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Abstract

Ecological and sustainable materials have a growing interest in the field of construction and
buildings where recycled materials are being included as constructive solutions. Currently,
fruit stones are not used in architectural acoustics and there are no scientific studies that
analyse the acoustic insulation of materials manufactured by fruit stones.

This work analyses the sound absorption coefficient of panels made of different fruit stones.

Four types of fruit stones have been selected with different properties in terms of density,
shape and porosity. They are of the hard-stone type so that they have a high durability. To
determine the sound absorption coefficient, cylindrical samples with different thicknesses
have been manufactured and tested in a standing wave tube. The experimental results
showed that the sound absorption varies depending on the type of fruit stone and the
thickness of the sample.

In the frequency range from 550 Hz to 1500 Hz, some samples reach sound absorption
coefficients from 0.7 to 0.95.

These panels offer good acoustic insulation properties and an added value from the
aesthetics point of view.

Keywords: Agricultural waste, fruit stones, sound absorption, acoustic conditioning.

1. Introduction

There is an increasing interest in sustainable sound absorbing materials as an alternative to
the commonly used ones. These materials reduce the environmental impact in the building
industry. Natural materials are intended to increase the sustainability of the buildings [1].
These materials provide the advantage of being largely available and their application in
fields as building help to solve the management of the waste. The building sector is
integrating new sustainable materials, both for thermal [2][3][4] and acoustic insulation

[516]7].

There is a wide range of natural materials potentially applied in acoustics as agricultural by-
products [8], [9], kenaf fibres [10], hemp fibres [11], coconut fibres [12][13][14], bamboo
fibres [15] or sheep wool [16]. Another type of materials are the ones deriving from
agricultural work, as pruning. Some researchers have concentrated their investigations on
this type of materials [17].



Other natural materials, as fruit bones are being investigated for their application in different
sustainable fields, as energy efficiency [18], thermal insulation [19] and production of
activated carbon [20][21].

Some natural materials behave as porous absorbers because of their cavities in the internal
structure [22][23], which allow absorbing the sound waves at certain frequencies. These
type of materials with open pores guarantee the sound absorption properties [24][25][26].

There are different techniques to evaluate the acoustic performance of porous and fibrous
materials. One of the most commonly used method consists of characterizing the materials
by means of a standing wave tube to determine the sound absorption coefficient at normal
incidence [27][28].

Other methods are based on phenomenological models that require parameters as
tortuosity, porosity and shape factor of the pore [29][30][31] related to the sound absorption.
On the other hand, there are works based on empirical models [32][33][34][35] that relate
the experimental sound absorbing values to the predicted ones [36].

The present paper investigates the acoustical behaviour of materials made of fruit stones
from different species: olive, cherry, apricot and peach. These fruit trees are typical grown
in the Mediterranean area, which makes them largely available.

The samples to be tested are prepared in a circular mould of 100 mm diameter, which
allows determining the sound absorption coefficient in a standing wave tube in the range
200 to 1700 Hz.

2. Materials
2.1. Raw material properties

The raw materials are fruit stones from different species with a high amount of lignin that
provides hardness and durability. These stones are not edible because they are obtained
from waste of industrial processes to be used as biomass or to manufacture activated
carbon. A cleaning treatment and a subsequent impregnation with a compound of boric
salts is required in order to avoid damage by enzymes, insects or xylophagous fungi.

Four different types of fruit stones have been chosen in terms of density, size and surface
morphology. These fruits are widely consumed so that a large amount of raw material is
available. For this study the chosen fruit stones are olive, cherry, apricot and peach. Table
1 shows the physical properties of these stones.

To determine the average weight of each type of stone, fifty units of each type are weighed
and introduced into a test tube calculating the occupied volume of water. The average bulk
density is determined from these data (Table 1).

For this study it is necessary to know the amount of bio-resin (FixGrav) required by the
stones to prepare the samples. Needles attached to each stone are used to enable the



soaking (Figure 1). When the resin dries, the stones are weighed again in order to know the
dried weight.

