + A= g>1"c = O, Vr € Qo,
(r,i)r, + (divr,a — @) =0, V7 € Q.

This immediately implies A = g — u, on I'¢, namely, the meaning of Lagrange
multiplier . When @|p, = 0 and measI'p > 0, & = , i.e. @ denotes elastic
displacement @. The advantage of Problem 3.2 is that the three unknowns can be
solved simultaneously.

4. The Mixed Finite Element of Dual Variational Formulation

In this section we present a mixed finite element approximation of Problem 3.2 by
conforming and nonconforming finite element methods, respectively. For conform-
ing FEM, we use standard RT) element to approximate the stress, the piecewise
linear element to approximate the displacement and the piecewise continuous lin-
ear element to approximate the boundary displacement. As to the nonconforming
FEM, we use the piecewise constant element to approximate both the boundary
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displacement and the displacement, the standard RTj to approximate the stress.
We derive the error estimate in what follows.

4.1 The Abstract Framework

Let 2 be a convex polygon. The triangulation 7; of Q consists of triangular
elements denoted e so that -
a=Je

e€Ty,
The discretization parameter h on ) is given by

h = max h,,
eeTy,

where h. denotes the diameter of the triangle e.

Let Qp, (L?)?, M}, be the finite element approximating space of H (div, ), (L?(92))?
and HY?(T'¢), respectively. Let QF = Qo N Qpn, QF = QN Qy and Ay, = {u €
Mp,|p > 0}. The finite element approximation of Problem 3.2 is as follows:
Problem 4.1. Find oj, € QP 1y, € (Li)2, An € Ay, such that

(4.1) { a(h, ) + b(Ths i M) = (i, )1 — (f. divr,), ¥, € Qf,
b(on; Op — Gny o — An) < —(f, 00 — Gn), Vo, € (L3)?, pn € Ap.
For convenience, we assume that
q= (0,p), p=(a,\), N = H(div,Q) x R, R = (L*(Q))? x H/*(T¢),
{ U=(0.p), V=_(r9, (f.a—p) =—(f,7—a),
and definite that the following norms

lallr = {1513 0 + el 00 372
Vil = {1 i, + lallZ:

‘We write Problem 3.2 as follows:
Find 0 € Q¢, p € (L?(92))? x A such that

(4.2) { a(o,7) + b(1;p) = (T, )1 — (fodivT), VY7 € Qo
b(osq—p) < (f,q—p),  Vge (L*(Q)*xA.

Similarly, the finite element approximating Problem 4.1 is written as: Find o, €

Q?»Ph S (L}%)z x Ay, such that

(43) { a(0h, ™) + b1 pn) = (T, 9)re — (F.diven),  Vm, € QF,
b(on;an —pn) < (fyan —pn)s  Van € (L})? x Ap.

Furthermore, we define the following bilinear function F : N x N — R! as

(4.4) F(U,V)=a(o,7)+b(t;p) — b(o; q), VU,V e N,
and linear function £: N — R! as

(4.5) (L,V) = (o, g)re — (fidive) = (fiq), YV EN.
From the definition of F', it is easy to get

(4.6) FWV,V)=a(r,7), YV e N,

(4.7) [F(U V)| < ellUlw IV ]

Lemma 4.1. Mized variational problem 3.2 is equivalent to the following problem:
Find U = (o,p) € Q = Q¢ x M, such that

(4.8) FU,V —U) > (L,V —U), YV € Qo x M,
where M = (L*(Q2))? x A.
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PROOF.
(i) Let (o,p) be the solution of (4.2), then for YV € Q, x M, we get
FU,V-U) = a(o,7—0)+b(r —0o;p) —b(o;q—p)
> (70— 0o, g)re — (fdiv(r —0)) = (f.g —p)
= (L, V-U).
(ii) Contrarily, if U = (o, p) is the solution of (4.8), then
FUV-U) = a(o,7—0)+b(r—o;p)—blo;q—p)

> LV =U)=(r0—0n,g)rc — (fidiv(r - 9))
~(f,a=p), V7T €Qu,q € (L*(Q))* x A.
Taking 7 = ¢ in (4.9), we obtain
(4.9) boiq—p) < (fra—p),  Vae (L*(Q)* x A
If taking ¢ = p in (4.9), we have
a(o, 7 — o) + b(r — o;p)
> (T — 0n, g)re — (fodiv(r — o)), V7€ Qq.

