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Abstract: In the last decades, the EPS (expanded polystyrene) and the XPS (extruded polystyrene)
have become the most frequently used thermal insulation. Furthermore, the XPS has step resistant
thermal insulation with higher strength. Nowadays in our current economic situation, the circular
economy plays a significant role. That means we need to intend making a product that becomes waste
as late as possible. Instead of a product, the goal is to return it to the economy as a basic material for
a new product. Instead of generating waste, a new chance must be given by reusing it. Based on that
consideration, our research work was in producing reinforced EPS material, which has the physical
and thermal properties at least, as the XPS is much more expensive to produce. For reinforcement,
materials have been chosen, in terms of its current life cycle, considered as product or waste. The first
choice were plastic straws and cutleries that will be redrawn from the market. The next additives
were renewable materials from agriculture like straws of wheat. It is essential for this research work
to map the possible raw materials, i.e., EPS and XPS. The article collects the properties of the EPS and
XPS and the related simulation methods that can be found in the literature.
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1. Introduction

Both EPS (expanded) and XPS (extruded) are closed-cell rigid insulation material made
from the same basic material, polystyrene resin. Both polystyrene foams have the same
chemical composition, but their production method is different. EPS, expanded polystyrene
foam, is a thermoplastic, cellular polystyrene hard foam thermal insulation material. It
has low density, 10–30 kg/m3, and is easy to handle. XPS, extruded polystyrene foam, is a
hard, closed-cell polystyrene foam made with an extrusion-foaming process. Only boards
can be manufactured from XPS hard foam, blocks cannot be produced. Its body density is
25–50 kg/m3 and that is the reason why its technical characteristics are significantly better
than those of expanded PS foam. The article aims to establish whether it is worthwhile
to direct our research in such a direction as to provide EPS with properties—especially
strength—that reach those of XPS foam according to the circular economy. Firstly, the
information of the literature regarding EPS and XPS materials and their applications was
mapped, as well as a summary of the related simulation tests and test methods which were
prepared. Furthermore, some experiences with additives were shown.

In 2019, the European Union accepted the motion regarding the withdrawal of single-
use plastics from the market. The plastic cutlery and straws—which were intended to be
used to strengthen EPS during our research—are among these products. About 25 million
tons of plastic waste is generated in Europe every year, of which only 30% is recycled.
Plastic waste makes up 85% of beach waste. That is why the decree was created, that forbids
to market single-use plastic products that can be replaced with other, easily available and
affordable products [1].

The most common area of usage of the materials in focus is the construction industry,
including thermal insulation. In accordance with the European Union Directive 2018/844,
member states must strive to find a cost-effective balance between the decarbonization
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of energy supply and the reduction of final energy consumption. The goal is to achieve
zero-energy buildings for newly built buildings but also during renovations [2,3].

A new research direction appeared in the last years which aims to develop insulation
materials with bio or waste additives. Some of the researchers focused on locally available
basic materials [4] like straw, wood, or even aerated slurry. The other possibilities were
fibers like wheat straw or rice husk [5] which were chemically treated.

2. Mechanical Properties of Expanded and Extruded Polystyrene

One of the most important tasks for today’s construction industry is to create build-
ings that have a minimal negative impact on the environment and at the same time have
the best possible energy efficiency. This is the reason why thermal insulation, its mate-
rials and process technology, came into view. The materials most commonly used for
thermal insulation—naturally in addition to other types of materials—are EPS, XPS and
mineral wool.

As mentioned in the Introduction, both EPS and XPS are polystyrene foam with the
same chemical composition, but the big difference between them is the process by which
they are produced.

2.1. EPS and Reinforced EPS

EPS materials are reliable insulating materials and provide a long-lasting internal and
external protection for the walls of a building. Thanks to its closed cell structure, it provides
excellent protection against moisture. Its density, strength and thickness determine its heat
resistance and compressive load capacity (Table 1). It can also be used to insulate walls,
ceilings, floors and roofs.

Table 1. EPS material properties.

