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Materials with sound-absorbing or sound-insulating properties have been rapidly
evolving in recent years due to several reasons. On one side, there is the ever-increasing
awareness of the adverse effects that noise and lack of acoustic comfort may have on
human health. On the other, the availability of more sophisticated fabrication techniques,
calculation methods, and new materials, has stimulated researchers and, more and more
frequently, industry to develop customized materials with improved properties.

For sound-absorbing materials, combining a sufficiently wide frequency range of
action with reduced mass and thickness, as well as with aesthetic requirements (due
to the need to use such materials in spaces like classrooms, restaurants, train stations,
etc.), is becoming essential, not to mention durability and ease of maintenance, which
should always be considered. For sound-insulating materials, aesthetic problems are
typically not an issue, but other aspects, such as balancing low dynamic stiffness with
load-bearing properties, become important in order to ensure the best performance. In
addition, whatever the purpose, such devices should be sustainable, have a low impact
in terms of life cycle assessment, and possibly involve the use of recycled materials or
natural products.

All of the above questions clearly represent a challenge for researchers, but at the
same time, they offer new opportunities to experiment with cutting-edge solutions, like
those based on the use of composite materials, as well as including nanotechnologies,
“green” vegetal and animal fibers, and metal/ceramic/polymer matrixes, up to the use of
acoustic metamaterials.

In this Special Issue of Materials [1], all of these topics are covered, providing an
interesting picture of the current trends. The potential of perforated panels, that, thanks
to 3D printing and refined numerically controlled manufacturing processes may now
offer flexibility of use, was investigated by Li et al. [2] to obtain improved low-frequency
performance thanks to a parallel arrangement of four different perforated panel absorbers
in which the number and dimensions of apertures ensure a smooth manufacturing process
compared to micro-perforated panels. The analytical models available to study such a
group of materials also showed very good accuracy in predicting actual behavior, thus
representing a further element in favor of such applications. A parallel arrangement of
perforated plates with “extended” tubes was also investigated with reference to their
diffuse field behavior [3]. A significant dependence of sound absorption as a function
of incidence angle was found, and as a function of the period absorber layout, which
made sound absorption decrease when the period was comparable with the wavelength.
However, proper design ensured good sound absorption in the mid–low frequency range
when using such a parallel arrangement of perforated absorbers.

The potential offered by additive manufacturing techniques in terms of customization
of the porous cell structure of materials aimed at obtaining broad-band sound absorption
was investigated by Cavalieri et al. [4]. They showed that, at least in theory, given the
current limitations of the fabrication techniques, it could be possible to obtain a significantly
high and broad-band sound absorption by using numerical optimization of geometrical
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properties of porous cells. Investigation on the role of grading properties and anisotropy
showed that they can contribute to further maximizing absorption. Similarly, the role of
the geometrical and microstructural properties of granular molecular sieves (i.e., zeolite
crystals) was experimentally investigated by Zhou et al. [5]. They found that the intrinsic
porosity of the granules is less important than the actual grain size and overall thickness
of the layer in affecting sound absorption. In any case, a good fit with phenomenological
model predictions was found, allowing for possible optimization of the material properties.

A second group of papers focused its attention on the use of natural or recycled
components to create a skeleton of porous materials with sound-absorbing purposes.
Cigarette butts of different lengths and under different conditions (smoked or non-smoked)
were used by Gómez Escobar et al. [6] to produce small samples that were tested in
a standing wave tube. The results showed that acceptable sound absorption could be
obtained from about 2 kHz on, with small variations depending on the butts’ length and
smoking conditions. Rubino et al. [7] investigated the potential of recycled textile waste
to produce composite sound-absorbing panels in combination with bio-based binders
like chitosan and gum Arabic. Sound absorption coefficients, flow resistivity, and other
physical properties were determined and the results showed relatively little influence
of the binder on the acoustic behavior. Conversely, sample density and flow resistivity
played a major role in changing the frequency dependence of sound absorption. The use
of natural materials as the main component of granular porous sound absorbers was also
the topic of research from Liuzzi et al. [8]. In this case, almond skins were dried and then
mixed with different binders (including gum Arabic and polyvinyl acetate glue) to obtain,
after further drying, a rigid panel. The acoustic properties in this case were enhanced
by the very complex microstructure that originates from the mixture, resulting in higher
absorption coefficients appearing at lower frequencies than for other absorbing materials
of similar thickness. The use of environmentally friendly fire retardants was investigated
by Liu and Hu [9] with reference to polyurethane foams, which are well known for their
sound-absorbing properties, in combination with phase change materials.

Fediuk et al. [10] reviewed the current literature on the topic of innovative concretes
with acoustic-oriented properties. Thus, treatments oriented to improve both sound-
absorbing and sound-insulating characteristics were discussed, including porous and
aerated concretes, concretes with special aggregates like recycled rubber crumbs, expanded
polystyrene, synthetic fibers, recycled aggregates, mollusk shells, and foam glass. Detailed
case studies of building components are provided.

The last two papers of the Special Issue specifically address the topic of sound in-
sulation. Santoni et al. [11] investigated the use of wood flour as filler of wood plastic
composite (WPC) panels. WPC boards are analyzed both numerically and experimentally
with reference to the vibrational and transmission loss behavior of such panels. Junc-
tions and boundary conditions proved to significantly affect the results, pointing out the
importance of a proper design and modeling of such devices. Finally, Ehrig et al. [12]
investigated the potential of compressible constrained layer damping (CCLD) that is a
semi-active, lightweight-compatible solution for vibration mitigation based on a base struc-
ture, a constraining plate, and a compressible open-cell foam core in between, enabling the
adjustment of the structure’s vibration behavior by changing the core compression using
different actuation pressures. The results showed that such changes affected transmission
loss in the range between 1 kHz and 5 kHz, with the best performance appearing when
maximum compression was applied.

Overall, a challenging and promising scenario is depicted, suggesting that in the
coming years, substantial innovations might move from research labs to the market, actually
contributing to improved performance combined with a lower environmental impact.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: A particular structure that consists of four parallel-arranged perforated panel absorbers
(PPAs) is proposed for the low frequency sound absorption within a constraint space. The apertures of
the perforated panels are set to ≥1.5 mm, and the number of orifices is much less and therefore easier
to be produced in comparison with that of the micro perforated panel (MPP). A simple approximation
model by using acoustic-electrical analogy is described to calculate the sound absorption coefficient
of such device subject to normal wave incidence. Theoretical and experimental results demonstrate
that the device can provide more than one octave sound absorption bandwidth at low frequencies.

Keywords: perforated panel; absorber array; low frequency absorption

1. Introduction

For an acoustical wave in the low frequency range, due to its large wavelength and super
penetrating power, it is difficult to be handled by a thin structure. Micro perforated panel has been
widely used as a wideband sound absorber replacing of traditional porous materials in circumstances
requiring fireproof and environmental protection [1–3]. MPP absorber has sufficient acoustic resistance
and small acoustic reactance provided by its sub-millimeter perforation, and can provide a bandwidth
of one or two octaves near the resonance for sound absorption in comparison with other resonance
based sound absorbers. One deficiency is that the MPP absorber requires larger cavity depth for low
frequency sound absorption. Newly developed sound absorbers need to reduce the cavity depth while
similar or better acoustical performance to the MPP absorber. Furthermore, although MPP absorber has
tremendous potential for wide-band absorption up to 3 or 4 octaves when the aperture is set between
0.1–0.3 mm [4], the orifices are too many to be produced at low cost. For example, if a MPP absorber
has aperture of 0.3 mm, the average sound absorption coefficient in the frequency range of 200–750 Hz
could reach above 0.7. But an amount of 190,000 holes per square meter need to be punched on a panel
with a thickness of 0.5 mm. Thus, wide application of MPP in low-frequency noise control is being
hampered by high-cost manufacturing technology.

In recent years, for the purpose of expanding the absorption bandwidth, a series of extended
structures based on MPP in parallel or series have been presented to introduce additional resonances.
The combined structure of double or multi-layered MPPs and air cavities arranged in tandem along the
direction of sound wave propagation were proposed successively [2,5–8]. The results show that the
absorption bandwidth is extended to lower frequencies due to the additional resonance peak, while at
the cost of increased air cavity. An alternately approach to extend the sound absorption bandwidth
is to introduce multi-resonance through a compound MPP absorber array. Zha et al. [3] designed a
parallel structure of the MPPs with two different cavities and measured its normal incidence absorption
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coefficients by impedance tube. They also explained that the appearance of two different resonance
peaks is due to different cavity depths. Sakagami et al. [9] later proposed a combination of two different
MPP absorbers for obtaining a wideband absorption device, such as the same MPPs with different
air-cavity depths or different MPPs with the same air-cavity depth. Its absorption characteristics
by considering the excess attenuation caused by the impedance discontinuity was described. The
physical absorption mechanisms of an MPP absorber array consisting of three MPP absorbers with
different cavity depths was investigated by Wang et al. [10]. They concluded that strong local resonance
occurs due to different reactance matching conditions for the component MPP absorbers and the
resonance frequencies shift due to inter-resonator interactions. Moreover, the oblique incidence sound
absorption of parallel arrangement of four MPP absorbers in diffuse field was also investigated both
numerically and experimentally [11]. Although the parallel MPP absorber array have the potential
to improve sound absorption bandwidth due to multi-resonance of component MPPs, the reported
perforation aperture is limited to 0.3–0.8 mm, and therefore the cost for the massive processing will be
extremely high.

An elongated tube arrays of flexible tube bundles [12–15] or rigid extended tubes [16,17] attached
to the perforated panel or MPP were designed to improve the low frequency sound absorption in a
limited space. Among them, a perforated panel by parallel-arranged extended tubes (PPET) designed
by Li et al. achieved more than one octave absorption bandwidth at low frequencies in a constrained
space of 100mm. When the diameter of extend tubes were set at 2.9–5.1 mm and the length of extend
tubes were 20–51 mm, the average sound absorption coefficient in the range of 120–250 Hz was more
than 0.7. Although the perforation apertures of PPETs are much larger and the holes numbers are
much less in comparison with that of the MPP absorbers, the lattice arrangement of a bundle of extend
tubes makes the structure more complex and difficult to be manufactured.

In this paper, a composite structure of parallel-arranged perforated panel absorbers (PPAs) with
unequal apertures of 1.5–4 mm is designed to improve low-frequency sound absorption in a limited
space. The sound absorption performance of the designed absorber is almost equal to that of PPET
in [16], and it is more practical because this device is simply a perforated panel of different apertures
backed with same air cavity, without the extended tube bundle. As follows, a theoretical model of a
particular structure consisting of four parallel-arranged perforated panel absorbers is described in
Section 2, and the optimization parameters are given in in Section 3. After that, the test verification is
shown in Section 4 and the conclusion is in Section 5.

2. Theoretical Model

2.1. Acoustic Impedance of the Perforated Panel

A perforated panel is regarded as a parallel connection of numerous millimeter-level tubes with
a certain depth. Therefore, the acoustic impedance of the perforated panel is equal to the acoustic
impedance of a single tube divided by its perforation ratio. At first, Rayleigh studied the sound wave
propagation in the tube, Crandall later simplified the sound wave propagation for short tubes [18].
When the diameter and length of the tube are far less than the wavelength of sound wave, the specific
acoustic impedance of the single tube is defined as

z =
∆P

u
= jωρt













1− 2

k
√

− j

J1(k
√

− j)

J0(k
√

− j)













−1

(1)

where ∆P is the sound pressure difference between the two ends of the tube, u is the average velocity
across the cross-section of the tube, k = d/2

√

ωρ/η is the ratio of the inner radius to the viscous
boundary layer thickness inside the tube, ω = 2π f is the angular frequency, ρ is the air density, d and t

are the diameter and length of the tube.
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For Equation (1), Maa [1] further gave the approximate formula of the acoustic impedance of the
tube for all k values, which is expressed as

z =
32ηt
d2

(

1 +
k2

32

)1/2

+ jωρt













1 +
(

9 +
x2

2

)−1/2










(2)

For this design, the perforated panel of a certain thickness is assumed to be acoustically rigid,
and the vibration effect of the plate under acoustic load is ignored. In addition, due to the acoustic
radiation at both ends of the tube and the air flow friction on the surface plate, the correction of the
acoustic resistance and the acoustic mass of the tube should be added to Equation (2). Therefore, the
normalized characteristic impedance for the perforated panel with the perforation ratio p is written as

ZPP =
32ηt

pρcd2
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(3)

2.2. Acoustic Impedance of the Parallel-Arranged Perforated Panel Absorber

The perforated panel absorber array consists of four sub-PPA arranged in parallel, its structure
diagram is shown in Figure 1a. Using the electrical equivalent circuit model in Figure 1b, this
perforated panel absorber is regarded as a parallel combination of four RLC branch. Moreover, the
back cavity is divided into four sub-cavities by the rigid clapboards to avoid the interaction between
the sub-perforated panel resonators. Then, the normalized acoustic impedance for each sub-perforated
panel absorber is expressed as

Zi = ri + jωmi − j cot(ωDi/c) (4)

ri =
32ηti

piρcdi
2 kri

, kri
=

√

1 +
ki

2

32
+

√
2

32
ki

di

ti
(5)

ωmi =
ωti

pic
kmi

, kmi
= 1 +

(

32 +
ki

2

2

)−1/2

+ 0.85
di

ti
(6)

The total acoustic impedance of the four parallel-arranged PPAs is written as

Z =















4
∑

i=1

φi

Zi















−1

(7)

where the subscript i = 1, 2, 3, 4 denotes the number of sub-perforated panel, pi is the perforation ratio
of each sub-perforated panel, η is the viscous coefficient of the air, c is the speed of sound wave in
air and ρc is the characteristic impedance in air, ri and mi are the normalized acoustic resistance and
reactance of sub-perforated panel respectively, ti is the thickness of each sub-perforated panel, Di is the
depth of the back cavity of each sub-perforated panel.

Then, for the normal incidence condition, the sound absorption coefficient of the parallel-arranged
PPAs is expressed as

α =
4Real(Z)

(1 + Real(Z))2 + (Imag(Z))2 (8)
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Figure 1. Schematic diagram and electrical equivalent circuit model: (a) Schematic of the four
parallel-arranged perforated panel absorbers. (b) The electrical equivalent circuit model of the four
parallel-arranged perforated panel absorbers.

3. Model Optimization and Comparison

Simulated annealing is an effective, fast and straightforward general probabilistic algorithm,
which is widely used to obtain the best possible configuration for sound absorption systems due to its
global optimization [19,20]. Similarly, in this paper, the parameters of sound absorption structure are
optimized by simulated annealing method to seek the maximum average sound absorption within a
specific frequency range.

3.1. Comparison of Sound Absorption between Perforated Panel and MPP in Low Frequencies

In the frequency range of 100–300 Hz, the sound absorption of single perforated panel (d = 0.7 mm)
and MPP (d = 1.5 mm) with the same ratio (t/d = 1.3) are plotted in Figure 2. By contrast, it can be
seen that sound absorption coefficient of the perforated panel is significantly higher than that of a
single MPP (d = 0.7 mm), and the resonance peak moves to the lower frequency. The perforated
panel has a higher sound absorption coefficient because the acoustic resistance of the perforated panel
matches the characteristic impedance of air by reasonably adjusting the ratio of the larger aperture
and plate thickness. From Figure 2b, it can be confirmed that the normalized acoustic resistance of the
MPP is much higher than 1 because of the overdamping caused by the tiny aperture, while that of
the perforated panel is close to 1 in the range of 100–200 Hz. In addition, Figure 2c shows that the
normalized zero acoustic reactance of the perforated panel occurs at 185 Hz, and the normalized zero
acoustic reactance of MPP occurs at 220 Hz. This intuitively explains that the resonance frequency
of the perforated panel is lower than that of MPP. In other words, the shift of resonance to lower
frequency is mainly attributed to the increase of acoustic mass with the increase of aperture depth.
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Figure 2. Comparison of the sound absorption of single perforated panel and MPP: (a) sound absorption
coefficient; (b) normalized acoustic resistance; (c) normalized acoustic reactance. The parameters of the
single optimized perforated panel are as follows: d = 1.5 mm, t = 2 mm, D = 100 mm and p = 0.46%;
the parameters of the single optimized MPP are as follows: d = 0.75 mm, t = 1 mm, D = 100 mm and
p = 0.33%.

However, an obvious defect is that the effective sound absorption bandwidth of single perforated
panel is narrow. Therefore, a combined structure of multiple perforated panels in parallel needs to be
designed and optimized to expand the sound absorption bandwidth for the low frequencies.

3.2. Comparison of Sound Absorption between PPAs and Other Resonant Structures in the Same Depth Cavity

In order to compare the sound absorption performance of the parallel-arranged PPAs and the
existing resonant absorption structures in the same frequency range, the maximum average sound
absorption coefficient in the range of 120–250 Hz was selected for comparison. Table 1 lists optimized
parameters of the parallel-arranged PPAs, PPETs [16] and MPP absorber. The sound absorption
coefficients of the three comparative structures are plotted in Figure 3.

Table 1. Optimization parameters of three sound absorption structures.

Parameter
PPAs PPETs [16]

MPP
PPA1 PPA2 PPA3 PPA4 PPET1 PPET2 PPET3 PPET4

d (mm) 3.1 2.8 2.2 2 5.1 3.5 3.1 2.9 0.8
p (%) 0.32 0.46 0.62 0.93 3.26 3.74 5.31 4.43 0.41

t (mm) 2.5 2.5 2.5 2.5 51 40 40 20 2
D (mm) 100 100 100 100 100 100 100 100 100

Due to the nature of its own Helmholtz resonator, the absorption bandwidth of MPP occurs near
the resonance, while the absorption deviating from the resonance drops rapidly. The parallel-arranged
PPAs extends the absorption bandwidth through four resonances. For the parallel-arranged PPAs, four
resonances and three anti-resonances occur due to each sub-PPA as a resonator and its coupling with
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each other. As shown in Figure 3, the four resonant frequencies occur at 130 Hz, 160 Hz, 190 Hz, and
230 Hz, and their sound absorption coefficients are 0.87, 0.96, 0.96, and 0.96 respectively. Moreover,
the effective sound absorption bandwidth of the parallel-arranged PPAs is about 130 Hz (the sound
absorption coefficients of 121–251 Hz are higher than 0.7). In the same restricted space of D = 100 mm,
the sound absorption of the parallel-arranged PPAs is significantly better than that of a single MPP
in the frequency ranges of 110–165 Hz and 215–250 Hz. That is, in comparison with that of a single
MPP, the improvement of the bandwidth is about 55 Hz under 165 Hz and about 45 Hz above 215 Hz.
Therefore, this proposed structure can obviously extend the sound absorption bandwidth compared
with a single MPP in the same frequency range.

In the range of 120–250 Hz, the sound absorption performance of the parallel-arranged PPAs is
close to that of PPETs absorber [16]. Although the sound absorption coefficients of the first resonance
and anti-resonances are slightly lower than that of PPETs, they are greater than 0.7, especially the
transition between anti-resonance and resonance becomes flatter as the frequency tends to be higher.
Besides, by comparing geometric parameters, the aperture of the parallel-arranged PPAs is between
2–3.1 mm, and that of PPETs is between 2.9–5.1 mm. Even though the aperture of the parallel-arranged
PPAs is smaller than that of PPETs, its depth diameter ratio is much lower than that of the latter.
Considering the processing technology, the hole with smaller depth diameter ratio is more convenient
to be processed by common machining. Also, the perforation rate of the perforated panel absorber is
lower than that of the PPETs. As for the parallel-arranged PPAs, about 57 holes per square decimeter
are drilled on a panel; while for the PPETs, about 193 thin hollow tubes of different lengths per square
decimeter are attached to a perforated panel in parallel. So, the designed structure is not complicated
and simple to manufacture.

 

Figure 3. Comparison of the sound absorption of the four parallel-arranged PPAs and PPETs, MPP
absorber in the frequency range of 120–250 Hz.

3.3. Comparison of PPAs with Different Cavity Depth

Figure 4 shows the sound absorption optimization of the four parallel-arranged PPAs with different
cavity depth. The four solid lines (from left to right) represent the optimized sound absorption of four
different cavities of 100 mm, 70 mm, 50 mm and 35 mm, corresponding to four different frequency
bands, such as 200–450 Hz, 300–550 Hz, 400–650 Hz, and 400–750 Hz respectively. And the sound
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absorption coefficient of each peak and peak valley is above 0.85. The effective absorption bandwidth
is about 3–4 1/3 octaves. Besides, the apertures of the PPAs ≥ 1.5 mm and the maximum thickness of
the plate is 2.5 mm, as listed in Table 2. Therefore, when the aperture is designed to be ≥1.5 mm, this
four parallel-arranged PPAs structure can be applied to different frequency bands for sound absorption
at low frequencies by adjusting the depth of the back cavity and optimizing structural parameters.

 

≥

≥

Figure 4. Optimization of the parallel-arranged PPAs with different cavity depth.

Table 2. Optimization parameters of PPAs with different cavity depth.

Parameter
D = 100 mm D = 70 mm

PPA1 PPA2 PPA3 PPA4 PPA1 PPA2 PPA3 PPA4

d (mm) 2.4 1.5 1.5 1.6 3.5 1.5 1.6 1.5
p (%) 0.74 2.94 1.63 1.01 1.20 1.79 1.18 3

t (mm) 2.3 2.3 2.3 2.3 2.1 2.1 2.1 2.1

Parameter
D = 50 mm D = 35 mm

PPA1 PPA2 PPA3 PPA4 PPA1 PPA2 PPA3 PPA4

d (mm) 1.7 3.1 1.5 1.5 1.8 1.5 1.5 4
p (%) 1.44 1.39 3 1.98 1.66 3 2.19 1.81

t (mm) 2.2 2.2 2.2 2.2 2.5 2.5 2.5 2.5

4. Experimental Validation

The proposed structure can be made of metallic materials (stainless steel, aluminum) or
non-metallic materials such as plastic wood and etc. The aperture of the PPAs is not less than
1.5mm and the maximum depth of the hole is 2.5 mm. For stainless steel or aluminum, mechanical or
laser drilling can be used for bulk processing. The focus of this research is on the configuration and
implementation of the structure, thus, a perforated plate made of resin produced by 3D technology is
considered for verification.

The measurements are carried out in an impedance tube (SW422) according to ISO 10534-2 [21],
and the instruments used in the experiment are shown in Figure 5. Based on the transfer function
method, this device measures the sound pressure at two locations using two microphones and calculates
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the normal incident sound absorption coefficient. When two microphones connected to the data
acquisition instrument are installed at position 0 and position 2 of the impedance tube, the sound
absorption coefficient of 63–500 Hz is measured; when two microphones are placed in position 1 and
position 2, the absorption coefficient of 400–1600 Hz is measured. The samples in the experiment are
composed of perforated panel, clapboard and cylindrical shell, and an integrated structure of resin
materials produced by 3D technology. The thickness of clapboard and cylindrical shell is 2mm and 2
mm, respectively. Besides, the sample must be sealed and mounted at the back of the impedance tube
to ensure the presence of multiple resonance peaks.

 

Figure 5. The experimental Setup.

In order to illustrate the sound absorption characteristics of the perforated panel absorber
in different frequency range, two structures with different parameters are made for experimental
verification. Sample A with aperture of 2.1mm, 2.5mm,3 mm is used for 120–300 Hz, and sample B
with aperture of 1.5 mm,1.6 mm and 2.2 mm is used for 150–450 Hz.The parameters of samples are
listed in Tables 3 and 4, respectively.

As plotted in Figures 6 and 7, it can be seen that the theoretical prediction is in a relatively good
agreement with the experimental results. The measurement results in Figure 6 show that sample A has
an effective sound absorption bandwidth of 140 Hz within 135–275 Hz, and this compact structure
can absorb large wavelength when the thickness is only 1/27 of the incident wavelength. Besides, the
measured absorption coefficient of sample B exceeds 0.6 from 155–455 Hz, and the effective absorption
bandwidth is extended to about four 1/3 octaves, as shown in Figure 7. Therefore, it is further confirmed
that this designed perforated panel absorber has great potential in extending the sound absorption
bandwidth at low frequency.

Table 3. Parameters of the four parallel-arranged PPAs for 120–250 Hz.

Sample A d (mm) p (%) t (mm) D (mm)

PPA1 3 0.36 2.5 100
PPA2 2.5 0.50 2.5 100
PPA3 2.1 0.64 2.5 100
PPA4 2.1 0.96 2.5 100

Table 4. Parameters of the four parallel-arranged perforated panel absorbers for 150–450 Hz.

Sample B d (mm) p (%) t (mm) D (mm)

PPA1 2.2 0.39 2 100
PPA2 1.6 0.63 2 100
PPA3 1.6 2.52 2 100
PPA4 1.5 1.26 2 100
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Figure 6. Sound absorption coefficient of the four parallel-arranged PPAs for 125–300 Hz. Red dotted
line: predicted results. Blue solid line: measured results.

 

 

Figure 7. Sound absorption coefficient of the four parallel-arranged PPAs for 150–450 Hz. Red dotted
line: predicted results. Blue solid line: measured results.
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5. Conclusions

A parallel-arranged perforated panel absorber for low frequency sound absorption is investigated.
A theoretical model is described to predict the acoustic properties. The sound absorption performance
of the parallel-arranged PPAs with that of the existing resonant structure is discussed, which provide
the basis to illustrate the feasibility of the designed structure. Samples for two frequency bands of
120–250 Hz and 150–450 Hz are designed and measured. The effective sound absorption covers the
frequency range from 135 Hz to 275 Hz and 155–455 Hz respectively. Theoretical and experimental
results prove that a wideband sound absorption of more than one octave can be achieved by a parallel
combination of perforated panels with same cavity depth at low frequencies. Further work is to study
the sound absorption performance of perforated panels with different cavity depth for low-frequency
acoustic absorption and the perforated panel array in diffuse field.
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Abstract: The diffuse sound absorption was investigated theoretically and experimentally for a
periodically arranged sound absorber composed of perforated plates with extended tubes (PPETs)
and porous materials. The calculation formulae related to the boundary condition are derived for the
periodic absorbers, and then the equations are solved numerically. The influences of the incidence and
azimuthal angle, and the period of absorber arrangement are investigated on the sound absorption.
The sound-absorption coefficients are tested in a standard reverberation room for a periodic absorber
composed of units of three parallel-arranged PPETs and porous material. The measured 1/3-octave
band sound-absorption coefficients agree well with the theoretical prediction. Both theoretical and
measured results suggest that the periodic PPET absorbers have good sound-absorption performance
in the low- to mid-frequency range in diffuse field.

Keywords: sound absorption; perforated plates with extended tubes; porous materials; periodic absorber

1. Introduction

Micro-perforated panels (MPP) are widely used in the engineering noise control of vehicles,
buildings, and ventilation facilities, because of their good sound-absorption performance and many
advantages, such as environmental friendliness, durability, and hygienic properties. In 1975, Maa [1]
proposed the idea that panels with sub-millimeter perforations could provide sufficient acoustic
resistance to achieve a high absorption coefficient. At the same time, he founded the theory of MPP
and presented some engineering designs. Although the MPP sound absorber has a larger frequency
band of absorption compared to conventional perforated panels, it does not satisfy some engineering
requirements, especially in the low frequency range. Maa [2] further introduced a double-layer MPP to
increase the bandwidth of sound absorption.

In 1992, micro-perforated acrylic–glass plates were successfully used to attenuate the reverberation
sound in German Bundestag Hall [3]. Later many researchers tried to improve the sound-absorptive
properties of MPP, using various methods. When the impedance of the pores is comparable with the
impedance of the panel or membrane on which the pores go through, their coupling effect should be
considered. Kang et al. [4] presented a theoretical method to predict the sound-absorption coefficient of
such structure. With appropriate parameters, the absorption coefficient can exceed 0.4 over 3–4 octaves.
Lee et al. [5] theoretically studied the sound absorption of finite flexible micro-perforated panel,
results show that the additional sound-absorption peak of the panel vibration effect can widen the
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absorption bandwidth of MPP when the resonant frequency of the flexible panel is higher than that of
Helmholtz-resonance frequency of the MPP. Sakagami et al. [6] also used an electro-acoustical equivalent
circuit model to study the relationship between the panel-type absorbers and MPP absorbers. Further
research by Toyoda et al. [7] revealed that only the panel-type absorption caused by the eigen-mode
vibration can occur independently from the Helmholtz-resonance absorption of MPP, and that the
panel-type absorption caused by a mass-spring resonance cannot be utilized to widen the absorption
bandwidth. Sakagami et al. [8,9] proposed a double-leaf MPP spatial sound absorber (DLMPP) which
is composed of two MPP leaves, without the backing structure. A triple layer absorber composed
of permeable membrane (PM) [10] and the double-leaf MPP (DLMPP) was proposed to improve the
absorption performance, and the peak absorption at resonance was found to become significantly
higher. The effect of a honeycomb in the air cavity was also discussed on the proposed absorber:
The resonance peak is shifted to lower frequencies, and the level of absorption becomes higher at mid
and high frequencies, owing to the effect of the honeycomb. Through an experiment and numerical
simulation, Liu et al. [11] demonstrated that partitioning the adjoining cavity enhances the attenuation
of the acoustic modes propagating transverse to the MPP. This effect was particularly noticeable at low
frequencies where the acoustic response is resonant in nature. Wang et al. [12] used parallel-arranged
MPPs with different air cavities to improve the bandwidth of sound absorption. Gai [13] combined
L-shaped cavity with MPP to enhance the low frequency sound-absorptive performance. Tang et al. [14]
found that small perforations on the face-sheet and honeycomb corrugation could improve the sound
absorption at low frequencies. Huang et al. [15] investigated the effect of incompletely partitioned
cavities on the sound absorption of MPP and found that if the insertion period and the length of
separators were arranged appropriately, the low-frequency sound-absorption performance could be
much improved. Pfretzschner et al. [16] presented a new strategy, which was named “MIU”, to increase
the sound-absorption bandwidth. The MIU is composed of one thick plate with large perforations
and another thin plate with a very high perforation ratio. This combination could produce sound
absorption over two or three octave bands.

Substantial works have focused on introducing additional Helmholtz resonators [17–19] or
mechanical vibration [20,21] coupled with the MPP to improve its low-frequency sound-absorption
performance. The combination of electromechanical system [22], shunted circuit loudspeaker [23],
or aluminum-electrode PVDF piezoelectric film [24] with the MPP is also presented to improve the
sound-absorption performance, especially in the low frequency range.

Another alternative approach for improving the low-frequency sound-absorption performance
of MPP in a limited space is increasing the depth of apertures, using attached tubes [25–30]. Among
them, Li et al. proposed multiple perforated plates with extended tubes (PPETs) with the MPP
or porous material to obtain broadband sound absorption in the low- to mid-frequency range in a
constrained space.

Some authors also investigated the sound-absorptive performance of perforated plates or
micro-perforated plates periodically aligned in diffuse fields [31,32]. These studies showed that
the sound-absorption performance under oblique incidence could differ from that under normal
incidence. Moreover, the design guideline for diffuse sound absorption for low- to mid-frequency
range is also a major concern in engineer noise control. Hence, the sound-absorption performance of
PPETs with porous materials in a diffuse field requires further investigation, and in this paper, the
diffuse sound absorption is theoretically and experimentally analyzed for absorbers composed of
periodically arranged PPETs and porous materials.

2. Theoretical Model

A two-dimensional absorber composed of three parallel-arranged PPETs with porous material
is considered. Figure 1 shows the basic module of a two-dimensional periodic absorber: G1, G2 and
G3 are the surface admittances of three PPETs and G4 is the surface admittance of porous material.
A plane wave, pi impinges on the absorber at the pitch angle of θ and azimuthal angle of β. The cavity
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wall and the rigid backing of the PPET (as shown in Figure 2) are considered to be acoustically rigid.
In this study, the effect of the vibration of perforated panel is not considered for the sake of simplicity.
The period of the composite absorber in both x and y directions is represented by T, as shown in
Figure 1. The tube lengths, inner diameters and cavity depths of the three PPETs are 3.3, 10 and 100 mm,
respectively, and the perforations of PPET1–3 are set as 0.90%, 1.54% and 2.59%, respectively.
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Figure 1. Schematic diagram of parallel-arranged perforated plates with extended tubes (PPETs). The
angles of the incidence and azimuthal sound are defined as θ and β in this schematic.
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Figure 2. One unit of two-dimensional periodic absorber composed of three parallel-arranged PPETs
with porous material.

2.1. Surface Impedance of the Perforated Plate with Extended Tubes

One unit of two-dimensional periodic PPET absorber are plotted in Figure 2. In the schematic
diagram, Sm denotes to the cross-sectional area of this unit; t and d0 respectively correspond to the
length and inner diameter of the extended tubes; r0 and r1 are respectively the inner and outer radius
of the extended tubes; and tp and t0 respectively correspond to the thickness of the cavity wall and
the perforated plate. S0 = πr0

2 corresponds to the inner cross-sectional area of the extended tubes, Sa

denotes the effective cross-sectional area of the back cavity, and S1 = πr1
2 corresponds to the outer

cross-sectional area of the extended tube. The specific acoustic impedance was derived in Reference [27]
of a PPET which has a cavity with the thickness of D.

Zp =
Z

σpρc
= rp + jωmp − j/(δ tan(ω(D− t + t0)/c) + (δ− σ′) tan(ω(t− t0)/c)) (1)
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where η denotes the viscosity of the air; ω denotes to the angular velocity; and ρ and c are the density
and the sound speed in the air, respectively. “k = d0

√

ωρ/4η” corresponds to the perforation constant
of the PPET; “σp = NS0/Sm” denotes the perforation ratio of the PPET; “δ = Sa/Sm” denotes the
expansion ratio of cross-sectional area from the back cavity to the PPET; and “σ′ = NS1/Sm” denotes
the ratio of the outer cross-sectional area of the extended tubes over that of the PPET (N is the number
of extended tubes).

2.2. Surface Impedance of Porous Material

In the present study, an equivalent fluid model known as JCAL model is used to predict the
equivalent density and modulus of the porous materials, and then the equivalent density ρeq(ω) and
the equivalent modulus Keq(ω) of the porous fluid are given as follows:
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where P0 is the ambient mean pressure; φ is the porosity, ω is the angular frequency; ρ0 is the viscosity
of the fluid; “ν = η/ρ0 = Prv

′” is the kinematic viscosity of the fluid; Pr is the Prandtl number of the
air; and γ is the specific heat ratio.

The wave number, ks, and characteristic impedance, Zs, of the equivalent fluid medium are
calculated as follows:

Zs =
√

ρeq(ω)Keq(ω) (6)

ks = ω
√

ρeq(ω)/Keq(ω) (7)

When the angle of the sound impinges on the porous materials is θ, the surface impedance of the
porous material with the thickness, L, is given by the following:

Z = − j
Zsks

ρcksz
cot(kszL) (8)

where ksz =
√

ks
2 − kx

2 − ky
2 =

√

ks
2 − k2 sin2(θ), ρc and k are the characteristic impedance and wave

number of the air.
Then, an indirect characterization approach is used to obtain the transport parameters of melamine

foam samples as described by Panneton and Olny [33,34], and a direct characterization of the viscous
static permeability is carried out via measuring the resistivity [35]. The viscous-inertial frequency
response function ρeq(ω) and the thermal frequency response function Keq(ω) are measured with the
three-microphone impedance tube method [36,37]. When φ, k0, ρeq(ω) and Keq(ω) are known, α∞,
k0
′, Λ and Λ′ can be experimentally estimated through an analytical inversion based on the models

proposed by Johnson et al. [38] and Lafarge et al. [39]. Parameters of the porous foams are listed in
Table 1.
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Table 1. Parameters for the Basotect G+ and TG foam.

Parameters σ (N·m−4·s) φ α_∞ Λ (µm) Λ
′ (µm) k

′
0(×10−10 m2)

Basotect G+ 10934 ± 182 0.994 1.04 ± 0.03 92 ± 5 197 ± 9 27 ± 1
Basotect TG 7800 ± 200 0.993 1.03 ± 0.02 134 ± 16 317 ± 32 47 ± 4

2.3. Prediction of the Diffuse-Field Sound-Absorption Properties of Periodic Absorber

First, the total sound pressure, including the incident sound wave and the scattered sound waves,
is given as follows:

p(x, 0) = pi(x, 0) + pr(x, 0) (9)

The incident sound wave is calculated as follows:

pi(x, z) = p0e j(−xkx−yky+zkz) (10)

where kx,m, ky,n and γmn are the wavenumbers in the x, y and z directions, respectively. According to
reference [32], the scattered sound wave is expressed in terms of modal expansion.

pr =
+∞
∑

m=−∞

+∞
∑

n=−∞
Amne j(−xkx,m−yky,n−zγmn) (11)

where Amn is the unknown amplitude of the (m,n)th mode of the scattered wave. Since the scattered
field is periodic in the x and y directions, the wave numbers of the (m,n)th mode of the scattered wave
are as follows:

kx,m = k sinθ cos β+ 2mπ/T

ky,n = k sinθ sin β+ 2nπ/T

γmn = − jk

√

(sinθ cos β+ mλ/T)2 + (sinθ sin β+ nλ/T)2 − 1

(12)

where λ = 2π/k is the wavelength. The corresponding (m,n)th acoustic mode which could propagate
to the far field must satisfy the following relationship:

(sinθ cos β+ mλ/T)2 + (sinθ sin β+ nλ/T)2 ≤ 1 (13)

Then, according to the relation between the sound pressure and particle velocity on the surface,
we get the following:

ρcv(x, y, 0) = −G(x, y)p(x, y, 0) (14)

where

G(x, y) =







































G1 = 1
Zp1

, 0 ≤ x < T
2 , 0 ≤ y < T

2

G2 = 1
Zp2

, T
2 ≤ x < T, 0 ≤ y < T

2

G3 = 1
Zp3

, 0 ≤ x < T
2 , T

2 ≤ y < T

G4 = 1
Zpsam

, T
2 ≤ x < T, T

2 ≤ y < T

(15)

Inserting Equations (9) and (15) into the boundary condition Equation (14), multiplying both sides
by a factor of e jm(2π/T)xe jn(2π/T)y and then integrating the equation with respect to x and y over the
period T yields a set of linear algebraic equations:

+∞
∑

m=−∞

+∞
∑

n=−∞
Amn

(

g(m−m′,n−n′) + δ(m−m′,n−n′)

(

γmn

k0

))

= P0
(

δm,0δn,0 cosθ− g(m,n)

)

m = −∞, · · · ,+∞ & n = −∞, · · · ,+∞
(16)
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where g(m,n) = 1
LxLy

Ly
∫

0

Lx
∫

0
G(x, y)e jm(2π/T)xe jn(2π/T)ydxdy and the Kronecker symbol, δm,n, is defined

as follows:

δ(m−m′,n−n′) =

{

1, m−m′ = n− n′

0, m−m′ , n− n′
(17)

This infinitely large system of equations will be terminated at the index limits “m,n =±2*N”, where
N is the number of elements in one period, and in this study, N = 2. By solving the above equations,
the coefficients Amn can be obtained. According to Mechel [40], the angle-dependent sound-absorption
coefficient α(θ, β) is given by Equation (18):

α(θ, β) = 1−
∣

∣

∣

∣

∣

A00

P0

∣

∣

∣

∣

∣

2
− 1

cosθ
×

∑

m,0

∑

n,0

∣

∣

∣

∣

∣

Amn

P0

∣

∣

∣

∣

∣

2
√

1−
(

sinθ cos β+ m
λ

T

)2
−

(

sinθ sin β+ n
λ

T

)2
(18)

where the summation runs over all the radiating harmonics only, the second term is the specular
reflection and the third term is the scattered sound. The averaged diffuse-field sound-absorption
coefficient is defined as follows [32,41]:

αs =
1

2π

∫ 2π

0

(∫ π

0
α(θ,β) sin(2θ)dθ

)

dβ (19)

When the period width T << λ, the specular reflection is only non-evanescent reflection. In this
case, the sound-absorption coefficient and normalized impedance of the periodic absorber can be
derived as follows:

α(θ, β) = 1−
∣

∣

∣

∣

∣

A00

P0

∣

∣

∣

∣

∣

2
(20)

Z(θ, β) =
1− A00

P0

1 + A00
P0

(21)

3. Oblique-Incidence Sound-Absorption Properties of Periodic Absorber

Figure 3a shows the sound-absorption coefficients of a periodic absorber composed of units
of three parallel-arranged PPETs and porous material at different incident angles (θ), when T = 10
cm, β = 0◦, and the frequency interval in the calculation is 10 Hz. In the following discussion, the
porous material chosen in the simulation is the Basotect TG foam (BASF(China) Co. Ltd., Beijing,
China). The period length, T, is much smaller than the wavelength of the incident wave, so the
sound-absorption coefficient and the normalized impedance can be calculated by using Equations
(20) and (21), respectively. Three absorption peaks observed at 160, 210 and 275 Hz are owning to
the Helmholtz resonances of the PPETs, while the fourth peak, observed at 800 Hz, is the resonance
frequency provided by the porous material.

