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Abstract

The aim of this paper is to make a review on the use of the singular dynamic
method to obtain space semi-discretization of the dynamic impact of thin structures.
The principle of these methods is the use of a singular mass matrix obtained by different
discretizations of the deflection and velocity. The obtained semi-discretized problem
is proved to be well-posed and energy conserving. The method is applied on some
membrane, beam and plate models and associated numerical experiments are discussed.

Keywords: thin structures, unilateral contact, finite element methods, variational in-
equalities.

Introduction

When the discretization of impact of elastic structures is addressed, it is generally noted
that the vast majority of traditional time integration schemes show spurious oscillations on
the contact displacement and stress (see for instance [11, 7, 8]). Moreover, these oscillations
do not disappear when the time step decreases. Conversely, they tend to increase which is
a characteristic of order two hyperbolic equations with unilateral constraints that makes it
very difficult to build stable numerical schemes. These difficulties have already led to many
researches under which a variety of solutions were proposed. Some of them consist in adding
damping terms (see [27] for instance), but with a loss of accuracy on the solution, or to
implicit the contact stress [5, 4] but with a loss of kinetic energy which could be independent
of the discretization parameters (see the numerical experiments). Some energy conserving
schemes have also been proposed in [10, 28, 16, 15, 7, 8]. Unfortunately, these schemes,
although more satisfactory than most of the other ones, lead to large oscillations on the
contact stress. Besides, most of them do not strictly respect the constraint.

This paper focuses on a class of methods introduced for impact problems in [25] whose
principle is to make different approximations of the solution and of its time derivative. Such
a principle was already studied for linear elastodynamics in [9]. Compared to the classical
space semi-discretization, this corresponds to a singular modification of the mass matrix. In
this sense, it is in the same class of methods than the mass redistribution method proposed
in [11, 12] for elastodynamic contact problems. The main feature is to provide a well-posed
space semi-discretization. The numerical tests show that it has a crucial influence on the
stability of standard schemes and on the quality of the approximation, especially for the
computation of Lagrange multipliers corresponding to the constraints.

"Université de Lyon, CNRS, INSA-Lyon, ICJ UMR5208, F-69621 Villeurbanne, France,
cedric.pozzolini@insa-lyon. fr

2Université de Lyon, CNRS, INSA-Lyon, ICJ UMR5208, LaMCoS UMR5259, F-69621 Villeurbanne,
France, yves.renard@insa-lyon.fr

3Université de Toulouse; INSA, UPS, EMAC, ISAE; ICA (Institut Clément Ader), 10 Avenue Edouard
Belin, F-31055 Toulouse, France, michel.salaun@isae.fr



The aim of this paper is to gather the recent results obtained on the singular dynamic
method for different models of thin structures and to present an overview of the main
challenges still posed by the discretization of the impact problems of such structures. As
in [25], the method is first described on an abstract hyperbolic equation on which the well-
posedness of the semi-discretized problem by finite elements is proven. The method is then
described on several models of thin elastic structures, namely membrane, Euler-Bernouilli
beam and Kirchhoff-Love plate models. Some numerical tests for all these models are given
and discussed. Finally, we present some perspectives and open problems.

1 The method for an abstract hyperbolic equation

The method is introduced in [25] on the following abstract hyperbolic problem. Let Q C R?
be a Lipschitz domain and H = L?(Q) the standard Hilbert space of square integrable
functions on . Let W be a Hilbert space such that W C H C W/, with dense compact
and continuous inclusions and let A : W — W' be a linear self-adjoint elliptic continuous
operator. We consider the following problem

Find u : [0,7] — K such that

2u
z?(t) + Au(t) € f — Ng(u(t)) , forae te (0,7] , (1)
wO=u , )= |

where K is a closed convex nonempty subset of W, f € W/, ug € K, vgp € H, T > 0 and
Ng(u) is the normal cone to K defined by (see for instance [3] for more details)

[0, ifu¢K
NK(“)‘{{feW’:<f,w—u>W/,W50  Vwe K} dfue k.

This means that u(t) satisfies the second order hyperbolic equation and is constrained to
remain in the convex K. There is no general result of existence nor uniqueness for the
solution to this problem. Some existence results for a scalar Signorini problem can be
found in [17, 14]. Introducing now the linear and bilinear symmetric maps

l(v) = <f,v>W,7 w s alu,v) = <AU,U>W', W
Problem (1) can be rewritten as the following variational inequality:

Find w: [0,7] — K such that for a.e. t € (0,T]

2y
<g?(t),w - u(t)>w/7 . +a(u(t),w —u(t)) > l(w—u(t)) , Ywe K 2)
u(0) =up %(O) = .

