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A WELL-POSED SEMI-DISCRETIZATION OF
ELASTODYNAMIC CONTACT PROBLEMS WITH

FRICTION

by T. LIGURSKY'

(Department of Numerical Mathematics, Charles University in Prague,
Sokolovskd 83, 18675 Prague 8, Czech Republic)

and
Y. RENARD#

(Université de Lyon, CNRS, INSA-Lyon, ICJ UMR5208, F 69621,
Villeurbanne, France)

It has been shown numerically in previous works that the well-posedness of the spatial
semi-discretization plays a crucial role in obtaining stable numerical schemes for elastody-
namic frictionless contact problems. The purpose of this paper is thus to introduce a mass
redistribution method adapted to elastodynamic contact with Coulomb friction that guarantees
the well-posedness of the semi-discrete problem. It is shown that a differentiated treatment has
to be applied to the friction condition. Some numerical tests illustrating the gain in stability
for the midpoint time integration scheme are presented. They suggest also that, although the
differentiated treatment is necessary for the well-posedness, it is not always mandatory from
the numerical viewpoint.

1. Introduction

The aim of this paper is to describe a spatial well-posed semi-discretization for elastodynamic uni-
lateral contact problems with Coulomb friction. This kind of problems is of interest in computa-
tional mechanics, where situations with a frictional contact condition are fairly common. Moreover,
it is well known that the full discretization of elastodynamic contact problems induces a number of
difficulties.

Numerous works have already been dedicated to the construction of numerical schemes that are
as much as possible stable, respecting the contact constraint and not leading to spurious oscillations.
Among the strategies already proposed in the literature, we refer to (1) for a time integration scheme
that is adapted to take into account a restitution coefficient coming from an impact law. Although
this approach is better fitting to the case of rigid solids, the addition of an impact law makes the
semi-discrete problem also well posed. However, the nature of this problem is a measure differential
inclusion in time (see (1 to 4)), which is a very low regular problem. Another proposed strategy is
to build energy dissipative schemes. This is the case in (5, 6), where the contact force is implicited.
The drawback of this method is that the kinetic energy of the contacting nodes is cancelled at each



impact. A less radical solution is to build energy conserving schemes. Such schemes are introduced
in (7 to 9). However, energy conserving schemes either introduce spurious oscillations on the contact
boundary or allow a small interpenetration. It is possible to build energy conserving schemes with
a penalized contact condition (9 to 11), but this also leads to important oscillations of the normal
stress. In this context, it was detected early that a key point is the satisfaction of the complementarity
condition between the sliding velocity and the contact pressure, the so-called persistency condition
(8, 10, 12). But a compromise has to be made between the satisfaction of this condition and the
non-penetration condition.

A common point to all these works is that they are focused on finding a good time integration
scheme. However, in (13) and (14), it is shown that this is rather obtaining a well-posed and regular
spatial semi-discrete problem that allows for stable schemes (see also (15) and (16) for further
developments). The spatial semi-discretizations proposed in (13) and (14) allow the use of any
reasonable time integration scheme while almost all time integration schemes are unstable with the
standard discretization. However, these works are focused on contact conditions without friction.
One might think that the strategies developed there are directly applicable to friction condition.
We will see thereafter that this does not provide the well-posedness results and therefore a strategy
adapted to the friction condition is needed. This is also reflected in studies presented in (17) and
(18), where it was shown that adding a mass on the contact boundary regularizes the tangential
friction problem and prevents the occurrence of multiple solutions in elastodynamics. Note that the
semi-discrete problem obtained by finite elements naturally adds a mass on the nodes of the contact
boundary (but this is also the main difficulty for the unilateral contact condition!).

The method proposed in this paper is to apply the redistribution mass method introduced in (13)
only on the unilateral contact condition not on the friction one. We show that in this case, the semi-
discrete problem in space reduces to a differential inclusion with a unique Lipschitz continuous
solution (not to a measure differential inclusion as in the standard semi-discretization).

For the sake of simplicity, we limit ourselves to the small deformations framework. However, the
same kind of difficulty exists for large deformation problems and similar strategies can be applied.

The outline of the paper is the following. In Section 2, we present a classical semi-discretization
of an elastodynamic contact problem with friction. In Section 3, we propose an adaptation of the
mass redistribution method, namely to apply it only on the normal component. Then, the well-
posedness of the obtained semi-discrete problem is proved in Section 4. The unique solution of the
semi-discrete problem is proved to be energy decreasing in Section 5. An elementary example is
described in Section 6. It shows that the well-posedness of the fully discrete problem cannot be
ensured when the mass redistribution method is applied to both contact and friction conditions. Fi-
nally, Section 7 is devoted to a numerical test that confirms the advantage of the mass redistribution
method for the stability of the midpoint scheme.

2. A classical finite-element approximation

In this section, we introduce a classical spatial semi-discretization based on the finite-element
method. Since we are mainly interested in the semi-discrete problem, we do not describe the weak
formulation of the continuous problem. More details about such a discretization can be found for
instance in (19 to 21).

