Accepted Manuscript

A weighted finite element mass redistribution method for dynamic contact
problems

F. Dabaghi, P. Krej¢i, A. Petrov, J. Pousin, Y. Renard

PII: S0377-0427(18)30382-0
DOI: https://doi.org/10.1016/j.cam.2018.06.030
Reference: CAM 11760

To appear in:  Journal of Computational and Applied
Mathematics

Received date: 29 November 2015
Revised date: 27 February 2018

Please cite this article as: F. Dabaghi, P. Krejci, A. Petrov, J. Pousin, Y. Renard, A weighted finite
element mass redistribution method for dynamic contact problems, Journal of Computational and
Applied Mathematics (2018), https://doi.org/10.1016/j.cam.2018.06.030

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form.
Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.cam.2018.06.030

Revised Manuscript

Click here to view linked References

A weighted finite element mass redistribution method
for dynamic contact problems

F. Dabaghi?®, P. Krejéi®, A. Petrov®, J. Pousin®, Y. Renard?®

@ Université de Lyon, CNRS, INSA-Lyon, Institut Camille Jordan UMR 5208, 20 Avenue
A. FEinstein, F-69621 Villeurbanne, France.
b Institute of Mathematics, Czech Academy of Sciences, Zitnd 25, CZ-11567 Praha 1,
Czech Republic.

Abstract

This paper deals with a one-dimensional wave equation being subjected to
a unilateral boundary condition. An approximation of this problem com-
bining the finite element and mass redistribution methods is proposed. The
mass redistribution method is based on a redistribution of the body mass
such that there is no inertia at the contact node and the mass of the contact
node is redistributed on the other nodes. The convergence as well as an error
estimate in time are proved. The analytical solution associated with a bench-
mark problem is introduced and it is compared to approximate solutions for
different choices of mass redistribution. However some oscillations for the
energy associated with approximate solutions obtained for the second order
schemes can be observed after the impact. To overcome this difficulty, a new
unconditionally stable and a very lightly dissipative scheme is proposed.

Keywords: Numerical solution, mass redistribution method, variational
inequality, unilateral contact, energy conservation.
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1. Introduction

The present paper highlights some new numerical results obtained for a
one-dimensional elastodynamic contact problem. Dynamical contact prob-
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lems play a crucial role in structural mechanics as well as in biomechanics
and a considerable amount of engineering and mathematical literature has
been dedicated to this topic last decades. One of the main difficulties in
the numerical treatment of such problems is the physically meaningful non-
penetration condition that is usually modeled by using the so-called Signorini
boundary condition. Basically, the lack of well-posedness results mainly orig-
inates from the hyperbolic structure of the problem which gives rise to shocks
at the contact interfaces. Then the resulting nonsmooth and nonlinear vari-
ational inequalities lead to fundamental difficulties in mathematical analysis
as well as in the development of numerical integration schemes. In view to
avoid these difficulties, the non-penetration condition is quite often relaxed
in the numerical integration schemes. We may also observe that most of
unconditionally stable schemes for the linear elastodynamic problems lose
their unconditional stability in the presence of contact conditions. Among
them the classical Newmark method is the most popular one. However, its
unsatisfactory handling of the non-penetration conditions may lead to artifi-
cial oscillations at the contact boundary and even give rise to an undesirable
energy blow-up during the time integration, the reader is referred to [1, 2, 3]
as well as to the references therein for further details. To overcome these dif-
ficulties, some numerical methods based on the Newmark scheme for solving
impact problems are proposed in [4]. However, these methods lead to some
important energy losses when the contact takes place even if the time step
is taken sufficiently small. On the other hand, the energy conserving time
integration schemes of Newmark type are introduced in [5, 6, 7] as well as in
the monograph [8], but these schemes are unable to circumvent the undesir-
able oscillations at the contact boundary. These unphysical oscillations are
avoided by the numerical methods developed in [9] but these methods are
still energy dissipative.

Another approach consists in removing the mass from the contact nodes
with different strategies of mass redistribution. The mass redistribution me-
thod was originally investigated in [1] and later on used in [10, 11, 12]. This
approach prevents the oscillations at the contact boundary and leads to well-
posed and energy conserving semi-discretization of elastodynamic contact
problems (see [13, 14]). However, some numerical experiments, exhibited
in [3], highlight a phase shift in time between analytical and approximate so-
lutions. Note that an analytical piecewise affine and periodic solution to our
problem can be obtained by using the characteristics method while approx-




imate solutions are exhibited for different time discretizations. This phase
shift in time comes from the removed mass at the contact nodes for approx-
imate problems which is unacceptable for many applications. Therefore a
variant of the mass redistribution method is proposed in this work. More pre-
cisely, some weighted functions were introduced in the present contribution,
allowing a mass transfer from contact nodes to other nodes. Numerical exper-
iments presented in this work show that the undesirable phase shift between
the approximate and analytical solutions disappears and all the properties of
the mass redistribution method mentioned above are preserved. The present
work highlights that the weighted mass redistribution method is particularly
well adapted to solve dynamic contact problems. Moreover, the choice of the
weighted functions recover some existing strategies, see for instance [1, 10].

