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ABSTRACT 

 

PORE STRUCTURE ANALYSIS OF LIME PLASTERS THROUGH 
INVERSE CHARACTERIZATION BASED ON SOUND PROPAGATION 

MODEL AND LABORATORY TESTS 
 
 

Meriç Nursal, I!"n 
Doctor of Philosophy, Building Science in Architecture 

Supervisor: Assoc. Prof. Dr. Ay!e Duman 
Co-Supervisor: Prof. Dr. Mehmet Çal"!kan 

 
 

June 2024, 177 pages 

 

Sound absorption of lime plasters is strongly connected to their unique pore 

structures. This study aims to comprehensively define the pore structures formed by 

different compositional features in lime plasters. The methodology includes inverse 

characterization based on sound absorption performance and laboratory tests to 

define the physical and the physico-mechanical properties, in addition to the pore 

structure analysis of cross sections under microscope. The inverse characterization 

study is performed using Johnson Champoux Allardís sound propagation model and 

Genetics Algorithm.  

The interpretation of the data achieved by laboratory tests and inverse 

characterization shows that the aggregate size distribution is the key compositional 

property that controls the sound absorption performance. Furthermore, it has a major 

influence on the viscous and thermal characteristic lengths, fine porosity, tortuosity, 

airflow resistance, pore size, and morphology of the pore structure. Among different 

features related to pore structure, only airflow resistivity and thermal characteristic 

length are significantly affected by the binder-to-aggregate ratio. The effective 

porosity values estimated by inverse characterization are lower than the measured 
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total open porosity using the water immersion technique. This indicates that most of 

the lime plasters' open pores are dead-end type blind pores. 

In this study, combining inverse and direct characterization gives valuable insights 

into the pore structure of lime plasters. Estimating pore structure-related parameters 

using sound absorption performance offers great promise as a non-destructive tool 

in material characterization as long as in-situ sound absorption measurement 

methods are accessible. 

Keywords: Lime Plasters, Pore Structure, Sound Absorption Coefficients, Inverse 

Characterisation, Johnson Champoux Allard Model 
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ÖZ 

 

SES YAYILIM MODELÅNE DAYALI TERS KARAKTERÅZASYON VE 
LABORATUVAR TESTLERÅ ÅLE KÅREÇ SIVALARININ GÖZENEK 

YAPISI ANALÅZÅ 
 
 

Meriç Nursal, I!"n 
Doktora, Yap" Bilimleri, Mimarl"k 

Tez Yöneticisi: Doç. Dr. Ay!e Duman 
Ortak Tez Yöneticisi: Prof. Dr. Mehmet Çal"!kan 

 

 

Haziran 2024, 177 sayfa 

 

Kireç s"valar"n ses yutma performans" gözenek yap"s" ile do#rudan ilintilidir. Bu 

çal"!ma, kireç s"valar"nda farkl" bile!im özelliklerinin olu!turdu#u gözenek 

yap"lar"n", ses yutma performans"na dayal" ters karakterizasyon yöntemini ve di#er 

standard laboratuvar testlerini kullanarak, kapsaml" bir !ekilde tan"mlamay" 

amaçlamaktad"r. Ters karakterizasyon çal"!mas" Johnson Champoux Allard'"n ses 

yay"l"m modeli ve Genetik Algoritma kullan"larak gerçekle!tirilmi!tir. Do#rudan, 

ölçümlerle gerçekle!tirilen karakterizasyon çal"!mas"nda; fiziksel ve fizikomekanik 

özellikler için yap"lan temel laboratuvar testlerinin yan"s"ra, mikroskop ile al"nan 

kesit görüntüleri üzerinden yap"lan gözenek analizlerinden yararlan"lm"!t"r. 

Laboratuvar testleri ve ters karakterizasyonla elde edilen verilerin ortak yorumu, 

agrega boyut da#"l"m"n"n ses yutma performans"n" etkileyen temel bile!im özelli#i 

oldu#unu göstermektedir. Agrega boyut da#"l"m"n"n; viskoz karakteristik uzunluk, 

"s"l karakteristik uzunluk, ince gözeneklilik, hava ak"!" direnci, k"vr"ml"l"k, gözenek 

boyutu ve biçimi gibi gözenek yap"s" özellikleri üzerinde önemli bir etkisi oldu#u 

gözlenmi!tir. Gözenek yap"s"na ili!kin farkl" özellikler aras"nda ba#lay"c"/agrega 

oran" de#i!iminden en çok etkilenen özellikler, hava ak"!" direnci ve termal 
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karakteristik uzunluktur. Ters karakterizasyonla tahmin edilen etkin gözeneklilik, 

suya dald"rma tekni#i ile ölçülen toplam aç"k gözeneklilikten daha dü!üktür. Bu 

durum kireç s"valardaki aç"k gözeneklerin ço#unun, ç"kmaz/kör gözeneklerden 

olu!tu#unu göstermektedir.  

Bu çal"!mada ters karakterizasyon ve do#rudan yap"lan ölçümler yoluyla elde edilen 

verilerin birlikte analizi, kireç s"valar"n"n gözenek yap"s" hakk"nda ayr"nt"l" sonuçlara 

ula!ma imkan" sunmu!tur. Yerinde ses yutma katsay"s" ölçme yöntemleri eri!ilebilir 

oldu#u sürece, ses yutma performans"na ba#l" ters karakterizasyon, gözenek yap"s" 

analizinde tahribats"z bir muayene metodu olarak kullan"labilecektir. 

Anahtar Kelimeler: Kireç S"valar, Gözenek Yap"s", Ses Yutma Katsay"s", Ters 

Karakterizasyon, Johnson Champoux Allard Modeli 
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CHAPTER 1  

1 INTRODUCTION  

The porosity characteristics of materials strongly affect the sound absorption 

performance. Moreover, these characteristics also play a major role in water 

transport, breathing ability, mechanical strength, durability, and compatibility of 

building materials (Arenas & Crocker, 2010; Thomson et al., 2007; Bágelí & éivica, 

1997; Papayianni & Stefanidou, 2006; Lafhaj et al., 2006; Eve et al., 2007). Knowing 

the possible relations between porous structure and some performance properties, 

the formation of pores in materials and the ways to alter its structure with different 

raw materials, material production and processing techniques are also popular 

subjects in material characterization research (Neithalath, 2004; H. K. Kim & Lee, 

2010b; Losa & Leandri, 2012; Balksten & Steenari, 2010; Lawrence et al., 2007; 

Mosquera et al., 2006; Sugrañez et al., 2013).  Most of the research conducted on 

materials focuses on highly sound absorptive materials such as foams, metallic 

foams, fibrous materials, or granular materials having loose bigger size 

granules/aggregates or consolidated with a minimum amount of binder in which 

sound absorption can be observed nearly 100% at a broad frequency range. On the 

other hand, less has been done so far to investigate sound propagation in materials 

with porosity less than 0.5. 

1.1 Argument 

Lime plasters were frequently used in the past until the 19th century and the first half 

of the 20th century (Aggelakopoulou et al., 2011; Lawrence et al., 2007). Many 

studies have been conducted on the lime plasters employed in historic structures in 
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recent years (Garofano et al., 2014; Maravelaki-Kalaitzaki et al., 2005; Böke et al., 

2006). As underlined in various research, the porosity of lime plasters and mortars 

is higher than that of cement plasters (Stefanidou & Papayianni, 2005; Lawrence et 

al., 2007). Due to their porous structure, these plasters absorb sound remarkably 

higher than contemporary cement plasters (Aydin et al., 2008). On the other hand, 

the researches on the acoustical characteristics of lime plasters are limited (Aydin, 

2008; Bozkurt & Demirkale, 2018, 2019, 2020b) and do not thoroughly investigate 

the porous structure and link its characteristics to the sound absorption performance. 

Although the absorption performance of lime plasters was much below that of the 

materials used as sound absorbers, in its own category, it is worth investigating the 

porous structure of these materials in detail to reveal the connection between porous 

structure and acoustical performance. As this investigation will lead to additional 

knowledge on pore structure of lime plasters besides standard test methods. 

1.2 Aim and objectives 

The main aim of this research is to identify the parameters related with pore structure 

that govern the sound propagation within the porous lime plasters though systematic 

and comprehensive experiments. This PhD research is expected to contribute to the 

knowledge of material science with the objectives as stated below; 

(1) The detailed pore analysis of lime plasters to understand the mechanisms that 

form the unique pore structure connected to compositional characteristics.  

(2) The development of a systematic experimental approach to analyze the effect of 

different pore structure characteristics on performance properties such as sound 

absorption, water vapor permeability and dynamic modulus of elasticity,  

 (3) Investigating the possibility of employing acoustical data for inverse 

characterisation as a non-destructive method for analyzing plaster pore structure   
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1.3 Disposition 

The thesis has six chapters: (1) introduction, (2) literature survey, (3) materials and 

method, 4) results, (5) discussion, and (6) conclusion, respectively. In the first 

Chapter, an introduction to the relevant field is presented. The knowledge gaps in 

the current material research field are emphasized, focusing on acoustical 

performance and the necessity of filling those gaps. The main aim and how the 

objectives fulfill the aim are given in this part. In the second Chapter, the literature 

review starts with a summary of the theory of sound propagation in porous materials. 

The Chapter includes the definition and the general compositional characteristics of 

mortar and plasters, followed by an overview of recent research areas on pore 

structure with an emphasis on related performance properties. Chapter 3 gives 

information about the research material and the experimental methods used. In the 

4th Chapter, the results of experiments that characterize the plaster samples are 

presented, accompanied by a comparative discussion in Chapter 5. The last Chapter 

summarizes the main results and what has been achieved throughout this thesis.
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CHAPTER 2  

2 LITERATURE REVIEW 

This chapter begins with a section on sound propagation in porous materials. The 

pore structure parameters related to sound absorption are described first. Afterward, 

sound propagation models are presented. A brief section on the general description 

of mortar and plaster and their compositional features is followed by a discussion of 

research on pore structure and its impact on performance parameters. The last section 

summarizes the literature on acoustic performance regarding compositional features 

and pore structure for consolidated granular materials. 

2.1 Propagation of sound in porous materials 

The acoustical parameters, such as acoustic impedance and sound absorption 

coefficient, are direct expressions that measure the acoustical performance of a 

material interacting with sound waves. After a brief explanation of acoustical 

parameters, the definition of material characteristics (commonly named ìnon-

acoustical" in literature) related to sound absorption is presented in this section. At 

the end, the sound propagation theories in porous materials are summarized.    

2.1.1 Acoustical performance parameters associated with sound 

absorption 

The sound absorption coefficient of a material shows how effectively the material 

absorbs sound. These coefficients are measured for different frequency bands and 

express the percentage of absorbed sound energy. It is represented by a number 

between 0 and 1. The absorption increases as the coefficient changes from ì0 - 

reflectiveî to ì1 - perfect absorberî.   
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Practical single-number ratings have been used widely to categorize the sound 

absorption performance of the material. The one used in European countries is 

ìweighted sound absorption.î The method to determine this single number rating is 

described in ISO 11654 (International Standards Organization, 1997). A standard 

sound absorption coefficient curve is shifted until the differences between the 

measured data in the 1/1 octave band and data based on the standard curve are below 

a limit. At the final position of the standard curve, the sound absorption value at 

500Hz gives the weighted sound absorption value of the material, which is 

represented as !w. Other single-number ratings, namely noise reduction coefficient 

(NRC) and sound absorption average (SAA), are commonly addressed for describing 

the performance of sound-absorptive materials (ASTM International, 2023b). For 

NRC, the measured sound absorption values over 250Hz, 500Hz, 1kHz, and 2kHz 

frequencies, and for SAA, the measured values in 1/3 octave frequencies between 

200Hz to 2500Hz are arithmetically averaged. These ratings are practical for 

assessing the performance of broad-band sound absorbers. On the other hand, for 

materials having high performance on specific frequencies, such as granular 

materials, perforated plates, or metamaterials, the effective performance observed is 

linearized and minimized. 

The sound absorption coefficient, �, is a function of frequency and is defined as 

� = 1  |!|" (Equation 2.1) 

where R is the sound reflection coefficient. Reflection coefficient R is calculated as 

! =
#$  #%

#$ + #%
 (Equation 2.2) 

Where Zs is the surface impedance (Pa�s/m or kg/m2�s or rayl) and Z0 is the 

characteristic specific impedance of the medium where sound propagates. As the 

thesis focuses on sound propagation inside air-filled pores, ìthe airî will be used on 
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behalf of ìthe mediumî accordingly. The impedance is defined as the resistance of a 

medium to motion at a given point (Long, 2006). The ratio of the sound pressure to 

the particle velocity at a point gives the characteristic specific acoustic impedance of 

the medium. 

� = ! "  (Equation 2.3) 

where p0 is the sound pressure (Pa) and #0 is the velocity of volume displacement 

(m/s). For plane waves, this ratio is equals to the product of the density of a medium 

and the speed of sound in that medium. 

� =$% &  (Equation 2.4) 

Where '0 is the density of air (kg/m3), c0 is the velocity of sound in air (m/s). In 

different references, reflection coefficient is also expressed as; 

( = �) * 1�) + 1 (Equation 2.5) 

Which Zn is the called normalized surface impedance where Zs  is normalized with 

the characteristic impedance of air, Z0 as shown below. 

�) = �,�  (Equation 2.6) 

The surface impedance of material, Zs is related to the characteristic impedance of 

the material as indicated below. 

�, = *-�. cot/0.23 (Equation 2.7) 
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Where Zc is the characteristic impedance (Pa!s/m3), j is the imaginary number (�-1), 

kc is the complex wave number or the so called characteristic propagation constant 

(m-1) and d is the thickness of porous material layer (m).  

The attenuation of energy occurs due to viscous and thermal losses as the sound 

waves propagate within the pores. The basic properties related to this viscous and 

thermal interaction are the effective/dynamic density, 'e, and the effective/dynamic 

bulk modulus of the medium, Ke. The equations below calculate the characteristic 

impedance, Zc, and the characteristic propagation constant, kc. 

�. = 4%565 (Equation 2.8) 

0. = 78%565 (Equation 2.9) 

Where 'e is the effective density (kg/m3) and Ke is the effective bulk modulus of the 

medium (Pa).  

2.1.2 Material properties related to sound absorption performance 

The material properties mentioned in sound propagation theories are porosity, pore 

size, tortuosity, air flow resistivity, thermal characteristic length, and viscous 

characteristic length. Further descriptions of these properties are described in detail 

in this section. 

Porosity of a material is a bulk characteristic which gives the volume that is not 

occupied by the solid part of material (Thomson et al., 2007).  
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Figure 2.1. Different pore types in porous materials (Mati-Baouche et al., 2016) 

The absorption in a porous material is related to the number, size, and types of pores. 

The structure of the material should allow sound waves to pass through it and be 

dispersed by internal friction. Figure 2.1 shows the type of pores according to their 

relation to the surface of materials. Cox and DíAntonio (2009) state that closed pores 

do not have an effect on the sound absorption capacity of the material, so only the 

volume of open/interconnected pores should be considered to define the porosity of 

the material in relation to its sound absorption capacity. Open porosity, also named 

as effective or acoustic porosity, is the ratio of the volume of interconnected pores 

to the total volume of that material (Knapen et al., 2003). In Attenboroughís 

definition of open porosity, it is clearly stated that the air path of connected pores 

inside a material should have been traced to the surface of the material 

(Attenborough, 1983). The open pores of a material may also be separated as 

kinematic pores and dead-end pores. The dead-end pores are assumed to be not so 

effective in sound absorption. Although attempts have been made so far to add a 

correction factor in sound absorption performance predictions to reflect the situation 

of dead-end pores (Dupont et al., 2011; Leclaire et al., 2015), there is still a lack of 

empirical knowledge on this subject.  

