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Abstract
Despite the higher specific mechanical properties and the lower density of polymeric foams, these materials present cumula-
tive damage behaviour that implies in the second and successive impacts, their mechanical properties decrease drastically. 
However, cork and cork agglomerates have the ability to absorb multiple impacts so they could be a more suitable material 
in some products, such as bumpers and helmets. This article is focused on the study of five different cork agglomerates 
and a natural cork under four different maximum deformations subjected to four consecutive compression loading cycles. 
Main diagrams, such as the stress–strain, energy density and efficiency, and the variation in diverse parameters, such as the 
absorbed energy density and maximum efficiency, were investigated and compared with an expanded polystyrene foam.

1  Introduction

Traditionally, polymeric foams, especially expanded poly-
styrene foam (EPS), are used in many applications, such as 
the internal liner of all kinds of helmets, because of their 
low density and high energy density absorption capabil-
ity. This capability is due to the internal structure of foam, 
which is composed of different closed cells that trap inside 
air. Consequently, these foams exhibit a similar stress–strain 
diagram described by Gibson and Ashby (1997) that also 
defined Gibson’s model. This model establishes three dif-
ferent well-defined zones (see Fig. 1). First, during the com-
pression process, the walls of the cells compress elastically, 
so the stress–strain curve presents a linear behaviour that 
can be defined using the elastic Young’s modulus (Ec), and 
the deformation is totally recoverable. Afterwards, the walls 
cannot support the pressure of the air inside the cells and 
begin to break. Hence, the material collapses progressively 
with an almost constant stress or with a slightly increasing 
slope (plateau Young’s modulus Ep); this implies a constant 
compression load to compress the material. This zone is 
called the plateau zone and can absorb a substantial quantity 

of energy density. Finally, the air disappears, the walls con-
tact each other, and the stress increases exponentially, in 
what is called the densification zone. This zone is not suit-
able for absorbing energy density because the forces that 
appear and the decelerations increase exponentially. The 
transition point between these zones is called the elastic 
point and the densification point, and as a result, the stress 
(σc,e, σc,d) and strain (εc,e, εc,d) appear in these points that 
define the main mechanical properties.

In the cork and cork agglomerates, a similar behaviour is 
exhibited (Anjos et al. 2014); however, usually, the elastic 
Young’s modulus is lower, and the plateau Young’s modulus 
is higher. Additionally, the densification point appears ear-
lier. This behaviour supposes a lower capability to absorb 
energy density; additionally, these materials have a higher 
density that implies lower specific mechanical properties 
(Fernandes et al. 2015).

As a result, although there are many authors who studied 
the use of cork and cork agglomerates in some absorbing 
energy applications, such as helmets (Coelho et al. 2012; 
Fernandes et al. 2019; Varela et al. 2020), apart from their 
use as wine stoppers, nowadays there are few other commer-
cial applications (González-Hernández et al. 2014).

It must be highlighted here that an additional problem 
of natural cork is the variability of its mechanical proper-
ties (Anjos et al. 2011; Lauw et al. 2018). However, in cork 
agglomerates, due to their industrial manufacturing pro-
cess, it is possible to reduce this variability and to tailor 
them controlling the grain size, the density and the binder 
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(Crouvisier-Urion et al. 2018; Oliveira et al. 2014; Santos 
et al. 2017). Then, it is possible to customize the material 
depending on the application and the load that must be 
absorbed, similar to polymeric foams.

It must be noted that some authors (Chua et al. 2017; 
Fernandes et al. 2019) observed that cork and cork agglom-
erates recovered almost their initial shape (between 90 and 
98% of the strain is recovered depending on the agglomer-
ate type) after a load cycle. Hence, while it could appear 
that these materials have kept their mechanical properties 
intact, a microscopic scale analysis revealed (Le Barben-
chon et al. 2019) that some internal damage appeared. With 
strains higher than 50% (depending on the agglomerate), the 
microscopic analysis revealed that some cells have collapsed 
and buckled which prevented the total recovery of the mate-
rial. Additionally, these damages reduce their mechanical 
properties; this phenomenon is particularly pronounced in 
agglomerates rather than in natural cork due to additional 
damages onset at the interface cork/binder. However, these 
materials still exhibit high mechanical properties so they can 
absorb subsequent loadings. This capability is referred to as 
the resilience by some authors (Maderuelo-Sanz et al. 2014).