Note that the terminology “variational inequality” is used here in the sense that Problem
(1) derives from the conservation of the energy functional

30 =5 [ (Gr)Pde + atu(o).u) = u(t) + I u(t)

where I (u(t)) is the convex indicator function of K. However, it is generally not possible
to prove that each solution to Problem (2) is energy conserving, due to the weak regularity
involved.



2 Approximation and well-posedness result

The aim of this section is to present well-posed space semi-discretizations of Problem (2).

The adopted strategy is to use a Galerkin method with different approximations of u and

0
of v = O_QZ Let W" and H" be two finite dimensional vector subspaces of W and H

respectively. Let K" C W be a closed convex nonempty approximation of K. The
proposed approximation of Problem (2) is the following mixed approximation:

Find " : [0,7] — K" and v" : [0, T] — H" such that
h
%(wh —u")de + (", w" —ut) > 1w =), Vet e KM, Ve (0,77,
" (3)
h
/(vh— aait)qhdxzo , Y¢"e HM | vte (0,T] ,
Q

L u(0) =uf . 0"(0) =f |

where ug € K" and vg € H" are some approximations of ug and vy respectively. Of course,
when H" = W | this corresponds to a standard Galerkin approximation of Problem (2).

Let ¢; , 1 <i< Ny ,and ¢; ,1<i< Np , be some basis of W" and H" respectively,
and let the matrices A, B and C, of sizes Ny X Ny , Ng x Ny and Ny x N respectively,
and the vectors L, U and V, of size Ny , Ny and Ny respectively, be defined by

Aij = alpi,¢j) Bz,jZ/QT,Z)isDjdﬂf ; Ci,jZ/Q%%dﬁﬂ ;

NW Ny
Li=1(p;) , u"=> U , v"=> Vit .
i=1 i=1

Then, U and V are linked by the equation C'V (t) = BU (t). So V can be eliminated since C
is always invertible, which leads to the relation V(¢) = C" ' BU(t). Consequently, Problem
(3) can be rewritten as

Find U : [0,T] — K" such that
(W —U®) (MU®) + AU@#) > (W —U@®) L , YWeRK" , vte (0,1] , (4
U()=U, , BU®0)=CV .

In comparison with the standard approximation where H" = W | the only difference

introduced by the presented method is to replace the standard mass matrix < / gpl-gpjd:v>
Q 27.]
by M = B' C"'B. In the interesting cases where dim(H") < dim(W"), it corresponds to
replace the standard invertible mass matrix by a singular one.

Although the analysis could probably be extended to more complex situations, we as-
sume that K" is defined by a finite number of linear constraints as

h h h i (o0, h i .
K'={w"eW":¢g"(w") <a", 1<i< Ny},

where o' e Rand ¢ : WP - R, 1 <i < Ny , are some linearly independent linear maps.
Of course, this restricts the possibilities concerning the convex K since K" is supposed to
be an approximation of K. With vector notations, this leads to

K'={WeRW . (G)Y'W<aq,1<i<N,} |



where G' € RN are such that gf(wh) = (G))' W, 1 <i < Ny . We will also denote by G
the Ny x N, matrix whose components are

Gij = (GY);

Let us consider the subspace F* of W" defined by

Fh:{whEWh:/whqh:0,thEHh}
Q

Nw
Then, the corresponding set F' = { W € RM . Z Wip; € Fh} is such that F' = Ker(B).
i=1
In this framework, we consider the following condition:
T
. Q GW
inf sup ——— > 0 , 5
aeeNs wer [|Q|] |[W]| ®)
Q#0 W0

where ||Q|| and||WW|| stand for the Euclidean norm of @ in Rs and W in R¥W respectively.
This condition is equivalent to the fact that the linear maps ¢* are independent on F”"
and also to the fact that G is surjective on F. A direct consequence is that it implies
dim(F") > N, and consequently

dim(H") < dim(W") — N, .