The influences of the incident angle, θ, on the specific resistance and reactance are shown
in Figure 3b,c, respectively. It is observed that the incidence angle can greatly influence the
sound-absorption coefficients of four parallel-arranged PPETs. The sound-absorption coefficient
gets larger when the incidence angle is increased from 0◦ to 60◦; it then decreases when the incidence
angle goes from 60◦ to 89◦, and it drops greatly at a near-grazing incidence angle (θ = 89◦). Figure 3b
shows that, at a larger incidence angle, the characteristic resistance and the reactance (absolute value)
of the proposed absorber are smaller. It is clear that, when the incidence angle, θ, is equal to 0◦,
the specific resistance is much larger than 1, and the sound-absorption coefficient is reduced. When
the incidence angle is θ = 60◦, the normalized acoustic impedance matches well with the characteristic
impedance of the air, and the sound-absorption coefficient is largely increased. As shown in Figure 3b,
when incidence angle is θ = 89◦, the normalized acoustic resistance is too small compared with the
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characteristic impedance of the air, so the sound-absorption coefficient is smaller. Hence, for larger
sound absorption at oblique incidence, the normalized resistance of the proposed absorber should be
larger than 1.

 

00

0

00

0

1
,

1
θ β

θ
β

  
(a) (b) 
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β

θ

θ

Figure 3. Comparison of the sound-absorption coefficients of the unit composed of three
parallel-arranged PPETs and porous material at different angles when T = 10 cm, β = 0◦. (a)
Sound-absorption coefficient; (b) specific acoustic resistance; (c) specific acoustic reactance.

Figure 4 shows the variation of period length on the sound-absorption coefficient of the periodic
absorber. When the period length, T (10 cm), is much smaller than the wavelength of the incident wave,
the parallel sound absorption of the periodic absorber could be maintained. When the period length of
the absorber is increased to 40 cm, the absorption coefficient drops abruptly at 840 Hz, corresponding
to which the wavelength is comparable to the period length, T. When the period length of the absorber
is increased to 80 cm (which is comparable to the wavelength corresponding to 420 Hz), the absorption
coefficient drops abruptly at around 420 Hz. It could be concluded that the period of the proposed
periodic absorber is a critical factor that controls the mechanism of parallel absorption. Hence, in a
diffuse sound field, the period length of the periodic absorber should not be larger than the wavelength
of interest.

The effect of the sound-absorption coefficient of the periodic absorber with the azimuthal angle β
is illustrated in Figure 5. It is observed that the azimuthal angle has much less influence on the diffuse
sound absorption compared with that of the incidence angle. When the period length, T, is 20 cm, the
sound-absorption coefficient varies a little with the azimuthal angle in the high frequency range and
remains the same in the low frequency range. When the period length, T, is 40 cm, the variation of the
sound-absorption coefficient with azimuthal angle is more significant in the high frequency range.
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Figure 4. Influence of the period length on the sound-absorption coefficient of periodic absorber, when
θ = β = 0◦.

 

  
(a) (b) 

θ θ
Figure 5. Sound-absorption coefficients of periodic absorber at different azimuthal angles. (a) T = 20
cm, θ = 45◦. (b) T = 40 cm, θ = 45◦.

4. Experimental Validation

The diffuse-field sound-absorption coefficient of parallel-arranged PPETs and porous material
(BASF(China) Co. Ltd., Beijing, China) is measured in a reverberation room, and the measured results
are compared with the theoretical predictions. The measurements are conducted in compliance with
the ISO 354-2003 standard [42]. The three dimensions of the cubic chamber are 6.86, 4.94 and 5.79
m, respectively, and the total area of the test specimen is 10.3 m2. Several curved sheets as reflectors
are hung in the room. The excitation speaker is a spherical sound source. Figure 6 shows the photo
picture of test sample, and the period length of the absorber, T, is 80 cm, the cavity depth of the
parallel-arranged PPETs is 7 cm and the thickness of the porous material is 10 cm. The perforated
panels used in the experiments were made of plastic plate, and the extended tubes were made of
copper. Two kinds of Basotect foam, Basotect G+ and Basotect TG, were chosen for the experiments,
and the parameters are listed in Table 1.

The measured and predicted 1/3 octave sound-absorption coefficient curves of three
parallel-arranged PPETs and porous foam are shown in Figures 7 and 8. The sound-absorption
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peaks of PPETs are weakened due to 1/3 octave resolution. A reasonable agreement could be found in
most frequency band, except below 200 Hz. The discrepancy mainly comes from the too-low modal
density of the reverberation chamber in low frequency. The PPETs combined with porous material in a
limited thickness of 10 cm have a good sound-absorption performance between 160 and 3150 Hz.

 

θ θ

 

Figure 6. Picture of test sample.

 

Figure 7. Comparison of the measured and calculated sound-absorption coefficient for periodic
absorber composed of units of three parallel-arranged PPETs and Basotect G+ foam.
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Figure 8. Comparison of the measured and calculated sound-absorption coefficient of periodic absorber
composed of units of three parallel-arranged PPETs and Basotect TG foam.

5. Conclusions

The low-frequency sound-absorptive properties in diffuse field are predicted and measured for the
periodically arranged sound absorbers composed of perforated plates with extended tubes (PPETs) and
porous materials. The results show that increasing the incidence angle will decrease the characteristic
resistance of the periodic absorber, and the sound-absorption coefficient reaches the lowest near the
grazing incidence angle. The effect of the azimuthal angle on the sound-absorption coefficient is found
to be insignificant. It is noted that the period of the proposed absorber is a critical factor that controls
the mechanism of parallel absorption, and when the period of absorber arrangement is comparable to
the wavelength of incident wave, the sound-absorption coefficient drops abruptly. Both theoretical
and measured results show that periodically arranged PPETs combined with porous material could
keep good sound-absorptive performance in low- to mid- frequency in diffuse sound field.
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Abstract: The design of graded and anisotropic materials has been of significant interest, especially
for sound absorption purposes. Together with the rise of additive manufacturing techniques, new
possibilities are emerging from engineered porous micro-structures. In this work, we present a
theoretical and numerical study of graded and anisotropic porous materials, for optimal broadband
and angular absorption. Through a parametric study, the effective acoustic and geometric parameters
of homogenized anisotropic unit cells constitute a database in which the optimal anisotropic and
graded material will be searched for. We develop an optimization technique based on the simplex
method that is relying on this database. The concepts of average absorption and diffuse field
absorption coefficients are introduced and used to maximize angular acoustic absorption. Numerical
results present the optimized absorption of the designed anisotropic and graded porous materials for
different acoustic targets. The designed materials have anisotropic and graded effective properties,
which enhance its sound absorption capabilities. While the anisotropy largely enhances the diffuse
field absorbing when optimized at a single frequency, graded properties appear to be crucial for
optimal broadband diffuse field absorption.

Keywords: anisotropic materials; optimized absorption; diffuse field; graded properties

1. Introduction

In the context of acoustic wave propagation, porous structures are commonly employed for sound
absorption [1–3]. Their efficiency has been demonstrated many times over the past decades and they
have been exploited in numerous applications, like civil engineering, room acoustics and building
insulation. They are particularly useful for compact designs and cheap manufacturing. Their ability to
absorb sound is often characterized by the diffuse field absorption coefficient which is defined as a
weighted average of the absorption for all possible angles of incidence [4–7]. What would be considered
as an optimal absorber would see its absorption coefficient maximized for all frequencies, under all
possible angles of incidence. In order to envisage such an absorber, the design and optimization of
anisotropic and graded materials are explored in this work.
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Porous materials consist in two-phase media, in which a solid phase Ωs, here considered
rigid and motionless is saturated by a fluid phase Ωf, in our case air [8]. The open porosity
is denoted by the scalar φ = |Ωf|/|Ωf ∪ Ωs| ∈ [0, 1], and accounts for the ratio of the fluid
volume over that of the total domain. In these conditions, the porous material can be treated
as, whose acoustical properties depend on the micro-structure. Interestingly, as soon as the
micro-structure is known, as for example in porous materials made of periodic arrangements of
unit cells, the parameters of the Johnson–Champoux–Allard–Lafarge (JCAL) model can be efficiently
computed by a two-scale asymptotic method. These parameters are the open porosity, high-frequency
limit of tortuosity, characteristic thermal and viscous lengths, and static thermal and viscous
permeabilities. The high-frequency limit of tortuosity can be interpreted as the path of a particle, in the
inertial regime of the fluid. Both thermal and viscous characteristic lengths are related to thermal and
viscous skin depth, and the size of the pores. Finally, the static viscous and thermal permeabilities are
linked to the flow restitivty and compressibility. In the case of non-isotropic materials, the tortuosity,
the characteristic viscous length and the static viscous permeability admit different values in each
direction. The definition of these coefficients and their physical interpretation is detailed in Ref. [9].
The thermal and viscous dynamic regimes, occurring inside the medium, arise from the fluid-structure
interaction at the microscopic scale of the unit cell [10]. The JCAL model uses frequency asymptotics
to estimate these complex and frequency-dependent effective permeabilities of the porous medium
described by the six parameters. In the most general case, the unit cells can be anisotropic and thus,
the equivalent fluid can display anisotropic features. In this case, the mass density of the effective
medium will be denoted by the symmetric, second-order tensor ρ(e) which accounts for in-plane and
normal direction properties, together with the bulk modulus B(e). Such physical modeling has been
demonstrated and validated experimentally in many instances [11,12]. The method consists in the
application of a two-scale asymptotic homogenization to governing fundamental equations. The JCAL
parameters are then calculated by integrating the computed fields [13–15].

In addition, the effective properties describing the wave propagation in the medium can also
vary along a specific direction, specifically, together with the complex and frequency dependence,
the medium displays spatially dependent features. Therefore, altering the micro-structure’s geometry
at different locations affects the propagation of acoustic waves. In a rigorous manner, the solution of
an anisotropic, spatially dependent Helmholtz equation describes the acoustic propagation inside the
porous material. In this regard, various analytical and numerical methods of acoustic wave propagation
have been proposed, for multi-layered and continuously space varying materials. Wave-splitting
techniques with Green’s functions (WSTGF) or Peano series expansions (PS) can be applied for this
purpose [16–22]. In order to reduce the computational cost, the well-known transfer matrix method
(TMM) has been also used [23,24].

Recent work on optimized porous materials has been devoted to two main goals. On the one
hand, maximizing sound absorption [14,22], and on the other hand recovering the JCAL parameters
by developing inverse characterization methods [13]. It has been recently shown that quasi-perfect
broadband absorption can be achieved at normal incidence, using graded porous layers [14]. In this
work we present the optimization of anisotropic and graded materials for oblique incidences, paying
special attention to the omnidirectional and broadband absorption. This relates to the property of
maximal and uniform absorption for all possible angles of incidence [25]. Within the frame of this
work, we use a set of unit cells which are described by their geometric parameters. In order to model
the propagation in such materials, a database of JCAL parameters is established by means of finite
elements method (FEM), as in Refs. [13–15]. We use a database of 100 anisotropic unit cells, which links
the JCAL parameters to the geometric ones, for every unit cell. Starting from this set of homogenized
anisotropic unit cells, variations of the geometry are introduced along the depth of the equivalent
fluid layer, so as to achieve prescribed targets for the frequency and angular absorption. These targets
are defined through the introduction of cost functions that are minimized based on the average and
diffuse field absorption coefficients.
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The present article is organized as follows: we first recall the general derivation of wave
propagation in anisotropic and graded fluid layers in Section 2. We then discuss the interpretation of
average and diffuse field absorption in Section 3. In Section 4 the data generation and the optimization
procedures are described in detail. Finally, multiple numerical results are presented and discussed in
Section 5 and are compared to those of isotropic and non-graded media, to demonstrate the benefits of
anisotropic and graded materials.

2. Reminder on Anisotropic and Graded Porous Materials

In this section the propagation of a plane wave through an anisotropic, uni-dimensional (1D)
graded equivalent fluid is recalled. More in-depth knowledge and overall derivation of the equations
can be found in the Refs. [13,14,22]. We set the Cartesian coordinate system R0 = (O, e1, e2, e3) with
the associated spatial coordinates vector x = (x1, x2, x3) ∈ R3 as defined in Figure 1. The equivalent
fluid domain, denoted Ωe ≡ Ωf ∪ Ωs, is a slab of finite thickness L in the x3 direction and of infinite
extent in the (O, x⊥) plane. The subscript ⊥ denotes the restriction of a vector or tensor to the (O, x⊥)
plane with x⊥ = {x1, x2}. The domain Ωe is bounded by the plane boundaries at x3 = 0 and x3 = L

denoted Γ0 and ΓL respectively. We solve for the sound field in this layer Ωe in the linear harmonic
regime using the time convention e−iωt where ω = 2π f is the angular frequency. The exterior of
the domain Ωe is denoted Ω0 and corresponds to x3 > L. It contains an homogeneous isotropic
fluid, taken to be air in this case and considered inviscid. The density of air is ρ(0) = 1.213 kg·m−3

and its bulk modulus B(0) = γP0 with γ = 1.4 the ratio of specific heat and P0 = 101,325 Pa the
atmospheric pressure.

The pressure p and velocity v induced by the acoustic field are governed by the following linear
equations for mass conservation and momentum conservation respectively,

iωρ(j)(x3, ω)v(x, ω) = ∇p(x, ω) , (1a)

iωp(x, ω) = B(j)(x3, ω)∇ · v(x, ω) , (1b)

where the subscript j = {0, e} designates the domains Ω0 and Ωe respectively. The effective bulk
modulus and mass density tensor of the anisotropic 1D graded equivalent fluid (along the e3 direction)
are denoted B(e)(x3, ω) and ρ(e)(x3, ω). In the particular case of a transverse isotropic material,
the density tensor can be written ρ(e) = diag(ρ⊥, ρ⊥, ρ3) in its principal directions. Note that these
quantities are complex-valued, frequency-dependent and can vary along the e3 direction. Moreover,
while the bulk modulus of the anisotropic medium is scalar, the mass density is a second-order tensor
accounting for the anisotropy. To summarize, a non-graded anisotropic material is modeled by the
physical quantities ρ(e)(ω) and B(e)(ω), whereas for graded anisotropic materials, these quantities
ρ(e)(x3, ω) and B(e)(x3, ω) are spatially dependent.

In the air region Ω0 (x3 ≥ L) we define an incident plane wave with unit amplitude:

pinc(x, ω) = eik⊥ ·x⊥−ik3(x3−L) , (2)

where the components of the wave-vector kinc = {k1, k2, k3}T (with T the non-conjugate transpose) are
given by











k1 = −k0 cos(θ) cos(ψ),
k2 = −k0 cos(θ) sin(ψ),
k3 = k0 sin(θ),

(3)

with ψ and θ the polar and elevation angles, respectively. The free-field acoustic wave-number is
k0 = |kinc| = ω/c0, and the sound speed in free air is defined by c2

0 = B(0)/ρ(0).
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Figure 1. (Color online) Schematic of the propagation problem. The incident wave-vector kinc has
azimuth and elevation angles ψ (yellow) and θ (light purple) respectively.

The presence of the anisotropic layer Ωe gives rise to a reflected wave pr in Ω0. It is written

pr(x, ω) = Reik⊥ ·x⊥+ik3(x3−L) , (4)

where R(ω, θ, ψ) is the specular reflection coefficient and kinc
⊥ = {k1, k2}T . The derivation of the

governing equations Equation (1) has recently been used for retrieval techniques and applied to
fully-anisotropic porous materials [13]. They can be written using a state-vector formulation,

dW
dx3

= A(x3)W , (5)

where we have introduced the state vector W = {p, v3}T , and the matrix

A(x3) =

[

0 iωρ3

iωB−1
eq 0

]

, (6)

which admits no diagonal terms when the principal directions of the fluid are aligned to those of the
coordinate system. The propagation problem is reduced to a system of equations with respect to x3.
The term Beq is the equivalent bulk modulus and accounts for transverse (O, x⊥) effective density and
oblique incidence. In the case of anisotropic materials, with mass density tensor ρ(e) = H−1, H ∈ C3×3,
bulk modulus B(e) and wave-vector k, we have,

B−1
eq = B−1

(e)
− [k⊥ · (H⊥ · k⊥)] /ω2 . (7)

At the interface ΓL between the anisotropic layer and the surrounding fluid, the continuity of pressure
and normal velocity is imposed as boundary conditions. At the interface Γ0, a rigid backing is
considered in this work, and thus zero normal particle velocity is imposed by v · n|Γ0 = 0. As a
consequence, the state-vector at both interfaces reads,

WL =

{

1 + R

(R − 1)/Zθ
0

}

and W0 =

{

p(0)
0

}

, (8)

with Zθ
0 = Z0/ sin(θ) the apparent impedance of the air in domain Ω0 with respect to the unit outward

normal vector n = e3 at interface ΓL. The system of equations in Equation (5) can be solved by various
techniques, being the TMM, PS and WSTGF as in Refs. [16–24]. This way, we retrieve the reflection

32



Materials 2020, 13, 4605

coefficient of graded and anisotropic porous materials with a rigid backing. The absorption coefficient
is defined with respect to the angular frequency, and angles of incidence as

α(ω, θ, ψ) = 1 − |R(ω, θ, ψ)|2 . (9)

To sum up, from a given geometry of the unit cell, one can compute the JCAL parameters as in
Refs. [13–15] using FEM. From the JCAL parameters, we obtain the mass density tensor ρ(e)(ω) and
bulk modulus B(e)(ω) of the homogenized medium [9]. As these effective properties depend on the
geometry of the porous material, we can introduce variations of the geometric properties along the
direction x3 by using ρ(e)(x3, ω) and B(e)(x3, ω). Then, the reflection coefficient is provided by solving
Equation (5), using the aforementioned numerical techniques.

3. Average and Diffuse Field Absorptions

In the Cartesian coordinate system R0 = (O, e1, e2, e3), the incident wave is represented by its
wave-vector kinc = {k1, k2, k3}T . The diffuse sound field is composed of a continuum of plane waves
evenly distributed over the elevation angle θ and azimuth angle ψ. These plane waves have the same
acoustic intensity and are uncorrelated [4,6,7]. To define an absorption coefficient for this diffuse field,
the absorption coefficient α(ω, θ, ψ) defined above, in Equation (9) for an individual plane wave has
to be averaged over all possible incidence angles. In this work, two distinct cases will be considered
regarding this averaging of the acoustic absorption coefficient. The first average is based on the
standard definition of the diffuse field absorption coefficient, which reads as follows [5],

αdi f (ω) :=

∫ π/2

0

∫ 2π

0
α(ω, θ, ψ) sin(θ) cos(θ)dψdθ

∫ π/2

0

∫ 2π

0
sin(θ) cos(θ)dψdθ

, (10)

where sin(θ)dθdψ is due to the change in area of the surface integration element on the sphere.
In addition, the component of the acoustic intensity vector pointing into the surface is proportional
to cos(θ). It follows that the normal and grazing angles of incidence are do not contribute in this
definition, as illustrated in Figure 2b by the blue dashed line. The integral formalism in Equation (10)
can be approached by a discrete sum. As described earlier in Section 2, we use transverse isotropic
materials. Hence the polar angle ψ has no influence on the absorption, we now have,

αdi f ( f ) ≈
(

Nθ

∑
i=1

α( f , θi) sin(θi) cos(θi)

)(

Nθ

∑
i=1

sin(θi) cos(θi)

)−1

, (11)

where Nθ is the number of elevation angles. The second average is based on the arithmetic average of
the absorption coefficient, illustrated in Figure 2c:

ᾱ( f ) ≈ 1
Nθ

Nθ

∑
i=1

α( f , θi) . (12)

We note that when compared to the diffuse field average Equation (10), the angular weighting related
to the variations of the solid angle and normal acoustic intensity are not accounted for in Equation (12).

33



Materials 2020, 13, 4605

0 π/8 π/4 3π/8 π/2
0

0.2

0.4

0.6

0.8

1

Angle θ

A
m

pl
it

ud
e

0 π/8 π/4 3π/8 π/2
0

0.2

0.4

0.6

0.8

1

Angle θ

(a) (b) (c)

Figure 2. (Color online) Weighting process for average and diffuse field absorption coefficient.
(a) Discrete incidences on the unit sphere and elementary surfaces. The subfigures (b,c) represent the
integration process defined in Equations (11) and (12) respectively. The solid red line is an example of
an angular-dependent absorption coefficient, the weighting function is shown in a dashed blue and the
light green bars illustrate the discrete integration.

4. Optimization Procedures

The optimization routines provide the anisotropic and graded properties of the porous layer for a
given acoustic target. In particular, for a fixed layer thickness L, the macro-modulated effective density
ρ(e) and bulk modulus B(e) are obtained for the given acoustic absorption properties.

4.1. Interpolated Database of Unit Cells

The proposed unit cell is made of an ellipsoid carved out from a rectangular cuboid, as illustrated
in Figure 3i. This unit cell has already been used for retrieval methods in Ref. [13]. To define this
geometry, several parameters are introduced, namely the open porosity φ, characteristic length ℓc and
stretching in each in-plane direction χ1 and χ2. For simplicity, the two stretching parameters are set
to be equal: χ1 = χ2 = χ. A set of 100 unit cells with φ ∈ [0.56, 0.89], and χ ∈ [1, 10] is first used to
build up a database of the JCAL parameters, representing 100 anisotropic porous materials made of
the periodic repetition of the unit cell, with values (φ, χ1, χ2) from the previous intervals. The interval
for porosity is driven by the topology of the unit cell, whereas the stretch is chosen to span one order
of magnitude. These properties are obtained through a homogeneization method relying on finite
elements methods (see [13,14] for more details). The graded anisotropic materials used in this work for
the optimization of the acoustic absorption properties can be composed of layers of different materials,
the values of porosity and stretching of each layer might correspond to a periodic porous material
made of one of the unit cells in the given database.

In the case in which the couple (φ, χ) does not correspond to one of the 100 unit cells, the effective
properties are obtained by interpolating between the data points existing in the database of JCAL
parameters. This is done using piecewise cubic Hermite interpolating polynomials (PCHIP) [26].
The cubic interpolant of the transport parameters with the geometric parameters is monotonic.
The use of such an interpolation method in this context is therefore robust. Figure 3 shows the
dependency of the JCAL parameters on the stretching factor χ and open porosity φ. This interpolation
spans the whole database and gives a set of JCAL parameters for the required unit cell, allowing
us to obtain the corresponding mass density tensor and bulk modulus of the anisotropic porous
material. We denote the vector of geometric parameters by WG = {ℓc, φ, χ}T with which the unit
cell is described. The corresponding JCAL parameters are stored in the vector of porous properties
WJ = {φ, Θ0, Λ′, Λ⊥, Λ3, τ∞

33, τ∞
⊥ , K0

⊥, K0
33}T .
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Figure 3. (Color online) Interpolated database of normalized JCAL parameters, with respect to the
geometric properties φ and χ. The values are normalized to those of the isotropic cell with lowest
porosity (corresponding to φ = 0.56, χ1 = χ2 = χ = 1) and are displayed in a logarithmic scale.
The values in the transverse direction of the tortuosity, static viscous permeability and characteristic
viscous length are shown respectively in (a–c); the normal components are displayed in (e–g). Finally,
the static thermal permeability and characteristic thermal length are given in (d,h) respectively. The unit
cell is displayed along with its geometric assets in (i).

The transport parameters shown in Figure 3, are computed for a unit characteristic length ℓc = 1 m.
The parameters are then scaled independently according to their dimension, in meters for Λ′, Λ⊥ and
Λ3, in square meters for Θ0, K0

⊥ and K0
33. They respectively denote the thermal characteristic length,

the viscous characteristic length in transverse and normal directions, the static thermal permeability,
and finally the static viscous Darcy [27] permeability in transverse and normal directions. However,
the open porosity φ and high-frequency limit of tortuosity τ∞

jj are dimensionless and independent of
the characteristic length.

4.2. Macro-Modulation of Effective Properties

The fluid layer Ωe is split in N − 1 intervals, bounded by N linearly placed nodes along e3. At Γ0

there is the first node x
(1)
3 = 0, and at ΓL we place the N-th node at x

(N)
3 = L. Between them, we place
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the other nodes at x
(i)
3 = (i − 1)L/(N − 1) , ∀i ∈ J1, N − 1K. The interpolation of the graded properties

based on this discretization is done using PCHIP [26]. This ensures the values at the nodes WG

(

x
(i)
3

)

and the interpolated function is of class C1, meaning that its derivative remains continuous. On the
interval

[

x
(i)
3 , x

(i+1)
3

]

between two nodes, each geometric property g (components of WG) reads,

∀x3 ∈
[

x
(i)
3 , x

(i+1)
3

]

, x
(i)
3 < x

(i+1)
3 , Wg(x3) :=

3

∑
n=0

an,g

(

x3 − x
(i)
3

)n
, (13)

with an,g being the weights of the polynomial interpolation function. It is important for the reader to
note that two different interpolations are taking place in the procedure. The first one described in the
previous subsection, to interpolate the database of unit-cells, and a second one applied between spatial
nodes to interpolate the graded properties of the medium Ωe.

4.3. Optimization of Geometric Properties

In order to optimize the geometric parameters at the nodes WG

(

x
(i)
3

)

, the Nelder–Mead
(or downhill simplex) method was used. It is an iterative scheme that minimizes a non-linear cost
function, based on a geometric approach [28,29]. From an initial set of geometric nodes WG

(

x
(i)
3

)

,
the method takes a series of steps that tend to minimize the cost function. At each iteration of the
method, the set of parameters from the previous iteration is transformed within the space of parameters
by means of a simplex. The scheme stops when the convergence is reached (with respect to absolute
tolerances) or when the maximum iteration number is attained. The stopping condition is given when
the iteration number exceeds n = 2 × 103, or when both variations of the cost function ∂n J and of the
solution vector ∂nWG do not differ by 1 × 10−6 between two iterations. The optimization is performed
using the function fminsearch within MATLAB®2016b. This optimization procedure is bounded so
that, as the method scans the space of parameters, the simplex can only exist within the parameter
range of the database. The characteristic length was chosen between ℓc = 0.3 mm and ℓc = 1.5 mm,
and the stretching factor between χ = 1 and χ = 10. In addition, the open porosity was bounded due
to the cell topology, its upper and lower bounds can be derived analytically. The components of WG

must therefore satisfy the following constraints,










φ ∈ [0.56, 0.89] ,
χ ∈ [1, 10] ,
ℓc ∈ [300, 1500]× 10−6 m .

(14)

The initial guess used to start the optimization procedure is formed of random geometric parameters,
according to a uniform distribution within the proposed bounds. The routine also has to be run multiple
times with different initial guesses, to avoid local minima. On the one hand, for the optimization of
the non-graded porous material case, where the vector of geometric parameters WG is constant along
e3, no interpolation is needed and the acoustic propagation problem can be solved exactly using a
single layer by the TMM. On the other hand, when the properties are graded along e3, it is performed
using an interpolation over N = 5 nodes, and solved with 40 layers using again the TMM. For each
layer, the interpolated database connects WG(x3) and WJ(x3), as to reach ρ(e)(x3, ω) and B(e)(x3, ω).
This way, the acoustic features of the graded and non-graded materials are driven by the geometric
properties of the porous structures.

Two distinct cost functions are introduced. The first one is based on the diffuse field absorption,

Jdi f :=
1

N f

N f

∑
i=1

(

αdi f ( fi)− 1
)2

, (15)
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while the second one is based on the arithmetic average of the absorption,

J̄ :=
1

N f

N f

∑
i=1

(ᾱ( fi)− 1)2 , (16)

with fmin and fmax the lower and upper frequency bounds, respectively. In the frequency domain,
the minimization operates on N f linearly spaced values so that ∆ f = ( fmax − fmin)/(N f − 1). Both
the diffuse field absorption Equation (11) and the average absorption Equation (12) are studied,
using a linear discretization over the elevation angle θ ∈ [π/30, π/2] with Nθ = 30 points. It gives
∆θ = (π/2 − π/30)/30 ≈ 0.06 rad as the angular elevation step over all possible incidences.

Considering each cost function, the algorithm will maximize the absorption within targets of
frequency and elevation angle. The vector of geometric parameters WG is optimized to create graded
and non-graded materials. The database that links the geometric parameters WG with the JCAL
parameters WJ is used to obtain Equation (5). This equation is finally solved using TMM as it is usually
faster, and provides the absorption coefficient for the graded and non-graded materials.

5. Results

Results of the optimization procedure are shown for different acoustic targets, in order to highlight
the benefits of anisotropic and graded effective properties with respect to the isotropic and non-graded
ones. We first display the results in the case of a single frequency, when the porous layer operates in
its sub–wavelength regime, that is, when the wavelength of the incident wave was larger than the
thickness of the porous material (λ = c0/ f > L). In this work, we consider the length L = 25 mm.
Then, the optimization was applied to broadband acoustic absorption, on the frequency range between
1 kHz and 5 kHz, in other words, λ/L = 13.6 and λ/L = 2.7 respectively.

5.1. Sub–Wavelength Acoustic Absorption

We consider a single frequency f = 1000 Hz at which the monochromatic plane wave impinges
the porous layer either with anisotropic or isotropic properties. The cost functions described earlier in
Equations (15) and (16) do not need the sum over frequency for this optimization.

Figure 4a,b,d,e show the average absorption coefficients and the diffuse field absorption
coefficients for anisotropic (isotropic) materials with graded and non-graded properties optimized
using Jdi f and J̄, respectively. In all cases, we can see that both the average absorption and the diffuse
field absorption (see Figure 4a,b,d,e) present highest values for the graded porous materials at the
target frequency.

The difference between the absorption of graded and non-graded materials is more pronounced
for isotropic than for anisotropic materials. This result is important to highlight the relevance of
the additional degree of freedom introduced by the spatially dependent properties. On the other
hand, it is important to compare the values of absorption between the anisotropic and the isotropic
materials. In that regard, we can clearly see the improvements of the absorption by the anisotropic
materials showing the importance of the added degree of freedom by this feature. For both J̄ and Jdi f ,
the non-graded medium provides excellent results in terms of absorption. As seen on Figure 4a,b,
the absorption peak at f = 1000 Hz reaches ᾱ = 0.94 and αdi f = 0.97. Figure 4c,f shows the angular
profile of absorption at f = 1000 Hz for anisotropic (isotropic) materials with graded and non-graded
properties optimized using Jdi f and J̄. These results show one important feature related to the impact
of the cost function on the angular absorption profiles. While optimizing the average absorption does
not promote any specific angle (the cost function J̄ accounts for all incidences equally), optimizing the
diffuse field absorption coefficient does not account for the grazing and normal angles of incidence.
Looking at the average absorption, we see that it is high at normal incidence, and creates a plateau
until it finally decreases after θ ≈ π/8 rad as shown in Figure 4c. However, from the optimization for
the diffuse field absorption, we can see the smaller values at normal and grazing incidences as the
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other incident angles present higher weight in the optimization. By comparing Figure 4c,f we notice
the improvement of the results by using anisotropic materials.

In the case of anisotropic materials, where the diffuse field and average absorption are strong,
grading the properties of the layer along its depth does not help significantly. Looking at the JCAL
parameters that give such absorption in Figures 5c and 6c, the medium displays significant anisotropic
features. As seen by the high-frequency limit of tortuosity and static viscous permeability, which are
one order of magnitude higher in the normal direction e3 than in the in-plane ones e⊥. Moreover,
the snapshots of the unit cells in Figures 5d and 6d, display the shape in the optimized unit cells with
large stretch χ, resulting in higher normal tortuosity.
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Figure 4. (Color online) Comparison of different optimization results for average and diffuse field
absorption coefficients. The angular dependence of the absorption coefficient is given at the frequency
f = 1000 Hz, with respect to θ. Results with anisotropic cells are given in (a–c), while the restriction
to isotropic cells is shown in (d–f). In solid red and dashed blue are the results for J̄ with N = 1 and
N = 5, respectively, and for Jdi f with N = 1 in dashdotted green and N = 5 in dotted black.

38



Materials 2020, 13, 4605

0 0.5 1 1.5 2 2.5
0

500
1000
1500
2000

Le
ng

th
ℓ

c(
µ

m
)

0 0.5 1 1.5 2 2.5
0

0.5

1

Po
ro

si
ty

φ

0 0.5 1 1.5 2 2.5
1
5

10
15

Position x3 (cm)

St
re

tc
h

χ

0 0.5 1 1.5 2 2.5
0

0.5

1

φ

0 0.5 1 1.5 2 2.510−4

10−3

Λ
′ (m

)

0 0.5 1 1.5 2 2.5
10−9

10−8

10−7

Position x3 (cm)

Θ
0 (m

2 )

0 0.5 1 1.5 2 2.5
0
5

10
15

τ
∞ jj

0 0.5 1 1.5 2 2.510−5

10−4

Λ
j(m

)

0 0.5 1 1.5 2 2.5

10−9

10−8.5

Position x3 (cm)

K
0 jj

(m
2 )

Graded values
Non-graded values

(a) (b) (c)

(d) Ωe Ω0

0
x3

L

ΓL

L/3 2L/3

ΓLΓ0

n

Figure 5. Components of the vector of geometric parameters Wg (characteristic length
ℓc, porosity φ and stretch χ) are shown in (a), as a function of the position x3. Scalar
Johnson–Champoux–Allard–Lafarge (JCAL) parameters (φ, Θ0, Λ′) are given in (b) and the
direction-dependent ones (τ∞

⊥ , τ∞
33, K0
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33, Λ⊥, Λ3) are in (c), with respect to x3. The graded values

are in solid lines, and the non-graded ones in dashed lines; in orange for the normal direction, and in
green for the transverse direction. The sketch in (d) displays snapshots of the unit cells at intervals of
L/3 between interfaces Γ0 and ΓL.
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Figure 6. Components of the vector of geometric parameters Wg (characteristic length ℓc, porosity φ

and stretch χ) are shown in (a), as a function of the position x3. Scalar JCAL parameters (φ, Θ0, Λ′) are
given in (b) and the direction-dependent ones (τ∞
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⊥, K0
33, Λ⊥, Λ3) are in (c), with respect to x3.

The graded values are in solid lines, and the non-graded ones in dashed lines; in orange for the normal
direction, and in green for the transverse direction. The sketch in (d) displays snapshots of the unit
cells at intervals of L/3 between interfaces Γ0 and ΓL.
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For the sake of comparison, the optimization is also performed with a restriction on the database
to isotropic cells, only with χ = 1. This restriction implies that the medium cannot take contrasted
properties in its principal directions. In this case, using graded properties becomes much more
important to achieve a strong absorption, and we reach αdi f = 0.76 and ᾱ = 0.74. In Figure 4d,e,
the results for an isotropic porous material show the benefit of the geometric gradient WG(x3), when
the medium is constrained to be isotropic.

5.2. Broadband Acoustic Absorption

The frequency vector is given by N f = 15 linearly spaced values between fmin = 1000 Hz and
fmax = 5000 Hz. This frequency range ensures the large wavelength condition as we have λ > 2L at
f = fmax. This is accounted for in the minimization of the cost functions Equations (15) and (16), by the
sum over the frequencies. No weighting is considered in frequency, meaning that all the frequencies
have the same importance. The goal of the optimization routine is to minimize the reflection over the
whole angular and frequency plane (θ, f ), discretized in N f × Nθ = 450 points.

Regarding the geometric and JCAL profiles shown in Figures 7a and 8a, we see that the
optimized non-graded material is isotropic: χ = 1. In this case, over the frequency range of interest,
the high-frequency limit of normal tortuosity τ∞

33 does not need to reach important values, for the
absorption to reach α > 0.9. Figures 7c and 8c show the successive troughs and peaks of the normal
tortuosity, when the medium is graded along x3. This trend is observed when minimizing for both cost
functions, and is intuitively represented on Figures 7d and 8d, as smaller pores and higher transverse
stretches tend to increase τ∞

33.
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Figure 7. (Color online) Components of the vector of geometric parameters Wg (characteristic
length ℓc, porosity φ and stretch χ) are shown in (a), as a function of the position x3. Scalar JCAL
parameters (φ, Θ0, Λ′) are given in (b) and direction-dependent ones (τ∞

⊥ , τ∞
33, K0

⊥, K0
33, Λ⊥, Λ3) are in

(c), with respect to x3. The graded values are in solid lines, and the non-graded ones in dashed lines; in
orange for the normal direction, and in green for the transverse direction. The sketch in (d) displays
snapshots of the unit cells at intervals of L/3 between interfaces Γ0 and ΓL.
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Figure 8. (Color online) Components of the vector of geometric parameters Wg (characteristic
length ℓc, porosity φ and stretch χ) are shown in (a), as a function of the position x3. Scalar JCAL
parameters (φ, Θ0, Λ′) are given in (b) and direction-dependent ones (τ∞

⊥ , τ∞
33, K0

⊥, K0
33, Λ⊥, Λ3) are in

(c), with respect to x3. The graded values are in solid lines, and the non-graded ones in dashed lines; in
orange for the normal direction, and in green for the transverse direction. The sketch in (d) displays
snapshots of the unit cells at intervals of L/3 between interfaces Γ0 and ΓL.

Figure 9a,b shows the average absorption in the plane (θ, f ), for the materials made of the
optimal profiles with non-graded and a graded properties in the target frequency range minimizing
J̄. In the same manner, Figure 9d,e shows the diffuse field absorption in the plane (θ, f ) for the
materials made of the optimal profiles of a non-graded and a graded material in the target range
of frequencies minimizing Jdi f respectively. The optimized non-graded medium provides a large
absorption area in the (θ, f ) plane, showing a single peak of absorption in the [ fmin, fmax] interval
(see Figure 9a,d). However, in the case of the graded material we can clearly observe two peaks of
absorption in Figure 9b,e.

The optimized curves of average and diffuse field absorption for a graded material, Figure 9c,f,
also clearly show this second peak of absorption for the graded materials in the [ fmin, fmax] interval
that is absent in the case of non-graded materials. The maximum of absorption provided by the
non-graded medium is at f = (2750 ± 25) Hz with values ᾱ = 0.91 and αdi f = 0.94. In the case of
graded materials optimized for the diffuse field, the absorption coefficient reaches αdi f = 0.93 at the
first peak at f = (1900 ± 25) Hz and αdi f = 0.96 at the second peak f = (4150 ± 25) Hz, while when
optimizing the average absorption, the peaks appear at ᾱ = 0.92 with f = (1850± 25) Hz and ᾱ = 0.96
at f = (4100 ± 25) Hz.