Apart from the renewable origin, the resilience is the 
most significant advantage of cork and cork agglomerates 
over polymeric foams. Consequently, because polymeric 
foams reduce their mechanical properties after an impact 
and cannot recover their initial shape, cork and cork agglom-
erates are more suitable in products that can suffer multiple 
impacts such as sports helmets (Pearsall and Dowler 2009) 
and bumpers (Chen et al. 2012). In the experimental study 
of EPS liner helmets, Wu et al. (2019) demonstrated the 
degradation in the shock absorption performance due to 
cumulative structural damage.

Notably, there are few studies that have analysed the 
resilience of cork (Silva et al. 2011) or the EPS (Lei et al. 

2015) and the behaviour under dynamic multi-impact loads 
(Sanchez-Saez et al. 2015). Sanchez-Saez et al. (2015) stud-
ied only one type of cork agglomerate using a drop tower; 
they made three successive tests and studied three different 
dimensions of the specimens and two impact energies. How-
ever, it must be pointed that the maximum strain reached 
was less than 50%.

It must be noted here that there are many methods and 
indicators to analyse polymeric foams and thus cork and 
cork agglomerates. These methods include the use of dif-
ferent types of stress–strain diagrams, energy density dia-
grams and efficiency and ideality diagrams (e.g., Avalle 
et al. 2001). The efficiency is an index that indicates the 
ratio between the absorbed energy density and the stress and 
is defined by Eq. (1).

This index evaluates the compromise of a material 
between the capability to absorb energy density and the 
stiffness.

The ideality is the ratio of the absorbed energy density 
to the product of the actual stress and strain and is defined 
by Eq. (2).

The ideality is an indicator of the efficient usage of a foam 
in terms of the capability to absorb energy density with the 
lowest stiffness and deformation.

Notably, all the above-mentioned diagrams are useful 
when the materials are selected for a specific volume. Nev-
ertheless, in some applications, it is equally or more impor-
tant to select the material to obtain a product with the lowest 
weight; this is the case for the instance of a helmet that was 
previously discussed. Then, instead of using the stress and 
the energy density, the specific stress (σs) and the specific 
energy (Ws) are more adequate. It can be easily mathemati-
cally demonstrated that the efficiency does not change if the 
specific stress and specific energy are used.

In cases where it is important to compare foams of dif-
ferent origins, some authors (Yu et al. 2019; Maskery et al. 
2017) use the normalized energy (W/Ecb) (usually presented 
on a logarithmic scale) versus the normalized stress (σ/Ecb), 
where Ecb is the Young’s modulus under compression of the 
original material (for instance, in EPS foam and the polysty-
rene material). In the particular case of cork agglomerates, 
the original material is natural cork.

In the analysis of the properties under multiple impacts, 
despite some authors studying these materials by taking into 
consideration the strain rate (Fernandes et al. 2015; Ling 
et al. 2018), due to the initial complexity of processing the 
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Fig. 1   Typical stress–strain curve for EPS
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results, this article is focused on quasi-static tests like in 
studies by other authors (Ozturk and Anlas 2009; Sherwood 
and Frost 1996). Hence, the influence of the strain rate, 
which is an important issue, will be studied in future works.