Properties EPS70 EPS100 EPS150 EPS200

Density, kg/m3 13.5 18.0 23.0 28.0
Initial elasticity modulus, MPa 2.5 4.0 5.0 7.5
Compressive strength at a 10% axial load, kPa 70 110 135 200
Thermal conductivity, W/mK 0.039 0.037 0.035 0.033

Examining the compressive strength of EPS, it can be established that the density of
the foam affects its mechanical properties. Since EPS can be easily compressed, it is ideal
for reducing the horizontal and vertical tension generated in its porous material, while
the lateral displacement is almost negligible. The compressive strength depends to a large
extent on the density of the material, the degree of material changes or deformation and
the magnitude of the applied compressive force. When the tension is gradually increased,
more EPS bubbles disappear, and a lower compressive strength is observed. An increase of
EPS density results an increase of compressive strength. An increase of the value of the
elasticity modulus (Young’s modulus) can be observed for higher density EPS and when
the compressive stress increases. Therefore, it can be said that when the deformation rate
increases, both the elasticity index and the compressive stress increase. The elasticity index
is more affected by the rate of deformation in the case of EPS with a denser structure, while
the strength of the whole sample at the point of elastic deformation is more sensitive to
the rate of deformation in the case of EPS with a lower density, which is related to the
damage of the bubbles. Table 1 shows the properties of EPS materials with four different
densities [6].

In the European Union, about 40% of all energy consumption comes from the energy
consumption of buildings, and on top of that, even 35% of the emitted CO2 is due to our
outdated buildings. Flat roofs, as an element of the building’s stratification, play a large
role in heat loss—of course, depending on the structure and height of the building. EPS
sheets provide excellent thermal insulation and reduce heat loss in the insulation of flat
roofs. EPS can be used not only in the form of sheets for this insulation purposes of a roof,



Processes 2023, 11, 12 3 of 17

but by mixing EPS granules with cement, creating lightweight concrete which also fulfils
this thermal insulation task excellently [7].

In relation to the insulation of buildings, not only thermal insulation regulations and
needs must be taken into account, but also sound insulation. EU regulations encourage
member states to also pay attention to sound insulation, as environmental noise pollution
is a global problem. If EPS is combined with plaster of suitable thickness, significant results
can be achieved [8]. Figure 1 shows such a combined structure.
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Figure 1. Base wall with EPS plaster.

If a 5 mm thick layer of plaster is applied to the EPS that is fixed to the base wall, a
significant 8–16 dB increase in the sound insulation value can be achieved in the frequency
range above 630 Hz. If the thickness of the plaster is further increased by another 5 mm—
so the plaster layer is 10 mm—the soundproofing ability of EPS increases to 5 dB in the
frequency range of 630–1000 Hz [6,8].

A study reports on the use of EPS related to the construction industry, in a slightly
different way, in connection with road construction in Italy. Expanded polystyrene is
a thermoplastic material that is made from pre-enriched polystyrene beads, so despite
its extremely light weight, it has great strength and thermal insulation. Thanks to these
properties, natural materials can be an alternative in architectural projects that would
otherwise require a large budget or be time-consuming, or even impossible to carry out. In
Italy, EPS has been successfully used for twenty years in the field of road infrastructure,
specifically in the implementation of roads, bridge connections, light embankments and
refills, but, above all, in the construction and repair of roads at risk—such as landslides and
vibration [9].

2.2. XPS

The production of extruded polystyrene foam, i.e., XPS, starts from solid polystyrene
crystals. These crystals are put into an extruder with various additives and foaming agents.
Under controlled conditions in the extruder, this mixture attains its final, viscous liquid
plastic state at high temperature and high pressure. This thick, hot melt is fed into a
continuous press. When it comes out of the press, it swells into foam, acquires its final
shape, then cools down and can be cut to size.

The structure of the XPS cell is completely closed and there are no cavities between
the cells. This makes XPS resistant to pressure and moisture. Its structure is homogeneous
and cannot be easily broken into pieces [10].

Extruded polystyrene foam has better thermal insulation properties than EPS, so one of
its popular fields of application is soil insulation. In such an application, XPS is used more
often than EPS not only because of its better thermal insulation properties, but also because
of its better mechanical properties since these surfaces must also be load (step) resistant.
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2.3. Comparison of EPS and XPS

In the previous sections, the properties of EPS and XPS were discussed separately.
In this section, the two materials were compared based on different aspects. First of all,
the structure of the two materials were presented: EPS is made from small polystyrene
beads by steaming in a mold, where the beads swell and stick together, but there are gaps
between them, which makes it easier to absorb water than XPS, which has a completely
closed cell structure [9,11].

