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Abstract
Open-plan work environments (OPWE) are designed to facilitate the communication and
interaction between users and optimize the efficiency of the use of buildings. However, sound
privacy is poorly assessed in open-plan offices [1] and speech is the most distractive sound source
[2]. Both acoustical quantities can be related to the acoustical parameter STI (speech transmission
index), which is a good estimation of the speech intelligibility.
The application of (vegetation) screens can improve the acoustic quality of an OPWE by
improving, for example, the STI. Vegetation screens can cut the direct sound and can influence the
early decay time (EDT). A good acoustical environment should be created in the design stage of a
project and the influence of vegetation screens at that stage should be known. Consequently, this
research focusses on the absorption and transmission properties of two internal vegetation screens
(IVS): a ‘moss screen’ and a ‘leaves screen’. The absorption properties of the IVSs are measured in
a measurement room and the transmission properties are obtained by measuring the level
difference in a semi free-field. Energy-based simulation programs like Odeon and CATT-Acoustic
are used in order to match the absorption and transmission values of the simulated screens with
the measurements. Furthermore, a case-study in a real open-plan work environment is conducted
to compare the laboratory conditions with a field condition.
The absorption properties of the individual materials of the IVSs are obtained my measuring and
simulating both screens in a measurement room with- and without the presence of the screens.
The simulation of vegetation in Odeon and CATT-acoustic show an object dependent behavior of
the absorption coefficient. The derived absorption coefficients depend on the position of the
object in the measurement room, despite that the room is diffuse. The average absorption
coefficient (125-8000 Hz) of the vegetated part of the moss screen is 0.41 and 0.45, respectively
for Odeon and CATT-acoustic at 250-8000 Hz. The average absorption coefficient of the
vegetated part of the leaves screen is 0.53 and 0.64 respectively for Odeon and CATT-acoustic.
The transmission properties of IVSs are obtained by measuring and simulating the difference in
sound pressure level between the direct field (with ground reflection) and in the situation with the
screen. This level difference is measured (and simulated) in a sports hall. In the measurement, the
obtained level difference of both screens increases with frequency. The level difference in CATTAcoustic shows, when diffraction and transmission is applied, high agreement with the
measurement. Odeon shows a higher level difference than measured, which can be explained by
the used modeling method. The method used by Odeon calculates only one diffraction path and
second order diffraction paths are not included. In addition the Hadden and Pierce model shows
that diffraction is dominant for these screens and leads to the conclusion that no transmission
should be applied in the acoustic simulation models CATT-Acoustic and Odeon.
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In the case-study the simulation in CATT-Acoustic shows high agreement with the absolute values
of the T30 in the measurement, but the level difference between the simulation with- and without
screens show only reliable results for receivers near the IVSs. The T30 in Odeon differ significant
from the absolute values of the measurement. However, Odeon has better results of the level
difference between with- and without the screens far away from the IVSs.
The spatial decay difference of A-weighted speech of Odeon and CATT-acoustic shows agreement
with the measurement for receiver positions near the applied sound source. However, with
increasing distance from the sound source, the difference between the simulations and the
measurement increases significant. This difference can be caused by several factors. The first factor
is the uncertainty of the inserted absorption and scattering coefficients of the materials in the
simulation programs. These coefficients are always an estimation based on guidelines and
experience. The second factor could the energy-based methods of the simulation programs. In the
case of a non-diffuse sound field far away from the sound source, wave phenomena, like diffraction
and reflection, should be included. These phenomena are included in the simulations, but are
always an estimation based on simplifications.
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1.

