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Experimental verification of a constitutive model of fibre
composite with hyperelastic matrix

Svitlana Fedorova Tomas Lasofa Jii Bursa, Pavel Skacél

Abstract: The paper compares computational simulations of tenaia bending
tests on the basis of an anisotropic hyperelastic cotigtitmodel with experimental
results. The tested specimens are made of rubber witigke family of textile fibres
under different angles. As our previous studies have slsmstantial discrepancies
between computational and experimental results, newsed textile fibres (with
zero bending stiffness) instead of steel wires and thexweas made of rubber with
a very limited Mullins effect to eliminate the possililauses of errors. The results
have shown that the simulations correspond well t@xperiments.
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1. Introduction

Fibre composites with elastomer matrix are widedgdias elements of pneumatic
and hydraulic structures. Carbon-black filled rubise mostly used as matrix of
these composites, and steel wires or ropes, textitbother fibres are used as their
reinforcement. While material properties of mosrdi composites are linear elastic
and the theory of the linear elasticity is well iwmoand widely used for any types of
anisotropic materials under small strain conditjoterge strains induced in
elastomers make the stress-strain analyses much difficult and not yet fully
managed. Although first applicable isotropic hyfestc models were formulated in
forties and fifties of the last century [1,2], thbroader practical application has not
started before nineties, when the power of computers enabled to solve more
complex non-linear problems. However, there is atiick of criteria for assessment
of the risk of failure of isotropic elastomers [B,4

The situation is even worse with fibre compositeishwelastomer matrix
showing large strains [5]. First anisotropic hyp&séc models have been published
in the last decade [6,7] and implemented into cormaiakfinite element packages
only several years ago. There is no experience tivéh practical application, with
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identification of their parameters, so that evewirthuse in research is rather
exceptional. The paper presents results of oumateto simulate basic mechanical
tests of these fibre composites using FEM and #gierimental verification.

2. Experimental methods

Uniaxial tension tests of composite specimens witihubber matrix and single
family of textile fibres in the middle layer of trepecimen were carried out. Four
groups of specimens with different declination ibfrdés were tested: 0°, 30°, 45°,
90°. All the specimens had dimensions approximat&yx22x2.5 mm and diameter
of the fibres 0.8 mm. All the specimens were loadedcycles with different
amplitudes to evaluate Mullins effect [8]. The uppmplitude of total elongation of
the specimen is nearly 20 mm, with the exceptio®fleclination (longitudinal
fibres), where the elongation had to be severakginower because of the much
higher stiffness of the specimen. Tension testewealized using universal testing
machine ZWICKZ020-TND. Elongation in the middle region of the specimers wa
recorded by extensometers (Fig. 1); the distantedsm extensometer levers was
20 mm.

A particular feature of the tests with specimenthviibre declination is that
dimensions of specimens strongly affect resultsesStstrain curve would be
different for the specimens with the same angldemination but different width or
length.

Fig. 1. Tension test of fibore composite Fig. 2. Bending test of fibre composite
with rubber matrix with rubber matrix

Bending tests were realized also with the ZWICHKitgsmachine as a three
point bending. For the tests specimens with théoviehg fibre declination were
used: 0°, 45° 90°. Also pure rubber specimens wested. Specimens had
dimensions approximately 60x20x2.5 mm and diamafté¢ine fibres approximately
0.8 mm. The distance between supports was 50 mm.

During the test each specimen was placed in thepteparation and pushed
against its middle part (Fig. 2). The dependendyéen the force and the middle
deflection was recorded.



Experiments on pure rubber were carried out as imetirder to determine
material constants for hyperelastic potential & thatrix. They included uniaxial
and equibiaxial tension of rubber specimens. Aspdirameters of the textile fibres
are rather uncertain and were not known, theifngtifs was identified on the basis
of the tension test with fibres in longitudinal ettion.

3. Methods of computational simulations

Material of the specimens shows large strains andmpressibility (due to rubber)
and a substantial anisotropy (due to fibres).

Rubber matrix of the specimen is characterized hygd reversible
deformations. Its behaviour is approximated asatea hyperelastic. Constitutive
modelling in this case is based on the concepttrains energy density function
(strain energy potential). Stress-strain relatiame derived from this potential.
Generally strain energy potential for isotropic ésglastic material is based on the
strain invariants.

For rubber-like materials, a phenomenological poigyial form of strain
energy potential is widely used. It is based onfits® and second strain invariants
and is given by the following formula:

W= e, -3 1,3 + 3 201 W
i+j=1 k=1

where J = A,4,4, - volume ratio;c; ,d - material constants.

