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Summary 

Road traffic noise is one of the most predominant noise sources in the urban 
environment and is known to be responsible for adverse health effects. Urban 
vegetation, such as vegetated roofs, is highly important for recovering the ecological 
balance and for providing visually pleasant environments. Also, it has the potential to 
reduce urban noise levels. As vegetated roofs partly absorb the sound in urban 
environments, they are effective in promoting quiet sides. The acoustic performance of 
vegetated roofs can be significantly affected by the substrate moisture content. So far, 
no research has focused on methods to obtain the acoustic impedance of vegetated roofs 
based on in-situ measurements.  

The goals of this research are to: 1) obtain an accurate and efficient method to extract 
the unique surface impedance of vegetated roofs based on in-situ measurements; 2) 
define the tolerances of transducers’ positions to achieve accurate acoustic impedance 
based on in-situ measurements; 3) evaluate the influence of the substrate water content 
on noise attenuation over vegetated roofs; 4) evaluate the influence of the substrate 
water content on the acoustic impedance of vegetated roofs. 

Short-range acoustic propagation experimental techniques have been previously used 
in in-situ measurements to determine the acoustic impedance of soils (covered with 
foliage). In this research, two existing methods, the Nordtest Method and the Transfer 
function approach, were modified for measurements on vegetated roofs. The modified 
Nordtest Method (MNT) includes a double porous layer with hard backing to represent 
the vegetated roof (double layer), an extended reaction assumption of the roof surface, 
a variable height of the top surface (variable reference surface), surface roughness and 
it relies on the three-parameter Miki model (MK model) for the impedance prediction 
of the urban vegetated roofs. The modified Transfer Function (MTF) method consists 
of a double layer, a variable reference surface, MK model, and two grazing incidence 
microphone positions. The accuracy of these modified methods was evaluated based on 
in-situ measurements on four vegetated roofs. Results showed that the MNT method 
performed better. Since the prediction process with the MNT is relatively complex, the 
method was simplified to a two-layer hard-backed split-pore (SP) model under a locally 
reacting assumption. Simplifying this model did not lead to a significant reduction the 
accuracy.    

Based on the simplified MNT method, a multiple-geometry (MSMNT) technique was 
proposed to account for the non-uniqueness in the determination of the acoustic 
impedance of vegetated roofs. It was implemented on typical porous materials in the 
laboratory and validated both with impedance tube measurements and physical 
measurements. The material properties of tested samples extracted by laboratory 
measurements were in good agreement with those achieved by the other two methods. 
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Subsequently, the proposed new measurement system succeeded in uniquely predicting 
the acoustic impedance and material properties of three urban vegetated roofs.  

The sound pressure level produced by a single sound source above ground surface is 
characterized by the interference of the direct and ground-reflected sound waves, and 
the accuracy of the assumed locations of the transducers influences the prediction of 
ground surface impedance. Therefore, the sensitivity of the transducers’ locations on 
the determination of the acoustic impedance of porous materials was also assessed 
based on the MSMNT method. It was found that small errors on the transducers’ 
locations lead to significant variations in predicted impedance and material properties. 
The tolerance of the extracted transducers’ locations is recommended to be within 

 m to achieve an accurate and unique prediction of the surface impedance of 
porous materials. 

Next, new attempts for long-period in-situ experiments on two extensive vegetated 
roofs were carried out to investigate the influence of substrate moisture content on noise 
attenuation over vegetated roofs. Two types of measurement scenarios were evaluated, 
one scenario involved real traffic noise and the other an artificial noise source. As in 
previous research, a descending tendency of noise attenuation with the increase of the 
substrate water content was confirmed. However, the results varied between different 
roofs.  

Finally, the MSMNT method was used to analyse the acoustic impedance on one 
vegetated roof under six different substrate water content values. Results showed that 
the porosity of the vegetation layer and the flow resistivity of the substratum layer of 
the vegetated roof were affected by the water content. The absorption coefficient was 
reduced by the increase of the water content. The most significant effect occurred at 
frequencies 400 Hz - 1600 Hz. 

The work presented in this dissertation contributes to a way to measure both surface 
impedance of in-situ vegetated roofs, and the effect of substrate water content on the 
acoustic impedance and other material properties. The new in-situ measurement system 
proposed in this research can be further applied to different types of vegetated roofs.  
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1 Introduction 

 

Urban noise originates from sources such as road traffic or construction work. It may 
interfere with cognitive functions, disturb sleep and invoke other adverse health effects. 
Therefore, for a good acoustic environment, it is a major challenge to reduce urban 
noise to a sufficiently low level. Urban vegetation such as vegetated roofs has various 
environmental advantages. Moreover, vegetation in the urban environment is 
potentially able to reduce noise from urban environment as well. This chapter first 
introduces the background related to vegetated roofs for urban noise reduction (Section 
1.1). The following two sections outline the impedance models that may be used to 
acoustically characterize vegetated roofs (Section 1.2) and techniques that are available 
to measure the surface impedance of materials (Section 1.3). Section 1.4 states the 
research objectives and contributions of this research. In Section 1.5, the structure of 
the thesis is outlined.  

 

 
 
Chapter 1 



2 Chapter 1  

 

 

1.1 Vegetated roofs for urban noise reduction  
Urban noise is one of the top environmental risks to physical and mental health and 
well-being, with a substantial associated burden of disease in Europe [1,2]. At least 100 
million people in the EU are affected by road traffic noise [3]. In Western Europe alone, 
the disability-adjusted life-years (DALYs1) lost from environmental noise are more 
than 1.6 million [4]. 

One of the most prominent urban noises sources is the road traffic. Road transport noise 
can be mitigated by several means. The most conventional way is to enlarge the distance 
between the sources and the citizens. However, it is not applicable in inner city 
environments with noise sources immersed in the environment itself. An alternative 
way to mitigate traffic noise is to use noise barriers which screen the direct path between 
sources and citizens. However, use of noise barriers is only helpful for a certain area 
behind the screen and it is often not an acceptable solution from an aesthetic viewpoint. 
Also, traffic noise can be reduced by using sound absorbing materials, such as gravel, 
grass, and green walls. These absorbing materials can be constructed on the surfaces 
near road traffic, especially in narrow streets, to reduce the multiple reflected sound in 
the urban environment. As these conventional ways to mitigate road traffic noise are 
not applicable for inner-city environments, consideration of noise absorbing materials 
on building envelopes is highly important. It was found by numerical studies that the 
noise attenuation can be increased by 2-4 dB when placing extra absorbing patches on 
facades or the ground in a narrow urban street [5]. Moreover, the noise levels were 
found to reduce 2-3 dB by covering the building façade with vegetation compared to 
non-vegetated facades in a street canyon [6,7]. 

Vegetated roofs (Figure 1.1), also known as green roofs, are roofs partially or 
completely covered with vegetation. They have various ecological, social, economic 
and visual advantages in the urban environment [8–10]. Firstly, when rainwater enters 
the vegetated roofs, a large amount of the water can be absorbed by their vegetation 
and substratum, therefore reducing the risk of flooding [11–13]. The capacity for water 
storage of vegetated roofs is dependent on the vegetation type [14,15], rainfall intensity 
[16,17], roof slope and  substratum thickness [18]. Secondly, vegetated roofs reduce 
the energy consumption of buildings due to their insulation capability [8,19,20]. 
Moreover, vegetated roofs reduce urban heat island effects [21,22]. Furthermore, in 
urban environments, the vegetation of vegetated roofs is able to absorb the small air 
pollutants through the leaves’ stomata, thus, improving the air quality [23–26]. Finally, 
vegetated roofs provide habitat space for birds [27,28] and insects [29,30] and provide 
a visually pleasant environment [31,32]. 

                                                 
1 DALYs are the sum of the years lost due to disease or disability, and years lost due to dying earlier than 
the potential years of life [148]. 
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Regarding their acoustic benefits, vegetated roofs can improve both the indoor 
environments through the sound insulation of the roof system [33,34] and the urban 
environment through their sound absorption capacity [6,33,35–38]. In urban courtyards, 
the direct noise from road traffic is strongly shielded. However, they cannot always be 
considered as quiet areas due to the high noise levels [39], because the amplification 
effect of the multiple interactions of sound waves with the building facades is much 
greater than those in a street canyon. Since the exterior of a non-vegetated roof is most 
often a rigid material, the diffracted sound waves pass over the roof without being 
reduced. However, the installation of a vegetated roof can potentially reduce the 
diffracted sound energy passing over the roof due to its sound absorption ability and 
thereby promote quietness [40–42]. The noise attenuation over a vegetated roof due to 
the sound absorption effect of the vegetated roofs can be predicted using the acoustic 
impedance of the vegetated roof. Therefore, it is of high importance to be able predict 
the acoustic impedance of vegetated roofs to investigate their acoustic benefits. 

 
Figure 1.1: Urban vegetated roofs [43]. 

Vegetated roof systems are typically engineered with six main functional layers. On top 
of the roof construction there is one layer of waterproof membrane to prevent water 
getting into the construction and one protection layer to protect the roof membrane 
against mechanical damage. The protection layer is covered by a drainage layer. On top 
of the drainage layer, the substrate layer is placed, which is covered with a layer of 
vegetation. The vegetated roof systems can be categorized in three different types: 
intensive, semi-intensive, and extensive. The typical constructions and specifications 
of these three types of vegetated roofs are illustrated in Figure 1.2 and Table 1.1 [44,45].  

An intensive green roof is characterized by a deep layer of substrate, which allows a 
large range of vegetation species, such as shrubs, and even small trees, to grow. 
Normally, it requires professional maintenance and a capacity of the roof structure to 
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bear large loads. A semi-intensive vegetated roof requires occasional irrigation, 
moderate maintenance, and a capacity of the roof structure to bear less weight loads 
than an intensive vegetated roof. The substrate thickness and vegetation species of a 
semi-intensive vegetated roof falls in-between the extensive and intensive roofs.  
Extensive vegetated roofs, which are the ones considered in this thesis, are the most 
commonly used type of vegetated roofs, and are an ideal ecological alternative to a 
conventional roof protection due to their low maintenance requirement, long-lasting 
functionality and low weight. 

 

 

 

Figure 1.2: Construction of an extensive roof (left), a semi-intensive roof (middle), and an intensive 
roof (right). 

Table 1.1: Specifications of three vegetated roof types [44–46]. 

  Extensive Semi-intensive Intensive 

Substrate 
Thickness [mm] 

 150 130-200  200-400  

Weight [kg/m2]  80-150 120-180 180-380 

Vegetation 
Species 

 Mosses, sedums, 
succulents, herbs, 

few grasses 

Selected perennials, 
sedums, ornamental 

grasses, herbs, little shrubs 

shrubs, hardy perennials, 
lawn, rooftop farming, 

small trees 

Maintenance  low medium high 

Cost  low medium high 

1.2 Impedance models 
1.2.1 Plane and spherical waves 
Sound waves in the atmosphere can be generated by a vibrating source, such as the 
engine and tires of a vehicle. When a sound wave propagates through the air, it 
generates small fluctuating contributions of the pressure  and density  on top of the 
ambient quantities of  and . The speed of the corresponding movement of the 
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 particles in the medium is referred to as particle velocity , which is related to 

displacement by differentiation with respect to time. The total pressure , density  
and fluid velocity  in the atmosphere can be written as follows:  

 ,  ,    (1.1) 

It is assumed that the atmosphere is homogeneous and without wind flow, i.e. ,  are 
constant values, and the ambient value of velocity  [47,48].  

The wave equation, which contains the equations of mass and momentum conservation 
is defined as [47–49]:  

   (1.2) 

where  is the time,  is the Laplace operator, and  is the adiabatic sound speed. The 
relationship of  with the acoustic pressure and density is . 

Two fundamental types of sound waves are plane waves and spherical waves. The 
simplest form of sound wave is the plane wave, whose sound pressure and particle 
velocity vary only in one direction and in free field their wave-fronts are infinite parallel 
planes. Equation (1.2) for plane waves traveling only in x-direction can be written as:  

 .  (1.3) 

The general solution for this wave equation is: 

   (1.4) 

where  is the amplitude of the sound pressure,  is the wave number, and  is the 
angular frequency [48,49]. The relationships between , ,  and wavelength  are 
written below: 

    (1.5) 

 .  (1.6) 

In a homogeneous and unbounded atmosphere, a monopole source generates spherical 
waves. When the sound pressure of a spherical wave is assumed to be independent of 
the angular coordinates, meaning that the origin of the coordinate system is in the center 
of the wave field, the wave equation for a propagating spherical wave can be written as 
[48,49]: 

  ,   (1.7)   

where  is the radial distance to the source origin. The sound pressure of the spherical 
wave is given as [48,49]:  
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    (1.8) 

1.2.2 Acoustic impedance 
When a sound wave hits the interface of air and ground at an oblique angle from a non-
refracting atmosphere, a part of the sound wave is absorbed by the ground surface, a 
part is reflected and a part is transmitted into the ground. Figure 1.3 illustrates the 
reflection from the ground surface; where  is the incident angle, and  is the 
transmitted angle. 

 

Figure 1.3: Reflection of a sound wave over a flat ground surface.  

The acoustic impedance is the complex ratio of the sound pressure  and the particle 
velocity v at a point in an acoustical fluid medium where the sound wave propagates: 

  ,  (1.9) 

where  is the acoustic impedance in  [48] and it may be frequency dependent.  

The characteristic impedance  describes the acoustic properties of a medium and is 
equal to the product of the density of the medium  and the speed of sound  travelling 
in that medium,  in  [49,50]. The characteristic impedance of air  
used in this research is: 

 ,   (1.10) 

where  is the temperature of the environment in oC and  is the air density in . 

The surface impedance represents the ratio of the sound pressure to the component of 
particle velocity normal to the surface. It is dependent on the angle  of the incident 
sound wave: 

 ,  (1.11) 

where  is the transmission angle shown in Figure 1.3. In some cases, it is convenient 
to use the inverse form of the respective impedance, the acoustic admittance, which is 
denoted as  [47,48]. 
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Since the subject of this research is the vegetated roof surface (a ground surface), in the 
following sections, only surface impedances are considered. The surface impedance of 
the ground surface is continuous at the air-ground interface [47,49,51]. In this study, 
the normalized surface impedance was mainly used, which is the surface 
impedance normalized to the characteristic impedance of air .  

1.2.3 Local and extended reaction 
Most outdoor ground surfaces are treated as a porous rigid-frame material, which can 
be described as an equivalent fluid. Ground surfaces can be assumed as locally reacting 
surfaces when the complex speed of sound of the transmitted wave in the ground 
medium  is far smaller than in the air above the surface , and the ground refraction 
index  [52]. This situation implies that sound propagation in the 
medium is independent on the angle of incidence  due to Snell’s law [53]. In contrast, 
ground surfaces should be treated as an extended reacting surface if speed of sound in 
air  is not significantly higher than that in the speed of sound  in the porous ground 
medium, making the surface impedance of the material dependent on the angle of 
incidence  [52,54,55]. Examples of such locally reacting and extended reacting 
surfaces can be found in Figure 1.4, with (a) and (b) being the extended reacting 
surfaces, and (c) and (d) being the locally reacting surfaces. 

(a) layer of snow 

 

(b) pine forest floor 

 

(c) earth ground 

 

(d) gravel road 

 

Figure 1.4: Examples of extended (left two) and locally (right two) reacting ground surfaces, where 
 is the absolute value of the ground refraction index at 500 Hz using the flow resistivity given in 

[56,57].  

1.2.4 Reflection and absorption coefficient 
The sound pressure  at a point above a ground surface is given as: 

    (1.12) 

where  and  are the sound pressure of the direct and ground reflected sound waves 
respectively. For a plane wave travelling in the x-y plane with the ground surface at x = 
0 m, the direct sound wave in free field is given as: 

    (1.13) 

Therefore, the total pressure above the ground surface is: 



8 Chapter 1  

 

 

 ,   (1.14)  

where  is the plane wave reflection coefficient [48]. The time factor is 
suppressed in the above and subsequent expressions for simplicity. 

As stated in Subsection 1.2.2, the ratio of the complex sound pressure to the component 
of the velocity normal to the ground surface  should be continuous for a non-rigid 
ground surface. Then, above the ground surface, the relation between acoustics pressure 
and velocity is: 

 .   (1.15) 

The reflection coefficient of a plane wave can be derived as follows: 

 .   (1.16) 

For a rigid ground surface,  and . 

The absorption coefficient  at normal sound incidence can be computed as follows: 

 ,   (1.17) 

where  indicates the frequency of interest.  

The calculation of the reflection coefficient of a spherical wave is more complicated 
than that of a plane wave. Similar to the reflection of a plane wave, the sound pressure 
of a spherical wave at the receiver contains the components of a direct and ground 
reflected sound wave, and is described as: 

 ,  (1.18) 

where Q is the spherical wave reflection coefficient, and  and  are the path lengths 
of the direct and ground reflected sound waves.  

Since sound propagation of a spherical wave over a ground surface is significantly 
affected by the ground reflection, it is important to compute the reflected sound pressure 
accurately. The spherical wave reflection coefficient  is the key factor in the 
contribution of the reflected sound wave. Therefore, an accurate computation of  is 
necessary. The following parts of this subsection describe the exact and approximate 
expressions of  for locally and extended reacting surfaces as they appear in literature. 
An overview of these expressions can be found in Table 1.2. 

1.2.4.1 Exact expressions of  for extended reacting surface (  and )  
As described in Equation (1.18), the sound field at a receiver position above a ground, 
surface can be written as the composition of the incidence sound wave and reflected 
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wave. The reflected wave component in Equation (1.18) can be solved with the 
analytical solution below [47]: 

 ,   (1.19) 

where  ,  and  are the wave numbers in the air above the ground 

and in the ground,  and  are the heights of the receiver and source, and  is the 
horizontal distance between the source and receiver, and  is: 

.   (1.20) 

where  and  are the density in the air above the ground and in the ground, 
,  is the Bessel function of order 2. 

It is convenient to rewrite the solution of the reflected sound wave in the form of the 
spherical wave reflection coefficient. Equation (1.19) is equal to the second term in the 
parenthesis of Equation (1.18). Therefore, for an extended reacting ground surface, 
expression  for the spherical wave reflection coefficient is: 

 ,   (1.21) 

Godin and Brekhovskikh [58] developed another exact expression of the spherical 
reflected sound wave for extended reacting surfaces with a single integral instead of 
double integrals in the expression of . In the study of Godin and Brekhovskikh, the 
ground reflected sound pressure was solved by Equation (1.22), which is referred to as 
the Sommerfeld integral, and the reflected field can be expressed as: 

 ,   (1.22) 

where , ,  and  is the plane wave 

reflection coefficient, which for a semi-infinite ground with j layers is given as: 

,   (1.23) 

and for a ground with  layers is given as: 

 ,   (1.24) 

where the   layer is considered a rigid layer in the bottom of the ground [59]. 
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The reflection coefficient of spherical wave  can be written in the same format as 
Equation (1.21) as: 

 ,   (1.25) 

1.2.4.2 Approximate expression of  for extended reacting surface ( )  
Since the expressions of  and  are computationally complicated, Li et al. [59] 
proposed a simpler expression. They substituted the normalized surface impedance 
with the effective admittance , which is an approximation of the physical 
admittance . 

 

 

 

Figure 1.5: Reflection on a semi-infinite layer (left); one layer with hard backing (middle); two layers 
with hard backing (right). 

The effective acoustic admittance  is given by:  

 ,   (1.26) 

for semi-infinite ground (Figure 1.5 left),  

 ,   (1.27) 

for a hard-backed layer (Figure 1.5 middle), and  

,   (1.28) 

for a double layer with a hard-backed ground (Figure 1.5 right), where  

 ,   (1.29) 

  and  with .   (1.30) 

When the sound propagates in a far field and in grazing incidence, which mean that the 
following conditions are fulfilled [55,60]: 

   

 ,   (1.31) 

Rigid layer 

First layer 

Rigid layer 

First layer 
Second layer Semi-infinite layer 
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 the approximate expression for extended reacting surface is , which is written as: 

    (1.32) 

 ,   (1.33) 

where  is the boundary loss factor,  is the complementary error function 
[47],  is the numerical distance, which is written as: 

     (1.34) 

1.2.4.3 Approximate expression of  for locally reacting surface (  and )  
Allard and Sieben [61], and Bree et al. [62] assumed that a normal incident spherical 
sound wave acts as a plane wave. However, this assumption leads to a lack of precision 
in the low-frequency range, especially at large angles of incidence. Therefore, a 
simplified analytical solution was developed to express the reflection coefficient of a 
spherical wave over a locally reacting ground surface.  

Similarly to Equation (1.21), the spherical wave reflection coefficient  can be written 
as [47]: 

  .   (1.35) 

In the case of grazing incidence, which satisfies the conditions in Equation (1.31), 
another more simplified expression of the spherical wave reflection coefficient  was 
given as [59,63,64]: 

    (1.36) 

where  can be found in Equation (1.16). 

The expressions for  that were presented above are summarized in Table 1.2. 

Table 1.2: Summary of various expressions of the spherical wave reflection coefficient. 

Expression  First author/Reference Surface assumption Accuracy 

  Salomons [47] Extended reacting Exact 

  Godin and Brekhovskikh [58] Extended reacting Exact 

  Li [59] Extended reacting Approximative 

  Salomons [47] Locally reacting Approximative 

  Salomons [47] Locally reacting Approximative 
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In this research, measurements were taken in a far field and nearly grazing incidence 
condition, which fulfilled the condition in Equation (1.31). Therefore, due to their 
accuracy and computational simplicity, the expressions of  and  were chosen as 
the spherical wave reflection coefficients for extended reacting and locally reacting 
surface assumptions, respectively. 

1.2.5 Impedance models for outdoor ground surfaces 
The acoustic impedance of the outdoor ground surfaces can be modelled relying on 
impedance models that represent ground surfaces. Normally, outdoor ground surfaces 
are porous. Therefore, when encountered with a typical noise problem, the impedance 
of these surfaces can be modelled as rigid porous materials [65]. A summary of 
representative impedance models for outdoor ground surfaces can be found in [56,65]. 
Numerous impedance models have been widely used for the prediction of the surface 
impedance of rigid porous materials. These models include the single-parameter semi-
empirical Delany and Bazley model [66], the three-parameter phenomenological 
Zwikker and Kosten model [67], the three-parameter semi-empirical Miki model [68] 
and the four-parameter Attenborough model [52,65]. For mediums containing identical 
tortuous slit-like pores, the two-parameter Slit-pore model has been developed [52].  

By increasing the number of impedance model parameters, the prediction becomes 
more accurate. Although some of the impedance models, such as the five-parameter 
Johnson and Allard model, contain more than three parameters, it was found that three-
parameter models such as MK model are sufficient to predict the impedance of outdoor 
ground surfaces [65,68]. Therefore, impedance models which require more than three 
parameters were not considered in this thesis as the candidate impedance models for 
the vegetated roofs. In this research, the following three impedance models were used: 
the Delany and Bazley (DB) impedance model [66], which is simple and widely 
recommended for impedance prediction of outdoor surfaces; the Miki (MK) model [68] 
which modifies the DB model to solve the problem of its non-physical prediction of the 
real part of the surface impedance; and the Slit-pore (SP) model [52], which contains 
fewer parameters than other impedance models which contain structure factors. The 
three selected impedance models are presented in the following Subsection. 

1.2.6 Selected impedance models 
The one parameter Delany and Bazley impedance model (DB model) is widely 
recommended for predicting the impedance of outdoor ground surfaces [65]. Due to the 
advantage of its simplicity, it was chosen as the first impedance model to be used in 
this research. Based on the regression fits of the effective flow resistivity to a wide 
range of impedance tube measurements on fibrous materials, the characteristic 
impedance  and propagation constant  are obtained [65,66] as follows: 

    (1.37) 

 ,   (1.38) 
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with     (1.39) 

where , and  is the flow resistivity. The above expressions are valid when 
. In the low-frequency range, the semi-empirical DB model provides a 

non-physical prediction for the real part of the surface impedance of porous materials 
[56,69]. Miki [69] improved the DB model by modifying the regression coefficients to 
extend the valid frequency range, which was denoted as two-parameter Miki model. 
Nevertheless, Miki’s approach to modify the regression coefficients had restricted 
success, because it works only for materials with porosity close to unity. To solve this 
issue, Miki [68] proposed a three-parameter semi-empirical impedance model (MK 
model). Compared with the one-parameter DB model, the three-parameter MK model 
relies on two extra parameters (the porosity and tortuosity), and is widely applicable to 
porous materials. In addition, it provides a satisfactory prediction of the fundamental 
properties of soils, plants, and their combinations [68]. The characteristic impedance 

 and propagation constant  can be written as: 

    (1.40)                                 

where  is the tortuosity,  is the porosity and  is the effective flow resistivity: 

.   (1.42) 

Compared to the three-parameter Miki model, the two-parameter Slit-pore (SP model) 
model, which computes the tortuosity by , contains fewer model parameters 
giving it the benefit of simplicity. With the SP model, it is possible to predict the 
characteristic impedance  and propagation constant  of materials with identical 
tortuous pores with the following expressions [52]: 

 ,   (1.43) 

 .   (1.44)  

By assuming identical slit-like pores for mathematical convenience,  and  can 
be given as  

 ,   (1.45) 

 ,   (1.46) 

where ,   (1.47) 

and ,    (1.48) 
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where   is the isothermal bulk modulus in air, =1.4 (for air) is 
the specific heat ratio, and  is the Prandtl number. 

The three chosen models, which were further investigated in this research for the 
prediction of the acoustic impedance of vegetated roofs, are summarized in Table 1.3. 

Table 1.3: Summary of selected impedance models. 

Model  Number of Parameters Parameters 

Delany and Bazley (DB)  1 Flow resistivity  

Slit-Pore (SP)  2 Flow resistivity , Porosity , 

Miki (MK)  3 Flow resistivity , Porosity , 
Tortuosity  

1.3 Impedance measurement techniques 
The acoustic impedance of rigid-porous materials can be measured by laboratory 
measurement methods and in-situ measurement methods. Compared to laboratory 
methods, in-situ measurement methods are able to measure the acoustic properties of 
materials under realistic conditions, which is very important for outdoor surfaces. 
However, laboratory methods are much easier to carry out and control. Therefore, the 
following subsections review both the laboratory (Subsection 1.3.1) and in-situ 
impedance (Subsection 1.3.2) measurement methods and justify the selection of the 
impedance measurement methods used in this research in Subsection 1.3.3.  

1.3.1 Laboratory impedance measurement methods 

1.3.1.1 Impedance tube method 
The traditional and longest used laboratory technique for sound absorption 
measurements is the impedance tube method, which is standardized in ISO 10534 
[70,71]. It is used for the determination of the normal incident sound absorption 
coefficient, reflection factor, and surface impedance or admittance of absorbing 
materials. This standard consists of two sub-methods, the standing wave method and 
the transfer function method. 

The standing wave method is based on measurements of a normal incident plane wave 
in a straight and smooth impedance tube using a movable probe microphone. The tested 
sample is tightly mounted in one end of the tube and the speaker that generates the plane 
wave is located in the other end. The absorption coefficient of the sample can be 
obtained from the ratio between the measured pressure minimum and pressure 
maximum. The calculation of surface impedance requires extra information on the 
distance between the first sound pressure minimum and the sample surface. To avoid 
cross modes in the impedance tube, the working frequency of this method is determined 
by the cross-section and length dimensions of the tube:  and , 
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 where l is the length of the tube,   and  are the upper and lower limit of the working 

frequency range, and d is the inside diameter [m] of a circular tube. 

Similar to the standing wave method, the transfer function method is also based on 
plane waves in an impedance tube. However, the sound pressure is measured with two 
fixed microphone positions near the sample. Afterwards, the normal-incidence complex 
reflection factor, absorption coefficient and surface impedance of the test material can 
be calculated using the complex acoustic transfer function of the two microphone 
signals. The space between the two microphone positions  should fulfil , 
where the upper limit of the working frequency range of the transfer function method 
is the same as the standing wave method with , and the lower limit is 
determined by the accuracy of the signal analysis system. 

Both the standing wave and transfer function methods require small samples of the 
tested material, which is well suitable for a parameter study for absorbing materials. 
However, the measurement results are limited to certain frequencies, are sensitive to 
the sample fitting in the tube, and also rely on the cutting quality of the samples from 
the original materials [72,73]. Although the operation of the standing wave method is 
simple, the measurement time is relatively long, while the transfer function is much 
faster than the standing wave method. 

1.3.1.2 Reverberation chamber method 
Another approach to calculate the random incident absorption coefficient is via 
measuring the reverberation time in a reverberant chamber [74]. This approach is 
intended to be used for the measurement of large samples of materials in a reverberant 
room, but not for weakly damped resonators. The reverberation method is based on 
measurement of the average reverberation time with and without the tested material in 
the room. The sound absorption coefficient is calculated using Sabine’s equation. The 
reverberation method works in one-third octave bands between 100 Hz and 5000 Hz 
for a standardized room (approximately 200 ). This method has the benefit of 
applicability on large samples and constructions. Nevertheless, no information about 
the acoustic impedance or the complex reflection coefficient can be achieved with this 
method, and results are affected by the sample size, edge diffraction effects on samples, 
sound distribution in the room and the properties of the room (ISO 354-2003). 

In summary, the three representative laboratory methods are illustrated in Table 1.4. 
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Table 1.4: Summary of laboratory methods. 

Method Impedance tube: 
Standing wave method 

Impedance tube: 
Transfer function 

method 

Reverberation chamber 
method 

Reference ISO 10534-1 (1996) ISO 10534-2 (1998) ISO 354 (2003) 

Standardized Yes Yes Yes 

Method Plane wave, one movable 
probe microphone 

Plane wave, two 
microphone positions 

Reverberation time with and 
without sample 

Conditions Normal incidence; 
Plane wave 

Normal incidence; 
Plane wave 

Random incidence 

Frequency 
 

 

 

 

100-5000Hz 
1/3 octave band for 

standardized room (200 ) 

Pros Small samples Small samples; 
Fast. 

