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Multi-layered multi-material finite element
for crashworthiness studies
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The materialsusedin the field of groundtransportatiorare becomingincreasinglycomplexandit is usualto find numerousomposite
parts.The potentialfor utilization is generallyverified throughthe numericalsimulations,especiallydueto the increasein severesafety
criteria. This paperdealswith afinite elementintendedo describenumericallythe behaviourof multi-layeredmulti-materials(combination
of metallicandcompositeplies).A completedescriptiorof this elemenis presentedvith thetakinginto accounof theresinductility andthe
asymmetricatension/compressidoehaviourfor compositeplies. The latter areperformedby theintroductionof anisotropichardeningaw
andacompressivenultiplier dependingn strain.Somenumericalvalidationswill beproducedo verify thedevelopments.

Keywords LayeredstructuresMulti-material; Impactbehaviour;Finite elementanalysis

1. Introduction It allows the possibility of taking into account elastic plastic
damaging behaviour for metallic plies and elastic damaging
Composite materials have benefited from a remarkable behaviour for composite plies. For these plies, two models
growth in the field of transportation, such as aeronautic, are available: firstly, the composite ply is considered as a
aerospace, automobile, etc. Indeed, their advantages inwhole (homogeneous model [4,5]) and secondly, the beha-
low density and high specific properties give this type of viours of fibres and matrix are distinguished separately
material an increasingly important role. Therefore, new (bi-phase model [6—8]).
materials, particularly multi-layered multi-material, have Most of the conducted numerical validations permit the
emerged. In most cases, they are a combination of metallicnecessary confirmation of such a finite element. Therefore,
and composite plies but it is also possible to incorporate other types of ply (foam, fabric composite, etc.) have been
them with foam materials. Many experimental studies integrated and this element currently offers a more vari-
have shown the importance of composite materials appliedable panel for describing materials used in the fields of
to the reinforcement of metallic components [1,2], transportation.
especially in regard to their energy absorption capabilities However, the research program is restricted to the
and weight saving. composite ply description and particularly to the homo-
Today due to severe safety criteria, standard confor- geneous model optimization. Indeed, the complexity and
mity, component behaviour prediction, etc. numerical diversity of these materials or the loading on structures
simulations are being intensively developed, principally implies that an elastic damaging model is sometimes not
in the domains of transportation. So to foresee the beha-refined enough to account for experimental phenomena.
viour of such metallic/composite materials, it seems para- For example, the matrix ductility, the strain rates or the
mount to have a reliable tool for rapid dynamic numerical delamination could have an effect on composite ply beha-
simulations. viour. With a view to integration of the strain rates depen-
A new finite element has been developed within Pam dence on composite behaviour, a plasticity algorithm and an
Crash software [3], in collaboration with Engineering asymmetric behaviour in tension/compression have been
Systems International and Pam System International firms.added to the element 131 for homogeneous model com-
posite ply.
This paper starts with a presentation of the multi-layered
multi-material finite element. Then it continues with a theo-
retical part concerning plastic phenomena of resin and



2.1. Metallic ply modelling

Natural 4
stress . . . . . .
Metallic plies [9,10] display an elastic plastic behaviour,

initially isotropic. The elastic behaviour is defined via
Young’s modulus, Poisson’s ratio, the shear modulus, and
the thickness of the ply, whereas the plastic behaviour is
given by a stress-strain curve data. This curve is defined via
Logarithmic strain seven points, for each of them the plastic tangent modulus
> and plastic stress is entered (Fig. 1). This type of plasticity
definition permits the use of an analytical strain rate law that
is here a Cowper—Symonds method:
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Fig. 1. Multi-linear stress—strain law for metallic plies.
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asymmetrical compression/tension behaviour. After that, D
some examples of numerical validations are given. They
are based on a tensile test ofi-845],5 laminate, a three-  whereo is the yield stress; the strain rate angdandD are
point dynamic bending on @, 90,]s composite plate and  parameters.
an axial compressive test on steel/composite materials.
These specific tests highlight the accuracy of the numerical 3 2 composite ply modelling
achievements according to the described phenomena
(matrix ductility for the tensile test, compression for the  Two possibilities are available to describe composite ply
bending test and whole behaviour for the axial compressive behaviour. The first method (bi-phase model) allows fibres
test). Finally, the conclusions will guide future studies and matrix behaviour to be distinguished; composite beha-
through a planned methodology in order to introduce strain viour is then considered as the superposition of effects from
rates effects for the composite ply. the two phases. The second method (homogeneous model)

proposes an overall description of the ply.