This clearly shows the relevance of the spatial profiles of the material that can be used to
manipulate the vector of geometric properties WG(x3) introducing a direct effect on the JCAL
parameters WJ(x3) and influencing directly the absorption features of the system. Grading the
effective properties, namely the tensor of mass density ρ(e)(x3) and bulk modulus B(e)(x3), offers
more control on the absorption. However, by comparing Figure 9a,d or Figure 9b,e, we can see that
for broadband and angular optimization the absorption coefficient displays only small variations
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depending on the cost function being minimized. Finally, it is worth noting that the peak of the
non-graded materials or the double peak for the graded material are still present, with the average of
the diffuse absorption coefficients calculated in Figure 9c,f.
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Figure 9. (Color online) Absorption maps with respect to elevation angle and frequency for broadband
optimization. The results for optimized average absorption, both non-graded and graded, are shown
respectively in (a,b). The maps (d,e) display the absorption map for optimized diffuse field absorption
coefficient, respectively for non-graded and graded medium. Average absorption is given in (c),
for graded and non-graded cases in solid red and dashed black respectively. The diffuse field absorption
coefficient is shown in (f), for graded and non-graded cases in solid blue and dashed orange respectively.

At this stage, it is worth analyzing the presence of the second resonance peak in the anisotropic
graded material. In order to do so, we represent the reflection coefficient in the complex frequency
plane. This methodology has been widely used in the past to gain more insight into the absorption
properties of acoustic materials [30,31]. In the absence of losses, this representation presents a unitary
reflection in the real frequency axis, due to the conservation of energy, its resonance implies a pair
of zero and poles, at complex conjugated frequencies due to the temporal invariance of the system.
When losses are introduced in the system, the zeros of the reflection coefficient approach the real
axis, fulfilling the impedance match condition (or the critical coupling condition) when the zero is
located on the real frequency axis, producing perfect absorption. This technique has been previously
described in [14] for the optimization of graded layers at normal incidence, or in [32,33] to explain how
to manipulate the zeros of the reflection coefficient in order to achieve perfect absorption.
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We define the complex-valued angular frequency by ω̃ = 2π( fR + i f I), with, fR ∈ [0, fmax] , f I ∈
[− fmax, fmax]. The differential system of equations in Equation (6) to be solved now reads,

d
dx3

{

p

v3

}

− iω̃

[

0 ρ̃3(ω̃)

B̃−1
eq (ω̃) 0

]{

p

v3

}

= 0 , (17)

where B̃eq and ρ̃3, are respectively the equivalent bulk modulus and equivalent mass density in the
normal direction, at complex angular frequency ω̃. The reflection coefficient R̃(ω̃) ∈ C is computed
and represented in the complex frequency plane. The perfect absorption α = 1 is attained when
the zero of complex reflection coefficient is exactly located on the real frequency axis fR so f I = 0.
Therefore, we track the trajectory of the zeros for the non-graded and graded configurations, in terms
of the angle of incidence θ. The angle at which the zero will be on the real frequency axis will give the
angle of incidence at which the system produces perfect absorption. Figure 10a,c show the complex
frequency map of R̃, for the non-graded optimized system at the incidence angle θ, for which the
zero is on the real frequency axis, that is, at which perfect absorption is obtained by using J̄ and
Jdi f , respectively. The trajectory of the zero crosses twice the real frequency axis, showing that two
configurations present perfect absorption, but only one stands in the target range of frequencies.
Figure 10b,d show the complex frequency map of R̃ for the graded optimized system at the incidence
angle at which the first zero is on the real frequency axis, that is, the perfect absorption of the first peak
by using J̄ and Jdi f respectively. Here, we can observe two zeros corresponding to the previous two
peaks of absorption for the graded case. The trajectories of the zeros cross twice the real frequency
axis, showing that there are four configurations with perfect absorption but only two are in the target
range of frequencies. There is a general tendency of the zeros independently of the type of material
used. In the frequency range of interest, we observe the zeros slowly drifting to higher frequencies as
the angle of incidence decreases, visible on Figure 9a,b,d,e.

In contrast to the non-graded materials, the graded ones contribute to lowering the second
reflection zero in the frequency range of interest, increasing the absorption across the entire range
of frequencies, as shown in Figure 10. Effectively, the broadband absorption is enhanced relative to
a strictly non-graded material. These results are in agreement with the previous discussion of the
Figure 9c,f.
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Figure 10. (Color online) Complex frequency plane representation of the reflection coefficient.
The amplitude is normalized and reads log10 |R̃(ω̃, θ)|2 − log10

(

max|R̃(ω̃, θ)|2
)

as a function of fR

and f I . The maps are plotted at the incidence angle for which the first zero is on the real frequency axis
in all optimization cases, J̄non−grad (a), J̄grad (b) and J

non−grad
di f (c) , J

grad
di f (d). The paths of the complex

zeros of reflection are displayed in solid purple, between θmin = π/30 (◦) and θmax = π/2 (•).

6. Conclusions

In this work, an optimization technique is developed and applied to anisotropic and graded
structures. Acoustic wave absorption can therefore be fine-tuned in porous materials, and designed
for specific angular and frequency ranges. The proposed optimization routine relies on a database of
100 anisotropic porous unit cells, and provides the physical properties of the desired porous material
presenting target absorption features. The effective properties, defined by the mass density tensor and
bulk modulus, are graded, and thus macro-modulated along the depth of the porous material. Instead
of running the minimization for all JCAL parameters of the equivalent fluid, the geometric parameters
are preferred. The average and diffuse field absorption coefficients are considered, and lead to different
geometric profiles for rigidly backed layers of finite thickness. While the optimization of the diffuse
field absorption coefficient is weighted angularly, reducing the effects of the absorption at normal
and grazing incidences, we have seen that using the average absorption can be useful to obtain larger
values of absorption at the normal and grazing angles.

Sub-wavelength and broadband absorption objective functions are considered between 1 kHz and
5 kHz for a fixed thickness of 25 mm. From numerical results emerge the benefits of anisotropic and
graded effective properties. They are visualized through the use of both the angular and the complex
frequency maps, that reveal how the absorption coefficient is maximized. The resulting materials tend
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to approach omnidirectional absorption, by exploiting the database of anisotropic cells and graded
properties. Moreover, as it has previously been found for normal incidence, the graded materials can
strengthen the absorption properties by making use of additional resonances, produced by the graded
properties of the system.

However, such a procedure is non-exhaustive, since a choice of unit cell and geometric parameters
should first be made. It leads to optimized non-unique solutions for a given micro-structure.

Although the present numerical investigation gives promising results, the main hurdle resides
in manufacturing such micro-structures. The manufacturing techniques can be difficult to apply for
such designs, but the strength of the proposed method is its use on the database. Recent printing
techniques can be put into use, but remain limited in terms of surface roughness and overall accuracy
at the microscopic scale. In this way, the community is moving towards characterization and imaging
techniques, so that surface roughness, and overall discrepancies of the manufactured medium can
hence be accounted for, and be quantitatively estimated.
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Abstract: The sound absorption of granular silica-aluminate molecular sieve pellets was investigated
in this paper. The absorption coefficients of molecular sieve pellets with different pore sizes, pellet
sizes, and layer thicknesses were measured through impedance tubes under room temperature and
pressure conditions. The effects of pore size, pellet size, layer thickness were compared and explained.
The comparisons show that at room temperature and pressure, the sound absorption of molecular sieve
pellets is not a result of the crystalline structure, but rather it mainly changes with the pellet size and
layer thickness. In addition, the five non-acoustical parameters of molecular sieve pellets were obtained
by an inverse characterization method based on impedance tube measurements. The measurement by
impedance tubes is in good agreement with the calculation of Johnson-Champoux-Allard (JCA) model,
proving that the JCA model can be effectively used to predict the sound absorption of molecular
sieve pellets.

Keywords: molecular sieve pellets; sound absorption; impedance tube

1. Introduction

Porous materials are the most widely used sound absorbing materials in engineering. The obvious
sound absorption of porous materials lies in the fact that their internal structure has numerous tiny
pores that are interlinked with each other and connected to the outside on their surfaces. During the
process of sound wave propagation, friction occurs between the moving air in the pores and the solid
skeleton of the pore wall, and viscous loss is caused by the viscosity of airflow within the materials.
Due to the viscosity and heat conduction effect of the air, sound energy is converted into internal
energy and then dissipated, thus achieving sound absorption [1].

Porous sound absorbing materials may be classified into fibrous, cellular and granular [2,3].
Granular materials are considered as rigid porous materials due to their fixed framework, and their
sound energy dissipation mainly depends on the air viscosity in the gaps of the granular materials
and the heat transfer between the air and the granular material surface. Meanwhile, the scattering of
granules will also affect the absorption of sound energy in the material. References [4–10] studied the
sound absorption of some granular porous materials such as rubber chips, gravel, perlite, aerogel and
concrete. The results show that these granular porous materials play a role in sound absorption and
noise reduction of road noise barriers and buildings. Molecular sieves are a kind of granular porous
material that have been widely used as air adsorbents and desiccants in many applications [11,12]
Quite recently, granular molecular sieves have been used as sound absorption materials inside the
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back cavities of miniature loudspeakers for cellphones [13,14]. It is considered that the air absorption
mechanism increases the acoustic compliance of a volume of molecular sieves, which significantly
reduces the first resonance frequency of the coupled membrane-cavity system and thus improves the
sound performance of loudspeakers. For underwater acoustics, a damping material consisting of Rho
c-carbon fiber matrix and molecular sieve pellets was reported, and experimental results showed that
the addition of molecular sieve pellets improved the sound insulation [15]. On the topic of the sound
absorption characteristics of molecular sieves as porous materials, however, there are few reports
making this worth investigating in some detail.

Molecular sieves, also known as zeolites, belong to the aluminosilicate compounds, a sort of
crystalline porous material. The corresponding crystallographic structure is formed by tetrahedrons
of AlO4 and SiO4, which are the basic components of different zeolites. The crystalline structure of
molecular sieves is a three-dimensional porous system that precisely adjusts the pore size to allow
molecules smaller than this pore size to be adsorbed and to exclude larger molecules [11,12], hence
the name “molecular sieve”. Molecular sieves are usually divided into A, X, Y, M and ZSM types
according to their ratio of aluminum to silicon. Generally speaking, the higher the Al-Si ratio of a
zeolite is, the better its stability is. For example, the initial damage temperature of the structure of NaA
(SiO2/Al2O3 = 2) and NaX (SiO2/Al2O3 = 2.5) is approximately 660 ◦C. Molecular sieves with different
crystal structures are usually classified by the pore diameter, such as 3Å, 4Å and 5Å, where 1Å = 0.1 nm.
3Å molecular sieves have effective adsorption selectivity and are suitable for the insulating glass
desiccant and refrigerant desiccant applications; 5Å molecular sieves have high adsorption and fast
adsorption speed, and are suitable for various gas pressure swing adsorption devices for oxygen,
hydrogen and carbon dioxide production. The appearance of molecular sieves is usually as a powder,
strips or granular. The size range of molecular sieve pellets is generally 0.4–0.8, 1.6–2.5 or 3–5 mm.
For convenience, we will uniformly refer to them as micro, small and large pellets in this paper.

The acoustic properties of porous materials are mainly focused on the propagation of sound waves
through their interior. Zwikker and Kosten [16] pointed out that for isotropic homogeneous media,
the propagation of sound waves can be described by the characteristic impedance and propagation
constant of the materials. Due to the complexity of the factors affecting the sound absorption of
porous materials, empirical models are generally used to estimate the sound absorption performance.
Delany-Bazley [17] obtained an empirical formula to describe the characteristic impedance and
wave number of porous materials through a large number of measurements on fibrous materials.
This empirical model is very successful since it requires only the static flow resistivity of materials.
The model, however, is not applicable to the prediction of sound absorption in wide frequency
band. Miki [18] further modified the above formula to make it applicable to a wider frequency
range. In addition to the empirical formula above, many scholars proposed a semi-phenomenological
model to describe the equivalent dynamic density and equivalent volume modulus of fluids in rigid
skeletal porous materials [19–25]. In 1987, Johnson et al. [19] proposed a semi-phenomenological
model to describe the complex density of porous materials with arbitrary pore shapes and static
skeletons. Taking into account the viscosity-inertia effect, four parameters that are static flow resistivity,
porosity, tortuosity and viscosity characteristic length, were used to calculate dynamic density. In 1991,
Champoux and Allard [20] further considered the heat conduction effect and gave the expression of
dynamic volume modulus of porous materials with the same property. Five parameters, which are
static flow resistivity, porosity, tortuosity, viscous characteristic length and thermal characteristic length,
were used to calculate the equivalent fluid dynamic density and equivalent fluid dynamic volume
modulus of the porous material model. Johnson-Champoux-Allard (JCA) model is a generalized model
suitable for the wide-band propagation of sound waves in porous materials [21–23] Non-acoustic
parameters of porous materials can be obtained through direct measurement or inverse acoustical
characterization [26,27]. Direct measurement requires special laboratory equipment. Static flow
resistance and porosity can be directly measured by standard technology, while tortuosity and viscous
characteristic length, thermal characteristic length can be measured by ultrasonic technology, which
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is difficult to implement under conventional laboratory conditions, and the measurement accuracy
cannot easily be guaranteed. Inverse acoustic characterization is an alternative to direct measurements.
Once the acoustic impedance or absorption coefficient of the material is known, the relevant parameters
of the material can be calculated using the inverse strategy. In [7,26,28,29] the non-acoustic parameters
of porous materials are evaluated using inverse acoustic characterization, and the results show that
this method is robust and reliable. Here, taking the minimum difference between the sound absorption
coefficient measured by the impedance tube and calculated by the JCA model as the objective function,
five non-acoustic parameters of molecular sieve are obtained by using simulated annealing method.

The paper is organized as follows: In Section 2, sound absorption measurements of different
molecular sieve pellets samples with different thickness and different pellet size are reported and
analyzed; and in Section 3, JCA model is adopted to describe the acoustical properties of molecular
sieve pellets. Five non-acoustic parameters of the molecular sieve pellets are calculated by simulated
annealing. Moreover, the reliability of JCA model for predicting the sound absorption of molecular
sieve pellets is verified. Finally, the conclusions are summarized in Section 4.

2. Acoustic Measurement of Molecular Sieve Pellets

2.1. Experimental Equipment and Samples

The purpose of this paper is to investigate the sound absorption characteristics of molecular
sieves at room temperature and pressure. 3Å and 5Å molecular sieve pellets were chosen for the
measurements carried out in SW impedance tubes according to ISO 10534-2 [30]. Based on the transfer
function method, the normal incident sound absorption coefficient and impedance in the 63–6300 Hz
range are measured by SW422 and SW477 impedance tubes, of which the SW422 has an inner diameter
of 100 mm and is used for 63–1600 Hz and the SW477 has 30 mm and is used for 1000–6300 Hz
measurements. As for the impedance tube test system in Figure 1, a BSWA PA50 power amplifier
drives the speaker to amplify the sound, the microphones located at positions 1 and 2 collect the sound
pressure of the incident and reflected waves, and a MC3242 data acquisition system analyses the sound
pressure signals. The reflection factor of the sound waves is calculated by the transfer function of
incident and reflected waves in sound field. Then the normal incident coefficient and surface acoustic
impedance are calculated. The surface acoustic impedance and impedance are the real and imaginary
parts of the surface acoustic impedance, respectively.

 

 

 

Figure 1. Experiment setup. On the left are the sample and the impedance tube, and on the right is the
absorption coefficient of the cylindrical box.

A perforated cylindrical box is designed to fill with loose molecular sieve pellets. The sound
absorption of the perforated cylinder is very low and can be ignored here. For example, a perforated
cylinder with an aperture of 1.5 mm and a perforation ratio of 39.6% is used, and its measurement of
sound absorption coefficient with cylinder depths of 20, 30 and 50mm is shown on the right of Figure 1.
It should be noted that, in the stacking state, the void ratio of bulk granular materials is described
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by the packing density and apparent density and is related to the sound absorption of granular
materials. The void ratio is inversely proportional to the packing density of materials. Molecular
sieves pellets described here are randomly closely packed in the specimen cylinder in a natural state
without additional force or adhesive compaction. In the following sections, the measured normal
sound absorption coefficient and surface acoustic impedance of molecular sieve pellets of different
pore size and different pellet sizes, and different thickness are given and compared.

2.2. Measured Sound Absorption of Molecular Sieve Pellets with Different Pore Size

In order to find out the effect of pore size on the sound absorption of molecular sieve pellets under
room temperature and pressure, two types of samples with pore sizes of 3Å and 5Å are selected for
sound absorption comparison. The characteristics of the molecular sieve pellet samples used are listed
in Table 1. Figure 2a–d show the sound absorption curves of molecular sieve pellets of the same layer
thick and pellet size.

Table 1. Characteristics of the molecular sieve pellet samples with different pore sizes.

3Å 5Å

Number Pellet Size (mm) Thickness (mm) Number Pellet Size (mm) Thickness (mm)

#1 3–5 30 #1 3–5 30

#2 3–5 50 #2 3–5 50

#3 1.6–2.5 30 #3 1.6–2.5 30

#4 1.6–2.5 50 #4 1.6–2.5 50

 

 

 Figure 2. Sound absorption measurement of molecular sieve pellets of different pore size. Sound
absorption coefficient of 3Å and 5Å with (a) thickness of 30 mm and pellet size of 3–5 mm; (b) thickness
of 50 mm and pellet size of 3–5 mm; (c) thickness of 30 mm and pellet size of 1.6–2.5 mm; (d) thickness
of 50 mm and pellet size of 1.6–2.5 mm.
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The sound absorption curves of 3Å and 5Å are similar in shape and almost identical. The slight
differences in some frequency bands may be caused by installation or measurement errors. Under
room temperature and pressure, “sieve molecules” does not appear due to its own strengthening
stability. That is to say, the pore size has no obvious effect on the sound absorption of molecular sieve
pellets. The sound absorption of molecular sieve pellets is mainly related to the macroscopic size of
pellets and is less related to the pore size. Therefore, molecular sieve pellets are regarded as rigid
porous materials, and sound energy is mainly consumed by the air viscosity between pellets and
heat transfer between air and pellets surface. In addition, a low sound absorption coefficient valley
appears on each sound absorption curve, which obviously affects the wide-band sound absorption of
molecular sieve pellets. This is because the sound absorption of molecular sieve pellets is related to
flow resistance, porosity and structure factor, and finally attributed to the pellets gap. When the gap
between pellets is too large or too small, the air between the pellets cannot be sufficiently frictional and
heat transfer during the propagation of sound waves.

2.3. Measured Sound Absorption of Molecular Sieve Pellets with Different Thickness

To illustrate the effect of layer thickness on the sound absorption of molecular sieve pellets,
the measured sound absorption coefficient for the eight samples given in Table 2 are plotted in Figure 3.
As shown in Figure 3a,b, as the thickness of the molecular sieve pellets increases, the absorption
peak tends to the low frequency and as well the effective absorption bandwidth becomes narrower.
As the thickness of the layer increases, the gap distribution becomes more complex and the gap channel
becomes longer. In this way, during the acoustic wave propagation process, the number of collisions
between pellets increases and more energy is consumed, and the flow volume in the gap increases,
so the natural frequency of molecular sieve pellets decreases and the sound absorption moves to a
low frequency.

Table 2. Samples of molecular sieve pellets with different layer thickness.

3Å 5Å

Number Pellet Size (mm) Thickness (mm) Number Pellet Size (mm) Thickness (mm)

#1 3–5 20 #1 1.6–2.5 20

#2 3–5 30 #2 1.6–2.5 30

#3 3–5 40 #3 1.6–2.5 40

 

Figure 3. Sound absorption measurement of molecular sieve pellets with different thickness: (a) 3Å
with pellet size of 3–5 mm; (b) 5Å with pellet size of 1.6–2.5 mm.
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2.4. Measured Sound Absorption of Molecular Sieve Pellets with Different Pellet Sizes

Three different pellet size molecular sieve pellets selected for sound absorption comparison are
illustrated in Figure 4, where the (a1) and (b1) are the sound absorption coefficient of the samples,
(a2) and (b2) are the specific surface acoustic resistance of the samples, and (a3) and (b3) are the specific
surface acoustic resistance of the samples. The pellet sizes are micro (0.4–0.8 mm), small (1.6–2.5 mm),
and large (3–5 mm), as shown in Table 3. It is evident that as the pellet size decreases, the sound
absorption peaks of the molecular sieve pellets move to a low frequency, and the effective sound
absorption bandwidth increases significantly. Compared with the large and small samples, the sound
absorption coefficient of the micro sample is smaller and flat, as shown in (a1) and (b1). The sound
absorption coefficient of the micro sample is greater than 0.6 in the bandwidth of 500–6300 Hz. When the
molecular sieve pellets are smaller, the pellet gap is smaller and denser, and the fluid resistance in the
gap increases, thus more sound energy is lost. This characteristic is clearly reflected from the measured
specific surface acoustic resistances in (a2) and (b2), where the micro sample has the largest acoustic
resistance excluding the frequency at resonance. Also the measured specific surface acoustic reactance
of the micro sample are the nearest zero in the whole frequency range, therefore the smallest samples
have the benefit for broadband sound absorption. These results imply that appropriate pellet size
should be taken into account carefully to have a satisfactory sound absorption.

Table 3. Samples of molecular sieve pellets with different pellet sizes.

5Å

Number Pellet Size (mm) Thickness (mm) Number Pellet Size (mm) Thickness (mm)

#11 0.4–0.8 30 #21 0.4–0.8 50

#12 1.6–2.5 30 #22 1.6–2.5 50

#13 3–5 30 #23 3–5 50

 
Figure 4. Cont.
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Figure 4. Sound absorption measurement of molecular sieve pellets with different pellet sizes. Sound
absorption coefficients of 5Å with thickness of (a1) 30 mm; (b1) 50 mm; Specific surface acoustic
resistance of 5Å with thickness of (a2) 30 mm; (b2) 50 mm; Specific surface acoustic reactance of 5Å
with thickness of (a3) 30 mm; (b3) 50 mm.

3. JCA model and Inverse Parameters Estimation

3.1. Theoretical Model

JCA model is a generalized model for sound propagation in porous materials over a wide range of
frequencies, which includes five non-acoustic parameters of porous materials: the static flow resistance
σ, porosity φ, the tortuosity α∞, the viscous characteristic length Λ, and the thermal characteristic
length Λ′. In JCA model, the equivalent dynamic density ρe(ω) and the equivalent dynamic volume
modulus Ke(ω) are expressed as [20]:

ρe(ω) = ρ0α∞
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where P0 is the ambient atmospheric pressure, ω is the angular frequency, ρ0, η, γ and B2 are the
density, dynamic viscosity, specific heat ratio and Prandtl number of the saturating air, respectively.
In Equations (3) and (4), c and c′ are pore shape parameters related to the viscous and thermal
dissipation, respectively.

Based on the equivalent fluid theory, the characteristic acoustic impedance Zc and complex wave
number k of rigid porous materials are expressed as:

Zc =
1
φ

√

ρe(ω)gKe(ω) (5)

k = ω

√

ρe

Ke
. (6)
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Therefore, according to Zwicker and Kosten theory, the surface acoustic impedance Zs of porous
materials backed by rigid walls is expressed as:

Zs = Zc cot h(kL). (7)

Then, the normal incidence sound absorption coefficient can be calculated as:

α = 1−
∣

∣

∣

∣

∣

Zs − ρ0c0

Zs + ρ0c0

∣

∣

∣

∣

∣

2
, (8)

where, L is the thickness of the porous material layer, ρ0c0 is the characteristic impedance of the air.

3.2. Inversion of Non-Acoustic Parameters

Simulated annealing is an optimization algorithm based on Monte Carlo iteration. Because of its
global optimization and strong robustness, it is widely used in the optimization of multi-objective
parameters in acoustic materials and structures [26,31–34]. In this paper, the inverse calculation of five
non-acoustic parameters is transformed into the solution of a set of optimal values. The process is as
follows: firstly, the difference between the sound absorption coefficient measured in the impedance
tube and calculated by JCA model in a certain frequency band is taken as the optimization objective
function, and then a set of optimization values are obtained by global optimization calculation using
simulated annealing method. The objective function is as follows:

F(α) =
∑

i

∣

∣

∣αMeasured( fi) − αJCA( fi)
∣

∣

∣, (9)

where fi is the frequency point within the specified frequency range, αMeasured( fi) is the sound absorption
coefficient at the frequency point fi measured by the impedance tube, αJCA( fi) is the sound absorption
coefficient calculated by JCA model.

Meanwhile, according to the analysis of five non-acoustic parameters in literature [26], the
optimization interval of five parameters in this paper is set as:
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. (10)

Using the above inversion strategy, the calculated non-acoustic parameters of samples are listed
in Table 4. The sound absorption coefficient measured using impedance tubes and estimated by
substituting the inversion values into the JCA model are respectively drawn in Figure 5. It can be found
that in the frequency range of 63-6300Hz, the measured curve is almost identical to the estimated curve.

Table 4. Inverse non-acoustic parameters estimated by simulated annealing.

Sample
Pellet Size

(mm)
Thickness

(mm)
σ

(Pa·s·m−2)
φ (%) α∞ Λ (µm) Λ

′ (µm) c c′

3Å 3–5 40 4535 39.39 1.62 360.32 540.77 1 0.66

5Å 1.6–2.5 50 4503 44.62 1.68 216.20 345.93 1.60 1
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Figure 5. Comparison between measurement by impedance tube and estimation through inversion of
JCA model. (a) 3Å molecular sieve pellets with thickness of 40 mm; (b) 5Å molecular sieve pellets with
thickness of 50 mm.

3.3. Validation

New samples with different thickness listed in Table 5 are chosen to verify that the inversion
parameters estimated in Table 4. The sound absorption coefficients of these new samples measured
and predicted using the inversion parameters are shown in Figure 6. The prediction of sample #1 and
#2 is based on the inversion parameters of sample 3Å in Table 4 and the sample #3 and #4 is according
to sample 5Å in Table 4. It is evident that there is good agreement between the predicted and measured
sound absorption coefficients for these samples. Therefore, the inversion parameters appear to be
independent of the thickness of molecular sieve pellets. This implies that the JCA model can be used
as a reliable model to predict the sound absorption performance of molecular sieve pellets, and the five
non-acoustic parameters obtained from one sample by inverse method based on the JCA model and
simulated annealing are reliable to be used for the prediction of the sound absorption coefficient of
molecular sieve pellets with different thickness.

Table 5. Samples of molecular sieve pellets for prediction.

3Å 5Å

Number Pellet Size (mm) Thickness (mm) Number Pellet Size (mm) Thickness (mm)

#1 3–5 20 #3 1.6–2.5 30

#2 3–5 50 #4 1.6–2.5 40

 

Figure 6. Cont.
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Figure 6. Comparison between measurement and prediction for the samples listed in using the
inversion parameters estimated in (a) new sample #1; (b) new sample #2; (c) new sample #3; (d) new
sample #4.

4. Conclusions

Under the conditions of room temperature and pressure, the sound absorption performance
of molecular sieve pellets was measured for comparisons. It is found that the sound absorption
coefficients are very sensitive to the pellet size and the thickness of the molecular sieve pellets, but
not sensitive to the pore size of the molecular sieve pellets, implying that the sound absorption is not
caused by the crystalline structure. Molecular sieve pellets with optimized pellet size may result in
satisfactory absorption in the broad band frequency range. Increasing the thickness of the molecular
sieve pellets moves the sound absorption peaks to a lower frequency range. Moreover, it has been
demonstrated that the JCA model is appropriate to describe the sound absorption performance of
molecular sieve pellets. The five non-acoustic parameters obtained with one sample by the inverse
method are reliable and can be used for the prediction of the sound absorption coefficient of molecular
sieve pellets with different thicknesses. When the temperature and pressure are higher than those of
room conditions, or under the condition of high sound intensity, the effect of the crystalline structure
on the sound absorption has not been verified and is worth being investigated in the future.
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Abstract: There has been increasing interest in new sustainable materials that can be used as
construction materials. Among them, sound-absorbing materials have an important role in both
acoustical room conditioning and in room insulation. As a proposal for recycling, one of the most
common residues in the world, cigarette butts, is studied. Samples were prepared with used cigarette
butts as acoustical absorbent materials. Several samples were prepared and grouped by similarity.
Variability analyses of the samples prepared in each group were performed. Moreover, the analysis
of some possible influences on absorption properties, such as the length of butts, presence of burnt
regions, presence of wrapping paper, etc., were analyzed. The results show the potentiality of this
residue to be used as an acoustical absorbent since the absorption coefficients found are greater than
0.8 for frequencies over 2000 Hz. The observed variability in the study group and samples can be
considered low, as it was below 2% for the major part of frequencies. Influences on the absorption
coefficient, for both the length and status of the butts, were statistically confirmed.

Keywords: sound absorber; cigarette butts; sustainable material; recycling; variability analysis

1. Introduction

Among the different construction materials, there has been special interest in sound absorption
materials [1] that can help both in adapting room acoustics to a particular use and in achieving
better insulation characteristics of different building partitions. The use of industrially manufactured
mineral wools is widely extended for sound absorption in construction although, in recent years, some
alternative materials have been proposed for acoustical absorption [2]. Thus, there are studies on the
acoustical behavior of indoor or outdoor plants [3–5], materials made of natural fibers [6–10], sheep
wool [11], cork wastes [12], and olive pruning wastes [13], to name but a few.

In recent decades, there have been increasing efforts to recycle all the waste materials produced
by human activities. This recycling practice has also emerged in construction materials. Thus, as a
more sustainable option, among the different proposed alternative materials for sound absorption,
some are based on recycling materials [12–15]. These recycled materials have the additional value of
contributing to the elimination of waste materials produced by human activities.

One of the major components of human debris is used cigarette butts. Cigarette filters were
introduced (in the middle of the past 20th century) to reduce the incidence of diseases in smokers.
However, this had a collateral effect, i.e., the fact that the cellulose diacetate (substance from which
filters are mainly composed) is not biodegradable and has only partial photodegradation makes used
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cigarette butts an important environmental concern. It must be considered that, throughout the world,
billons of cigarettes are consumed every year [16,17], and it is expected that the consumption will
increase by more than 50% by 2025 due to the increase in world population and tobacco production [18].
The problem due to this residue is enlarged due to the unfortunately common habit of smokers to
throw cigarette butts on the ground [19,20]. Thus, in studies on the debris composition of places of
garbage collection, such as bins, containers, etc., but also in studies of different human environments
(streets, beaches, etc.), butts are commonly the main component in number and even sometimes in
weight [21–23]. The butts thrown on the ground are transported by rain or river water to coastal
areas, increasing their environmental impact. This environmental impact of used cigarette butts is
related both to their chemical composition [24] and to the difficult degradation of cellulose diacetate,
as mentioned. Some of the 130 chemicals found in cigarette butts have been described. In addition,
many more chemicals (40,000–100,000) have been identified in cigarette smoke, some of which could be
retained in cigarette butts [25]. These chemicals can easily leach into water, making these waters toxic
for some organisms [24,26–28]. Consequently, cigarette butts are a concern in terms of the environment
and public health.

There are some recycling proposals concerning cigarette butts, such as using them as part of
the composition of bricks [29] or supercapacitors [30], or using their washing waters as chemical
inhibitors [31] or as insecticide [32], etc. A revision of different proposals for recycling used butts has
recently been carried out [33]. However, these proposals would not be enough to recycle all the annual
production of this major residue and, certainly, new proposals are welcome. In this sense, our research
group is working on the applying used cigarette butts as acoustical absorbers.

Some preliminary studies have shown the potential of used cigarettes butts for the preparation of
acoustic absorbers [34,35]. However, additional studies are needed to analyze the application of used
cigarette butts for this purpose. For example, whether the variability of the status (used and/or burned),
diameter, and length of the butts can influence their acoustic properties. Additionally, the effect of the
paper covering the cigarette filters is a factor to consider. Moreover, the comparison between used and
unsmoked butts can also be interesting. These considerations are dealt with in this paper.

Taking into account the abovementioned information, the influence of the status, length, and
paper wrapping on the spectrum of sound absorption are analyzed in the present study. For this
purpose, preliminary and careful determination of the characteristics of the cigarette butts was carried
out. Moreover, an appropriate number of similar samples were prepared, and the analysis of the
different measured absorption coefficients is enriched through statistical analysis. A relevant influence
of these factors on the absorption properties of the samples prepared with butts would imply allow for
selective collection and planning for these residues.

2. Materials and Methods

2.1. Instrumentation for Acoustic Absorption Determination

The determination of the sound absorption coefficient of different samples was carried out using
an impedance tube, following the two-microphone transfer function method described in the ISO
10534-2 standard [36].

The measurements were conducted using an Impedance Tube Kit (Type 4206, Brüel & Kjaer,
Nærum, Denmark), equipped with two one-quarter-inch condenser microphones (Type 4187). As the
prepared samples could be considered non-consolidated, the tube was placed in a vertical position
(see Figure 1). The signals were analyzed using a portable PULSE System (Brüel & Kjaer, Nærum,
Denmark) with four input data channels (Type 3560-C). A sample holder, with a diameter of 29 mm,
was used (with a validity in the frequency range of 500 Hz to 6.4 kHz).
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Figure 1. Impedance tube: experimental setup.

2.2. Preparation of Samples

Smoked cigarette butts were collected from ashtrays or the ground, and the remaining non-smoked
tobacco was then manually separated. Only the cigarette butts were taken.

These remaining butts were nonhomogeneous. The length, diameter, presence of burnt regions,
compression exerted by user’s fingers, humidity, etc., could be different in each butt. In order to
avoid part of the variability introduced by these characteristics, for this study, the cigarette butts were
separated into equivalent groups prior to the preparation of the samples. The diameter and length
of all the cigarette butts were measured before sample preparation. While there are some brands of
cigarettes that use a narrower diameter, for the present study, a diameter of only around 7.5–8.0 mm
was used, as it was the most common diameter among the available cigarette butts.

As the diameter of the butts can be considered very similar, the main variables to consider were
the initial status of the butts (used, or unsmoked, and/or burnt) and their length. Three length groups
were considered:

• Length 1 (L1): length = 15.13 ± 0.40 mm; diameter = 7.95 ± 0.07 mm.
• Length 2 (L2): length = 20.67 ± 0.22 mm; diameter = 7.64 ± 0.06 mm.
• Length 3 (L3): length = 26.61 ± 0.13 mm; diameter = 7.59 ± 0.04 mm.

The following four statuses were established:

• Condition 1 (C1): Smoked cigarette butts without burnt regions. Burnt regions were considered
when some hard structure was formed in the cigarette butts due to the burning of a part of
the filter.

• Condition 2 (C2): Smoked cigarette butts with burnt regions.
• Condition 3 (C3): Smoked cigarette butts without burnt regions and without the paper that

wrapped the filter. The wrapping paper was removed carefully, avoiding loss of the fibrous
material of the filter.

• Condition 4 (C4): Unsmoked cigarette butts.
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Each sample was prepared by manually placing 10 cigarette butts in the sample holder of the
impedance tube. This number of butts was selected to avoid high compression of butts in the samples.
At least 10 cigarette butts samples from each group were prepared in order to have an adequate
number of samples to allow for subsequent statistical analyses. The different groups of samples
measured are presented in Table 1, indicating the number of samples prepared (each one with at least
10 different samples, as mentioned), density of samples, and length and diameters of the used cigarette
for each group. Porosity of samples was determined considering the porosity of some individual
butts (calculated by a helium pycnometer) and considering a spherical geometry for the cigarette butts
of samples.

Table 1. Some properties (mean± standard deviation) of the prepared samples. L= length; φ=diameter;
ρ =density; por = porosity.

Length (L) Cigarette Butts Status

C1
(Smoked

without Burnt)

C2
(Smoked with Burnt)

C3
(Smoked without Burnt

without Wrapping Paper)

C4
(Unsmoked with
Wrapping Paper)

L1

20 samples
L = 15.4 ± 0.1 mm
φ = 8.01 ± 0.02 mm
ρ = 140 ± 4 kg/m3

por = 0.929 ± 0.003

– –

14 samples
L = 14.7 ± 0.1 mm
φ = 7.88 ± 0.01 mm
ρ = 97 ± 2 kg/m3

por = 0.931 ± 0.001

L2

20 samples
L = 20.8 ± 0.2 mm
φ = 7.65 ± 0.07 mm
ρ = 118 ± 7 kg/m3

por = 0.935 ± 0.008

20 samples
L = 20.5 ± 0.2 mm
φ = 7.63 ± 0.04 mm
ρ = 123 ± 5 kg/m3

por = 0.936 ± 0.005

10 samples
L = 20.9 ± 0.2 mm
φ = 7.63 ± 0.08 mm
ρ = 79 ± 3 kg/m3

por = 0.936 ± 0.010

–

L3

20 samples
L = 26.6 ± 0.2 mm
φ = 7.59 ± 0.04 mm
ρ = 114 ± 2 kg/m3

por = 0.936 ± 0.005

– – –

Some of the prepared samples are shown in Figure 2. As can be seen, the samples present
a particular appearance, as they are nonhomogeneous. Indeed, three different porosities can be
distinguished: Firstly, the porosity due to the presence of voids among the different butts and among
butts and the impedance tube wall (we can call it external porosity); secondly, the porosity peculiar to
the butts (voids between the fibers of the butts) (filter porosity); and, finally, the porosity that the fibers
that compound the filter of the cigarette butt could have (fiber porosity). This triple porosity gives the
samples a complicated structure.

 

    
(a) (b) (c) (d) 

Figure 2. Example pictures of some of the prepared samples: (a) Sample from C1 cigarette butts; (b)
Sample from C2 cigarette butts; (c) Sample from C3 cigarette butts; (d) Sample from C4 cigarette butts.

2.3. Statistical Analysis

A variability analysis was performed based on the curves of the absorption coefficients and their
Pearson’s coefficient of variation (CV). Descriptive statistics, such as the mean, standard deviation, and
minimum and maximum values have been considered. Additionally, 95% confidence intervals for the
mean value of the absorption coefficient are presented.
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The coefficient of variation (CV) is defined as the relationship between the standard deviation of
the sample and the average value. It measures the relative dispersion of the data (to what extent the
data is close or far from its average). As this coefficient is dimensionless, it can be used to compare
different datasets regardless of the units of measure.

An analysis of variance for the functional data (functional ANOVA) has been considered to
report statistically significant differences between the curves of different groups of samples in the full
frequency spectrum [37]. Data were transformed to 1/3 of the octave bands and one-way ANOVA
and a t-test (with Bonferroni correction) have been applied to determine if there were statistically
significant differences among the groups in those frequency bands.

Statistical analyses were performed using R software, release 3.6.0 [38]. Package fdANOVA [39]
was used for the functional ANOVA. Two-sided p < 0.05 were considered statistically significant.

3. Results and Discussion

Firstly, a variability analysis is performed, then combinations of samples are compared and, finally,
the one-third octave bands’ absorption coefficients were analyzed.

3.1. Variability Analysis

As can be seen in Table 1, several samples were prepared for each of the six groups. As mentioned,
the cigarette butts used for the preparation of each group of samples have some similar characteristics
(e.g., similar status, length, and diameter). Nevertheless, as the used butts can have a different
precedence (brand, weather exposure, etc.) or a different compression exerted by user’s fingers,
humidity, etc., it is important to study the observed variability among the different samples inside
each combination.

In a first step, all the absorption coefficients of the six different combinations of samples shown in
Table 1 were represented (see Figure 3).

As can be seen in Figure 3, samples from each group do not present great variability. Despite
the generally low variability, it was not the same for all the frequencies, as in some parts of the
spectrum, the absorption coefficients of the different samples are more similar in value than in other
parts. All measurements present a first maximum in the absorption coefficient, and the variability
was higher under this absorption maximum. An increase in the variability can also be observed at
higher frequencies (over 4500 Hz). Comparing the different groups, the variability of the graphs of
samples with burnt butts (Figure 3d) and that of samples without paper (Figure 3e) was higher than
the variability of the rest of the graphs.
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Figure 3. Absorption coefficient of the measured samples: (a) Samples from Group L1–C1; (b) Samples
from Group L1–C4; (c) Samples from Group L2–C1; (d) Samples from Group L2–C2; (e) Samples from
Group L2–C3; (f) Samples from Group L3–C1.

The results shown in Figure 3 were then analyzed through an inferential analysis. For this
purpose, 95% confidence intervals for the mean value of the absorption coefficient were calculated.
The confidence intervals were very close to the mean, as shown in Figure 4. Therefore, these results
confirm the low variability previously indicated in Figure 3.
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Figure 4. Mean value curves of the absorption coefficient, with 95% confidence interval curves: (a)
Group L1–C1; (b) Group L1–C4; (c) Group L2–C1; (d) Group L2–C2; (e) Group L2–C3; (f) Group L3–C1.