Figure 1. Hard fruit stones with resin.

The average weight loss of the resin when dried is 58.9%. The relationship between the
resin and the stone weight for each type of stone is indicated in table 1.

Table 1. Weights and densities of the fruit stones and the resin.

OLIVE CHERRY APRICOT PEACH
Weight of 50 stones 22.668 14.266 83.748 159.320
without resin (grams)
Volume of 50 stones 20 17 1175 220
(ml)
Average weight of a 0.453 0.285 1.675 3.186
Stone (grams) ' ' ' '
Density (kg/m?) 1133.4 839.2 712.7 724.2

Weight of 10 stones
without resin and the 5.203 3.810 18.397 44,113
needle (grams)

Weight of 10 stones
with the resin and the 5.720 4.180 20.297 52.357

needle (grams)

Weight of the wet resin

to 10 stones (grams) 0.517 0.370 1.900 8.244
Weight of the wet resin

added to 1 stone 0.0517 0.0370 0.1900 0.8244
(grams)

Ratio resin weight / 0.115 0.120 0.108 0.190

stone weight




The morphology of the surface of each of these fruit stones can be seen in Figure 2. These
images are made by an optical microscope (magnification 50X). It is observed that the olive
has a roughness morphology with branched shapes; the cherry stone has a less rough
surface; the roughness of apricot stone is quite regular with small holes between half and
one-millimetre size; in contrast, the peach stone is the one with the highest roughness and
cavities.

Figura 2. Surface morphology of the fruit stones: a) Olive, b) Cherry, c) Apricot, d) Peach.

To expand the study of the surface morphology of each type of stone, photographs are
taken with the JEOL scanning electron microscope model JSM-840 to observe the
micropores of the surface (Figure 3). Analysing the JEOL images of each type of fruit
stones: the olive stone surface is rough and irregular with small surface cavities; the cherry
stone have pores with an average diameter of 0,01 mm; the apricot stone presents a
fibrous surface and small cavities; the peach stones have the most percentage of pores
compared to the others with an average diameter of 0,5 mm and an irregular surface.
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Figure 3. Images of the surface of the fruit stones to 12x, 500x and 2000x magnification.
2.2. Samples preparation

To conduct the sound absorption test, cylindrical samples of 100 mm diameter and different
thicknesses for each type of stone are manufactured (Table 2). The thicknesses in some
samples present variations because of the size and shape of each type of fruit stone. The
cyanoacrylate adhesive is applied to glue the fruit stones trying to use the minimum amount
to minimize the influence in the results. These stones were bonded inside a PVC tube
mould.

Table 2 shows the dimensions of each sample, as well as the weights and their bulk
density.



Table 2. Thicknesses, weights and densities of each sample.

. Thickness  Diameter Weight Bulk density We'lght
specimen imm)  (mm)  (g) (ke/m?) with
resin (g)
Olive-01 22 100 129 746.58 -
Olive-02 43 100 243 719.53 -
Olive-03 55 100 313 724.59 323
Olive-04 77 100 435 719.30 -
Olive-05 98 100 553 718.47 -
Olive
(Arithmetic average of bulk density) 72561
Cherry-01 24 100 92 488.07 -
Cherry-02 42 100 182 551.74 -
Cherry-03 55 100 241 557.91 250
Cherry-04 77 100 354 600.97 -
Cherry-05 97 100 439 576.24 -
Cherry
(Arithmetic average of bulk density) 553.66
Apricot-01 24 100 84 445.63 -
Apricot-02 40 100 137 436.08 -
Apricot-03 55 100 172 398.18 179
Apricot-04 75 100 247 419.32 -
Apricot-05 95 100 307 411.46 -
Apricot
(Arithmetic average of bulk density) 421.79
Peach-01 20 100 57 362.87 -
Peach-02 35 100 99 360.14 -
Peach-03 55 100 174 391.23 211
Peach-04 75 100 212 359.90 -
Peach-05 95 100 270 361.87 -
Peach 367.01

(Arithmetic average of bulk density)

Once all the samples have been tested, Olive-03, Cherry-03, Apricot-03 and Peach-03 are
soaked with bio-resin to study the variation in the sound absorption coefficient when the
resin fills the pores.

