
Mechanical behaviour of complex structures under high speed

impacts

bruno.concha.de.almeida@ist.utl.pt
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Abstract

Having in mind the actual global necessities, the use of renewable materials, with non pollutant
production and cheap are being recurrently incorporated in various components in various industries
as for example the aeronautical, automotive and even security. In this way agglomerated cork presents
itself as a natural cellular material with good characteristics of energy absorption, weight and the
possibility of being used under multiple impacts and still maintain its characteristics. However this
material has a behaviour much different from the usual, which makes its characterization difficult.
As a way to try to tackle this problem, one recurred to an explicit algorithm of finite elements,
LS-DYNA, and its cards of material models to try to approximate, with the available data, the
behaviour of agglomerated cork (NL20) to the behaviour of a standard foam or a honeycomb. This
procedure, described in this document, aims to characterize the agglomerated cork’s behaviour in
compression in different strain rates and by this means to complete part of a model that would describe
as good as possible the agglomerated behaviour under this kind of effort.
Keywords: Cork, Agglomerated Cork, NL20, Explicit Algorithms, Finite Elements, LS-DYNA,
Energy Absorption

1. Introduction

Functionality was the main aim of engineers for
many years, however, nowadays new challenges are
presented and the previous idea is not sufficient any
more. With the new challenges in mind, engineers
need to design based not only on functionality but
also need to predict life and structural response
under abnormal circumstances.
In the area of sandwich panels, cellular materials
play an important role in energy absorption and for
this reason this document pretends to understand
the mechanical behaviour of cork’s agglomerates
when in compression at different strain rates, and
model it in LS-DYNA for later use and simulation
in some components where the use of this material
can be advantageous. By this means, engineers can
get a better idea on the substitution of synthetic
cores by this natural and recyclable one.
Cork presents itself as viable option because it is
known for excellent properties in vibration control
applications, acoustical insulator and its capacity
to absorb multiple impacts with very little damage.
Using this material opens doors not only to the
usage of a sustainable material but also a way
to improve even more the cork’s economy in
Portugal which is placed in the front line of use
and exportation of this material. To prove the

actual interest in the area of cork applications
there are already many works developed. In 2004
Lorna K. Gibson [1] wrote about the biomechanics
of cellular solids, in particular the natural ones
that can be mechanical efficient as for example
cork with a honeycomb structure that can exhibit
an exceptional behaviour in resisting buckling and
bending.
Later, in 2005, S. P. Silva, M.A.Sabino,
E.M.Fernandes, V. M. Correlo, L.F.Boesel and R.
L. Reis [2] reviewed the cork chemical composition,
physical and mechanical properties, capabilities
and applications comparing some properties of
natural cork and agglomerates with other synthetic
materials concluding that in fact cork can compete
with synthetic foams but within limits.
One year later, in 2006, F. Teixeira Dias, V.
Miranda, C. Gameiro, J. Pinho da Cruz and J.
Cirne [3] developed a study on aluminium foam and
agglomerated cork filling metallic tubular energy
absorption devices concluding that aluminium
foam has better performance in absorbing energy
but a lower specific energy absorption ratio due to
its higher density.
In 2008 Mariana Santos [4] studied the structural
application of cork to improve the passive safety
in impact cases showing once again that cork can
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compete with synthetic materials. One interesting
conclusion of this thesis was the the development of
an index related to the energy absorbing capabili-
ties of different materials and the verification that
cork agglomerate can withstand multiples impact
with litte deteriorations which is not the case of
other conventional foams. Even in the aeronautical
field, Luis Paulo [5], in 2009, studied the Passive
and Active Flutter Suppression Concepts for
Aeronautical Components with cork compounds
in sandwich composites. The conclusion was that
cork can indeed provide the same flight envelope
but with a lighter structure representing a big
advantage in aviation.
As to the impact behaviour, S. Sanchez-Saez, E.
Barbero and J. Cirne [6] in 2011 examined the
hight speed impact in agglomerated cork structures
and provided the conclusion that the agglomerated
cork has not a big influence in the ballistic limit of
the structure but could in fact increase significantly
the impact absorbed energy.
In 2013, M. Costas, J. Daz, L.E. Romera, S.
Hernndez and A. Tielas [7] studied on the static
and dynamic axial crushing analysis of car frontal
impact hybrid absorbers. One year later, in 2014,
F.A.O. Fernandes, R.J.S. Pascoal and R.J. Alves
de Sousa [8] modelled impact response of agglom-
erated cork. It was concluded that agglomerated
cork has a great potential in energy absorption
applications and also verified that agglomerated
cork has a great capability of returning elasti-
cally, mainly at dynamic strain rates where the
permanent deformation was almost none showing
once again that agglomerated cork can be used in
devices where re utilization is necessary after the
first impact.
In 2015 S. Sanchez-Saez, E.Barbero, S.K.Garcia-
Castillo, I.Ivaez and J.Cirne [9] experimentally
tested the response of agglomerated cork under
multi-impact loads. This work verified that ag-
glomerated cork has excellent energy-absorption
capabilities since the absorbed energy can be
considered independent of the number of impacts.
Conluding this topic in the current year of 2016
Yie Sue Chua, Elliot Law, Sze Dai Pang and Ser
Tong Quek [10] beginning with the idea that fish
scale structures resist penetration when subject
to localized impact and that cellular materials
such as cork are lightweight and have good energy
absorption capacity decided to combine both
concepts. The conclusions were that the specimens
with curved scales produce the lowest peak stress
transferred and out-perform sandwich specimens
with the same volume of materials.