Furthermore, taking 7 = 0 and 7 = 20, respectively in (4.9), we can deduce

(4.10) a(0,0) + b(o;p) = (on, g)re — (f,divo),

which implies

(4.11) a(o,7) +b(7:p) > (Tn, 9)re — (frdivT), V71 € Qo.

By +7 € Qp, we obtain

(4.12) a(o,7) +b(r;p) = (Tn, 9)re — (f,divT), V71 € Qo.

Combining (i) and (ii), we finish the proof. O

Similarly, we can prove that Problem 4.1 is equivalent to the following problem
Find Uy, = (on,pn) € Qn = QP x My, such that

(4.13) F(Up, Vi, = Up) > (L, Vi, = Up),  VVi € Qh x My,
where My, = (L?)? x Ay, in general, Oy, ¢ Q.
Lemma 4.2. Let (o,p) and (op,pr) be the solution of (4.2) and (4.3) respectively,
then (cf. [21]), for all g € My, g € M, 1, € QR 7 € Qo,

o = onlrcanen < Cr{llo = mull3iamv.y + Ip — anlik
(4.14) + Ay (mh) + blosp — an) = (F.p — an) |

+ Co{As(7) + b(o,pn — q) — (Fron — )} + llp — pul%,

where

{ Ay(mn) = alo, 7 — o) +b(1h — 0,p) + (00 — Thn, §)Tc — (f, div(o — 7)),
AZ(T) = G(O',’T - O'h) + b(T - Uh7p) + <Jhn - Thag>Fc - (fvdiv(ah - T))
Remark 4.1: The first term of the bound given in Lemma 4.2 is the approximation

error. The second term is the consistency error, it is the ” variational crime” and
is due to the nonconformity of the approximation.
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Theorem 4.1. If Qb C Qo, and b(th,qn) satisfies B.—B. condition, i.e. eist
8 =const. >0  such that

b .
(4.15) sup _blmign) > Bllanll=, Van € My,
T}LEQS ||Th||H(div,Q)
then
(1) o = onlZraiv.a)
<c{llo - ThH%I(dimQ) +p— %H%} +{b(o;pn —q) = (f,pn — @)}
+{b(o;p —qn) — (f,0 —an)},
(2) lp—pullr < e2{llo = onllu@iv.o) + P —allr},
for any 1, € Q(’}, qgeEM, qn € My.

PROOF. Using Lemma 4.1 and Q C Qo, and taking 7 = 73, in (4.2), we have
(4.16) a(0,7) + b(7h; ) = (Thn, )1 — (f,div ).

From (4.2) we have

(4.17) a(0,0) 4+ b(o;p) = (0n, )10 — (Frdivo).

It follows from the above two inequalities, we obtain

(4.18) a(o, 7 — 0) + b(th — 0,p) = (T — On, g)r — (£, div(Ty — 0)).
Therefore, A;(m,) = 0.