2. Presentation of the multi-layered multi-material 2.2.1. Bi-phase model
element The bi-phase model [9,10] is a model of heterogeneous
materials adapted to unidirectional composite materials
This element [3] is a shell of the Mindlin/Reissner type. It reinforced by continuous fibres. This model [6,7] was intro-
includes in-plane motion and features bi-linear interpolation duced due to a crash behaviour study of car made entirely in
functions with four nodes, which possess six degrees of composite [8]. Essentially, the key lies in distinguishing the
freedom. Three different types of ply have been generated.two elementary layer components: fibres (uni-dimensional
The first two plies (metallic and “bi-phase” composite) phase) and matrix (orthotropic phase) (Fig. 2).
derive from the descriptions of explicit code available. In Consequently, each phase features its specific rheological
addition, the last one (*homogeneous” composite) has beencharacteristics: fibres have a unidirectional behaviour that is
integrated in order to propose another approach for the brittle elastic with damage whereas the matrix has behaviour
composite material. which is brittle orthotropic elastic or elastic damaging. A
Each of these plies possesses individual mechanicaldescription of each law is given in tensile and compressive
characteristics and a single integration point located in the responses considering the composite asymmetric behaviour.
middle of the shell. Thus, the stacking and the nature of The effects’ superposition of each phase allows the
component materials are reproduced inside the shellformulation of the material rigidity. However, stresses are
element. calculated separately for each of these phases and damage

Unidirectional composite (UD) | = Fibres (f) + Matrix (m)

R s

K

Fig. 2. Bi-phase composite model.
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Fig. 3. Determination of bi-phase model damage.

can be propagated independently according to the selectedelated to a drop of fibres and/or matrix rigidity. The two

criteria.
The description of behaviour of phases requires the
knowledge of intrinsic composite elastic properties in the

three directions of space (Young’s modulus, shear modulus,

phases possess new moddi)which can be found linearly
during loading from elastic moduliQy) and scalar damage
parameter d) according toCy Cy(1 —d) (Fig. 3). The
damage parameted)(can be expressed as the sum of volu-

Poisson’s ratio). These characteristics are obtained throughmetric damaged;) due to a volumetric equivalent strain

tensile,
laminates:

e tension and compression tests on an unidirectional

composite with fibres at 0, 45 and®90

e tension tests on laminaté@, 905]5 materials; and

e tension tests on unidirectional and laminated notched
materials, etc.

compressive, and bending tests on specific measure and shear damagk) due to a shear equivalent

strain measure. The evolution of damadgandd;is linear
between the threshold values of strai, €, and €,) and
asymptotically reaches a value of one.

2.2.2. Homogeneous model
As opposed to the previous model, this modelling [4,5]
proposes some homogenization of the elementary layer. In

Elastic data of each phase [9,10] are obtained from the addition, it considers that composite behaviour in direction

intrinsic elastic properties of the constituents and fibre
volume fractiona' (Eq. (2)). The data obtained may be

reduced with the hypothesis of isotropic transverse behaviour.
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After the elastic phase, damage inside the material is

fibres is the same in tension and compression.

Damage is taken into account by two scalar variabtes (
and d'). The latter expresses displayed experimental
phenomena. The parametéguantifies the damage which
comes from the dissociation of fibres and matrix whereas the
parameterd’ is related to the damage due to the micro-
cracking of matrix parallel to the direction of fibres (Fig.
4). That is the reason the parametdrandd’ are applied,
respectively, to shear and transverse modulus.

However, tensile and compressive transverse responses
must be distinguished. Indeed, micro-cracks grow when
the composite ply is under tensile transverse loading, but
they close up in the other case. Moreover, modelling also
includes the rupture of fibres. Nevertheless, this rupture rate
is determined by considering the longitudinal strain limit
because rupture of representative layers is brittle in most
cases.

So the assigned moduli are calculated from the initial
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Fig. 4. Damage modes inside elementary ply for the homogeneous model.

shear modulusGY, and initial transverse modulugs,
according to:

{

Expression of the elementary ply behaviour is given by:

Eo(1—d') if g9 >0

0
Ex

=
Es

G, Gi(l-d)

If 0'22§0

(©)

1 A 0
. e, E%,
11
6 b= R 1 (0220 | 1 (op2)- 0
Egl Egz(l - d/) |0'22‘ E202 |0'22|
2€1 1
0 0 GY(1—d)
011
X 022
012
)]
where
a ifa>0 0 fa>0
@+ , and (a)- ,
0 ifa<o a ifa<o

The non-damaging threshold¥ andY’) for the elemen-
tary layer are given by Eq. (5). The multiplication factor
from Eq. (5) allows the representation of coupling between

Table 1
Data parameters corresponding to the appropriate experimental test

shear and transverse effects.