Authors, who studied multiple impacts on agglomerate 
corks and foams, usually use the drop tower test with a load 
cell and a video camera (Sanchez-Saez et al. 2015; Kac-
zynski et al. 2017, 2019a, b; Ptak et al. 2019) to obtain the 
force and the displacement, or an accelerometer (Jardin et al. 
2015; Ling et al. 2018) to obtain the deceleration. In the 
latter case, using double integration (Alam 2013) it is pos-
sible to obtain the displacement. However, the use of a syn-
chronized video camera and digital image correlation (DIC) 
software give more accurate results. Usually, the main vari-
ables studied are the maximum force, the deceleration, the 
absorbed energy, the maximum displacement and the maxi-
mum strain (Jardin et al. 2015; Ling et al. 2018; Sanchez-
Saez et al. 2015). Ptak et al. (2019) and Kaczynski et al. 
(2019a; b) also studied the force–displacement diagram. 
Only Ptak et al. (2019) also determined the stress–strain 
curves using the dimensions of the specimen and the mobile 
weight of the drop tower. It must also be highlighted that 
Jardin et al. (2015) studied four different white cork agglom-
erates and two black agglomerates with different densities 
under successive dynamic compression loadings. Whilst this 
article only analysed the main peak acceleration, it could 
be observed that the main peak deceleration increases in 
the second load cycle for all the materials, but the increase 
varied substantially among these materials.

There are some other authors who have concentrated on 
the fatigue analysis of polymeric foams (Witkiewicz and 
Zieliński 2006) that is similar to a multiple impact analysis 
and have used a low strain-rate dynamic analysis with a uni-
versal testing machine. These authors usually compare the 
variation in the stress–strain curve over time. Ozturk and 
Anlas (2009) analysed the variation in the stress–strain, the 
absorbed energy density-stress, the absorbed energy density-
strain and the efficiency-stress, and other studies are centred 
mainly on the stress–strain curve (Umud and Gunay 2011; 
Dung et al. 2015). Additionally, Simon et al. (2016) used the 
variation in the absorbed energy density across the number 
of tests. All these authors conclude that polymeric foams 
suffer significant cumulative structural damage that gener-
ates, in the case of an impact, an increase in peak decel-
eration (Jardin et al. 2015; Ling et al. 2018). This increase 
implies an increase in the head injury criterion (HIC) in the 
case of cumulative impacts with a helmet. This type of acci-
dent could appear when the head of the motorcyclist bounds 
and rebounds in the ground.

It must also be highlighted that some authors (Cappelli 
et al. 2019; Zhou et al. 2016) use multi-scale analysis to 
predict elastic properties (Young’s modulus, Poisson’s 
ratio, shear modulus, thermal conductivity, etc.) of some 

heterogeneous materials including cork agglomerates (Delu-
cia et al. 2019; De Pascuale et al. 2018). Although this 
research field is promising and, in the future, these meth-
ods could be used to tailor mechanical properties of cork 
agglomerates, nowadays they present a main drawback that 
is that they can only predict the mechanical behaviour in the 
elastic zone. However, these materials are used to absorb 
energy using mainly the plateau zone whose behaviour can-
not be predicted nowadays using multi-scale analysis.

Previously the authors also studied cork and cork prod-
ucts under unique quasi-static compression loads (Miralbes 
et al. 2020, 2021) and a simple resilience study was also 
made (Miralbes et al. 2021). Miralbes et al. (2021) analysed 
the same cork products under two consecutive load cycles 
revealing a lower resilience with regard to the resilience 
claimed in the state of the art (Pearsall et al. 2009; Chen 
et al. 2012).

This article focused on the study of the variation in the 
mechanical properties of the natural cork and five different 
types and densities of cork agglomerates under successive 
quasi-static loadings and under three differently high strains. 
Additionally, it continues this research work with a more 
in-depth analysis of the resilience studying the materials 
under four consecutive load cycles to analyse the behav-
iour after the second and the third load cycle. Not just the 
stress–strain curve but also the efficiency, ideality, energy 
density, etc. are studied. In the future, it is expected to ana-
lyse these materials under dynamic loadings. Hence, in the 
materials and methods section, the different materials and 
types of agglomerates, the standards to test these materials, 
the specimen dimensions, etc. are defined. In the results and 
discussion, the above mentioned properties are analysed and 
compared with the EPS reference ones. Finally, the main 
conclusions of the study are presented in the last section.

