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Abstract

Virgin cork is a little-known, sustainable and relatively scarce raw material. However, its global output is expected to increase
substantially as recent cork oak plantations are stripped for the first time. The work described here aimed to examine the
factors underlying the mechanical properties of granulated cork, most particularly the type of cork (virgin or reproduction),
and to develop a technique to deliver fast and accurate assessments of the effects of said factors. A batch of virgin cork was
boiled, dried, ground and graded following standard granule classification procedures according to size and density. The
resulting granulates were then compared with equivalent commercial-grade reproduction cork granulates. Physical variables
(tapped density and moisture content) were measured and elastic recovery and Young’s modulus were used as proxies for
mechanical properties. Image analysis was used to study the size, shape and colour of the cork particles. ANOVA results
show significant effects of particle size, density class, type of cork and first and second order interactions between most
variables. Density class clearly reached the highest level of significance, whereas the type of cork was less critical. A very
strong correlation was found between granulates’ elastic recovery and their tapped density (R?>=0.98; RMSE < 1%). Like-
wise, greyscale imaging revealed a good adjustment between tapped density and grey level (R*=0.84; RMSE=24 g-171).
The primary conclusion was that the differences between virgin and standard cork granulates are small and should have no
effect on less demanding applications. Image analysis is likely to prove useful in further, more in-depth studies.

1 Introduction

Forest products, as a subset of a larger group comprising all
biological products, are becoming increasingly popular due
to their potential to replace mineral and fossil substitutes.
Forests are nowadays considered a source of renewable, bio-
degradable, inexpensive and abundant raw materials with
great potential for developing sustainable products (Sahoo
et al. 2019). In the western Mediterranean region, cork is one
of such emerging sustainable forest products.

Cork is the bark of the cork oak (Quercus suber). It is har-
vested by removing the lower section of the tree’s bark from
the trunk in a process known as stripping. The tree grows
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back its bark with no effect on its vigour or its survival.
Cork is first harvested when the tree reaches a minimum
circumference of 65—70 cm, i.e. at around 30—40 years of
age (Fig. 1).

First-harvest cork (Fig. 2) is known as virgin cork and
it is unsuitable for manufacturing stoppers (Celiége 2016).
Current industrial practices establish that only reproduction
cork planks harvested at third and subsequent harvests can
be used to make natural and granulated stoppers (Fig. 2).

The many products and co-products obtained from cork,
their value chains, the biology of the cork oak and the cork
harvesting process have been described in detail (Fortes
et al. 2004; Knapic et al. 2016; Pereira 2007, 2015; Silva
et al. 2005).

Global cork production is underpinned by the existence
of natural cork oak forests scattered across the western
Mediterranean basin. However, a substantial portion of this
region is devoted to agro-silvo-pastoral uses which hamper
regeneration and drive trees towards an aging state. For years
the decay of cork oak forests has had deleterious effects on
cork productivity (Acacio et al. 2021; Cardillo et al. 2021;
Vogiatzakis et al. 2020). To overcome this, over the last
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Fig. 1 Young cork oak with irrigation support immediately after the
first stripping. The unstripped upper section of the trunk shows the
original bark (virgin cork). In the lower stripped section, the tree will
grow a new, more uniform bark (reproduction cork)

few decades of the twentieth century the European Union
invested substantially in funding restocking of cork oak on
abandoned arable farming land (Duque-Lazo et al. 2018).
A more recent line of action has been to support cork oak
plantations with irrigation. The resulting 10-33% growth
increases in terms of trunk diameter reduce tree age at first
harvest between 6 and 10 years (Alves et al. 2020; Vessella
et al. 2010). Hence, a considerable affluence of virgin cork is
expected in the coming years. In fact, it has been estimated
that virgin cork output in the Spanish region of Extremadura
will rise from 492 t in 2019 (MITECO 2020) to an average
1.630 t/year in the period ranging from 2026 to 2060 (San-
tiago Beltran et al. 2022). However, granulates are the only
virgin cork products currently in demand.

Reproduction cork granulates are the main co-product
obtained from the manufacture of cork-stoppers. Their most
traditional and value-added application is the manufacture
of agglomerated cork stoppers, although only top quality
granulates are suitable for this purpose.

