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A B S T R A C T   

If the compressive strain–stress curve of cork has already been largely described, its relationship with the cork 
structure still requires a better understanding. In this study, quasi-static and Progressive Repeated Loading (PRL) 
tests in compression have been performed on natural cork with a tensile machine. The elastic modulus was 
measured by a quasi-static compression test on cube or parallelepiped specimens considering different strain 
measurements methods: crosshead displacement, extensometer, and full field measurements method (Digital 
Image Correlation or DIC method). Regardless of the considered strain measurement method, the elastic modulus 
of cork remains in the same order of magnitude. The PRL test carried out at different nominal strains (3 %, 20 %, 
46 %, 66 %, 80 %) highlighted the time dependant behaviour of cork (viscous properties). Moreover, a stiffening 
of the material was observed when increasing the strain at each loading/unloading cycle. Finally, the full field 
measurement following compression revealed the heterogeneity of the strain distribution on the cork external 
surface, resulting in localised regions of deformation. From the perspective of compression behaviour, these 
results lead to a new interpretation of cork which can be considered as a composite material.   

1. Introduction 

Cork is obtained from the outer bark of the oak tree (Quercus suber 
L.). This lightweight natural material has good chemical stability [1], 
low permeability to liquids [2], rather high barrier to gases [3] and 
thermal-acoustic insulation properties [4]. Moreover, it exhibits 
outstanding mechanical properties, particularly in compression. It is 
able to undergo large deformations up to 80 % of strain [5]. Cork also 
displays a fast and important dimensional recovery when the stress is 
released [6]. All these properties have led to use cork for various ap
plications such as oenology (stoppers), material engineering (expanded 
cork agglomerates for thermal insulation [7], concrete structure [8], 
anti-vibration layers [9], ablative insulator in spacecraft [10]), and 
medicine (therapeutic shoes) [11]. World cork production is about 200 
thousand tons per year, with 147 thousand tons (73.5 %) intended for 
the manufacturing of cork-based stoppers [12]. 

Cork is an alveolar material that is annually produced by the phel
logen activity of the oak tree between April and November. It grows 
along the radial direction of the tree [13] (Fig. 1a). The outer bark 
protects the tree from dehydration and fire [14]. Cork is composed of 
phellem. This botanical term refers to the closed, dead and empty cells. 

According to the nomenclature of plant anatomy, the spatial orien
tation is based on tree growth. The apical growth of the tree corresponds 
to the axial direction (z-axis). Perpendicularly, the stem thickening of 
the tree represents the radial direction (y-axis). The tangential direction 
(x-axis) is orthogonal to both radial and axial directions [13] (Fig. 1a, 
1b). As shown by Scanning Electron Microscopy (SEM), cork is an 
anisotropic material [16] (Fig. 1c). According to the direction of 
observation, cork cells display a different and characteristic geometrical 
pattern. In the tangential plane (x-z axis), hexagonal cells are connected 
base to base and organised in staggered rows, arranged in a two- 
dimensional honeycomb structure. In the transverse plane (x-y axis) 
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and radial plane (z-y axis), brick-shaped cells are arranged in parallels 
rows. Moreover, in the radial plane, the cell walls showed corrugations 
(Fig. 1c). The thickness of the cell wall is about 1 µm [16]. 

Phellem is sprinkled with macroscopic channels named lenticels 
which cross it radially. In the oak tree, their role is to enable gas ex
change with the outside environment. As a natural product, cork is a 
heterogeneous material with a high variability that affects the number 
and size of lenticels. Lenticels are composed of lignified cells originated 
from lenticular phellogen with a cell wall 10 times thicker than that of 
the phellem cells [17]. In the radial or transverse plane, they appear as 
elongated rectangular channels in the range of 100 µm to a few milli
metres thickness, while in the tangential plane, they show a circular/ 
elliptical shape. Lenticels are usually referred to as the porosity of the 
cork. This parameter is also related to the visual selection used to 
determine the quality of cork stoppers [13]. 

In the case of cork stoppers used for bottling wine, the most studied 
mechanical property is the compressive behaviour of the material [18,19]. 
For still wines, the stopper (natural or agglomerated cork) is firstly com
pressed in the bottling machine in the radial and tangential directions. 
Secondly, it bounces-back to the inner diameter of the bottleneck, that 
corresponds to a 40 % v/v compression of the material in the bottleneck. In 
the case of sparkling wines, the compression of the stopper in the bottle
neck even reaches 70 % v/v [20]. However, in this case, agglomerated 
cork is used. The compressive behaviour of agglomerated cork was also 
studied for construction applications as energy-absorbing material [9], for 
mobility applications such as helmets used in micro-mobility [21], for 
motorcycle helmets [22], and in the case of damping and shock absorp
tion, to improve its impact strength [23,24]. 

The compressive behaviour of natural cork has been extensively 
studied in the literature. From quasi-static compression test, cork ex
hibits a mechanical behaviour characteristic of a cellular material. It 
consists of three regions described as firstly the elastic-like region, then 
the plateau region and finally the densification region. The stiffness of 
cork is usually characterized by the elastic modulus calculated from the 
slope of the elastic region of the nominal strain–stress curve 
[6,16,25–28]. It has already been shown that several factors can affect 
the mechanical behaviour of cork such as hydration state [5,19], tem
perature [25], anisotropy [16,27,28], growth rate [27], cork origin [28], 
density and porosity [29,30]. With regard to these last two parameters, 
the corresponding studies revealed that density has a significant influ
ence on the strain–stress curve of cork, with an increase in the resistance 
to compression for densest cork, considering a selection of different 
commercial quality classes (good quality – “class 1” and poor quality – 
“class 4”). However, no clear correlation with porosity was observed. 
From a general point of view, it is worthy to note that the use of quasi- 
static compression tests to determine the mechanical properties of cork 
is tantamount to considering cork as a mechanically homogeneous 
material. However, this assumption is not really consistent with the 
physical structure of cork, composed of phellem and lenticels, which 
have different chemical compositions [17]. This is an important issue in 
order to better understand the relationship between the structure and 
the mechanical behaviour of cork in compression. Moreover, the inter
pretation of the elastic modulus and, in particular, the respective 
contribution of lenticels and phellem to the stiffness of the material 
requires further investigation. To that purpose, quasi-static compression 
tests were performed using not only crosshead displacement and 

