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Abstract: This paper is concerned with the frictionless unilateral contact problem (i.e.,
a Signorini problem with the elasticity operator). We consider a mixed finite element
method in which the unknowns are the displacement field and the contact pressure. The
particularity of the method is that it furnishes a normal displacement field and a contact
pressure verifying the sign conditions of the continuous problem. The a priori error analysis
of the method is closely linked with the study of a specific positivity preserving operator of
averaging type which differs from the one of Chen and Nochetto. We show that this method
is convergent and satisfies the same a priori error estimates as the standard approach in
which the approximated contact pressure satisfies only a weak sign condition. Finally we
perform some computations to illustrate and compare the sign preserving method with the
standard approach.
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1 Introduction

Finite element methods are efficient and widespread tools in computational contact
and impact mechanics (see [17, 18, 28, 29, 33]) and the mixed formulations involving
a displacement field u in the bodies and the contact pressure o,(u) on the contact
zone are commonly used. A particularity of the contact problem lies in the so-called
unilateral conditions linking, on the contact zone I'¢, the normal displacement field
u, and the Lagrange multiplier A = —o, (u):

u, <0, A>0, Au, =0 on I'c.

The mixed finite element method we consider, introduced in [22], furnishes an ap-
proximated normal displacement field uy, and an approximated multiplier A\, which
satisfy

Upp <0, Ap >0 on I'¢,
Ap Upp = 0 at the nodes of I'c.



Such a method shows three interesting aspects in comparison with the standard
approach in which the multiplier is only nonnegative in a weak sense (see, e.g.,
(3, 11, 25]):

e the nonnegative multiplier is more relevant from a mechanical point of view,

e this multiplier vanishes where the body separates (the multiplier of the standard
approach may show some artificial oscillations on the separation zone),

e it allows to define a simple a posteriori error estimator whose numerical analy-
sis gives better bounds than for the error estimator arising from the standard
approach (see [22]).

Let us mention that there exist other mixed formulations leading to a priori error
estimates with nonnegative multipliers and normal displacement fields which do not
satisfy the nonpositivity condition (see [4, 3, 18]).

The paper is organized as follows. In Section 2 we introduce the equations mod-
elling the frictionless unilateral contact problem between an elastic body and a rigid
foundation. We write the problem using a formulation where the unknowns are the
displacement field in the body and the pressure on the contact area. In the third
section, we choose a discretization involving continuous finite elements of degree one
for the displacements and continuous piecewise affine multipliers on the contact zone.
The main particularity of this approach is that both the normal displacement and
the multiplier solution to the discrete problem satisfy the same sign conditions as
the normal displacement and the multiplier solving the continuous problem. More
precisely the displacement field of the sign preserving method coincides with the one
in the standard approach and the multipliers are linked by a linear operator which
transforms the functions satisfying some ”weak” nonnegativity conditions into non-
negative functions. In Section 4, we study and discuss the main basic properties of the
positivity preserving averaging operator which requires minimal regularity. Section 5
is concerned with the a priori error analysis of the sign preserving method. We prove
that the method is convergent when using convenient regularity assumptions on the
solution to the continuous problem and we obtain in Theorem 5.5 and Corollary 5.8
similar a priori error estimates as for the standard approach. In section 6 we imple-
ment both methods and we compare them on several examples. As expected the sign
preserving method furnishes more relevant multipliers and no loss of convergence is
observed in comparison with the standard approach. Finally we mention that the re-
sults in this paper obviously hold for the simpler Signorini problem with the Laplace
operator.

As usual, we denote by (H*(.))%, s € R,d = 1,2 the Sobolev spaces in one and
two space dimensions (see [1]). The usual norm of (H*(D))? (dual norm if s < 0) is
denoted by || - ||s.p and we keep the same notation when d =1 or d = 2.



2 The unilateral contact problem in linear elastic-
ity
We consider an elastic body € in R? where plane strain assumptions are made. The
boundary 0f2 of 2 is polygonal and we suppose that 02 consists in three nonoverlap-
ping parts I'p, I'y and I'c with meas(I'p) > 0 and meas(I'¢) > 0. The normal unit
outward vector on 0f2 is denoted n = (n, ny) and we choose as unit tangential vector
t = (—n2,n1). In its initial stage, the body is in contact on I'c which is supposed
to be a straight line segment and we suppose that the unknown final contact zone

after deformation will be included in I'c. The body is clamped on I'p for the sake
of simplicity. It is subjected to volume forces f = (f1, f2) € (L?(2))? and to surface
loads g = (g1, 92) € (LA(T'y))?.

