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Studies of Scale Effects for Crash on
Laminated Structures

D. Dormegnie'%, D. Coutellier?, D. Delsart' and E. Deletombe!

IO.N.ER.A., D.M.S.E. Lille, 5 Boulevard Paul Painlevé, 59045 Lille Cedex, France
2L.AM.LH., UMR 8530 CNRS, Université de Valenciennes et du Hainaut Cambrésis, Le Mont
Houy, 59313 Valenciennes Cedex 9, France.

Abstract. This work proposeghe study of the influenceof scaleddown ply layout techniquesap-
plied in a laminated composite structure submitted to fast dynamics. By its wide-ranging
advantagesscalereductionrepresents significantstakefor engineersAn experimentatampaigrnis
carriedout on anomega-shapestructure The energiesabsorbedaswell asthe effortsappliedin the
compositestructure are then comparedbetweenthe scale 1 prototype with the various models
establishedscalesl/2 and1/4). The conclusionggeneratec@renumerouskFirstly, in this geometrical
configuration,dy-namicloading doesnot have the sameeffects on the resultsand, secondly,the
relationsof similitude usedseemto be ableto give somesolutions,if the sameruin damagemodes
appear.

Key words: compositematerial,dynamic,scalereduction experimentatampaign.

1. Introduction

Transportationvehiclessecuritynowadaysepresents fundamentaparametein
the designof the latter. For that purpose severalmajor industrial groupsandre-
searchaboratorieshavemetin orderto capitalizetheir know-howandexperimen-
tal meandn orderto work on passivesecuritydevelopmentsvariousprojectshave
thereforebeenset-up,especiallyon the similitude techniquesppliedin composite
materialsIndeed thesimilitude or scalereductionis amajorstakefor industrialists
in the field of structuretesting;someof them canreachconsiderablalimensions
in aeronauticsHowever,if numeroussimilitude lawshavealreadybeendeveloped
for more conventionalmaterials,no similitude law hasbeenestablishedor the
study of non-lineardynamiccompositebehaviour.Yet, thesematerialsassurean
increasinglyimportantpartin aeronauticatlesignaswell asin thefield of primary
structuressuchasin assembliesA lack of knowledgeis alsoobvious,asregards
theinfluenceof theloadingspeed®ntothesematerialsNeverthelesssomestudies
arein thepipeline[1-3]. We undertookto examinesomesolutionsthatwill permit
usto definepreliminaryanswergo the problemof laminatedcompositestructures
scalereduction. Therefore,a study dealing with the evaluationof different ply



Figure 1. Side view.
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Figure 2. Front view.

arrangement techniques has been achieved on an ‘omegatyymtre at different
scales, all made up of an E/epoxy glass material.
2. Dimension of the Test Specimens

The ‘omega’ test specimens presented for different scaes (rigures 1 and 2)
have the following dimensions (Table I):

Tablel. Dimensions of the test-tubes omega.

Scale 1/4 Scale 1/2 Scale 1

L (mm) 50 100 200
[ (mm) 30 60 120
h (mm) 50 100 200
Number of plies 4 8 16
Thickness (mm) 2.4 4.8 9.6




For manufacturing and manipulation reasons, a ‘Cauchyfrgeac similitude
has been applied in the dimensional parameters of the sélsttucture. In this
type of scale effect method, the materials are identicaé Tdauchy’ number is
constant which implies the impact speed conservation. Withapproach, there is
an identity of stresses and strains both in the model andrttetgpe. The masses
appear with g8° factor, the forces are of g2 factor, the energies are with &2
factor, the displacements are wittBaactor, and the accelerations are witlga
factor. The relation between the prototype and the modelpasated thanks to the
factor 8 (the 8 scale ratio in our case: 1/2 or 1/4). To initialise the ruin of the
structure, a chamfer (angie 45°) is manufactured on top of the test piece.