In our case, given that in all tests local tensttains do not exceed 40%, the

simplest Neo-Hooke model can be used for rubberixnat
w=£(,-3)+1(-3p. @)
2 d

To model the behaviour of the given specimens, eedrto account for the
material anisotropy. As the specimens have onelyanfifibres, they have a single
preferred direction. In this direction the stiffsesf the material is defined by the
stiffness of fibres. The fibres are uniformly distited throughout the middle layer
of the specimen (with approximately constant spgcirit enables us to use
continuum approach for constitutive modelling oésimens. It takes into account
contribution of both constituents: fibres and rubbe

Specimens for bending simulations were modelledgusandwich structure
with the middle layer being anisotropic hyperekastnd two others being isotropic
hyperelastic. Specimens for tension simulationsh(thie exception of 0° case) were
modelled as homogeneous, using anisotropic hymstielaaterial model. It has
been proved that for uniaxial tension both of tredeis give the same results for all
fibre declinations except for 0°.

Strain energy potential used for anisotropic hyjsestee materials consists of
isotropic and anisotropic parts. The anisotropit pecludes strain invarian;



|,=aca, 3

wherea is unit vector characterising the preferred di@ttin the undeformed
configuration (see [6] or [7] for details) ari@lis right Cauchy-Green deformation
tensor, given by squared stretch ratios in thecjpal coordinate system:

2 0 0
c=l0 A2 o0]. 4)
0 0 A4

If XY coordinate plain coincides with the specimemiddle plain, the fibre
vector has coordinatéeosa,sina,o)wherea defines the fibre declination angle.
Accordingly, invariant, (representing stretch of fibres) is given by:

l,=Acosa+Asina. (5)
Anisotropic hyperelastic strain energy potentiah ¢ given by polynomial

form:

3 3 6

W:Zai(|1_3)i+ij(|2_3)j+zck(|4_1)k : (6)

i=1 j=1 k=2
Constants for potential (6) are being determinexinfithe characteristics of
constituents (rubber and fibres).

Isotropic part of potential (6) can be set in thenf of Neo-Hooke model for
an incompressible rubber:

¢ :%(Il_s)' (7

Material constant for rubber was determined onbihgis of the stress —strain
curves obtained from two sets of experiments: ualatension and equibiaxial
tension of rubber specimens. Approximation of oese curves was performed
employing the least squares method.

The anisotropic part of potential (6) reflects @weristics of composite in the
preferred direction. It was set as follows:

P, =Cz(|4 _1)2- (8)
Consequently, potential (6) acquires the form
W:§(|1—3)+c2(|4—1)2. 9)

One of the difficulties in constitutive modelling oeinforced elastomers is
due to the presence of Mullins effect in rubber [8lillins effect is generally known
as softening of stress response during repeatelihipaAt this stage of research we



don’t have any continuous hyperelastic model atdisposal in FE analyses, whi
would account for both Mullins effect and anisotyo

Also it is not possible to eminate Mullins effect by preconditioning of t
composite specimens, since rubber in the compegjteriences non uniform stre
and strain states and cannot be preconditioned thighsame strain amplitus
throughout the specimen.

Our previous studies aipecimens with steel fibr{9] have shown substanti
discrepancies between the computational and expatahresults. There were tv
main reasons: first, the @otropic hyperelastic constitutive model we usedl|d
not account for the bending stiffness of steeleffband second, the presence
Mullins effect in rubber. Therefore in the presetidy we use textile fibres (wi
zero bending stiffness) and rublveith low Mullins effect, thus eliminating possé:
causes of errors.

Specific type of rubber was chosen on the basiprefiminary uniaxia
tension tests with different rubbers used typicétiyproduction of car tyres. Fro
the loading and unloadingurves it is clear that Mullins effect does noteed 10 %
of engineering stress for this type of rubber. @opently, its influence on tt
results was neglected in this stt

4. Results

In this section results of experiments and the exponding computation
simulations are presented.