This again prescribes some conditions on the approximations which link W, H" and also
K" We will see in Section 3 that this condition can be satisfied for interesting practical
situations. We can now prove the following result:

Theorem 1 If Wh, H" and K" satisfy condition (5), then Problem (4) admits a unique
solution. Moreover, this solution is Lipschitz-continuous with respect to t.

Proof of this theorem can be found in [25]. In particular, it is based on the following
result allowing a decomposition of the solution:

Lemma 1 If Wh, H" and K" satisfy condition (5), then there exists a sub-space of RNW
say F€, such that F¢ C Ker(G) and such that F and F¢ are complementary sub-spaces.

Moreover, the following energy conservation is proved:

Theorem 2 If W', H" and K" satisfy condition (5), then the solution U(t) to Problem
(4) is energy conserving in the sense that the discrete energy

T

Th(t) = %UT (OMU(#) + %UT (AU — U (O

is constant with respect to t.



3 Application to a membrane model

This section provides a simple but interesting situation for which some consistent approxi-
mations satisfy the condition (5). When W = H*(Q) and K = {w € W : w > 0 a.e. on Q},
we consider the following problem

Find u : [0,7] — K such that

2
%(t)—AU(t)GJC—NK(U(t)) inQ, forae te (0,17,
ou
a—n :0 on FN 5
u:O on FD 9
ou
U(O)_uo ) E(O):UO )

where I',, and I',, is a partition of d€2, I, being of non zero measure in 92. This models
for instance the contact between an antiplane elastic structure with a rigid foundation
or a stretched drum membrane under an obstacle condition. In this situation, the mass
redistribution method presented in [12] is not usable since the area subjected to potential
contact is the whole domain. Consequently, this method would lead to suppress the mass
on the whole domain which is a non consistent drastic change of the problem.

We build now the approximation spaces thanks to finite element method. Let 7" a
regular triangular mesh of 2 (in the sense of Ciarlet [2], h being the diameter of the largest
element) and W be the following P+ finite element space

wh =< wh e €°Q) : v = Z w;p; + Z wrer oo,
a; €4 TeTh

where o7 is the set of the vertices of the mesh which do not lie on I',, . Then, ¢;, a; € &,
are the piecewise linear functions satisfying ¢;(a;) = d;; , where 6;; is Kronecker symbol,
i.e. the shape functions of a P; Lagrange finite element method on .7". Each function o7,
T € F", is the cubic bubble function whose support is T. Let H" be the Py finite element
space

Hh = vheLz(Q):vh: Z vl ,

and, finally, let K be defined as
Kh:{whEWh:wh(ai)EO , forallal-é;zf} , (6)

which means that the constraints are only prescribed at the vertices of the mesh. Then, it
is proved in [25] that this choice of W", H" and K" satisfies condition (5).

4 Extension to the vibro-impact of structures on rigid ob-
stacles
4.1 Case of a beam

In [23], the method is applied to the fourth order problem of the dynamical evolution of
an Fuler-Bernouilli beam evolving between two rigid obstacles. The considered unknown



is the vertical deflection, which is constrained to belong to
K ={we H*0,L) : g1(z) <w(x) < go(x) , forallze[0,L]} ,
where g; and go are two maps from [0, L] to R := R U {—00, +00} such that
gi(x) < 0 < gox) , Voel0,L]

These maps denote the position of the obstacles. If u(z,t) is the vertical deflection, the
strong formulation of the problem, in the case of a clamped-free beam, reads as

( Find u : [0,T] — K such that

0*u o'u
pS 52 (t) + EI 8—(35 t) € f— Ng(u(t)) , VY(x,t)€]0,L] x(0,T] ,
u(z,0) = ug(z) gt (2,0) =wvg(z) , Veel0,L] ,
u(O,t):%(O,t) gi (L,t) = giZ(L,t):o ., Vte (0,T] ,

where p > 0 is the mass density, F is the Young modulus, while S and I are the surface
and the inertial momentum of the beam section, respectively.
The weak form of this problem can be written as

( Find u: [0,T] — Ko and v : [0,T] — L?(0, L) such that for a.e. t € (0,7

L v 0*u 82( w — u)
— S > —
/0 [pSat( u)+EI(9x 5 dw /f u) de , Ywe Ky ,

L
[ o-Shaa =0, werorn
; ot

u(z,0) = uo(z) € Ko , v(x,0) =vo(x) € L2(0,L) , VYre€0,L] ,

where Ko = {w € K : w(0) = «'(0) = 0}.