3. Ply Arrangement Techniques

The objective of these techniques is a structure scale tiedybowever, within our
study, these techniques have been used inversely, thagay,tapplied gradually to
the 1/4-scaled models then to the 1/2-scaled models antly fitwethe prototype.
The similitudes developed initially by E. Jackson [4] (Figsl 3-1 and 3-3) are the
following ones:

e the first one, (Figure 3-1), consists in defining a first stagldequence made
of n plies[+6/—6], then defining the following one by doubling each ply in
order to obtain a final laminate made of glies [+6,/—605]s. This similitude
is very interesting because it permits us directly to kedfness (in-plane
tension and compression) and bending modulus,

e inthe second one, (Figure 3-2) the initial stacking seqeesduplicated by
a symmetry,

e the third one (Figure 3-3), leading from the lamindted/—06]; to the fi-
nal laminate{+6/—601,s, is performed by a symmetry of the initial sequence
twice. As for the first technique, it allows a correct settiofgthe in-plane
modulus, but not of the bending modulus.

For the rest of the study, laminates will be differentiatgdtte number of in-
terfaces which, within this study, represent the separdigtween two differently
orientated plies.

4. Experimental Test Facilities
4.1. STATIC TESTS

A static INSTRON machine can be used in tension as well as impcession.
Its load capacities are adaptable (2, 5, 10, 20, 50, 100 kbhreing to the test-
ing speeds applied (0.1 mm/min until 500 mm/min). An in-F@developed hy-
draulic press has been used for the 1/2- and 1-scaled speiifieis machine has
a 1000 kN compression load capacity and is composed of a tydjack with
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Figure 4. Test assembly.

a maximum 100 mm displacement; that explains why the totedlcdisplacement
is limited to this value. Its speed range extends from 10 nmimfm100 mm/min.

4.2. DYNAMIC TESTS

For the 1/4-scaled specimens, dynamic tests have beenmedmn an in-house
designed hydraulic machine composed of a dynamic jack fe8bBybar pressure
and a 150 I/h flow rate. Its load capacities are 50 kN in dynaraid 69 kN in

statics; its maximal speed reaches 10 m/s for a maximum 25@splacement.

For the larger dimension specimens (scale 1/2 and 1), teststheen carried out
in a drop tower designed by C3T (Centre de Transfert en TaahJerrestre of

Valenciennes University) and permits us to test in free datiditions, the maxi-
mum mass ranging from 100 to 700 Kg, with a variable heighgiragnfrom 80 cm

to4 m.
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Figure 5. Comparison of the average results for the 1/4-scaled spesmat different speeds.

4.3. TEST ASSEMBLY

For the experimental program, the test pieces are embedidecnvextra glue in
a metal base so as to avoid any structural bending (Figufighé)loading is applied
in the chamfer on top of the composite structure.

5. Experimental Programme

For each laminate or test-speed tested, at least threehtmatsbeen performed.
In order to ensure an easy comparison of results, the faligigures present the
mean load peaks and load plateaus obtained during the cesmmmespecimen.

5.1. COMPARISON OF RESULTS FOR./4-SCALED SPECIMENS

As a first step in our study, some tests have been performedferedt stacking
sequences and have led to a final choice of[th45]s laminate whose main ad-
vantage was to feature a more stable compression load platebmanufacturing
case.

The major aim to be obtained by these tests at a 1/4 scale vaslicate the
influence of the loading speed on the specimens structunaiviimur. Our material
indeed had already been proved to be strain rate dependdmni wie previous
characterization studies, carried out on simple tube spats [5] and there was an
interest to evaluate to what extent this dependence mayestihin at the structure
level. Therefore, the speed range from 5 mm/min to 4 m/s has bpplied. The
comparison between these different cases and the dataethiaave been plotted
in Figure 5 and Table II.

In view of the results obtained, the analysis shows that tifleeénce of this
solicitation speed does not exist a priori on the differezstd achieved in this



Table 1I. Comparison of the average data for the
1/4-scaled specimens.

Test speed Max peak load Average load
(kN) (kN)

5 mm/min 22.78 12.876
10 mm/min 23.58 12.840
50 mm/min 22.27 12.843
100 mm/min 23.71 13.264
1mls 23.28 8.780
2m/s 22.46 9.911
4mls 20.27 9.658

structural configuration, even if the load plateau diffeys3tkN between the sta-
tic and dynamic tests. This difference can be explained bygheh amount of
debris remaining at the contact between the impactor andttheture in statics
(in dynamics, debris are projected away from the contadaser thus reducing
significantly the effort).
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Figure 6. Comparison of the average results according to the staticlgnamic tests for the
1/2-scaled specimens.

