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IMPROVEMENT OF THE SIMULATION TOOLS
DEDICATED TO COMPOSITE STRUCTURES
SUBJECTED TO CRASH LOADS

P. Rozycki and D. Coutellier

LAMIH, University of Valenciennes and Hainaut-Cambrésis, France

Abstract: In the framework of transport industries, vehicle design optimisation
represents a key priority issue. Indeed, this is a result of the huge pressures
imposed on industrialists particularly in terms of active safety. Moreover,
among of all the materials used for design, some such as composite materials
require special attention. It is consequently within this framework that we
propose to describe in this paper the contributions which were made to the
numerical simulation tools for structural analysis. The latter can involve crash
type loading for example. In a first instance, certain behavioural phenomena
and their integration into the computational code will be described. Secondly,
some elementary validations will be presented. Finally, some applications
relating to the dimensioning of panels in composites subjected to linear or
point impacts will be revealed. The conclusions of these studies will enable
us to show, on the one hand, a certain reliability of the developments which
permit their use as design tools but also, on the other hand, to foresee the
prospects of future research.
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1. INTRODUCTION

Structural design optimisation in the transport industries highlights an
increasingly high use of data-processing tools. Indeed, computation
software allows industrialists to meet the requirements induced both by the
economic and ecological contexts, such as cutting manufacturing costs and
time. Nowadays, they are completely integrated within the various
certification, standardisation or safety processes whose drastic criteria
impose a constant increase in the structure’s reliability and viability.



From this point of view, our research team has developed, in close
relations with industrialists, a new finite element within an explicit code. Its
main specificity is to come up to the dimensioning of multi-layered multi-
material structures subjected to crash loads [1] [2] [3] [4]. These materials
are a combination of metal and fibre/resin composite layers and they are
devoted to the design of certain aircraft fuselages.

However, the purely composite laminated materials make significantly
great strides, essentially due to their mechanical characteristic properties: by
including them into some structural parts, it is possible to obtain responses
for extreme requests. Consequently, it appears necessary to optimise the
means suggested by the computer codes so that these new tools facilitate the
design of these new structures for the industrialists.

The aim of this article is to present the improvements brought about to
the previous finite element with regard to fibre/resin composite plies.
Therefore, some general background information on the finite element is
initially presented. An experimental quantisation of strain rate sensitivity
for unidirectional composite materials is then tackled. This part continues
by a theoretical approach adapted to the description of viscous phenomena.
Finally, some simple and complex validation cases are presented which
allow to conclude on the future prospects generated by this study.

2. THE MULTI-LAYERED MULTI-MATERIAL
FINITE ELEMENT

2.1 Generality

The multi-layered multi-material element [5] is a three or four nodes
finite shell element. It is based on the Mindlin-Reissner theory. The
attached assumptions mainly impose a state of plane stresses and an
invariance of the deformation through the thickness. In addition to both
assumptions, it is assumed that the transverse and shear effects are taken
into account. The interpolation functions relating to the finite element are
bilinear.

Owing to the ply concept, the stacking and the nature of materials
composing the structure to be designed (multi-layered multi-material,
laminated composites, etc) are reproduced. The constituent materials can be
only of the metallic, composite or foam type. Each ply has its own material
characteristics, its own behaviour laws as well as a point of integration
through thickness, located in the middle section of the ply.



2.2 Unidirectional composite elementary ply modelling

The finite element offers the choice between two possibilities for the
modelling of the unidirectional composite elementary ply. The first model is
known as “bi-phase” [6] [7] [8] and distinguishes the fibre behaviour from
the matrix one. The second model is known as “global” and a homogenized
behavioural law describes the behaviour of an elementary ply [9] [10]. The
optimisation is based on the latter model: the essential reason lies in the fact
that this model features an easy experimental methodology in order to
identify material characteristics. It is thus an essential asset for the software
users.

The global model allows the transcription of considerable phenomena
such as elasticity, plasticity and certain types of degradation. The latter
correspond to the micro-cracking of the matrix parallel to fibres, the
debonding of fibre/resin and finally the rupture of fibres. The plastic flow is
taken into account using a standard “von Mises” plasticity criterion coupled
to an isotropic hardening law. Owing to the effective stress concept, the
damage is integrated into the plastic flow. All the material parameters
corresponding to this elastic plastic damaging law are identified thanks to
some simple or cyclic tensile and compressive tests on five laminates with
preset orientations [11].

