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TIME-INTEGRATION SCHEMES FOR THE FINITE ELEMENT
DYNAMIC SIGNORINI PROBLEM*
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Abstract. A large variety of discretizations have been proposed in the literature for the nu-
merical solution of the dynamic Signorini problem. We classify the different discretizations into
four groups. The first three groups correspond to different ways of enforcing the contact condition:
exact enforcement, enforcement with penalty, and enforcement with contact condition in velocity.
The fourth approach is based on a modification of the mass matrix. Numerical simulations on two
one-dimensional benchmark problems with analytical solutions illustrate the properties of represen-
tative methods within each class, focusing first on spurious oscillations triggered by contact and then
on energy behavior after multiple impacts. Selected schemes are also tested on a two-dimensional
benchmark.
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1. Introduction. The design of robust and efficient numerical methods for dy-
namic contact problems has motivated a large amount of work over the last two
decades and remains challenging. Here, we focus on the dynamic Signorini problem,
which models the infinitesimal deformations of a solid body that can come into con-
tact with a rigid obstacle. This problem is the simplest dynamic contact problem, but
also the first step toward more complex situations such as multibody problems, large
deformation problems, contact with friction, etc. For an overview of the different
contact problems, we refer the reader to [21, 25, 38].

In structural dynamics, the usual space-time discretization combines finite ele-
ments in space and a time-stepping scheme. In this framework, the discretization of
the dynamic Signorini problem involves mainly three choices: (i) the finite element
space, (ii) the enforcement of the contact condition, (iii) the time-stepping scheme.
The combination of these three ingredients presents some difficulties. For instance, it
is well known that the combination of an exact enforcement of the contact condition
and an implicit Newmark scheme yields spurious oscillations as well as poor energy
behavior, that is, sizeable deviations from the exact value. Moreover, the combination
of an exact enforcement and an explicit scheme is not straightforward, whereas the
use of a penalty contact condition tightens the stability condition of explicit schemes.
Consequently, various alternative discretizations have been designed for the dynamic
Signorini problem. The aim of this work is to classify the different discretizations and
to numerically illustrate their main properties.

We classify the discretizations into four groups. The first three groups correspond
to different ways of enforcing the contact condition: exact enforcement [6, 8, 18, 27,
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31, 32, 36, 37|, enforcement with penalty [1, 3, 15], and enforcement with contact
condition in velocity [2, 3, 26]. The fourth approach is based on a modification of
the mass matrix [14, 20]; it can be seen as an alternative choice of the finite element
space. These four classes yield different space semidiscrete problems, which in turn
can be discretized in time using various time-stepping schemes, either implicit or
semiexplicit. We select representative discretizations within each class and examine
their main properties: presence of spurious oscillations, energy behavior after multiple
impacts, and stability in the case of explicit schemes. By energy conservation we mean
that the variation of the energy is equal to the work of the external forces (the contact
forces should not work). To illustrate these properties, numerical simulations on two
one-dimensional (1D) benchmarks have been performed. The first benchmark, the
impact of an elastic bar on a rigid surface, is well known and allows one to detect
spurious oscillations. The second, for which we derive the exact solution, deals with
the bounces of an elastic bar and is geared toward energy behavior, insofar as multiple
impacts occur; it is, to our knowledge, a new benchmark. Additionally, some of the
schemes are tested on a two-dimensional (2D) benchmark (without analytical solution)
associated with the impact and multiple bounces of a disk on a rigid surface. Some
of the presented Newmark-based schemes are also compared in three dimensions in
[23]. The mathematical analysis of the different methods is beyond the scope of this
article, but we mention, whenever they exist, the theoretical results (well-posedness
of the discrete problems and convergence of the discrete solutions). Dynamic contact
problems yield shock waves, and spurious oscillations appear near the shock in the
numerical solutions, owing to the so-called Gibbs phenomenon (see, e.g., [13] and
references therein). These oscillations can be eliminated using dissipative schemes (or,
equivalently, by filtering). This issue, being important but not specific to dynamic
contact problems, is not further addressed here (see also Remark 4.4).

The material is organized as follows. We formulate the dynamic Signorini prob-
lem in the continuous setting (section 2.1), and we introduce the main ingredients for
its approximation (sections 2.2 and 2.3). We present the two 1D benchmark problems
with their analytical solutions (section 3). We describe the four classes of discretiza-
tions together with numerical results in one dimension: exact enforcement of the
contact condition (section 4), enforcement with penalty contact condition (section 5),
enforcement with contact condition in velocity (section 6), and modification of the
mass matrix (section 7). Finally, we present numerical results on the 2D benchmark
for selected schemes (section 8) and draw some conclusions (section 9).

2. The dynamic Signorini problem.

2.1. Governing equations. We consider the infinitesimal deformations of a
body occupying a reference domain Q2 € R (d € {1,2,3}) during a time interval [0, 7.
The tensor of elasticity is denoted by A, and the mass density is denoted by p. An
external load f is applied to the body. Let u : (0,7)xQ — R%, €(u) : (0, T)xQ — R4
and o(u) : (0,T) x Q — R%? be the displacement field, the linearized strain tensor,
and the stress tensor, respectively. Denoting time-derivatives by dots, the momentum
conservation equation reads

1
(2.1) pi—dive=f, o=A:¢ e:§(Vu+TVu) in Q x (0,7).
The boundary 92 is partitioned into three disjoint open subsets, I'?, 'V, and T'°.

Dirichlet and Neumann conditions are prescribed on I'” and I'V, respectively u = up
on I'P? x (0,T) and 0 - n = fx on I'N x (0,T), where n denotes the outward unit
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normal to (2. We set u, := ujpq - n and o, 1= n - 0jpq - n, the normal displacement
and the normal stress on 0, respectively. On I'°, a unilateral contact condition, also
called Signorini condition, is imposed:

(2.2) up <0, op(u) <0, op(uw)u, =0 on I x(0,T).

At the initial time, the displacement and velocity fields are prescribed. The above
problem is an evolution partial differential equation under unilateral constraints. Here,
the equation is second-order in time, and the constraint holds on the displacement;
this is not the most favorable case. The existence and uniqueness of a solution has
been proven only in one dimension, when the contact boundary is reduced to a point
[28, 11]. In one dimension, it has also been proven that the variation of energy is
equal to the work of the external forces; the contact force does not work [28, 11]. In
higher dimensions, the existence of a solution is proven in the case of a viscoelastic
material, and, under certain assumptions, existence and uniqueness are proven for the
wave equation [28, 11].