The unilateral contact problem in linear elasticity consists in finding the displace-
ment field u : Q — R? verifying the equations and conditions (1)—(6):

(1) dive(u)+f= 0 in Q,

where o = (0;;), 1 <i,j < 2, stands for the stress tensor field and div denotes the
divergence operator of tensor valued functions. The stress tensor field is obtained
from the displacement field by the constitutive law of linear elasticity:

(2) o(u) = Aeg(u) in €,

where A is a fourth order symmetric and elliptic tensor whose coefficients lie in C*(Q)
and e(v) = (Vv +'Vv)/2 represents the linearized strain tensor field. On I'p and
I'y, the conditions are as follows:

(3) u= 0 on I'p,
(4) O'(U)Il = g on I'y.

For any displacement field v and for any density of surface forces o(v)n defined on
0f) we adopt the following notation

v=v,n+ut and o(v)n=o,(v)n+ o (v)t.
The three conditions describing unilateral contact on I'¢ are (see, e.g., [12, 13, 14, 15]):
(5) u, <0, on(u) < 0, on(u)u, =0.
Finally the equality
(6) of(u) = 0

on I'c means that friction is omitted.

The mixed variational formulation of (1)—(6) uses the Hilbert space
V= {V € (Hl(Q))2 : v=0on FD}.
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The Lagrange multiplier space M is the dual of the normal trace space N of V
restricted to e, If the end points of I'c: belong to Ty (resp. T'p) then N = Hz(I'¢)

1
(resp. Hi(I'¢)). We next define the following convex cone of multipliers on I'¢c:
Mt = {u eM: (i), >0 forally € Ny >0 ae. on Fc},

where the notation (., ‘>Fc represents the duality pairing between M and N. Define
o) = [olwiew)d  buv) = (uo),.

L(v) = /f-de+/ g-vdl,
Q I'n

for any u and v in V and p in M.

The mixed formulation of the unilateral contact problem without friction (1)—(6)

consists then in finding u € V and A € M™ such that

- a(u,v) +b(\,v) = L(v), Vvev,

7
b(p — A, u) <0, Ve M.

An equivalent formulation of (7) consists in finding (A, u) € M x 'V satisfying
E(M,U) SE()‘vl“I) SE()UV)? VVEV, VMEM—l—v

where L£(p,v) = 3a(v,v) — L(v) + b(z1,v). Another classical weak formulation of
problem (1)—(6) is a variational inequality: find u such that

(8) uc K, a(u,v—u) > L(v —u), Vv e K,

where K denotes the closed convex cone of admissible displacement fields satisfying
the non-penetration conditions:

K:{VEV: UnSOOHFC}.

The existence and uniqueness of solution (A, u) to (7) has been stated in [18]. More-

over, the first argument u solution to (7) is also the unique solution of problem (8)
and A = —o,(u).

3 Finite element approximation

A regular family of triangulations denoted 7}, is associated with the body 2 (see [7, 9]).
The closed triangles K € T}, are of diameter hx and we set h = maxger, hix. In order
to use inverse inequalities on the contact area, we suppose that the monodimensional
mesh inherited on I'¢ is uniformly regular and we denote by ho a parameter repre-
senting the size of the elements on the contact zone (if the entire mesh is uniformly
regular as it will be the case in the computations we can merely choose he = h).
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The finite dimensional space involving continuous affine finite elements is
V, = {vh €(CE?: VreTh i, €(P(R)? va, = o}.
The normal trace space on the contact zone is defined as
Wi, = {,uh € C(T¢):3vy, € Vyst. vy -n =y on Fc},
and the nonnegative functions of W), become
Wy = {un € Wy« p, > 0}

The discrete problem approximating (7) is: find u, € Vj, and A, € W," such that

a(uh,vh) + / ]h()\hvhn) dl’ = L(Vh), Vvh € Vh,
(9) te
/ In((pen, — An)upy) dI' <0, Vo, € W,
o]

where I, stands for the standard Lagrange interpolation operator of degree one defined
at the nodes of T : Yo € C(T'¢) : Iyv € C(T¢), Iyw(x) = v(x) for any node x in I'c
and [v is an affine function between two nodes. The following proposition proves the
existence of a unique solution to problem (9). It gives also some elementary properties
of the solution and describes the links with a standard variational inequality.

Proposition 3.1 (i) Problem (9) admits a unique solution (An,uy) € W,F x V.
(ii) One has up, < 0, A, >0 on Lo A\ up, = 0 at the nodes of I'c.

(iii) The displacement field uy, solving (9) is the unique solution to problem: find
w, € Ky ={vy, €V v, <0 onTl¢} such that

(10) a(uh,vh — uh) > L(Vh — uh), \V/Vh c Kh.

