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Abstract The aim of the present work is to analyze the modified mass method for
the dynamic Signorini problem with Coulomb friction. We prove that the space semi-
discrete problem is equivalent to an upper semi-continuous one-sided Lipschitz dif-
ferential inclusion and is, therefore, well-posed. We derive an energy balance. Next,
considering an implicit time-integration scheme, we prove that, under a certain condi-
tion on the discretization parameters, the fully discrete problem is well-posed. For a
fixed discretization in space, we prove also that the fully discrete solutions converge to
the space semi-discrete solution when the time step tends to zero.
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1 Introduction

The modified mass method is a new approach for solving computationally dynamic
problems with unilateral contact. Introduced in [16] for frictionless contact problems,
it is based on a space semi-discrete formulation in which the mass matrix is modi-
fied (the entries of the mass matrix associated with the (normal) displacements at the
contact boundary are set to zero). This modified semi-discrete problem can then be
discretized with various time-integration schemes, either implicit or semi-explicit. In
the implicit case, the modified mass method enables to eliminate the large spurious
oscillations on the contact pressure, which can appear with a standard mass matrix,
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while ensuring an exact enforcement of the contact condition. The method does not re-
quire extra steps or extra parameters and can easily be implemented. With a suitable
scheme such as the Newmark scheme (trapezoidal rule), the modified mass method
achieves a tight energy conservation and exhibits a good behavior in long-time. The
method can also be used in the context of a semi-explicit time-marching method, with
in practice the same stability condition as in the linear case while ensuring an exact
enforcement of the contact condition. For a detailed presentation of the modified mass
method for frictionless contact and a comparison with other methods, we refer to [8].

The modified mass method has been formulated for dynamic contact problems
with Coulomb friction in [15,11,12] and numerical simulations have been performed
in [11,12]. Up to date, no theoretical analysis has been carried out for the modified
mass method in the frictional case. In the frictionless case with an elastic material,
interesting results have been proven. The space semi-discrete problem is equivalent to
a Lipschitz system of ordinary differential equations and is, therefore, well-posed [16].
The variation of energy is equal to the work of the external forces; the contact forces do
not work [16]. Furthermore, convergence of the semi-discrete solutions to a continuous
solution is proven for viscoelastic materials in [7].

The aim of the present work is to analyze the modified mass method for the dy-
namic Signorini problem with Coulomb friction. We prove that the space semi-discrete
problem is equivalent to an upper semi-continuous one-sided Lipschitz differential in-
clusion [6,20] and is, therefore, well-posed (Theorem 2). Furthermore, the variation of
energy is equal to the work of the external forces and friction forces (Theorem 3). For
the time discretization, we propose an implicit scheme. Each time step requires solving
a nonlinear problem similar to a static friction problem. It is well-known that such a
problem can have several solutions [14]. Here we prove that, under a certain condition
on the discretization parameters of CFL-type, the fully discrete problem is well-posed
(Theorem 4). For a fixed discretization in space, we prove also that the fully discrete
solutions converge to the space semi-discrete solution when the time step tends to zero
(Theorem 5).

With a standard mass term, proving the existence of a semi-discrete solution to a
dynamic contact problem is quite delicate. It is necessary to add an impact law and to
work with BV and measures spaces [3,21,2]. The modification of the mass term greatly
simplifies the analysis. Indeed, the unilateral contact condition can be eliminated and
replaced by a Lipschitz continuous term in the momentum equation [16]. Static and
quasi-static Coulomb friction problems can have several solutions [14]. Uniqueness is
only obtained for small friction coefficients (see [17, Theorem 11.4] for the static case
and [13, Theorem 7.2.1] for the quasi-static case). It is worthwhile to notice that in the
dynamic case, uniqueness is recovered. We do not examine the convergence of the dis-
crete solutions to a solution of the continuous problem. Nevertheless, it seems possible
to extend the convergence result in [7] (see above) to the case of a non-local Coulomb
friction (the non-local Coulomb friction is a regularization of Coulomb friction [17,5]).

This paper is organized as follows. In Section 2, we formulate the continuous prob-
lem. Sections 3 and 4 are devoted to the space semi-discrete and fully discrete problems,
respectively. In Section 5, we examine the convergence of the fully discrete solutions
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to the space semi-discrete solution.

2 Continuous problem

We consider the infinitesimal deformations of a body occupying a reference domain
2 c R (d =2 or d = 3) during a time interval [0, T). Let v be the outward unit normal
to £2. The elasticity tensor is denoted by A and the mass density by p. An external
load f is applied to the body. Let u : (0,7) x 2 — RY e(u) : (0,T) x 2 — Rd’d7
and o(u) : (0,T) x 2 — R%? be the displacement field, the linearized strain tensor,
and the stress tensor, respectively. Denoting time-derivatives by dots, the momentum
conservation equation reads

pi—dive = f, o=A:g, e==(Vu+" Vu) in2x(0,7T). (1)

1
2

The boundary 0f2 is partitioned into three disjoint open subsets FD7 N and I'°.
Dirichlet and Neumann conditions are prescribed on I" D and 'V, respectively,

u=1up onFDX(O,T), o-v=fn onI'Nx(O,T). (2)

In what follows, we assume f € W1°(0,T; L2(2)%) and f € W1>°(0,T; L2(rN)9).

