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Abstract

We study the Nitsche-based finite element method for contact with Coulomb friction considering both
static and dynamic situations. We provide existence and/or uniqueness results for the discretized prob-
lems under appropriate assumptions on physical and numerical parameters. In the dynamic case, existence
and uniqueness of the space semi-discrete problem holds for every value of the friction coefficient and the
Nitsche parameter. In the static case, if the Nitsche parameter is large enough, existence is ensured for
any friction coefficient, and uniqueness can be obtained provided that the friction coefficient is below a
bound that depends on the mesh size. These results are complemented by a numerical study.

Keywords: unilateral contact, Coulomb friction, finite elements, Nitsche’s method.
2010 MSC: 65N12, 65N30, 74M15.

1. Introduction

Many problems in structural engineering involve frictional contact, and are approximated numerically
using variational techniques, among them the Finite Element Method (FEM) [22] 23] 25] [32] [33] [49]
50]. Friction is generally taken into account using Coulomb’s law, that is relevant for a broad range of
applications.

The goal of this work is to present some first theoretical results for Coulomb friction discretized with the
FEM and a Nitsche’s formulation of frictional contact conditions (Nitsche-FEM). We present the method
in the small strain framework, for the dynamic and the static settings. Our main results are, first, a
well-posedness theorem in the dynamic setting, which guarantees the existence and uniqueness of a semi-
discrete solution in space. Secondly, we obtain an existence result in the static setting, which ensures, if
the Nitsche parameter is large enough, that there is at least one discrete solution, irrespectively of the
values of the friction coefficient and of the mesh size. In this static setting, uniqueness of solutions is
recovered with very restrictive conditions on the friction coefficient and the numerical parameters, which
is something expected for this problem (see, e.g., [24] 29]). These theoretical results are complemented
by a numerical study. Particularly, this is the first time, to the best of our knowledge, that numerical
results are obtained with the Nitsche-FEM for frictional elastodynamics. Part of the results presented
here have been announced, without detailed proofs, in conference proceedings [10} [12].
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Let us put our work in perspective with the litterature. Contact with Coulomb friction in elastostatics
remains a difficult problem, with still some open issues in its mathematical analysis, both for the con-
tinuous and the discrete problems. In the continuous case, there is indeed no complete characterization
of existence and uniqueness when the friction coefficient is varied (see, e.g., [20, 211 [40] for existence
results when the friction coefficient is small). Moreover it can be proved that uniqueness is lost in some
configurations and multiple solutions can be obtained, see, e.g., [, 27]. The existence and uniqueness of
solutions to the discrete problem has been studied for instance in [28] and later on in [26] [34], for more
general formulations, especially a variable friction coefficient. Also, comparatively to the frictionless case
or to the Tresca friction case, more difficulties appear in the numerical analysis of the method: even
in situations when uniqueness can be ensured at the continuous level (see, e.g., [43]), the obtention of
optimal error estimates in H'-norm is still an open issue, see e.g., [24, 29]. Moreover special care has
to be taken in numerical solving when situations of non-uniqueness occur [28, 30, 36, 37]. In fact, it
is well known that the finite element problem admits a solution and that the solution is unique if the
friction coefficient is small enough, but the denomination small depends on the discretization parameter.
Moreover, the improvement of numerical methods to solve contact with Coulomb friction represents still
a very active research field (see for instance [3] [51]).

For Coulomb friction in elastodynamics, results are even more scattered (see [21I] for a review). A
pioneering work [38] addresses the problem of frictional contact with a normal compliance law, and
existence and uniqueness of a solution is established. Another work [42] carries out the numerical analysis
of a one dimensional contact problem with Coulomb friction. In [5], resp. [7], a well-posedness result is
proven for a single particle, resp. a collection of particles, undergoing contact with Coulomb friction. A
key assumption for the proof is the analyticity of the data. When the modified mass method of Khenous,
Laborde and Renard [31] is used for the space semi-discretization with FEM of contact with Coulomb
friction, well-posedness of the semi-discrete problem in space has been established in [35] and [19]. This
latter reference provides also a convergence result.

In the last years, a Nitsche-FEM has been designed to handle contact conditions in elasticity, first for the
frictionless contact problem of Signorini, in statics, and in the small strain framework [IT], [I5]. Nitsche’s
formulation [41] differs from standard penalization techniques which are generally non consistent. Besides,
no Lagrange multiplier is needed and no discrete inf-sup condition must be fulfilled contrarily to mixed
methods. A formulation for the Tresca friction problem has been made in [8]. Notably, it has been
proven, without any assumption on the contact/friction set, the optimal convergence of the Nitsche-FEM
in the H'(Q) norm, which is O(h'/?*¥) when the solution lies in H3/277(Q),0 < v < 1/2. The numerical
analysis of this paper has been extended to the contact between two elastic bodies, with an unbiased
formulation [I6], and also for Hybrid High Order (HHO) discretization on polytope meshes [9].
Nitsche’s formulation has also been extended to solve contact with Coulomb friction. This method has
been first formulated, in the static case and in small strain, in [44]. This was accompanied by several
numerical tests, in two and three dimensions, to assess the performance of a generalized Newton algorithm.
Later on, an extension to contact in large deformations with Coulomb’s friction has been performed and
tested numerically in [39], for the quasi-static setting (see also [40]).

