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Abstract

Cork-rubber composites can be applied as isolation blocks for systems under dynamic compressive
loading. Under the same loading conditions, different geometries of the same cork-rubber material
present distinct static and dynamic compression behaviour. To reduce the number of experimental tests
for different geometries, a methodology, employing finite element analysis (FEA), is proposed.
Considering static and dynamic experimental results of a 60 Shore A cork-rubber squared cross section
specimen, an equivalent single degree of freedom model is derived, and its data is introduced on FEA
to determine the dynamic behaviour of samples with different dimensions. Dynamic stiffness and natural
frequency results showed a good agreement between experimental and numerical approaches for a
standard sample and specimens with different thicknesses and areas, especially when considering static
deformation due to preload. The developed study allows the prediction of the dynamic behaviour of
different dimension samples through FEA output, based only on experimental testing.
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1. INTRODUCTION

Cork-rubber composites are elastomeric materials composed of a rubber compound matrix
filled with cork granules. One of the application fields of cork-rubber materials is its use as
isolation blocks in buildings, heavy machinery or other systems subjected to dynamic loadings
[1, 2]. Materials with similar functions include synthetic rubbers, foams, thermoplastic
elastomers, among others.

Cork-rubber isolation blocks are employed to diminish vibration transmission between the
source and surrounding environment. Some systems, which contemplate this solution, are
subjected to compression. Regarding loading type, during the development of these products,
two requirements must be met: (1) supporting loads without presenting signs of creep or failure,
and (2) having appropriate dynamic characteristics to prevent transmission of vibration between
structures [3].

One of the considered properties in the design of cork-rubber isolation blocks is mechanical
behaviour when subjected to compressive loads. Elastomeric elements, for vibration isolation,
can have different shapes, and, usually, are bonded to rigid plates that transmit the load to the
elastomer [4]. Considering compression loading and bonded contact, the mechanical behaviour
of a material depends mainly on its geometry. To describe this effect, shape factor (sf) is used,
relating loaded and free to bulge areas [5, 6]. Several works, considering this dependence
between shape factor or geometry and static mechanical behaviour, had been developed
[5, 7-9], including an approach developed for cork-rubber composites under small strain
compression [10].

Another characteristic to consider throughout the design of isolation blocks is the response
to dynamic loadings. Like other elastomers, cork-rubber materials exhibit viscoelastic
behaviour and the system response varies according to static preload, temperature, vibration
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frequency and amplitude [11]. Generally, the dynamic mechanical properties of an elastomer
can be assessed by different methods, like free, forced non-resonance or resonance vibrations
[12]. In the case of isolation blocks, it is common to evaluate the materials based on standard
DIN 53513 [13]. Also, to characterize materials, the dynamic stiffness coefficient can be
determined, through the ratio between dynamic and static stiffness [4]. Therefore, it is expected
that different geometry samples — varying on shape factor, for example — of the same material,
besides showing distinct compression behaviour with a bonded contact, also provide different
dynamic responses.

Nowadays, recurring to computational resources, it is possible to model different kinds of
materials and simulate the mechanical behaviour according to the desired inputs. The
application of previous data, for simulation purposes [14] or to develop models based on
machine learning techniques [15], is currently being explored as a tool to determine new
materials’ properties. Other approaches consist of the development of specific models able to
adapt to different materials characteristics without the need to rely on huge experimental
datasets [16].

Finite elements analysis is one of the applied techniques to study elastomers’ behaviour at
static and dynamic loading conditions [11, 17-20]. Besides elastomers and cork-rubber
composites, the application of FEA as part of the study of other bio-based materials has also
been addressed in several works [21, 22]. Regarding elastomers’ static behaviour, as presented
in [10], Young’s modulus can provide a relationship between shape factor and apparent
compression modulus. Based on the results obtained by [10], an approach, recurring to FEA,
was developed to find the dynamic characteristics of cork-rubber specimens obtained through
the experimental method based on DIN 53513 [13].