@ Springer

Fig.2 Cross-sections of cork planks. In both images, the upper
layer is the outside of the tree and the lower layer is the contact area
between the cork and tree trunk. a Virgin cork obtained from a young
tree after the first stripping. b Reproduction cork harvested from an
adult tree after several cork strippings. Circles mark the area where
stoppers would be punched. The arrow marks the dry, woody tissue
(back tissue) that was exposed with the previous stripping procedure

Cork granulate is a raw material with many great advan-
tages. Not least is its minimal environmental footprint.
Despite it being a topic currently under study, it can safely
be stated that cork products contribute to reducing carbon
footprints along their value chains (Rives et al. 2013). Pro-
cess emissions are mostly attributed to the main product, i.e.
natural cork stoppers, whilst co-products such as granulates
account for a very small fraction (Flor-Montalvo et al. 2022).
This is precisely one of the reasons behind the ever-grow-
ing number of applications for cork composites in several
fields of engineering (Duarte and Bordado 2015; Gil 2015),
including thermal and acoustic insulation of buildings and
the manufacture of sandwich structures (Duarte and Bor-
dado 2015; Gil 2015; Knapic et al. 2016; Sergi et al. 2022).
In addition, it is important to note the growing number of
applications for loose, unbound granulates, such as the
manufacture of biocoals (Wang et al. 2022), bioremedia-
tion (Celeiro et al. 2020; Todescato et al. 2021), packaging
(Motte et al. 2017) and as a substitute for shredded tyres as
filler particles for sports fields (Armada et al. 2022; Celeiro
et al. 2021; Gil 2015).

Characterisation of virgin cork granulates is required
prior to their use as a substitute for reproduction cork gran-
ulates in traditional applications. Therefore, a comparative
study is necessary to elucidate whether virgin cork meets the
requirements to replace reproduction cork in order to satisfy
the growing demand for cork granulates.

Virgin cork is different from reproduction cork in its mac-
roscopic appearance (Fig. 2) and, to a lesser extent, in its
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structure and chemical composition (Pereira 1982). How-
ever, literature on this topic is scarce and no results were
found regarding the characterisation and mechanical prop-
erties of virgin cork or virgin cork granulates. Similarly, no
results were found for reproduction cork granulates, except
for one reference which deals with their mechanical behav-
iour (Motte et al. 2017).

Improving the available knowledge of virgin cork granu-
lates should contribute to raising their market value and,
therefore, their economic profitability and social awareness
of recent cork oak plantations. This in itself justifies the
need for a detailed study of the main properties of virgin
cork granulates.

The research described here aimed to assess the effects
of the type of cork (virgin or reproduction), particle size
distribution and density on the mechanical properties of cork
granulates. Specifically, it aimed to establish any potential
differences between virgin cork and reproduction cork gran-
ulates in terms of their physical (size, shape, colour, density,
moisture) and mechanical properties.

The starting hypothesis was that there are no differences
between virgin cork and reproduction cork granulates, nei-
ther in terms of marketing parameters (shape and size of the
particles) nor in terms of their physical (density, moisture)
and mechanical (elastic recovery, Young’s modulus) proper-
ties. Confirming this hypothesis whilst studying the variabil-
ity of the parameters and how they might be influenced by (i)
the type of cork or (ii) the industrial grading process accord-
ing to particle size and density was the main target of the
work. A secondary objective was to develop a methodology
to support rapid characterisation of cork granulates’ main
physical and mechanical properties using image analysis.

2 Materials and methods
2.1 Cork granulates

Two types of loose cork granulates were used in this study:
one was a standard reproduction cork granulate (RC) and the
other was a virgin cork granulate (VC). 2 kg samples of the
RC and VC product categories shown in Table 1 were sup-
plied by the collaborating company Francisco Oller S.A. RC
is by-product of the manufacture of single-piece natural cork
stoppers. Reproduction cork planks were boiled and dried
and the natural stoppers were subsequently punched out of
them. All the trimmings, chips, perforated slices, etc. were
collected and ground. The resulting granulates were then
sifted and graded according to their density, a process that
involved the removal of particles with a higher density than
cork -generally woody, mineral or metallic impurities. Den-
sity grading resulted in the categories described in Table 1,
which are compliant with the company’s approved 0.5-2 mm
size range for commercial granulates.

VC was manufactured by the collaborating company
at the same facility specifically for this study. Virgin cork
planks were subjected to the exact same treatment as the
reproduction cork (boiling, drying, grinding) and the result-
ing granulates were sifted and density-graded in the same
way as RC.

