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Abstract: This paper is focused on the characterization of multilayer acoustic panels made from recycled
rubber waste produced by the Zebra factory in Bulgaria. The acoustical characteristics of rubber samples as well
as three-layer panels were investigated to determine their applications as sound barriers or resilient flooring. The
experiments to determine the sound absorption and sound reflection coefficients were carried out in laboratory
conditions using the standing wave method in the frequency range from 100 to 2000 Hz. The potential of
recycled materials to reduce airborne and impact noise was investigated and discussed. The sound insulation
coefficients of recycled rubber panels were determined by the "two-chamber™ method in the frequency range
from 100 to 4000 Hz. For this purpose, small acoustic chambers were constructed and tested. The dynamic
properties (dynamic stiffness and damping ratio) of the experimental materials were also investigated by an
impact test. The obtained results have been discussed and analyzed with a view to evaluating the possibilities of
application as acoustic barriers and flooring.
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Introduction

In recent years, the automotive industry has produced about 1.5 billion waste tires worldwide every year
(Balmori et al., 2024; Presti et al., 2013; Martin et al., 2014; Valentini et al., 2022). Used tires accumulate and
pollute the environment. An alternative solution to reduce used tires is to transform them through recycling and
their subsequent application. Rubber granulate can be used for various applications in the production of
elastomers, replacement of filler materials, panels with good sound and thermal insulation properties, resilient
flooring and many other applications in civil construction (Balmori et al., 2024; Schiavoni et al., 2016; Kumar et
al., 2020; Benkreira et al., 2011).

Recently, there has been a growing interest in the study of the properties of waste rubber materials and their
appropriate application (Asdrubali et al., 2008; Medina et al., 2018; Nuzaimah et al., 2018; Balmori et al., 2024;
Vilniskis et al., 2024). Despite the already published results about sound-absorbing and noise-insulating
properties, the topic is relevant in view of the development of new materials from recycled rubber in the form of
panels, partitions, elastic pads.

The aim of the present study is to investigate the properties such as sound absorption and reflection coefficient,
sound insulation and dynamic stiffness of materials, made out of rubber crumbs.
Experimental Procedure
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The object of investigation is the operational properties of recycled rubber products produced by the company
Zebra AD, Sofia. The rubber panels are made from rubber granules of irregular shape and sizes from 2 to 5 mm,
adhesive and a sheet of styrene butadiene rubber (SBR) with a thickness of 3 mm by pressing. Table 1 shows
the materials from which five samples were made with the shape and dimensions required for the measurement.
Comparative samples of Ethylene vinyl acetate (EVA)-Expanded Rubber with a density of 50 kg/m3 are also
used in the research. The acoustic properties of double panels made of SBR rubber and two samples of rubber
granules are also investigated.

Table 1. Materials

Density,

Material Code kg/m3 Thickness, m
SBR+Rubber 1180 0.019
granules plate

SBR+Rubber SBR+M+SBR 1230 0.022

granules+SBR

The methodology of experiments is consisted of the following steps:

Study of sound absorption and reflection coefficients;
Study of sound insulation and impact sound reduction by small-sized acoustic chambers;
Study of dynamic stiffness.

Sound Absorption Research Methodology

Investigation of the sound absorption and reflection properties of rubber panels was carried out in the impedance
tube in laboratory conditions. The experimental setup consists of impedance tube with a diameter of 90 mm, a
loudspeaker, a sound generator, PC based Real Time Analyzer and Sound Level Meter System, a microphone
and Multi-Instrument Software. The testing equipment according to the standard EN I1SO 10534-1 is presented
in Figure 1.

Sound
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e p Stan}ng wave tube source
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sample
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Figure 1. Schematic experimental setup of sound absorption and reflection measurement

The loudspeaker, which is located at one end of the tube, was induced by signal generator that generates sine
waves in the frequency range from 100 to 2000 Hz. According to physical theory, the waves propagating in the
tube to the other end and are reflected at the hard termination end cap made from brass material. The rubber
samples are placed on the rigid end cap. The phase interference between the waves in the pipe which are
incident upon and reflected from the test sample results in the formation of standing waves. The pressure
amplitudes at nodes and antinodes are measured with a microphone probe which slides along a ruler. The ratio
of the pressure maximum (antinode) to the pressure minimum (node) is called the standing wave ratio (SWR).

