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A B S T R A C T

End-of-life tires (ELTs) pose a serious environmental problem today due to their great ability to maintain their
properties and not degrade under extreme conditions or over time. One of the ways to reuse this material is
to subject it to a recovery process to obtain new raw materials that can be used as convenient.

This article focuses on the nonlinear viscoelastic properties characterization of the rubber obtained by the
Danish company genan®. This company has developed a manufacturing process that, via exothermic reactions,
gives a renewed rubber (in form of cylinders, called pellets later on) with improved viscoelastic properties in
comparison with the starting material.

These pellets, with the help of a binder to form an agglomerate, are currently used in some applications to
reduce the effects of accidental impacts, like, for instance, in floors of playground areas or similar applications.

However, a rigorous characterization of this material has not been done still now. With this goal, a
compression impact test is carried out using different impact velocities, namely, different strain rate, which
remain constant during the test. Based on the tests’ results the material behavior is adjusted into a Bergström–
Boyce viscoelastic model. The shape and dimensions of the specimens, non-modifiable because they depend on
the manufacturing process, establish strong limitations to the experimental study, which have been successfully
overcome.

This work is the first step to evaluate, numerically, systems designed to absorb impact loads based on this
recycled material. Task in which the authors of this work are involved nowadays to prove, in a near future, that
this material can be reused in passive energy dissipation systems, contributing, at the same time, to palliate
environment and safety road problems. For that reason, the energy scattering ability of this material is, also,
experimentally evaluated.
. Introduction

ELTs is the acronym normally used to refer to end-of-life tires,
.e., those tires that have become waste. Due to the huge amount of such
‘product’’ generated per year, practically at any point of the planet,
e can state that its treatment is one of the biggest environmental
roblems since many years ago.

Consequently, ELTs have been, one way or another, the focus of lots
f investigations in the last two decades: as an example, a single Scopus
earch using the term ‘‘end-of-life tires’’ shows 296 documents starting
n 2003 [1].

In dealing with this problem, two family of solutions can be ob-
erved: (i) the ones trying to recover energy from this material, using
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it as fuel, for instance, in power plants; or (ii) the ones trying to give a
renewed use to the material.

Fig. 1 shows the management evolution of this kind of residues
since 1994, according the study developed, in 2017 on 32 countries, by
The European Tire and Rubber Manufactures’ Association [2]. It can be
observed the progression of the two indicated group of solutions since
then.

The interest of the researchers in this topic has promoted an impor-
tant number of research works in this field.

A significant part of them deals with modified materials by the
addition of ELTs to materials previously known (asphalt, concrete,
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Fig. 1. Management ELTs’ evolution from 1944 to 2017.
Source: Modified from [2].

polymers...). They are works devoted to emphasize any pre-existing
property or to give new properties to the modified material.

These studies address the way in which these new raw materials
can be used, as well as its chemical, physical and/or mechanical
characterization.

In the civil engineering field for instance, this rubber from ELTs is
commonly used, as an additive, in the form of particles and powder.

This additives are able to improve the useful life in asphalt mixtures
as in [3–5] for example, improving their fracture resistance, service
performance, and complex modulus among others properties .

Also, the benefits reached by the additions of this material to the soil
have been reported, among others, in recent investigations like [6–9].

Although, considerable improvements have been obtained in pa-
rameters such abrasion resistance, impact strength, specific weight,
workability, toughness, water absorption, etc. by using this material as
a component for concrete, considerable improvements; some disadvan-
tages have been, as well, revealed, like compression, tensile and flexural
strength reduction [10,11].

Next, some examples of recent studies in the field of materials
engineering are referenced as a sign of the enthusiasm in this research
field nowadays.

Recently, Tian et al. [12] have studied the use of ELTs rubber as a
filler to produce wood-high density polyethylene composite. They have
showed that the rubber-filled materials enhance its properties from a
point of view of energy absorption.

Hittini et al. [13] have published a study about the use of rub-
ber in development of heat insulation composites. In that work, they
show that the developed composite provides a recycling solution while
maintaining insulation efficiency.

Rodríguez et al. [14] analyzed the synergistic effects of ELTs rubber
powder and fluorogypsum in cement-based composite, obtaining a
relevant improvement of the physicochemical properties regarding the
base material.

Kaliyappan et al. [15] developed a neoprene-rubber hybrid com-
posite using different fillers of ELTs rubber and carbon black. In this
research, they evaluated the physicomechanical properties of the de-
veloped composites.

Jena et al. [16] carried out a study focused on the fabrication of
a composite material for structural applications, for which epoxy resin
was mixed with rubber crumbs and the influence of the dosage used on
the properties of the material was also analyzed.

Of course, for obvious reasons, one of the potential applications
of this kind of materials is to dissipate impact energy. This is the
motivation of the study presented in this article. Some works related
to this ELTs’ role are next enumerated.

Wu et al. [17] carried out a study about the reduction of wave
propagation and stresses in railway ballast under impact loads due to
the addition of ELTs. They analyzed the relation between the amount
of this material and the mentioned reductions.
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Yang et al. [18] analyzed how recycled rubber can improve impact
resistance, fracture toughness and energy dissipation when incorporates
to concrete.