Fig. 1. (a) Spatial reference used to indicate the planes and direction in the cork structure as defined in plant anatomy. (b) Cork macroscopic structure illustrated by 
a punched bark with a stopper. (c) Scanning Electron Microscopy (SEM) observation from axial direction (or transverse plane in blue), radial direction (or tangential 
plane in green) and tangential direction (or radial plane in yellow) adapted from [15]. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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extensometer, but also a camera for full field measurement in order to 
determine the strain fields on the cork surface using the Digital Image 
Correlation (DIC) method. Although the DIC method has never been 
used to study the behaviour of natural cork, it has recently been applied 
to agglomerated cork used in material engineering applications to 
analyse the strain distribution in heterogenous systems under static 
[31,32] and dynamic [32] loading. In addition, to study the evolution of 
the mechanical properties in compression, such as softening/hardening 
and time dependent behaviour, cork was subjected to a non-monotonic 
loading by a Progressive Repeated Loading test (PRL). 

2. Materials and methods 

2.1. Sample preparation 

Natural cork stoppers were supplied by the company Bouchon 
Trescases S.A. (Le Boulou, France). Analyses were performed on cylin
drical cork stoppers (24 mm diameter, 49 mm height) referred to as high 
quality (class 0) without surface treatment. From 14 different stoppers, 
14 cubes of 15 × 15 × 15 mm3 and 7 parallelepipeds of 15 × 15 × 33 
mm3 were manufactured with a micromilling machine (Kern micro 
GMBH, Germany). Then, they were stored under controlled conditions 
of temperature and relative humidity, at 25 ◦C and 53 % RH respec
tively. To set that RH, magnesium nitrate hexahydrate saline saturated 
solution was used (Mg(NO3)2⋅6H2O, Sigma-Aldrich, CAS 13446–18-9, 
Germany). Cork samples were stored until equilibrium was achieved 
(more than 3 months). 

2.2. Mechanical testing 

Mechanical testing of cork was performed using an MTS Criterion 45 
tensile machine equipped with a 5 kN load cell. Compression tests are 
performed on each sample along the tangential direction between two 
parallel steel platens at a crosshead displacement rate of 1 mm⋅min− 1. 
The steel platens were covered with polytetrafluoroethylene (PTFE) film 
(0.125 mm thickness) to reduce the friction coefficient between platens 
and cork. Strain measurements were realized with three different de
vices: (i) the displacement of the machine crosshead, (ii) an extensom
eter (INSTRON 2620) with a gauge length of 12.5 mm and a strain range 
of ± 40 % (± 5 mm) and (iii) a camera to evaluate the strain fields using 
the Digital Image Correlation (DIC) method, as shown in Fig. 2. Cube 

and parallelepiped geometries (composed of phellem and lenticels) were 
chosen to compare the different approaches. In particular, the exten
someter was used to perform the quasi-static compression test only on 
parallelepipeds. It cannot be used on cubes due to their too small size 
and the high strain applied. 

2.2.1. Quasi-static compression test 
Quasi-static compression tests were carried out on different sample 

geometries: cubes and parallelepipeds. Raw data were collected directly 
from the machine acquisition setup. 15 mm edge cubes were compressed 
along the tangential direction up to 80 % of nominal strain to obtain the 
full strain–stress curve of the material. For these large strain ranges, this 
latest was measured by the relative displacement of the machine 
crosshead. The elastic modulus was calculated in the interval between 
1.5 % and 2.3 % of strain, from the slope of the elastic region in which all 
samples showed a quasi-linear behaviour. When a small deformation is 
applied (< 3 % of strain) nominal stress σn (MPa) is calculated as the 
measured force F (N) divided by the initial section area of the sample A0 
(mm2): 

σn =
F
A0

(1) 

The nominal strain εn (-) is calculated as follow: 

εn =
ΔL
L0

(2)  

With ΔL the relative displacement of the crosshead and L0 (mm) the 
initial length. 

For higher strain the true or logarithmic stress is calculated and 
defined by the following relation: 

σ = σn × (1+ εn) (3)  

The associated true or logarithmic strain ε (-) is given by Eq. (4). 

ε = ln(1+ εn) (4)  

Quasi-static compression test was also carried out on 15 × 15 mm2 base 
and 33 mm height rectangular parallelepipeds, which were vertically 
compressed along the tangential direction up to 10 % of strain. For this 
geometry, above this strain the sample exhibits buckling phenomena as 
shown in Fig. 3. 

Fig. 2. Quasi-static compression test carried out with crosshead displacement, 
extensometer and Digital Image Correlation (DIC) camera for the compression 
of 15 × 15 × 15 mm3 cork cube and 15 × 15 × 33 mm3 cork parallelepiped. 
Progressive repeated loading test carried out with crosshead displacement for 
the compression of 15 × 15 × 15 mm3 cork cube. 