2.2 Physical properties and mechanical behaviour

Five 150 ml test specimens were collected from every
sample and placed in an environmental test chamber at
20 °C and 65% relative humidity until they reached con-
stant weight. Subsequent treatments were performed under
laboratory conditions and readings for all test specimens
were taken within a few minutes. Therefore, it can safely be
assumed that granulate temperatures and moisture contents
were kept constant.

Table 1 Nominal characteristics
of the 10 samples used in the

study

Particle size Product category (nominal density range) Type of cork Sample code
Coarse (1-2 mm) High density (220-250 g-17") Reproduction RCH
Virgin VCH
Intermediate density (100-120 g-171) Reproduction RCI
Virgin VCI
Low density (58-62 g-171) Reproduction RCL
Virgin VCL
Fine (0.5-1 mm) Intermediate density (100-120 g~l_1) Reproduction RFI
Virgin VFI
Low density (58-62 g-171) Reproduction RFL
Virgin VFL

@ Springer



1000

European Journal of Wood and Wood Products (2024) 82:997-1007

Tapped volume was measured by filling a metal vessel
(@=5cm; h=6,1cm) to the brim with each of the test speci-
mens and placing it on an orbital shaker set to 270 rpm for
60 s. Tapped density (D60) was calculated as the ratio of the
mass of granulate in the vessel to its tapped volume:

D60 = M/V, 1)

where M is mass in grams and V/, is tapped volume in litres.

At the end of every assay, granulate moisture content (H)
was measured as the difference in weight before and after
drying in a heat chamber at 103 °C.

Mechanical properties were analysed using a similar
methodology to that of previously published works (Motte
et al. 2017). Simple uniaxial compression tests were carried
out using a ZwickRoell Z020 testing machine (Zwick GmbH
& Co., KG, Ulm, Germany) (Supplementary material, Fig.
SM1). For each of the test specimens, the metal vessel filled
with granulate was placed under the moving crosshead of
the testing machine, progressively loaded at 3.5 N s~ up to
06 =380 kPa and then immediately unloaded. Elastic recov-
ery was calculated using Armstrong and Haines-Nutt’s equa-
tion (Motte et al. 2017) for powder bed compaction:

ER = (h—hy)/h @

where h;, and h are the thickness of the packed granulate at
confining stress and 500 s after unloading the test specimen.

Stress—strain curves were plotted for all granulate samples
(Fig. 3) and Young’s modulus calculated for each curve as
the slope of its linear elastic portion, i.e. between 1 and 2%

Fig.3 Average stress—strain
curves for fine (up) and coarse
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strain values (Fortes et al. 2004). Values of Young’s modulus
were considered valid when the percentage of variability
explained was at least 99% and the slope was significantly
different from zero.

2.3 Particle image analysis

The image analysis methodology described in previously
published works (Motte et al. 2017; Vaezi et al. 2013) was
used in this study with the addition of colour measurement
by means of greyscale imaging. Five RGB images were
obtained for each sample by scattering granulate particles
on the surface of a commercial HP Scanjet G4010 scanner in
such a way that they were sufficiently apart from each other.
Image resolution was set to 600 dpi to capture between 250
and 2000 particles per image depending on particle size.
ImagelJ software (Abramoff et al. 2004) and the “analyze
images” plugin were used to transform scanned images into
16-bit type images (greyscale) and measure the size (area
and maximum caliper -Feret diameter-), shape and colour
(grey level) of every particle.

The following shape parameters were considered:

— Circularity (C) which is a function of the perimeter (P)
and the area (A) of the particle:

C=(4=#m*A)/P? 3)

Values of C range between 0 and 1 (0<C<1). 1 indicates
a perfect circle, whereas O would be an infinitely elongated
shape.

RFL —— — RFI VFL —— — VFI

= %S
S

B

20 40 60
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— Aspect ratio (AR):
AR =a/b(AR > 1) 4)

where a and b are respectively the major and minor axes of
the ellipse that best fits the particle.
— Solidity (S):

S=A/FO0O<S <1 )

where F is the convex hull of the particle, which can be pic-
tured as a rubber band wrapped tightly around the points that
define the particle. Solidity indicates the degree of convexity
of the particle. For a perfectly convex particle S=1.

Particle colour was measured as the mode of the shades
of grey (grey level) displayed by all pixels within the contour
of a single particle.