2. Background
This part of the document deals with the theoretical
concepts involved for better understanding of the

results and the procedures to achieve them.

2.1. Cellular Materials
The basic characteristics of this kind of materials
are:

1. Lightweight;

2. Can undergo large deformations at constant
stress;

3. Low thermal conductivity;

4. Large surface area.

As an example of cellular materials take notice of
the figures 1 showing artificial honeycombs and 2
showing natural cellular materials.

(a) Aluminium Honey-
comb

(b) Ceramic Honeycomb

Figure 1: Artificial cellular Materials (Source [11])

(a) Ceddar wood (b) Vertebral bone

Figure 2: Natural cellular Materials(Source [11])

The properties needed to characterize this kind
of material depends on many factors, some of them
can be enumerated in the following list:

1. Properties of the solid by which it is consti-
tuted: Es,ρs,σys, etc;

2. Cell geometry;

3. Cell shape;

4. Open or Closed cell;

5. Cell size;

6. Relative density given by equation 1:

ρ∗

ρs
=
Ms

VT

Vs
Ms

=
Vs
VT

= 1 − porosity (1)
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Where ρ∗ is the density of the cellular material, ρs
is density of the material of which it is made of, VT
is the total volume, Vs is the volume occupied by
the solid part and Ms is the mass.
As said before the geometry of the cell is a very
important factor for the final properties. Figure 3
is an example of this geometrical characterization.

Figure 3: Cell (Source [11])

2.2. Honeycomb behaviour
The behaviour of honeycombs materials in compres-
sion has three different regions, one linear elastic
where the cells bend, one stress plateau where the
cells are subjected to buckling, yielding and brittle
crushing and the last region of densification where
the cell’s walls finally touch. This behaviour, shown
in the figure 4 is typical from cellular materials and
it is also responsible for the high energy absorption
characteristics

(a) Cellular material in
compression

(b) Cellular material in
tension

Figure 4: Cellular Materials Behaviour (Source
[11])

It is important to note that all the best properties
of cellular materials exists provided that it is used
mainly in compression once as can be seen in the
figure 4 b), this kind of material, when in tension
fractures at very low strains.
For the characterization of this material, there are
of course some degree of approximation. In this
particular case there is the need to assume:

1. t/l small (ρ
∗

ρs
small) that permits to neglect ax-

ial and shear contribution to the overall defor-
mation;

2. Small deformations;

3. Cell walls behave as a linear elastic and
isotropic material;

4. Symmetric geometry.

When honeycombs are used in absorbing energy
from impact for example, it is loaded in the axial
direction once the material is much more stiff and
stronger.
If the reader has the interest in this one can consult
the lecture notes from [11]. What is important to
retain is that there is 3 main regions in the overall
behaviour of honeycombs, the first linear elastic,
the second with a more or less constant stress and
a final region of densification where the properties
of the honeycomb tend to the properties of the cell’s
walls.

2.3. Foams

Foams have in general a similar behaviour to what
was explained about the honeycombs. In compres-
sion there is a linear elastic region where the cells
bend, the stress plateau where the cells collapse by
buckling, yielding and crushing and at the end of
the stress-strain curve there is the densification re-
gion. When tension is the loading in the foam there
is in general no buckling , yield can occur and the
fracture is in general brittle. One important in-
formation to have in mind is that if the foam is
constituted by closed cells there will be the need to
account for the trapped gas inside de cells.

2.4. Energy absorption

As already known the energy absorbed during de-
formation is given by the area below a stress strain
plot as shown in the figure 5.

Figure 5: Energy absorption plot (Source [11]).

The energy absorption can be modelled by the
following equations 2, 3 and 4 :
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1. Linear elastic region ε < ε0

W =
1

2

σ2
p

E∗ (2)

With σp representing the peak stress or the
stress corresponding to the strain where the
densification initiates and E∗ represent the
Young modulus of the cellular material.

2. Stress Plateau ε0 < ε < εD

dW = σ∗
eldε (3)

Where σ∗
el is the stress of the elastic region limit

in the cellular material.

3. At the end of plateau ε ∼ εD - Maximum en-
ergy absorbed just before εD, shoulder point or
strain where densification initiates.

Wmax

Es
= 0.05(ρ∗/ρs)

2(1 − 1/4ρ∗/ρs) (4)

3. Implementation
Now that the fundamental concepts behind the
theme of this thesis are explained it is possible to
explain what inputs were used to obtain results and
what test were made in order to validate the mate-
rial.
The test used is a simple compression test made
on a cylindrical specimen of 17,5mm of radius and
7mm high. Once the specimen is axisymmetri-
cal one can take advantage of this fact and model
only one quarter of the specimen in order to re-
duce the number of elements. Care must be taken
in imposing symmetry constrains in the inner walls
where the normal deformations are not allowed. A
schematics of the test and of the specimen can be
seen in figures 6a) and 6b) respectively:

(a) Compression test
(Source [12])

(b) Specimen used (Units:
mm)

Figure 6: Schematics of the compression test and
specimen used.

Once there is the need to understand the influ-
ence of the strain rate to fully characterize the me-
chanics of this material, it is necessary to control
this parameter. This can be done controlling the
velocity of the compression plate taking note of the
relations 5 and 6 :

ε =
L(τ) − L0

L0
(5)

In the equation 3.1 L(τ) is the hight of the specimen
at a given time and L0 is the initial hight.

ε̇ =
dε

dτ
=

d

dτ
(
L(τ) − L0

L0
) =

1

L0

dL(τ)

dτ
=
v(τ)

L0
(6)

Where v(τ) is the velocity of the compression
plate at a given instance. The strain rates utilized
in this thesis are quasi static here represented by
0.1 s−1, 500 s−1 and 1000 s−1 which represent a
velocity on the compressor plate of 0.0008 m/s 3.5
m/s and 7 m/s respectively.

3.1. Mesh

There are two methodologies used to analyse the
refinement degree of a mesh. One is to count the
number of elements, a second method is to utilize
a standard length of an element. The number of
elements is a faster and simpler way to understand
the convergence but on the other hand the length
of the element can be advantageous for using in a
different geometry and make sure that a mesh den-
sity with already good results is the same. Having
this in mind figures 7a), 7b), 7c), 7d) present the
meshes used, the number of elements of each one
and the characteristic length of the elements.