Proof: (i) Since we are in the finite dimensional case we only need to check (see [18],
Theorem 3.9 and Example 3.8) that

[h(uhv;m) dF
I'c

sup
vLEV L, VLD ||\/h||17Q

is a norm on W;. So we have to verify that

{,Lbh e W, : / Ih(,uhwm) dl' = 0, Vvy, € Vh} = {O},
el

which is satisfied according to the definition of Wj. So Problem (9) admits a unique
solution (s, uy) € W,F X V.



(ii) Set
c(pn, vi) = / In(pnonn) AU Y, € Wi, Vv, € V.
T'e
Taking p, = 0 and py, = 2\, in (9) leads to
cAn,up) =0 and  c(pp,up) <0, Vu, € W)

Taking juy, = 1, € W, in the previous inequality where v, is the scalar basis function
of W), (defined on T'¢) at node = € T'¢ verifying 1, (2') = §, for any node 2’ € T,
we deduce that up,(z) < 0. Hence up, <0 on I'c.

From Apup, < 0 on I'c and since ¢(Ap,uy) = 0 we come to the conclusion that
I (Anunn) = 0 on I'c. That proves point (ii).

(iii) From the equation in (9) and c¢(Ap, up,) = 0 we get
(11) a(up, up) = L(up)

and for any v, € K}, we obtain

(12) a(tn, Vi) — L(vy) = — / Th(Ovm) dT > 0.

el

Putting together (11) and (12) implies that uy is solution of the variational in-
equality (10) which admits a unique solution according to Stampacchia’s theorem.
]

The standard approach (see, e.g., [3, 11, 25]) consists of solving the following
discrete problem (using the same arguments as in the previous proposition, it admits
a unique solution): find w;, € V}, and 6), € M, ,JL’ such that

(13) a(Wh, Vh) + b(Hh, Vh) = L(Vh), Vv, € Vy,
b(uh—é’h,wh)gO, VuhEM;,
where
(14) M}—::{uhEWh: / uhgbh dl’ >0, thGW}j—}
el

Remark 3.2 We have W," C M™ and W, C M;" ¢ M™.

The next proposition establishes the link between the solutions of Problems (9)
and (13).

Proposition 3.3 The solutions (An,uy) and (0, wy) of Problems (9) and (13) sat-
isfy:
(1) U, = Wy,



(i) A\, = 7m0 where m, : LY(T'¢) — W), is the quasi-interpolation operator defined for
any function v in LY(T¢) by:

THhU = Z O‘x(v)'@bxa

TEN,

where Ny, represents the set of nodes of T, v, is the scalar basis function of W),
(defined on I'c:) at node x verifying (') = 6, for all ' € Ny, and

o (o) ([ o)

Proof: (i) The same discussion as in points (ii) and (iii) of Proposition 3.1 and some
polarity arguments (see, e.g., [20, 22]) which we describe hereafter prove that wy, is
also the unique solution of the variational inequality (10). Let us briefly summarize
the result: choosing p, = 0 and py, = 26y, in (13) implies b(0y,, wy,) = 0 and b(pp,, wy) =
ch pnwpy, dU < 0, Vu, € M. Consequently wy, € —(M,")* (the notation X*
stands for the positive polar cone of X for the inner product on W), induced by b(.,.),
see [23], p. 119). We have (M;")* = ((W,")*)* = W," since W, is a closed convex
cone. Hence wy, € —W," and w;, € K,,. Besides (13) and b(6,, w;,) = 0 lead to
a(wp, wy) = L(wy) and for any v, € Kj,, we get

a(wp, vy) — L(vy) = —/ Onvp, dI' > 0,

Te

since 0, € M, = (W,")* and vy, € —W,". Hence wy, is the unique solution of the
variational inequality (10) and point (iii) of Proposition 3.1 establishes the result.

(ii) From (i), and the equalities in (9) and (13) we deduce that
(15) / Onvn, dI' = / [h()\hv;m) dF, Vv, € V.
e e

We choose vj, such that vy, = 1, where v, is the scalar basis function of W), at node
x € I'c. As a consequence

/ Hh@Dx dl' = )\h(l') ’gbx dl’.
INe]

Te

This proves that A\, = 7,0, where 7, is the linear operator defined above. [

4 The positivity preserving averaging operator: ba-
sic properties

Now, we intend to study the basic properties of the operator m;, defined in Proposition
3.3, (ii). It is obvious that 7, is a linear averaging operator (see [6, 8, 10, 19, 30, 31]
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for other averaging operators) and that it preserves not only the nonnegative func-
tions but satisfies also 7, (M,") = W," which means that it transforms finite element
type functions with a weak nonnegativity condition into nonnegative functions (such
a property is also satisfied by the operator in [8]; for a detailed discussion concern-
ing positivity preserving finite element approximation, we refer the reader to [27]).
Obviously m,v, # vy, in the general case when v, € W),. Moreover it is easy to see
that m,(W}) = W),. Finally it is straightforward to check that any locally constant
function is reproduced locally by 7, (this is not the case for locally affine functions,
since the meshes on I'c have not the same length), and that

(16) / v—mpu dl =0,
Te

for any v € L'(I'¢) which means that the operator preserves globally the average (note
that a local average preserving property does not hold). In the following proofs we
denote by C' a positive generic constant independent of the discretization parameter
h. Now we show the L2-stability property of 7.