Fig. 3. Buckling phenomenon observed for parallelepiped of 15 × 15 mm2 base 
and 33 mm height during the quasi-static compression test carried out with the 
crosshead displacement and the extensometer. 
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The strain was measured from the relative displacement of the machine 
crosshead and the extensometer. For comparison purposes, a specific 
strain range for each analysis was selected in the elastic region, in which 
all samples showed a quasi-linear behaviour. Two ranges were considered: 
from 0.4 % to 1.2 % of strain (crosshead case) and from 0.4 % to 0.8 % of 
strain (extensometer case). 

2.2.2. Digital image Correlation (DIC) 
In the case of the quasi-static compression test, Digital Image Cor

relation (DIC) method was simultaneously used. DIC is a non-contact 
optical technique used to determine the full field measurements of a 
sample surface by measuring the displacement of pixels in digital images 
after deformation compared to a reference image [33]. The images were 
recorded with VIC®-Snap software using a PointGrey® GrassHoper 
camera equipped with a telecentric objective Edmund 0.20x (Fig. 2). 
This lens enables constant magnification regardless of the object’s dis
tance or location in the field of view. Therefore, the measurements of the 
dimensions of an object will be independent of its position. For cubes, 60 
images were acquired in the first minute and then 20 images per minute 
until the end of the test. For parallelepipeds, 60 images per minute were 
acquired during the test. Post-processing images for the calculation of 
the strain field, for both geometries, were carried out by using UFreckles 
V 2.0 software [34]. The image registration is based on the optical flow 
equation as defined below: 

f (x) = g(x+ u(x) ) (5)  

where f is the reference image, g the deformed picture and u the 
searched displacement field. Using the Ufreckles software, Eq. (5) is 
solved by using a non-linear least-squares algorithm as given in Eq. (6). 

Er2 =
∑

[f (x) − g(x + u(x)) ]2 (6)  

The algorithm normalizes the grey level of the image minimizing the 
influence of lighting variation. A mesh is generated to interpolate the 
displacement field with four nodes quad elements [34]. The region of 
interest (ROI), manually selected on the cork surface, is associated to a 
rectangular area used to interpolate the displacement field. This zone 
does not include the boundary zone of the sample to prevent edge im
perfections from corrupting the results. The DIC camera is connected to 
the tensile machine to record the load. The stress (MPa) as a function of 
strain (y axis; compression direction) is plotted. Following the data 
treatment with Ufreckles software, the elastic modulus is calculated 

from the slope of the elastic region in which samples showed a quasi- 
linear behaviour. 

The Poisson’s ratio has been calculated based on the DIC method 
during the quasi-static compression test. The pixel displacement for two 
directions (x, y axis) is extracted from the comparison of pattern 
displacement between two consecutive images. The x axis corresponds 
to the transverse axis (perpendicular to the compression direction), 
while the y axis represents the longitudinal direction in which cork 
sample is compressed by the crosshead as defined in Eq. (7). 

ν = −
εxx

εyy
(7)  

Following the data treatment with Ufreckles software, the transverse 
strain (εxx) as a function of the longitudinal strain (εyy) is plotted. With 
DIC method, mean values of transverse and longitudinal strain fields are 
computed. Finally, a linear regression was used to obtain the Poisson’s 
ratio mean values for each sample. The same procedure is used for the 
calculation of the elastic modulus. For both geometries, the elastic 
modulus and the Poisson’s ratio for non-radial directions were calcu
lated in the elastic region in the interval set between 0.1 % and 1.5 % of 
strain. Poisson’s ration is extracted, in relation with Fig. 5, from zone 1 
(Elastic-like behaviour). 

In addition, for cubes, the image thresholding analysis was per
formed on the strain fields measured at 1 %, 5 %, 10 % and 15 % of 
strain. From this analysis, the percentage of lenticels on the surface of 
the cork cube and the corresponding percentage of compression was 
calculated. Tests were performed on 7 replicates for both geometries. 

2.2.3. Progressive repeated loading test (PRL) 
Five successive loading–unloading cycles were applied on cubes, 

with a crosshead displacement rate of 1 mm⋅min− 1, at increasing nom
inal strains of 3 %, 20 %, 46 %, 66 % and 80 %, corresponding to the 
different regions (elastic, plateau and densification) of the characteristic 
nominal strain–stress curve. Following the procedure summarised in 
Fig. 4, cork cube was first loaded by the crosshead displacement up to a 
defined strain, then unloaded until the crosshead returned to its initial 
position (no strain applied to the sample for each cycle), before starting 
a new cycle immediately. 

The evolution of tangent modulus at different strain values allows to 
determine the evolution of the material stiffness under progressive 
repeated loading. In case of monotonic tests (tensile or compression 
tests), it is not possible to evaluate this evolution. The test was 

Fig. 4. Crosshead displacement at increasing strains values as a function of time for PRL test corresponding to the five loading/unloading cycles.  
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performed on 4 different samples. The tangent modulus was calculated 
from the true and nominal strain–stress curves of the unloading cycles. A 
third order polynomial was interpolated over the first 200 points, then, a 
derivation of the third order polynomial function was applied. 

2.3. Statistical analysis 

Statistical analyses were performed on data obtained from quasi- 
static and progressive repeated loading (PRL) tests in compression. 
The Student’s t-test (p value < 0.05) was used to compare the mean 
value of the elastic modulus measured by the crosshead displacement 
and DIC for cubes. For parallelepipeds, one-way ANOVA with a Tukey’s 
multiple comparison test was used (p value < 0.05) to compare the mean 
value of the elastic moduli obtained for each strain measurement 
method: crosshead displacement, extensometer and DIC. For the PRL 
test, one-way ANOVA was used to compare the tangent modulus ob
tained for each of the five unloading cycles. The Student’s t-test (p value 
< 0.05) was used to compare the respective values of the nominal and 
true tangent moduli for each unloading cycle. 