The paper is organized as follows. In Section 2, the mathematical for-
mulation of a one dimensional elastodynamic contact problem is presented.
The contact is modeled by using the Signorini boundary conditions in dis-
placement, which are based on a linearization of the physically meaningful
non penetrability of the masses. Then a space semi-discretization based on
a variant of the mass redistribution method is presented in Section 3. This
variant of the mass redistribution method consists in transferring the mass
of the contact node on the other nodes while the inertia vanishes at the con-
tact node. The error estimate in time as well as the convergence result are
established. A benchmark problem is introduced in Section 4 and its analyt-
ical solution is exhibited. Then numerical experiments for some space-time
discretizations like the Crank-Nicolson or the backward Euler methods are
reported. These numerical experiments highlight that the choice of the nodes
where the mass is transferred plays a crucial role to get a better approximate
solution. However some oscillations for the energy associated with approxi-
mate solutions for the second order schemes like Crank-Nicolson scheme can
be observed after the impact. To overcome the difficulty, a hybrid scheme
mixing the Crank-Nicolson as well as the midpoint methods and having the
properties to be an unconditionally stable scheme is proposed in Section 5.

2. Mathematical formulation

The motion of an elastic bar of length L which is free to move as long as
it does not hit a material obstacle is studied, see Figure 1. The assumptions
of small deformations are assumed and the material of the bar is supposed
to be homogeneous. Let u(z,t) be the displacement at time t € [0, 7], T > 0
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of the material point of spatial coordinate x € [0, L]. Let f(x,t) denotes a
density of external forces, depending on time and space. The mathematical
problem is formulated as follows:

gt (2, 1) — g (2, t) = f(2,t), (x,t) € (0,L) x (0,7T), (2.1)
with Cauchy initial data
u(z,0) = u’(z) and w(x,0) =°(x), =€ (0,L), (2.2)

and Signorini and Dirichlet boundary conditions at z = 0 and z = L, respec-
tively,

0 <wu(0,t) L u,(0,¢) <0 and w(L,t)=0, tel0,T]. (2.3)
Here u; & %—”j and u, & %. The orthogonality has a natural meaning: an

appropriate duality product between two terms of relation vanishes. It can
be alternatively stated as the inclusion

(0, 1) € 0,00 (u(0, 1)), (2.4)

where Ijg o is the indicator function of the interval [0, +00), and 01 [0,00) 18
its subdifferential.

Figure 1: An elastic bar vibrating on impacting obstacle.

Let us describe the weak formulation associated with (2.1)-(2.3). For
that purpose, it is convenient to introduce the following notations, namely
V = {u € HY(0,L) : u(L) = 0}, V = {u € L*(0,T;V) : u, € L2(0,T;H)}
where H = L2(0, L) and the convex set K = {u € V : u(0,-) > 0 a.e.}. Thus




the weak formulation associated with (2.1)—(2.3) obtained by multiplying

def

(2.1) by v—u and by integrating formally this result over Q7 = (0, L) x (0, T)
reads:

(Find u € K such that

L
- / () (0(x, 0)—u () d — / (2, ) (0= (1, 1) dar
0 T (2.5)
—|—/ Uz (x, ) (vp—uy)(z, t)dedt > / f(z,t)(v=u)(x,t)dxdt
T Qr
| for all veC for which there exists (>0 with v=u for t>T — (.

For Problem (2.5), the following existence and uniqueness result was proved
in [15, Theorem 14].

Theorem 2.1. Let u° € H¥2(0, L) NV, v € HY2(0, L), f € H¥?*(Qr) be
given. Then there exists a unique solution u € L*®(0,T;H3?(0,L) NV) N
Whee(0, T; H2(0, L)) of Problem (2.5) and the energy balance equation

/ (e, )P + fug (e, 7))
0 (2.6)

:/0 (W@ +RG@P)dr +2 | G ule,) deds

holds for all T € [0,T.

Existence and uniqueness results are obtained for a similar situation of a
vibrating string with concave obstacle in one dimensional space in [16] and
also for a wave equation with unilateral constraint at the boundary in a half-
space of RY in [15]. An existence result for a wave equation in a C?-regular
bounded domain constrained by an obstacle at the boundary in R? is proven
in [17]. The reader is also referred to [14].

3. Finite element discretization and convergence of the mass redis-
tribution method

This section is devoted to semi-discrete problems in space associated with
(2.5) by using the mass redistribution method, see [1, 14], assuming that the
hypotheses of Theorem 2.1 are satisfied. More precisely, the weighted mass
redistribution method consists in transferring the mass of the contact node
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on the other nodes implying that the node at the contact boundary evolves

in a quasi-static way. To this aim, we choose an integer m > 1, and put

= L (mesh size) with the goal to let m tend to +co. We introduce the
spaces V), £ {vr, € CO[0, L]) : vnljin,is1yn € Pr,i =0,...,m —1,v5(L) = 0}
where P; is the space of polynomials of degree less than or equal to 1. We
consider the following discretized problem:

(Find uy, : [0,7] — V, and A, : [0, 7] = R such that for all v, € V,,
L
/ ((une—f)ontunavne) dz = —Au,(0),
0

An(t) € 0I1g,00) (un(0,1)),
(un(-,0) =up and  upg(-,0) = vp,

(Pu,)

where uf) and v) belong to V;, and they are the approximations of the initial
displacement and velocity ug and v, respectively, and A, is the Lagrange
multiplier representing the contact force. The inclusion in (P,,) (cf. also
(2.4)) can be written as a variational inequality in the form

A(t)(up(0,t)—z) >0  forall 2z >0,
uh(O,t) > 0.

The approximation uy;, are taken in the following form

m—1
k=0
where the basis functions ¢, are assumed piecewise linear, namely we have
awt |1 =5 ifz€[0,h),
wol(@) = {0 if 2> h,
and
r—k+1 ifxe[(k-1)h,kh),
or() =S k+1-%  ifz € [kh, (k+1)h),
0 otherwise ,

for k=1,...,m — 1. Notice that uy(t) = up(kh,t) for k =0,...,m — 1 and
t € [0,7]. The test functions vy, are also considered in the form

—_

vp(z,t) = vk (t)or ().