The influence of pore size, pore aperture/opening size, pore size distribution, and 

geometry of dominant pores on sound absorption is investigated in detail through a 
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number of experimental research (Neithalath, 2004; Marolf et al., 2004; Lu et al., 

2000; Giese et al., 2011). These factors are also taken into account in sound 

propagation models in order to associate the pore structure with the absorption of 

sound (Attenborough, 1983; Champoux & Stinson, 1992). A classification on pore 

sizes based on International Union of Pure and Applied Chemistry (IUPAC) is given 

in Figure 2.2 (Thomson et al., 2007).  

 

Figure 2.2. Classification of pore sizes and the size range for different type of pores 

(Thomson et al., 2007) 

As mentioned by Thomson et al. (2007), sorption pores that have sizes less than 

100nm are observed in hydraulic hydrated phases and are not found in materials 

containing pure lime. Capillary pores are found in the binder and binder-aggregate 

interphase. These pores may have been formed by weak adherence of binder to 

aggregate or possible drying and shrinkage of material during setting. The 

carbonation process also results in a volume change in molecule size, which triggers 

the stress and causes fissures within the material. Capillary pores are open pores to 

the material's surface and play an important role in transport mechanisms for fluids, 

water vapor, and even sound. Coarse pores mostly occur due to entrapped air while 

raw materials are mixed in the sample preparation. Entrained air, due to added 

admixtures that release gas during the chemical reaction, falls into the coarse pore 

category (Thomson et al., 2007). Shrinkage cracks of coarse pore size due to excess 

water in preparation can also be observed.  The effect of different pore shapes on 
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sound absorption is studied by researchers (Attenborough, 1983; Stinson & 

Champoux, 1992) to be used in different sound propagation models, but predictions 

based on a simplification of shapes do not compare much with experimental results 

received from naturally occurring complex pore shapes.  

There are a number of methods to measure porosity and investigate the pores in 

detail. The simplest is the water immersion technique, which is going to be also 

described in Chapter 3rd of the thesis. The others can be listed as image analysis 

through a microscope, gas adsorption, mercury intrusion porosimetry (MIP), 

scanning electron microscopy (SEM), nuclear magnetic resonance (NMR) (Da Silva 

et al., 2023; Maria, 2010; Thomson et al., 2007). The researchers working in the field 

of acoustics also developed methodologies to measure porosity. Some of these are 

based on air volume pressure differences (Champoux et al., 1991; Leclaire et al., 

2003), while the other depends on ultrasonic measurements that can be done through 

sophisticated equipment (Fellah et al., 2003).  

The flow resistivity of a material is the flow resistance of the material per unit 

thickness and directly affects the sound absorption performance. Flow resistance is 

described as a material property that measures the resistance of the material to 

airflow (Kuczmarski & Johnston, 2011). The equations 2.10 and 2.11 are used to 

calculate the flow resistance (!s) and flow resistivity (!) respectively (Cox & 

DíAntonio, 2009). 

 � =
!"

#
 (Equation 2.10) 

 � =
!"

#$
 (Equation 2.11) 

In Equation 2.10 and 2.11, "p is the pressure difference across the test sample in Pa, 

U is the mean steady flow velocity in m/s and d is the thickness of the porous test 

material in m.  Standard test method to determine the air flow resistance of a material 
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is described in the international standard, ISO 9053 (International Standards 

Organization, 1991). 

Tortuosity, another important parameter in the propagation of sound, is related to the 

pore structure. Seddeq (2009) describes it as ìa measure of the elongation of the 

passageway through the pores, compared to the thickness of the sampleî (Figure 

2.3). In Fahyís book (2005), tortuosity is defined as the degree of irregularity and 

variation of channel direction inside a porous material. Cox and DíAntonio (2009) 

refer to tortuosity and say that the absorption of sound in a material will increase as 

the complexity of the sound propagation path in that material increases. It is noted 

by Seddeq (2009) that ìthe value of tortuosity determines the high frequency 

behavior of sound absorbing porous materialsî. 

 

Figure 2.3. Representation of tortuosity (drawn by author, 2023) 

Pore shape plays an important role in the propagation of sound through the material 

and it affects the viscous and thermal events that occur while sound propagates 

within the pore (Cox & DíAntonio, 2009). The two parameters mostly referred to in 

literature related to pore shape are viscous characteristic length (!) and thermal 

characteristic length (!"). The viscous forces are mostly effective in the narrow parts 

of the pores while the thermal interaction takes place in the broader part of the pores. 

A schematic representation of the pore structure and where the two characteristic 

lengths are related is shown in Figure 2.4 (Sz#cs, 2023). 
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Figure 2.4. A representation of pore structures and the parts where viscous (!) and 

thermal characteristic length (!") are effective (Sz#cs, 2023) 

Viscous characteristic length is a weighted ratio of the volume of open pores to the 

surface area of open pores. The weighting is done according to the squared modulus 

of microscopic velocity evaluated, considering the viscosity effects (Cox & 

DíAntonio, 2009). Knapen et al. (2004) describe the viscous characteristic length as 

ìthe viscous interaction of the stiff frame and the fluid at high frequenciesî and they 

define the term as in the Equation 2.12. 

 � =  ! |"(#)|$%&'
! |"(#*)|$%+,

 (Equation 2.12) 

In Equation 2.12, v(r) is the microscopic flow velocity of a non-viscous fluid in a 

pore, and v(r$) is the microscopic flow velocity of the same non-viscous fluid against 

the wall of the pores. In Equation 2.13, a more simplified version of this equation for 

simple pore shapes is shown (Cox & DíAntonio, 2009).  

 � = -
./0123

45  (Equation 2.13) 

In Equation 2.13, s is a constant which lies between 0.3 and 3 for many porous 

absorbers, % is the viscosity of the air, ks is the tortuosity, ' is the porosity, and * is 

the flow resistivity of the material. 
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The thermal characteristic length is defined as the exchange of heat between the fluid 

and the stiff pore structure at high frequencies (Knapen et al., 2004). Equation 9, 

which shows the thermal characteristic length formula, is given below. 

 �6 =  &7
87  (Equation 2.14) 

In Equation 2.14, Vp is the volume of pores and Sp is the surface area of pores. 

These two parameters and tortuosity can be determined through ultrasonic 

measurements (Allard et al., 1994; Fellah et al., 2003). These measurement 

methods are still not standardized and open to many errors. As the wavelength of 

ultrasound approaches the pore size, the waves can be attenuated easily and be 

diffused due to the heterogeneities of the pore structure (Atalla & Panneton, 2005). 

Also electrical resistivity measurements where material placed in a conducting 

fluid (Brown, 1980) can be used to measure tortuosity. This method is found to be 

destructive to the material structure and not suggested for most material types 

(Atalla & Panneton, 2005).  

2.1.3 Sound propagation theories 

Numerous models were developed to characterize the propagation of sound within 

porous materials. Some of these models were based on empirical data received from 

measurements. Others can be defined as phenomenological, in which the 

microstructure of the porous materials was simplified, and the propagation of sound 

was described on a micro-scale.  

There may have three kind of waves propagating through a porous material (Biot, 

1956a, 1956b): 

1. Longitudinal (compression/dilatational/P-wave) waves in the solid part 

2. Transverse (shear/rotational/S-wave) waves in the solid part 

3. Longitudinal (compression/dilatational/P-wave) waves in the fluid part 
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The frame of a material can be categorized as elastic, rigid, or limp, depending on its 

stiffness and elasticity. In a porous material having an elastic frame, such as foam, 

all three mechanical wave types are observed when the material is excited by a sound 

wave. Due to the frameís elastic property, both longitudinal and transverse waves 

propagate within the frame. Besides the propagation in the frame, the air within the 

pores (fluid part) is affected, and longitudinal waves penetrate into the material 

through the pores within the fluid body. In this condition, the viscous and thermal 

dissipation of energy occurs not solely in solid or fluid parts, but the coupling 

between these two parts also contributes to the loss of energy.  

The rigid frame assumption is valid when the stiffness of the solid part of the material 

is much greater than the stiffness of the fluid part (air in the pores) (Attenborough, 

1983). In this situation, the frame is motionless and non-deformable (Panneton, 

2007). Sound propagation only occurs in the fluid part of the porous material. The 

material is represented as an ìequivalent fluidî where only longitudinal waves 

propagate.  

When shear stresses are almost negligible as the sound propagates within the 

material, but an unconstrained ìrigid body motion of the solid phase exists,î as 

Panneton (2007) describes in his work, the porous material can be defined as limp 

frame. Existing rigid and elastic frame theories underestimate the contribution of this 

body motion and accordingly give inaccurate results, especially at low frequencies. 

On the other hand, it should be underlined that the limp frame theory is only suitable 

for materials under certain conditions. Beranek (1947) suggests limp frame 

assumption can be used as soon as the ratio of bulk modulus of the fluid phase over 

bulk modulus of solid phase is over 20. Later on, Doutres et al (2007) offer a metric 

called ìframe stiffness influence (FSI)î to decide whether to use the methods that 

accept the frame as a ìlimpî in acoustic characterization.  
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Table 2.1 Type of waves propagating in rigid, elastic and limp frame materials 
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Many scientists contribute to the existing propagation models by improving their 

applicability to different materials and expanding the frequency ranges in which 

models work. According to various approaches, researchers use different acoustic 

and non-acoustic parameters to describe sound propagation within the porous 

materials they are dealing with. Phase decoupling frequency should be calculated to 

assess which frame assumption is suitable for the material of interest (Zwikker & 

Kosten, 1949). This study's frequency range of interest is between 63Hz and 8000Hz, 

the audible range for most people.  If the calculated phase decoupling frequency is 

below this range, the coupling between the solid and fluid parts of the material is 

negligible, and the solid part, the frame, can be regarded as motionless or rigid. The 

formula for phase decoupling frequency is given below. 

�� =  !"
2#$% (Equation 2.15) 

 

Where & is the flow resistivity (N�s/m4), ! is porosity (-), $1 is the density of material 

(kg/m3). Within the framework of this thesis, the acoustical performance of lime 

plasters is examined, and rigid frame models are explained in more detail in the 

following parts.   

The first theories related to porous materials investigated sound propagation in 

various sizes of tubes (Zwikker & Kosten, 1949).  Tubes are practiced as an analogy 

of pores in porous media. The viscous and thermal effects are studied to reveal their 
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relation to the material's effective density and complex bulk modulus.  Zwikker and 

Kostenís work is the one that is mostly referred to in the studies of sound 

propagation. According to their study, the propagation occurs in several uniform 

tubes perpendicular to the surface, which can be stated as a simplified model of 

porous materials (Zwikker & Kosten, 1949). The effective density ($e) and complex 

bulk modulus (Ke) in their work are given as in Equation 2.16 and Equation 2.17. 

'( = ')!( 1
*1 + 2,-+. /%0,-+.3/)0,-+.34

 
(Equation 2.16) 

5( = 67)!( 1
*1 8 96 + 1: 2,;<-+.

/%0,-+.3/)0,-+.34
 

(Equation 2.17) 

 

In Equation 2.16 and 2.17, the term $0 is the density of air (kg/m3), !e is effective 

porosity, 6 is the ratio of specific heat capacity (!1.4), Np is the Prandtl number, J1 

and J0 are the Bessel functions of the first kind of order 1 and 0. The term , is a 

dimensionless quantity and can be calculated through the Equation 2.18. 

, = >?')@"A  (Equation 2.18) 

 

The term ? is the angular frequency, � is the dynamic viscosity of air (Pa�s) and r is 

the radius of pore. 

Biot (1956a, 1956b) derived a phenomenological approach that takes into account 

the coupling mechanisms between the fluid and solid phases of the material during 

sound propagation.  The frame of material is almost motionless for a range of 

frequencies in his model. Out of this range, the interaction between air and frame 

affects the sound propagation, and the frame can be assumed to be elastic. Biot, in 

his work, accounts for the shape and tortuosity of pores (i.e., not perpendicular to the 
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surface) as he denoted them as ìstructural factorî and ìsinuosity factorî. The theory 

is given extensively in the original work; in this thesis, the author refers to the papers 

published by Biot (Biot, 1956a, 1956b) for further information. 

The model derived by Attenborough (1983) improves the previous models of Morse 

and Ingard and Smith and Greenkorn. Effective resistivity and stiffness, which are 

related to thermal effects, were associated with frequency. The model includes 

structure factors in order to consider the effect of increased inertia with the friction 

of air particles at the pore walls as they propagate and the effect of microstructure 

which can result in deviations in the pathway of the motion of air. Besides the 

dynamic shape factor proposed by Smith and Greenkorn, Attenborough also added 

a static shape factor. The effective density and effective bulk modulus in 

Attenboroughís work are given in Equation 2.19 and Equation 2.20. 

� = �!" 
1

#1 $ 2%&$' ()*%&$'+(!*%&$'+,
 

(Equation 2.19) 

- = ./!" 
1

#1 0 23. $ 14%&56&$'
()*%&$'+(!*%&$'+,

 
(Equation 2.20) 

 

In Equation 2.19 and 2.20, 7 is the dimensionless quantity as described by the 

Equation 2.21. 

% = 189:;�!<>?" @  (Equation 2.21) 

 

In the Equation 2.21, ABis flow resistivity (N·s/m4), �Å is the tortuosity and sA is 

pore shape factor ratio which is a ratio as given in Equation 2.22. 

 ! = "#  (Equation 2.22) 
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In the Equation 2.22, n is the dynamic shape factor and s is the static shape factor. 

Johnson et al (1987) came up with a new approach. The work is concentrated on the 

viscous effects that take place in arbitrarily shaped pores. A new term called ìviscous 

characteristic lengthî is introduced. Following the work of Johnson et al.,  Allard 

and Champoux (1992) extend the theory to define the thermal interactions in 

arbitrarily shaped pores. A second parameter is introduced with this work called 

thermal characteristic length. The model with the extended version is mentioned as 

the Johnson Champoux Allard model (JCA) in literature. 

 

$% = &'$()% *1 + ,)%-.&'$( /1 + 4-&'0 �Å !"#$%$&$ ' (Equation 2.23) 

(# = )*!"#
+,
,,
,-) . ) . 1

1 / 8�0%2$34Å !51 / 0 !Å34%2$16� 79
99
9:
 (Equation 2.24) 

 

In Equation 2.23 and 2.24, the terms � and �í are the viscous characteristic length 

and thermal characteristic length respectively. Later, Lafarge et al. (1997) improved 

Equation 2.24 to account for the thermal effects more accurately. The modified 

version of the effective bulk modulus is presented in Equation 2.25. 

(# = )*!"#
+,
,,
,-) . ) . 1

1 / �"#0;!234Å !51 / <0;!2$ !Å34�%2$"#$ 79
99
9:
 (Equation 2.25) 

 

There exists a new term, ;!2 , in Lafarge et al.ís equation called static thermal 

permeability. Although the improved equation gives a more accurate result, it is hard 
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to measure static thermal permeability and mostly it is predicted through measured 

sound absorption values.  

After all, due to the lesser number of unknown parameters, which are porosity, static 

flow resistivity, tortuosity, and the two characteristic lengths, the JCA model is one 

of the most favored theories as it gives reasonable and converging results to the 

measured data.  