3. Results and discussion 

3.1. Determination of the initial elastic modulus of cork from monotonic 
compression test 

The mean strain–stress curve of the cork cubes obtained from quasi- 
static compression tests is shown in Fig. 5. The 95 % distribution cor
responding to all values of strain–stress curves of cork cubes (n = 6) is 
also represented by the red area in Fig. 5. Cork samples were compressed 
up to 80 % of nominal strain in the tangential direction, as detailed in 
the materials and methods section. The typical mechanical behaviour of 
cork material is shown in Fig. 5. As already reported in many studies 
[16,27–29] three distinct regions can be distinguished. In the first re
gion, up to 3 % of strain, cork shows an elastic-like behaviour (Fig. 5, 
zone 1). A stress value close to 0.5 MPa is reached. Then, between 3 % 
and 55 % of strain, a horizontal plateau is observed (Fig. 5, zone 2). It 
corresponds to the progressive buckling of the cell walls. In this region, 
cork presents a constant stress value of approximately 1 MPa. Finally, 
above 55 % of strain, a densification region is characterised by the 
collapse of the cells (Fig. 5, zone 3). This gives a sharp increase in the 
stress values, from 1 MPa to 8 MPa. 

The elastic modulus (E, MPa) of cork was calculated in the elastic region 
from the slope of the nominal strain–stress curve (Fig. 5, zone 1). An 
average value of 19.7 ± 5.1 MPa was calculated for the quasi-static 

compression test carried out with the crosshead displacement. As re
ported in Table 1, the compressive behaviour of cork under environmental 
conditions similar to the present study (temperature and relative humidity) 
have been thoroughly investigated in the literature. From tangential 
compression, Anjos et al. found similar values on 20 mm edge cork cubes, 
with elastic modulus values between 11.2 ± 1.7 MPa and 19.1 ± 4.5 MPa 
[29,30]. Similarly, Fortes and Nogueira carried out compression testing on 
30 mm edge cork cubes in the non-radial direction, reporting a value of 19 
MPa [26]. All these previous studies converge towards the fact that cork 
exhibits a higher stiffness in the radial direction with an average elastic 
modulus of 16.8 MPa, which is approximately 27 % higher than those 
obtained in the non-radial directions with a mean value of 12.3 MPa (axial 
and tangential) [5,6,16,25–30]. However, it is worthy to note the very high 
variability of the elastic moduli, as reported in Table 1, with values ranging 
from 5.9 MPa to 46.9 MPa for the radial direction and from 3.1 MPa to 
22.1 MPa for the non-radial direction. This wide range of values can be 
explained by the biological origin of cork and the environmental conditions 
to which it is exposed, which can affect the annual growth ring and thus the 
density of cork. In addition, the high variability of the porosity, from good 
quality class (class 0) to poor quality class (class 4), can also have an impact 
on the mechanical properties. Regarding the way of performing test, it is 
also interesting to note that the quasi-static compression tests performed 
with the crosshead displacement were not performed in standardised 
conditions in term of (i) solicitation rate, (ii) sample size, (iii) temperature 
and relative humidity. To date, there is indeed no international standard 
method for studying the mechanical behaviour of cork material in 
compression. The only exception is for cork stoppers, for which a simplistic 
standard exisfts for determining the dimensional recovery under 
compression after three minutes, following the bottling operation [35]. 

In the field of material engineering, extensometer is commonly used 
as a standard device to measure the strain for materials such as metals, 
composites, or polymers. For this reason, it was selected in this study to 
determine the elastic modulus of cork. In this case, cork parallelepipeds 
were vertically compressed along the tangential direction up to 10 % of 
nominal strain. The strain–stress curve, up to 6 % of strain, obtained 
using the crosshead and the extensometer, are shown in Fig. 6. The 
tangent line represents the selected strain interval in the elastic region of 
each curve where the elastic modulus (E, MPa) was calculated. 

Digital Image Correlation (DIC) method was also used to determine 
the elastic modulus of cork. In addition, this method also measured the 
strain in the transverse direction, perpendicular to the compression di
rection. In this case, the Poisson’s ratio for non-radial directions was 
calculated as the ratio between transversal and longitudinal strain. For 
comparison purpose, Table 2 shows the values of the elastic moduli 
obtained from quasi-static compression tests, as provided by crosshead 
displacement, extensometer and DIC methods. The value of Poisson’s 
ratio is also shown for both sample geometries. 

For parallelepipeds geometry, an average value of 23.0 ± 1.1 MPa, 
30.1 ± 3.7 MPa and 24.9 ± 1.6 MPa was measured with the crosshead, the 
extensometer, and DIC, respectively. The value determined from exten
someter is significantly different from the those obtained from crosshead 
and DIC methods. The latter two did not show significant difference. On 
the contrary, in the case of cork cubes, these two methods gave signifi
cantly different values, with 19.7 ± 5.1 MPa and 30.8 ± 4.2 MPa, 
respectively. Moreover, regardless of the method used to determine the 
elastic modulus of cork, the variability of the data remain in the same 
order of magnitude. The Poisson’s ratio, with an average value of 
0.34 ± 0.07 for cork cubes and 0.33 ± 0.03 for cork parallelepipeds, was 
determined for the non-radial directions. They are in the same order of 
magnitude as the values from Gibson et al. and Fortes and Nogueira, who 
reported a Poisson’s ratio for non-radial directions of 0.5 ± 0.05 and 0.26 
(standard deviation not given for this last value), respectively. The small 
discrepancy that appears between these results can be attributed to the 
dimensions of the sample and the device used to measure the Poisson’s 
ratio (a DIC camera was used in this study while an extensometer was used 
in the two other studies). These values are three times higher than those 

Fig. 5. The mean strain–stress curve (black line) obtained from quasi-static 
compression tests performed with a constant crosshead displacement rate of 
1 mm⋅min− 1 on 15 × 15 × 15 mm3 cork cubes compressed up to 80 % of 
nominal strain (n = 6). All samples were compressed parallel to the tangential 
direction. (Red area: confidence interval at 95 %). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Table 1 
Values of elastic modulus of cork found in the literature for the radial, axial and tangential directions, obtained from a quasi-static compression test. Values are expressed as average ± standard deviation. (N/A = not 
available, N/D = not determined).  