(a) Rough Mesh (3 ele-
ments/8.5mm )

(b) Medium 1 mesh (24 el-
ements/4mm)

(c) Medium 2 mesh (81 el-
ements/3mm )

(d) Fine mesh (192 ele-
ments/2mm)

Figure 7: Used meshes

3.2. Model Inputs-Honeycomb

The data presented in table 1 was used as input of
the honeycomb model:
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Table 1: Honeycomb model inputs (Source [14])

Honeycomb

Input Information Value

ρ Density - Manufacturer Data 200 Kg/m3

E Young Modulus of compacted material- Cells walls material from [2] 9 GPa
υ Poisson Ratio- Cells walls material from [13] 0.30
σy Estimation 6.75 GPa
V f Estimation 0.2
µ Default 0.05
BULK Default 0
LCA,LCB,LCC Material assumed isotropic Presented in figure 8, NL20 curve
LCS,LCAB,LCBC,LCCA Material assumed isotropic Scaled from figure 8, NL20 curve
LCSR Value to be optimized 0
EAAU,EBBU,ECCU,LCCA Material assumed isotropic and estimated from [2] 10 MPa
GABU,GBCU,GCAU Material assumed isotropic and Manufacturer Data 5.9 MPa
All other parameters Default

Figure 8: Stress vs Strain NL10 and NL20 (Source
[15]).

3.3. Model Inputs-Low density foam
The following data was used as input of the low
density foam model:

Table 2: Low density foam model inputs (Source
[14])

Low Density Foam

Input Information Value

ρ Density - Manufacturer Data 200 Kg/m3

E Estimated 6 MPa
LCID Same as LCA
tc Estimation 9 GPa
hu Estimation 1.0
β Estimated 0.0
damp Default 0.5
Shape Estimated 9.0
Fail Default 1.0
ed Default 0.0
β1 Default 0.01
Kcon Default 90 MPa
All other parameters Default

3.4. Validation
As already known, this kind of simulation do not
add any value if there is no experimental results
to validate de material model and verify the errors.
Thanks to some technical documentation (confiden-
tial) provided by Amorim Cork Composites com-
pression tests in cork disks were made at different
strain rates and the results provided. By comparing
the experimental results with the simulation ones it
will be possible to estimate the error of the model.
The next figure 9 presents the results used for as
validation:

Figure 9: Amorim Cork Composites compression
technical documentation (Confidential).

4. Results

In this chapter results from simulations using the
two material models, several element formulations
and 4 consecutive mesh refinements will be provided
and explained in detail. In the end of this chapter
it will be possible to choose the best one.

4.1. Honeycomb-Solid Formulation 1

The first simulation done was with the honeycomb
model and the solid formulation 1. This choice is
obvious once this material model is the most used
when cork simulations are needed plus the formu-
lation 1 is the simpler and fastest formulation.
The next figures shows important data referent to
the simulation. The first figure 10a) presents the
final behaviour of cork when in compression and re-
spective comparative between more refined meshes
and the experimental results, the second figure 10b)
presents the error in function of the strain. This
figure is very important once it permits to notice
where the model needs to be refined or where the
bigger error occurs. Figure 11 presents the hour-
glass graph in comparison with the total system en-
ergy. This important parameter must be controlled
and maintained as close to 0% as possible once it
can compromise the whole simulation. Lastly the
table 3 presents a summary of information referent
to simulation which permits to compare meshes in
a more quantitative way.
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(a) Stress vs Strain (b) Error vs Strain