For contact in elastodynamics, a Nitsche-FEM has been devised and analyzed in [13| 14, [17], for frictionless
contact and in small deformations. In this situation, the Nitsche-FEM leads to a well-posed semi-
discrete problem in space, as for the penalty method and the modified mass method [31]. Several implicit
or explicit time-marching schemes have been proposed, analysed and tested numerically, still in the
frictionless case. The Nitsche-FEM has never been extended to Coulomb’s friction in dynamics, though
the method has been formulated in [I0].

Let us introduce some useful notations. In what follows, bold letters like u, v, indicate vector or tensor
valued quantities, while the capital ones (e.g., V,K...) represent functional sets involving vector fields.



As usual, we denote by (HS(.))d, s € R,d=1,2,3 the Sobolev spaces in one, two or three space dimensions

1
(see [1]). The usual scalar product of (H*(D))? is denoted by (-,-)s.p, and || - ||s.p0 = (-, *)2 p denotes the
corresponding norm. We keep the same notation when d = 1 or d > 1. The letter C' stands for a generic
constant, independent of the discretization parameters.

2. Setting

Coulomb friction in small strain elasticity is first presented in the dynamic case, then in the static case.

2.1. The dynamic problem

We consider an elastic body € in R? with d = 2,3. Small strain assumptions are made (as well as plane
strain when d = 2). The boundary 9 of  is polygonal (d = 2) or polyhedral (d = 3). The outward
unit normal vector on 0f) is denoted n. We suppose that 92 consists in three nonoverlapping parts I'p,
'y and the contact boundary I'c, with meas(I'p) > 0 and meas(I'c) > 0. The contact boundary is
supposed to be a straight line segment when d = 2 or a polygon when d = 3 to simplify. In the reference
configuration, the body is in frictional contact on I'c with a rigid foundation and we suppose that the
unknown contact zone during deformation is included into I'c. The body is clamped on I'p for the sake
of simplicity. It is subjected to volume forces f in 2 and to surface loads g on I'y.

We consider the unilateral contact problem with Coulomb friction in linear elastodynamics during a time
interval [0,T) where T' > 0 is the final time. We denote by Qr := (0,7T) x Q the time-space domain, and
similarly T'pr := (0,7) x I'p, Tn7 := (0,T) x 'y and T'or := (0,T) x T'¢. The problem then consists
in finding the displacement field u : [0, T") x Q — R¢ verifying the equations and conditions —:

pu—diveo(u) =1 in Qp, (1)

are the equations of motion for the body where the notation X is used for the time-derivative of a
vector field x so that u is the velocity of the elastic body and u its acceleration. The notation o =
(0ij), 1 <4,5 < d, stands for the stress tensor field and div denotes the divergence operator of tensor
valued functions. The stress tensor is defined using the constitutive relation o(u) = A e(u) where
e(v)=(Vv+ VVT) /2 represents the linearized strain tensor field and A is the fourth order symmetric
elasticity tensor having the usual uniform ellipticity and boundedness properties. The density of the
elastic material denoted by p is supposed to be constant to simplify (this is not restrictive and the results
can be extended straightforwardly for a variable density). The prescribed displacements and density of
forces are expressed by the equations:

u=0 on FDTa

(2)

oclun=g on Dyr.

For any displacement field v and for any density of surface forces o(v)n defined on 992 we adopt the
following notation:
v=vn+vy and o(v)n=o,(v)n+oi(v),

where v¢ (resp. o(v)) are the tangential components of v (resp. o(v)n). The conditions describing
unilateral contact on I'cr are:

Up, <0, o,(u) <0, op(w)u, =0 (3)



and those modelling Coulomb friction on I'c can be written as follows

=0 = |oy(u)| < —Fo,(u)
u #0 = o¢(u) = ﬁan(u)% )

where . > 0 stands for the friction coefficient (.% = 0 corresponds to the frictionless case).
Finally we need to add the initial conditions

u0,)=up, u(0,) =1y  inQ (5)

where ug is the initial displacement and 1 is the initial velocity. Note additionally that the initial
displacement ug should satisfy the compatibility condition wug, < 0 on I'c.

Remark 2.1. A quasi-static problem can be obtained if the inertial terms are neglected in the equations
of motion. Then simply becomes

—dive(u)=f in Qr, (6)
while the other equations (@7 remain unchanged and (@ merely reduces to u(0,-) = ug in Q.

2.2. The static problem

It consists of considering the quasi-static model and to approximate (¢, ) using a time increment:
g (t,2) = (ug(t,x) — ue(t — At,x))/At. Supposing to simplify that us(t — At, x) equals zero yields the
static friction model where becomes

u =0 = |o¢(u)| <—-Fo,(u)
Ug (7)

u #0 = o‘t(u):ﬁan(u)m.

The static model consists then for a fixed ¢ to find a displacement field u : Q — R¢ satisfying , ,
@ and .
3. Nitsche finite element discretizations

In this section we derive Nitsche-FEM for the dynamic and static settings presented above.

3.1. Preliminaries
We make use of the notation [~]R7, that stands for the projection onto R~ (i.e., MR— = 1(z — |z]) for

x € R). Moreover, for any o € RT, we introduce the notation [-], for the orthogonal projection onto
#(0,a) C R¥™1 where %(0, a) is the closed ball centered at the origin 0 and of radius .. This operation
can be defined analytically, for x € R4~! by:

X if |x| < a,

Xla =19 0 otherwise.
x|

It is easy to check that

o = Yol < lx=yl, (Ko = ¥a)?* < (Ko = ¥]a) (x — ), (8)



for all x,y € R4, Let a, B € Ry, it holds, for all x € R¢™1:
x]g — X]al < |8 —al. (9)

The derivation of a Nitsche-based method comes from the observation that the unilateral contact con-
ditions (3), the static (resp. dynamic) Coulomb friction conditions (resp. (4))) can be reformulated
with only one equation as seen hereafter.