Homogeneity of particle size distribution and shape and
colour variables were measured using Vaezzi’s uniformity
index (Vaezi et al. 2013):

Ul = (P5/P90) * 100 ©6)

where P5 and P90 are the values of percentiles 5% and 90%
for each variable.

2.4 Statistical analysis

Mean and standard deviation for each of the measured
variables, as well as minimum and maximum values were
calculated (Supplementary material, Table SM1 and Table
SM2). In a preliminary analysis, graphs were used to test all
data for linearity, homogeneity of variance and normality.
Standardised residuals for all models were plotted against
independent variables to detect heterogeneity or trends in
variance. If assumptions on normality and homogeneity of
variance were not met, Kruskal-Wallis non-parametric tests
and post hoc Dunn’s tests were performed to adjust for mul-
tiple pairwise comparisons across the ten sample types using
the SAS macro developed by Elliott and Hynan (2011).
Otherwise, each of the physical and mechanical variables,
i.e. tapped density, moisture content, elastic recovery and
Young’s modulus, together with circularity and grey level,
were also analysed using a three-way ANOVA where type
of cork, particle size and product category were the main
effects and all their possible interactions were considered.
No transformation of data was required to meet ANOVA
assumptions. Significant differences in means were tested
amongst groups by comparing estimated marginal means
with Tukey adjustments for multiple comparisons. In addi-
tion, the Pearson correlation coefficient and linear regression
analyses were used to assess the relationships between vari-
ables. All tests were conducted at the a=0.05 level using
SAS software version 9.4 (SAS Institute Inc. 2016).

3 Results
3.1 Physical properties and mechanical behaviour

Table SM1 (Supplementary material) summarises the main
results obtained for the studied variables. Tapped density
was mostly within the set limits for each of the product
categories. Low density granulates were the sole excep-
tion, with mean values ranging from 61.3 to 77.7 g~1_l’
i.e. in most cases slightly above nominal limits (58-62
g-17!). Mean moisture content for high and intermediate
product categories ranged from 7.73 to 13.58%. These lat-
ter figures were relatively high compared to data found
in the literature for similar product categories. It has
been reported that under the conditions set in this study
(20 °C, 65% RH), cork without woody inclusions stabi-
lises at an equilibrium moisture content between 6 and 7%
(Gonzalez-Adrados et al. 2012; Lequin et al. 2010).

Stress—strain curves (Fig. 3) illustrate the mechanical
behaviour of cork granulate samples tested for simple
compression. Curves were shaped differently and Young's
modulus values were much lower compared to previous
studies with 20 mm-edge natural cork cubes (Anjos et al.
2014; Fortes et al. 2004). At fixed loads, lower density
granulates (RFL, VFL, RCL, VCL) registered deformation
values above 50%, whilst deformation hardly reached 30%
for high-density granulates (RCH, VCH). These deforma-
tion values set the upper and lower limits for the remaining
granulates.

Physical and mechanical variables (tapped density,
moisture content, elastic recovery and Young’s modulus)
met normality and homogeneity of variance assumptions.
Therefore, data were analysed by means of a three-way
ANOVA using type of cork, particle size and product cat-
egory as the main effects and considering all of their pos-
sible interactions. No transformation of data was required
to meet ANOVA assumptions. The three-way interaction
type of cork*particle size*product category was signifi-
cant (P <0.001) for the four variables tested (Table 2).
The presence of this significant second-order interaction
suggests that it is not easy to draw clear conclusions from
the study of the main effects and their first order interac-
tions, significant or otherwise. To analyse this three-way
interaction, the type of cork*particle size interaction for all
product categories and the type of cork*product category
interaction at all particle sizes were plotted for the four
tested variables (Supplementary material: tapped density
(Fig. SM2), moisture content (Fig. SM3), elastic recovery
(Fig. SM4) and Young’s modulus (Fig. SMY)).