2.2. Basic time-integration schemes in linear elastodynamics. In this
section, we briefly recall some basic facts about time-integration schemes in linear
elastodynamics; most of this material can be found in [17]. First, we discretize the
problem in space with a finite element method. To simplify the notation, we still
denote by u the space semidiscrete displacement. The number of degrees of freedom
is denoted by Ny4. Let K, M, and F(t) be the stiffness matrix, the mass matrix, and
the column vector of the external forces, respectively. The space semidiscrete problem
consists of seeking u : [0, 7] — R¥¢ such that, for all t € [0, T,

(2.3) Mii(t) + Ku(t) = F(t),

with the initial conditions u(0) = u° and 7(0) = v°. For solving such a system of or-
dinary differential equations (ODEs), linear one-step schemes are the most frequently
used. For simplicity, the interval [0, T is divided into equal subintervals of length At.
We set t” = nAt and denote by ™, 4", and 4™ the approximations of u(t™), @(t"), and
i(t"), respectively. We define the convex combination 0" := (1 — w)O" + wO" T
where O stands for u, 4, @ or t, and w € [0,1]. We use a slightly different definition for
the external load, namely, "+ := F(t"+); for instance, F"*2 = F(t"+2) generally
differs from 1(F™ + F"*1). Moreover, at time ¢", the energy of the system is given
by £" = 1T Mu"™ + LTu"Ku". Now we can formulate some of the most common
time-stepping schemes in linear elastodynamics.

DISCRETIZATION 2.1 (Hilber-Hughes—Taylor (HHT)-Newmark). Seek u™! 4n+!
it € RNe such that

(2.4) Mt 4 Ky tite = prtltel
At?

(25) un+1 = ’U,n + At Un + T ,un+2ﬂ’

(2.6) W™t = 4" 4+ At i,

where «, B, v are real parameters. The choice a = 0 yields Newmark schemes, while
the choice o € [—1/3,0], B =1/4(1 — a)?, and v = 1/2 — « yields HHT schemes.
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DISCRETIZATION 2.2 (midpoint). Seek v, ", i"t2 € RN such that

(2.7) M3 4 Ku"ts = Frts,
(2.8) Wt = AL AT
(2.9) Wt = @t AL i

DISCRETIZATION 2.3 (central differences). Seek u™*! € RN¢ such that

(2.10)

u unJrl _ 2un 4 unfl
At?

)—I—Ku”:Fn.

HHT schemes are implicit, unconditionally stable, second-order accurate, and
dissipative in the high frequencies. The amount of dissipation is controlled by the
parameter . Newmark schemes do not, in general, conserve the energy; such schemes

instead conserve the quadratic form &5 | = &" + Ath (B — %"/) Tim Mii™ since there
holds [24]

5t - g, = (FE P+ (3= 5 ) = E) et -

- <v - %) <T(u"+1 —u")K (u" T — )

+ (ﬁ - %’y) T+t —am)M(antt — a")) .

The quadratic form £} ., coincides with the energy only if § = 7. For 8 # 3, we
refer to &5 yasa shifted energy; the sign of the difference between Egﬁ and £" depends
only on the sign of (5— %*y) The particular choice § = 1/4, v = 1/2 yields an implicit,
unconditionally stable, and second-order accurate scheme. It is energy-conserving in
the sense that

n+1 n
grtt—gn =" <7F 2+ a ) (" —u™).

The midpoint scheme is implicit, unconditionally stable, and second-order accurate.
It is energy-conserving in the sense that

1
gnJrl o gn _ TFn+§(un+l o un)

The central difference scheme is explicit (lumping the mass matrix avoids solving any
linear system), conditionally stable, and second-order accurate. Here it is written as
a two-step linear scheme involving only the displacement, but it can be formulated
as a one-step scheme. Actually, it is a Newmark scheme with parameters 8 = 0,

v = 1/2; the velocity and acceleration are then 4" = & (u"™' — u"~1) and i" =
w7 (u" ™! — 2u™ + u"1). The central difference scheme does not conserve the energy

E™ but the shifted energy &', in the sense that
’2
Fn+1 Fn

There exist also explicit schemes with high-frequency dissipation, such as the Chung—
Hulbert or Tchamwa—Wielgosz schemes (see [30] and references therein).
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2.3. Enforcing the contact condition. The enforcement of a contact con-
dition in a finite element setting has been widely studied in the case of the static
Signorini problem [21]. We assume that the mesh is compatible with the partition of
the boundary. Let N. be the number of nodes lying on the contact boundary. We
define the linear normal trace operator on I'°, g : v = —w|p - n, and the associated
matrix G. Note that the dimension of G is N, x N4. We denote by {G;}i<i<n, the
rows of the matrix G. Thus, G;u yields the value of the normal displacement at the
ith node of the contact boundary. With an exact enforcement, the static Signorini
problem consists of seeking a displacement u € R¥¢ and a contact pressure r € RMe
such that

(2.11) Ku=F+"Gr,
(2.12) Gu>0, r>0 TrGu=0.

Here the problem is formulated as a complementarity problem. Other formalisms can
be found in the literature, e.g., variational inequality, Lagrangian formulation, and
formulation with subderivatives. If the matrix K is positive definite, problem (2.11)—
(2.12) has a unique solution. For solving this problem, a large variety of methods have
been developed [21, 38]: Uzawa algorithms, active set methods, semismooth Newton
methods, the Lemke algorithm, the monotone multigrid method, etc.

Penalty formulations are another classical way of dealing with constrained prob-
lems. We have to define a penalty function R, : RVe — RNe. For instance, we can

choose R¢(v) = 1(v)~, where (v)~ denotes the negative part of v. The penalized
static Signorini problem consists now of seeking u € R™V¢ such that
(2.13) Ku=F +"GR.(Gu).

A third way of enforcing the contact condition, specific to the dynamic problem, is
to replace the Signorini condition by an approximation involving the velocity instead
of the displacement [11, 29]. Assume that u,, = 0 at a certain time ¢°. Then, on a
short time interval afterwards, w,, = (t — t°)u,,. This motivates the following contact
condition in velocity:

(2.14) Up <0, o,(u) <0, op(w)i, =0 onI°.

It must be stressed that condition (2.14) is applicable only during contact phases.
This condition is not applicable during noncontact phases because a positive normal
velocity is not allowed.

3. 1D benchmark problems. To compare the different methods, we test them
on two 1D problems. Both problems can be formulated in the same setting. We con-
sider an elastic bar dropped against a rigid ground. The bar is dropped, undeformed,
from a height hg, with an initial velocity —vg, under a gravity acceleration go > 0.
The length of the bar is denoted by L, the Young modulus by F, and the density by p.