Proposition 3.1. Let v be a positive function defined on T'c.
The unilateral contact conditions @ can be reformulated as follows:

on(u) = [0y (u) — ”Yun]R . (10)

Suppose that (3) holds. Then the static (resp. dynamic) Coulomb friction conditions (1) (resp. ({)) can
be reformulated as follows:

o¢(u) = [oe(u) = Y] _z,, ) = [0e(0) = Y] 20, (W —yun] ) (11)
.
respectively

(W) = [ (W) = 70] (50, () = (0600 = V0] o, ) qu ) (12)
Proof: To establish equality (10) a direct proof can be found in [II, Proposition 2.1] (see also, e.g.,
[2, 44, [15]). The second identity (11)) is a direct adaption of the proof made for the Tresca friction case
in [8, Proposition 2.4] with some additional changes in the notations. Note that the second equality of
follows straightforwardly from . To render the paper more self contained, we next prove that
the first equality in is equivalent to @
o First we suppose that (7)) holds.
Consider the case uy = 0, we get |o¢(u)] < —Fo,(u). Due to the property of the projection it results
that o (u) = [o¢(w)] 2, ()
In the case ug # 0, we have |[o¢(u)| = —Fon(u) so o¢(u) = [o¢(w)] _ 5, () In addition o (u) either
vanishes (obvious case) or —yuy = ao¢(u) with o > 0, hence

oi(u) = [oc(W)] Lz, (w) = (1 + a)oc()] _ 2y, (u)) = oc(0) = 70e] _ 25 (w)

which proves .
e Suppose now that the condition holds. Whatever the value of uy = 0 is, we deduce immediately

from that [o¢(u)| < —F o, (u). Therefore we only have to consider the case ug # 0 in (7). From
oi(u) = [o¢(u) — “Yut](—ygn(u)) we see that:

- if o¢(u) = 0 then necessarily o, (u) = 0 (since . # 0), so (7)) holds,

- if o¢(u) # 0 then necessarily o, (u) < 0 and there exists 5 € (0,1) such that ot(u) = f(ot(u) — yuy),
o

1—
= o), (13)
with the quantity (1 — 3)/8 > 0. Therefore becomes o¢(u) = [ﬁ’lat(u)}(_ya (w) SO log(u)| =
—Zop(u) and finally implies o¢(u) = Fo,(u)ug/|ug|. Hence is proved.
The equivalence between and is handled as the previous one by changing ug with . O



We introduce the following Hilbert space:
VvV o= {v € (Hl(Q))d :v=20on FD}.

Suppose that uy € V, with uy, < 0 a.e. on I'c, and that uy € (L2(Q))d. Suppose also that

f e ¢°(0,7); (LQ(Q))d) and g € €°([0,77; (LQ(I‘N))d), which imply that they belong respectively to
d d

(LQ(QT)) and (L2(FNT)) .

Let us define now the following forms:

a(u,v) := /ch(u) ce(v) dQ, L(t)(v) :== /Qf(t) v dQ+ /FN g(t) - vdr,

for any u and v in 'V, for all ¢t € [0,T).

Let V! C V be a family of finite dimensional vector spaces (see [18]) indexed by h coming from a family
T" of triangulations of the domain Q (h = maxgcs» hx where hx is the diameter of the triangle K).
The family of triangulations is supposed:

e regular, i.e., there exists ¢ > 0 such that VK € T" hg/px < o where pg denotes the radius of the
inscribed ball in K,

e conformal to the subdivision of the boundary into I'p, I'y and I, which means that a face of an
element K € 7" is not allowed to have simultaneous non-empty intersection with more than one
part of the subdivision,

e quasi-uniform, i.e., there exists ¢ > 0, such that, Vh > 0, VK € T", hg > ch.

To fix ideas, we choose a standard Lagrange finite element method of degree k with k=1 or k =2, i.e.:
vh = {vh € (6°()": V" € (P(K))", VK € T",v" =0 on rD}.

As usual for Nitsche’s method (see e.g., [47, [6]), we introduce the following mesh- and parameter-
dependent scalar product in V"

1 1 1 1
(vhvwh)’y = (vh7wh)1,ﬂ + (’7202372702)0,1_‘0 + (’72"1]:1772“’?)07110'

1
We denote by || - ||y := (-,-)2 the associated norm.
We recall finally the discrete trace inequalities, proven in [8, Lemma 3.2] (see also [48, Lemma 2.1, p.24]
for the scalar case):

Lemma 3.2. There exists C > 0, independent of the parameter vy and of the mesh size h, such that:

_ _1 _
|(2J,Fc < Cy 1||Vh||%,97 v 20’t(Vh)||(2),Fc <Cv 1HVh||%,Q (14)

1
[v~2 U7L(Vh)

or all vl e VI,
J



3.2. Nitsche discretizations

We provide the Nitsche-FEM formulations for the dynamic and static problems described in the previous
sections, following the same path as in [I0]. We consider in what follows ~, a positive piecewise constant
function on the contact interface I'c which satisfies