Let Q@ C R? be a bounded Lipschitz domain representing the reference configuration of a linearly
elastic body. The Neumann condition is prescribed on I'y, the Dirichlet one on I'p and a unilat-
eral contact with the Coulomb friction law with respect to a rigid foundation on I'c (see Fig. 1).
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Fig. 1 Elastic body in contact with a rigid foundation

We suppose that 'y, I'p and I'c form a partition of 92, the boundary of 2. Let also p, o (u),
e(u) and A be the mass density, the stress tensor, the linearized strain tensor and the elasticity
tensor, respectively. The elastodynamic problem consists in finding the displacement field u(¢, x)
satisfying

pii —divo(u) = f in (0, T] x €,

o) = As(u) in (0, T] x ,
u=20 on (0,7T] xI'p, (1)
cluyvw=g on (0, T] xI'y,

u(©0) =u% u0) =" inQ,

where, additionally, 7 > 0 determines the time interval of interest, v € R2 is the outward unit
normal vector to 2 on 2 and f, g are some given external loads. Assuming the €’ regularity for
I'c, we decompose the displacement and the stress vector into normal and tangential components
on I'c as follows:

oy) = (@) v, o) = (@pv)-r,

where T € R? is a tangent unit vector orthogonal to v. Without real loss of generality, we also
assume that there is no initial gap between the solid and the rigid foundation. Denoting by .# the
friction coefficient, the unilateral contact condition with Coulomb friction is expressed as follows:

uy <0, oy(u) <0, ugo,(w) =0
o ()] < —F oy (u) on (0, T] x I'c. 2
op () = Foy )iy ifir # 0

Now, we consider a vector Lagrange finite-element method defined on Q2. Let ay, ..., a, be the

finite-element nodes and ¢y, ..., ¢, » the (vector) shape functions of the finite-element displace-
ment space. We denote by n. the number of nodes on I'c and by n), the number of degrees of



freedom. Let u(¢) be the vector of degrees of freedom of the finite-element displacement field
uh(t, x) such that

W= Y wie) and w0 = () € R,

1<i<ny

Letay,,i = 1,...,nc, be the i-th contact node and v;,7; € R*,i = 1,...,n., be the vectors
linking a displacement vector with its normal and tangential displacements at a,, , that is,

uly(t, ag,) =vlu@),
N r i=1,...,n, 3)
uT(ta aDt,‘) = ri u(t)a

and satisfying

“

T
i

lvill =1, |zill =1, v]z; =0, Vi, j=1,...nc
viv;=0,tlt; =0, Vi j=1...... Ne, i # j.

We denote by ||-|| the Euclidean norm of vectors in R” as well as the matrix norm in .4, ,, (R)
generated by the Euclidean vector norm. Using a nodal approximation of the contact condition, the
spatial semi-discretization of Problem (1) and (2) can be written as follows:

Find u: [0, T] — R", Ay, A;: [0, T] — R such that

Ao(t) € Ay, Ao (2) € A (FAy (1) ae.in(0,T),

Mii(t) + Au(t) =f+ BT A, () + BIA.(t) ae.in (0, T),

(o — A () Bou(t) >0, VYp, €A, aein(0,7T),

(e — A () Boai(t) 20, Ve € Ar(FAy (1)) ae.in(0,7),
u(0) =u’, u(0) =",

&)

where
Ajj = /QAS((pi):a((pj)dx and M;; = /Q'O(pi cpide (1<i,j<npy)

are the components of the stiffness matrix A € ., » (R) and of the mass matrix M € ./, » (R),
respectively. We assume that the tensor A of elasticity coefficients obey the usual symmetry and
uniform ellipticity conditions, the density p is bounded from below by a positive constant and I'p
is of non-zero measure on 2. As a consequence, A and M are both symmetric positive definite
matrices. The components of the load vector f € R"» are given by

fi=/f'<.0idx+/ g dl.
Q e

We assume for simplicity that the load vector is time independent. Finally, A, = (A, 1, ..., Av,nc)T
and A; = (Ag1,...,Arp,)7 are the normal and tangential Lagrange multipliers, respectively,
B, =i, ....v, ). By = (t1,....T5)" € My n,[R)and

A, =R,

A (Fp,) ={ur e R": [eil < _fg/’(/l),is Vi=1,...,n:}, my €Ay,

stand for the Lagrange multiplier sets, R"¢ being the cone of all non-positive vectors in R”,



Problem (5) can be viewed as a measure differential inclusion (see (1, 3)). It is ill-posed unless
an impact law is added on each contact node. Even in this case, the solutions have a very low
regularity.

3. The mass redistribution method

The analysis presented in (13) highlights the fact that the main cause of ill-posedness is due to
the inertia of the nodes on the contact boundary. It is proposed a method that consists in the
redistribution of the mass near the contact boundary. This technique allows to recover the well-
posedness of the semi-discrete problem and ensures the solution to be energy conserving. Moreover,
it transforms the measure differential inclusion corresponding to (5) into a regular Lipschitz contin-
uous ordinary differential equation, which can be approximated by any reasonable time integration
scheme.

The singular dynamic method introduced in (14) for unilateral conditions is similar and more
general than the mass redistribution method since, for instance, it can be applied to thin structures.
However, we use here the mass redistribution method. The reason is that we need a differentiated
treatment of unilateral and friction conditions, which would be more difficult to obtain with the
singular dynamic method. In Section 6, an elementary example illustrates the fact that an undiffer-
entiated treatment leads to a potential multiplicity of solutions.