Yo sup |t oz pl ok
= |2 Gh,(1—d)? 2 E,(1 - d)?
5)
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Moreover, laws of the damage evolution are chosen as being
linear:

(Y —Yo)s
c

d if d<1landY’' <YsandY < Yg

elsed 1
(6
<Yl B Y/O>+

dl
Ye

if d <1andY' < YgsandY < Yg

elsed” 1

s and Yg have been introduced to limit the evolution of
non-damaging thresholdandY’, in time. Indeed, ruptures
can be reached even befat@ndd’ reach “one” value.

Elastic characteristics (Young's modulus, shear modulus,
Poisson’s ratio) and parameteYs, Y, Yo, Ye, Yr Ys
and b result from four experimental characterization tests
(Table 1).

2.3. Validations of multi-layered multi-material finite
element

In order to validate the developments achieved concerning

Rupture tensile Cyclic tensile Cyclic tensile

Cyclic tensile

test on [0} test on [£45]s test on [£67.5bs test on [+45]g
= Glz E,, Check Oij_z and E,,
vy, fracture limit \A Y'e Check ofYc andY'c
€11 Yo Y/O Check OfYO and YIO
YR Y/S
b




Table 2

Data parameters required for the numerical simulations of the dynamic bending test

Glass E/epoxy (30% of fibres)

Aluminium Bi-phase model Homogeneous model
Density 2790 kg/nt 1620 kg/ni 1620 kg/ni
Young’s modulus E = 72748 MPa E;; = 553 MPa E;; = 22753 MPa
E,, = 1653 MPa E,, = 1955 MPa
Shear modulus Gy, = 6487 MPa Gy, = 6487 MPa
Poisson’s ratio v=0.34 vy, = 0.23 v, =023
Yield stress oy =227 MPa - -
Multi-linear law Fibres Matrix
for metallic ply or
damage
parameters for
composite plies
E, = 25090 MPa Y, = 1.924 MPd”
oy = 355 MPa & =1.90% el = 1.349%€l = 0 Yo = 0.189 MP&?
E, = 640 MPa € =1.95% €l = 1.354%€] = 0 Y! = 1935 MPd?
o, = 355 MPa el =2.00% el = 1.420%¢€], = 0 YL = 0.375 MP&?
E; = 181 MPa df = 0.001 dl =0.001d7 =0 b= 1672
o3 = 416 MPa df = 0.999 d" =0210dT, =0 s =0.181 MP&?
(No strain rate law input) Ygr = 0.618 Mpd?
1=21%

this finite element, an experimental campaign has beene [Al 90 0 Al 90 0 All—mark NS90/0—; and

followed [3,11]. It concerns the dynamic bending of alu-
minium/composite plates [12] and axial compressive tests
on steel/composite tubes [13]. In this part, the summary of
results demonstrates the necessity of such an element.

2.3.1. Three-point dynamic bending

The tested plate€300x 200 mnf) are a combination of
aluminium (Al 2017TA) and glass E/epoxy composite
(30% of fibres). The characteristics of the materials issued
from experimental tests are presented in Table 2.

The stacking of plies appears under three shapes:

e [AIO Al O All—mark S—;

Displacement

& accelerator <

sensors

Reinforced
concrete slab

—

%

e [AI0 90 Al 0 90 Al]l—mark NS0/90—.

A mass of 12 kg (trapezoidal shape) impacts these plates
under different velocities (4, 6.3 and 6.7 m/s) inside a verti-
cal testing bench (Fig. 5). Experimental results include
absorbed energy, applied loads, and maximum deflection
determined from the displacement and accelerator sensors.