Table 2 summarizes some of the physical properties of EPS70 and XPS. In the construc-
tion industry, the R-value is widely used. This value shows the thermal resistance of a unit
surface [10].

Table 2. Main physical properties of EPS and XPS.

Physical Property EPS70 XPS

Density, kg/m3 13.5 50
Thermal conductivity, W/mK 0.039 0.03
Moisture absorption capacity 5 1

R-value (appr. 24 ◦C, m2 K/W) 4.1 5.0
Pressure resistance, kPa 70 100–690

XPS has advantages over EPS, such as lower absorption capacity and better strength,
but this is also reflected in the price of the two materials, since the price of XPS products is
50–80% higher than that of EPS products.

3. Examination Possibilities

The most common method for checking the conformity of a product or material is the
application of measurements, however, nowadays, the finite element simulations are used
more and more, since with this procedure, after the validation of the model, there is no
need to prepare additional samples, and the conformity of a product can be determined
under different loads. In the case of expanded polystyrene, the biggest challenge during
the simulation is the correct specification of the material model since its properties depend
on the rate of deformation and the density of the polymer foams. This means that the
design of the material model depends to a large extent on the density of the foam and their
area of application. After selecting the appropriate material model, experimental tests are
necessary to determine the parameters.

3.1. Laboratory Measurement Required for Simulation

Figure 2 shows the stress-strain diagram of an EPS foam. It can be seen that the
curve can be divided into three parts: the linearly elastic section, the large deformation
section, where the stress value is almost constant with increasing deformation, and the
compression section, where a rapid exponential increase of stress can be observed with
small deformation. When a foam is compressed, the walls of the bubbles begin to bend,
leading to a linear elastic deformation; beyond a critical deformation value, these bubbles
collapse due to elastic buckling every time opposite bubble walls come into contact. As
the balls close up, the structure begins to thicken, thereby increasing the stiffness of the
material rapidly. To determine this curve, a compression test is required.

In the case of quasi-static testing, the most frequently used specimen design is cylin-
drical [12]. According to the study of Bertholf and Karnes [13], the tests showed that lateral
and axial inertia and friction can create additional constraints, which results a multiaxial
stress state, therefore the optimal ratio between the height and diameter of the cylinder
is 0.5. In addition to the cylindrical design, cube and rectangular test specimens are also
used [14,15].
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Figure 2. EPS stress-strain diagram.

Quasi-static compression tests are usually performed at several low strain rates. The
elastic modulus can be determined from the stress-deformation diagram of the compression
test. The Poisson factor—a very important parameter that is used for simulation settings—
can be determined from the compressed specimen. No lateral elongation is observed
during compression of EPS foams, so the Poisson’s factor is nearly zero. The volume of the
material is not constant during the test, which means that the density of the test specimen
increases [14,16]. Figure 2 shows the literature data alongside the quasi-static compression
tests, tensile tests, impact tests and dynamic compression/tensile tests. For validation of
the finite element simulation, the compression test is sufficient.

3.2. Finite Element Simulation of EPS

In the following, the settings and results used for these simulations are presented. One
of the earliest technical articles deals with the simulation of 2D and 3D impact tests of XPS
foams [16]. The cited authors executed the simulations in ABAQUS Standard version 6.2.
The obtained results closely correlated to the data obtained during the experiments.

Gerhard Slik et al. [17] already performed an investigation of expanded polystyrene
foam. In the case of the selected material, the rate of deformation did not significantly affect
the results, so it was not considered during the simulation either. The simulations were
made with the help of LS-DYNA software. In this software, it is possible to use several
foam material models. The authors selected two material models: a highly compressible,
low-density, elastic foam (Material Type 57) and a slightly elastic foam (Material Type
63). A small damping factor was applied. In the case of Material 57, when the load was
removed, the material partly regained its original shape, while in the case of Material 63,
the specimen remained in its deformed shape.