To build the finite element method, it is introduced a partition of [0, L] into N subin-
tervals of length h = L/N, built on nodes z; = ih,for0 < i < N. Asnodezy = 0
is clamped, we will omit it from now on and consider that index i varies between 1 and
N. Otherwise, it would introduce small modifications in the following. So, at each node

x; are associated two Hermite piecewise cubic functions, say ¢o;_1 and ¢o; , defined for
1 < i < Nby

¢2i—1(x;) = di; and ¢/2z‘71(95j) =0 , ¢u(x;) =0 and dm’(%’) = 0j

Moreover, functions ¢; are chosen of class C! on [0, L], which insures that each ¢; belongs
to the continuous space W = {H?(0, L) : w(0) = w'(0) = 0}. Hence, displacement w" reads

Z w21 1¢22 1 + Z Way; ¢22 )

and coefficient w?_, gives the value of w" at node z; while wf gives the value of its
derivative at the same node. The approximation space for displacements is then

wh = span{¢; , 1 < j < 2N} .



Let us now explain how the approximation K" of Kj is obtained. Following the idea of
the previous section, unilateral constraints are only considered at the nodes of the mesh.
It means convex K" is

E" = {u" e W" [ gi(z;) < w"(x:) < ga(s) , Vie[0,N]}

With vector notations, setting a;; = ¢1(z;) and oz;' = go(x;) for all 4, this space may be
written (we keep the same notation for simplicity)

K' = {WeR™ /a7 < (GY W <aof , Vic|0o,N]} ,

where G' is the vector of R¥W such that (GH)T W = w"(z;), for all node z; .

It is proved in [23] that such a nodal contact condition together with the use of the cubic
Hermite element for the deflection and either a piecewise constant finite element method,
or a continuous linear one, for the velocity satisfy the inf-sup condition (5).

Remark 1 Since we deal with a fourth order problem with respect to the space derivative, it
s not possible to consider a linear space approzimation. In fact, for this beam model, we use
the classical Hermite third degree polynomials to approximate the numerical displacement.
In the above approximation of K, as we consider only constraints on mnode displacements,
the effect of the derivatives, namely the curvature, is not taken into account. Then, in this
framework, the beam could cross the obstacle between two nodes, but we shall neglect this
aspect in the following.

4.2 Case of a plate

Let us consider a thin elastic plate. For this kind of structures, starting from a priori hy-
potheses on the expression of the displacement fields, a two-dimensional problem is usually
derived from the three-dimensional elasticity formulation by means of integration along the
thickness, say 2 . For the Kirchhoff-Love plate model, the only variable is the normal de-
flection, say u(z,t), and is set down on the mid-plane of the plate Q. So the Kirchhoff-Love
elastodynamical model reads as

Find v = w(z,t) with (z,t) € Q x (0,T] such that for any w € W

/26@wd:ﬂ—|—a(uw) = /fwda:
Qp atQ ) - p )

where

2 F &3 0%u 0*w

a(u,w) = /Qm |:(1—V)m +VAU(Saﬁ mdﬂ? s
where the mechanical constants, for a plate made of a homogeneous and isotropic material,
are its Young modulus F, its Poisson ratio v and its mass density p. Moreover, 6,3 is the
Kronecker symbol and the summation convention over repeated indices is adopted, Greek
indices varying in {1,2}. If the plate is assumed to be clamped on a non-zero measure part
of the boundary 92 denoted I'. and free on I'y , such as 92 = I'. U I'y , the space of
admissible displacements is

W = {weHQ) /wkx) =0 = dwx), Vo € T,} ,

where 0,w is the normal derivative along I'. . Finally, the associated initial conditions are

u(z,0) = wo(x) , %(m,O) = vp(z) , Yo € Q .



Let us now introduce the dynamic frictionless Kirchhoff-Love equation with Signorini
contact conditions along the plate. We assume that the plate motion is also limited by rigid
obstacles located above and below the plate. So, the displacement is constrained to belong
to the convex set

={weW : gi(z) < wx) < golx) , Voe}

where g1 and go are two maps which still satisfy g1(z) < 0 < go(x), for all € Q. Then,
the mechanical frictionless elastodynamic problem for a plate between two rigid obstacles
can be written as the following variational inequality

(Find u: [0,T] — K and v : [0,T] — L?*(Q) such for a.e. t € (0,7

/Qpe@(w—u)dx + a(u,w — u) /f w—u)dr , Ywe K
Q

ot
[o-Shaar =0 vaerx@) |
Q ot
ou
u(z,0) = up(x) € K, at(x 0) = vo(z) , YoeeQ .