Quasi-static compression test conditions Elastic modulus, E (MPa) 

Ref. Direction 

Cork sample Geometry (h × l × w) (mm3) Test speed (mm⋅min− 1) T (◦C) RH (%) Strain interval (%) Radial Axial Tangential 

Commercial cork 15 × 15 × 15 N/A N/A N/A N/A 20 ± 7 13 ± 5 13 ± 5 [16] 
Low porosity cork 20 × 20 × 20 2 N/A N/A 1 - 1.5 16.8 ± 5.8 14.8 ± 0.9 12.4 ± 2.3 [25] 

Low porosity 16 × 16 × 16 
0.2 

20 N/A 1 - 1.5 
6.0 ± 2.2 3.1 ± 0.8 4.9 ± 0.8 

[6] 2 7.1 ± 1.5 4.0 ± 2.3 8.5 ± 1.5 
20 13.0 ± 1.2 6.0 ± 0.3 12.5 ± 1.0 

Low porosity cork 30 × 30 × 30 3.8 N/A N/A 1 - 2 29 19 [26] 
Large cork 
Medium cork 20 × 20 × 20 2 N/A N/A 1 - 1.5 

9.9 ± 0.4 9.2 ± 0.5 7.9 ± 1.3 
[27] 13.2 ± 0.7 12.0 ± 1.5 9.6 ± 1.4 

Small cork 16 × 16 × 16 11.5 ± 1.0 10.9 ± 0.6 8.6 ± 0.7 
Low porosity cork N/A 1.6 × 10-3 s− 1 N/A 6 0 - 5 10.0 7.0 [36] 

15 5.9 5.2 
Raw cork planks (class 1) 20 × 20 × 20 2 N/A N/A 1 - 2.5 17.9 ± 2.9 16.6 ± 1.8 13.4 ± 1.4 [29] 
Raw cork planks (class 4) 18.6 ± 3.3 17.1 ± 2.3 11.2 ± 1.7 

Low density 130–150 kg.m− 3 

20 × 20 × 20 2 N/A N/A 1 - 2.5 
17.4 ± 4.5 16.6 ± 3.3 14.4 ± 4.8 

[30] Mid density 150–190 kg.m− 3 22.6 ± 5.1 16.3 ± 2.6 16.8 ± 3.9 
High density 190–250 kg.m− 3 26.1 ± 4.5 18.5 ± 5.2 19.1 ± 4.5 

Planks from oak forest 18 × 18 × 18 2 N/A N/A 1 - 2 10.4 ± 3 9.2 ± 2.6 [28] 
Natural raw cork stoppers (class 0) 15 × 15 × 15 60 25 53 N/A 46.9 ± 8.1 N/A 22.1 ± 2.0 [5] 

Natural cork stoppers (class 0) 15 × 15 × 15 1 25 53 1.5 - 2.3 N/D N/D 19.7 ± 5.1 Present 
work  
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reported for the radial/non-radial and non-radial/radial directions, with a 
value of 0.097 and 0.064 [16,26]. The results obtained from the quasi- 
static compression test showed that the determination of the elastic 
modulus of cork is affected by the method used for the strain measure
ments. Crosshead displacement corresponds to a global measurement of 
the rigid displacement between the fix and mobile steel platens. When 
using this method, cork is therefore considered as a homogeneous material 
in which a uniform stress distribution is applied. This is obviously a 
simplifying assumption, given the morphology of cork. Similar to the 
strain measurement performed with the crosshead displacement, when 
using the extensometer, cork is also assumed to be a homogeneous ma
terial. This method is based on a local measurement of the strain in the 
middle of the sample. The presence of the extensometer positioned on a 
selected region of the sample can induce a local increase of the material 
stiffness due to the pressure applied by the elastic bands attached to the 
surface of the sample. This leads to a higher value of the elastic modulus. 
On the contrary, DIC clearly revealed a heterogeneous strain distribution 
on the cork surface, providing spatial information about the macroscopic 
deformation of cork (Fig. 8). The respective contribution of lenticels and 
phellem to the stiffness of the material will thus be further discussed in 
more details. Finally, it’s worth pointing out that the extensometer and 
DIC methods can only be used to study the first part of the strain–stress 
curve, up to 10 % and 15 % of strain, respectively. On the contrary, the 
strain measured with the crosshead displacement provide the full 
strain–stress curve, up to 80 % of strain. To further investigate the 
strain–stress curve and to better understand its relationship with the cork 
structure, a progressive repeated loading test was also performed in this 

study. 