Let ¢ := \/% denote the wave speed. The reference domain is @ = [0, L]. In this

context, the governing equations presented in section 2.1 for the continuous problem
take the form

(3.1) Pl — E% =—pgo inQx(0,7),
(3.2) u(0,t) >0, r(t) >0, r(t)u(0,t) =0 on (0,7,
(3.3) %(L,t) =0 on(0,7), wu(-0)=ho, u(-,0)=—uvp,

ox
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0
0 0
7 7 7 7 7

t=0 t t2

—,

Fic. 1. Impact of an elastic bar.

where u is the scalar-valued displacement of the bar and r the contact pressure equal
to the normal stress —Eg—z at x = 0. Problem (3.1)-(3.3) has a unique solution, and
the variation of the energy is equal to the work of the gravity force [28],

(3.4) 4 1/u%l/E 2-—/— w Vtel[0,T]
. dt 2 Qp 9 o - o PYo ’ .

In the first problem, vy > 0 and gy = 0 so that there is a single impact. This
benchmark has been widely used in the literature (see, e.g., [38]). It enables us to
examine the possible spurious oscillations triggered by the numerical schemes. In the
second problem, vg = 0 and gg > 0, so that the bar can make several bounces. With
a suitable choice of parameters, the motion of the bar is periodic in time, and we
can calculate the exact solution. This benchmark enables us to examine the time
evolution of energy after multiple impacts and is, to our knowledge, new.

Ju
ox

3.1. Impact of an elastic bar. Let us describe the solution of the first problem
(Figure 1). Before the impact, the bar is undeformed and has a uniform velocity —uvy.
The bar reaches the ground at time t; := Z—[‘)’ After the impact, the bar stays in
contact with the ground. A shock wave travels from the bottom of the bar to the
top. Above the shock wave, the velocity is —vg; below, the velocity is zero. Then, the
shock wave travels from the top to the bottom. Above the shock wave, the velocity is
vp; below, the velocity is still zero. As soon as the wave reaches the bottom, the bar
takes off, undeformed, with a uniform velocity vg. The speed of the shock wave is ¢g.
Thus, the wave takes a time 7, := % to travel along the bar, and the bar takes off at
time to := t1 + 27,. The analytical solution can be easily expressed using travelling
wave solutions. Defining the auxiliary function H,(z,t) = —vmin(z/co, 7o, — [t — Tw))s
the exact solution is

ho—’l}ot iftStl,
u(x,t) = Hv0($,t—t1) if ¢4 <t < tog,
U()(t — tz) if to < t.

In particular, the displacement at the bottom of the bar and the contact pressure are

hO_'UOt iftgtl, 0 iftgtl,
u(0,t) =< 0 if t <t <ty r(t) = 22 if ) <t <ty
Uo(t — tg) if to < t, 0 if ty < t.

These two quantities are represented in Figure 2 (with the parameters chosen in
section 3.3).
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Fia. 3. Bounces of an elastic bar.

3.2. Bounces of an elastic bar. In the second problem (Figure 3), the bar

is dropped, undeformed, with a zero initial velocity. It takes a time 7; := ,/2&% to

reach the ground. At the impact, at time ¢; := 7, the bar is undeformed and has
uniform velocity —vy, where vy := \/2hogo. After the impact, as in the previous
benchmark, the bar stays in contact with the ground during a time 27,. During
this contact phase, the response of the bar is the superposition of a shock wave
due to velocity at the impact and a vibration due to the gravity, as reflected by
the series S7 and S; below. When the bar takes off, at time ¢y := t1 + 27, it
has a uniform velocity vy but it is compressed. (By symmetry, u(z,t2) = a(x) :=
i—% (22 —2Lx) is twice the static deformation with homogeneous Dirichlet and Neumann
conditions at = 0 and x = L, respectively.) Consequently, during the flight phase,
the response of the bar is the superposition of a rigid parabolic motion (due to the
gravity and the velocity) and a vibration (due to the initial deformation). If we
choose 174 = pr, for a positive integer p (for instance, 7 = 37,), we can ensure
that the bar reaches the ground with uniform velocity —vy and with displacement
field @. When we do this, the second impact occurs at time t3 := to + 277 = to + 67,.
When the bar takes off again, at time t4 := t3 + 27, it is undeformed and has a
uniform velocity vy. The next flight phase is a rigid parabolic movement. Then this
sequence of two contact phases and two flight phases repeats periodically. To compute
the analytical solution, we use a decomposition on the eigenmodes in addition to
the travelling wave solutions. We set typ11 = 37w + 16k7y, takto = tag+1 + 27w,
tak+s = tap+1 + 87w, and tyg g = tagy1 + 107,. We also define the auxiliary functions
P(z,t) = hg — 2go(t — 7)%, Si(z,t) = >0, an(l — cos(covnt)) sin(vyz), Sa(z,t) =

2go L? oo . _ —2g0 _ 1yx _ 4go
e T D oms 1 by cos(coA,t) cos(A,x), where a,, = FipEr Vn = (n—35)F, b= EreR
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An = nT. The function Sy corresponds to the vibration of a bar, clamped at its
bottom, initially at rest, under a gravity gg. The function S corresponds to the
vibration of a bar, free at its two extremities, with the initial displacement w, a zero
initial velocity, and no external force. The computation of the series S; and 59 is
standard; see [7], for instance. The exact solution is

P(x,t+71y) ift <t,

Hy (2t — tagg1) + S1(x,t — tagq1)  if tapr <t < tapgo,
u(x,t) = ¢ P(x,t — taggo) + Sz, t — tapyo)  if tapgo < t < tapss,

Hy, (2, tapra —t) + S1(2, tapra — 1) if tapys <t < tapya,

P(QJ, t— t4k+4) if typra <t < t4(k+1)+1.

The displacement at the bottom of the bar is represented in Figure 4 (with the pa-
rameters chosen in section 3.3).

displacement

exact solution

. .
0 5 10 15 20
time

Fic. 4. Bounces of an elastic bar. Displacement at the bottom of the bar.

3.3. Numerical simulations. The parameters used in the numerical simula-
tions are £ =900, p =1, L = 10, hy = 5. In the first benchmark, vy = 10, gg = 0; in
the second benchmark, vy = 0, gg = 10. The bar is discretized with a uniform mesh
size Az, and linear finite elements are used. We define v, := CQ% as the Courant
number, which is the relevant ratio to link the mesh size and the time step. In par-
ticular, central difference schemes with lumped mass matrix are stable in the linear
case under the condition v, < 1. In what follows, we take v, = 1.5 for unconditionally
stable schemes and v, = 0.75 (thereby halving the time step) for central difference
schemes. To describe the numerical results, we consider the following quantities: the
displacement at the bottom node of the bar (denoted by u{), the stress at the bot-
tom node of the bar (denoted by (Ku™)o), the contact pressure 7", and the energy
E" — TFu™ (the load vector being time-independent, we denote it by F). Note that,
because of the finite element discretization, the stress at the bottom node and the
contact pressure are not equal.