Let us now introduce the space discretization of the displacement. As the Kirchhoff-Love
model corresponds to a fourth order partial differential equation, a conformal finite element
approximation needs the use of continuously differentiable elements. Among such ones
(see [2]), the reduced HCT (Hsieh-Clough-Tocher) triangles and FVS (Fraeijs de Veubeke-
Sanders) quadrangles are of particular interest. For the HCT (resp. FVS) element, the
triangle (resp. quadrangle) is divided into three (resp. four) sub-triangles. The basis
functions of these elements are P3 polynomials on each sub-triangle and matched € across
each internal edge. In addition, to decrease the number of degrees of freedom, the normal
derivative is assumed to vary linearly along the external edges of the elements. Finally,
both for triangles and quadrangles, there are only three degrees of freedom on each node:
The value of the function and its first derivatives.

In [24], such elements for the deflection, piecewise constant velocity and still a nodal
contact condition (as for beams) on each vertex of the mesh are numerically shown to satisfy
the inf-sup condition (5).

5 Numerical discussion

5.1 Midpoint schemes

As far as numerical results are concerned, in this paper, we mainly use a midpoint scheme
for the time discretization of the problem. It is an interesting scheme since it is energy
conserving on the linear part (equation without constraint) but, of course, any other stable
scheme can be applied. For exemple, in [23] and [24], Newmark schemes are also used. So,
if At stands for the time step, the midpoint scheme, applied on all the previous problems,
consists in finding U"*Y/2 in K" such that

( (W = U™HY)T (M Z 2+ AUty > (W —umtY)T pre oy e KM

ur+ Uttt e VAV

Un+1/2 — —
2 ’ 2 ’

BU™! = BU"+ AtCV™HY2 - cyntl = OV 4 AtBZMT2



where M and A are the mass and the stiffness matrices corresponding to each discretized
problem, while Z"11/2 is the acceleration at ”middle time step” n+ 1 /2 and V¥ an approx-
imation of the velocity at time kA¢. As matrix C is invertible, we have

U =0 yn Ly g0

n+l __ n+1/2 n o __ -1
=2 — =2 B
|4 Vv \%4 C A7 Al

| Z4L
Moreover, Z"t1/2 can be eliminated in the following way

M zm2 — T ot g gen T oot SV SOV VI VT
At At
or more explicitly
h—— ) - L SR § LR N V) § ——
At? At AP A At

Then, a new formulation of (7) is

M z"tY2 — 4T o1 B

(U™ and V" being given, find U"t1/2 ¢ K" such that

(W_Un+1/2)T (éMUn+l/2+AUn+l/2) > (W_Un+1/2)T ol ’ VWGKh ’
here F* = F" + 4MU"+QBTV"
where = — 5 ~
At? At
n+1 n
pUntl — opntl/2 _pn , vrtl — 90-1 R U A_U —vn .
\ t

Let us note that this variational inequality has always a unique solution even if M is
singular.

5.2 Case of the membrane model
We present now some numerical experiments on the membrane problem, with
Q=(0,1) x (0,1) , Tp=02 , 'y=0 , f=-06 .

0
The initial condition is u(x,0) = 0.02, 8—?(.%’,0) = 0, for all z € Q, and we consider a

non-homogeneous Dirichlet condition u(x,t) = 0.02, for all x € 9.
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Figure 1: A mesh with h = 0.05.
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Figure 2: Energy evolution (left), Displacement at the center point (0.5,0.5) (center) and
Contact stress at the center point (right) - Py+/Py method with a midpoint scheme and
h=0.1.

The mesh, we used, is structured and can be viewed on Figure 1, where the solution
is represented during the first impact on the obstacle. The numerical experiments are
performed with our finite element library Getfem++ [26]. A semi-smooth Newton method
is used to solve the discrete problem (see [1, 13]). All the numerical experiments use the
same definition of convex K", given by (6).

The first numerical test is made with the midpoint scheme and the approximation
presented in Section 3, that is a P1+/ Py method (P;+ for displacement and P for velocity).