3.2. Response of the cork material to Progressive Repeated Loading (PRL) 
cycles 

In addition to the investigation of the behaviour of cork under 
monotonic compression test, the response of the material to successive 
compression cycles was also studied. Fig. 7a shows the regions of the 
nominal strain–stress curve and the corresponding nominal strain values 
for which PRL test was performed. A typical nominal and true strain–
stress curve obtained for five successive cycles are displayed in Fig. 7b 
and 7c, respectively. Each curve consists in a loading and unloading 
cycle. The loading curve of the 1st and 2nd cycles are characterised by an 
initial single linear slope, while for the successive loading curve of the 
3rd, 4th, and 5th cycles, different slopes are observed (Fig. 7b and 7c). As 
displayed in Fig. 7d, a tiny hysteresis between the loading and unloading 
curve is noticeable for the 1st cycle. Moreover, when cork is compressed 
up to 20 % of strain, the 1st and 2nd loading cycles overlap (Fig. 7d). On 
the contrary, from the 2nd to the 5th cycle the hysteresis between the 
loading and unloading curve becomes more important. In addition, 
between the 2nd and 3rd, 3rd and 4th and 4th and 5th cycle the loading 
curves do not overlap and a stress loss appears (Fig. 7e). This indicate 
that a part of cork does not recover its original shape between two 
successive cycles. It is noteworthy that after each of the five successive 
compressive cycles, cork does not exhibit the same mechanical behav
iour. By definition, the elastic modulus is calculated from the slope of the 
elastic region of the true strain–stress curve. In the case of cork, it is 

Table 2 
Elastic modulus values obtained from the slope of the elastic region of the nominal strain–stress curves when a quasi-static compression test is applied on cork cubes (n 
= 6) and parallelepipeds (n = 7) using the crosshead displacement, extensometer and DIC methods. The extensometer cannot be used on cubes because of their too 
small size and too high strain applied. Poisson’s ratio is also reported for non-radial directions measured for cork cubes and parallelepipeds by DIC. Values are 
expressed as average ± standard deviation. Statistics: One-way ANOVA (Significant differences, with p value < 0.05, are indicated with different letters. a, b: dif
ference between strain measurement methods for cork cubes. α, β: difference between strain measurement methods for parallelepipeds). (N/A = not available).  

Method 

Elastic modulus, E (MPa) from nominal strain–stress curve 

Cork sample geometry 

Cube 15 × 15 × 15 mm3 Parallelepiped 15 × 15 × 33 mm3 

Crosshead displacement 19.7 ± 5.1a 23.0 ± 1.1α 

Extensometer N/A 30.1 ± 3.7β 

Digital Image Correlation (DIC) 
30.8 ± 4.2b 24.9 ± 1.6α 

Poisson’s ratio, νNR/NR 

0.34 ± 0.07 0.33 ± 0.03  

Fig. 6. Strain-stress curve obtained from quasi-static compression test: comparison between crosshead and extensometer. Measurements were carried out on par
allelepipeds of 15 × 15 mm2 base and 33 mm height compressed up to 6 % of nominal strain parallel to the tangential direction (n = 7). Black tangent lines represent 
the range selected for the elastic modulus calculation: from 0.4 % to 1.2 % of strain (crosshead) and from 0.4 % to 0.8 % strain (extensometer). 
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calculated from the nominal strain–stress curve, in all studies (as re
ported in Table 1). When cork is subjected to small deformation (up to 3 
% of strain), the nominal elastic modulus is similar to the true elastic 
modulus. However, when cork is subjected to larger deformation these 
values are different. ln large deformation, the effect of the instantaneous 
cross-sectional area is not negligible. In such a case, there is no linear 
correlation between strain and stress fields, thus making the calculation 

of the elastic modulus not accurate. Moreover, in the case of the PRL test, 
it was not possible to calculate the elastic modulus from the slope of the 
linear region of each loading curve because different slopes were 
observed for the 3rd, 4th and 5th cycles (Fig. 7b and 7c). For this reason, a 
tangent modulus was calculated from each unloading cycle, considering 
the slope of the linear region for both the true and nominal strain–stress 
curves (tangent line, Fig. 7b and 7c). 

Fig. 7. (a) Representation of the region of the nominal strain–stress curve in which the PRL test was performed. (b) Nominal strain–stress curve obtained for five 
consecutive progressive cycles performed on cork cube. (c) True strain–stress curve obtained for five consecutive progressive cycles performed on cork cube. (d) 
Hysteresis phenomenon observed between loading and unloading on the 1st cycle (1st and 2nd loading curves overlap). (e) Stress loss observed between 3rd and 4th 

loading curves. 
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The tangent moduli values are given in Table 3. For the true tangent 
modulus, a monotonic evolution was observed from the 1st to the 5th 

unloading cycle, which values from 34.9 MPa to 1806.0 MPa. Similarly, the 
nominal tangent modulus values increased from 32.4 MPa to 554.3 MPa. 
For both cases, only the 1st cycle is significantly different from the 5th cycle, 
while the 2nd, 3rd and 4th cycles are not different, highlighting the high 
heterogeneity of cork as a natural material. It is also worthy to note that the 
1st unloading cycle of the true and nominal tangent moduli are not 
different, whereas from the 2nd to the 5th cycles, they shown significance 
difference. Furthermore, the values of the tangent modulus of the 2nd,3rd, 
4th and 5th cycles calculated from the true strain–stress curve were higher 
compared to the corresponding value obtained from the nominal strain–
stress curve. This result confirms that when cork is subjected to small de
formations, the tangent moduli calculated either from the true or from the 
nominal strain–stress curve are not significantly different. 