After the selection of the material model, three types of simulations were performed:
impact test, dynamic head impact test and dynamic pelvis impact test. The importance of
the latter two tests was that the deformation should not be unidirectional. The stress-strain
diagram was determined from the simple impact test. As the second step, the experiment
and simulation of the other two tests were executed to validate the material model. The
results of the first and second tests were almost identical, however, in the case of the impact
test hitting the head, further changes are required.

The study by Ozturk and Anlas [18] also deals with EPS foam, however, unlike the
previous ones, multiple cases of loading and unloading were examined. In the case of
energy-absorbing components, it is more important to determine the maximum displace-
ment, force and deceleration under load for a given absorbed energy, than to determine
the residual deformation, stress-strain diagram and energy release during unloading. The
authors used LS-DYNA and ABAQUS software. In the case of ABAQUS, the application
of the breakable foam material model with volume hardening gave a good solution and
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the selected material was EPS20. This material model uses an elliptic yield surface in the
deviatoric stress and hydrostatic stress field, which requires two parameters: compression
yield ratio, which is the initial yield strength in the case of uniaxial pressure and the ratio of
the initial yield strength in the case of hydrostatic pressure. The hydrostatic yield strength
ratio is the ratio of the tensile strength resulting from a hydrostatic tensile test to the initial
yield strength resulting from a hydrostatic compression test. In addition, to calculate the
hardening, the yield strength (σy) and the uniaxial plastic deformation (εpl

axial) have to be
determined. εpl

axial can be determined from the nominal engineering strain:

ε
pl
axial = ln(1 + εnom)− εel , (1)

where εnom is the nominal engineering strain (negative for pressure) and εel is the elastic
deformation. The simulations performed with this model correctly determined the im-
pact/collision factor (G) in the case of the first impact, however, in the case of multiple
impacts, the software calculated higher values. During the simulations carried out with
the LS DYNA software, the previous low-density foam material model (MAT57) was used,
since in this case, the shape and hysteresis of the unloading, reloading and displacement
curves can be controlled with the help of two parameters. In this case, nominal stress and
strain data from a single load test are required. The basic model itself was not well-suited
to the examination of components exposed to multiple loads, however, by calibrating the
hysteresis and shape factor of the MAT57 material, the simulations accurately predicted
the value of the impact factor both in the case of small and large increases in G.

Thus, it can be said that in the case of the LS-DYNA material model, the calibration
procedure developed by the authors can also be used for other foams.

Based on the work of Ozturk and Anlas, Shah and Topa [16] also used the same
material model during their quasi-static tests with the LS-DYNA software. The following
parameters are necessary: the density of the material, modulus of elasticity, Poisson’s factor,
stress-strain curve, tensile stress and damping factor. In addition, impact tests were also
carried out, in which case the previous material model was not well applicable, since the
compressive force affects only a small part of the foam, so in addition to the compressive
force, a shearing force is also generated, therefore additional additions were added to
the model:

• Material destruction (by modifying the MAT_ADD_EROSION command) to simulate
the brittle destruction of the foam.

• Further development of the material model to avoid the negative volume error (expo-
nential extension of the stress-strain curve).

• Application of internal contact.

The results of the simulation correlate well with the results of the measurements,
therefore, the model developments are suitable for the precise determination of stresses
and deformations arising in the case of combined loads.

Krundaeva et al. [15] worked on determining the dynamic compressive strength of
EPS foam, for which they applied a material model improved by Shah and Topa. The
simulations were performed with the help of LS-DYNA software, where, in addition to
the variation of the deformation rate, the density and temperatures were also changed.
The results showed that temperature affects the strength of EPS, a decrease was observed
at high temperature (50 ◦C) and an increase at low temperature (−20 ◦C). The applied
parameters to the material model were able to accurately predict the load and deformation
of the EPS foam.

4. Experiences of EPS with New Type of Additives

The goal of this research is using waste as a material. Polystyrene particles are used as
raw material. The expanded polystyrene (EPS) is widely used in the construction industry
for thermal insulation of facades as it was mentioned earlier. The biggest disadvantage of
the insulating element made of EPS material is that the material can undergo permanent
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deformation due to mechanical stress. There is such an insulating element that is pro-
duced by a different technology (XPS—extruded polystyrene), but its price is significantly
higher [19,20].