3
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It is convenient for numerical computations to redistribute the mass and
modify the problem (P,,) as follows:

(Find uy, : [0,7] =V, and )y, : [0, 7] — R such that for all v, € V),
L

/ ((unu— fonwn+up2vne) dz = —Xap(0),
0

)\h(t) € a][o,oo) (uh(()?t))a
\uh('a O) = ug and uhi(.’ 0) - Ug’

mod
(Puh )

where w;, are weight functions which converge to 1 in suitable sense as h
tends to 0. We choose them to be piecewise constant

m—1
= wiXiG-1mn (©),
=0

continuously extended to x = 1, where x4 is the characteristic function of
the set A, that is xa(z) = 1if 2 € A and xa(x) =0if z ¢ A. A function
uy, is a solution of (PI°?) if and only if (P}°?) is satisfied for v, = ¢; for all
1 =0,...,m — 1. Hence, we can rewrite (PmOd) in the following form

(m—1

> (1) /ka( Y@ mz / (2)p(w) dz

k=0

h—
= —An(t) /f$twh )pi(r)dx

An(t) € 310,00 (un(0,1)),
up(+,0) = uf) and  wp,(-,0) = oY,

\

forall i =0,--- ,m — 1. This is a problem of the type

m—1
Z Mipiig(t) + Z Sikur(t) = fi(t) — An(t)dio,
k=0

(ppett) b=
)\h(t> € 810700 (uh(O, t)),
up(+,0) =) and  wp,(-,0) =
where ;0 is the Kronecker symbol, fi(t) = [ f " F(x, wn(@)@i(z) dz. The
symmetric matrices M = (M;;) and S = (S;x) can be computed directly

from the formulas
L L
My, = / (@) pi(@wn(z)dr  and Sy = / (@)l () dz,
0 0
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that is

h h
MO(] = gwo, Mz = g(wz_l‘i‘wz) for i = 1, e, — 17
h
Mm-_lzgwi fori:O,...,m—2,
1

1
So(): Sii:—forizl,...,m—l, Si7i+1:—ﬁf01“i:0,...,m—2.

b’ h

In matrix representation, we have

wo %wo 0 .. y. . 0
%wo wo + Wy %Uh :
M = ﬁ 0 %wl Wy + woy
3 . 0
1 1
§wm—3 Wip—3 + Wiy—2 §wm—2
O “ e “ e 0 %wm_Q wm_2 + wm_1
and
1 -1 0 0
—1 2 -1
g_ Ll o -1 2
L 0
: | 2 -1

Note that M and S are usually called mass and stiffness matrices, respec-
tively. Consider first the problem (P°®") for i = 0. We have

h L1 1
3o <U0+§U1> + E(UO_UI) = fo— (),

/\h(t) - 81[0700) (uh(O, t)) .

(3.1)

For wy > 0, this produces oscillations of uy which are not observed in the
limit. To eliminate these unphysical oscillations which are purely due to
the numerical method, we assume wy = 0, so that (3.1) becomes (note that
fo =0 if Wo = 0)

1
E(ul_u()) € aI[O,oo)(uo)a (32)




or equivalently,
uo(t) = uf (1), (3.3)

where u; denotes the positive part of u;. Then for i = 1, we obtain from
(Pmod™) that
h

N 1
§w1<ul+§U2) + E(2u1—u0—u2) = f1

and taking (3.2) into account, this yields

h N 1 1
§w1 <U1—|—§u2> + E(QU:[—U/Q) =fi+ Euf

We have thus eliminated the singularities and problem (Pumfd*) can be equiv-
alently stated as

m—1 m—1
. L 1 ,
(Pmod**) E thkuk + E %Sikuk =fi+ Euf51i, Vi=1,....,m—1,
Un k=1 k=1

up(+,0) =ul) and  wp(-,0) = o),

with a Lipschitz continuous nonlinearity on the right hand side, and with
matrices

1
M. = EMzk fori,k=1,...,m—1 and S}, =hSy fori,k=1,..., m—1.
Note that (P?:d**) is related to a more general problem of Fucik spectrum
(or ‘jumping nonlinearity’ in the old terminology); the reader is referred to
[18] for further details. Furthermore, we may observe that (Pfh"d**) can be
rewritten as follows:

Find Uy, : [0,7] — R™! such that
.1 1
(Ppod) hM*U, + ES*Uh =F+ —uje,

T
U0 =0U° and U2 =V,

where €1 d:ef (1, O, c. ,O)T, Uh © (ul, . ,Umfl)T, F © (fl, Cey fmfl)T, UO
and V° approximate the initial position and velocity. Finally, the discrete
energy associated with problem (P°?) is given by

h
2

S |
UT MUy + —U,TS*Up — —(ui)? — UhTF> 1.  (34)

d_ef
Enlt) = < 2h 2h




We assume that the weights w; are chosen in such a way that M* is
invertible and the matrix norm |||(M*)™!||| of its inverse (M*)~! is bounded
above by a constant independent of h. Below, we consider the following
situations:

(Mod 1) wy = ... =wm_1 = 1 (no redistribution);
(Mod 2) wy = ... =wn_1 = m/(m —1) (uniform redistribution);
(Mod 3) wy =2, wg = ... =Wy £ 1 (nearest neighbor redistribution).