Representative samples 
Large frequency range 

Cons Normal incidence; 
Uncertainty in mounting; 

Slow; 
Limited to a certain 

frequency range 

Normal incidence; 
Uncertainty in mounting; 

Limited to a certain 
frequency range 

Reflection factor and 
impedance are not 

achievable 
Edge diffraction error 

 

1.3.2 In-situ measurement methods 
As the acoustic properties of sample materials in laboratory measurements cannot be 
ensured to be exactly the same as the actual in-situ materials, an in-situ measurement 
technique can deal with this issue by measuring the materials in their actual state [75–
77]. Especially for the impedance characterization of outdoor ground surfaces, whose 
properties are varying due to multiple parameters such as the substratum compression 
and weather conditions, in-situ measurement can provide a great solution. 

1.3.2.1 Spot method 
Similar to the standing wave method, the free wave reflection method proposed by 
Dickinson and Doak [78] is based on a spherical wave propagating from a horn 
loudspeaker perpendicular to the ground surface. The surface impedance can be 
deduced from the measured sound pressure between the ground and the sound source. 
The normal impedance and absorption coefficient can be achieved in the frequency 
range between 200Hz and 1000Hz. In 2010, ISO 13472-2 [79] standardized the spot 
method, which is also based on a spherical wave propagating perpendicular to the 
ground surface, to measure the absorption properties of in-situ road surfaces. The 
absorption properties are measured with the impedance tube placed on the road surfaces 
based on ISO 13452-2. This method works at one-third octave frequencies 315 Hz -
2000 Hz.  
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1.3.2.2 Pulse-echo method 
Another type of method to extract the surface impedance is the Pulse-echo method. It 
is based on the signal subtraction or temporal separation of the direct and reflected 
sound in the time-domain [51,80–84]. In 1984, Cramond and Don [85] proposed a 
separation technique to subtract the incident from the reflected pulse using a directional 
impulsive excitation signal and two source-receiver positions placed perpendicular (to 
achieve the reflected pulse) and parallel (to achieve the direct pulse) to the sample at 
the same time. For locally reacting samples, the measured surface impedance showed 
good agreement with predicted values using theoretical models in the frequency range 
between 800 and 3500 Hz. However, this technique has potential problems in the 
repeatability of the impulse if the sound source is not cylindrically symmetrical. 
Afterwards, Garai [83] introduced an impulse-echo technique based on a stationary 
Maximum Length Sequence (MLS) signal as the excitation signal and one microphone. 
The incident and reflected components of the impulse response were separated by two 
window functions, and then the absorption coefficient was obtained in the frequency 
domain. Since this method requires short time windows, it has limited use for the low 
frequency range, since short time windows do not capture low frequency information.  
In the high frequency range, the maximum frequency of analysis is limited to 

, where e is the depth of the irregularity of the sample surface. Compared to 
previous techniques, Garai gave more attention to input repeatability, noise source 
characteristics, background noise immunity, and size of the test surface. In 1995, 
Mommertz [84] measured the impulse responses with one microphone in a free-field 
condition including only the incident wave and in an in-situ condition including both 
incident and reflected waves. Afterwards, the reflected wave was subtracted from the 
two measurements, which allowed the absorption coefficient to be achieved in the 
frequency domain. However, this method requires a large sample area and can be 
influenced by the environmental differences between the two measurements. It was 
found that this method can be applied for normal sound incidence between 250Hz and 
8000Hz. In 2002, ISO 13472-1 [86] proposed a standardized method to obtain the sound 
absorption coefficient of road surfaces by impulse responses measurements. It requires 
a surface area of 3 , and works at one-third octave frequencies 250 Hz – 4000 Hz. 
Moreover, Londhe [87] successfully obtained the surface impedance of grass by 
combining the subtraction technique  by Mommertz [84] and ISO 13472-1 [86]. In 2016, 
Lin et al.[88] proposed a signal subtraction method to obtain the absorption coefficient 
of three absorbing materials based on the particle velocities rather than sound pressures 
as measured in previous research. This method is less affected by the disturbing 
reflections, especially when measuring the absorption coefficient at normal incidence. 
However, it is only applicable for normal incident sound waves and is sensitive to the 
vibration of the sound source. 
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1.3.2.3 Tamura method 
The Tamura Method is based on the decomposition of the sound pressure distributions 
of incident and reflected sound pressures using the two-dimensional spatial Fourier 
transform. The complex sound pressures were measured with in a grid with a spacing 
of 1.5 cm on two parallel plane panels (diameter of 180 cm) on top of the test samples. 
The reflection coefficient at arbitrary angles of incidence can be determined by the 
decomposed incident and reflected plane wave components [89,90]. The working 
frequency is limited by the dynamic range of the source (lower limit) and the axial 
symmetry of the source directivity (upper limit). Two advantages of the Tamura method 
are that: 1) it is applicable for the measurements of the reflection coefficient at arbitrary 
angles; and 2) the incident waves are not limited to plane waves. However, in some 
cases, it is time consuming and complex to operate the measurements, because it 
requires an automated measurement system to position the microphones along the 
planes [80].  

1.3.2.4 Transfer function method  
In 1989, Allard et al. [91] extended the original transfer function method applied on 
normal incident in-duct measurements [92,93] to the oblique incidence in free-field 
conditions. They measured the ratio of the pressures between two microphone positions 
located closely over a hard-backed glass wool layer at various incident angles and 
distances from the sound source. The pressure ratio is referred to as transfer function. 
Afterwards, the impedance of materials was predicted by fitting the transfer function 
between measurements and predictions. Nocke and Mellert [94] extended the 
impedance fitting method to derive the surface impedance by directly fitting the excess 
attenuation transfer function from measurements and predictions. The excess 
attenuation transfer function is the ratio of the total-field sound spectrum to the free-
field spectrum. The free field and total-field sound spectrum were achieved by 
measurements of microphones placed sufficiently high above the sample material and 
close to the sample material, respectively. Taherzadeh and Attenborough [95] proposed 
a Newton–Raphson root-finding method to deduct the surface impedance from the 
transfer function. They also added an extra step to predict two impedance model 
parameters using the least-squares algorithm.  

All the studies reviewed above are directly based on measured sound pressures. In other 
research, more transfer function methods were proposed using particle velocity together 
with sound pressure, or two velocities, instead of two pressures [96]. One popular 
technique is the two microphone impedance probe method proposed by Allard and 
Sieben [61] that predicts the impedance by evaluating the particle velocity and sound 
pressure. The acoustic impedance of a panel at normal incidence in a free field can be 
evaluated through the measurements of sound pressures and particle velocities from 
two microphones closely located to the surface of the sample to avoid the edge effect. 
This technique requires a minimum measurement area of 1 m2. However, due to the 
small distance between two microphones, the working frequency of this method only 
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starts at 500Hz. Later, Allard et al. extended this technique to an oblique incidence up 
to 80o at 2000Hz and 3000Hz [97]. The implementation of the pressure-velocity 
technique can also be found in a recent study [98]. It was found that the lower the flow 
resistivity the material had, the higher the measurement error was when predicting its 
acoustic impedance using the pressure-velocity technique. However, these methods 
were found to be affected by various factors, such as geometrical configuration and 
sample sizes.  Hirosawa et al. [96] showed that the velocity-velocity method was the 
least sensitive to the affecting factors compared to pressure-pressure and pressure-
velocity methods when predicting the normal absorption coefficient of porous materials. 

Two well-known standardized methods based on level differences between two 
microphones vertically placed over ground surfaces are the Nordtest Method (NT 
method) and the ANSI/ASA S1.18-2010 Method. The NT method [99] was developed 
to meet the requirement of the Nord 2000 [100] prediction scheme. It is a standardized 
method to deduce the normalized surface impedance of flat ground by minimizing the 
differences between the measured and pre-calculated level differences between two 
vertically located microphones. This method is suitable for surface impedance 
prediction between 200 Hz and 2500 Hz.             

Similar to the Nordtest Method, another well-known level differences based technique 
is the ANSI/ASA S1.18-2010 Method for determining the acoustic impedance [101]. It 
is a technical revision of ANSI/ASA S1.18-1999. This technique can derive the 
normalized surface impedance of all normally flat surfaces, including grassland or 
snow-covered ground, using a similar fitting procedure as the Nordtest Method, and 
extract the acoustic properties using impedance models. 

1.3.3 Selection of impedance measurement methods for vegetated roofs 
Existing studies on impedance prediction of vegetated roofs are based on laboratory 
experiments [102–104], and in-situ experiments on vegetated roofs are scarce [36,103]. 
In-situ methods are more appropriate than laboratory methods for predicting the 
acoustic impedance because sound propagation over a ground surface, such as a 
vegetated roof, is largely influenced by the amount of compression of the substratum 
and its water content.  

Few experiments are available in literature that demonstrate the use of in-situ methods 
for the measurement of the acoustic properties of vegetated roofs. One example is that 
of Connelly and Hodgson [103], who attempted to measure the diffuse field absorption 
coefficient of small-sized (1.68 m x 1.68 m) vegetated roof test pots in an open field. 
However, no research could be identified that characterizes the surface impedance of 
vegetated roofs.  Therefore, an appropriate in-situ method to predict the impedance of 
vegetated roofs is still needed.  

Based on the reviews of existing in-situ techniques to predict the ground surface 
impedance in Subsections 1.3.2, two methods which have the best potential to predict 
the acoustic impedance of vegetated roofs were selected to be used and further modified 
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in this research. These methods are the two microphone transfer function method 
developed by Taherzadeh and Attenborough [95] (denoted as the TF method) and the 
Nordtest (NT) method developed by the Nordic Innovation Center [99]. They were 
selected because they are applicable for oblique incident sound waves. In addition, they 
are both also applicable for an extended reacting surface, which is assumed to be the 
case for vegetated roofs, because the angle of incidence is required for the computation 
of the surface impedance, as discussed in Subsection 1.2.3. Moreover, the angle of 
incidence is also included in methods which are not applicable only for normal incident 
sound waves. Furthermore, these two methods have proven to be very accurate for 
predicting the acoustic impedance of outdoor ground surfaces [65,95,99]. Thus, it can 
be assumed that they have the best potential to predict the material properties of similar 
surfaces such as vegetated roofs. These two methods are introduced in the following 
paragraphs of this subsection.  

The predicted surface impedance using these two methods is based on analyzing the 
interference between the direct and reflected sound wave above the ground surface. 
This interference is most sensitive to the properties of the medium when the sound wave 
propagates near grazing incidence. Both the TF method and NT method are based on a 
geometrical configuration like the one illustrated in Figure 1.6, where  is 
the height of the receiver,  and  are the direct and reflected path lengths of the 
receiver positions and .  

 

Figure 1.6: Typical geometry of a two-microphone technique.  

1.3.3.1 Transfer function method (TF method) 
The TF method developed by Taherzadeh and Attenborough contains two sub-steps, 
which are direct impedance deduction and the impedance model parameter deduction 
[95]. The TF method is valid at frequencies between 200-10 kHz. In the first step, the 
impulse response was measured at grazing incidence above the ground surface and in 
free-field with the same equipment. The free-field measurement was realized by 
recording the impulse response at sufficient height above the surface and applying a 
time window to remove the ground reflection [94]. Another window was applied to the 
grazing incidence measurement to remove the direct component. Afterwards, the 
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 spherical reflection coefficient  could be obtained from the measured transfer 

function  by: 

 .   (1.49) 

 is the ratio of the sound pressure at grazing incidence  relative to the free-
field sound pressure . At the same time, the spherical wave reflection coefficient 

 can be predicted by the same equation using the real and imaginary component 
of the complex admittance ( ) as the input parameters [94,95,105]. Then, the acoustic 
impedance can be obtained by the minimization of the spherical reflection coefficients 
between measurements and predictions with the following equation at each frequency 
using the Newton-Raphson method [94]: 

 .  (1.50) 

The initial estimate for the admittance is the best fit value with  at the last 
frequency bin. For the frequencies lower than 500 Hz, the initial values of the real and 
imaginary parts of admittance are zero. The ground surface is considered as locally 
reacting. 

In the second step, two adjustable parameters were obtained by fitting the real and 
imaginary part of a two-parameter impedance model [106] to the complex admittance 
computed from the first step. The two adjustable parameters are the effective flow 
resistivity  and effective rate of change of porosity with depth .  

1.3.3.2 Nordtest method (NT method) 
The Nordtest method (1999) [99] is applicable for the in-situ prediction of the 
normalized surface impedance of flat outdoor ground surfaces. The NT method is valid 
for 1/3 octave-bands between 200 Hz and 2500 Hz. The sound pressure of the spherical 
wave at the two receiver positions  above the ground surface is written as 
Equation (1.18) [47]. The flow resistivity class of the ground is achieved by the best fit 
of the measured sound pressure level (SPL) differences between two microphone 
positions  and the level differences predicted  using the one-parameter 
DB Model in the third octave band frequency (denoted as ) range between 200 Hz and 
2500 Hz. The error function is defined as [99]: 

 ,  (1.51) 

where   

 .  (1.52) 

According to the NT method [99], measurements are only valid when the maximum of 
the standard deviation per frequency band between different measurements with the 
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same setup is less than 4 dB and the fitting error is smaller than 15 dB. After the 
flow resistivity class is obtained, the normalized surface impedance and the absorption 
coefficient of the porous medium can be calculated.  

Both the NT and TF method have the potential to predict the impedance of vegetated 
roofs in-situ. The NT method has the benefits of the one-step procedure, whereas, 
although the TF method requires two steps to predict the material properties, the TF 
method can predict the impedance directly. It is necessary to explore and develop 
further these two methods for their appropriateness to predict the impedance of 
vegetated roofs. 

1.4 Research objectives and contributions 
The main objectives of this research are: 1) to obtain an accurate and efficient method 
to extract the unique surface impedance of vegetated roofs based on in-situ 
measurements; 2) to define the tolerance of positions of transducers to achieve accurate 
prediction of material properties; 3) to evaluate the influence of the substrate water 
content on noise attenuation over vegetated roofs; 4) to evaluate the influence of the 
substrate water content on the acoustic impedance of vegetated roofs. 

1a) The first objective of this research is to obtain an accurate and efficient method 
to extract the surface impedance of in-situ vegetated roofs. Existing studies on 
the impedance prediction of vegetated roofs are based on laboratory 
measurements as stated in Section 1.3. No previous research has focused on an 
in-situ measurement method, which is the most appropriate way to measure the 
surface impedance of vegetated roofs because it takes into account actual 
vegetated conditions that cannot be simulated properly in laboratory conditions. 
Therefore, there is a need to investigate an efficient method to extract the 
impedance of in-situ vegetated roofs. 

1b) Multiple (more than two) impedance model parameters cannot be predicted 
uniquely with only two source-receiver positions [94,107]. To assess and solve 
the uniqueness problem in the impedance prediction of vegetated roofs is 
another objective of this research. Hess et al. [108] and Taherzadeh and 
Attenborough [95] proposed a multiple-geometry technique to avoid non-
unique values. The multiple-geometry technique they proposed was to deduce 
three unknown variables with three different configurations. However, in the 
impedance prediction of vegetated roofs, there are more than three variables, 
which makes it more difficult to reach uniqueness. Therefore, the multiple-
geometry technique needs to be further explored to uniquely predict the 
acoustic impedance of vegetated roofs. 

2) The second objective of this research is to define the tolerance of positions of 
transducers for achieving accurate prediction of material properties. Kruse and 
Mellert [109–111] identified that small errors in transfer function, heights of 
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 source and receivers (  m), and distance of source and receiver 

( ), lead to an inaccurately estimated impedance. However, no 
relationship between the predicted material properties, which is important for 
the characterization of the acoustic performance of porous materials, and 
inaccurate transducers’ locations was presented in their research. Hirosawa et 
al. [96] compared three measurement techniques for the normal absorption 
coefficient of sound absorbing materials in a free-field using the boundary 
element method. They revealed that that differences in the normal absorption 
coefficient can be caused by errors in receiver positions, source heights and 
sample areas. In the American National Standards Institute (ANSI) standard 
[101] to measure the acoustic impedance of ground surfaces, the geometries 
were recommended to be as accurately as possible (i.e.. within 0.01 m). 
However, no specific error tolerances for the effect of deviations in the 
geometry on the accuracy of the impedance prediction of ground surfaces are 
clarified. Thus, further research was conducted to investigate the effect of the 
transducers’ locations on the predicted acoustic properties, especially on more 
complex sound absorbing surfaces such as vegetated roofs. 

3) The effect of water content on noise attenuation over a vegetated roof is the 
third objective of this research. The sound absorption performance of soils can 
be significantly affected by its moisture content. As water penetrates into the 
substrate and fills the void space, it causes a decrease of the absorption 
coefficient, and when the substrate is fully saturated, the substrate layer is 
expected to become a perfectly reflecting surface [112,113]. From a long-term 
study on one extensive green roof, Van Renterghem found a significant 
decrease of noise attenuation when the substrate water content increased, 
specifically in the frequency range between 250 Hz and 1250 Hz [114]. 
However, this effect was only detected on one vegetated roof. Thus, 
contributing more evidence from a greater number of roofs was considered a 
necessary aim of the current research. 

4) The last objective is to evaluate the influence of the substrate water content on 
the acoustic impedance of vegetated roofs. Previously, the effect of the water 
content on sound absorption of ground surfaces has been studied using 
impedance tube measurements [78,103,112,113,115] and reverberation room 
measurements [116]. Considerable variations of the acoustic admittance and 
absorption coefficient of soils under the influence of the soil moisture content 
were found. By using an in-situ two-microphone impulse technique on the 
impedance prediction of sand, grassland, and soils, Cramond and Don [117] 
found a relation between moisture content and surface impedance of soils. 
However, no current research quantifies the relation between the acoustic 
impedance of an in-situ vegetated roof and its substrate water content, which is 
of high importance to further investigate their acoustic benefits. 
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The contributions of this research are the following: 

 This is the first time that a tailored method for the impedance prediction of in-
situ vegetated roofs is proposed and evaluated. The Transfer function (TF) 
method and Nordtest (NT) method have the most potential for the impedance 
prediction of vegetated roofs. The NT Method has the benefits of a one-step 
procedure, whereas, although the TF Method requires two steps to predict the 
material properties, it can predict the impedance directly. However, the NT 
method is targeted to a surface with local reaction rather than extended reaction, 
which in this research it was assumed likely to be the case for vegetated roofs. 
Moreover, thus far, the NT Method and TF method have not been used to 
determine the acoustic impedance of vegetated roofs. Thus, this is the first time 
that the NT method and TF method have been tailored for impedance prediction 
of vegetated roofs. 

 The multiple-geometry technique, which contains seven unknown parameters, 
is evaluated for the first time and implemented in the impedance prediction of 
in-situ vegetated roofs.  

 The tolerance of the positions of transducers for the accurate prediction of 
material properties is clarified, which has not been defined in previous research. 

 Long-term measurements were conducted on two vegetated roofs, which 
contributes to the research related to the effect of the substrate water content 
(only 1 long-term measurement was done previously). The new research not 
only contributes to the body of evidence of the previous research, but also opens 
opportunities for more (future) lightweight measurements by demonstrating the 
two methods: using an artificial sound signal and using an existing noise source 
(traffic noise in this case).  

 This is also the first time that the acoustic impedance and material properties of 
one vegetated roof are correlated with six substrate moisture content levels. 

1.5 Outline of this thesis 
The thesis is organized as follows: 

Chapter 2 presents two modified methods, the Nordtest Method and the Transfer 
function approach, tailored for in-situ measurements of the surface impedance of 
vegetated roofs. The accuracy of these modified methods in extracting the acoustic 
impedance is evaluated based on measurements on four vegetated roofs. The modified 
Nordtest Method resulted in the best agreement between measurements and predictions. 
Thus, it was further simplified to reduce the complexity of the method without 
sacrificing the accuracy significantly. 

Chapter 3 demonstrates a multiple-geometry measurement system based on the 
simplified Nordtest method (from Chapter 2) to account for the non-uniqueness in the 
determination of the acoustic impedance of vegetated roofs. It was implemented on 
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typical porous materials in laboratory conditions and validated with impedance tube 
measurements and physical measurements. Subsequently, the proposed new 
measurement system succeeded in uniquely predicting the acoustic impedance and 
material properties of three urban vegetated roofs.  

Chapter 4 contains research on the effect of the sensitivity of the transducers’ locations 
on the determination of the acoustic impedance of porous materials. The tolerance of 
the positions of transducers for the accurate prediction of material properties was 
assessed and clarified using the method developed in Chapter 3 on both single and 
double-layer porous materials. 

Chapter 5 presents new results from long-period in-situ experiments on two extensive 
vegetated roofs in Eindhoven (Netherlands). Two types of measurement scenarios were 
evaluated; one scenario involves real traffic noise and the other an artificial noise source. 
The sound pressure level differences over the vegetated roofs, substrate water content 
and meteorological conditions were measured, collected and analyzed.  

Chapter 6 analyses the acoustic impedance of a vegetated roof under six different 
substrate water content values with the technique developed in Chapter 3.  

Chapter 7 includes the main conclusions of this thesis and presents the 
recommendations for further studies. 



2 Characterization of the acoustic impedance of in-situ 
vegetated roofs 

 

This chapter is based on: C. Liu, F. Georgiou, M.C.J. Hornikx. Characterization of the 
acoustic impedance of urban vegetated roofs. Applied Acoustics. Under revision. 

 

In this chapter, the preliminary method to characterize the acoustic impedance of in-
situ vegetated roofs is presented, which is part of the first objective of this thesis. The 
research in this chapter modified the existing NT Method and TF approach for 
measurements on vegetated roofs. Based on surface acoustic impedance measurements 
on four different in-situ green roofs, the modified NT Method resulted in the best 
agreement between measurements and predictions. The NT Method was modified with 
a double-layer, extended reaction assumption, variable reference surface, inclusion of 
surface roughness and the three-parameter Miki model for the impedance prediction of 
the urban vegetated roofs. Moreover, the modified Nordtest Method was simplified 
with the double-layer hard-backing SP model under a locally reacting assumption to 
reduce the complexity of the prediction without sacrificing the accuracy significantly. 

 
 
Chapter 2 
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2.1 Introduction 
For reasons clarified in Subsection 1.3.3, the two approaches that were selected for 
further study to evaluate their applicability for in-situ measurements of vegetated roof 
are the: 1) NT method developed by Nordic Innovation center [99], 2) TF method 
developed by Taherzadeh and Attenborough [95].  

A necessary parameter in in-situ experimental methods for extracting the surface 
impedance of vegetated roofs is the exact location of the roof’s surface (which will be 
referred to as the reference surface). Outdoor ground surfaces as well as vegetated roofs 
tend not to have random roughness at different scales, which can be defined as surface 
irregularities [52,118]. Due to this roughness, it is difficult to define the exact location 
of the reference surface of vegetated roofs. Moreover, the surface roughness of 
vegetated roofs results in incoherence and fewer phase effects than would be expected 
based on a coherent assumption [119]. Numerous attempts have been devoted to include 
the effect of roughness on the surface impedance prediction of ground surfaces 
[118,120–123]. Faure et al. [118] proposed an effective impedance approach to model 
the effects of a random reflecting rough surface on sound propagation. To do so, the 
surface was represented by a 1/10 scale model made of polystyrene boards. The 
analytical results are in good agreement with the measurements. Furthermore, another 
study [124] indicated that the implementation of Twersky’s theory can guarantee a 
relatively good prediction of randomly distributed roughness on an acoustically hard 
plate. The extended Twersky theory provides a reasonable prediction of the effective 
impedance of a rough porous surface with high flow resistivity such as uncultivated soil 
[125]. However, no research has addressed the determination of the reference surface 
of vegetated roofs. Therefore, further research needs to be devoted to the investigation 
of two key areas: a solution for the determination of the reference surface, and a 
correction for the incoherent effect on the impedance prediction of vegetated roofs.   

The purpose of this chapter is to explore an effective in-situ method to determine the 
acoustic impedance of vegetated roofs by modifying the level differences of the NT 
method and pressure-based TF method. Firstly, Section 2.2 introduces he modifications 
of the original NT and TF measurement techniques for the extraction of the acoustic 
surface impedance of vegetated roofs regarding the double-layer, extended reaction, 
reference surface, surface roughness and impedance model in the NT method; and 
regarding two grazing incidence microphone positions, double layer, reference surface 
and impedance model in the TF method. Details regarding the measurement setup for 
implementing the modified measurement approaches such as the measurement roofs, 
equipment, procedures, and parameter determination are presented in Section 2.3. The 
results from the application of the two modified approaches are presented and analyzed 
in Section 2.4. Results showed that the NT method was more appropriate in the 
determination of the acoustic surface impedance of vegetated roofs. Thus, the modified 
NT method was explored for the possibility of simplification of the method without 
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sacrificing accuracy (Chapter 2.5). Finally, the conclusions and suggestions for future 
work are presented in Section 2.6.  

2.2 Measurement method 
The original NT and TF methods were modified in order to predict the acoustic 
impedance of vegetated roofs. The theories and procedures of these two modified 
methods are discussed in this section. Table 2.1 summarizes the modifications on the 
NT and TF method. 

Table 2.1: Summary of the modification of the NT Method and TF Method. 

 Nordtest Method  Transfer Function Method 

 Original Modified  Original Modified 

1 Locally reaction Extended reaction  - - 

2 - Inclusion of Surface 
roughness 

 - - 

3 Single-layer Double-layer  Single-layer Double-layer (step 2) 

4 - Variable reference 
surface 

 - Variable reference 
surface (step 2) 

5 DB model MK model  Two-parameter model 
[106] 

MK model (step 2) 

6 - -  One grazing incidence 
and one ‘free-field’ 
microphone position 

Two grazing incidence 
microphone positions 

 

2.2.1 Modified Nordtest Method (MNT Method) 
The MNT method introduced here is based on the NT Method [99], which is applicable 
for the in-situ prediction of the normalized acoustic impedance of flat outdoor ground 
surfaces. The NT Method was modified to characterize the acoustic impedance of the 
vegetated roofs for the following five aspects: double-layer medium, extended reaction, 
variable reference surface, surface roughness, and type of impedance model, which are 
described in the following subsections. The procedure of the deduction of the acoustic 
quantities of the vegetated roofs is summarized in Figure 2.1 with the modified steps 
marked in bold.  

2.2.1.1 Double-layer 
Compared to a single substratum layer, properties of vegetated roofs may vary a lot 
under the influence of a vegetation layer [102,116,126]. Therefore, the assumption of a 
single hard-backed layer for the ground medium is not appropriate for vegetated roofs. 
In this research, the ground surface is considered as two separated layers (vegetation 
and soil) on top of the hard ground, as shown in Figure 2.2. 
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Figure 2.1: Scheme of the MNT method. 

2.2.1.2 Extended reaction 
As introduced in Subsection 1.2.3, for some outdoor ground surfaces, such as a layer 
of vegetation, it is important to predict the surface impedance with an assumption of 
extended reacting rather than a locally reacting surface [55,60]. Therefore, the MNT 
method modifies the NT method by implying an extended reacting assumption. 

Modeling the extendedly reacting surface is included in the expression for the spherical 
wave reflection coefficient  in Equation (1.32).  
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Figure 2.2: Geometry of measurements on vegetated roofs with varied reference surface. 
 

2.2.1.3 Variable reference surface 
As mentioned in Section 1.1, in in-situ experimental methods for extracting the surface 
impedance of vegetated roofs, it is necessary to determine the reference surface in order 
to set the height of the source and receivers and the thickness of the ground medium. It 
is not straightforward to define the reference surface of a vegetation surface because of 
its roughness. The thickness of the vegetation layer dveg can be considered as an extra 
unknown parameter that needs to be fitted in the process. The reference surface is 
considered to be varied in line with the surface of the vegetation layer (Figure 2.2). The 
horizontal distance between source and receiver is  m, the height of the 
source is , the height of the receivers are 

 and , where  is the unknown thickness of the 
vegetation layer.  

2.2.1.4 Surface roughness 
The description of the sound pressure of a spherical wave at receiver positions 
according to Equation (1.18) assumes that the direct and reflective sound waves are 
added coherently. However, the surface roughness of vegetated roofs results partly in 
an incoherent rather than a coherent assumption. This effect will smooth the 
interference between direct and reflective waves, especially at high frequencies [119].  
As discussed in Section 1.1, the surface roughness can be modeled with an effective 
impedance by introducing the geometry properties of the irregularities of the material 
surfaces [118,123]. However, this information is difficult to determine for vegetated 
roofs. Therefore, the incoherent effect due to the vegetation roughness is modified by a 
simple coherence coefficient . The squared value of the ratio of the absolute value of 
the sound pressure  relative to the free field sound pressure  including the 
incoherence effect is written as [119]: 

 .   (2.1) 
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The coherence between the direct and reflective sound waves due to the surface 
roughness is expressed with the frequency independent coherence coefficient  [119]: 

  , (2.2) 

where  is a function of the rms-value of surface height  and the grazing ground 
reflection angle , which is given by: 

 .    (2.3) 

 is computed as follows: 

. (2.4) 

2.2.1.5 Impedance model 
Numerous impedance models have been widely used for the prediction of the surface 
impedance of rigid-frame porous materials. By comparing with other impedance 
models, three impedance models, the one-parameter DB model, the two-parameter SP 
model and the three-parameter MK model, were chosen to be further investigated for 
the prediction of the acoustic impedance of vegetated roofs, as presented in Subsection 
1.2.6. Since by increasing the impedance model parameters, the prediction becomes 
more accurate, the three-parameter MK model was first selected to predict the 
impedance of vegetated roofs. The characteristic impedance and propagation constant 
in the three-parameter MK model can be found in Equations (1.40) and . The 
other two impedance models (DB and SP models) were considered in the work 
undertaken to simplify the MNT method, which is presented in Section 2.5. 

2.2.2 Modified Transfer Function Method (MTF Method) 
The MTF method is a modified version of the TF method (proposed by Taherzadeh and 
Attenborough) in the following four aspects by: two grazing incidence microphone 
positions, type of impedance model, double-layer assumption and variable reference 
surface. Regarding the variable reference surface, and impedance model, the changes 
in the MTF method are the same as in the MNT method (in Subsections 2.2.1.3 and 
2.2.1.5, respectively). The single-layer assumption is modified to the double-layer 
assumption only in the second step of the MTF method, which is the same as the one 
presented in Subsection 2.2.1.1 for the MNT method. The deduction of the acoustic 
quantities of vegetated roofs using the MTF method is summarized in Figure 2.3 and 
Figure 2.4 with modified steps marked in bold. 
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Figure 2.3: Scheme of the impedance deduction (Step 1 of MTF Method). 