The stiffening of the material observed when increasing the strain at 
each loading/unloading cycles may be due to structural changes 
occurring in cork. The overlapping of the first two cycles reveals that 
when cork is subjected to small deformations (3 % of strain), it responds 
as an elastic material and only reversible modifications in the cork 
structure occur. In contrast, following large deformation (> 20 % of 
strain), the stress loss observed between successive cycles show that cork 
exhibits a time dependant behaviour (viscoelastic behaviour). It in
creases from 2 % for the 2nd-3rd cycles to 7 % for the 4th-5th cycles 
(Fig. 7e). This indicates delayed modifications in the material structure 
which can be attributed to the viscous component. Furthermore, the 
contribution of the viscous component of the material to its mechanical 
behaviour is also highlighted by the large hysteresis observed between 

loading and unloading curves (from the 2nd to the 5th cycles). Unam
biguously, cork is a viscoelastic material. Its strain–stress curve is 
characterised with an elastic region in which the material returns to its 
original state once the stress is removed, and a viscous region, in which, 
it does not fully recover [37]. The hysteresis and the stress loss phe
nomena observed following the PRL test, can be attributed to structural 
changes of the cell walls. At large deformation, a buckling phenomenon 
occurs, and the cell wall network starts to deform non-homogeneously. 
This first hypothesis may explain the change in the slope of the loading 
curves observed for the 3rd, 4th and 5th cycles. Concerning the stress loss 
observed between 2nd and 3rd, 3rd and 4th, 4th and 5th loading curves 
(Fig. 7e), two hypotheses can be formulated. Firstly, it can be assumed 
that the application of a large deformation, the cell walls undergo 
irreversible structural damage which does not allow them to fully 
recover. Secondly, the viscous component of the cell walls may be 
characterised by multiple relaxation times, ranging from instantaneous 
to extremely slow recovery. Rosa and Fortes observed an almost full 
dimension recovery (less than 1% of residual deformation in the 
compression direction) of 16 mm edge cork cubes subjected to quasi- 
static compression test at 30 % of strain at 20 ◦C after 20 days. In 
contrast, when a larger strain up to 80 % was applied, a permanent 
deformation was observed even after 70 days (more than 5 % of residual 
deformation in the compression direction) [6]. In another study, the 
same authors investigated the stress relaxation and creep behaviour of 
cork. They used a compression test with loading-relaxation-unloading 
cycles applied on cork in order to simulate the performance of a cork 
stopper (30 % of strain compression in the tangential direction, 10 min 
relaxation, 10 min in unloaded condition, 10 cycles). The loss in 
dimensional recovery of cork was attributed to stress relaxation phe
nomenon associated with the unfolding process of the buckled cell walls 
[38]. In a more recent study about the viscoelastic properties of cork, 
suberin was assumed to be the macromolecule responsible for this 
phenomenon [37]. 

According to its alveolar structure, the mechanical behaviour of cork 
in compression can also be compared with that of other cellular mate
rials. Polymeric foams, manufactured from polymers such as poly
urethane (PU), polystyrene (PS), polyethylene (PE), polypropylene (PP), 
polyethylene vinyl acetate (EVA), nitrile rubber (NBR), polyvinyl chlo
ride (PVC), and other polyolefins [39], exhibit a compressive mechan
ical behaviour comparable to that of cork. Their strain–stress curve also 
shows three distinct regions. In the first region, up to 10 % of nominal 
strain, the foams show a quasi-linear elastic deformation in which the 
elastic bending of the cell edges and the elongation of the cell faces 
occurs. Then, they are characterised by a flat plateau region with an 
almost constant stress value up to ~ 60 % of strain, in which the cell 
edges collapse occurs. Finally, above ~ 60 % of strain, the foams exhibit 

Table 3 
Tangent modulus (MPa) calculated from the true and nominal strain–stress 
unloading curves for each unloading cycle in the PRL test. Values are expressed 
as average ± standard deviation. Statistics: One-way ANOVA (Significant dif
ferences, with p value < 0.05, are indicated with different letters. a, b: difference 
between the 5 cycles for the true tangent modulus. γ, δ difference between the 5 
cycles for the nominal tangent modulus). T-student test (Significant differences, 
with p value < 0.05, are indicated with different letters. α, β: difference between 
the corresponding cycle for the true tangent and nominal tangent moduli).  

Unloading cycle 
Tangent modulus (MPa) 

True strain–stress curve Nominal strain–stress curve 

1 34.9 ± 13.4a, α 32.4 ± 12.4γ, α 

2 45.4 ± 8.4a, α 30.8 ± 5.8 γ, β 

3 94.7 ± 23.8a, α 43.3 ± 11.0 γ, β 

4 331.6 ± 101.3a, α 118.2 ± 36.5 γ, β 

5 1806.0 ± 624.0b, α 554.3 ± 193.4δ, β  

Fig. 8. Digital Image Correlation method: (a) reference image of the natural cork cube used to measure the displacement of pixels along y-direction. (b) Strain 
measurement εyy (%) displayed as a full field on the cork cube surface represented by a rectangle coloured isovalues. The pink areas show the pixels which moved the 
less, while the blue regions correspond to the regions where the pixels displacement is the most important. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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a densification region in which the stress increases sharply, charac
terised by the collapse of the cells [4]. Sun et al. studied the mechanical 
behaviour of polymer foam (polymethacrylimide, PMI) subjected to 
loading–unloading cycles up to 95 % of strain. They noted that the 
loading–unloading curves exhibit a viscoelastic hysteresis, mainly 
resulting from the viscosity of the cell-wall material. This hysteresis was 
rather limited between unloading and reloading curves for strains lower 
than 30 %, while for larger strains it became more marked [40]. In 
another study, Ramsteiner et al. analysed the deformation behaviour of 
polymer foam (polystyrene, PS). They found that the deformation 
behaviour of this polymer foam in compression is inhomogeneous. The 
cells are destroyed heterogeneously, with highly densified regions next 
to undeformed regions [41]. A similar phenomenon is observed for cork 
in which the deformation behaviour could be attributed to a structural 
change in the phellem cell walls and/or in the lenticels cell walls. Thus, 
cork may be considered as a cellular damaged material when large 
deformation is applied (up to 80 % of nominal strain). 