In these cases, the condition on (M*)~! is satisfied.
Under this hypothesis, (P7°?) can be rewritten as follows:

Find Uy, : [0,T] = R™ ! x R™! such that
(P?) Uni = G(Us),
U,(0) = (U, VO)T,

where Uy, = (U, Vi)T and G(Uy,) = (2(M*) "WV, —15*Uy, + F + +ufer)T.
Observe that G : R™™! x R™™1 — R™ ! x R™! is Lipschitz continuous.
More specifically, for U}, U? € R™™! x R™"! we have

C
1G@Uy) = G < —llth, —Ull, (3.5)

with a constant C' independent of h, where || - || denotes the canonical norm
in R™~! x R™~'. Existence and uniqueness results for the problem (Pged)
follow from the Lipschitz continuity of G(Uy), for further details the reader
is referred to [19]. In particular, we have U), € C*([0, T]; R™ x R™™1).

Lemma 3.1. Let N € N be given and let At = % be the time step. Then the
time discretization error for the Crank-Nicolson method to solve the semi-
discrete problem (Pj;°%) is of the order At.

Proof. Keeping h fixed, we define discrete times ¢, = nAt forn =0,..., N
and define the Crank-Nicolson discretization of Problem (Pf};d) by the re-
current formula

n+l _ 7/n 1
L% = S(GUTHHGU), n=0,....N—1, (36
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with initial condition Uy = Uy, (0).
We compare the exact solution U, of (Pg}:d) with the piecewise linear inter-
polation Uy, of the discrete sequence U}, which is defined by the formula

. 1
Un(t) = Uyt + (8 = ta) (U™ = Uy, (3.7)

fort € [t,,t,11) and n =0,..., N — 1, continuously extended to ty = 7. We
have by (3.6) that

Un: — G(Up) = Dy(t), (3.8)
where for t € (t,,t,41) we have
I . S oC. . CAL, -
Dol = | G0t - o) < S~ = S il

We cannot expect to obtain a higher order estimate, since GG is not contin-
uously differentiable because of the presence of the term u;. On the other
hand, U, is of class C', and we may denote

Ch = mas [V (1)

telo

We thus have

CAt CrCAt

[hns — Un || < |G(UL) — GU)| + THUh,t — Unll + N (3.9)
for a.e. t € (0,7"). By virtue of (3.5) we obtain for At < h/C' that
. « CrLCAt :
- < |ty — —hEE e .
|Un,e — Un|| < - CAtHuh Un|| + h_COA; Mom (0,7), (3.10)
and the assertion follows from the Gronwall argument. ]

The next goal is to prove the convergence of solutions to Problem (Ppod)
(in the form (P}°?)) as h — 0. We first observe that (P}°?) is equivalent to

(Find up, : [0,T] = Vy, such that for all v, € KNV,

/ (upse(x, t)—f(z,t)) (vp(x, t)—up(z, t))wy(x)dedt
(Py) 7
—I—/ Uz (2, 1) (Vp (T, ) —up (2, t))dedt > 0,
Qr
| un(,0) = up(z) and  upy(z,0) = v} (2).
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We assume that the initial data u) and v} satisfy
; 0_,0 0_,0(.) —
}lng(l](Huh v + [lop—2°llu) = 0. (3.11)

The convergence of the solution u" of (P°?) to the solution of (2.5) is proved
below. To this aim, the same techniques detailed in the proof of Theorem
4.3 in [14] are used. Here, we allow for general weight functions including
the above cases (Mod 1)—(Mod 3), while in [14], only the case (Mod 1) was
considered. The reader is also referred to [20].

Choosing in (P}°?) the test function vy (z) = wp,(2,t), we see that for all

7 € [0, 7] the following energy relation
L
| st ) Pune) s, 7)) da
0

- / (10 (0) P () [ . () ) (3.12)

+2 | flx,t)up(z, t)wy(z)dedt
Qr

holds.

Theorem 3.2. Assume that the hypotheses of Theorem 2.1 and condition
(3.11) hold. Let there exist two constants Cy, > ¢, > 0 such that ¢, <
wp(z) < Cy for allh >0 and a.e. x € (h,L), and let

h—0

L
lim/ |wp(z) —1|dz =0.
0

Then the solutions uy of (P™°4) converge in the strong topology of V to the

unique solution w of (2.5) as h tends to 0.

Proof. The energy relation (3.12) and the Gronwall lemma imply the exis-
tence of a constant C' > 0 independent of A such that

L
sup sup / (June (2, 7) Pwn(z) + |up(z, 7)]?)dz < C. (3.13)
h>0 r€[0,T] J0
We have
h h
| oo Pz = [ fialr)en(e) + i @Pde, (1)
0 0
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hence, by virtue of (3.3),

h L
/ lup(z, 7)) do < C’/ lun.¢(z, 7) [Pwp(2) do (3.15)
0 0
with a constant C' independent of h. We thus have

sup sup ([lun(-, 7)[lv+{une(-, 7)ln) < C.
h>0 7€[0,T]

Let us define W = {u € L>(0,T;V) : u, € L>®°(0,T;H)} endowed with the
norm |Jufyy = ess supsero 7y (1wl )llv + llue(-, t)||n). We conclude that there
exists u € VW and a subsequence, still denoted by wuy,, such that

up —=u in  L*0,7;V) weak-*, (3.16a)
upy — w4 in o L®(0,7;H) weak-*. (3.16b)

Then, we may deduce from (3.16) that
upb —=u in W  weak-* . (3.17)

Notice that for all & < 1, we have W — C2(Qr) —>— C%(Q7) hold
(see [20]), where < and <> denote the continuous and compact embed-

dings, respectively. Finally we find
up, — a4 in C**(Qr) (3.18)

for all a < % Furthermore, u;, and @ belong to K. Our aim is to establish
that @ = u, that is, the limit @ coincides with the solution u of (2.5). How-
ever the elements of IC are not smooth enough in time, then they should be
approximated before being projected onto Vj. Indeed this projection vio-
lates the constraint at x = 0, and therefore, the elements of K need another
approximation in order to satisfy the constraint strictly.