2.2 Mortar and plaster: Definition and compositional characteristics 

Mortar is a mixture of aggregate, binder, and water. It serves different purposes in 

buildings, such as bedding and jointing the building blocks, plastering, and 

rendering. The term ìplasterî is a common name in terminology that refers to the 

application area, the use of mortar as a coating layer of masonry elements  in the 

interior of a building (Arizzi & Cultrone, 2021). Mortars are called rendering when 

applied as a coating layer on the exterior surface of masonry elements. Whether used 

for plastering or rendering, mortars may participate in various roles such as 

protecting the building core from different weather conditions, forming a fine finish 

for decorative purposes, serving as a thermal barrier or a sound absorptive coating 

(Ergenç et al., 2021; Caner, 2003).  

The binder is the main ingredient in the mixture to classify the plasters. It serves as 

a binding medium that transforms chemically to a stable compound as aging that 

holds the aggregates together (Arizzi & Cultrone, 2021; Ergenç et al., 2021; 

Rodriguez-Navarro, 2012). From the early ages to the present day, the materials used 

as binders have varied depending on the source region and the technology. 

According to their binder, the plaster types can be listed mainly as mud (clay-rich 

earth) plasters, gypsum plasters, lime plasters, and cement plasters.  

The aggregates in the plasters contribute to the volume stability, strength, and 

durability (Ergenç et al., 2021; Stefanidou & Papayianni, 2005). Natural aggregates 

used since antiquity originate from quarries, rivers, and seas. These aggregates may 
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contain silicate minerals, carbonate minerals, or sulfate minerals. In recent practices, 

researchers explored the capacity of artificial aggregates such as expanded clay, 

expanded perlite, expanded polystyrene beads, recycled glass, or recycled rubber as 

a filler. Another popular trend of research is exploring the use of biobased materials 

as aggregates. The biobased aggregates commonly used are hemp, flax, coconut, rice 

husk, date palm, wood shelves etc (Amziane & Sonebi, 2016).  The main drives 

behind these attempts are to decrease the weight, improve mechanical properties, 

increase the thermal insulation capacity and sound absorption performance, and/or 

reduce the carbon print in the manufacturing process. 

Apart from these essential constituents, additives and/or admixtures may have been 

used to enhance specific characteristics of the plaster mixture. 

2.3 Pore structure of mortars and plasters 

The manufacturing process of plasters and mortars, in general, results in a unique 

pore structure that can not be controlled due to naturally occurring physical and 

chemical bonds. This complex structure is the subject of many studies. Researchers 

try to understand the pore structure in mortars/plasters and its connection to 

numerous performance properties. 

The effect of raw materials, compositional ratios, and curing conditions are discussed 

through selected research.  

The effect of shape, size and minerological composition of aggregate: 

The quarried aggregate may contain sharp edges. The form of a river or sea sand is 

mostly rounded as abrasion on the surface occurs due to the movement of water. 

Sharp-edged aggregates are preferred generally as their specific surface area 

increases the adherence with lime (Çizer, 2004). The use of rounded shape 

aggregates in plaster and mortars increases the amount of larger pores and decreases 

the strength (Lanas et al., 2004). 
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Using fine aggregates below 2mm in size increases the strength of mortars. Coarse 

aggregates are found to be useful in the development of long-term strength and 

preserve volume stability (Stefanidou & Papayianni, 2005). The aggregate size used 

in mixtures can affect the pore formation and size (Neithalath, 2004). 

The mineral composition of aggregates is important as some of the minerals in 

aggregates contribute to chemical reactions during the setting process. Limestone 

aggregates contribute to the strength as a similarity exists between lime used as a 

binder and limestone used as aggregates. The quartz minerals are reported as not so 

effective in the early setting of mortar (Çizer, 2004).  

Pore size change during carbonation:  

Lawrence et al. (2007) studied the alteration of pore structure during carbonation in 

non-hydraulic lime mortars. Observations were made on lime mortars prepared with 

different forms of lime (dry lime hydrate, 4-month-old lime putty, 20-year-old lime 

putty, dispersed hydrated lime, and hot lime), three different aggregates (crushed 

bioclastic stone, crushed oolithic stone, and silicate sand) and water. Mercury 

intrusion porosimetry method, thermogravimetric technique, and scanning electron 

were used to identify samples' pore alterations and carbonation state. The research 

showed that the volume of pores with 0.1 !m size increased with calcination. Due to 

the attachment of calcite crystals to aggregate surface and uncarbonated portlandite 

crystals, the volume of pores smaller than 0.03 !m size increased. In the research, it 

was also underlined that the pores under 0.1 !m size kept water outside, and this 

reduced the carbonation. This phenomenon clarifies why the process of carbonation 

in air lime mortars goes on for many years.  

The effect of compositional ratio and curing on pore structure of mortars:  

Researchers have also investigated the effect of the water-to-cement ratio on the pore 

size distribution of mortars.  Klisinska-Kopacz et al. (2010) focused on the pore 

structure of repair mortars intended to conserve historic buildings. They compared 

the pore structure of freshly prepared Roman cement mortars with the pore structure 
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of historical Roman cement mortars collected from various historical buildings that 

date back to 17th and 18th history. The fresh mortars were produced from Roman 

cement and quartz sand, which were 0.5-1mm in size and water. The water/cement 

ratios of the sample mortars ranged between 0.6 and 1, and the aggregate-to-cement 

ratio was 1:2 by weight. The ratios used to produce mortars were chosen, similar to 

the ones used to produce Roman cement mortars for casting decorative elements. 

The results showed that as curing continued, the amount of smaller pores increased 

in the range of 0.01-0.03 !m. The pore size distribution curve exhibited a different 

character for the mortars with different water/cement ratios. As shown in Figure 

2.1(a), the pore size distribution curve of mortars having a low water/cement ratio is 

unimodal. On the other hand, for the mortars having a higher water-to-cement ratio, 

the pore size distribution curve takes a bimodal form, showing two porosity domains 

(Figure 2.1(b)).  

  

Figure 2.5. Differential volume of intruded mercury vs. pore diameter for thepaste 

made of Folwark Roman cement, (a) w/c=0.6, (b) w/c=1 cured at various ages 

The Roman mortar samples collected from historical buildings had porosity values 

changing from 20% to 45%. In Figure 2.2, the pore size distribution of Roman 

cement materials collected from different places of a building is given. As the authors 

pointed out, the bimodal and multimodal shapes of these distribution curves 

indicated the coexistence of well-reacted cement and pores formed after the excess 

water that was not consumed during carbonation evaporated. 
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Figure 2.6. Differential volume of intruded mercury vs. pore diameter for samples 

collected from various decorative elements of the Trade Academy in Krakow, 

Poland 

The ability of old mortars to continue their hydration was also tested in the research 

of Klisinska-Kopacz et al. (2010), and it was seen that after re-wetting the historic 

mortar, the pore size distribution changed, and the threshold of the distribution curve 

was shifted to smaller sizes. 

Another similar research was conducted by Lafhaj et al. (2006), which aimed to 

reveal the correlations between porosity, permeability, and ultrasonic pulse velocity 

values of mortars produced with variable water/cement ratio. The cement used in 

experiments was Portland cement, and the water/cement ratios varied between 0.3 

and 0.6. Fine sand in 0.16-2 mm size and coarse sand in 0.8-3.15mm were included 

in cement mixes. Figure 2.3 shows the change of porosity with water/cement ratio. 

As can be seen, porosity did not change linearly with the increase in the water/cement 

ratio. 
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Figure 2.7. Porosity variation with water/cement ratio 

In the research of Papayianni & Stefanidou (2006) which investigates the relation 

between porosity and strength in lime pozzolan mortars, the effect of water/binder 

content on porosity was investigated. In the production of test samples, hydrated 

lime, natural pozzolan from Milos Island, and river aggregates in fine and coarse 

form were mixed with different amounts of water. In some of the samples, standard 

sand was used in the content instead of river aggregates. The results showed that as 

the water/binder ratio was increased, generally, the samples got more porous (Figure 

2.4). 

  

Figure 2.8. The relation between porosity and water/binder (w/b) ratio in mortars in 

lime-pozzolan mortar prepared with natural river sand (right) and standard sand 

(left) 
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Aggelakopoulou et al. (2011) conducted tests to find the chemical and physico-

mechanical properties of prepared samples to examine the compatibility of lime 

mortars prepared with a pozzolan metakaolin to be used to restore historic masonries. 

Mercury intrusion porosimetry was used to acquire information about the 

microstructural properties such as cumulative volume, specific surface area, average 

pore radius, bulk density, and open porosity for samples cured for 1, 3, 6, and 12 

months. For the samples with higher metakaolin/lime ratio by mass (1 and 0.5), open 

porosity and cumulative volume decreased from 1 to 3 months, then increased from 

3 to 12 months. The samples with a lower metakaolin/lime ratio (0.2 and 0.09) 

showed a different behavior. The cumulative volume and open porosity slightly 

increased with time from 1 to 6 months and then decreased from 6 months to 12 

months. The average pore radius of samples did not change during the curing period, 

regardless of their metakaolin/lime ratio. On the other hand, the average pore radius 

of samples with 0.2 and 0.09 metakaolin/lime ratio by mass was larger than the pore 

radius of samples with 0.5 and 1  metakaolin/lime ratio by mass. 

 

Figure 2.9. Pore size distribution at 12 months curing time, metakaolin/lime ratios 

for MK1: 1, MK05: 0.5, MK5: 0.2 and MK2.5: 0.09 

When the pore radius distributions were examined for samples with different 

metakaolin/lime ratios, it was observed that samples with higher metakaolin/lime 

ratios of 1 and 0.5 had pores smaller than 0.1 !m radius for their 88% and 78% of 
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their relative volume (Figure 2.5). The percentages of pores smaller than 0.1 !m 

radius for mortar samples with lower metakaolin/lime ratios of 0.2 and 0.09 were 

67% and 77%, respectively.  

2.4 Acoustic performance in relation to pore structure for consolidated 

granular materials  

Arenas & Crocker (2010) classify porous materials according to their structure as 

cellular, fibrous, and granular. Studies related to the granular category examine 

sound propagation in unconsolidated loose granular mixes and/or consolidated 

granule compounds. The materials like mortar and plaster are categorized under 

consolidated granular materials as their aggregates are compounded together by a 

binder or an adhesive agent. The sound absorptive properties of porous concrete are 

a popular subject as this type of material is promising to be used for many 

applications as an absorptive surface on outdoor noise barriers, on roads, or within 

the buildings of industrial settlements, sports halls, etc (Carbajo et al., 2015; 

Horoshenkov et al., 2003; H. K. Kim & Lee, 2010a; Zhang et al., 2020). The 

aggregate size used in porous concrete materials is mostly above 2mm. The type of 

aggregates used in the studies can be listed as siliceous sand (Bozkurt & Demirkale, 

2020b; H. Kim et al., 2018; Knapen et al., 2004; Leiva et al., 2012; Palomar & 

Barluenga, 2022), crushed brick (Bozkurt, 2023), crushed limestone (Bozkurt, 2023; 

Marolf et al., 2004), basalt (Zhang et al., 2020), zeolite (H. Kim et al., 2018), pumice 

(Bozkurt & Demirkale, 2020b), perlite (Bozkurt & Demirkale, 2020b; Palomar & 

Barluenga, 2018), expanded glass (Bozkurt, 2023), expanded shale (H. K. Kim & 

Lee, 2010b), expanded clay (Carbajo et al., 2017; Pereira et al., 2019) and 

vermiculite (Palomar & Barluenga, 2022). Apart from using cement as a binder, also 

adhesives or admixtures such as silica fume, fly ash, and plasticizers are utilized to 

increase the strength and workability of mixtures (H. Kim et al., 2018; H. K. Kim & 

Lee, 2010b; Marolf et al., 2004; Park et al., 2005; Vasina et al., 2006). There is also 

research on plasters or composite materials that have aggregates below 2mm in size 
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and contain hydrated lime or hydraulic lime as a replacement or an alternative to 

cement used as a binder (Bozkurt & Demirkale, 2019, 2020b; Palomar & Barluenga, 

2017). The effect of adding fiber to the mixtures is another topic investigated in 

studies related to sound absorption. Polypropylene fiber, cellulose fiber, flax fiber, 

basalt fiber, and glass fiber are the ones used in these studies (Bozkurt, 2023; Bozkurt 

& Demirkale, 2019, 2020b; H. Kim et al., 2018; Marolf et al., 2004; Palomar & 

Barluenga, 2022). In recent years, composites from natural materials such as hemp 

shiv and sunflower stem used as a granular infill combined with clay or natural 

biopolymers draw interest due to a tendency to use sustainable and eco-friendly 

materials in the building industry (Degrave-Lemeurs et al., 2018; Glé et al., 2011; 

Mati-Baouche et al., 2016). Substituting recycled aggregates as rubber crumbs or 

waste concrete aggregates is another attempt to increase the lifespan of used products 

to sustain natural resources. 

The knowledge gained through these mentioned studies is mainly presented as the 

effect of raw materials and their compositional ratios on sound absorption 

performance. The strength of these materials is another issue discussed in most of 

the published work, as the main intent is to use these material composites as sound 

absorbers in various applications. Little has been done so far to investigate the 

microstructural properties of the porous network formed due to chosen raw materials 

and compositional ratios. The microstructural properties affecting sound absorption 

are previously described in detail in Chapter 2.1.2 of this thesis. The most common 

tendency is to comment only on porosity values, as porosity is the most practically 

measured parameter. On the other hand, the microstructural properties such as pore 

size, pore shape, tortuosity, flow resistivity, and viscous and thermal characteristic 

lengths require complex and expensive measurement/analysis setups that are not 

standardized and/or require extensive user knowledge. For granular consolidated 

materials, Horoshenkov et al. (2003), Horoshenkov & Swift (2001), Vasina et al. 

(2006), Knapen et al. (2003), and Carbajo et al. (2015) measure some of the 

microstructural properties and/or use the theoretical sound propagation models to 

deduce the unknown properties or use inverse methods based on optimization to 
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make a prediction depending on measured sound absorption data. Shape-specific 

models to estimate void ratios (similar to porosity) are utilized in sound absorption 

characterization research conducted by Kim and Lee (2010a) and Marolf et al. 

(2004). 

The general conclusions on compositional properties gathered from various works 

on the sound absorption of consolidated granular media are summarized below: 

The effect of binder on sound absorption:  

Increasing the binder amount in granular mixes decreases porosity. As a result, 

overall sound absorption performance drops off (Bozkurt, 2023; Bozkurt & 

Demirkale, 2018; Glé et al., 2011; Zhang et al., 2020).  Pereira et al. (2019) noted 

that in their porous samples prepared with cement and expanded clay aggregates, 

increasing cement content in the materials moves the peak absorption curve to lower 

frequencies. Bozkurt & Demirkale (2019) found that using hydrated lime as a binder 

results in higher sound absorption than using hydraulic lime. Gle et al. (2011) also 

found a similar result in their study, where they compared the sound absorption 

curves of different hemp concrete samples prepared with aerated lime, hydraulic 

lime, pozzolanic lime, and cement. The samples prepared with a cement binder had 

the lowest sound absorption performance. Overall, the binder prepared mostly with 

aerated lime shows higher sound absorption performance in a broader frequency 

range. 

The effect of aggregate on sound absorption: 

Using aggregates above 2mm enhances the sound absorption performance (Bozkurt, 

2023). The size distribution of aggregates is an important aspect of the propagation 

of sound (Bozkurt, 2023). Samples having a broader aggregate size distribution show 

higher overall sound absorption performance compared to the alternatives having 

single-size aggregates (Bozkurt, 2023; Carbajo et al., 2015; Marolf et al., 2004). As 

the aggregate size decreases in samples, the peak absorption shifts to the lower 
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frequencies (Carbajo et al., 2015) and decreases (Zhang et al., 2020). The aggregate 

type also affects the sound absorption of samples. As noted by Bozkurt (2023) and 

Bozkurt and Demirkale (2020b), samples prepared with lightweight aggregates such 

as perlite, pumice, and expanded glass have higher sound absorption than samples 

containing crushed brick, crushed limestone or river sand. Crumbed rubber, as a 

replacement for perlite aggregate, increases sound absorption at low and high 

frequencies  (Bozkurt & Demirkale, 2020b).  