Similarly, we may get As(7) = 0.
Using discrete B.—B. condition, we obtain

(119) Bllon — anllz < sup LEB P,
ThEQR ”ThHH(divﬂ)
and
b(Th; qn — ) = b(Th; an) — b(Th, pn)
= b(Th; qn) + alon, ) — (Thn, 9)re + (F,div )
= b(7n; qn) + a(on, ) — a(o, ) — b(Ta; p)
= b(Thiqn — p) +alon — o, 71)
< c{llan — pllr + llon — ollm@iv.) Himall B giv.0)-
Combining the above two inequalities we get
[pn — anllr < e{llgn — plir + llon — ol zeiv.o) }-
By triangle inequality, it is easy to get
[p—prllr < llp—anllr + llan — prlr
<clp—anllr + llo — onllz@iv.) }-

Substituting the estimate of ||p — pn||r into (4.14), and taking e small enough, we
get the estimate of ||o — op || g (div,0)- O

4.2 Conforming discretization of dual variational formulation

Now we are ready to give the error estimates of finite element solution for some
special finite element subspace. Let 7}, be the triangulation of 2. Denote by (L?)?
the piecewise linear function subspace of (L?(£2))? to approximate the displacement,
M, the continuous piecewise linear function subspace of H'/ 2(I'¢) to approximate
the displacement on I'c and @ the RT; subspace of H(div,)) to approximate
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the stress. For any element e € 7;,, RT7 element have the following properties (cf.
[8, 6]):

(i) 7 - 7ae is piecewise linear on de, 7 is the unit outward normal to Je.

(ii)  div7yle is a linear function.

Theorem 4.2. If the dual variational Problem 3.2 has unique solution, and Qy, (L3 )?
are the finite element subspace of H(div,Q), (L?(Q))?, respectively. Ay = My N A,
then discrete Problem/.1 exists a unique solution.

PROOF. Obviously, we only need to prove the discrete B.-B. condition.

Define the interpolation of 7, :  H(div, ) — @, as follows(cf.[6]):
For any given 7 € H(div,Q), 7,7 is solved by the following equation
(4.20) b(T — 773 Up, o) = 0, Vo € (L3)2, up € Ay,

Let €;(i=1,2,3) be the three edges of element e, ¢ stands for the element on I'c
corresponding to the triangulation. In order to make b(T — 7w, 7; Op, ur) = 0, i.e.

/ div(rT — 7, 7)0pdx + / (T — T Tn)pnds = 0.
Q Te
We assume that

/div(T — 7 T)0pdx = 0, /(Tn — T Tn) prds = 0.
e V4

Because vy, is a piecewise linear function and up is a continuous piecewise linear
function on I'¢, then

/ (t — mp7)7i - Upds = 0, /(T — 7 7)Vipdr = 0.
€ €

For any given 7, we can get the expression of 7,7 from above equations, and have
the following inequality (cf. [6]):

(4.21) 17Tl £ (div.0) < el (div,0)-
In order to make 7,7 € Qgﬂ when e; is located on I'p, we may assume that
(WhT)ﬁ|FF = T'ﬁ:h‘F.

Combining (4.20) and (4.21), we obtain

sup b(7h; O, fin) b(mnT; On, i)
ThEQY I7nllmaiv.e) — re@o ITaTllH(aiv.0)
b(T; On, pin, _
> sup ST o g 10+l e
TEQo CHTHH(div,Q)
This gives the discrete B.-B. condition. O

Theorem 4.3. If Q is a convex polygon, f € (L2(Q))2,g € H3Y*(L¢); (030, N)
and (op;tp, Ap) are the solutions of Problem 3.2 and Problem 4.1, respectively,
then when Qp, (L%)? and Ay, are chosen as the above, we have the following error
estimate

lo = onll maiv.e) + 1E = @nllog + 1A = Anll1jare < ch™*.

PROOF. By the construction of 7,7, we have the following basic estimates:
llo = mnollo.o < chlloflia,
[ldiv(e — o) |lo.0 < ch| divol1,q.
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Let ur € (Lfb)2 and A; € A be the Lagrangian interpolants of @ and A, respectively.
By the standard approximation theory (cf. [10]), we have

1t —irllo,0 < chl|dl|1,q,
A= Arllij2,re < ch|Alls/2,re-
Taking (74; On, ) = (Th03 11, Ar), ¢ = ph, and p, = A7, we obtain
(divo, @ — 0y) + (on, A — pn)re + (f, i — On)
<gn’ A— ,Uh>Fc
lonllo,re A = Arllo,re

ch®?|lonllo,re M a2 re-

b(o;p —qn) — (f,p*Qh)