5.2. COMPARISON OF RESULTS FOHR/2-SCALED SPECIMENS

For this scale, three speeds have been tested, two in ftHiieggxd 100 mm/min)
and one in dynamics (4 m/s). The stacking sequences armedbtay applying the
ply arrangement techniques previously presented (Figure 3

As for the 1/4-scaled specimens, a comparison of the reisufisoposed be-
tween the static tests and the dynamic ones (Figure 6 and Tdhpl
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Figure 7. Comparison of the average data for the 1-scaled specimestatios.
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Figure 8. Comparison of the average data for the 1-scaled specimetymamics.

A first conclusion between the different stacking sequerfmea similar spec-
imen shows that the load plateau seems to depend on the nwhbeerfaces
included in the structure studied.

5.3. COMPARISON OF RESULTS FOR.-SCALED SPECIMENS

By the same procedure as defined previously, we obtained figacetions of
stacking sequences that differ in number of interfaces fibature:

[+454/—45]s 2 interfaces

[+45,/—45,/+45]s 4 interfaces
[+45,/—45,/+45,/—45]s 6 interfaces
[+45/—45,/4-45,/—45,/+45]s 8 interfaces
[+45/—45/4-45/—45,/+45/—45/+45]¢ 12 interfaces



Table I1I. ‘Cauchy’ relations for the
displacement, strength and energy

absorption.

Prototype  Model
Displacement § B
Load F B2F
Energy Ec B3Ec

o [+45/—45/+45/—-45/445/—45/4+45/—45]s 14 interfaces
(the last configuration was not manufactured for time regson

e Ec 13 at w Ec1Dyn
s Ec125® aAEC12 Dyn

0 2 4 6 8 0 12 “
MNumber of interface

Figure 9. Evolution of the energy absorption according to the numibarterfaces (in statics
and dynamics) for the 1/2- and 1-scaled specimens.

The speed for the static tests is 10 mm/min, and that for timaumyc tests to
be carried out in the drop tower has been calculated closernds4 Figures 7
and 8 present a comparison for each stacking sequencectiespein statics and
dynamics.

The analysis of results at the 1 scale shows the same phenarastthe one that
was observed for the lower scale. Indeed, for the staticlamdynamic studies, we
obtain an evolution of the load plateau according to the remobinterfaces.

5.4. ANALYSIS OF RESULTS OF DIFFERENT SCALES
5.4.1. Comparison of Efforts

Due to the fact that the crush displacement for the 1-scagledimens was limited
to 100 mm (while the ‘Cauchy’ similitude relation should kaed to 200 mm),
displacement data have been modified in consequence of4harid 1/2-scaled



Table IV. Equivalent results in statics and in dynamics.

Number of Testspeed Max peakload Load plateau Energy

interfaces (kN) (kN) J)
Scale 1/4 2int static 368 190 18286
dynamic 365 132 13422
Scale 1/2 2int static 331 162 15605
dynamic 325 107 10670
4int static 350 198 19186
dynamic 406 142 14194
6 int static 366 192 18545
dynamic 390 141 14089
Scale 1 2int static 275 97 9359
dynamic = 341 38 3845
4int static 280 121 11701
dynamic 313 81 8115
6 int static 250 127 12241
dynamic 324 7 7673
8int static 258 141 13806
dynamic 324 99 9902
12 int static 260 161 15776
dynamic 318 98 9784
14 int* static - 177 17300
dynamic - 119 12000

specimens in order to work with consistent displacemergngth and energy val-
ues in terms of similitude (Table 1lI). Once this step hasrbeerified, the results
could be compared among the different scales (Figure 9).

Note that the evolutions of the energy absorption accortintpe number of
interfaces are linear with the same gradient for staticsoymeémics.

The values for the non-manufactured stacking sequenceioong 14 inter-
faces have been estimated according to this linear enemgyt®n shown previ-
ously. In Table IV the equivalent data are displayed.