In addition to analyzing the absolute variability, the relative variability was evaluated using the
coefficient of variation (CV). The CV obtained for the different frequencies is shown in Figure 5 and a
descriptive analysis of the obtained values (mean, standard deviation, maximum, and minimum) is
shown in Table 2.
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Figure 5. Coefficient of variation curves of the coefficient of absorption for the different groups of
analyzed samples: (a) Group L1–C1; (b) Group L1–C4; (c) Group L2–C1; (d) Group L2–C2; (e) Group
L2–C3; (f) Group L3–C1.

Table 2. Average, standard deviation, and maximum and minimum of the CV values in a range from
504 to 6400 Hz for each group.

Group Average
Standard
Deviation

Minimum Maximum

L1–C1 2.08 2.01 0.24 8.48
L1–C4 1.28 1.08 0.10 4.63
L2–C1 1.80 1.49 0.35 6.61
L2–C2 3.03 2.17 0.94 8.66
L2–C3 2.90 2.77 0.71 14.79
L3–C1 1.37 1.53 0.26 6.41

As in the previous analyses, in Figure 5 and Table 2, it can be observed that all groups of samples
have a low coefficient of variation. The coefficients of variability were less than 10% in all cases,
except in some frequencies of group L2–C3, and in all cases, the averaged CV was lower than 3.03%.
Comparing the different combinations of samples, the highest variability was found in the samples
of groups L2–C2 and L2–C3. Group L2–C2 corresponds to burnt butts, and the fact that the size and
position of the burnt zones were not equal in the different butts can explain this higher variability
among the samples prepared with burnt cigarette butts. Group L2–C3 corresponds to the samples
prepared with butts without the wrapping paper; when the paper is removed, the cigarette sometimes
butt lost its shape, and this can be the reason for the increase in the variability among the samples of
this group. With respect to frequencies, the range from 1000 to 2000 Hz is the most variable. At higher
frequencies, a decrease in variability is first observed, then a slight new increase of variability is
observed from 4400 Hz. Nevertheless, in general, the coefficient of variation is less than 2% from
2800 Hz onwards.
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3.2. Comparison between Samples

In order to analyze whether the presence of burnt regions, the presence of wrapping paper, or the
length in the butts of the samples have a significant influence on the absorption properties of the
samples, we carried out a comparison of the groups of samples that could be considered similar in
some way (located in the same row or in the same column in Table 1).

To analyze the influence of the length of butts in relation to the acoustical behavior of the samples,
the average absorption coefficient for the three combinations of the samples belonging to status 1
(the mean values of the absorption coefficient measured for these samples are shown in Figure 6)
were compared.
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Figure 6. Mean value curves of the absorption coefficient for the three combinations of the samples of
status 1.

It is known that the absorption of a porous material is due to the energy losses of the sound waves
as moving air particles, induced by the wave, interact with the motionless particles near the skeleton or
fibers of the porous material. Thus, the absorption is at its maximum when the maximum particle speed
is located inside the absorbent material. As in the disposition of the measured samples, the porous
material is faced with the rigid termination of the impedance tube, and near this rigid termination,
there is a minimum particle speed with the maximum being located at a certain distance (λ/4) from this
termination. Thus, when the thickness of the sample increases, the maximum absorption of the material
will be shifted to lower frequencies. This shift was observed in the measured samples, as can be seen
in Figure 6. Comparing the absorption coefficient curves, statistically significant differences were
found (p < 0.001) using functional ANOVA for the three groups of samples. The shift in the maximum
absorption frequency with the thickness of butt samples was studied in a previous work [34] showing
that the relationship observed for butt samples was different to the observed for other sample (glass
wool). The shift observed in the samples or the present research was congruent with the observed in a
previous work [34] as can be observed in Figure 7, where results of both studies are compared.

69



Materials 2019, 12, 2584

 

 

y = -135.17x + 5611.9
R² = 0.9516

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0 5 10 15 20 25 30 35

Ab
sr

op
tio

n 
m

ax
im

un
 (H

z)

Lenght of cigarrette butts  (mm)

Cigarrette Butts of Group 1; this study
Cigarrette Butts previous study [34]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

400 1200 2000 2800 3600 4400 5200 6000

Ab
so

rp
tio

n 
co

ef
fic

ie
nt

 (α
)

Frequency(Hz)

Group L2-C1 samples

Group L2-C2 samples

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

400 1200 2000 2800 3600 4400 5200 6000

Ab
so

rp
tio

n 
co

ef
fic

ie
nt

 (α
)

Frequency(Hz)

Group L2-C1 samples

Group L2-C3 samples

Figure 7. Variation of the frequency of maximum absorption with the length of cigarette butts of
the samples.

To analyze the influence of the presence of burnt regions and the effect of removing the wrapping
paper on the absorption coefficient, the average absorption coefficient of these two combinations of
samples (groups L2–C2 and L2–C3) were compared with the group of used butts with wrapped paper
and without burnt regions (group L2–C1) (Figure 8). All these samples were composed of used butts
with a similar length (about 20.5 mm).
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Figure 8. Mean value of the absorption coefficient for the three combinations of samples of lengths
of around 20.5 mm. (a) Samples of used butts with paper and without burnt regions (Group L2–C1)
are compared with samples of burnt butts (Group L2–C2); (b) Samples of used butts with paper and
without burnt regions (Group L2–C1) are compared with samples composed of butts without paper
and without burnt regions (Group L2–C3).

As can be seen in Figure 8a, the maximum of absorption occurs at about the same frequency
(around 3000 Hz) for both samples with and without burnt butts, and a similar absorption coefficient
is observed for higher frequencies. Nevertheless, the absorption at frequencies under this maximum
value were clearly lower than in the case of samples composed of used butts without burnt regions.
The slight decrease in the absorption coefficient in the maximum value and the shift of this maximum
to higher frequencies could be explained by considering that burnt regions represent a decrease in
the number of fibers (they have collapsed in the significantly burnt regions) and, thus, the absorption
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efficiency of the material is reduced. This reduction of the absorption efficiency is not appreciable
at higher frequencies, probably due to the fact that, at those frequencies, more than one maximum
particle speed is inside the material. Despite the similar behavior at high frequencies, as mentioned,
the functional ANOVA showed statistically significant differences (p < 0.001) between both groups
(groups L2–C1 and L2–C2).

Regarding the effect of the wrapping paper, in Figure 8b, it can be seen that samples without this
wrapping paper present both a lower absorption coefficient in all spectra, although the differences are
lower with the frequency of the maximum absorption value. Additionally, a shift of the value of the
frequency of the maximum of absorption to higher frequency values can be observed. The first effect
(a decrease in the absorption efficiency) could be explained by the own absorption of the wrapping
paper. It is important to note that the weight in the samples decreased by 34.1% ± 2.4% when the
wrapping paper was removed. The second effect (a shift in the frequency of the maximum absorption
to higher frequencies) would be consistent with the described decrease in the thickness of the sample,
but the length of the butt of the samples was the same in both groups of samples. This shift can
be explained, in this case, by the variation of the density of the absorber in the samples, which also
produces a shift in the frequency of the maximum absorption, as previously described [34]. Due to
important differences between both groups of samples, statistical differences were expected; thus,
functional ANOVA also showed statistically significant differences (p < 0.001) between both sample
groups (groups L2–C1 and L2–C3).

Finally, to evaluate the effect of smoking processes on the absorption properties of butts, samples
composed of unsmoked butts (group L1–C4) were compared with samples composed of used butts
with a similar length (group L1–C1) (both with butts of a length of approximately 15 mm) (see Figure 9).
As can be seen in this figure, samples composed of unsmoked butts present a higher absorption with
the frequency of the maximum absorption value than samples composed of used butts. Moreover,
there is a shift of this maximum of absorption to higher frequencies in the case of unsmoked butt
samples. As the unsmoked butt length is slightly lower than the length of the used ones with which
they are being compared, the difference may also be explained by this difference in length, as shown in
Figure 6. In this case, functional ANOVA also showed statistically significant differences (p < 0.001)
between both sample groups (groups L1–C1 and L1–C4).
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Figure 9. Mean value of the absorption coefficient for the two combinations of samples of a length of
around 15.0 mm.
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3.3. Analysis of the One-Third Octave Bands’ Absorption Coefficients

While functional ANOVA indicated that the overall absorption coefficients presented statistically
significant differences among all the compared groups, in some frequency ranges of the graphs (i.e.,
for the high frequencies in Figure 8a), the observed curves were similar. For this reason, the initial
coefficients of the absorption data were transformed into one-third octave bands, and then one-way
ANOVA and a t-test (with Bonferroni correction) were used to compare the one-third octave means in
the different groups of samples. The obtained p-values are shown in Table 3.

Table 3. Obtained p-values for the t-test, with Bonferroni correction, for the different comparisons.
Differences that are not statistically significant are presented in bold.

Obtained p-values

1/3 Octave
Band (Hz)

L1–C1
vs.

L2–C1

L2–C1
vs.

L3–C1

L1–C1
vs.

L3–C1

L2–C1
vs.

L2–C2

L2–C1
vs.

L2–C3

L1–C1
vs.

L1–C4

500 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
630 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
800 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1000 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
1250 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
1600 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
2000 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
2500 <0.001 0.26 <0.001 <0.001 <0.001 <0.001
3150 0.53 <0.001 <0.001 <0.001 <0.001 <0.001
4000 <0.001 <0.001 <0.001 0.30 <0.001 <0.001
5000 <0.001 <0.01 <0.001 0.49 <0.001 <0.001
6400 <0.001 <0.001 <0.001 0.08 <0.001 <0.001

As can be seen, there is only one one-third octave band frequency in which differences were not
statistically significant between Group L2–C1 (20.5 mm) and Group L1–C1 (15.0 mm) and, moreover,
only one between Group L2–C1 (20.5 mm) and Group L3–C1 (26.6 mm). These two one-third octave
band frequencies correspond to the overlap among the absorption coefficient data near the maximum
value, which can be observed in Figure 6. With respect to Figure 7, the Group L2–C1 and Group L2–C2
results overlap at higher frequencies (4000, 5000, and 6400 Hz one-third octave bands) and, so, for these
one-third octave band frequencies, no statistically significant differences were observed. For the rest of
the pairwise comparisons, all the one-third octave bands presented statistically significant differences.

4. Conclusions

The studies, carried out with more than 100 samples, showed that samples prepared with used
cigarette butts presented a high absorption coefficient. Thus, the obtained absorption coefficient
values showed that the absorption capacity of the different measured samples were quite high, with
absorption coefficients higher than 0.8 for frequencies over 2000 Hz.

According to this study, the absorption efficiency depends on the presence of burnt regions, the
removal of the paper that wrapped the filter, and the length of the butts used for sample preparation.
This effect was lower when the frequency was higher than the maximum of the absorption frequency.

Shifts in the frequency corresponding to the maximum value of the coefficient absorption were
observed. These shifts could be explained by the different lengths of cigarette butts used in the
sample preparation and the different densities of absorbing materials. This is consistent with the study
presented in [34].

While some characteristics of the used butts could be different between samples (for instance, the
humidity, degree of splashing, brand of the butts, etc.), the variability found in the measured samples
can be considered low. Despite the low observed values of variability, it was observed that the presence
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of burnt regions in the used butt and the removal of the wrapped paper increased the variability of
the samples.

5. Limitations of the Study and Further Studies

The results of this study, despite their potential, present some limitations. Firstly, the obtained
absorption coefficients are valid only for perpendicular incidence. For real applications, a random
incidence absorption coefficient would be desirable. Secondly, the absorption coefficients must be
accompanied by other measured parameters such as flow resistivity, tortuosity, sample porosity, etc.,
in order to understand the acoustical behavior of samples.

With respect to the sample preparation, the chosen distribution of butts will probably not be
adequate for a higher number of samples and other possibly more homogenous samples would
be desirable.

To complete the analysis of the potential to use this recycled product in sound absorption
applications in the construction industry, further studies are necessary which examine samples
prepared with other configurations and samples prepared after cleaning the used butts prior to
sampling preparation. Moreover, better knowledge of the properties of the samples (properties
such as flow resistance, porosity, or tortuosity) would be advisable. Finally, comparisons with other
conventional or sustainable materials would also be necessary.
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Abstract: In recent years, the interest in reusing recycled fibers as building materials has been
growing as a consequence of their ability to reduce the production of waste and the use of virgin
resources, taking advantage of the potential that fibrous materials may offer to improve thermal
and acoustic comfort. Composite panels, made of 100% wool waste fibers and bound by means
of either a chitosan solution and a gum Arabic solution, were tested and characterized in terms of
acoustic and non-acoustic properties. Samples with a 5 cm thickness and different density values were
made to investigate the influence of flow resistivity on the final performance. Experimental results
demonstrated that the samples had thermal conductivity ranging between 0.049 and 0.060 W/(m K),
well comparable to conventional building materials. Similarly, acoustic results were very promising,
showing absorption coefficients that, for the given thickness, were generally higher than 0.5 from
500 Hz on, and higher than 0.9 from 1 kHz on. Finally, the effects of the non-acoustic properties
and of the air gap behind the samples on the acoustic behavior were also analyzed, proving that the
agreement with absorption values predicted by empirical models was also very good.

Keywords: textile waste; biopolymers; sound absorption; sustainable materials; circular economy

1. Introduction

Materials used in the construction industry for thermal insulation and noise control are mainly
inorganic and synthetic composites, i.e., glass wool, stone wool, and polystyrene. These materials,
despite having low thermal conductivity values and high sound absorption coefficients, cause significant
environmental impacts during their production processes [1] and may affect human health depending
on fiber dose, dimension, and durability [2]. Conversely, one of the greatest challenges for future
buildings is to guarantee low energy use, preserving indoor thermal and acoustic comfort by using
bio-based components able to ensure a healthy and sustainable environment. Choosing non-toxic,
environment friendly, and recyclable building composites implies a growing attention in testing natural
(vegetal/animal) or waste fibers as an alternative to mineral and synthetic ones [1].

Many researchers have been carrying out studies about innovative “green” building materials.
The difficult disposal of agro-residues has stimulated the interest of the research community in the
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possible use of agricultural waste products as fibrous matrix of bio-based composites [3]. Furthermore,
the wide availability of many “local” natural materials encouraged several researchers to study
their sound absorption and thermal insulation properties. Thus, olive tree leaves [4], flax, hemp [5],
cotton stalk [6], straw bales [7], kenaf fibers [8], coir fibers [9], rice straw [10], and others [11] have
been considered.

The disposal issue concerns agricultural by-products, as well as the apparel industry, which is
responsible of an enormous volume of wastes resulting from a fast-changing fashion culture based on
designing garments characterized by an intrinsic obsolescence. A textile fabric can provoke pollution
from the earliest manufacturing process (pre-consumer waste) to the end of its useful life (post-consumer
waste) [12]. Thus, the search for a proper way to reuse textile fibers is stimulating several attempts to
use them in the construction industry, especially in the form of sustainable panels [13,14] or mats [15].
The reuse of waste or by-products as new raw materials for innovative and sustainable building
components has the important advantage of creating a “circular economy” system which transforms
discarded fibers into useful goods with added value. In addition, ecological benefits related to a lesser
use of virgin resources and to the limited need for landfill are achieved [16].

Manufacturing a sustainable building material means controlling the type and amount of energy
used for its production, as well as verifying specific requirements on the possibility to recycle or reuse
the material at the end of its useful life and on the toxicity of all its components, including the binder
together with raw materials [1,2].

In terms of environmental impact of wool recycling, any quantitative assessment is very difficult
and affected by high uncertainty, mostly because wool as a virgin material is a co-product with meat.
Thus, depending on what we assume to be the main product, the climate impact (estimated by the
global warming potential (GWP)) of wool fibers may range from 36.2 kg CO2 equivalents per kg fibers,
to 26 kg CO2 equivalents per kg fibers [17]. Geographic factors may also significantly affect the above
results. By assuming the process of mechanical unravelling of wool to low grade wool yarns to use as
a substitute of polyester fibers in blankets, it has been calculated that a significantly positive effect can
be obtained [18], compared to incinerating or sending to landfill the wool waste. In particular, in the
mentioned study the recycling process assumes that wool may be carded and spun into new yarn to
replace other fibers and, consequently, avoiding the largest impact due to the fact that raising of sheep
alone accounts for more than 50% of the climate change impacts in the life cycle of wool and about a
third of the energy consumption.

With reference to binders, despite the increasing popularity of chitosan in the literature, only one
reference [19] could be found discussing its life cycle assessment (cradle to gate). Results showed
impressive differences depending on the supply chain, with a climate change impact of 77 kg CO2

equivalent per kg of chitosan for the European market, and 12.2 kg CO2 equivalent per kg of chitosan
for the Indian supply chain.

Gum Arabic, despite its much older history, and widespread use in the food and drug industry
has, to the best of the authors knowledge, never been investigated in terms of environmental impact
and life cycle assessment. However, gum Arabic is derived from Acacia plants that grow in fairly dry
climates (sub-Saharan Africa and West Asia), and it also contributes to fertilize soil by fixing nitrogen,
contrasting desertification. None of the manufacturing processes usually require thermal energy,
with transportation and mechanical breaking likely having the largest share of the environmental impact.

In the study reported in this paper, 100% recycled wool composite panels are designed as an
alternative to conventional solutions aiming at a sound absorption coefficient of at least 0.5 from
500 Hz on, and a thermal conductivity of at least 0.05 W/(m K). The tested samples were made by
using two different natural binders based on chitosan and gum Arabic. Chitosan is a polysaccharide
obtained from alkaline deacetylation of chitin from crustacean shells and, thanks to its commercial
availability, it is particularly used as a film and adhesive [20]. Several researches [21,22] have been
carried out in order to investigate its binding properties. Gum Arabic is a commercially available dried
gummy derived from the exudation of steams and branches of Acacia trees. Thanks to its physical and
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mechanical properties, gum Arabic can be considered a valid substitute for formaldehyde or any other
conventional binder in the building materials field [23]. Furthermore, it may be added to cements to
improve concrete mechanical properties [24]. The use of organic adhesive solutions to bond recycled
post-consumers wool waste allows to produce recyclable materials without further impacts on the
environment. The high nitrogen content makes natural fibers biodegradable in a few years unlike
synthetic ones [25].

The aim of the research is to characterize the sound absorbing behavior (and other related properties
such as thermal insulation) of the innovative tested materials by taking into account, in particular,
the effect played by density and porosity variation. The paper also focuses on the study of the suitable
placement of the proposed materials by analyzing variation in sound absorption coefficients as a
function of the distance from the backing wall. Finally, in order to obtain further elements contributing
to material optimization, all the experimental acoustic results were compared with theoretical results
based on the empirical prediction model proposed by Delany and Bazley (D&B) [26] and on the
phenomenological model suggested by Johnson, Champoux, and Allard (JCA) [27,28].

2. Materials

2.1. Basic Components

Two different binders were used, one from vegetable resources (gum Arabic) and the other one
from animal ones (chitosan). Gum Arabic is a hardened sap from the Acacia tree and is commonly
used as a natural gum. Its chemical composition is a complex polysaccharide with high molecular
weight, water soluble, and its solution gives a slight yellow to reddish color. Gum Arabic is considered
a biopolymer. It was purchased from Lana y Telar from Spain.

On the other side, chitosan is also a polysaccharide from crustacean by-products. It is considered
a biopolymer and is comprised of partially deacetylated units of 1–4, D-glucosamine. It was purchased
from chitosan of medium molecular weight from Sigma-Aldrich. Chitosan is capable of crosslinking
itself or by means of a crosslinking agent. In this occasion no crosslinking agent was included. Acetic
acid to solubilize chitosan was supplied by Panreac.

Wool is a natural fiber obtained from animals and it is mainly characterized by its proteinic
chemical structure and the thermal insulation. It is the natural fiber with the highest limit oxygen
index (LOI) which confers resistance against fire ignition. Merino wool fibers used in this study
were derived from discarded shreds resulting from the manufacturing process of an Italian clothing
company (Gordon Confezioni, Bari, Italy).

2.2. Sample Preparation

The experimented materials were prepared by using 100% Merino wool fibers initially available
in the form of cut fabrics (Figure 1a); then, a soft wool batting (Figure 1b) was obtained by carding and
by scouring the fibers.

As anticipated, chitosan and gum Arabic were chosen as the natural binders to investigate.
Two solutions were achieved by dissolving different amounts of chitosan and gum Arabic in water,
as outlined in Table 1. Both blends were mixed in a magnetic stirrer, at room temperature and relative
humidity, for about 1 h. The concentration of solutes was chosen, after several attempts, in order to
obtain the best combination of porosity and compactness. Finally, materials with potential use as mats
with good thermal and acoustic performance were produced.

Two different groups of final composites were produced: The first one was based on textile waste
bound with chitosan solution (subsequently referred to as CH); the second type was prepared by
binding textile waste with the gum Arabic solution (subsequently referred to as GA).

A three-step process was used to produce the samples. First, the fibers were transformed into
wool batting. The second step consisted of soaking the raw materials in the binding solution to let the
wool get fully impregnated. The excess amount of liquid was removed by squeezing, mostly to avoid

79



Materials 2019, 12, 4020

the exceeding binder, that once solid, might compromise a homogeneous distribution of porosity in
the final specimen (e.g., by creating surface crusts). In the third step, the achieved mix was compressed
into PVC molds to form cylindrical samples. Finally, the samples were dried in an oven at 100 ◦C,
for 1 h and, after drying, they were left in desiccators containing silica gel, under controlled conditions
to reach their mass stabilization before testing.

 

 
(a) 

 
(b) 

­

­

­
 

Figure 1. Textile waste in the form of cut fabrics (a) and fleece matrix used as raw material (b).

Table 1. Mixing ratio of binding solutions.

Solution Solute [g] Water [g] Acetic Acid [g]

Chitosan 15 1000 5
Gum Arabic 200 1000 -

Several mixes with different bulk densities and same percentages of binder and fibrous matrix were
prepared (Table 2). Binder concentration was expressed both as a percentage in wet mass (obtained by
weighing the fibers before soaking and after removing the excess binder), and in dry mass (obtained
by weighing the final products, after drying them in the oven). Bulk density values are given as mean
values among six measurements [29] given that, for each type of binder and for each density value, six
cylindrical specimens, 5 cm thick, were prepared (Figure 2). Three were prepared in 10 cm diameter
to measure thermal conductivity, thermal diffusivity, specific heat capacity, and normal incidence
absorption coefficient at medium-low frequencies. The remaining three samples were prepared in 4 cm
diameter to measure normal incidence absorption coefficient at high frequencies and non-acoustic
properties (air flow resistance, porosity, and tortuosity).

Table 2. Sample ID, bulk density (with uncertainty given in brackets), and fractional composition for
wet and dry samples (in mass).

Sample ID Bulk Density ρ Fibrous Matrix Binder Fibrous Matrix Binder
[kg/m3] [wet %] [wet %] [dry %] [dry %]

CH-1 197(1.7) 40 60 95 5
CH-2 145(1.6) 40 60 95 5
CH-3 122(1.2) 40 60 95 5
CH-4 80(1.0) 40 60 95 5
GA-1 177(2.9) 40 60 78 22
GA-2 143(1.6) 40 60 78 22
GA-3 93(1.1) 40 60 78 22
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                 (a)                                    (b) 
Figure 2. Samples with chitosan binder solution (a) and samples with gum Arabic binder solution (b).

2.3. Microstructural Analysis

A scanning electron microscopy (SEM) analysis was carried out using a Fei Phenom desktop
scanner (Thermo Fisher Scientific, Hillsboro, OR, USA). In order to compare the effect of the binder
addition on the fibers, samples with and without the binding solution were tested. The samples were
prepared by cutting small slices of the fibrous composites onto an adhesive carbon tab attached to an
aluminum stub. A sputter coating in gold for a period t = 15 min was applied.

Wool is an animal fiber with keratin as the main protein component (42% in volume). It exhibits a
complex and sophisticated structure with the outermost layer (i.e., cuticle) overlapping by scaly cells
which are about 10% (in volume) of the fiber. These scales played an important role in the manufacturing
process of the building components simplifying the fibers intertwining. During repeated mixing and
pressing actions, the scales edges bended, became interlocked and entangled enabling a good cohesion
of the resulting fibrous matrix [30]. Figure 3 shows the SEM images of wool fibers without any binder,
in which the scale patterns of the cuticle can be observed. According to Patnaik et al. [31], these scales
were also effective in dampening the sound wave, especially in the medium high frequency range.

 

 
(a) 

 
(b) 

μ

­
ρ ɛ

ρ
­ ­

− ρ ρ

Figure 3. Cuticular scale pattern of wool fibers at 500× (a) and 2000× (b).
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Figure 4 shows the SEM images of the fibers bonded with chitosan and gum Arabic solutions.
The resulting composite materials were characterized by cylindrical fibers with a 20 µm average
diameter, distributed more or less randomly in plane. Both binding solutions joined the fibers
preserving the porous matrix of the final composite materials. The fibers intertwined creating a
network of tiny air pockets which guaranteed a highly porous product with potential good thermal
and acoustic performances.

 

 
(a) 
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Figure 4. Wool samples with chitosan binder (a) and gum Arabic binder (b) at 500×.

3. Methods

3.1. Basic Physical Properties

A ULTRAPYC 1200-e Quantachrome Helium gas pycnometer was used to measure the true
density ρtrue of the samples. Subsequently, open porosity (ε) was evaluated from the obtained true
density and from the bulk density ρbulk, previously measured according to the gravimetric method.
The open porosity of textile fibrous materials corresponds to the inter-fiber and intra-fiber porosity.

ε = 1 − ρbulk/ρtrue (1)

Tortuosity (τ) was measured in order to evaluate the influence of the pore micro-geometry (i.e.,
the distribution, the size, and the shape of the pores) on the sound propagation path length in the
materials under investigation. As they are non-conducting porous absorbers, the method proposed
by Brown [32], based on an electro-acoustic analogy was chosen. According to the authors of [33],
three samples for each mix were saturated by soaking in a 10% copper sulfate solution (CuSO4) and,
after 24 h, a current was applied using two circular copper plates as electrodes. The electrical resistivity
R0 was calculated for each sample after recording the current intensity values, by varying the voltage
between 1 and 8 V. The electrical resistivity of the conducting fluid RW was also obtained. The tortuosity
was given by the following Equation:

τ = ε (R0/RW) (2)

where ε is the porosity of the sample.
The tortuosity was also empirically estimated according to Berryman’s formula [34]:

τest = 1 + (1 − ε)/2ε (3)
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Air flow resistance (σs) of three samples from each mix was measured according to the method
proposed by Ingard and Dear [35] which uses sound waves. Although this procedure could not be
considered as steady as the standardized approach, del Rey et al. [36] proved that it was scientifically
accurate when adopted for thin or scarcely resistive samples, as occurs in the present research.

The measurement setup consisted of a 5 mm thick methacrylate tube, with a 4 cm inner diameter.
The tube was divided in two parts; each of them 85 cm long. At one end there was a 5 cm loudspeaker
(Visaton FRS 5, Visaton, Haan, Germany) with a frequency response spanning from 150 to 20 kHz;
at the other end there was a rigid termination made by a 5 cm thick methacrylate. The tested samples
were assembled between the two tubes. The flow resistance was deduced using the transfer function
of the two microphones excited by an exponential sine sweep. All of the processing was performed by
a custom-made MATLAB® (2018, Mathworks, Natick, MA, USA) graphic user interface.

Thermal performances were measured, on three samples for each typology, using a transient plane
source apparatus, ISOMET 2104 (Applied Precision, Bratislava, Slovakia). This device was used by
several authors [37,38] in order to test the thermal behavior of fibrous materials. The measurement was
based on the analysis of temperature response of each sample to heat flow impulses [39]. Prior to testing
the thermal properties, all the specimens were oven dried at 105 ◦C then cooled to ambient temperature
in desiccators containing silica gel. The dry-state thermal conductivity λdry was then measured.

3.2. Acoustic Properties

According to ISO 10534-2:1998 [40], sound absorption measurements were performed by the
transfer function method. Two tubes with different diameters (10 and 4 cm) and a thickness of 5 mm
were used for the test with the aim to consider the largest spectrum range. The tube with an internal
diameter of 10 cm had a maximum measurable frequency of 2 kHz and it used two different microphone
distances (6 and 20 cm, respectively yielding a low frequency limit of 400 and 50 Hz). The emitting
end consisted of an 11 cm loudspeaker sealed into a wooden case and suitably isolated from the tube
structure by an elastic and protective layer. The second tube, with a diameter of 4 cm, was the same
used for the flow resistance measurement. In this case the microphone spacing was 3 cm, and the
frequency covered a range between 200 and 5 kHz. All the processing was performed by a MATLAB®

(2018, Mathworks, Natick, MA, USA) graphic user interface generating a 5 s linear sweep from 70 to
3 kHz, used in combination with the largest tube, and from 500 to 5 kHz considering the smallest tube.

The measured sound absorption coefficients were compared with those estimated by theoretical
prediction models. The empirical model proposed by Delany and Bazley [26] and the phenomenological
model developed by Johnson, Champoux, and Allard [27,28] were chosen. In both situations,
the absorption coefficients of the investigated fibrous materials were obtained after determining
the characteristic impedance Zc and the wavenumber k. The empirical model just links the sound
absorption coefficients to the air flow resistivity σ (i.e., the air flow resistance per unit thickness) of the
materials. Thus, to solve the D&B equations only one non-acoustic property was used to calculate the
parameter X = (ρ0 f )/σ (f being the frequency and ρ0 being the density of the air), needed to determine
the characteristic impedance ZC and the wavenumber k:

ZC = ρ0c0 (1 + 0.057X−0.754 − j0.087X−0.732) (4)

k = (ω/c0) (1 + 0.0978 X−0.700 − j0.189X−0.595) (5)

where c0 is the speed of sound in air and ω is angular frequency. The D&B equations can be considered
valid only in a defined frequency range given by 0.01 < X < 1.0, and for σ values below 50 kN·s/m4 [41].

Although the D&B empirical model has been successfully tested over a variety of fibrous materials
having porosity close to unity (similar to those under investigation), it nonetheless neglects the
important effects that other structural parameters of the materials may have to influence their acoustic
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performance. For this reason, the JCA model was also considered, according to which ZC and k are
expressed as a function of the effective (or dynamic) bulk density ρe and bulk modulus ke:

ZC = (ke ρe)0.5 (6)

k = (ρe/ke)0.5 (7)

The computation of these two parameters involves the use of other physical quantities including
porosity ε, tortuosity τ, viscous characteristic length Λ, and thermal characteristic length Λ′, in addition
to flow resistivity and density. Most of such coefficients (porosity, tortuosity, flow resistivity, and
density) were analyzed in Section 3.1. A more extensive explanation of the physical meaning of the
two characteristic lengths is beyond the scope of the paper, so reference to the original paper [28] or
textbooks [41] is suggested. Briefly, the two characteristic lengths describe the effects of viscosity and
thermal dissipative forces inside the porous structure. The viscous characteristic length is the weighted
ratio of the volume to surface area of the pores. It takes into account some significant parameters, i.e.,
the pore shape represented by a variable s which reflects the deviation of pore shape from an ideal
circle and lies between 0.3 and 3. The thermal characteristic length is needed for materials showing a
complex internal structure. Usually, Λ′ ≥ Λ and, in first approximation, Λ′ = 2 Λ.

3.3. Ignitability Test

An ignitability test was carried out, as far as possible according to ISO 11925-2:2010 [42]. The major
non-standard compliant element was represented by the shape and dimension of the sample that, for
this batch, was only produced in cylindrical molds having 10 cm diameter and 5 cm thickness. Thus,
an “edge exposed” test was carried out, with a 15 s flame application, on two different samples of
the selected typology. A reference sample, made of pressed wool fibers (3 cm thick) was used as a
reference for comparison purposes, together with GA-3 and CH-4 samples.

4. Results

4.1. Basic Physical Properties

The results of the non-acoustic parameters are given in Table 3. The values of porosity, tortuosity,
air flow resistance, and air flow resistivity are given as mean values of the experimental data together
with their measurement uncertainty calculated according to Reference [29]. Air flow resistivity (i.e., the
air flow resistance per unit thickness) was also calculated as it is more frequently used as a criterion
for choosing suitable materials for noise control applications. As seen in Section 3.2, it also plays an
important role as an input parameter in prediction models.

Table 3. Summary of non-acoustic parameters for each sample.

Sample
Code

Bulk Density, ρ Porosity, N
Measured

Tortuosity, τ
Estimated

Tortuosity, τest

Air Flow
Resistivity, σ

Thermal
Conductivity, λ

[kg/m3] [-] [-] [-] [kN·s/m4] [W/(m·K)]

CH-1 197(1.7) 0.86(0.002) 1.23(0.07) 1.08(0.0028) 66.3(7.8) 0.060(0.0005)
CH-2 145(1.6) 0.89(0.001) 1.11(0.05) 1.06(0.0008) 46.0(9.1) 0.055(0.0007)
CH-3 122(1.2) 0.91(0.001) 1.12(0.05) 1.05(0.0013) 16.5(2.7) 0.052(0.0006)
CH-4 80(1.0) 0.94(0.001) 1.20(0.18) 1.03(0.0016) 11.7(2.2) 0.049(0.0005)
GA-1 177(2.9) 0.87(0.0014) - 1.08(0.0019) 44.7(5.0) 0.059(0.0012)
GA-2 143(1.6) 0.90(0.0003) - 1.06(0.0004) 23.6(2.5) 0.056(0.0006)
GA-3 93(1.1) 0.93(0.0004) - 1.04(0.0006) 14.4(2.3) 0.050(0.0005)

As shown in Table 3, all materials were characterized by a porosity close to 0.9, regardless of
the nature of the binder. This was in agreement with the porosity values of felts and mineral fiber
materials ranging respectively from 0.83 to 0.95 and from 0.92 to 0.99 [43]. A void fraction close to 90%
was expected in view of the microstructural analysis carried out in Section 2.3.
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Tortuosity could not be measured for GA samples because gum Arabic is soluble in water and this
would have prevented a suitable placement of the samples in the measurement equipment. Thus, in this
case τ was only estimated according to Equation (3). A comparison between measured and predicted
values, both available for CH samples, showed that predicted values were slightly underestimated
with differences between 5% and a maximum of 15%. Thus, similar differences might be expected in
the GA samples. In both cases, tortuosity values are in agreement with close-to-unity values typical
of fibrous materials, where the fluid always takes the straightest path due to the absence of solid
grains [44]. Considering that tortuosity may assume much larger values (e.g., up to 4 for densely
packed granular materials), a 10% discrepancy may be considered negligible and, more importantly, of
no significant effect on the sound absorption coefficients (as shown in next section).

As confirmed by results reported in Table 3, air flow resistivity for all tested materials was
below 100 kN·s/m4, which is the limiting value for a material to be considered as an impervious layer,
as reported by del Rey et al. [45], and only in one case it exceeded 50 kN·s/m4 corresponding to the
limiting value for the application of D&B model. For all samples air flow resistivity proved to be well
correlated to bulk density values (Figure 5), as demonstrated by the statistically significant (R2 = 0.8891)
exponential correlation that was found.
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Figure 5. Experimental air flow resistivity versus density.

The experimental results obtained for non-acoustic properties of the studied materials were
in agreement with some vegetal woolen building materials with similar density values [46,47].
Glé et al. [46] carried out a research about the acoustic behavior of vegetal woolen materials and
showed that these biobased panels had high porosity and a tortuosity of about one, similar to more
conventional fibrous composites. Additionally, an increase of the air flow resistivity values with the
increase in density was observed. A similar dependence on density was found for the effective thermal
conductivity. It can be noted that both CH and GA samples showed similar thermal conductivity
values as a function of the bulk density (Table 3). CH samples had λ varying between 0.049 and
0.060 W/(m K) with a bulk density ρ ranging from 80 to 197 kg/m3, while for GA samples, λ varied
from 0.050 to 0.059 W/(m K) with bulk density ρ ranging between 93 and 177 kg/m3.

Figure 6 shows the thermal conductivity values of CH and GA samples as a function of their
density values. Statistically significant linear correlations were found for both samples (R2 = 0.997 for
CH and R2 = 0.999 for GA). Similar linear trends were observed for the two groups of materials, with λ

decreasing linearly when the density dropped. However, a statistically significant difference between
the two regressions was found (with a residual probability p < 0.005), resulting in CH samples having
a thermal conductivity about 7% lower than a same-density GA sample. This small difference does not
seem to be related to the sample porosity, which was very similar for same-density samples, neither
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could be better explained by the analysis of the microstructure. In fact, the SEM images (Figure 3)
demonstrated that the use of different binders barely affected the porous matrix of the final composite
(Table 3). Conversely, the different fraction of binder (on the dry sample) outlined in Table 2, may well
explain the 7% variation in thermal conductivity. In fact, GA samples in which the same amount of
wool fibers is bound by a 22% in mass of binder, against the 5% of CH samples.
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Figure 6. Thermal conductivity λdry versus bulk density ρ for chitosan (CH) and gum Arabic
(GA) samples.

4.2. Acoustic Properties

The characterization of the acoustic performance was carried out by comparing the normal
incidence absorption coefficients measured in the laboratory with those predicted using Delany–Bazley
and Johnson–Champoux–Allard equations. Data used to feed the D&B model, i.e., air flow resistivity,
were derived from experimental measurements (Table 3). The calculation of JCA predictions was
carried out using some previously measured parameters, i.e., density, porosity, tortuosity, and air flow
resistivity (Table 3), while the values for the shape factor and the characteristic length ratio Λ′/Λ were
numerically adjusted to get the best agreement between measured and predicted values. The resulting
set of parameters is given in Table 4. A comparison between results obtained using measured and
estimated tortuosity confirmed that differences in the relevant mean absolute errors were usually
negligible, thus only estimated values were used in all the cases.

Table 4. Coefficients used to feed the Johnson–Champoux–Allard (JCA) model.

Sample Code Shape Cactor, s Ratio, Λ
′/Λ Mean Absolute Error

[-] [-] [-]

CH-1 2.0 2 0.0172
CH-2 0.8 2 0.0240
CH-3 3.0 2 0.0295
CH-4 2.0 2 0.0334
GA-1 1.5 2 0.0307
GA-2 2.5 2 0.0304
GA-3 2.0 2 0.0263

Figure 7 shows the normal incidence sound absorption for CH-4 and GA-3 samples, both
having low and comparable air flow resistance values. As it can be observed, the experimental
curves of the two materials were almost overlapping and both trends were in accordance with
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those estimated by the theoretical approaches. In particular, the JCA model allowed a rather precise
estimation of peak placement, its maximum–minimum fluctuations and values of absorption coefficients.
The phenomenological model perfectly predicted the first peak appearing around 1250 Hz with α close
to unity and the following drop around 2500 Hz. It is important to point out that optimization of the
estimated parameters had a negligible effect on the final result.
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Figure 7. Plot of mean measured normal incidence absorption coefficients and those predicted using
Delany and Bazley and Johnson–Champoux–Allard equation for CH-4 sample (in black) and GA-3
sample (in red).

Figure 8 shows a comparison between CH-3 and GA-2 samples. The curves of the two samples
were similar up to 630 Hz, where some differences could be noted. For GA-2 a first mild peak appeared
around 630 Hz, followed by another peak around 1250 Hz, almost coinciding with the first peak of
CH-3 sample. The measured values showed good agreement from 1600 Hz on. Considering the CH-3
case, the phenomenological model performed better than the empirical one. The first peak predicted by
JCA model, although overestimated, was almost aligned to the measured one. Taking into account the
GA-2 material, significant discrepancies appeared between 600 and 1600 Hz where measured values
were lower than expected according to the models, and apparently no combination of parameters
could return a similar behavior. Thus, the discrepancy should suggest that some anomalous behavior
took place with GA-2 samples.