IN

IN

Using Theorem 4.1, we obtain

o — UhH%r(div,Q)

< ch*(||ofle + e + [ divelie + [[Als/2re),

and
[t = tnljo,0 + []A = Anllo,re
< h*(Jlollua + g + [ divollo + A ls/2re)-
This gives the proof. O

4.3 Nonconforming discretization of dual variational formulation

We define @, as the standard RTj space to approximate the stress, and (L?)? as
the piecewise constant space to approximate the displacement, and A, as the piece-
wise constant subset of L?(I'¢) to approximate the displacement on I'c. Obviously,
Ay, & A. Therefore, it is a nonconforming approximation of A.

Similar to the conforming element case, we firstly define the interpolation oper-
ator mp, : H(div, Q) — Q. For any given 7 € H(div, Q)

b(T — TuTiOp, pn) =0, Vo, € (L7)%, pn € Ap.
In order to make b(7 — 7 7;0p, pp) = 0, let
(div(T — 7,7),0n) =0, Vo, € (L})?,
fl“c (T — TrTn)pndl = 0,  Vup € Ayp.
i.e.
Z div(r — mp7)0pdz = 0, Yoy, € (L})?,
ecT), V€

> [ a—mama)unds =0, Vup € Ay,
teTay, 7t
where I' ¢y, denotes the partition of ', and £ is corresponding partition on I'¢. Let
Uy, and pp, be piecewise constants in 2 and on I'¢, respectively.
For any given 7, we have the explicit expression of 7, 7. Therefore, it is easy to
prove the following inequality (see[6])

| 7ThT || i aiv,0) < el T F(aiv,0)-

Theorem 4.4. If the dual variational Problem 3.2 has a unique solution, and
Qn, (L2)? are the finite element subspace of H(div,Q), (L*(2))?, respectively.
A C L*(T¢), is the external approzimation of A, then Problem 4.1 has a unique
solution.
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PROOF. Similar to the proof of Theorem 4.2, we only need to verify the discrete
B.-B. condition.
According to the definition of interpolation operator 7, above, we have
b(Th; On, fin) b(maT; Ohy ptn) - b(T;On, pin)

sup > R R _
TEQo ||7ThT||H(div,Q) TEQo C||T||H(div,Q)

ey Il maiv.0)
By Lemma 3.1 we have
b(T; v, .
sup (T3 0n, 1) > 6{|[on
TEQo HTHH(div,Q)
Because H'/?(T'¢) is dense in L*(I'¢), further, we deduce

b(T; On, o)

G0+ Iullfj2r Y2 Von € (L7)% e HY?(Te).

sup ——== > B{|54[§ o + |G Y% Von € (L), un € L*(To).
reQo 1Tl E(div,0)
Finally, we have
b(Th; Un, fin . .
sup DD o 5 12 unllB oo Y2, Vi € (L2, an € A,
meon 1Tl maiv.0)
This has proven the discrete B.-B. condition. O

Theorem 4.5. If Q is a convex polygon, f € (L*(Q))%,g € H¥?*(T¢); (o3, )
and (op;n, Ap) are the solution Problem 3.2 and Problem 4.1, respectively, then
when Qp, (L2)?* are respectively chosen as the subspace of H(div,Q) and (L?(2))?%;
Ap = {p € My|p > 0} is the nonconforming approzimation of A, we have the
following estimates

lo = onllm(div.o) + @ = Unllo,o + A = Anllore < chl/?,

PROOF. Here we mainly estimate the consistence error

b(o;pn — ) — (fypn — q)-
Other terms can be estimated as that in Theorem 4.3. A direct calculation gives
b(o;pn — ) = (fspn — q)
= (divo,tdp — 0) + (on, An — ,u>pc + (f,dp — V)
= (o0, An — )1 -
To estimate (o, A\, — )1, we define the following interpolation operator(see [5])
r, 2 L*(D¢) — M, ¢ HY?(T¢), which preserves the non-positivity, i.e. if 7, <0

then r,7, < 0. Using the above derivation and choosing p = A, we have: Vryo, €
Mh7

