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ABSTRACT 

 

The use of sandwich structures in the aircraft industry has increased considerably in recent decades. The core of these 

structures have mechanical properties which aim to optimize the response against static loads, and especially dynamic 

loads. In the case of an aeronautical application, the structure is subject to vibration efforts from the aircraft itself such as 

the vibrations of the engines, wing’s aeroelasticity phenomena or stresses and accelerations induced by maneuvers, such 

as the impact on the runway or impact of objects. The cork agglomerates have interesting mechanical characteristics when 

used in sandwich cores. Thus, we sought to characterize a cork agglomerate, for future use in aeronautics. We developed 

a method of characterizing a cork core (NL20) in tension-compression and bending tests in low and middle frequencies. 

The parameters selected for this characterization were the Young Modulus and the damping factor. The influence of the 

frequency and amplitude of the displacements were studied and the relation between these variables was defined using a 

new variable (strain rate). Finally, interpolations were made to build a numerical model. The results show non-linear 

variations with amplitude and frequency, and have good interpolations of results through second degree polynomials. The 

nonlinear phenomena recorded are congruent with the results in the reference literature. Finally, solutions to improve and 

validate the behavior model built are presented. 

 

KEYWORDS: Complex Young Modulus, Cork agglomerate, Damping factor, Dynamic tests, Sandwichs structures 

 

 

1. Introduction 

Sandwich structures have increasingly been used in 

aeronautical applications. This type of structures is 

composed by two small thickness layers in each side, 

called outer skins, and a thicker interior layer named 

core. The core is designed in order to withstand shear 

stresses and absorption of vibration and impact forces. 

Cork cores have the necessary characteristics for the use 

in sandwich structures. Besides having good 

compression response and vibration absorption, cork 

cores have remarkable thermal and acoustic isolation 

characteristics. This material is extracted from the bark 

of the oak tree, being therefore more ecological than its 

synthetic competitors. Their density, when compared 

with commercial foams, represents their largest 

drawback. 

Having the increase of this material’s usage in the 

aeronautical industrial context as a goal, a decrease in its 

overall density is needed. Hence, it is crucial to properly 

characterize the material’s dynamic properties so as to 

proceed to the design of the structure that fulfils the lower 

density purpose. 

Due to its unique properties, cork has been gradually 

more examined in different contexts.  

Silva et al [1]. analysed several articles focused upon the 

chemical composition of cork and the factors that 

contribute to its diversity. 

Gil [2] catalogued a great amount of cork composites 

previously studied along with its fabrication method, 

advantages and disadvantages. 
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Rosa and Fortes [3] studied the traction and compression 

behaviour and commented on the unusual response of 

cork to these solicitations; the Young Modulus is larger 

on tension than on compression. 

Gameiro et al [4] experimented with dynamic loads using 

a SHPB system and determined the tension-extension 

curves. They concluded that the stiffness of the material 

within the elastic regime depends on the strain rate. 

Several authors [5] [6] [7] have tested and commented 

upon the energy absorption capabilities of cork and cork 

composites. Despite the variability of the experiment 

setup, it is a general conclusion that these materials 

possess better energy absorption properties than other 

commercial solutions. 

Moreira et al [8], Policarpo et al [9], [10] and Piriz et al 

[11] determined the Complex Young Modulus of this 

type of materials. They observed that frequency and 

amplitude influenced the Young Modulus and the 

damping factor. 

One of the applications of this material was the AeroCork 

project. AeroCork consisted of a prototype where cork 

core was implemented as a substitute for the foam cores 

in sandwich primary structures. Ricardo [12] developed 

work in sandwich and micro-sandwich structures which 

were applied in this project. 

This research aims to develop a robust method of 

characterization of the Complex Young Modulus and to 

understand the influence of the different solicitations on 

this property of the material. 

 

2. Theoretical Background 

This work was divided in three main parts, each 

composed by traction-compression and bending tests. 

Firstly, failure tests were done in order to have a 

preliminary characterization of the material. Then, low 

frequency tests were performed using a traditional servo-

mechanic Instron machine. Finally, medium frequency 

tests were conducted with an appropriate vibration setup. 

In this work, we refer to low frequency tests when using 

up to 0,5Hz solicitations. Medium frequencies were 

considered to be those between 20Hz and 1000Hz. 

The Complex Young Modulus can be represented by: 

𝐸∗ = 𝐸(1 + 𝑖𝜂) 

Where, E is the Young Modulus, i is the imaginary unit 

and 𝜂 is the hysteretic damping factor. 

This parameter can be computed by applying a dynamic 

load. In this case, the phase lag between the force and the 

displacement produces an ellipse when plotting the force-

displacement response of the material [13]. 