Khodadadi et al. [19,20] conducted numerical and experimental
investigation of aluminum-rubber and Kevlar/rubber composites be-
havior against impacts.

An experimental investigation on low-velocity impact response of
novel jute/rubber flexible bio-composite was carried out by Mahesh at
al. [21].

Another line of research focuses on the numerical characterization
of these rubbers.

Gudsoorkar and Bindu [22] made computational simulations of
retreaded tire rubber using Yeoh and Arruda–Boyce hyperelastic mod-
els in ABAQUS FEA software. Natarajan et al. [23] modeled a mul-
tiwall nanocarbon reinforced natural rubber composite, for which
Mooney–Rivlin, Ogden, Neo-Hookean, Yeoh, Polynomial and Aruda–
Boyce model were used.

Rubber-like materials have a complex behavior combining hyper-
elasticity and viscoelasticity, with a degree of linearity that depends
on the composition of the material, the manufacturing method and the
way the loads are applied. For this reason, numerous studies, as these
ones for instance [24–27], focus on the development of new models.

The present work belongs to the research field focused on the
manner to reuse previously existing recycled material from ELTs.

The motivation of this investigation is to provide the nonlinear vis-
coelastic properties of rubber-like recycled material from ELTs. These
properties would promote its consideration in subsequent numerical
computations for the design of passive multi-material systems for dis-
sipate energy in high-energy impacts.

These properties must be experimentally obtained and, obviously,
the tests must be conducted under high energy impact loads.

The commercial material selected for the investigation is the one
manufactured by the Danish company genan®. The reason is that the
genan®’s process produces a rubber with renewed properties due to a
semi-vulcanized phase during its manufacturing.

This company commercialize this product, in agglomerated form,
using a polyurethane resin as a binder.

For this reason; this recycled rubber will be analyzed with and
without binder, using, for the former option, the same amount2 of resin
used by genan®.

The problem for testing this material is that, due to its manufactur-
ing procedure, the presentation is unique: the recycled material appears
like narrow cylinders. This fact establishes a strong limitation to the test
procedure which has been successfully overcome.

In this work, medium-high energy impact compression tests are
developed to obtain the set of parameters necessary to define the
nonlinear viscoelastic behavior for the recycled material.

Other challenge of this work was to obtain the important number
of material parameters defining the selected model with only one
kind of test. To this target, the software MCalibration®, developed by
PolymerFEM, has been used in an absolutely satisfactory way.

2. ELTs based agglomerated material

The viscoelastic behavior under medium velocity impact loading of
a two polymeric material system is analyzed in this work.

The constituent materials are pellet-shaped semi vulcanized rubber,
obtained from recycled ELTs by the Danish company genan® and a
polyurethane-based resin working as binder.

Using a drop test machine, constant velocity compression impact
tests are developed for pellets with and without resin. Later on, those
specimens will be called coated and uncoated, respectively.

2 This amount will not be indicated throughout this work for confidential
reasons.
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Fig. 2. Flow diagram of the pellet manufacturing process (courtesy of genan®).

Fig. 3. Appearance of longest pellets manufactured from ELTs by genan®.

From the tests results, the nine parameters defining the Bergström
Boyce – BB – viscoelastic model are adjusted by mean of MCalibration®
software.

It is well known that a complex behavior model, determined by
several parameters, needs different kind of tests to properly calibrate
those parameters. In the present case, due to the material manufac-
turing process no other kind of specimens are available: only small
cylinders of 4.2 mm diameter and around 15 mm long. For this reason,
a coming verification stage, in which authors are nowadays working,
will be necessary.

2.1. Rubber pellets

From a point of view of their constituents, tires are very complex
systems.

Although they are, mainly, compound of rubber, textile and metallic
materials; only the rubber remains in the final recycled material man-
ufactured by genan®. Fig. 2 depicts the steps of the genan’s procedure
to obtain the recycled material from tires.

The final geometry of the material is limited by the extrusion phase.
It induces a cylindrical shape where only the diameter can be chosen
between a very narrow interval of values. Even the cylinders’ length is
not a predefined value but the result of the process. Fig. 3 shows some
of those 4.2 mm diameter pellets with lengths bigger than 15 mm, from
which the tested specimens have been obtained.

The behavior of the pellets under tensile or flexural loads is rather
poor. They appear very brittle under these loads due to the high number
of cracks that can be, macroscopically, observed in anyone of them.

Microscopic images of the material, as the ones in Fig. 4, can help
us to understand the reasons of the presence of these cracks.

These micrographs show a very heterogeneous material, with a
very irregular surface, high porosity, plenty of fissures, and traces of
other tire components. Each one of these aspects promote the observed
fragility.
3

Fig. 4. Recycled rubber’s structures at microscopic level.

2.2. Binder

Due to the reasons shown in the previous epigraph, the applicability
of the pellets, in its uncoated form, is quite limited.

However, together with a resin, it is possible to obtain an agglom-
erate with significantly improved mechanical properties.

Consequently, in this agglomerate form, the applicability of the re-
cycled material increases considerably as a consequence of its improved
mechanical properties.

The resin used in the present work is the one supplied by genan®.
For confidentiality reasons, the only information we have about this
binder is:

• It is made from a thermosetting polyurethane.
• It cures by exposure to the light, especially to UV light.
• Its viscosity, for a good workability, must be below 4000 mPa s.