The free-field measurement in the original TF method requires a large ground surface 
area and sufficient source and receiver height to realize the ‘free-field’ conditions. 
However, it can still be affected by the ground reflection (at least at low frequencies). 
Therefore, in this research, the transfer function  was 
achieved by two grazing incidence measurements with two microphones at 0.2 m and 
0.5 m above the ground surface. The sound source, which emits a maximum length 
sequence (MLS) signal, was located 1.75 m away from the microphones, as shown in 
Figure 2.3. The predicted transfer function  was obtained with 
an initial estimation of the real and imaginary part for the normalized surface impedance 

 per frequency starting from 200 Hz to 2500 Hz. In the original TF method, the 
surface impedance is predicted by minimizing the errors between predicted and 
measured spherical wave reflection coefficient  as presented in Equation (1.32). 
However, the frequency dependent transfer function fluctuates more than the spherical 
wave reflection coefficient, which results in a significant error when there is a small 
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offset between the measurements and predictions. Therefore, in this research, to obtain 
an accurate prediction of the surface impedance, the impedance is deduced by fitting 
error  per frequency between the measured and predicted transfer function 
instead of the spherical reflection coefficient: 

.  (2.5) 

Here, the surface of the vegetated roof is assumed to be single hard-backed layer and 
to be locally reacting that requires 2 unknown parameters, which are the real and 
imaginary component of the complex impedance. The reason for this assumption is that 
a double hard-backed layer and extended reacting assumption requires five unknown 
parameters, including both real and imaginary components of the complex impedance 
for two receiver positions and the vegetation thickness. These five unknown parameters 
cannot be predicted successfully with impulse responses recorded only at two 
microphone positions.   

  

 

 

 
 

 
 

 

  

 
 

 

 

 

Figure 2.4: Scheme of the parameter deduction (Step 2 of MTF Method). 

The four material properties flow resistivity , porosity , tortuosity , and thickness d 
are predicted by fitting the impedance  computed from the adopted impedance 
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model to the impedance  resulting from the procedure presented in Figure 2.3.The 
three-parameter Miki model, assumption of a hard-backed double layer and variable 
reference surface are implemented in the fitting process. The fitting error  in the 
frequency range 200 Hz-2500 Hz is calculated as follows: 

 .  (2.6) 

The locally reacting assumption is also made in the second step.  

2.3 Measurement setup and procedure 
A measurement system to determine the impedance of vegetated roofs was constructed 
and implemented on four urban vegetated roofs. The details of the measurement 
samples, equipment, procedure, and parameter determination are explained in this 
section.  

  
(a) Cascade Building (b) MMP Building 

  
(c) Flux Building (d) Strijp-S Building 

Figure 2.5: Measurement roofs. 

2.3.1 Measurement roofs 
The measurements were carried out at the following four urban vegetated roofs: one is 
located at the Strijp-S area of Eindhoven (a residential apartment, which is referred to 
as Strijp-S Building), and three are located at the campus of Eindhoven University of 
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Technology (Cascade Building, MMP Building and Flux Building) which are shown in 
Figure 2.5. The information of the non-acoustic properties of the four urban vegetated 
roofs is summarized in Table 2.2. The temperature at 1.5m above the ground, which 
was measured at Eindhoven (51 ° 27 'N 05 ° 23' OL, about 7 km away from the 
measurement sites), was collected from the Koninklijk Nederlands Meteorologisch 
Instituut (KNMI) database.  

Table 2.2: Summary of the non-acoustic information of four urban vegetated roofs 

Vegetated roof Cascade Building MMP 
Building 

Flux Building Strijp-S Building 

Date [YY/MM/DD] 2014/10/08 2014/11/06 2015/01/23 2014/12/15 

Temperature  12.7 7.9 -1.9 6.0 

Substrate thickness 0.05 0.20 0.06 0.07 

Surface area 
(approximately) 

32 m * 17 m 20 m * 10 m 85 m * 15 m 25 m * 18 m 

Vegetation type sedum sedum grass sedum 

 

Speaker Power amplifier Sound card Microphone Phantom Power 

Figure 2.6: Main measurement equipment. 

Figure 2.7: Scheme of the measurement system. 

2.3.2 Measurement equipment 
In Figure 2.6, the main equipment used in this research is shown. The measurement 
system is displayed in Figure 2.7. The equipment consists of a waterproof outdoor 
broadband speaker (Visaton – Type FR 8 WP 8 Ohm), two omni-directional 
microphones (Behringer – Type ECM8000), one two-channel USB audio interface with 
sample frequency of 48 kHz (Triton), one power amplifier (Brüel & Kjær - Type 2706) 
and one Phantom Power Supply (Superlux – Type PS-2B). The spectrum of the source 
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for white and pink noise can be found in preliminary research presented in [107]. The 
directivity errors for this speaker can be found in Appendix A.1. 

2.3.3 Measurement procedure 
For each series of measurements on the urban roofs, the measurement locations (4 on 
Cascade Building, 12 on MMP Building, 14 on Flux Building and Strijp-S Building) 
were distributed evenly over the roofs at different orientations. Five measurements were 
repeated for each location to suppress individual deviations. Before each series of 
measurements, the measurement system and the input level were calibrated according 
to ISO 3382 using the room acoustic measurement software DIRAC 6.0 (Bruël & Kjær 
/Acoustics Engineering). An internal MLS signal of 5.46 s length, which was generated 
from DIRAC software, was used in the measurements. Each sound signal was at least 
15 dB above the background noise level for the relevant frequencies between 200 Hz 
and 2500 Hz  [99]. The recorded impulse responses were obtained using DIRAC 6.0 
and analyzed in Matlab R2017b. To avoid undesirable reflections in the environment, 
each impulse response was multiplied by a time window. The length of this time 
window was computed according to the time between the arrival of the direct sound 
wave path and the first unwanted reflection (0.01 s in case of Cascade roof). Afterwards, 
the acoustic impedance and acoustic properties of the vegetated roofs were predicted 
by the numerical fitting process, as illustrated in Figure 2.1, Figure 2.3 and Figure 2.4, 
using the two in-situ methods (MNT and MTF). 

2.3.4 Parameter determination 
The parameters required in the prediction procedures performed in Matlab, which are 
illustrated in Figure 2.1, Figure 2.3 and Figure 2.4, are defined in this subsection. These 
parameters include the thickness of the substrate of the four vegetated roofs, which are 
set according to the real thicknesses given in Table 2.2, as well as the initial estimation 
of the material properties. These material properties are the flow resistivity, porosity, 
tortuosity, thickness (to determine the reference surface) and roughness of the 
vegetation on top, as well as the flow resistivity, porosity and tortuosity of the substrate 
of the four vegetated roofs (prediction column in Figure 2.1 and model column in Figure 
2.4) as given in Table 2.3. The initial values are the best guesses according to 
[51,65,99,127]. Moreover, the initial values of both real and imaginary parts of the 
complex impedance are set to 0.5 at 200 Hz for the prediction box in Figure 2.3, and 
the initial values for the consequent frequency are the best fit values from the previous 
frequency. The minimization progress in Figure 2.1 and Figure 2.4 were realized by the 
function ‘fminsearchcon.m’ in Matlab, which returns the local minima using the 
Nelder-Mead simplex algorithm. The conditions set for the error fitting function to 
guarantee physically reasonable predictions were specified as: a) the boundary 
limitations for the flow resistivity, porosity, tortuosity, thickness and roughness of the 
vegetated roofs, as summarized in Table 2.3; b) the flow resistivity and porosity of the 
vegetation and soil were further limited by the following two inequalities: 
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 ,  .  (2.7) 

For the minimization progress in Figure 2.3, the boundary limitation for the real and 
imaginary components of the impedance was set to  at all frequency bins.  

The air density  was set to 1.2 , and the speed of sound was set according to 
. 

2.4 Results and discussion 
The two modified measurement methods (MNT method in Figure 2.1and MTF method 
in Figure 2.3 and Figure 2.4) were implemented on the four urban vegetated roofs as 
introduced in Section 2.3.1. The measured SPL differences (MNT method) and sound 
pressures (MTF method) were averaged over five measurements per position.  

In Figure 2.8, the  predicted by MNT and MTF (in step 2) methods are compared 
against measurement data. The total offsets at frequencies 200 Hz - 2500 Hz between 
predictions and measurements using the MTF method are 17.6 dB, 10.6 dB, and 18.6 
dB for the Cascade, MMP and Strijp-S roof, while only 5.8 dB, 5.2 dB, and 10.0 dB 
using the MNT method. These level differences ( ) were computed from the MTF 
method using the fitted impedance model from the material properties (2nd step). The 
most noticeable differences between the predictions with the two different methods 
appear at frequencies around 500 Hz and 1250 Hz. One of the possible reasons for this 
effect could be the calculation of the height of the transducers. In the first step of the 
MTF method the vegetated roof was assumed as a hard-backed single layer medium 
and the vegetation thickness was neglected. Therefore, the heights of the microphone 
and speaker set in the first step were not the real heights [128]. These incorrect receiver 
positions may have enforced the offset of the interference effect between direct and 
reflected waves. In the case of the Flux building, this interference effect was already 
very high. Therefore, the MTF impedance determination of the Flux roof in the first 
step could not achieve a physically reasonable prediction and as such is not shown in 
Figure 2.8 (c).  

Table 2.3: Initial values for the acoustic properties of urban vegetated roofs. 

Vegetation  Soil 

 Flow 
resistivity 

 

Porosity 
 

Tortuosity 
 

Thickness  
[m] 

Rough-
ness 
[m] 

 Flow 
resistivity 

 

Porosity 
 

Tortuosity 
 

Initial 
Values 

5 0.8 1.5 0.01 0.01  40* 0.5 0.6 

Lower and 
upper limit 

values 

(1,100) (0.05,1) (0,2) (0.005,0.1) (0.005, 
0.1) 

 (1,1000) (0.05,1) (0,2) 

* The initial value of the flow resistivity of the soil for the Flux roof is 80, and 40 for the other three roofs 
according to the best guess based on  previous research [51,65,99,127].  
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(a) Cascade Building (b) MMP Building 

  
(c) Flux Building (d) Strijp-S Building 

Figure 2.8: Comparisons of the  from measurements (open circles) and predictions using the MNT 
method (solid lines) and MTF method (dashed lines from the second step). The grey dotted lines show 
the maximum and minimum measured data from the various measurements.  

The best-fit model parameter values of the three urban vegetated roofs estimated with 
the two prediction methods are given in Table 2.4. The flow resistivity class and 
porosity of the substratum of vegetated roofs estimated with the MNT method are 
comparable with previous research [65,99,106]. The estimated flow resistivity of the 
substratum of the Cascade, MMP and Strijp-S vegetated roofs are in the range of 16.5-
625.6 kPa.sm-2, and the estimated porosity is in the range of 0.22-0.48. The extremely 
low predicted porosity of the substratum of Flux building is likely due to the frozen 
surface of the roof during the measurements.    
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Strijp-S Flux MMP Cascade   Table 2.4:B
est-fit m

odel param
eter values for level difference data on vegetated roofs using M

N
T m

ethod and M
TF m

ethod. 

M
TF 

M
N

T 

M
TF 

M
N

T 

M
TF 

M
N

T 

M
TF 

M
N

T 

M
ethod 

 

          

- 

2.5 

9.5 

2.1 

10.0 

6.5 

10.0 

4.5 

Flow
 resistivity  

V
egetation 

- 

0.24 

0.21 

0.63 

0.31 

0.53 

0.53 

0.63 

Porosity 

 

- 

1.40 

1.66 

1.01 

1.91 

1.83 

1.93 

1.37 

Tortuosity 

 

- 

0.021 

0.022 

0.005 

0.013 

0.005 

0.01 

0.030 

Thickness  

[m
] 

- 

0.017 

0.046 

0.027 

0.010 

0.028 

0.01 

0.029 

R
oughness  

[m
] 

        

  

- 

625.7 

141.6 

550.9 

352.6 

16.5 

162.7 

38.9 

Flow
 resistivity  

 
 

Soil - 

0.06 

0.05 

0.48 

0.06 

0.22 

0.08 

0.34 

Porosity 

 

- 

1.77 

0.69 

1.99 

1.19 

1.24 

0.99 

1.03 

Tortuosity 
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2.5 Simplification of the impedance measurement method 
The results in Section 2.4 show good agreement between measurements and predictions 
using the MNT method. These predictions led to the need to fit 8 different parameters, 
which complicates the computation process. In the following sub-sections, the results 
of the exploration of methods to simplify the MNT method in the following four aspects 
are presented: Impedance model type (Subsection 2.5.1); Coherence coefficient 
(Subsection 2.5.2); Double-layer versus single-layer (Subsection 2.5.3); and Extended 
reaction versus local reaction (Subsection 2.5.4).  

2.5.1 Impedance model type 
Our first attempt to reduce the computational complexity of the MNT method was to 
reduce the impedance model parameters. The one-parameter DB model [65,66] and 
two-parameter SP model [52] require fewer parameters in the impedance model 
compared with the three-parameter MK model, which was used in the results presented 
in Section 2.4. The parameters needed in the three impedance models are summarized 
in Table 2.5. 

Table 2.5: Summary of selected impedance models 

Model Number of Parameters Parameters 

DB 1 Flow resistivity  

SP 2 Flow resistivity , Porosity , 

MK 3 Flow resistivity , Porosity , Tortuosity  

 

The comparison of the performance of the three impedance models in double hard-
backed version is illustrated in Figure 2.9. The best-fit model parameter values with 
three impedance models are given in Table 2.6.  

It is clear that the SP model and the MK model achieve a  fitting error, which is about 
3 dB lower than the one obtained with the DB model for the Cascade, MMP and Strijp-
S building. Therefore, the prediction using the DB model is less accurate than the SP 
and MK impedance models. According to Table 2.6, both SP and MK models can 
achieve a set of physically reasonable predictions of the properties of the four urban 
vegetated roofs. Moreover, only small differences can be detected between the 
predictions using the SP and MK impedance models according to the fitting errors 
between the measured and predicted  Since these differences are negligible, the SP 
model is preferred as it requires fewer model parameters than the MK model. The 
predicted flow resistivity of the vegetation and substratum with the DB model were 
close to the determined boundary conditions, which means that the minimization 
process could not locate a minimum within the boundary limitations.  
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(a) Cascade Building (b) MMP Building 

  
(c) Flux Building (d) Strijp-S Building 

Figure 2.9: Comparisons of the  from measurements (open circles) and predictions using double-layer 
SP model (solid lines), MK model (dashed lines), and DB model (dash-dot lines). The grey dotted lines 
show the maximum and minimum measured data from the various measurements. 

Table 2.6 shows that although both the SP model and MK model show a good 
agreement on , the predicted material properties are not exactly the same. This 
finding could be related to the uncertainty of the prediction because seven (in SP model) 
or eight (in MK model) unknown parameters cannot lead to a unique prediction with 
only two microphone positions [94,107].    

2.5.2 Coherence coefficient 
The vegetation roughness may smooth the interference between the direct and reflected 
sound waves, especially at high frequencies. Thus, the predicted  is expected to be 
closer to the measurement data when the coherence coefficient is included. Figure 2.10 
compares the effect of the coherence coefficient on the predicted . The best-fit model 
parameter values for level difference data on vegetated roofs with coherence coefficient 
inclusion and exclusion are presented in Appendix B.2. 
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(a) Cascade Building (b) MMP Building 

  
(c) Flux Building (d) Strijp-S Building 

Figure 2.10: Comparisons of the  from measurements (open circles) and predictions using two-layer 
hard-backing extended assumption with coherence coefficient inclusion (solid lines) or exclusion 
(dashed lines). The grey dashed lines show the maximum and minimum measured data from the various 
measurements.  and  are the fitting errors including and excluding the coherence coefficient. 

2.5.3 Double-layer versus single-layer 
In the MNT method, vegetated roofs are considered as a medium that contains one layer 
of hard-backed substratum and one layer of vegetation on top (hard-backed double layer 
model). In order to reduce the model parameters, a hard-backed single layer model was 
developed and evaluated. In Figure 2.11, the  produced from the hard-backed double 
layer is compared against the single-layer version of the SP model on four urban 
vegetated roofs.  
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(a) Cascade Building (b) MMP Building 

  
(c) Flux Building (d) Strijp-S Building 

Figure 2.11: Comparisons of the  from measurements (open circles) and predictions with SP model 
using hard-backing double-layer extended assumption (solid lines), double-layer locally assumption 
(dashed lines) and single-layer extended assumption (dash-dot lines). The grey dotted lines show the 
maximum and minimum measured data from the various measurements.  and  (n=1,2) are 
fitting errors using n-layer locally  and extended  reacting model. 

In general, the double-layer version of the SP model obtained better fit than the single-
layer version in all cases with a maximum difference of 12.7 dB (Flux Building) in the 
total fitting error. This finding shows that the agreement between the predicted and 
measured  is better when using hard-backed double-layer impedance models 
compared to hard-backed single-layer versions. Specifically, the largest variances 
between the double-layer and single-layer versions occur in the frequency range 800 
Hz-1600 Hz in the Cascade Building and Strijp-S Building, and 500 Hz-1600 Hz in the 
MMP and Flux Building. Moreover, the predicted flow resistivity and porosity of the 
vegetated roofs using the single-layer model (with a porosity of 0.06 in the cases of the 
Strijp-S Building) are not reasonable (Table 2.7).  

Therefore, the results from the studied buildings demonstrate that the double-layer hard-
backing SP model cannot be simplified with a single-layer model because it produces 
significant fitting errors and unrealistic predicted model parameters. 
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2.5.4 Extended reaction versus local reaction    
In some cases, when the sound speed in air  is not significantly higher than in the 
porous ground surface , it is necessary to assume the ground surface as an extended 
reacting surface. However, a locally reacting assumption, which is independent of the 
incidence angle, can reduce the complexity. In this subsection, the predicted  with 
extended and locally reacting assumptions are discussed. 

Figure 2.11 includes the results of both extended reacting as well as locally reacting 
assumptions. The differences between the two assumptions are not obvious (less than 
1dB total fitting error for all the four Buildings). Only slight dissimilarities are 
noticeable around the interference (peak) frequencies between direct and reflective 
sound waves, especially at 1.25 kHz. Therefore, the extendedly reacting assumption on 
the vegetation and substratum can be simplified with the locally reacting assumption.   

2.5.5 Summary  

Figure 2.12: Predicted surface impedance (a) absorption coefficient (b) for normal incidence of the 
vegetated roofs on Cascade Building (solid lines), MMP Building (dashed lines), Flux Building (dot-
dashed lines) and Strijp-S Building (dotted lines) using double-layer hard-backing extended assumption 
SP model with coherence coefficient inclusion. 

In summary, it is necessary to predict the acoustic impedance of vegetated roofs with 
the assumption of a hard-backed double layer as well as the inclusion of the coherence 
coefficient. The three-parameter MK model can be replaced by the two-parameter SP 
model in order to reduce the model parameters in the prediction. A locally reacting 
assumption for the vegetation and substrate is sufficient for the impedance prediction 
of vegetated roofs. Figure 2.12 illustrates the predicted surface impedance and 
absorption coefficient for normal incidence of four urban vegetated roofs using the 
simplified hard-backed double-layer SP model. The absorption coefficients of the 
vegetated roofs on MMP and Strijp-S building are between 0.3-0.5 for frequencies 
between 500-2500 Hz. Moreover, the absorption coefficient of the Cascade roof can 
exceed 0.5 above 500 Hz. Since the vegetated roof on the Flux building was frozen 
during the measurements, the green roof acted rather as a reflective plane with low 
absorption. Therefore, both the real and imaginary part of the surface impedance of 

(a) (b) 
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Flux’s roof is very high especially at low frequencies. And its absorption coefficient 
was less than 0.2 below 1600 Hz. 

2.6 Conclusions 
In the research presented in this chapter, two in-situ measurement methods to 
characterize the acoustic impedance of urban vegetated roofs were modified and 
evaluated on 4 different vegetated roofs. These methods that were modified are: the NT 
method and the TF method. The MNT Method includes a double porous layer with hard 
backing to represent the vegetated roof (double layer), an extended reaction assumption 
of the roof surface, a variable reference surface height of the top surface (variable 
surface), surface roughness, and it relies on the three-parameter Miki (Mk) model for 
the impedance prediction of the urban vegetated roofs. The TF method was modified 
by the two grazing incidence microphone positions, double-layer assumption, variable 
reference surface, and impedance model type.  

The total fitting errors for all relevant frequencies between the predicted and measured 
 calculated from the second step using the MTF method were 17.6 dB, 10.6 dB, and 

18.6 dB for the Cascade, MMP and Strijp-S roof. However, the MNT method exhibits 
lower errors of 5.8 dB, 5.2 dB, and 10.0 dB for three roofs, respectively. The most 
noticeable differences between the predictions with the two methods are around 500 Hz 
and 1250 Hz. Due to the computational complexity, the MNT method was further 
simplified by utilizing the two-parameter Slit Pore (SP) impedance model under a 
locally reacting assumption instead of the three-parameter MK model under an 
extended reacting assumption. The results show that the locally reacting assumption 
was sufficient for the impedance prediction of the four vegetated roofs, and that the SP 
model produced similar accuracy with the three-parameter Miki (MK) model. However, 
although both the SP model and MK model achieve good agreement between the 
measured and predicted SPL differences, the predicted impedance model parameters of 
four in-situ vegetated roofs were not the same. The non-uniqueness of the measurement 
method will be investigated in the following Chapter 3. 

 



3 Uniqueness in the impedance prediction of vegetated roofs 

 

The investigation of the uniqueness in the impedance prediction of vegetated roofs are 
presented in this Chapter. A multiple-geometry (MSMNT) technique is proposed to 
evaluate the non-uniqueness in the determination of the acoustic impedance of 
vegetated roofs. The uniqueness of the MSMNT method is first validated on typical 
porous materials with impedance tube measurements and physical measurements.  
Then, a new proposed measurement system using the MSMNT method is implemented 
on three urban vegetated roofs. The results show that the proposed measurement system 
succeeded in uniquely predicting the acoustic impedance and material properties of the 
vegetated roofs.  

 

 
 
Chapter 3 
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3.1 Introduction 
In Chapter 1, the acoustic impedance and material properties of vegetated roofs were 
predicted using the MNT method. The predicted SPL differences with the MNT method 
using both the hard-backed double layer SP model and MK model showed good 
agreement with the measured SPL differences. However, the predicted material 
properties from both impedance models were not the same. This difference could be 
related to the uncertainty of the predictions, because a unique prediction for seven (in 
the SP model) and eight (in the MK model) unknown parameters cannot be reached 
with only two microphone positions [94,107]. This chapter explores a multiple-
geometry technique, based on the technique used in Hess et al. [108] and Taherzadeh 
and Attenborough [95], which has 7 unknown parameters rather than the 3 as in 
[95,108].to predict the acoustic impedance of vegetated roofs,  

This chapter aims to: 1) validate the uniqueness of the obtained material parameters of 
porous materials from the multiple-geometry technique with impedance tube 
measurements and physical measurements, 2) uniquely predict the acoustic impedance 
of three urban vegetated roofs using the multiple-geometry technique based on the 
simplified MNT method (SMNT) as proposed in Chapter 1. This chapter is organized 
as follows. Section 3.2 introduces the concept of the multiple-geometry technique, 
followed by its uniqueness validation in Section 3.3. This section contains the 
description of the physical measurements, impedance tube measurements, and two-
microphone technique measurements inside the laboratory, as well as the uniqueness 
analysis of the material properties achieved by these three methods. The American 
National Standards Institute (ANSI) standard [101] requires an accuracy of source and 
receiver positions within 0.01m. Therefore, a new measurement system using the 
multiple-geometry technique, with a high precision on the transducers’ locations, is 
proposed in Section 0 and applied on three urban vegetated roofs. Finally, the 
conclusions from the implementation of the multiple-geometry technique in the SMNT 
method (MSMNT) are summarized in Section 3.5. 

3.2  Multiple-geometry technique 
The multiple-geometry technique aims to solve the uniqueness problem in the 
prediction of the acoustic impedance of porous materials by using an indirect method. 
Previous studies suggested that the number of the geometrical configurations should be 
no less than the number of unknown parameters in the prediction [95,108]. They 
achieved a unique prediction for two (in [95]) or three (in [108]) unknown parameters 
by fitting an individual configuration and taking the averaged predicted model 
parameters (in [95]) or the closest values among all the predicted parameters (in [108]).  
In order to achieve a more convincing unique prediction, this section introduces the 
implementation of the multiple-geometry technique in the SMNT method (introduced 
in Section 2.5) by taking into account all the configurations in the fitting process.  
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Figure 3.1: Scheme of the minimization routine of the fitting error using the MSMNT method. 

The SMNT method was introduced in Sections 2.5. An important parameter in the 
multiple-geometry technique is the total fitting error, which is the average error between 
the predicted and measured sound pressure level differences ( ) over all the 
geometrical configurations. The minimization routine of  in the multiple-geometry 
SMNT method (referred to as MSMNT method) is illustrated in Figure 2.1. The  
between two fixed microphones in the th setup is measured (denoted as ) at 
1/3 octave-bands between 200 Hz and 2500 Hz.  is the predicted level 
difference for geometry I, by using the two-parameter SP impedance model as done in 
the SMNT method. The initial estimations for the model parameters are the same for 
each geometrical configuration. The errors between the measurements and predictions 
for each individual setup  are computed by the absolute difference of  and 

 per 1/3 octave-band ( ) (Equation (3.1)). The average fitting error  is 
defined as the average value of the individual geometrical configurations (Equation 
(3.2)). 

 ,    (3.1) 

 ,    (3.2) 
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3.3 Validation of the multiple-geometry technique 
In this section, the uniqueness and accuracy of the application of the multiple-geometry 
technique for the impedance prediction of porous media is evaluated under laboratory 
conditions. The evaluation consists of two steps. Firstly, the properties of three porous 
materials are extracted using the MSMNT method, which are then evaluated against the 
properties measured with physical and impedance tube measurements. These porous 
materials include three single-layer media and one double-layer media, which is 
represented by two different materials placed on top of each other over hard ground 
(similar to vegetated roofs on a rigid backed surface). Secondly, the uniqueness of the 
impedance prediction of the single-layer materials and the ‘simulated vegetated roof’ 
are investigated based on the MSMNT method. Finally, the predicted properties of each 
layer are compared with the results from the first step. 

3.3.1 Test materials 
Laboratory measurements were taken for three commonly used porous materials: Eco-
insulating panels manufactured by Caruso (further denoted as material A), baffle panels 
by Ecophon (further denoted as material B) and insulation cork panels by Sofalca 
(further denoted as material C), which are shown in Figure 3.2. 

Table 3.1: Specification of the test materials. 

Material Description Thickness [m] Length [m] Width [m] Density [kg/m3] 

 Polyester 
wool 

0.11 1.2 0.6 20 

B Glass wool 0.04 1.2 0.3 90 

C Wood fibre 0.04 1.0 0.5 105-125 

   

(a) Material A (b) Material B (c) Material C 
Figure 3.2: Illustration of the three test porous materials. 

All these three materials belong to the class of fibrous materials and are widely used 
for thermal insulation and acoustic absorption. Material A is made of 100% polyester 
fibres and shaped in sizes of 1.2 m x 0.6 m x 0.11 m. Material A is inhomogeneous, 
because one side is softer than the other. Thus, the measurements on the two sides were 
taken separately.  A different notation is used throughout the text depending on which 
side of the material was placed on top during the measurements:  material  (material 
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A with softer side on top) and material  (material A with harder side on top). Material 
B is made of high-density glass wool and is coated with a layer of paint. The dimension 
of each panel is 1.2 m x 0.3 m x 0.04 m. Material C is a product produced from crushed, 
steamed and agglutinated cork oaks. The panel dimensions are 1.0 m x 0.5 m x 0.05 m. 
The specifications of these three materials is summarized in Table 3.1.  
3.3.2 Physical Measurements  
The static airflow resistivity and open porosity are two of the most important parameters 
to describe porous materials. The physical measurements in this section include the 
measurements of the static airflow resistivity, open porosity of the test materials, as 
well as the micro scanning of the material samples in order to gain a better 
understanding of their micro structure.  

3.3.2.1 Static airflow resistivity 
The static airflow resistivity is determined by measuring the air velocity and pressure 
difference when a steady and laminar flow of air passes through the material sample. 
The air flow resistivity  in Ns/m4 is calculated by: 

 ,    (3.3) 

where  is the pressure difference across the sample in Pa,  is the mean flow rate of 
air in , r is the sample radius in m, which is 100 mm in this case, and D is the 
thickness of the material sample in . The setup of this measurement is standardised in 
the international standard ISO 9053 [129]. The measurements of the airflow resistivity 
of the three test materials were conducted in the Laboratory Acoustics and Thermal 
Physics at the Katholieke Universiteit Leuven (KU Leuven). Material C was cut into 
two samples of thickness  and one sample of . Materials  
and  were cut into two samples each:  at  and  at 

. The airflow resistivity was averaged over 10 measurements on each 
sample. The airflow resistivity of material B was taken from N. Hoekstra [130].  

4.3.2.2 Open porosity 
The open porosity  is defined as the ratio between the air volume in the inter-
connected pores and the total volume of the sample, and is computed with the following 
equation: 

 ,     (3.4) 

where , ,  are the volume of the throat pores, dead end pores and cross linked 
pores, as shown in Figure 3.3, and  is the total volume of the material sample. 

The measurements of the open porosity of the test materials were conducted in the 
Building Physics and Services Laboratory at Eindhoven University of Technology. The 
open porosity was measured with the helium pycnometer (micromeritics AccuPycll 
1340), which is a gas displacement pycnometer. The open porosity is calculated by: 
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 ,      (3.5) 

where  and  are the volumes of the uncompressed sample and compressed 
solid sample, respectively. The porosity of material A was the same in both directions. 
The sample diameters are 50 mm, and sample thicknesses are 60 mm, 55 mm, and 55 
mm for material A and 37 mm for three samples of material C. The porosity of Material 
B was taken from N. Hoekstra  [130].   

 

Figure 3.3: Illustration of pores in porous materials [131]. 

3.3.2.2 Micrographs scanning 
The inner-structure of the material samples was investigated using scanning electron 
microscopy (SEM, Phenom ProX). Material A and Material C were cut in sample sizes 
smaller than 10 mm x 10 mm.  

3.3.3 Impedance tube measurements 
The acoustic impedance and other properties of porous materials can be determined by 
impedance tube measurements. The information regarding the impedance tube and the 
procedure followed to characterize the properties of the test materials are given in the 
following subsections. 