We let wy := g v and ur := u)9 —uvv the normal and tangential displacements
on 942, respectively. We also let o (u) := v-0(u) |90 v and o7 (u) == o(u) g0 v—0o(u)vv
be the normal and tangential stress on 942, respectively. Note that u, and oy, (u) are
scalars while u, and o (u) are vectors in R%. Let | - | denote the Euclidean norm in
R™, m > 1. On I'°, a unilateral contact condition, also called Signorini condition, and
a Coulomb friction (see Fig. 1) are enforced

uy < g, op(u) <0, op(u)(uy —g) =0 on I"° x (0,7), (3)
lor (u)| < plow (u)] on I'* x (0,7), (4)
or(u) = wo—y(u)'Z—zl if Uy # 0 on I'° x (0,7), (5)

where p is the friction coefficient and ¢ is the initial gap. At the initial time, the
displacement and velocity fields are prescribed,

w(0) =u’, w0)=+" in 0. (6)

The mathematical analysis of the above time-dependent problem entails substantial
difficulties. The existence of a weak solution is only proven for a viscoelastic material
and a non-local Coulomb friction law [5].
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Fig. 1 Coulomb condition (d = 2).

3 Space semi-discrete formulation

In this section, we formulate the space semi-discrete problem in space and we prove
existence and uniqueness of a solution. We also establish an energy balance. In the
frictionless case, the semi-discrete problem is equivalent to a Lipschitz ordinary differ-
ential equation, and existence and uniqueness are deduced from the Cauchy-Lipschitz
theorem. With friction, the situation is more complicated. We choose to model the
friction term as a set-valued map. The semi-discrete problem is then equivalent to a
differential inclusion, for which generalizations of the Cauchy-Lipschitz theorem are
available [6,20].

3.1 Preliminaries

To begin with, we introduce some notions needed for the formulation of our problem
as a differential inclusion.

— Given a set E, we define P(E) as the set of all subsets of E, and P*(E) := P(E)\
0

— A set-valued map is said to be closed convex if its images are closed convex sets.

— Various notions of continuity can be defined for set-valued maps. One of them is
upper semi-continuity LA set-valued map F' is said to be upper semi-continuous
at x if, for every open set V containing F'(x), there exists a neighborhood U of z
such that F(U) C V. Consider, for instance, the following set-valued maps:

(e B N SO B E
Fl(x){{o} T FQ(){[M] if & % 0.

It is easy to verify that I is upper semi-continuous for all z € R, whereas Fy is
not upper semi-continuous at x = 0. Here is another example of set-valued-map,

L This notion of upper semi-continuity is distinct from the upper semi-continuity for single-
valued functions.
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closely related to the Coulomb friction term,

{—lzl}  ify<o,
Fa(w,y) = { [=lzf, 2] ify =0,
{|z[} if y > 0.

It is easy to verify that this map is upper semi-continuous for all (z,y) € R2.
Finally, we observe that upper semi-continuity applied to single-valued functions is
equivalent to continuity. For more details on set-valued maps, we refer to [1].

The existence theorem for differential inclusions we use does not provide continu-
ously differentiable solutions in time. The solutions are only absolutely continuous
in time. For brevity, we do not define this concept and refer to [19]. For our pur-
pose, it suffices to know that an absolutely continuous function ¥y is continuous,
differentiable almost everywhere and is equal to the integral of its derivative:

to
y(to) = y(0) + /0 J(t)dt.

Lipschitz continuous functions are absolutely continuous. In what follows, we denote
by AC([0,T1; R™), the space spanned by absolutely continuous functions from [0, T']
to R™.

The set-valued maps which appear in our space semi-discrete problem are subgra-
dients and for completeness, we define this notion. Let J : R™ — R U {400} be
a convex function and D(J) := {v € R™; J(v) < +oc} its domain. We define the
subgradient of J as the set-valued map 9J : D(J) — P*(R™) such that

VYo e D(J), 8J(v):={yeR™; J(w)—Jw)>(y,w—v), Ywe D)}, (7)
where (-, ) denotes the canonical inner product on R™. It is easy to prove that the

subgradient of a convex function is well-defined and is a closed convex set-valued
map. For more details on subgradients, we refer to [4].

We can now state the main result we use for asserting the well-posedness of a problem
posed in the form of a differential inclusion.