This article presents a case study regarding 60 Shore A cork-rubber samples with a squared
cross section. Based on dynamic compression tests of one specimen, an equivalent single degree
of freedom model (SDOF) was derived. Considering a SDOF system and the effect of shape
factor on compression behaviour, finite element analysis was employed to determine the
dynamic mechanical properties of specimens with different dimensions. To validate the
approach, numerical and experimental results from several samples were compared.

The present study is organized in the following order. Firstly, a general description of the
methodology applied in this research is introduced. Experimental methods, considerations
about the finite element analysis and its relation to providing the same dynamic mechanical
properties given by experimental tests are presented. The results section includes the
experimental dynamic results of a sample with 60x60x10 mm that served as the base for
predicting the dynamic behaviour of other specimens. A comparison between the standard
sample experimental results with the application of the presented methodology is also
presented. Next, the prediction of the dynamic behaviour of samples with various dimensions
through FEA outputs and its comparison with previous experimental data is given. Finally,
conclusions are presented.

2. MATERIALS AND METHODS

The proposed methodology, in this article, focuses on the determination of dynamic mechanical
properties of cork-rubber specimens with different dimensions, based on the obtained data from
experimental testing of one sample of the same cork-rubber material, designated beyond this
point as "standard sample".

Overall, in this research, two different methods were applied to determine the dynamic
mechanical properties of cork-rubber composites: an experimental test based on DIN 53513
[13] and finite element analysis. In the following sections, descriptions are provided about the
setup and data treatment of results for each employed method.
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A scheme of the proposed approach in this study is presented in Fig. 1. According to the
standard sample’s results, an equivalent SDOF model is derived to determine the input data for
numerical simulation. With the results obtained by the FEA approach, the dynamic properties,
based on standard DIN 53513 [13], can be calculated. The dynamic properties studied were
dynamic stiffness, dynamic compression modulus and natural frequency of a system composed
of a cork-rubber composite as a combination of elastic and viscous components.

Finite element analysis
Standard sample .
data: S Equivalent |:\> Pre-processing N Simulation " | Post-processing E\\ Ogtput ot
E s SDOF model V4 P = Ve P P Z J ‘)'IlﬂﬂlllC
E_d ' " properties
c

Figure 1. Proposed methodology to determine the dynamic properties of samples with different
dimensions.

2.1 Experimental tests

Dynamic and quasi-static compression tests were performed on several specimens of a cork-
rubber composites material with hardness around 60 Shore A. The tested samples had squared
cross sections and different dimensions. Quasi-static compression test was performed first in a
universal testing machine at 5 mm/min until strain between 25 and 30 % was achieved. To
achieve the behaviour of isolation blocks under the application of compressive loading, no
lubricant was applied between the sample and compression plates, simulating a frictional
contact. Each sample was successively compressed three times, with only the third test being
recorded. From this test, load-displacement data was retrieved, and apparent compression
modulus (Ec in Pa) was calculated according to Eq. (1).

Ec=— 1)

where ¢ is stress [Pa] and ¢ is strain. Because the studied cork-rubber composites present a
linear behaviour until 10 % strain [10], which corresponds to the range of compression
deformation considered in the design of vibration isolators [4], the apparent compression
modulus was calculated based on the stress value correspondent to that point.

After the quasi-static compression test, specimens were subjected to a dynamic compression
test performed by a servo-hydraulic fatigue machine with a load cell of 25 kN. Based on
standard DIN 53513 [13], the test consisted of imposing a sinusoidal load with a mean level
correspondent to a specific stress and amplitude of 10 % of the mean load applied at a constant
exciting frequency during 150 cycles. Each sample was subjected to different stress levels until
a maximum of 3 MPa, after being pre-conditioned at the same exciting frequency with a mean
load correspondent to 1.8 MPa with 10 % load amplitude. Data obtained from the last twenty
cycles were retrieved and analysed. Parameters like dynamic stiffness (ki in N/m), dynamic
compression modulus (Eq in Pa) and natural frequency of the system (f.: in Hz), when subjected
to each stress level, were calculated according to Eqgs. (2), (3) and (4), respectively.
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where F and d are load [N] and displacement [m], & is the phase shift between load and
displacement, T and A are the initial thickness [m] and cross section area [m?] of the specimen,
a and m are subscripts for the amplitude and mean values of the sinusoidal curves, t is the
subscript indicative of experimental testing and g is the gravitational acceleration [m/s?].