The aim of this research is to develop an EPS-based product, which has almost the
same mechanical properties as XPS. During the research, it was necessary to work on
the manufacturing technology of the sample, the test method of the sample, and to fur-
ther develop the sample, it was necessary to prepare mechanical (FEM) and numerical
thermodynamic simulations (CFD) [21].

4.1. Technology of Producing Simple Pieces

The production of the EPS samples begins with the pre-foaming of small polystyrene
particles so the size of the particles can be increased by 20–50 times due to the pentane in
the small particles under the influence of steam. It is important that the pressure of the
steam must be 1 bara, which means saturated water steam at around 100 ◦C. The “heat
treatment” lasts approximately 15–20 min. The balls of increased particle size are filled into
the shaping vessel, which is blown through with steam at 115–120 ◦C. Figure 3 shows the
pdf of the designed steam system.
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Figure 3. Steam system used for EPS production. 1: Boiler, 2: Control valve, 3: Steam header, 4: Valve,
5: Throttle valve.

For the production, the Certuss electric steam generator—number 1—was used, which
produces a maximum of 10 barg of saturated water steam. It was necessary to reduce this
to the desired pressure with a pneumatic control valve number 2. During production, this
was around 2 barg. The mass flow of steam was further reduced with the valves located
on steam header (number 3). By opening valve number 4, steam is introduced into the
molding chamber as shown in Figure 4.

Figure 4. Schematic drawing of molding chamber.

By throttling the valve located at the lower point of the forming chamber, the tempera-
ture can be controlled in the chamber depending on the tension of the steam.

During the production of the sample, we made both unreinforced and waste-reinforced
test specimens. The production technology was the same in both cases.
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When choosing the waste material, it was important to have a favorable influence on
the mechanical properties so that the thermal properties do not deteriorate significantly.
Wheat and plastic straws were chosen as waste material at the beginning of the experiments.
During the tests and production, we encountered several difficulties, because if a too large
proportion of waste was used, the polystyrene particles could not stick to each other, so
a product suitable for further testing could not be produced. In the case of a smaller
amount of waste, during the examination of the product, the conclusion is that the strength
properties of the final product fall short of the original product.

Next, the use of plastic waste was examined. Cylindrical tubes made of LDPE material
were placed in the sample, the inner part of which was also filled with polystyrene balls.

In the future, only tests were performed on products of this type, because favorable
strength properties were obtained during these measurements. The properties of the
specimens are described in Table 3. Below are some pictures taken during production
(Figures 5–7).

Table 3. Properties of the measured specimens.

Specimen ID Additive Material Density (kg/m3)

Specimen 1 none 87.2

Specimen 2 2 g natural wheat straw 79.9

Specimen 3 none 87.2

Specimen 4 2 g natural wheat straw 87.6

Specimen 5 5 pieces Ø12 mm PE straw 96.9

Specimen 6 5 pieces Ø12 mm PE straw 95.9

Specimen 7 5 pieces Ø12 mm PE straw 125.21

Specimen 8 5 pieces Ø12 mm PE straw 129.9

Specimen 9 7 pieces Ø8 mm PE straw 96.9

Specimen 10 7 pieces Ø8 mm PE straw 104.9

Specimen 11 7 pieces Ø8 mm PE straw 121.6Processes 2022, 10, x FOR PEER REVIEW 9 of 18 
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Figure 7. Chamber of manufacturing the sample piece.

4.2. Mechanical Test

A pressing machine (Figure 8) was used for the mechanical testing of the foamed raw
materials. With the help of the pressing machine, we created a surface load on both sides
of the raw material and examined the deformation of the tested material as a function of
the load.
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Figure 8. Pressing test set up. 1—pressing machine, 2—force measuring cell, 3—clamping structure,
4—tested specimen, 5—displacement transmitter, 6—Quantum X A/D measurement data collector,
7—computer.

During the measurement, the used force and the compression of the sample piece
were recorded with a frequency of 1 Hz. From the displacement-force diagram, it is
possible to draw conclusions regarding the compressive stress and specific strain arising in
the material.