4. Discretizations with exact enforcement of the contact condition. In
this section we combine standard finite elements in space and an exact enforcement
of the contact condition at each node of the contact boundary. This leads to the
semidiscrete problem

(4.1) Mii(t) + Ku(t) = F(t) + TGr(t),
(4.2) Gu(t) >0, r(t)>0, Tr{t)Gu(t)=0.
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Problem (4.1)—(4.2) is a system of differential equations under unilateral constraints.
The same kind of formulation arises in rigid-body dynamics with impact [5, 35], so
the mathematical results and the numerical methods developed in this framework can
in general be applied to problem (4.1)—(4.2). Mathematically, this problem turns out
to be delicate. First, the functional framework is not obvious. Due to the unilateral
constraints, the velocity can be discontinuous, and there is in general no strong so-
lution (i.e., twice differentiable in time) to this problem. One possibility is to look
for a weak solution such that the displacement w is continuous in time, the veloc-
ity @ is a function with bounded variation in time, and the acceleration i and the
contact pressure r are measures (they contain impulses). Second, this weak solution
is in general not unique. Consider the simple example of a point mass impacting a
rigid foundation. Before the impact, the motion of the point mass is uniquely deter-
mined. After the impact, an infinity of velocities and trajectories are admissible. To
recover uniqueness, an additional condition, specifying the velocity after an impact, is
needed. Denoting by v~ the normal velocity before the impact and by v+ the normal
velocity after the impact, a usual approach is to prescribe vt = —ev™, where ¢ is a
nonnegative parameter. In the present space semidiscrete setting, it seems reasonable
to take e = 0. Indeed, in the dynamic Signorini problem, the unilateral constraint
holds on the boundary, and the boundary does not bounce after an impact. We can
now formulate the semidiscrete problem with impact law.

PROBLEM 4.1. Seek a displacement u : [0,T] — RY¢ and a contact pressure
r:[0,T] — RN¢ such that

(4.3) Mi+ Ku=F +TGr,
Gu>0, r>0, "rGu=0,
T’I“i(t)Gﬂl(tJr) =0 Zf Glu(t) = 0,
with the initial conditions w(0) = u® and (0) = v°.

Equation (4.5) constitutes the impact law. Most of the mathematical terms in
(4.3)(4.5) must be understood in the sense of measures. In particular, TrGu and
Tr;(t)Gu(tT) should be defined with suitable duality products. For more details, we
refer the reader to [5, 35].

Remark 4.1. The impact law (4.5) is a consequence of the discretization in space.
Indeed, the continuous problem does not need an impact law to have a unique solution.
This fact is proven in one dimension [11, 28]; in higher dimensions, uniqueness is still
an open problem, but the difficulty does not seem to come from the absence of an
impact law.

Remark 4.2. Another difference from the continuous solution is that the semidis-
crete solution does not conserve the energy since there is a loss of energy at each
impact of a node. Actually, energy is conserved for e = 1, but this is not satisfactory
since the contact is never established for a time interval of nonzero length.

Remark 4.3. The impact law is different from the concept of persistency condition
sometimes encountered in the literature [1, 25, 26, 27]. The persistency condition is
defined in the continuous setting and in the fully discrete setting. It requires that the
contact force does not work. Note that, in the continuous problem, the persistency
condition seems to be a consequence of the Signorini condition (it is at least proven
in one dimension).

4.1. Implicit schemes. We consider first dissipative schemes and then schemes
dealing with the impact.
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4.1.1. Dissipative schemes. To motivate the discussion, let us begin with an
ill-founded discretization. We choose a Newmark scheme (trapezoidal rule) for the
elastodynamics part, and we enforce the contact condition (4.4) at a certain time,
say t"T1. We pay no attention to the impact law (4.5). This choice corresponds to
Discretization 4.1 with « =0, 8 =1/4, v = 1/2.

DISCRETIZATION 4.1 (HHT-Newmark). Seek u"*! a"tl intl € RN and
rntl e RNe such that

(46) M’i],nJrl +Kun+1+oz _ Fn+1+a _’_T(;v,r,nJrl7
Gun+l Z 0’ ,rn+1 Z 0, TT"+1Gu"+1 _ 0’
At?
4.8 u T =+ Ata” + —— im0,
2
(4.9) "t = 4" 4 At Y.

At each time step, the problem (4.6)—(4.9) is equivalent to a linear complemen-
tarity problem and is well-posed. In contrast to the static case, the matrix K does
not need to be positive definite for the problem to be well-posed (Dirichlet bound-
ary conditions are not needed). When this scheme is tested on the first benchmark,
we observe large spurious oscillations on the contact pressure and small spurious os-
cillations on the displacement during the contact phase (Figure 5). On the second
benchmark, we observe a poor displacement and a poor energy behavior (Figure 6).
Let us try to explain what happens exactly. Suppose that there is contact at the ith
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FiG. 7. Impact of an elastic bar. Displacement uf (left) and contact pressure r™ (right).
Discretization 4.1 with a = —0.2, f = 1/4(1 — a)?, y=1/2 —a. Az = 0.1, At = 0.005, v, = 1.5.

node of the contact boundary at time t"*! (i.e., G;u™™! = 0); then

. . 20—, ..
4.1 l_nJrl:_L in 1—1 in At——= in
(4.10) Git ﬁAtGu +< 3 Giu" + At 25 Gu",
. 1 1 1-28 .
4.11 AT = -Gt — — Gt — ——E G
(4.11) Gt ﬁAtzGu ﬁAtGu 25 G;i

Thus, the impact law is not satisfied since we expect that after an impact, G;u"+! =
G;i"t' = 0. During a contact phase following an impact, the velocity and the
acceleration oscillate. In the simple case of an impact without initial acceleration and
initial velocity v;, the magnitude of the acceleration oscillations after the impact is
*5. These oscillations trigger oscillations of magnitude =7 on the contact pressure,
where m; is the mass associated with the node i (Figure 5). Moreover, the energy