Material , and Material C were measured in the impedance tube at Eindhoven 
University of Technology. The tube (as shown in  Figure 3.4) contains of a sound source 
(Dynaudio D-54 AF) mounted on one end of the tube, and the sample of 40 mm in 
diameter was mounted on the other side backed by a solid piston. A microphone 
(Endevco 8510B) was placed at six different receiver positions with its membrane 
mounted flush with the tube inner surface.  

 

Figure 3.4: Diagram of impedance tube. Dimensions in the figure are the distances from mic positions 
to the sample surface. 

1.19 m 0.85 m 
0.55 m 

0.31 m 0.19 m 0.06 m 
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Impulse responses at six positions were recorded and post-processed. Firstly, the 
starting time positions of the six measured impulse responses were corrected according 
to the distance between the speaker and the microphone positions. Then, the impulse 
responses were transformed to the frequency domain, and the sound pressure per 
frequency was obtained, which is denoted as . The amplitude of the 
direct and reflected sound waves can be solved with the matrix notation as follows: 

 ,        (3.6) 

where  is the distance from microphone to the sample surface,  is the relative tube 
length which is equal to . The complex reflection coefficient  can be obtained by: 

 ,        (3.7) 

The surface impedance  and absorption coefficient  for normal incidence can be 
calculated by Equation (1.16) and (1.17). 

Afterwards, the flow resistivity  and porosity  of the test materials were predicted by 
fitting the predicted impedance to the measurement data using the two-parameter SP 
model. The fitting error  in the frequency range 200 Hz – 2500 Hz is defined as:  

 ,        (3.8) 

where  is the surface impedance directly achieved from the impedance tube 
measurements, and  is the predicted impedance from the impedance model. 

3.3.4 Two-microphone measurements 
The multiple-geometry technique was applied for the impedance prediction of the three 
materials. The technique was first studied on the single-layer materials and then on the 
two-layer setup, which was used to mimic the vegetated roofs. Two-microphone 
measurements were carried out in a room of the TU/e building acoustic transmission 
suite with approximate dimensions of . 

The measurements were carried out using a broadband speaker (Visaton – Type FR 8 
WP 8 Ohm), an omni-directional microphone (Behringer – Type ECM8000), a one-
channel USB audio interface with sample frequency of 192 kHz (E-MU – Type 0202 
USB2.0), a power amplifier (Brüel & Kjær - Type 2706), a Phantom Power Supply 
(Superlux – Type PS-2B) and the DIRAC 6.0 software (Bruël & Kjær /Acoustics 
Engineering). The microphone was calibrated with a class 1 pistonphone emitting a 
single sound frequency of 1 kHz at 94 dB (Brüel & Kjær, Type 4231).   

Since the extraction of the transducers’ locations requires a USB audio interface with a 
high sample frequency to distinguish the time of the direct and first reflected sound 
waves, the USB audio interface used in Chapter 1 (sample frequency of 48 kHz) was 
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replaced by the E-MU device with sample frequency of 192 kHz. However, there is 
only one input channel on E-MU. Thus, it was impossible to measure the sound pressure 
level at two receiver positions simultaneously. Therefore, instead of conducting the two 
microphone measurements simultaneously, two subsequent measurements were 
conducted at two positions with the same microphone. 

3.3.4.1 Geometrical configurations 
The geometry of a typical setup in this research based on the MSMNT method is shown 
in Figure 3.5. It contains of a broadband speaker and an omni-directional microphone 
at two receiver positions. The sound produced from the speaker has a directional 
character, and thus it is necessary to correct for the speaker directivity on each 
geometrical configuration, as discussed in Chapter 1. For both of the two receiver 
positions, the differences between the two angles, the first being the angle between the 
source direction and the direct sound waves and the second between the source direction 
and the reflective sound waves, were smallest when the sound source was pointed to 
the ground below the receivers. To simplify this process and avoid the directivity 
correction, the sound source was therefore directed towards the ground right below the 
microphones (red arrow in Figure 3.5) to minimize the directivity effect between the 
direct and reflected waves.  

 

Figure 3.5: Measurement geometry of a typical setup in the MSMNT method. 

The geometrical configurations were such that they all ensured the following: 1) the 
estimated interference peak frequencies of the predicted sound pressure level 
differences between two receivers were in the frequency range of interest (200Hz – 
2500 Hz); and 2) the conditions of Equation (1.31) were fulfilled. After the pilot tests, 
the locations of the speaker height and speaker to receiver distance on top of hard 
ground in the measurement room are extracted as described in Subsection 3.3.4.2. 

For a single layer medium using the SP impedance model, a unique prediction requires 
at least three different geometrical configurations for the three unknown parameters. 
These parameters are the flow resistivity, porosity and thickness of the material. 
Materials , , and C were measured with the three configurations given in Table 3.2. 
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 was measured by a physical measurement with an accuracy of . The bold 
numbers in Table 3.2 indicate the extracted heights and distances as described in 
Subsection 3.3.4.2.  

Table 3.2: Transducers’ locations for the geometrical configurations for the single-layered media ( , 
, C). 

Material ,    [m]  [m]  [m]  [m] 

Configuration 1  0.496 0.500 0.200 1.733 

Configuration 2  0.603 0.600 0.350 1.223 

Configuration 3  0.333 0.300 0.150 1.788 

Material C   [m]  [m]  [m]  [m] 

Configuration 1  0.503 0.500 0.200 1.776 

Configuration 2  0.612 0.600 0.350 1.283 

Configuration 3  0.304 0.300 0.150 1.720 
 

For a double layered medium model , a unique prediction requires a minimum 
of six geometries for six unknown parameters which are the flow resistivity, porosity, 
and thickness of each of the two media that consist the two-layer model. Table 3.3 
shows the extracted locations of speaker and receivers in the six geometrical 
configurations.  

Table 3.3: Transducers’ locations for the geometrical configurations of the double-layered medium 
( ). 

  [m]  [m]  [m]  [m] 

Configuration 1 0.523 0.500 0.200 1.737 

Configuration 2 0.623 0.651 0.300 1.772 

Configuration 3 0.603 0.599 0.351 1.180 

Configuration 4 0.520 0.500 0.200 1.423 

Configuration 5 0.466 0.466 0.350 1.163 

Configuration 6 0.308 0.300 0.200 1.758 

3.3.4.2 Experimental procedures 
The procedure of the two-microphone measurements can be divided into the three sub-
steps: 1) Extraction of transducers’ locations; 2) Prediction of the acoustic impedance; 
3) Analysis of the uniqueness of impedance prediction. 

1) Extraction of transducers’ locations  

The precision in the location of the transducers influences the extraction of the path 
lengths of the direct and indirect waves, which in turn affects the prediction of the 
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ground surface impedance. Therefore, this first step aims to extract the locations of the 
speaker and microphones with high precision. For each configuration, the heights of 
the receivers are measured by physical measurements with an accuracy of . 
However, in practice, it is difficult to decide the acoustic center of a loudspeaker, and 
consequently to determine the height of the speaker  and the speaker to receiver 
distance  only by physical measurements. Therefore,  and  have to be 
determined by pre-measurements over the hard ground as reference. The  and  
values measured by physical measurements are used as an initial estimation in the 
further fitting progress, which will be explained in this subsection.   

The measurement system was calibrated according to the ISO 3382 [132,133] using the 
room acoustic measurement software DIRAC 6.0 (Bruël & Kjær /Acoustics 
Engineering). Five impulse response measurements were repeated for each 
configuration to suppress individual deviations. An internal MLS signal of 5.46 s length, 
which was generated from DIRAC, was used in the measurements. The signal to noise 
ratio was at least 15 dB for the relevant frequencies between 200 Hz and 2500 Hz [99]. 
The recorded impulse responses were obtained using DIRAC 6.0 and analyzed in 
Matlab R2017b.  

 

Figure 3.6: Illustration of computation of . 

From the measured impulse responses of each configuration, the path length difference 
( ) from each measurement can be computed by the time difference ( ) between 
the first (direct sound wave) and second (ground reflected sound wave) peak appearing 
in the broad band impulse response as illustrated in Figure 3.6: 

,    (3.9) 

The path length differences are averaged over the measured impulse responses. The 
theoretical path length  is calculated as follows: 

,    (3.10) 
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where j=1,2, while  and  are achieved by minimizing . Then, 
 and  are extracted by averaging the predicted values from two microphone 

positions as follows: 

 ; ,     (3.11) 

Afterwards, the heights of the speaker and microphones for the measurements on the 
test materials can be obtained by: 

 ,      (3.12) 

 ,     (3.13) 

where  is the sample thickness. 

2) Prediction of the acoustic impedance  

For each geometrical configuration, the microphone and speaker positions were fixed 
throughout the two steps of the experiments. Firstly, the measurements on hard ground 
for each configuration were implemented, and then the porous materials were placed 
over hard ground and were measured with the exact same configuration.  

Similar to the measurements on the hard ground, five repeated measurements were 
carried out to suppress individual deviations. An internal MLS signal of 5.46 s length 
was used in the measurements. The impulse responses were recorded using DIRAC 6.0 
and analyzed in Matlab R2017b with a signal-to-noise ratio greater than 15 dB in the 
frequency range 200 Hz - 2500 Hz. Inside the measurement room there were 
undesirable reflections from the walls, ceiling, etc. To avoid these undesirable 
reflections in the environment, each impulse response was truncated using a rectangular 
time window. The length of this time window was computed according to the time 
between the arrival of the direct sound and the first unwanted reflection (0.01 s in case 
of configuration 1 in Table 3.2). Afterwards, the acoustic impedance and properties of 
materials were predicted using the SMNT method introduced in Section 3.2. 
Considering that material  is acoustically soft, an extended reacting assumption, as 
explained in Subsection 1.2.3, was used in the impedance prediction of material ,  
and . The same assumption was used in the impedance prediction of material C, 
since the extended reaction assumption is preferred when it is unknown whether the 
porous materials can be assumed as locally or extended reacting surfaces. Moreover, 
since there is no roughness on the surfaces of the three test materials, the coherence 
coefficient  presented in Chapter 2 was set to 1.  

A prediction of the material properties is considered as physically reasonable when the 
predicted material properties of one material are in the same range as the properties of 
same type of material computed on previous studies. Therefore, boundary limitations 
were set in the fitting process to guarantee physically reasonable predictions for the 
flow resistivity, porosity and thickness, which are summarized in Table 3.4.  
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Table 3.4: Boundary limitations of the fitting parameters. 

 Flow resistivity  
  

Porosity 
  

Thickness  
[m] 

Material  (1,1000) (0.05,1) (0.09,0.15) 

Material B, C (1,1000) (0.05,1) (0.01,0.06) 

 

3) Analysis of the uniqueness of impedance prediction 

The uniqueness of the impedance prediction was investigated by computing the relative 
standard deviation (RSD) of the predicted material properties, which is the ratio of the 
standard deviation to the mean [134].  It is independent of the magnitude and unit of 
the data. To investigate the uniqueness of the impedance prediction, a range of initial 
values within the set boundary limitations were selected, as shown in Table 3.5. It is 
difficult to decide a limit of RSD to evaluate the uniqueness of a group of data. Based 
on previous research [134–136], the prediction of the material properties was here 
considered as unique when the RSD was no larger than 10%. 

Table 3.5: Selected initial values for the fitting parameters. 

 Flow resistivity 
  

Porosity 
  

Thickness  
[m] 

Material  [2; 10; 500] [0.1; 0.8; 0.9] [0.10; 0.11; 0.14] 

Material B, C [2; 10; 500] [0.1; 0.8; 0.9] [0.02; 0.04; 0.05] 

 

3.3.5 Results and discussions 
First, the uniqueness of the prediction of material properties of single material (material 

,  and C) and two-layer material ( , which was used to simulate a vegetated 
roof, was evaluated and is presented in Subsection 3.3.5.1. Next, the absorption 
coefficients and material properties based on physical measurements (in Subsection 
3.3.5.2), impedance tube measurements (in Subsection 3.3.5.3) and two-microphone 
measurements (in Subsection 3.3.5.4) are presented.  

3.3.5.1 Uniqueness using multiple configuration 
The best-fit model parameter values for  on material ,  and material C with 
various initial estimations are presented in Table 3.6, Table 3.7 and Table 3.9. The RSD 
in % is calculated from the ratio between the standard deviation and the averaged values 
over seven predictions under different initial estimations. In Table 3.6, the RSD for the 
predicted flow resistivity, porosity and thickness of material  over predictions with 7 
geometrical configurations in various initial estimations are only 3 %, 0 % and 1 % 
respectively, which shows that the prediction is unique. Similar to material , the RSD 
of the flow resistivity, porosity and thickness are 0.2 %, 0.2 % and 0.1 % for Material 
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 and 2.4 %, 1.1 %, and 1.7 % for material C respectively. These results show that 
unique predictions on single-layer materials , , and C can be achieved with the 
MSMNT method.  

Table 3.6: Best-fit model parameter values for level difference data on material  for various initial 
estimates. 

Initial Values 
[Flow resistivity; Porosity; 

Thickness] 

 Flow 
resistivity 

 

Porosity 
[-] 

Thickness 
[m] 

 Error 
[dB] 

[10; 0.80; 0.11]  2.2 0.87 0.12  5.04 

[2; 0.80; 0.11]  2.2 0.87 0.12  5.04 

[500; 0.80; 0.11]  2.2 0.87 0.12  5.04 

[10; 0.10; 0.11]  2.2 0.87 0.12  5.04 

[10; 0.90; 0.11]  2.1 0.88 0.13  5.07 

[10; 0.80; 0.08]  2.2 0.87 0.12  5.04 

[10; 0.80; 0.14]  2.2 0.87 0.12  5.04 

 

Table 3.7: Best-fit model parameter values for level difference data on material  with various initial 
estimations. 

Initial Values 
[Flow resistivity; Porosity; 

Thickness] 

 Flow 
resistivity 

 

Porosity 
[-] 

Thickness 
[m] 

 Error 
[dB] 

[10 ; 0.80 ; 0.11]  15.3 0.94 0.10  6.48 

[2; 0.80 ; 0.11]  15.3 0.94 0.10  6.49 

[500 ; 0.80 ; 0.11]  15.3 0.94 0.10  6.49 

[10 ; 0.10 ; 0.11]  15.2 0.94 0.10  6.49 

[10 ; 0.90 ; 0.11]  15.2 0.94 0.10  6.49 

[10 ; 0.80 ; 0.08]  15.2 0.94 0.10  6.49 

[10 ; 0.80 ; 0.15]  15.2 0.94 0.10  6.49 

 

The impedance prediction of a single-layer medium contains only three unknown 
parameters. Further studies on the uniqueness and accuracy of impedance predictions 
were carried out on the double-layered medium, which has six unknown parameters. 
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 Table 3.8: B
est-fit m

odel param
eter values for level difference data on m

aterial 
 w

ith various initial estim
ations. D

ata to be excluded are printed in bold.  

              

[10;0.8;0.11] [10;0.8;0.05] 

[10;0.8;0.11] [10;0.8;0.02] 

[10;0.8;0.11] [10;0.9;0.04] 

[10;0.8;0.11] [10;0.1;0.04] 

[10;0.8;0.11] [500;0.8;0.04] 

[10;0.8;0.11] [2;0.8;0.04] 

[10;0.8;0.14] [10;0.8;0.04] 

[10;0.8;0.10] [10;0.8;0.04] 

[10;0.9;0.11] [10;0.8;0.04] 

[10;0.1;0.11] [10;0.8;0.04] 

[2;0.8;0.11] [10;0.8;0.04] 

[500;0.8;0.11] [10;0.8;0.04] 

[10;0.8;0.11] [10;0.8;0.04] 

Initial values 
 

 
 

 

8.0 

8.2 

8.0 

7.9 

7.9 

7.9 

8.6 

7.8 

8.2 

7.4 

7.4 

8.2 

7.9 

Flow
 resistivity  

M
aterial 

 

0.89 

0.9 

0.9 

0.89 

0.89 

0.89 

0.9 

0.89 

0.9 

0.87 

0.87 

0.9 

0.89 

Porosity 

 

0.11 

0.11 

0.11 

0.11 

0.11 

0.11 

0.13 

0.1 

0.11 

0.11 

0.11 

0.11 

0.11 

Thickness  

[m
] 

  

53.7 

51.9 

54.2 

52.8 

52.7 

52.6 

100.0 

32.8 

65.3 

53.2 

52.0 

63.1 

52.6 

Flow
 resistivity 

 
 

M
aterial 

 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

0.99 

Porosity 

 

0.03 

0.03 

0.03 

0.04 

0.04 

0.04 

0.01 

0.04 

0.03 

0.04 

0.04 

0.03 

0.04 

Thickness  

[m
] 

               

6.18 

6.23 

6.19 

6.18 

6.18 

6.18 

6.39 

6.17 

6.22 

6.21 

6.21 

6.23 

6.18 

Error  
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Table 3.8 shows the best-fit model parameter values for level difference data on the 
double-layered media  for various initial estimations. In general, there is a small 
deviation between the predicted model parameters under different initial estimations, 
with the RSD being 4.1 %. 1.0% and 5.4 % for the flow resistivity, porosity and 
thickness of material , and 26.4 %, 0.0%, and 20.2 % for material B. Outliers (such 
as the 3rd, 4th, 6th, 7th initial estimations in bold italic in Table 3.8) can be identified if 
the difference between any of the model parameters and the average value of that 
parameter over all the initial estimations is over two times its standard deviation. After 
excluding these outliers, the RSD becomes 1.7 %, 0.4 %, 1.3 %, 9.1 %, 0.0 %, and 6.5 % 
for the six model parameters respectively. Thus, the prediction can be considered as 
unique. The average values of the best-fit model parameters of material  under 
different initial estimations are shown in Table 3.10.     

Table 3.9: Best-fit model parameter values for level difference data on material C with various initial 
estimations. 

Initial Values 
[Flow resistivity; Porosity; Thickness] 

 Flow resistivity 
  

Porosity 
[-] 

Thickness 
[m] 

 Error 
[dB] 

[10 ; 0.80 ; 0.11]  23.0 0.89 0.04  5.87 

[500; 0.80 ; 0.11]  23.0 0.89 0.04  5.87 

[2 ; 0.80 ; 0.11]  23.0 0.89 0.04  5.87 

[10 ; 0.10 ; 0.11]  25.3 0.92 0.04  5.79 

[10 ; 0.90 ; 0.11]  23.4 0.89 0.04  5.85 

[10 ; 0.80 ; 0.06]  25.5 0.93 0.04  5.79 

[10 ; 0.80 ; 0.19]  24.2 0.90 0.04  5.82 

 

In order to demonstrate the influence of the number of used geometrical configurations 
for predicting the impedance of the double-layered medium, the double-layer medium 
is now considered to have four unknown parameters: the flow resistivity and porosity 
for both layers. In contrast to the six unknown parameters, the thicknesses of both layers 
are assumed to be known with values of 0.11m and 0.04m for material  and B 
respectively. The influence of the number of geometrical configurations on the 
uniqueness is now studied by comparing the RSD values for different configuration 
combinations. The material properties are predicted making use of 1 up to 6 
configurations (the configurations of Table 3.3). For each number of configurations, 
there are various possible combinations of the six configurations. For example, there 
are 15 combinations when taking 2-configuration situations in the fitting process. For 
each combination, there are n ( ) sets of predicted parameters for various initial 
estimations (the outliers are excluded). Then, the RSD value for 2-configuration was 
calculated among the  predicted materials when considering 2-configuration 
situations. The RSD values as a function of configuration numbers are shown in Figure 
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3.7. The RSD values are expected to decrease as the geometrical configuration number 
increases. 

Figure 3.7 shows that the predicted flow resistivity of material  varies a lot between 
the predictions under six single-configuration situations, with a RSD value of 34%. 
However, it is significantly reduced to 11% when using four configurations.  A similar 
trend can be found for the flow resistivity of material B and for the porosity of material 

. These results show that by including more configurations, the predicted properties 
become more reliable.  

 

Figure 3.7: RSD of the averaged predicted properties of Material  over all the configuration 
combinations under different geometrical configuration numbers (Flow resistivity of  and B in solid 
and dashed black; porosity of  and B in solid and dashed blue). 

The averaged values of the predicted flow resistivity and porosity of the double-layer 
medium are summarized in Table 3.10. The predicted model parameters are almost 
identical when implemented with four, five or six configurations. Therefore, four 
geometrical configurations, which are the same as the number of parameters, are 
sufficient for the unique prediction of the acoustic impedance of a double-layer medium. 

Table 3.10: Best-fit model parameter values for level difference data on material  extracted from 
various number of configurations. 

 Flow resistivity 
( ) 

  

Porosity ( ) 
[-] 

Flow resistivity 
(B) 

  

Porosity (B) 
[-] 

4 configurations 7.6 0.89 53.5 0.99 

5 configurations 7.3 0.87 51.5 0.99 

6 configurations 7.3 0.88 51.1 0.99 

3.3.5.2 Physical measurements 
The airflow resistivity of four materials ( presented in Table 3.11 are 
the averaged values over the different samples of the same material. Detailed 
information on the flow resistivity of all the material samples can be found in Appendix 
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B.1. The average airflow resistivity is 2.4 , 3.9 , and 10.2 
 for material ,  and C respectively. The average airflow resistivity of material 

B over 3 samples, which was taken from N. Hoekstra [130], is 70.8 . 

 

The open porosities, which were measured by the helium pycnometer, of material A 
(the open porosity is the same for material  and ) and material C averaged over 
three samples of each material were 0.98 and 0.97, as shown in Table 3.11. The open 
porosity of material B was 0.97 [130]. Detailed measurement results are given in 
Appendix B.1. 

In Figure 3.8 and Figure 3.9, samples of material A and C were magnified with the 
microscope by a factor 215 and 890, respectively.  Both materials are constructed with 
fibres of different dimensions. The glass fibres of Material A have a diameter of 
approximately 22 , while the diameter of the wood fibres of Material C varies 
between 30  and 300 . It is noticeable that there are many micro-pores with a 
diameter of less than 1  in the wood fibres as pointed out with the red circle in Figure 
3.9.  

Table 3.11: Material property values obtained by physical, impedance tube, and two-microphone 
measurements. 

Sample  Method  Flow resistivity 
  

Porosity 
 

 
 

  

Physical measurements  2.4 0.98 

Impedance tube  3.8 0.97 

Two-microphone measurements (single layer)  2.2 0.87 

Two-microphone measurements (double layer)  8.1 0.90 

 
  

Physical measurements  3.9 0.98 

Impedance tube  4.3 0.92 

  Two-microphone measurements (single layer)  15.0 0.94 

 
  

Physical measurements  71.0 0.97 

Two-microphone measurements (double layer)  55.0 0.99 

 
  

Physical measurements  10.2 0.97 

Impedance tube  12.0 0.90 

Two-microphone measurements (single layer)  8.2 0.86 



Validation of the multiple-geometry technique 65 

 

 

C
ha

pt
er

 3
 

  

Figure 3.8: Micrograph scanning images of material A by enlarging 215x (a) and 890x (b). 

  

Figure 3.9: Micrograph scanning images of material C by enlarging 215x. 

3.3.5.3 Impedance tube measurements 
The measured acoustic impedance and absorption coefficient for normal incidence of 
material , , C with the impedance tube are illustrated in Figure 3.10, Figure 3.11 
and Figure 3.12. The best-fit model parameter values for impedance data on these two 
materials with the Slit-pore impedance model can also be found in Table 3.11. 

Figure 3.10 and Figure 3.11 show no large variations in the impedance of material  
and . The absorption coefficients of material  and  exceed 0.9 above 630 Hz, 
with peaks at around 800 Hz and 2500 Hz. A small difference can also be found in the 
predicted flow resistivity and porosity of these two materials, which are 3.8  
(flow resistivity) and 0.97 (porosity) for material , and 4.3  (flow 
resistivity) and 0.92 (porosity) for material  (see Table 3.11). 

(a) (b) 

(a) (b) 
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Figure 3.10: Normalized surface impedance (a) and absorption coefficient (b) for normal incidence of 
Material  measured with the impedance tube in red and with the two-microphone technique in blue 
(solid lines and dash-dot lines for two different samples).  

Figure 3.11: Normalized surface impedance (a) and absorption coefficient (b) for normal incidence of 
Material  measured with the impedance tube in red and with the two-microphone technique in blue 
(solid lines and dash-dot lines for two different samples).  

 

Figure 3.12: Normalized surface impedance (a) and absorption coefficient (b) for normal incidence of 
Material C measured with the impedance tube in red and with the two-microphone technique in blue 
(solid lines, dash-dot and dashed lines for three different samples).  

Figure 3.12 shows the measured surface impedance and absorption coefficient of 
material C by the two-microphone and impedance tube measurements. The absorption 
coefficients of three test samples measured with the impedance tube vary around 0.1 
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among three samples, and the peak values (0.96 and 0.99) occur at around 1800 Hz. 
The averaged predicted flow resistivity and porosity over the three samples are 12.0 

 and 0.90 as given in Table 3.11. 

3.3.5.4 Two-microphone measurement 

  

 
 

 

 

Figure 3.13: Comparisons of  from measurements (solid lines) and predictions (dashed lines) on 
material  in black and  in blue and material  in black for (a)(d) configuration 1, (b)(e) 
configuration 2, (c)(f) configuration 3. 

The acoustic impedance and other properties of materials , , B and C extracted by 
the MSMNT method are presented in this subsection. Results for a single-layer medium 
of material ,  and C on hard ground are presented first, followed by the results of 
a double-layer medium of material  on top of Material B on hard ground.  
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Material ,  and material C were measured with three geometrical configurations 
given in Table 3.2. Figure 3.13 shows the measured and predicted level difference  
for the three single-layer materials with the SP model using the predicted model 
parameters given in Table 3.11. There is a good agreement between the measurements 
and predictions in all the three cases with the total fitting error for frequencies between 
200 Hz and 2500 Hz being 5.0 dB, 6.5 dB and 5.6 dB.  

The predicted impedance and absorption coefficients are illustrated in Figure 3.10, 
Figure 3.11 and Figure 3.12, respectively. The absorption coefficient of material C for 
normal incidence is in good agreement with one of the three samples measured in the 
impedance tube. The deviation between the two-microphone measurement and two 
other samples measured in the impedance tube could be due to the inhomogeneous 
material properties across the samples. The absorption coefficient of material  
obtained with the two-microphone measurements is similar to that derived from the 
impedance tube both in trend and amplitude. However, the predicted flow resistivity of 
material  with the two-microphone technique (15.0 ) is larger than that 
predicted with the impedance tube (4.3 ). An offset on the absorption 
coefficient between results from the impedance tube and two-microphone 
measurements can also be detected for material , which is around 0.1 smaller from 
the two-microphone measurements than from the impedance tube measurements for a 
broad range of frequencies. The predicted flow resistivity and porosity from the two-
microphone measurements are also slightly smaller than in the tube measurements.  

3.3.5.5 Discussion 
For the single layer materials, the flow resistivity and porosity of material , , and 
C were assessed against the impedance tube measurements and physical measurements. 
Laboratory measurements of material ,  and material C using the MSMNT method 
can achieve a unique prediction of their flow resistivity and porosity. For material , 
the predicted flow resistivity using the MSMNT method is in good agreement with the 
impedance tube and physical measurements. The flow resistivity of material  and C 
are in good agreement with the impedance tube measurements and physical 
measurements. However, the open porosity in laboratory measurements is slightly 
smaller than that in the impedance tube and helium pycnometer measurements. This 
could be due to the sample cutting and the inhomogeneity of this sample. For material 
C, a good agreement among laboratory, impedance tube and physical measurements 
was achieved, but the predicted porosity in laboratory and tube measurements was 
slightly smaller than from the physical measurements. This is likely because not all the 
porosity measured by the helium pycnometer contributed to the sound absorption of the 
porous materials [137]. As seen in Figure 3.9, there are many micro-pores in the 
microstructure of material C.   

The impedance prediction of a double-layer medium was evaluated with the multiple-
geometry technique under six different geometrical configurations for six unknown 
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model parameters. A unique prediction was obtained by fitting six model parameters 
with six geometrical configurations. The predicted flow resistivity and porosity of 
material B were in good agreement with tube and physical measurements. Although the 
predicted porosity of material using the MSMNT method matches with tube 
measurements, the flow resistivity deviates slightly, which could also be due to the 
particularity of material . Furthermore, the uniqueness of the predicted model 
parameters was studied with the SMMNT method by fitting four unknown parameters 
with one up to six geometrical configurations. It was found that by increasing the 
geometrical configurations, the predicted material properties were approaching a 
unique value. However, based on the results it can be concluded that it is not necessary 
to increase the number of configurations higher than the number of the unknown 
parameters to achieve a unique prediction. 

3.4 Impedance prediction of vegetated roofs  
A new measurement system to determine the acoustic impedance of vegetated roofs, 
using the MSMNT method, was developed and applied on three urban vegetated roofs. 
The details of the measurement system, measurement roofs, experimental procedure, 
and the measurement results are presented in this section. 

3.4.1 Proposed measurement system 
The precision of the adopted transducers’ locations is important for the impedance 
prediction of porous materials using the two-microphone technique. In laboratory 
measurements, the location of the speaker and receivers can be extracted directly by 
placing and removing the porous materials on the laboratory’s hard ground, as 
described in Subsection 3.3.4.2. However, this technique is not applicable on in-situ 
vegetated roofs because the transducers’ locations cannot be determined by 
measurements on hard ground without moving the source and receiver over the 
vegetated roofs. In the research presented in this chapter, a measurement system that 
integrates the multi-geometry technique is proposed, in order to achieve a unique 
prediction on the acoustic properties of vegetated roofs. The benefits of this new system 
are the following: 1) it is easy to measure different geometrical configurations with one 
setup; and 2) the locations of the speaker and microphones are fixed for each 
geometrical configuration during different measurements and their exact location can 
be determined inside the laboratory.   