As it has been indicated, the characterization procedure has been
done over pellets in its original form and manually resin coated pellets.
Doing so, we can observe the strengthening effect of the binder.

The mechanical characterization of the binder, as an independent
material, has not been possible due to the elevated gas production
during the curing process. Even curing under vacuum conditions, the
external cured surface avoid getting out the gas from the internal mass
of the resin. The final result has been a kind of bubble independently
of the amount of resin cured. This fact made not possible to get useful
specimens for testing.

3. Bergström–Boyce model

It is well known that most rubber-like materials can be considered
as hyperelastic and/or viscoelastic materials with sufficient accuracy
for a wide range of applications.

However, for the present work, due to the strain rate and deforma-
tion level under consideration, they are not appropriate because:
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Fig. 5. One dimensional Bergström–Boyce model sketch.

• Hyperelastic models do not consider strain rate effects.
• Viscoelastic models do not consider properly large deformations

and/or suddenly applied loads.

For these reasons, a nonlinear viscoplastic model, with large strain
and time-dependent capabilities, must be considered for the goal of this
study.

The number of such models in the literature is quite modest. In the
book of J. Bergström [28], for instance, we can see some of those kind
of models: Bergström–Boyce, Arruda–Boyce, hybrid or three network
models; among some others.

All of them can capture large strain, time-dependent behavior or
even temperature dependence. They differ slightly in the approach or
in the aim that has promoted each model.

A common characteristic of all those models is that they are charac-
terized by complex mathematical formulations involving an important
number of parameters. Due to the high number of parameters, the
number of different kind of tests to capture the behavior can be, also,
large.

As it has been stated, for the material under consideration in this
work, to develop different kind of tests is not possible due to its specific
presentation.

Bergström–Boyce model [28] (named from now on as BB) is con-
sidered a nonlinear generalization of viscoelastic behavior, including
large deformations and time dependency. This model has successfully
reproduced traditional elastomers [29] and even biomaterials [30] and
it is the model used for calibrating the material in the present work.

Conceptually, BB model is represented by two networks
(or branches) in parallel, see Fig. 5. Both are eight-chain macromolecu-
lar networks, based in the eight-chain model introduced by Arruda and
Boyce in 1993 [31].

One of the branches, the hyperelastic one, is the responsible for the
equilibrium requirements, while the second one plays a time–response
role. The last one is considered to have two components in series: a
nonlinear viscoelastic and another hyperelastic. See, for instance, [28]
for more details.

Following [28,29], the constitutive equations of the BB model can
be outlined as follows.

When the so-called total deformation gradient, let us say 𝐅, acts over
the model, it affects equally to both branches, i.e., 𝐅 = 𝐅𝑎 = 𝐅𝑏, where
𝑎 and 𝑏 indexes have been used for each network.

As it has been stated, the time dependence of the model is in the
branch 𝑏, where the deformation gradient can be further decomposed
into its elastic -𝑒- and viscoelastic -𝑣- components, as in Eq. (1).

𝐅𝑏 = 𝐅𝑒 𝐅𝑣 (1)

The total stress of the model is the sum of elastic stresses of each
branch, let us say 𝝈 = 𝝈 + 𝝈 . Both can be expressed according to the
4

𝑎 𝑏
same structure of the eight-chain model as shown in Eqs. (2) and (3)
for the networks 𝑎 and 𝑏, respectively.

𝝈𝑎 =
𝜇

𝐽𝜆∗
−1(𝜆∗∕𝜆𝐿)
−1(1∕𝜆𝐿)

𝑑𝑒𝑣[𝐁∗] + 𝜅(𝐽 − 1)𝐈 (2)

𝝈𝑏 =
𝑠 𝜇

𝐽𝑏𝑒𝜆∗𝑏𝑒

−1(𝜆∗𝑏𝑒∕𝜆𝐿𝑏)

−1(1∕𝜆𝐿𝑏)
𝑑𝑒𝑣[𝐁∗

𝑏𝑒] + 𝜅(𝐽𝑏𝑒 − 1)𝐈 (3)

In Eqs. (2) and (3):

• 𝐽 = 𝑑𝑒𝑡(𝐅).
• −1 is the inverse of the Langevin function.
• 𝐁∗ is the distortional part of the left Cauchy–Green tensor, defined

as 𝐁∗ = 𝐅∗ (𝐅∗)𝑡, being 𝐅∗ the distortional part of 𝐅.
• 𝜇 is proportional to the initial shear modulus.
• 𝑠 is a dimensionless parameter indicating how much bigger is the

shear modulus of the branch b regarding the branch a.
• 𝜅 is the bulk modulus.
• 𝜆𝐿 is the limiting stretch of the network.
• 𝜆∗, is the effective distortional chain stretch, defined as 𝜆∗ =
√

𝑡𝑟(𝐁∗)∕3.
• And 𝐈, as usual, stands for the unit matrix.

On the other hand, the strain rate of the model, can be expressed as
in Eq. (4).

𝐃𝑏𝑣 = �̇�𝑏 𝐍𝑏𝑣 (4)

Being 𝐍𝑏𝑣 the direction of the viscoelastic flow and ̇𝛾𝑏 the effective
deformation rate, expressed as in Eq. (5).