Theorem 1 Let P : [0,T] x R™ — P*(R™) be a closed convex set-valued map. Let
xo € R™ and consider the following problem: Find x € AC(|0, T|;R™) such that

z(t) € P(t,z(t)), (8)
z(0) = zg. (9)

Assume that

. the set-valued map P(t,-) is upper semi-continuous for almost all t € [0,T];
2. for any x € R™, there exists a measurable function p(-, x) satisfying p(t,z) € P(t,x)

for almost all t € [0,T);

. there exists a function b € L'(0,T;R™) such that |p(t,x)| < b(t) for almost all

te[0,7].



hal-00473809, version 1 - 16 Apr 2010

Then, there exists a solution to (8)-(9). Furthermore, assume the following one-sided
Lipschitz condition: there exists K € R such that, for allt € [0,T], for all xy, zo € R™,

(y1 — y2, 21 — 22) < Kllz1 — 22]®,  Vy1 € P(t,z1), Vy2 € P(t, x2). (10)

Then, the solution is unique.

Proof For the existence, see [20, Theorem 4.7] or [6, Theorem 5.2]. Uniqueness is
straightforward owing to the one-sided Lipschitz condition since it implies that two
solutions x1 and xo satisfy %%(Hxl — 29|]?) < K|z — zo|%.

Remark 1 In the single-valued case (P :[0,7] x R™ — R™), the hypotheses of Theo-
rem 1 become

1. P(t,-) is continuous for almost all ¢ € [0, T7;

2. for any z € R, P(-,z) is measurable;

3. there exists a function b € L'(0,T;R) such that |P(t,z)] < b(t) for almost all
te[0,T];

We recover Caratheodory’s existence theorem for ordinary differential equations [10].
Furthermore, the one-sided Lipschitz condition means that P(t,-) is Lipschitz contin-
uous for all ¢ € [0, 7] (uniformly).

Remark 2 If P is a monotone operator, i.e., for all ¢ € [0, 7], for all z1, zo € R™,
(Y1 —y2,21 —22) >0, Yy € P(t,z1), Yy2 € P(t,72),

then — P satisfies the one-sided Lipschitz condition.

3.2 The discrete setting

For simplicity, we suppose that §2 is a polyhedron. Let 7 be a simplicial mesh of (2
(triangles in 2D and tetrahedra in 3D). Let {z;};cn and {¢;};cns be the nodes of
the mesh and the associated scalar basis functions (continuous and piecewise affine),
respectively. We denote by A/ D the set of indices where a Dirichlet condition is enforced,
and we set N := N \ NV D The space of admissible displacements is approximated by
the space

V={vel @ vre @) vVI' €T, and v(z;) =0, Vi e N"}.

The space V' is spanned by {¢iea};c 7 1 <4<qr Where {eat1<a<a is the canonical basis

of R%. Denote by NV¢ the set of indices of contact nodes (that is, the nodes located on I'®
which is fixed a priori) and by N = /\7\./\[C the set of indices of the remaining nodes
(see Fig. 2). Let {v;}iene and {7; o }ienrc,1<a<d—1 be the contact normal vectors and
tangential vectors, respectively. We set

V' = span({¢i€a}icni 1<a<d)s

Ve =span({¢ivitien) and V' =span({¢iTiatienc1<a<d_1)-
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Fig. 2 Decomposition of the domain §2; bullets (resp., circles) indicate nodes indexed by
elements of the set N! (resp., N'¢). The open sets £2¢ and ¢ are defined in Section 3.

Clearly, V = Vigves Vf7 so that any discrete function v € V' can be decomposed as
v=1;+ve+vp with v €V, ve €V, v € VY.

We also introduce the space V* := Vie Vf7 so that any discrete function v € V' can
also be decomposed as

V= V% +vc with v*GV*, ve € VE.

Let (-,-) denote the L? inner product on V. Let | - || denote the norm associated with
(+,-). Herein, we always work in finite dimension on a fixed spatial mesh; the specific
choice of the norm is therefore not critical. The present choice is made for simplicity.
The standard mass term stems from the bilinear form

m: L2(2)? x L2(2)? 5 (v, w) — / pv-w € R.
2

The key idea in the modified mass method is to remove the mass associated with
the normal components at the contact nodes. We consider an approximate mass term
associated with the bilinear form m* such that

m*(ivi, w) = m*(w, d;v;) =0, Vie N¢, Yw e V. (11)

Many choices are possible to build the rest of the mass term. In [11,16], the authors
devise various methods to preserve some features of the standard mass term (the total
mass, the center of gravity, and the moments of inertia). Here, we focus for simplicity
on the choice

m":V x V3 (v,w) — m(ve, ws) €R.

We define the associated operator M* : V* — V* such that,

(M vi,ws) = m™ (vs, ws)  Y(vs,ws) €V x V.
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We define the bilinear and linear forms

a:Hl(Q)dxH (Q)d (v, w) >—>/ (w),

1:[0,7] x H(2)% > th/f v+/ In(t

We define the linear operator A : V' — V and the vector L(t) € V such that for all
veVand w eV, and for all ¢t € [0,T],

(Av,w) = a(v,w), (L(t),w) = I(t,w).