The behaviour of this multi-layered multi-material is
numerically reproduced using element 131 (including bi-
phase model and homogeneous model) and the super-
position of two shell elements (the previous solution before
the creation of element 131). The adopted meshing, boundary
conditions, etc. are summarized in Fig. 6. Fig. 7 shows two
major points. First, the numerical results derived from new

| | !
i. i II
‘L ! Impact mass

e

Plate set in its
support

Fig. 5. Experimental testing bench.
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3 Ny
« Ll >
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Fig. 6. Quarter meshed plate of the three-point dynamic bending test.

element 131 come closer to experimental results because théhe end of tubes. No defaults are introduced in the creation
real multi-layered multi-material behaviour is more suitably of these tubes in order to initiate any effects. Table 3 gives
taken into account. Indeed, the discrepancy between resultghe characteristics for both material types.

of the new finite element and superposed shells shows that A mass (shape of a parallelepiped) of 264.4 kg crashes
the last one does not provide a sufficient solution in order to against tubes from a height of 2 m providing a velocity of
describe the right material rigidity. Secondly, some experi- 6.26 m/s. The testing bench and the sensors are the same as
mental facts such as delamination could also not be previously noted. Therefore, the experimental results of
described adequately. Indeed, results for plates markedinterest are maximum crushing displacements, maximum
NSO0/90 have suffered from ply detachment because of theforces, time elapsed until maximum crushing, etc. Fig. 8
crash. Some studies are in progress to predict this type ofsummarizes the numerical modelling approach. As for the

degradation. three-point dynamic bending test, a quarter of tube is
modelled due to the symmetry conditions.
2.3.2. Axial compression of square tubes The results from the numerical simulations (Table 4)

The tested tube€50x 60x 60 mnT) are a combination  allow the same conclusions as for the three-point dynamic
of one layer of steel (E24) reinforced by two, three, or four bending test. The values of maximum displacement or of the
layer of glass E/epoxy composite (fibres are 8t The applied mean force generate an error of no more than twelve
section and thickness are constant from the beginning topercent compared with experimental values.

9 -
- 81 Experiment
g 71
g/ 67 % Finite element with
g 57 homogeneous model
"03) 47 # Finite clement with
= 37 - bi-phase model
A 27 4 # Superposition of

17 o shell elements

0-

S-4m/s
NS0/90
6.8m/s

S-6.8m/s |
NS90/0

S-6.3m/s g

Fig. 7. Maximal deflection results for the different cases of study.



Table 3

Date parameters required for the numerical simulations on the axial compressive test

Glass E/epoxy (30% of fibres)

Steel Bi-phase model Homogeneous model
Density 7800 kg/m 1620 kg/nt 1620 kg/ni
Young’s modulus E = 200000 MPa E;; = 553 MPa E,, = 22753 MPa

Shear modulus
Poisson’s ratio
Yield stress

rv=0.3
o, = 250 MPa

Multi-linear law
for metallic ply or
damage
parameters for
composite plies
E; = 49560 MPa

o1 = 290 MPa
E, = 12390 MPa
o, = 310 MPa
E; = 4375 MPa
o3 = 345 MPa
E, = 2000 MPa
o4 = 365 MPa
Es = 4375 MPa
o5 = 785 MPa
Strain rate law:
Cowper—
Symonds
D=28025"

p= 3585

E,, = 1653 MPa
Gy, = 6487 MPa

v = 0.23
Fibres

6 = 1.90%
e =1.95%
el =2.00%
d' = 0.001

df = 0.999

E,, = 1955 MPa
Gy, = 6487 MPa
v, =023

Matrix

Yc = 1.924 MPa”?
Yo = 0.189 MP&?

€l = 1.349%€0 = 0
Y = 1.935 MP&?

&1 = 1.354%¢€)] = 0

€ = 1.420%¢€0, = 0 . = 0.375 MP&?

dl' = 0.001d7 =0 b=1672

d = 0.210dJ, = 0 s = 0.181 MP&?
Yg = 0.618 MP&?
& =21%

2.4. Conclusions on presentation of element 131

is necessary to describe rapid dynamic multi-layered multi-
material behaviour. Indeed, results generally show errors of

Experimental studies and numerical validations permit less than twelve percent, and this forms an accurate vali-
the conclusion that the development of such a finite elementdation. However, some new problems have appeared during

Rigib body:

Added mass of 66.1 kg
Initial velocity of 6.26 m/s
Only z-displacement is free

Symmetric conditions (plane x,z):

y-displacement, x-rotation, z-rotation are fixed

the others are free

T HTHA T PR FHEHT AT AT TRy

b T i

AH

1 layer of steel (1mm)

composite 0°
(each of 0.55 mm)

Fibres orientation

Symmetric conditions (plane y,z):
x-displacement, y-rotation, z-rotation are fixed
the others are free

ide : only z-displacement is free

Rigid wall located at z=-.0001 mm

Fig. 8. Quarter meshed box with boundary conditions.