Let N := span{vy, ..., v, } and N L denote the space spanned by v; and its orthogonal com-
plement, respectively. We shall consider the redistributed mass matrix M; € .#,,(R) satisfying:

i) M.=M!,
(i) Ker(M;) =N, (6)
(i) wMw >0, YweNLt w0,
that is, being symmetric positive semi-definite with the kernel equal to A. In (13), a simple algo-
rithm is proposed to build the redistributed mass matrix preserving the main characteristics of the
mass matrix (total mass, center of gravity and moments of inertia).
Using the decomposition u(t) = upr (t) +upr(t), uprs (t) € Nt upr(t) € N, of the displace-
ment vector for any time ¢ and replacing M with M, Problem (5) becomes
Find upro: [0, T]1 — NL, up: [0, T1 — N, Ay, Ag: [0, T] — R such that
M@ eAN, A (1) e AL (FA,(1)) ae.in(0,7),
Myiipri (t) + A(upre (t) +up () =f+BIA,(t) + BIA (1) ae.in (0, T),
(my — A-v(l‘))TBvu./\/'(t) 20, VYu,eA, ae.in(0,7),
(7 — A-r(t))TBruNl(t) 20, VpreA (FAr (1) ae. in(0,7),

N

uprs(0) = ul o, ipr (0) = v,

where uj)v . and v?v . are the projections of the initial values of the displacement and velocity vec-
tors into N1, respectively. Moreover, it is possible to express the unilateral contact and friction



conditions in an equivalent way (see (20) for instance) and rewrite the problem as follows:

Findupri: [0, T] — Nt upr: [0, T1 — N, Ay, A2 [0, T] — R such that

Myiipr (1) + ACupri(t) +upn (@) =f+ Z Avi (v + i Aei()T; ae.in(0,7),
i=1 i=1
i) € Ng_lup (1)), Yi=1,...,n, ae. in(0,T), ®)

Aei(t) € Fhyi®Sgn(tlipnL (), Vi=1,....n. ae.in(0,7),

uprs(0) = ul,r, diprs (0) =v) .,

where Nr_ denotes the normal cone of R_ and the multifunction Sgn: R = R is the sub-differential
of the function a — |a|, that is,
ﬁ ifa #0,
Sgn(a) = a eR.
[-1,1] ifa =0,

REMARK 3.1. From (4), it immediately follows that there exists B > 0 such that

TpT T pT
w' B u,+w'B_u
v e > BUlpoll + e, Yo, pr € R, )

sup
0£weR"P lwll
4. Well-posedness result

In this section, we shall establish the well-posedness of Problem (7). First, owing to (4) and (6), the
first three variables of any (uprL, upar, Ay, A7) solving (7) have to satisfy

upnL(t) e N up(t) e N, A, (1) € Ay,
wlA@upr (1) +upn () = wlf+wIBIA, (1), VYweN, (10)
(1 _A-v(t))TBvu.N'(t) =20, Vu, €A,

for almost all ¢+ € (0, T'). From here, upr and A, are uniquely determined by upr. as states the
following assertion.

LEMMA 4.1. Let (4) be satisfied and f € R"r be arbitrary. Then there exist unique functions
g Nt — N and g,» Nt — A, such that the triplet (uparo (1), upr(t), Ay () with upnr(t) =
g1(uprL (1)), Ay := go(uprL (1)), satisfies (10) for any upr. (¢) € N+ and anyt € [0, T]. Moreover,
the functions g, and g, are Lipschitz continuous:

L1, Ly > 0: lg;w) —g;wHII < Lilw' —w?l, Vwlw?e Nt i=12 (1D
Proof. In fact, it suffices to analyse the static problem:

Find (a7, Av) == (@A Giprs), Ay (iipeL)) € N x Ay, such that
wlAiipr = w? (f — Aiiprr) +w'BIX,, VYweN, (12)
(o —A)TByitpr 20, Y, €A,



forupr. € N given. It is readily seen that this problem is equivalent to finding a saddle-point
(@pr, Ay) of the Lagrangian

1
Lw, u,) = EwTAw — WT(f—AﬁNL) — wTB{u.v, (w, ) € R"? x R,

on N x A,. Since A is positive definite and

TpT T pT
w'B w'B
Blumsll < sup Z B LTINS & (13)

ozwerrr W] 0weN Wl
due to (4), where B is the constant from (9), Problem (12) possesses a unique solution for any
ipn. €N L, which depends Lipschitz continuously on the data & AL (see (22) for instance). This
yields the existence, the uniqueness and the Lipschitz continuity of the functions g; and g,.

From the other side, if (wprL, upr, Ay, A7) solves (8), then

wl Miipri () + wTAuprs () +up () = wif+w? (nz Ari (t)‘l:,-) ,
i=1
Vwe Nt ae in (0, 7),

Aei(t) € Fhyi()Sgn(xlup (), VYi=1,...,n. ae.in(0,7),

(14)

upL(0) = uj’w, i (0) = v.(/)vl.
Substituting the inclusion for A; ; (¢) into the equality and taking uar () = g1 (upr (1)), Ay (t) =
82,i(uprL(t)) according to Lemma 4.1, this becomes

wIMiinri (t) € wl (F — Aupri (t) — Agy (upro (1))
ne
+wT <Z ﬁgz,,-(uNL(z))Sgn(ziTaNL(r))ri) , YweNt ae in(0,7), (15)
i=1
uprs(0) = uQpy, diprs(0) =Y,
LEMMA 4.2. Let (4) and (6) be fulfilled and f € R"», uj)vb v%/l € Nt be arbitrary. Then there

exists a unique Lipschitz continuous function upry: [0, T] — N+t with iyl € L0, T; R™)
solving (15).