Introduction

One of the first buildings with open-plan offices was designed by Frank Lloyd Wright in 1904 in
the United States [6]. This office was based on a classroom with tables in a row and was widely
used in offices buildings. Nowadays, an open-plan work environment (OPWE) is a large open floor
plan with a minimum of obstacles, such as walls. These open-plan environments are working areas
and are designed to facilitate the communication and interaction between users and to optimize
the efficiency of the use of buildings. Despite the advantage of communication and interaction,
problems are experienced related to the acoustical quality of these environments.
1.1.
Problem statement
Different studies have shown that open-plan environments can have a negative influence on the
cognitive performance, well-being and concentration of occupants [1,7]. According to Kim and de
Dear [1], sound privacy is poorly assessed in open-plan offices. Sound privacy is described as the
ability to have conversations without your neighbors overhearing and vice versa. Additional
research shows that speech in open offices is the most distractive sound source which impairs the
performance of cognitively demanding tasks like verbal and memory recall tasks [2].
Speech can be evaluated with the acoustical parameter ‘speech intelligibly’ (SI), which is a subjective
measure that describes the percentage of correctly heard items, like syllables, words or sentences.
The speech intelligibility can be determined by a listening test in an acoustic lab. This test is time
consuming because listeners/subject are needed. The speech transmission index (STI) [5] is a
physical measurement- and a good estimation of the speech intelligibility. It ranges from 1.00
(perfect speech intelligibility) to 0 (no intelligibility) [8]. The STI is one of the single-number
quantities in standard NEN-EN-ISO 3382-3 [5] that describes the acoustical performance of openplan offices. The tasks performance increases with decreasing speech intelligibly [7].
The STI depends on the speech-to-noise ratio (LSN) and on the Early Decay Time (EDT) [9] (Figure
1.1). The speech-to-noise ratio is the ratio of the total speech level (LS) and the total masking level
(background noise, LN). The Early Decay Time is the reverberation time starting at the initial drop
of 10 dB.

Figure 1.1 - Dependency of the STI on speech-tonoise ratio LSN and Early Decay Time (EDT) [46].
Graph is only valid when the shapes of speech and
background spectra are equal and reverberation time
is independent of frequency.
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In general, the acoustical quality of open-plan offices can be controlled by three factors; 1) room
absorption, which prevents reverberation and early reflections, 2) screens, which cut the direct
sound, and 3) sound masking, providing a constant sound level that masks speech from nearby
workstations [9]. This research focusses on the second option, with the addition of vegetation,
since indoor vegetation and the application of vegetation on screens can have some positive effects
on people and the indoor environment [10–14].
Screens cut the direct sound (speech). Consequently, the speech-to-noise ratio and subsequently
the STI decreases due to a lower speech level (Ls). In addition, a part of the sound energy, included
early reflections, will be absorbed by the vegetation of the screen and the EDT will be influenced.
Figure 1.1 illustrates an increasing STI by a decreasing EDT, but this is only valid in a diffuse farfield situation [7]. A more complex situation appears in the near field, especially in the field near
the screens.
1.2.
Objective and research question
Internal vegetation screens have the potential to establish a good (acoustic) environment in
OPWE’s. Such environments should be created in the design stage of a project and the influence
of vegetation screens on the acoustic quality should be known. A (computer) simulation model can
be used to obtain the acoustical quantities of OPWE’s. Unfortunately, in literature no information
is found related to the acoustic properties of internal (vegetation) screens and the application of
IVSs in OPWE’s [14]. Therefore the objective of this research is to determine the absorption and
transmission properties of internal vegetation screens, which can be used for predicting the
acoustical performance of IVSs in an open-plan work environment. This can be formulated to the
following research question:
What are the absorption and transmission properties of internal vegetation screens,
which can be used in an acoustical model?
1.3.
Process and thesis structure
A literature review forms the foundation for the determination of the acoustical properties
(absorption and transmission) and is conducted in [14]. In this document the research question and
the applicable measuring methods is determined (see Figure 1.2). The acoustical quantities obtained
by simulations will be compared with measurements that are conducted in laboratory conditions.
With these comparison the optimization process can be started in order to obtain agreement of the
simulation with the measurement. In the next step, the optimized model is compared with a casestudy of an real open-plan work environment. In this comparison the difference between
laboratory conditions and a ‘real’ situation can be distinguished. Finally, at the end of this research
the conclusion and the discussion is drawn.
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literature study

formulate research
question
find applicable
measuring method

measuring IVS

simulating IVS
laboratory conditions

comparison
measuring and
simulation OPWE

field conditions

discussion &
conclusions
Figure 1.2 - structure and method of the research

This thesis is divided into seven chapters. First, chapter 1 (this chapter) describes the problem and
the research question is formulated. Secondly, in chapter 2 and 3 the concerning theory and
literature is described. In chapter 4 all methods are addressed. In addition, chapter 5 describes the
results from the methods. In the last two chapter, chapters 6 and 7, the conclusions are drawn and
some further research is discussed.
In addition, in the main three chapters, chapters 4, 5 and 6, the following structure can be found:
I.
determination of the absorption properties
reverberation room measurement and simulation
II.
determination of the transmission properties
semi free-field measurement and simulation
III.
case-study: acoustical model
measurement and simulation

4

2.