J

’YlKﬁI‘C - hK’ (15)

for every K that has a non-empty intersection of dimension d—1 with I', and where g is a positive given
constant (the Nitsche parameter). Note that the value of v on element intersections has no influence.
Given 0 a fixed parameter, we introduce the discrete linear operators

o VP LA(T0) T
Oy vl 0o, (V) — ol Oy vl Oy (vh) —yvh

and
Qt Vixvh L3(T¢)
TV e (V) =
Define as well the bilinear form:
0
Ag, (u",v") := a(u”,v") - / ~o(uM)n-o(v")ndr.

re 7

The Nitsche-FEM for the dynamic setting f reads:

Find u”" : [0, 7] — V" such that for t € [0, 7] :

(P (£), ") + Agy (u" (1), V") + / > PR (0 (1), P, (v") ar
re 7V (16)

1 .
+/r 5 [ny(uh(t)vuh(t))](—}"[P’{‘W(uh(t))]R_) Py (vM)dl = L(t)(v"), Vv'eVh
C

u"(0,-) = ul, u(0,-) =,

where uf (resp. 1) is an approximation in V" of the initial displacement ug (resp. the initial velocity

1p), for instance the Lagrange interpolant or the L?(2) projection of ug (resp. 119). The notation (,-)
stands for the L2(£2) inner product.

Remark 3.3. For the quasi-static problem, the Nitsche-FEM reads:
Find u" : [0,T) = V" such that for t € [0,T) :

Ags (uh (2), v") + / % PR (uh ()], PE (v") dT

(17)

R—

1 .
+/F 5 [Q'ty(uh(t)’uh(t»](f}'[P‘fﬁ(uh(t))] ) Ph (VM) dl = L(t)(v"), vvheVh
(e}

u"(0,)) = u}
Finally, the Nitsche-FEM for the static setting (2), (3)), (6) and (7) reads:

Find u" € V" such that:
1

Ay () [ D PR (u),PR () ar -

1
+/ Z [Pt (u" Pt _(vMh) dD = L(v"), Vvl e v
ro ¥ [ 1,’\/( )] <_§[P?,w(uh)]mi> 0,7( ) ( )



4. Existence and uniqueness results

The aim of this section is to provide existence and uniqueness results, first in the dynamic setting
(Problem ([I6)), and then in statics (Problem (18)).

4.1. The dynamic case

In contrast with the standard (mixed) finite element semi-discretization, Nitsche’s formulation leads to
a well-posed (Lipschitz) system of differential equations, as it will be shown below. In order to prove
well-posedness we reformulate as a system of (non-linear) second-order differential equations. To

this purpose, using Riesz’s representation theorem in (V" (-, -)~) we first introduce the mass operator
M" : V" — V" which is defined for all v, w" € V" by

(thh7 wh)’Y = <pvh7 Wh>'

Still using Riesz’s representation theorem, we define the (non-linear) operator B : (V)2 — V" by
means of the formula

. 1
(Bh(vh,vh),wh)7 = Agv(vh,wh) —I—/ -
re Y

1 .
+/F 5 [Q%(V}%Vh)](f]-'[P‘l",,y(vh)]Rf) -Pp_,(wh)dr,
C

[PY,(v")],- P§,(w") dl

for all v, v" w" € V", Finally, we denote by L"(¢) the vector in V" such that, for all ¢ € [0, 7] and for
every w in V"
(L™(t), w"), = L(t)(w").

Remark that, due to the assumptions on f and g, L" is continuous from [0, 7] onto (Vy, || - [|4)-
With the above notation, Problem reads:

Find u” : [0,7] — V" such that for t € [0, 7] :
M"i" (¢) + B" (u" (1), w" (1)) = L"(1), (19)
u”(0,) = uf, u(0,-) = ul.

We then show that Problem (or equivalently Problem ) is well-posed.

Theorem 4.1. The operator B" is Lipschitz-continuous in the following sense: there exists a constant
C > 0, independent of h, 0,70 and .F such that, for all (v, vh), (vh vh) e (V?)2:

IB"(vi,¥1) = B"(v3,v3)l
_1 1 _1 . .
< C+7 )1+ 0l *) A+ F)IvE = vally + C(L+ (017 *) VT = V3, (20)

As a consequence, for every value of 6 € R and vo > 0, Problem admits one unique solution
uh € €2([0, 7], V").



Proof: Let us pick V{L,vg,\??,vg,wh € V" then:

|(Bh(V1,V1) Bh(v2,v§) Wh)7|

1 n n n L
< ‘AGW(V}II v27 | + /1" ; ([Pl,"/(v?)]R— - [Plﬁ(vg)]]k—) PO,"/(W} ) dl—“
C
n 1 ([Qt (V Vh)] . N _ [Qt (Vh Vh)] N N ) Pt (Wh) dr
7 YOz on), - Q2 V) ser ), ) Phs
_ 1 n n
< O+ 0o IV = vElelw" e +/r 5 |[PT,(vD)],- — [P}, (v3)], | [P, (w")|dT
C

1 . )
+/F 5 ‘[Qt (V17V?)]1¢[P1;ﬂ(v?)] — Q4 (v5, Vi) ZIPP (VB ‘ |P§.. (w")| dr,
C

.
as the estimate yields [|Ag,|| < C(1+ (0175 ").
With the inequality [[z], —[y] | <[z —y|, for all 7,y € R, and using the linearity of P}, we note
that:

1 n n
[ 2 PR, = PR (), P () ar
e 7
1 n n
< [ S pn k- v () ar
e 7
_1l:.n _1l:n
< 2P, vt = vh)llore A PR, (W) o
1 1 _1
< (It b, = b llore + I zan<v’f—v§>||o,rc) (3 wkllo,re + 16117~ 2 on(w™) e )
_1 1 1 )
< (I eh, = hllore + € *IvE = vhle) (vt wlllore +Clolg * [w" )
< O+ )1+ 181 DIV = VBl Iw" . (21)

In the last lines, we used the Cauchy-Schwarz and triangular inequalities, the estimate and the
continuity of the trace operator from H'(Q) to L*(T'¢).
Besides, using a triangular inequality, together with properties and @:

1 . .
/FC 5 ‘[Qz(v?vV?)]—?[P?W(v?)]w - [QE(V?VS)]—?[P;W(VQ)]W ‘ P}, (w")| dT
1 " 1 1 1
< [ @ e, (QUEE e i, |IPY ()]
re 7 o R
1 . .
R IR —[Q%(VgaVg)]ﬁ?[Pgw(vg)]Rf‘|P5,W(Wh)|dr
C
< / |Qt (Vi) - Qt (v, V4 ||P (w")| dr
Tc 7
y n n
[ TP - PR | P () ar
e 7
1 . . n
< /1" ; (‘Qt'y(v? - Vgﬂvlll - Vg)| + F ‘Pl,'y(vill - Vg)|) ‘Pgw(whﬂ dr. (22)
C



Then, we apply Cauchy-Schwarz inequality, use the discrete trace inequalities and get:

1 .
L2 @ oy, — QA ey, | P ()T
C

. 1
< (At =¥ =7t ouvl = vBlore + Z It <v1n—v§in>
1 1
—y au (vl = vB)lloxe ) 177, (W) llore

< O (N8 =¥l + (470 A+ PV = VE]L ) (1+ 161y *)llw"

< VY = V3 lly + (T +7 )X+ F) v = vally ) (T+ 101 )Wl
Taking this bound into account, we now combine the above estimations to obtain:

|(Bh(V17V1) Bh(V2an) Wh)vi

< O+ )L+ Bl DA+ F)IVE = VA WPl + C(L+ [ )9 — VA 1"

It results that

IB" (v, vi) — B"(vy,%5)|, (23)
_ sup (Bh( Vi,V i') _Eih(vgi‘}g)’wh)’y
whevh ||W B

IN

C(1 -+ )1+ (017 *) 1+ F)vE = VEll, + C(+ (01 )IIvE = vE]],.

This proves the first assertion of the theorem.

Then we recast in the canonical form of a first-order system:
d
Sxh(t) = F 1k (1), X(0) =,

w=[ o, =B ] Pete= | MO EO.80)

ug,
It holds for arbitrary ¢ € [0, T] and x?,xk € (V)2
B (8, %) = B (8, %5) 5, = [1(M")7H(B" (ug, 03) — B" (uy, af)[[3 + [lay — a3,

where || - ||l,x~ denotes the product norm on (V")2.
From and re-arranging the terms we get (for a more precise estimate of the subordinated matrix
norm term ||(M")~Y|,, see [13]):

I(M") = (B" (uf, ih) — B"(uf, a})) [y < [[(M") 7|, [IB" (uf, u5) — B"(uf, u})l
<C(p,v0,h, 10|, F )(HuQ—u1||A,+||u2 uiiiv)-
S C(p7 '707]7‘7 |9|,y)||x2 - Xl”’YX’Y'

Hence

[F" (8, x1) = F™(t,x5) 47 < C(p: 70, hs 18], F)I%5 — X7 [l -
So the second assertion of the theorem results of the Lipschitz-continuity of F” and of the Cauchy-
Lipschitz (Picard-Lindeldf) theorem. O

Remark 4.2. Note that there is no condition on vy for the space (semi-)discretization, which remains
well-posed even if vy is small. The same remark applies for the friction coefficient.
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4.2. The static case

In this section we prove that the discrete problem admits solutions when 7y is large (here the denom-
ination “large” depends on ) and that the solution is unique under an additional smallness assumption
on Fyoh1L.

The proof of the unique solution uses the Banach-Picard fixed point theorem for contractive functions in
a metric space. Surprisingly the calculus in the existence theorem proved thanks to the Brouwer theorem
is slightly more complicated since we have to use distances instead of norm terms. The main result of
this section is stated below:

Theorem 4.3. For any value of 8 € R, Problem admits at least a solution when g is large enough.
Moreover, if the quantity F2~yoh™1 is small enough, this solution is unique.

Proof: Let us first introduce the problem of (Tresca) friction with a fixed threshold g € L?(T'¢), which
admits a unique solution according to [§]:

Find u" € V" such that:

h  h l n uh n vh
plg) | Ao [ PR PR

1
+/ S [Pt (u")]y-P§ (v")dl = L(v"),  vv"e V"
e

Remark now that the solutions to Coulomb discrete problem are the fixed points of the application
¢" : VI — V" defined as follows: ¢"(w") is the solution to P(—Z [P} (w")] _).