3.3. Contribution of lenticels to the mechanical properties of cork in 
compression 

Digital image correlation (DIC) was used to measure the strain fields 
on the cork sample subjected to a quasi-static compression test. Fig. 8a 
shows a reference image of a 15 × 15 × 15 mm3 natural cork cube 
composed of phellem (cork cells) sprinkled with lenticels. An example of 
post-processing DIC analysis is shown in Fig. 8b. The strain εyy (%) 
measured along the crosshead displacement direction (y-axis) is dis
played as a full field measurement of the cork surface. It is represented 
by a rectangle coloured with isovalues according to pixels displacement. 

A typical DIC analysis carried out on natural cork compressed at 1 %, 
5 %, 10 %, and 15 % of nominal strain is reported in Table 4. The full 
field measurement of the cork cube surface obtained for each strain is 
displayed as a rectangle, coloured according to the strain distribution. 
The pink areas correspond to the regions in which pixels moved the less, 
while blue regions correspond to the regions where the pixels 
displacement is the most important. The corresponding images before 
and after thresholding analysis (application of a binarization filter) are 
also displayed. From these last images, the lenticels proportion was 
calculated for each strain applied to the sample, as well as the proportion 
of shrunk lenticels following the compression. Data obtained for the 
other samples are provided in the appendix. A first observation of the 
DIC images reveals that when cork is compressed, the initial cross- 
sectional area in contact with the crosshead changes. By compressing 
cork from 1 % to 15 % of strain, the surface in contact with the crosshead 
becomes larger, while the transverse section is smaller. Moreover, the 
strain-field images clearly highlight that the deformation is not uni
formly distributed throughout the material. Indeed, localised regions of 
strain appears between phellem and lenticels. Particularly, in the region 
around lenticels the highest strain level is observed, representing a very 
localised strain (stress concentration at the lenticel’s interface). This 
observation is also supported by the fact that the percentage of lenticels 
decreases from 3.4 %, before applying the compression test, to 2.2 % 
when applying strain at 15 % on cork cube. This clearly reveals a 
shrinkage of lenticels which is even more important when the nominal 
strain is applied. On the contrary, in the phellem area without lenticel, 
the strain is more homogeneously distributed. This phenomenon was 
observed for all samples analysed. These results clearly evidenced the 
heterogeneous behaviour of cork when subjected to compression high
lighting the fact that cork itself can be considered as a composite ma
terial. In the literature, Anjos et al. already studied the effect of the 
lenticular porosity on the compressive behaviour of cork. Good quality 
(small and few lenticels) and poor-quality cork planks (high number of 
lenticels with large cross-section area) were compressed up to 80 % of 
strain at a constant crosshead displacement rate of 2 mm⋅min− 1. As the 
strain–stress curves obtained were similar for both quality classes with 
different porosities, they concluded that the effect of the porosity on the 

compression of cork was not significant. Nevertheless, a trend towards 
an overall increase in stress with porosity was noticeable for strains 
above 25 % [29]. To date, there is no data available in the literature on 
the use of DIC for natural cork. If DIC has already been recently applied 
to study the mechanical properties of agglomerated cork, therefore a 
composite internal with polyurethane adhesive [31,32], it is the first 
time that is applied on natural cork. Therefore, these results highlight 
that the respective role of lenticels and phellem is of fundamental 
importance to better understand the relationship between the structure 
of cork and its compression properties. 

4. Conclusions 

This study investigated the compressive mechanical behaviour of 
natural cork. To this end, the elastic modulus of cork was determined by 
a quasi-static compression test using the crosshead displacement, the 
extensometer and the Digital Image Correlation (DIC) methods. 
Although different values were obtained according to the different strain 
measurements methods, they remain in the same order of magnitude. 
The response of the material to five successive compression cycles was 
also studied by progressive repeated loading (PRL) test. From the 
strain–stress curve of the 3rd, 4th and 5th loading cycles, different slopes 
were observed which highlight changes in cellular structure of cork. The 
tangent modulus was calculated from each unloading cycle. It increased 
with the increasing strain of loading/unloading cycles, from the 1st to 
the 5th, showing a strong stiffening of the material. Furthermore, from 
the 2nd to the 5th cycles, a huge hysteresis and a stress loss were observed 
on the corresponding strain–stress curves, revealing the time dependent 
properties of cork, particularly its viscous component, which are char
acterised by several relaxation times. Finally, DIC unveiled the hetero
geneity of the strain distribution throughout cork under compression, 
showing localised regions of strain between the phellem and lenticels, 
which leads to consider cork as a composite material. In particular, the 
qualitative results obtained by the DIC method applied to the quasi- 
static compression test represents a first step towards a better under
standing of the structure–mechanical property relationship of cork. To 
go further in understanding the compressive behaviour of cork, the 
respective role of the phellem and the lenticels should be investigated by 
non-destructive in-situ image analysis at the microscopic scale. More
over, the relaxation phenomena related to the viscous component in the 
cork structure should be studied in more details. 
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Table 4 
DIC analysis and thresholding (after binarization) of a cork surface (cropped according to Fig. 8) performed at 0 %, 1 %, 5 %, 10 % and 15 % of nominal strain during the quasi-static compression test on a cork cube.  
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Cube 2 (25 ◦C and 53 % RH).  
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Cube 3 (25 ◦C and 53 % RH).  
M

. G
erom

etta et al.                                                                                                                                                                                                                             



Materials&
Design235(2023)112376

14

Cube 4 (25 ◦C and 53 % RH).  
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Cube 5 (25 ◦C and 53 % RH).  
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Cube 7 (25 ◦C and 53 % RH).  
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