The new measurement system, which is shown in Figure 3.14 was constructed with a 
trilateral frame (F1, F2, and F3 shown in black) located on the ground surface. On top 
of that, two sub-beams (U1 and U2 shown in dark grey) are suspended on the horizontal 
bar F1 and can move freely along it. Moreover, the speaker and microphone are fixed 
on beams M1 and M2, which are connected to the beams U1 and U2 and can move 
along them. Scales are carved on the beams (F1, U1 and U2) so that it is convenient to 
read the positions of the speaker and microphone. Different geometrical configurations 
can be realized by moving the source and receiver along the beams F1, U1 and U2. 
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Since sound propagation is influenced by the surfaces of the metal beams, especially at 
high frequencies, sound absorbing foam (30 mm thick) was attached to the beams U1, 
U2, F2 and F3 to minimize reflections. According to pilot tests, the working frequency 
range of the measurement system is limited to below 1600 Hz, above this frequency the 
effect of the beam reflections is noticeable. Moreover, since the original NT method 
has a low frequency limit of 200 Hz (NT method is applicable for the frequency range 
between 200 Hz – 2500 Hz), the working frequency range of the system is between 200 
Hz–1600 Hz. All the other measurement equipment (source, microphone etc.) is the 
same as the one used in the laboratory measurements introduced in Subsection 3.3.4. 

 

Figure 3.14: Geometry of the new measurement system. 

 

3.4.2 Vegetated roofs 
The measurements were carried out at the vegetated roofs of the following three 
buildings: an office building located at a theme park (referred to as Park Building) in 
the Netherlands on 2018/08/22, and two educational buildings; one is located at the 
campus of Eindhoven University of Technology (Cascade Building) on 2018/06/08, 
and the other one at the campus of Utrecht University (Educatorium Building) on 
2018/09/28. Photos from the measurements on the three vegetated roofs are shown in 
Figure 3.15.  

The measurement conditions on three urban vegetated roofs and main information of 
their structures are summarized in Table 3.12.     

S M1 M2 
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Figure 3.15: Measurement on Cascade building (a), Park building (b) and Educatorium building (c).  

 

(c) 

(b) 

(a) 
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Table 3.12: Summary of the measurement conditions on three urban vegetated roofs and main 
information of their structures. 

Vegetated roof Cascade Building Park Building Educatorium Building 

Substrate thickness 0.05 - 0.07 

Surface area (approximately) 32 m * 17 m 85 m * 15 m 20 m * 10 m 

Vegetation type sedum grass sedum 

Temperature 23.1  30.6  16.7  

Relative air humidity 63.3 % 47.8 % 49.9 % 

    

3.4.3 Geometrical configurations 
The configurations of the setups are based on the original NT method and were 
determined by pre-calculations. The designated configurations require the interference 
peak frequencies of the predicted sound pressure level differences between two 
receivers to occur within the frequency range of interest (200 Hz – 1600 Hz). 
Laboratory measurements, as the ones described in Subsection 3.3.4.2, were first 
conducted to determine the locations of speaker and receivers on the hard ground. 

Table 3.13: Extracted geometrical configurations for measurements on the Park Building and 
Educatorium Building. 

  [m]  [m]  [m]  [m] 

Configuration 1 0.533 0.496 0.196 1.776 

Configuration 2 0.616 0.596 0.296 1.200 

Configuration 3 0.537 0.496 0.196 1.547 

Configuration 4 0.495 0.456 0.346 1.260 

Configuration 5 0.688 0.646 0.296 1.800 

Configuration 6 0.383 0.346 0.196 1.049 

Configuration 7 0.477 0.456 0.246 1.005 

 
Table 3.14: Extracted geometrical configurations for measurements on the Cascade Building. 

  [m]  [m]  [m]  [m] 

Configuration 1 0.513 0.500 0.200 1.768 

Configuration 2 0.602 0.600 0.300 1.206 

Configuration 3 0.505 0.500 0.200 1.508 

Configuration 4 0.466 0.460 0.350 1.206 

Configuration 5 0.651 0.650 0.300 1.751 

Configuration 6 0.352 0.350 0.200 0.604 

Configuration 7 0.400 0.400 0.250 0.607 
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According to the multi-geometry technique, seven geometrical configurations should 
be taken into account in order to predict the following seven properties of the vegetated 
roofs: flow resistivity ( , ), porosity ( , ), thickness ( ) and 
roughness of vegetation ( ). Due to the assembling and disassembling of the 
measurement system, the configurations of the three vegetated roofs were not exactly 
the same. The configurations that were used in the Park Building and Educatorium 
Building are given in Table 3.13 and the ones used in the Cascade Building in Table 
3.14. 

3.4.4 Experimental procedures 
During the measurements on one vegetated roof, the posts F1, F2 and F3 (see Figure 
3.14) were fixed. For each configuration, five measurements were repeated to suppress 
individual deviations.  for each geometrical configuration is achieved by the 
subtraction of energetically averaged sound pressure levels over five measurements at 
two receiver positions.  is calculated using a hard-backed double-layered slit-
pore impedance model with a locally reacting assumption as in the SMNT method. The 
material properties are achieved by minimization (Equation (3.2)) of the  between 
measurements and predictions. The boundary conditions of these 7 parameters, which 
were set for the error fitting function to guarantee physical reasonable predictions are 
summarized in Table 3.15.  

The uniqueness of the impedance prediction of the in-situ vegetated roofs was 
investigated with 15 different initial estimations on the seven model parameters. These 
initial estimations can be found in the first column of Table 3.16. Afterwards, the 
predictions that did not satisfy the inequalities of Equation (3.14) we excluded, 

 ,  .  (3.14) 

3.4.5 Results and discussion 
The uniqueness of the impedance prediction of the three vegetated roofs using the 
MSMNT method is discussed in the following paragraphs by evaluating the RSD of the 
fitted parameters. The uniqueness of the predicted impedance, absorption coefficient 
and material properties of the three vegetated roofs are presented in Subsection 3.4.5.1. 

3.4.5.1 Uniqueness of impedance prediction 
The best-fit model parameter values for level differences on Cascade roof with 15 initial 
estimations are presented in Table 3.16. The predictions for the 3rd, 9th, 13th and 14th 
initial estimations did not satisfy the criteria of Equation (3.14) and were excluded in 
the following analysis. Furthermore, predictions with initial estimations that produced 
extreme values even for one parameter were excluded. A value of a parameter was 
considered extreme if its difference from the average value predicted from all the initial 
estimations was greater than two times its standard deviation, which was the case for 
the 8th and 11th initial estimations for the porosity and flow resistivity of substrate, 
respectively. 
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est-fit m

odel param
eter values for level difference data on C
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ith various initial estim

ations. D
ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05]  

[5;0.8;0.01;0.01] [40;0.7;0.05]  

[5;0.8;0.01;0.01] [40;0.4;0.05]  

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05]  

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
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0.84 
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0.86 

0.85 
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0.01 
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The variation of the predicted flow resistivity, porosity, thickness of vegetation and soil, 
and the surface roughness values among the remaining estimations after excluding the 
outliers are plotted in Figure 3.16. For the Cascade roof case, the RSD values of seven 
parameters were 5 % and 3 % for the flow resistivity of vegetation and soil, 3% and 1% 
for the porosity, 6 % and 1 % for the thickness and 2 % for the roughness. Thus, the 
impedance prediction of the Cascade roof was unique with the MSMNT method. 

 

 

  

Figure 3.16: Variation of the predicted properties of the Cascade roof for different initial estimations 
(extreme values excluded). (a): flow resistivity, (b): porosity, (c): thickness, (d): roughness value). The 
properties for vegetation are presented in red and for substrate in blue. Solid lines are the averaged 
value of the plotted material properties.   

The flow resistivity, porosity, thickness of vegetation and soil, and the surface 
roughness values were determined by averaging the predicted values over the remaining 
data under 10 initial estimations (summarized in Table 3.17). 

The same process was also implemented on the other two vegetated roofs. The best-fit 
model parameter values for level difference data on the Park roof and Educatorium roof 
with various initial estimations are presented in detail in Appendix B.2. Figure 3.17 and 
Figure 3.18 show the variation of seven model parameters of the Park roof and 
Educatorium roof under different initial estimations. 
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Figure 3.17: As Figure 3.16, but for the Park roof. 

In Figure 3.17, no significant fluctuation can be detected on the predicted porosity and 
thickness of vegetation and substrate under 13 different initial estimations. The RSD 
values are just 2% and 1% for the porosity of vegetation and substrate, and 0 % for their 
thickness. The predicted flow resistivity of the substrate on the Park roof levels is 
around 13 , with a RSD of only 1 %. Since the Park roof was measured 
during a very dry period, especially by Dutch weather standards, the vegetation had 
dried considerably, which explains why the predicted roughness remained at 0 m. 

In Figure 3.18, the flow resistivity of vegetation varies between 2.7 and 3.0  
with a RSD value of 4 %. The disparity between the predicted substrate flow resistivity 
(varies between 395 and 465 ) and the average value (418  ) is 
less than 50 , and the RSD value is 6%.  The RSD values of the other model 
parameters are 1 % and 6 % for the porosity, 1 % and 5 % for the thickness and 4% for 
the roughness.  

(a) (b) 

(c) (d) 
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Figure 3.18: As Figure 3.16, but for the Educatorium roof. 

3.4.5.2 Predicted impedance of vegetated roofs 
The post-processed predicted model parameter values are presented in Table 3.17. The 
level difference  comparisons between measurements and predictions using the 
MSMNT method on the Cascade, Park and Educatorium roofs are illustrated in Figure 
3.19, Figure 3.20, and Figure 3.21, respectively. The agreement between the 
measurements and predictions on the three vegetated roofs is very good.  

The normalized impedance and absorption coefficient for normal incidence of these 
three vegetated roofs are plotted in Figure 3.22. Since the Park roof was measured 
during a very dry period, with the temperature as high as 30.6  and with only 6 mm 
of rainfall in total from 2018-06-08 to 2018-08-07, its absorption coefficient reached a 
very high value of 0.8 at 500 Hz and 630 Hz. Moreover, the predicted roughness of the 
Park roof was only 0.00 m (see Table 3.17), which is due to the long period of dry 
weather in the Netherlands during the measurement period (few vegetation was left 
over the substratum). The measurement on the Educatorium roof (a new-built roof) was 
carried out under wet conditions, which could explain the high flow resistivity (418 

) and low porosity (0.30) predicted using the MSMNT method.  

(c) (d) 

(a) (b) 
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Figure 3.19: Comparisons of the  from measurements (solid lines) and predictions (dashed lines) 
using MSMNT method on the Cascade roof. 

 

Figure 3.20: Comparisons of the  from measurements (solid lines) and predictions (dashed lines) 
using MSMNT method on the Park roof. 
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Figure 3.21: Comparisons of the  from measurements (solid lines) and predictions (dashed lines) 
using MSMNT method on the Educatorium roof. 

 

 

Figure 3.22: Normalized surface impedance (a) and absorption coefficient (b) for normal incidence of 
the Cascade roof (red), Park roof (blue) and Educatorium roof (black).  

Table 3.17:Best-fit model parameter values obtained with the MSMNT method for the Cascade, Park 
and Educatorium roof. 

Vegetation  Substratum 

Vegetated 
roof 

Flow resistivity 
  

Porosity 
  

Thickness 
[m] 

Roughness 
[m] 

 Flow resistivity 
  

Porosity 
  

Thickness 
  

Cascade 2.3 0.83 0.01 0.02  118 0.49 0.06 

Park 5.3 0.57 0.03 0.00  13.4 0.33 0.10 

Educatorium 2.9 0.49 0.01 0.01  418 0.30 0.05 

(a) (b) 
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3.5 Conclusions 
This chapter investigated a multiple-geometry technique based on the SMNT method 
to predict the impedance of in-situ vegetated roofs uniquely. This method was first 
validated in laboratory measurements against impedance tube and physical 
measurements. Next, the uniqueness of the impedance predictions on three vegetated 
roofs was assessed using a newly proposed measurement system. The proposed 
measurement system is able to integrate the multiple-geometry technique and extract 
the real locations of the transducers for each geometrical configuration. Laboratory 
measurements confirmed that a unique prediction of porous materials can be achieved 
by multiple configurations, which need to be at least equal to the parameter numbers. 
More configurations are not necessary in terms of the uniqueness and accuracy of the 
impedance prediction. Moreover, after excluding the outliers in the predicted material 
properties, a unique prediction of the remaining properties of the Cascade, Park and 
Educatorium vegetated roofs could be achieved when the RSD was less than 10%.  

  



 

4 Effect of transducers’ locations on impedance prediction 
of porous materials 

 

In the research of Chapter 2 and Chapter 3, it was found that for some cases, the 
predicted sound pressure level differences deviated from the measured sound pressure 
level differences at the interference peaks. The sound pressure level produced by a 
single sound source above a ground surface is characterized by the interference of the 
direct and ground reflected sound waves, and the accuracy of the assumed locations of 
the transducers influences the prediction of the ground surface impedance. Therefore, 
the sensitivity of the transducers’ locations on the determination of the acoustic 
impedance of porous materials using the MSMNT method was assessed in this Chapter 
based on the MSMNT method. It was found that small errors on the transducers’ 
locations lead to significant variations in predicted impedance and material properties. 
The tolerance of the extracted transducers’ locations is recommended to be within ± 
0.005 m to achieve an accurate and unique prediction of the surface impedance of 
porous materials. 

 

 
 
Chapter 4 
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4.1 Introduction 
The modified Nordtest (MNT) method proved to be a more accurate method for the 
prediction of the surface impedance of in-situ vegetated roofs than the modified transfer 
function (MTF) method (Chapter 2). Previous attempts by S.de Groot [138] were made 
to predict the acoustic impedance of vegetated roofs using the simplified MNT with the 
multiple-geometry technique (MSMNT) method (Chapter 3). Results shown Figure 4.1 
show that even though the predicted acoustic impedance with the MSMNT method can 
be physically reasonable, the predicted sound pressure level differences around the 
interference peak can differ from the measured level differences. 

The sound pressure caused by a single sound source above the ground surface is 
characterized by the interference of the direct and ground reflected sound waves [48,94].  
When predicting the sound pressure level differences, errors in the assumed path 
lengths of direct and indirect waves can cause a deviation in the predictions, which 
could be responsible for the differences between measured and predicted level 
differences presented in Figure 4.1 (a). Therefore, it is valuable to study the influence 
of the accuracy of the transducers’ locations on the impedance prediction of ground 
surfaces.  

  
Figure 4.1: (a): Comparisons of  between two receiver positions from measurements (open circles) 
and predictions using the MSMNT method (solid lines). The dashed lines show the maximum and 
minimum measured data from the various measurements. (b): Predicted surface impedance (real 
component in solid line and imaginary component in dashed line) using the MSMNT method (Cascade 
vegetated roof) [138] 

Previous research [100–102] identified that an inaccurately estimated impedance can 
be caused by small errors in transfer function and positions of source and receivers. 
However, no relationship between the predicted material properties, which is important 
for the characterization of the acoustic performance of porous materials, and inaccurate 
transducers’ locations was presented in their research. The ANSI standard [92] 
recommended to measure the geometries as accurately as possible in order to predict 
the acoustic impedance of ground surfaces. However, no specific error tolerances for 
the effect of deviations in the geometry on the accuracy of the impedance prediction of 

(a) (b) 
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ground surfaces are clarified. The aim of this chapter is to clarify the tolerance of 
transducer locations for an accurate prediction of the acoustic impedance and material 
properties of porous materials. 

The aim of this chapter is to clarify the tolerance of transducers’ locations for an 
accurate prediction of the acoustic impedance and material properties of porous 
materials. The porous materials used in this research include two different single-layer 
materials and one double-layer material with a softer material on top of a harder one. 
The two layers of the double-layer material represent the vegetation and substrate layers 
of a vegetated roof. When using a real vegetated roof, accurate determination of the 
positions of the vegetation surface is difficult due to the surface roughness. Section 4.2 
presents the impedance measurements on three sound absorbing materials using the 
MSMNT method. Section 4.3 clarifies the error functions used to evaluate the impact 
of the sensitivity of the transducers’ locations on impedance prediction of the porous 
materials. The following four sections present the investigation into the effect of the 
unintended variations in the transducers’ locations using the MSMNT method: on 
predicted level differences (Section 4.4), predicted surface impedance and absorption 
coefficient (Section 4.5), predicted material properties (Section 4.6), and uniqueness of 
the prediction (Section 4.7). The tolerances of the transducers’ locations, which allowed 
for an accurate surface impedance prediction for the porous materials were clarified and 
are presented in Section 4.8. The main conclusions are summarized in Section 4.9. 

4.2 Laboratory measurement 
4.2.1 Measurement samples 
The materials used in the evaluation of the sensitivity of the transducers’ locations were 
the same as those in Chapter 3. These are the: Eco-insulating panels (Caruso), baffle 
panels (Ecophon) and insulation cork panels (Sofalca), which are indicated as Material 
A, B and C, respectively. Material A is inhomogeneous with one side softer than the 
other. Material A’s measurements presented in this chapter were only taken on the soft 
side, which is denoted as .The specification of these three materials can be found in 
Table 3.1.  

4.2.2 Measurement geometry 
The effect of deviations in the transducers’ locations was investigated for two different 
setups. One is structured as a hard-backed single-layer material, which was investigated 
for two different materials,  and C, and the other is a hard-backed double-layer 
medium, represented by material . As discussed in Chapter 3, a unique 
impedance prediction requires a number of setups with different geometrical 
configurations with a number that is equal to the number of unknown parameters. In 
the MSMNT method, there are three unknown parameters for single-layer materials; 
the flow resistivity, porosity and thickness. The double-layer material has six unknown 
parameters (the flow resistivity, porosity and thickness of the two layers). These two 
types of materials were measured with 3 geometrical configurations for the single-layer 
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medium  and C respectively and 6 configurations for the double-layer medium 
.   

The transducers’ locations for the measurements of material , , and  were 
taken from the pilot tests presented in Chapter 3 (Table 3.2 and Table 3.3). 

4.2.3 Predicted material properties from measurement 
The investigation of the influence of the transducers’ locations on the predicted 
impedance and material properties is based on the MSMNT method using laboratory 
measurements, which were carried out in the same room as the measurement presented 
in Chapter 3. The acoustic impedance of material , C and  were predicted 
using the MSMNT method proposed in Chapter 3. The predicted model parameters of 
material , C and  using the MSMNT method are presented in Table 4.1. 

4.3 Definitions of the sensitivity errors of the transducers’ locations 
The locations of the speaker and microphone presented in Table 3.2 and Table 3.3 are 
defined as reference positions. The acoustic impedance of the three porous materials 
was predicted using the MSMNT method by minimizing the errors between measured 
and predicted level differences. The measured level differences come from the 
measurement data in Subsection 3.3.5.4 with the reference positions. The data were 
predicted for variations in the height of the source , the heights of the receivers 

, the horizontal distance between source and receivers  and their 
combinations. The variables were changed with respect to the reference positions, with 
an increment of 0.005m in the range from -0.03m to 0.03m, an increment of 0.01m 
(to reduce the computational complexity) in the range from -0.1m to -0.03m and from 
0.03m to 0.1m. In total, there are 27 variations (including the reference position) for 
each variable.  

The sensitivity error (denoted as ES) for level differences under the mth (m=1,2…27) 
variation is defined similar to the error function defined in Equation (3.2), but the 
predicted level difference is relative to the level difference predicted for the reference 
positions   rather than the measured level difference.  is written as: 

 ,  (4.1) 

Table 4.1: Best-fit model parameters using the MSMNT method. 

 1st layer  2nd layer 

Material Flow resistivity 

  

Porosity 

  

Thickness  
[m] 

 Flow resistivity 

  

Porosity 

  

Thickness  
[m] 

  2.2 0.87 0.12  - - - 

C 8.4 0.86 0.04     

 7.9 0.89 0.11  52.6 0.99 0.04 
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where  are the level differences between two receiver positions at 1/3 octave-
bands ( ) between 200 Hz -2500 Hz predicted for the various ,  and , indicated 
by the subscript m.  

 The total sensitivity error for level differences  is defined as the sum of the 
sensitivity error for the mth variation of ,  and  as: 

 .  (4.2) 

The sensitivity errors for the predicted normalized surface impedance  and 
absorption coefficient for normal incidence  were defined as: 

,  (4.3) 

 ,  (4.4) 

where  and  are the impedance and absorption coefficient predicted 
for the reference positions. 

The deviation of the predicted material properties for the mth variation of ,  and 
 was evaluated by the relative error defined as: 

 ,  (4.5) 

where  is the predicted model parameter ( ) for the mth variation and  is the 
predicted model parameter ( ) presented in Table 4.1.  

4.4 Effect on predicted level differences 
This section presents the evaluation of the predicted level differences under the 
influence of deviations in the source ( ) and receivers’ (  and ) heights, and the 
distance between source and receivers ( ) using the MSMNT method.  

The sensitivities of the adopted , ,  and  on predicted  for material  
and material  on geometrical configuration 1 (in Table 3.2 and Table 3.3) are 
presented in Figure 4.2 and Figure 4.3. The results of other configurations for material 

,  and results for material C on various configurations are presented in 
Appendix C.1.  

As presented in Figure 4.2 and Figure 4.3,  the variation of the heights of the transducers 
leads to obvious deviations in the predicted  for material  and material   in 
configuration 1, especially at high frequencies above 500 Hz (material ) and 1250 
Hz (material ). The most significant deviation occurred when the height of the 
lower microphone position was varied. The maximum value was around 5 dB at 800 
Hz for material  with configuration 1, and 4 dB at 2500 Hz for material . For 
small deviations within , obvious deviations are found at frequencies above 
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1600 Hz for both materials. In contrast, since the horizontal distance between source 
and receiver is far larger compared to its variation, the variation in  only results in 
slight deviations in the incident angles and direct and reflected sound path lengths. 
Therefore, only a slight deviation in the calculated  above 1600 Hz can be noticed 
with the variation in . 

 

Figure 4.2: Predicted  values for material  with the variation in variables  (a),  (b),  (c) 
and  (d) for configuration 1. The red solid lines indicate the measured . The black solid thick 
lines indicate the  predicted with the data from Table 4.1. The solid thin lines show results for 7 
intervals with a decreasing offset of the transducers’ position with an increment of 0.01 m from -0,03 
m down to -0,1 m. The dashed lines show results for 7 intervals with a decreasing offset of the 
transducers’ position with an increment of 0.005 m from 0 down to -0.03 m. The dotted lines show 
results for 7 intervals with an increasing offset of the transducer position with an increment of 0.005 
m from 0m up to 0.03 m. And the dash-dot lines show results for 7 intervals with an increasing offset 
of the transducers’ position with an increment of 0.01 m from 0.04 m up to 0.10 m. The predicted  
for the variations with an increment of 0.01 m are filled with light grey, and the data for the variations 
with increment of 0.005 m are filled with dark grey. 

(c) (d) 

(a) (b) 
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Figure 4.3: As Figure 4.2, but for material  .  

  
Figure 4.4: (a) Total sensitivity errors  for material  (black) and C (blue)  for configuration 1 
(solid lines), 2 (dashed lines), 3 (dash-dot lines), averaged values over three configurations for material 

 (black solid thick lines), and averaged values over three configurations for material C (blue solid 
thick lines). (b) Total sensitivity errors  for material  for configuration 1 (black solid 
lines), 2 (black dashed lines) and 3 (black dash-dot lines), configuration 4 (blue solid lines), 5 (blue 
dashed lines), 6 (blue dash-dot lines), and averaged values over six configurations (black solid thick 
lines). 

Material  is relatively harder and has higher flow resistivity and acoustic impedance 
compared to material . Figure 4.4 shows that the averaged  over three 
configurations for material  is relatively larger than the averaged  over the same 
three configurations for material . This finding is likely due the larger interference 

(c) (d) 

(a) (b) 

(a) (b) 
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between direct and reflected sound waves over the surfaces of harder materials 
(material C) than softer materials (material ). The variations of the averaged  
between two materials increased from 0 dB to 10 dB as the variations of the locations 
of transducers rose from 0 m to  m. This finding may be evidence of harder 
materials being more sensitive to the locations of transducers. 

As illustrated in Figure 4.4, the averaged  over three configurations for material 
 is relatively larger than the averaged  over the six configurations for material 

, which means the tolerance of the transducers’ locations is increased when a 
porous material is placed on top of another harder material layer. Compared with single-
layer material  placed on hard ground, the extra layer of material  of the double-
layer material is softer than the hard ground beneath the layer of material . Therefore, 
the interference of the direct and reflected sound waves over the surface of the hard 
ground is reduced by the porous material B in the case of double-layer material. This is 
likely the explanation for the higher tolerance for the double-layer material.  

The angles of incidence of the reflected sound waves with the material surface vary for 
different geometrical configurations. The total sensitivity errors  with the 
variations in locations of transducers for material , C and  for different 
configurations can be found in Figure 4.4. Obvious deviations are noticed for the 
variations in various configurations for material . The largest  were found 
in configuration 6 with the maximum angles of incidence for both microphone positions, 
and the smallest one was found in configuration 3 with the minimum angles of 
incidence. Although slight variations could also be noticed for variations in different 
configurations for material  and C, no relationship between the configuration and the 

 can be concluded based on three configurations.  

4.5 Effect on predicted acoustic impedance 
Figure 4.5, Figure 4.6, and Figure 4.7 present the predicted normalized surface 
impedance and absorption coefficient for normal incidence of  material , C, and 

 with the variations in transducers’ locations. In all figures of this section the following 
line-styles are used to indicate the predicted results with different increments: The black 
solid thick lines indicate the  predicted with the data from Table 4.1. The solid thin 
lines show results for 7 intervals with a decreasing offset of the transducers’ position 
with an increment of 0.01 m from -0,03 m down to -0,1 m. The dashed lines show 
results for 7 intervals with a decreasing offset of the transducers’ position with an 
increment of 0.005 m from 0 down to -0.03 m. The dotted lines show results for 7 
intervals with an increasing offset of the transducer position with an increment of 0.005 
m from 0m up to 0.03 m. And the dash-dot lines show results for 7 intervals with an 
increasing offset of the transducers’ position with an increment of 0.01 m from 0.04 m 
up to 0.10 m. The predicted  and  for the variations with an increment of 0.01 m are 
filled with light grey, and the data for the variations with increment of 0.005 m are filled 
with dark grey.  
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Figure 4.5: Comparisons of the predicted normalized surface impedance and absorption coefficient for 
normal incidence of material  with the variation in variables  (a,b), (c,d),  (e,f), (g,h). The 
black solid thick lines indicate the  and  predicted with the data from Table 4.1.  

(g) (h) 

(e) (f) 

(c) (d) 

(a) (b) 
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Figure 4.6: Comparisons of the predicted normalized surface impedance and absorption coefficient for 
normal incidence of material  with the variation in variables  (a,b), (c,d),  (e,f), (g,h). The 
black solid thick lines indicate the  and  predicted with the data from Table 4.1. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 4.7: Comparisons of the predicted normalized surface impedance and absorption coefficient for 
normal incidence of material  with the variation in variables  (a,b), (c,d),  (e,f), (g,h). 
The black solid thick lines indicate the  and  predicted with the data from Table 4.1. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Significant deviations can be noticed in the predicted normalized surface impedance 
and absorption coefficient for material  (Figure 4.5) and C (Figure 4.6), especially 
for the variation in the heights of source and receivers. For material , the most 
noticeable deviation occurred at frequencies above 630 Hz for both the predicted 
impedance and absorption coefficient. At maximum, the absorption coefficient varied 
around 0.14 when the input  was 0.1 m smaller than the reference position. Even 
small deviations in  (0.03 m) led to a variation of 0.1 for the predicted absorption 
coefficient at 630 Hz. For material C, the influence of the variations in transducers’ 
locations was noticeable at all the frequencies 200-2500 Hz. The most significant 
deviation was 0.3 for absorption coefficient at around 1000 Hz for the variation in . 

The predicted normalized surface impedance and absorption coefficient for normal 
incidence for material  using the MSMNT method are plotted in Figure 4.7. The 
predicted material properties fluctuate in certain ranges, but, the predicted impedances 
and absorption coefficients are not sensitive to small deviations ( ) in the the 
transducers’ locations. For all the three materials, the predicted impedance and 
absorption coefficient are not significantly influenced by the source to receiver distance, 
which is in line with the findings for the predicted level differences presented in Section 
4.4 and material properties presented in Section 4.6. 

4.6 Effect on predicted material properties 
The predicted material properties using the MSMNT method with the variations of , 

,  and  are presented in Figure 4.8, Figure 4.9 and Figure 4.10 for material , 
 and , respectively. When no reasonable predictions were achieved within the 

boundary limitation set in Table 3.4 under certain initial estimations, data with these 
initial estimations were excluded in the figures.  

It was noticeable that the predicted flow resistivity and porosity of material  was 
significantly influenced by the height of the lower microphone, even with an offset of 

. The deviations of the predicted flow resistivity and porosity calculated with 
Equation (4.5) were 47% and 7% with an offset of -0.02 m respectively. There is no 
significant deviations for the predicted thickness and roughness with the variation of 
the transducers’ locations.  
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Figure 4.8: Comparisons of the predicted model parameters (flow resistivity in blue circles, porosity in 
red circles, thickness in red squares) for material  with the variation in variables  (a), (b),  
(c), and  (d). 

Compared to material , the flow resistivity and porosity of material  were more 
sensitive to the positions of the microphones and speaker. The flow resistivity and 
porosity of material C fluctuated 52% and 17 % (with offset of ), 37 % and 8 % 
( ), 2 % and 5 % ( ), 3 % and 7 % (0.05 m), 289 % and 17 % (0.10 m) 
on .  

(c) (d) 

(a) (b)
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Figure 4.9: As Figure 4.8, but for material C. 

As illustrated in Figure 4.10, the predicted flow resistivity and porosity of the double-
layer material  scattered a lot with the variation of height of the source and 
receivers. At maximum, the predicted flow resistivity of material  fluctuated 79% 
(with offset of 0.10 m) for , 73% (-0.10 m) for , and 61% (-0.10 m) for . The 
fluctuation of the predicted flow resistivity of material  was even larger with over 90% 
at maximum with the variation of , , and . The predicted porosity did not vary 
as much as the flow resistivity, but there was still a maximum difference of 
approximately 20% in the prediction from the reference positions for both material 
layers. These large fluctuations in predicted flow resistivity and porosity for the double-
layer material  were significantly larger than those for the one-layer material , 
which is understandable since the impedance prediction required three extra parameters, 
which makes it more complicated.  

(a) (b) 

(c) (d)
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Figure 4.10: Comparisons of the predicted model parameters (flow resistivity in blue, porosity in red, 
thickness in pink; circles indicate the properties for vegetation layer, squares for soil) for material 

 with the variation in variables  (a), (b),  (c), and  (d). 