ANOVA results and Figures SM2 to SM5 reflect how
empirical-knowledge-based commercial size and density
grading affect physical and mechanical variables; the effect
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Table2 Three-way ANOVA

Effect Df D60 H ER E Circ Grey

to test the effects of the type

of cork, Particgi size, product Type of cork (ToC) 1 233.7%%%  758.5%x 12084 (.4 1.3k 57 g

category and their interactions Particle size (PS) 1005 130.6%%% 1.5 17.5%%%  §30.3%k% 65 0k

on physical and mechanical

variables ToC*PS 1 233.6%% 0.0 200.2%%%  ].0%%k  [05.0%%k 277k
Product category (PC) 2 8579.0%**  6982.8*#* 2079.9%#*  G].4%## 954 4k 1997 gk
ToC*PC 2 895wk 138.0%#*  10.9%%* 0.2 9.4k 48. 7%
PS*PC 1 09 448.6%**+ 0.1 0.0 695.5%** 251 3%**
ToC*PS*PC 1 26.8%%* 138.4%%* 21.1%%* 0.0 13.27%%% 48 2%H%

D60 is tapped density, H is moisture content, ER is elastic recovery, E is the Young’s modulus, Circ is cir-
cularity and Grey is the median grey level

Df is the degree of freedom and all other figures are the F value. *, **, and *** are the significance level at
P<0.05, 0.01, and 0.001, respectively

Table3 Pearsons’ correlation coefficient between physical and
mechanical variables and between the latter and grey level (P <0.001
in all cases)

Variable D60 H ER E

H 0.952

ER -0.920 -0.924

E 0.945 0.867 -0.916

grey -0.918 -0.970 0.888 -0.832

of the type of cork, although significant, is much smaller
in all cases. This statement is best illustrated by (i) the
expected influence of product-category-controlled density
(Fig. SM2 right) on other variables such as H (Fig. SM3,
right) and ER (Fig. SM4, right) and (ii) the effect that the
type of cork had on some variables, such as H, despite
the overriding influence of density. Note that virgin cork’s
moisture content was lower than reproduction cork’s for
most of the factor combinations (Fig. SM3).

Correlation analysis was done using an average-value
matrix (n=10) for the main variables (physical, mechani-
cal and image analysis) (Table 3). Results show a strong
correlation between physical and mechanical properties.
This becomes particularly clear in the case of tapped den-
sity (D60), which is directly proportional to moisture content
and Young’s modulus and inversely proportional to elastic
recovery.

3.2 Particleimage analysis

Average values for particle size, shape and colour, as well
as a detailed description of size distribution for each sample
can be found in the supplementary material (Table SM2,
Fig. SM6). Four out of six variables used in the image analy-
ses (FeretMax, area, solidity and aspect ratio) did not meet
normality and heteroscedasticity assumptions. Therefore, in
addition to a descriptive analysis, a Kruskal-Wallis test was

@ Springer

performed to assess the differences between the ten sam-
ple types. Although a significant effect of the sample factor
was found for all sample types at a significance level below
0.01%, the differences were one-off and very small. This
led to the conclusion that no notable differences were found
between the virgin and reproduction cork granulates with
regards to these variables.

Mean grey level and circularity did meet normality and
heteroscedasticity assumptions and, therefore, could be ana-
lysed with the three-way ANOVA used previously (Table 2).
The three-way interaction cork type*particle size*product
category was significant for both variables (P=0.0003 and
P <0.001, respectively) (Table 2) and was analysed in the
same way as the mechanical variables (Figs. SM7 and SM8).

Maximum particle diameter (FeretMax) was studied in
detail (Fig. 4, Fig. SM6) because particle sizes were often
larger than the sieve openings used in the sifting phase,
e.g. FeretMax >2 mm for most of the coarse samples. This
anomaly was also observed by preceding authors and is
caused by elongated particles that are able to pass through
the mesh screen and subsequently rest on their larger sides
on the scanner. Because image analysis software typically
considers particles’ two larger dimensions, it tends to over-
estimate the size of these elongated particles.

Homogeneity of particle size distribution measured with
the uniformity index (UI) varied notably amongst samples
(Table SM2). Fine granulates displayed peak values of Ul
(UI gererpiax =48.86, Ul 4., =28.09) whilst coarse granulates
registered smaller values (Ul g eqvax =26.44, Ul ., =7.50).
This is a result of the sifting process, i.e. smaller particles
can sometimes be retained by sieves with a larger mesh
opening (1 mm), but it is not possible for larger particles to
pass through smaller mesh sizes.