Lemma 4.1 There is a positive constant C' independent of h such that for any v €
L*(T¢) and any E € ES (EY denotes the set of closed edges lying in T'c):

[mvlloe < Cllvlloqs,
where vp = U{FEEhC: FmE;é(Z)}F‘

Proof: Let v, be the support of the basis function 1, in I'c. Using the definition of
a,(v) in Proposition 3.3, Cauchy-Schwarz inequality, and the uniform regularity, we
get

_1
e (0)] < vlloq 19z llon 192171, < Che? [v]loq,
Denoting by N, the set of nodes of I'c, we obtain by a triangular inequality

> au(v)is

zeNL,NE

< Clfvlloyp-
0,E

||7Thv||07E =

The next lemma is concerned with the L?-approximation properties of 7.

Lemma 4.2 There is a positive constant C' independent of h such that for any v €
H'T¢), 0 <n <1, and any E € EY (EY denotes the set of closed edges lying in
Te):

[0 = mnvlloe < Ch[v]lyyp,

where Y = U{FeEf: FOE#(Z)}F'



Proof: When n = 0 the bound results from the previous lemma. Note that 7,
preserves the constant functions on I'c. Let be given an arbitrary constant function
c(x) = ¢, Vo € I'c. From the definition of 7, we may write for any v € H"(I'¢):

v—Tpv =v — ¢ — (v — ).
Therefore by Lemma 4.1 we get
17) v =mvllos < Clv=clloe+llv——cloy) < Cllv = clloyg, Ve € R.

We then choose ¢ = fvE v(z)dx/|yg| in (17) where |yg| denotes the length of ~g.
Then if z € yg and 0 < n < 1 we have

v@)—c = |ygl” / o(z) — v(y)dy
= |’7E|_1/ M\x—y\wdy

e T —y|[ 2

Using Cauchy-Schwarz inequality we deduce

AE<v<x>—c>2dx - mr?/w (/#| ey >2dx

v\r) —v
< e \_2/ (/ %dy/ |x—y\1+2"dy)dx
|I | "
< pei [ [ B |1+23)ddx
YE YYE
< Cr*|vl;

mYE "

Hence the result.
If x € yg and n = 1 we have

oz —c = mrl/y o(x) — o(y)dy = el // 1) dtdy.

where the notation v’ stands for the derivative of v. Hence
1
[v(x) —c| < [vel2[V]]oys-

The result is then straightforward. [

A open question is concerned with the optimal approximation properties of 7,
in dual Sobolev spaces (typically H=2(I'¢)). It is straightforward that the L2(I'¢)-
projection operator onto continuous and piecewise affine functions as well as the
L*(T'¢)-projection operator onto piecewise constant functions satisfy such properties.
On the contrary it can be shown that the Lagrange interpolation operator as well as
the L?(T'¢)-projection operator applied to nonnegative functions and mapping onto
W, do not fulfill such properties. Unfortunately the counter examples for the last
two operators use the fact that the average of the function is not preserved and this
is not the case for 7, (see (16)).



5 A priori error estimates

Now we intend to analyze the convergence of the finite element problem (9). In the
forthcoming error analysis we suppose that u € (H2+7())? with 0 < 1 < 1/2 which
implies that w,, is continuous on I'c (which is a straight line segment). Set

Ye = {x €Tl :uy(x) =0},
Ys = FC\f)/c-

In order to obtain an optimal convergence rate we need to use the assumption:

(18) the number of points in v, N 7; is finite.

The case where (18) is not assumed is considered in Corollary 5.8. Let us first recall
the recent result established in [25].

Lemma 5.1 [25] Let (A, u) be the solution of (7) and let (0, up) be the solution of
(13). Assume that (18) holds. Let the reqularity assumption u € (H2(Q))? with
0 <n <1/2 hold. Then, there exists a positive constant C' independent of h satisfying

1
=il + A= 0l s vy < OE 7 ulls 0
This result and a triangular inequality imply the bound in the next lemma.

Lemma 5.2 Let (A, u) be the solution of (7), let (An, us) be the solution of (9) and let
(O, up) be the solution of (13). Assume that (18) holds. Let the reqularity assumption
u e (H2(Q)? with 0 < n < 1/2 hold. Then, there exists a positive constant C
independent of h satisfying

1
= Wil + A = Mllsre < CRE gy 0+ A — Ol o
Now we need to estimate the term ||)‘h_9h’|—%,rc- A first bound is given hereafter.