Proof. Introducing the matrix P € ., . #(R), i1 := dimN~, columns of which form an orthonor-
mal basis of A%, any vector w € N+ can be represented by w € R” with

w=P'w, w=PP'w="rPw,

and (15) is equivalent to

wIMa(t) e wl (f — Aa(r) — g, @) +w’ (2 F g1 (@(t)Sen@] é(r))ﬁ) :

i=1
vweR" ae.in (0, T),

#(0) = u°, u(0) = Pij)\,L,

where
M, =P"M.P, A = P'AP, g,(a(t)) = PTAg,(Pa(1)),
2,(@(1)) =g, (Pu(t)), g,@(t)) = (g2,1@(1)), ..., gan, @),

a=Pup., i’ =Pul,  f=P'f 7, =P't;, i=1..n.



Having in mind (6), this can be written as

(1) e M. [f Au(z)—g1<u<t>)+z F8,i@(t)Sgn(@lu(t))T;| ae.in (0, T),
#(0) = u°, u(0) = V_Nol,

and denoting v = A_/Il/zit W= M

first order:

1/ 2Pij)V- ., this leads to the following differential inclusion of the

ii(1) : o
(m)) <\ {f Ay = g1 G0) + 30 Fgai@)Sen (2 ;%50 f,}
i=1
ae.in (0, T),
u0)  [(u
v©0) )~ \»)"
{X(t) e h(x()) ae.in(0,7),

x(0) = x°
with the multifunction : R?* = R?" defined by

Thus, we have to solve

(16)
- 12
Mr /y2
12 _ Be = —1/2 _ ,
/ {f Ay, — gl@l)+;gg2,i@1)SgH(Ter /y2>1'i]
1=
1 2
= e R,
’ Q)
andx? = (@"7, ).

Obviously, & is upper semi-continuous, that is, h! (C) is closed whenever C C R2" is closed and
has closed convex values. Furthermore, there exists ¢ > O such that

Ikl = sup{lizlllz € k)} < c(1 + lyl), Vy e R*. (17)
Indeed,

1172

T—1/2
Il < || || val® +

P Ay, - g1@1)+§jfgz,(vl>5gn( e, ) %

i=1

- —1/2 - < -
< 18221 %yl + (I + BAR Iyl + 18100

1172

Nne
_ 712 =
+|1> Fg2.i(r1)Sen (fiTMr /y2> Ti

i=1

)



First,

e 1/2
Zﬁé‘gleSgn( ) E < (Z(ﬁgz,i@mZ) = 712200l
i=1

in virtue of the orthonormality of T; and the definition of the mapping Sgn. Second, making use of
(11) and of the form of P, we have

12101 = IP" Agy Py < IAlllg, Py,
g1 @yl — lig1 POl < LillP(y; —0)ll = Lilly, |,

consequently

g1 DI < 1ANIg @ + Lally ),
and in a similar way, one can show that
820D < 11g200)[| + Lallyll-

Hence,

—1/2

IR < 1M 7 [ly2 I + (I + IAI Iy, 1+ 1Al gy ©) ) + Lilly; 1)

F(lg O + Lally, )] 2

from which the expression for the constant ¢ in (17) follows. Therefore, Theorem 5.1 in (23) guar-
antees that (16) Elas an absolutely contir}uous solution x in [0, T'] for any x% € R? | that s, a function
x: [0, T] —> R?" withx € LYo, T; Rz") satisfying

t
x(t) = x° +/ x(s)ds forallt € [0,T] and x(t) € h(x(¢)) ae.in (0, 7).
0

This gives the existence part of the assertion. To prove the uniqueness, it suffices to show that A is
one-sided Lipschitz (see for instance Theorem 10.4 in (23)), that is,

3k > 0: 0! —yHT (") —hO?) <kly' —y*1%,  Vy',y? e R¥.

From the definition of &
- —1/2 = —1/21
o' =T RO — kD) = o) —yH M) —yh) + 0 — )M AT —y))

+ b=y @ 0h - 200

+ 03—yt (Zﬁ“(éz,i(vngn( ;')

i=1
)

=814+ S+ 53+ S4.



Clearly,

_ 12 ——1/2
se< |3yt xR s < b A1y -y

and

——1/2 — —
5 < [ 1" = 5?1 0H — 2iob

T—1/2 T—1/2
< Al||ar 2 1y' = 5 gy Py — gn@yDI < Latal [ 1! - 212

by (11). Furthermore,

Sy = Z/ (gzl(yl)Sgn ( TM ) — 8. Sgn (_iTMr_l/zy%>)

(A0 ey 3T ).
Hence, fixing i and setting
a' =0, =201, b =tlM Pyl B =T,
the ith summand of S4 takes the form
ZF(a'Sgn(b") — a®Sgn(b?))(b' — b?).
Note that a!, a?> < 0. We claim that in this case,
(a'Sgn(b") — a*Sgn(b*))(b' — b?) < |a' — a®||b" — b?|. (18)
Indeed, for ¢ € Sgn(bl) and & € Sgn(bz), we get
(@'¢—a’)®' —b) = (@'c —a's +a's —a’H®' = b)) < (@' =G - b7
due to the monotonicity of the multifunction Sgn. And of course (18) can be deduced from
(@' —aE®' = b <la' —a?|Ip' = b7).
Applying this together with the Cauchy—Schwarz inequality and (11) we get
ne
<73 |82.0h) — g2, 0D|[F 0 Py — 2F i Py}
i=1
F o) - 20|

All in all, the one-sided Lipschitz property of k is verified.
On the basis of the previous two lemmas, we arrive at the announced well-posedness result.