Also, with the results from quasi-static and dynamic compression tests, the ratio between
dynamic and apparent compression modulus was calculated at different stress ranges.

2.2 Finite element analysis

To obtain the properties considered in the experimental method, Egs. (2) to (4), harmonic
analysis was conducted using FEA. Simulations were performed using the Harmonic Response
module of Ansys Workbench. The finite element model was composed of a continuous solid
block, representing the cork-rubber specimen. A mass point was added to the top surface of the
block and its value correspond to a certain stress level imposed on a cork-rubber specimen
during dynamic experimental tests. A fixed support condition was considered on the opposite
surface of the block. The numerical analysis consisted of simulating the application of a
sinusoidal load with an amplitude of 10 % of the mean applied load, recording as output the
displacement amplitude of the system at the value of the exciting frequency used in
experimental tests of the standard sample. The experimental setup and 3-D finite element model
are presented in Figs. 2a and 2 b, respectively.

Mass point

Fixed support /

b)

Figure 2: Dynamic compression of a cork-rubber composite sample: a) experimental setup; b) finite
element model.

The stiffness and damping characteristics of the system were entered in the simulation as
properties of the cork-rubber material. For each stress level, the equivalent Young’s modulus
(Eoeq In Pa) was determined and used as input for the simulation. The methodology and
procedure to calculate Young’s modulus are presented in section 2.3. Density and Poisson’s
ratio of the cork-rubber composite were also introduced as inputs. Density corresponded to
1075 kg/m®. The value of Poisson’s ratio was 0.31, as considered in [10]. Due to the hysteretic
nature of the material analysed, and loss factor (7) values for the studied material being very
low, the damping ratio (¢) was calculated based on the phase shift obtained by experimental
results, as described in Eq. (5). This parameter was considered constant throughout the stress
range since previous results regarding the studied material reveal to be very similar.

n _tand

{=5=73 (®)
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2.3 Determination of equivalent properties for FEA

The general procedure to determine equivalent Young’s modulus values to be introduced in
finite element analysis is presented in Fig. 3. The effect of the variation of frequency, strain
amplitude and temperature on the properties of cork-rubber composites was not considered in
this study.

2
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2 X : —> —> dynamic analysis
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8 x modulus (static): E. L SDOF model geometry
=

¥

Determine expected
Determine £, based on dynamic behaviour for
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on &
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Equivalent
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Figure 3: Procedure to find equivalent Young’s modulus.

Using the experimental results of a standard sample, the inputs for the mathematical
procedure to determine equivalent Young’s Modulus values, include the displacement
amplitude obtained for each stress level. As some variability of static behaviour between
samples with different shape factors can occur, it was also considered the use of the ratio
between dynamic and static compression modulus as input data. The ratio between the two
moduli can be calculated based on the experimental results obtained for the standard sample.
Based on the apparent compression modulus of another sample with different dimensions, the
apparent compression modulus and expected dynamic testing results of an equivalent standard
sample (with the same intrinsic properties) are determined, based on the relation between shape
factor and Young’s modulus (Eo in Pa) [10]. These are the inputs to be introduced for the
mathematical procedure to determine the correspondent equivalent Young’s modulus values.

The mathematical procedure consists of finding a value for the spring constant of a single
degree of freedom model, equivalent to the one obtained or expected to be obtained by
experimental testing of a standard sample. In a SDOF model composed of a mass (m in kg),
spring and damper, excited by a sinusoidal external load, the displacement amplitude (Xain m),
in steady state, is calculated by Eq. (6).