�̇�𝑏 = ̇𝛾0
(

𝜆𝑏𝑣 − 1 + 𝜉
)𝐶

[

𝑅
(

𝜏
𝑓𝑣𝜏𝑏𝑎𝑠𝑒

− 𝜏𝑐𝑢𝑡

)]𝑚
(5)

where:

• 𝜉, 𝐶, 𝜏𝑏𝑎𝑠𝑒, 𝜏𝑐𝑢𝑡 and 𝑚; are material constants.
• ̇𝛾0 is a constant introduced for dimensional consistency.
• The term

(

𝜆𝑏𝑣 − 1 + 𝜉
)

captures the rate-dependent behavior.

• 𝑅 is the ramp function.
• 𝜏 = ‖𝑑𝑒𝑣[𝝈𝑏]‖, being ‖ ⋅ ‖ the Frobenius norm.
• And 𝑓𝑣 is a network interaction factor to capture the observed

behavior for most elastomers having different strain-rate depen-
dence during loading than unloading.

As a summary, we can say that nine constants are necessary to fully
define a BB material: 𝜇, 𝜆𝐿, 𝜅, 𝑠, 𝜉, 𝐶, 𝜏𝑏𝑎𝑠𝑒, 𝜏𝑐𝑢𝑡 and 𝑚.

The target of the present work is to obtain these constants from the
impact compression test records, for different impact velocities.

4. Calibration of material. Experimental procedure

As it has been said, the properties of the material have been ob-
tained by means of constant velocity compression impact tests. All the
relevant aspects of those experiments will be described next.

4.1. Specimens preparation

The heterogeneity of the received specimens was quite significant
in many aspects.

Although all were cylinders, each one possessed different curvatures
as well as different angles between basal and lateral surfaces, see
Fig. 6-left.

Consequently, to minimize flexure effects during the compression
test, a first inspection step should be made to reject the ones excessively
curved.

Furthermore, other rejection causes were found during different
visual inspection phases. For instance, significant imperfections and/or
anomalous inclusions.
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Fig. 6. Original pellets (left). Polisher (center). Ten-specimens-batching tool (right).

Fig. 7. Dimensional control of a specimen by the profile projector.

After the selection of the best specimens, a flattened procedure
was necessary to guarantee (i) the flat geometry of the basal surfaces
(ii) their perpendicularity regarding the lateral surfaces and (iii) the
constant length (equal to 15 mm) of all specimens.

This flattened procedure was developed polling, by ten-specimen-
batches, in a polisher model TegraPol-11 by Struers®, see Fig. 6-center.

Each of these batches were processed at the same time with the help
of a specific tool manufactured for this purpose, see Fig. 6-right. The
final dimensions of the tested specimens were controlled by a profile
projector model PJ3000 by Mitutoyo (see Fig. 7).

As previously mentioned, to evaluate the material behavior, as well
as the influence of the binder, uncoated and coated pellets were tested.

To get the coated specimens, a manual painting process has been
done controlling the amount of added resin using a precision scale
ENTRIS 124-1S by Sartorius Lab Instruments.

4.2. Test methodology

A CEAST 9350 drop tower test machine, by INSTRON®, see Fig. 8-
left), was used to develop the compression impact test.

For people who are not familiarized with this kind of test, it is worth
it to, briefly, describe it.

In this kind of tests, a known mass is dropped, from a known height,
over the specimen, recording the force during the whole (or a portion
of the) impact.

From the registered force, the provided drop tower’s software com-
putes, by numerical integration of the second Newton’s law, with
null initial conditions, the hammer displacements and velocities. An
appendix detailing these computations has been included at the end
of this paper for the sake of completeness.

As well, the dispersed energy by the specimen can also be calcu-
lated. The input energy is, as well, known: it is equal to the potential en-
ergy of the dropping mass (assuming negligible the energy dissipation
during the fall).
5

Fig. 8. Set up for impact compression test over pellets from NUFs.

This way, it is possible to evaluate the amount of energy that the
material is able to dissipate under impact conditions.

Although the hammer of the drop tower (the piece that hit the
specimen) contains a load cell to record the force during the impact,
its load range is too big for our purposes, diminishing the precision for
the test over the rubber specimens studied in this work.

For that reason, with the aim of improving the precision of the force
measurement, a more sensible load cell was placed in the specimen’s
support (see Fig. 8-right-up) putting the specimen directly over the cell.

The range of interest for length reduction was limited to about
30%–35%. The reason is that, during most of the tests, buckling effects
appeared around this deformation level. We draw the conclusion that,
for that level of deformation, the strength of the material must be
considered residual.

In consequence, a nylon protective crown was disposed surrounding
the load cell to stop the hammer as shown in Fig. 8-right-down. This
way, the maximum deformation of the specimens were limited to values
around 40%, protecting the cell overload at the same time.

As the goal of the work is the evaluation of the viscoelastic material
properties, the calibration of the material must be performed essaying
with different strain rates. Therefore, a key point of the tests is to assure
that the strain rate remains constant during the interest interval of
deformation.

However, the nature of the impact phenomena is contrary to that
fact: the hammer reduces its velocity during the impact. This reduction
is inversely proportional to the falling mass.

At any event, a specific analysis was done to analyze the variation
of the hammer’s velocity during the impact.