balance takes the form

Tn+1 + Tn
2

Fn+1 + Fn

n+1l n:T
£ & ( 5

) (Gu™tt — Gu) + T < ) (u™ ™ — ™),

so that the contact force works when a node changes status. When a node comes
into contact (G;u™ > 0, 7" = 0, Gu™tt = 0, r"*1 > 0), the work is negative; when
a node is released (G;u™ = 0, r™ > 0, Gu™*! > 0, r"*1 = 0), the work is positive.
As the contact pressure is polluted by large oscillations, this strongly perturbs the
rest of the structure (Figure 6). The poor behavior of the Newmark scheme can be
summarized as follows: large oscillations of the acceleration at the contact boundary
= large oscillations of the contact pressure = perturbation of the whole structure.
In themselves the oscillations of the acceleration at the contact boundary are not a
problem. The oscillations of the contact pressure are more troublesome if a Lagrangian
method is used for solving the linear complementarity problem at each time step (the
Lagrange multiplier being equal to the contact pressure). Of course, the perturbation
of the whole structure must be avoided. Several options can be considered in designing
better algorithms. The first option consists of using dissipative schemes, such as HHT
schemes (Discretization 4.1). The spurious oscillations are then damped (Figure 7),
but at the expense of poor energy behavior (Figure 8). The selected value o = —0.2
here achieves a reasonable compromise between dissipation of spurious oscillations
and energy. First-order schemes like §-schemes, which are implicit, unconditionally
stable, dissipative schemes, yield the same kind of results (Discretization 4.2).
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Discretization 4.1 with a = —0.2, f = 1/4(1 — a)?, y=1/2 —a. Az = 0.1, At = 0.005, v. = 1.5.

DISCRETIZATION 4.2 (f-schemes [37]). Seek u"*tt, o"*! € RNa aqnd rntt € RNe
such that
M3 4 Kut0 = o 4 Topntt
Gu"t >0, Tt >o0, Trrtlguttt =0
u" T :;” + At a"+_9,

. . el
"t =0 + At G e.

)

Remark 4.4. Tt is sometimes argued in the literature that first-order schemes
must be preferred to second-order schemes for dynamic contact problems, due to the
nonsmoothness of the solution. We must distinguish two issues: the treatment of the
contact condition and the treatment of the shock waves induced by the contact. As
discussed previously, a proper treatment of the contact condition is not related to the
order of the scheme. As for the shock waves, they require a scheme with dissipation,
and there exist second-order accurate schemes with dissipation, such as the HHT or
Chung—Hulbert schemes. Note also that the amount of dissipation needed to treat the
shock waves in the bulk is much smaller than that needed to dissipate the oscillations
caused by the contact condition.

4.1.2. Schemes dealing with the impact. First we briefly discuss a naive
stabilized Newmark scheme where an extra step is used to enforce the impact law
(Discretization 4.3). Then, we consider two schemes with dissipative contact using a
midpoint (Discretization 4.4) or a Newmark (Discretization 4.5) scheme. Finally, an
improvement of these schemes based on the velocity-update method introduced in [27]
can be considered; in the case of the Newmark scheme, this yields Discretization 4.6.
An alternative approach to prevent the oscillations of the acceleration from transfer-
ring to the contact pressure consists in removing the mass at the contact boundary.
This approach will be developed in section 7.

To motivate the discussion, let us look for a scheme which satisfies the impact
law or, more precisely, a scheme which forces the acceleration to be zero during the
contact phases. No implicit Newmark scheme achieves this. An extra step is needed
to enforce the impact law (Discretization 4.3).

DISCRETIZATION 4.3 (naive stabilized Newmark).

1. Seek u™tt € RNa, g+l ¢ RNa g+l ¢ RNa gnd v+t € RNe satisfying
(4.6)—(4.9).
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cretization 4.4. Ax = 0.1, At = 0.005, ve = 1.5.

2. If Giu™ > 0 and Gyu™' = 0, then 4! and 4"t are modified so that
G;u"tt =0 and G;i" ! = 0.

As illustrated in Figure 9, the large spurious oscillations have disappeared. How-
ever, this stabilization takes effect only one step after the impact, which explains
the peak in the contact pressure just after the impact. A possible remedy consists
of finding a time discretization where the contact force does not work or is at least
dissipative. For instance, the midpoint scheme with an enforcement of the contact
condition at time t"*! (Discretization 4.4) achieves the following energy balance:

gnJrl o gn _ TT,nJrl(GunJrl o Gun) + TFTLJr%(uTLJrl o un)

It is easy to check that the work of the contact force is always nonpositive. As
illustrated in Figure 10, the contact pressure still oscillates, but the stress is practically
free of oscillations. The oscillations of the stress after the bar has taken off are due
to vibrations. However, energy losses, even if they are not substantial, do have an
impact on the solution (Figure 11). It can also be noticed that energy losses do not
vanish as At approaches zero, but these losses decrease with the mesh size.

DISCRETIZATION 4.4 (midpoint-implicit contact). Seek u™*!, u"+1 € RN, and
"+l e RNe such that

(4.16) Mints 4 Kymts = prts 4 Tgpntt
(4.17) Gu"tt >0, >0, Trrtlgut! =0,
(4.18) utt = " AL A3

(4.19) Wt = 0" 4 AL T
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FiG. 11. Bounces of an elastic bar. Displacement uf (left) and energy ™ — TFu™ (right).
Discretization 4.4. Az = 0.1, At = 0.005, v, = 1.5.

Another scheme with dissipative contact has been proposed in [18]. The Newmark
scheme with parameters § = 1/2 and v = 1 and with an enforcement of the contact
condition at time ¢"*! yields the following energy balance:

gnJrl _En = TrnJrl (GunJrl _Gun) o %T(unJrl _un)K(unJrl _un)+TFn+l(un+1 _un)'
The work of the contact force is always nonpositive, but there is a strong bulk dis-
sipation. To remove this dissipation, one can, as proposed in [18], discretize the
acceleration coming from the contact forces with the dissipative parameters (8 = 1/2
and v = 1), and the acceleration coming from the elastic forces with a trapezoidal rule
(8 = 1/4 and v = 1/2). This yields Discretization 4.5. With such a discretization,
the energy balance is

gn+l o gn _ T,r,n+l(Gun+1 o Gun) + TFn+1(un+l o un)

The numerical results are similar to those obtained with Discretization 4.4.
DISCRETIZATION 4.5 (Newmark with dissipative contact [18]). Seek u™*!, 4"+,
artt gt e RNVa gnd vt € RNe such that

nt 7 Ycon
(4.20) Mt 4 Kyt = prtl f Tapntt
(4'21) GunJrl >0, T.nJrl >0, TrnJrlGunJrl =0,
At? At?
(422) un+1 - un + Atun =+ Tuznt2ﬁ + TU?;;},
(4.23) Wt = A"+ At + At

where 4" = @t @t and Mkt = TGrrt
To compensate for energy losses in schemes with dissipative contact, the so-called
velocity-update method can be considered [27]. Applied to Discretization 4.4, this
procedure does not significantly improve the solution on our second benchmark. In
[8], the authors add to Discretization 4.5 a stabilization procedure (Discretization 4.6);
for a consistency result under the assumption of viscoelastic material, see [22].
DISCRETIZATION 4.6 (stabilized Newmark [8]).