2 � Materials and methods

2.1 � Materials

In this article, three different white cork agglomerates 
(WCAs), a natural cork (NC), a brown cork agglomerate 
(AC) and a black agglomerate (BA) (Table 1 and Fig. 2), 
which have different grain sizes, binders and densities, were 
studied (Table 1); all these materials were provided by Bar-
nacork S.L. Additionally, an EPS, commonly used in motor-
cyclist helmets, with a density of 75 kg/m3 was also studied.

Natural cork is obtained, using axes, from the external 
bark of an oak tree without cutting the tree. This process is 
repeated in intervals of 5–8 years and produces regular flat 
sheets whose dimensions depend on the tree. However, the 
most common commercial thickness ranges between 3 and 
15 mm, and the sheet length and width ranges between 100 
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and 600 mm. Due to its natural origin, one of the main dis-
advantages of natural cork is the variability of its mechanical 
properties (Oliveira et al. 2014) that can affect not only the 
natural cork but also the cork agglomerates. Some studies 
(Lopes et al. 2001; Pereira 2013) indicate that, while the 
geographical location of the cork oak was not statistically 
significant, the quality of this tree and the quality of the 
extracted cork sheets affect the chemical properties and the 
content of suberin, water, carbohydrates, etc. that, at the end, 
condition the mechanical properties.

The agglomerates, which are more stable in terms of 
their mechanical properties, are generated using recycled 
cork and/or natural cork that is mechanically chopped into 
granules, sieved into different grain sizes and sifted to pro-
duce an agglomerate with a certain grain size and density. In 
some cases, the manufacturing process includes the use of 
pressure and/or heat to produce certain types of agglomer-
ates. Due to the manufacturing process, some limitations of 
the dimensions disappear. There are different types of cork 

agglomerates: white, black and brown cork agglomerates 
that vary depending mainly on the binder and the manufac-
turing process.

Despite the possibility of using biodegradable water-
based glues, white cork agglomerates are usually obtained 
using non-biodegradable glues due to their better behaviour 
under traction loads. Therefore, epoxy, polyester and vinyl 
and phenolic resins are the most common. Hence, the result-
ant material is no longer completely renewable.

The brown cork agglomerate is manufactured using its 
own exuded suberin as a binder, that is, a glue that the cork 
naturally exudes due to the pressure and temperature dur-
ing the manufacturing process. Consequently, the material 
remains renewable. It must be highlighted that suberin has 
poor mechanical properties that negatively affect the trac-
tion behaviour of the whole material (Paiva and Magalhaes 
2018).

Finally, the black cork agglomerate is manufactured 
in the same way as the brown cork but reaching higher 

Table 1   Studied materials, their 
density, grain size, binder and 
initial sheet thickness

Designation Grain size (mm) Density (kg/m3) Thickness 
(mm)

Binder

NC260 Natural cork None 257.5 10 None
WCA300 White cork agglomerate 0.5–2 303.8 10 Polyurethane
WCA275 White cork agglomerate 1–3 274.4 10 Polyurethane
WCA230 White cork agglomerate 2–4 232.4 10 Polyurethane
AC170 Brown cork agglomerate 2–4 168.7 20 Suberin
BA100 Black cork agglomerate 4–6 102.1 20 Suberin
EPS75 Expanded Polystyrene 2–3 75.3 36 None

Fig. 2   Cork and cork agglomer-
ates studied
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temperatures; as a result of the temperature, the granules 
expand more and the density decreases and it also acquires 
its characteristic tone.

2.2 � Methods

Whole materials were tested under quasi-static loading to 
initially determine their behaviour under compression loads, 
and afterwards, the tests were repeated three more times to 
determine the reduction in the mechanical properties of the 
material in the case of successive loading scenario.