A comparison between Figures 7 and 8 pointed out that the use of different binders played a
negligible role in changing the acoustic performance of the compared samples (CH-3, CH-4, GA-2, and
GA-3), while the structure of the materials mainly affected their acoustic behavior. All the samples,
apart from limited exceptions, showed sound absorption coefficients which were consistent with that of
porous materials of the same thickness and having the corresponding flow resistance values (ranging
between 585 and 1182 Ns/m3). However, the fact that JCA model showed a better agreement than
D&B confirmed the importance of the microstructure in altering the sound path and, for example,
moving the peak of absorption towards lower frequencies (compared to the expected theoretical peak
which should appear at the frequency having the quarter-wavelength equal to the sample thickness).
As shown in Table 4, the shape factor estimated for CH-3, CH-4, GA-2, and GA-3 samples was larger
than one (ranged between 2 and 3), demonstrating that despite tortuosity being close to unity, the fibers
are arranged according to an intricate internal structure, which is far from the “ideal” cylindrical pores.

Figure 9 shows the sound absorption curves for the samples with higher flow resistance (CH-2
and GA-1). Clearly, the absorption coefficients differed significantly from those previously analyzed,
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as they increased at low frequencies and decreased above 800 Hz. At 315 Hz, α was about 0.5 for GA-1
and CH-2 samples against a value of about 0.3 for CH-4 and GA-3 samples and 0.4 for CH-3 and GA-2
samples. At 1250 Hz, α was about 0.8 for GA-1 and CH-2 samples against a value of about 1 for CH-4
and GA-3 samples and 0.9 for CH-3 and GA-2 samples. This was because samples CH-2 and GA-1
had high air flow resistivity values (46 and 44.7 kN·s/m4, respectively) that increased the viscous and
thermal interaction inside the micro pores forming the material, while increasing, at the same time, the
surface impedance.
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Figure 8. Plot of mean measured normal incidence absorption coefficients and those predicted using
Delany and Bazley and Johnson–Champoux–Allard equation for CH-3 sample (in black) and GA-2
sample (in red).
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Figure 9. Plot of mean measured normal incidence absorption coefficients and those predicted using
Delany and Bazley and Johnson–Champoux–Allard equation for CH-2 sample (in black) and GA-1
sample (in red).
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As a further confirmation of this behavior, Figure 10 shows the absorption curves referred to the
sample CH-1, having the highest density and the highest air flow resistivity values. The absorption
coefficients decreased significantly at high frequencies, reaching α = 0.73 at 1250 Hz. Such expected
behavior was due to a higher flow resistivity value, higher than 60 kN·s/m4. It is worth noting
that D&B performed fairly well, despite the flow resistivity was, in this case, above the maximum
recommended value.

 

­

­ ­

­

Figure 10. Plot of mean measured normal incidence absorption coefficients and those predicted using
Delany and Bazley and Johnson–Champoux–Allard equation for CH-1 sample.

As confirmed by Figures 9 and 10, both phenomenological and empirical models estimated the
acoustic behavior of the denser materials characterized by a higher air flow resistivity values (CH-1,
CH-2, and GA-1) almost with the same good accuracy. On the contrary, the JCA model outperformed
the D&B model in comparison with measured absorption coefficients of the less dense materials (CH-3,
CH-4 and GA-2, GA-3) with lower air flow resistivity values. Likely, when flow resistivity increases,
the two models tend to converge, because the tighter packing of the fibers makes resistivity play a
major role also in the JCA model.

4.3. Effect of Air Gap

The effect of the air gap between the porous samples and the rigid backing was investigated by
analyzing different placements of the sound absorbing materials under test. In view of what has been
concluded in Section 4.3, theoretical models allowed a more accurate prediction of the experimental
acoustic behavior of materials with a higher porosity, for which JCA model was more accurate than
D&B. Thus, the more porous samples, CH-4 and GA-3, were tested by placing them in the impedance
tube with 50, 100, and 150 mm air gaps and only the phenomenological model was used as comparison.

It is well known that placing a porous material at a distance from a rigid surface is a valid technique
to improve sound absorption at low frequencies, as an alternative to increasing the thickness of the
material. In fact, Figures 11 and 12 show that the peak value of the sound absorption curves measured
for the two samples shifted towards lower frequencies as the air gap increased. The minimum,
appearing at twice the frequency where the maximum is located, tends to be deeper when the air
gap increases, but under diffuse field conditions a much smoother response is expected. Finally, it is
worth noticing that, even under these conditions, the agreement between measured values and those
predicted using the JCA model remains very good.
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­
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­
Figure 11. Plot of mean measured normal incidence absorption coefficients and those predicted
using Johnson–Champoux–Allard equation for CH-4 sample placed at 50, 100, and 150 mm from the
rigid surface.

 

­
Figure 12. Plot of mean measured normal incidence absorption coefficients and those predicted
using Johnson–Champoux–Allard equation for GA-3 sample placed at 50, 100, and 150 mm from the
rigid surface.

4.4. Ignitability Test

Results of the ignitability test are given in Figure 13 and show some interesting differences. It can
be observed that pressed wool (Figure 13a,d) presented the best behavior, with a very limited flame
propagation on the flat face (not exceeding 60 mm from ignition point), some smoke, and no droplets
of melted material. Flame extinguished immediately after the burner was retracted. Samples with
chitosan binder (Figure 13b,e) showed a quite different behavior, with a flame spreading up to the
topmost part of the sample, limited smoke, and no droplets. The flame extinguished as soon as the
burner was retracted, but very small carbonized portions kept burning for about 5 s, with smoke
production. Finally, samples with gum Arabic binder showed a limited flame spreading on the flat
surface (not exceeding 80 mm from the ignition point), copious smoking, and no droplets. No flaming
and smoking was observed after the burner was retracted. Thus, the test pointed out significant
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differences that are worth being further investigated, but results are promising, also in the light of
potentially improving this behavior by means of additives mixed to the binder [48].

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

­
­

­

Figure 13. Samples used during ignitability test before (a–c) and after (d–f) flame application, (a,d)
correspond to pressed wool fibers (no binders), (b,e) correspond to recycled wool with chitosan binder
(CH-4), and (c,f) correspond to recycled wool fibers with gum Arabic binder (GA-3).

5. Practical Implications and Limitations

The scope of the present paper was that of investigating the performance of composite materials
obtained from the use of fibers derived from recycled textile wastes (100% merino wool), combined
with different binders to be used as building materials with sound absorbing and thermal insulating
properties. Results that were presented in the previous section confirmed that such materials have
similar or better performance than conventional thermal insulating and sound absorbing materials.
Thus, in order to understand whether they might be actually competitive, worth being used in the real
world, and hence being industrialized in some way, it is important to answer to some questions:

Do they provide comparable resistance to aging than conventional products? Do they provide
comparable fireproof ratings as conventional materials? Additionally, above all, is their environmental
impact lower, or equal, than conventional materials?

Clearly, providing a specific answer to all of these questions would require further studies which
are under way. However, it is possible to make some preliminary considerations based on literature
evidences. With reference to aging and resistance to external attacks, wool is known to have a very
good capacity for storing water vapor, thus preventing the material from getting damp. Consequently,
wool naturally offers good resistance to mold and fungi. In addition, chitosan has been proved to
contribute to further prevent mold and bacteria formation [49], and similar antibacterial effects have
been shown by gum Arabic [50].

In terms of fire resistance wool is known to outperform any other textile fiber (both natural and
synthetic), because it has a very high ignition temperature of 570–600 ◦C combined with a high limiting
oxygen index (that measures the amount of oxygen needed to sustain combustion) and low combustion
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heat. Thus, in the light of the above features it is self-extinguishing. In addition, wool does not melt
and fibers swell when heated, creating a tighter layer that prevents flame from spreading. However,
as demonstrated by ignition tests, binders affected negatively such performance, particularly in terms
of flame spreading (for chitosan) and smoke generation (for gum Arabic). Therefore, it becomes of
primary importance to investigate either the chemical processes behind combustion and the use of
alternative binders or flame retardant treatments.

In terms of environmental impact of the binders, the figures that were presented in the introduction
might be properly “rescaled” to take into account the actual amounts of materials that are required,
based on the sample composition. Therefore, as the binding solution includes 15 g chitosan per kg
water, and that the amount of binder is 60% the mass of the sample, this results in just 9 g of chitosan
per kg of (wet) sample prepared. Thus, the higher environmental costs of chitosan production are
only marginally reflected on the panel preparation. With reference to gum Arabic the situation is a
bit different as the amount of dry product requested to manufacture 1 kg of composite panel is 120 g,
which is much higher than chitosan. However, in the light of the positive effects related to Acacia tree
cultivation, we might expect a lower overall impact.

6. Conclusions

The experimental analysis of the thermal properties showed that all the samples have thermal
conductivity ranging between 0.049 and 0.060 W/(m K), independent of the binder used. As expected,
λ values linearly increased with increasing materials density and decreasing material porosity.

Porosity variation also affected the air flow resistivity of samples, influencing their acoustic
performance. It was observed that more porous samples were characterized by a lower air flow
resistivity, showing a better sound absorption in the mid and high frequency ranges (with α higher
than 0.8 at frequencies above 500 Hz). On the contrary, the increased air flow resistivity values of the
less porous samples improved sound absorption at low frequencies yielding α as high as 0.5 from
315 Hz on.

A comparison between measured and predicted absorption coefficients was useful to identify
the Johnson, Champoux, and Allard model as the most suitable to perform any optimization exercise.
In addition, using some of the selected samples in combination with air gaps allowed achieving α

higher than 0.8 at frequencies above 315 Hz, using only a 5 cm gap.
Further investigations are under way in order to define the mechanical characteristics of the

samples and the practical application of the proposed solutions in the building industry. In addition,
given the substantial equivalence between chitosan and gum Arabic in terms of performance, a life
cycle assessment will be carried out to better clarify which solution is more eco-friendly.
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Abstract: In order to limit the environmental impact caused by the use of non-renewable resources,
a growing research interest is currently being shown in the reuse of agricultural by-products as
new raw materials for green building panels. Moreover, the European directives impose the
goal of sustainability supporting the investigation of passive solutions for the reduction of energy
consumption. Thus, the promotion of innovative building materials for the enhancement of acoustic
and thermal insulation of the buildings is an important issue. The aim of the present research
was to evaluate the physical, acoustical, and thermal performances of building panels produced by
almond skin residues, derived from the industrial processing of almonds. In this paper different
mix designs were investigated using polyvinyl acetate glue and gum Arabic solution as binders.
Air-flow resistivity σ and normal incidence sound absorption coefficient α were measured by means
of a standing wave tube. Thermal conductivity λ, thermal diffusivity α, volumetric heat capacity
ρc were measured using a transient plane source device. Finally, water vapor permeability δp was
experimentally determined using the dry cup method. Furthermore, a physical characterization of
the specimens in terms of bulk density ρb and porosity η allowed to study the correlation existing
between the binder and the aggregates and the consequent acoustical and hygrothermal behavior
occurring on the different mix designs. The achieved results suggested the investigated materials
comparable to the main products currently existing on the market.

Keywords: agro-waste; sound absorption; hygrothermal performances; sustainable materials;
circular economy

1. Introduction

A stunning growth in the quantity and variety of solid wastes produced by agricultural, mining,
industrial, and domestic activities has been caused by the rapid increase of the population, urbanization,
and the rise of living standards due to the technological innovations [1]. Thus, use of conventional
materials such as bricks, mortar, and cement implies a huge thermal and electric energy consumption
caused by the production process with a negative environmental impact. In a circular economic system,
the use of by-products for creating new raw materials adds value to the waste, transforming discarded
elements into useful new goods [2].

As a consequence, one of the research challenges is to convert waste into new raw matter in order
to produce new building components to increase sustainability in the construction sector. Nowadays,
a large demand has been placed on agricultural by-products in the development of sustainable
building materials. Several research works have studied the potential reuse of aggregates derived from
agricultural waste, investigating their efficiency in terms of load-bearing, acoustical, and hygrothermal
performances for new ecological materials [3–5]. Almond is a crop of major importance worldwide with
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the production in 2011 being approximately two million tons, according to the FAO [6]. A summary
of recent trends in almond production in Italy and harvested area measured in hectares is shown in
Figure 1. In Italy the almond industry has different productive configurations, changing according to
the management and the mechanization process [7].

A significant increase of the area harvested and the almond production from 2013 to 2018 can be
appreciated in Figure 1.
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­

­

­
­

Figure 1. Summary of recent trends in almond production in Italy and harvested area measured in
hectares (ha) obtained from elaboration of FAO data [6].

Liu et al. [8] investigated the multisector potential use of agricultural waste in the building
construction field, finding different types of final applications: blocks, vegetable biomass for heating,
multi-layer solutions, particles, coils, panels for the building envelope. The research on sound
absorbing materials has become increasingly important throughout the last decades due to several
possible fields of applications, from the aeronautics and road transportation industries to construction
and buildings [9]. Currently, the main acoustic absorbing materials on the market have huge costs
and represent a big issue in terms of final disposal due to their non-biodegradability [10]. Several
researchers studied the potential use of natural components as sound absorbing materials [3,11–13].
Fouladi et al. [11] investigated the sound absorption coefficients of different panels made with coir, corn,
sugar cane, and dry grass, finding that they are similar to the main common products now existing on
the market. Asdrubali et al. [13] built an updated survey investigating the acoustical performances
of sustainable materials developed with bio-based and recycled raw materials. They found a great
availability on the market and a competitive price.

Martellotta et al. [12] studied the sound absorption properties of olive tree pruning waste with
chitosan as a natural binder. They found very interesting performances, measuring absorption
coefficients as high as 0.90 for the higher flow resistance sample at frequencies above 1 kHz.
Mati-Baouche et al. [3] studied the thermal, acoustical, and mechanical properties of bio-based
materials achieved by mixing crushed particles of sunflower stalks with chitosan, a natural binder.

The acoustical properties of a higher porosity composite were tested, achieving a good
absorption coefficient.
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Furthermore, in order to achieve high energy efficiency buildings, it is fundamental to control the
hygric and thermal flux exchange between the internal and external environments. Thus, the use of
high performance materials represents an efficient passive technique in lieu of active systems. Keynakli
et al. [14] stated that thermal insulation is an essential parameter for building energy saving due to the
high potential reduction of the rate of heat transfer. A material is considered as a thermal insulator
when its thermal conductivity λ (W·m−1·K−1) is lower than 0.1 W·m−1·K−1 [15]. Korjenic et al. [16]
developed a new insulating material from jute, flax, and hemp, demonstrating that bio-based materials
are comparable to conventional ones for mechanical properties.

Luamkanchanaphan et al. [17] used a blend of narrow-leaved cattail fibers mixed with Methylene
Diphenyl Diisocyanate (MDI), developing insulation boards. Thermal conductivity measurements
ranged from 0.0438–0.0606 W·m−1·K−1 for panels with a density of 200–400 kg·m−3.

Therefore, in this framework, the development of new technologies based on renewable and
natural sources was supported. The current growing interest in almond production derives from
the fundamental nutrients constituting the basic fruit [18]. Almond is a fruit with high nutritional
value; as a consequence, the industry has restricted the commercial relevance of almonds to the kernel.
However, several authors have asserted that the other parts of the fruits (hull, shell, and skin) remain
improperly underexplored [18,19].

Prgomet et al. [19] asserted that during the industrial process of removing the skin, two further
by-products in addition to the shell and the hull are produced: blanched skin and blanch water
(Figure 2). Thus, 70–85% of the whole almond fruit constitutes residues that currently are scarcely
characterized and investigated. The main potential reuse of hulls and shells takes into account the
physical and chemical properties of these by-products useful to the pharmaceutical and food sectors.
The almond skin consists of carbohydrate polymer (cellulose) and an aromatic polymer (lignin).
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­Figure 2. Process of obtaining almond by-products in the almond industry, adapted from Prgomet et
al. [19].

97



Materials 2020, 13, 5474

Despite the existence of a great number of published papers reporting the main use of almond
skin as powder for the production of biofuels like bio-ethanol [20], there are a few studies about the
employment of this by-product as reinforcement filler in different thermoplastics [21–23]. Mankotia [23]
found that in the PA6 plastic (Polyamide 6) the addition of the almond skin powder has positive effects
on rheological, thermal, and wear properties. As a result, the valorization of such a by-product as new
raw matter for building component production can represent an important way to add value to a low
value product.

In order to use natural recycled fibers in the fabrication of porous building materials, a proper
choice of the binder is essential. Adhesives play a fundamental role in a great range of areas from
packaging to furniture to aerospace technology. The function of an adhesive is to bond separate
components by a variety of mechanisms [24]. Most of the adhesives usually include a polymeric
substance chemically bonded to the substrate. Heinrich [25] stated that the process and the boundary
conditions of application are fundamental as the chemical composition because these factors influence
the possible end uses. International standards require the reduction of formaldehyde [26], mainly
used in wood furniture, in order to avoid harmful emissions during both the production process
and the service life. A large number of researchers identified polyvinyl acetate glue as a suitable
bonding material with good adhesive strength [27–29]. Ors et al. [28] and Khan et al. [29] focused on
the improvement in adhesive strength of porous materials like wood and paper when using polyvinyl
acetate glue.

In terms of sustainability, the use of adhesives based on bio and renewable materials can help
to promote a circular economy by reducing the carbon footprint [25], even though their overall
performance may show some limitations. Gum Arabic is a dried gummy existing on the current
market, used mainly as a stabilizer and thickener in foods. However, several researchers described the
good properties of gum Arabic, considering multiple industrial uses [30,31]. Because of its physical
and mechanical properties, it represents a valid substitute for conventional binders mainly composed
of formaldehyde. Rubino et al. [32] successfully used gum Arabic as a binder of wool waste fibers
matrix for the production of sound absorbing materials.

In this scenario, the main aim of the present research was to develop new sustainable building
composites, suitable as indoor covering materials with high acoustic and hygrothermal performances,
using almond skin (AS) waste and two different types of binders: the polyvinyl acetate glue and gum
Arabic. A comparison of their performances along with the properties of other building materials with
similar bulk density highlighted that the AS materials are promising because of their equivalent or
even better performance, compared with the main existing products currently available on the market.

2. Materials and Methods

2.1. Raw Materials

Almond skin wastes were used as bio-based aggregates and were provided by ALFRUS srl
(Bari, Italy). Two different binders were selected: polyvinyl acetate (PVA) aqueous solution and a
biodegradable gum Arabic (GA) aqueous solution (Figure 3).

PVA is a thermoplastic, formaldehyde-free resin available as a water-based emulsion achieved
by the polymerization of vinyl acetate monomer; it has a density of 1009 kg·m−3. PVA is a low cost,
synthetic vinyl polymer with an invisible bond line, prepared by the polymerization of vinyl acetate
monomer having the generic formula (C4H6O2)n. It is a type of thermoplastic that softens at 30–45 ◦C.
Water emulsions of PVA are used to bind porous materials such as paper, wood, and clothes and to
strengthen porous stone. A poor resistance to creep under load has been demonstrated. The clear
film produced by the PVA has a great biodegradation resistance and a good resistance to weather,
withstanding water, oil, grease, fire. It is mainly adopted as a nonstructural adhesive for projects at
room temperature.
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Gum Arabic is a complex polysaccharide in the form of natural gum derived from the hardened
sap of the Acacia tree. It has a high molecular weight and it is water soluble.

Gum Arabic, a dried exudate from the Acacia Senegal tree, exists in several tropical and semitropical
countries and is considered a biopolymer. The aqueous viscosity is strictly related to the origin of the
products, the pH level, the electrolyte content, and the pretreatment. The addition of water to gum
Arabic results in the reduction of the surface tension, achieving a solution of yellow–red color.

The aggregates were obtained during the manufacturing process of the hulls after peeling the
almonds in high temperature water; thus, the thin layer of brown skin was removed and stored in
external tanks. Before preparing the mix, the vegetable aggregates were oven-dried at 50 ◦C until they
achieved constant mass ±0.5%, then cooled to environmental temperature in desiccators containing
silica gel. The mixtures under study resulted from the heuristic search for the best combination of
cohesion between the almond aggregates and the binders and the higher bulk porosity of the final
specimens. The first mix, labeled AS0_GA, was based on almond skins used “as is,” mixed with a GA
water solution. The average width of the aggregates was 1 cm, the average length was 2 cm and the
thickness was 0.5 mm. The second mix, labeled AS1_PVA, included ground almond skin fibers with an
average grain size of 3 mm × 3 mm and 0.2 mm of thickness bonded with a PVA water solution.

\ 

­

 

­
­

Figure 3. Aggregates used. (On the left) almond residue in its true state used for AS0_GA, (on the
right) almond residue in ground state used for AS1_PVA.

2.2. Sample Preparation

Many elements during the manufacturing process in the laboratory can influence the efficiency of
the final samples: the initial water content of the fibers, the particle size distribution of the aggregates,
the aggregates/binder ratio, and the type of the binder. Thus, several compositions were preliminarily
tested in order to assess the best cohesion between the aggregates and the binders while keeping
porosity as high as possible. All the samples were prepared under controlled environmental conditions
to ensure that both materials and binders could interact in the best possible way and curing time could
be standardized. A water solution was used to mix PVA glue and dissolve GA powder in a magnetic
stirrer at normal temperature and relative humidity. The best quantities and ratios resulting from the
preliminary tests are shown in Table 1.

Figure 4 presents the superficial morphology of the specimens. An optical microscope was used
to assess the binding effect and to study the interaction between the Gum Arabic and polyvinyl acetate
solutions and the aggregates.
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The interface between the almond skin and the two different binders is highlighted. A superficial
coat due to the binder can be noted on both types of the specimens. The rough surface morphology of
the almond skin contributes to enhance the adhesion between the binder and the fiber in composite
production, leading to stronger interfacial adhesion.

Table 1. Details of the different mix designs.

Solution
Almond Skin (A)

(g)
Gum Arabic (B)

(g)
Polyvinyl Acetate (B)

(g)
Water

(g)
B/A Ratio

AS0_GA 480 150 - 750 0.30
AS1_PVA 480 - 300 160 0.62

 

Figure 4. Magnified images of the analyzed samples: (a,b) AS0_GA; (c,d) AS1_PVA.

3. Methods

3.1. Physical Measurements

According to ISO 12570 [33] the bulk density ρb (kg·m−3) of the specimens was calculated taking
into account the size and the weight of the specimens. Each dimension was the average of three different
measurements recorded by an electronic caliper (0.1 mm accuracy); and the weight was registered by
an analytical balance (0.01 g accuracy). According to ASTM D4892 [34], the true density ρt (kg·m−3)
of the specimens was measured by an ULTRAPYC 1200-e helium gas pycnometer (Quantachrome,
Boynton Beach, FL, USA) in order to determine the bulk porosity ε as follows:

ε = 1−
ρb

δp
(1)

100



Materials 2020, 13, 5474

3.2. Thermal Measurements

The measurement of the dry-state thermal conductivity λ (W·m−1·K−1), the thermal diffusivity a

(10−6·m2·s−1), and the volumetric heat capacity ρc (J·m−3·K−1) were performed by an ISOMET 2104
(Applied Precision Ltd., Bratislava, Slovakia), a transient plane source device (Figure 5). The error
of the measurement of these thermal parameters was estimated to be within ±4%, ±5%, and ±7%,
respectively, according to Bouguerra et al. [35]. For each mix type, three representative samples of
10 cm diameter and 4 cm thickness were taken into account, and the values shown in Table 2 are
the mean of three measurements. Before recording the measurements, the specimens were dried in
a hot-air oven at 50 ◦C. Then, all the specimens were stabilized at 23 ◦C in desiccators containing
silica gel.
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Figure 5. Thermal measurement set up: (a) specimen dimensions measurement, (b) ISOMET 2104.

3.3. Hygric Measurements

The hygric parameters of the composites were determined by measuring the water vapor resistance
coefficient µ (-) according to ISO 12572 [36] in a dry cup. Before starting the test, all the specimens were
conditioned at 50 ◦C in a hot-air oven until achieving a change of mass less than 0.5%. Then, the samples
were wax-sealed on the top of transparent vessels containing silica gel as desiccant (Figure 6a,b); an air
space of 1.5 ± 0.5 cm was left between the desiccant and the sample. The assemblies were then placed
in a temperature- and humidity-controlled environment chamber, Angelantoni DY340 (Angelantoni
Test Technologies Srl, Massa Martana PG, Italy), set to 23 ◦C and 50% RH (Figure 6c).

The mass variations were calculated by recording daily mass using a Mettler PJ300 balance
(±0.01 g accuracy, Mettler-Toledo GmbH, Greifensee, Switzerland) until achieving a constant mass loss
for unit time. The water vapor resistance coefficient µ was then calculated from the experimental data
as follows:

µ =
δa

δp
(2)

where δa = 1.94 × 10−10 kg·m−1·s−1·Pa−1 is the water vapor permeability of air at 23 ◦C.
The water vapor permeability, δp, of the specimen was estimated from the following Equation:

δp = Λ · d (3)

where d is the specimen thickness, Λ is the vapor permeance, calculated from Equation (4):

Λ =
1

A·∆p
∆G/∆τ −RA

(4)
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The vapor pressure gradient ∆p is the difference of partial vapor pressure between the air gap in
the cup and the air in the climate chamber, A is the specimen area, RA is the water vapor diffusion
resistance of the air layer in the cup, and ∆G/∆τ is the rate of change in mass.
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Figure 6. Hygric measurements set up: (a,b) samples prepared in dry cups; (c) Angelantoni DY340
climate chamber.

3.4. Acoustic Measurements

Sound absorption measurements were performed by the transfer function method in order to
determine the normal incidence sound absorption coefficient according to ISO 10534-2:1998 [37].
Two tubes with different diameters (10 cm, 4 cm) and a thickness of 5 mm were used for the test with
the aim to consider the largest spectrum range (Figure 7). Thus, two groups of three specimens were
tested, the first one with a 10 cm diameter and the second one with a 3 cm diameter. The tube with an
internal diameter of 10 cm had a maximum measurable frequency of 2 kHz, and it used two different
microphone distances (6 cm and 20 cm, respectively, yielding a low-frequency limit of 400 Hz and
50 Hz). The emitting end consisted of an 11 cm loudspeaker sealed into a wooden case and suitably
isolated from the tube structure by an elastic and protective layer. For the second tube with a diameter
of 4 cm the microphone distance was set to 3 cm, and the frequency covered a range between 200 Hz
and 5 kHz. In both cases, the sample holder allowed different mounting conditions, close to the rigid
termination and at distances that, in the present case, varied between 5 and 10 cm from the wall. All the
results were processed by a MATLAB® (2018, Mathworks, Natick, MA, USA) graphical user interface
generating a 5 s linear sweep from 70 Hz to 3 kHz, when used in combination with the largest tube,
and from 500 Hz to 5 kHz when considering the smallest tube. The performance of the previously
described device was compared using the same material (a 5 cm polyester fiber sample) as that of the
BSWA SW 260 two-microphone impedance tube, showing that one-third octave band values differed
by less than 5% over the entire overlapping spectrum.
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Figure 7. Photograph of the standing wave tubes used for sound absorption at low and medium
frequencies (top), and sound absorption at high frequencies and flow resistance measurements (bottom).

3.5. Non-Acoustic Measurements

Non-acoustic parameters usually include the descriptors of the porous structure of the material.
Their number and type are strongly dependent on the model used to describe the sound absorbing
layer. Several motionless skeleton (or “equivalent fluid”) models were available in the literature,
spanning from the simplest ones, based on macroscopic empirical models and developed by Delany
and Bazley [38] and later improved by Miki [39] (only depending on air-flow resistivity), to the most
refined semi-phenomenological and microstructural models. Among them, it was possible to account
for the early models reviewed by Attenborough [40], the microstructural model the same author
proposed [41], basing the prediction of the acoustical characteristics of rigid fibrous absorbents on five
parameters (porosity, flow resistivity, tortuosity, steady flow shape factor, and dynamic shape factor),
and possibly others. However, it was the semi-phenomenological model developed by Johnson et
al. [42] and subsequently refined by Allard and Champoux [43] that, by using only five non-acoustic
parameters (including air-flow resistance σ, porosity ε, tortuosity ks, and viscous Λ and thermal Λ’
characteristic lengths), offered a good balance between ease of use and prediction accuracy. Further
improvements to the above formulation were given by Lafarge et al. [44], including one more parameter
named static thermal permeability k0′ , and Pride at al. [45], including the static viscous tortuosity α0

and the static thermal tortuosity α0′ .
Considering that only a small subset of the previously mentioned parameters can be directly

measured, and that the others need to be estimated according to the procedures described below,
the Johnson–Champoux–Allard (JCA) model [42,43] was preferred as the reference one to help in
interpreting the results. This model is one of the most frequently used in the literature and is
implemented in several vibro-acoustic tools. In addition, the additional parameters required by the
more complex models rely on a limited literature background, without considering that the variations
they introduce are typically small and refer only to low frequencies. However, just for comparison
purposes, results obtained with the Johnson–Champoux–Allard–Lafarge (JCAL) model [44] were also
shown for the base cases. Equations used to derive the effective density and the effective bulk modulus
according to the proposed models, and mostly derived from Allard and Atalla [46], are described in
detail in Appendix A.
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Thus, in light of the previously mentioned choice, the non-acoustic parameters considered in this
paper were: air-flow resistance σ, porosity ε, tortuosity ks, viscous Λ and thermal Λ’ characteristic
lengths, and static thermal permeability k0′ . Among them, porosity was measured directly as described
in Section 3.1., as well as air flow resistivity, which was measured according to the acoustic method
proposed by Ingard and Dear [47]. According to this setup the sample was located in between two
85 cm long methacrylate tubes (with a 4 cm inner diameter), having a rigid termination on one side
and a loudspeaker (Visaton FRS 5, Visaton, Haan, Germany) on the other. The loudspeaker had a flat
response between 150 Hz and 20 kHz and was fed by an exponential sine sweep. The pressure drop
through the sample was determined by means of two calibrated microphones (Core Sound, Teaneck,
NJ, USA) located close to the sample and to the rigid termination allowed to calculate.

As it was impossible to directly measure the remaining parameters, they were estimated. An inverse
method [48] was used to estimate the missing ones. Taking advantage of measured absorption
coefficients, porosity, and air-flow resistivity, the values of the missing physical properties (i.e.,
tortuosity, viscous and thermal lengths ratio, and shape factor) were determined by means of a
brute-force algorithm developed in MATLAB® to find the set of parameters that allowed the best
match between measurements and predictions. Measured parameters were also allowed to vary within
their uncertainty ranges, while the properties that were not measurable varied over the entire range of
possible values. In particular, tortuosity values between 1 and 6 were explored, while for the shape
factor (on which the viscous characteristic length is directly dependent), values between 0.3 and 3.3
were explored. Finally, the ratio of the characteristic lengths varied between 1 and 10, to satisfy the
condition that Λ ≤ Λ’. The cost function minimized by the search algorithm was the mean absolute
error between measured and predicted one-third octave absorption coefficients in the range from
100 Hz to 3150 Hz.

4. Results and Discussion

4.1. Thermal and Hygric Characterization

Table 2 shows the results of the thermal properties and hygric measurements executed according
to ISO 12570 in a dry cup for the two different blends. In general, a strict correlation between the
hygrothermal parameters and the bulk density exists. The reduction of the bulk density corresponds to
an increase of porosity and, as a consequence, an enhancement of the thermal parameters and hygric
properties. For each mix three representative specimens were evaluated and the final value of the
parameters, reported in Table 2, was calculated as the mean of the three measurements. The standard
uncertainties were calculated in accordance with JCGM 100:2008 [49]. Both the experimental materials
can be considered good thermal insulators as the thermal conductivity was less than 0.1 W·m−1·K−1 in
compliance with Al-Homoud [15]. As shown in Figure 8, the thermal conductivity obtained for the
AS0_GA and AS1_PVA samples was lower than 0.2 W·m−1·K−1; the recorded values were in both cases
of the same order as many conventional insulators such as EPS and mineral wool [50]. Furthermore,
a good similarity of thermal conductivity could be appreciated in different literature cases referring to
the thermal properties of agro-waste materials. Considering the bulk density, the AS1_PVA sample had
the thermal conductivity comparable to a rice husk panel [51]. The thermal properties of the AS0_GA
specimen were included in the range of typha and date palm wood [17,52–54].

In theory, depending on the degree of porosity, the vapor permeability diffusion resistance factor
is expected to be lower when a reduction in bulk density occurs. As a matter of fact, AS0_GA had a
µ-value of 13.036 lower than the water vapor diffusion resistance factor of AS1_PVA.

Comparing the experimental specimens with other sustainable materials available in the literature,
it was deduced that the value of the AS material was in accordance with bamboo particleboards, with
a µ-value ranging from 9.2 and 12.8 [55].
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Table 2. Summary of hygrothermal properties for each mix. Values in brackets represent standard
deviations of measured values.

Mix Code

Bulk
Density

True
Density

Thermal
Conductivity

Thermal
Diffusivity

Volumetric
Heat Capacity

Water Vapor
Resistance

ρb ρt λ α ρc µ
(kg·m−3) (kg·m−3) (W·m−1·K−1) (10−6 m2·s−1) (106 J·m−3·K−1) (-)

AS0_GA 234.65
(13.99)

1255.29
(19.88)

0.074
(0.0035)

0.180
(0.0276)

0.416
(0.0533)

13.0
(0.2)

AS1_PVA 373.10
(6.20)

1162.58
(7.29)

0.082
(0.0080)

0.219
(0.0342)

0.384
(0.0745)

14.9
(1.4)

\ 

  
ρ ρ α ρ

− − − − − − − −

 

α α

α
α

Figure 8. Comparison of thermal conductivity between AS0_GA, AS1_PVA tested samples and different
insulators, taken from the literature.

4.2. Acoustic and Non-Acoustic Parameters

The results for normal incidence sound absorption coefficients are shown in Figure 9. The two
samples showed nearly the same behavior with two evident peaks spaced out by a drop, which is
typical of thick porous materials, although the frequency where the first peak appeared was shifted
toward higher frequencies for the AS1_PVA sample. The low frequencies behavior, up to 160 Hz,
was rather similar for both cases. The AS0_GA sample sharply increased up to 500 Hz, where the
first peak appeared, with α rising up to almost 0.8. Then, a drop appeared with a minimum α value
of 0.6, followed by a new peak at 3150 Hz. The AS1_PVA sample showed absorption coefficients
lower than the AS0_GA ones up to 630 Hz, where the first peak appeared, with α rising to 0.9; while
the AS0_GA curve dropped with α of 0.7. Then, a drop appeared with a minimum absorption value
around 0.6, followed by a new peak at 3150 Hz, almost overlapping the second peak of the AS0_GA
sample. For porous materials, normal incidence sound absorption is characterized by peaks and
valleys, with peaks appearing when particle velocity inside the medium is at a maximum. Assuming
that the backing surface is rigid, this first peak takes place at a frequency whose quarter wavelength
corresponds to the thickness of the sample and all the others at odd multiples of that frequency [46].
In the present case, for a 5 cm thick panel, the first peak should be at 1.7 kHz, assuming the speed of
sound inside the porous medium is the same as that of the air. However, as the first peak was shifted
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toward lower frequencies in both cases, it was to be expected that, as shown by many authors [3,12,56],
due to the more complex and tortuous pore structure, the actual speed of sound was significantly
lower. Finally, the subsequent peaks expected at odd multiples of the first peak frequency appeared
somewhat smoothed into a single high-frequency peak.
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Figure 9. Plot of normal incidence absorption coefficients measured in one-third octave bands for
samples with polyvinyl acetate (AS1_PVA) and gum Arabic (AS0_GA) specimens.

Taking into account Figure 10, a comparison with same-thickness samples made of olive trees [12]
with bulk density (between 220 and 240 kg·m−3) comparable with that of the AS0_GA specimen
but with much lower flow resistivity (4.2 kN·s·m−4), and with recycled textile materials with similar
resistivity (14.4 kN·s·m−4) but different density (93 kg·m−3), pointed out quite different behaviors,
with the almond skin sample showing the first peak significantly shifted toward lower frequencies.
Similarity in density, as expected, had very little influence on the results, but even similarity in flow
resistivity proved not to be enough to ensure a similar behavior; this suggested that the different first
peak positions could be attributed to the major role played by porosity and the morphology of the
internal cavities of the specimens.
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Figure 10. Comparison of measured results for sample with gum Arabic binder (AS0_GA) and data
from literature referring to samples made of olive trees (OLIVE_MIX) [12] having same density or
specimens with same flow resistivity (TEX_GA_L) [32].
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The application of the phenomenological model defined by Johnson–Champoux–Allard [42,43]
and the subsequent indirect determination of the characterizing parameters returned a very good
agreement between measured and predicted absorption coefficients, with peaks appearing at the same
frequencies, although with slightly different absolute values (Figure 11). The JCAL model [44] was also
applied in this case for comparison purposes and apparently provided no significant improvement,
compared to the JCA model. In fact, the minimum value of the cost function was slightly higher
for the JCAL model than for the simpler one. Predicted speed of sound inside the porous structure
was frequency dependent, and its value at the first absorption peak was about 120 m/s for sample
AS0_GA and 150 m/s for sample AS1_PVA. The analysis of the parameters resulting from the indirect
measure (Table 3) suggested that the multiple layers of thin almond skins originated a very complex
channel pattern that resulted in high tortuosity, spanning between 4 and 5.5 values. Such results
appear significantly higher than the values typically found in the literature with reference to crushed
materials [3,57], which are typically around 3. However, it is possible to find even higher tortuosity
values when dealing with open porous asphalt [58]. Following this latter statement, even if high values
of tortuosity, according to most empirical formulas [59], are typically associated with very low porosity
of the medium, it should be considered that the relationship between porosity and tortuosity is strongly
dependent on the shape of the grains that compose the solid matrix, as demonstrated by Turo and
Umnova [60]. As reported by Sarradj et al. [58] a general relation between the two variables takes the
form of ks = ε−L/(1−L), where L is a factor depending on the shape of the particles, varying between 0
when particles are needles parallel to flow, and 1 when particles are disks perpendicular to flow. In the
latter case, tortuosity may become very high even when porosity is high. Considering that almond
skins, particularly those used “as is,” tend to distribute according to layers mostly perpendicular to the
faces exposed to sound (Figure 12), the observed values of tortuosity appear perfectly consistent with
that structure. In particular, for AS0_GA the whole skins tended to create many more connected pores
and consequently had a lower density and higher porosity. Conversely, AS1_PVA samples had the
same layered structure (with some “vertical” inclusions here and there (Figure 12d)), but were much
more compact and dense.

Once the origin of the low-frequency shift was clarified, as this may be a desirable feature to
obtain in sound absorbing materials that extend their effectiveness range to low frequencies (which
are always more difficult to treat while keeping overall thickness within reasonable limits), a further
experiment was carried out in order to check consistency of the hypothesis and investigate potential
use of the panels under different mounting conditions, which might extend the frequency range in
which the panel are efficient.
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Figure 11. Comparison of measured and best-fit values normal incidence sound absorption coefficients
resulting from the application of the JCA model (black curve) and the JCAL model (red curve): (a)
AS0_GA sample; (b) AS1_PVA sample.
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Table 3. Summary of non-acoustical parameters measured (underlined) or indirectly derived from the
application of the JCA (italicized) and JCAL models. Values in brackets represent standard deviations.

Sample
Code

Model
Bulk

Porosity ε

Air-flow
Resistivity

σ

Tortuosity
Shape
Factor

Ratio of
Characteristic
Dimensions

Static
Thermal

Permeability
(-) (kN·s·m−4) (-) (-) (-) (m2)

AS0_GA
JCA 0.81

(0.003)
13.377
(1.164)

5.50 3.00 1.50

JCAL 5.40 3.00 2.00 3.1 × 10−9

AS1_PVA
JCA 0.68

(0.002)
23.371
(1.791)

4.40 1.36 1.95

JCAL 5.00 2.36 1.80 2.1 × 10−9

 

 
Figure 12. Magnified images of the cross section of the analyzed samples: (a,b) AS0_GA; (c,d) AS1_PVA.
In all the cases sound propagation takes place along a vertical direction (green arrow).