 

Figure 2.1 – Hysteretic Loop for a cyclic load 

The damping factor is calculated from the phase lag by: 

𝜂 = 𝑡𝑎𝑛(𝛿) 

where δ is the phase lag 

In the medium frequency tests one and two degrees of 

freedom models were applied. One degree of freedom 

was used to determine the mechanical characteristics of 

the system sample+clamps in traction-compression tests 

and calculate the percentage of damping introduced by 

the clamp elements. The two degrees of freedom model 

with hysteretic damping was applied in the frequency 

dependence tests [14]. The equations for this system are: 

{
𝑚1�̈�1 + 𝑘∗(𝑥1 − 𝑥2) = 𝐹

𝑚2�̈�2 + 𝑘∗(𝑥2 − 𝑥1) = 0
 

Both of them can be used to compute 𝑘∗, where  

𝑘∗ = 𝑘(1 + 𝜂𝑖) 

To calculate E, the following equation can be used 

E =
𝑘𝐿

𝐴
 

where, k is the stiffness, L is the length of the simple and 

A is the cross area. 

In the preliminary characterization and the low frequency 

tests, a digital image correlation system was used to 

measure the displacements of the samples. The system 

used was the commercially available VIC2D software. 

This option was selected over traditional electric strain 

measuring systems since these increase local stiffness 

and can only evaluate local displacements. 

3. Experimental Setup 

For the traction-compression tests at low frequency the 

setup used consisted of a servo-mechanic test machine 

with a load cell of 500N while the displacement was 
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measured using the VIC2D software. The Young 

Modulus was determined dividing the amplitude of the 

force by the difference of displacement in two different 

points of the sample. The value of η was calculated by 

measuring the phase lag between the force and 

displacement of the test machine’s displacement bar. 

For testing of traction-compression at medium 

frequencies the displacements were measured with a 

Polytec laser velocimeter. The sample is placed between 

two larger masses functioning as a spring with negligible 

mass. The force solicitation is done by a shaker. The 

lasers determine the displacement of each mass and the 

force is deduced by the acceleration of the second mass. 

 

 

Figure 3.1 – Experimental setup for traction-compresion medium 

frequency test 

The 4-point bending test uses the same equipment as the 

traction-compression tests at low frequency. The 

distances between the rollers used in the test are shown 

in the image below where A=20mm, B=40mm and 

C=80mm. In these tests, the Young Modulus was 

computed using the VIC2D to calculate the curvature 

radius of the mid-thickness line of the sample. The value 

of η was determined in the same manner as in the 

traction-compression tests. 

 

Figure 3.2 – 4 point bending test setup used in low frequency tests and 
preliminary characterization 

The bending at medium frequency used the same setup 

as the tests of traction-compression at medium 

frequencies. Yet, in order to calculate E, it would be 

necessary to measure four variables and the laser 

available only has two data acquisition channels, making 

it impossible to determine E at medium frequency 

bending tests. 

4. Results and Discussion 

In the performed tests the material was evaluated using a 

variation in amplitude as well as frequency. The response 

to a strain rate variation was also studied. 

4.1. Preliminary characterization 

A primary characterization was done to calculate the 

maximum stress and maximum displacement. The 

Young Modulus and Poisson Coefficient were also 

calculated from these results. The table below presents 

the obtained results for the traction failure test for 

different strain rates. 

 
80 

mm/min 
40 

mm/min 
5 

mm/min 

Maximum 
Force (N) 

3,25E+02 3,33E+02 3,17E+02 

Displacement 
(mm) 

1,98E+00 1,84E+00 2,06E+00 

Maximum 
Stress (MPa) 

9,30E-01 9,74E-01 9,38E-01 

Extension 5,99E-02 5,67E-02 6,72E-02 

E (MPa) 1,56E+01 1,72E+01 1,40E+01 

Table 4.1 – Results for traction failure tests for different strain rates 

These results are the average of test of three samples for 

each strain rate. No dependency on the strain rate is 

apparent in the obtained results. 

The Poisson Coefficient results gave considerably 

disperse values, especially for high strain rates. However, 

this dispersion has an approximate average of 0,06. 

The Young Modulus value given on the table above was 

calculated using the maximum tension value divided by 

the correspondent extension. The Young Modulus was 

also computed using the entire test data resulting in a 

Young Modulus value for each data point. It was visible 

by this analysis that as the extension increased, the 

Young Modulus decreased. 

Shaker 

LASER1 LASER2 
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Figure 4.1 – Evolution of E with extension for the traction failure test 

For the case of the bending failure tests the results are 

shown in the table below. 

 
80 

mm/min 

40 

mm/min 

5 

mm/min 

Maximum 

Force (N) 
7,25E+01 7,71E+01 6,82E+01 

Displacement 

(mm) 
1,07E+01 1,04E+01 1,11E+01 

Table 4.2 - Results for bending failure tests for different strain rates 

Again, the strain rate does not visibly influence the 

obtained results. The Young Modulus was again 

computed for each data point as is shown in the plot 

below. 