The specific displacement-stress diagrams recorded during the measurement are
illustrated in the figures below.

It is clear from Figure 9 that the compressive strength of the polystyrene specimens
reinforced with straw is lower than the values of the unreinforced specimens.
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Figure 9. Measured results of normal and straw reinforced polystyrene.

Figure 10 shows the strain-stress diagram of polystyrene specimens stiffened with
small (5 mm) and large (11 mm) diameter plastic straws. This shows that we have achieved
an improvement in terms of both strength characteristics and deformation characteristics.
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Figure 10. Measured results for polystyrene reinforced with large straws.

Furthermore, tests were carried out with unstiffened specimens of higher density
(Figure 11). In all cases, the sample with higher density had significantly better strength
characteristics than the sample with lower density, but its mass was greater. Presumably,
due to the smaller air volume, its thermal properties change in an unfavorable direction in
terms of insulation.
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Figure 11. Measured results for polystyrene reinforced with small straws.

4.3. FEM Analysis

In accordance with the mechanical tests, finite element simulations in the ANSYS
environment were performed as well. The material database of the software includes
polystyrene as a raw material, but mechanical properties are not assigned. Data on this can
be found in the literature; however, these values depend to a large extent on the degree
of expansion of the PS raw material, as well as on the production method. From our
experimental tests, the value of the tension during the load was determined,

σ =
F
A

=
2000 N

4.657 · 10−3 m2 = 0.429 MPa,

the value of deformation,

ε =
∆l
l

=
16 mm
45 mm

= 0.356
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from which the value of the flexibility factor,

E =
σ

ε
=

0.429 mm
0.356

= 1.205 MPa.

The finite element simulations were performed with these values, from which we
obtained the following results shown in Figures 12 and 13.
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Owing to the modular structure of ANSYS, the thermal simulation can also be carried
out, and since the geometric model was ready, only the boundary conditions had to be
changed (grip plus load for the strength task, temperature or insulation of the surfaces
for the heat conduction task). It is also possible to examine the thermal properties of the
deformed test piece. The explanation for this is that less air space remains in the compressed
material due to the load, therefore the polystyrene particles are in contact with each other
to a much greater extent, which means that the thermal conductivity of the test piece will
increase. This effect is not taken into account by the software therefore the change of the
heat conductivity factor must be entered in the form of a function.

According to the measurements, the bilinear isotropic material model has been chosen
for the numerical simulations. With this material model, the numerical results produced
practically the same results as those obtained from the experiments. This bilinear isotropic
hardening process was defined with three material properties, with the Young’s modulus,
the yield strength and tangent modulus. The theoretical behavior of such a material is
shown in Figure 14.
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Figure 14. Theoretic diagram of a bilinear hardening model (from ANSYS).

The two characteristic moduli are practically proportional to the slope of the lines
drawn in the figure, and the yield strength is the point where the slopes are connected.
The initial stage is the yield strength, and the second stage is the tangent modulus. The
specimens prepared for the experiments have the following characteristics:

• the Young’s modulus is 8.1378 MPa,
• the yield strength is 0.321 MPa, and
• the tangent modulus is 0.6258 MPa.

The finite element simulations of the reinforced test pieces with plastic waste are
currently executed. During the simulation tests, the fact that the EPS material with a
heterogeneous system contains a completely different material in terms of strength causes
difficulties. During the simulation tests, it is necessary to solve a contact problem, which
takes into account the tensions and possible displacements between the EPS and the plastic.
According to our preliminary opinion, since the plastic, hollow bodies are also filled with
PS material and they also expand, a hydrostatic load is practically created on the outer and
inner surface of the plastic cylinder, which prevents the plastic elements from collapsing.
Based on our experiments, this kind of load has a favorable effect on the strength properties
of the product. The primary FEM tests have already been completed and the results are
shown in Figures 15 and 16. The mechanical models still need to be specified.
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It can be seen from the Figures 12, 13, 15 and 16 that the simulation results and the
measurement results show a good approximation. The results are summarized in Table 4:

Table 4. Comparison of the measured and simulated values.