Although, as it has been indicated, the displacements are computed
by the drop tower’s software, a second (and direct) displacements
measurement procedure was used to eliminate any possible error source
from this, so significant, parameter.

This method was based on digital image correlation -DIC-. With this
aim, a high speed camera model Fastcam Mini AX200, by PHOTRON®,
equipped with a 105 mm F2.8 EX DG Macro OS lens, by SIGMA, was
used to directly record the displacement of the hammer. The images
(obtained to 50 kHz) were processed with the help of two software:
PFV4, by Photron, software for acquisition of images, and VIC-2D, by
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Fig. 9. Set up for images acquisition (left), detail (center), and sequence during one
test (right).

Fig. 10. Hammer position vs. time measurement by DIC for different hammer
velocities. Nominally: 2, 3, 4, 5 and 6 m∕s.

correlated SOLUTIONS software for processing of images. See Fig. 9 for
the DIC setup and a some example images.

5. Experimental results

Tests on uncoated and coated pellets have been made using strain
rates of 133.3, 200, 266.7, 333.3 and 400 s−1, corresponding, respec-
tively, to impact velocities of 2, 3, 4, 5 and 6 m/s.

The falling mass used was the minimal allowed by the drop tower:
the mass of the empty falling system to which its spherical steel-made
original hammer was substituted by a specifically manufactured flat
aluminum hammer. The total falling mass was 2518 g.

5.1. Strain rate computations

First of all, it has been analyzed how constant is the velocity of the
hammer, i.e., the strain rate, using DIC techniques for all the impact
velocities used in the work.

After that, a comparison with the results obtained from the force
recorded by the impact tower has been carried out. Fig. 10 shows the
relation position vs. time, obtained via DIC, for the hammer, for all test
velocities.

As it can be observed, all records have a linear tendency with
a coefficient of determination -R2- almost equal to 1 in all cases.
Consequently we can state that the strain rate remain constant during
all the impact tests, for the analyzed range of deformation.

It is worthy to mention that, as it can be seen in Fig. 10, the values
of hammer impact velocity (i.e. the strain rates) are not exactly 2, 3, 4,
5 and 6 m/s. For that reason, we have used ‘‘nominal’’ to define these
velocities.

The reason for those small differences is that the nominal values
are calculated as a function of the falling mass and the height, under
6

Fig. 11. DIC displacements vs. drop tower displacements for a test at strain rate of
133.3 s−1.

Fig. 12. Results for tests at strain rate of 133.3 s−1.

the hypothesis of null energy dissipation, which, as it is known, is not
entirely correct.

Nonetheless, the discrepancies between the nominal and the mea-
sured values are between 0.01% and 1.01%. Consequently, those dif-
ferences will be, reasonably, ignored.

However, DIC techniques requires (i) a tedious setup (ii) the syn-
chronization between the drop tower and the high-speed camera and
(iii) a very high time consuming treatment of the recorded images.

To simplify the procedure, eliminating the use of the images corre-
lation without loss of accuracy, displacements from both methods (DIC
vs drop tower) were compared.

Fig. 11 shows, for one of the analyzed cases, that differences ap-
pearing between both methodologies were small enough to accept the
accuracy of the results computed by the drop tower’s software (the
differences are, in all cases, below 2.5% inside the range of interest).

5.2. Test results

Results obtained for the coated and uncoated ten-specimens-batches
are presented in Figs. 12–16 in the form of engineering stress vs.
engineering strain.

For the sake of clarity, coated and uncoated results are grouped by
line type: dotted line for uncoated and continuous one for coated.

Although ten-specimens-batches have been tested, no ten curves are
plotted in all cases. The lacking results have been eliminated due to
buckling effects distorting the test.

It can be observed that not all the curves reach 30% of deformation.
Those shorter records has been truncated, as well, due to early buckling
effects.
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Fig. 13. Results for tests at strain rate of 200 s−1.

Fig. 14. Results for tests at strain rate of 266.7 s−1.

Fig. 15. Results for tests at strain rate of 333.3 s−1.

Looking at the plotted records, two aspects are evident at a glance:
(i) the stiffener effects of the binder coat promoting higher slopes in all
the cases and (ii) the dispersion of the results.

To translate these observations to a quantifiable parameter, an
average stiffness -𝐸 = 𝜎∕𝜖- and its standard deviation -𝑠- have been
computed for each case. The results are summarized in Table 1. These
values have been obtained by linear regression of the registered curves
inside the strain range from 0.05 to 0.25.
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Fig. 16. Results for tests at strain rate of 400 s−1.

Fig. 17. Stiffness vs. strain rate.

Table 1
Average stiffness -𝐸- and standard deviation -𝑠-.

Strain rate [s−1] Uncoated pellets Coated pellets

(Impact velocity [m∕s]) 𝐸 [MPa] 𝑠 [MPa] 𝐸 [MPa] 𝑠 [MPa]

133.33 s−1 (2 m/s) 7.06 0.71 11.99 1.40
200.00 s−1 (3 m/s) 7.85 1.16 14.04 1.54
266.67 s−1 (4 m/s) 8.08 0.81 14.12 1.36
333.33 s−1 (5 m/s) 9.18 1.46 14.67 1.75
400.00 s−1 (6 m/s) 10.31 0.65 15.77 0.72

In Fig. 17 these values are plotted to evidence, graphically, the
viscoelastic behavior of the material, whose average stiffness increases
with strain rate, showing a quasi-linear tendency.