Theory

In this chapter the theory behind the acoustical properties of internal vegetation screens, like
absorption and transmission is described. The starting point is the propagation of a sound wave in
an acoustic medium like air, discussed in paragraph 2.1. Secondly, paragraph 2.2 explains the
phenomenon when sound hits a surface, the absorption coefficient is defined and transmission is
explained.
2.1.
Propagation of a sound wave
A plane wave can propagate in an acoustic medium in a certain direction, for example direction r.
The pressure (p) of this plane wave is time and direction dependent. The complex notation of the
pressure is given in equation 2.1 [15].
p(t, r)  Ke j( t kr )

(

2.1

)

The pressure (p) depends on a constant related to the magnitude of the wave (K), the wavenumber
(k, k={kx, ky, kz}), the time (t), location (r, r={x, y, z,}) and the angular frequency (). The angular
frequency is defined as 2f or kc, where f is the frequency and c the speed of sound in the medium.
The particle velocity (), given in equation 2.2, is related to the pressure [15]. As well as the pressure,
the particle velocity is time and location dependent.
(t, r) 

K j( t kr )
e
c

(

2.2

)

In this equation,  is the density and c is the speed of the sound of the medium. The ratio of the
sound pressure to the particle velocity is the characteristic acoustic impedance of the medium and
given in equation 2.3.
Zc 


 c c
r

(

2.3

)

The characteristic impedance depends on frequency and is defined as the resistance of the material
to a sound wave. Consequently, this quantity is important when calculating the transmission of
acoustic waves within and between different acoustic media. The characteristic impedance of air is
denoted as Z0 and is c. At 20°C, with normal pressure, the acoustic impedance of air has a value
of 416 Ns/m3.
Some books and papers use admittance instead of impedance. The admittance () is the reciprocal
of the impedance (1/Zc) [15,16].
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2.2.
Sound wave hitting a surface
In the previous section a sound wave in an acoustic medium is described. In this section the
acoustic quantities and equations are given in case a sound wave hits a surface. Starting with the
surface impedance of the medium which help us to derive the absorption coefficient.
The surface impedance of a material is the characteristic impedance close to the surface, at x=0
(see Figure 2.1) and is given in equation 2.4.
  
Zs   
  x x 0

(

2.4

)

Assume a plane wave travels through a medium, like air, and hits a second medium at a given angle
(see Figure 2.1). The incident sound wave will be reflected or transmitted due to the different
material properties of the medium, like density and the speed of sound. Because of the continuity
of pressure, the summation of the incident pressure and the reflected pressure is equal to the
transmitted pressure and depends on the angle of incidence. The ratio of the reflected and the
incident pressure measured at the interface between the two media is expressed in the reflection
factor (or pressure reflection coefficient) and is closely related to the surface impedance. The
reflection factor (R) is given in equation 2.5 [16] and only valid for planar waves [17].
R(  ) 

Zs cos(  )  Z0 cos( )
Zs cos(  )  Z0 cos( )

(

layer 0
k, z

2.5

)

layer 1
k1, z1
incident

transmitted

reflected

y
x=0 x
Figure 2.1 - sound hitting a surface [15]
(incident sound wave (ψ), reflected sound
wave (θ) and transmitted sound wave (φ))

Here, ψ is the angle of the incidence sound wave. The reflection coefficient contains information
about the magnitude and phase of the reflected wave.
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The absorption coefficient is a ratio of the absorbed and incident energy [15] and given in equation
2.6.
(  )  1  R

2

(

2.6

)

Figure 2.1 and this paragraph describes a sound wave hitting a surface and assumes that the wave
is reflected or absorbed. In the case of a finite thickness of the wall, a part of the energy of the
sound wave will be transmitted. Consequently, the absorption coefficient in equation 2.6 includes
absorption and transmission.
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3.