SWR = Prmsmax (1)

Prmsmin

This ratio is used to determine the sample’s reflection coefficient R and absorption coefficient a. Sound power
reflection coefficient Rp can be expressed by

SWR-1|?

SWR+1| 2)

RP=.B=|
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The sound absorption coefficient « at a given resonance frequency is calculated by EN 1SO 10534-1.

a=1-R, (3)
4SWR
~ (SWR+1)2 (4)

Measurements in the frequency range were performed five times on each sample, which was glued and firmly
attached to the pipe wall.

Methodology of Sound Insulation Measurement

Laboratory equipment for the evaluation of airborne and impact noise reduction must meet the requirements of
the standards EN 16283, which requires the presence of a reverberation chamber with a volume of more than 10
m?. For research purposes, many researchers have developed and used miniature acoustic boxes with a camera
for the sound source and a camera to receive the transmitted sound (Godinho et al., 2010; Branco et al., 2010;
Pleban et al., 2018; Kim et al., 2011:;Reddi et al.,2020; Wen et al., 2019). These non-standardized testing
systems have been used to analyze and to compare the sound insulation of walls, partitions, and also initial
evaluation of the impact noise of elastic layers (Rushforth et al., 2005).

To determine the sound insulation capacity of the experimental materials, the two-room method (Fahy, 2000;
Isaac et al., 2020; Prato et al., 2013; ElSaeed et al., 2019). Has been applied. For the purpose of current
investigation, a small acoustic box has been built especially for the tested materials. The use of small chambers
does not follow the standards, but allows receiving the evaluation of sound insulation potential of the some
materials. The testing in certain laboratory conditions can be reduced lateral sound transmissions from the test
plate. Due to the small size, the system is expected to provide better results at mid and high frequencies.

The developed reduced acoustic box consists of two chambers. The chamber in which the sound source is
located is a reverberation type and has dimensions of 700x600x600 mm. This chamber is built from the outside
in from plasterboard, chipboard, mineral wool and glass panels. The glass walls on the inside form a five-sided
box without parallel walls. Two full-range speakers with a frequency range of 20Hz to 20,000Hz are installed in
the source chamber.

The receiving chamber is anechoic type with dimensions of 700x600x500 mm. It is made of chipboard, mineral
wool and two insulation layers of foam and noise-absorbing pyramid-type foam. Between the two chambers
there is a frame with an opening for mounting the examined specimens. Measurement microphones have a
frequency range of 20Hz to 20,000Hz and are mounted in both cameras.

The differences in sound pressure levels of the sound waves in the source room and receiving room are recorded
by a two-channel acoustic analyzer in real time by means of a special control and measurement software Multi
Instrument 3.9 Proffessional. The sound transmission outside the experimental setup is minimized. Figure 2
shows a schematic of the small acoustic chambers used for sound insulation study.

The receiving chamber The source chamber
e T T T T |
spedimen
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Figure 2. Schematic experimental setup of small-sized acoustic chambers.
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Study of Dynamic Stiffness of Recycled Rubber Materials

The resilient materials such as recycled rubber are used in constructions called "floating floors". The
effectiveness of the floating floors depends on the mechanical properties of the insulation layers (Belli et
al.,2003; Schiavi et al., 2007; Schiavi et al., 2015). Dynamic stiffness is one of important properties impact
sound insulation materials. The measurement method for the determination of dynamic stiffness is defined in
EN 29052-1. A mass representative for typical floating floors is used to impose a static load on the tested
specimen. The mass is excited by impact hammer and from the resonance frequency of this spring-mass system,
the dynamic stiffness (s') is calculated with the relation:

s'=(2nf,)%.m (5)
Where m is the mass per unit area of the loading plate (200 kg/m?), , is the resonance frequency in Hz. Another

important property of elastic layers is internal damping. The resonant frequency curve carries this information.
Using the half-power point method, it is possible to estimate the internal damping ratio 6 and quality factor Q.
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Where the frequencies f; and f, are these frequency values, where the acceleration level has decreased by 3 dB.
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Figure 3. Schematic experimental setup for measuring the dynamic stiffness: 1) the rubber test specimen; 2) the
upper steel plate; 3) the accelerometer (CA-YD-160 ); 4) the impact hammer (LC-01KE); 5) the data acquisition
card (VT IEPE-2G05) and 6) the PC.