1. Seek vl € RNe gnd \"t1 € RN such that

pred
(4.24) Mupt = Mu™ + AtMa",
(4.25) Gupih >0, Amtt>0, TartGurtl =o.
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2. Seek w1t gt gttt € RNa gnd vt € RNe satisfying (4.20), (4.21),

int con

and (4.23), while (4.22) is replaced by

u u

At? ., At?
(426) utl = ug:re}i + T thﬂ + T ?Otbl.

The additional step required by Discretization 4.6 is not expensive compared with
the main step, especially if the mass matrix is lumped. With this scheme, the contact
pressure is now almost free of oscillations (Figure 12). Although the impact law is not
fulfilled, Giu;j;” + Gyt = 0 holds true if Giu™! = Giugje}i = 0. Energy losses
still remain sizeable in the second benchmark (Figure 13).
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F1G. 12. Impact of an elastic bar. Displacement uf (left) and contact pressure r™ (right).
Discretization 4.6 with 8 = 1/4 and v = 1/2 (lumped mass matriz). Az = 0.1, At = 0.005,
ve = 1.5.
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F1G. 13. Bounces of an elastic bar. Displacement uf (left) and energy E™ — TFu™ (right).
Discretization 4.6 with B = 1/4 and v = 1/2 (lumped mass matriz). Az = 0.1, At = 0.005,
ve = 1.5.

4.2. Semiexplicit schemes. Now, we try to discretize the elastodynamics part
of the problem with an explicit scheme, such as the central difference scheme. It is
not possible to enforce an explicit exact contact condition. Nevertheless, the contact
condition can be enforced implicitly as in [31, 32].

DISCRETIZATION 4.7 (central differences-implicit contact [31, 32]). Seek u"T! €
RY4 gnd vt € RNe such that

M <un+1 — 2" + unfl

(4.27) NE

(4.28) Gu"tt >0, "t >0, Tertlgunt! =o.

> + Ku™ = F"+TGrt!
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With a lumped mass matrix, this scheme is equivalent to that proposed in [6]
where the contact condition is enforced by a projection step in the following semiex-
plicit way (observe that the first step is explicit):

1. Seek u™*! € RN« such that

M un+1 o 2un + un—l
At?

(4.29) ) + Ku" = F™.

2. If Gu™t! < 0, then v is modified so that G;u™*! = 0.
It is easy to check that, with Discretization 4.7, the acceleration at the contact bound-
ary vanishes during a contact phase (after two steps). Indeed, if Gju"t! = Gu™ =
Gu" ! =0, then G;i" = Gi(%) = 0. Consequently, there are (almost)
no spurious oscillations (Figure 14). The shifted energy balance reads

n—+2 n+1 Fn+1 Fn
En—i—l _ 587,1 _ T <T ;T ) (Gu77,+1 _ Gun) + T < 2+ > (u77,+1 _ un).
'3

0,%

Energy losses, although moderate, affect the quality of the solution after some im-
pacts (Figure 15). In one dimension, the convergence of the discrete solutions to the
continuous solution, provided a stability condition is met (the same as in the linear
case), has been established in [34]. The convergence of the discrete solutions to a
semidiscrete solution has been proven in [31, 32].
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FiG. 14. Impact of an elastic bar. Displacement uy (left) and contact pressure r™ (right).
Discretization 4.7 (lumped mass matriz). Az = 0.1, At = 0.0025, v, = 0.75.
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Discretization 4.7 (lumped mass matriz). Az = 0.1, At = 0.0025, v, = 0.75.
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F1G. 17. Impact of an elastic bar. Contact pressure TGRe(Gu™). Discretization 5.1 with a = 0,
B=1/4, and v =1/2. Az = 0.1, At = 0.005, ve = 1.5. € = 102 (left) and ¢ = 107° (right).

5. Discretizations with penalty contact condition. In this part we combine
standard finite elements in space and a penalty approximation of the contact condition
(the penalty parameter is denoted by €). Then, the semidiscrete problem is a mere
system of ODEs.

PROBLEM 5.1. Seek a displacement u : [0, T] — RN¢ such that, for all t € [0,T],

(5.1) Mii(t) + Ku(t) = f(t) + TGR(Gul(t)),
with the initial conditions u(0) = u® and 1(0) = v°.

Problem 5.1, being a system of ODEs with a Lipschitz continuous right-hand side,
has one and only one solution, which is furthermore twice differentiable in time.

5.1. Implicit schemes. To begin with, we discretize Problem 5.1 with an im-
plicit Newmark scheme.
DISCRETIZATION 5.1 (Newmark). Seek um*t, 4n*t intt € RNe  such that

(5.2) Mi™t + Kyt = Frt 4 TGR(Gu™Y),
At?

(5.3) u"t = w4 Ata" + Tu”w,

(5.4) "t = 4" 4 At

We observe that the penalty formulation tends to reduce spurious oscillations
(Figure 16). Nevertheless, the oscillations grow with 1/e (Figure 17). This is not
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FiG. 18. Bounces of an elastic bar. Displacement uf (left) and energy ™ — TFu™ (right).
Discretization 5.1 with a =0, f = 1/4, v =1/2, and ¢ = 10~%. Az = 0.1, At = 0.005, v, = 1.5.

surprising, since the penalty contact condition tends to the exact contact condition
when 1/¢ tends to infinity. If the oscillations are too large, stabilization procedures
can be used (see, for instance, the procedure described in [1]). With the addition
of a penalty term, the Newmark scheme (trapezoidal rule) no longer conserves the
energy. The energy losses are moderate but not so marginal (Figure 18); the energy
behavior is poorer when 1/e grows. In [1, 15], the authors proposed a discretization
of the penalty term which enables one to recover energy control by conserving an
augmented energy (Discretization 5.2). It is based on a midpoint scheme. On our
benchmark problems, it does not yield significantly better results.

DISCRETIZATION 5.2 (energy-controlling midpoint [1, 15]). Seek u™™1, 4"+l €
RN¢ such that

(5.5) Mi™ts 4 Ku™ts = Frts £ TGR(Gu™t, Gu™),
(5.6) ut = u o At
(5.7) W = 0"+ At
where
" T2 (Giu™)7)? : n n
} L& Gﬂjnll_gfﬂ L i G # Gunt,
(5.8) (RE(Gun+1, Gun))z =<0 Zf Gu" = Giun—H >0,
%(Gu’”‘1 + Gu™) if Gau™ = Guut! < 0.
Defining the augmented energy &%, := €™ + 5-((Gu™)™)?, there holds
Epenl = Epen = TFM T (@ — "),

Since &}, is an upper bound of £", controlling &, allows one to control .