State of the art vegetation and internal screens

As discussed in chapter 1 the combination of vegetation and internal screens is unique. No research
has been conducted in the field of the acoustical properties of internal vegetation screens and
therefore this research focusses on absorption and transmission properties of IVS .
Apart from the acoustical properties of IVS, vegetation and the application of vegetation in the
built environment is investigated in many papers. This chapter describes briefly the acoustical
properties of vegetation, like leafs, plants, foliage and soil. In addition, green roofs and green walls
are discussed, which are the applications of vegetation in the built environment. The focus of this
chapter is on the transmission and the absorption properties of the above described subjects.
3.1.
Absorption of soil
The absorption properties of vegetation and soil can be divided into the random incidence sound
absorption coefficient and the normal incidence sound absorption coefficient and are measured
respectively according to the ISO 354 [4] standard and to ISO 10534 standard [20,21].
Starting with the normal incidence sound absorption coefficient of soil. The main characteristics
that determine the absorptive behavior of soil are the porosity and the flow resistivity. A relation
between porosity and the normal incidence sound absorption coefficient is found in the work of
[22]; high-density clay based soil with an estimated porosity of 0.39 has a lower absorption
coefficient at all frequencies compared to low-density soil substratum, which has an estimated
porosity of 0.76. This relation is strengthened by the work of [23], which shows an increasing
average absorption coefficient, with increasing porosity.
Furthermore, different papers show a direct relation between the soil depth, soil compactness and
the moisture content. A negative association is found between the soil compaction and the
moisture content of soil in the work of [23,24]. The absorption coefficient decreases in both causes
due to a reduction of the porosity. This behavior can be extended to the soil depth; increasing the
soil depth leads to lower absorption coefficient at high frequencies due to soil compaction.
However, in the low frequencies the absorption coefficient increases because the energy of the
sound wave can be reduced at a larger wavelength. Furthermore, in the work of [24] the first
resonance frequency decreased with increasing soil depth.
Absolute values of the normal incidence sound absorption coefficient of soil depends on the
composition (porosity, flow resistivity and compactness), water content and soil depth.
Focusing on the random incidence sound absorption coefficient of soil show the same tendency
compared to normal incidence sound absorption [24–26]. Increasing the soil depth shows
increasing values of the absorption coefficient in the low- and mid-frequencies. This coefficient
decreases at high frequencies by increasing soil depth due to compaction. However, these
increasing and decreasing values of absorption coefficient depends on the porosity and flow
resistivity; in the work of [27] the differences between the soil depths are small due to low porosity
and permeability which makes the acoustic penetration very small.
Furthermore, increasing the moisture content leads to significant lower values in absorption in the
whole frequency range due to the reduced porosity and the effective pore size.