The conclusions generated by this table are very integedtirthe case of struc-
tures including the maximum number of interfaces (2 intetafor scale 1/4, 6 for
scale 1/2, and 14 for scale 1), the energy and effort evolstare nearly identical
among the different scales. Scale reduction techniquetharefore valid, in this
case, and do not affect the ‘Cauchy’ relation. Deviatiorsa@ceptable in this study
case, dealing with the dynamic crush behaviour of compssitetures (Table V).



Table V. Deviations.

% of difference withas Scale 1/2 Scale 1/4
reference scale 1

In static 6.8% 5.4%
In dynamic 14.9% 10.2%

Figure 10. Comparison of rupture modes at different scales.

Another analysis shows that the ‘Cauchy’ relation also ieppb the evolution
of energy and force of different stacking sequences. Itasafore possible, while
knowing the evolution of a value of the different feasiblalscstacking, to estimate
the evolution of this same value for a model, while applyingekative relation
coefficient to the size studied.

5.4.2. Comparison of the Rupture Modes

The main rupture mode observed in the tests performed ¢sdia peeling mode.
Plies progressively and symmetrically split in most casesboth sides of the
middle-plan of the structure. This mode has already beearitbesl in previous

studies [6-9]. This rupture mode, specific to composites ben shown not to be
influenced either by the structure dimensions, or by theitmpdpeed and by the
stacking sequence tested. Figure 10 presents a comparidiffeent scales.

10



Table VI. Equivalent results in statics and dynamics for three stackequences.

Scale Number of Testspeed Max peakload Load plateau Energy
interfaces (kN) (kN) J)
Scale 1/2 4int static 457 288 28517
dynamic 451 126 14879
Scale 1 4int static 333 110 10919
dynamic 422 91 10668
8int static 346 119 11679
dynamic 368 95 11101
10 int static 344 164 16212
dynamic 375 109 12876

5.5. STUDY OF STACKING SEQUENCES CONTAINING THREE DIFFERENT FRE
ORIENTATIONS

The analysis now concerns structures made of 3 differeettaiions. As a con-
sequence, the study began with 1/2-scaled specimens andrtitger of plies was
defined equal to 8 plieg+45/0,] to keep the same dimensions as the previous
specimens (the minimum number of plies to consider a synicaéstacking se-
guence is 6 theoretically). By applying the same previocisrigues to the 1-scaled
specimens, the following sequences are obtained:

o [+45,/—45,/04]5 4 interfaces
o [+45/—45/04/—45/+45] 8 interfaces
e [+45/—-45/0,/+45/—45/0;]s 10 interfaces

The comparison of the equivalent results for each dimensambeen plotted
in Table VI.

Despite the restricted number of tests performed at eadéralit scale, the
previously developed statements seem to apply once agdimsttype of stack-
ing sequence in dynamics. In the case of the static studyed@alent energy
calculated for the 1/2 model is much more important than lier grototype. An
explanation of this phenomenon can be found in the diffexesfaupture modes
between the two scales studied.

In Figure 11, the 1/2 model presents a more developed plyngedihis rupture
mode is emphasized by a strong ply delamination orientetllat@ted in the heart
of the structure in a higher number. For the prototype, thgure mode is the same
as previously observed. This part of study is very intengstiecause it shows that,
if the ‘Cauchy’ relations cannot be applied, the rupture esodre not comparable.
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Figure 11. Presentation of the different rupture modes in statics.

6. Conclusions

In terms of the results, this experimental campaign bring®rsiderable data-
base. The output generated is wide-ranging and the pheroateserved are quite
interesting.

This campaign shows the lack of influence, for this stru¢taamfiguration,
of the loading speed on the performed tests, while the dynaimaracterization
campaign had shown the opposite results. This can be dumitbustl geometrical
effects and to the specific rupture modes.

The second important conclusion concerns close relatiawdss the load
plateau and the number of interfaces of the stacking segsetichas been shown
that the evolution of the energy and effort parameters westi and that this evo-
lution could be defined thanks to the “Cauchy” relationsslthierefore possible
to estimate the average energy of a stacking sequence raogtai interfaces for
any scale, once the evolution of this variable for a differgacking sequence at
different scales is previously known. But, and this poimtiportant, these relations
can only apply when the rupture modes are identical.
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