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a b s t r a c t

Simulation of low energy impacts on composite structures is a key feature in aeronautics. Unfortunately
it involves very expensive numerical simulations: on the one side, the structures of interest have large
dimensions and need fine volumic meshes (at least locally) in order to properly capture damage. On the
other side, explicit simulations are commonly used to lead this kind of simulations (Lopes et al., 2009
[1]; Bouvet, 2009 [2]), which results in very small time steps to ensure the CFL condition (Courant et al.,
1967 [3]). Implicit algorithms are actually more difficult to use in this situation because of the lack of
smoothness of the solution that can lead to prohibitive number of time steps or even to non-
convergence of Newton-like iterative processes. It is also observed that non-smooth phenomena are
localized in space and time (near the impacted zone). It may therefore be advantageous to adopt a
multiscale space/time approach by splitting the structure into several substructures with their own
space/time discretization and their own integration scheme. The purpose of this decomposition is to take
advantage of the specificities of both algorithms families: explicit scheme focuses on non-smooth areas
while smoother parts (actually linear in this work) of the solutions are computed with larger time steps
with an implicit scheme. We propose here an implementation of the Gravouil–Combescure method (GC)
(Combescure and Gravouil, 2002 [4]) by the mean of low intrusive coupling between the implicit finite
element analysis (FEA) code Zset/Zébulon (Z-set official website, 2013 [5]) and the explicit FEA code
Europlexus (Europlexus official website, 2013 [6]). Simulations of low energy impacts on composite
stiffened panels are presented. It is shown on this application that large time step ratios can be reached,
thus saving computation time.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Low energy impacts can be very harmful for composite lami-
nates used in the aerospace industry. They can actually cause
significant damages (matrix cracking, delamination, fiber failure,
etc.) inside the composite or on the side opposite to the impact.
However, the residual print left on the impacted side can be
almost undetectable to the naked eye. Induced damages can
therefore lead to early failure of the structure while they can be
unnoticed during a visual inspection, this is related to the concept
of BVID (Barely Visible Impact Damage). Controlling such situa-
tions is essential for manufacturers. Numerical simulations of this
phenomenon could be really helpful to orient and to rationalize

test campaigns by the use of virtual testing as well as to under-
stand scale effects. Various researches are led in the scientific
community to simulate these impacts which is actually very
difficult to carry out at industrial level. Implicit solvers can be
used to deal with this type of problem with satisfactory results
[7–9]. However non-smooth sources like contact, softening
damage laws or cohesive zone models are often introduced in
the models which can make convergence of implicit solvers
difficult to achieve. Using explicit solvers to simulate low-energy
impacts is an alternative way to handle this difficulty despite the
non-dominance of high frequency terms or wave propagation in
this context [1,2,10,11]. Explicit solvers are indeed more suitable to
solve non-smooth problems. However, stability requires the use of
very small time steps which linearly decrease with the character-
istic length of the smallest mesh element. Moreover, very fine
meshes are usually required (at least locally) to capture the non-
linear phenomena occurring during an impact. This thus leads
to a very large number of increments which can be prohibitive.
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Note however that these non-linear phenomena occur on a very
localized area around the impact point.

Adopting a space/time multiscale strategy thus appears to be
advantageous to solve this kind of multiscale problems. This can
be performed through domain decomposition where each sub-
domain owns its time discretization. The purpose of this decom-
position is to focus on numerical computation where non-linear
phenomena appear [12]. Explicit resolution in the area close to the
impact is required because of the lack of smoothness of the
solution. However, on the complementary area where the solution
is smoother, implicit integration is appropriate. Larger time steps
can then be used to save CPU time. The present work is based on
the GC method [4] and aims at coupling semi-industrial finite
elements codes (FEA) Zset/Zébulon1 and Europlexus.2 Fig. 1 illus-
trates the computation strategy. It shows one section of an
impacted plate and a typical mesh. This mesh is divided into
two domains: an impacted domain (center) which is processed by
the explicit code Europlexus with a fine time step and a comple-
mentary domain which is processed by the implicit code Zset/
Zébulon with larger time steps. In addition, low intrusivity is a key
feature of the implementation when industrial applications are
aimed [13,14]. In the present work this goal has been achieved
through Python/NumPy high level scripting so that no coding was
required into the native programming languages of Zset/Zébulon
and Europlexus to implement the coupling algorithm itself.

2. The algorithmic framework

We describe in this section the algorithmic framework of this
study. Space and time discretization of structural dynamics pro-
blems are firstly presented. Both implicit and explicit algorithms
are expressed in terms of velocity unknowns. This unusual form is
useful to handle both implicit and explicit schemes equations
within the GC domain decomposition framework (see Section 2.3)
which requires continuity of interfacial velocity. Gravouil and
Combescure [4] indeed showed that imposing interfacial velocity
continuity is mandatory to ensure stability when coupling arbi-
trary Newmark schemes with different time steps. Domain
decomposition method written under this constraint is then

presented for two domains. Extension of domain decomposition
with different time steps within each sub-domain through the GC
method is finally described.

2.1. Space and time discretization of structural dynamics problems

We consider here the finite element discretization of the
principle of virtual power which leads to the semi-discretized
equilibrium system of Eqs. (1) for an undamped structure [15]:

8 tA ½t0; tf �; M €uðtÞþf intðuðtÞÞ ¼ fextðtÞ
uðt0Þ ¼ u0; _uðt0Þ ¼ _u0

(
ð1Þ

where M is the symmetric definite-positive consistent mass
matrix, u is the nodal displacements vector, f int is the internal
forces vector (f intðtÞ ¼KuðtÞ for linear elasticity with K the stiffness
matrix) and fext is the external forces vector. Single and double
superposed dots over a quantity denote respectively its first and
second time derivatives. The initial displacements and velocities
vectors are respectively denoted as u0 and _u0. t0 and tf denote
respectively the beginning and the end of the time domain of interest.

The system (1) is then discretized in time to be solved numerically.
A lot of time integrators can be found in the literature, see for instance
[16–19]. However, due to GC method constraints, the present work is
restricted to Newmark schemes [20]. A Newmark temporal integrator
is defined by two parameters γ and β and involves relations (2) among
displacement, velocity and acceleration vectors from time tn to time
tnþ1 ¼ tnþΔt. Δt is the time step, nA10;nstep�1U and nstepANn is
the number of time step:

unþ1 ¼ punþβΔt2 €unþ1

_unþ1 ¼ p _unþγΔt €unþ1
:

(
ð2Þ

with displacement predictors pun and velocity predictor p _un given by
the following relations:

pun ¼ unþΔt _unþð1�2βÞΔt2

2
€un

p _un ¼ _unþð1�γÞΔtp €un:

8<
: ð3Þ

where subscripted quantities xn are the approximations of xðtnÞ at
time tn.

Introducing Newmark relations (2) in Eq. (1) leads to the
following system of equations as long as γ is not equal to zero
which never happens in practice for stability reasons [15]:

€u0 ¼M�1ðfext0 �f intðu0ÞÞ8nA10;nstep�1U;

Fig. 1. Overview of a multiscale space/time approach applied in the context of low-energy impact on composite structures.

1 Zset/Zébulonis an implicit FEA code developed by Mines ParisTech, Onera and
NW Numerics & Modeling, http://zset-software.com/

2 Europlexus is an explicit FEA code developed by Commissariat à l'énergie
atomique (CEA) and the Joint Research Centre (JRC) in Ispra, Italy.
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