/ Un()\h — )\)dI‘ = / (Jn — Tho'n)()\h — )\)dF + / rhan()\h — )\)dl“
FC’ Fc FC
The first integral is easily bounded as

(4.22) / (00 — 7hw) (A — N)dL < ch2[|o |1 allAn — Allo.re.
Te

By onlre <0 and A = g — uy,, we get

(4.23) / rhon(Ap — A)dl < —/ rRopAdl = / (on — Thop)AdT
I'c Fe e}
< o = rronllore Allore
< ch'?|ollialMore-
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Combining the estimates (4.22) and (4.23), we obtain

(4.24)  blospn —p) = (Fron —p) < ch?|ollLalldn = Mlo.re + [Mllo,re)-
Substituting (4.24) into (1) of Theorem4.1, we get
lo = onll@iv.y < b (lollvg + d@lle + | divollie + [Mllo.re)-

Substituting (4.25) into (2) of Theorem 4.1 and using Young’s inequality, we obtain
(4.25) @ — dinllo.c + A = Anllo,re < ch'/2.
This finishes the proof. O

Remark 4.2: The convergence rate of nonconforming method is lower than the
conforming method, because we have not found a refined estimate for the consis-
tence terms, e.g. (4.24). We will discuss this problem in another paper.

5. Optimization Algorithm for Mixed Finite Element Discrete Problem

In this section, the Uzawa type algorithm is presented for solving Problem 4.1.
If we assume that

{ L(r;v, 1) = Jo(7) + (div T, v) + (70, V)1,
Jo = %(Ta T) - <Tnyg>Fc + (f7 divr + U)’

then Problem 3.2 and Problem 4.1 can be written as the following equivalent saddle-
point problems, respectively.

Problem 5.1. Find o € Qq, @ € (L?(Q))?, X € A such that
L(o;9, u) < L(o; i, \) < L(T;@,A\), V7 € Qo, ¥ € (L*(Q))?, p € A.
Problem 5.2. Find o, € QP ay € (L2)%, A\, € Ap, such that
L(on; 0, 1) < L(op; @i, An) < L(Th; din, An), Y € QF, oy € (L2)2, pn € Ay
The above two inequalities immediately implies
Lemma 5.1. If {op;un, An} is the saddle-point of the problem 5.2, then
(i)  Jo(op) + (divon, Up) + (Ohn, An)Te
< Jo() + (div T, @) + (Thn, An)re,  Vn € QF.
(i1)  {Thn, i — Mn)re + (divon + £, 0 — ) <0, Yun € Ap, o, € (L3)%
Lemma 5.2. The following variational formulation
(Ohns bh — An)re + (divey, + f, 0p — ap) <0, Yun € Ap, oy, € (L),
is equivalent to
divep, + f =0, A = Pa(pohn + An),
where Py is the project operator: L*>(T¢) — Ap, p > 0.

The proof of Lemma 5.2 can be found in [20].
Basing on Lemma 5.1 and Lemma 5.2 , we define the following Uzawa type
iterative algorithm

(i) Given @y* € (L2)2, A\* € Ay, we define o} € QI such that
Jo(op') + (divoy', a5") + (o, Ai')re

S JO(Th) + (le 7_}“&21) + <Thn7 A7}?>FC7V7-}L S Qg
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(ii) Find fthm“ and )\Z”l by using the following iterative method

@™ =@+ po(divol + f),
NPT = Py (praf, + A1),

where p,, > 0 is a constant chosen properly and P, is defined in Lemma 5.2.