Measured Data Simulation Value

Compression of unbraced specimen 8.42 mm 8.3 mm
Compression of stiffened specimen 9.53 mm 9.8 mm

In the case of the material with a composite structure, it was necessary to generate the
strain-stress diagram characteristic of the material from the measurement data, which was
solved by function fitting.

4.4. CFD Analysis

In the course of our research, we also investigated reinforced and unreinforced PS test
pieces using numerical flow methods.

Figure 17 shows the principle diagram of the measurement of the thermal conductivity
factor. Hot and cold surfaces with a constant temperature (these energies can come from
some kind of high mass flow or a well-regulated source) were needed to be provided and
two known materials (measuring pieces) with exact thermal conductivity factors were
needed. In the arrangement shown in the figure, at least 6 temperature transmitters were
needed and we needed to know the distances between them. Using the method described
above, the thermal conductivity of the sample we developed can be determined. Figure 17
shows vertical lines between the schematic drawing and the temperature curve which
symbolize the geometric position of the thermocouples.

The simulations were performed with SC/Tetra and ANSYS Workbench Steady State
Thermal software.

In both cases, it was necessary to create a geometric model. When creating the model,
a geometry was used according to the new, square-shaped forming chamber. During the
tests, the whole volume temperature of 20 ◦C was assumed as initial condition and the
boundary conditions were:

• initial temperature of upper surface: 100 ◦C,
• initial temperature of lower surface: 20 ◦C,
• thermal conductivity of PS: 0.038 W/mK,
• stiffening material (LDPE) thermal conductivity: 0.33 W/mK,
• side walls assumed as adiabatic walls.

The result according to SC/Tetra is shown in Figure 18.
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Figure 18. ANSYS-Fluent simulation result.

Table 5 shows the obtained specific heat fluxes in the different simulation cases.

Table 5. Comparison of the measured and simulated values.

SC/Tetra
Reinforced

ANSYS
Reinforced

Analytical Calc.
Unreinforced Case

Heat flow
W/m2 44.8 44.9 43

Based on the SC/Tetra result, it can be established that the combined thermal conduc-
tivity of the reinforced polystyrene insulation material with a composite structure changed
to 0.039 W/mK, which results in an increase of approximately 5%.

5. Summary

One of the most important keywords in our current economic life is the circular
economy, which means extending the life of a given product as long as possible. The largest
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part of our society’s non-recycled waste is made up of plastics. The recycling of plastics is
a high priority these days. The way of reusing plastic waste that we are researching is to
reinforce PS foams with plastic-based straws. The EPS and XPS materials were presented
in the article. We have described the production, structural constructions, mechanical
properties and areas of use of these materials. The two materials are chemically the same,
but their structure and mechanical properties are different due to their production using
different processes.

The measurement and simulation studies used in the case of expanded polystyrene
found in the literature were presented above, from which it can be concluded that the
correct modeling of this material is a very complicated task, in which one of the main
reasons is the material’s multi-stage stress-strain curve. During the simulations, the authors
overwhelmingly used the LS-DYNA software because of the built-in favorable material
models applicable to foams. In addition, in some cases, ABAQUS was also used, whose
material model of the built-in crushable foam produced almost the same results as the
measurements in the quasi-static case, but in the case of multiple loads, the model could
not fully reproduce the real values, while with the LS—by correcting the parameters of the
material model in the DYNA software, these types of loads could also be simulated.

In Section 4, we briefly presented the method of manufacturing the sample pieces
and also described the measurements and simulation results. Based on the results, it can
be stated that an improvement in strength can be achieved by placing plastic, cylindrical
elements in the polystyrene filler. Additional tasks included eliminating the quality differ-
ences that arise during the production process, which is why we designed a new type of
production chamber. It is necessary to carry out further pressure tests so that the results
can be reliably used during the simulation. In the case of plastic elements, it is necessary
to examine the optimal amount and distribution, which we want to verify basically with
simulation tools.

The bilinear isotropic material model has been chosen for the numerical simulations.
Based on that material model, the results of the numerical analysis showed the same results.
This bilinear isotropic hardening process was defined with three material properties: the
Young’s modulus, the yield strength and tangent modulus.
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