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Abstract. Paper sludge is the water treatment waste, which produced during paper production. Paper sludge (PS) waste 

utilization is the common problem in the EU and internationally. According to authors Frías et al. paper sludge is the 

main waste in the paper processing factories, the percentage reach 35% of product volume. According to the waste 

management directive No. 2008/98/EC, paper sludge waste should not be utilised in landfills. Such legislation generates 

the motivation of this study. This study deals with paper sludge as sound absorbing material.  

In this paper panels made of paper sludge is studied. Sound absorption coefficient of the panels predicted with 

Horoshenkov and Swift acoustic model for granular media. The aim of this paper is to predict sound absorption 

coefficient using non-acoustic parameters of the material. 

Keywords: modelling, sound absorption coefficient, paper sludge, granular materials, Horoshenkov and Swift model, 

sample thickness, grain size.  

 

Introduction 

Paper sludge (PS) is the water treatment waste, produced during paper production. PS waste is a common problem in 

the European Union (EU) and internationally (Bajpai, 2015). According to (Frías et al., 2015), paper sludge is the main 

waste in the paper processing factories, with a high 35% of the product volume. According to the waste EU 

management directive No. 2008/98/EC, utilizing paper sludge waste in landfills is forbidden.   

One of the solutions to recycle paper sludge is to use it as construction materials. The studies made by several 

authors show that such material chemical composition and its properties have huge potential to introduce its use in the 

building material sector (Malaiskiene et al., 2018; de Azevedo et al., 2019). Recent studies regarding paper sludge 

propose to build composite materials for heat insulation purposes (lack of reference here). In (Soucy et al., 2014) it is 

shown that increasing the paper sludge content in wood-plastic composites enhances the water absorption property of 

composite (what composite) and reduces the composite strength. A similar study (describe a bit the study) was made 

by Donmez Cavdar et al. on wood cement and paper sludge composites (Donmez Cavdar et al., 2017). When the paper 

sludge quantity increased thickness swelling tends to increase as well. In (Goel & Kalamdhad, 2017), authors find that 

the addition of paper sludge increases the total porosity of the brick but, decreases the strength. Hydration, mechanical, 

thermal insulation and sound-absorbing properties of paper sludge ash and cement composites are analysed in (Doudart 

de la Grée et al., 2018). A composition of 51% cement, 29% limestone powder and 20% paper sludge ash the porosity 

of the composite reaches 75% and its density is over 400 kg/m3. Such composition according to the authors could reach 

a sound absorption coefficient up to 0.8 in higher frequencies. 

Paper sludge can be characterized as a granular material. Many studies have been done regarding the different 

types of granular materials (Shumway, 1960; Horoshenkov & Swift, 2002; Pfretzschner, 2002; Urick, 2005; Asdrubali 

& Horoshenkov, 2009; Sukontasukkul, 2009; Horoshenkov, 2017). The granular material non-acoustic parameters 

mainly influenced by geometrical parameters of grain. The geometrical parameters include grain size and shape of 

each grain. These grain parameters are related to the porosity of the media (Asdrubali et al., 2007). Asdrubali, 

D’Alessandro, and Schiavoni studied the grain size influence on rubber crumb on the sound absorption coefficient. 

The findings showed that increasing the grain size shifts the sound absorption maxima to the higher frequencies 

(Asdrubali et al., 2008). In another study of Buratti, Merli, and Moretti the same dependency was found in the silica 

aerogel granular material (Buratti et al., 2017).  
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The main non-acoustic property of materials that determine the sound absorption potential of materials is the 

airflow resistivity of the material. Granular materials as the mineral wool or foams are considered to be porous and the 

acoustic impedance and ultimately sound absorption could be predicted by the well-known formulations of Delany-

Bazley and Miki (Delany & Bazley, 1970; Miki, 1990; Pfretzschner, 2002). However, the authors Horoshenkov and 

Swift proposed a formulation to estimate the sound absorption coefficient for granular materials (Horoshenkov & 

Swift, 2002; Horoshenkov, 2017). In these formulations to predict sound absorption of the granular media, several 

non-acoustic parameters are needed: airflow resistivity σ, porosity φ and grain size of granular media. 

Different granular materials absorb sound differently due to the different shapes and the size of the grains. 

Because it is not possible for the grains to coalesce perfectly on top of each other over the sample area, the air resistance 

and sound absorption will be different in the sample area (Brzinski et al., 2013; Horoshenkov, 2017). Acoustically, 

rubber and sand granules are much-studied (Shumway, 1960; Pfretzschner & Rodriguez, 1999; Urick, 2005; 

Sukontasukkul, 2009; Gayathri et al., 2013). Like any porous material, the sound absorption of granular materials 

depends on the airflow resistivity and thickness of the material. The airflow resistivity in granular materials depends 

on the particle shape of the granules. If the particles are of regular shape, they will have fewer gaps for air to pass, 

resulting in higher air resistance, and thus sound absorption of the granular material (Pfretzschner & Rodriguez, 1999). 