8

3.2.
Absorption of vegetation (and combination with soil)
Like the absorption properties of soil, absorption of vegetation can be divided into normal
incidence sound absorption and random incidence sound absorption.
In the work of [22] a series of low growing plants are investigated and the effect of leaf morphology
and area on the normal incidence sound absorption is determined. The results of the measurements
show that plants are able to absorb a considerable proportion of the energy of the incident sound
wave. The plant ‘winter Primula vulgaris’ shows an absorption coefficient of 0.6 in the frequency
range between the 700 Hz and 900 Hz. The absorption coefficient is related to the total leaf area
of the plant; higher leaf area ensures higher (normal incidence) absorption coefficients.
The combination of vegetation with soil, which is discussed in previous paragraph, show that
vegetation on a high-density clay based soil can increase the absorption coefficient significant
across a broad frequency band. Like without soil, the increasing absorption coefficient depends on
the leaf area density of the plant. However, the combination of vegetation on a low-density soil
substratum, which has high absorption coefficients, show a relative small effect of vegetation in
the (total) absorption coefficient. Only the ‘winter Primula vulgaris’ shows a significant increase in
absorption below the 400 Hz.
The investigated plant species in the work of [28] are Boston Fern and Baby Tears, which are
normally used for indoor application in green walls. The normal incidence sound absorption is
measured with and without substrate. The substrate is a low density soil, consisting of 70% coconut
fibers and 30% expanded perlite. The results show that the Boston Fern and the Baby Tears
without soil have an increasing absorption coefficient over the frequency range from 100 to 1600
Hz. The maximum coefficient of Boston Fern is 0.3 around the 1600 Hz and Baby Tears show a
maximum coefficient of 0.2 at 1600 Hz. With soil, the absorption coefficient of both plants
increases significant, but show the same tendency. Values of 0.9 are reached for both plants around
the 1600 Hz.
The random-incidence coefficient of different levels of soil vegetation coverage is investigated in
the work of [25]. Eight plant species used in urban planting and landscaping schemes are used and
added jointly on 200 mm topsoil. Six levels of vegetation coverage are measured in order to examine
the effect on the random-incidence sound absorption coefficient. The results show that with
increasing vegetation coverage, the absorption coefficient increased by about 0.2 at the low and
mid frequencies. According to the authors this can be explained by the viscous friction losses and
the inertia effects of vegetation. However, the absorption coefficient decreases by about 0.1 with
increasing coverage at frequencies above the 2000 Hz. At this frequency the increased coverage
and increased leaf surface area causes more reflection.
In addition, the authors conducted research on the absorption coefficient of only above-ground
components like leaves and stems. Buxus (Buxus Sempervirens), Holly (Ilex aquifolium) and Ivy
(Hedera Helix) are analyzed because of the different size of their leaves. The root ball and soil were
excluded from the measurements by submerging the plants pots in water. Like the soil vegetation
coverage, six steps of vegetation coverage for Buxus and Holly and three steps of thickness for the
Ivy were considered.
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The results of the measurements show a maximum absorption coefficient of 0.2 for the Buxus and
Holly with a 100% vegetation coverage at 5000 Hz. A slight increase over the frequency range is
noticeable for both species. Furthermore, the absorption coefficient increases with increasing
vegetation coverage. In contrast to Buxus and Holly, Ivy has higher absorption coefficients above
the 630 Hz. The maximum absorption coefficient is 0.49 at 5000 Hz with the maximum vegetation
coverage. This difference can be possibly explained by the larger size and amount of leaves. As well
as Buxus and Holly, Ivy show an increasing absorption coefficient with increasing frequency.
The work of [26] shows agreement with above described research of soil vegetation coverage. The
authors conducted research on the combination of eight plants species with six steps of vegetation
coverage. The maximum coverage is 100% and consists of 264 plants on 10 m2. Besides that a
coverage of 80-, 60-, 40-, 20- and 0 percent is investigated. The results show an increasing
absorption coefficient with increasing coverage below the 2000 Hz. For frequencies above the 2000
Hz, the absorption coefficient decreased with increasing vegetation coverage. The authors of this
research do not explain this behavior, but it is probably caused by the increased leaf surface area
which increases reflection.
3.3.
Application of vegetation in the built environment
The acoustical properties of vegetation can be used for elements in the built environment, like
green walls and green roofs. In this paragraph the transmission and absorption properties of green
walls are briefly described, because green walls are most relevant in this study.
The absorption properties (random incidence sound absorption) of green walls are investigated by
[25]. The investigated green wall consist of a modular system of galvanized steel frames. In the steel
mesh, geotextile linings are placed which hold the substrate. The substrate contains coconut fibers
with perlite and a water-retaining polymer. Five horizontal drip pipes embedded in the substrate
provide irrigation in the green wall. The wall has a total thickness of 200 millimeter and in this
research the wall has no vegetation. Several moisture contents of the green wall were investigated
during the experiments. The results show a relative stable absorption coefficient over the frequency
range compared to the results of topsoil, described in paragraph 3.1. Furthermore increasing the
moisture content leads to lower absorption coefficients, but the reduction is significant lower
compared to ‘normal’ topsoil due to water-retaining polymer used in the substrate. This polymer
is able to absorb water while keeping a considerable level of porosity.
Another green wall, a module-based green wall developed by [29], is investigated by [30]. This
modular-based system is precultivated and is based on recycled polyethylene modules which is 600
millimeters wide, 400 millimeters high and 80 millimeters thick. In these closed modules a coconut
fiber substrate is placed. In this research Helichrysum thianschanicum specie was used as
vegetation. The authors investigated the acoustic insulation (sound reduction index, R) and the
random incidence sound absorption coefficient of the modules with vegetation. The results of the
insulation show a relative constant sound reduction index. The sound insulation of the green wall
shows lower values over the frequency compared with construction elements like thermal double
glazing, 100 millimeter brick and 215 millimeter lightweight aggregate block. An explanation can
be found in the connection between the elements and the mass of the green wall, which is 50 kg/m2
10