Figure 4 shows the corresponding five samples of different thicknesses for each type of fruit
stone.
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Figure 4. Studied samples.



3. Experimental method

To determine the sound absorption coefficient in a frequency range between 214.5 Hz and
1716 Hz, a standing wave tube of an inner diameter 100 millimetres is used, with a distance
between microphones of 80 mm.

The frequency range is determined according to the standard 1SO 10534-2, which states
that the lower frequency depends on the distance between microphones and the higher
frequency is limited by the inner diameter of the tube.

The main interest is to study the sound absorption at low frequencies where it is more
difficult to reach high absorption coefficients.

The specific acoustic impedance is the ratio of the sound pressure to the specific flow.
According to the standard 1ISO 10534-2, the equipment consists of an impedance tube,
which has a constant circular section (inner diameter of 100 mm). The sample is located at
one end of the tube and a sound source generates plane waves from the other end. Two
microphones located close to the sample measure the sound pressures. From the recorded
signals, the transfer function is determined to calculate the complex reflection coefficient,
the sound absorption coefficient and the acoustic impedance. To calculate the specific
acoustic impedance, the following equation is applied:

Z -2 2 i—a+n
pc potpd - (AFN/A=T)

R, the real component of the impedance.

X, the imaginary component of the impedance.
p-c, characteristic impedance.

r, is the reflection coefficient.

Z, is the acoustic impedance.

The reflection coefficient is defined as:

H,—H,
12 i 27
p=—= L. g3ikyx,
H, —H,,

And the sound absorption coefficient is given by:

o= 1— |r|?
Hio, is the transfer function from microphone positions 1 and 2, Hg, is the real part of Hio, Hi
is the imaginary part of Hi2, ko is the wave number, x: is the distance between the sample

and the first microphone.
The frequency range is determined by:

h<f<f,



fi is the lower frequency of the tube, f is the working frequency, fu is the upper frequency of
the tube.

The impedance tube must be long enough to permit waves to be flattened before the
sample. The MATLAB software is used for controlling the analogue input and for processing
signals.

The schematics set-up of the equipment to conduct the tests is represented in figure 5. The
two microphones are microphones G.R.A.S. model 40A0. The data acquisition card is
National Instruments model NI-9233.

Data
acquisition

system
Computer
EEEEEEEEEEEER

IIIIIIIIIIIIIQ
EEEEEEEEEEEER
Specimen
Microphones \

Speaker Impedance tube

\\\\\\\\\\\\\\\\\\\\l\\\\\

Figure 5. Scheme of the impedance tube to measure the sound absorption coefficient.

4. Results and discussion

Figures 6 to 9 represent the sound absorption coefficient of the twenty samples.

In general, when the thickness increases the frequency range of the sound absorption
moves to low frequencies. In all cases, the thickness 01 has a negligible sound absorption
coefficient in the frequency range studied.

In the case of olive stones, it is observed that the maximum sound absorption coefficient is
in the range 0.7 to 0.8. The maximum sound absorption occurs at a frequency of 725 Hz
with the value of 0.76 for the olive-04 sample.
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Figure 6. Sound absorption coefficient in olive stones samples.

Regarding cherry stones it is observed that the maximum sound absorption coefficient is in
the range 0.8 to 0.9. The maximum sound absorption occurs at a frequency of 796 Hz with
the value of 0.88 for the cherry-04 sample.
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Figure 7. Sound absorption coefficient in cherry stones samples.

For apricot stones it is observed that the maximum sound absorption coefficient is in the
range 0.6 to 0.95. In this case, when the thickness increases, the maximum value of the



absorption decreases. The maximum sound absorption occurs at a frequency of 1000 Hz
with the value of 0.94 for the apricot-03 sample.
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Figure 8. Sound absorption coefficient in apricot stones samples.