23 Positioning of the problem

In order to justify the validity of the finite element introduced for the
multi-layered multi-material structure dimensioning, some results are
shown here. They are related to dynamic three point bending on plates
composed of aluminium and composite glass-E/epoxy layers [1] [12] [13].
We can note a very good correlation between the experimental results and
the values resulting from the numerical simulation with the new multi-
material element (figure 1). For each case, the maximum error featured is
lower than 12%. As one could expect, the superposition of elements with
different behaviours does not agree at all with the treatment of the structures
subjected to bending loads. Our development thus introduces new
possibilities for the numerical simulation study of multi-material laminated
structures. Other applications on tubes impacted in axial compression have
also produced numerical results in agreement with the experimentation [2]
[3] [4] [12] [13]. The tubes were formed of one steel layer reinforced by
rolling up glass fibres and epoxy resin. They can be connected to energy
absorbers.
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Figure -1. Maximum bending to dimension GLARE plates.

The results previously cited have confirmed the validity of the finite
elcment within the integration of a multi-layered multi-material study
framework. Howecver, the applications often relate to accidental shocks
(automotive crash, bird impact on a wing section, meteorite impact on a
protection shield, etc) during which an influencing parameter can intervene:
the strain rate.

3. STRAIN RATE SENSITIVITY OF
UNIDIRECTIONAL COMPOSITE MATERIALS

For conventional materials such as metallic ones, behaviour laws
suitably include the influence of the strain rate parameter. However, for
laminated composites, the complexity of their intrinsic behaviour means
that the static study of thcse materials must be supplemented by a dynamic
one in order to check, and in the optimal case to quantify, the sensitivity of
the material parameters to the load velocity.

3.1 Some experimental observations

The experimental campaign has concerned strain rate sensitivity of the
material parameters of elastic plastic damaging law. Indeed, it is then
possible to maintain certain reproducibility as well as feasibility for the
computational code users with regard to characterisation tests. Moreover, it
is also possible to preserve the global model underlying. The tests taken into
account are consequently composed of tensile tests on laminates [0]s,
[£45]s, [£67.5]s, [+45]; and of a compressive test on laminate [@].



The experimental device consists of a dynamic tension/compression
machine (rapid hydraulic jack). For each type of test, four main load
velocities were applied: 5 mm/min, 500 mm/min, 0.2 m/s and 4 m/s. Some
intermediate velocities were introduced, thus increasing the results’
accuracy. The strain rate covered ranges from quasi-static state to
approximately 150 s,

Two essential conclusions arise from the experimental tests: first, as
figures 2 and 3 show, elastic moduli, initial yield swess and longitudinal
fracture stress undergo a significant increase starting from a certain
threshold strain rate. These increases are about 30% to 300% according to
the constants. Then, we note that in the longitudinal case (figure 2), there is
a behaviour law conservation since the aforementioned remains fragile and
elastic. However, in the shearing case (figure 3), the type of behaviour tends
to become “damaging elastic” under strain rate influence.
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Figure -3. Dynamic tensile tests on laminate [+43]s.



Consequently, the assumption adopted is that behaviour law can be
described overall as a “viscous” elastic plastic damaging law and, at a given
strain rate, can be always identified, starting from a behaviour “reference”
law. Lastly, the evolution of all previous constants are, for this glass-
E/epoxy composite, in an analytical form power according to the strain rate
[14].

3.2 Theoretical approach: “viscous” modelling

The type of behaviour observed in experiments is not easily identifiable:
it represents neither visco-elasticity nor visco-plasticity. However, it is
possible to approach the definition suggested by Lemaitre and Chaboche
[15] with regard to viscous fluids.

Indeed, epoxy resins, and more generally reticulate polymers, are
sensitive to the strain rate during loads [16]: viscosity primarily comes from
the chain segment movements through barriers of energy potentials. These
phenomena are all the more active (since they are thermally activated) as
the vitreous transition temperature from epoxy resin is relatively low
(between 50°C and 150°C). We can be led to think that this rise in
temperature, as a function of strain rate, brings about some micro-changes
in resin phases, which thus tend to become “soft” solids.

However, it should be noticed that strain rate influence on material
behaviour is certainly related to the resin dependence with respect to this
strain rate, but is also closely related to the choice of components. Some
studies on carbon/epoxy unidirectional laminates [17] have shown a strain
rate insensitivity of the elastic moduli: carbon fibres have a Young modulus
on average three times higher than that of glass-E fibres and thus inhibit the
viscous effects of resin (in the elastic range).
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Figure -4. Definition of viscous stress.



Modelling results from the approach of viscous fluids [14]: the “pseudo-
visco-elasticity” of resin (and in fact of laminated composite) are taken into
account using a viscous stress, which is itself combined with the elastic
stress (figure 4). Indeed, in experiments, it is always possible to determine
the behaviour at a given strain rate according to behaviour at a reference
strain rate.

In order to integrate the pseudo-visco-elastic nature of resin, the idea is
to consider that dissipation’s potential form is identical to the
thermodynamic potential one, with the help of some characteristic functions
of resin viscosity. Therefore, the stress tensor becomes as equation (1)
according to the state law and the complementary law.