The waste management legislation generates the motivation of this study on paper sludge as sound absorptive 

material. This study deals with paper sludge as a sound-absorbing material. Very few studies mention the acoustic 

properties or improvements regarding sound insulation or absorption. The aim of this study was to predict the sound 

absorption of paper sludge panels. 

1. Methods and materials 

The study consists of two parts: the experimental part and the theoretical part. Airflow resistance and porosity of paper 

sludge were determined experimentally. The sound absorption of the paper sludge was predicted in accordance with 

the theoretical model for granular media by Horoshenkov and Swift. 

The static airflow method used to determine the material airflow resistivity. This method based on the air pressure 

difference between the two open-material surfaces. Standpipe length should be long enough to ensure as close as 

possible to laminar directional airflow. The specimen holder shall be 50% of the cross-sectional area and have evenly 

spaced open holes 10 mm in diameter. To create an air pressure compressor was used, and a pressure difference was 

measured with the differential pressure gauge, with a precision of 0.1 Pa. The air velocity is measured with the airflow 

velocity tester. The air velocity in the unit was 0.01 m/s2. The air velocity did not influence the pressure difference 

before and after the material. The method is based on the ISO 9053 standard. The scheme of measurement system 

presented in Figure 1. 

 

 

Figure 1. Airflow resistivity measurement system 

In order to determine airflow resistance the difference in air pressure and air velocity v has to be measured. 

 1 2P P P   , (1) 

where: P  – differential pressure, Pa; 1 –P  air pressure in front of the sample, Pa; 2P  – air pressure behind the sample, 

Pa. 
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The airflow resistance R is calculated using formula (2): 

 
P

R
qv


 , (2) 

where q – airflow rate through the sample, m3/s. 

After that the specific airflow resistance is being calculated, this parameter is determined as a multiplication of 

airflow resistance and the sample area. 

 sR RA ,  (3) 

where A – Surface area of the sample. 

Finally, static airflow resistivity is determined as a ratio between the specific airflow resistance and thickness of 

the sample: 

 σ SR

d
 , (4) 

where d – thickness of the sample, m. 

The sound absorption is calculated using Horoshenkov and Swift model. The main material parameters, 

describing the granular media sound absorption are the airflow resistance, tortuosity and porosity. 

 0 0ω α / γk P  , (5) 

where: 𝑘 – complex wave number,  – angular frequency rad/s,   – tortuosity, 0  – air density kg/m3  

3
0 1.213 kg / m  , 0P  – atmospheric pressure Pa, 5

0 1.213 10  PaP   ,   – specific heat ratio 1.4  .  

The tortuosity of the material is porosity dependent parameter and for granular media could be calculated 

according to formula (6): 

 
1 φ

1
2φ




   , (6) 

where:   – tortuosity,   – porosity of the material, %. 

According to the Champoux-Allard model, effective density calculated according to formula No. 7 (Allard et al., 

1989; Panneton & Olny, 2006): 

 
2

0
0 2 2 2

0

4 η ωσε
1 1

ω σ Λ

s
e s

s

kk
k

j k

 
     

 
 

, (7) 

where: e  – effective density, sk  – tortuosity,   – viscosity Λ  – characteristic thermal length. 

Bulk modulus is calculated according to the same model (Sánchez-Orgaz et al., 2019): 
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where:   – Specific heat ratio, 0P  – atmospheric pressure, Pa, pN  – correction coeficient (0.77). 

From those two models described the characteristic acoustic impedance can be calculated: 

 c e eZ K  . (9) 

The specific surface acoustic impedance is calculated according formula (10): 

  cotC
s

Z
Z j kd 


,  (10) 

where: sZ  – specific acoustic impedance, Pas/m3, k – wave number, d – thickness of the sample, m. 

The sound reflection coefficient of the can be can be calculated as (Doutres et al., 2010): 
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where R – sound reflection coefficient. 

The sound absorption coefficient calculated according to formula (12) (Panneton, 2017): 

 
2

1 R   .  (12) 

where   – sound absorption coefficient. 

The paper sludge dried at 60 °C prior to sample preparation. Afterwards, the dried sludge crushed with a gill 

crusher then sifted and sorted according to the grain size. After that, the samples were formed using water as a binder. 