F

m Q (6)

where k represents the spring constant [N/m] and Q is the amplification factor calculated from
Eq. (7).

X, =

1

Ja=p7 + @p7 @)
where £ represents the ratio between exciting frequency (f in Hz) and natural frequency (fn in
Hz). The phase angle and natural frequency of the SDOF model can be calculated accordingly
to Egs. (8) and (9), respectively.

Q:
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2B
tand = 1_—[32 (8)
1 |k
=27 m ®)

At each stress level, to obtain the same dynamic properties results of the experimental test
through harmonic analysis, the SDOF model's displacement amplitude (Xa) must be equalled to
the displacement obtained through the dynamic testing method (da). An iterative numeric
procedure was employed to determine the value of k, that fulfils this condition, according to
Egs. (10) and (11).

Xe=dg, (10)
-1

vl | 251 (1 4m2f2F,\°
a=7 (1+tan )< —T> (12)

The iterative process to find the solution for the stiffness value was performed using Solver
add-in from Microsoft Excel. With the value of stiffness, an equivalent dynamic compression
modulus (Egeq in Pa) can be determined, considering the geometry of the standard sample. Then,
according to the shape factor and using the dynamic compression modulus value, an equivalent
Young’s modulus can be determined based on the results of [10].

2.4 Dynamic properties of samples with different dimensions

Considering the same cork-rubber composite but specimens with different dimensions from the
standard sample, after determining the equivalent Young’s modulus for each stress level,
dynamic properties were determined based on the results obtained from finite element analyses.
The loading conditions corresponded to the same stress levels considered in a standard sample:
equal stress level with 10 % load amplitude. Also, the change of thickness on the block due to
static deformation must be considered, as described by Gent [12]. Considering the linear
behaviour at static compression, the value of dynamic stiffness corresponding to an
experimental test, using FEA output, is given by the expression presented in Eqg. (12). The
dynamic compression modulus and natural frequency are also calculated according to Egs. (3)
and (4).

Fm> F,
E.AJ X

AFEA

where Xarea is the displacement amplitude [m] given by the finite element analysis.

cosd (12)

3. RESULTS AND DISCUSSION

For a standard sample, the results obtained by dynamic compression experimental tests are
presented first. The results obtained through finite element analysis for the standard sample
were analysed and compared against experimental results to validate the developed approach.
Based on the dynamic experimental results of the standard sample, predictions about the
dynamic mechanical properties of the same cork-rubber material with different dimensions are
also presented. Simulation results related to squared cross section blocks with different
thicknesses and different areas were analysed and compared against previous experimental
data.
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3.1 Standard sample

Ten standard samples with a cross section of 60x60 mm and 10 mm thickness (shape factor of
1.5) were characterized in terms of static and dynamic behaviour between 0.5 and 3 MPa. As
depicted in Fig. 4, the increase of the stress, imposed in the sample, affects the dynamic
compression modulus. In terms of natural frequency, it is possible to verify that natural
frequency decreases and tends to stabilize at higher stress levels. There is a combined effect
due to the simultaneous variation of dynamic stiffness and the compression level employed on
the sample, which affects the natural frequency results.
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Figure 4: Results of a dynamic experimental test of a 60x60x10 mm sample.

Based on the displacement amplitude observed at each stress level, the stiffness values
correspondent to an equivalent single degree of freedom model were determined. Equivalent
dynamic compression modulus and Young’s modulus were also calculated based on the
stiffness value obtained by the applied mathematical procedure. Since the shape factor of the
standard sample was 1.5, Young’s modulus value to be inserted on finite element analysis was

determined according to the expression presented in Eq. (13) [10]:
Eo,, = 0.775 Ey,, (13)

Table | presents data relative to the experimental dynamic test and the results obtained by
the mathematical procedure to achieve equivalent Young’s modulus values, considering the
conditions of the experimental test.

Table I: Dynamic test conditions and results of equivalent SDOF model.