Figure 10: Honeycomb Formulation 1 Results

Figure 11: Energies vs Time of Honeycomb model
form.1

Table 3: Simulation Information of Honeycomb
form.1

Mesh 3 Element 24 Element 81 Element 192 Element Mesh

Error Elastic Region 17% 11% 9% 9%

Error Plastic Region 9% 2% 0% 0%

Error Densification Region -5072% -2408% -1536% -4483%

Avarage Error -1735.2% -740.8% -453.7% -1539.0%

Completed Simulation time Yes No No Yes

CPU time 1097s 3633.4s 7810.9s 17928s

(Hourglass/TotalEnergy)max 0% 32% 125% 26%

The results from this simulation shows a global
tendency to the convergence at least in the elastic
and plastic region. In the densification region the
error gets enormous and the model do not repre-
sent the cork’s behaviour by far. As can be seen
in the beginning of the error figure 10b) with the
strain there is a peak of error due to mathemati-
cal induced noise that makes the stress-strain curve
from simulation starting from a value very close to
zero but not zero. This almost zero value when in-
troduced in the relative error formula induce a big
value. Returning to the topic of the error in the
densification region this happens due to the lack of
information to fully characterize the behaviour of
cork agglomerate in this region. This can be over-
came by performing experimental testing on speci-
mens which was not possible in this study.
The processing time, as obvious get bigger as the
mesh get refined and consequently the reference el-
ement edge. This behaviour is almost linear and
proves that a good agreement between processing
time and error must be achieved.
To finalize the hourglass is indeed a problem from

24 elements on caused by the only integration point
at the center that makes the model very malleable.
It was not the aim, at least at this phase to control
the hourglass but to see how the formulations work
in the raw state.
With all data in mind, one may conclude that Hon-
eycomb model with formulation 1 is not a good
model to use, there are a lack of characterization on
the densification error and the hourglass is a prob-
lem that needs to be controlled if this model shows
up the best one at the end.

4.2. Honeycomb-Solid Formulation -1
This simulation follows the same mould as the
above simulation, the only difference is the change
in formulation. Notice that for the first time there
are entries in the table 4 that are not filled. This
happens because the simulation was not capable of
reaching the end due to the small time step. Once
the table is enough for one to understand the re-
sults and the quality of them, it is preferred not to
include the curves any more in order to save some
space in the document.

Table 4: Simulation Information of Honeycomb
form.-1

Mesh 3 Element 24 Element 81 Element 192 Element Mesh

Error Elastic Region 17% 11% 9% 9%

Error Plastic Region 9% 2% 0% 1%

Error Densification Region -5072% -2417% -1697% -

Avarage Error -1735.2% -745.6% -504.8% -2.4%

Completed Simulation time Yes No No No

CPU time 1904s 4630.3s 15612.8s 53599.6s

(Hourglass/TotalEnergy)max 0% 0% 0% 0%

In this situation more integration points were
used and as a result hourglass is expected to be kept
low. Even though the theory tells that this formu-
lation may have some hourglass tendency, the truth
is that in this case this is not verified.
In terms of results quality, the errors are in general
better than for formulation 1 but in the densifica-
tion region the error is still very large. Moreover
not all the simulations were capable of reaching the
end time imposed and by this reason the final strain
for which experimental data is provided is not ver-
ified and the model cannot be fully validated. As
this formulation is heavier than the formulation 1 so
the time to process the simulation is, proving again
that in this circumstances honeycomb is not a good
model to describe agglomerated cork behaviour.

4.3. Low Density Foam-Solid Formulation 1
Once again all the elements from the previous sim-
ulations are presented but this time the material
model is changed to Low Density Foam. The for-
mulation 1 is used again once a new material model
is choose and 1 is the simpler formulation to begin
with. Table 5 shows the information of the simula-
tion
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Table 5: Simulation Information of LDF form.1

Mesh 3 Element 24 Element 81 Element 192 Element Mesh

Error Elastic Region 20% 11% 15% 19%

Error Plastic Region 9% 2% 6% 3%

Error Densification Region -3% -10% 4% 2%

Avarage Error 6.3% -1.0% -6.3% 4.2%

Completed Simulation time Yes Yes Yes No

CPU time 101s 646s 1516s 2275.3s

(Hourglass/TotalEnergy)max 0% 0% 0% 0%

Now that the honeycomb model in tested one can
test a lighter model and experiment other formula-
tions. The first one is the formulation 1 but con-
trary to what was expected there were not hourglass
problems. The errors for the elastic and plateau re-
gion are in general bigger than the ones verified for
the honeycomb model in the same regions and the
convergence behaviour is not very clear. but in the
densification regions the errors become acceptable.
Having in mind the increasing processing times for
the increasingly refined meshes one can tell that in
all occasions this model is much more lighter than
the honeycomb.