Step 1. To apply the Banach fixed point theorem in a metric space, we have to prove that the mapping
@™ is contractive on V. Set for v and w" in V"

d(v" wh) = a(v" = wh V" — w2 4 3P (V] = [P (WM o
It is easy to check that d(-,-) is a distance on V.
Let wh, wh € V" and denote by
=¢t(wi),  ug = ol(wh)
)], ) and P(—Z [P} (w})]__). To lighten the notations in the

F PP, (wi)],- (resp. —Z [P} (wh)], ).

the respective solutions to P(— [P“ (wh

proof, we write 1 (resp x2) instead of
We can write for all v € V%

1 n n
Aty [ 2 pn ), PR ar s [
T'c ,y I'e

1
5 [P} (u)]., Ph . (v") dl = L(v"),  (24)
and

Ay (s, ) + / %[P?ﬁ(u’;))]w_ B (vh)d + / %[Pav(ugﬂng,W(vh) ir=L(v").  (25)

So by taking v = u? —uf in and v = uf —ul in , and after summation of the two equalities,
we obtain:

%([P?,%u?nwf[wﬁ(u ), ) P2 (ul — ) dr

A (= ) + [
I'c
1
4 / = (P ()], = [P (ud)]o) P (uf — ) T =0
C

11



Then we obtain after splitting the term associated to friction:

).

(%, (u)]e, — [P, (u})]s, ) PG, (uf

1
h .k h
—Ug,Uu; — Uy

Aoy (ulf

o)

T'c

+)
T'c

1
v
1
v

n uh o
5 ([T, ()], -

([Pilz,'y(ug‘)}ﬂfl - [Pg,’y(ug)]$2) Pg,'y(uill -

[P, (u3)], ) P, (uf — uf)dl
—u})dr
ul) dl = 0. (26)

We now use the splitting Py _(-) = P (-) + (0 — 1)o, () (and the same for the tangential counterpart):

h . h

) h
- U2,u1

Aew(u}f — U

+(0—1)/F
l t (b _ Pt (ul t (uh
S5 (P, - P ) P o

+(0 — 1)/F
s

)+ (P, ()],

e

2=

1 n
; ([Pl,’y(u?

1

- [lelﬁ(ug)]R—) Plil,'y(u? -

- = [P (ud)], ) on(u) —uj

~y ([Pi,'y(u}ll)]l’l - [Ptls,'y(ug)]zl) at(u?

(IPY, (u3)]a, — [P, (u3)]a,) P, (u —

h

uj) dl’

) I

h

—uy)dl’

h
—ug

) dT

u}) dr = 0. (27)

By using the second property in (8) and the inequality (x + y)? < 2(z2 + y?) we get

1 _1
Sl ) — ol Fo(ul

h h . h
AGw(ul —Up,u; —

IN

+Hlv 2 (PE, ()]e, = [P, (b)) 3

ol
+a _9)/rc

1

IN

1

v

[P bl — P () P o

(T, ()], = [PT,(u3)],_ ) o (u}

([PY, (W)]a, = [P, ()]s, ) oe(uf

_1
—u)nf§r. + 7= (P, (0)]e, — [P, () 13 re

ub) + [y 2 (Y, ()], — [P, (ud)], )5 re

h

—ug)dl

h

—uy)dl’

h

—ul) dr. (28)

With the notation 77 for the right part of the previous inequality, we deduce by using Cauchy-Schwarz

inequality:
_1,0n n it
Ti < [1=0lly = (PT, (u))],. — [P, (u3)], )llore v 2on(ul —ug)lore
1 1
HL =0l =2 ([P, (uh)]ay — [P, (u3)]an) lore 1y 2 oe(uf —ug)lore
+Hv 2 ([P, (u5)]a, — [PF (0]l V2P, (uf —ud) o (29)

12



Applying Young’s inequality for 81, 82 > 0 and @ together with the definitions of x1, x2, we obtain:

1-6 ﬁ -1 1-0 _1 n
T < %| zan(u]f - ug)||(2)7rc + | ||| 2([P y(u}f)] [Pl,'y(ulzl)]Rf)”g,Fc
1082, _1 1 0, _1
+% v roe(u) —ud)|§ . + | ||| ([Pt (ub)]e, — [PE(ul)]e) IR r.
1 -1 n n _1
+4l e (P, (W)l — [PM(WQ‘)]R_)H%,FC + 72y 2P (uf — u3)[ff p.- (30)

Applying the triangular inequality, and then the continuity of the trace from H(Q) into L?(I'¢) as well
as the assumption of quasi-uniformity of the mesh 7" yields:

_1 1 _1
Iy =2 P (u —ud)llore < [lv2 (ufy — uly)llore + 01y~ 2o (u} — uj)

l; 1 3

h h h (31)
< Coyg h™ 2 [luf —uyflio +[0ly " 2o (uy —u3)lore,

with Cy > 0.
Let us now combine the previous results:

\1 9|

L RISt
( L ')n (P ()ay — [P (a2

1 951 1 1—46|52 1
< < 2| )llv 2an(u?—u’2’)||%,rc+<|2|+2ﬂ’292+9 ™2 el = w3)|5 re

— 1 —1 n n 1
+272Coyoh™ [} =33 + 712 (P, (W)L, — [P, (W)l )llore (32)
If 6 = 1, then

S )+ (P e, — [P )

_1 _1
I 2on(ul = u) 5 r + (1 +27) [y 2oy (u} — uh)|l3

IN

+272Conoh ™y — 3T + 4 llv 2 (P, (W)l = [P, (w2)l, )G
1
< Clwn' + %" +h™) lluy —uz)fo+ Zd2(W’f,W§)~

So ¢" is contractive if v, Land Z240h~! are small enough.
Suppose now that 6 £ 1. We choose in B1 = B2 =4|1—-146|, so

%dQ(ui‘, 5) — *Ilv’i([ L)), = [P (u3)], IIE e

+§||¢5<[P5,7<u1>]x1 ~ [P b)),
h

_1 _1
(201 =0)* +0) [y 2on(uf —up)|[g . + (201 = 0)* +0 +27%6%) [y~ 2oe(u) —u3)ll5 ..