An 8032 INSTRON universal test machine was used, and, 
although there is not a specific standard to test cork agglom-
erates, there are other standards that are used in materials 
with similar mechanical behaviour, such as urethane or EPS. 
This is the case for the standards ISO 844:2015 “Rigid Cel-
lular Plastics Compression Properties”, ASTM 3574-17 
“Standard Test Methods for Flexible Cellular Materials-
Slab, Bonded, and Moulded Urethane Foams” and ASTM 

D1621-16 “Standard Test Method for Compressive Proper-
ties of Rigid Cellular Plastics”. Because EPS75 is a rigid 
cellular plastic, the more suitable standards are ISO 844 and 
ASTM D1621. It must be noted that, whilst all the other 
aspects of the standards are similar and all of them prefer 
a prism specimen, the minimum and/or preferred dimen-
sions of the specimen change. In the case of ISO 844, the 
minimum dimension is 50 mm, the preferred specimen is a 
100 × 100 × 50 mm prism, and in the ASTM D1621, the min-
imum specimen is a 25.4 mm cube. Finally, in ASTM 3574, 
the preferred specimen is a 50 × 50 × 25 mm prism. Although 
all the standards forbid the use of bonded overlaid layers to 
obtain the desired thickness, they have been bonded using an 
elastic glue because it was necessary to obtain an adequate 
and normalized height. This height must be at least six times 
the maximum grain size and must be adequate to not exceed 
the maximum load of the test machine (100 kN). It must 
be pointed out that Kacýnsky et al. (2019) had the same 
problem when they glued two different cork agglomerates 

Fig. 3   Stress–strain curves for the EPS under multiple load processes and different maximum strains
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to create a helmet; after a rigorous analysis, they concluded 
that the glue interface does not influence the behaviour of 
the materials under compression efforts.

Finally, a 36 × 36 × 36 cube and ASTM D1621 were used. 
The test was carried out with a 5 mm/min velocity, con-
sistent with ASTM D1621, which gives a specimen strain 
rate of 0.003 s−1. The specimens were tested to obtain four 
different maximum compression strains, 50%, 62.5%, 75% 
and 90%, to analyse the behaviour under the four different 
strains. These strains appear approximately in the middle of 
the plateau zone, at the end of this zone, at the beginning 
of the densification zone and at the end of the densification 
zone.

Additionally, four consecutive tests on the same specimen 
were performed to analyse the decrease in the mechanical 
properties under multiple loads. The specimens were meas-
ured using a calliper after the test and one hour before the 
test to obtain the instantaneous and final permanent recovery 
in all cases. For both measurements, the final dimension was 
measured in five points (in the middle of the specimen and 
in the middle of the section that appears after dividing the 
cross section in four equal square areas) and the final value 
was the arithmetic mean.

All the specimens were machined using a Roland MDX 
20 CNC milling machine and a minimum finishing allow-
ance of 10 mm was used.

3 � Results and discussion

The analysis of the stress–strain curve (Fig. 3) for EPS 
reveals the low capability to absorb energy density of these 
materials under successive loading cycles. This result can 
also be observed in Fig. 4. It was observed that, for all the 
strains, EPS completely changes its internal structure, and 
especially for high strains, the plateau disappears for the 
second and successive cycles. In the case of a 90% strain, 
after the second load cycle, the EPS collapsed completely 
and did not recover, so it was impossible to perform any 
additional load cycle. The final specimen after the second 
cycle is totally flat and crumbled.

It must be noted here that an unexpected phenomenon 
appears for high strains and densification; that is, the mate-
rial recovers more from highest strains than from the other 
strains. This could be due to a “rebound effect”: during the 
densification, the material has totally collapsed, and the air 

Fig. 4   Absorbed energy for all the materials and different maximum strains
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has disappeared. As a result, the material presents a similar 
behaviour to that of the original material (before the foam-
ing process), so it compresses elastically in this zone and 
absorbs some energy density. When the load disappears, it 
acts like a spring so it recovers more strain than in the other 
cases. However, the internal structure has suffered severe 
damage, and it is not possible to support a third load cycle.

For the other strains, it can be observed that the materi-
als recover very little and present an approximately elastic 
behaviour for the second and successive cycles. It can also 
be observed that for each load cycle, the material recovers 
slightly less and, consequently, the curve is lower and is 
under the previous curve.