We also need A : V — V¢ and L°(t) € V° such that for all v € V and all we € V°,
and for all ¢ € [0, T7,

(A%, we) = a(v,we), (LE(t),we) = I(t, we).
We define the constraint set
K:={veV;v(r) v <glzy), Vi e N°}.

We define the unilateral contact term Ix : V¢ — R

L (ve) 0 if ve € K
v, =
RATe oo ifve g K

The function I is non-differentiable, but convex since K is convex. Therefore, it is
possible to define its subgradient I : VSN K — P*(V°),

Ol (ve) :== {'y ceve: o> (v, we — ve) Ywe € VCﬂK}.

Now, we define the friction term j : V' x Vv = R such that

to,w0) = [ wlow ). (12)

The function j is non-differentiable with respect to its second argument, but convex,
and its domain is V. We can define its subgradient with respect to its second argument
such that for all z € V, daj(z,-) : VI — P*(V!) with

02j(z,v¢) := {W eV j(zwr) = j(z,08) > (v, w — vg) Yy €V } (13)

3.3 Formulation of the semi-discrete problem

We can now formulate the semi-discrete problem. Let u) € V* and v? € V* be suitable
approximations of the initial displacement and velocity u® and VO7 respectively.

Problem 1 Seek u € C°([0,T); K) such that ux € C1([0,T];V*), e € AC([0,T]; V*),
and the following differential inclusion holds true

M iy € —Au — 995 (u, ug) — Ol (uc) + L(t) ae. in [0,T7, (14)

with the initial conditions us(0) = u2 and i (0) = v? in §2.
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Remark 38 The velocity ux is absolutely continuous. Therefore, it is differentiable al-
most everywhere, and the acceleration i« in (14) is well-defined. Moreover, uc € K so
that O (uc) is well-defined.

To explicitate the link between the space semi-discrete Problem 1 and the contin-
uous problem formulated in Section 2, we observe that (14) means that, for almost all
t € [0, 77, there exist Ac € Ol (uc) and A\¢ € Da7(u, ug) such that

M s + Au+ Ao + A = L(t).

Therefore, the vectors Ac and A¢ are discrete counterparts of the normal and tangential
contact stresses. Furthermore, lumping the mass matrices, it is easy to verify that the
definitions of Ik (uc) and 927 (u, ug) imply that, for all i € N,

ue(wi) - vy < g(@i), Ac(x) <0, Ae(g)(ue(ws) - vy — g(x;)) =0, (15)
[Af(z4)| < plow (u)(z4)], (16)
(i) =~ (W) ) TS i (i) 0, a7)

Thus, we recover the discrete counterpart of the contact and friction conditions (3)-(5).

3.4 Main results

This section contains our main results concerning the space semi-discrete problem. We
define the map ¢ : [0, T] x V* — VN K such that for all ¢ € [0, 7] and for all v« € V*,
ve = q(t,vs) € VN K solves the following variational inequality

a(ve, we — ve) > U(t,we — ve) — a(vs,we —ve) Ywe € VENK, VE€[0,T].  (18)

This variational inequality is well-posed since it is equivalent to the minimization of
a strictly convex functional over a convex set. We first examine the properties of the

map q.

Lemma 1 For all v« € V*, the map t — q(t,vs) is Lipschitz continuous, and its
Lipschitz constant is uniformly bounded in v«. For allt € [0,T], the map v« — q(t,vx)
is Lipschitz continuous, and its Lipschitz constant is uniformly bounded in t.

Proof Let t1,ts € [0,T] and vs,w« € V*. Set ve = q(t1, v+) and we = q(t2, ws). Owing
to (18),

a(ve — we, ve — we) < a(vs — wx, we — ve) + Lt — t2,ve — we). (19)

Since

Ity —t2,vc — we) Z/Q(f(tl) — f(t2)) - (ve — we) +/ (fn(t1) = fn(t2)) - (ve — we),

I'N

and since f € WH(0,T; L2(2)%) and fy € WH(0,T; L2(I'V)?), there exists a
constant ¢; such that

l(tl —19,0c — wc) < Cl|t1 - t2|”1)c - wcH.
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Moreover, the bilinear form a being continuous (with constant cq) and elliptic (with
constant «) for the norm || - ||, a straightforward calculation yields

allve = wel| < caflox —wsl + crftr = ta],
which proves the desired regularity for q.
We now reformulate the differential inclusion (14) using the map gq.
Lemma 2 The differential inclusion (14) is equivalent to

M iy € =A™ (us + q(t,us)) — 025 (us + q(t, us),ug) + L*(t), a.e. in [0,T], (20)
Uc = q(t7u*)7 vt e [07 T]7 (21)