Regarding shape, results matched expectations and were
similar to previously published figures (Table SM2): (i)
elongated particles with a length-to-width ratio between
1.5 and 2 (AR =1.5-2), (ii) moderately spherical particles
(average circularity values between 0.47 and 0.62) and (iii)
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Fig.4 Mean maximum particle
diameter (FeretMax) values for
coarse (left) and fine (Right)
samples (mm). Letters at the
base of each pair of columns
indicate the product category:

high density (H), intermediate = =
density (I), low density (L) -

mean feret

1-2mm |

L | L
05-1mm

clearly convex particles (average solidity values between
0.81 y 0.86) similar to those described in previous works
(0.89+0.04) (Motte et al. 2017). This suggests that milling
processes are quite uniform across the European cork indus-
try. Differences in circularity between virgin and reproduc-
tion cork were almost non-existent for coarse samples (1-2
mm) and small in the case of fine samples (Fig. SM7).
Finally, particle colour in terms of grey level was quite
homogeneous across all samples (Ul =59.86-65.10), with
average values clearly driven by product category. Irrespec-
tive of particle size, product categories with higher nominal
densities (H, I) registered lower grey level values, i.e. darker

Fig.5 RGB (a) and 16-bit (grey
scale) (b) image of granules
from RCH sample (coarse, high
density reproduction cork).

1: pure cork granules; darker
zones correspond to summer-
autumn cells. 2: granules with
anomalies (“earthy” tissue). 3:
granules with woody back tissue

[Type of cork: @ Reproduction M Virgin |

colour, whilst product categories with lower nominal densi-
ties (L) returned higher grey level values (lighter colour).
The explanation for this is that, as seen at microscopic scale
(Pereira 2007) (p. 40 ff), denser tissues present in the granule
(lignified areas, summer-autumn cells which are smaller in
size and have thicker walls, anomalies like “earthy” cork)
have a darker colour, whilst lighter areas are made up of
larger spring—summer cells with thinner walls (Fig. 5).
Granules from defect-free areas of the plank where the
only tissue present was cork had a lower density. On the con-
trary, the presence of any other type of tissue or areas with
higher density summer-autumn cork cells would result in
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higher density granules (Fortes et al. 2004). Most virgin cork
samples had a lighter colour than reproduction cork samples,
which suggests that the type of cork had some effect on the
grey level variable (Fig. SMS).

Correlation results (Table 3) show that the median
grey level displayed a significantly strong correlation
(p<0.001 in all cases) with physical and mechanical
variables: tapped density (Pearson’s correlation coeffi-
cient=-0.918), moisture content (Pearson’s correlation coef-
ficient=-0.970), elastic recovery (Pearson’s correlation coef-
ficient=0.888,) and Young’s modulus (Pearson’s correlation
coefficient=-0.832).

4 Discussion

As is the case with all forest products where genetic intervention
has been kept low or is non-existent, the characteristics of cork
vary to a high degree. This work aimed to deliver new knowl-
edge about the physical and mechanical properties of cork by
studying the variability of virgin cork granulates, a raw material
which until now had been scarcely studied.

Variance analysis (Table 2) shows the influence that the
factors considered (type of cork, particle size, product cat-
egory) had over the physical and mechanical properties of
granulates, as well as the existence of interactions between
them. Despite this hampering easy interpretation of the
results, a very high level of significance was found for the
influence of Product Category on Density (D60) -which is
obvious- but also on Moisture Content (H) and mechanical
performance (ER, E). This suggests that granulate manufac-
turers are empirically aware of the critical effect of density,
which most likely is why they use this parameter to grade
cork granulates into product categories. Despite the difficul-
ties encountered with the interpretation of results, it stood
out that for most variables the F value was much greater for
the product category factor than for all other factors and
their interactions.

The variables behind cork’s mechanical performance
have been studied in depth since the initial works on the
subject were published towards the end of the twentieth
century (Fortes et al. 2004; Gibson et al. 1981). Specifi-
cally, compressive stiffness was found to be closely related
to density in 20 mm-edge natural cork cubes (Anjos et al.
2014) and agglomerated cork products. Compressive stiff-
ness was also found to be directly proportional to particle
size in agglomerated cork (Sergi et al. 2022). Figure 3 shows
that loose granulates behaved in exactly the same way: under
constant strain, deformation was greater at lower densities
and particle sizes. Quite conspicuous significant differences
were found between the curves of fine granulates, but not
between the curves of their coarse counterparts. Regardless
of particle size, compressive stiffness was lower for virgin
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cork granulates (VFL, VFI) than for reproduction cork gran-
ulates (RFL, RFI).