Lemma 5.3 Assume that the hypotheses of Lemma 5.2 hold. Then there exists a
positive constant C' independent of h satisfying

1 1
I = Ol g e < € (B3 ully 0+ BEIM = Ballore )

Proof: From the discrete inf-sup condition (see, e.g., [11])

b
0<C < inf sup (1 V)
mWiviev,, lnll—1 rellvallie

and (15), we get

b()\h—é’h,vh)
M=l 1. < C sup T ImVh)
P =bullyre < € sup T

)\h'Uhn — Ih()\h'Uhn) dI’

(19) = C sup =<
vREV) ||‘/h||17Q
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Besides we have

/ A Unn — In(Apvpy) dI' = Z / M Unn — In(Apvpy) dT,
I'c E

EecEf

where E¢ denotes the set of closed edges (of triangles) lying in T From numerical
integration (trapezoidal formula), and Cauchy-Schwarz inequality we get

IA

Chil (Ao, |

ChE|| Ao, £l vhnllo,E

CHgll (A = M) llo.z 10 llo.2

where hg denotes the length of the edge E, A = (fyA dT)/hg and v/, v” denote the
derivatives of first and second order of v. An inverse inequality implies

/ >\hvhn — [h(Ahvhn) dF
E

IA A

/ Nt — Tn(omn) AU < ChilAn — Mol flos.
E

Writing vj, = (Upg, Uny), We can suppose without loss of generality that I'c is parallel
to the horizontal z—axis (the y—axis is vertical). Using the scaled trace theorem (see,

e.g. [16)):
_1 1 1
lollo.s < € (hg? [vlox + hEIVellox ), VE € Bx, o € H'(K),

(Ek represents the set of the three edges belonging to the triangle K') we deduce that

8’Uhy < ChE2

ox

C%hy

0,E

_1 _1
< Ch®l[onyllxc < Chig® Vil k-
0,K

ooz = \
Hence

1 _
/ Mt — InOnonn) AT < CHE A — Mlo.slvall k.
FE

Therefore denoting again by A the piecewise constant function defined on I'c such
that \|_ = ([ A dl')/hg, we obtain by addition

[ M = BOwtn) U < CREIA = Ml Vil
Fe
According to (19) we deduce

1 _
[An = Onll_1re. < ChE[IA = Anllore

1 _
Che (1A = Onllore + [16n — Mnllore + 1A = Alore) -

IA
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Then we use the standard estimate [|[A — A||or, < CRh7||A|l,r. (the latter result is
obtained in the proof of Lemma 4.2) together with the trace theorem (the coefficients
in the elasticity operator are supposed to lie in C*(Q)). The term ||\ — Op|lor. is
estimated by using an inverse inequality, Lemma 5.1 and the optimal approximation
properties in H_%(FC) of the L*(T'¢)-projection operator p, mapping onto Wj. We
recall that py, is defined for any v € L?(T'¢) by:

(20) prv € Wy, / (v —ppv)iby dT =0, Voo, € W,
e

More precisely we have

IA=0Onllore < A= prAllore + [[PaA = Onllore

< C(Wlre + e Ind = 64l .

< C (Wallyspo + b lod = Mg re + Aot 1A = 0l 1., )
and
(21) BelA = Oullore < CRFulls, 0
Finally

1 1
A= Onll_gre < C (RFNullysng + I = Onllore )

Lemma 5.4 Assume that the hypotheses of Lemma 5.2 hold. Then there exists a
positive constant C' independent of h satisfying

1 1
helAn = Onllore < Ch?Jr"IIUIIngQ.
Proof: We write

A = Orllore = 10n — TrOnllore
< (0 = A) = 7 (0n — Mllore + 1A = mrAllore-

Using Lemma 4.2 when adding the local estimates gives

1A = Onllore < C(IA=Onllore + A" Mllnre)
and bound (21) yields
1
BelM = Oulore < ChEPully 0

We finally obtain the optimal a priori error estimate for the sign preserving method.
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Theorem 5.5 Let (A, u) be the solution of (7) and let (An,up) be the solution of
(9). Assume that (18) holds. Let the reqularity assumption u € (H2+(Q))2 with
0 <n <1/2 hold. Then, there exists a positive constant C independent of h satisfying

1
Ju = willia + 1A = Al s e < CREully., g

Proof: It suffices to put together the results of Lemmas 5.2, 5.3 and 5.4. [

Remark 5.6 If one supposes that the operator m, satisfies optimal approximation
properties in dual Sobolev spaces (as H™2 (D)) then the proof of Theorem 5.5 would
be straightforward (in this case one could avoid Lemma 5.3) since it suffices to write
A = Onll—1 v = 10n = Tbnll —1 pp < NA=0n) = Tn(A = On)l_1 pp + A=Al 1
and these properties (together with some inverse estimates) would end the proof. Un-
fortunately such properties are not available (see also the discussion at the end of

Section 4).