4.4. Low Density Foam-Solid Formulation 2

For the first time formulation 2 is used. Table 6
presents the results for this model.

Table 6: Simulation Information of LDF form.2

Mesh 3 Element 24 Element 81 Element 192 Element Mesh

Error Elastic Region 19% 11% 15% 11%

Error Plastic Region 9% 2% 6% 0%

Error Densification Region -3% -10% -8% -15%

Avarage Error 6.0% -1.0% 2.3% -3.1%

Completed Simulation time Yes Yes No No

CPU time 155s 826s 2821.9s 4535.1s

(Hourglass/TotalEnergy)max 0% 0% 0% 0%

This formulation is selective reduced integrate
brick element, this means that there are 8 nodes
but not all degrees of freedom are free no move,
however it alleviates the volume locking. Although
of what was said about the lack of quality for se-
vere deformations, the model ends up performing
very well in terms of errors and hourglass but it has
a bigger processing time.

4.5. Low Density Foam-Solid Formulation 3

The heavier formulation of them all was utilized,
there was not a big expectation with this formula-
tion since it is a very stiff one. Although the the
hourglass is 0% for all the cases as can be seen in the
table 7 not all the simulations reached the end and
the errors are big and not comparable to the error of
the formulation 1 and 2. Gathering all that was said
this formulation when compared with other simpler
and better results can not compete.

Table 7: Simulation Information of LDF form.3

Mesh 3 Element 24 Element 81 Element 192 Element Mesh

Error Elastic Region 68% 43% 31% 25%

Error Plastic Region 69% 35% 2% -3%

Error Densification Region 89% 22% 98% -

Avarage Error 75.5% 33.3% 2.9% 1.5%

Completed Simulation time Yes No No No

CPU time 226s 1230.0s 4617.9s 8936.1s

(Hourglass/TotalEnergy)max 0% 0% 0% 0%

4.6. Low Density Foam-Solid Formulation -1
This time formulation -1 one was chosen. This kind
of formulation is similar to type 2 but with the ex-
ception that takes in account the poor aspect ratios
of the mesh. This poor aspect ration is not present
in every meshes but becomes more prominent once
the solid is compressed and flattened. Table 8 show
a the global information of the simulation.

Table 8: Simulation Information of LDF form.-1

Mesh 3 Element 24 Element 81 Element 192 Element Mesh

Error Elastic Region 19% 11% 15% 11%

Error Plastic Region 9% 2% 6% 0%

Error Densification Region -3% -10% -4% -7%

Avarage Error 6.0% -1.0% 3.4% -1.4%

Completed Simulation time Yes Yes Yes Yes

CPU time 172s 680s 2758s 6013s

(Hourglass/TotalEnergy)max 0% 0% 0% 0%

The results are in general similar to the formula-
tion 2 with the exception of the most refined mesh
where the results are a little better. There are no
problems with hourglass but as a negative point the
processing time is a bit bigger than for all other for-
mulations.