—1/2 1/2

L= 93| < i | 522,

THEOREM 4.3. Let f € R uNl’ vNi e Nt be arbitrary. If (4) and (6) are satzsﬁed then
there exist a unique Lipschitz continuous function upri: [0, T] — N L with it AL E L0, T; R"™)
and unique functions upr: [0, T] — N and Ay, A [0, T] — R™ such that the quadruplet
(WprL, upnr, Ay, Ag) solves (7). In addition, upr, A, are Lipschitz continuous in [0, T] and A, €
L%°(0, T; R").

10



Proof. The existence and uniqueness as well as the Lipschitz continuity of upr. and ups, A, are
ensured by Lemmas 4.2 and 4.1, respectively. Consequently, the existence of A is readily seen from
the relation between (14) and (15). If (uprL, upnr, Ay, Al) and (upre, upr, Ay, A%) were two solutions
to (7), then

wIBT A1) —=22(1)) =0, VweR™, ae.in(0,T)

by the first equation in (7) and

TBT(AL(r) — A2t
BIAL(®H) — A2 < sup W B 0 ) ZAi0) 0 ae.in(0,7)
0A£weR"? Iwll

due to (9). In a similar way, one also obtains that A, € L°°(0, T'; R"<) from the Lipschitz continuity
of A, and the second inclusion of (8).

REMARK 4.4. The well-posedness result can easily be extended to three-dimensional (3D) prob-
lems since the key point of the proof is the monotonicity of the multifunction Sgn. For the 3D
problems, the friction condition can be expressed by means of the subdifferential of the function
a +— |la||, which is also monotonic. This allows to obtain an equivalent relation to (18). An ex-
tension of the well-posedness result can also be obtained for a load vector which is a Lipschitz
continuous function of time.

REMARK 4.5. The spatial semi-discrete problem (7) being equivalent to the one-sided Lipschitz
regular differential inclusion (16), most of the classical time integration schemes will be convergent
(for a fixed mesh) due to, for instance, the result obtained in (24). Moreover, the fully discrete prob-
lem is also ensured to be well-posed for a sufficiently small time step (because of its monotonicity).

5. Energy decreasing result

First, note that the result of Proposition 1 in (13) is still valid, which means that the so-called
persistency condition holds

M (OIa@) =0 ae.in(0,7), i=1,...,n.
This allows to prove the following result.

PROPOSITION 5.1 Still assuming the load vector f to be constant in time and denoting u = upr +
u 1 the solution to (7), the energy

E(t) = % i’ (OMa(t) + % u’ OAut) —u” ()f (19)
is decreasing in time.
Proof. The first equation in (8) implies
a (OMyii(1) + " (OAu(t) = a" (Of + > 0" O+ Aei(0i" (07

i=1 i=l1

Integrating from # to 71, it follows:

ne ¢ ne fl
B =B+ [ hioil @it + 3 [ aeioil o dr
i=1 710 i=1"10

11



Due to the fact that A, ; (¢) € ﬁ)»v,i(t)Sgn(uT(t)t,-) a.e. in (0, T), one has

1
/At,,-(z)uT(t)r,-dtgo, i=1,...,n.
1

0
Together with the persistency condition, this gives the result.

6. An elementary example

This section presents the mass redistribution method for an elementary contact problem involving a
single linear triangular finite-element depicted in Fig. 2. The aim is to show that an undifferentiated
treatment of the contact and friction condition may lead to an ill-posedness of the fully discrete prob-
lem whatever is the length of the time step. Using the time discretization by the midpoint scheme, we
shall compare different possibilities of the redistribution of the mass. The studied contact problem
is in fact a dynamic case of the elementary example studied, for example, in (25) and (26).

Denoting the lengths of the sides of the triangle by £, £, +/2¢ and employing Hooke’s constitutive
law for homogeneous, isotropic material, the formulation of the problem in inclusions reads as
follows:

Find u: [0, T] — R?, A,, A;: [0, T] — R such that
Mii(t) + Au(t) = f(t) + 1, (1)v + A ()T ae.in (0, T),
—Ay(t) € Ng_(wTu(t)) ae.in(0,7T),

A (t) € Fa,(0)Sgn(zTa(r)) ae.in (0,T),

u(0) = u®, w(0) =0,

pl? 0 A3 Adn 1 0
M= 0 ’ ’ A= < )L2+ )L+32 )’ "o ( > , i ( > .
0 % -5k = 0 !

Here, p > 0is constant, A > 0, u > 0 are the Lamé coefficients and f is assumed to be dependent

ont.
Obviously, the mass redistribution method consists in replacing the matrix M by M, = ("Z)l n? )
2

with my, my > 0. Further, to do the time discretization by the midpoint method, we divide the

where

Dirichlet
condition

linear
finite
f element

rigid foundation

Fig. 2 Geometry of the elementary example
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interval [0, T'] uniformly into n, subintervals and set At = T/n; and ty = kAt fork =0, ..., n,.
We seek the approximations #**1 and v**1 of u(fy41) and @ (fx41), respectively, for k = 0, ...,
n; — 1 so that