In good accordance with the theoretical results, the curves on Figure 2 show that the
energy tends to be conserved when the time step decreases (an experiment with At = 1074
has been performed but the difference with the one for At = 1073 is not visible). Moreover,
both the displacement and the contact stress, taken at the point (0.5,0.5), are smooth and
converge satisfactorily when the time step decreases.
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Figure 3: Energy evolution (left), Displacement at the center point (0.5,0.5) (center) and
Contact stress at the center point (right) - Py/Py method with a midpoint scheme and
h=0.1.

Conversely, the curves on Figure 3, obtained for a P; /Py method, are unstable. The
energy is growing very fast after the first impact. The displacement and the contact stress
are very oscillating and do not converge. Moreover, the instabilities are more important for
the smallest time step. This method does not satisfy the condition (5) since dim(H") >
dim(W"h).

An interesting situation is also presented in Figures 4, 5 and 6, where a backward
Euler scheme is used. This time integration scheme is unconditionally stable because it is
possible to prove that the discrete energy decreases from an iteration to another (see [11]
for instance). This is the case for any choice of W" and H". Consequently, this method
presents some smooth results for the displacement and the contact stress. However, the
energy decreases rapidly for large time steps. Figure 4 shows that for a well-posed method,
the energy tends to be conserved for small time steps, but Figures 5 and 6 show that, with
an ill-posed method (such as classical discretizations), there is an energy loss at the impact

10



which does not vanish when the time step and the mesh size decrease. This means that with
an ill-posed method, we do not approximate a physical solution of the problem whenever
one expects energy conservation to be satisfied at the limit.

0.02 o
€ 0.05 — dt=0.01 2
£ ---dt = 0.001 £-o !
0.015 g 0.04 =0. ° Y
EY 8 - - dt = 0.0001 S _0.2 :
° 3 0.03 H
3 0.01 ° S 0.3
® E om €
2 S o1 8 04
0.005— gt = 0.01 g £ [—at=001
---dt = 0.001 8 0 & =0.50)---dt = 0.001
- dt = 0.0001 oot - dt = 0.0001
0 0.2 0.4 0.6 ) 0.2 0.4 0.6 0 01 02 03 04 05 06

t

t t
Figure 4: Energy evolution (left), Displacement at the center point (0.5,0.5) (center) and
Contact stress at the center point (right) - Py+/Py method with a backward Euler scheme
and h =0.1.
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Figure 5: Energy evolution (left), Displacement at the center point (0.5,0.5) (center) and
Contact stress at the center point (right) - P1/Py method with a backward Euler scheme
and h =0.1.
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Figure 6: Energy evolution for a Py/Py method, a backward Euler scheme and At = 0.001,
for different values of the mesh size.

5.3 Case of a beam

As in Dumont-Paoli [22], it is considered the case of a steel pipe, which length is L = 1.501 m,
external diameter is equal to 1 ¢m and thickness is 0.5 mm. The material properties are
characterized by its Young modulus £ = 2.10'' Pq and its density p = 8.10% kg/m3.
Thus, in this case, we have E—é = 282.84 m*.s72, where I is the quadratic momentum
of inertia of the beam and .S its section. Moreover, in the following, we will consider flat

obstacles all along the beam

g2(x) = —g1(x) = 01 , Yo € [0,1]

11



The midpoint scheme is used here, associated with the use of the cubic Hermite element
for the deflection and either a piecewise constant finite element method (Figure 7), or a
continuous linear one (Figure 8), for the velocity. Here again, the curves show that the
energy tends to be conserved when the time step decreases in each case.

Energy of a beam impacting flat obstacles | Sing. Dyn. Method Midpoint P3/PO e = 1, damp = 0
T

06

0s

MidPoint P3P0 e = 1, 80 elbs, dt= 1075 sec
---- MiclPoint P3P0 e = 1, B0 elks, dt = 5*10°5 sec.
~ T T MidPoint P3P0 e = 1, 20 &lks, db = 1074 sec.

Total Energy
o
=

o
o
T

02

01 |-

0 0.5 1

Figure 7: Energy for different time steps - P3/P0 singular mass

1.5
time

At = 107*,5.107° , 1075 , 30/60/90 elements.

matriz for Midpoint scheme.