4.7 Effect on the uniqueness of the impedance prediction 
The uniqueness of the impedance prediction was studied for the variations in the 
transducers’ locations for the single-layer materials , C, and double-layer material 

. To reduce the number of calculations, each variable was changed individually 
with respect to the reference positions, with an offset of 0.005 m, 0.01 m, 0.03 m, 

0.06 m and 0.10 m. The impedance prediction is considered as unique if the RSD 
value is no larger than 10% as defined in Subsection 3.3.4.2. The maximum RSD values 
for the predicted model parameters of material  and  are presented in Table 
4.2. The non-unique predictions are highlighted in grey. Detailed RSD values of the 
predicted model parameters for each variation in transducers’ locations are presented 
in Appendix C.2.  

As shown in Table 4.2, the RSD values for the predicted material properties of material 
 increase with the offset of the transducers’ location, which means that the possibility 

of a unique impedance prediction is decreased by taking inaccurate positions of 
transducers. This effect is most significant for the variations of the source and receiver 
heights. However, the uniqueness of the impedance prediction is not significantly 

(c) (d) 

(a) (b)
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influenced by the distance of source to receiver. The maximum RSD value is 12% for 
the variation -0.03 m in flow resistivity. 

Table 4.2: Maximum RSD values in % of predicted model parameters. The predictions with RSD value 
of larger than 10% are highlighted in grey. 

 Offset 
[m] 

 -0.10 -0.06 -0.03 -0.01 -0.005 0.005 0.01 0.03 0.06 0.10 

 
  
 

 

   1 8 12 6 10 0 2 7 2 4 

   8 0 1 1 3 6 12 76 124 105 

   2 9 0 3 1 4 4 11 42 1 

   1 11 1 1 2 5 4 0 0 80 

 
 

C 

   59 81 5 3 4 3 5 1 5 10 

   12 15 11 0 2 11 10 76 75 58 

   68 17 10 12 5 2 5 72 61 33 

   5 22 22 3 3 5 3 85 57 15 

 
 

 
 
 

   6 14 14 17 17 14 14 11 9 9 

   35 41 5 16 18 16 14 2 10 8 

   149 6 5 10 19 3 13 12 4 7 

   19 25 26 12 16 17 13 5 1 83 

 

For material C, it was found that small errors ( ) in the extracted , ,  
could lead to non-unique predictions of its properties. In some cases, such as for an 
offset of -0.1 m, the RSD value for the predicted flow resistivity for an offset of -0.1 m 
in  is smaller than 10%, which means the prediction is unique, but no reasonable 
predictions (as presented in Figure 4.9) were achieved within the boundary limitation 
based on the criteria discussed in Section 4.6. Moreover, the unique prediction of the 
material properties is less sensitive for the variation of . The RSD value for the 
predicted flow resistivity with an offset of between  and 0.10 m for  was 
not larger than 10 %, which means the impedance prediction was unique if  was 
extracted within  m of the reference position. 

Table 4.2 shows that for a double-layer material , the RSD values were larger 
than 10% when the offset between the extracted positions and the reference positions 
of the transducers were larger than  for , , and , which means the 
predictions for material  are not unique unless , , and  are demined as 
the accurate positions.  
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4.8 Tolerances of the transducers’ locations allowed for an accurate 
impedance prediction 

The tolerance of the variations for the positions of transducers on an accurate 
impedance prediction is defined based on the following criteria:  

1). The fitting error  (Equation (3.2)) should be no larger than 15 dB for the 
variations based on the original NT method;  

2). The deviations calculated with Equation (4.5) should be no larger than 10% to 
ensure an accurate prediction;  

3). Reasonable predictions should be achieved within the boundary limitations set 
in Table 3.4;  

4). The RSD values of the predicted material properties for different initial 
estimations should be within 10% to ensure a unique prediction. 

 
Table 4.3: Tolerances of the transducers’ locations for accurate and unique impedance prediction 

Variation in   [m]  [m]  [m]  [m] 

  [-0.010 0.050] [-0.015 0.005] [-0.020 0.010] [-0.030 0.050] 

  [-0.005 0.040] [-0.005 0.000] [0.000 0.010] [-0.010 0.010] 

  [-0.000 0.000] [-0.000 0.000] [0.000 0.005] [0.000 0.000] 

 

Therefore, by considering all criteria, the tolerances of the transducers’ locations for 
accurate and unique impedance prediction are summarized in Table 4.3. A tolerance of 

 for the positions of source and receiver is recommended for the further 
implementation of the MSMNT method to predict the acoustic impedance of single 
layer materials. For double-layer materials, an accurate determination of the transducers’ 
locations is highly recommended. 

4.9 Conclusions 
This chapter aimed to present an evaluation of the influence of the positions of speaker 
and microphones on the acoustic impedance prediction of sound absorbing porous 
materials using the MSMNT method. The evaluation was based on the laboratory 
measurements of three typical materials: one soft single-layer material; one hard single-
layer material; one double-layer porous material with a relatively soft material on top 
of a harder porous material. The predicted acoustic impedance and material properties 
in the measurements with accurate input of the transducers’ locations were used as the 
initial reference values in the analysis. The sensitivity of the predicted level differences, 
predicted normalized surface impedance, predicted absorption coefficient for normal 
incidence, predicted material properties and uniqueness of impedance prediction were 
evaluated for the variations of the source’s ( ) and receivers’ ( , )  heights , and 
source to receiver distances ( ) in the range from-0.1 m to +0.1 m. The main 
conclusions from this chapter are summarized below: 
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- An accurate impedance prediction of single-layer materials demands that the 
positions of transducers should be determined within the tolerance of: [-0.005 m 
0.040 m] for , [-0.005 m 0.000 m] for , [0.000 m 0.010 m] for  and [-0.010 
m 0.010 m] for . However, the tolerances vary among different materials. 

- The error in the extraction of transducers’ locations is recommended to be within 
 m for the further implementation of the MSMNT method to predict the 

acoustic impedance of single-layer porous materials. 
- For the impedance prediction of double-layer materials, an accurate determination 

of the transducers’ locations is highly recommended. 
- The acceptable range of the transducers’ locations for an accurate impedance 

prediction is smaller for harder material (material C) than for a softer material 
(material  

- An offset in the source to receiver distance does not contribute much to the 
deviation of the calculated level differences. This finding is due to the low ratio of 
the offset to the source to receiver distance.  

- The predicted level differences are most sensitive to the heights of source and 
receivers for three materials, especially at frequencies above 1600 Hz.  

- The total sensitivity errors are decreased by adding an extra layer between material 
 and hard ground (double-layer material ). 

- The accuracy of the predicted flow resistivity and porosity are significantly 
decreased for the variations of the locations of transducers. 

- The possibility of a unique impedance prediction is decreased by taking inaccurate 
input values of transducers’ positions.  

The research is limited to three types of porous materials on which the above 
conclusions are based. Thus, more studies on other porous materials with different 
properties are needed for a broader statistical analysis of the relationship between the 
material properties and the sensitivity of the transducers’ locations on impedance 
prediction.  

 



 

5 Effect of water content on noise attenuation over vegetated 
roofs: results from two field studies 

 

This chapter is based on: C.Liu & M.C.J. Hornikx. Effect of water content on noise 
attenuation over vegetated roofs: Results from two field studies. Building and 
Environment. 146 (2018) 1-11. 

 

Urban traffic noise is mitigated when it propagates over vegetated roofs. It is known 
from results of laboratory measurements that the sound absorption performance of 
vegetated roofs is affected by its substrate water content. In a previous study on one 
extensive green roof, a significant decrease of noise attenuation was found when the 
substrate water content increased, specifically in the frequency range between 250 Hz 
and 1250 Hz. This chapter presents new results from long-lasting in-situ experiments 
on two extensive vegetated roofs in Eindhoven (Netherlands), together with two 
different methods for obtaining the results. One scenario involved traffic noise while in 
the other scenario an artificial noise source was used. The sound pressure level 
differences over the vegetated roofs, substrate water content and meteorological 
conditions were measured and collected. Although, as in previous research, a 
descending tendency of noise attenuation with the increase of the substrate water 
content could be confirmed, the extent and frequency dependency of this effect varied 
significantly between the two vegetated roofs, specifically between 400 Hz and 2000 
Hz on the Cascade roof and between 800 Hz and 1000 Hz on the Strijp-S roof.  

 
 
Chapter 5 
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5.1 Introduction 
Sound waves diffracted over roofs can be absorbed by vegetated roofs and the sound 
transmission through roof structures can be reduced by green roof systems [34,139–
143]. However, the acoustic performance of the substrate, which is the main component 
of vegetated roofs, could be significantly affected by its moisture content. Previously, 
the effect of the water content on sound absorption of ground surfaces has been studied 
using impedance tube measurements. Considerable variations of the acoustic 
admittance of soils under the influence of small changes (10%–20%) in the degree of 
the soil moisture content were presented in [78,112,115]. Further impedance tube 
measurements were carried out on vegetated roof substrates in [113]. Results from [113] 
show that the absorption coefficient increases as the soil goes from a fully saturated 
status to dry, especially in the higher frequencies above 1 kHz.  Connelly and Hodgson 
[103] measured the absorption of a vegetated roof under the influence of compaction 
and moisture content of six substrate samples in the impedance tube, and found that the 
average absorption coefficient decreased from 0.71 to 0.35 with the increase of 
moisture content from 0% to around 30% volumetric water content (VWC). The 
volumetric water content is the ratio of the volume of the water and the total volume of 
the wet material. From reverberation room measurements, Yang et al. [116] found a 
significant decrease in the absorption coefficient of vegetation and soil with the increase 
of soil moisture content but concluded that it was not noteworthy when the soil is nearly 
saturated. By using an in-situ two-microphone impulse technique on the impedance 
prediction of sand, grassland, and soils, Cramond and Don [117] found the relationship 
between the water content and the surface impedance of soil. Recently, from a long-
term study on one extensive green roof, Van Renterghem and Botteldooren [114] found 
a significant decrease of noise attenuation when the substrate water content increased, 
specifically in the frequency range between 250 Hz and 1250 Hz. 

The aim of this chapter is to contribute to the body of evidence on the effect of the water 
content on sound absorption in extensive vegetated roofs by proposing two ways of 
determining the level differences over vegetated roofs from long-term experiments. The 
investigation of the effect of the water content on the noise attenuation over two 
representative vegetated roofs in Eindhoven (Netherlands) is presented based on long-
term in-situ experiments. In one scenario, traffic noise was used as the noise source for 
the measurements and an artificial noise source was used in the other scenario. Section 
5.2 introduces the experimental setup including the measurement sites and equipment. 
Section 5.3 describes the data processing procedures followed to obtain the results. The 
results of the sound pressure level differences over the vegetated roofs in relation to the 
substrate water content are presented in Section 5.4 and conclusions are given in 
Section 5.5. 
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5.2 Experimental setup 
The investigation of the effect of the moisture content on noise attenuation over 
vegetated roofs was carried out on two urban vegetated roofs in Eindhoven 
(Netherlands). The construction and properties of these two vegetated roofs is 
introduced in this section followed by a description of the location and design of the 
measurement setup. Afterwards, the measurement equipment and sound signals are 
listed. Finally, the calibration process is explained. 

5.2.1 Vegetated roofs 
The measurements were conducted on two urban extensive vegetated roofs (see Figure 
1.2 middle) in Eindhoven, the Netherlands. The first vegetated roof was on the building 
of a residential apartment at the Strijp-S area of Eindhoven. The measurement roof is 
on the top floor of a three-storey building at Kastanjelaan, as shown in Figure 5.1 (left). 
The vegetated roof is built from the following seven main functional layers, as 
illustrated in Figure 5.2 (left). On top of the roof construction there is one layer of 
waterproof membrane to prevent the water getting into the construction and one 
protection layer made of polyethersulfone (PES, thickness of 3 mm, 300 g/m2) to 
protect the roof membrane against mechanical damage. Then, the protection layer is 
covered by a drainage layer with a 40 mm thickness (type DSE 40) made of high-
density polyethylene (HSPE). The water storage capacity of this drainage layer is 
approximately 13.5 l/m2. The extensive substrate (thickness of 60 mm) is separated 
from the drainage layer by a filter layer (thickness of 1 mm, 125 g/m2). The mineral 
part of the substrate is a mix of lava and pumice. The water storage capacity of the 
substrate is about 40%. On top of the substrate is the vegetation layer, which contains 
various types of sedum planted 16 per square meter. (All the information above about 
this vegetated roof construction was provided by the green roof supplier ‘Van Helvoirt 
Groenprojecten BV’). 

  
Figure 5.1: Images of the investigated vegetated roofs. (a) Strijp-S vegetated roof; (b) Cascade 
vegetated roof.  

The other vegetated roof is located on the Cascade building in the campus of the 
Eindhoven University of Technology (Figure 5.1 Right). The Cascade building was 
built in 1999 and designed as the laboratory building for the Department of Applied 

A 

A 
B 

B 

Map data © 2018 Google Map data © 2018 Google 

(a) (b) 



Experimental setup 103 

 

 

C
ha

pt
er

 5
 

Physics. The vegetated roof is on the top of the lower part of the Cascade building, 
which is around 30x32 m2. The vegetation-covered roof only covers 72% of the total 
roof area and is mainly located in the south part of the roof. Moreover, extra sky 
windows and HVAC (heating, ventilation and air conditioning) fans can be found 
within the vegetation-covered roof area. The construction of the vegetated roof on the 
Cascade building is similar to that on the Strijp-S building, with the roof construction, 
waterproof membrane, protection layer, drainage layer (10 mm), filter layer (1mm), 
substrate layer (50 mm) and vegetation layer on top (Figure 5.2 Right).  

  
Figure 5.2: Vegetated roof constructions. (a) Strijp-S building (Van Helvoirt Groenprojecten BV); (b) 
Cascade building. 

5.2.2 Measurement Sites 
A measurement setup was first implemented on the vegetated roof of the Strijp-S 
building during the period between 2014-05-19 and 2014-07-28. The setup of the 
measurement on the Strijp-S building is shown in Figure 5.3. From the measurement 
building to the building at the other side of the road, there is a 4 m concrete sidewalk, 
4 m bicycle way, 2 m vegetated area, 3 m parking area, 4 m northbound auto lane, 7 m 
planted trees area, 4 m bus lane, 1m shrub area, 3 m southbound auto lane, 3 m parking 
area, 2 m bicycle way and 1 m sidewalk. The horizontal distance between the center of 
the traffic lanes on Kastanjelaan and the edge of the vegetated roof (close to the street) 
is about 22.5 m. The two measurement microphones are positioned at the two edges of 
the test building 12.25 m apart in the west-east direction. One moisture meter was 
inserted in the substrate between the two microphones. The microphones and the 
moisture meter were fixed in their positions throughout the experiment. The 
meteorological conditions for the measurement site were collected from the KNMI 
database.   

The other in-situ experiment was conducted on the Cascade building (Figure 5.4) from 
2017-07-14 to 2018-02-06. Since little traffic noise arrives at the roof, an artificial 
sound signal was played by a loudspeaker positioned on the roof. The sound from the 
loudspeaker was recorded by two microphones positioned also on the roof. 

(a) (b) 
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Figure 5.3: Cross section (A-A) of the Strijp-S building with vegetated roof, dimensions in mm. 

 
Figure 5.4: Cross section (B-B) of the Cascade building with vegetated roof, dimensions in mm. 

Since the largest absorption effect happens when the sound propagates close to the roof 
surface, the microphones and speaker were placed above the roof surface at 0.05 m 
height. The speaker was positioned at 4.7 m away from the edge of the roof on the east, 
and the two microphones were placed 0.6 m and 5.7 m westwards from the speaker 
respectively. The allocation of the speaker and microphones were determined by pilot 
tests on the same roof with respect to the influence of the background noise and the 
significance of the attenuation between two microphones.  

5.2.3 Measurement equipment 
The equipment used on the Strijp-S building consisted mainly of two noise monitoring 
stations supplied by Ghent University (No. 88 on the street side and No. 101 on the 
courtyard side) to record the sound pressure level every 1/3 octave band for center 
frequencies between 20 Hz and 20 kHz per 1/8 second, and one soil moisture sensor 
(Decagon EC-5 capacitance sensor, ID 2549) accompanied with one data logger (iBOX) 
to determine the volumetric water content by measuring the dielectric permittivity of 
the soil. The original VWC was recorded every 10 minutes. The sensor was inserted 
into the soil at a 45-degree angle to ensure a complete interaction with the soil. The 
accuracy of the soil moisture sensor is  for most mineral soils [144,145]. Both the 
data from the noise monitoring stations and moisture meter were collected via internet. 
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The in-situ experiments on the Cascade building were equipped with two noise 
monitoring stations supplied by ASAsense (No. 401 closest to the speaker side and No. 
402 furthest from the speaker) to record the sound pressure level and two moisture 
meters (Decagon EC-5 capacitance sensor, ID 2549 and ID 3316) with one data logger 
(iBOX) to increase the accuracy of the measurements. In this case, the moisture content 
was recorded every minute and then averaged every 10 minutes. Also, a broadband 
speaker (Visaton – Type FR 8 WP 8 Ohm) (as shown in Figure 2.6) was utilized to 
produce the sound signal. The frequency range of this speaker is between 100 Hz and 
20000 Hz. The noise monitoring station and soil moisture sensor mentioned above are 
shown in Figure 5.5.  

  
Noise monitoring station Soil moisture sensor 

Figure 5.5: Measurement equipment. 

5.2.4 Sound signals 
In the case of the Strijp-S vegetated roof, the urban traffic noise on Kastanjelaan was 
considered as the source signal. Kastanjelaan is a two-lane road with a maximum speed 
of 50 km/h. For the Cascade building, since little traffic noise arrives at the roof, a 
logarithmic frequency sweep (from 50 Hz to 4000 Hz) was created in Matlab R2017b 
and applied as the source signal for the installed loudspeaker. Each sweep signal lasted 
for 20 s and was played every 15 mins from 9:00 PM to 6:00 AM daily; and every 30 
mins from 6:00 AM to 9:00 PM during weekends.     

5.2.5 Calibration 
The two microphones were calibrated with a class 1 pistonphone emitting a single 
sound frequency of 1 kHz at 94 dB (Brüel & Kjær, Type 4231) before being placed on 
the vegetated roofs. The moisture meter was calibrated with the substrates on the two 
vegetated roofs following the general procedure outlined on the website of the 
manufacturer (Decagon Devices) [144,145]. The Volumatic Water Content (VWC) in 
m3/m3 is defined as: 

 ,  (5.1) 

where  and  are the volume of the water and the total volume of the wet 
material, respectively. The calibration uses a linear equation, which is a function of the 
raw data (voltage) from the datalogger. The following calibration function was used in 
the case of the Philips building (ID 2549): 
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  .   (5.2) 

For the Cascade building, the calibration functions for two moisture meters (ID 2549 
and ID 3316) were calculated according to the following two formulas, respectively: 

 ,  (5.3) 

 .  (5.4) 

5.3 Data management 

 
Figure 5.6: Data processing procedure scheme for the Strijp-S vegetated roof. Bold text indicates the 
original data collected from measurements. 

With the aim to obtain SPL differences over the roofs as a function of frequency and 
volumetric water content (VWC), tailored data processing procedures for the two roofs 
were developed. The procedure of processing the sound pressure level data for Strijp-S 
is illustrated in Figure 5.6, and in Figure 5.10 for the Cascade building. The SPL data 
were collected every 125 ms per 1/3 octave-bands.  

Lp2,l per 1/8s per 1/3 octave band  
(Mic 2 - courtyard) 

S1) Energetic averaged SPL (  ) over 
15s per 1/3 octave-band 

S3) Traffic Noise Spectrum Exclude 

YES NO 

YES 

Exclude 

NO 

VWC 

S4) VWC data 

S5) Outliers exclusion 

Effect of VWC on attenuation 

S1) Energetic averaged SPL ( ) over 
15s per 1/3 octave-band 

S2) Louder than Background 
N i

S3) Level difference ( ) 
 

Lp1,l per 1/8s per 1/3 octave band  
(Mic 1 - street) 
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5.3.1 Strijp-S vegetated roof 
For the Strijp-S roof, the procedure to process the measured sound pressure level data 
and moisture meter data was divided into five tasks: S1) SPL average; S2) Background 
noise exclusion; S3) Traffic noise recognition; S4) Moisture meter data clarification; 
S5) Outliers exclusion.  

S1) Sound pressure level averaging 
Firstly, the collected sound pressure level data was energetically averaged over every 
15 s per 1/3 octave-band.  

S2) Background noise exclusion 
Excluding the background noise involved four tasks, starting with the calculation of the 
background noise at the courtyard side during each hour. The background noise is 
represented by , which is the A-weighted sound level that was exceeded 90% of the 
time period and obtained from receiver 2. Afterwards, the A-weighted sound levels of 
the street side node every 15 s were ranked per hour. The loudest 20 samples of data 
for one hour were chosen to be included in the further analysis. Then, the A-weighted 
sound levels from receiver 2 for the corresponding 20 time instances were compared 
with the  and excluded if they did not exceed the background noise level  +5 
dB(A). Furthermore, to make sure that the sound signals were coming from the street 
side but not from the courtyard side, the data that could not satisfy the condition of 

 were excluded.  

  
Figure 5.7: Illustration of background noise exclusion on 2014-07-13. (a) Selection of the top 20 sets of 
data from receiver 1, which are displayed by the red circles; (b) Exclusion of data from receiver 2, which 
does not exceed the background noise level (red dashed line) + 5 dB(A) (blue dashed line).  

An example of this background noise exclusion step is shown in Figure 5.7 from a 
recording on the Strijp-S vegetated roof between 9.00 am and 10.00 am on 2014-07-13. 
The left figure plots the 15 s averaged A-weighted sound level of the street side node 
during this hour and marks the top 20 sets of data in red circles. The stems in the right 
figure are the A-weighted 15 s averaged sound levels of the courtyard side node at the 

(a) (b) 
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corresponding time with the selected sets of data from the street side node. The red 
dashed line is the calculated  between 9.00 am and 10.00 am.  

S3) Traffic noise recognition 
The third step aimed to distinguish the sound signals at receiver 1 from road traffic 
noise using the CNOSSOS road traffic noise model. CNOSSOS is a common noise 
assessment method under the Environmental Noise Directive to assess noise levels from 
road traffic, railway traffic, aircraft and industry across Europe [146]. Its source 
spectrum is applied to the frequency range 63 Hz - 4 kHz for the lightweight road traffic 
noise, which is the noise studied here. The sound pressure level calculated according to 
CNOSSOS is defined here as  with an assumption of maximum vehicle speed being 
50 km/h.  

The distinction of the road traffic noise spectrum was made by minimizing the average 
error between the sound pressure level predicted using CONOSSOS and the 15 s 
averaged sound pressure level measured at receiver 1 for the seven full octave bands 63 
Hz - 4000 Hz. The variable  in the minimization process is the frequency independent 
offset between the predicted sound pressure level and the same curve shifted towards 
the measured sound pressure level, such that minimization of the error was obtained. 
The fitting error is given by: 

,   (5.5) 

  
Figure 5.8: Illustration of the sound pressure level before (a) and after (b) applying the traffic noise 
recognition filter between 1 pm and 2 pm on 2014-06-15. Black lines indicate  filtered by the 
background noise criteria before (left) and after (right) the traffic noise recognition; Red lines indicate 

 with  equal to 0.    

The measured noise spectrum was assumed to originate from the road traffic if the 
average fitting error E over seven octave center frequencies is no larger than 3 dB. Data 
was rejected if this criterion was not met. Finally, the sound pressure level differences 
were obtained by subtracting the sound pressure levels between two microphones. 
Figure 5.8 shows one example before and after the traffic noise recognition between 1 
pm and 2 pm on 2014-06-15. It illustrates  (in black lines) compared with the road 

(a) (b) 
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traffic noise spectrum  (in red lines) before (left) and after (right) applying the 
traffic noise recognition filter. In this case, the variable 

 was applied for the remaining five spectra after 
traffic noise was distinguished.    

S4) Moisture meter data clarification  
The VWC of the soil is measured every 10 minutes. Therefore, the moisture data 
corresponding to ) is defined as the measured water content at the 
time index of the sound pressure level data.  

S5) Outlier exclusion  
In this step,  and the VWC of the soil at the corresponding times were compared 
and analyzed. The outliers were excluded depending on the 66 95 99.7 rule, which is 
also called Empirical rule. First, the soil VWC data are divided into nine groups ranging 
from 0 to 0.4 m3/m3 in a step of 0.05 m3/m3. VWC class of 0 m3/m3 represents the VWC 
values between 0 and 0.025 m3/m3, 0.05 m3/m3 class represents the VWC values 
between 0.025 and 0.075 m3/m3, and so on. Afterwards, the  were grouped with the 
corresponding VWC groups. Figure 5.9 presents a histogram of the data in the 630 Hz 
1/3 octave band in the moisture group of 0.2 m3/m3 using 15  bins (in grey bars) 
with a normal distribution fit (in the black curve). The x-axis gives the data values and 
the y-axis gives the occurrence of each data value. In each group,   are expected to 
vary in a small range within two standard deviations for each 1/3 octave band center 
frequency. Therefore, in this case, the data outside this confidence interval, shown in 
grey shaded area, were assumed to be outliers and as such were excluded. The number 
of outliers excluded by this procedure is relatively small compared to the total dataset, 
and its influence on the final results of section 4 is likely not very large. However, the 

 for a certain VWC condition is assumed not to vary much, which justifies this 
exclusion procedure. 

 
Figure 5.9: Illustration of outlier exclusion in the 630 Hz 1/3 octave band in the group of VWC=0.20 

, with  the mean and  standard deviation of the distribution. 



110 Chapter 5  

   

 

Finally, the A-weighted level difference  (for the road traffic noise) over the 
vegetated roof was computed as: 

,   (5.6) 

where  is the sound pressure level of the road traffic noise calculated using the 
CNOSSOS model with the same assumption as stated in S3),  is the A-weighting of 
octave-band  and N is the total number of octave bands (N=5) and  is the level 
difference between the two receivers per octave band between 125 Hz and 4000 Hz. 

5.3.2 Cascade vegetated roof 
The data processing of the measurements on the Cascade building is shown in Figure 
5.10, and is similar to that used for the Strijp-S building. However, since the sound 
signal was replaced by an artificial sweep signal, the traffic noise recognition task was 
switched to the sweep signal recognition. Therefore, the following five steps were 
carried out as follows: C1) Sweep signal recognition; C2) Background event exclusion; 
C3) Sound pressure level averaging; C4) Moisture meter data averaging and C5) Outlier 
exclusion. 

C1) Sweep signal recognition 
The recognition of the sweep signal starts with the identification of the start and end 
time of each signal. They are found by searching for the maxima of the 4000 Hz third 
octave band , as shown in Figure 5.11 (left). The maxima are found by utilizing the 
‘findpeaks’ function in Matlab, which returns the local maxima of the input vector. The 
conditions of this function are specified as: a) the time between each local maximum 
point was larger than 4800 samples (equivalent to 10 minutes), and b) the minimum 
value of the sound pressure level at the peak point was 70 dB. Then, the end time of 
each sweep signal was determined as the position that was 10 samples (1.25 s) larger 
than the time instance of the local maximum, as illustrated in Figure 5.11 (right). The 
starting time of each sweep signal was chosen as 160 samples (20 s) before the ending 
time. Then, the data from two receiver positions during these defined time periods were 
adopted for further processing.  

C2) Background event exclusion 
In some cases, as shown in Figure 5.11 (left) with a red arrow, a maxima occurs at a 
position in time that does not come from the sweep signal but from other noise events 
such as traffic noise or construction noise. Such maxima should be excluded. The signal 
is assumed to come from undesirable noise events if the samples with a noise level over 
65 dB are larger than the 10% of the signal period (20 s which is equivalent to 160 
samples) at any 1/3 octave-band from 100 Hz to 4000 Hz. Furthermore, the 
measurement data points were excluded if the signal-to-noise ratio during this signal 
period is less than 9 dB (17% of the total 3883 data points were rejected). 
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Figure 5.10: Data processing procedure scheme for the Cascade vegetated roof. Bold text indicates the 
original data collected from measurements. 

  
Figure 5.11: Illustration of the sweep signal recognition for the Cascade vegetated roof on 2017-08-15. 
Red circles are the maxima that are recognized as instances of sweep signals. (a) time signal with during 
a full day with detected maxima shown in red circles; (b) definition of one sweep period based on 
localized maxima.  
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C3) Sound pressure level average 
The collected sound pressure level data from both microphones were averaged 
energetically over each defined sweep signal period (20 s).  

C4) Moisture meter data average  
The VWC of the Cascade vegetated roof was measured every minute by the two 
moisture meters. During each signal time period, the averaged moisture data over two 
moisture meters were selected 5 minutes before and 5 minutes after the starting time of 
the sweep signal. Afterwards, the data was averaged over 10 minutes.  

C5)  Outlier exclusion 
The last step was to exclude the outliers based on the 66 95 99.7 rule. Similar to the 
procedure described in part S5), the VWC data were divided into nine groups from 0 to 
0.4 m3/m3 in a step of 0.05 m3/m3 firstly. Afterwards, the VWC data and  data were 
grouped by the nine VWC groups. In each group, all   that fell outside two standard 
deviations at each 1/3 octave band center frequency were considered outliers and were 
therefore excluded. 

Finally, the A-weighted level difference  was calculated per octave band between 
125 Hz and 4000 Hz by Equation (5.6).  

5.4 Results and discussion 
5.4.1 Meteorological datasets 
The meteorological data were taken from the KNMI database in Eindhoven. The 
measurements on the Strijp-S vegetated roof were conducted mostly in the summer 
period when the dry air temperature varied between 5.2 oC and 33.4 oC and had a 
median value of 17.7 oC. The relative humidity during 54 % of the monitoring period 
levels was between 80 % and 100 %, and the minimum relative humidity was 30 %. 
The sum of the total rainfall was 225.1 mm. Intense rainfall with > 10 mm/10 min 
occurred frequently in July. The database was not collected on site, and the 
meteorological information was used as a reference for the analysis. 