The effect of pozzolanic materials: 

Pozzolanic materials in composition react with calcium hydroxide in the presence of 

moisture to form a solid cementitious body composed of calcium silicates and 

aluminum (Güney, 2012). Pozzolanic materials are used to increase strength in 

compositions (Marolf et al., 2004). The addition of pozzolanic materials to porous 

concrete is a way of improving the strength of the material while targeting the 

maximum achievable sound absorption. On the other hand, pozzolanic additives 

increase the material's density, resulting in poorer absorption. This condition is seen 

in the work of Leiva et al.  (2012). The samples prepared with fly ash and bottom 

ash show a remarkable decrease in sound absorption performance.  

On the other hand, when both pozzolanic additives are compared, the samples 

prepared with bottom ash present better sound absorption performance than those 

prepared with fly ash. The effect of pozzolanic material on sound absorption is also 

verified by the work of Bozkurt and Demirkale (2019). They observed that adding 

pozzolan to hydrated lime or hydraulic lime as a natural pozzolanic material 

decreases sound absorption compared to the sound absorption of samples prepared 

by only hydrated lime and aggregates. 

The effect of fibers: 

The general conclusion from studies including fibers in compositions is that sound 

absorption is enhanced overall by adding fibers (Bozkurt, 2023; Bozkurt & 
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Demirkale, 2020b; Palomar & Barluenga, 2022; H. Kim et al., 2018). In some of the 

research it is seen that as fiber content increases, the maximum sound absorption 

value increases as well (Neithalath et al., 2004). A similar result was also observed 

in the work of Bozkurt and Demirkale (2020b). Many different fiber types have been 

included in the studies, such as polypropylene fiber, cellulose fiber, flax fiber, basalt 

fiber, and glass fiber. Bozkurt and Demirkale (2020a) found that the addition of flax 

fiber to the compositions results in greater sound absorption compared to the 

polypropylene fiber addition. 

The results of the investigation on microstructural pore properties of consolidated 

granular materials can be summarized below: 

The effect of porosity: 

The measurement techniques of porosity vary a lot, and depending on the chosen 

technique, different types of pores can be considered, such as open pores, closed 

pores, or kinematic/effective pores (excluding the dead-end pores). Horoshenkov et 

al (2003) use image analysis of cross sections to determine the porosity of samples 

prepared with high alumina cement and aluminous aggregate curing under high 

temperature and pressure in a moist environment. One of these samples is also water-

cured. The porosity determined in this way is similar to the one calculated with 

densities and gives results of 0.38 and 0.39 for the consolidated two samples in this 

study. On the other hand, the results of sound absorption measurement show that the 

sample that is not water-cured has higher sound absorption coefficient values 

between 500 and 2500 Hz. This can be attributed to pore structure, which may have 

been particular to the sample, although the porosity, somewhat of a macro property, 

is similar to the other sample. In the work of Horoshenkov, coauthored with Swift  

(2001), the porosity values of rubber granules consolidated with a polyurethane 

binder under determined by the water suction method (Leclaire et al., 1998). The 

porosity values of consolidated samples changes between 35% and 60%. The authors 

interpreted the sound absorption measurement results with the compaction ratio and 

binder concentration. For different grain sizes, no consistent relation is observed 
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between porosity and the maximum sound absorption. Still, it should be noted that 

with the decrease of porosity due to the compaction ratio, the peak point of maximum 

absorption shifts to lower frequencies. Knapen et al. (2003) use the Biot-Allard-

Johnson model to interpret the performance of measured sound absorption values of 

different mixes prepared with sand up to 2mm in size, Portland cement, and 

polyvinyl acetate. They stated that as porosity increases, the peak point of absorption 

also increases, but no frequency shift of this peak point was reported in their study. 

Carbajo et al. (2015) reported a minor reduction of sound absorption as porosity 

decreased in their samples prepared with perlite and vermiculite aggregates with 

cement. In a different study, Carbajo et al. (2017) measured the sound absorption 

performance of two distinct materials composed of dissimilar types of perlite 

aggregates of various sizes with the same cement-to-aggregate ratio. The porosity 

values determined with the water saturation method were similar, and only a slight 

difference was observed at peak absorption values based on close but particular 

frequencies. Looking at this limited data, the porosity values cannot be directly 

related to the sound absorption. These findings presented in the mentioned studies 

show that it is not simple to associate only porosity and sound absorption 

performance without considering other microstructural pore characteristics.   

The effect of flow resistivity: 

Vasina et al. (2006) found that the flow resistivity of the samples prepared with 

3.5mm size expanded clay aggregates is higher than that of those prepared with 

bigger aggregates. As the flow resistivity of the sample increases, the maximum 

sound absorption also increases in their study. On the other hand, in the study of 

Knapen et al. (2004), the samples prepared with smaller grain sizes (0.8-1.2mm) 

have higher flow resistivity than those composed of 1.4-2mm size grains. Contrary 

to what Vasina et al. (2006) found, with the higher values of flow resistivity, the 

maximum sound absorption decreases for the samples in Knapen et al.ís work 

(2004). In the study of Carbajo et al. (2015), the increase in sound absorption is also 

linked to increased flow resistivity in their samples prepared below 4mm size 
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aggregates. The authors state that a shift in peak absorption towards lower 

frequencies is associated with increased flow resistivity due to the reduced-sized 

grains. The results of Swift et al. (1999) agree well with the results of Carbajo et al 

(2015).  

The effect of tortuosity: 

Tortuosity is one of the parameters that requires complex measurement setups. 

Although a method based on electrical resistance exists, some materials can 

deteriorate due to the use of a saturated solution in the experiment. For the other 

alternative methods, one must use expensive equipment, which is unavailable for 

most laboratories. Due to these consequences, in most research, scientists prefer 

inverse methods based on optimizing the differences between measured and 

predicted sound absorption data. Horoshenkov and Swift (2001) predict the 

tortuosity values of samples prepared with rubber granules and polyurethane binder. 

It has been reported by authors that tortuosity values primarily define the position of 

maximum and minimum absorption points in the frequency range. The results show 

that tortuosity values increase as the compaction ratio rises. Also, as binder 

concentration increases, the tortuosity increases. Vasina et al. (2006) also interpret 

the data based on predicted tortuosity values for the samples containing Portland 

cement, expanded clay aggregates, pulverized fuel ash, and plasticizer. The 

tortuosity, together with the standard deviation in the pore size, cannot be linked to 

the aggregate size used in the samples. No more information, such as a direct 

association, is given for tortuosity and sound absorption data, which may depend on 

a relatively small number of samples. The study of Knapen et al (2003) is another 

example of how predicted tortuosity values are interpreted. The prediction method 

enables us to keep the other effecting parameters fixed and observe the change in 

sound absorption with the shift in tortuosity. The prediction method used in this study 

is based on a hybrid model of Biot Allard and Johnson. As the value of tortuosity 

increases, the peak sound absorption value shifts to a lower frequency by decreasing 

gradually. All in all, it should be noted that this observation stands highly theoretical 
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since the complex pore structure cannot be altered in naturally occurring materials. 

As a result, more than one parameter affects the sound absorption curve.   

The increase of tortuosity (predicted) is observed using smaller-size arlite aggregates 

in the samples prepared with Portland cement in the study of Carbajo et al. (2017). 

In another work of the same authors, tortuosity values are again predicted through 

optimization for the material samples having arlite and vermiculite aggregates and 

Portland cement in their compositions. The study shows that the tortuosity values of 

samples with the same size of aggregates do not change significantly. Still, the 

authors also point out that these tortuosity values are obtained through prediction, 

and experimental work should have been done to clarify this argument. 

Mahasaranon et al. (2012) conducted different research to understand the change of 

porous structure through the section of a thick material sample. Their sample is a 

composite material formed with a polyurethane binder, polyol, and tire shred (a mix 

of rubber grains and nylon fibers). The sample was measured as a whole and as 

shredded pieces of equal thickness of 35mm. It has been seen that the upper piece 

shows remarkably different characteristics in terms of tortuosity, although porosity 

values stay almost the same for every other piece. The measured tortuosity is around 

6 for the upper piece and changes between 2.5 and 1.5 for the rest. The measured 

sound absorption coefficients are the lowest for this upper piece compared to the 

other pieces from different depths. The authors interpreted that this difference may 

result from a polymerization reaction in which the reaction rate changes 

exponentially along the depth of the material. The difference observed in this study 

is somewhat expected as the sampleís original thickness is 140mm. 

The effect of characteristic lengths: 

Viscous and thermal characteristic length are the two important pore structure 

parameters in the sound propagation models. Many have been done to characterize 

these two lengths for sound absorptive materials such as fibrous materials like fiber 

wool, glass wool, jute, cellular materials like melamine foam, metallic foam, or loose 
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granular materials. On the other hand, only a few researchers also try to determine 

the characteristic lengths of consolidated granular materials (Degrave-Lemeurs et 

al., 2018; Knapen et al., 2003; Mati-Baouche et al., 2016; Othmani et al., 2017).  The 

common characteristic of these studies is the attempt to use natural wastes such as 

hemp, sunflower seeds, and sugarcane plants. Only in the study of Knapen et al. 

(2003) are sand and cement utilized as traditional ingredients of porous cement 

materials. They observe the effect of characteristic length on sound absorption using 

a prediction method based on a BiotñAllardñJohnson hybrid model. They conclude 

that the thermal characteristic length predicted through optimization for different 

mixes does not alter much for their type of polymer-modified cement mortars. For 

viscous characteristic length, an increase in the parameter shifts the maximum 

absorption point to higher frequencies with an increase. The characteristic lengths 

measured in the other studies only give an idea about the range of these parameters 

as they are not directly linked to sound absorption coefficients.   

Below in Table 2.2 the measured and predicted microstructural pore properties of 

different materials from various studies are given. Measured and predicted values 

are followed by M or P, respectively. 

 

Table 2.2 Measured (M) and predicted (P) microstructural pore properties of 

different granular materials reported in literature 
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Carbajo et 
al, 2015 

Vermiculite type 
2 (V2) �1 mm 

0.39 M 2230 M 1.7 P - - - - 

Carbajo et 
al, 2015 

Vermiculite type 
3 (V3) 0.5ñ4 mm 

0.4 M 1720 M 1.7 P - - - - 

Carbajo et 
al, 2015 

Vermiculite type 
2 (V2) >1 mm 

0.37 M 1424 M 1.73 P - - - - 

Carbajo et 
al, 2015 

Concrete with 
arlite agg (<4mm) 

0.39 M 2176 M 1.82 P - - - - 
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Table 2.2 (continued) 
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Carbajo et 
al, 2015 

Concrete with 
arlite agg (>4mm) 

0.38 M 1830 M 1.87 P - - - - 

Carbajo et 
al, 2017 

Porous concrete 
with arlite 
aggregates 
(expanded clay) - 
B 

0.35 M 1507 M 1.56 P - - - - 

Carbajo et 
al, 2017 

Porous concrete 
with arlite 
aggregates 
(expanded clay) - 
A 

0.38 M 1839 M 1.86 P - - - - 

Degrave-
Lemeurs 
et al, 2018 

Hemp-clay 
composites 

0.5 M 30000 M 1.1 P 22 P - - 

Degrave-
Lemeurs 
et al, 2018 

Hemp-clay 
composites 

0.47 M 185000 M 1.2 P 5.5 P - - 

Degrave-
Lemeurs 
et al, 2018 

Hemp-clay 
composites 

0.61 M 13000 M 1.9 P 150 P - - 

Degrave-
Lemeurs 
et al, 2018 

Hemp-lime 
composites 

0.7 M 4000 M 2.4 P 236 P - - 

Degrave-
Lemeurs 
et al, 2018 

Hemp-lime 
composites 

0.55 M 9400 M 3.8 P 94 P - - 

Degrave-
Lemeurs 
et al, 2018 

Hemp-lime 
composites 

0.26 M 25000 M 4 P 26 P - - 

Gle et al, 
2011 

S3-binder B - 
hemp concrete 

0.73 M 19300 M 3 P 23 P - - 

Gle et al, 
2011 

S1-binder A - 
hemp concrete 

0.75 M 11000 M - - - - - - 

Gle et al, 
2011 

S1-binder B - 
hemp concrete 

0.75 M 31300 M - - - - - - 

Gle et al, 
2011 

S1-binder C - 
hemp concrete 

0.74 M 33300 M - - - - - - 

Gle et al, 
2011 

S2-binder A - 
hemp concrete 

0.67 M 73000 M - - - - - - 

Gle et al, 
2011 

S2-binder B - 
hemp concrete 

0.68 M 32300 M - - - - - - 

Gle et al, 
2011 

S2-binder C - 
hemp concrete 

0.75 M 55700 M - - - - - - 
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Table 2.2 (continued) 
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Gle et al, 
2011 

S3-binder A - 
hemp concrete 

0.68 M 20300 M - - - - - - 

Gle et al, 
2011 

S3-binder C - 
hemp concrete 

0.72 M 24700 M - - - - - - 

Horoshen
kov & 
Swift,200
1 

Consolidated 
rubber granulates 
0.71-1mm 

0.36 M 92200 M 1.68 P - - - - 

Horoshen
kov & 
Swift,200
1 

Consolidated 
rubber granulates 
1.41-2mm 

0.36 M 19800 M 1.68 P - - - - 

Knapen et 
al, 2003 

Polymer modified 
concrete 11 

0.39 M 33500 M 1.6 P 30 P 300 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 4 

0.38 M 10700 M 1.9 P 50 P 400 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 26 

0.36 M 13500 M 2.2 P 50 P 400 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 10 

0.39 M 35800 M 2.3 P 50 P 240 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 8 

0.34 M 48300 M 2.3 P 35 P 220 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 3 

0.38 M 12300 M 2.4 P 55 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 23 

0.37 M 12300 M 2.5 P 70 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 31 

0.4 M 28700 M 2.5 P 75 P 200 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 7 

0.36 M 16100 M 2.5 P 55 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 6 

0.35 M 21900 M 2.7 P 55 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 30 

0.39 M 30000 M 2.8 P 80 P 200 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 29 

0.35 M 55200 M 2.9 P 55 P 220 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 9 

0.34 M 40300 M 2.9 P 60 P 200 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 21 

0.34 M 15900 M 3 P 70 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 20 

0.37 M 9200 M 3.1 P 120 P 300 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 28 

0.35 M 41000 M 3.1 P 60 P 240 P 
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Table 2.2 (continued) 
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Knapen et 
al, 2003 

Polymer modified 
concrete 1 

0.35 M 17700 M 3.2 P 50 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 27 

0.35 M 15600 M 3.3 P 75 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 0 

0.36 M 12200 M 3.4 P 55 P 500 P 

Knapen et 
al, 2003 

Polymer modified 
concrete 24 

0.36 M 17300 M 3.6 P 90 P 400 P 

Mahasara
non et al, 
2012 

PU foam with 
nylon fibers and 
rubber grain -
layer D 

0.94 M 13 813 M 1.56 M - - - - 

Mahasara
non et al, 
2012 

PU foam with 
nylon fibers and 
rubber grain -
layer C 

0.92 M 32 029 M 2.06 M - - - - 

Mahasara
non et al, 
2012 

PU foam with 
nylon fibers and 
rubber grain -
layer B 

0.91 M 64 415 M 2.41 M - - - - 

Mahasara
non et al, 
2012 

PU foam with 
nylon fibers and 
rubber grain -
layer A 

0.91 M 81 729 M 6.27 M - - - - 

Swift et 
al, 1999 

Consolidated 
rubber granulates 
>2.0 mm 

0.336 M 22000 M - - - - - - 

Swift et 
al, 1999 

Consolidated 
rubber granulates 
0.71-1.0 mm 

0.317 M 489000 M - - - - - - 

Swift et 
al, 1999 

Consolidated 
rubber granulates 
1.0-1.4 mm 

0.34 M 80500 M - - - - - - 

Swift et 
al, 1999 

Consolidated 
rubber granulates 
1.4-2.0 mm 

0.3 M 62100 M - - - - - - 

Minimum 0.26 
 

1424 
 

1.1 
 

5.5 
 

200 
 

Maximum 0.94 
 

489000 
 

6.27 
 

236 
 

500 
 

Average 0.48 
 

38190 
 

2 
 

67 
 

366 
 

Median 0.38 
 

20050 
 

2.4 
 

55 
 

400 
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CHAPTER 3  

3 MATERIALS AND METHODS 

This chapter describes the raw materials and plaster sample preparation techniques 

throughout this study. Experimental procedures to define basic material properties 

and performance properties are presented together with the inverse characterization 

technique used for predicting the unknown characteristics related to pore structure.  