4.7. Low Density Foam-Solid Formulation -2
The results are presented in table 9.

Table 9: Simulation Information of LDF form.-2

Mesh 3 Element 24 Element 81 Element 192 Element Mesh

Error Elastic Region 19% 11% 15% 11%

Error Plastic Region 9% 2% 6% 0%

Error Densification Region -3% -10% -8% -6%

Avarage Error 6.0% -1.0% 2.1% -0.9%

Completed Simulation time Yes Yes Yes Yes

CPU time 229s 343s 4486s 12597s

(Hourglass/TotalEnergy)max 0% 0% 0% 0%

This is a formulation similar to formulation -1
but more accurate and heavier. The results are not
best than the ones from the formulation -1 except
for the average error for the last two more refined
meshes. All the simulations were capable to get to
the the end but the processing time is bigger. This
model shows no added value to the formulation 1
once the simulation is more time consuming.

4.8. Model Selection
Now there is a need to choose a final model to con-
tinue and tune it. It is not enough to chose the
model and formulation with the smallest error, it
is also necessary to find a compromise between the
errors and the processing time but once the error os-
cillates much with the increase in the strain is useful
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to find the standard deviation in the errors, try to
minimize it, minimizing the average error too.
With all the information gathered it is safe to chose
the Formulation 1 of the Low Density foam mate-
rial model. It presents a low error with a accept-
able standard deviation, plus it is a simple model
with low processing time and no hourglass prob-
lems. This model is assumed to have converged to
the solution as long as a mesh with the same density
as the specimen is used, in this case the elements
must have an edge of about 4mm.

4.9. Model update for Strain Rate Effects
The methodology utilized to develop this thesis was
very simple. First it would be interesting to study
two material models with several solid element for-
mulations in its raw results. When this study was
done one could proceed to the fine tune of param-
eters used as input for the material and that were
guessed in the beginning, plus cards provided by LS-
DYNA to control some characteristics of the simula-
tion may be tried. The most important parameters
of this thesis was to model the cork’s behaviour at
different strain rates. Happily in this thesis experi-
mental data for cork’s compression at quasi static,
500 s−1 and 1000 s−1 strain rates was arranged.
There are two parameters that affect the strain rate,
Ed and β1, this values were independently opti-
mized for the different strain rates and the expecta-
tion was to find a single value to each variable that
could correctly characterize the sensibility of cork to
the strain rate. Firstly is useful to understand the
behaviour of the stress-strain graph without opti-
mized variables when other strain rates are imposed
and then with the optimized variables. This is rep-
resented in table 10

Table 10: Optimization for 500 s−1

Model Raw model Model Full opt. Model with Ed = 317434 opt. Model with β1 = 122 opt.

Average error 2% -9% -10% -5%

Elastic error 8% -27% -27% -22%

Plateau Error 6% -5% -5% 0%

Densification error -8% -16% -16% -11%

From this results it is possible to conclude that
the optimization didn’t occur the way it should.
The errors tend to increase with the optimization
parameters when compared with experimental re-
sults at the same strain rate.
As known, optimization tools are to be used with
caution, what happened in this case is that the sur-
face generated by the objective and the variables
in test found a relative minimum or maximum that
the software assumed to be the best solution and
stop looking. The wanted solution is a maximum
or minimum but an absolute one.
With all this in mind the best behaviour is for the
model with the original parameters.
Now it is possible to proceed to the strain rate of

1000 s−1 with the results presented in table 11.

Table 11: Optimization for 1000 s−1

Model Raw model Model Full opt. Model with Ed = 941409 opt. Model with β1 = 225.4 opt.

Average error -1% -13% -14% -1%

Elastic error -1% -6% -6% -1%

Plateau Error 3% -10% -10% 3%

Densification error -11% -24% -24% -11%

For this strain rate, 1000s1, everything that was
said for the strain rate of 500 s−1 can be said again.
The final conclusion about the strain rate optimiza-
tion is that more work must be done in this area
which becomes out of the spectre of this thesis but
in a general way the cork’s behaviour in function
of the strain rate in well represented by the initial
model. In part this is true because cork is not much
affected by the strain rate as already confirmed by
the reference [16]:

4.10. Case Study-Jet Engine Blade Containment

A containment test is a very important test in the
aeronautical industry. In this context, containment
test consist in a blade losing his support and be-
ing free while the rest of the fan is still rotating.
The main objective of this test is to make sure that
the blade does not leave the aluminium container so
that no fragments leaves the engine at high speed
and hit some part of the aeroplane putting it in a
even more complicated situation.
For this simulation we used a model available in
[17] that consists on a simple aluminium container
and two rotating blades where one of them loses it
support. Moreover, to make sure the containment
of the blade, a kevlar belt is incorporated along the
aluminium container.
The idea for this simulation begins with the offset of
the kevlar belt in about 10 mm and incorporation
of a layer of NL20 agglomerated cork in order to
absorb energy from the impact, distribute it along
the container and this way alleviate all the struc-
ture being even possible that no crack occurs as it
is the case of the solo aluminium and kevlar belt.
Figures 12 and 13 present the deformations and Von
Mises stresses for the model without cork and be-
low the same but with cork . In addition table 12
presents the summary of the solution.

(a) Stress vs Strain (b) Error vs Strain

Figure 12: Results without cork
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(a) Stress vs Strain (b) Error vs Strain

Figure 13: Results with cork

The results obtained in the kevlar belt can be
presented in the next table:

Table 12: Simulation Results

Kinetic Energy Internal Energy Max deformation Max Von Mises Cracks length Cracks depth

Model without cork 4101.35J 26.16 mm 489.5 MPa 233.55mm 22.86mm

Model with cork 7784.65 J 25.15 mm 526.89 MPa 107.1mm 22.3mm

Gain 89.8% -3.89% 7.1% -54% -2.5%

As can be seen there is an increase in the energy
absorbed by the components around the cork, even
though this was not expected, it makes sense. Cork
in this case made possible the crack to be much
more small and as consequence a big part of the
energy was not releases by this mechanism, also it
can be a lack of characterization on the cork energy
dissipation parameters. What is left to a future
user to understand is if the value added by the cork
structure compensates the increase in the weight,
in this specific case 1.59 Kg.

5. Conclusions
Even though some conclusions specific for each sim-
ulation were taken as the thesis is presented there
are still some general conclusions to be taken that
are related to the use of cork.
In the actual circumstances the best way to charac-
terize the compressive behaviour is the Low Density
Foam however everything indicates that due to the
variety of parameters that can be used in the hon-
eycomb model it may have the degrees of freedom
needed to describe with precision all the regions of
the cork compression behaviour, its sensibility to
strain rate and even tension tests, bending and so
on. With the model chosen it can be verified that
there is an high dependence of the results on the
mesh but from a certain number of elements the
error tends to stabilize , this value of stabilization
is not the most important because what is really
important is to keep the errors as low as possi-
ble in all the regions of the stress-strain curve and
still maintain the processing time in a acceptable
value. Moreover is important to realize that cork
as a natural material has a high variance in charac-
teristics, this means that the errors obtained when
comparing the computational results with experi-
mental one can be much different if the experimen-

tal specimen is changed. This was the reason why
the Formulation 1 with 24 elements was chose, it
keeps the processing time low at the same time that
the errors and average errors are low.
The test on the jet engine containment test demon-
strated that cork was not good in absorbing energy,
the quantities of kinetic energy are huge and cork
loses his capacity to absorb energy as the kinetic en-
ergy increases. On the other hand the crack caused
by the blade is much smaller and since this is a con-
tainment test the objective is achieved with more
efficiency.
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castillo, I Ivañez, and J Cirne. Experimen-
tal response of agglomerated cork under multi-
impact loads. Materials Letters, 160:327–330,
2015.

[10] Yie Sue Chua, Elliot Law, Sze Dai Pang, and
Ser Tong Quek. Fish scale-cellular compos-
ite system for protection against low-velocity
impact. Composite Structures, 145:217–225,
2016.

[11] Lorna Gibson. Cellular solids: Structure, prop-
erties and applications, 2014. Acessed on
07/08/2016.

[12] S. Strenght of materials-lecture 12, 2009.
Acessed on 12/08/2016.
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