The measurements on the Cascade vegetated roof cover the months from July to 
February, which include (a part of the) summer, autumn and winter periods. The dry 
air temperature ranged from -7.7 oC to 31.1 oC with a median value of 10.3 oC. Snow 
occurred during 1.2% of this period, which mostly occurred in December.  The relative 
humidity was higher than 80 % during 69.8 % of the measurement period, and over 90 % 
during 42.7 % of that period. The total rainfall was 458.9 mm. Apart from this remote 
KNMI data, the air temperature was also measured in-situ, which varied between -7.5 

oC and 30.0 oC.  
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Figure 5.12: 
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The propagation distance between the two receivers was relatively short (12.25m and 
5.1m respectively). Thus, the meteorological effects, such as the air temperature, 
relative humidity, and wind, play a minor role in the sound propagation between so 
closely located receivers. Therefore, their effect on the SPL differences was neglected 
in this research. 

5.4.2 Substrate VWC and noise attenuation 

  
Figure 5.13:  [dB] as a function of the VWC classes [m3/m3] from 0 to 0.3 on Strijp-S (a) and 
Cascade (b) vegetated roof. The data points are presented as black dots and the blue lines indicate the 
polynomial fit curve (degree 2).  

The effects of substrate moisture content on noise attenuation over the two urban 
vegetated roofs are plotted in Figure 5.12 and Figure 5.15. Specifically, Figure 5.12 
shows the distribution of the noise attenuation over the VWC classes between 0 and 
0.30 m3/m3 over the frequency range between 100 Hz and 3150 Hz for the Strijp-S roof. 
There is a visible decrease in the noise reduction when the soil moisture content is above 
0.20 m3/m3 especially for the 1/3 octave bands below 1600 Hz. It can be noticed that 
the most obvious drops in noise reduction occurred at the frequencies between 400 Hz 
and 1600 Hz as the VWC value increases from 0.20 to 0.25 m3/m3, with a maximum 
drop of 7 dB for the 1250 Hz 1/3 octave-bands. However, no significant influence can 
be detected in the VWC classes below 0.20 m3/m3. This phenomenon can also be 
detected in Figure 5.13 (a), which presents the effect of the VWC values on the . 
The  scatters between 10 dB and 24 dB with a standard deviation of around 3 dB 
for each VWC class, but does not vary significantly as the VWC value increases. The 
Pearson’s correlation coefficients between VWC and noise attenuation are illustrated 
in Figure 5.14 (a) as a function of 1/3 octave band frequencies. The hypothesis of no 
correlation between VWC and noise attenuation is rejected with 95% certainty below 
315 Hz, and between 800 Hz and 1000 Hz, but the correlation coefficients are leveled 
around -0.1 meaning that the correlation between noise attenuation with the soil VWC 
is low. This low correlation can be explained by  Beekman’s study that investigated the 
porosity and flow resistivity of the Strijp-S vegetated roof substrate under the influence 
of VWC in an impedance tube ([147], see Appendix D.1). The results from that research 
showed that the predicted acoustic porosity of the soil (for a 7.65 cm sample thickness) 
leveled at 0.43 when the substrate water saturation level increased from 0 to 76.1%.  
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When the substrate saturation level was 79.9 % or 100 %, the predicted porosity of the 
soil dropped to 0.31 and 0.23 respectively [147]. Moreover, the flow resistivity of the 
Strijp-S roof remained constant (between 22-25 ) as the substrate saturation 
level increased. However, the flow resistivity of the Cascade roof (presented in Chapter 
6) was significantly increased with the increase of VWC values. The difference effect 
of VWC on the flow resistivity of two roofs could contribute to the difference relations 
between VWC and noise attenuation over two roofs. 

 Consequently, the limited filling of water in the substrate may not lead to a reduced 
acoustic porosity or a subsequent large effect on the sound absorption, at least not up 
to a substrate saturation level. 

  
Figure 5.14: Pearson's correlation coefficients between VWC and  on the Strijp-S (a) and Cascade 
(b) vegetated roofs over 1/3-octave-bands from 100 Hz to 3150 Hz. The distance between the upper 
and lower dashed lines indicates the 95%-confidence intervals on the correlation coefficients. Black-
filled markers show the cases where the p-value for testing the hypothesis of “no correlation” could be 
rejected with 95% certainty. 

The boxplots in Figure 5.15 show the correlation between the noise attenuation and the 
soil VWC for the vegetated roof on the Cascade building. The VWC classes during the 
measurement period cover the ranges between 0 and 0.30 m3/m3. With the increase of 
VWC values, the noise attenuation goes down significantly in the frequencies between 
400 Hz and 2000 Hz, which means the noise reduction ability of the vegetated roof is 
impaired by the wetting of the substrate. The level is increased by a maximum of 12.4 
dB for the 1250 Hz 1/3 octave band along with an increased VWC from 0.05 to 0.30 
m3/m3. This negative effect of VWC values on noise attenuation ensues because the 
water filling in the substrate takes the void space, which results in a decrease of the 
absorption coefficient [117]. This effect is also reflected in the  results over octave 
band frequencies between 125 Hz and 4000 Hz as shown Figure 5.13 (b). With the 
increase of VWC values from 0.05 to 0.3 m3/m3,  goes down from 31 dB to 26 dB. 
Compared with the case of Strijp-S roof, the standard deviation of  in case of the 
Cascade roof is as small as [0.1 0.8 0.7 1.3 0.5] dB for the VWC values between 0.05 
and 0.25 m3/m3. The differences in the standard deviation between the two cases could 
be explained by the two different signals used in the measurement; one is the 

(a) (b) 
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uncontrolled traffic noise (Strijp-S) and the other one is the controlled sweep signal 
(Cascade). Figure 5.14 (b) emphasizes the significant effect of the VWC values on the 
noise attenuation between 400 Hz and 2000 Hz with a correlation coefficient value of 
-0.8 to -0.6 and the no-correlation assumption is rejected with 95% certainty. This 
finding is consistent with the research of Van Renterghem [114].  

At low frequencies, the sound absorption capacity of the vegetated roofs is low even 
under dry conditions. Therefore, the effect of the moisture content can be ignored. 
Moreover, extremely low  values occur for the VWC class of 0.30 m3/m3 below 500 
Hz for the Cascade roof. These data are not representative because only 3 data points 
(2848 data points in total) were left after step C4).  

5.5 Conclusions 
The purpose of this chapter was to contribute to the body of evidence that the sound 
reducing properties of in-situ vegetated roofs depends on the water content of these 
roofs, and to present two ways to obtain such results. For this reason, the relation 
between the noise attenuation over two vegetated roofs and the substrate moisture 
content was verified by monitoring the sound pressure level differences between two 
microphones installed at vegetated roofs and the VWC over the sound propagation path. 
The measurements were conducted on two representative extensive vegetated roofs in 
Eindhoven, the Strijp-S building and the Cascade building. For the Strijp-S building, 
road traffic noise was used as the sound source, and for the Cascade building, an 
artificial source was used that generated repetitive 15 s sweep signals. For both cases, 
a data processing procedure is proposed to analyse the data. A descending tendency can 
be noticed on the Strijp-S vegetated roof, as the VWC is higher than 0.20 m3/m3 
especially between 400 Hz and 1600 Hz. However, no significant correlation can be 
detected possibly due to porosity of the substrate that is weakly dependent on the 
measured VWCs, which is confirmed by impedance tube results and in-situ impedance 
measurements presented in Chapter 6. On the Cascade vegetated roof, the pronounced 
decrease of the noise reduction occurs along with the increase of the VWC between 400 
Hz and 2000 Hz, which is comparable with previous research. At low frequencies below 
400 Hz, less effect of the moisture content was detected, which results from the 
vegetated roof’s low absorption ability at low frequencies. Furthermore, a larger 
standard deviation of the  was found when applying an uncontrolled traffic noise 
than a controlled sweep signal. Compared to previous research, the results of this study 
not only confirm that the substrate water content has a negative effect on noise 
attenuation of vegetated roofs, but also shows this effect to be dependent on the non-
acoustic properties of the roofs. Moreover, the implementation of both the real urban 
traffic noise and artificial sound signal opens more opportunities for more (future) 
lightweight measurements.  
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6 Effect of water content on the acoustic impedance of 
vegetated roofs: results from in-situ measurements 

 

As stated in Section 1.6, previous research, conducted with impedance tube 
measurements found a significant influence of the VWC on its absorption coefficient. 
Moreover, results from Chapter 5 confirmed the negative effect of the VWC on noise 
attenuation over vegetated roofs by long-term in-situ experiments on two extensive 
vegetated roofs. However, the relation between the acoustic impedance and substrate 
water content has not been yet quantified.  

The aim of this chapter is to evaluate the effect of the water content on the acoustic 
impedance and material properties of vegetated roofs by in-situ measurements on one 
urban vegetated roof. The acoustic impedance of this vegetated roof is predicted using 
the MSMNT method introduced in Chapter 3. The acoustic impedance of the vegetated 
roof is analyzed for six different substrate water content values. The noise attenuation 
over this roof calculated by its predicted impedance is further compared with results 
from the noise attenuation measurements from Chapter 5 for the same roof under 
different VWC values. 

 
 
Chapter 6 
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6.1 Introduction 
The vegetated roof considered in this chapter is the vegetated roof of Cascade building 
at the campus of the Eindhoven University of Technology, which was presented in 
Chapter 1, 3 and 5. The information regarding the construction of this vegetated roof 
can be found in Subsection 5.2.1. The impedance measurements in this chapter were 
conducted in the exact same locations as the noise measurements in Chapter 5 in order 
to compare the measured noise attenuation results from Chapter 5 with the results from 
the computed noise attenuation from this chapter. The noise attenuation in this chapter 
was computed analytically using the impedance extracted from the impedance 
measurements presented in Subsection 6.3.3 .  

6.2 Methodology 
The research presented in this chapter includes two sets of measurements: 1) VWC 
measurements and 2) impedance measurements.   

6.2.1 VWC measurements 
The substrate water content measurements were taken with a moisture meter (Decagon 
EC-5 capacitance sensor, ID 3316) accompanied with a data logger (iBOX), which was 
positioned between the speaker and the microphone (white dot in Figure 6.1) to 
determine the volumetric water content VWC by measuring the dielectric permittivity 
of the soil. The sensor was calibrated according to the following formula: 

 ,  (6.1) 

and inserted into the soil at a 45⁰ angle to ensure a complete interaction with the soil. 
The moisture content was recorded every minute and then averaged over every 
measurement period (around 1 hour).  

The local temperature and relative humidity in air during the measurements were 
recorded with a GENII transmitter (Eltek GD-14E, ID 1806). Other meteorological 
conditions (such as sum of rainfall, snow) were collected from the Koninklijk 
Nederlands Meteorologisch Instituut (KNMI) database, which were recorded in 
Eindhoven (51 ° 27'N 05 ° 25'E, around 7 km away from the measurement site).  

6.2.2 Impedance measurements 
In order to achieve a unique impedance prediction of the vegetated roofs, the MSMNT 
method using the new measurement system introduced in Chapter 3.4 was used. The 
positions of the source and receivers were extracted on top of a hard ground in a 
laboratory situation and are shown in Table 6.1. 

The measurement system together with the moisture meter were fixed on the Cascade 
vegetated roof throughout the measurement period from 2018-06-01 (Figure 6.1) to 
2018-08-09 (Figure 6.2). Measurements were conducted for six substrate water content 
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values. The detailed procedure to extract the acoustic impedance of this vegetated roof 
is the same as that presented in Subsection 3.3.4.2.  

Table 6.1: Measurement geometrical configurations for measurements at the Cascade roof with the 
MSMNT method 

  [m]  [m]  [m]  [m] 

Configuration 1 0.513 0.500 0.200 1.768 

Configuration 2 0.602 0.600 0.300 1.206 

Configuration 3 0.505 0.500 0.200 1.508 

Configuration 4 0.466 0.460 0.350 1.206 

Configuration 5 0.651 0.650 0.300 1.751 

Configuration 6 0.352 0.350 0.200 0.604 

Configuration 7 0.400 0.400 0.250 0.607 

 

 
Figure 6.1: Measurements on the Cascade vegetated roof on 2018-06-08. White dot A indicates the 
position of the moisture meter. 

 
Figure 6.2: Measurements on the Cascade vegetated roof on 2018-08-09. 

A 
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6.2.3 Noise attenuation calculation 
The noise attenuation over the Cascade vegetated roof with the geometrical 
configuration (Table 6.2) from Chapter 5 can be calculated from the predicted acoustic 
impedance in Subsection 6.2.2 for six VWC values given in Table 6.3.  

Table 6.2: Geometrical configuration of measurements at the Cascade roof from Chapter 5. 

 [m]  [m]  [m]  [m] 

0.05 0.05 0.6 5.7 

 

Afterwards, the noise attention is calculated by: 

 .  (6.2) 

where  and  are the sound pressures at two microphone positions calculated by 
Equation (1.18) with the predicted acoustic impedance following the procedure in 
Subsection 6.2.2. Here, the ground surface is assumed as a double-layer hard-backed 
locally reacting surface, with the coherence coefficient taken into account. 

6.3 Results and discussions 
The meteorological information, substrate water content values and sound pressure 
level differences between two receiver positions under different geometrical 
configurations were recorded during six measurement periods presented in Table 6.3. 
The meteorological conditions during the six measurements are summarized in 
Subsection 6.3.1. Afterwards, the material properties and acoustic impedances of the 
Cascade vegetated roof are analyzed as a function of water content values (Subsection 
6.3.2 and 6.3.3. Finally, the measured (in Chapter 5) and predicted noise attenuation 
over the vegetated roof are compared and presented in subsection 6.3.4.  

6.3.1 Meteorological conditions 
The temperature, relative air humidity, and soil water content during the measurement 
period are summarized in Table 6.3. 

Table 6.3: Meteorological conditions. 

Date  Time  Temperature 
[oC] 

 Relative 
Humidity [%] 

 VWC 
[m3/m3] 

2018-06-08  12:44 pm – 01:40 pm  22.7  73.6  0.188 

2018-06-11  04:18 pm – 05:12 pm  28.5  40.0  0.099 

2018-06-15  03.31 pm - 04:15 pm  27.9  37.3  0.070 

2018-07-27  11:23 am – 12: 05 pm  37.8  24.2  0.000 

2018-08-08  10:05 am – 10:46 am  23.3  65.6  0.008 

2018-08-09  03:55 pm - 05:00 pm  21.1  82.4  0.088 
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The substrate water content during the measurement period can be affected by the 
meteorological conditions, such as air temperature (from local measurements and 
KNMI database), relative humidity (local measurements) and the total rainfall (KNMI 
database). The measurements on the Cascade vegetated roof were conducted during the 
summer period when the dry air temperature varied between 21.1 oC and 37.8 oC 
according to the onsite measurements. The relative humidity during the measurement 
period covers a large range from 24.2 % to 82.4 %. There was only 6 mm of rainfall in 
total during the period between 2018-06-08 and 2018-08-07. For this reason, the VWC 
value reached a level as low as 0.000 m3/m3. A new round of rainfall started at 01.00 
am on 2018-08-08, and intense rainfall occurred between 2018-08-08 and 2018-08-09 
with a total rainfall of 160 mm.  

6.3.2 VWC and material properties 
The material properties of the Cascade vegetated roof for different VWC values are 
predicted using the MSMNT method. The predicted flow resistivity, porosity, thickness 
and roughness values of the vegetation, as well as the flow resistivity, porosity and 
thickness of the substratum with various initial estimations are detailed in Appendix 
E.1. The average model parameter values for six VWC conditions are computed 
following the procedure presented in Section 3.4.4.  

Table 6.4 presents the best-fit model parameter values for level difference data on the 
Cascade roof under the different VWC values. It shows that a significant increase of 
the substratum flow resistivity can be seen from 37  to 125  
when the VWC values increase from 0  to 0.2 . Regarding the 
vegetation layer, there is also a clear tendency of increase in the flow resistivity as the 
VWC value becomes larger.  

 

Table 6.4: Best-fit model parameter values for level difference data on the Cascade roof under different 
VWC values. 

Vegetation  Substratum 

VWC 
[m3/m3] 

Flow 
resistivity 

  

Porosity 
  

Thickness 
[m] 

Roughness 
[m] 

 Flow 
resistivity 

  

Porosity 
  

Thickness 
  

0.188 2.4 0.83 0.01 0.02  125 0.49 0.05 

0.099 1.8 0.85 0.01 0.02  106 0.66 0.06 

0.088 1.6 0.86 0.01 0.02  86 0.49 0.07 

0.070 1.9 0.84 0.01 0.02  74 0.52 0.08 

0.008 1.2 0.98 0.01 0.02  44 0.49 0.10 

0.000 1.6 0.90 0.02 0.02  37 0.37 0.10 
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Figure 6.3: Best-fit model parameter values ((a) porosity; (b) thickness; (c) flow resistivity) for level 
difference data on Cascade roof as a function of the VWC classes [m3/m3] from 0 to 0.2. Red color for 
vegetation layer and blue color for substrate layer. The data points are presented as dots and the solid 
lines indicate fitted polynomials of degree 1. 

The substratum’s porosity varies between 0.37 and 0.66 for different VWC values. It is 
not expected that the porosity increases with VWC as the regression line indicates. This 
trend is caused by the relative outlier of the 0.1 VWC data point. It is expected that a 
negative slope would have been obtained if more data points were available. For the 
vegetation layer, the porosity can reach 0.98 in the VWC value of 0.008: the vegetation 
layer can almost be considered as a layer of air when there are few leaves on the 
branches.  

No obvious fluctuation can be found in the thickness and roughness value of the 
vegetation layer, but a clear negative tendency in the substrate thickness as a function 
of VWC values can be noticed in Figure 6.3. In this research, the vegetated roof is 
modelled as a combination of vegetation, substrate and a rigid backing, ignoring the 
presence of the drainage layer, which mostly consists of air. As the flow resistivity 
decreases, the sound waves penetrate easier through the substrate layer into the drainage 
layer, and this might be the reason for the behavior of the predicted thickness of the 
substrate layer. 

(a) (b) 

(c) 



124 Chapter 6  

   

 

6.3.3 VWC and surface impedance 
The normalized surface impedance and absorption coefficients of the Cascade 
vegetated roof for a normal incident sound wave are predicted using the model 
parameters achieved in Table 6.4. Then, the predicted absorption coefficients for six 
VWC values are averaged over third octave bands between 200 Hz and 2500 Hz and 
are shown in Figure 6.4a. In general, the absorption coefficient decreased significantly 
as the VWC increased, which was expected since the water fills the substratum’s air 
space. At maximum, the absorption coefficient decreased by 0.17 as the VWC increased 
from 0 to 0.188. However, this research is limited to six VWC values and the maximum 
VWC value is only 0.188. Further studies should be conducted for more VWC values. 
The predicted surface impedances for VWC values from 0 to 0.188 are illustrated in 
Figure 6.4b. Both the real and imaginary components of the surface impedance grew as 
the VWC value increased.  

  

Figure 6.4: (a) Average absorption coefficient of the Cascade vegetated roof for VWC values from 0 
to 0.188 . (b) Normalized surface impedance of the Cascade vegetated roof for VWC values (in 

) of 0 (blue dash-dot lines), 0.008 (blue dashed lines), 0.07 (blue solid lines), 0.088 (black dash-
dot lines), 0.099 (black dashed lines), 0.188 (black solid lines). 

6.3.4 Comparison with the noise attenuation  
The noise attenuation over the Cascade roof calculated from its predicted impedance 
by using Equation (1.18), (1.32), and (6.2) is compared with the noise attenuation 
measurements presented in Chapter 5 over the same roof under VWC values varying 
from 0 to 0.188, as shown in Figure 6.5. The general finding is that the results from the 
two approaches have the same tendency regarding frequency dependent effect of VWC 
on  In Chapter 5, the level differences reduced significantly in the frequency range 
between 400 Hz and 2000 Hz with increasing VWC. In the research presented in this 
chapter, a noticeable decrease of the sound level differences can be found as the VWC 
increases between 400 Hz and 1250 Hz, which also confirms that the noise reduction 
ability of the vegetated roof is impaired by a substrate with higher VWC. At maximum, 
the level is increased by 5.9 dB for the 500 Hz 1/3 octave band along with an increased 
VWC from 0 to 0.20 m3/m3.  

(a) (b) 
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It can be noted that 78% of  calculated in this Chapter falls within the confidential 
interval (1.5 times the interquartile distance) of the measurement data in Chapter 5 at 
VWC classes 0.1 and 0.2 m3/m3. A slight shift between  in Chapter 5 and this Chapter 
can be noticed, especially above 500 Hz. One possible reason for this mismatch is the 
different geometrical configuration between the two cases. In the case described in 
Chapter 5, the effect of vegetation roughness became more delicate at grazing incidence 
thanin the case described here. Another possible reason is likely to be the inaccurate 
assumption regarding the source and receivers’ positions taken in the calculation when 
carrying out the noise attenuation measurement presented in Chapter 5. This offset 
between the two results could also relate to the different meteorological conditions, 
such as the air temperature, during the measurements since the acoustic impedance 
measurements in this chapter were taken at a different time. All the computed data in 
this Chapter for VWC of 0.05 m3/m3 are outside the confidence interval of the data in 
Chapter 5, which could due to the limited data points in the measurements in Chapter 
5. 

6.4 Conclusions 
This chapter aimed to evaluate the variation of the acoustic impedance of an in-situ 
vegetated roof under the influence of substrate water content. It was studied by six in-
situ impedance measurements on the Cascade vegetated roof under six different 
substrate water content values. It was found that the flow resistivity of substrate 
increases from 37 to 125  when the VWC values increase from 0 to 0.188 
m3/m3. Moreover, a significant decrease of the average absorption coefficients from 
200 Hz to 2500 Hz with the increase of VWC values was found since water takes the 
void space in the substrate. Finally, noise attenuation over the Cascade roof was 
calculated by the predicted acoustic impedance under six VWC values. A significant 
decrease in the noise reduction performance was observed between 400 Hz and 1250 
Hz, which is in line with the findings in Chapter 5. However, the VWC values do not 
cover all VWC ranges. 

 



 

7 Conclusions and future work 

The goals of this thesis were: 1) to obtain an efficient method to uniquely extract the 
impedance of vegetated roofs based on in-situ measurements; 2) to define the tolerances 
of positions of transducers for achieving accurate prediction on material properties; 3) 
to evaluate the influence of the substrate water content on noise attenuation over 
vegetated roofs; and 4) to evaluate the influence of the substrate water content on the 
acoustic impedance of vegetated roofs. The first objective was achieved by modifying 
and simplifying two existing in-situ impedance measurement methods, the NT and TF 
methods (Chapter 2). The simplified NT method, which achieved better results, was 
further optimized using multiple-geometry techniques in order to overcome the non-
uniqueness problem in the impedance prediction of vegetated roofs (Chapter 3). The 
second objective was studied (Chapter 4) by evaluating the sensitivity of the transducers’ 
locations on impedance prediction of three porous materials. The third and fourth 
objectives were dealt with in Chapter 5 and Chapter 6 by investigating the effect of 
substrate water content on the noise attenuation and acoustic impedance of in-situ 
vegetated roofs, respectively. This chapter summarizes the main conclusions and 
provides recommendations for future studies.   

 
 
Chapter 7 
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7.1 Conclusions related to the impedance prediction methods of 
vegetated roofs 

Two existing short-range acoustic propagation experimental techniques, the level 
differences based Nordtest (NT) method and the pressure-based Transfer Function (TF) 
method, have been shown to have the potential to predict the impedance of urban 
vegetated roofs. The NT method has the benefit of being a one-step procedure, while 
the TF method contains two steps to predict the material properties, but it can predict 
the acoustic impedance directly. To obtain an efficient method to predict the impedance 
of in-situ vegetated roofs, these two methods were modified in the following aspects: 

NT method 
- The vegetated roof is assumed to have an extended reacting ground surface. 

Therefore, the assumption of locally reacting ground surfaces in the original NT 
method was discarded and replaced by the extended reacting assumption, which 
takes into account the angle of incidence. 

- In order to represent the vegetation and substrate layers of a vegetated roof, the 
vegetated roof systems were modelled as a double hard-backed layer. 

- The one-parameter Delany and Bazley (DB) model used in the original NT method 
was replaced by the three-parameter Miki (MK) model for a more accurate 
prediction of the acoustic properties of vegetated roofs. 

- Due to the surface roughness of the vegetation, the reference surface was considered 
to be movable along with the surface of the vegetation layer. Therefore, the 
thickness of the vegetation layer was fitted in the impedance prediction. 

- The incoherent effect due to the vegetation roughness was accounted for by a simple 
coherence coefficient in the modified method. 

TF method 
- When the microphone and speaker were located high above the ground in the 

original TF method, there was still influence of the ground reflection. To minimize 
this influence, the microphone positions (one grazing incidence and one ‘free-field’) 
in the original method were modified with two grazing incidence microphone 
positions. 

- Similar to the NT method, the TF method was modified to assume a vegetated roof 
as a double hard-backed layer medium and an extended reacting surface, and the 
acoustic impedance of a vegetated roof was modelled with a three-parameter 
impedance model. The reference surface was also considered movable (in the 
second step of the TF method). 

Results from impedance predictions of four urban vegetated roofs using the modified 
NT (MNT) and modified TF (MFT) methods showed that: 

 There was good agreement between measurements and predictions of level 
differences between two microphone positions using the MNT method. The 
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total fitting errors of 1/3 octave-bands 200 Hz - 2500 Hz varied between 4.9- 
7.3 dB among the four vegetated roofs, which are within the error limitation 
values as specified in the original NT method. 

 The predicted ranges for flow resistivity, porosity and tortuosity of the substrate 
using the MNT method were comparable with results from previous research. 
They were in the range of 15.3-320.5 kPa.s/m2 for the flow resistivity, 0.13-0.43 
for porosity, and 0.83-1.78 for tortuosity. 

 The MTF method had a poorer fitting for the level differences than the MNT 
method at frequencies around 500 Hz and 1250 Hz. This could likely be due to 
the slight offsets of the assumed receiver positions, which enforced the offsets 
of the interference effect between direct and reflected waves. 

Since the MNT method provided the best results, it was decided to investigate different 
approaches to reduce the computation complexity of this method. The MNT method 
was further simplified by considering the following four aspects on four vegetated roofs: 

- Impedance models with fewer parameters: the two-parameter slit-pore (SP) model 
and the one-parameter DB model were compared with the three-parameter MK 
model. 

- The necessity to include the coherence coefficient in the impedance prediction of 
vegetated roofs was evaluated.  

- The assumption of locally reacting surface was compared to the extended reacting 
assumption in the MNT method, and it was evaluated whether it could replace the 
extended reacting assumption. 

- In order to reduce the model’s parameters, modelling of the vegetated roofs as 
single-layer mediums was evaluated to determine whether it could replace the 
modelling of double-layer mediums.  

The main outcomes from the simplification of the MNT method are: 

 No significant differences were detected between the SP and MK model 
according to the fitting error of level differences, but the fitting error using the 
DB model was about 3dB higher than in the SP and MK models. Therefore, the 
three-parameter MK model can be replaced with the two-parameter SP model 
without sacrificing accuracy, but not with the DB model. 

 The predicted level difference at 2000 Hz deteriorated when the coherence 
coefficient was excluded. This shows that the coherence effect cannot be 
ignored in the impedance prediction of vegetated roofs. 

 The double-layer SP model obtained a better fit than the single-layer model. The 
maximum differences of the total 1/3 octave bands fitting error between the 
double-layer and single-layer model were 13.3 dB on one of the buildings, 
meaning that the double-layer model is required.  

 Only slight dissimilarities were noticeable when applying locally and extended 
reacting assumptions. Therefore, the MNT method can be simplified by 
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replacing the extended reacting assumption with the simplified locally reacting 
assumption. 

The predicted material properties with the simplified version of MNT (SMNT) were 
not always the same when applying different initial estimations. A multiple-geometry 
technique was therefore adopted to reach uniqueness for the predicted properties, which 
resulted in an average of the total fitting error in the SMNT method among all setups. 
The prediction was considered as unique if the ratio of the standard deviation and 
average value of the predicted properties under different initial estimations were less 
than 10%. The multiple-geometry technique was validated first on three porous 
materials (two single-layer and one double-layer material) using the following methods: 

- Physical measurements of the static airflow resistivity and open porosity 
- Impedance tube measurements to directly obtain the surface impedance and other 

material properties (flow resistivity, porosity, thickness) 
- Two-microphone technique to predict the acoustic impedance as well as the 

material properties (flow resistivity, porosity, thickness) using the SMNT method. 

The results showed that: 
 The laboratory predictions of flow resistivity of two porous materials with the 

multi-geometry technique were in good agreement with those measured by 
physical and impedance tube measurements. 

 A unique prediction on porous materials could be achieved by multiple 
geometrical configurations, which need to be at least equal to the number of 
parameters to be fitted. 

A new measurement system was designed and constructed to determine the acoustic 
impedance of vegetated roofs using the multiple-geometry technique based on the 
SMNT method (MSMNT method). Measurements using the MSMNT method were 
carried out on three urban vegetated roofs. It was concluded that: 

 The predicted properties of three vegetated roofs were unique for different 
initial estimations. 

7.2 Conclusions related to the effect of transducers’ locations  
During the research presented in this thesis it was found that the impedance prediction 
of vegetated roofs was influenced by the accuracy of the transducers' locations. 
Therefore, detailed studies on the sensitivity of the transducers’ locations were 
conducted using the following approach: 

- Material properties of three porous materials (two single-layer and one double-layer 
material) were predicted using the MSMNT method in the laboratory. 

- Acoustic impedance and properties of the three materials were predicted using the 
MSMNT method based on the measurements, but with inaccurate input of the 
transducers’ locations. 
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- The tolerance of the transducers’ locations for the accurate and unique impedance 
prediction was determined based on the effect of the transducers’ locations on the 
predicted level differences, material properties and uniqueness of the prediction. 

The main conclusions achieved from this chapter are summarized below: 

 An accurate impedance prediction of single-layer materials demands that the 
positions of transducers should be determined within the tolerance of: [-0.005 
m 0.040 m] for , [-0.005 m 0.000 m] for , [0.000 m 0.010 m] for  and 
[-0.010 m 0.010 m] for . However, the tolerances vary among different 
materials. 

 For the impedance prediction of double-layer materials, an accurate 
determination of the transducers’ locations is highly recommended. 

 The acceptable range of the transducers’ locations for an accurate impedance 
prediction is smaller for harder material (material C) than for softer material 
(material  

 The predicted level differences are most sensitive to the heights of source and 
receivers for three materials, especially at frequencies above 1600 Hz.  