Ukl = gk 4 AppkFU2 kL gk 4 Agght1/2,
k172 — et k2 A (20)
=2 =2
and
M,a*+1/2 4 Ayk+1/2 =f<’k+#) L2y g kel2
_ {cj-lrl/2 & (v uk+1/2) 1)
)LI;-H/Z T k+1/25gn(r k+1/2).
From (20) one can express v<T1/2 and a**+1/2 as
2 2 4 4 2
TR 0 Ve S S 8 Vo S S Ve B S S 22)
At At Ar? Ar? At
which inserted into (21) leads to
1/2
(AtzMr+A) k+1/2 f]"’"/ +Kk+l/2 +)Lk+1/2
_)\§+1/2 € Ngp_ (vTuk+1/2) ’
k12 g k+1/2sgn( 7 (uk+1/2 _ uk))
with
~k+1/2 t + tkt1 4 k 2 P
=fl —— —Mu —M.v
A f( 5 >+At2r+mr
Finally, we consider the decomposition
W' =@l ul), v = @loh), d = @l.db), f = (flfD
and denote
4 A+3u A+ 4 A+3u
=— ,bi=—, c:i=— .
“ <At2m1+ 2 > 2 ¢ <At2m2+ 2
In each time step, we then obtain the following problem:
Find (uk+1/2, u]§+l/2, )\{3“/2, Ak+1/2) € R* such that
a2 k12 ff“/z 4ok,
L2 k2 ﬂk+1/2 4ok, 23)

. l§+1/2 € Ng_ (u1;+1/2) ’

IR ¢ gl sgn (FVE )

13



after resolution of which the values of (u¥*!, uf*1) and (vA*+!, v¥*1) are determined by
(20) and (22).

We shall derive exact solutions of problem (23) for an arbitrary k € {0, ..., n;—1} by considering
all possible situations occurring in the inclusions (23)4 and (23)5.

(i) Let Akﬂ/ 2 = 0. From (23)5, it follows that )»kﬂ/ 2~ 0and solving the equations (23), and
(23)3 we get

phet1/2 +bfk+1/2 phet1/2 +bfk+1/2

“ﬁﬂ/z ¢ — ) u1;+1/2 a —
Since ukH/ 2 < 0 by (23)y, this solution is valid under the following constraint:
ka+1/2 + bkaH/z <0.
Gi) If A5 T% < 0 and ut™/% = Uk, then u§™'/* = 0 according to (23), and (23), 5 yield
)\k+1/2 _ —bur _ f‘f<+1/2’ A1;+1/2 _ cu fk+1/2
Our assumption Ak+1/2 < 0 and the condition % ]f,+1/2 < A]§+1/2 < =% Ak+1/2 implied by

(23)5 give the restrictions:
FH2 5 ik, (e = Tk — F fF2 < PV (e b Pk + 7 fRHV2,
(iii) Let Il{lslpgse )»"iﬂ/z <0, u k+1/2 > u . Making use of (23)4 5, we have uUH/z =0, Ak+l/z
FZast? and (23), 5 lead to

12 _ g k12 pRer/2 gy pher1/2

ukr2 It kH1/2
K c+bF ’ v c+bZF
From Ak+ 2 < 0 and uk+1/2 > uli, one can see that

cff+1/2 +bfk+1/2 -0, fk+1/2 > (c+ bﬁ)uk + yfkﬂ/z
@iv) Supposethat)»ﬁ*’l/2<0anduk+1/2 KH2 _0a dkk+1/2 —9A§+1/2.
F # c/b, then we obtain

2k+1/2 +§ka+1/2

< u . Consequently, u,

phe+1/2 —|—bfk+l/2

uk 12— JT akH1/2
T c—bF ’ v c—bF
under the condition
C A A N

T < o ckaﬂ/z—i—bf,k“ﬂ >0, ftk+1/2 < (c— bJ)u fk+1/2
or

F > %, cfHHV2 L p R 0, FHVZ S (0 — b P — F fRHI2,
In the case of .# = ¢/b, there exists the whole solution set

{(u1;+1/2’ A§+1/2) cR?| A’j“ﬂ _ _bu1;+1/2 _ ka+1/2}
with the following restrictions:

Ak+1/2
rk+1/2 Fk+1/2 v k+1/2 k k rk+1/2
T /—i—ﬁfu 12—, —— <u; /<ut,—bur<fv /2,

14



To summarize the results, introduce the linear functions SkH/ 2. R2x 0, +00) = R* 1 <i < 4,
and the multi-valued function Sk+1/2. R2 x (0, +00) = R4 by

. N R T
b b o
Sk+1/2(f F) = cfy+ fr’afz+ fv70’0 . FeR: F >0,
- — b2 ac — b?

S/£+1/2(;-’ F) = (()’u _(fu +bu ) CM fr)T fE Rz F

F >0
c+bF c+bF’ c+bF e

S§+1/2 9 Z) ( ’ ff —ﬁfv _Cfv+bfr Cfv +bfr>

k+1/2 5 o fr"‘yﬁ) Cfv+bfr cfv+bfr 2 c
S 7/ = 07 s T 1y ) R ) y Oa T (>
s ) ( c—b7 b7 " c—b7F Je e 0. +00\ {3}
S§+1/2(i-, F) = {(”vv Ur, Ay, )‘ar)T € R4|uv =0, _% Sur < M];,

S o

v = _(]?v+bur)v)¥r :9(]?” +bul’)}s ‘;‘e RZ’ F =

and for .% > 0 define the sets:

TV = Fe R |cfy +bfr <O,

A

015“/2(32) ={feR?f > —buk, (c —=b Tk — F f, < fr <(c+bFWE+ F o),

TV F) = Fe R cfy+bfe 20, fr = (c+b Tk +.F 1),

A

FeR| f, = —buk, cf+bfy 20, f <(c—bFuk — Ff,)

A

FeR| fi = —buk, cfy+bf; <0, fr = (c—bF)uk — F f,}

if 7 e (§.+00),

it 7 ¢ (0, 9),
o_liJrl/Z(ﬁ) _ b

ohH12 2 2 2 c

2 F) = Fe R fy > bk, cfy +bfr =0}, 7=
“+1/2 k4172

One can easily verify that S{F—H/z (fH / ﬁ) solves (23) foer / € of—H/z(ﬂ), F >0,
Ak4-1/2 ~k+1/2

< 4, and S§+l/2(fk+ / , %) is the set of solutions to (23)forf](Jr / k+l/2(ﬁ) F =c/b.