Remark 5.7 A deeper insight into the estimates shows that the direct error analysis
of the finite element method (9) by circumventing the standard approzimation (13)
would be not trivial (at least not shorter than the present analysis).

The assumption (18) is concerned with the finite number of transition points
between contact and separation zones. Actually we can not prove that such an as-
sumption is satisfied in practice. Without this hypothesis we can obtain a convergence
result for the finite element method (9). This is achieved in the next corollary.

Corollary 5.8 Let (A, u) be the solution of (7) and let (\n,up) be the solution of
(9). Assume that u € (H2t7(Q))2 with 0 < n < 1/2. Then, there exists a positive
constant C' independent of h satisfying

147
lu = unle + 1% = Al 1 e < CR'F [ull3 0

Proof: The result is straightforward by noting that the solution (6,,u;) of (13)
satisfies under the (H2%7(Q))? regularity hypothesis (see, e.g., 2]):

147
la—willia + A= Ol 1 < CR'3 ulls 0

and that the proofs of Lemmas 5.2-5.4 remain the same when removing assumption
(18). ]

Remark 5.9 Using the same techniques as in (21), it becomes possible to obtain
the same bounds as in Theorem 5.5 and Corollary 5.8 for the error with a weighted
1

L2-norm on the multipliers: |[u —up|l1.0 + hRE||X = Mullore-
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6 Numerical experiments

This section is concerned with the numerical implementation of the finite element
method (9) and its comparison with the standard approach (13). We suppose that
the contacting bodies are homogeneous isotropic so that Hooke’s law (2) becomes

Ev
(1-2v)(1+v)

tr(e(v)) I+

e(v)

o(v) = 1+v
where I represents the identity matrix, ¢r is the trace operator, F and v denote
Young’s modulus and Poisson’s ratio, respectively with £ > 0 and 0 < v < 1/2.
Hereafter we denote by N¢ the number of elements on the contact area I'c.

In the first test we compute the values of the standard and nonstandard multipliers
0, and A\, and we discuss the convergence rate of ||\;, — 0/or.. The second example
deals with Hertzian contact where the exact multiplier A is known: this allows us to
compare the accuracy of both discrete multipliers. A case with two contacting bodies
and nonmatching meshes on the contact area is considered in the third example. We
show how the sign preserving approach can be extended to this framework, at least
numerically.

6.1 A first example with slow variation of the contact pres-
sure

We study a realistic physical example also considered in [22] (see Figure 1). We
choose the domain © =|0, 1[x]0, 1] and we suppose that the body is an iron square of
1m? whose material characteristics are F = 2.1 10 Pa,v = 0.3 and p = 7800kg.m 3.
The body is clamped on its right side, it is initially in contact on its left side and
no forces are applied on the upper and lower boundary parts of 2. Moreover the
body is acted on by its own weight only (with ¢ = 9.81m.s2). We consider quasi-
uniform unstructured meshes. A first configuration with 51 nodes on the contact area
is depicted in Figure 2. We see that I'¢ is divided into two parts: an upper part where
the body remains in contact with the axis + = 0 and the lower part of I'¢ where it
separates from this axis.

The nodes on I'c are numbered from 1 (up) to 51 (bottom) and u, = 0 at
nodes 1 to 16 whereas wuy, < 0 at the other nodes. The corresponding standard
(resp. nonstandard) multipliers ), (resp. Ap) are reported in Table 1. As expected
we observe that 6, is sometimes negative and that it shows some artificial (from a
mechanical point of view) oscillations on the separation part (nodes 16 to 51). These
oscillations weaken when moving away from the transition point (node 16).
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I'y (g=0)

FC f Q FD

Iy (g=0)