5.2. Explicit schemes. We can also use an explicit scheme for Problem 5.1.
DISCRETIZATION 5.3 (central differences). Seek u™*! € RN¢ such that

M <un+l _ 2un + un—l

(5.9) NE

) + Ku™ = F" + T"GR.(Gu™).

The results are similar to those obtained with the implicit approach. Unfortu-
nately, the penalty term stiffens the system of ODEs, which limits the stability domain
of the schemes. More precisely, it introduces a constraint on the time step of the form
At < O(y/peAx.), where Az, is the mesh size near the contact boundary [3].
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6. Discretizations with contact condition in velocity. In this section, stan-
dard finite elements in space are combined with an approximation of the contact
condition involving the velocity.

PROBLEM 6.1. Seek a displacement u : [0,T] — RN¢ and a contact pressure
7 :[0,T] — RNe such that, for almost every t € [0,T],

(6.1) Mii(t) + Ku(t) = f(t) + TGr(?),

Gu(t) >0, r(t)>0, Trt)Gu(t) =0,
with the initial conditions u(0) = u® and (0) = v°.

With this contact condition in velocity, the semidiscrete problem is much simpler
than (4.1)—(4.2). Problem 6.1 is still a system of ODEs under unilateral constraints,
but the constraint now involves the velocity instead of the displacement. The general
theory developed in [4, 12] applies to Problem 6.1. The solution u is unique [4].
Furthermore, u is continuous and « is differentiable in time almost everywhere, so
that the equations have a sense at almost every time. The time discretization has
been extensively studied in [12].

Unfortunately, the contact condition in velocity is not equivalent to the Signorini
condition as discussed in section 2.3. The strategy adopted is the following: if a node
satisfies the noninterpenetration condition, then at the next iteration no constraint
is enforced on this node; if a node breaks the noninterpenetration condition, then at
the next iteration the contact condition in velocity will be applied to this node. This
approach allows for slight interpenetration. At each time step, we define the matrix
G"™ whose rows G} are

0...0) if Gyu™ >0,
(6.3) e L i

G, if G;u™ < 0.
This approach based on a contact condition in velocity has also been widely used in
rigid-body dynamics with impacts (see, e.g., [35]).

6.1. Implicit schemes. A midpoint scheme with contact condition in velocity
has been proposed in [26]; see also [19] for the contact condition.

DISCRETIZATION 6.1 (midpoint [26]). Seek u"t1, 4"t € RNa gnd rntl € RNe
such that

(6.4) Mi™ts + Kunts = prts 4 Tanpnts,

(6.5) Gt >0, "t >0, Trrtigiaits =0,
(6.6) u T = 0t 4 AL AT

(6.7) Wt = @t 4 At AT

An interesting feature of this scheme is to be energy-conserving,
gnJrl o gn _ TFTLJr%(uTLJrl o un)

The contact pressure does not perturb the structure despite its oscillations (Figure 19).
Energy is preserved, and the solution for the second benchmark is quite satisfactory,
although not as accurate as with Discretization 5.1 after several impacts (Figure 20).
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Discretization 6.1 with « =0, 8 =1/4, and v =1/2. Az = 0.1, At =0.005, v. = 1.5.

6.2. Semiexplicit schemes. A semiexplicit scheme with contact condition in
velocity has been proposed in [3].

DISCRETIZATION 6.2 (central differences [3]). Seek u"*t € RN¢ and rnt! € RNe
such that

n+l _ 2 n n—1
(6.8) M <“ Aig rtu ) + Kum = Fr 4 Tanpntt,
(69) Gn(un+l _ un) > 0, ,rn+1 > 0, Trn+1Gn(un+1 _ un) —0.

Numerical simulations suggest that the stability condition of the central difference
scheme is not tightened by the contact condition. The results are similar to those
obtained with Discretization 4.7 (Figures 21 and 22).

7. Discretizations with modified mass. In the previous three sections, we
have considered various ways of enforcing the contact condition. Here we describe
methods based on a modification of the mass matrix. Such methods are thus compat-
ible with any enforcement of the contact condition. For brevity, we restrict ourselves
to an exact enforcement of the contact condition. In the modified mass matrix, the
entries associated with the normal displacements at the contact boundary are set to
zero. The motivation for this modification is very simple: if the mass is removed,
the inertial forces and the oscillations are eliminated. This approach was introduced
in [20].

Set Nj := Ngq — N.. For the sake of simplicity, suppose that the degrees of
freedom associated with normal displacements at the contact boundary are numbered
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F1G. 22. Bounces of an elastic bar. Displacement ul (left) and energy E™ — ' Fu™ (right).

Discretization 6.2 (lumped mass matriz). Az = 0.1, At = 0.0025, v. = 0.75.

from N + 1 to Ng. The modified mass matrix is defined as

= )

Many choices are possible in building the block M,,. In [14, 20], the authors devise
various methods for preserving some features of the standard mass matrix (the total
mass, the center of gravity, and the moments of inertia); see also [33] for further results.
We can also simply keep the corresponding block in the standard mass matrix (and
this is what we will do in our numerical simulations below). The modified problem

M**
0

0
0

reads
M*i(t) + Ku(t) = F(t) + *Gr(t),
Gu(t) >0, r(t)>0, Tr{t)Gu(t)=
If we set u(t) = (Z:ég), K= (gc gcz), F(t) = (I;cgg), and G = (0 G¢), then (7.1)

and (7.2) can be recast as

(7.3) Mg (t) + Kostin (t) + Kocuc(t) = Fi(t),

7.4 c*u*( ) ccuc( ) = Fc(t) + TGCT(t)a
Geue(t) >0, r(t) >0, Trt)Gou(t) =
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For given t and wu,(t), there exists one and only one u.(t) satisfying (7.4) and (7.5).
Denote by @ : [0,7] x RNa — R¥¢ the nonlinear map such that u.(t) = Q(t, u.(t)).
PROBLEM 7.1. Seek a displacement u : [0, T] — RN¢ such that, for all t € [0,T],

(7.6) Mg () + Kous (1) + Koo Q( us(t)) = Fi(t),
(7.7) uc(t) = Q(t, ux(t)),

with the initial conditions u(0) = u® and 0(0) = v°.

The operator Q(t,-) is Lipschitz continuous at each time ¢, so that (7.6) is a
Lipschitz system of ODEs. Therefore, it has a unique solution u., twice differentiable
in time. Owing to (7.7), u. is differentiable in time almost everywhere. The detailed
mathematical analysis of the space semidiscrete modified mass formulation can be
found in [20, 9]. A result of convergence of the space semidiscrete solutions to a
continuous solution is proven for viscoelastic materials in [9].