3.1 Raw materials used in plaster sample preparation 

The raw materials used as binder and aggregates in the study are described in this 

section. It is known that lime is one of the oldest binding materials used in plasters. 

Its history dates back to 4000 B.C. when it was used as plastering material in the 

pyramids of Eygpt (Boynton, 1966). Lime is a term widely used for the burned form 

of limestone. The main mineral found in limestones is calcium carbonate (CaCO3). 

The other minerals or the so-called impurities within the limestone determine the 

type of lime. The calcination process in kilns relieves carbon dioxide (CO2) from the 

limestone and forms calcium oxide (CaO), also known as quick lime. The quicklime 

formed after the burning process should be slaked for use. The slaking procedure is 

an exothermic process. The end product is called as hydrated lime or slaked lime 

(Ca(OH)2). The reactions taking place are given below: 

                         900ºC 
CaCO3    CaO + CO2 

limestone                           quicklime 
(Reaction 3.1)  

 CaO + H2O                     Ca(OH)2 + Heat   

quicklime                              slaked lime   
(Reaction 3.2) 
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Lime is classified according to its setting environment. Hardening of lime can take 

place either in the air or underwater. The ones that harden under water are called 

hydraulic lime. Other sets in the air are called non-hydraulic lime. Nonhydraulic 

limes contain a high amount of calcium carbonate. Hydraulic limes contain active 

clay materials, giving the property of setting under water. Hydraulic limes can be 

produced either from limestones that naturally contain clay or from or by mixing 

clays with pure limestones (Çizer, 2004). 

According to TS EN 459-1 (Türk Standardlar� Enstitüsü, 2015) standard, the limes 

used in buildings are classified into categories according to their content and purities. 

Table 3.1 gives the lime types and notations used for classification. 

Table 3.1 Types of building limes and their classification 

Type of building lime  Classification 

Calcium Lime CL90, CL80, CL70 

Dolomitic Lime DL85, DL80 

Natural Hydraulic Lime NHL2, NHL3.5, NHL5 

Hydraulic Lime HL2, HL3.5, HL5 

 

The calcium limes are classified according to the amount of CaO and MgO in their 

content as shown in Table 3.2. 

Table 3.2 Classification of calcium lime and the minimum amount of CaO+MgO 

required for classification 

Classification of calcium lime Minimum amount of CaO+MgO 

CL 90 90 % 

CL 80 80 % 

CL 70 70 % 

 

The type of lime used in the initial material preparation is calcium lime, CL90 

(hydrated lime).  Hydrated lime is chosen for two reasons: 

-  Open porosity of plasters prepared with hydrated lime is up to 60%.  Higher open 

porosity is a favorable characteristic for sound absorption. The detailed analyses in 
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the literature state that with an increase in open porosity, the sound absorption in the 

mid-frequency range increased (Knapen et al., 2003; Neithalath, 2004). 

- The material is easier to work with when compared to calcite and un-hydrated lime, 

and it is commercially available in different purities. 

Hydrated lime powder of class CL90 is used as the binding material (Türk 

Standardlar� Enstitüsü, 2015). The information for the XRD analysis was gathered 

from DIFFRACT.SUITE software is shown below in Figure 1. The lime powder was 

mixed with distilled water in a 1:1 mixing ratio by weight and kept in a closed 

container for at least two days prior to plaster making.  

 

Figure 3.1. Mineralogical content of hydrated lime powder used in the study 

Three different kinds of aggregates are used in sample preparation. Only siliceous 

aggregates are included in the first set of samples to observe the effect of aggregate 

size distribution on the plaster samplesí performance. In the second set, observations 

are based on aggregate type, so besides siliceous aggregates, aggregates fall into the 

lightweight category and are also used in the sample preparation. Table 3.3 shows 

the origin of aggregates and the form they are procured before sample preparation. 
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Table 3.3 The origin, procurement form and size of aggregates used in samples 

Type of aggregate Procurement form and size Origin 

Siliceous - 1 0-4mm size aggregates Ankara 

Siliceous - 2 0-4mm size aggregates Ankara 

Pumice 0-4mm size aggregates Nev!ehir 

Tuff Rock fragments Kayseri 

 

Mineralogical compositions of aggregates are determined by X-ray diffraction 

(XRD) analyses performed by Bruker D8 Advance Model X-ray Diffractometer. X-

ray diffraction (XRD) is an analytical technique based on X-ray scattering from 

crystalline materials. Each material produces a unique X-ray "fingerprint" of X-ray 

intensity versus scattering angle characteristic of its crystalline atomic structure 

(Hong Kong Polytechnic University, 2001). The aggregates are pounded in powder 

form beforehand, and the intensity-theta angle (incident ray angle) graph is gathered 

for each sample with X-ray diffraction. Using the database in DIFFRACT.SUITE 

software, mineral peaks observed in the graphs are traced. The mineralogical content 

of aggregates is given in Figures 2.2, 2.3, 2.4, and 2.5.  

Both siliceous aggregates used in different sample sets have andesine (An), albite 

(Al), and potassium gallium silicate (Po) minerals in common. The siliceous 

aggregates of the first set also contain sanidine (Sn) ve barium bismuth telluride (Ba) 

minerals. The other siliceous aggregates in the second set contain nontronite (No) 

minerals as well. Orthoclase (Or), andesine (An), albite (Al), sanidine (Sn), and 

quartz (Q) minerals are observed in pumice aggregates. Traces of felspar (F), albite 

(Al), tridymite (T), quartz (Q), and sanidine (Sn) minerals are observed in tuff 

aggregates. 
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Figure 3.2. Mineralogical content of siliceous aggregates of 1st sample set 

 

Figure 3.3. Mineralogical content of siliceous aggregates of 2nd sample set 
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Figure 3.4. Mineralogical content of pumice aggregates 

 

Figure 3.5. Mineralogical content of tuff aggregates 

In order to investigate the effect of different types of aggregates, two sets of samples 

are prepared. The first set contains only siliceous aggregates separated into size 
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groups by sieves of 1mm, 0.5mm, 0.25mm, and 0.125mm. The aggregates above 

2mm in size are small in amount and not included in the mixtures.

The second set contains samples with tuff aggregates, pumice aggregates, and 

siliceous aggregates. The siliceous aggregates in the second set are marked with "2" 

as the amount of aggregates left from the first set is insufficient to prepare the 

samples in the second group. Tuff fragments were crushed in a jaw crusher to have 

0-4mm aggregates. All materials were graded using 0.5mm, 1mm, 2mm, and 

4.75mm sieves. The aggregates above 4.75 are not used since plasters commonly do 

not contain aggregates above this size. The sieved aggregates are shown in Figure 1. 

Small size particles that cling to bigger aggregates and the frame of sieves are 

observed in pumice and tuff aggregates. To do a thorough separation, materials finer 

than 75"m are separated by washing sieved aggregates (ASTM International, 2013).

Table 3.4 Sieved and washed aggregates from second set of samples

Aggregate 
Size

PUMICE 
AGGREGATES

TUFF
AGGREGATES

SILICEOUS 
AGGREGATES

4,75-2mm

2-1mm

1-0.5mm

0.5mm>
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Aggregates are classified as lightweight if the dry loose bulk density of lightweight 

aggregate is below 1120 kg/m3 in ASTM C330/C330M (ASTM International, 2014) 

standard for fine aggregates below 4.75mm size (ASTM International, 2015). The 

measured water absorption(%), relative density of saturated surface dry (SSD) 

aggregate (g/cm3), dry bulk density (g/cm3), and saturated surface dry bulk density 

(g/cm3)  of aggregates are given in Table XX measured according to ASTM C128-

15 (ASTM International, 2015) and ASTM C29/29M (ASTM International, 2023a). 

Table 3.5 Water absorption, relative density of SSD aggregates, bulk density of dry 

aggregates and bulk density of SSD aggregates used in sample preparation 

Aggregate type and size 
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Siliceous aggregate-2 (2-4.75mm) 3.4 2.59 1.49 1.54 

Tuff aggregate (2-4.75mm) 24.0 1.91 0.85 1.06 

Pumice aggregate (2-4.75mm) 48.5 1.21 0.50 0.74 

Siliceous aggregate-2 (1-2mm) 2.4 2.38 1.49 1.52 

Tuff aggregate (1-2mm) 25.3 1.91 0.82 1.02 

Pumice aggregate (1-2mm) 42.2 1.53 0.57 0.81 

Siliceous aggregate-2 (0,5-1mm) 1.2 2.68 1.49 1.51 

Tuff aggregate (0.5-1mm) 15.7 1.95 0.93 1.07 

Pumice aggregate (0.5-1mm) 26.9 1.77 0.67 0.85 

 

Due to the use of lightweight aggregates in combination with siliceous aggregates 

that fall into the non-lightweight category, the binder-to-aggregate ratio and 

aggregate size distributions are defined based on the volumetric amount of saturated 
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surface dry state to ensure accurate comparisons. The compositional ratios are given 

in detail in the next section. 

3.2 Sample preparation 

In the study, 12 different types of plaster samples were prepared.  Before giving 

information about the sample preparation process, the nomenclature used to identify 

these plasters is given in the Figure below. 

 

Figure 3.6. Nomenclature of samples 

In the first set of samples prepared with only siliceous aggregates, the compositional 

ratios in terms of binder to aggregate amount ratio and aggregate size distributions 

are identified according to the previous studies on lime plasters taken from historical 

buildings (Caner, 2003; Esen et al., 2004; U#urlu, 2005). The compositional ratios 

based on weight amounts are given in Table 3.6. 
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Table 3.6 Compositional ratios of first set of samples 

Sample 
Code 
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Aggregate size distribution (by weight, %) 
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W-S1-1/1.5-DistB 1/1.5 A 35 25 20 10 10 

W-S1-1/1.1-DistB 1/1 A 35 25 20 10 10 

W-S1-1/0.4-DistB 1/0.4 A 35 25 20 10 10 

W-S1-1/1.5-DistM 1/1.5 B 25 35 20 10 10 

W-S1-1/1.1-DistM 1/1 B 25 35 20 10 10 

W-S1-1/0.4-DistM 1/0.4 B 25 35 20 10 10 

W-S1-1/1.5-DistS 1/1.5 C 10 25 35 20 10 

W-S1-1/1.1-DistS 1/1 C 10 25 35 20 10 

W-S1-1/0.4-DistS 1/0.4 C 10 25 35 20 10 

 

Hydrated lime powder is mixed with distilled water in a 1:1 weight amount and kept 

in a closed container for at least 2 days before blending all the components. The 

conversion of dry hydrated lime into putty form results in a bimodal pore size 

distribution in which bigger size pores (>1 µm) can be formed at the binder-

aggregate interface (interfacial transition zone) due to drying and paste shrinkage 

(Aggelakopoulou et al., 2019).  

The lime putty and the aggregates are mixed with additional water until a workable 

consistency with a spread of approximately 180mm is achieved, as measured by the 

flow table test(ASTM International, 2020). The samples are then kept in a climate 

chamber at a temperature of 20°C ±2 and a relative humidity of 70% ±5 for their 

setting. Two sets of 20mm-thick cylindrical samples with diameters of 100mm and 

28mm and one set of cubic samples in 40 x 40 x 40mm are prepared. Three parallel 

samples are molded for each set of samples. 
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In the second set of samples, as the purpose is to investigate the performance 

variation due to using different types of aggregates, the same aggregate size 

distribution is utilized. Due to the differences in relative density and porosity 

between pumice, tuff, and siliceous aggregates, binder-to-aggregate amount ratio 

and aggregate size distribution are not defined based on the weight of raw materials. 

The compositional ratios are set by volume. The ratios depend on the aggregates in 

their saturated surface dry state (SSD), mainly due to the differences in open porosity 

between different aggregates. Bulk volume in the SSD state will give the envelope 

volume of aggregates, especially for lightweight aggregates such as tuff and pumice. 

For the aggregates not classified as lightweight, the SSD state was achieved when 

the aggregates were soaked in water for 24h.  

On the other hand, the lightweight aggregates are immersed in water for about 72 

hours to achieve a saturated surface dry state (ASTM C128-15, 2015). The lime putty 

and the aggregates in the SSD state are mixed with water to ensure a fixed flow 

spread of 220mm (ASTM International, 2020) for all compositions of the second set. 

The compositional ratios of the second set of samples are given in Table 3.6. As the 

first set of samples proceeded, three parallel samples from each composition were 

molded and kept in a climate chamber at 20°C ±2 with a relative humidity of 70% ±  

The samples were de-molded after setting and left in the chamber for about 40 days. 

Table 3.7 Compositional ratios of second set of samples 

Sample 
Code 

Binder to 
aggregate ratio 

based on 
volume amount 

Aggregate 
Size 

Distribution 
Group 

Aggregate size distribution 
(by volume, %) 

4-2mm 2-1mm 1-0.5mm 

V-S2-1/0.6-DistSp 1/0.6 50 25 50 25 

V-T-1/0.6-DistSp 1/0.6 50 25 50 25 

V-P-1/0.6-DistSp 1/0.6 50 25 50 25 

 

In the setting process, Ca(OH)2 reacts with CO2 in the high relative humidity 

conditions to form CaCO3. The reaction is formalized in Reaction 3.1 below. Heat is 

also released as a product of this reaction. 
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Ca(OH)2 + CO2                 CaCO3 + Heat (74kJ) (Reaction 3.3) 

3.3 Experimental procedures for direct characterization 

Procedues for determining the physical, physico-mechanical, and performance 

properties of tested material samples are given in detail in the following sections. 

These procedures are named direct methods in the terminology of sound propagation 

studies, as there are also indirect and inverse methods based on theoretical 

assumptions. 

3.3.1 Determination of bulk density, porosity and fine porosity  

Bulk density and porosity measurements were carried out according to the testing 

procedures described in the RILEM test recommendation (RILEM, 1980). Three 

samples from each plaster composition were dried at 60ºC till they reached a constant 

weight (Mdry). The samples were placed in a vacuum chamber within open beakers 

to release the air entrapped within the pores. Then, the beakers were filled with water 

until the samples were totally immersed. The samples were left under water for a 

period, as stated in the RILEM method. Later, the samples were first weighed in 

water (March), taken out from the water, and weighed right after excessive water on 

their surface was wiped out. The last recording represents the weights in saturated 

condition (Msat). Bulk density (�M) is calculated according to Equation 3.1. 

� = !"#$

(!%&' )!&#*+,
 (Equation 3.1) 

 

The porosity of samples (-) are calculated as in the Equation 3.2.  