Proof Distinguishing components in V* and V¢, the inclusion (14) is equivalently split
into the following inclusions

M i € —A%u — 095 (u, ug) + L™ (t) a.e. in [0, 77, (22)
0 € —A — Ol (uc) + LE(¢) a.e. in [0, 7. (23)

Consider (23). By continuity, the inclusion (23) is valid for all ¢ € [0,7]. For conve-
nience, we recast it as a variational inequality,

a(u,ve —uc) > U(t,ve —uc) YVt €[0,T], Vve € VSN K, (24)

or, equivalently,
a(uc,ve — uc) > U(t,ve — uc) — alus,ve —ue) Vt €[0,T], Yoc € VENK. (25)
Hence uc = q(t, us) so that the system (22)-(23) is equivalent to the system (20)-(21).

‘We can now state our main existence result for Problem 1.

Theorem 2 There exists a unique solution w to Problem 1. Furthermore, uc € W1°°(0,T;V°).

Proof (i) To prove the existence of a solution, we rewrite the second-order differential
inclusion (14) as a first-order differential inclusion. We define the single-valued map
S:[0,T] x V* x V¥ — V* x V* such that, for all t € [0, T}, for all vy, ws € V*,

S(t,ve,wi) = (,A*(v* +altion) + L*<t>) ’

and the set-valued map P : [0,T] x V* x V* — {0} x P*(V") such that

P(t,vs, ws) = (—82]'(11* +(;(t,v*)7wf)) .

We define also the linear single-valued map D : V* x V* — V* x V* such that

U
D(vs,ws) = (M*w*) .

U (t)) € V* x V™, the differential inclusion (20) can be recast as

Setting X (t) = <u* )

DX (t) € S(t, X (t)) + P(t, X(t)). (26)
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We equip the product space V* x V* with the product norm.

(ii) The operator S is a single-valued map. Since ¢(t, -) is continuous and ¢(-, ) is
Lipschitz continuous, the operator S satisfies the hypotheses of Theorem 1 (see Remark

1).

(iii) We now examine the operator P. This operator is a closed convex set-valued
map (owing to the properties of the subgradients of convex functions). Since ¢(t,-)
is continuous and d27j(, ) is upper semi-continuous (see the example given by (3.1)),
the map P(¢,-) is upper semi-continuous. Hence, Hypothesis 1 of Theorem 1 holds
true. Since ¢(+, z) is Lipschitz continuous, Hypotheses 2 and 3 of this theorem are also

satisfied. Next, we check the one-sided Lipschitz condition (10). Let (ul,u2,vi,v2) €

(V% and let t € [0,T]. Set u! = ul + q(t,ul) and w? = u2 + ¢(t,u2). Let v, €
—82j(u1,vf1) and let v € —82j(u27vf2). Using the definition of the subgradient, a
reverse triangle inequality, norm equivalence in finite dimension, and the fact that
q(t,-) is Lipschitz, we infer

1 920 . 1 1y .1 920, .. 2 92 .. 2 1
(2 =710 —vi) < g(u,vp) — jlu,vf) + 3(u vF) — j(u’, vf)

< [ (lmuehl = o)) (fot = 1)

1 2 1 2
< [ o= lonf ot = 121

< [ lovta) = ou(alot - o2

re

S It = ot = o2

< (et =2l + gt k) — gt )} llod = o2

S s = wlfox = 03]| S s — ul]® + flos = o3

Therefore, P satisfies the one-sided Lipschitz condition.

(iv) Owing to Theorem 1, there exists a unique X € AC([0, T]; V* x V*) satisfying

0
(26) with the initial condition X (0) = (ua) Therefore, there exists a unique ux €
v

M
C0,T;V*) such that @x € AC([0,T]; V*) satisfying (20) with the initial conditions
u(0) = u? and . (0) = v). Owing to (21), u = ux + uc = us + q(t,us). Therefore,
Problem 1 has a unique solution and it is clear that uc = q(¢,ux) € Wl’OO(O,T; V).

We conclude this section with the energy balance.

Theorem 3 For all tg € [0,T], the following energy balance holds true:

to
B(u(to)) — B(u(0)) = /0 (Ut a(e) = sut), () hat, (27)
where E(v) = 5 (m(t«, 9«) + a(v,v)).
Proof We recast the differential inclusion (20) as a variational inequality,

M, Ve — U ) + a(u, ve — wx) + J(u, ve) — 5(u, i)
> (t,vx —Ux) Yox € V', ae. in [0,T]. (28)
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Taking v« = 0 and then v« = 244 in the above inequality, we obtain
m (s, Ux) + a(u, ) + j(u, 4g) = 1(t,%x) a.e. on [0,T]. (29)