As a result, the capability of EPS to absorb energy density 
(see Fig. 4) is reduced dramatically for all the strains and the 
final recovery capability decreases drastically (see Fig. 5).

In the natural cork and cork agglomerates, whilst these 
materials have a better recovery capability (until approxi-
mately 25 and 40% for the maximum strain) and can handle 
more energy density than the EPS after the first load cycle, 
they present a significantly lower stress–strain curve (see 
Figs. 4 and 5). Additionally, after the first cycle, when the 
curve decreases notably, under successive load cycles, the 

curve decreases slightly. In the case of WAC300, the reduc-
tion for a strain of 90% is hardly inappreciable. Compar-
ing the curves for a strain of 90% (Fig. 6), it can be noted 
that natural cork exhibits the lowest reduction. Additionally, 
these materials present a relatively similar shape of the curve 
for the second and successive cycles with an elastic initial 
zone, a plateau and a densification. Moreover, it can be 
observed that the densification point appears with a higher 
strain, so, in some cases (NC 260, WAC270 cycle 3), the 
material does not reach a high densification. Notably, all the 
materials tested can absorb at least four load cycles for any 
strain, except for BA100 that was totally crushed after the 
second load cycle with a strain of 90%.

The materials were tested additionally with other maxi-
mum strains, and all exhibit a similar behaviour. Conse-
quently, only the comparative analysis of the curves for 
the natural cork has been plotted (Fig. 7). In these curves, 
it is possible to observe the same behaviour; that is, the 
stress–strain curve decreases significantly after the first 
cycle, and for the other cycles, the curve is slightly reduced. 
Additionally, the densification point appears later, and a 
similar curve with the three well-defined zones of the Gib-
son model (especially visible with low strains) is presented.

Fig. 5   Permanent strain for all the materials under multiple load processes
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Analysing the other diagrams (Fig. 8) that are similar for 
all the materials and maximum strains, a significant reduc-
tion in the absorbed energy density (Fig. 8a) between the 
first and second cycle and a slight reduction between the 
second and successive cycles can be observed.

In the case of the normalized energy density vs the normal-
ized stress (Fig. 8b), it is observed that the curves are similar 
and, in some parts, parallel to each other. Additionally, the 
great reduction in the properties after the first load cycle and 
the lower reduction for the other load cycles are easily noticed.

Fig. 6   Stress–strain curves for different cork agglomerates and the natural cork under multiple load processes and a maximum strain of 90%
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Related to the ideality (Fig. 8c, d), a drastic reduction in 
this index between the first and the second cycle and a lower 
reduction between successive cycles can also be observed. 
Additionally, due to the reduction in the stress–strain curve, 
the maximum value appears with lower stress and higher 
strains. Usually, the maximum ideality in foams and cork 
materials appears after the elastic zone.

Regarding the efficiency (Fig. 8e, f), which is more use-
ful than the ideality and that appears near the densification 
point where the material has absorbed energy density in a 
controlled manner, the same behaviour to that of the ideal-
ity can be observed. Figure 6e also shows the iso-energy 
density curve that could be used to obtain the efficiency to 
absorb a certain quantity of energy density for each load 
cycle.

Figure 4 shows the capability to absorb energy density 
for different maximum strains. The comparatively drastic 
reduction in the absorbed energy density between the first 

and second cycle for all the materials, especially for the 
EPS foams, can be observed. Between the second and suc-
cessive load cycles, as was previously noted, the absorbed 
energy density is slightly reduced. It can also be observed 
that cork and cork agglomerates present similar curves, 
except for the black cork and the brown cork that present 
a slower reduction between the first and the second cycle, 
so the curve is flatter. It can also be observed that, in gen-
eral, higher densities imply higher energy density absorp-
tion for most of the maximum strain and load cycles. This 
behaviour can also be observed when applied to the spe-
cific absorbed energy (Fig. 9).