Table 4
Error percentage between experimental and numerical results for square tubes

Number of shell elements for Homogeneous model Bi-phase model Experiment
numerical simulation: 600

Numerical Error with Numerical Error with

values respect to values respect to

experiment (%) experiment (%)

Maximum displacement (mm) 157.23 6.98 157.11 7.05 169.03
Mean force (N) 3018.60 4.53 28362.53 10.29 31615.8
Maximum crushing time (ms) 50.00 0.40 45.70 8.96 50.2

these experimental tests. Matrix ductility, compressive load- locks plastic flow in their direction. Therefore, criteria func-

ing non-integrated for homogeneous model, etc. need to betion depends only on transverse and shear stresses. Effective
implemented in order to better control numerical simu- stresses permit an agreement to plasticity/damage coupling:
lations and their accuracy, especially for entire composite

. - (022 . o
sample. 011 011 022 7 izdt + (022) - 012 7 _12d
(€))

3. New elastic plastic damaging behaviour for

Plastic strain evolution is described in accordance with an
homogeneous ply

isotropic hardening law (Eqg. (9)). This choice is arbitrary
but it allows the evaluation of resin ductility at the first
approximation for dynamic studies. Moreover, it permits
the simplifying of experimental characterization for newly
introduced parameters.

In some cases of stacking, loading, etc. the ductility of
resin can have a strong effect on composite behaviour. For
example, if experimental conditions allow a weak loading of
fibres, the behaviour of the resin “will be prevalent”. More-
over, some studies on strain rate dependency are carried out B, m: material constants
in parallel. The first conclusions point to the high sensitivity
of strain rate in previous cases where ductility of resin is
dominant. It motivates the search for a better description of Ry : initial yield stress
composite ply behaviour before the introduction of strain
rate sensitivity.

It he_ls also been decid_ed to introdu_ce the asymmetri_calf f(5.R) \/W (10)
behaviour frequently noticed for tensile and compressive
loading in the direction of fibres. Indeed, this could provide g, m, a? andR, parameters are characteristics depending on
a difference in longitudinal Young's modulus because of materials and evaluated experimentally.
fibre micro-buckling, micro-defaults at matrix/fibres inter- The choice of isotropic hardening law implies that it is not
face, and fibres misalignments. necessary to add extra experimental tests. B¢ep, and m

The integration of plasticity is proposed in the following  are found from the existing test on laminateq5L,s, whichis a
parts as well as an account of asymmetrical tension/ “quasi-pure” shear case. So, from each load/unload cyRles,

Bp™ + Ry p : effective plastic strain 9

In consequence, criteria function is:

compression behaviour. andp (by integration) can be found simply (Eqg. (11)). Then
linear interpolation of the curve log versus logp gives the

3.1. Plasticity integration for homogeneous model of necessary coefficients of the hardening law.

element 131

g .
_ _ » R -5 R p ebil-d (11)
Studies concerning the plasticity of the elementary ply (1-4d
still draw inspiration from the modelling developed by  As for weighting between transverse and shear stresses
Ladevee [4,5]. The elastic damage model is identical to (), the different load and unload values from the cyclic

the model previously described. However, here the total tengile test on the laminatet 45]; allow its calculation:
strain is composed as a sum of elastic strain and plastic

strain: , e —d)?

2¢0,(1 — d)? (12

total lasti lasti
gota celastic | plastic )

Elastic domain is described owing to a criteria function 3 2. Asymmetrical tension/compression behaviour for
chosen under a general form of Von Mises criteria, which is homogeneous model of element 131

related to anisotropic materials. This function depends a
priori on principal stresses. However, high rigidity of fibres During compressive loading, laminates can suffer from



Table 5

Data parameters required for the numerical simulations of the dynamic bending test

Elastic parameters

Damage parameters

Plastic parameters Compressive parameters

p = 1970 kgm® Ye = 2.128 MP4? R, = 1462 MPa E,; = 27260 MPa

Ei; = 43340 MPa Yo = 0.169 MP&?2 B =436 y=6272x10"° MPa?!
E», = 11180 MPa L = 2922 MP&? m= 0.3247 € =3.0%

Gy, = 3959 MPa Y = 0.169 MP&? a? = 0.3633

Vip = 0.31 b= 1715

€ = 1.5% s = 0.380 MP&?