Recalling that the family {@;v;}icare is a basis of V¢, we decompose uc on this basis
yielding uc = D ;cpre ui¢;v;. Define Y .= {t € [0,T); u; = 0} and C; = {te
[0,T); u; < 0}. The sets C’? and C;  are respectively closed and open, and they form
a partition of [0, 7). On int(CY), i;p;v; = 0. Owing to (23), a(u,i;p;v;) = 0 on c;.
Finally, a(u, u;¢;v;) = 0 on int(CZQ) UC;", and hence almost everywhere (since an open
set in R is a countable union of open intervals, so that its boundary has zero measure).
Hence,

a(u,uc) = l(t,ic) a.e. on [0,7]. (30)

Using (30), we obtain
m(tix, Ux) + a(u, w) + j(u, 4g) = I(t,%) a.e. on [0,T7]. (31)

Since u is absolutely continuous in time, by integrating in time (31), we obtain (27).

4 Fully discrete formulation

In this section, we discretize the space semi-discrete problem with an implicit time
scheme. We discretize the elastodynamic part with an implicit Newmark scheme (trape-
zoidal rule), while the unilateral contact and friction conditions are enforced in an
implicit way. This choice of time discretization is very common. It is for instance em-
ployed in [11]. At each time step, we have thus to solve a nonlinear problem similar
to a static friction problem. It is well-known that such a problem may have several
solutions. Here we prove that, under a certain condition on the discretization param-
eters of CFL-type, the fully discrete problem is well-posed. We also derive the energy
balance of this time-integration scheme.

For simplicity, the interval [0, 7] is divided into N equal subintervals of length At.
We set t" = nAt and denote by u”, v", and a" the approximations of u(t"), u(t"), and
iW(t"), respectively. We define the convex combination ("% := (1 — a)0" + 0" 1,
where O stands for u, v, a or ¢, and a € [0,1]. In this section, the notation A < B
means that A < c¢B with a constant ¢ independent of h and At.

Let 7¢ C T be the set of simplices such that at least one vertex is a contact node.
— ’
We set 2° = int (UTeTcT)~ Let 7¢ C T be the set of simplices such that at least one

vertex belongs to £2¢. We set 2° =int (UTGTC’ T)(see Fig. 2). We define
he = min diam(7) and hy = min diam(7),
TeTe TeT

where diam(7") denotes the diameter of the simplex T'. Observe that hc and hes are
defined using a minimum.

Let us recall some classical discrete trace and inverse inequalities (see, e.g., [23] and

[9]). For all ve € V€,
1
lvell L2 (reye < \/THUCHL%QC)% (32)
C
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1
lvel g1 (neya = IVvellp2(geyaxa < h—c||vc|\L2(Qc)d- (33)

The same inequalities hold when 2° is replaced by QC/, and hc by he. We define the
operator ¢" : V* — V¢, such that for all 0 < n < N,

q"(v) = q(t",vs) Vv €V, (34)

where the map ¢ is defined in Section 3.4.
Lemma 3 The function q" : V* — V° is Lipschitz continuous. More precisely,

|q" () = " (W)l 1 (@eya S Jox — sl (gerya Vo, we € V. (35)
Proof Let vi,w« € V*. Set ve = ¢"(v«) and we = ¢" (w+). Owing to (19),

a(ve — we, Ve — we) < a(ve — W, We — Vc).

Since ve and we are zero outside 2, a(ve — we, ve — we) 2 [ve — wcﬁp((zc)d, and
a(vx — Wi, we — ve) = a((vs — wx) L er, We — V) S v — w*|H1(QC/)d|vc — we| g1 (geyas
whence the assertion.
We can now formulate the fully discrete problem.

Problem 2 Seek u"T!' e v, v2t! ¢ V*, and a?t!l € V* such that

M*al T e — A" T Gyl T VP ¢ L, (36)
ug-‘,—l _ qn—‘,—l(u:}-i-l)7 (37)
At?
a = AT+ Taf+27 (38)
1
Vf"'_l = v+ At af+2. (39)
To begin with, we reformulate Problem 2 by eliminating Vit and atl. We set
2
O = —ul — %Vﬁ and el = —ul — Atv} — ATtaZ.}, and we rewrite v'T! and a?T! as
2
V;H_l = E(UZ}—H +6%),
1 4 1
altt = P(ul”r +€%).