Assume that v € K is an admissible test function for (2.5), that is, v = @
fort > T — (. For n < (/4 we define an auxiliary function

u(x,t) + l/ n(v(x, s) —u(x,s))ds

nJi
o= k) (L - 2)u(t) it t<T-y
l_L(.T}, t) if t>T-— n,

13




where 1 is a smooth and positive function with the property v = 1 on
0,7 —n/2] and ¢» = 0 on [T — n/4,T]. We precise now how the parameter
k(n) to ensure that v, € KNL>(0,7T;V) holds. Since u € C%2(Qr), it follows
that there exists a constant C* > 0 such that

1 t+n 1 t+n
‘ﬂ(o,t) - 5/ a((),s)ds‘ < 5/ 13(0,¢) — (0, 5)| ds
t t

C*llallw [ 2
< Sl [ sds = Sc o
0

Then for all t < T —n/2, we obtain

1 t+n 2 O
(0.2 = [ 0(0,5)ds = 2C b+ KD LUE)
t
The choice k(n) = 3-C*||alw+/n ensures that for all t < T — 1, we get

0,(0.8) = C* w7 (3.19)
Let Dy, : V — V}, be the piecewise linear interpolation mapping defined by
the formula

: 1 , : ,
Dy(2)(z) = 2((i — 1)h) + E(m — (i = 1)h)(z(ih) — z((i — 1)h))  (3.20)
for z € V and = € [(i — 1)h,ih), continuously extended to z = mh = L.
From the Mean Continuity Theorem it follows that
lim ||Dp(z) —2|lu =0 and lim || Dy(2) — z[|v =0. (3.21)
h—0 h—0

The next step consists in choosing an adequate test function. Let us define
def

Uh(',t) = uh(-, t) + Dh(Un - ’L_L)(, t) (322)

for all ¢ € [0,7]. We have v, (0,t) = u(0,t) + v,(0,¢) — @(0,¢), and from
(3.18)—(3.19) it follows that v, € KNV, for all ¢ provided h is small enough.
Introducing (3.22) into (P™°4) and integrating by parts, it comes that

var

= [ sl 00D, = 1) O )

—/ (2, t)Dp vy — ) (2, t)wp(x) dedt
(3.23)

_l’_
\

Up (2, ) (Dp(vy — @)y (2, t)dadt
Qr

/ f(x, t)Dp(v, — u)(x, t)wp(z)dxdt.

T
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By (3.21), we have for h — 0 the strong convergences

Dh(vn,t — ﬂt) — Upt — Uy in LQ(O, T, H), (3243.)
Dy(vys — ) = vy, —u in  L*(0,T;V). (3.24b)

We now use (3.16) and (3.24) to pass to the limit as h — 0 in (3.23) and find
that

- / O (00 (x, 0) dir — / (e, ) (01— (o, £) dr
0 T (3.25)

+/ Uy (2, ) (vy o —1y) (z, t) dodt > flz,t)(v,—u)(x, t)dzdt.
T Qr

The passage to the limit in (3.25) as n — 0 is easy, and we conclude that
u = u is the desired solution of (2.5).

It remains to prove that u;, converge strongly in V. Passing to the limit
as h — 0 in (3.12) we obtain for a.e. 7 € (0,7") that

L

lm [ (|une(z, 7)Pwn(@)+une (2, 7)) do
h—0 0

:/0 (10°(@) 24| (@) [?) dz + [ st e e (3.26)

:/0 (e, 7) P+l (2, 7)[2) de.

Since up, — u weakly-* in W and w;, — 1 strongly in every L? with p < oo,
we conclude that wuy/wy, converge weakly to u; in L2(0,7;H). Since the
norms of (wp¢1/Wh, up,) in L*(0,T;H) converge to the norm of (ut,u,) in
L2(0,T;H), we see that u; converge strongly to u in V. The limit solution
u is unique, hence the whole system {u;, : h > 0} converges to u as h — 0,
which completes the proof. O

4. The wave equation with Signorini and Dirichlet boundary con-
ditions

We consider a bar of length L = 1 clamped at one end and compressed
at t = 0. The bar elongates under the elasticity effect; as soon as it reaches
a rigid obstacle at time t; then it stays in contact during the time t, — ¢;
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and it takes off at time t¢5, see Figure 2. This problem can be described
mathematically by (2.1)—(2.3) with the density of external forces f(z,t) = 0.
We first describe how an analytical piecewise affine and periodic solution to
our problem can be obtained by using the characteristics method, the reader
is referred to [3] for a detailed explanation. Then approximate solutions
for some time-space discretizations and for several mass redistributions are
exhibited and their efficiency are discussed.

4.1. Analytical solution

The domains considered here are defined by (0, L) x (;,t;+1), 1 =0, 1,2,
corresponding to the phases before, during and after the impact, respectively.
Each of them are divided into four regions as it is represented on Figure 2.
We choose below t; =i,1=0,...,3.

x
before during after
contact contact contact
L=1
I 11 I
1 1717 | I 117 |1 177
v v v
0 j t
v V V V
to =0 ty =1 ty =2 t3 =3
uzl’Tz u=10 u=10 u=1z
v=20 v=-1/2 v=1/2 v=0

Figure 2: The regions allowing to determine the value of u.