Relationships between tapped density (D60), elastic
recovery (ER), moisture content (H) and colour are due
to the variability in the composition of tissues present in
granules. As explained above, darker colour is related to the
presence of denser woody tissues and anomalies, which do
not have the elastic properties of pure cork cells. This also
explains why H was found to be greater in dense granulates
and, to a lesser extent, why it was higher in reproduction
cork compared to virgin cork. Water molecules attach to free
OH radicals, which are abundant in woody materials and
scarce in the very hydrophobic suberin, the main component
of cork cells. The type-of-cork effect would be contained
already in the density effect: virgin cork does not incorpo-
rate most of the woody inclusions present in reproduction
cork (back tissue) and is therefore slightly less dense than
reproduction cork. This is the reason for its relatively greater
elastic recovery and lower moisture content.

Strong correlations found between, on the one hand,
elastic recovery and density and, on the other hand, grey
level and tapped density encouraged the development of a
model to describe the relationships between variables. Sev-
eral models were tested to describe the relationship between
tapped density and elastic recovery and the reverse model
delivered the best results. Figure 6 shows a scatterplot of
elastic recovery against tapped density and the correspond-
ing regression curve. The regression equation was:

ER = 4.05+ (2033.46/D60) ©)

where ER is elastic recovery in % and D60 is tapped density
in g-17!. This regression model accounts for over 98% of the
variance and predicts elastic recovery to a high (0.9560)
degree of accuracy (RMSE). Graphical analysis of the resid-
uals showed that they were randomly distributed without a
clear pattern (Fig. SM9).

This shows that mechanical performance of cork granu-
lates is driven almost exclusively by density. The greater the
density, the greater the compression stiffness and the lower
the elastic recovery.

Correlations found in the mean value matrix (n=10)
(Table 3) suggest that it is possible to estimate the main
variables with grey level readings. The relationship between
tapped density and grey level also returned a high level of
significance using a simple linear model (R%=0.840) (Fig. 7
left). The regression equation was:

D60 =914.116—-6.58 = grey ®)

where D60 is tapped density in g-1-! and grey is the median
grey level. This model predicts tapped density with a 24.0 g-17!
accuracy (RMSE).
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An exponential model also returned a good level of signifi-
cance (R?=0.8856) for the relationship between ER and grey
level. The regression equation in this case was (Fig. 7, right):

®

where ER is elastic recovery in % and grey is the median
grey level. This regression model predicts elastic recovery
with a 3.8% accuracy (RMSE).

Graphical analysis of the residuals showed that they are
randomly distributed without a clear pattern (Fig. SM10).

These models support accurate estimation of a granulate’s
density and mechanical performance using simple image anal-
ysis. More complex techniques such as NIRS (Perez-Terrazas
et al. 2020) are likely to make relevant contributions towards
a full characterisation of cork granulates.

ER = 0.308 s "0y

5 Conclusion

Cork granulates, like most forest products, remain heteroge-
neous in terms of their physical and mechanical properties
even after undergoing processes designed to reduce such

heterogeneity (sifting, product grading according to density
and stabilisation in an environmental test chamber).

Type of cork (reproduction cork or virgin cork) has a sig-
nificant effect on cork granulates’ physical properties and
mechanical performance. However, such an effect is driven
by other factors that came into play in this study (particle
size, product category). In fact, product categorisation based
on granulate density was found to be the critical factor.

Mechanical response to uniaxial compression in terms
of elastic recovery is mostly dependent on tapped density.
Regardless of the combination of ruling factors it is pos-
sible to predict the level of elastic recovery of a sample of
cork granulate with its tapped density. The model provided
(Eq. 7) predicts elastic recovery with a root mean square
error below 1%.

Image analysis is a fast and simple technique support-
ing reliable predictions of the main physical characteristics
(size, shape, density) of cork granules and it may prove use-
ful in monitoring the processes involved in the manufacture
of cork granulates. A good understanding of said character-
istics unlocks high-precision predictions of cork granulates’
mechanical performance under compression.

@ Springer
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Fig.7 Left: grey level (average-value matrix, n=10) vs tapped den-
sity (g 171) scatterplot. The solid line is the regression line (Eq. 8).
The dark-shaded region shows the 95% confidence interval and
dashed lines are the upper and lower 95% prediction intervals of

The differences in mechanical performance between vir-
gin and reproduction cork granulates are small and should
have no effect in applications where granulates do not need
to be bound, e.g. sports field infilling. However, further
research is needed regarding other applications, such as
composite manufacturing.
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