Next, we define the linear operator A* : V* — V* and the vector L' € V* such
that, Vv, € V¥,

Afve 1= A%y + ——

(L™ o) = L™ L M*ett

Then, using (37), it is straightforward to turn (36) into

0 A¥u? Tt ¢ 027 (uf—"1 + qn"'l(uf.?"'_l)7 %(u;ﬂ_l + (53})) —ntl g A*q""'l(uf"—l)

(40)
Observe that the last term on the right-hand side of (40) involves the operator A* (and
not A*) owing to (11) and the fact that ¢" 1 (u? 1) € V©.
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Theorem 4 Problem 2 has a unique solution under the CFL-condition

At _
her ~

1. (41)

Proof Define the map ™ : V* — V™ such that for all 0« € V™, vs = " (0x) satisfies

- 2 -
0 € A*’U* + 82] (ﬁ, E('U* + 6:})) — Ln+1 + A*f}c, (42)
where e := ¢" " (#x) and 9 := 94 + 0c, so that (40) amounts to seeking a fixed-point
for @". Setting yx := %(v* + &%), we rewrite the above inclusion as a variational

inequality,
(v, 2 — ) + 5 (0, 2) — (0, 0¢) > 1" (2w — yu) — alBc, 25 — ys), Vzu € V¥, (43)

where we have set @(ve,ws) := (A*vs,ws) and " (vy) := (L"), v4). Taking
Zx 1= ZQ—t(w* + 0%) in (43), then dividing by 22—157 we obtain for all w. € V™,

a(vs, Wi — vx) + 5 (0, wp + OF) — (B, vg + 61) > 1" (we — vi) — a(Be, we — vs). (44)

The variational inequality (44) has one and only one solution. Indeed, it is equivalent to
the minimization of a strictly convex functional. The map @" is thus well-defined. Now
we shall prove that @" is a contraction under the CFL condition (41). Let 0+ € V*
and 1w+ € V™. Set vy 1= ®"(0x) and wx := ®"(wx). Using (44), a straightforward
calculation yields

a(ve — we, v — wx) < j(0, wp + 6f) — j(w, wr + o)
= j(0,vp +0F") + j(w, ve +0F') — a(tec — e, vs — wx).  (45)

Using the ellipticity of m and a,
i(ve — Wi, 0 — 1) 2 [ — w2 e + [vr — w2 (46)
* x5 Uk x) Z At2 * * LZ(Q)d * *Hl(Q)d'
Using a reverse triangle inequality,
](73,’U)f +5?) 7]('&),'[1){‘ +5?) 7](73,'0{‘4*5?) +](w77~)f +6§1)
< [ nlow(®) = u @) s + 6] = for + o]
FC
< [l ) = u()or —
< [ 1@ = ou@)lor — il
Using the Cauchy-Schwarz inequality and the trace inequality (32),

](73,’11%4’5?)7](@,'[Uf+5?)7](73,'[}{‘4‘5?)4’](11),1&4‘5?)

llow(®) = o (@)l L2(re)llvr — well L2 (re)a

A

A

1 . -
7 low () = ov (D) [ 2(¢) [l = well 2 (2e)a

A

..
o0 = @l geyallos — well 2 (geya- (47)
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Furthermore, using (35) and the inverse inequality (33),

[0 — 1f)|H1(Qc)d = |0c — wc|H1(Qc)d + |0 — w*|Hl(Qc)d
1/~ 1/~ ~ ~
= [q" T (0:) = " (@) | g1 (geya + [0 — Ws] g1 (e

,S |U* - 71)*|H1(Qc’)d + |’l7* - ’lf)*|H1(Qc)d

. . 1
S |U* — w*|H1(Qc’)d 5 h—C/HU* - w*HLZ(Qc’)d~ (48)
Collecting inequalities (47) and (48), and since hy < he,

](73,U)f+5?)7](11),'l,l)f+5?) *]('l},'l}f+5?)+]('lf),1}f+5?)
L .
< h—2||v* — W[ 2(@)allve — wxllp2(ge)a-

!

Using the inverse inequality (33),
. . 1. .
a(be — e, wx — vx) S 75 [le — Ol 2 ()allve — willp2()a-
12 (£2) (£2)
C/

Collecting these different estimates,

2
N N At N N
17 (52) = 8" (@) a(ays = lox = willzzgays 5 (o ) o = llzagone
(&

Hence, if the ratio % is sufficiently small, the mapping @" is a contraction. The

Banach fixed-point theorem guarantees that the problem has a unique solution.

Remark 4 In the above proof, the inertial term is essential. By strengthening the co-
ercivity of @, it enables to prove that " is a contraction (for a time step sufficiently
small). In the static case, without the help of the inertial term, this fixed-point proof
works only for a certain range of physical parameters, for instance when the Young
modulus is large compared with the friction coefficient [17, Theorem 11.4].

To conclude this part, we formulate the energy balance. We define the energy at
time t" as

B = (A" ") + %(M*V”, V. (49)

At each time ¢", there exist A\¢ € 0l (ug) and A € 025(u", v§*) such that
M*al + Au" + A\ + A\f = L(t"). (50)

Proceeding as in [18], it is readily shown that

1
En+1 _ En - ()\? + )\?—1-17 un—i—l _ un) _ 5()\}1 + )\?—1-17 un—i—l _ un)

+ (L4 LT T . (51)

N N =
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5 Convergence of the fully discrete solutions

We fix the space discretization and we build the approximate solutions wAt 0,7 —V
as follows:

1
wA(t) == u" V(= ") + %af*? (t—t™?  vte " "), (52)
wAHT) = V. (53)

It is readily verified that, by construction, w?* € C°([0,T]; V) and w2t € C1 ([0, T]; V*).
Furthermore, wAt e Wwhee (0, 7; V). We are now going to prove the convergence of these
approximate solutions to the semi-discrete solution u of Problem 1. In this section, the
notation A < B means that A < ¢B with a constant ¢ independent of At, but which
can depend on h. We assume without loss of generality that At < 1.