The domain (0,1) x (0,1) corresponding to the phase before the impact is
split into four regions according to the characteristics lines z + ¢ and x — t.
Therefore
1—z :
=% in th I, 111
(i, t) = 13 ‘m e reglons , 1T, (41)
=~ in the regions II, IV.

The domain (1,2) x (0,1) corresponding to the phase during the impact is
also divided into four regions. Then the solution (4.1) evaluated in the region
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IV allows us to infer that u,(-,1) = —3 and we conclude that

t—t1

=1 in the region I, —F in the region II,

u(x,t) = ¢ =1 in the region III, (4.2)

% in the region IV.

The domain (2, 3) x (0, 1) corresponding to the phase after the impact is split
into four regions. By using (4.2), we get u(-,2) = 0 and w(-,2) = 3 which
leads to

=% in the regions I, 11,
u(x,t) =3 2
1_79“ in the regions III, IV.

Since u(+,3) = u® and uy(+,3) = v°, the solution u(z,t) is periodic of period
3. Finally, note that A = u,(0, ).

4.2. Comparisons between different mass redistributions for some time-space
discretizations

The time discretization is introduced in this section. To this aim, we
divide the time interval [0,7] by n + 1 discrete time-points such that we
have 0 = tg < t; < ... <t, =T. Let U, Up, U and A" be the approx-
imations of the displacement Uj(t,), the velocity Uh(tn), the acceleration
Un(t,) and the Lagrange multiplier \(t,), respectively. We deal with some
approximate solutions to Problem (2.1)—(2.3) obtained by using several time-
stepping methods like the Newmark, backward Euler and Paoli-Schatzman
methods. For each of these time-stepping methods, approximate solutions
(U}, \") are exhibited for several mass redistributions and they are compared
to the analytical solution (u, ) introduced in Section 4.1. In the numerical
experiments presented below, we distinguish the cases that the mass of the
contact node that is not redistributed (Mod 1), or uniformly redistributed
on all the other nodes (Mod 2), or redistributed only on the nearest neighbor
(Mod 3), according to the classification given in the previous section. We
show that the efficiency of the mass redistribution method depends on the
position of the nodes where the mass is redistributed. Indeed, the numeri-
cal experiments highlight that the closer from the contact node the mass is
transferred better the approximate solutions are obtained. Then, it is not
surprising that the best approximate solution can be expected and indeed
it is obtained in the case (Mod 3), where all the mass of the contact node
is transferred on the node preceding the contact node, see Figures 3, 5 and
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7. Note that the numerical simulations presented below were performed by
employing the finite element library Getfem++ (see [21]).

4.2.1. The Newmark methods

The Taylor expansions of displacements and velocities neglecting terms of
higher order are the underlying concept of the family of Newmark methods,
see [22]. These methods are unconditionally stable for linear elastodynamic
problem for v > £ and § > 1(347)?, see [23, 24], but they are also the most
popular time-stepping schemes used to solve contact problems. The discrete
evolution for the contact problem (2.1)—(2.3) is described by the following
finite difference equations:

(find U+ [0, 7] — R™ and A" : [0,7] — R such that

Ut = Up + AtUp + (L-8) ALUp + BART,

U”+1 Ul + (1—y)AtUR 4 yAtU, (4.3)
\0 S US—H 1 )\n—l—l S 0’

where At is a given times step and (3,7) are the algorithmic parameters,
see [23, 8. Note that U?, U? and \° are given and U is evaluated by us-
ing the third identity in (4. 3) We are particularly interested in the case
where (8,7) = (,1). This method is called the Crank-Nicolson method, it
is second-order consistent and unconditionally stable in the unconstrained
case. However the situation is quite different in the case of contact con-
straints, indeed the order of accuracy is degraded; for further details, the
reader is referred to [23, 24, 25]. The analytical solution (u,\) exhibited
in Section 4.1 and the approximate solutions (U}’, \") obtained for different
mass redistributions are represented on Figure 3. The approximate solution
obtained for the nearest neighbor redistribution (Mod 3 on Figure 3) gives
much better accuracy than the mass redistribution on all the nodes preceding
the contact node (see Mod 2 on Figure 3) and no mass redistribution. This
highlighted that the choice for the mass redistribution plays a crucial role.
Furthermore, we may observe that total energy of the system is almost con-
servative (see Figure 4, left). Moreover, some oscillations of the total energy
can be observed on the smaller energy scale (see Figure 4, right).

18




0.7 T T T T T T T T T

— Exact solution — Exact solution
0.6- - ==Mod 1 4 L. ===Mod 1
€ 04T N Mod 2 H
5 S v == Mod 3
a b4 e
S B <
£ £ o3 ]
o o
o o
2 2
c : o 1
T T
£ £
@ g 0.1p B
o o
© o
o o
2 o
a =] or
-0} 1
02 . . . . . ~0.1 . . . . .
1 2 4 5 6 0.2 0.4 0.6 0.8 1 1.2
Time Time
T T T 0.6 T T T T

—— Exact solution
===Mod 1

T T
—— Exact solution|
===Mod 1

Mod 2 4 *Mod 2
== Mod 3 == Mod 3
- . 0.2f ,
2 2
5 o 5 )
= s Tl
g 2 -02/ ;
8 -0.50 — 3
] § -0.4f 1
o =]
3 3
-1t 1 -0.6f i
-0.8f 1
=151 L L L L L ] 1 L L L L L
0 1 2 3 4 5 6 "0.8 0.85 0.9 0.95 1 1.05 1.1
Time Time