- =
!%&' )!"#$

(!%&' )!&#*+,
 (Equation 3.2) 
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The volumetric percent of pores under 0.5µm size can be estimated by keeping the 

sample in an environment of high humidity (above 85%) until the sample reaches to 

a constant weight (De Castro, 1979). To proceed with this measurement, an 

enviroment with a relative humidity level of 90% is ensured by placing a saturated 

potassium nitrate (KNO3)  solution in a closed vessel. The dry samples were kept 

within the vessel until their weight became steady. Porosity related to pores under 

0.5µm size is estimated according to Equation  3.3.  

-./012 =
!3.4 )!"#$

!%&' )!&#*+
 (Equation 3.3) 

 

The ratio of porosity under 0.5 µm size to total porosity is calculated by the Equation 

3.4 

-./012 =
!3.4 )!"#$

!%&' )!"#$
 (Equation 3.4) 

 

3.3.2 Determination of pore size and pore morphology by microscopy 

Pore size and pore morphology analysis through microscopy are commonly used in 

characterization studies (Elsen, 2006). Porosity can be determined through image 

analysis of cross-sections or thin sections. 

Preparations for microscopic observations began with embedding plaster sample 

fragments in blue-dyed epoxy resin (AKA Resin + Hardener). The epoxy-covered 

samples were put in the vacuum chamber for about 1 hour to remove any entrapped 

air inaccessible pores while the resin had not hardened yet and was less viscous. 

Molds were removed after the epoxy was set.  
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Prepared samples were cut into thick slices of 2mm by using a low-speed cutter 

(Buehler IsoMet Low-Speed Saw). At least eight slices were taken out to observe the 

elongation of pores more in detail and increase the sampling area.  

Images of thick sections, captured using stereomicroscope (Leica Z16 APO A 

model) were processed with Adobe Photoshop CC 2014. Various filters were used 

to distinguish the pores within the materials..  

3.3.3 Determination of water vapor permeability 

Water vapor permeability of materials is closely related to the porous network within 

the material. In order to determine the water vapor permeability of a material, two 

methods for measuring this property are given in EN ISO 12572 (British Standards 

Institute, 2016) and ASTM E96/E96M (ASTM International, 2022) standards. 

Methods are briefly based on measuring vapor transmission through a material from 

a more humid environment to a lesser one. When mass change becomes stabilized in 

steady state conditions, water vapor transmission rate (kg/m2.s and expressed as 

WVTR or g) is calculated as in Equation 3.3. 

5678 =
9

:
 (Equation 3.3) 

 

Where G is the mass change rate per second (kg/s), A is the area of the specimen 

face exposed to vapour transmission (m2). Water vapor permeance of the material 

(kg/m2.s.Pa and expressed as WVP or W) is found as given in equation 3.4. 

56; =
5678

<>
 (Equation 3.4) 

 

The �p in equation 3.4 is the pressure difference (Pa) at the reciprocal sides of the 

material. The equation 3.4 can also be expressed as shown in Equation 3.5. 
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56; =
5678

>%(8? ) 8@,
 (Equation 3.5) 

 

The pressure difference is found by multiplying the saturation vapor pressure at the 

test temperature (ps) with relative humidity (R expressed as a fraction) difference 

observed at the two sides of the material, the one in the chamber and the other in the 

cup filled with dessicant or distilled water. The water vapor permeability (�) is 

calculated as in Equation 3.6. 

 = !"#. $ (Equation 3.6) 

 

The d in Equation 3.6 is the thickness of the material (m). The water vapor resistance 

factor (µ), which is another basic property used to define the water vapor 

transmission characteristics, is a ratio of the water vapor permeability of air (�air) to 

the water vapor permeability of material (�) as shown in Equation 3.7. 

% =
 &'(

 
 (Equation 3.7) 

 

The water vapour diffusion-equivalent air layer thickness (m and expressed as Sd) is 

then calculated as in Equation 3.8. 

)* = %. d (Equation 3.8) 

 

EN ISO 12572 states that when the calculated Sd value is below 0.2m, the water 

vapor permeance of material shall be calculated as in Equation 3.9. 

!"#+ =
1

,. -#
/

0
$&'(
 &'(

 (Equation 3.9) 
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In Equation 3.9, dair is the thickness of the air zone beneath the sample. The corrected 

water vapor diffusion-equivalent air layer thickness (Sd,cor) value is obtained by 

Equation 3.10 for the high permeable materials. 

)*2+3( =
 &'( . 45. ( ! "  #). $

%
" &'*+  (Equation 3.10) 

  

The water vapor permeability properties of plaster samples can be classified 

according to the Sd and WVTR values according to BS EN ISO 7783-2:1999 (British 

Standards Institute, 1999) and BS EN 1062-1:2004 (British Standards Institute, 

2004). Table 3.8 shows the classification. 

Table 3.8 Water vapor permeability classification  

Permeability Class 
According to Sd 

(m) 

According to WVTR 

(g/m2.d) 

high water vapor permeability <0.14 >150 

medium water vapor permeability 0.14 to 1.4 15 to 150 

low water vapor permeability >1.4 <15 

 

3.3.4 Determination of dynamic modulus of elasticity by ultrasonic pulse 

velocity 

Ultrasonic pulse velocity (UPV) measurement is used to diagnose the inner structure 

of the selected samples as a non-destructive method calculated by the use of the 

velocity of ultrasonic waves passing through the samples. The dynamic modulus of 

the elasticity of samples can be interpreted by using ultrasonic velocity, bulk density, 

and the Poisson ratio of the samples (RILEM, 1980).  

The UPV measurement system consists of pulse-generating test equipment, 

PUNDIT plus, transmitter, and receiver probes of 220 kHz. At least ten readings on 
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the signal's transit time from one probe to another and at different reciprocating 

points on the parallel surfaces are recorded and averaged. Afterward, the ultrasonic 

velocity is calculated by using the formula below. 

� !" =
#

$
 (Equation 3.11) 

 

Where uupv is the ultrasonic velocity (m/s), d is the thickness of material (m) and t is 

the transit time (s). Dynamic modulus of elasticity (Emod) of samples are calculated 

as in the Equation 3.12. 

E%&' =
(u !"

)*1 + ,-*1 . 2,-

*1 . ,-
 (Equation 3.12) 

 

Where (/is the density of material and ,/is the poissonís ratio. As it is impossible to 

measure the Poissonís ratio of plaster samples due to the absence of a required 

measurement system, an assumption of Poissonís ratio based on related literature 

was used to calculate the dynamic modulus of elasticity. According to the literature, 

the Poissonís ratio of similar materials is between 0.1 to 0.3 (Almeida et al., 2023; 

Apostolopoulou et al., 2021; Diaz & Menéndez, 2020; Palomar et al., 2015; Palomar 

& Barluenga, 2017). The Poissonís ratio was set to 0.18 in the experiments. 

3.3.5 Measurement of sound absorption coefficient 

The sound absorption coefficients of the samples were measured by an impedance 

tube (S.C.S.9020B) after a minimum of 40 days of curing, according to the ISO 

10534-2 standard (International Standards Organization, 1998). The sound 

absorption characteristics of the samples were examined in terms of the characteristic 

curve showing the sound absorption coefficients (�) at 1/3 octave bands. Two 

different impedance tubes were utilized in the measurement, the tube with 100mm 

diameter measures sound absorption coefficients between 50Hz to 1394Hz and the 
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tube with 28mm diameter measures between 800Hz to 4994Hz. A loudspeaker exists 

at one end of the tube, and a rigid termination is found on the other side where the 

material sample is placed. The sample is mounted with or without air space, 

depending on the application method that will be tested.  The rigid termination can 

be adjusted according to the thickness of the sample, as the distance between the 

surface of the material facing the loudspeaker and the microphones should be fixed. 

A signal generator with an amplifier connected to the loudspeaker generates plane 

waves within the tube. The complex acoustic transfer functions of the signals 

detected by the two microphones are sent to a data acquisition system connected to 

the software. Sound absorption coefficients at 1/3 octave band frequencies are 

determined according to the collected data. The software also gives surface 

impedance values (Zs) of the test sample.  

 

Figure 3.7. Sound absorption coefficient measurement system set up 

Before measurements are made, the microphones and the measurement system are 

calibrated. In mounting the test sample to the tube, care should be given not to leave 

an air gap between the tube surface and the periphery of the material sample. During 

this study, lime plaster samples went through shrinkage as they matured. 
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Approximately 2-3mm shrinkage occurred at the circumference of our samples. To 

eliminate the effect of gaps and fit the samples to 100mm and 28mm diameter tubes, 

a 1mm thick tape was wrapped around the samples. Similar methods were advised 

to be used in the literature (Stanley, 2012).    

3.4 Non acoustical parameters estimation using inverse characterization 

The direct measurement of parameters such as tortuosity, viscous, and thermal 

characteristic length is not standardized yet. The equipment used in these types of 

measurements is not found in most of the laboratories. It is hard to achieve consistent 

results in measurements as it is previously tried in an interlaboratory test, especially 

for highly resistive, rigid frame granular materials (Pompoli et al., 2017).   

A common approach in research is estimating these intrinsic properties related to 

porous networks through optimization using existing sound propagation models. 

With this method, the difference between measured and predicted sound absorption 

is aimed to be minimized. In order to use the correct sound propagation model, it is 

important to know whether the material of interest falls into the rigid, elastic, or limp 

frame category. If the phase decoupling frequency of the material is below the 

frequency range of interest, rigid frame theories can be used in optimizations. The 

phase decoupling frequency is calculated using the density, porosity, and flow 

resistivity data. The density and porosity of the prepared samples were defined by 

the experimental methods described in previous parts. The samples' flow resistivity 

can be determined through standardized measurements or indirect measurement 

techniques based on surface impedance. The results of various research show that 

for similar materials having granules/aggregates and binder/consolidant, flow 

resistivity values range between 1490N�s/m4 to 490000N�s/m4 (Carbajo et al., 2015, 

2017; Degrave-Lemeurs et al., 2018; Glé et al., 2011; Horoshenkov & Swift, 2001; 

Swift et al., 1999). Considering the measured porosity and density values together 

with flow resistivity values presented in various research on similar materials, the 
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phase decoupling frequency is expected to be below 14Hz, which is away from the 

audible range of frequency.  

Optimization is a widely used method for parameter estimation in engineering, 

statistics, machine learning, economics, and material science. Experimental 

techniques may not be so feasible when cost and time constrictions exist. Especially 

in acoustical characterization, the prediction of unknown parameters through 

optimization gives reasonable outcomes compared to the results of not fully 

standardized experiments (Atalla & Panneton, 2005; Pompoli et al., 2017).  

n optimization, the accuracy of predictions improves using an appropriate 

propagation model for the search material and a convenient optimization algorithm. 

Johnson Champoux Allard Model is used in this study. Johnson Champoux Allard 

model is utilized in many studies for different types of materials and mostly gives 

approximate results with the measured sound absorption data (Atalla & Panneton, 

2005; Bansod & Mohanty, 2016; Chu et al., 2009; Cobo & Simón, 2016; 

Mosanenzadeh et al., 2013). A detailed description of the model is given in  Chapter 

2.1.3. There are five parameters to be predicted in the JCA model. In most studies, 

the number of unknown parameters is less because porosity and flow resistivity can 

be measured with standard methods and equipment. As more parameters are known 

in predictions, estimating the unknown yields more straightforward and reliable 

results.  

Optimization is a technique used to find the best solution set to achieve an objective 

function. In sound-absorbing materials characterization, the objective function 

mainly tries to find the optimum solutions for a set of parameters to achieve a 

convergent match between the predicted and measured sound absorption or surface 

impedance data. Many optimization algorithms based on different principles have 

been found. Nelder Mead, Differential Evolution, Simulated Annealing, Particle 

Swarm Optimisation, and Genetic Algorithms are the most commonly used for 

optimization studies in acoustics. All algorithms mentioned here are derivative-free 

algorithms, do not depend on derivative information, and search for optimal 
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solutions in the whole points of parameter space. Each algorithm has its strengths 

and weaknesses. In order to overcome the disadvantages, the working principles and 

settings have to be known to avoid possible local minima in the solution set 

(Bonfiglio & Pompoli, 2007).  

In this study, the genetic algorithm is employed for optimization. The algorithm is 

inspired by genetics and mimics the rules of natural selection to reach the optimal 

solution. The solutions generated by randomly selected variables are called 

individuals. These individuals are coded as the representatives of chromosomes in 

DNA and are evaluated according to their fitness for the objective function (Akin & 

Demiral, 1998). Figure 3.7 given below from the study of Lee & Park (2022) is a 

descriptive example of how the information regarding the chromosomes are 

gathered.  

 

Figure 3.8. Individualís coding as chromosomes (Lee & Park, 2022) 

The best-fit individuals are selected for offspring generation by operators such as 

fitness proportionate, tournament selection, and ranking selection. The offspring 

generation process produces new individuals by crossover and mutation operators. 

These new individuals become the new population and a new iteration starts over. 

This loop is called generation in the genetic algorithm (Akin & Demiral, 1998). The 

loop continues until a predefined number of generation criteria or a convergence to 

a successful solution has been met.  
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The fitness function, mostly called the objective function of the optimization, is 

chosen as in Equation 3.18. The optimization algorithm tries to minimize the 

function f (�). 

�( ) =!( "#$ %  "&')*
+

,-.
 (Equation 3.18) 

 

In Equation 3.18, N is the total number of frequencies, �mea is the measured sound 

absorption coefficients, and �mod is the predicted sound absorption coefficients 

through optimization based on chosen sound propagation model.  

Additionally, a few configurations must be completed before conducting an 

optimization study with the genetic algorithm. It is necessary to provide the 

algorithm with unknown parameters' lower and upper boundaries. In addition, the 

population's size, the number of individuals who will be handed down to the 

following generation, and the maximum number of generations should also be 

provided.
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CHAPTER 4  

4 RESULTS 

In this chapter the results of experiments and inverse characterization are presented 

in the next sections. Beforehand, it is important to note that the level of carbonation 

within the binder affects the porous structure of materials. As carbonation occurs, 

the calcium hydroxide minerals in the binder transform to calcium carbonate, 

increasing their volume, which decreases the pore volume (Pavlík et al., 2012). On 

the other hand, the volume changes sometimes cause internal stress that result in new 

pores in the form of cracks. Carbonation is a slow process and only takes place in 

high relative humidity environments. Besides, temperature affects the solubility of 

carbon dioxide (Cultrone et al., 2005). All the samples were kept in a chamber with 

controlled humidity and temperature during the setting period. Afterward, the 

samples were kept in standard laboratory conditions, and their carbonation status was 

expected to be stable. To define the carbonation state of samples, a qualitative test 

using a saturated phenolphthalein ethyl alcohol solution was chosen (Rodriguez-

Navarro et al., 2002). Phenolphthalein reacts with alkaline materials, and this 

reaction's result is a magenta color. As calcium hydroxide (CaOH2) is alkaline, the 

expected color change is observed in the areas where carbonation is not finished. 

On the other hand, the outcome of carbonation is that calcium carbonate (CaCO3) 

has a lower pH and remains neutral in color. The samples were chosen from 

cylindrical specimens. In order to observe the condition within the material, 

specimens were broken into pieces to prevent any material transfer from different 

areas by sectioning through standard equipment such as a saw. Phenolphthalein is 

applied to freshly broken pieces. The photographs of samples after the 

phenolphthalein test are shown in Figure 4.1.  
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Figure 4.1. Carbonated (neutral) and not carbonated (pink color) areas in plaster 

samples. 