Experimental data Equivalent SDOF model
Exciting freq. Stress Load amplitude

f (Hz) tan o & (MPa) Fa(N) Ed (MPa) | Edeq (MPa) Eoeq (MPa)

0.5 180 19.9 20.4 15.8

1 360 22.8 23.8 18.4

1.5 540 25.0 26.5 20.5

5 0.09 2 720 27.9 29.9 23.2

2.5 900 31.4 33.9 26.3

3 1080 35.6 38.6 29.9

The displacement amplitude results, obtained by FEA, were used to calculate the expected
dynamic stiffness and natural frequency according to Eqgs. (2) and (4), respectively. Results of
dynamic stiffness and natural frequency were compared with experimental data as presented in
Fig. 5. As is possible to verify, the results from FEA are within the standard deviation observed
in experimental tests, showing a good agreement between the two methods applied in this study.
The values of relative error were below 2 % for natural frequency and less than 4 % for dynamic
stiffness.
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Figure 5: Comparison between dynamic stiffness and natural frequency results obtained by experimental
and simulation approaches.

3.2 Samples with different thickness

Specimens with equal cross section area of the standard sample and different thicknesses were
considered to evaluate the performance of the simulation approach. To do that, previous
experimental results regarding other different thickness samples of the same cork-rubber
composite were used. Due to some differences in terms of static behaviour between these
samples and the standard sample presented in previous sections, other standard specimens, with
similar static behaviour to the first samples, were considered for the equivalent SDOF model,
according to the scheme presented in Fig. 3. Table Il shows the apparent compression modulus
of equivalent standard samples considering previous quasi-static experimental results of
different thickness samples. Based on the dynamic stiffness coefficient obtained from the
standard sample experimental results (Fig. 4 a), the dynamic behaviour of equivalent standard
samples was also determined. The values of dynamic compression modulus (Eq) of the
correspondent standard samples for each case are presented in Fig. 6.

Table 1I: Apparent compression modulus of standard sample 60x60x10 mm
considering static compression data of other specimens.

Results from Equivalent standard
compression tests sample (sr=1.5)
Thickness T (mm) Shape factor st Ec (MPa) Eo (MPa) E: (MPa)
25 0.6 4.93 4.20 5.42
30 0.5 5.60 4.87 6.28
50 0.3 5.57 5.12 6.61

25mm - 30 mm - 50 mm

(5=}
<

-
wh
1

Dynamic compression modulus [MPa]
w )
:

=]

i 2 3
Stress [MPa]

Figure 6: Dynamic compression modulus of standard samples considering static compression data from
other specimens.
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Other input conditions to determine the values of Young’s modulus to be entered in the
FEA were the same ones considered in the experimental testing of the standard sample, except
for the value of exciting frequency. In this case, previous experimental tests of higher thickness
samples were performed at 15 Hz. To be able to compare the results obtained by FEA with this
data, an exciting frequency of 15 Hz was introduced in the mathematical procedure to retrieve
the input values for FEA simulation.

The results of the expected dynamic stiffness and natural frequency between 0.5 and 3 MPa,
based on the simulation results for samples with thickness values presented in Table II, are
represented in Fig. 7. Comparison with available previous experimental results was only
possible inside the stress range considered. Maximum errors occurred for the sample with
25 mm thickness (shape factor of 0.6) with values of 3.1 % for natural frequency and 8.5 % for
dynamic stiffness. Differences could be related to some small variations of some conditions
during the experimental test, such as load amplitude, or due to the results related to the use of
linear interpolation to determine the apparent compression modulus for a sample of shape factor
0.6.
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Figure 7: Comparison between dynamic stiffness and natural frequency results obtained by experimental
and simulation approaches for samples with other thicknesses.