Figure 1: The geometry of the body (2

| Node | )‘h | Gh || Node | >\h, | Gh |

1 1.20010F + 05 1.26478F + 05 27 0 —  6.82686F — 03
2 1.09245F + 05 1.07075F + 05 28 0 1.82925F — 03
3 1.00097F + 05 1.00693F + 05 29 0 —  4.90147F — 04
4 9.10860F + 04 9.07382F + 04 30 0 1.31334F — 04
5 8.29212F + 04 8.28702F + 04 31 0 — 3.51910F — 05
[§ 7.53913F + 04 7.53082F + 04 32 0 9.42939F — 06
7 6.83133F + 04 6.82448EF + 04 33 0 —  2.52660F — 06
8 6.16557E + 04 6.15925EF + 04 34 0 6.77000F — 07
9 5.53683F + 04 5.53196 F 4- 04 35 0 — 1.81401F — 07
10 4.93761F + 04 4.93389EF + 04 36 0 4.86064F — 08
11 4.36050F + 04 4.35813EF + 04 37 0 — 1.30240F — 08
12 3.79678F + 04 3.79658F + 04 38 0 3.48978E — 09
13 3.23468F + 04 3.23622F + 04 39 0 —  9.35084F — 10
14 2.65571F + 04 2.66665F + 04 40 0 2.50555F — 10
15 2.02133F + 04 2.03146F + 04 41 0 —  6.71360F — 11
16 1.16927F + 04 1.33550F + 04 42 0 1.79890F — 11
17 0 3.57846F + 03 43 0 —  4.82015FK — 12
18 0 9.58847E + 02 44 0 1.29155F — 12
19 0 2.56922F 4 02 45 0 —  3.46071F — 13
20 0 6.88421F + 01 46 0 9.27297F — 14
21 0 1.84462F 4 01 47 0 —  2.48474F — 14
22 0 4.94264F + 00 48 0 6.66014F — 15
23 0 1.32438F + 00 49 0 —  1.79311F — 15
24 0 3.54866 F — 01 50 0 5.12319F — 16
25 0 9.50859F — 02 51 0 —  2.56159F — 16
26 0 2.54782F — 02

Table 1: Behavior of the nonstandard and standard multipliers A\, and 6.

We then compute the convergence rate of ||\, — 6i|lor, in order to illustrate
Lemma 5.4. The results are reported in Table 2 where this expression is computed
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Figure 2: Initial and deformed configuration with No = 50 (deformation is amplified
by a factor 2.10°).

from No = 1 to No = 128. The average convergence rate (between No = 8 and
N¢ = 128) is 1.25 and a limit rate near 1.24 is observed. In this example we avoid
computing the convergence rates of |A — Apllor, and ||A — 0 ]lor. since problem (7)
does not admit an explicit solution (A, u) in this case and the choice of a reference
multiplier would require to choose one of both methods (9) or (13). This study will be
performed in the next example where the exact expression of the multiplier A is known.
Of course such a phenomenon does not occur for the reference displacement since they
coincide for both finite element methods (9) and (13) according to Proposition 3.3. So
we compute a reference displacement denoted by u,.; corresponding to a mesh which
is as fine as possible. The most refined mesh corresponds to 129 nodes on the contact
area and it furnishes the reference solution u,.; which is the chosen approximation
for u.

I 12 —Onllors | (a(urey —up,uper —up))t/? |
Neo =1 17063 0.12778
No =2 17299 9.72400 102
Neo =4 13355 7.01423 102
Nc =38 6181.4 4.40570102
Nc =16 2789 2.54805 102
Neo = 32 1121 1.40710 102
Neo =64 453.27 —
No = 128 191.29 —
Limit rate 1.24 0.86

Table 2: Difference between the multipliers and error on the displacements
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Since the limit convergence rate of (a(Uyef — Up, Wref — u;,))"/? (which is a norm
equivalent to ||u,.r—uyl|1,0) is near 0.86 one could merely believe that the convergence
rate of || A, — Oxllor. would be around 0.36. In fact the computed rate (of 1.25) is
much higher, a phenomenon that we cannot explain.

From this example we conclude as expected, that the multiplier A\ is more relevant
from a mechanical point of view than 6.

6.2 Example of Hertzian contact

The next example is concerned with the Hertzian contact problem of an elastic ball
with an infinite half plane. The material characteristics of the ball of radius r = 1mm
are chosen as in [25]: v = 0.3, E = 7000 M Pa and a force of (0, —f) with f =100 N
is applied at the top of the ball. Since the analytical expression of the contact pressure
is

2f 5 5 fr(1—wv?)
(22) Az) = bz\/b x?, —b<x <), b=2 7 ,

we have at our disposal a useful analytical solution for a comparison of A, and 6),.
Here b ~ 0.1286mm and A(z) ~ 494.8,/1 — (z/b)2 N/mm,—b < x < b. In our
computations we choose quasi-uniform unstructured meshes (we do not symmetrize
the problem and the mesh is not symmetric). The results are reported in Table 3.

| Nodes on 02 || ||>\ - )‘hHO,FC | ||>\ - 9},{”0'1"0 | (maxrc )‘hv minpc )‘h) | (maxrc 9h7 minpc Gh) |
24 47.080 100.23 (381.97,0) (663.98, —178.76)
48 54.651 80.604 (511.47,0) (769.27, —3.0305)
96 23.704 30.822 (503.82, 0) (535.93, —19.902)
192 8.9620 15.223 (498.20, 0) (501.49, —40.091)
384 1.8805 9.8732 (496.93, 0) (498.27, —59.165)
768 1.2057 4.4893 (496.43,0) (496.77, —45.345)
Average rate 1.057 0.896 — -

Table 3: Errors and comparison of the multipliers

We first observe that the convergence rates of ||\ — Ap|lor. and ||A — 0ylor. are
not constant when h decreases: the average rates are 1.057 and 0.896, respectively,
so that the terms ||\ — Apljor, remain smaller than |[A — 6]|or. as h vanishes. From
the expression (22), we see that (maxp, A, minp, A) is approximately (494.8,0). The
first argument is reached by the two approaches but the value 0 is not obtained in a
satisfactory way by 6j,.