Remark 7.1. In contrast to the semidiscrete problem with standard mass matrix,
the semidiscrete problem with modified mass matrix does not require an impact law
and conserves a modified energy where the mass modification is accounted for in the
kinetic energy [20].

7.1. Implicit schemes. An HHT-Newmark scheme can be used for Problem 7.1.
DISCRETIZATION 7.1 (HHT-Newmark [20]). Seek u™t! € RNe gnt+l ¢ RNe  gnd
it € RN such that

(7.8) M**ﬁ:Jrl + K**uerlJra + K*CQ(thrlJraa u1:+l+o¢) = Ff+1+aa
un+1+o¢ _ Q(tn+l+a un+l+o¢)7
At 2
(7.10) uttt = AtAT - 5 artn,
(7.11) "t = 4 AtGT.

The equations can be recast as a linear complementarity problem,

(712) M*’i],nJrl +Kun+1+a _ Fn+1+a _’_T(;v,r,nJrl7

(7.13) Gu"tt >0, >0, Trtlguntt =o,
At?

(7.14) ™t =" At + TﬁnHBa

(7.15) "t = A" 4+ At

In spite of the modification of the mass matrix, the problem is well-posed. In practice,
we use this set of equations to compute the solution. As expected, the large oscillations
have disappeared during the contact phase (Figure 23). The energy behavior is also
very satisfactory (Figure 24), since

n+1 n n+1 n
gt —grn =" (77« 2* : ) (Gut = Gur) + 7 <7F 2+ a ) ]

where the modified energy £ has the same expression as £", except that M is replaced
by M*. The displacement after several impacts is quite satisfactory, although not as
accurate as with Discretization 5.1 (Figure 24).
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F1G. 23. Impact of an elastic bar. Displacement ug and contact pressure r™. Discretization 7.1

with a =0, 8 =1/4, and v =1/2. Az =0.1, At =0.005, v. = 1.5.
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(right). Discretization 7.1 with « =0, 8 =1/4, and v =1/2. Az = 0.1, At =0.005, v. = 1.5.

7.2. Semiexplicit schemes. We can discretize Problem 7.1 with an explicit
scheme, such as the central difference scheme. This yields a semiexplicit scheme.
DISCRETIZATION 7.2 (central differences [10]). Seek u™*1 € RN¢ such that

n+1 _ 2u™ n—1
(7.16) M., (” A”t; + s ) + Ko™ + Koo Q(E,u") = F7,
(T17) Wt = Qe un ).

In practice, the equations are solved as follows: 1. Seek u?*! € RN¢ such that

(7.18)

n+1 n n—1
M. <u* —2u™ + u”

At?

2. Seek ut' € RMa and 7"t! € RN such that

(7.19)
(7.20)

1 1 1 T 1
Ko™ + Ko™ = FrHl 4 TG en

TrGoaul ™ = 0.

Geoul™ >0,

>0,

The first step is explicit, and the mass matrix M,, can be lumped. The second step
is a constrained problem on the variable ©?*! only. Discretization 7.2 amounts to

n+1l _ 2u™ n—1
M u u" +u
At?
r" >0,

) + Ku" = F"+TGr",

Gu™ >0, TrnGu™ =0,
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F1G. 25. Bounces of an elastic bar. Displacement uf (left) and modified energy 7} — T pyn
(right). Discretization 7.2 (lumped mass matriz). Az = 0.1, At = 0.0025, v. = 0.75.

|

FiGc. 26. Bounces of an elastic disk. Reference configuration (left), mesh (middle), and de-
formed configuration after the first impact (right).

and yields the modified shifted energy balance

n+1 n FnJrl Fn
gl _gn, =T (774 o ) (Gu*! — Gu") + T <7+ ) ("t — "),
yg ¥ g ¥ 2 2

where £, has the same expression than £ , , except that M is replaced by M*. We
'3 2

observe numerically that the stability condition on the time step is the same as in the
linear case. Compared with Discretizations 4.7 and 6.2, the semiexplicit modified mass
method shows a better energy behavior and a better solution (Figure 25). Additional
tests show that the amplitude of energy oscillations decreases at least linearly with
At at fixed Courant number. Results on the first benchmark are similar to those with
the implicit scheme.

8. A 2D benchmark. We consider the bounces of an elastic disk against a rigid
ground (Figure 26). The reference configuration is the undeformed disk touching the
ground. The disk is dropped, undeformed, with a zero initial velocity, under a gravity
acceleration gg, the displacement of its center being initially hy. The disk has radius R.
The material is supposed to be linear elastic (plane strain) with a Young modulus F,
a Poisson ratio v, and a mass density p. The contact boundary I'® is the lower half
of the disk boundary. We define the contact condition using the normal vector to the
ground. The parameters are £ = 4000, v = 0.2, p = 100, go = 5, R =1, hg = 0.1.
The disk is meshed with triangles (100 edges on the boundary, 1804 triangles, 953
vertices; see Figure 26) and we use linear finite elements. The number of nodes
lying on the contact boundary is 51. Simulations are performed using FREEFEM++
[16]. The Courant number is defined as v, := cd%, where ¢q4 = % is the speed of
dilatational waves and Az = 0.0628 the length of boundary edges.
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F1c. 28. Bounces of an elastic disk. Displacement of its center (left) and energy or modified
energy (right). Discretizations 4.7 and 7.2. At = 0.005, v. = 0.53.

Results are presented for the implicit Discretizations 4.6, 6.1, and 7.1 (Figure 27)
and for the semiexplicit Discretizations 4.7 and 7.2 (Figure 28). For the semiexplicit
schemes, the observed stability condition is v, < 0.65. In all cases, the trajectory
of the disk center is rather well captured, with some discrepancies appearing after
five bounces. The energy behaviors remain consistent with those observed in one
dimension. Note that the present choice of parameters is somewhat severe for energy
behavior because of the relatively high impact velocity and low Young modulus.

9. Conclusions. In this work, we have reviewed various time-integration schemes
for the finite element dynamic Signorini problem. We have classified the schemes into
four groups, the first three depending on the way the contact condition is enforced
while the fourth group corresponds to modifying the mass matrix at the contact
boundary. We have tested in detail the various schemes on two 1D benchmarks, both
with analytical solution. The second benchmark is new and allows one to study the
energy behavior within multiple impacts. Some selected schemes with favorable prop-
erties have been further compared on a 2D benchmark. All in all, we believe that the
schemes with modified mass matrix, either implicit or semiexplicit, offer attractive
properties, including ease of implementation, robustness, and relatively firm mathe-
matical ground. The semiexplicit scheme with modified mass is new and stems from
the combination of two existing ideas. We hope that the present results will stimulate
further interest in the analysis and testing of these schemes.
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