3.3 Samples with different cross section areas and thicknesses

The dynamic behaviour of samples with different cross section areas and thicknesses was also
determined through the FEA approach. Previous experimental results of cork-rubber squared
blocks samples with cross section 150150 mm were also used for comparison. For this case,
a similar compression behaviour between the three geometries was assumed considering
Young’s modulus of 4.4 MPa. As described in the previous section, an equivalent standard
sample with similar static behaviour was considered for the equivalent SDOF model. The
conditions and results of the mathematical procedure for the determination of the equivalent
SDOF model are presented in Table I1I.

Table I111: Conditions and results of equivalent SDOF model, considering
the standard sample with 60x60x10 mm.

Experimental data Equivalent SDOF model
Exciting freq. Stress Load amplitude
f (H2) tan o & (MPa) Fa (N) Ed (MPa) | Edeq (MPa) Eoeq (MPa)
0.56 201.6 8.0 13.1 10.1
0.96 345.6 8.9 17.6 13.6
15 0.09 1.52 547.2 9.9 23.7 18.3
2 720 11.0 29.1 22.6
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In order to determine the dynamic properties of a specimen with a cross section of
150x150 mm, finite element analyses were conducted based on the equivalent Young’s
modulus and damping ratio presented in Table Ill. For each stress level, the mass point value
was adapted to achieve the same stress imposed in a 60x60x10 mm sample. Load amplitude
values corresponded to 10 % of the mean load considered for the larger cross section. The
results obtained by the numerical approach were compared against previous experimental data

(Fig. 8).
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Figure 8: Comparison between dynamic stiffness and natural frequency results obtained by experimental
and simulation approaches for specimens with a cross section area of 150x150 mm.

As is possible to observe, generally, results from the two approaches are in good agreement.
However, some differences are noticed for the sample with 20 mm thickness, with a maximum
error of 10.1 % for natural frequency and 19.2 % related to dynamic stiffness. In terms of
absolute error, the differences between experimental and approach-based natural frequency
results were around 1.5 Hz. These differences could be due to the variability between material
compounds in terms of dynamic stiffness coefficient or variation of some conditions during the
experimental test, such as load amplitude or sample dimensions that could impact the results,
especially in terms of dynamic stiffness.

4. CONCLUSION

A new methodology, based on the results from finite element analysis, was developed to
determine the dynamic mechanical properties of cork-rubber composites used as isolation
blocks for vibration control. Thus, a prediction about the results given by an experimental test
based on DIN 53513 can be assessed by knowing the dynamic behaviour of a single sample
(standard sample). The application of the presented methodology can provide a valuable tool
during the design of specific solutions, and it could allow the reduction of experimental testing
of different samples of the same cork-rubber composite material. Also, with the presented
approach, it may be possible to save time, materials and resources for obtaining results related
to a specific composite during its development stage.

Generally, the results obtained for a 60 Shore A cork-rubber material with isotropic
behaviour revealed a good agreement with experimental results. Differences below 5 % were
registered between the developed approach and experimental tests regarding the use of a
standard sample with 60x60x10 mm. Based on the ratio between dynamic and apparent
compression moduli obtained from the standard sample, predictions were performed about the
dynamic stiffness and natural frequency for specimens with the same cross section shape but
different dimensions. For most cases, these results showed a good agreement, with a maximum
error below 10 % for natural frequency and 20 % for dynamic stiffness, with previous
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experimental data from other samples. Differences could be related to the variation of some
experimental factors, like amplitude load, sample dimensions, cork-rubber compounds used for
different samples or related to the assumptions of the methodology.

Regarding this research topic, future works could include the evaluation of the
implementation of this methodology in cork-rubber materials with different hardness, cross
section shapes or geometries. Also, the utilization of other geometries as standard samples
should be evaluated, as well as the effect of the variability of cork-rubber compounds on the
results obtained by the numerical approach. Considering other aspects of the mechanical
behaviour, such as non-linearity at high strains or anisotropy, the assumptions of the study
should also be reconsidered. Another possible research topic can also focus on the application
of data-based techniques for properties prediction, such as artificial intelligence methods, and
consequently, the development and application of an extensive and representative database for
this purpose.
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