It is evident, as well, the hardener effect of the resin coat, which
promotes around 50%–70% of stiffness’ increment, approximately, de-
pending of the impact velocity.

An essential parameter for the objectives of this work is the unit
dissipated energy (energy dissipated for volume unit) during the im-
pact. Fig. 18 shows this parameter normalized for each strain rate.
For normalization purposes, the minimum value -𝑈𝑚𝑖𝑛- obtained from
the tests has been used. This value corresponds to 2 m/s tests over
uncoated specimens, whose average unit dissipated energy has been
𝑈𝑚𝑖𝑛 = 151.34 kJ∕m3.

Details about the computation of this energy can be found in the
appendix, at the end of the paper.

As it could be expected, for the analyzed cases, the effect of the
strain rate and of the coat over the dissipation of energy (Fig. 18) is
parallel to their effects over the stiffness (Fig. 17).
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Fig. 18. Dimensionless dissipated energy vs. strain rate.

Fig. 19. Preliminary numerical results. Uncoated pellets. Impact velocity: 133.3 s−1.

The dissipated energy increases between, about 50%–60% with the
strain rate quasi-linearly, for both kind of specimens with and without
resin. For each strain rate, the coat causes a similar increment of this
parameter.

It is worth mentioning that the standard deviation for these values,
even the slope of the linear regression, do not match with the values
computes in Fig. 17, as it could be expected beforehand. The reason is
that the strain range used for dissipated energy computation is not the
one used for the stiffness computation. For the dissipation of energy,
the whole strain range has been considered, for each specimen, until
the buckling effect appears.

6. BB model calibration

The calibration of the model consists in obtaining a model con-
stants set providing a good agreement with the experimental results.
Obviously, this task becomes an optimization procedure.

For this purpose the software MCalibration®, by PolymerFEM®, has
been used.

It is well known that there are two main aspects determining an
optimization procedure: (i) the objective function (whose minimum is
looked for) and (ii) the optimization algorithm itself (that establishes
the way to search the minimum).

There are three the different objective functions utilized by
MCalibration®:

1. The coefficient of determination -R2-, defined as:

R2 = 1 −

[ 𝑖=𝑛
∑

(

𝑒𝑖 − 𝑝𝑖
)2 ∕

𝑖=𝑛
∑

(

𝑒𝑖 − 𝑝𝑚
)2
]

, (6)
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𝑖=1 𝑖=1
where 𝑒 stands for experimental values, 𝑝 for predicted values,
𝑝𝑚 indicates the average of the experimental values and 𝑛 is the
total number of points.

2. The mean square difference -MSD-, defined as:

MSD = 1
𝑛

𝑖=𝑛
∑

1=1

(

𝑒𝑖 − 𝑝𝑖
)2 , (7)

where the notation is as in R2.
3. The normalized mean absolute difference -NMAD-, defined as:

NMAD = 100 ⋅ ⟨|𝐞 − 𝐩|⟩∕𝑚𝑎𝑥 (⟨|𝐞|⟩, ⟨|𝐩|⟩) , (8)

where 𝐞 and 𝐩 are the experimental and predicted values vectors,
and ⟨⋅⟩ and | ⋅ | indicates mean and absolute values, respectively.

Regarding the optimization methodology, MCalibration® [32] uses
algorithms based upon known optimization techniques such random
search, genetic algorithms, quasi-Newton; among others. See [33,34],
for instance.

Three of these algorithms have been used here for comparison
purposes:

1. Global search method -GSM.
Based on covariance matrix adaptation evolution strategy al-
gorithm for finding the minimum for non-linear optimization
problems.

2. Extensive automatic method -EAM-
This algorithm switches between different optimization methods
looking for the optimal parameters set.
From the point of view of an user, a finishing criterion must be
chosen: (i) setting a tolerance that defines the parameters set as
acceptable or (ii) look for the better possible set. This election
promotes the change of optimization algorithm until the best
possible set had been reached.
In this work, both methodologies have been denoted by EAM1
and EAM2, respectively.

3. Quick automatic method -QAM-
Similar to the previous one, in the sense that switch between
different algorithms.
However, it is oriented to save time via reducing the criteria to
find the optimal parameters set.

As it is expected, the resulting parameters set depends on the
established optimization framework, i.e. the chosen couple: objective
function/optimization technique. The Tables 2 and 3 gather these
parameters sets obtained.

Those different sets propose a logical question: Which set should be
used in a numerical computation? Which one would give us a more
accurate result?

We will answer these questions in a near future paper, we are
working in this direction nowadays. By now, some very preliminary
numerical results (obtained by LS-DYNA® software, together with the
materials’ advanced library PolyUMod®) can be advanced, see Figs. 19–
22. These preliminary results let us expect very good numerical exper-
imental correlation.

7. Conclusions

The nonlinear viscoelastic characterization of a recycled rubber
from end-of-life tires has been done in this work via impact tests.

Throughout these tests, the energy dissipation capacity of this ma-
terial has also been evaluated.