4.1.Uniaxial tension

The figures below present results of uniaxial tendests and their simulations.
all the figures the abscissa represents the ation of the middle part of tt
specimen with original length of 20 mm. Tests weseried out with four groups ¢
specimens: two specimens with 0° fibre declinatioer, three specimens with 3
and 45° fibre declination and five specimens witthe decination of 0°. Materia
constants used in part of potential (9) werepu= 1,2 MPag,= 60 MPaWhile the
simulations have been done only under monotoncading (without unloading), a
the experiments were carried out in several cysteghat hysiresis and Mullin:
effect are evident.
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Fig. 3. Results of the tension test and Fig. 4. Results of the tension test and its
simulation for 36 declination of fibres simulation for 45 declination of fibres.
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Fig. 5. Results of the tension test and

Fig. 6. Results of the tension test and its
simulation for 96 declination of fibres

simulation for @ declination of fibres.
4.2. Results of bending simulatic

The figures below present results of bending teststher simulations. Tests wel
carried out with four groups of three specimensefar 0°, 45° and 90° declinatic

of fibres and for pure rubber. The same materiahpaters were set as for 1
tension test simulations.
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Fig. 7. Results of the bending test and

Fig. 8. Results of the bending test and its
simulation for @ declination of fibres

simulation for 45 declination of fibres.
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Fig. 9. Results of the bending test and Fig. 10. Results of the bending test and its
simulation for 96 declination of fibres S'Etl:'atlon- Specimens made of pure
rubber.

4.3. Assessment of fibre declination influe

Table 1 presents dependency between fibre dedmand force for the give
displacementi = 0.5 mm for uniaxic tension. Table 2 presents dependency bet\

fibre declination and force for the given defleatv = 4 mm for bending. Resul
are taken from the numerical simulations of thést



Table 1. Influence of fibre declination angle for uniaxial tension tests

Declination angle, deg.  Force, N

0 216,42
30 12,23
45 5,03
90 4,77

Table 2. Influence of fibre declination angle for bending tests

Declination angle, deg.  Force, N

0 0,98
45 0,23
90 0,16

5. Discussion

As it was shown in [9], the bimaterial model (whicicludes models of geometry of
both matrix and fibres) in the case of tension load be successfully replaced with
the unimaterial one. It enables us a substantialation of computational time.

It is evident from Fig. 3-6 that simulations areargood agreement with the
tests for all fibre declinations. The case of Qfrdi declination needs a particular
explanation. The specimen was modelled as a tlayg-ksandwich with upper and
bottom rubber layers (using isotropic hyperelaptitential) and a fibre-reinforced
middle layer (using potential (9)). The speciméngation during the experiment
is mainly due to the shear in rubber layers betwberjaws. The aim of numerical
simulation was to determine material constaepresenting the stiffness of fibres
in (9). The potential (9) was employed in computaél model; accordingly,
constantc, was varied until an acceptable agreement betweegsimulation and the
experimental response was reached.

Nevertheless, in the modelling of tension testsspecimens in which fibres
clamped on both ends are absent (due to the gepmispecimen and angle of
fibre declination) the value ofc, can be set very high, insuring inextensibility of
fibres. The stiffness of the fibres is much lartpamn that of the rubber, so that only a
negligible fibre elongation occurs.

An opposite situation occurs with bending testsusittions; the value of,
shows a great influence on the results. Therefoeer¢sults of simulation in Fig.6
were taken into account and the modified valuec,ofvas used to insure correct
constitutive modelling of bending tests. Speciméaos bending tests were not
preconditioned and local tensile strain in simalativas lower than 6%. With that in
mind we further employ the model which shows gogdeament with initial test
curve in the range of smaller deformations as shiowig.6.

In simulation of bending tests with 0° declinatiohfibres, there is a turning
point in the deflection-force curve (Fig. 7). Thanse problem occurred with steel
fibres [9] if their angle was small (less than 1383 the position of the turning point



depends on the stiffness of the fibres we can thgsite that the effect can be
caused by buckling of fibres in the compressed phthe model. However, this
problem requires a detailed investigation in future

The results in Fig. 8 show a rather higher disanegdetween the simulation
and the experimental loading curves. It can be arpt by the inaccuracy of
experiments, during which some initial torsion b tspecimens was present and
thus the deflection changed throughout the specimiéti.

The simulation curves in Fig. 9-10 correspond wellthe tests. As it was
expected, the stiffening effect of the fibres wa®°® fibre declination is negligible
and results for these specimens are very clodeosetobtained for pure rubber.

6. Conclusion

It was verified that anisotropic hyperelastic cingtze model (in polynomial form)
is able to simulate credibly results of tension &edding tests of fibre composites
showing large strains under the following condifibrelastomer matrix shows
negligible Mullins effect; bending stiffness of fés is negligible.

There are still some numerical problems in simafeiof bending tests with
longitudinal fibres which need to be investigatedjreater detail.
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