 The total sensitivity errors are decreased by adding an extra layer between 
material  and the hard ground (double-layer material ). 

7.3 Conclusions related to the effect of substrate water content  
The effect of the substrate water content was studied both on the noise attenuation over 
two urban vegetated roofs via long-term monitoring of the substrate water content and 
on the level differences between two microphones installed on vegetated roofs. For the 
vegetated roof of the Strijp-S building, road traffic noise was used as the sound source, 
and for the vegetated roof of the Cascade building, an artificial source was used to 
generate repetitive 15 s sweep signals. For both cases, a detailed processing procedure 
was proposed to analyze the measurement data. Moreover, the effect of the substrate 
water content on the acoustic impedance of one in-situ vegetated roof was evaluated 
for six different VWC values. The acoustic impedance and material properties of the 
Cascade roof were predicted using the MSMNT method, and the substrate water content 
and on-site temperature were recorded during measurements. Finally, the noise 
attenuation over the Cascade vegetated roof with the geometrical configuration 
presented in Chapter 5 were computed with the material properties obtained in Chapter 
6 for six VWC values. The predicted noise attenuation presented in Chapter 6 and the 
measured noise attenuation presented in Chapter 5 were then compared. 

It can be concluded that: 
 The substrate water content had a negative effect on noise attenuation of 

vegetated roofs, but the extent of this effect varied among the two investigated 
roofs.   

 A significant decrease in the noise reduction was found when the VWC of the 
substrate increased between 400 Hz and 2000 Hz.  
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 The flow resistivity of substrate for the Cascade roof was increased in line with 
increases in the water content with a maximum increase from 37 to 125 

, when the VWC values increased from 0 to 0.20 m3/m3.  
 A significant decrease of the average absorption coefficient over 200 Hz to 2500 

Hz with the increase of VWC values was found.  
 78% of the  values as computed from the obtained surface impedances in 

Chapter 6 fell within the confidence interval of the directly measured  values 
presented in Chapter 5. 

7.4 Future work 
The work presented in this dissertation contributes a modified way to measure the 
surface impedance of in-situ vegetated roofs, and the effect of substrate water content 
on the acoustic impedance and other material properties. 

Below, proposals for future work are presented: 

- For reasons of simplicity, the MTF method presented in Chapter 2 assumed 
vegetated roofs as single-layer locally reacting surfaces which contain 2 unknown 
parameters in the first step. This simple approach contrasts with the double-layer 
hard-backing and extended reacting assumption, which requires five unknown 
parameters in the first step. These five unknown parameters cannot be predicted 
successfully with only two microphone positions. This could be one of the reasons 
that the MTF method performed worse than the MNT method. Therefore, it would 
be interesting to modify the MTF method in order to predict the impedance uniquely 
with more than two parameters in the first step of the MTF method and evaluate the 
results. 

- The high frequency working limit of the new measurement system presented in 
Chapter 3 is 1600 Hz because sound propagation above this frequency is influenced 
by the reflective surface of the metal beams. Further work can be done to modify 
the measurement system to allow measuring frequencies above 1600 Hz. 

- The studies on the acoustic impedance of porous materials on the sensitivity of 
transducers’ locations were limited to three materials, which is insufficient to 
conclude a very solid relationship between the sensitivity of transducers’ locations 
and different materials. More studies on various porous materials with different 
properties are required for a valid statistical analysis of this relationship.  

- The current research on the effect of substrate water content on the acoustic benefits 
of vegetated roofs only covered one roof under six WWC values, which was not 
sufficient for a valid statistical analysis. It would be interesting to investigate the 
acoustic impedance and material properties of more different roofs under more 
VWC ranges. As a result, the acoustic impedance of vegetated roofs under certain 
VWC values can be predicted with a fitted relation equation between impedance 
and VWC values.  
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- Apart from the soil water content, the roof angles, vegetation species and substrate 
thickness are also of important parameters for the acoustic properties of a vegetated 
roof. Therefore, it would also be interesting to further investigate the acoustic 
impedance and properties of vegetated roofs with the influence of these factors.  

- It would be interesting to extend the impedance measurement approach for 
vegetated roofs to green walls, which have a similar composition. 

- The surface properties of the vegetated roof can be changed by the coverage of snow 
or ice, which will result in further differences in its acoustic impedance. However, 
current research on the impedance prediction of vegetated roofs and noise 
attenuation over vegetated roofs was done during a period without the occurrence 
of ice or snow. Therefore, it would be interesting to investigate the effect of snow 
or ice on the impedance prediction of vegetated roofs and on the noise attenuation 
over the vegetated roofs. 
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Appendix A  

A.1 Directivity errors of sound source in Section 2.3   
The directivity errors per angle of the speaker used in MNT and MTF methods 
(reference to ) are corrected using a preliminary study presented in [107]. 
Equation (2.1) is modified as the following equation at receiver point : 

 ,   (A.1) 

where  is the phase angle of the reflection coefficient , and  and  are the 
directivity correction factors of the sound source in the direction of direct wave path 
and reflected wave path. They can be calculated by the following equation with the 
directivity errors as given in Table A.1.  

 .   (A.2) 

Table A.1: Directivity errors of sound source in [dB] [107]. 

Frequency  [Hz] 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 

  0.10 0.10 0.14 0.43 0.10 0.20 0.22 0.14 0.23 0.10 0.47 0.10 

  0.15 0.10 0.10 0.17 0.17 0.20 0.44 0.28 0.68 0.45 0.63 0.63 

  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  0.20 0.15 0.20 0.34 0.34 0.50 0.55 0.42 0.90 0.90 1.25 1.25 

 

 



Best-fit values with coherence coefficient inclusion and exclusion  143 

 

 

A.2 Best-fit model parameter values for level difference data on 
vegetated roofs with coherence coefficient inclusion and exclusion in 
Section 2.5  
 

Strijp-S Flux MMP Cascade   A
.2: B

est-fit m
odel param

eter values for level dif ference data on vegetated roofs w
ith coherence coefficient inclusion (Y

ES) and exclusion 
(N

O
) 

Y
ES 

N
O

 

Y
ES 

N
O

 

Y
ES 

N
O

 

Y
ES 

N
O

 

C
oherence 

coefficient 

 

          

4.95 

1.01 

7.55 

9.81 

4.13 

5.23 

2.22 

3.67 

Flow
 resistivity  

V
egetation 

0.52 

0.57 

0.27 

0.23 

0.65 

0.71 

0.82 

0.70 

Porosity 

 

0.017 

0.025 
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0.015 
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[m
] 
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oughness  

[m
] 

          

182.70 

97.11 

445.52 

707.25 

46.33 

40.36 

101.19 

100.72 

Flow
 resistivity 

 
 Soil 

0.10 

0.15 

0.06 

0.05 

0.21 

0.24 

0.17 

0.22 

Porosity 

 

 



 

Appendix B  

B.1 Results of physical measurements in Section 3.3 
The obtained flow resistivity of two samples of material , two samples of material 

, and three samples of material C are given in Table B.1. Material  indicates the 
first sample of material . The values in bold are the averaged values over all the test 
samples. 

Table B.1: Measured airflow resistivity. 

Sample  Diameter 
[m] 

Thickness 
[m] 

 Flow resistivity 
  

Material   0.100 0.058  2.37 

Material   0.100 0.060  2.36 

Material  (avg.)     2.37 

Material   0.100 0.058  3.96 

Material   0.100 0.116  3.81 

Material  (avg.)     3.89 

Material   0.100 0.038  9.34 

Material   0.100 0.038  10.30 

Material   0.100 0.036  10.92 

Material C (avg.)     10.19 

 

Table B.2 shows the measured open porosity of three samples in material A and three 
samples in material C. 

Table B.2: Measured open porosity. 

Sample Material 
 

Material 
 

Material 
 

Material 
A (avg.) 

Material 
 

Material 
 

Material 
 

Material 
C (avg.) 

Diameter 
[mm] 

50 50 50  50 50 50  

Height 
[mm] 

60 55 55  37 37 37  

Porosity 
[-] 

0.9854 0.9825 0.9836 0.9838 0.9700 0.9663 0.9666 0.9674 
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B.2 Best-fit model parameter values for level difference data on 
vegetated roofs in Section 3.4 

 

The best fit model parameter values for level difference data on Park roof and 
Educatorium roof with various initial estimations are presented in Table B.3 and Table 
B.4. The outliers are printed in bold. 
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 Table B
.3: B

est-fit m
odel param

eter values for level difference data on the Park roof w
ith various initial estim

ations. D
ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.7;0.05] 

[5;0.8;0.01;0.01] [40;0.4;0.05] 

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05] 

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
 

 
 

 

6.2 

6.2 
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0.56 

0.56 

0.58 

0.56 

0.58 

0.57 

0.57 

0.56 

0.58 

0.58 

0.58 

0.56 

0.55 

0.58 

0.58 

Porosity 

 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

Thickness  

[m
] 

0.002 

0.002 
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0.001 

0.002 

0.002 

0.002 
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0.002 
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13.4 
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0.34 

0.34 

0.33 

0.34 
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0.34 
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0.33 

0.33 

0.34 

0.34 
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eter values for level difference data on the Educatorium
 roof w

ith various initial estim
ations. D

ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05]  

[5;0.8;0.01;0.01] [40;0.7;0.05]  

[5;0.8;0.01;0.01] [40;0.4;0.05]  

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05]  

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
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Thickness  
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0.34 

0.34 

0.28 

0.56 

0.78 

0.13 
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0.52 
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0.19 

0.30 
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0.04 

0.01 

0.05 
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0.03 

0.03 

0.05 

0.05 

0.02 

0.07 

0.05 

0.03 
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Thickness  

[m
] 

   

8.52 

9.60 

8.54 

8.47 

8.45 

7.54 

8.48 

8.48 

8.53 

8.53 

8.46 

8.49 

8.53 

8.47 

8.52 

Error  

 



Appendix C 

C.1 Effect of transducers’ locations on predicted level differences in 
Section 4.4 

  

  
Figure C.1: Predicted  values for material  with the variation in variables  (a), (b), (c) 
and (d) for configuration 2. The red solid lines indicate the measured . The black solid thick lines 
indicate the  predicted with the data from Table 4.1. The solid thin lines show results for 7 intervals 
with a decreasing offset of the transducers’ position with an increment of 0.01 m from -0,03 m down 
to -0,1 m. The dashed lines show results for 7 intervals with a decreasing offset of the transducers’ 
position with an increment of 0.005 m from 0 down to -0.03 m. The dotted lines show results for 7 
intervals with an increasing offset of the transducer position with an increment of 0.005 m from 0m up 
to 0.03 m. And the dash-dot lines show results for 7 intervals with an increasing offset of the 
transducers’ position with an increment of 0.01 m from 0.04 m up to 0.10 m. The predicted  for the 
variations with an increment of 0.01 m are filled with light grey, and the data for the variations with 
increment of 0.005 m are filled with dark grey. 
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Figure C.2: As Figure C.1, but for configuration 3. 

  

  
Figure C.3: As Figure C.1, but for material  for configuration 1. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure C.4: As Figure C.1, but for material .  

  

  
Figure C.5: As Figure C.1, but for material  for configuration 3. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure C.6: As Figure C. 1, but for material .  

  

  
Figure C.7: As Figure C.1, but for material  for configuration 3. 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure C.8: As Figure C.1, but for material  for configuration 4. 

  

  
Figure C.9: As Figure C.1, but for material  for configuration 5.  

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Figure C.10: As Figure C.1, but for material  for configuration 6. 

(a) (b) 

(c) (d) 
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C.2 RSD values of predicted model parameters in Section 4.7 
The RSD values in % of the predicted model parameters of double-layer material 

, and single-layer materials  and C for variations in , ,  and  are 
presented in Table C.1, Table C.2, and Table C.3, respectively. The predictions with 
RSD value of larger than 10% are highlighted in grey. 

 

Table C.1: Maximum RSD values in % of predicted model parameters of material . The 
predictions with RSD value of larger than 10% are highlighted in grey. 

 Offset [m]  -0.1 -0.06 -0.03 -0.01 -0.005 0.005 0.01 0.03 0.06 0.10 

    6 3 4 4 6 3 4 2 0 1 

    1 1 0 1 1 1 1 1 0 0 

    1 3 3 3 3 3 3 1 1 1 

    4 14 14 17 17 14 14 11 9 9 

    0 0 0 0 0 0 0 0 0 0 

    9 12 13 13 16 9 12 7 4 4 

    35 20 1 3 3 1 5 6 3 1 

    3 5 0 1 1 0 1 2 1 0 

    10 6 1 2 3 3 3 1 3 2 

    23 41 5 16 18 16 14 2 10 8 

    2 0 0 0 0 0 0 0 0 0 

    20 35 2 10 12 11 11 11 8 7 

    10 3 2 1 3 3 5 3 1 2 

    1 1 1 0 1 1 1 1 0 1 

    2 2 1 2 3 1 3 2 1 2 

    149 6 5 10 19 3 13 12 4 7 

    0 0 0 0 0 0 0 0 0 0 

    4 4 4 6 12 5 12 9 3 7 

    16 10 14 17 7 6 5 1 0 83 

    1 0 2 3 2 1 1 0 0 1 

    3 6 5 2 3 3 4 1 0 2 

    19 25 20 12 16 17 13 5 1 0 

    0 0 0 0 0 0 0 0 1 11 

    8 11 26 19 14 13 11 3 0 0 
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Table C.2: Maximum RSD values in % of predicted model parameters of material . The predictions 
with RSD value of larger than 10% are highlighted in grey. 

 Offset [m]  -0.1 -0.06 -0.03 -0.01 -0.005 0.005 0.01 0.03 0.06 0.10 

    1 8 12 6 10 0 2 7 2 4 

    0 1 1 1 2 0 0 2 1 1 

    0 3 7 2 3 0 1 1 2 0 

    8 0 1 1 3 6 12 76 124 105 

    1 0 0 0 0 1 1 2 5 5 

    2 0 0 1 2 3 6 22 18 23 

    2 9 0 3 1 4 4 11 42 1 

    0 1 0 1 0 1 1 2 0 1 

    0 3 0 1 1 2 1 2 16 0 

    1 11 1 1 2 5 4 0 0 80 

    0 2 0 0 0 1 1 0 0 10 

    1 2 0 0 1 2 0 0 0 28 

 

Table C.3: Maximum RSD values in % of predicted model parameters of material . The predictions 
with RSD value of larger than 10% are highlighted in grey. 

 Offset [m]  -0.1 -0.06 -0.03 -0.01 -0.005 0.005 0.01 0.03 0.06 0.10 

    52 5 5 3 4 3 4 0 4 10 

    3 0 1 1 1 3 3 0 3 3 

    5 2 1 2 1 4 5 0 5 6 

    10 15 2 0 2 11 10 76 75 58 

    10 3 1 0 0 2 2 8 7 9 

    12 3 1 0 0 2 4 13 9 16 

    3 17 0 12 5 2 5 72 53 6 

    0 4 0 3 3 0 1 2 4 4 

    0 6 0 7 5 0 1 9 6 3 

    3 22 22 3 3 5 3 85 48 15 

    5 8 8 0 0 3 3 2 7 6 

    1 9 9 1 1 4 4 10 6 5 
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D.1 Material properties of the Strijp-S vegetated roof in Section 5.4 
and Section 6.3 

The acoustic porosity and flow resistivity of the Strijp-S vegetated roof substrate under 
the influence of soil water content were obtained from measurements with an 
impedance tube and are shown in Table D.1.The data is borrowed from a report [147] 
(Dutch only).  The flow resistivity and acoustic porosity were predicted by fitting a 
two-parameter Slit-pore impedance model on the data from the impedance tube 
measurement. The saturation level represents the percentage of the water volume 
divided by the saturated water volume in the substrate.   

Table D.1: Parameters derived for a  7.65 cm substrate sample [147]. 

Saturation Level [%] Acoustic porosity [-] Flow Resistivity [ ] 

0 0.43 25000 

51.4 0.44 25000 

76.1 0.43 23000 

79.9 0.31 22000 

100 0.23 24000 
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E.1 Best-fit model parameter values for level difference data on the 
Cascade roof for different VWC values in Section 6.3 

 

The best-fit model parameter values for the level difference data on the Cascade roof 
for six VWC values (presented in Table 6.3) are shown in Table 3.16 (VWC=0.188 
m3/m3) and Table E.1-E.5.  
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 Table E.1: B
est-fit m

odel param
eter values for level difference data on the C

ascade roof for V
W

C
=0.099 m

3/m
3. D

ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05]  

[5;0.8;0.01;0.01] [40;0.7;0.05]  

[5;0.8;0.01;0.01] [40;0.4;0.05]  

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05]  

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
 

 
 

 

1.7 

1.4 

2.1 

2.0 

34.5 

2.2 

1.9 

2.5 

1.7 

1.4 

1.5 

1.9 

66.7 

2.1 

1.9 

Flow
 resistivity  

V
egetation 

0.89 

0.99 

0.78 

0.80 

0.89 

0.76 

0.82 

0.67 

0.87 

0.99 

0.96 

0.79 

0.82 

0.74 

0.80 

Porosity 

 

0.01 

0.01 

0.01 

0.01 

0.02 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.01 

0.01 

Thickness  

[m
] 

0.02 

0.03 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

R
oughness  

[m
] 

 

79.9 

198.7 

117.6 

117.8 

43.4 

116.1 

117.5 

150.0 

87.9 

93.5 

92.2 

116.7 

9.4 

156.4 

116.8 

Flow
 resistivity 

 
 

Substratum
 

0.47 

1.00 

0.77 

0.75 

0.30 

0.76 

0.75 

1.00 

0.50 

0.57 

0.55 

0.76 

0.30 

1.00 

0.75 

Porosity 

 

0.07 

0.03 

0.05 

0.05 

0.09 

0.05 

0.05 

0.04 

0.07 

0.06 

0.06 

0.05 

0.10 

0.04 

0.05 

Thickness  

[m
] 

 

8.54 

8.66 

8.47 

8.47 

9.20 

8.45 

8.47 

8.49 

8.55 

8.49 

8.51 

8.47 

6.81 

8.52 

8.47 

Error  

 



Best-fit model parameter values for different VWC values  159 

 

 

15 

14 

13 

12 

11 

10 

9 8 7 6 5 4 3 2 1  

N
o. 

 Table E.2: B
est-fit m

odel param
eter values for level difference data on the C

ascade roof for V
W

C
=0.088 m

3/m
3. D

ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05]  

[5;0.8;0.01;0.01] [40;0.7;0.05]  

[5;0.8;0.01;0.01] [40;0.4;0.05]  

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05]  

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
 

 
 

 

1.7 

1.9 

72.0 

1.9 

32.2 

7.5 

5.2 

1.2 

1.2 

2.0 

6.3 

1.6 

82.4 

1.9 

1.3 

Flow
 resistivity  

V
egetation 

0.90 

0.81 

0.71 

0.80 

0.80 

0.39 

0.44 

0.97 

0.92 

0.80 

0.40 

0.83 

0.75 

0.81 

0.94 

Porosity 

 

0.01 

0.01 

0.02 

0.01 

0.02 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.01 

0.01 

Thickness  

[m
] 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

R
oughness  

[m
] 

 

85.0 

88.0 

178.0 

88.7 

48.0 

116.9 

109.9 

77.8 

84.0 

88.9 

118.4 

88.4 

35.8 

88.9 

87.5 

Flow
 resistivity 

 
 

Substratum
 

0.50 

0.50 

0.34 

0.50 

0.30 

0.70 

0.70 

0.39 

0.50 

0.50 

0.75 

0.50 

0.50 

0.50 

0.50 

Porosity 

 

0.07 

0.07 

0.09 

0.07 

0.10 

0.05 

0.05 

0.08 

0.07 

0.07 

0.05 

0.07 

0.07 

0.07 

0.07 

Thickness  

[m
] 

 

7.28 

7.30 

6.64 

7.31 

9.08 

7.45 

7.43 

7.26 

7.28 

7.31 

7.46 

7.30 

6.88 

7.31 

7.28 

Error  
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15 

14 

13 

12 

11 

10 

9 8 7 6 5 4 3 2 1  

N
o. 

 Table E.3: B
est-fit m

odel param
eter values for level difference data on the C

ascade roof for V
W

C
=0.070 m

3/m
3. D

ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05]  

[5;0.8;0.01;0.01] [40;0.7;0.05]  

[5;0.8;0.01;0.01] [40;0.4;0.05]  

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05]  

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
 

 
 

 

1.7 

1.9 

4.2 

3.8 

2.1 

61.4 

2.6 

60.2 

1.9 

2.8 

3.5 

49.6 

59.2 

57.6 

2.5 

Flow
 resistivity  

V
egetation 

0.87 

0.85 

0.51 

0.52 

0.80 

0.79 

0.62 

0.80 

0.86 

0.60 

0.56 

0.71 

0.77 

0.80 

0.64 

Porosity 

 

0.01 

0.01 

0.01 

0.01 

0.02 

0.02 

0.01 

0.02 

0.01 

0.01 

0.01 

0.03 

0.03 

0.02 

0.01 

Thickness  

[m
] 

0.02 

0.02 

0.02 

0.02 

0.03 

0.02 

0.02 

0.02 

0.02 

0.02 

0.01 

0.02 

0.02 

0.02 

0.02 

R
oughness  

[m
] 

 

65.3 

64.6 

103.0 

99.4 

94.5 

9.8 

88.9 

9.9 

63.6 

91.9 

96.1 

11.3 

8.1 

12.5 

84.5 

Flow
 resistivity 

 
 

Substratum
 

0.50 

0.50 

0.95 

0.93 

0.57 

0.34 

0.79 

0.34 

0.50 

0.88 

0.95 

0.31 

0.35 

0.31 

0.77 

Porosity 

 

0.08 

0.08 

0.05 

0.05 

0.06 

0.10 

0.06 

0.10 

0.08 

0.05 

0.05 

0.10 

0.10 

0.10 

0.06 

Thickness  

[m
] 

 

8.04 

8.03 

8.13 

8.11 

8.46 

6.44 

8.10 

6.50 

8.03 

8.10 

8.11 

6.48 

6.50 

6.50 

8.08 

Error  
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15 

14 

13 

12 

11 

10 

9 8 7 6 5 4 3 2 1  

N
o. 

 Table E.4: B
est-fit m

odel param
eter values for level difference data on the C

ascade roof for V
W

C
=0.008 m

3/m
3. D

ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05]  

[5;0.8;0.01;0.01] [40;0.7;0.05]  

[5;0.8;0.01;0.01] [40;0.4;0.05]  

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05]  

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
 

 
 

 

1.1 

1.1 

97.6 

49.1 

36.9 

64.5 

1.6 

47.2 

1.2 

1.2 

38.6 

41.6 

74.7 

1.2 

72.9 

Flow
 resistivity  

V
egetation 

1.00 

1.00 

0.74 

0.76 

0.83 

0.78 

0.87 

0.68 

1.00 

1.00 

0.64 

0.61 

0.91 

1.00 

0.89 

Porosity 

 

0.01 

0.01 

0.01 

0.01 

0.02 

0.01 

0.01 

0.03 

0.01 

0.01 

0.02 

0.03 

0.01 

0.01 

0.01 

Thickness  

[m
] 

0.02 

0.02 

0.01 

0.02 

0.01 

0.02 

0.02 

0.02 

0.02 

0.02 

0.01 

0.02 

0.02 

0.02 

0.02 

R
oughness  

[m
] 

 

43.6 

43.5 

49.5 

28.8 

49.0 

27.4 

44.7 

11.2 

43.8 

43.8 

22.6 

10.8 

31.8 

43.5 

30.0 

Flow
 resistivity 

 
 

Substratum
 

0.49 

0.50 

0.97 

0.45 

0.75 

0.51 

0.45 

0.37 

0.49 

0.49 

0.39 

0.36 

0.59 

0.50 

0.56 

Porosity 

 

0.10 

0.10 

0.06 

0.10 

0.06 

0.09 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.08 

0.10 

0.09 

Thickness  

[m
] 

 

6.86 

6.87 

6.70 

6.28 

7.81 

6.32 

6.89 

5.81 

6.87 

6.87 

5.99 

5.80 

6.53 

6.87 

6.49 

Error  
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15 

14 

13 

12 
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10 

9 8 7 6 5 4 3 2 1  

N
o. 

 Table E.5: B
est-fit m

odel param
eter values for level difference data on the C

ascade roof for V
W

C
=0.000 m

3/m
3. D

ata to be excluded are printed in bold. 

                

[5;0.8;0.01;0.01] [40;0.5;0.08] 

[5;0.8;0.01;0.01] [40;0.5;0.03] 

[5;0.8;0.01;0.04] [40;0.5;0.05] 

[5;0.8;0.01;0.008] [40;0.5;0.05] 

[5;0.8;0.08;0.01] [40;0.5;0.05] 

[5;0.8;0.008;0.01] [40;0.5;0.05]  

[5;0.8;0.01;0.01] [40;0.7;0.05]  

[5;0.8;0.01;0.01] [40;0.4;0.05]  

[5;0.8;0.01;0.01] [80;0.5;0.05] 

[5;0.8;0.01;0.01] [30;0.5;0.05] 

[5;0.9;0.01;0.01] [40;0.5;0.05] 

[5;0.6;0.01;0.01] [40;0.5;0.05]  

[25;0.8;0.01;0.01] [40;0.5;0.05] 

[2;0.8;0.01;0.01] [40;0.5;0.05] 

[5;0.8;0.01;0.01] [40;0.5;0.05] 

Initial values 
 

 
 

 

1.4 

36.9 

36.8 

33.7 

1.6 

48.3 

78.0 

1.9 

1.9 

32.8 

34.0 

33.9 

34.3 

1.5 

34.3 

Flow
 resistivity  

V
egetation 

1.00 

0.66 

0.67 

0.66 

0.86 

1.00 

1.00 

0.93 

0.88 

0.65 

0.67 

0.60 

0.65 

0.82 

0.66 

Porosity 

 

0.01 

0.03 

0.03 

0.03 

0.03 

0.01 

0.01 

0.01 

0.01 

0.03 

0.03 

0.03 

0.03 

0.02 

0.03 

Thickness  

[m
] 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.01 

0.02 

0.02 

0.02 

0.02 

0.01 

0.02 

0.02 

0.02 

R
oughness  

[m
] 

 

36.4 

8.8 

8.9 

11.3 

44.6 

26.9 

30.3 

36.6 

36.8 

12.2 

11.5 

7.8 

10.6 

31.8 

10.7 

Flow
 resistivity 

 
 

Substratum
 

0.41 

0.36 

0.37 

0.36 

0.36 

0.50 

0.71 

0.37 

0.40 

0.36 

0.36 

0.35 

0.36 

0.30 

0.34 

Porosity 

 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.08 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

Thickness  

[m
] 

 

7.24 

5.87 

5.87 

5.87 

7.39 

6.86 

7.15 

7.14 

7.20 

5.88 

5.89 

5.93 

5.86 

6.47 

5.87 

Error  
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In-situ characterization of the acoustic 
impedance of vegetated roofs 

Chang Liu

Road traffic noise is one of the most predominant noise sources 
in the urban environment and is known to be responsible for 
adverse health effects. Urban vegetation, such as vegetated 
roofs, is highly important for recovering the ecological balance 
and for providing visually pleasant environments. Also, it has the 
potential to reduce urban noise levels. As vegetated roofs partly 
absorb the sound in urban environments, they are effective in 
promoting quiet sides. The acoustic performance of vegetated 
roofs can be significantly affected by the substrate moisture 
content. So far, no research has focused on methods to obtain 
the acoustic impedance of vegetated roofs based on in-situ 
measurements.  
The goals of this research are to: 1) obtain an accurate and 
efficient method to extract the unique surface impedance of 
vegetated roofs based on in-situ measurements; 2) define the 
tolerances of transducers’ positions to achieve accurate acoustic 
impedance based on in-situ measurements; 3) evaluate the 
influence of the substrate water content on noise attenuation 
over vegetated roofs; 4) evaluate the influence of the substrate 
water content on the acoustic impedance of vegetated roofs.
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Road traffic noise is one of the most predominant noise sources 
in the urban environment and is known to be responsible for 
adverse health effects. Urban vegetation, such as vegetated 
roofs, is highly important for recovering the ecological balance 
and for providing visually pleasant environments. Also, it has the 
potential to reduce urban noise levels. As vegetated roofs partly 
absorb the sound in urban environments, they are effective in 
promoting quiet sides. The acoustic performance of vegetated 
roofs can be significantly affected by the substrate moisture 
content. So far, no research has focused on methods to obtain 
the acoustic impedance of vegetated roofs based on in-situ 
measurements.  
The goals of this research are to: 1) obtain an accurate and 
efficient method to extract the unique surface impedance of 
vegetated roofs based on in-situ measurements; 2) define the 
tolerances of transducers’ positions to achieve accurate acoustic 
impedance based on in-situ measurements; 3) evaluate the 
influence of the substrate water content on noise attenuation 
over vegetated roofs; 4) evaluate the influence of the substrate 
water content on the acoustic impedance of vegetated roofs.
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Road traffic noise is one of the most predominant noise sources 
in the urban environment and is known to be responsible for 
adverse health effects. Urban vegetation, such as vegetated 
roofs, is highly important for recovering the ecological balance 
and for providing visually pleasant environments. Also, it has the 
potential to reduce urban noise levels. As vegetated roofs partly 
absorb the sound in urban environments, they are effective in 
promoting quiet sides. The acoustic performance of vegetated 
roofs can be significantly affected by the substrate moisture 
content. So far, no research has focused on methods to obtain 
the acoustic impedance of vegetated roofs based on in-situ 
measurements. 
The goals of this research are to obtain an accurate and efficient 
method to extract the unique surface impedance of vegetated 
roofs based on in-situ measurements; to define the tolerances 
of transducers’ positions to achieve accurate acoustic 
impedance based on in-situ measurements; to evaluate the 
influence of the substrate water content on noise attenuation 
over vegetated roofs; and to evaluate the influence of the 
substrate water content on the acoustic impedance of 
vegetated roofs.
The work presented in this dissertation contributes to a way to 
measure both surface impedance of in-situ vegetated roofs, and 
the effect of substrate water content on the acoustic impedance 
and other material properties. The new in-situ measurement 
system proposed in this research can be further applied to 
different types of vegetated roofs. 
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