A thin layer of the carbonated area close to the surface is observed in the section of 

the first set of samples that have aggregates of bigger sizes in higher amounts. A 

similar appearance but a thicker carbonated area is seen on the sections of the second 

set of samples containing different aggregate types of above 1mm size. In the 

samples having siliceous aggregates of  1-0.5 mm or 0.5-0.25mm size in higher 

weight amounts, the carbonated and uncarbonated areas do not show a sharp 

transition except sample W-S1-1/1-DistM.  

4.1 Density, porosity and fine porosity of plaster samples 

The density values of all plaster samples, including open porosity, fine porosity, and 

fine to total porosity in percentages, are given in Table 6. The density values range 

between 1063kg/m3 to 1446kg/m3 for the first set of samples and between 1031kg/m3 

and 1521kg/m3 for the second set. The minimum porosity observed in the first group 

is 35%, and the maximum porosity is 43%. The second set of samples with different 

types and bigger sizes of aggregates have porosities in the range of 42% and 53%. 
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Table 4.1 Density, porosity (%), fine porosity (%) and fine to total porosity (%)  

Sample Code 
Density  
(kg/m3) 

� 
Porosity  

(%) 

�0.5 m 
Fine porosity 

(%) 

Fine porosity/ 
Total porosity  

(%) 

W-S1-1/1.5-DistB 1446 ± 0.01 37 ± 0.23 2.1 ± 0.23 5.69 

W-S1-1/1-DistB 1406 ± 0.01 38 ± 0.63 2.2 ± 0.04 5.88 

W-S1-1/0.4-DistB 1194 ± 0.06 40 ± 1.02 3.8 ± 0.31 9.45 

W-S1-1/1.5-DistM 1298 ± 0.02 35 ± 0.77 3.1 ± 0.17 9.07 

W-S1-1/1-DistM 1285 ± 0.01 37 ± 0.18 2.4 ± 0.13 6.36 

W-S1-1/0.4-DistM 1070 ± 0.02 41 ± 0.61 2.8 ± 0.31 7.01 

W-S1-1/1.5-DistS 1331 ± 0.00 35 ± 0.77 3.0 ± 0.50 8.58 

W-S1-1/1-DistS 1211 ± 0.00 37 ± 0.41 3.4 ± 0.27 9.30 

W-S1-1/0.4-DistS 1063 ± 0.01 43 ± 0.83 4.0 ± 0.14 9.23 

V-S2-1/0.6-DistSp 1521 ± 0.01 42 ± 1.47 3.9 ± 0.22 9.26 

V-T-1/0.6-DistSp 1161 ± 0.00 53 ± 0.22 2.3 ± 0.21 4.27 

V-P-1/0.6-DistSp 1031 ± 0.01 50 ± 0.23 2.9 ± 0.13 5.92 

 

In the first set of samples, the density of samples increases inversely as porosity 

values decrease. When the binder is used in higher amounts, the density of samples 

increases as well, while porosity decreases. On the other hand, the changes in 

aggregate size distribution do not affect the total open porosity noticeably. 
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The fine porosity characterized by pores of size below 0.5 �m changed from 2.1% 

to 3.9% in the first set of samples. In the second set prepared with different types of 

aggregates, fine porosity values range from 2.3% to 3.9%. No pattern exists in fine 

to total porosity (%) values, which compositional ratios may define.    

4.2 Pore size and morphology of plaster samples 

Pore size distribution and pore morphology were determined through microscopy. 

The epoxy impregnation was not successful in all of the samples. The list of 

impregnation success is given in Table 4.2. 

Table 4.2 Impregnation status of material samples  

Sample code Impregnation status 

W-S1-1/1.5-DistB Successful  

W-S1-1/1.1-DistB Failed 

W-S1-1/0.4-DistB Partially 

W-S1-1/1.5-DistM Failed 

W-S1-1/1.1-DistM Successful 

W-S1-1/0.4-DistM Failed 

W-S1-1/1.5-DistS Partially 

W-S1-1/1.1-DistS Failed 

W-S1-1/0.4-DistS Successful 

V-S2-1/0.6-DistSp Successful 

V-T-1/0.6-DistSp Successful 

V-P-1/0.6-DistSp Successful 

 

For a fair comparison, pore size distributions were gathered from the cross sections 

of fully impregnated samples. In order to increase the sampling and enable 

representative information about each material sample, the following procedure was 

followed. The data was collected by recording the width of 10 randomly chosen 

pores in the form of channels. The number of pores that data collected was a 
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minimum of 90 and a maximum of 121 for every distinct sample. For frequency 

graphics, the unit size for the observation range is taken as 0.01mm. The number of 

pores at different unit sizes recorded for each sample is projected in the frequency 

graphics given in Figure 4.2. 

 

Figure 4.2. Frequency distribution of visually observable pore sizes 

In Figure 4.2, the widths of visually observable pores are between 0.0025mm and 

0.06mm for the first set of samples. The dominant pore size in W-S1-1/1.5-DistB, 

W-S1-1/1-DistM, and W-S1-1/0.4-DistS samples are 0.04mm,  0.03mm, and 

0.05mm, respectively. The dominant pore size and its frequency in W-S1-1/0.4-

DistS are dissimilar to the other samples of the first group. The binder amount 

compared to the aggregate amount (by weight %) is higher in this plaster sample than 

in the first group. Also, small-size aggregates are found in higher weight amounts 

other than the two samples in the first plaster group. In order to comment, the visuals 
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of samples are given in Figures 4.3, 4.4, and 4.5 to understand if the difference is 

related to the pore morphology. 

 

Figure 4.3. Section image of W-S1-1/1.5-DistB sample 
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Figure 4.4. Section image of W-S1-1/1-DistM sample 

 

Figure 4.5. Section image of W-S1-1/0.4-DistS sample 
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The images show that in W-S1-1/1.5-DistB and W-S1-1/1-DistM, pores within the 

binder matrix are more disseminated than in the W-S1-1/0.4-DistS sample. In sample 

W-S1-1/0.4-DistS, the smaller size aggregates and binder amount are higher than W-

S1-1/1.5-DistB and W-S1-1/1-DistM, the binder between the smaller aggregates 

occupy more area than the first two samples. This leads to shortly elongated smaller-

sized pores of even appearance. As given in section 4.1.1, the measured porosity of 

sample W-S1-1/0.4 is higher than the other samples of the first group. These results 

show that the smaller size pores in the form of cracks observed in the sample with a 

higher binder aggregate ratio (1/0.4) and smaller size aggregates in higher amounts 

constitute more area than the pores of other samples having lower binder aggregate 

ratio and high amount of bigger size aggregates. 

According to Figure 4.1, in the second set of samples, the widths of visually 

observable pores are between 0.05mm and 0.60mm, different from the pore size 

range observed in the first set of plasters. The absence of aggregates smaller than 

0.5mm in the second set of samples seems to result in pores with larger sizes. This 

argument can be supported through a comparison of section images because the 

sample from the first group, W-S1-1/1.5-DistB, and the sample, V-S2-1/0.6-DistSp, 

in the second group, do have the same binder to aggregate ratio depending on the 

weight amount, also have the siliceous type of aggregates. Figure 4.6 shows the two 

samples together. The larger pore sizes in the binder matrix in sample V-S2-1/0.6-

DistSp in the absence of aggregates are obviously seen as the result of bigger size 

aggregates smaller than 0.5mm. 
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Figure 4.6. Section image of W-S1-1/1.5-DistB sample (left) and V-S2-1/0.6-

DistSp (right) 

The dominant pore sizes in the V-S2-1/0.6-DistSp sample, V-T-1/0.6-DistSp sample, 

and V-P-1/0.6-DistSp sample are 0.15mm, 0.1mm, and 0.2mm, respectively. In this 

second sample group, only for V-T-1/0.6-DistSp, a dominant pore size is observed. 

The other samples' frequency trends are widely distributed over all sizes and decrease 

gradually as pore size increases.   

The images in Figures 4.6, 4.7, and 4.8 belong to V-S2-1/0.6-DistSp, V-T-1/0.6-

DistSp, and V-P-1/0.6-DistSp samples. 

 

Figure 4.7. Section image of V-S2-1/0.6-DistSp 
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Figure 4.8. Section image of V-T-1/0.6-DistSp 

 

Figure 4.9. Section image of V-P-1/0.6-DistSp 

In the second set of samples, the biggest pores in the form of cracks mostly elongate 

from aggregate to aggregate and continue in the outer zone of aggregates but not in 

the binder-aggregate interface. While the samples are kept in the chamber for setting, 
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surface dry saturated lightweight aggregates of porous nature may have released 

water gradually to the binder matrix, and this process seems to reduce the shrinkage 

cracks elongated between binder and aggregate. The adherence problem between 

binder and siliceous aggregates results in fissures in the binder-aggregate interface 

zone.  

The average, median, minimum, and maximum pore sizes observed through the 

microscope on the sections of W-S1-1/1.5-DistB, W-S1-1/1-DistM, W-S1-1/0.4-

DistS, V-S2-1/0.6-DistSp, V-T-1/0.6-DistSp, and V-P-1/0.6-DistSp samples are 

listed in Table 4.3.  

 

Table 4.3 Average, median, minimum and maximum pore sizes observed visually 

through microscopy.  

Pore Size (mm)  
Information 
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Average size 0.037 0.030 0.040 0.154 0.162 0.122 
Median size 0.035 0.027 0.040 0.135 0.151 0.106 

Minimum size 0.013 0.012 0.019 0.048 0.040 0.035 
Maximum size 0.089 0.069 0.083 0.432 0.408 0.462 

 

The average pore size for the first set of samples, which had aggregates below 2mm, 

was around 0.03 and 0.04mm. The average and median pore sizes are almost similar 

in these samples. The minimum pore size observed in the samples of this group has 

a value of 0.012mm at the lowest. The maximum pore sizes are between 0.069mm 

and 0.083mm. In the second set of samples, the minimum size of pores visually 

observed is larger than the ones in the first group. Likely, due to the use of bigger 

aggregates, the median pore sizes are significantly lower than the average pore sizes 
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of the first plaster group. The minimum pore size visually observed in the second 

samples are in between 0.035 and 0.048mm. The maximum pore size of the same 

group is around 0.408 to 0.462 mm. 

4.3 Water vapor permeability of plaster samples 

The results of water vapor permeability experiment are listed in Table 4.4. 

Table 4.4 Water vapour diffusion-equivalent air layer thickness (Sd) and water 

vapour resistance factor (µ) 

Sample code 

Water vapour diffusion-
equivalent air layer 

thickness 
Sd (m) 

water vapour  
resistance  

factor  
µ 

W-S1-1/1.5-DistB 0.122 ± 0.01 6.08 ± 0.44 

W-S1-1/1.1-DistB 0.127 ± 0.01 6.34 ± 0.48 

W-S1-1/0.4-DistB 0.130 ± 0.01 6.51 ± 0.26 

W-S1-1/1.5-DistM 0.086 ± 0.00 4.28 ± 0.22 

W-S1-1/1.1-DistM 0.109 ± 0.01 5.18 ± 0.65 

W-S1-1/0.4-DistM 0.100 ± 0.01 5.01 ± 0.51 

W-S1-1/1.5-DistS 0.151 ± 0.01 6.88 ± 0.30 

W-S1-1/1.1-DistS 0.143 ± 0.00 6.80 ± 0.03 

W-S1-1/0.4-DistS 0.159 ± 0.02 7.59 ± 0.79 

V-S2-1/0.6-DistSp 0.062 ± 0.00 2.77 ± 0.03 

V-T-1/0.6-DistSp 0.056 ± 0.00 2.49 ± 0.05 

V-P-1/0.6-DistSp 0.055 ± 0.00 2.45 ± 0.08 

 

The water vapor resistance of plaster samples, µ, changes from 2.45 to 7.59. The 

highest µ is observed for the W-S1-1/0.4-DistS sample of the first set. This sample 

has the highest binder amount by weight and contains the lowest size of aggregates 
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in higher weight amounts. The second set of samples have µ values below 2.77, 

which is lower when compared to the µ values of the first set. This feature is 

associated with the use of bigger-size aggregates. The data can be grouped according 

to the aggregate size distribution. It is clearly seen that in the first set of samples, the 

group that has 0.5-1 mm size aggregates in higher amounts has lower water vapor 

resistance than other aggregate size distribution groups.   

The results show that the samples having aggregates of size below 0.5mm in higher 

amounts fall into the medium water vapor permeability class depending on their SD 

value and permeability class given in Table 4.4. The other samples of the first group 

and second group are all categorized under the high vapor permeability class. 

4.4 UPV and modulus of elasticity of plaster samples 

Measured ultrasonic pulse velocity (UPV) and the dynamic modulus of elasticity 

(Emod) calculated from measured pulse velocities are presented in Table 4.5.   

Table 4.5 Measured UPV (m/s) and Emod (MPa) values of samples 

Sample Code UPV (m/s) Emod (MPa) 

W-S1-1/1.5-DistB 1127 ± 44 1692 

W-S1-1/1.1-DistB 1090 ± 20 1538 
W-S1-1/0.4-DistB 1263 ± 21 1756 

W-S1-1/1.5-DistM 1143 ± 35 1563 
W-S1-1/1.1-DistM 1142 ± 17 1543 
W-S1-1/0.4-DistM 1216 ± 28 1458 

W-S1-1/1.5-DistS 1201 ± 44 1767 
W-S1-1/1.1-DistS 1236 ± 42 1703 

W-S1-1/0.4-DistS 1252 ± 45 1534 
V-S2-1/0.6-DistSp 1253 ± 34 2227 
V-T-1/0.6-DistSp 1147 ± 76 1441 

V-P-1/0.6-DistSp 1144 ± 92 1266 

 

Ultrasonic pulse velocity ranges between 1090 to 1263 m/s for the whole sample set. 

The highest and the lowest UPV values are observed for W-S1-1/0.4-DistB and W-
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S1-1/1.1-DistB, respectively. These two samples have the same aggregate size 

distribution. The main difference between these highest and lowest values is the 

binder-to-aggregate ratio used in their compositions. The solid matrix in sample S1-

1/1.1-DistB should have been interrupted by pores transverse to the elongation route 

of the pulse, which resulted in the lowest UPV values. The extreme difference may 

be explained by the heterogeneity of sample W-S1-1/1.1-DistB only or the 

heterogeneity of both samples. In the second set of samples prepared with different 

aggregates, the result of sample V-S2-1/0.6-DistSp is reasonable as the other two 

samples in the group are lightweight aggregates and have pores in their own 

structure.  

Dynamic modulus of elasticity values are between 1266Mpa and 1767MPa. The 

highest value was observed in the sample containing bigger siliceous aggregates 

from the second plaster set. The other two of this group show lower values of Emod. 

The dynamic modulus of elasticity values of the first set are in between the lowest 

and highest of the whole sample set.  

4.5 Sound absorption coefficients of plaster samples 

The mean measured sound absorption coefficients of plaster samples are given in 

Figure 4.10 below. The overlapping sound absorption data at 1000Hz, 1250Hz, and 

1600Hz received from both small and large impedance tubes are averaged using the 

technique described in the ISO 10534-2 standard (International Standards 

Organization, 1998, pp. 10534ñ2).  