In fact, if the previous interpretation of the shift of the first peak toward low frequency was correct,
pointing out the role played by tortuosity and morphology of the porous matrix on the absorption
coefficient, mounting the sample at a different distance from the rigid termination should determine a
further movement of the peak toward even lower frequencies. Results shown in Figure 13 confirmed
that the first peak was shifted exactly according to the to the JCA model predictions (particularly for
AS1_PVA samples), although in the high-frequency range the fluctuations between peaks and valleys
were less evident than they were in the prediction model.

These results suggested that panels made of almond skins, even in the case where they are made
by simply mixing them with some sort of binder, may provide a noticeable absorption even in the
low-frequency range despite the use of a 5 cm thick panel. The addition of an extra 10 cm air gap (which
could be easily obtained in false ceiling application) further contributed to extend the absorption down
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to 140 Hz for AS0, where a sound absorption higher than 0.7 was found, but in the range between
330 Hz and about 1 kHz values fell again below 0.7. Similar behavior was found for AS1 for which the
frequency where the absorption coefficient first reached 0.7 was 160 Hz, while the dip extended from
500 Hz to 1250 Hz. It was interesting to observe that under diffuse field conditions (Figure 14), predicted
by calculating a spatially weighted average of the absorption coefficients resulting from different
incident angles [46], the dip between the first and second peak appeared significantly attenuated,
and the frequency dependent response was generally much smoother. In this case, even using the 5 cm
panel without air gap a sound absorption coefficient higher than 0.7 could be obtained from 300 Hz on
for AS0_GA and from 500 Hz on for AS1_PVA. Using the 10 cm air gap allowed to push down the
frequency where sound absorption reached 0.70 at 170 Hz for the AS0_GA panel and at about 200 Hz
for the AS1_PVA panel, thus suggesting that the panels under investigation might be conveniently
used as broad band sound absorbers.
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Figure 13. Comparison of measured and predicted normal incidence absorption coefficients resulting
from different mounting distances (0, 50, and 100 mm) from hard surface for: (a) AS0_GA samples,
and (b) AS1_PVA samples. Predicted values are based on the application of the JCA model with
parameters optimized only for the sample mounted on a rigid surface.

 

(a) (b) 

Figure 14. Comparison of diffuse field sound absorption coefficients as a function of frequency
predicted, using the JCA model with reference to the sample mounted on a rigid surface and at
increasing distances from it. (a) Values for sample AS0 with GA binder; (b) Values for sample AS1 with
PVA binder.
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5. Conclusions

This study focused on a possible way to recycle the almond skin, an agro-waste derived from the
almond production process, transforming it into new aggregates used for the production of almond
skin materials. Different kinds of tests were performed in order to characterize the hygric, thermal,
and acoustical properties of the materials. The results of the experimental campaign allowed to draw
the following conclusions.

In general, a good adhesion between the binder and the AS residues was observed, taking into
account the morphology and the cross section of the specimens (Figures 4 and 12); the aggregates
were well coated and bound together. In particular, for AS0_GA, the whole skins tended to create
many more connected pores and consequently had a lower density and higher porosity. Conversely,
AS1_PVA samples had the same layered structure (with some “vertical” inclusions here and there)
but were much more compact and dense. In fact, although no significant variation of the true density
could be appreciated (Table 2), a large variation in the bulk density and bulk porosity ε was observed.
As expected, it was found that lowering the fiber size caused an increase in the bulk density due to less
volume being occupied by the almond skin residues at lower sizes.

Considering the thermal properties, it was found that, due to the thermal conductivity less
than 0.1 W·m−1·K−1, both AS0_GA and AS1_PVA samples behaved as good insulators. In addition,
the thermal conductivity of both the samples was comparable to the thermal performance of other
agro-waste materials and of widespread insulators like EPS and mineral wool. The hygric properties
of the experimental specimens, as well, were in the range of bamboo particleboards with a µ-value
between 9.2 and 12.8.

From the acoustic point of view, the results of the normal incidence sound absorption coefficients
measurement showed that both the samples outperformed the typical behavior of thick porous
materials. In fact, for typical porous materials, peak location was strongly dependent on the thickness
of the sample. In this case it was expected at 1.7 kHz, significantly above the actual observed location.
This result was explained in terms of a more complex and tortuous morphology of the pore structure
of the specimens.

A very good agreement between measured and predicted absorption coefficients, with peaks
appearing at the same frequencies, was achieved using the phenomenological model defined by
Johnson–Champoux–Allard [38]. Some parameters were indirectly measured and a tortuosity ranging
between 4 and 5.5 was found, in good agreement with the complex channel pattern visible in the
cross-section images (Figure 12). In particular, for the AS0_GA specimen it was observed that layers
mostly perpendicular to the faces (and to sound propagation) were created. This justified the observed
values of tortuosity, perfectly in accordance with that structure.

The previously described experimental study broadly supported the use of almond skin waste to
manufacture innovative and sustainable building materials. The physical, hygrothermal, and acoustic
properties demonstrated the high potential for such building components.

Further investigations are underway to assess the mechanical performances and the fire protection
properties, moreover, evaluating the suitability of other sustainable and eco-friendly binders to be
used with the almond skin waste. Furthermore, an LCA analysis and a techno-economic feasibility
study for the induction of a building panel on market are necessary and they will be carried out to
support future potential commercial applications.
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Appendix A

In order to calculate the sound absorption coefficient according to the JCA model, the dynamic (or
effective) density and bulk modulus are requested. The first is based on the work by Johnson et al. [42],
where visco-inertial dissipative effects inside the porous media are described, and is given by:

ρe = ksρ0
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where ρ0 is the static density, ks is the tortuosity, σ is the flow resistivity, ε is the porosity,ω is the angular
frequency, η is the dynamic viscosity, Λ is the viscous characteristic length and j is the complex unit.

The work by Champoux and Allard [43] is used to describe the thermal dissipative effects and
calculate the dynamic bulk modulus according to the formula:
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where γ is the ratio of the specific heat capacities, P0 is the atmospheric pressure, Np is the Prandtl
Number, and Λ’ is the thermal characteristic length.

Finally, according to Lafarge et al. [44], the dynamic bulk modulus is modified to account for
low-frequency thermal effects, yielding the following formula:

Ke =
γP0
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where k0 is the static thermal permeability.
Once the dynamic density and bulk modulus have been determined it is possible to calculate the

characteristic impedance zc as
zc =

√

Keρe (A4)

and the propagation wave number as

k = ω

√

ρe

Ke
(A5)

so that the absorption coefficient may be calculated according to the usual formulas, as well as other
important properties like the actual dynamic speed (frequency dependent) that is given by ω/k.
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Abstract: To improve thermal insulation, microencapsulated phase change materials (micro-PCMs),
expandable graphite (EG), and ammonium polyphosphate (APP) were introduced into polyurethane
foam (PUF) to enhance the thermal stability and improve the thermal insulation behavior.
The morphology of the PUF and micro-PCM was studied using a scanning electronic microscope
(SEM), while the thermophysical properties of the PUF were investigated using a hot disk thermal
constants analyzer and differential scanning calorimetry (DSC). The thermal stability of the PUF was
investigated by thermogravimetric analysis (TGA), and the gas products volatilized from the PUF
were analyzed by thermogravimetric analysis coupled with Fourier transform infrared spectrometry
(TGA-FTIR). The results revealed that the thermal conductivities of the PUF were reduced because
micro-PCM is effective in absorbing energy, showing that the PUF functions not only as a thermal
insulation material but also as a heat sink for energy absorption. Moreover, the EG and APP were
found to be effective in improving the thermal stabilities of the PUF, and the optimized formulation
among EG, APP, and micro-PCMs in the PUF showed a significant synergistic effect.

Keywords: polyurethane foam; thermal property; phase change material; flame retardant

1. Introduction

Widely used for sound absorption [1–3], furniture [3,4], and insulating materials [5], polyurethane
foam (PUF) plays an important role in our daily life. Compared with other insulating materials, PUF
has the advantage of low thermal conductivity, high mechanical and chemical stability at both high
and low temperatures, and the ability to form sandwich structures with various facer materials [6,7].

The properties of PUF depend on the density, structure, and geometry of the foam, and a large
number of fillers are required to get the desired properties [8–10]. To improve the thermal characteristics
of PUF, adding phase change material (PCM) into PUF has been studied since the 1990s [11–13], since
PCM can absorb or release significant latent heat while the temperature of the material stays almost
constant in the process of phase change [11,14]. Among the investigated PCMs, the paraffin shows
desirable properties, such as high heat of fusion, little or no supercooling, self-nucleating behavior,
and thermal and chemical stability. However, liquid paraffin has a relatively low viscosity, and it has
to be kept in a closed tank or container to prevent leaching. Microencapsulation of paraffin provides a
perfect way to solve the leaching problem. Microcapsules containing the polar phase change material
(PCM) n-dodecanol were synthesized by in situ polymerization, using melamine-formaldehyde resin
as a shell and styrene-maleic anhydride copolymer (SMA) as an emulsifier. Results show that anionic
SMA emulsifier is suitable for the encapsulation of n-dodecanol [15]: when the mass ratio of emulsifier
to n-dodecanol is 4.8%, the phase change latent heat and encapsulation efficiency reaches the maximum
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values of 187.5 J/g and 93.1%, respectively. A series of PU microcapsules containing the PCM of
n-octadecane was successfully synthesized, using an interfacial polymerization in SMA dispersion
with diethylene triamine (DETA) as a chain extender reacting with toluene-2,4-diisocyanate (TDI),
and the average diameter of the microencapsulated phase change materials (micro-PCMs) was in the
range of 5–10 µm. Earlier research showed that PU-shells regularly fabricated with the influence of
SMA varied with a weight ratio from 1.0% to 4.0% in diameter, encapsulating ratio, release properties,
and thermal stability [16].

Another drawback of PUF and paraffin is that, like other organic materials, their flammability
is high and the flame-spreading rate is fast, which limits their use due to the high possibility of a
fire hazard. Hence, a flame retardant should be added to improve the thermal stability of PUF and
paraffin. There are generally two kinds of flame retardants. The first are halogen-containing flame
retardants, which are most effective at improving thermal stability. However, they always release a large
amount of noxious material during their decomposition, which has brought ecological and physical
problems. The second kind are halogen-free flame retardants, such as EG and decabrominated dipheny
ethane (DBDPE). The effect of the retardants is influenced by many factors. In the literature [17],
the EG/PU composites prepared with their method showed a V-0 flame retardance level, whereas
EG/PU composite prepared by conventional blending only showed a V-2 flame retardance level. Results
in the literature [9] showed that the flame-retardant efficiency got better with the increase in the
density of PU foam at the fixed EG weight percent, or with an increase in the EG weight percent at the
fixed foam density. According to the literature [8], when the flame-retardant loadings were 20 wt%,
the limiting oxygen index (LOI) value of DBDPE-filled rigid polyurethane foam (RPUF) increased to
33 vol%, while the EG-filled RPUF reached 41%. However, when they were simultaneously added into
RPUF, there was not any flame-retardant synergistic effect. In the literature [18], they tested polystyrene
composites with 21.4 wt% ammonium polyphosphate, and found that the peak of the heat release
rate was reduced by 77.5% as compared to those of virgin polystyrene. In the literature [19], it was
found that the peak heat release rate of PEG could be decreased by 19.2% by introducing graphene
aerogels (GA) with 1.60 wt% and phosphorylated polyvinyl alcohol (PPVA) with 15.0 wt%. In the
literature [20], it was found that, with 0.25 phr of functionalized graphene oxide (fGO) and 10 phr of
EG/dimethyl methyl phosphonate (DMMP), the LOI value of RPUF/fGO composites reached 28.1%,
and its UL-94 test reached V-0 rating, showing that the fGO could significantly enhance the flame
retardant properties of RPUF composites. Carbon nanotubes and zinc aluminum-layered double
hydroxide (CNT/ZnAl-LDH) could improve the thermal degradation stability as well as the fire
safety of PU foams [21]. These researches indicate that halogen-free flame retardants can effectively
improve the stability of the organic materials, and their effects are mostly influenced by the content
of the retardants and the synergistic effect of different retardants. Among these retardants, the EG
and APP are widely applied due to their good flame-retardant efficiency and economic efficiency.
Thus, we applied them in the PUF, and optimized the content of the retardants for the best effect.

In this work, we focused on the effects of EG, APP, and micro-PCMs on the thermal characteristics
of PUF. The EG and the APP were added to increase the thermal stability of PUF synergistically,
and micro-PCMs were added to improve the temperature-controlling capability of PUF. Besides thermal
stability, the EG can also improve the effectiveness of the energy exchange of PCM because of its high
thermal conductivity.

2. Experimental Section

2.1. Materials

Paraffin (melting temperature Tm = 58.15 ◦C, latent heat 163.31 J/g) was used as the phase
change material. The melamine (MA), formaldehyde, and dodecyl sodium sulfate were supplied by
Sinopharm Chemical Ltd. (Shanghai, China). The polymeric MDI (methane diphenyl diisocyanate,
NCO% = 30.2~32.5, viscosity at 25 ◦C equals to 150~250 mPa·s) was purchased from Yantai Wanhua
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Polyurethanes Co., Ltd. (Yantai, China). The polyether polyol (YD 4450, n◦OH = 350 ± 10 mgKOH/g,
viscosity at 25 ◦C equals to 220 ± 50 MPa·s) was supplied by Hebei Yadong Chemical Group Co., Ltd.
(Shijiazhuang, China). The ammonium polyphosphate (APP, average particle size 92% < 10 µm) and
expandable graphite (EG, average particle size: 320 mesh) were provided by Hefei Keyan Chemical
Material Technology Development Co., Ltd (Hefei, China). Other additives are given as follows:
dibutyltin dilaurate (DD), triethylenediamine, triethanolamine, silicone oil, and water.

2.2. Preparation of Micro-PCMs

Micro-PCMs were fabricated by in situ polymerization, using a melamine–formaldehyde
copolymer as the shell and paraffin as the core material. The detailed fabrication process included the
steps of prepolymer solution synthesis, PCM emulsion preparation, and mixing of the prepolymer
solution and the PCM emulsion for an in situ polymerization. The resultant microcapsules were filtered
and washed with distilled water at 70 ◦C until a pH of 7 was reached. The wet powders were then
dried in a vacuum oven at 80 ◦C for 12 h to remove the water. The final mass fraction of the paraffin
was approximately 70%, and the total latent heat of the micro-PCM was 118.9 J/g.

2.3. Fabrication of PUF

The PUF formulations are given in Table 1. Making the PUF, materials of catalysts, surfactants,
blowing agents, EG, APP, and micro-PCMs, etc. were added to a YD 4450 blend in a proper mold
and stirred intensively for 15 s. After that, the calculated quantity of MDI was added and stirred at
2500 rpm for 10 s at a room temperature of 20 ◦C. Then the foam was placed in an oven at 60 ◦C for 24 h.

Table 1. Formulations and thermophysical properties of PUFs.

MDI (g)
YD-4450

(g)
EG (g) APP (g) Micro-PCM (g)

Energy Storage
Capacity (J/g)

Energy Release
Capacity (J/g)

PU1 50 50 0 0 0 0 0
PU2 50 50 10 0 0 0 0
PU3 50 50 15 0 0 0 0
PU4 50 50 8 2 0 0 0
PU5 50 50 13 2 0 0 0
PU6 50 50 10 0 10 7.73 5.87
PU7 50 50 15 0 10 6.58 5.55
PU8 50 50 8 2 10 8.21 7.12
PU9 50 50 13 2 10 6.66 6.02

2.4. Characterization of Flame Retardant PUF

The morphology and microstructure of the PUF were observed using an electronic scanning
microscope (Hitachi X650, Hitachi Limited, Tokyo, Japan). The latent heat and the phase change
temperature of the PUF were studied using differential scanning calorimetry (DSC), which was carried
out in an argon atmosphere with the DT-50 (Shimadzu, Quioto, Japan) thermal analyzer, with a heating
rate of 10 ◦C/min and a flow rate of 30 mL/min. The thermal conductivities of the PUF were tested by
the hot disk thermal constants analyzer. A constant voltage was applied, and a thermocouple recorded
the temperature rise by circulating a current along the platinum wire. The precision of the thermal
conductivity and the thermal diffusivity were ± 2.0% and ± 5.0%, respectively. The thermal stability
properties of the PUFs were tested by a TGA Q5000 IR thermogravimetric analyzer (TA Instruments,
New Castle, PA, USA). In the test, the samples were heated from room temperature to 600 ◦C with a
linear heating rate of 20 ◦C/min in a nitrogen atmosphere. The thermogravimetric analysis-Fourier
transform infrared spectrometry (TGA-FTIR) of the sample was performed using the DT-50 instrument
interfaced to the Varian 2000 FTIR spectrometer. About 3–5 mg of the product was put in an alumina
crucible and heated from 30 to 600 ◦C. The heating rate was set as 20 ◦C/min in a nitrogen atmosphere.
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3. Results and Discussion

3.1. SEM Photos of Micro-PCMs and Pure PUF Structure

Figure 1a shows the particle profiles of the micro-PCMs. The micro-PCMs have a spherical shape,
and the microcapsules range in size from 0.3 to 0.8 µm. The entire honeycomb structure of the pure
PUF is shown in Figure 1b, and the honeycomb structure can contain the additives, such as EG, APP,
and micro-PCMs. Observing the PUF (Figure 1c), it can be found that the admixture inserted into the
pure PUF, showing that the PUF could be used as a supporting material for the admixture.

Figure 1. SEM photographs of the micro-PCM (a) and PUF (b,c).

3.2. The Thermal Conductivities of the PUFs

As a widely used thermal insulation material, the heat transfer efficiency of the PUF is the most
important property in the application of the material [22,23]. The heat transfer efficiency of PUF is
characterized by thermal conductivity [24]. The tested thermal conductivities of PUFs with different
formulation are listed in Figure 2, which show that both the additions of EG and APP increase the
thermal conductivities of PUFs. However, the increases in the conductivities are relatively small
compared to the conductivity of the pure PUF. According to the heat transfer theory, the thermal
conductivities of PUFs are determined by the thermal conductivity of the foams and gases within the
cell, the radiative heat transfer among these foams, and the convection heat transfer within the cells.
Filler particles, including EG and APP, not only fit into the structure of the foam but also lie within the
cells, which increases the thermal conductivity of foams and cell gases. However, the filler particles
also decrease the radiative and convection heat transfer within the cells, which reduces the effects of the
heat transfer enhancement. This conclusion also can explain the result that the thermal conductivities
change indistinctively when increasing the content of EG in the PUF. Double side effects also exist
in adding the micro-PCMs. When the micro-PCMs are added to the PUF, the thermal conductivities
increase, due to their capability for absorbing energy. However, this effect does not reduce the thermal
insulation of the PUF, because the energy is restricted into the phase change material.
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Figure 2. The thermal conductivities of PUFs.

3.3. The Latent Heats of the PUFs

The latent heats of the PUFs are tested by the DSC. The DSC curves of the micro-PCM and PU6 to
PU9 are exhibited in Figures 3 and 4, respectively. It can be seen that there are two peaks on the DSC
curves. The sharp peak represents the solid–liquid phase change of the paraffin, and the minor peak is
associated with the liquid–solid phase transition of paraffin. The values of the latent heat obtained with
DSC curves are presented in Table 1. As shown in the table, the total latent heats of the PUFs are a little
lower than the theoretical values, which were calculated by multiplying the latent heat of the dispersed
micro-PCMs with their weight percentage. DSC is also used to investigate the changes of latent heat
values under conditions of thermal cycling with the temperature from 80 to 25 ◦C. From Figure 4 and
Table 1, we can find that the energy was released when the temperature decreased, which is useful in
order to keep a constant temperature for environment and energy saving. These results demonstrate
that the PUFs are not only thermal insulation materials but also storage materials for thermal energy.

Figure 3. The DSC curves during thermal cycling of micro-PCM.

119



Materials 2020, 13, 520

Figure 4. The DSC curves during thermal cycling of PUFs.

3.4. The Thermal Stabilities of PUFs

The thermal stability of the PUF as a thermal insulation material is important for practical
applications. Since PUF and micro-PCM both have low thermal stability, they are ignited easily.
Improving the thermal stability of PUF is imperative. Figures 5 and 6 show the thermograms of
micro-PCMs and PUFs, respectively. The thermal degradation of pure PUF occurs in a two-step process.
The first step of degradation is due to the formation of polyol and isocyanate groups. The isocyanates
from this deployed condensation reaction are very reactive to dimerize, and they form carbodiimide
with the evolution of carbon dioxide. The second step of degradation was due to the further reaction
between carbodiimide and polyol to impart the substituted urea [25,26]. From Figure 6a, it can be
found that there are no significant changes for the thermal degradation of the PU2 and PU3 when the
EG is introduced into the PU1. This is probably due to no reaction/interaction between EG and PUF
during the thermal degradation process. However, the rates of thermal degradation for the PU2 and
PU3 are accelerated at about 300 to 400 ◦C in comparison with that of PU1, which may be due to the
degradation of intercalated compounds in EG, such as H2SO4 decomposing to H2O and SO2 gases and
the oxidation of EG, and the distance between the basal planes of EG increasing [27,28]. The structure
of EG could prevent the heat and oxygen transfer and improve the thermal stability of the PUF at high
temperatures because the EG could cover the surface of the matrix. At higher loadings of EG in PUF,
the content of the char layer increases in the temperature range from about 650 to 750 ◦C, and this char
layer could act as a thermal barrier for the PUF and prevent further decomposition. When the mass
fraction of APP replaces the EG in equal amounts of PU2 and PU3, the thermal stabilities of the PU4
and PU5 are both increased. This is because the APP can form polyphosphoric acid and carbonaceous
residue with PUF at high temperatures, and help in inhibiting the thermal degradation of the PUF.
When the micro-PCMs are introduced into the PU2 and PU3, the thermal stabilities of the PU6 and
PU7 are both lower than that of PU2 and PU3 (Figure 6b). This is because the thermal stability of
the micro-PCMs (listed in Figure 5) is lower than that of PU2 and PU3. However, if part of the EG of
PU6 and PU7 is replaced with equal amounts of the mass fraction of APP, the thermal stability of PU8
becomes higher than that of PU6 (Figure 6c), while the PU9 degrades faster than PU7 for temperatures
lower than 550 ◦C and slower for higher temperatures, showing that the ingredients influence the
thermal stability improvement due to the synergistic effect of APP and EG. These results show that
the APP, melamine and polyol can be effectively taken as an integrated intumescent flame retardant,
and the intumescent flame retardant can be thermally decomposed at a higher temperature to form
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three-dimensional network structures. Besides, the EG acted in great synergistic effect with the APP
with a certain formulation in the PUF/micro-PCM system [29].

Figure 5. The thermal stability of micro-PCMs.

Figure 6. The thermal stabilities of PUFs (a) the effects of EG/APP on the thermal stability of PUF,
(b) the effects of micro-PCMs on the thermal stability of PUF/EG composite, (c) the effects of EG/APP
on the thermal stability of PUF/micro-PCMs composite.

3.5. The Volatilized Products of the PUFs

The TGA-FTIR study is to identify the volatilized products, and the results can provide a better
understanding of the thermal degradation mechanisms [30]. The whole range of spectra of the samples
is shown in Figure 7. It can be seen that the main decomposition product is carbon dioxide, which is in
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the range of 2410–2220 cm−1. In order to investigate the influence of EG, APP, and micro-PCMs on
the thermal degradation of the PUF, the evolution of the intensity of the characteristic peak carbon
dioxide is plotted in Figure 8, in which the characteristic peak is at 2356 cm−1. It can also be found
that the curves of the carbon dioxide show two peaks at about 16 and 32 min, respectively. These
peaks are attributed to the depolymerization of PUF to form monomer precursors such as polyol and
isocyanates, and the dimerization from isocyanate to carbodiimide and carbon dioxide. The ratio
between the second peak value and the first peak value are calculated, i.e., the ratio of PU1 is 0.71,
while the ratios of the PU2, PU4, PU6, and PU8 are 1.09, 2.10, 2.84, and 2.23, respectively, showing that
EG can highly reduce the carbon dioxide. Comparing the results of PU2 and PU6 with PU4 and PU8,
we can also find the reduction of carbon dioxide when replacing EG with APP in PUF. From these
results, it can be concluded that EG increased the thermal stability of the PUF, and by replacing part of
EG with APP, the efficiency in improving the thermal stability of PU can be further improved.

Figure 7. The 3D surface graphs of the FTIR spectra of the evolved gases produced by PUFs.

Figure 8. Intensity of characteristic peak versus time for the volatilized carbon dioxide of PUFs.

4. Conclusions

The preparation and characterization of PUF containing EG, APP, and micro-PCM are reported.
EG and APP were used to improve the thermal stability of PUF, and micro-PCMs were used as the phase
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change material for thermal energy storage. The SEM images showed that PUF could be an excellent
supporting material for EG, APP, and micro-PCM. The thermal conductivity results indicated that the
thermal conductivities of the PUF changed owing to the added EG and APP, but the values do not
increase continually with the increase of EG and APP contents in the PUF. A possible reason is that the
EG and APP could increase the thermal conductivities of the foams and cell gases while decreasing the
radiative heat transfer within the foams. The thermal conductivities increased when micro-PCMs were
introduced into the PUF because micro-PCMs could absorb the thermal energy; hence, the temperature
could be maintained more consistently by the PUF. The DSC results showed that the total latent heats
of the PUFs were a little lower than the theoretically calculated values. The TGA and TGA-FTIR results
showed that APP and EG have synergistic effects for improving the thermal stabilities of the PUF.
When the micro-PCMs are added into PUF, an integrated intumescent flame-retardant system is formed
at high temperatures, and optimal formulation among EG, APP, and micro-PCM could provide the
optimal synergistic effect in improving the thermal stability of the PUF. All in all, the temperature
regulating and controlling effect could be ameliorated owing to micro-PCM, the thermal conductivity
of PUF improved with the appropriate amount of EG, and EG and APP showed a great synergistic
effect to improve the thermal stability of the PUF/micro-PCM composite.
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Abstract: Concrete is the most common building material; therefore, when designing structures, it is
obligatory to consider all structural parameters and design characteristics such as acoustic properties.
In particular, this is to ensure comfortable living conditions for people in residential premises,
including acoustic comfort. Different types of concrete behave differently as a sound conductor;
especially dense mixtures are superior sound reflectors, and light ones are sound absorbers. It is
found that the level of sound reflection in modified concrete is highly dependent on the type of
aggregates, size and distribution of pores, and changes in concrete mix design constituents. The
sound absorption of acoustic insulation concrete (AIC) can be improved by forming open pores
in concrete matrices by either using a porous aggregate or foam agent. To this end, this article
reviews the noise and sound transmission in buildings, types of acoustic insulating materials, and
the AIC properties. This literature study also provides a critical review on the type of concretes,
the acoustic insulation of buildings and their components, the assessment of sound insulation of
structures, as well as synopsizes the research development trends to generate comprehensive insights
into the potential applications of AIC as applicable material to mitigate noise pollution for increase
productivity, health, and well-being.

Keywords: concrete; noise; acoustic properties; sound-absorbing; sound-reflecting

1. Introduction

Building regulations and planning authorities have not properly focused on resolving
the ongoing issue of noise pollution faced by the residents of urban areas [1]. Typically,
concrete is used as an external cladding to inhibit the propagation of sound transmission,
which reflects the sound waves away from the structure [2]. Although the sound waves
get reflected away, its magnitude does not reduce and becomes an issue in enclosed
spaces such as apartment complexes, factories, and narrow thoroughfares, respectively
(see Figure 1) [3,4]. As a result, this leads to several problems such as masked warning
signals, higher chances of impaired hearing, and increased work-related stresses [5].
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[15,16]. Lightweight porous materials absorb sound well, while heavyweight and hard 
materials reflect a significant portion of sound energy [3]. Despite the fact that there are 
some studies on the acoustic behavior of different concrete material, it is necessary to 
systematize the current state of sound-insulation concrete composites and structures 
made of them [17,18]. 

To reduce build time, labor savings, and thermal efficiency, most architects and de-
signers prefer the use of insulated concrete forms. However, the acoustic properties of 
these insulated concrete forms are often overlooked or under looked. To provide better 
acoustic properties, the use of acoustic insulation concrete (AIC) is a recent advancement 
in the field of concrete technology. The acoustic component installed in an AIC reduces 
the sound in the building structure and keeps the pollution created by noise at bay while 
improving the acoustical effects of the sound generated within. To achieve a desired 
acoustic protection, the installation of an AIC wall can provide excellent exterior insula-
tion as well as a soundproofing envelope. Due to a better soundproofing envelope, AIC 
becomes a suitable choice for hotels, airports, and schools where the requirement of 
thick traditional walls can be eliminated. Meanwhile, the use of lightweight concretes 
such as foam or fabric are usually porous and do not allow sound to be reflected. As a 
result, the sound passes through the porous medium, and the energy gets converted to 
heat while reducing its magnitude [3]. Hence, the use of lightweight concrete is effective 
when used in movie halls or in recording studios. This reduces the resonance time in the 
room [19,20]. Although the use of lightweight concrete is effective internally, it is not 
suitable in external conditions, and hence, concrete is still the preferred material for oth-
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Concrete is a widespread and cheap structural material for the construction of resi-
dential buildings of any volume and number of storeys [6]. During the construction and
operation of these buildings, it is necessary to ensure comfortable living conditions for
people [7]. The most important step along this path is ensuring the acoustic well-being of
residents through the optimal design of building envelopes [8–10]. Usually, when a sound
wave strikes or hits the surface of a building, the sound energy gets absorbed, transmitted,
or reflected away [11]. Hence, there is a relationship between the incident energy and
the absorbed, transmitted, or reflected energy [12]. The absorption of sound in a porous
material is related to the loss in energy wherein the incident noise energy converts to heat
energy and some other energies due to vibration, friction, and air viscosity [13,14]. Sound
insulation is the sound transmission loss of the building partition [15,16]. Lightweight
porous materials absorb sound well, while heavyweight and hard materials reflect a sig-
nificant portion of sound energy [3]. Despite the fact that there are some studies on the
acoustic behavior of different concrete material, it is necessary to systematize the current
state of sound-insulation concrete composites and structures made of them [17,18].

To reduce build time, labor savings, and thermal efficiency, most architects and
designers prefer the use of insulated concrete forms. However, the acoustic properties of
these insulated concrete forms are often overlooked or under looked. To provide better
acoustic properties, the use of acoustic insulation concrete (AIC) is a recent advancement
in the field of concrete technology. The acoustic component installed in an AIC reduces
the sound in the building structure and keeps the pollution created by noise at bay while
improving the acoustical effects of the sound generated within. To achieve a desired
acoustic protection, the installation of an AIC wall can provide excellent exterior insulation
as well as a soundproofing envelope. Due to a better soundproofing envelope, AIC becomes
a suitable choice for hotels, airports, and schools where the requirement of thick traditional
walls can be eliminated. Meanwhile, the use of lightweight concretes such as foam or fabric
are usually porous and do not allow sound to be reflected. As a result, the sound passes
through the porous medium, and the energy gets converted to heat while reducing its
magnitude [3]. Hence, the use of lightweight concrete is effective when used in movie halls
or in recording studios. This reduces the resonance time in the room [19,20]. Although the
use of lightweight concrete is effective internally, it is not suitable in external conditions,
and hence, concrete is still the preferred material for other commercial and residential
building structures. Based on the past researchers, it was reported that various types of
concrete behave differently as a sound conductor; especially dense mixtures are superior
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sound reflectors, and light ones are sound absorbers. It is found that the level of sound
reflection in modified concrete depends on the type of aggregates, size, and distribution of
pores and changes in concrete mix design constituents. The sound absorption of AIC is
enhanced by forming open pores in concrete matrices by either using a porous aggregate or
foam agent. To this end, this article reviews the noise and sound transmission in buildings,
types of acoustic insulating materials, and the acoustic properties. This literature study
also delivers a comprehensive review on the type of concretes, the acoustic insulation of
buildings and their components, the assessment of sound insulation of structures, as well
as to synopsize the research development trends to generate comprehensive insights into
the potential applications of AIC as applicable material to mitigate noise pollution for
increase productivity, health, and well-being.

2. Transmission of Noise and Sound in Buildings

To produce a noise and sound-proof AIC, the walls and roofs of a building could be
engineered with modifications on the level at which the sound energy (Figure 2a) [21]:

• Reflects back from the building wall,
• Absorbs within the wall, and
• Transmits through the building wall.
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Structural elements such as glazing and roof lights, which can reduce the performance,
should also be considered. The transmission of noise between different zones of a building
structure is shown in Figure 2b. Two types of noise transmission occur: direct and flanking
transmission, and noise is transmitted when any two areas are separated from each other.
The noise travels in two separate routes [22,23]: (i) through the separation structure,
which is termed direct transmission, and (ii) around the separation structure through
adjoining structural elements, which is termed flanking transmission [21,24]. Meanwhile,
the insulation of sound for both types of transmission is controlled by its mass, isolation,
and sealing characteristics [22,25]. The direct transmission of noise can be determined
by laboratory tests, since it directly depends on the properties of the separation wall and
floor [26]. Meanwhile, the details of junctions between the structural elements make it
challenging to predict the flanking transmission of noise [23,27,28].

It should be noted that at various conditions, the separation wall could be of high
standard AIC, while the side wall could be of low standard, which is continuous between
the rooms. In such cases, flanking transmission can propagate more noise than direct
transmission [21]. Hence, the joints between the separation elements should be properly
detailed to minimize noise due to flanking transmission.
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3. AIC Properties

The ability to reduce sound transmission through a structural element is what defines
the properties of AIC. Usually, concrete is a good insulator of sound, which can reflect up
to 99% of its total energy. However, it is also a relatively poor absorber of sound and can
propagate within enclosed spaces, causing echoes [29–32]. Sound, a form of energy, can
travel through mediums of solid, liquid, and gas in longitudinal wave by the oscillation
of vibrating particles [1,33]. As the sound waves dissipate, it gets expanded outward
while distributing the intensity over a larger area. The larger the vibrating particles in the
medium, the more the energy that passes through the medium [34]. Meanwhile, audible
sounds are classified into two types: airborne and impact sounds. Airborne sounds can be
recognized as speech, loudspeakers, and musical instruments, respectively. These sounds
waves travels through the air only and cannot travel through solids [3]. The airborne sound
produces vibration in the concrete, which causes the vibration of suspended particles
on the other side of the wall, thus, causing it to be heard. On the other hand, footsteps,
closing doors, and falling objects are categorized as impact sounds, which can vibrate
between walls and floors, leading to airborne noise in adjoining rooms [2]. Typically, noise
and sound differ from each other, with the former being subjective and dependent on the
receptor. Due to it being subjective, architects and designers should consider reducing noise
in the building, in urban areas in particular [35]. However, since it is challenging to lower
the volume or the propagation of sound, noise mitigation measures should be implemented
to bring down the level of annoyance [36,37]. In this regard, remedial measures such as
insulation, reflection, and isolation provide the best ways to reflect sound energy [3,26].

4. Types of Acoustic Insulating Materials

The common aspects concerning the conservation of acoustic energy according to the
classic ratio (1) are shown in Figure 3.

Ei = Er + Ee (1)

where Ei—energy of sound falling on the building envelope; Er—reflected sound energy;
and Ee—comprises the absorption and transmission of sound energy.
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For the design of enclosing structures, it is important to use extremely sound-absorbing
or extremely sound-reflecting materials.

4.1. Sound-Absorbing

The acoustic absorption coefficient α is computed using Equation (1) is expressed as (2).

α = 1 − Er

Ei
(2)
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The absorption coefficient varies between 0 and 1, where 0 denotes the materials that
reflect sound, and 1 is an ideal sound absorption material [38–40]. The presentation of the
acoustic absorption coefficient as one value is an intricate problem.

This is attributable to the fact that the coefficient of acoustic absorption, α, is varied
for each frequency of sound. As a simplification, the division of the audible frequency
spectrum into octaves (with a further 1/3 octave division) is used, as well as, for example,
such characteristics as noise reduction coefficient (NRC) and sound absorption average
(SAA) [8,16,41]. NRC is a part of the easiest approaches that could be estimated as the
arithmetic mean of sound absorption coefficient at frequency ranging between 250 and
2000 Hz. Meanwhile, SAA is the arithmetic mean of the coefficients of sound absorption at
12 one-third octave frequency ranging 200–2500 Hz in conformity with ASTM C423-17 [42].
Construction materials are commonly ranked by their NRC [42,43] (Figure 4).
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Figure 4. Building materials versus noise reduction coefficient (NRC) [43]. Modified with improvements from [43].

Summary of the noise reduction coefficients for different concrete composites are pre-
sented in Table 1. It can be concluded that an acoustic insulation concrete (AIC) building struc-
ture should possess a relatively good absorption coefficient with the NRC exceeding 0.45.
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Table 1. A summary of NRC for different concrete composites.

Ref. Year Type of Specimen

Descriptions

Density (kg/m3)

α at Octave Frequency (Hz)

NRC
Percentage (%) Type of Materials Size of LWA, mm

(Thic. of Specimen, mm) 250 500 1000 2000

[44] 2004

Concrete with LWA

20%

Lightweight cenospheres 10 to 300 µm (25 mm)

2310 0.04 0.10 0.21 0.17 0.13

40% 2250 0.05 0.11 0.23 0.21 0.15

60% 2180 0.05 0.10 0.11 0.12 0.11

[45] 2009
10%

CR <4.75
2170 0.12 0.12 0.32 0.17 0.18

20% 2110 0.11 0.10 0.37 0.15 0.18

[40]

2010

- Expanded shale with 1.0%
AE agent 4–8 1254 0.08 0.24 1.00 – 0.44

- Expanded shale with 1.0%
AE agent 8–12 1189 0.06 0.22 0.96 – 0.41

[46]

10%

CR <4.75

2200 0.05 0.10 0.06 0.07 0.07

20% 2100 0.07 0.08 0.09 0.10 0.09

30% 2000 0.12 0.13 0.11 – 0.12

[47] 2011 Hemp concrete 10, 15, 75% Lime 1060 0.4 0.48 – – 0.44

[48] 2012 Concrete with LWA 60%
Bottom ash

<10 701 0.21 0.24 0.28 0.28 0.25

[49] 2013 Mortar with LWA 80% 1–10 µm 1470 0.65 0.62 0.61 0.56 0.61

[50] 2014 Plaster with lightweight 80% Insulation plaster and
aerogel −(10 mm) 300 0.03 0.08 0.06 – 0.06

[51]
2015

Alkali-activated cellular
concrete

5%
Foam dosage

- 1050 0.05 0.10 0.15 – 0.10

10% - 960 0.06 0.10 0.20 – 0.12

[52] Pervious concrete 1: 5 Vermiculite 0.5 to 4 640 0.10 0.21 0.78 0.32 0.35

[53]
2016

Hemp concrete

0.5% and 30% 30% GGBS and 0.5% ethyl
cellulose - 522 – 0.52 0.45 0.53 0.50

30% GGBS - 505 – 0.49 0.42 0.44 0.45

80%, 20%, and 0.5% Hydrated lime, MK, and
methyl cellulose - 469 – 0.42 0.37 0.41 0.40

80% and 20% Hydrated lime, MK - 493 – 0.46 0.39 0.44 0.43
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Table 1. Cont.