It must be noted that, with the two highest maximum 
strains and after four load cycles (Fig. 4, 90% and 75% of 
the strain), some materials tend to have the same capabil-
ity to absorb energy per unit of volume, which is notably 
marked in the case of the energy absorbed per unit of the 
weight cycles (Fig. 8, 90% and 75% of strain).

Fig. 7   Stress–strain curves for NC260 under multiple load processes and different maximum strains
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Figure 10 shows a notable reduction in the efficiency 
between the first and second cycle and the slight reduc-
tion for the successive cycles. It can be observed that a 
higher maximum strain implies a higher reduction in the 
efficiency for the same material.

In relationship with the permanent strain (Fig. 5), it 
can be observed that a higher maximum strain implies a 

higher permanent deformation. Additionally, except for 
the AC170 that is totally crushed after two cycles, for the 
others, the maximum deformation increases more or less 
constantly with a low slope between the first and succes-
sive cycles. There is not a clear relationship between the 
density and the permanent deformation.

Fig. 8   Different diagrams for BCA100
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4 � Conclusion

The main conclusions obtained in this study are that, com-
pared with EPSs that exhibit an insignificant capability to 
absorb energy density under multiple loadings, cork prod-
ucts have significant capability to absorb energy density. 
However, this capability is, on average, between half and 
a third of the initial capability. This reduction is higher for 
higher maximum strains and for densest agglomerates and 
natural cork. This capability decreases slightly after succes-
sive cycles for both types of materials.

In relation to the recovery capability, compared with EPS 
that has a low recovery capability and, thus, a high per-
manent deformation, cork products show a higher recov-
ery capability and lower permanent deformations, which is 
reduced slightly after successive cycles.

With regard to the shape of the stress–strain curve, 
EPS presents a constant increasing load curve for the 
second and successive load cycles that is totally differ-
ent from the load curve for the first cycle that matches 
the Gibson model. This curve also decreases with each 
load cycle. Nevertheless, in the case of cork products, the 
stress–strain curves for all the load cycles match with the 
Gibson model, and the elastic, plateau and densification 

zones can be clearly identified. However, between the first 
and second cycles, the curve decreases significantly. For 
successive load cycles, there is a slight reduction. Addi-
tionally, more load cycles imply that the densification 
point appears slightly later.

In relationship with the ideality and efficiency, both 
decrease significantly between the first and second cycle and 
afterwards, they decrease slightly. Both phenomena can also 
be observed in the stress and the strain for the maximum 
ideality and efficiency. In the case of the strain, these phe-
nomena increase, and in the case of the stress, they decrease. 
It must also be highlighted that EPS presents a significantly 
higher reduction in the efficiency and the ideality than cork 
products.

In summary, while cork agglomerates are a renewable 
original material and have a certain capability to absorb 
energy density under successive load cycles, these capabili-
ties are not as high as some authors evoked (Pearsall et al. 
2009; Chen et al. 2012), due to the reduction in the capabil-
ity between a half and a fourth of the original capability. On 
the other hand, this capability is significantly higher than 
the EPS one.

Finally, this article has not studied the influence of the 
glue of the cork agglomerate; consequently, an in-depth 

Fig. 9   Specific absorbed energy for all the materials under multiple load processes
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analysis of this issue would be necessary in future works. 
Additionally, this article is focused only on quasi-static test 
so, it cannot predict properly the mechanical behaviour of 
the materials under a medium and high velocity impact 
where the strain rate influences deeply the mechanical 
behaviour. Thus, additional test using drop towers and Hop-
kinson’s bar should be carried out for a full characterisation 
of the materials. It must also be highlighted that, for a proper 
future study of cork for absorbing energy products such as 
helmets that can suffer successive impacts, numerical tools 
are essential. Hence, it would be imperative to define new 
numeric material models which must include the influence 
of the strain rate and the internal damage.

It must also be pointed that cork products have higher 
density than EPS, thus, while they exhibit a higher multi-
loading capability, in certain applications such as helmets 
in which the weight of the helmet has a key role, full scale 
test and an analysis of the head and neck injuries would be 
essential to compare both materials.
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