Lemma 4 Let (u”,v",a") solve, for all n € {0,...,N}, Problem 2. Then, for At
small enough,
[a" <1 vl <1 Jlad]l S L. (54)

Proof (i) Let n € {0,...,N}. From (50) we deduce A°u™ + A\¢ = L°(t"), and then,
[INC]] < [Ju]] + || L(t"™)]|. Owing to the inequality (16), we obtain ||Af']] < ||u||. Hence,

owing to the equilibrium equation (50), [|af|| < [|[u”| 4+ [|L(t™)]].
(ii) Using the energy balance (51), it follows that

B = B S (" ) I+ I =
Observing that

™ = < =l g™ @) = g )+l () = g (u)]
S = T - L)
+1 +1
S = LD+ L,

we infer
E"T B (| ™+ 2+ L))
(a2 * =2+ U@+ eI - (55)
Using (38),
E"T = B S At (a4 " L@+ 2T

At n+l 1
(I21+ S 30+ e D+ 1261 - 66
Thus, using the previous bound on [|a|| and ||a?™||, and since At < 1,

1 1 1
B — B S A (a4 [0 L@+ 12

(I ™+ EE DI+ IEE) - (67)
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Now, using Young’s inequality and the coercivity of the energy E",
E"TY B < AL E" 4 Oy At BT + C5 AL <||L(t")||2 + |\L(t"+1)||2> 7
where Cp, Cg, C3 are three constants independent of At. Next,
BB < CLAL(E™ - BY)+(C1+Co) At B+ Cs At (I + |16
For At <1/(2Cy),
S(E BT < (Cr + Co)at B+ Ot (L) + LG 2

so that
E"T B S At (E" + L+ L))
Finally, using a discrete Gronwall lemma,
n .
E" S E°+ > At|L)|? £ 1.
7=0
Then, it is straightforward to obtain the estimates (54).
Theorem 5 The following convergence results hold true as At — 0,
w? S u in c®(jo, 7); V),
w2 = 4 in €00, T); V),
WA s i, weakly * in L°°(0,T; V™),
where u solves Problem 1.

Proof (i) From the estimates (54), we deduce that

At At
o™ Lo, r;v) &1, o™ NlLoco,v) S 1,

. At - At
loi ey S 1, @i lpeo,mve) S 1.

(ii) Using standard compactness arguments [22], there exists w € C°(0,T; V) such that
we € CO0,T;V*), @ € L°°(0,T; V™), and, up to a subsequence,

w? = w in (o, T); V),

Wit = Gy in €00, T); V),

oA s Geweakly % in L°(0, T; V).
(iii) Next, we introduce the auxiliary (piecewise constant in time) approximate solutions
w? [0, 7] — V and ¢2 : [0,T] — V* such that

Ay = vt v e Y, ATy =Y,

wA(t) ="t vee et AT =l
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By definition of the approximate solutions w

A At

! and w?!, and using relation (38),

vn e {0,...,N}, Vt € [t", "),

1 1
() = @) < Il = ][+ AtV 4+ 5 AR al 2

1
< 2AL|VE|| + A% |lar .

Hence, using estimates (54),

w2t () — w2 ()] < At ace. in [0, T

We deduce that w?! — w in L™ (0,7;V). In the same way, we prove that QAt — Wk
in L>°(0,T; V™). We define an approximate external force vector,

LAYt == L™ vee Y, LAYT) = L.

Since ¢ — L(t) is Lipschitz continuous, L2t — L in L>(0,T; V).
(iv) Owing to (36), the approximate solutions satisfy

M 62 € —A* W™ — 0y(w™, Y + LAY () ae. in 0,7,

so that

m* (@2 ve — ) + alw?, v — ) + W o) — W, )

> (LAt,v* — *At) Yox € V™, a.e. in [0, T).

Passing to the limit,

m*(a}*7v* - UJ*) + CL(OJ,’U* - UJ*) +j(‘“‘}?vf) 7](0J,o.)f)
>

I(t,vs —@wx) Yue € V" ae. in [0,T],

and hence

M*w € —A*w — Ooj(w,wr) + L*(t)  ae. in [0, 7).

By uniqueness of the solution, we conclude that w = u. This uniqueness also implies
that the whole sequence (wAt) converges, not only a subsequence.
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