 

Figure 4. 2 - Evolution of E with extension for the bending failure test 

As observed and commented for the traction-

compression tests, as the displacement increases the 

Young Modulus decreases, giving however, larger results 

for the Young Modulus than on traction-compression 

tests. 

4.2. Low and medium frequency test 

Below the results for E and η are presented as function of 

amplitude, frequency and strain rate for the traction-

compression test. 

A one degree of freedom test was performed to determine 

the percentage of damping introduced by the clamp 

elements. For the frequency of 300Hz these elements 

introduced 24% of the total damping calculated. This 

percentage is deducted from the damping values 

calculated in the low frequency tests, assuming that this 

percentage is independant of frequency. 

With the increase of the amplitude of solicitation, the 

Young Modulus decreases; as the frequency increases, 

this effect of the amplitude is lessened. 

 

Figure 4.3 – Evolution of E and η with frequency for the traction-
compression test 

From figure 4.3, it can be seen that for the lower 

frequency range, the E remains approximately constant. 

In the higher frequency domain, the E increases slightly. 

The values of η respond differently to lower and médium 

frequencies. Despite decreasing with the increase of 

frequency at low frequency, at medium frequencies they 

tend to increase. 

 

 

Figure 4.4 - Evolution of E and η with maximum strain rate for the 

traction-compression test 
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In the plot above it is observable the relation of E and η 

with maximum strain rate. While E has a slight increase 

with maximum strain rate, η has a considerable 

dispersion of results that mostly fall between 0,04 and 

0,08.  

As stated above, the bending medium frequency tests 

only provided values of η. Still, it was only possible to 

determine this property up to the second frequency mode 

of the sample. Also, for the high frequencies, the results 

fall off the previous trend, which is possibly due to the 

existence of a torsion mode at the frequency of 60Hz 

(confirmed by a spectral analysis). 

 

 

Figure 4.5 – Evolution of E with frequency for bending low frequency 

test 

For low frequencies the Young Modulus increases with 

frequency and generally with the amplitude as well. 

 

Figure 4.6 - Evolution of η with frequency for bending test 

As it is visible in the plot above, there is a decrease in the 

value of η with the increase of low frequencies. In this 

range of frequencies the amplitude has no effect on this 

parameter. For medium frequencies, despite a lower 

number of data points, there is a tendency of increased η 

with increased frequencies. 

 

Figure 4.7 - Evolution of η with maximum strain rate for bending test 

As the strain rate increases, η tends to decrease for the 

increase of low strain rates. The low number of data 

points prevented a conclusion to be made about the 

response of η to higher strain rates. 

 

5. MATHEMATICAL MODEL  

The model was built with polynomial second degree 

interpolations in both axis of variables (frequency and 

amplitude, frequency and strain rate). The interpolation 

is done by a code based in the minimum squares method 

and using the experimental values. Firstly the models 

were constructed with the complete set of data and the 

error for each point was calculated based on a normal 

distribution. Then, the points that represented an error 

greater than three times the standard deviation were 

eliminated and a second model was constructed with the 

reduced set of data. The plots below show the final set of 

data along with the correspondent models. 

 

Figure 5.1 – 3D interpolation of E for traction-compression test. In the 

xx axes is represented the frequency and in the yy axes is represented 

the amplitude 
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Figure 5.2 - 3D interpolation of η for traction-compression test. In the 
xx axes is represented the frequency and in the yy axes is represented 

the amplitude 

Only the resulting models for the frequency and 

amplitude variables are presented above since taking as 

variables frequency and strain rate gives slightly larger 

errors between experimental data and the models. 

 E_1 E_2 η_1 η_2 

Modulus of 

Mean 

Error 

5,58E-02 3,70E-02 
2,50E-
01 

1,74E-01 

Standard 

Deviation 
4,67E-02 3,13E-02 

2,15E-
01 

1,38E-01 

3*Deviation 1,40E-01 9,40E-02 
6,45E-
01 

4,14E-01 

Table 5.1 – Statistic data for the 3D interpolation built for traction-

compression tests 

 

6. CONCLUSIONS 

After this set of tests a number of conclusions can be 

made about the material. 

In the failure tests, E decreases with the displacement, 

both for the traction and bending tests.  

Similarly to the results of Gameiro et al [4], the Young 

Modulus at static conditions is lower than on dynamic 

conditions. 

The increase of frequency results in the decrease of E and 

η at low frequencies. The response of these variables is 

the opposite at medium frequencies. 

Strain rate did not appear as a significant factor since a 

tendency of evolution for E and η was not clear with its 

variation. 

The model that best fit the behaviour of the material is 

obtained with a two degrees of freedom interpolation in 

which frequency and amplitude are used as the 

independent variables. 

In an overall analysis the obtained data shows the same 

dependency on frequency and amplitude for traction-

compression and bending tests. 
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