07 Energy of a beam impacting flat obstacles : Sing. Dyn. Method Midpoint P3!P1 e = 1
T T T T
Midpoint P3/P1 e =1, dt=10 5 sec, 30 elts.
—-— Midpoint P3/P1 e =1, dt=5*10 5 sec, 30 clts. _
----- Midpeint P3/P1 e =1, di=10 4 sec, 30 elts.
[
. [ I
N o i EEE P ] _
s O S CEEE B S = =
1k | B | 3 . e e
B
g
5
=
=3
0.2 —
01— —
@ 1 | | | 1
o 05 1 15 2 25 3

time.

Figure 8: Energy for different time steps - P3/P1 singular mass

At = 1074, 5.107° , 1075 , 30 elements.
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5.4 Case of a plate

A steel rectangular panel is considered, of length L. = 120 ¢m, width [ = 40 ¢m and
thickness ¢ = 0.5 em. It means domain €2 is |0, L[ x |0,/[ . The flexural rigidity is
D = 1.923 104, corresponding to E = 210 GPa and v = 0.3, while p = 7.77 103kg/m3.
This plate is clamped along one edge and free along the three others. Moreover, only the
following kind of obstacle will be considered here. It is a flat obstacle under the whole plate,
which reads

g2(x1,2) = 400 , gi(z1,22) = —0.1 , V(x1,22) € Q

Finally, as we are mainly interested to study conservation of energy, we consider the case
where there is no loading f(z,t) = 0 for all  and ¢. All energy is contained in an initial
displacement wug , obtained as the static equilibrium of the plate under a constant load
fo = 14600 N and an initial velocity vg = 0.

In the following figures are given the energy evolutions for different time steps, for
midpoint scheme with singular mass matrix. We notice that energy is weakly increasing
and can be stabilized when the time step decreases. And the numericaly observed stability
condition seems to be more restrictive for triangles than for quadrilaterals.

~

—-—-Midpoint, sing. mass, e=1, HCT red, 80 elts, dt =5x106 sec.
———Midpoint, sing. mass, e=1, HCT red, 80 elts, dt =5x10'5 sec.

65| Midpoint, sing. mass, e=1, HCT red, 80 elts, dt =105 sec.

o
o
T
|

Total Energy

o
T
|

I |

Figure 9: Energy for different time steps. Reduced HCT |, 80 triangles. Midpoint scheme.
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7 1 T T 1
—.—-MP FVYS&red, 40 elts, e=1, dt =5x106 sec.
65 .. MP FVS8red, 40 elts, e=1, dt=105 sec.
———MP FVS&red, 40 elts, e=1, di=5x10"5 sec. |
6
=
255
@«
=
w
=
]
- 5
4.5 —
|
|
|
a4
.

Figure 10: Energy for different time steps. Reduced FVS ;| 40 quadrilaterals. Midpoint
scheme.

6 Open problems and perspectives

The semi-discretization, proposed here, leads to a problem which is equivalent to a regular
Lipschitz ordinary differential equation (see also [29] for a slightly different approach).
This method generalizes in a sense the ones presented in [12, 6] with the advantage that no
artificial modification of the mass matrix is necessary.

This is compared to the classical semi-discretizations, for example with finite element
methods, which give a problem in time which is a measure differential inclusion (see [18,
19, 20, 21]). Such a differential inclusion is systematically ill-posed, unless an additional
impact law is considered.

Concerning thin structures, as it is illustrated by Figures 4, 5 and 6, numerical schemes
do not necessarily converge toward the same solution. The limit solution may have differ-
ent characteristics of impact energy loss. This suggests that in the case of thin structures,
modeling of the restitution of the impact energy should be added to the impact law. The
proposed semi-discretization being conservative in energy, it corresponds to a total restitu-
tion of the impact energy. A classical semi-discretization by finite elements with an implicit
Euler scheme, as in Figure 6 corresponds to a certain loss of impact energy. Note that
this energy loss is not necessarily maximal. Finally, the dissipation of the impact will cer-
tainly depend at the same time on the type of semi-discretization in space, the type of
time integration scheme, the ratio between the space step and the time step, the kind of
discretization of the contact conditions and finally of how the structure impacts the thin
rigid obstacle (more or less obliquely, for instance). For the moment, the accurate modeling
of the energy restitution at impact for the approximation of the dynamics of thin structures
seems a little studied area. An interesting perspective is to try to characterize the different
numerical schemes according to their characteristic in term of energy restitution.
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