This information is needed to consider such a material in posterior
finite element computations that allow us to evaluate its participation
in passive energy dissipating systems.

The material come from a recycling procedure by the Danish com-
pany genan®. This process promotes that the used material becomes a
(renewed) semi-vulcanized rubber.
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Table 2
Uncoated rubber Bergström–Boyce material parameters computed with MCalibration®

ith different objective functions and optimization algorithms.
Optimization Algorithm: GSM EAM1 EAM2 QAM

Objective function: R2

𝜇 [MPa] 1.34026 1.33085 1.34837 0.988256
𝜆𝐿 [−]a 1.92601 4.83104 1.01194 4.19013
𝜅 [MPa] 94.3357 247.874 25.1271 53.9454
𝑠 [−] 4.49308 4.48519 4.70662 4.75959
𝜉 [−] 0.0920818 0.0763386 0.0600704 0.0342387
𝐶 [−] −1.20265 −1.19497 −1.2326 −1.41137
𝜏𝑏𝑎𝑠𝑒 [MPa] 0.0237422 0.0287715 0.0413614 0.205705
𝑚 [−] 1.10006 1.1 1.10004 1.29891
𝜏𝑐𝑢𝑡 [−] 0.131032 3.64526E−05 5.75453E−04 2.79737E−06

Objective function: MSD

𝜇 [MPa] 1.29644 1.34931 1.28744 0.842169
𝜆𝐿 [−] 4.61006 5.51679 5.3315 4.07178
𝜅 [MPa] 90.5243 39.2058 509.452 208.867
𝑠 [−] 5.50858 4.65477 5.44264 5.58939
𝜉 [−] 3.68858E−03 0.0814253 0.00416792 0.0277595
𝐶 [−] −0.244413 −1.29467 −0.256971 −1.3052
𝜏𝑏𝑎𝑠𝑒 [MPa] 5.90185E−03 0.0362179 6.14563E−03 0.227438
𝑚 [−] 1.10008 1.10005 1.10002 1.30008
𝜏𝑐𝑢𝑡 [−] 0.0729218 1.03411E−05 2.31427E−04 1.35529E−04

Objective function: NMAD

𝜇 [MPa] 1.46354 1.41855 1.43208 0.991328
𝜆𝐿[−] 4.573 8.87012 9.99999 4.026
𝜅 [MPa] 107.231 65.7427 776.712 72.2666
𝑠 [−] 4.38364 4.53356 4.36757 5.10904
𝜉 [−] 0.181987 0.0797648 0.0959663 0.0232835
𝐶 [−] −1.9999 −1.14582 −1.27254 −1.25543
𝜏𝑏𝑎𝑠𝑒 [MPa] 0.0368353 0.0239409 0.025414 0.207243
𝑚 [−] 1.10001 1.10003 1.1 1.40888
𝜏𝑐𝑢𝑡 [−] 0.0677903 1.59102E−06 1.05561E−05 2.1036E−06

aNote: [−] stands for non-dimensional parameters.

Due to their unique presentation of this recycled material, as narrow
mall cylinders (pellets), the only experimental choice was to make
mpact compression test, whose setup has been successfully developed.

As this material is not used in its raw form, but agglomerated with
resin working as a binder, the tests have been done over pellets in its
riginal presentation and over pellets coated with polyurethane-type
esin.

The tests have revealed (i) the increment of the stiffness and the
nergy dissipation caused by the presence of the resin and (ii) a quasi-
inear relation between the test impact velocity, i.e., the strain rate, and
oth parameters.

To properly capture the viscoelastic behavior of the material, con-
tant strain rate tests must be done, using different velocities.

To guarantee that the strain rate does not vary during each test,
igital image correlations techniques have been applied.

As a nonlinear viscoelastic model for the material, the macromolec-
lar networks model by Bergström–Boyce has been selected.

The nine material properties defining that behavior model have
een computed via several optimization techniques, applied to the
xperimental records, via MCalibration® software.

For each optimization technique implemented in MCalibration® a
et of material constants have been obtained proving that it is possible
he characterization of the material with the setup developed along this
ork.

Very preliminary, but promising, numerical results using the cal-
brated model have been included showing the applicability of the
rocedure.

The significant ratio of energy dissipation between the minimum
ested strain rate, over uncoated pellets, and the maximum one over,
oated pellets: 2.59 (see Fig. 18), indicates the possibilities to develop
assive energy dissipation systems based on this material.
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Table 3
Coated rubber Bergström–Boyce material parameters computed with MCalibration®

with different objective functions and optimization algorithms.
Optimization algorithm: GSM EAM1 EAM2 QAM

Objective function: R2

𝜇 [MPa] 2.50012 1.88608 2.45376 1.63457
𝜆𝐿 [−]a 7.75021 9.02668 9.9449 3.86084
𝜅 [MPa] 131.646 36.3555 4.01978 82.7037
𝑠 [−] 4.04338 3.67438 7.09626 3.92806
𝜉 [−] 0.501883 0.0546378 0.0668903 0.0350974
𝐶 [−] −1.85078 −1.34949 −1.37323 −1.23014
𝜏𝑏𝑎𝑠𝑒 [MPa] 9.04048E−03 0.199065 0.122597 0.267285
𝑚 [−] 1.10045 1.35179 1.10007 1.39733
𝜏𝑐𝑢𝑡 [−] 0.411756 1.18929E−03 1.74477E−04 2.37506E−05