The absorption coefficients of the first plaster sample group are below 0.15. There 

exist generally two absorption peak groups in observed frequencies, one group is 

around 500Hz to 8000Hz, the other group is around 2500Hz and 3150Hz. The sound 

absorption curve of sample W-S1-1/1-DistB does not have a similar peak in the curve 

as the samples in the same group. 
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Figure 4.10. Sound absorption coefficients of plaster samples 

In the second sample group, due to the use of bigger-sized aggregates in their 

mixture, the sound absorption coefficients are higher than the absorption coefficients 

of the first group. The maximum absorption is observed at 800Hz for the sample that 

has siliceous aggregates of bigger sizes in higher amounts. The sound absorption 

coefficients of sample W-T-1/0.6-DistSp that have tuff aggregates in its composition 

are generally lower than those of samples with siliceous and pumice aggregates 

above 250Hz. The sample is also distinguished from the other two with its frequency 

of visually observed pore size data given in Figure 4.2. 
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4.6 Inverse characterization 

Inverse characterization was performed through optimization by the JCA model and 

Genetics Algorithm. The upper and lower bounds defined in the algorithm are given 

below: 

Tortousity = [ LB: 1, UB:4] 

Airflow Resistivity = [LB: 1000, UB: 500000] 

Viscous characteristicLength = [LB: 1, UB:6/17] 

Thermal Characteristic Length = [LB: 1, UB:100/230] 

Porosity = [LB:0, UB:1] 

The frequency range chosen for optimization is between 63Hz and 1600Hz, which 

includes sound absorption coefficients of all samples measured in the large 

impedance tube with 100mm diameter. Given that the selected JCA model has a 

limited capacity to replicate the low-frequency behavior of porous materials, the 

fitness of the predicted sound absorption values is assessed through the value of 

objective function calculated considering the frequencies between 500Hz and 

1600Hz. A similar approach was utilized in the study of Atalla & Panneton (2005). 

They pointed out the possible errors that may occur at low frequencies due to the 

measurement setup, which is associated with the restricted microphone spacing in 

relation to the wavelengths at these frequencies. All in all, the value of the objective 

function, which is calculated for the whole measurement frequency range between 

63Hz and 1600Hz, is included with the value of the objective function calculated for 

the frequency range where the JCA model works best, between 500Hz and 1600Hz 

are presented. Estimated unknown material properties by inverse characterization are 

given in Table 4.6. 
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Table 4.6 Results of inverse characterization 

Sample Code 

Fval 
(63Hz -
1600Hz) 

Fval 
(500Hz -
1600Hz) 

Tortuosity 
�  

(-) 

Airflow 
Resistivity 

! 
(Pa.s/m2) 

Viscous 
Charac. 
Length 

� 
(µm) 

Thermal 
Charac. 
Length 

�  
(µm) 

Effective 
Porosity 

! 
(%) 

W-S1-1/1.5-DistB 0.121 0.00038 1.01 378823 4 5 10 

W-S1-1/1.1-DistB 0.053 0.00002 1.20 69117 2 39 5 

W-S1-1/0.4-DistB 0.136 0.00101 2.43 88129 6 33 8 

W-S1-1/1.5-DistM 0.127 0.00011 1.19 314976 4 11 11 

W-S1-1/1.1-DistM 0.050 0.00064 1.49 84170 6 12 9 

W-S1-1/0.4-DistM 0.097 0.00139 2.38 133143 6 7 8 

W-S1-1/1.5-DistS 0.026 0.00271 2.80 168050 7 12 9 

W-S1-1/1.1-DistS 0.024 0.00257 2.84 147759 9 11 11 

W-S1-1/0.4-DistS 0.020 0.00148 1.47 94053 5 10 12 

V-S2-1/0.6-DistSp 0.052 0.00169 2.22 318620 7 190 37 

V-T-1/0.6-DistSp 0.274 0.00136 1.22 91731 4 133 15 

V-P-1/0.6-DistSp 0.683 0.00304 1.25 407954 6 127 20 

 

The results indicate that the fitness function, the sum of the squared differences 

between the measured and predicted values, is less than 0.68 for frequencies between 

63Hz and 1600Hz and less than 0.003 for frequencies ranging from 500Hz to 

1600Hz. The tortuosity is between 1.01 and 2.8 for the samples of the first group. 

The highest tortuosity value is estimated for the sample with 0.50-0.25 mm-sized 

aggregates in higher weight amounts and a BA ratio of 1/1.1 in its composition. The 

second set of plasters composed of 1-4mm size aggregates of different types has 

tortuosity values that change from 1.2 to 2.2. The highest tortuosity is observed in 

the sample containing silica aggregates. The lowest tortuosity belongs to the sample 

with tuff aggregate.  

The estimated airflow resistivities of the first group of samples are between 91731 

N�s/m4 to 378823 N�s/m4. In the second plaster set composed of different types of 

aggregates type, the flow resistivity values change from 91731 N�s/m4 to 407954 

N�s/m4.  Predicted viscous characteristic lengths change from 2µm to 9µm for all 

samples. The thermal characteristic lengths are estimated between 5µm and 190µm. 

The porosity values for the first sample group determined by the water immersion 
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approach are much higher than those expected via optimization. While the water 

immersion method yielded the lowest porosity value of 0.35, predicted values range 

from 5% to 12%. The kind of pores is responsible for this outcome. The effective 

porosity is lower than the measured ones because dead-end pores do not contribute 

as much to sound absorption as open pores do. This disparity should be attributed to 

aggregates smaller than 2 mm. The effective porosity values of the second set of 

samples, which have larger aggregates and showed higher sound absorption 

performance, were higher than those of the first group. Particularly, the samples 

made with silica aggregates in the second set have an effective porosity similar to 

those obtained from the water immersion test. This implies that compared to the 

samples from the first group, these samples have fewer dead-end pores. Contrarily, 

the samples with lightweight aggregates have lower effective porosity values than 

those with silica aggregates. The mean effective porosity value of plaster samples 

with tuff aggregates is almost 70% lower than the measured open porosity value. 

This variance is observed as 60% for the samples with pumice aggregates. Somehow, 

dead-end pores are more dominant in the pore structure of the samples with 

lightweight aggregates rather than through connected pores. 

The measured and predicted sound absorption coefficients are shown in the figures 

below. A good fit is achieved at the maximum absorption for some of the plaster 

samples. The low-frequency approximation of the JCA model is not sufficient, as 

stated by other researchers. This is also observed for the sound absorption coefficient 

predictions in this study. 
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Figure 4.11. Measured and predicted sound absorption coefficient for the first six 

samples of first plaster set 
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Figure 4.12. Measured and predicted sound absorption coefficient of the last three 

samples of first plaster set and the samples of the second plaster set 
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CHAPTER 5  

5 DISCUSSION 

5.1 Assessing the effect of compositional properties on the pore structure 

The pore structure, which is uniquely composed by the variation of aggregate size 

distribution, aggregate type, and binder to aggregate ratio, is going to be defined in 

this section in terms of open porosity, fine porosity, kinematic porosity, pore size 

distribution, pore morphology, tortuosity, air flow resistivity, viscous and thermal 

characteristic length.  

The first plaster sample set investigates the effect of aggregate size distribution and 

binder-to-aggregate ratio on open porosity. Figure 5.1 shows the porosity variation 

depending on the binder-to-aggregate ratio and aggregate size distribution..  

 

Figure 5.1. The change in porosity with respect binder to aggregate ratio and 

aggregate size distribution 
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For the same binder-to-aggregate (BA) ratios, porosity does not change similarly 

according to the different aggregate size distribution groups. When the BA ratio is 

1/0.4, porosity increases by 2% with the change of the weight percentage of small-

size aggregates (0.5-0.25mm size) from 20% to 35% in plaster composition. The 

other porosity values are very close to each other. In the group with a 1/1 BA ratio, 

the change in porosity is so small that it will be deceptive to comment on the effect 

of aggregate size. In the third group, where the BA ratio is 1/1.5,  a 2% change in 

porosity occurs when the weight of bigger size aggregates (1-2mm) increases to 

35%. 

When the changes in porosity are examined depending on the BA ratio, it is seen that 

for all aggregate size distribution groups, the porosity of samples increases as the 

binder amount increases in samples. The rate of change in porosity with BA ratio for 

samples with larger size aggregates in higher amounts is not as sharp as the other 

two samples belonging to different size distribution groups.   

Figure 5.2 displays the porosity values for the second batch of plasters produced 

using larger-sized aggregates of various kinds. The porosity values for these plasters 

are close to the highest porosity (42.3%) observed for the first sample group that is 

prepared with smaller-size siliceous aggregates. 

 

 

Figure 5.2. Open porosity of samples in the second plaster set 
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As the main focus in these samples is to observe the impact of different aggregate 

types in the resulting pore structure, the two lightweight aggregate types, tuff, and 

pumice, are expected to play an essential role in the differentiation of pore structure 

compared to siliceous aggregates, which are not in the lightweight aggregate 

category. The porosity values of samples with lightweight aggregates are higher than 

those containing siliceous aggregates. The values are predictable as the porous nature 

of these aggregates contributes to the formation of pores within the binder mix in a 

distinct way. To assess this contribution, water absorption percentages of aggregates 

are shown in  Figure 5.3. This figure shows that the water absorption of silica 

aggregates is much lower than that of lightweight aggregates. As expected, when the 

aggregate size increases, silica and pumice aggregates' water absorption capacity 

decreases.  

 

 

Figure 5.3. Water absorption (%) of different type and size of aggregates used in 

the second plaster set 

On the other hand, for tuff aggregates, the water absorption of 0.5-1mm sized 
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contributed to the resultant pore structure. In contrast, the cross-section images 

reveal no clear indication of a variation in pore structure attributable to the pore shape 

of pumice or tuff aggregate. 

The volume of fine pores under 0.5µm to the total volume of samples are examined 

through fine porosity. The variance of fine porosity values is given in Figure 5.4. 

 

 

Figure 5.4. The change in fine porosity (%) with respect binder to aggregate ratio 

and aggregate size distribution 

It is seen that the variation of fine porosity is not associated directly with BA ratios 

or different aggregate size distribution groups. The fine porosity values for the 

samples of the second plaster set where different types of larger size aggregates used 

in the compositions are shown in Figure 5.5. 

 

 

Figure 5.5. Fine porosities (%) in the second plaster set 

0.0

1.0

2.0

3.0

4.0

5.0

Dist B Dist M Dist S

Fi
n

e
 P

o
ro

si
ty

 (
%

)

BA: 1/1.5

BA: 1/1

BA: 1/0.4

0.0

1.0

2.0

3.0

4.0

5.0

Plaster with silica

aggregates

Plaster with tuff

aggregates

Plaster with pumice

aggregates

Fi
n

e
 p

o
ro

si
ty

 (
%

)



 
 

85 

The fine porosity values of the second set of samples are similar to the ones in the 

first plaster set. The use of larger-size aggregates does not substantially affect the 

fine porosity percentage. The fine porosity of samples prepared with tuff and pumice 

aggregates is slightly lower than that of samples with silica aggregates. 

Porosity and fine porosity measurements incorporate the saturation of material with 

water and water vapor. The saturation occurs in the pores open to the surface that 

terminate by dead ends or continue throughout the material section. On the other 

hand, the effect of dead-end pores in sound propagation remains an ongoing 

discussion for researchers. The most widely used sound propagation models consider 

only the porosity that is active in sound propagation as kinematic/effective porosity, 

ignoring the porosity of dead-end pores.  

Prediction through inverse characterization using the Johnson-Champoux-Allard 

model shows that effective porosity for the first sample group where the effect of BA 

ratio and aggregate size distribution are examined around 8% to 12% (see Figure 

5.6) except for the sample that contains larger size aggregates in higher amount and 

has a BA ratio of 1/1. The difference can be related to a failure in the specimen of 

this type of plaster used in the sound absorption measurements. Except for this 

sample, the general tendency in the groups having large size (2-1mm) and medium 

size aggregates(1-0.5mm) in dominant weight amount is the decrease in fine porosity 

as BA ratio increases. It is worth saying that these two sample groups have the same 

amount of aggregates with sizes equal to and below 0.5mm (40%). For the samples 

where smaller size (0.5mm �) aggregates are dominant by 65%, as the BA ratio 

increases, the effective porosity increases as well. 
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Figure 5.6. The change in effective porosity (%) with respect binder to aggregate 

ratio and aggregate size distribution 

The effective porosities of the second sample set are given in Figure 5.7. The 

predicted values for plaster samples with silica and tuff aggregates are alike, around 

15-20%. Samples containing silica aggregates have an effective porosity of 17% 

higher than samples containing pumice aggregates and 22% higher than samples 

containing tuff aggregates. The samples with silica aggregates have longer elongated 

pores in the form of cracks, as seen in the cross-section image in Figure 4.6. 

Moreover, the pores do not divaricate much as they are in the samples with pumice 

or tuff aggregates. The unique way of pore formation in the samples with silica 

aggregates must result in a more thorough pore structure that constitutes most of its 

pore volume. 

 

 

Figure 5.7. The effective porosities (%) of second plaster set. 
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The pore size distribution data gathered from images of cross sections only give a 

general idea about the change in pore size depending on compositional choices, as it 

was not possible to get images from all types of samples in the first plaster group. 

Figure 5.8 shows the frequency of pore sizes in these examples.  

 

 

Figure 5.8. The frequency of pore sizes for the first plaster sample set 
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distributions (Figure 4.3 and 4.4 in Section 4.2).  

The pore size distribution of the second plaster set is given in Figure 5.9. The pore 

size ranges show similarity. Pore sizes show a wide distribution in samples 

containing silica or pumice aggregates. On the other hand, in samples containing 

tuff, pores with sizes of 0.07 mm and 0.11 mm are dominant in number. This may 

indicate a homogeneity in the structure that results in an identical size pore layout. 
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Also, from the cross-section images of these samples given in Figures 4.6, 4.7, and 

4.8, pores in the form of cracks are shortly elongated in the plaster sample prepared 

with tuff aggregates. 

 

 

Figure 5.9. The frequency of pore sizes for the second plaster sample set 

The tortuosity of pores within the material is an essential parameter in sound 

propagation. When tortuosity values are assessed in terms of compositional 

properties, it is seen in Figure 5.10 that tortuosity value for aggregate distribution 

groups where larger size (2-1mm) or medium size (1-0.5mm) aggregates dominate 

by weight amount increases as a binder to aggregate ratio increases. On the other 

hand, samples with small-size aggregates found in greater weight amounts do not 

show this sort of relationship. Only sample groups with a BA ratio of 1/1.5 and 1.1 

saw increased tortuosity due to decreased aggregate size.   

 

 

Figure 5.10. The tortuosity values for the first plaster set 

0

5

10

15

20

0.00 0.10 0.20 0.30 0.40 0.50

Fr
e

q
u

e
n

cy

(n
u

m
b

e
r 

o
f 

p
o

re
s)

Pore size (mm)

plaster

with silica

aggregate

plaster

with tuff

aggregate

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Dist B Dist M Dist S

T
o

rt
u

o
si

ty BA: 1/1.5

BA: 1/1

BA: 1/0.4



 
 

89 

Predicted tortuosity values of the second plaster set are shown in Figure 5.11. 

Tortuosity is close to 1 for the plaster samples containing lightweight aggregates. 

This indicates a direct propagation path alongside the section of the sample. On the 

other hand, tortuosity increases in the plaster samples prepared with silica 

aggregates. 

 

 

Figure 5.11. The tortuosity values for the second plaster set 

The change of airflow resistivity values derived by inverse characterization 

depending on aggregate size distribution and BA ratio is shown in Figure 5.12. The 

results show that contrary to what is commonly reported in the literature (see section 

2.4), the airflow resistivity values of samples do not increase as the weight of smaller 

size aggregates (0.25-0.5mm) increases in composition. This observational 

mismatch may be attributed to the aggregate sizes used in this study. Most of the 

work, as mentioned earlier, uses bigger particles in compositions above 0.5 mm and 

up to 12 mm; unlike this study, the gradation of various aggregate sizes is not based 

on a bell-shaped curve. Mostly, the aggregates used in the related studies are mono-

sized. 
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