Theorem 5.1. There exist ag, a; = constant, 0 < ag < p, < ay such that above
Uzawa type iterative algorithm is convergent according to the following sense
(1) opt — oy, strongly in H(div, Q).

(i) Jim (@ @ oe =0, lim AR AP ore =0,

(i) (e NP hon — {7, M} weakly in (L2)% x Ay,
The proof of the above theorem is similar to [13, Theorem 3.1].
6. Numerical Discussion

We consider the following unilateral problem (cf.[13]):

—Au=f inQ,
u=0 onlp,

u >0, %20, onl'c
9u .y =0, onl'c,

n

(6.1)

where
6.2) Q=10,1x[0,1, 9Q2=TcUTlp,
: Foe={(z,9)0<z<1, y=0tU{(z,y)|0 <z <1, y=1},

_J 10, @ if(x,y)€]0,1/2] x[0,1],
(6.3) fzy) = { —10, if (z,y) € [1/2,1] x [0,1].
6.1 Numerical Modeling for Conforming Finite Element
(i) Given any initial value ul € L3, Ahi € Ap, find o} as the solution of the
following linear equations:

(Oh,mh) — (div T, up) + (Tnh, An — 9)re =0, V7, € Qh.
(i) Using o}, find «}:t* and )\Z}H

wmtt = 4 i fAi pm(divopt + f)dzdy,
)\Z;_Jrl = min{0, )\le +si},

where Sa, is the area of i-th element, s; = ll fh p(divoy, + fi)ds.

(iii) The criterion of stopping iteration is
D

>

In this case, we use 8 x 8 triangulation, p,, = 0.05 and the iterative number
is 200. wup and A, are depicted in Figure 6.2. From these figures we see that uy
is very close to the value of w on fixed boundary I'p = {(z,y)|0 < y < 1,z =
0} U{(z,y)|0 <y <1,z =1}. The dentation in the graph of uj is caused by the
triangular meshes, and decreases with the refinement of the mesh. For A\, we give
the graph of A\, when y = 1. A\, on I'¢ is very close to that of uj, on I'c.

error = <1075,
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FIGURE 6.1. Triangulations and nodes employed in the conform-
ing finite element method

m=8, n=200, ro=0.05, U (xy) m=14, n=200, rho=0.05, v (x1)
T T T T T

y-axis

FI1GURE 6.2. Computed u and A using conforming finite element method.

6.2 Numerical Modeling for Nonconforming Finite Element

The iterative formulations are similar to (i)-(iii) of Section 6.1. In this case, we
use 14 x 14 triangulation, p,, = 0.05 and the computing time is the same as that
of Section 6.1. up and A, are depicted in Figure 6.4. It follows from Table 6.1
that both conforming element and nonconforming element are numerically stable.
Therefore, we see that u, and A\, in Figure 6.4 have better approximation than
those of Figure 6.2. In addition, Table 6.1 shows that the nonconforming method
converges faster than the conforming method.

7. Concluding Remarks

This paper includes the finite element error estimates and the numerical simu-
lation of the dual mixed variational formulation of unilateral contact problem. We
obtain the convergence rate of both the conforming and nonconforming methods.
The numerical example shows that the nonconforming method converges faster
than the conforming method.



z-axis

04

03

0.2

01

0.1

0.2

03

NUMERICAL MODELING OF A DUAL VARIATIONAL INEQUALITY

0 —
0 o1

FIGURE 6.3. Triangulations and nodes employed in the non-

conforming method

m=14, n=200, 10=0.05, u(xy)

y-axis
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FI1GURE 6.4. Computed u and A using nonconforming finite element.

itearative number | conforming FEM | nonconforming F'EM
10 0.0391011 0.0667215
20 0.0395721 0.0354249
30 0.0365382 0.0131121
40 0.0315310 0.0047859
50 0.0227896 0.0017652
60 0.0149436 0.0006545
70 0.0094068 0.0002429

TABLE 6.1. The comparisons of errors for two finite element ap-
proximations when the partition of  is 12 x 12.
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