Yg = 1.368 MP&?

non-linear rigidity losses. This is generally a consequence of of the newness added to the homogeneous model. They are
micro-buckling of fibres. Indeed, the misalignment of fibres related to:

or the micro-defaults at fibres/matrix interface can strongly
influence the emergence of micro-buckling. Therefore,
compressive behaviour must be distinguished from tensile
behaviour.

Drop in Young's modulus—or secant modulus because
any damage appears in this direction—is a linear function of
compressive stress [14]. The linear coefficient is cajled Note: Table 5 gives the materials properties derived from
similar approach has been introduced using the longitudinal the new composite experimental characterization. The latter
strain: are used for all following numerical simulations.

¢ the tensile test on laminate-§i5),s;

¢ the three-point dynamic bending test on a plate entirely in
the composite;

e the previous axial compressive test on the steel/
composite tube.

compression secant
ggome ~ E

—_ _ . .
11 Eqy o COTPESSONL 4 yESCAMey ) 3.3.1. Tensile test on laminate-f#5],s

(13 The tested composite material is a glass E/epoxy with
55% of fibres. This sample test piece has been chosen
because plastic flow is predominant due to this type of resin.

Fig. 9 effectively shows the necessity of taking into
account plastic phenomena. An error appears in more than
fifty percent of cases if there is no partition of total strain. Of
course, this is a “limit” case because in practice, structural
parts that use this laminate under the same loading con-
Fina”y, the fact that the strain of rupture could be different ditions are rare|y the same as this case. However, this
in both cases of loading is also taken into account. syggests that plastic phenomena cannot be set aside and
Consequently, a new parameter is added to measure thighat the elastic/plastic damaging algorithm is advised in
compressive rupture strain rate. order to avoid problems of this type.

Therefore, Young’'s modulus is given by Eq. (14) if during
calculation a compressive load is detected.
Einitial compression

compression__ —secant 11
Ell E 1— Einitial compression (14)
YE11 €11

3.3.2. Dynamic bending on laminate [20)] s

This experimental test shows the advantage of taking into
account a different behaviour in tension and compression.
This part starts with some examples about the integration Indeed, the plastic phenomena are not prevalent for this

3.3. Numerical validations of leading development
concerning element 131

6000 ~

_ 5000
n«: k :

S 3 4000 (A
o < 30004 i
<) 2 |
] = 20004 \
B QL i
@ ) !
< 100044 At ¢
0-f T T T T — 0 / A

0.0 2.0 4.0 . : ' T R - <. J 7 J T !

6.0 8.0 10.0 0 2 4 6 8 10 12 14 16 18 20

M 0,
Strain 2g, (%) Deflection (mm)

Numerical simulation
without plasticity

— Experimental — Numerical simulation .

with plasticity —— Experimental test --4&-- Old modelling -—@— New modelling

Fig. 9. Tensile test on af45],s glass E/epoxy (60% of fibres). Fig. 10. Applied force versus deflection for dynamic bending plate.
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Fig. 12. Kinetic, internal and total energies curves.

plate configuration. The composite used possesses a
Young's modulus and a limit rupture strain that differs by
about 40% for the tensile and compressive values. There-
fore, the previous modelling overestimates the rigidity of
the plies that are in compression. Damage grows pre-
maturely and implies that the composite plate is ruined.
The rupture deflection is less important than the case of
new modelling (Fig. 10).

Nevertheless, the rupture is not correct in both cases.
Indeed, this type of test permits the appearance of delami-
nation between lower plies. Micro-cracking appears parallel
to fibres inside lower layers. It causes a change of the
composite rigidity. Actually, the finite element could not
describe this effect but studies are in progress.

3.3.3. Axial compressive test on steel/composite tube

For this last example, the tube is composed of one layer of
steel (E24) and two layers of composite af{@lass E/epoxy
with 55% of fibres). The numerical simulation conditions
are identical to before: the dimensions of the tube areX200
60x 60 mnT. The same experimental testing bench (mass
264.4 kg, impact velocity 6.26 m/s) and the same measure-
ment system are still used. Both the models—elastic
damaging and elastic plastic damaging—have been used.

For this type of test, both integrated phenomena appear.
The loading allows the resin ductility to express itself, and

Axial dynamic compression of a tube [Steel /2 layers Composite 0°)

Comp. Aux 22 <7

— 0.06
NI
— 018

0.24

| IED

min 5.47035e-05 in SHELL
STATE 0.0280706

State 8 : 0.0280706

FSI FAMITEW 980

Fig. 13. Contour of plastic effective strain.
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