Ref. Year Type of Specimen

Descriptions

Density (kg/m3)

α at Octave Frequency (Hz)

NRC
Percentage (%) Type of Materials Size of LWA, mm

(Thic. of Specimen, mm) 250 500 1000 2000

[54]
Concrete with LWA

20%

CR

4–8

2264 0.06 – – – 0.05

40% 2156 – 0.45 – – 0.04

60% 2026 – 0.54 – – 0.06

80% 1858 0.06 – – – 0.05

20%

FCR

2313 – 0.30 – – 0.05

40% 2139 – – 0.34 – 0.06

60% 2032 – – 0.43 – 0.10

80% 1851 – – – 0.23 0.20

[55]

2017

10%
Miscanthus fibers 2–4

1504 0.06 0.20 0.25 0.07 0.15

20% 1406 0.02 0.06 0.36 0.00 0.11

[13] Geopolymer concrete
with LWA 80% C and D waste <10 1510 0.00 0.06 0.85 0.23 0.29

[56] Hemp concrete - Hemp shiv 5 590 0.13 0.28 0.91 0.48 0.45

[57] Pervious concrete 50% Arlite 700 0.08 0.12 0.46 0.23 0.22

[58]

2018 Alkali-activated cellular
concrete

20–50% Fly ash and 3:1 by mass.
Adequate foam

-

940 – 0.25 – – 0.19

1130 – 0.23 – – 0.24

1310 – 0.18 – – 0.11

[59]

35%

Foam dosage

- 600 0.20 0.10 0.40 0.94 0.41

30% - 720 0.18 0.16 0.54 0.78 0.42

25% - 820 0.03 0.12 0.43 0.85 0.36

[60]
2019

Concrete with LWA

50% Polystyrene granules 1–4 1810 0.16 – – – 0.18

50% Polyethylene terephthalate 1–4 2047 0.22 – – – 0.18

50% Corn cob granules size 1–6 1775 0.20 – – – 0.19

[61] Hemp concrete
1:2 Hemp shiv - 605 0.13 0.31 0.81 0.48 0.43

1:2 Hemp fiber - 407 0.19 0.63 0.83 0.71 0.59

[62]
2020

GGBS-based concrete 5–30% GGBS as coarse and fine
aggregates 1–4 and 4–8 419–995 - 0.54 - - 0.24

[61] Foam-glass concrete 92% Foam bubbles 0.5–1.35 107–143 - - 0.57 0.67 0.56
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4.2. Sound-Insulating

Sound reflectors are materials that reflect noise, preventing the further propagation
of a sound wave. Concrete, glass, wood, plastic, and metal are used as sound-reflecting
materials.

In the concept of “Sound reduction index”, two quantities should be distinguished [47]:

- Rw—sound insulation excluding flanking structures such as longitudinal walls, ceil-
ings, floors, i.e., it is a value obtained during research in a laboratory;

- R’w—sound insulation of the structure, taking into account the flanking elements, i.e.,
sound transmission along longitudinal side walls, floor slabs.

The last parameter is more adequate; therefore, it is the one that is important for
assessing sound insulation. It varies widely for different types of concrete. For example,
rubber concrete with a smooth surface has this value at the level of 30–35 dB [54], and for
concrete with crumb rubber, it is 30–50 dB [3]. Moreover, for hemp concrete, it fluctuates in
the range of 3–11 dB [56], and for homogeneous concrete floors, this value reaches 60–70 dB,
and theoretically, it can reach 90 dB [63].

The same indicator is “Transmission Loss (TL)”, which differs depending on the
type of material. However, the sound reduction index R is defined by ISO standards,
so, in general, it is usually preferred in the American literature. In addition, ISO 717-1
distinguishes between frequency-dependent R (or R’) and weighted values (Rw or R’w).
The latter values are accepted for frequencies around 500 Hz; therefore, they are considered
the most presentable, and the fact is that a significant part of the sound (noise) spectrum is
concentrated in the region of 500 Hz. Accordingly, ISO 717-1 requires the weighted Rw
(or R’w) value precisely in the frequency range of about 500 Hz. Thus, this is a somewhat
simplified, but sufficient for practical application, interpretation for sound reduction index
R (or R’). For the sake of clarity, soundproof building materials are commonly designed in
such a way as to have a maximum sound absorption coefficient, specifically for noise with
frequencies in the region of 500 Hz.

The efficiency of sound reflectors is evaluated by the following features of materials
and structures:

• The surface weight of the cladding [64,65]. In building acoustics, there is a well-known
“law of mass”, according to which doubling the mass of a single-layer fence leads
to an increase in sound insulation. This works even more efficiently if the mass is
concentrated in the surface layer, as can be seen from [66]. In addition, with an increase
in the mass of the cladding, the resonant frequency of the system decreases, this also
increases the sound insulation.

• The tightness of the structure. Slots and holes noticeably reduce the sound-insulating
ability of the structure due to sound diffraction. For example, if a through hole of
2 × 2 cm in size is made in a 15 m2 partition, then the sound insulation of the partition
will decrease by 20 dB [67].

• The presence of a sound absorber inside the frame allows for a multilevel dissipation
of sound energy [68]. Thanks to such measures, resonances in the airspace become
impossible.

• The depth of the cladding frame. With the distance of the cladding from the wall,
the sound insulation grows. This is due to the fact that the resonance frequency of
the structure with which the claddings begin to effectively perform sound-reflecting
functions is reduced. For example, when doubling the air gap of the tested struc-
ture, the increase in sound insulation is reported without increasing the cost of the
structure [69,70].

• The absence or minimization of rigid connections, for example, places of fixtures,
which are the bridges of sound [34,71].
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5. Type of Concretes

Table 2 shows acoustic property of different type of concretes. It can be seen that
normal concrete detects the highest level of sound reflection followed by glass-based
concrete.

Table 2. Acoustic property of different type of concretes.

Type of Concretes
Maximum Coefficient
of Sound Absorption

Level of Sound
Reflection

Maximum Decrease in Sound
Level at Frequencies, Hz

Refs.

Normal concrete 0.05–0.10 High 3000–5500 [52,57]
Aerated concrete 0.15–0.75 Low 250–2500 [44,72]
Foamed concrete 0.13–0.50 Low 100–2000 [51,61]

Crumb rubber concrete 0.30–0.70 Medium 400–2500 [3,54]
Polyurethane concrete 0.08–1.0 Low 150–1400 [55,60]

Coal bottom ash concrete 0.05–0.31 Medium 500–3500 [41,58]
Coconut fibers concrete 0.42–0.80 Medium 1250–3200 [59]

Recycled aggregate concrete 0.01–1.0 Medium 1500–2000 [60]
Oyster shell waste aggregate concrete 0.43–0.53 Low 1000–1800 [73]

Polymer concrete 0.90–1.0 Low 64–1600 [55]
Glass-based concrete 0.20–0.37 High 250–3150 [61]

5.1. Normal Concrete

The acoustic absorption coefficient for normal concrete is almost about 0.02, signifying
that around 98% of the sound dynamism is a surface reflection. The more denser/heavy
concrete, the higher the sound insulation rate that can be detected [3,18].

5.2. Aerated Concrete

In aerated concrete, alumina reacts with calcium hydroxide and leads to the appear-
ance of gaseous hydrogen, which later forms microscopic bubbles in the mix. Lightweight
aerated concrete has a density typically ranging 250 to 500 kg/m3 and has a higher porosity
of about 82.1% to 91.5% [72]. The pore wall of this concrete is very thin due to which sound
waves can be transmitted very easily. According to Laukaitis and Fiks [74], the porosity
decreases as the density increases, but on the other hand, the volume of open pores also
increases. The open pore volume of aerated concrete is more than that of foam concrete.
The absorption coefficient of autoclaved aerated concrete is best categorized by the ratio of
open pores to total porosity.

5.3. Foam and Porous Concretes

Zhang et al. [51] developed a synthesis geopolymeric foamed concrete (FC) with
absorption coefficients of 0.7 to 1.0 at 40–150 Hz and 0.1 to 0.3 at 800–1600 Hz, and
12 MPa of compressive strength was almost attained. Luna-Galliano et al. [75] studied the
coefficient of absorption curves of geopolymers with silica fume used as a porous former.
For different proportions of the starting components, the coefficient of sound absorption
curves was the same, including with two peaks at 400 and 2500 Hz. It was noted that
the mix contained more silica fume, which leads to the curve becoming wider (which
indicates the stability of the coefficient of sound absorption), which can correlate with the
highest open porosity. It was also found that an FC with low density exhibits a higher
sound absorption coefficient (α) than a high-density FC when determined using a standing
wave apparatus [76–78]. In Figure 5 [79], it can be observed that at the target void ratio
(TVR) of 20%, the absorption coefficient revealed the highest value in the frequency range
of 315–400 Hz; for the TVR of 25%, it ranked the second highest in the frequency range
of 400–500 Hz; and for the TVR of 30%, it became the highest in the frequency range of
500–630 Hz [79]. This indicates that the frequency of the highest absorption coefficient was
found for sound as the TVR augmented.
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In another study, it was found that the inclusions of 30% slag and fly ash into geopoly-
mer FC (GFC) show no significant effect on the absorption coefficient at lower frequency
but increases at higher frequency, 800–1600 Hz in particular [51,80]. This can be explained
by the variation in the pore size, porosity, and tortuosity owing to inclusions of the slag
particles [81]. Even increasing the dosage of foam (5 to 10%) shows little or no effect on
the absorption coefficient at lower frequency but is efficient at medium frequency only,
i.e., about 600–1000 Hz. Nevertheless, in comparison to a conventional plain concrete,
which has an absorption coefficient typically less than 0.1 at 125–2000 Hz, GFC shows
excellent acoustic absorption properties [82]. However, GFC has low sound absorption at
medium to high frequencies relative to expanded clay porous concrete, which usually has
an absorption coefficient of about 0.5 in this region [83]. However, a GFC shows the same
absorption coefficient as the thickness of the GFC increases (Figure 6).
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5.4. Crumb Rubber Concrete

Crumb rubber concrete (CRC), which is produced using different sizes of crumb
rubber typically ranging 6 to 19 mm for coarse and 1 to 6 mm for fine, has been a subject of
recent research [3,31,32,62,84]. However, the use of CRC in structural applications is not
practical owing to considerable reduction in the strength [85,86]. Although CRC has lower
mechanical strength, it can be used as a durable composite material capable of reflecting
and absorbing sound [87]. In fact, the use of CRC as an exterior surface of a building can
reduce the propagation of street noises into the buildings. High noise levels caused by
busy streets and passing into dwelling spaces are often uncomfortable for inhabitants in
high-rise apartments. An extremely dense material has an absorption coefficient of about 0
and can reflect away the sound completely. Hence, the use of CRC can provide a solution to
both sound absorption and recycling used tires. Table 3 presents a list of classic absorption
coefficients for some common materials used in structural concretes.

Table 3. Sound absorption coefficients for some common materials.

Type of Material SACs

Concrete 0.02–0.06
Hardwood 0.3

Unpainted block-work 0.02–0.05

Materials with good sound absorption prepared by a concrete matrix incorporated
with crumb rubber were investigated in [56]. The sound absorption coefficient α was
above 0.5 for nine out of 12 specimens and attained a maximum value of 0.82 and 0.93
under favorable conditions. The concrete panels were prepared with crumb rubber as a
replacement to natural fibers and investigated its acoustic properties in references [3,88].
The results showed that rubber concrete has proven itself in terms of sound absorption,
especially with a high percentage (15%) of rubber crumb. Sukontasukkul [45] reported
an improvement of 46% in the NRC upon the inclusion of 20% crumb rubber in precast
concrete panels.

Materials containing crumb rubber have been known to be a good absorber of sound,
with absorption coefficients ranging between 0.3 and 0.7 [32]. In fact, the combination
of crumb rubber and concrete further can increase the absorption coefficient as well as
reduce the level of reflected sound [89]. Apart from structural concrete, the use of crumb
rubber has also been known to be a good sound absorber when utilized in highways.
The incorporation of crumb rubber in asphalt mixes could lower the noise produced by
vehicular traffic. The sound absorption coefficients of asphalt pavements containing crumb
rubber are considerably improved with time due to its higher absorption energy [46]. The
damping vibration was about 230% higher when crumb rubber was used to replace 15%
of natural fines in CRC [90]. Incorporating 20% crumb rubber in concrete blocks was
also reported to produce a lighter, flexible, and durable sound-absorbing material [91].
The durability of CRC against freeze–thaw could also be improved using air entraining
admixtures [92,93]. It is found that CRC when exposed to excessive heat shows a substantial
enhancement in the energy absorption, but only when lower grades of rubber and natural
fines substitution were considered [85]. In comparison to conventional aggregates, crumb
rubber is highly elastic, which deforms easily under an applied load, and its ductility can
increase up to 90%, subsequently improving energy dissipation [3]. As the crumb rubber
content increases, the density of CRC reduces. Since a material’s acoustic properties depend
mostly on its density, lightweight concrete such as CRC containing a higher proportion of
crumb rubber could absorb more sound. Hence, the ability to reflect more sound energy
increases [32,94]. Due to this, CRC panels have been used mostly in office buildings as
exterior cladding or on balconies of buildings. The compaction degree of a CRC also greatly
influences its sound absorption, since the larger grades of CRC absorb more sound when
fully compacted [62,90]. Meanwhile, CRC cladding panes are often used as an alternative to
the conventional ones to protect the structure with an added benefit of reducing the overall
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weight. A proposal provided by the City of Vancouver Noise Control Manual [95] shows
that the installation of exterior CRC panels around the balconies of high-rise buildings can
improve its acoustic performance with a reduction in the level of reflected noise as well (as
see in Figure 7).
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In reference [96], the importance of preliminary processing of the surface of secondary
rubber particles to increase the sound-insulating properties of CRC was proved. The elastic
modulus of concrete combinations was determined, and the surface adhesion prepared
from pretreated/untreated rubber aggregate was studied [3]. Conclusions indicated that
the method of pretreatment caused weaker adhesion between the cement paste and crumb
rubber; therefore, it improved the ability to absorb the vibration and sound-insulating
properties of concrete. It was shown that the effects of freezing and thawing do not
significantly affect the insulating properties [3]. It was been found that the insulation
characteristics for all concrete improved at high frequencies. The findings show that rubber
concrete can be used on the outside of building envelopes to absorb sound throughout
multi-storey urbanized buildings, but it requires full-scale on-site testing.

5.5. Expanded Polystyrene Concrete

The use of foamed polystyrene aggregates has some effect on noise reduction owing
to its lower stiffness, which has a high ability to dissipate energy. Expanded polystyrene
granules (EPS) can easily be added in concrete to produce a lightweight concrete of varying
density [60]. EPS are ultra-lightweight aggregates with a density <33 kg/m3, non-absorbent,
hydrophobic, and closed cell nature [97]. The NRC of a 50 mm-thick layer of EPS is around
0.32 [98]. This means that about 32% of the incident sound energy gets absorbed and does
not reflect back, hence improving the absorption characteristics of the material. Oancea
et al. [60] replaced the aggregate with 50% polystyrene foam while obtaining lightweight
concrete with a density of 1810 kg / m3 and NRC at the level of 0.18. Due to the closed
porosity of polystyrene beads, effective damping of the sound wave is not possible.

5.6. Fibered Concrete

At present, synthetic fibers such as glass and mineral fibers are used in buildings as a
sound-proofing material [99]; however, these pose risks to human health [100]. It is also
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found that the airflow resistivity is an important parameter that needs to be considered in
the acoustic behavior of fibrous concrete [12]. When choosing raw materials for concrete
production, it is necessary to select materials with a reduced density that is capable of
damping the sound wave. In particular, when choosing fiber, polypropylene has one of the
lowest densities (Figure 8).
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Figure 8. Densities of materials of various fibers [101,102]. Data adopted with permission from
Fediuk and Klyuev [101,102].

Stainless steel, nickel fiber, alloy fiber, and iron metallic fiber are some of the noise
reduction materials available [12]. A review of existing literature on the acoustic absorption
of metallic and inorganic fibrous composites is presented in Table 4. The use of fibers is
widely known to provide a wide and varied solution to noise reduction in buildings, some
of which are listed in Table 4.

5.7. Recycled Aggregate Concrete (RCA)

The sound absorption of a cellular material is mostly influenced by the energy loss
occurred due to the friction induced within the pores of the walls [79]. Hence, the higher
the open void ratio, the greater the SAC of concrete at all frequencies [103]. In a porous
concrete, the pores are interconnected to each other, and the pores increase as the amount of
coarse aggregate increases [104]. Consequently, the sound absorption of a porous materials
is significantly influenced, which is directly proportional to its airflow resistivity [105].
Hence, to produce a sound-absorbing concrete, it is imperative to generate a tortuous path
wherein the sound energies could dissipate, mostly in frequencies of noise traffic, ranging
between 300 and 1000 Hz [106]. Some researchers used recycled aggregate with particle
sizes greater than 5 mm as a substitute for aggregates in concretes [13,107].
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Table 4. Acoustic insulation of different fibrous concrete composites.

Type of Fiber Main Findings Refs.

Rock wool Similar acoustic behavior to glass wool [108]

Carbon and glass fiber Composites made with carbon fiber has higher SAC relative to
glass fibered composite [109]

Fibrous metal materials Used to make silencers in cars [110]

Glass wool Comparison made between the Bies–Allard and Kino–Allard’s
acoustic methods [111]

Metal fiber felts Used as an absorption material in silencers [112]

Glass fiber-reinforced epoxy Investigated the acoustic absorption properties of
different composites [113]

Sintered fibrous metals Determined anisotropic acoustic properties of of sintered
fibrous metals [35]

Glass fiber recycled from deserted print
circuit boards Utilized for noise-reducing applications [114]

Metal fiber Absorption properties depends on the material properties such as
the diameter, porosity, and thickness of fiber [115]

Glass fiber felt The direction of sound incidence and structure of the composite
affects the sound insulation [115]

Carbon fiber Increases the sound absorption coefficient of a helical-shaped
composite sound absorber [116]

Fouled sintered fiber felts Depends on the flow resistivity measurements [117]

Basalt fiber Panels shows a good absorption coefficient that increases with
thickness and density [118]

Carbon fiber Composites made with carbon fibers shows higher absorption
coefficients than Kevlar fiber at low to medium frequencies [119]

Glass fiber-filled honeycomb
sandwich panels Improves the absorption coefficient at frequencies below 4.5 kHz [120]

Metal fiber porous materials Porous material can effectively enhance the sound
absorption coefficient [121]

At the same time, the SAC was found to be enhanced with the use of recycled concrete
aggregates [11]. An SAC of about 0.91 was recorded when 100% of RCA was used, which is
0.24 higher than the control mix [122]. This was as a result of the greater void content in the
RCA concrete. Figure 9 [13] clearly portrays that the SAC increases as the demolition wastes
aggregates (CDW)/fly ash (FA) increases. In fact, the porous concrete corresponding to
the CDW80-FA20 mix showed the best SAC. Meanwhile, a huge variation can be observed
when the amount of coarse fraction increases to 80%.

5.8. Mollusk Shell Waste Aggregate Concrete

It is also known that the particle size plays a crucial role in the acoustic properties of
porous materials made with shell waste [49]. To examine this, the grain size distribution of
the mollusk shell waste (7 and <−2 2 mm) was studied [41]. It was found that the porous
concrete containing shell waste aggregates of about 5–10 mm showed the best acoustic
absorption properties [49,79]. Meanwhile, it is reported that the internal pores have no
contribution to the SAC of a porous concrete [55]. Hence, it was concluded that concretes
made with mollusk shell waste (2 to 7 mm particle size) increase the SAC by about 40%
with respect to the porous concrete containing natural aggregates only. [123]. For particles
of the same size, the sound transmission lost showed absorption of more than 4 dB at a
thickness of 12 cm. An improvement in the acoustic characteristics of the composites is
possible due to the pyrolysis of mollusk shells, resulting in a convoluted surface capable of
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effectively damping the sound wave [73]. This finding coincides with the study by Paridah
et al. [124] wherein the sound waves hitting the pores of a wall produce an acoustic wave
due to the dissipation of energy. Due to the porosity and tortuosity in the specimen, an
incident sound wave is produced, dissipated into sound energy due to internal friction,
and results in high SAC [125]. Logically speaking, large particles cause a reduction in the
energy dissipation due to its higher porosity, and hence, the absorption coefficient also
decreases. Hence, sizes up to 7 mm are crushed and allowed to be utilized [41,49]. Owing
to this, the SAC of a porous concrete is usually lower than a recycled concrete, mostly in
frequencies below 2000 Hz [123].
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5.9. Polymer Concrete

Arenas et al. [13] report that the activation solution in the geopolymerization of fly ash
has a considerable effect mainly on the strength parameters but not on acoustic properties.
However, according to Luna et al. [75], incorporating a higher amount of silica fume in the
mix and increasing the setting temperature leads to an increase in the open voids. In turn,
this reduces the compressive strength but increases the SAC. Similarly, Mastali et al. [59]
developed cinderblock alkali-activated concrete with significant acoustic characteristics for
the interior walls of buildings in residential areas. Stolz et al. [58] produced geopolymers
with a density of about 1000 kg/m3 as well as heat and sound insulation comparable to
the properties of the commercial existing options. In comparison to ordinary Portland
cement (OPC)-based composites, alkali-activated FC shows excellent acoustic absorption
characteristics [44]. Porous concrete was also found to exhibit average SACs higher than
0.5, at mid to high frequencies [83]. The alkali-activated FC was also observed to exhibit
good SAC (>0.5) at the same frequency levels as that of the porous concrete [59].

5.10. Foam-Glass Based Concrete

The use of foam-glass concrete (FGC) can also provide a good acoustic insulation
wherein the annealing step is not required, and the density can also be greater than
150 kg/m3 [126]. In fact, foamed-glass blocks of high costs can exhibit better aesthetics
for indoor acoustic insulation properties [127]. However, an FGC composite is a unique
material with good acoustic properties, with an almost unlimited service life [126,128–131].
The main reason for the insufficiently widespread use of foam glass in structures is not its
operational features, but the cost related with the technological features of its manufac-
turing. Glass fiber is widely used in cement materials, which do not show a considerable
improvement in sound absorption, but it improves sound reflection well due to the creation
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of a dense and low-porous structure [128,132–135]. Although significant studies have
investigated FGC, very few characterized its open and closed porosity in detail [136–138].
The majority of the available research focused only on the partially closed, open porosity,
closed porous with high density, or open porosity with lower-density FCs [139–141]. FGC
with open porosity is usually due to the use of a decomposition foaming agent that crys-
tallizes [139–144]. This type of concrete is produced using a replicate synthesis that was
obtained from organic foams, the sol–gel process, or inorganic gel casting [127,145,146].
Meanwhile, only a few studies are available on FGCs with closed porosity and a density
lower than 150 kg m−3 [139,147–152]. The SAC as a function of frequency containing 20%
glass and 80% GDL (sample 6 and 10) has also been studied (Figure 10) [127]. From this
study, it has been found that findings were insignificant at frequencies lower than 100 Hz.
Meanwhile, a few researchers observed that the SAC of glass foam is higher than rock wool
at medium to high frequencies [153–155]. This is mainly due to the porous nature of the
material. Since foam is composed of an open cell structure, it shows excellent performance
at a frequency range of 1250–3150 Hz [156]. Similarly, tortuosity also causes the SAC to
vary while in transit from an open cell structure to a fibrous one [157]. In addition, due to
the dimensional stability of FGC with open porosity, it is suitable as immovable acoustic
insulation elements or as a provision for catalysts [145].
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6. Building Components

Evaluation of the acoustic characteristics of the building elements allows you to deal
with the noise penetrating the premises and determine the degree of its impact [158,159].
Building acoustics study the transmission of sound (for example, the steps of people and
the noise of passing cars) through the walls and entrances of a building [158,160]. First,
sound is measured inside and outside the building, and then work is carried out in the room
to change the difference in the levels of reverberation and background noise [161,162]. In-
formation about noise (for example, about its frequency spectrum) allows you to effectively
deal with it, for example, using isolation and shielding [163,164].

6.1. Reinforced Concrete Wall System

A reinforced concrete wall has better sound-insulating properties than a brick of the
same thickness, because it is denser [96]. A thick concrete wall is better than a thin concrete
wall in terms of sound insulation [19]. However, in order for a single-layer reinforced
concrete wall to provide standard sound insulation for urban conditions, it is necessary
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to ensure that its thickness is more than 1 m, which is very expensive and significantly
reduces the internal space [165]. Therefore, the use of multilayer wall systems for building
facades is very relevant [166]. Figure 11 shows a clear model for the construction of RC
walls with extremely high acoustic insulation. Carefully selected layer thicknesses and
their sequence ensure a sound reduction index of up to 60 dB [167].
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with permission from ECOSISM [167].

6.2. Steel Plate Wall System

Good sound insulation properties are provided by wall systems using steel plates
and an air inner layer, which are called ventilated facades [168]. The system of ventilated
facades is not only an architectural solution, protection from adverse weather conditions,
and reliable thermal insulation, but it is also an optimal sound-insulating property (Sound
reduction index, Rw) that can be improved up to 15 dB [169]. One of the widely used
approaches in reducing airborne noise transmission is by the installation of a denser
acoustic mineral wool wall, as shown in Figure 12 [21]. This dense mineral wool slab shows
an excellent SAC and also acts as an additional layer to the structural concrete.

The insulation layer is usually installed in addition to the insulation quick, which
maintains the low-level coupling between the two skins. It also maintains the thermal
properties of the structural concrete. Meanwhile, the usage of a mineral wool acoustic wall
can compromise with the acoustic performance due to its higher degree of coupling [98].
However, the additional mass provided by the acoustic mineral wool wall can reduce the
impact noise propagated through the structure during rains [21].
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6.3. Masonry Wall System

The compositional nature of the construction of the three-layer facade, combined
with a brick wall, allows combining materials with excellent sound-absorbing and sound-
reflecting properties (Figure 13) [170,171]. The mineral wool layer located inside has good
sound absorption, which reduces the noise load by more than two times (TL and Rw),
especially from low-frequency sounds [172,173].
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6.4. Concrete Sandwich Panels

A study by Frazao et al. [175] developed innovative structural panels, a combination
of sisal fiber–cement composite as the thin outer layer, and a polypropylene-reinforced
lightweight concrete as the base layer. Such multilayer composition makes it possible to
efficiently perform sound-insulating functions by distributing sound-absorbing and sound-
reflecting functions between the layers. Experimentally determined layer thicknesses
and their sequence provide a sound reduction index Rw up to 50 dB [175]. Cuypers and
Wastiels [176] made sandwich panels with outer layers of textile-reinforced concrete. Due
to the fact that textile concrete is a light type of concrete, this allows for the creation of the
effective sound absorption of a wave’s incident on the wall, both outside and inside. In
this case, the sound reduction index Rw of the developed design is 45 dB. Good acoustic
properties (Rw = 40 dB) are predicted for multilayer panels with corrugated steel surfaces
and a core of plain or reinforced foam, as developed by Flores-Johnson and Li [177].
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6.5. Reinforced Concrete Slab System

In urban apartment buildings, ensuring the sound insulation of floors between floors
is of great importance [63,178]. To do this, it is necessary to lower the level of impact
noise through the usage of various damping additives in the ceiling, for example, rub-
ber [179]. The transmission of impact sound through hard-walled ceilings is greatly
increased (Rw = 45 dB); therefore, rigid joints must be avoided [180,181].

Traditionally, hollow concrete slabs are utilized to lower the volume of concrete in the
slab and to minimize its own weight; however, in this case, the resistance to impact noise is
reduced (Rw = 36 dB) [182]. This is due to the fact that, unlike wall structures, the sounds
of steps, moved furniture, etc., which are effectively extinguished by massive structures,
are transmitted through the ceilings [183]. Al-Rubaye et al. [184] developed a hollow
composite reinforcing system with four flanges with an aim to enhance the adhesion of
concrete, stabilize holes in concrete elements, and improve sound insulation performance
(Rw = 43 dB). It is also reported that the built-up system of Cobute precast slab (Figure 14)
had a 50% reduction on self-weight, dramatically assisted with services distribution, and
effectively contributed acoustic insulation (Rw = 40 dB) [185].
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6.6. Steel–Concrete Composite Floorings

In comparison to reinforced concrete slabs, composite floor systems offer a more
economical solution (Figure 15) [186]. The constituent structural elements of the reinforced
concrete slabs can optimize the strength and performances of the steel and the concrete
as well. However, due to the connection of the rigid system “reinforced concrete slab–
steel beam”, impact and structural noise quite easily find their way to the lower floor. To
improve the acoustic characteristics of the floors, various modifications of these compos-
ites have been developed, such as slim floor beams [187], Thor and Delta beams [188],
composite slim floor beam [189,190], iTECH composite beams [191], and Ultra-Shallow
Floor beams [192–194] are the other few composite flooring systems used. Some of these
composite flooring systems use a profile steel sheet or small mesh beam [187,188,195]. This
provides a better sound insulation to the floor (Rw = 30–50 dB).
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7. Conclusions

Under the conditions of the current world development, noise pollution associated
with population growth and industrial development is the main problem faced by people
living mainly in municipal areas. This condition highlights the importance for long-term
research of new energy materials that can reduce the acoustic power of a sound wave as
a result of absorption and reflection. From the literature reviewed, it is found that each
construction material has a different NRC and fundamentally relies on its density. However,
to avoid sound waves, in any building materials, as far as possible, mass is required—that
is, high-density materials, such as bricks, are best suited for partitions, while cellular
concrete is lightweight and inferior to bricks in sound insulation of wave noise. However,
it is imperative to note that regarding the structural noise of lower frequency, a cellular
concrete isolates better than brick. The construction industries worldwide have started
to mainly use the sound-absorbing concrete to reduce the level of sounds in opened and
closed areas and increase the amount of sound insulation.

To increase sound insulation, wall structures should be designed as multilayer, includ-
ing with the use of air gaps. Slab floorings that work as absorbers of structural noise should
be designed using damping components, such as chopped rubber, and it is also necessary
to prevent rigid “sound bridges”. It is proposed to expand the range of measured acoustic
characteristics by expanding the lower boundary of the frequency range from 100 to 20 Hz.

However, it is obligatory to consider all structural parameters and design character-
istics, when designing concrete structures, such as acoustic insulation property. This is,
in particular, to ensure comfortable living conditions for people in residential premises,
including acoustic comfort. Different types of concrete behave differently as sound con-
ductors; especially dense mixtures are superior sound reflectors, and light ones are sound
absorbers. It is found that the level of sound reflection in modified concrete highly relies
on the type of aggregates, distribution and size of pores, and changes in concrete mix
design constituents. The sound absorption of AIC can be improved by forming open pores
in concrete matrices by either using a porous aggregate or foam agent. To this end, this
article reviews the noise and sound transmission in buildings, types of acoustic insulating
materials, and the acoustic properties. This literature study also provides a critical review
on the type of concretes, the acoustic insulation of buildings and their components, and
the assessment of sound insulation of structures, as well as synopsizes the research devel-
opment trends to generate comprehensive insights into the potential applications of AIC
as an applicable material to mitigate noise pollution for increase productivity, health, and
well-being. Nevertheless, AIC is deemed as one of the superior materials that should be
used in the building constructions, in particular, concert halls, cinemas, theatres, music
venues, etc. Several further research investigations are recommended for the production of
renewable and green concrete composite;

• New applications of AIC are worth exploring and can be found; for example, EPS-
based concrete can be produced as a class of innovative lightweight soundproof
concrete.
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• To further study the potential use of modified concrete to develop high-sound insula-
tion performance concrete.

• To increase the acoustic insulation performance of AIC in a hardened state using
ecofriendly materials.

• To further extend the possible utilization of AIC in the building construction with a
sound-insulated system and future sustainable cities with reduced noise and sound
transmission.

Author Contributions: Conceptualization, R.F., and M.A.; methodology, M.A., R.F., and N.V.; valida-
tion, R.F., M.A., T.O., N.V., Y.V. and V.L.; resources, M.A., R.F., and N.V.; data curation, M.A., R.F.,
Y.V., T.O., and V.L.; writing—original draft preparation, M.A., and R.F.; writing—review and editing,
M.A., R.F., N.V., Y.V., V.L. and T.O.; supervision, M.A., and R.F.; Visualization, N.V., Y.V., T.O., and
V.L.; Revision, T.O.; project administration, R.F., M.A., and N.V.; funding acquisition, M.A., N.V., and
Y.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research is partially funded by the Ministry of Science and Higher Education of the
Russian Federation as part of World-class Research Center program: Advanced Digital Technologies
(contract No. 075-15-2020-934 dated 17.11.2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: The authors gratefully acknowledge the financial support by Deanship of
Scientific Research at Prince Sattam bin Abdulaziz University, Alkharj, Saudi Arabia, the Peter the
Great Polytechnic University, Saint Petersburg, Russia, and the cooperation of the Department of
Civil Engineering, Faculty of Engineering and IT, Amran University, Yemen, for this research.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AIC Acoustic insulation concrete
CR Crumb rubber
CRC Crumb rubber concrete
EPS Polystyrene granules
FA/GGBS Fly ash/Ground granulated blast furnace slag
FC Foam concrete
FCR Fiber crumb rubber
FGC Foam glass concrete
GDL Brown algae, D-Gluconic acid δ-Lactone
GFC Geopolymer foam concrete
ID Identifier
LWA Lightweight aggregate
LWC Lightweight concrete
NRC Noise reduction coefficient
OPC Ordinary Portland cement
RC Reinforced concrete
Rw Sound reduction index
SAA Sound absorption average
SAC Sound absorption coefficients
TL Transmission loss
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Abstract: Natural fiber-filled polymers offer good mechanical properties and economic
competitiveness compared to traditional materials. Wood flour is one of the most widely used
fillers, and the resulting material, known as wood plastic composite (WPC), has already found a wide
applicability in many industrial sectors including automotive and building construction. This paper,
as a followup of a previous study on a numerical-based approach to optimize the sound transmission
loss of WPC panels, presents an extensive numerical and experimental vibro-acoustic analysis of
an orthotropic panel made out of WPC boards. Both structural and acoustical excitations were
considered. The panel radiation efficiency and its transmission loss were modeled using analytic and
semi-analytic approaches. The mechanical properties of the structure, required as input data in the
prediction models, were numerically determined in terms of wavenumbers by means of finite element
simulations, and experimentally verified. The accuracy of the predicted acoustic performances was
assessed by comparing the numerical results with the measured data. The comparisons highlighted a
significant influence of the junctions between the WPC boards, especially on the panel’s transmission
loss. The radiation efficiency results were mostly influenced by the boundary conditions of the
plate-like structure. This latter aspect was further investigated through a finite element analysis.

Keywords: wood plastic composite; transmission loss; radiation efficiency; orthotropic panel;
wavenumber analysis

1. Introduction

The building construction industry is responsible for a significant amount of CO2 global emissions
and energy consumption. Taking climate actions within this sector can be very effective, even though,
as shown in the 2019 Global Status Report on buildings and construction [1], the final energy demand
in buildings is still rising. The strategic actions that should be undertaken in order to pursue the
decarbonization of the building and construction industry span from increasing the use of renewable
energy sources, to installing more efficient heating, cooling, and ventilation systems, but it also
involves the development of innovative materials or bio-based solutions with a reduced impact on the
environment. In order to be competitive against traditional systems, such innovative solutions need to
be optimized both in terms of performances, as well as in their manufacturing process, other than being
economically sustainable. The use of thermal and acoustical insulating systems involving natural
or recycled materials is only at an early stage and still limited, as depicted by the state-of-the-art
published a few years ago [2]. Nevertheless, natural fibers may represent a relatively inexpensive and
valuable alternative to traditional synthetic thermal or sound insulation materials [3]. In fact, as was
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shown in a recently published paper [4], with an appropriate manufacturing process, it is possible to
obtain natural hemp-based fibrous materials with a sound absorption coefficient comparable to the one
provided by traditional synthetic fibrous materials. Besides, natural fiber-filled polymers offer both
good mechanical properties and economic competitiveness compared to traditional materials. Among
natural fibers, wood flour is one of the most widely used fillers, mainly because of its wider availability.
The resulting material is usually known as wood plastic composite (WPC) [5]. The optimum properties
are obtained using a wood fiber filling level of about 50 wt.%, the fibers possessing an aspect ratio of 10
or higher and using an amount of coupling agent around 4 wt.% [6,7]. As found in recent studies [8,9],
the use of polypropylene as the matrix would improve the mechanical properties of WPC systems.
However, it would also result in a more difficult processing and characterization [10,11]. In fact, the
use of polyethylene allows for a lower processing temperature, reducing the risk of degrading the
wood fiber [12]. WPC boards and panels are already widely involved in external flooring and decking,
thanks to a better outdoor durability also in a wet environment compared to natural wood. WPC
components also find wide application in the automotive industry [13]. Moreover, WPC systems can
also be used in building construction applications [14] such as roofing systems, walls, and façades,
or again as sound barriers. Due to the increasing interest in such a composite material, in the last
few years, several studies have been published, investigating for example the influence of different
wood fibers or of different types of matrix [15] or proposing the optimization and improvement of the
mechanical or thermal properties of WPC systems [16,17].

As a followup to a previous study [18], which proposed a numerically-based approach to optimize
the sound insulation performance of WPC panels, this paper presents an extensive numerical and
experimental vibro-acoustic analysis of an analogous structure, increasing the knowledge on its
dynamic response to a structural or acoustic excitation. The structural wavenumbers obtained from
finite element (FE) simulations were used as input data for analytical and semi-analytical computational
models to predict the panel radiation efficiency and its transmission loss (TL). The accuracy of the
predicted results was assessed by comparing the numerical and measured data. The aim of this work
is not limited to the presentation of computationally efficient approaches to investigate orthotropic
plate-like structures, but especially to highlight and explain the discrepancies that are likely to be
found between the predicted performance and the one observed in real structures. In the next section,
the considered WPC element is described. In the same section, the numerical models implemented to
characterize the elastic properties of the structure and to investigate its acoustic performance, both in
terms of radiation efficiency and TL, are briefly introduced. Section 3 describes the experimental setup
and the measurements performed on a WPC panel. Numerical results are presented, discussed, and
validated, by comparison with experimental data, in Section 4.

2. Materials and Methods

The test panel was made of extruded WPC boards of high density polyethylene (HDPE) filled
with 50 wt.% of wood fibers from pine sawdust, with a density ρ = 1316 kg/m3, manufactured by
Iperwood srl (Ferrara, Italy). The material’s static elastic modulus, E = 5.4 GPa, was determined from
the frequency response function (FRF) of a clamped-free homogeneous bar of the WPC material, excited
by an impact hammer [18], by means of a resonant approach based on Oberst’s beam method [19]. The
geometry of the 22 × 145 mm2 cross-section of the tested hollow boards is shown in Figure 1. These
extruded boards were used to build a WPC panel, as clearly explained in the following part of the
paper.
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Figure 1. Cross-section of the tested wood plastic composite (WPC) boards. Dimensions are given
in mm.

2.1. Characterization of the Panel’s Elastic Properties

The bending stiffness of a plate-like structure is required as input data in several vibro-acoustic
models. For the considered WPC components, this was investigated in terms of the wavenumbers of
the structural waves, by means of a well-established wave-correlation approach. This required the
evaluation of the dynamic response of the tested structure, usually due to a broadband excitation,
along a line or over a grid of equally distributed points. This method was implemented in the
form known as inhomogeneous wave correlation (IWC) [20–22]. A correlation function between a
mono-dimensional inhomogeneous plane propagating wave, defined as o (kx) = exp (−jkx,r + kx,i) x,
and the vibrational field evaluated on the structure w̃ (ω, xi), can be expressed as:

F (ω, kx) =
∑i w̃ (ω, xi) o∗ (kx)∆x

√

∑n |w̃ (ω, xi)|2 ∆x ∑n |o∗ (kx)|2 ∆x
(1)

where ω is the angular frequency, ∆x represents the spacing expressed in meters between two adjacent
evaluation positions, while kx,r and kx,i represent the real and the imaginary components of the
complex wavenumber kx, the symbol ∗ is used to indicate the complex conjugate, and j indicates
the imaginary unit. The wavenumber dispersion relation is identified by maximizing the function
F (ω, kx) given in Equation (1). The wave-correlation-based approaches allows investigating elastic
and viscoelastic materials in a broad frequency range [23–26]. Moreover, it could be convenient to fit
the evaluated wavenumbers with an analytical dispersion relation. In this case, the one derived form
Mindlin’s theory for thick plates [27] was used:

k4 −
[

k2
L +

(

kT

κ

)2
]

k2 − k4
B +

(kLkT)
2

κ2 = 0 (2)

where kL, kT , and kB represent the wavenumbers for longitudinal, transverse, and pure bending waves,
respectively:

kL = ω

√

ρ(1−ν2)
E ; kT = ω

√

ρ
G ; kB =

√
ω 4
√

µ
D

(3)

The apparent elastic properties of the structure, E and G, are the fitting variable; ν represents the
structure’s Poisson ratio, D its effective bending stiffness, and ρ and µ its equivalent density and mass
per unit of area, respectively. The coefficient κ, introduced to account for the non-uniform distribution
of shear stress over the cross-section, can be computed from Poisson’s ratio ν, as described in [28,29].