Hence the structure of the solution set to (23) depends on the mutual posmon of ok+] /2 (%), which
depends on the magnitude of ..

If # € (0, ¢/b), then the interiors of 7; k+172

(%) are mutually disjoint for 1 < i < 4 and

ST =82 G 7). vieao T A nael (), viij el 4

15



Consequently, (23) has a unique solution for any fk 12 € R? (see Fig. 3; note that uk+1/ 2 k+1/ 2

and AT+ 2 are uniquely determined by the values of Ak+l/ 2) If # > c¢/b, then ak+ / 2(2 ) =
k+l/ 2 (F)No k+l/ 2 (%) and its interior is non-empty. In this case, there exists a unique solution
to (23) ff[(Jr / e R\ o k+1/2(9)) U {(— bu,, cuk)} there are two solutions on aakﬂ/z(ﬁ) \
{(— bu cuk)} and three solutions in Int ak+ (%) (see Fig. 4). Finally, if # = ¢/b, ak+1/2(a‘)ﬂ
k+1/ 2(a‘) k+1/ 2(a‘) is a half-line and there exists a unique solution to (23) for fk
1
(R2 \orkJrl/2 (9)) U{(— bur, cuk)} whereas the continuous branch S’;H/z ()‘I(Jr /2 , ¥ of solutions

~k+1/2 1 ~k+1/2
connects STV F2 2y and S52ET2 2 tor FT € 6K )\ ((—buk, cub)) (as
depicted in Fig. 5).

fEri2

Ak+1/2

o_;:+1/2(]_-)

i
cuff

UiﬁLle(}-)

g buﬁ f-j/chl /2

k4172
fT+/

/\Jg+1/2

a3 F)

cu”

e

/ﬁsﬂ/z

et /2

Fig. 4 Structure of the solution for .7 € (c¢/b, +00)
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fk+1/2
T

o)
o'nglﬂ(f)

_fmfr? f:f F1/2
Fig. 5 Structure of the solution for . = ¢/b

Now take the redistributed mass matrix M, such that m; = 0 and m, > 0, that is, (6) is fulfilled.
Then, for any .% > 0 given, one can find Azy > 0 satisfying
4 AH3p
A" 2 gz VAre (0, At

At
b E

and the analysis above ensures the unique solvability of (23) for any le/z € R? and any At €
(0, Atp). Observe that this is in good accordance with the well-posedness result established in
Section 4.

On the contrary, consider M; with m; > 0, mp = 0 or m; = my = 0, which corresponds to
the elimination of the mass in the tangential direction and the total elimination of the mass on the
contact zone, respectively. If the coefficient .# is larger than (A 4+ 3u)/(A + u) = ¢/b, one can

ak1/2
always find fk o such that (23) possesses multiple solutions whatever small Az is. This suggests
that the well-posedness is not reached in such cases.

7. Numerical tests

The numerical simulations presented in (13) show the effectiveness of the mass redistribution
method to remove the spurious oscillations caused by the contact condition in discretized dy-
namical problems. Here, we chose a test case where the sliding is much more present with still
a partial loss of contact (see Fig. 6). An elastic body whose reference configuration is the square
{(x1,x2) € 10, 10cm[ x ]0, 10cm[} is in contact with a rigid foundation at x, = 0. This rigid foun-
dation is moving horizontally at a constant speed of 20 m/s. At the top of the structure (x, = 10cm)
the Dirichlet condition u; = 0, up = —2.5 x 1073 cm ensures an initial compression of the body.
The friction coefficient is larger than 1 (% = 1.2). The other characteristics of the simulation are
summarized in Table 1. Additionally, Problem (7) is approximated in time with the midpoint scheme
(see Section 6 or (13) for more details). The C++ program that performs the tests is available along
with Getfem++ (27).
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Fig. 6 Structured mesh of the square {(x, xp) € ]0, 10cm[ x ]0, 10 cm[} and an example of deformation (at
t = 0.01 s). The rigid foundation lies at x, = 0 and has a constant horizontal velocity of 20 m/s. The structure
is clambed on its top (xp = 10cm)

Table 1 Main characteristics of the simulation

Density p 103 kg/m?3

Domain 10, 10cm[x]0, 10 cm|[
Lamé coefficients A =300 MPa, u = 150 MPa
Simulation time 0.02s

Friction coefficient .7 1.2

Horizontal velocity of the rigid foundation 20m/s

Due to friction and the fact that the rigid foundation has a constant horizontal velocity, there is a
source of energy in the system. The evolution of the total energy (given by (19)) for an element size
h = 0.5 cm and various time steps is shown in Fig. 7 for four situations.