(©: viscous tensor) (1)
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The development of equation (1) for longitudinal, transverse and shear
direction results in a description of elastic range. However, it is simplified
owing to the approximation due to the dynamic rapid load type we are faced
with. It can then be attributed to this general equation describing the elastic
range:

g= Co(1+ F):gg (F: viscous functions) 2)

In a phenomenological way, the material state (resin or composite) can
always be given starting from its state in the reference configuration. We
can thus suppose that the state for a given strain rate corresponds to the
quasi-static state of another glass E/epoxy composite material from which
material characteristics are different. Since the elastic moduli can
increasingly evolve with the strain rate, this assumption results in
postulating a damage progress faster than that of the reference case. It is
possible to show that the constant damage evolution intrinsic to modelling
[14], is a function root of the viscosity shear function:

v,(&)= i+ Fy (@), 3)

where Y, represent each damage parameter

The previous assumption also suggests that the plasticity field moves
accordingly (with an evolution of initial yield stress). Indeed, the initial
yield stress undergoes an evolution of the same type as the elasticity moduli
(4). Resin plasticity is coupled with the model by supposing that the plastic



strain evolution is similar to the reference case. However, they are delayed
since the material becomes increasingly “rigid”.

Ry(é)=(1+ Fy ()R, ©
Finally, we put forward the additional assumption that the energy rate

required to break the laminate (in the transverse and/er shear directions) is
insensitive to the strain rate.

4. VALIDATIONS OF THE IMPLEMENTATION
4.1 Elementary numerical validations
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Figure -5. Numerical dynamic tensile tests on laminate [0],.
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Figure -6 Numerical dynamic tensile tests on laminate [+45]s.



Initially, it is necessary to check that the “primary” theoretical
behaviours are suitably represented: therefore, we have carried out
validations known as elementary [14]. They correspond to the simulation of
experimental tensile or compressive tests derived from the static or dynamic
study framework. In each case, the test piece is represented — since its
geometry makes it possible — by a single shell element. Figures 5 and 6 as
compared to figures 2 and 3 visually show that the approach developed
seems to correlate satisfactorily with the experiment.

4.2 Application to the case of plates subjected to
impacts

Since the “viscous” behaviour law seems to be validated satisfactorily
for the identification tests, we have started an experimental campaign in
connection with more complex loads such as three point dynamic bending
and impacts on plates [0, +45, —45, 90,]s, [+45, —45,];s in order to check
the reliability of the developments. In this part, we have some preliminary
results [18] derived from the examinations of an impacted plate [0, +45, —
45, 90,]s. A spherical ball, coupled to a carriage, proposes a mass of 26.5
kg and a velocity of 4 m/s at impact moment.

In figure 7, we compare the experimental and numerical evolutions of
applied load versus time. The first observations tend to show that the strain
rate sensitivity integration is a significant precaution since it allows to
correct the structure rigidity adequately: the average strain rate observed at
impact point is indeed about 100 s™ (figure 8). The temporal description of
load seems to use the behavioural law optimisation more satisfactorily than
that proposed by “quasi-static” modelling. Indeed, the first maximum load
observed supported by the plate is around 1.5 ms.

However, figure 7 highlights that the maximum load rate, applied to the
plate always remains lower than the experimental one although a temporal
description is satisfactory. Indeed, during tests we have observed the
appearance of delamination between certain plies (hatched surface on figure
7). However the numerical modelling adopted does not take into account
this phenomenon; we suppose that this difference in load rate results from a
brutal “numerical” degradation of the structure rather than a gradual
degradation observed in experiments. The state of damage is distributed in a
prompt and integral way depending on the thickness of the laminate
whereas in experiments the appearance of delamination authorizes the
conservation of a certain structure integrity and thus of its rigidity. Studies
are currently in progress in order to apply a methodology developed within
the laboratory [19] to validate this assumption.
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Figure -8. Numcrical contour of the strain rate.

S. CONCLUSIONS AND FUTURE PROSPECTS

The few results presented cnable us to highlight a certain rclevance of
the original approach adopted. Indeed, the elementary or complex
validations show that the thcoretical and data-processing developments lead
to being taken into account the strain rate influence satisfactorily. The
optimisation of the data-processing tools allows the computational code
users to possess a powerful tool. They can simulate structure dimensioning
including not only multi-layered multi-material but also laminated
fibre/resin composites.

The whole approach was transposed with the same conclusions as
previously, to fabric glass E/epoxy or carbon/epoxy laminates. These results
consequently encouragc us to continue and refine our work, in particular by
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proposing a more suitable description integrating the temperature rise
phenomena. Other studies are also in progress in order to integrate the
major delamination phenomena.
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