The dynamic response of the WPC components was initially investigated by modeling an extruded
beam in an FE framework, by using the software COMSOL Multiphysics®, as shown in Figure 2a). WPC
panels are constituted of beams assembled and joined together. Due to their geometric configuration,
these panels may exhibit an orthotropic behavior. Therefore, it was necessary to also investigate the
orthogonal direction, in which a plate would be made by laterally-jointed sections of extruded boards,
as shown in Figure 2b). The junction between two adjoined boards was simplified by imposing a
continuity condition at the interface surface. The 3D models for the considered beams were meshed
ensuring that the maximum element size was ten times smaller than the wavelength associated with
the highest investigated frequency. The beams were excited by a broadband boundary load applied
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in the vertical direction, as shown in Figure 3 by the velocity levels of the vertical component. The
vibration field was evaluated over a line of points, evenly spaced 2 cm from one another.

c)a)

b)

Figure 2. FE model of the tested WPC components: (a) x-wise wave propagation analysis: model of an
extruded board; (b) y-wise wave propagation analysis: model of sections of boards coupled together;
(c) model of the considered plate.
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Figure 3. Vibration velocity levels of the vertical component of the vibration velocity computed from
the FE models and averaged over the beams’ surface.

2.2. Plate’s Radiation Efficiency

The real part of the radiation impedance of a vibrating structure, normalized with respect to the
acoustic impedance, represents its radiation efficiency σ. This is a non-dimensional vibro-acoustic
descriptor that quantifies the capability of the structure to convert vibrational energy into acoustic
energy as sound waves. It is particularly convenient to evaluate such a descriptor in order to assess the
acoustic performance of a vibrating structure excited by mechanical sources. The radiation efficiency of
the considered orthotropic WPC panel was computed by means of two different approaches. Firstly, the
radiation efficiency was computed with a modal approach assuming the WPC panel as an equivalent
thin orthotropic panel with simply supported boundaries and inserted into a infinite rigid baffle. The
effect of fluid load was neglected. These very same assumptions on the plate configuration were also
used to evaluate the modal-average radiation efficiency, considering a high modal density within the
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entire investigated frequency range. Both models take into account the orthotropic behavior of the
WPC panel by means of a direction-dependent bending stiffness, which is defined as:

D (φ) = Dx cos4 φ + 2Dxy cos2 φ sin2 φ + Dy sin4 φ (4)

The angle φ represents the azimuthal angle of propagation of the structural wave. Dx and Dy are
the bending stiffnesses associated with the plate’s principal directions. Dxy is the effective torsional
stiffness. In this case, the orthotropic bending stiffness given in Equation (4) was approximated by
assuming Dxy ≈

√

DxDy. Thus, it was possible to compute an effective bending stiffness Di along the
ith principal direction from the wavenumbers ki obtained from numerical models as described in the
previous section:

Di (ω) =
ω2µi

k4
i (ω)

; i = x, y (5)

The characterization of the elastic properties of the structure through the effective bending
stiffness, given in Equation (5), allows compensating for the effects of shear deformation and rotatory
inertia, neglected by the thin plate theory, which, however, may affect the plate’s response at high
frequencies. For all the details regarding the implemented equations, please refer to the work of Santoni
et al. [30], in which the two models were developed in order to calculate the radiation efficiency of
orthotropic cross-laminated timber panels.

It has already been proven that these two models are computationally efficient and provide
accurate results for a thin orthotropic plate with simply supported boundaries. However, such a
restraint condition is hardly feasible in real structures, which often present more complex boundary
conditions. Therefore, we also investigated the radiation efficiency of the WPC panel by means of
an FE model, using the software COMSOL Multiphysics®, allowing considering different boundary
conditions. The plate, with a radiating surface S = 0.73 × 0.73 = 0.533 m2, was modeled coupling
together five WPC boards by imposing a continuity condition at the interface surfaces. The mesh
was generated in order to guarantee that the maximum element size was ten times smaller than the
wavelength associated with the highest investigated frequency. A point force was applied in the
position with coordinates x f = 0.65 m and y f = 0.70 m. The radiation efficiency was computed from
the vibration velocity field evaluated over a uniform grid of points, spaced 5 cm from one another, by
using a well-established hybrid approach know as the discrete calculation method [31]. This approach,
assuming radiation in the free-field, combines the complex vibration velocity, evaluated over the
surface of the considered structure, with the analytical computation of the radiation impedances.
Therefore, the results obtained for the simply supported plate were directly comparable with the
radiation efficiency analytically computed with the modal approach.

2.3. Plate’s Transmission Loss

When a structure is excited by an acoustic field rather than a mechanical force, it is convenient to
evaluate its acoustic performance in terms of sound transmission loss (TL). Sound transmission through
the considered WPC panel was computed by means of the transfer matrix method (TMM) [32], an
easily implementable approach with wide-ranging applicability to model wave propagation through
laterally infinite media of different natures. The WPC plate was modeled as a single thin orthotropic
layer [33,34], characterized by the wave impedance:

Z (ω, φ) = jωµ

(

1 − D (φ) k4
t

ω2µ

)

, (6)

The orthotropic bending stiffness D (φ) is given in Equation (4), where kt is the trace wavenumber
defined as kt = k0 sin θ, with k0 the acoustic wavenumber and θ the angle of incidence of the acoustic
plane wave exciting the structure. The structure modeled within the TMM was assumed to be laterally
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of infinite extent; modal resonances and the diffraction effect caused by the finite dimension of real
structures were not considered. Since sound transmission below the first coincidence is governed by
forced vibration and modal resonances, such assumption may cause a significant lack of accuracy at
low frequencies. However, the results could be improved by considering the non-resonant radiation
efficiency of the finite size panel, as described by Villot et al. [35]. Other different formulations have
been proposed to compute such a non-resonant radiation efficiency [36,37]; in particular in this case, the
one developed by Rhazi et al. [38] was applied. Assuming a random incidence diffuse field excitation,
the WPC plate’s sound transmission loss is determined for each angular frequency ω as:

TL (ω) = −10 log

∫ 2π
0

∫ π/2
0 τ (ω, θ, φ) sin θ cos θ dθdφ
∫ 2π

0

∫ π/2
0 sin θ cos θ dθdφ

(7)

where τ (ω, θ, φ) is the sound transmission coefficient computed for each frequency ω with the TMM
and eventually corrected with the non-resonant radiation efficiency of the finite size plate. It is also
dependent on the angle of incidence of the impinging plane wave θ and the azimuthal angle φ.

3. Experimental Investigation

In order to validate the results computed from the prediction models and the numerical
simulations described in the previous section, a WPC plate was experimentally investigated. A
rectangular panel, with a radiating surface with the same dimensions considered in the numerical
models: Lx = 0.73 m, Ly = 0.73 m and h = 0.022 m, was mounted into the testing window between
the reverberant room and the semi-anechoic chamber of the University of Ferrara. The plate was
realized joining together six WPC boards by means of high-density elastic putty, with a measured
density of about ρputty = 2400 kg/m3. The panel was secured by drilling holes in some of the boards
and installing a wood frame fixed with threaded bolts. Since mechanical fixings were not employed to
join the WPC beams, a significant amount of elastic putty was used to build the panel. It was applied
both on the beams’ junctions, through their entire thickness, and on the panel edges in order to keep
the panel in place and especially to prevent any sound leakage. Figure 4 provides some photos of
the experimental setup. Moreover, a digram of the junction between two WPC boards is shown in
Figure 4e). Even though the presence of the elastic putty was neglected in the numerical model, by
assuming a continuity condition between adjacent boards, it certainly influenced the wave propagation.
Nevertheless, due to an obvious complexity and to the lack of knowledge of the material properties, it
was not possible to quantify these effects accurately. However, as will be shown in the next section, it
was possible to evaluate the effect of the additional mass, introduced by the elastic putty, on the panel
dynamic response.
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Figure 4. Pictures of the experimental setup used to investigate the WPC response to both a mechanical
and an acoustic excitation: (a) panel view from the exciting side (reverberant room); (b) panel view
from the receiving side (semi-anechoic room); (c) detail of the mechanical excitation; (d) details of the
elastic putty layer applied to join the WPC boards vertically; (e) digram of the junction between two
WPC boards.

The plate was mechanically excited by means of an electro-dynamic shaker B&K Type 4809 driven
with a white noise signal. The shaker was suspended with rubber bands on the reverberant room side
and rigidly fixed by gluing the stinger termination to the WPC plate, in the position x f = 0.65 m and
y f = 0.70 m, according to the system shown in Figure 4, in order to replicate the numerical model. To
evaluate the structural wavenumbers propagating along the two principal directions experimentally,
the electro-dynamic shaker was driven with a broadband sine-sweep signal, from 50 Hz to 6000 Hz. The
vibrational field was measured by means of miniature accelerometers PCB 352C22 with a sensitivity of
10 mV/g, along two orthogonal lines of points, evenly spaced 2 cm from one another, aligned with the
excitation position. The impulse response of each measured point with respect to the reference signal
was determined by means of the convolution technique. More details on this experimental approach
can be found in [25]. Moreover, the vibration field on the panel’s surface, due to a structure-borne
white noise excitation within the frequency range 50 Hz–10 kHz, was also measured over a grid of
points with a spacing of 5 cm, in order to evaluate the radiation efficiency of the WPC plate by means
of the discrete calculation method, already introduced in the previous section. So as to have a constant
phase relationship between non-simultaneous measurement, a reference transducer was placed on the
shaker stinger termination. The vibration velocity was derived by dividing the measured acceleration
by the factor jω, within the frequency domain.

In the reverberant room, which had a volume of 250.7 m3, three omnidirectional sound sources
were separately driven by a unrelated stationary white noise, and the average sound pressure level
Lp was measured using six microphones placed in different positions. The receiving room had
highly absorbing lateral walls and ceiling and a reflective floor. The average sound intensity Li was
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measured inside this room at a distance of approximately 10-15 cm from the panel, by a manual
scanning procedure using a B&K 3547 sound intensity probe. The plate’s sound transmission loss was
determined from such quantities according to the ISO 15186-1:2003 Standard [39].

4. Results

A first comparison was made between the wavenumbers evaluated from the FE beam models,
introduced in Section 2, and the experimental data measured on the WPC plate, as described in the
previous section. Figure 5a) presents the wavenumbers, along the principal directions x and y, directly
determined by maximizing the inhomogeneous wave correlation function, given in Equation (1),
and the fitted curve obtained using Mindlin’s dispersion relation given in Equation (2). A rather good
agreement was found between the numerical and experimental wavenumbers determined along the
x-direction. On the other hand, above 2000 Hz, the experimental wavenumber measured along the
y-direction was significantly higher than the wavenumber computed from the FE model. According to
the results determined from the FE model, along the x-direction, the first coincidence frequency fell
between 1100 Hz and 1400 Hz, consistent with what was found from the experimental wavenumbers.
While along the y-direction, the first coincidence frequency was found around 1900 Hz from the
numerical model, it shifted up to approximately 3000 Hz according to the experimental wavenumbers
measured on the WPC plate. The increase of the structural wavenumber, which corresponded to a
reduction of the bending stiffness, was caused by the mass added to the structure by the elastic putty,
which was not considered in the numerical model. The presence of this material, used to join the WPC
boards vertically, strongly affected the y-direction of propagation, while its influence was negligible
along the x-direction. In fact, as shown in Figure 5b), the structural wavenumbers obtained along the
y-direction from the FE model by considering the additional mass of the elastic putty were in rather
good agreement with the experimental results.
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Figure 5. Wavenumbers determined numerically (FEM) and experimentally (Exp). (a) Comparison
between the structural wavenumbers along the principal directions of the orthotropic WPC panel
and the acoustic wavenumber; (b) wavenumbers determined along the y-direction considering the
additional mass of the elastic putty.

It should be noted that the way in which the boards were coupled in order to realize a plate-like
structure was suitable for laboratory conditions, but it would never be implemented in practical
structures, for which the junctions need to be properly and conveniently designed. However, it is
interesting to evaluate how the discrepancies observed between the numerical and the experimental
wavenumbers, when the junctions were not considered, may affect the prediction of the acoustic
performance of the structure. Therefore, the radiation efficiency and the transmission loss of the WPC
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panel computed using as input data the numerical wavenumbers, obtained from the FE models, were
compared both with the results computed from the experimental wavenumbers and with the radiation
efficiency and the TL measured in the laboratory. As shown in Figure 6, the TMM provided a good
approximation of the experimental TL, except in the lowest frequency bands, were the panel response
was governed by structural modes, which were not considered in the TMM framework. At the higher
frequencies, using the experimental wavenumbers as input data certainly offered a better accuracy. In
fact, compared to the results computed from the FE-based wavenumber, the coincidence region was
better represented. The mass added to the system tended to reduce the stiffness above 2000 Hz. As
already mentioned, this shifted the first coincidence towards higher frequencies. Moreover, it allowed
better approximating the TL above the critical frequency. In fact, the experimental wavenumber
increased with the frequency at a higher rate, with values that were close to the acoustic wavenumber
in a wide range of frequencies. For this reason, the experimental wavenumbers allowed for a better
prediction of the plate’s TL, which exhibited a wider coincidence region. Figure 6 also reports the
TL computed using the wavenumbers determined from the FE model in which the added mass was
considered along the y-direction, obtaining a greater accuracy above the critical frequency.
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Figure 6. Transmission loss (TL) of the WPC sandwich plate in 1/3-octave bands. Comparison between
the results computed by means of the transfer matrix method (TMM) using as input data the structural
wavenumber TLTMM,k j

and the experimental data TLExp.

An analogous comparison was made between the radiation efficiency measured in the laboratory
and the modal-average radiation efficiency computed from numerical and experimental wavenumbers,
as reported in Figure 7. Even though some of the effects described for the plate’s TL also characterized
sound radiation, the comparison in terms of radiation ratio Lσ = 10 log σ, given in Figure 7, highlighted
more severe discrepancies between computed and numerical results. In fact, the effect of the added
mass was limited to a wider and a less sharp peak associated with the coincidence region, obtained
from the numerical wavenumbers. A slightly better accuracy could be obtained by taking into
account the effect of the added mass in the numerical model employed to determine the structural
wavenumbers, even though a significant deviation could still be observed. Thus, the effect of the mass
added by the elastic putty along the junctions did not explain why above 2000 Hz, a substantially
lower radiation ratio was experimentally determined. Both radiation efficiency models, introduced in
Section 2, assumed simply supported boundary conditions. Although this assumption allowed for
a computationally efficient model, such a condition is difficult to realize in practice. The boundary
conditions of the tested WPC panel were rather complex and difficult to reproduce with a numerical
model. However, it was possible to investigate their influence on sound radiation analyzing the
radiation efficiency obtained by means of the DCMfrom the vibration velocity distribution evaluated
using an FE model of the plate with several boundary conditions: SS-SS indicates that all the edges are
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simply supported (this condition is directly comparable with the modal-based analytic formulation);
FF-FF indicates that all the edges are free; SS-FF indicates that the left and right edges are simply
supported and the top and bottom edges are free; FF-SS indicates that the left and right edges are free
and the top and bottom edges are simply supported.
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Figure 7. Radiation ratio of the WPC panel in 1/3-octave bands. Comparison between the results
computed using as input data the structural wavenumber, determined from FE model Lσ,kFEM

, or
experimentally Lσ,kexp

, and the experimental data Lσ,Exp.

As shown both in narrow frequencies and in one-third octave bands in Figure 8, the radiation
ratio obtained from the FE model with simply supported boundary conditions Lσ,FEM,ss−ss was in
good agreement with the analytical model fed with the numerical structural wavenumbers as input
data Lσ,kFEM

. The peak exhibited by the ration ratio at the lowest frequencies seemed to indicate that
the simply supported condition was a good approximation of the edge fixing of the installed plate.
However, as the frequency increased, the experimental radiation ratio was better approximated by
the free-edge condition or by a combination of free and simply supported edges. In fact, as already
found in other studies [40], decreasing the degree of restraint at the edges reduced the radiation
efficiency of the panel. The restraint at the plate’s edges was provided by a wood frame fixed with
threaded bolts. Strips of a resilient viscoelastic material were interposed between the wood frame
and the WPC panel along its perimeter, to prevent sound leakages. Results showed that, at low
frequencies, the cross-section of the plate at the border was able to rotate, but the horizontal motion
was prevented. However, as the frequency increased, the restraint to the horizontal motion provided
by the experimental setup decreased, allowing, at least to some extent, the cross-section of the beam to
move back and forth.
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Figure 8. Influence of the boundary condition of the radiation ratio. Comparison between the
modal-based analytical approach and the data obtained from FE simulations. (a) Radiation ratio
narrow frequency bands; (b) radiation ratio 1/3-octave bands.

5. Conclusions

This paper presented a vibro-acoustic analysis of a WPC orthotropic panel, in which the predicted
results were compared with measured data. The sound transmission loss and the radiation efficiency
of a WPC panel were computed by means of analytical and semi-analytical models. The input data
for these models were the structural wavenumbers associated with the plate’s principal directions,
obtained from FE simulations. A first validation, performed comparing the numerical wavenumbers
with experimental results, highlighted a significant deviation along the direction over which the
extruded boards were joined. In fact, the additional mass introduced onto the plate surface by the
high-density elastic putty used to join the WPC boards strongly affected wave propagation along the
vertical direction, emphasizing the orthotropic behavior of the panel. Even though the predicted TL
approximated with satisfying accuracy the general trend of the experimental data, it was found that a
better accuracy could be reached by using as input data the experimental TL, taking into account the
effects of the added mass. These findings highlighted the importance of a proper design of the junction
systems of real plate-like WPC structures; a convenient optimization of these joints might represent a
possibility to further increase the vibro-acoustic performance of the system. The radiation efficiency
obtained from analytical models was found to overestimate the experimental results. By means of an
FE analysis, it was shown that the deviation between the predicted and measured radiation efficiency
was caused by the real boundary conditions of the WPC panel, which were not simply supported
as assumed by the analytic models. However, the employed analytical models represented a quick
investigation tool for a preliminary evaluation of the radiation efficiency of the structure with simply
supported boundaries, which perfectly matched the FE results. If required, it was possible to obtain a
higher accuracy by means of numerical approaches, taking into account the real fixing condition of the
plate’s edges, when these could be modeled.
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Abstract: Compressible Constrained Layer Damping (CCLD) is a novel, semi-active, lightweight-
compatible solution for vibration mitigation based on the well-known constrained layer damping
principle. The sandwich-like CCLD set-up consists of a base structure, a constraining plate, and a
compressible open-cell foam core in between, enabling the adjustment of the structure’s vibration
behaviour by changing the core compression using different actuation pressures. The aim of the
contribution is to show to what degree, and in which frequency range the acoustic behaviour can be
tuned using CCLD. Therefore, the sound transmission loss (TL), as an important vibro-acoustic index,
is determined in an acoustic window test stand at different actuation pressures covering a frequency
range from 0.5 to 5 kHz. The different actuation pressures applied cause a variation of the core layer
thickness (from 0.9 d0 to 0.3 d0), but the resulting changes of the stiffness and damping of the overall
structure have no significant influence on the TL up to approximately 1 kHz for the analysed CCLD
design. Between 1 kHz and 5 kHz, however, the TL can be influenced considerably well by the
actuation pressure applied, due to a damping-dominated behaviour around the critical frequency.

Keywords: sound transmission loss; semi-active damping; sandwich panel; morphing structure;
compressible constrained layer damping; composite materials

1. Introduction

Fibre-reinforced plastics (FRP) are increasingly used in everyday products. In particular, the use
of FRP with glass and carbon fibres as reinforcing materials has spread from the aerospace sector,
via automotive engineering and medical technology, to general mechanical engineering due to their
excellent mechanical properties at low weight [1]. Considering that mass, stiffness and damping
are coupled design variables of FRP, the lightweight oriented design often causes a problematic
vibration susceptibility of the developed components. The consequences of component vibrations
range from the subjective feeling of a low-quality component, to actual noise exposure to the failure
of the component under high dynamic loads. In order to avoid potential environmental and health
issues as well as damage-relevant or function-impairing amplitudes caused by vibrations, systems
for health monitoring [2,3] and solutions for vibration mitigation were developed. The latter can be
passive, semi-active or active damping treatments [4–13]. Most of these damping concepts achieve
very good results. However, the overall implementation costs of semi-active, and especially active,
damping systems are still high. Moreover, the additional mass of structure-integrated and peripheral
hardware is a major drawback for many applications [14]. As part of their current research, the authors
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are pursuing a novel approach to combine the two requirements—lightweight design and efficient
adjustable damping—for a new generation of lightweight structures.

1.1. Operating Principle of Compressible Constrained Layer Damping

For the adaptation of the dynamic behaviour, the authors have already proposed an original
concept of Compressible Constrained Layer Damping (CCLD) in previous publications [15–18].
CCLD is an extension of the well-known Constrained Layer Damping (CLD) design, where the usually
incompressible viscoelastic damping layer, is replaced by a compressible one, which is able to undergo
compression and expansion in thickness direction. The adaptation principle of CCLD is therefore based
on the pressure-controlled thickness variation of the viscoelastic core layer (Figure 1). While the storage
and loss shear modulus of the viscoelastic layer G′ and G′′, which affect the damping performance
significantly, as well as the thickness of the viscoelastic layer are constant in CLD, they depend on the
actuation pressure p in the case of CCLD.

—
—

–

′ ′′

𝛾

 

(a) (b) 

’

Figure 1. Illustration of the Compressible Constrained Layer Damping (CCLD) principle: (a) set-up
without bending; (b) under vibration.

The adjustable viscoelastic properties of the core layer, as well as the altering of the shear
deformation amplitude, γ̂, by variation of the core layer thickness, d, finally lead to a simple yet efficient
adaptation of the dynamic behaviour of the overall system. The actual damping mechanism is based,
as in CLD, on the shear deformation induced within the constrained damping layer. The actuation
pressure could be provided, e.g., by hydraulic fluid, compressed air, or vacuum. However, in the
present paper, only vacuum actuation will be considered.

In a previous publication [15], the authors have analysed the mobility (ratio of vibration velocity
to excitation force) of a composite plate with CCLD in a lower acoustical frequency range. In this case
of force excitation, which is relevant, e.g., in mechanical engineering, a complex, frequency-dependent
control of the CCLD can significantly reduce the surface velocities, and thus the radiated sound power.
In the present contribution, the sound absorbing ability of a CCLD-equipped plate is investigated.

1.2. Sound Transmission Loss of Sandwich Structures

The sound transmission loss (TL) is an important vibro-acoustic index to determine how well
structures insulate sound. The TL is defined as the ratio of incident to transmitted sound power.
There are a number of methods and publications for calculating the TL of FRP and sandwich structures,
which are comprehensively reviewed by D’Alessandro et al. [19] and by Isaac et al. [20]. The studies of
Dym and Lang [21] are of particular interest, as they describe the effects of skin thickness variation
(and their ratio) and core stiffness variation in great detail. All of these models and experimental
data show that the influence of the core layer properties (material, thickness, loss factor) on the TL is
strongly dependent on the frequency range, especially if it is below or above the critical frequency.
The influence of the foam core’s shear stiffness on the critical frequency is modelled numerically in [22].
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According to these calculations, a decrease of the critical frequency is expected with an increasing shear
stiffness of the foam core. From the authors’ own investigations [23], it is known that the correlation
between the shear property changes of the foam core material and increasing compression is strongly
non-linear. Furthermore, there is no linear correlation between skin-to-core thickness ratio and TL [24].
According to the work of Liu et al. [25,26], it can be expected that the TL improves with decreasing
internal pressure. However, the publication of Du et al. [27] indicates that the variation of thickness
and shear modulus of the viscoelastic core layer has no significant influence on the TL. All these
results lead to the conclusion that it is hard to estimate the TL and the critical frequency as functions
of actuation pressure in advance, although it is to be expected that the damping effect of the CCLD
will be mainly present in the stiffness-dominated region, as well as in the damping-dominated region
around and above the critical frequency.

The aim of the contribution is the experimental investigation of the acoustic effects of the CCLD
concept. In particular, the change of TL and the shift of the critical frequency through varying the
actuation pressure will be considered. The unique feature of the CCLD treatment in the acoustical
context is that the geometric dimensions of the test structure remain constant (except for the core
layer thickness d), as does the total mass of the structure. Simultaneously, the shear deformation
kinematics on the structural level are changed by adjusting the actuation pressure, as well as damping
and stiffness, of the viscoelastic core material, resulting in altered acoustic properties.

2. Materials and Test Set-up Configuration

2.1. Materials

The sandwich-like multilayer CCLD set-up consists of three layers: the base structure;
the constraining layer; and the constrained viscoelastic core layer. It is an asymmetric sandwich
structure, as the top layer is only one tenth of the thickness of the base structure, and, in addition,
has high shear and tensile but low flexural stiffness.

A carbon fibre-reinforced plastics (CFRP) plate with a length of ab = 1100 mm, a width of bb =

700 mm, and a thickness of db = 2 mm was used as base structure. The plate was made of seven
prepreg layers (Co. Carboplast, Werne, Germany, HTA fibres and epoxy resin, hot-pressing process)
with a [0/90,02,90,02,0/90] lay-up resulting in low intrinsic structural damping. The viscoelastic core
layer consisted of the open-cell polyurethane foam Confor CF-47M (Co. Aearo Technologies LLC,
Indianapolis, United States of America). The size of the viscoelastic core layer was set to be 880 mm ×
580 mm to ensure complete CCLD coverage of the sound-exposed area by overlapping the dimensions
of the acoustic window (860 mm × 560 mm). The thickness d0 in the uncompressed state was equal to
10 mm. A CFRP sheet (Co. R&G, Waldenbuch, Germany) with the dimensions of 880 mm × 580 mm
and a thickness of 0.2 mm was used as constraining layer. The CFRP sheet, which is produced by the
technique of hot-pressing, consists of just one layer of HT carbon fibre prepreg (grammage 200 g/m2,
twill 2/2 weave) and an epoxy matrix. Table 1 contains the materials used and their main properties.

Table 1. Compressible Constrained Layer Damping (CCLD) materials and their main properties.

Layer Material Manufacturer Density ρ Length a Width b Thickness d Mass m
Mass per
Unit Area

kg/m3 mm mm mm kg kg/m2

Base
structure

CFRP
(HTA-CF,

EP)
Carboplast 1550 1100 700 2 2.41 3.13

Visco-elastic
layer

Viscoelastic
foam Confor

CF-47M

Aearo
Technologies

LLC
96 880 580 10 0.56 1.10

Constrain-ing
layer

CFRP
(HT-CF, EP) R&G 1550 880 580 0.2 0.18 0.35
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2.2. CCLD Test Set-up Configuration

For the acoustic measurements, the CCLD treatment was set up as shown in Figure 2. The base
structure, the damping layer, and the constraining layer were stacked on top of each other,
while vacuum-sealing was assured by using a vacuum film and vacuum sealing tape. The individual
layers were not glued together to avoid introducing another viscoelastic layer and to eliminate further
phenomena, such as curing of the adhesive in the open-cell pores. The set-up was kept in position
by the tightly applied vacuum film, and later fixed by the vacuum pressure enabling coupling of the
layers through friction forces. The applied actuation pressure was generated by a vacuum pump and
adjusted with a valve to achieve the predefined core layer thicknesses (Table 2). After setting the
desired actuation pressure and a waiting time of >1 min an evenly distributed foam compression was
achieved over the entire surface of the plate. Only at p1 = −16 kPa (corresponding to 0.3 d0) a slightly
smaller compression of the foam was observed in the edge area up to max. 20 mm from the edges.
The base structure with the applied CCLD treatment (hereinafter referred to as ’test structure’ for the
sake of simplicity) was then rigidly clamped in the acoustic window test stand using screws on all of
its edges with the CCLD treatment facing the receiver room. The size of the base structure and the
dimensions of the CCLD treatment were carefully chosen so that there were no air gaps or additional
acousto-mechanical bridges in the test structure.

ρ

𝑝1 = − 0.3 𝑑0

 

(a) 

 

(b) 

− − − −

Figure 2. Lay-up of the base structure with CCLD treatment: (a) without actuation pressure (top) and
with applied actuation pressure (bottom); (b) Test structure in the window test stand, receiver room.

Table 2. Applied actuation pressure and corresponding core layer thickness (d0 = 10 mm).

Applied Actuation Pressure p1 −3.9 kPa −5.9 kPa −7.6 kPa −16.0 kPa

Core layer thickness d1 0.9 d0 0.7 d0 0.5 d0 0.3 d0

2.3. Sound Transmission Loss Measurements

The TL was determined in an acoustic window test stand consisting of a transmitter room and a
receiver room. Both rooms were connected by a window with the dimensions of 860 mm × 560 mm,
which contained the test structure (Figure 3).
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(b) 

𝑓c

𝜙
normal direction of a plate’s surface can be written as [30]

TL = 10 log10( 
 ( 2𝜌L𝑐Lcos(𝜙) + 𝐵b2𝜋𝑓 𝜂b (2𝜋𝑓𝑐L sin(𝜙))4)2 + (2𝜋𝑓𝜌b𝑑b − 𝐵b2𝜋𝑓 (2𝜋𝑓𝑐L sin(𝜙))4)2( 2𝜌L𝑐Lcos(𝜙))2 ) 

 dB,
𝜌L 𝑐L 𝜂b is the base structure’s material loss factor, 𝜌b 𝑓

𝐵b = (√𝐵b,0°2 + √𝐵b,90°2 )2,
𝐵b,0° = 𝐸b,0°𝑑b 312(1 − 𝜇b 2)        and       𝐵b,90° = 𝐸b,90°𝑑b 312(1 − 𝜇b 2).

Figure 3. (a) Set-up for the sound transmission loss measurement; (b) transmitter room of the acoustic
test stand.

A diffuse sound field in the transmitter room was used to acoustically excite the test structure,
which radiated sound into the receiver room. During excitation, the spatially and temporally averaged
sound pressure was measured in the transmitter as well as in the receiver room using rotating
microphones. The same set of microphone measuring positions was used for each applied actuation
pressure. Based on those sound pressure measurements, the TL was calculated using the standardized
procedure [28]. In accordance with the standards [28,29] and in order to ensure that a diffuse sound
field was established within the given room dimensions, the lower limit of the measuring range was set
at 0.5 kHz. According to standard [29], the upper limit of the measuring range is 3.15 kHz. Since our
analytical calculation (see Section 4.1.) predicted an fc at about 4.8 kHz, we chose the extended
measuring range defined in [29], which specifies 5 kHz as the upper limit of the measuring range.

3. Sound Transmission Loss Calculation of the Base Structure

The TL of an acoustic wave that incidents an infinite plate under the angle φwith respect to the
normal direction of a plate’s surface can be written as [30]

TL = 10 log10
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where ρL is the air density, cL is the speed of sound, ηb is the base structure’s material loss factor, ρb is
the mass density of the base structure, and f is the frequency. According to [31], the equivalent flexural
stiffness of an orthotropic plate yields
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) . (3)

Eb,0◦ and Eb,90◦ denote the Young’s moduli in the plate’s 0◦ direction and 90◦ direction, respectively,
and µb denotes Poisson’s ratio. Although Equation (1) assumes that the plate is infinite, its results are
compared to the TL measurements of the base structure, which has finite dimensions. It is a first starting
point to check and better understand the measurement results. Equation (1) is easy to implement,
which is an advantage over more complex models such as finite element models. An improved model
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for TL calculations should take into account the boundary conditions of the base structure and the
acoustic properties of the transmitter room and the receiver room. These aspects are neglected in
Equation (1) and can be considered in numerical models only, which are beyond the scope of this
paper. It is well known from the literature [14,19,21] that the TL can be divided into three characteristic
frequency ranges. At frequencies up to 2 fr, the TL is stiffness-dominated, where fr denotes the
fundamental frequency. From 2 fr through fc/2 the TL is mass-dominated, where fc denotes the critical
frequency. Above the critical frequency the TL is damping-dominated. The following equations are
used in this paper to estimate these frequency ranges for the base structure. As the base structure was
clamped on all edges, its fundamental frequency could be estimated by [32]

fr ≈
6
π
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The critical frequency fc of the base structure reads [32]

fc =
c 2

L

2π

√

ρdb

Bb
. (5)

4. Results and Discussion

This section first characterizes the base structure and compares the measured results to those from
TL calculations of an infinite plate. Secondly, the results of the test structure are discussed.

4.1. Base Structure

With the speed of sound cL = 343 m/s, the air’s density ρL = 1.2 kg/m3, and the base structure’s
parameters (ab = 1100 mm, bb = 700 mm, db = 2 mm, ρb = 1550 kg/m3, µb = 0.35, Eb,0◦ = 62 GPa,
and Eb,90◦ = 60 GPa [33]) the critical frequency yields 4.85 kHz according to Equation (5), and the
fundamental frequency yields 33.3 Hz according to Equation (4). The mass-dominated region ranges
from 2 fr = 66.6 Hz through fc/2 = 2.42 kHz. Figure 4 shows the measured TL of the base structure
(for more detail see also Figure 5) as well as the calculation results for three different incidence angles
using Equation (1). Between 0.5 kHz and 0.8 kHz, the measured TL agrees well with the TL of an
infinite plate if the sound waves incident in normal direction (φ = 0◦). Between 1 kHz and 2 kHz,
the measured TL increases by approximately 3 dB, which is half of the increase that would have been
expected by the mass law. Between fc/2 = 2.42 kHz and fc = 4.85 kHz, the measured TL differs
from the calculated one (φ = 0◦) to a higher extent. In order to check whether the results in this
frequency range can also be described by Equation (1), the incidence angle was iteratively increased
until the calculated TL matched the measured one. At an angle of φ = 60◦ the TL measurement and
the TL calculation agree sufficiently well, see Figure 4. Thus, between fc/2 and fc the measured TL
equates more to that of an infinite plate that is excited by an acoustic wave under an angle of φ = 60◦

than the TL of an infinite plate, where the acoustic waves incident in normal direction. In other words,
the (finite) base structure behaves similarly to an infinite plate, where the acoustic wave incidents with
an angle of φ = 60◦. These results suggest that all the aspects neglected in Equation (1), such as the
base structure’s boundary conditions or the acoustic properties of transmitter room and receiver room,
can be condensed into the incident angle φ. As such, the incident angle φ in Equation (1) could rather
be seen as a hypothetical incident angle for an infinite plate than as the actual incident angle during
the measurements. The loss factor of the base structure ηb also affects the TL. As can be seen from
Figure 4, this only affects the dip of the TL above the critical frequency. Since this dip is out of the
measured frequency range, the loss factor of the base structure does not significantly affect the TL
measurements performed in this paper. Consequently, the simple model of the TL shown in Equation
(1) can qualitatively explain the measured TL if the incident angle φ is considered a parameter that
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covers all simplifications of the model with respect to the real measurement setup. Thus, the measured
TL of the base structure is considered validated according to literature [14,19,21].

𝜙

𝑓c/2 ≈ 2.4

𝑓c/2 < 4 kHz < 𝑓c
′

Figure 4. Measured and calculated sound transmission loss of the base structure versus frequency;
vertical lines indicate the labelled frequencies.

 

′
′

Figure 5. Sound transmission loss of the investigated test structure (base structure with CCLD treatment)
at various core layer thicknesses (as result of different applied actuation pressures) compared to the
transmission loss (TL) of the bare base structure. The repeat accuracy is <0.35 dB over the entire
frequency range, therefore no error bars are displayed.

4.2. Base Structure with CCLD Treatment

Figure 5 shows the TL of the base structure as well as the TL of the test structure with various
thicknesses. The frequency range from 0.5 kHz up to 1 kHz lies within the mass-controlled region,
which is why there are no significant TL differences between the various compression levels (since
the mass is always constant). With increasing frequency, the damping-dominated region becomes
apparent and starting from fc/2 ≈ 2.4 kHz, clear TL differences between the various compression
levels are evident. It can be observed that the strongest compression (and thus the lowest core layer
thickness) result in the highest TL.

The generally higher TL of the test structure at 0.3 d0 compared to the bare CFRP base structure
over the whole frequency range (an increase of 6 dB at 0.5 kHz to 4 dB at 4 kHz) is a result of
the approximately 30% mass increase due to the CCLD treatment and the higher damping of the
more complex sandwich-like structure. At 4 kHz ( fc/2 < 4 kHz < fc) the TL tends to decrease,
which indicates that the TL becomes dominated by the damping.

A further benchmark for comparing the measurement results of the different core layer
thicknesses is the weighted apparent sound reduction index Rw

′. With this index, the measured
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frequency-dependent TL can be expressed by a single number. Using the procedure defined in ISO
717-1 [29], the measured TL spectra are shifted and the values of the reference curve at 0.5 kHz are
determined. The results for the weighted apparent sound reduction index according to [29] are shown
in Table 3.

Table 3. Weighted apparent sound reduction index (Rw
′) of the test structure at various core layer

thicknesses compared to the bare CFRF base structure. The values for Rw
′ are determined with the

stepwise adjustment (0.1 dB steps) specified in [29].

0.9 d0 0.7 d0 0.5 d0 0.3 d0 Base Structure

28.9 dB 29.4 dB 29.8 dB 30.1 dB 26.1 dB

While the differences between the various core layer thicknesses are rather obvious in the TL
spectra above 1 kHz (Figure 5), the weighted apparent sound reduction index (Table 3) is hardly
affected by the core layer thickness. As can be seen from Figure 5, at 0.5 kHz, i.e., the frequency at which
the weighted apparent sound reduction index is obtained from the reference curve, the TL spectra are
hardly affected by the core layer thickness. Consequently, the practical effect on the weighted apparent
sound reduction index, which is commonly used in building acoustics, is small. Nevertheless, by a
pressure-induced thickness reduction of the core layer, a significant increase of the TL can be achieved
above 1 kHz. It should also be noted that the above-mentioned standard is a simplified procedure
to determine a single value at 0.5 kHz, but the stiffness, mass and damping dominated regions are
strongly dependent on the materials used and the dimensions of the specific CCLD set-up. Thus,
with other configurations where the resonance frequency and critical frequency are lower, a stronger
improvement of the weighted apparent sound reduction index may well be achieved.

5. Conclusions

The obtained results reveal that the acoustic properties of a structure could be altered using a
CCLD treatment. In this publication, the focus was set on the TL, which can be increased using CCLD
compared to the CFRP base structure without damping measures. The thickness variation of the
core layer (from 0.9 d0 to 0.3 d0) set by different actuation pressures and the resulting stiffness and
damping changes of the overall structure have no influence on the TL up to approximately 1 kHz
for the analysed CCLD design. Between 1 kHz and 5 kHz (upper limit of the measured frequency
range), however, it can be observed that the TL can be influenced considerably well by the actuation
pressure applied, due to the fact that the TL is damping-dominated around the critical frequency and
above. To further investigate the above-mentioned assumptions, measurements in a higher frequency
range will be performed. This will also include measurements of the structural damping. In addition,
a numerical model should also be built to further validate the measurements and to study the effect
of other parameters of the CCLD design, such as thickness ratios or different viscoelastic materials.
Finally, it should be noted that the differences between the TL of the various core layer thicknesses are
rather obvious in the TL spectra. When assessed according to building acoustics standards using the
weighted apparent sound reduction index, no practically relevant effects on the acoustic properties
are observed with the analysed CCLD design, since the weighted apparent sound reduction index is
obtained at 0.5 kHz, where the effect of the core layer thickness on the TL is small.
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