Objective function: MSD

𝜇 [MPa] 2.64961 2.55513 2.55551 1.87502
𝜆𝐿 [−] 5.48777 5.91477 4.20695 4.32939
𝜅 [MPa] 107.346 21.4113 37.306 126.352
𝑠 [−] 4.43373 4.48209 4.24537 3.53975
𝜉 [−] 0.287929 0.152592 0.134754 0.0328437
𝐶 [−] −1.66581 −1.59729 −1.28738 −1.23724
𝜏𝑏𝑎𝑠𝑒 [MPa] 0.030242 0.0790276 0.0550753 0.311347
𝑚 [−] 1.29847 1.3885 1.37169 1.65195
𝜏𝑐𝑢𝑡 [−] 6.3118E−04 3.22907E−04 1.49938E−04 7.68007E−05

Objective function: NMAD

𝜇 [MPa] 0.744569 2.58127 2.92152 1.91472
𝜆𝐿 [−] 2.84639 5.49782 8.21188 4.4038
𝜅 [MPa] 119.386 8.23856 4.59175 69.6776
𝑠 [−] 15.7522 4.16538 6.48776 3.44977
𝜉 [−] 2.05457E−04 0.0761447 0.169006 0.0327584
𝐶 [−] −0.598766 −1.00045 −1.65287 −1.23422
𝜏𝑏𝑎𝑠𝑒 [MPa] 0.426534 0.0607868 0.0589643 0.29799
𝑚 [−] 2.40358 1.33118 1.15687 1.58273
𝜏𝑐𝑢𝑡 [−] 0.0994694 5.03988E−03 6.42446E−04 1.91128E−04

aNote: [−] stands for non-dimensional parameters.
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Appendix. Drop tower measurements

The CEAST 9350 drop tower test machine, is equipped with the
software VisualIMPACT which computes, for each time step, the dis-
placement, the velocity and the absorbed energy from the measured
force by the instrumented hammer.

The input data for the test setup are the following:
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Fig. 20. Preliminary numerical results. Uncoated pellets. Impact velocity: 200 s−1.

Fig. 21. Preliminary numerical results. Coated pellets. Impact velocity: 133.3 s−1.

• 𝑀 : total falling mass.
• 𝑣𝑜: initial impact velocity.
• 𝛥𝑡 : time step (the inverse of sampling frequency).

The falling height is obtained from the value of 𝑣𝑜. Nevertheless, the
experimental value of 𝑣𝑜, i.e., its value at the moment of contact starts,
is measured by mean of a photocell.

The velocity of the hammer, at an instant 𝑡, is analytically defined
by the integration of the acceleration, as in Eq. (A.1), which can be,
experimentally, obtained from the measured impact force -𝐹 (𝑡)- curve.

𝑣(𝑡) = ∫

𝑡

0

(

𝐹 (𝜏)
𝑀

− 𝑔
)

𝑑𝜏 (A.1)

In Eq. (A.1) 𝑔 is the gravity acceleration and 𝜏 has been used, as
auxiliary variable, for time integration.

Numerically, this integration is evaluated as in (A.2).

𝑣𝑡 = 𝑣𝑡−1 −
(

𝐹𝑡 + 𝐹𝑡−1
2𝑀

− 𝑔
)

𝛥𝑡 (A.2)

where zero initial conditions are considered and the negative sign indi-
cates that, as usual, a reference system with a positive 𝑧-axis upwards
has been taken.

In order to adjust the displacements of the hammer with the dis-
placements of the specimens, the origin of hammer’s displacements –
let’s say 𝑢(𝑡) – is placed at the contact point.

Doing so, the analytical computation of displacements come from
the double integration of the registered force as indicated in Eq. (A.3).

𝑢(𝑡) =
𝑡 [ 𝑡 (𝐹 (𝜏)

− 𝑔
)

𝑑𝜏
]

𝑑𝜏 (A.3)
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∫0 ∫0 𝑀
Fig. 22. Preliminary numerical results. Coated pellets. Impact velocity: 200 s−1.

Numerically, its evaluation from the experimental results is done as
in Eq. (A.4).

𝑢𝑡 = 𝑢𝑡−1 +
𝑣𝑡 + 𝑣𝑡−1

2
𝛥𝑡 (A.4)

Finally, the dissipated energy until time 𝑡 -let’s say 𝐸(𝑡)- is evaluated
as the area enclosed by the force curve in a force vs. displacement plot,
i.e., as it is expressed in Eq. (A.5)

𝐸(𝑡) = ∫

𝑢(𝑡)

0
𝐹 (𝜉)𝑑𝜉 = ∫

𝑡

0
𝐹 (𝜏)𝑣(𝜏)𝑑𝜏 (A.5)

In Eq. (A.5) 𝐹 (𝜉) is the force as a function of displacements and 𝜉
has been used for displacements integration as auxiliary variable.

Numerically, this energy is evaluated as in Eq. (A.6).

𝐸𝑡 = 𝐸𝑡−1 +
𝐹𝑡𝑣𝑡 + 𝐹𝑡−1𝑣𝑡−1

2
𝛥𝑡 (A.6)
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