Airflow resistivity was measured using the described method. The samples were produced in special 3D printed 

perforated boxes to ensure diffuse water evaporation. To ensure diffuse evaporation the samples flipped on the opposite 

side every 24 hours. The time of sample making is 7 days. The box for sample presented in Figure 2. 

 

  

Figure 2. The box for sample making and the sample 

For the modelling purposes three different grain size samples were chosen for this study: 1–2.5 mm; 2.5–5 mm; 

5–10 mm. Each grain size contributes to different porosity values. 

The porosity of the samples was measured using the water saturation method. The water was poured on the sample 

until it forms a film above the sample, the volume of water used was measured. Since the samples made in the box, the 

volume of the samples is known and porosity of the sample could be calculated according to the formula (13): 

 φ w

s

V

V
 ,  (13) 

where: wV  – The volume of the used water, sV  – the volume of the sample. 

2. Results 

The experimental results are shown in Table 1. As expected, the airflow resistivity increases as grain size decreases 

and the porosity values are inversely proportional. The values of airflow resistivity differ from 14.5 to 28.5 and porosity 

values differ from 0.82 to 0.91 dependent on grain size. 

Table 1. Main parameters of the samples 

Sample Grain size Airflow resistivity, σ, KPa s/m2 Open porosity, φ  

No. 1 5–10 mm 14.5±0.76 0.91±0.01 

No. 2 2.5–5 mm 21.0±0.87 0.85±0.02 

No. 3 1–2.5 mm 28.5±0.5 0.82±0.02 
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The Horoshenkov and Swift model used to predict granular material incident wave sound absorption coefficient. 

The directly measured values of airflow resistivity and porosity used in a model to predict sound absorption coefficient 

values of the paper sludge panels. 

 

Figure 3. Influence of grain size on sound absorption, sample thickness 3 cm 

In Figure 3 influence of grain size on the sound absorption coefficient is presented. The modelling results show 

that sound absorption coefficient values increase as grain size decrease. The smaller grain size increases the viscous 

thermal and characteristic viscous thermal length, which leads to higher sound absorption coefficient values. According 

to prediction results, 1–2.5 mm grain size sample α coefficient reaches 0.98. 

 

Figure 4. Influence of sample thickness on sound absorption coefficient, grain size 5−10 mm 

 

Figure 5. Influence of sample thickness on sound absorption coefficient, grain size 2.5−10 mm 
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The influence of sample thickness on sound absorption of different materials is well known and studied by 

numerous authors. It is known that the peak of sound absorption coefficient shifts to lower frequencies when sample 

thickness is increased. Although the paper sludge is new material to use for sound absorption purposes and it is 

interesting to know, what sample thickness should be most rational for different situations of application. The influence 

of sample thickness (grain size 5–10 mm) presented in Figure 4. The sound absorption coefficient of 10 mm ( reach 

0.19) and 20 mm ( reach 0.73) sample is relatively low, compared with 30 mm ( reach 0.93) and 40 mm ( reach 

0.97) sample thickness.  

The influence of sample thickness (grain size 2.5−10 mm) presented in Figure 5. The sound absorption coefficient 

of 10 mm ( reach 0.24) and sample is relatively low, compared with 20 mm ( reach 0.87), 30 mm ( reach 0.97) 

and 40 mm ( reach 0.99) sample thickness. As in Figure 1 smaller grain size samples show the higher sound 

absorption coefficient values compared with 5−10 mm grain size sample.  

 

 

Figure 6. Influence of sample thickness on sound absorption coefficient, grain size 1−2.5 mm 

The influence of sample thickness (grain size 1−2.5 mm) presented in Figure 6. The sound absorption coefficient 

of 10 mm ( reach 0.33) sample is relatively low, compared with 20 mm ( reach 0.95), 30 mm ( reach 0.99) and 

40 mm ( reach 0.97) sample thickness. 

Conclusions 

This paper studies the grain size and thickness influence on sound absorption. In all calculated sound absorption values, 

the peak sound absorption gained when sample thickness reaches ¼ of wavelength. The modelling results showed that 

smaller grain size samples should have higher sound absorption values compared with bigger grain size samples. When 

the thickness of the sample increases peak sound absorption values shifts to lower frequencies. The predicted sound 

absorption  values reach up to 0.99 when 1−2.5 mm grain size of paper sludge used. The bigger grain size of paper 

sludge reduces the overall sound absorption coefficient values. When increasing the thickness of the sample it is 

predicted that 10 mm and 20 mm thickness is not rational for sound absorption applications, due to relatively low 

sound absorption coefficient values compared with 30−40 mm thickness samples. When paper sludge is used for sound 

absorption applications it is recommended to use not less than 3 cm thickness. 
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