Figure 3: Comparison of analytical (u,\) and approximate (U}, \™) solutions for some
modified mass matrices in the contact node with Crank-Nicolson method (Az = % and
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Figure 4: Comparison of the energy associated with analytical solution and the energy as-
sociated with approximate solutions for some modified mass matrices with Crank-Nicolson
method (Az = % and At = 35). The figure on the right hand side represents a zoom of
the figure on the left hand side.
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4.2.2. The backward Euler method

We are concerned here with backward Euler’s method which for the con-
tact problem (2.1)—(2.3) is described by the following finite difference equa-

tions:

Ut = Up + AtUR*,
rn+1 I Frn+1

(0 <ugtt LA <0

MU}:L—H + SU}?+1 _ —)\n+1€0 4 Fn-i-l’

(find U [0,7] — R™ and A" : [0, 7] — R such that

(4.4)

Note that U?, U2 and \° are given and U is evaluated by using the third

equality in (4.4).
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T T T T T
—— Exact solution
0.6f |- - -Mod 1 1
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Time
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Figure 5: Comparison of analytical (u,\) and approximate (U}, \™) solutions for some
modified mass matrices in the contact node with backward Euler method (Az = % and

At = 155)-
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Figure 6: Comparison of energy associated with analytical solution and energy associ-
ated with approximate solutions for modified mass matrices with backward Euler method

(Az =} and At = 155).

The backward Euler method is a first order and stable scheme. Observe
that the total energy is decreasing (see Figure 6). Furthermore, the backward
Euler method highlighted that the approximation solutions obtained for the
nearest neighbor redistribution (see Figure 5) gives much better accuracy
than other redistributions.

4.2.3. The Paoli-Schatzman method

We focus on the so-called Paoli-Schatzman method that consists to fix
the contact constraint at an intermediate time step. Indeed the method
proposed below is a slight modification of Paoli-Schatzman method (see [26,
27]) which takes into account the kernel of the modified mass matrix. A
simple application of Paoli-Schatzman method based on Newmark scheme to
our problem with v = % leads to

(find U [0,7] — R™ and A" : [0, 7] — R such that

MU —2ur4-Urt . " -
(G At; i)y SBU +(1=28) Uy +pUy 1)
= —\"¢ for all n > 2, (4.5)

n+1 n—1
Uy~ + el

1+e
LUO and U, given.

0<ul = 1A <0,

Here e belongs to [0, 1] and is aimed to be interpreted as a restitution coef-
ficient. Note that Up and U} are given data and U} can be evaluated by a

21




one step scheme.
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Figure 7: Comparison of analytical (u,A) and approximate (U}, A") solutions for some
modified mass matrices in the contact node with Paoli-Schatzman method (Az = ¢ and

At = 15).
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We may observe that taking M = M™% in (4.5), we are not able to resolve the
problem on the kernel of M™°4. That is the reason why, SU~! as well as SU}"
are projected on the orthogonal of the kernel of M. We are interested here in
Paoli-Schatzman’s method with (8, e) = (1,1). Note that the stability result
immediately follows from [28]. Notice that the best approximate solution
is once again obtained for the nearest neighbor redistribution. Besides some
oscillations for the total energy occur in the Paoli-Schatzman’s method (see
Figure 6).

5. A hybrid time integration scheme

Generally, the second order schemes illustrate one of the difficulties when
solving contact problems, namely some oscillations for energy associated with
approximate solutions obtained for different choices of mass redistribution
can be observed after each impact takes place, for instance see Figure 4.
To overcome this problem, a hybrid time integration scheme is introduced
in this section. More precisely, the scheme (P}}‘:d) is modified to be an un-
conditionally stable and a second order in time scheme; the linear part of
(P?}fd) is discretized by using the midpoint method while the non-linear part
is discretized by using the Crank-Nicolson as well as the midpoint methods.
Observe that the midpoint method for the linear problem is energy conserv-
ing. The proposed hybrid time integration scheme inspired from [29] reads
as follows:
(Find U, : [0, 7] — R™! such that

Ut =Up + S0 + UF)
(Pgy) (U =URE SO U)o

M*U:+§ + S*U:+§ —F+ H(;}?l)(u’f —l—u’f+1)+€1
TG () + () ey,

where V2 & w and H is defined by

1if s >0,
H(s)=<{ Lifs=0,
0 otherwise.

We assume that the density of external forces F' does not depend on time.
Observe that o ((u})™ + (uf™)")e; and 5 (u} +uf™)*e; correspond to the
contribution of Crank-Nicolson and midpoint methods, respectively.
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The discrete evolution of the total energy is preserved in the purely elas-
tic case when the density of external forces vanishes, see [8]. However, the
situation quite different in the case of contact constraints, the order of accu-
racy is degraded and , for further details see [23, 24, 25]. Let us define now
the energy evolution by AE? = £1+1 — ', where & is assumed to be given
by an algorithmic approximation of the energy &(t,) defined in (3.4). We

evaluate now A& by using the midpoint scheme. More precisely, we get

AED :(U:+%)TM*(A25U:+%) + (U;+%)TS*(AtU:+%) (AtUn+2) F

@) H2 () H)?

(
+= 2h

Since M* is symmetric matrix, it comes that

. 1 n
AEP =AU 2)T (B (2 ity rey + 20 (40 4 (ui ) )ey)

(@)D =((y ™))
+ : 2h . ?

which implies that

n n H(—u" n H(u? n n
AEP =(upt ) (FCA (4 i) ey + 20 ()t 4 (w1 )ey)

+ ((u)*)? (( )2 ‘

We establish below that the energy evolution by A&} is nonpositive, namely
the energy associated with the hybrid scheme decreases in time. This result
is summarized in the following lemma:

Lemma 5.1. Assume that the density of external forces F' does not depend
on time. Then the energy evolution A&} is nonpositive for all n > 0.