IN

1
+272Caroh~ uf — w3 o + P (wh,wh).

13



So

3 _ _ 1

SR (uluh) < O (5 (21 0)° + 0+ 2.720%) + F2oh ) [luf — b3 g+ B (wh wh).
If vy Land .#2yoh~! are small enough such that e.g.,

Cyo" (20 =0)* +6+2726%) + F2h ") uf —uz g < EdQ(uuuS)
then ¢" is contractive and admits a unique solution according to the Banach-Picard fixed point
theorem.
Step 2. Now we consider Brouwer fixed point theorem to establish existence in a more general case
without conditions on the friction coefficient and on the mesh size.
e We first prove continuity of ¢". We consider again the last inequality in where the right part of the
inequality, denoted 7; as before, is bounded as in excepted for the last term of which remains
unchanged. Choosing 81 = 82 = |1 — 6|/2 yields

_1
Iy~ 2oe(ui —ud)l5 r

? -1 h hy||2 |1_9|2
< T”W’ 2op(uf —uy)llgr, + 1

+y 2 ([PY (W3] — [P, (h)]a)llore 1y 2 P, (w0} — ub)llo.re.

1—-6
Apy(ul —ub b~y < 170

. _1
Bounding ||y~ ([P$ , (u})]., — [P}, (U2)]m)
ing ||7*%Pzﬁ(u§‘ —ud)|lor. as in , and applymg two Young inequalities with 83 > 0 and B4 > 0
gives:

7~ (P ()], — [P (e o Iy P, (= u) o

using @) together with the definitions of z1, x5, bound-

< Pt (P8, e, — P Bl e (Cond? u — s+ 1 — o)
C Y h71 1 1 n n
< pallut -~ o+ (5 + 1) FE (P L - PR Ll e

_1 h h
+B4/0P Iy~ 2o (u] — u3)[If r.-

Putting together both previous estimates, choosing 3 and 4 small enough, using four times , the
definition of Ay, and the V-ellipticity of a gives the following estimate (here C(6) and C(yo,h, #,0)
denote positive constants depending on 6 and vy, h, %, 0, respectively):

(C = CO) Hlut — w3l g

IN

C (yoh™ +1) Z2|y7= (PY,(wWi)],- — [P, (W5)], )IIE re
C(o0,h, Z,0)|wh —whl[f o

IN

where the last bound is obtained by using |[z] = — [y], | < |z — y], estimate (14]) and the continuity of
the trace operator (as in ) As a result ¢ is continuous when Yo ! is small enough.

e We next prove boundedness of ¢". Let w" € V" denote by u” := ¢"(w") and as before we lighten
the notations by writing z instead of —Z[P}_(w")] _. Choosing v" = u" in P(-Z[PT, (w")]__) gives

Ag,(u",u") + /

T'e

% PR (u")], P2 (u")dT + / ) % [Pt (u")], P (u") dl = L(u").
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Then we obtain after splitting as in and :

gy () + / i[P“ (u")], PP (u") dT + (0 - 1) / i[P"ﬁ( M), on(u®) dr
+/F ;[Piﬁm’l)]mPaW(uh)dm(e—1>/F %[Pu(uh)hot(uh)dr — L),

Using the property in (8) with y = 0, Cauchy-Schwarz and Young inequalities as in (29), (30)), we get

Agy(uh ) + Hv VPR (WM 2 re P ()
1— 95 n 1— 9
L TR

2o (") e —

2 (PR, ()] 5 re

1015 9|ﬁ2 11 —0|

2 [PY L, (") e < L(u™).

If 6 # 1, we choose 81 = B2 = |1 — 6]/2 and use three times to conclude that if 70_1 is small enough
(here the denomination small depends on ) there is a positive constant C' s.t. Ca(u”,u”) < L(u"), so
[[u”||1.q is bounded and the conclusion follows. The same conclusion holds for the simpler case § = 1. O

5. Numerical experiments

We achieve the numerical implementation with the open source finite element library GetFEM++ [45].
We study, in two dimensions, the impact of a disc on a rigid support in the dynamic setting. The physical
parameters are the following: the diameter of the disc is D = 40, the Lamé coefficients are A = 30 and
1 = 30, the material density is p = 1, the volume load in the vertical direction is set to || f|| = 0.05 (gravity,
oriented towards the support). On the upper part of the boundary we apply a homogeneous Neumann
condition g = 0 and the lower part of the boundary is the contact with Coulomb’s friction region. We have
chosen an initial vertical displacement (ug = 1) and no initial velocity (119 = 0). There is an initial gap
between the disc and the support. For space semi-discretization, Lagrange isoparametric finite elements
of order £ = 2 have been used. The mesh size is h = 4. Integrals of the non-linear term on I'cr are
computed with standard quadrature formulas of order 4. The Nitsche parameters are 8 = 1,y = 1000.
We limit ourselves to the symmetric variant § = 1 that has attractive properties of energy conservation
in the dynamic, frictionless, setting [13| [I4) [I7]. We first present the results obtained by combination
of Nitsche-FEM and Verlet scheme which is a second order, explicit, consistent scheme. We denote by
7 > 0 the time step. We consider a uniform discretization of the time interval [0,T] : (9, ...,tY), with
t" =n7,n=0,..,N. Let a € [0,1], we use the notation x""+* = (1 — a)x"" + ax"*! and we denote
by u™, a" " the discretized displacement, velocity and acceleration at time step t". The time
discretization of the space semi-discrete problem , with the velocity-Verlet scheme, reads:

Find u®"*! o+l ghn+l € VP guch that -
Mhﬁh’n+1 + Bh(_uh,n—‘y-l7 _l'lh,n—‘rl) — :Lh,n-‘rl7
2
T ..
uh,n+1 _ + Tuh n + ?uh,n7

uh,n—i—l _ uh,n h n+2

+ ra'"

with initial conditions u? = uft, u*° =, ii"° = i}, and the notation L*"+! = L (t"*1), the initial
value 1if being obtained through M"ii"* = L*9 — B"(u}, ). The value of the time-step has been fixed
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Von_Mises_Stress
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Figure 1: Impact of a disc, with Coulomb’s friction (F = 0.7) and symmetric Nitsche-FEM (0 = 1) with Verlet’s scheme.
Deformed configuration and Von Mises stress at t=0, 8, 12, 15, 20, 23.

to 7 = 0.01. A snapshot of the evolution of the disc during the first bounce can be seen Figure [l The

Von Mises stress as well as the deformed configuration are depicted.
We compare our results with the penalty method, combined with the velocity-Verlet scheme:

Find u®"*! o+ @7+l ¢ VP guch that

Mhﬁh’n+1 + BI})L(_uh,n—‘y-l7 _l'lh,n-‘,—l) — Lh’n+17

2
. T ..
uh,n+1 — uh,n + Tuh,n + ?uh,n7
. . . 1
uh,n—i—l _ uh,n + Tuh,n+2
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with the non linear operator BJ : (V)2 — V" defined by

C

B )W), = a4 [ Bl [l -l
C

Note that we still use the notation 7 for the penalty parameter.

For each method and two different friction coefficients (% = 0.1 and % = 0.7), we depict, for the
lowest point on I'¢, the normal and tangential displacement, and the normal and tangential stress. The
comparison between the penalty method and the Nitsche method can be seen Figures[2]and [3]for a friction
coefficient equal to 0.1, and in Figures [4 and 5] for a friction coefficient equal to 0.7, for a total duration
T = 150, which allows five impacts. It can be seen that, as expected, the non penetration condition is
better respected with the Nitsche method. Moreover we can see that the approximation of the stress is
polluted by spurious oscillations on the friction zone which are more important for the last two rebounds

in the case of the penalty method.

Normal displacement at lowest point

; ) T f

1004 I\ i ”‘ |

\ [\ \ |

\ \ [\ {p i
\ | [ I\ I\

& 0.501 | g v\ |\ 3 00]
| | || ‘ | /

\ | | | |
000{ b—monud | S _J | S— L_ _—
0 10 G0 0 100 120 140
time ¢ time ¢

Contact stress at lowest point Tangential stress at lowest point

WAYATATAY K{sTulnlulsl

10 60 80 100 120 140
time ¢

Figure 2: Nitsche’s method with Verlet scheme for 7 = 0.01, 9 = 1000,.% = 0.1.

Normal displacement at lowest paint Tangential displacement at lowest point

| [ [ | | || -

0.251 | | || .. [ 1 |

" | “ | | | | [ |
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0 2 o e} S0 100 120 140

time t time t

Contact stress at lowest point Tangential stress at lowest point

WAVIVIVIVIE ]
\/ \_~/ : \\/ vv LU

20 10 ] 80 100 120 140
time ¢

Figure 3: Penalty method with Verlet scheme for 7 = 0.01, 9 = 1000,.% = 0.1.
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Normal displacement at lowest point Tangential displacement at lowest point
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|
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Figure 4: Nitsche’s method with Verlet scheme for 7 = 0.01,~9 = 1000,.% = 0.7.
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Figure 5: Penalty method with Verlet scheme for 7 = 0.01,~v9 = 1000,.% = 0.7.

We also depict the discrete energies, defined, for Nitsche’s method as follows V¢ € [0, T:

BN () = splli" ()3 0 + s (0),u"(0) - 5 (I Fon @) r, = PR, @), )

For the penalty method, the discrete energy is:

n 1 " n 1 n n 1
By (t) = Splla " (1) o + Fa(u™" (1), u™ (t))+—/ v [up]?, dr.
2 2 2 Jr.. R
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Figures[6] [7] depict the evolution of discrete energies. They allow to assess the effect of dissipation caused
by friction, which depends on the magnitude of the friction coefficient. The evolution of the discrete
energy is comparable for the two methods.

Discrete energy evolution Discrete energy evolution

80 )
time ¢ time {

Figure 6: Discrete energy evolution for Nitsche’s method. Left: .# = 0.1, Right: .# = 0.7.

Discrete energy evelution Discrete energy evelution

Energy
Energy

time ¢ time ¢

Figure 7: Discrete energy evolution for penalty method. Left: .# = 0.1, Right: .# = 0.7.
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