Results and Discussion
Results of Sound Absorption Measurement

Figure 4 shows the sound absorption and reflection coefficients vs. frequency for the tested materials. Figure 4a
presents the test results of SBR+M sample, with the sound-reflecting surface being the smooth SBR rubber side.
Figure 4 b gives results from the same specimen, with the sound-reflecting surface being the rough side of the
recycled rubber granules plate. Figure 4c shows the sound absorption and reflection for a 22 mm thick
SBR+rubber granule plate+ SBR panel. Figure 4d shows the results of an examination of a panel made of SBR,
two plates of rubber granules and SBR with a total thickness of 28 mm.
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Figure 4. Sound absorption and sound reflection for different waste materials:
a— SBR+M; b — M+SBR; c- SBR+M+SBR; d- SBR+M+M+SBR; e- EVA sample

It can be observed that the values of the sound absorption coefficients are low throughout the frequency range of
the study, with average values below 0,1. The relatively high density and pore-free test samples show a high
sound reflection coefficient of about 0,9. Figure 4 e) shows the results of a comparison sample type “EVA” with
a thickness of 26 mm and a density of 50 kg/m®. The average value of the sound absorption coefficient is about
0,4. It can be seen that at some frequencies the coefficient increases. The results can be explained by the closed
cell surface structure with high sound impedance and high sound reflection. (Segura, et al., 2015).

Results of Sound Insulation Measurement

The sound insulation coefficient has been determined using the two small acoustics chambers between which a
test specimen is placed. The test samples are recycled rubber plates with dimensions of 500x500 mm and
different thicknesses. The mode of operation is stationary. The following conditions have been maintained
during the measurements: the distance between the source and the microphone is greater than 0.5 m; the
measurement time is greater than 120 s; white noise is used as a sound signal; the level of the emitted sound
signal is 100 dB.

The determination of sound insulation coefficient of the experimental samples consists of making measurements
of the sound pressure levels in the source chamber and in the receiving chamber, followed by a calculation of
the difference between the two values. The emitted and received signals and their frequency characteristics have
been monitored using an oscilloscope, and the analysis has been performed in one-third octave frequencies. The
sound insulation coefficient R is calculated using the relationship:

R=Lp,—Lp, (7)

Where Lp; is the average sound pressure level in the source chamber, Lp, is the average sound pressure level in
the receiving chamber.
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The results of the measurements carried out for the rubber plates are averaged and given in Figure 5. Figure 5a
shows the results of the sound insulation coefficients when testing a rubber granules plate, and Figure 5b -the
results of the meadurement of a SBR+M+SBR panel.
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Figure 5. Sound insulation coefficients vs. frequency
a) Recycled rubber granules specimen; b) Panel SBR+M+SBR

It can be noted that the average sound insulation coefficients for the studied recycled rubber samples (M), as
well as for the panels made with the addition of rubber sheet (SBR+M+SBR), are about 38 dB in the studied
frequency range up to 4000 Hz. The products could be used for soundproofing walls, ceilings and floors.

Results of Impact Sound Reduction

The measurements of the impact sound reduction have been performed in the described small-sized acoustic
chambers. A metal ball weighing 0.5 kg was used as the impact source dropping from a height of 40 mm. The
floor was not a concrete slab, but chipboard with a thickness of 20 mm. The impact sound pressure level
resulting from the installation of a chipboard floor has been determined. A panel of recycled rubber is then
added to the chipboard and the impact sound pressure level resulting from the placement of the tested flooring is
measured. The defined characteristic is the improvement in impact sound insulation, AL, defined as the
reduction in normalized impact sound pressure level resulting from the placement of the tested flooring.

AL=L,o- L, (8)

Where L, is the normalized sound pressure level when hitting a floor without a rubber coating and Ln is the
normalized sound pressure level upon impact on the floor with rubber coating. The results of the AL, in decibels
are given in the Figure 6. It can be seen that the impact noise reduction at frequencies from 1000 to 4000 Hz
averages about 22-23 dB for the rubber crumbs plate and SBR+M+SBR panel.
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Figure 6. Impact sound reduction vs. frequency
a) sound pressure levels without a rubber, with recycled rubber plate and impact sound reduction;
b) impact sound reduction for rubber crumbs plate M and panel SBR+M+SBR
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Results of Dynamic Stiffness Measurement

The measurements of the dynamic hardness of the recycled rubber samples are performed by setup, shown in
the Figure 3. The test specimens are cylindrical with the same diameter of 90 mm and different thicknesses as
shown in Table 2. They are placed on a main solid steel plate weighing 30 kg. The loading steel plate weighs 1.2
kg, so the reduced loading mass is 200 kg/m?.The accelerometer is glued in the center of the steel plate.
Excitation is by an impact modal hammer with a stiff tip. A signal from the accelerometer is recorded after the
excitation is applied. The chosen frequency resolution is Af=0.2 Hz.