Proof. We distinguish five cases depending on the values taken by u} and
u" . More precisely, we get

L If u? <0 and u}™ <0 then

A& = g (ui ™ —uf)(uf +ui ™) = g ((u ) )? = 0.
2. If u? < 0 and u}*" > 0 then
A& = gp(ui™ —up)(uf +ui ™) = () ) <.
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3. If u? > 0 and u/™" < 0 then

A& = gp(ui™ — ) (u) " + 55 ((uf)")* <0

4. If u? > 0 and uf™' > 0 then

P ) () ()) = (g2

o (uf)™)? =0.

1
2
+

5. If v} =0 then

A&y = g (ui ™) (i) = 5wy )* = 0.

This proves the lemma. ]

The numerical experiments presented on Figures 9 and 10 are obtained
by using a new hybrid scheme where the mass of the contact node is redis-
tributed on the node preceding the contact. This scheme circumvents the
undesirable oscillations at the contact boundary and it prevents as well the
small oscillations of the evolution of total energy occurring for Newmark
methods (see Figures 4 and 8). Finally, the energy evolution AE}" is nonpos-
itive for all n > 0 and it is much smaller than the energy evolution obtained
by using implicit Euler method (compare with Figure 6).

—— Exact solution —— Exact solution
0.6/{~ ~ ~Mod 3 + hybrid scheme| 1 - - - Mod 3 + hybrid scheme|

0.5-

Fed
o

1
S

e
@

Lagrange multiplier (&)

-1

Displacement in the contact point

3 3
Time Time

Figure 9: Comparison of analytical (u,\) and approximate (Uj',A") solutions for the
modified mass matrix (Mod 3), in the contact node with hybrid scheme (Az = ¢ and
At = 35).
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Figure 10: Comparison of the energy associated with analytical solution and the energy
associated with approximate solutions for the modified mass matrix (Mod 3) with hybrid

scheme (Az = % and At = %) The figure on the right hand side represents a zoom of

the figure on the left hand side.

6. Some 3D numerical experiment

This section is devoted to present some numerical experiments obtained
for standard and modified mass matrices. The Crank—Nicolson time integra-
tion method is used to get the results presented above.

A three-dimensional elastic bar is fixed at one end and it is free to move
at the other end until it touches a rigid obstacle. We suppose that the
reference configuration of the bar is = [0,0.1] x [0,0.1] x [0,1] and the
Lamé parameters are A = 0.25 and p = 0.5. The bar is initially undeformed
and located at distance 0.2 from the obstacle. The initial velocity of the bar
is assumed to be equal to —0.5 (vertical direction). Here Q1 elements are
used (Az = 0.02). Some oscillations can be observed when the contact takes
place for the standard mass matrix (see Figure 11) while these oscillations
do not occur for the modified mass matrix (see figure 12). The total mass
corresponding to the contact nodes is uniformly redistributed on the next
layer above the contact layer.
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(e) t=0.8 (f) t=1 (g) t=1.5 (h) t=2

Figure 11: Von Mises stress evolution of the deformed bar after the contact by using
Crank-Nicolson scheme and with the standard mass matrix (Az = 0.02 and At = 0.01).

-0.1

(a) t=0

(e) t=0.8 (f) t=1 (g) t=1.5 (h) t=2

Figure 12: Von Mises stress evolution of the deformed bar after the contact by using
Crank—-Nicolson scheme and with the modified mass matrix (Az = 0.02 and At = 0.01).
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7. Conclusion

This manuscript focuses on the weighted mass redistribution method
which is particularly well adapted to approximate elastodynamic contact
problems. This method leads to well-posed and energy conserving semi-
discretization of elastodynamic contact problems. Furthermore, it prevents
some undesirable oscillations at the contact boundary as well as some phase
shift between approximate and analytical solutions. The efficiency of the
weighted mass redistribution method depends on the position of the nodes
where the mass is redistributed; the closer the mass of the contact node is
transferred, the better are the approximate solutions. These results seem
also valid in higher dimensional spaces. In particular, Table 1 indicates that
the weight mass redistribution on the nodes before the contact (Mod 3) gives
much better absolute error than in the cases that no redistribution is done
(Mod 1), or the mass is eliminated from the contact nodes (Mod 2). The
total error rates presented in Table 1 are evaluated for a 2D bar with space
steps Ax; = Axy = 0.05. Furthermore, some phase shift can be observed
between the exact and approximate solutions (see Figures 3, 5 and 7). This
phase shift is due to the redistribution of the contact nodes mass to some
other nodes. In other words, a quasi-static problem is solved on the contact
nodes and not a dynamical one, leading to a phase shift between exact and
approximate solutions as well as a jump of the approximate solutions ob-
tained in a neighborhood of ¢ = (0. However the energy associated with the
Newmark and Paoli-Schatzman methods in time have small oscillations, (see
for instance Figure 4), which is unacceptable from a mechanical view point.
Then a new hybrid scheme having the properties to be unconditionally sta-
ble has been developed giving some promising numerical results. It allows to
have a far better approximation compared to existing unconditionally stable
schemes or the implicit Euler scheme (e.g. compare Figures 6 and 10).

Method employed Mod 1 | Mod 2 | Mod 3
||UI:L_UHL°°(O,T,L2((O,1)><(O,l))) 00104 00046 00038

Table 1: Total error rates for the displacement
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