Finally, for peach stones it is observed that the maximum sound absorption coefficient is in
the range 0.65 to 0.8. The results given for the peach stones samples are those with the
lowest sound absorption coefficients. The maximum sound absorption occurs at a
frequency of 1610 Hz with the value of 0.74 for the peach-02 sample.
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Figure 9. Sound absorption coefficient in peach stones samples.



Comparing the results of the four types of fruit stones, the behaviour of small stones gives
generally higher sound absorption coefficients, especially the cherry stones samples. It is
also interesting to note that the thickness and frequency of the maximum sound absorption
are quite similar among the four types of fruit stones.

In Table 3, the results of two dimensionless coefficients are analysed: the average sound
absorption coefficient, am, and the proposed low frequency absorption coefficient, as, which
has a higher value if the absorption content is higher at low frequencies. This coefficient is
given by the equation:

Xy (f; - &)

n

a =
? fe

Where ai is the absorption coefficient for each frequency fi, fg is the frequency of the peak

with the highest absorption coefficient in the analysed frequency range, and n the number

of samples of the signal.

The meaning of this average sound absorption coefficient is to compare the sound
absorption performance at low frequencies.

Table 3. Average sound absorption coefficient am, and low frequency coefficient as of the
analysed samples.

Olive Cherry Apricot Peach

Om | OB | OM | OB | OM | OB | O™ | OB

01 0.17 0.12 0.21 0.15 0.17 0.12 0.13 0.11
02 0.34 0.37 0.45 0.41 0.47 0.43 0.34 0.27

03 0.35 0.36 0.46 0.45 0.57 0.60 0.32 0.35

04 0.34 0.40 0.41 0.49 0.39 0.47 0.36 0.44

05 0.38 0.57 0.42 0.61 0.36 0.62 0.39 0.51
Average | 0.316 | 0.364 | 0.390 | 0.422 | 0.392 | 0.448 | 0.308 | 0.336

The samples of thickness three (olive-03, cherry-03, apricot-03 and Peachs-03) have been
coated by immersion with a bio resin binder in order to study the influence of open or closed
pore (Figure 10).
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Figure 10. Sound absorption coefficients of the samples (thickness three) with and without
resin.

The graphs showed in figure 10 are the results of the sound absorption coefficient of the
four samples thickness 03 with and without resin. It can be observed that the resin has little
influence in the olive and cherry stones due to the smallest diameters of their pores. In the
case of the apricot stones the resin blocks the fibrous structure and this results in a lower
sound absorption capability. Finally, the influence of the resin in the peach stones is also
noticeable.

In general, it is observed that the sound absorption coefficient has lower values with the
coating that closes the pores. The effect is more noticeable in the fruit stones with the
bigger pores, like peach and apricot samples.

5. Conclusions

In this work, the sound absorption coefficients of samples manufactured with different types
of fruit stones have been studied by means of the impedance tube technique.

The measurements conducted on these natural waste materials have shown that these
samples have good sound absorption values at low frequencies. The graphs present the



typical behaviour of resonators. In addition, combining thicknesses, it is possible to achieve
significant sound absorption in the range 200 to 1700 Hz.

The investigation has confirmed several findings. One, the sound absorption depends on
the shape and size of the fruit stones, being the maximum value for Apricot-03 of 0.94 at
1018 Hz. Two, from the results, a dimensionless coefficient is proposed in order to
differentiate the absorption content at low frequencies. With the calculations of the
coefficients am and as and with the average values for each type of fruit stone it can be
observed that the best behaviour in terms of sound absorption at low frequencies
corresponds to the apricot and cherry stones. Three, from the observing the graphs, a
particular thickness to absorb at a particular frequency could be predicted for each type of
stone.

The use of fruit stones as absorptive materials is a valid option to reduce noise and
reverberations in buildings. Moreover, the use of this natural waste material presents
environmental advantages and can be extended to another type of fruit stones. The study
allows to add value to these agricultural crop waste.

Further investigation will be conducted in order to characterize the samples in terms of
mechanical, thermal and durability properties.
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