The first graph of Fig. 7 corresponds to the standard semi-discretization. It clearly shows the in-
stability of the midpoint scheme applied to the standard semi-discretization. A rather unique feature,
reserved to the discretization of dynamic contact problems, is that the smaller the time step is, the
most the scheme is unstable. One can also remark that the scheme is reasonably stable in the first
half of the simulation period. It is probably due to the fact that, at the beginning of the simulation,
the body is pressed down to the foundation and is submitted to a relatively monotone loading due to
the friction force. Consequently, the number of transitions between contact and noncontact is low.

The second and third graphs correspond to the mass redistribution applied only on the normal
component of the displacement and on both components, respectively. The stability of the midpoint
scheme is recovered.

An interesting situation is described on the fourth graph of this figure, which corresponds to the
standard semi-discretization with an adaptation of the midpoint scheme where the contact forces
have been implicited (see (5, 6)). Even though this scheme is proven to be stable (energy dissipative
in fact) and this is also the case here, one can see that the result is rather different than the two
previous graphs.
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Fig. 7 Evolution of the energy for the following four situations: standard discretization, partial mass redistri-
bution, whole-mass redistribution and standard discretization with implicited contact forces

This is more clear in Fig. 8, where the graphs correspond to the difference between the total
energy and the energy transferred (provided and dissipated) by friction. The latter is given at the

time step /At by

[ ne
= Z Z Ak @A
k=1 i=1
where Ak and #¥ are the corresponding quantities to A, ; (kAr) and & (kAt) at the kth time step of
the mldpomt scheme. These graphs reflect better the stability of each scheme. Of course, this does
not change the conclusion for the midpoint scheme with the standard semi-discretization, which
still appears to be unstable. However, from the two graphs corresponding to the mass redistribution
method, we can see that for both cases, the energy conservation is obtained asymptotically for a
time step going to zero. This is not the case for the fourth graph, corresponding to the standard
semi-discretization with implicited contact forces. The scheme is stable, but it does not converge
towards an energy conserving solution. This is due to the fact that a certain amount of energy is
lost at each impact of each node, independently of the length of the time step. Since the number of
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Fig. 8 Evolution of the difference between the total energy and the energy transferred by friction

impacts grows in this simulation for decreasing time steps, the smallest the time step is, the most
dissipative the scheme is. In conclusion, we can say that this leads to a non-physical solution.

A convergence test on the time interval [0, 0.005 s] has been performed. The results are shown
in Figs 9 and 10. A reference solution has been computed on a refined mesh (2 = 0.0625 cm) for
a small time step (A = 5 x 1077s) using the partial mass redistribution. Then the differences
between this reference solution and four experiments whose characteristics are presented in Table 2
are computed. The curves in Fig. 9 present the maxima of the L?()-norm and H'()-semi-norm
in [0, 0.005 s] for the four experiments. Numerical convergence with an order <1 is found. Due
to the weak regularity of the solution, a faster rate of convergence cannot reasonably be expected.
Note that a mathematical result of convergence of numerical solutions towards a solution of the
continuous problem is an open problem. Untill now, neither existence nor uniqueness results have
been established on this model (unless a certain number of regularizations).

The convergence is also illustrated in Fig. 10, where the evolution of the density of friction force
for different experiments is shown. Both the cases with a redistribution of mass only on the vertical
component and on both components of the displacement are shown. In the two cases, the numerical
solution seems to converge towards the same solution. This means that at least for the presented test
case, the differentiated treatment of the two conditions is not strictly mandatory to obtain reliable
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Fig. 9 Convergence test for the partial mass redistribution. Maxima of the L2 (2)-norm and H 1 (2)-semi-norm
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Fig. 10 Comparison of the density of friction force at the point (0, 0) for the convergence test

Table 2 Element sizes and time steps for the convergence test

Reference

Experiment 1 Experiment2 Experiment3 Experiment4  solution

Element size i (cm) 2 1

Time step At (s) 1.6 x 107> 8 x 1076

0.5

0.25 0.0625

4% 10°° 2% 1070 5x 1077
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numerical results. Of course, with the redistribution of mass on both components, the well-posedness
of the semi-discretization is not guaranteed (see the discussion in Section 6). A real difference may
occur if there is a dynamical bifurcation. But the exhibition of such a dynamical bifurcation is also
still an open problem.

8. Concluding remarks

We adapted the mass redistribution method for the elastodynamic contact problem with friction.
The proposed strategy, which is to apply the mass redistribution only on the normal component
corresponding to the contact condition, allows to transform the semi-discrete problem into a regular
one-sided Lipschitz differential inclusion. The advantage is that any reasonable time integration
scheme is then convergent (see (24)) at least for a fixed mesh. Moreover, the fully discrete problem
is also well-posed for a sufficiently small time step. The simple example described in Section 6
shows that this is not the case when the mass redistribution is applied on both the contact and
friction conditions.

The test case presented in Section 7 confirms that the stability is gained by the mass redistribution
method. However, for this simple test case, there is no significant difference between the two strate-
gies how to apply the mass redistribution. One may think that it makes no difference numerically.

For the moment, we do not have any dynamical bifurcation example for the Coulomb friction
law with a constant friction coefficient that would test the difference. A perspective of this work
would be to consider a coefficient of friction depending on the sliding velocity. In (17, 28), such
a friction coefficient has been considered and multi-solutions are given in a one-dimensional case.
It is proven that an additional mass on the contact boundary allows to recover the uniqueness of
the solution. Moreover, it selects a particular solution which is related to the perfect delay criterion
introduced in (29) for contact problems with friction. In this context, obtaining a well-posed semi-
discrete problem would be more crucial and it would be interesting to see if the same solution is
selected.
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