From this example we conclude that the sign preserving approach involving the
nonnegative multiplier \;, is more accurate than the standard method.

6.3 An example with two contacting bodies and nonmatch-
ing meshes

As third example we choose a problem of two contacting bodies Q! and Q? with
nonmatching meshes on the common contact zone I'c = Q! N Q2. The dimensions of
Q! and 92 are 1mm x 0.05mm. A Poisson’s ratio v = 0.2 for both solids, Young’s

17



modulus F; = 13000 Mpa for the upper body and E,; = 30000 Mpa for the lower
body are assumed. There are two applied boundary loads on !, of value 100 N/mm
(see Figure 3) : g; (on the upper half of the left side) and g (on the right half of
the upper side). Symmetry conditions are applied on the lower and right parts of
the structure. The mesh of Q! (resp. Q?) divides I'¢ into 119 (resp. 120) identical

‘ RN INR RN
— r o 3
c & 5

99 o9 99 o9 o9 29°

Figure 3: Setting of the problem.

segments.

In order to handle with nonmatching meshes we consider a global contact condition
of mortar type. For error estimates dealing with mortar methods for contact problems
we refer the reader to e.g., [2, 11, 20, 24, 25, 32]. Such a contact condition furnishes
a multiplier denoted 6} which does not satisfy the nonnegativity condition. Our aim
is to extend, at least numerically, the range of applicability of the sign preserving
method to a configuration with nonmatching meshes.

We denote by V} and V3 the finite element spaces associated with Q! and Q2
and by M}" the positive polar cone of W} (see the definition in (14)). Note that
the set W}}Jr involves functions defined on I'c which are continuous, nonnegative
and piecewise of degree one on the mesh of Q!. Of course one could also choose a
symmetrical definition (e.g., M71) using the mesh of Q2. The standard approach is
to find w;, = (u},u?) € V} x V2 and 0} € M;'* satisfying (see [11, 25)):

a(up, vy) + / 0} (vi, +vi,)dl = L(vy), Vv, € Vi x Vi,
NG}
[ k= o)k, + ) ar <o, vk e ML,
e

where a(.,.) and L(.) denote the bilinear and linear forms involving both bodies Q*
and Q* The sign preserving approach is to find u;, = (u;,ui) € V; x VI and
AL € W satisfying

a(n, va) + / IO (ob, + L2 AT = L{vi),  Yvi € VEx V2,
Fe

/ I (b — ALYk, + ph(e,))) dT < 0, Yk € Wit

INe]

where I} denotes the Lagrange interpolation operator of degree one at the nodes of
Q! on ' and p} stands for the L?(T'¢)-projection operator onto W} (see (20)).

As expected the deformed configuration shows a separation area on the left part
of I'c and a contact area on the right part of I'c (see Figure 4). The multiplier
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0, representing the contact pressure is depicted in Figure 5; as already noticed the
multiplier is not always nonnegative and it shows some artificial oscillations near the
transition point from contact to separation. Besides the multiplier )} is represented in
Figure 6 and we observe that it is more relevant from a mechanical point of view. We
observe that the multiplier value is close to 100 on the contact zone which corresponds
to the value of g,. Finally the difference 6} — )} is depicted in Figure 7 and we see
that 6} and A} differ in a significant way near the transition point. Again we conclude
that the new approach involving A} seems to be more accurate than the standard one
when handling with nonmatching meshes.

—

Figure 4: Deformed configuration.

7 Conclusion

In this work we consider a mixed finite element method which furnishes primal and
dual variables with a good sign in opposition to the already known mixed methods
for contact problems (in particular the classical approach). The study of the method
uses an averaging positivity preserving operator which is analyzed and discussed. The
convergence analysis in this paper leads to the same error estimates as the standard
approach. The numerical experiments obtained with the new method seem to be more
relevant and efficient in comparison with the standard method. Finally, the friction
(see e.g., [21]) or the crack problems (see e.g., [5, 26]) are some possible applications
of the method.
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Figure 5: The multiplier 6.

Figure 6: The multiplier A}.

0.2 0.4 {\\06 0.8
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Figure 7: Difference between the multipliers: 6}
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