The frequency analyzer allows us to identify the resonant frequency of the mass-spring system, consisting of the
load plate and the elastic material. The widths of the resonance curve at a level 3 dB from the maximum of the
resonance peak, necessary for the calculation of the quality factor and damping ratio, have been also determined.
On each sample, 5 recordings were made for 20 seconds and the resonance curves have been obtained.

The results are averaged and shown in Table 2. Figure 7 present frequency resonance curves of tested samples:
a- test sample SBR rubber sheet with a thickness of 3 mm; b- test sample recycled rubber from rubber crumbs
and tightly glued rubber sheet SBR; 3- panel obtained from SBR+M+SBR; 4- SBR+M+M+SBR; 5- test
specimen is EVA type porous rubber. The dynamic stiffness was calculated according to (5), and quality factor
and damping ratio - according to (6).
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Figure 7. Frequency resonance curves of tested materials:
a) Rubber sheet SBR; b) SBR+M ; ¢) SBR+M+SBR; d) SBR+M+M+SBR; ) EVA rubber

Table 2. Resonance frequencies, quality factor Q, damping ratio 6 (%) and calculated dynamic stiffness

Resonance Dynamic

Ho Specimens Thickness, Frequency, fl,Hz f2,Hz Quality Damping, stiffness,
mm Hz factor % MN/m2

1 SBR 3 286.12 2446 3091 44 11,3 645,7
2 SBR+M 19 66.17 56.64 7153 44 11,3 34,5
3 SBR+M+SBR 22 65.94 50.3 77.15 2,46 20,4 34,3
4 SBR+M+M+SBR 28 39.96 35.16  43.70 4,67 10,69 12,6
5 EVA 26 27.33 20.508 34.18 2,00 25,00 5,9

The value of the dynamic stiffness of the recycled materials SBR+M and SBR+M+SBR is about 34.5 MN/m?.
Increasing the thickness of the resilient layer to 38 mm leads to a decrease in the value of the dynamic stiffness
and it is 12.5 MN/m? For comparison, the result of the EV/A tire, where the dynamic stiffness is approximately
6 MN/m?, is also given. However, insulation layers with a high elasticity coefficient, under load, deteriorate the
acoustic properties. Harder insulating layers will retain their insulating properties longer (Belli et al.,2003).

In Baron et al. (2004) the dynamic stiffness is given for various polymers used as elastic materials, e.g. synthetic
polystyrene or treated rubber material mixed with elastomeric elements and their values are lower than 30
MN/m?. The lower the dynamic stiffness, the better is the impact noise isolation. According to Segura et al.
(2015) the dynamic stiffness values of some commercial resilient layers for floor applications are below 20
MN/m?. According to Belli et al. (2003), Schiavi et al. (2007), Schiavi et al. (2015) once the resonant frequency
and the damping ratio are known, it is possible to estimate the impact sound reduction and predict the behavior
of the floating floor insulation layers (Belli, et al.,2003).

Conclusion

The paper presents a study of the properties of recycled rubber sheets and panels. These rubber products have
low sound absorption and are not suitable as sound absorbing materials. In addition, the sound insulation
properties against airborne and impact noise were investigated using small acoustic chambers. The average
values of the sound insulation coefficient are about 36-38 dB for both the rubber crumbs plate and the
SBR+M+SBR panel. These recycled materials can be used for sound insulation of walls, floors and ceilings, etc.
and have potential for vibration insulation. Some results were also obtained for the dynamic stiffness. As the
thickness of the insulating rubber layers increases, the stiffness decreases. Knowing this characteristic enables
an indirect assessment of impact noise reduction in the application of recycled rubber products as underlays for
floating floors.

Recommendations

The presented research can provide new knowledge to students and engineers about evaluation of the acoustic
properties of recycled rubber products.
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