and this is lower compared to the brick wall (200 kg/m2) and the lightweight aggregate block (280
kg/m2).
In addition 42 modular cultivation units are combined in order to measure the random sound
absorption coefficient of the green wall. The test specimen was built with an air chamber of 120
millimeters which make the test comparable with a real situation where the test specimen is place
on a building façade. The results show a constant absorption coefficient between the 0.35 and 0.51.
The results from [25] shows a higher constant absorption coefficient, but according to the author,
this is due the different typology of the wall and because [25] measured the green wall without
vegetation.
The authors of [31] compared the acoustic insulation of a green wall with a green façade. The green
wall is already described and investigated by [29,30]. Although, the authors used two plants species,
Rosmarinus officinalis and Helichrysum, instead of one. The investigated double-skin green façade
consist of a 2 millimeter wire mesh. This mesh is located parallel- and 25 centimeter in front of
wall and support the plant species Boston Ivy (Parthenocissus Tricuspidata). Both vertical greenery
systems (VGS) are placed to a cubicle which has a thickness of 30 centimeters. The measurements
are conducted according to ISO 140-5. Both vertical greenery systems are measured with and
without foliage.
The results (standardized difference of levels, D2m,nT) show a similar pattern of insulation capacity
in all cases. First a peak around 800 Hz can be found, caused by the absorption effect of the
substrate. Secondly, a reduction around 2000 Hz is visible due to the focusing effect of the vertical
greenery systems. At last an improvement in insulation above 2000 Hz can be seen due to
scattering. The difference between the green wall and green façade is clearly visible: the green wall
shows a stable acoustic insulation capacity over the frequency range, where the green façade has a
more irregular pattern. This applies for with and without vegetation of both VGS. However, the
mean value of acoustic insulation for both VGS do not differ significantly.
Furthermore, the systems show a different behavior with and without vegetation. The green wall
show an improvement in insulation with vegetation over almost the entire frequency range,
especially in the high frequencies. This phenomenon is already explained in this chapter. The green
façade shows more variability throughout the frequency range, but a significant improvement can
be found in frequencies above the 2000 Hz.
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4.

Method

The research question is to determine the absorption and transmission properties of internal
vegetation screens, which can be used in an acoustical model. Therefore, screens are measured and
simulated (see paragraph 1.3). The acoustical quantities obtained by the simulations are compared
with measurements. With this comparison an optimization process is conducted. Finally, the
optimized model is compared with a case-study of an real open-plan study environment.
In this chapter the applied method for the determination of the absorption and transmission
properties, by performing measurements and simulations, is described. First, the general research
method is described in paragraph 4.1. In this paragraph the investigated screens are addressed, the
used acoustical simulation programs are discussed and the frequency domain is established.
Secondly, the measurement and simulation methods for obtaining the absorption properties of
IVSs are described in paragraph 4.2. Third, paragraph 4.3 discusses the procedure for obtaining the
transmission properties by means of measurement and simulation methods. Finally, the
measurement and simulation methods for the case-study are described in paragraph 4.4.
4.1.
General method
The general method describes the investigated internal vegetation screens, the used acoustical
simulation programs and the frequency spectrum.
4.1.1. Screens
The investigated internal vegetation screens are a screen with moss (called ‘moss screen’) and a
screen with leaves (called ‘leaves screen’). The moss screen is manufactured and supplied by
Ambius and the leaves screen is manufactured by Mobilane and supplied by Ambius. The
dimension of both screens are displayed in Table 4.1. A cross section can be found in Figure 4.3
and Figure 4.4.
Table 4.1 – dimensions and properties internal vegetation screens

IVS
leaves screen
moss screen

length [mm]
1120
1800

height [mm]
1740
1700

* (extra) width of the vegetation

12

width [mm]
145
50 (+40*)

vegetated surface [%]
40.3
88.4

Figure 4.1 - leaves screen (photo: Mobilane)

Figure 4.2 – moss screen (photo: moswand.eu)

160

irrigation system

397

leaves screens
The basis of the leaves screen is a metal frame that stands on a fixed pedestal (see Figure 4.1, Figure
4.3 and Figure app. III). Inside the metal frame, six cassettes with soil can be placed at each side of
the screen. An example of these cassettes can be found in Figure app. I in Appendix A. In one
cassette, twelve plants can be placed. Furthermore, these cassettes consist of expanded polystyrene
(EPS) and are clicked in the metal frame and provide a closed system without cracks and holes (see
Figure app. II in Appendix A ). In the soil different living plant species can grow but in this research
the single plant specie “Philodendron Scandens” is used. This plant needs water every four weeks and
is provided by an irrigation system in the leaves screen.

polystyrene cassette
w ith soil

397

95

water reservoir
vegetation
(placed in cassette)

55

200

396

95

metal frame

160

800

160

145

50

Figure 4.3 – front view and cross section leaves screen (dimensions in millimeter)

metal frame
oriented strand
board (OSB)

13

1600

moss with
glycerin

397

polystyrene cassette
w ith soil

95

water reservoir
vegetation
(placed in cassette)

55

200

396

95

397

moss screen
The frame of the moss screen consist of anodized aluminium (see Figure 4.2 and Figure 4.4). Inside
this frame an oriented strand board (OSB) is mounted. At each side of thismetal
board
moss (processed
frame
and not living) is stapled against the board. The thickness of the moss is around the 20 millimeters.
The moss that is used for the screens is the ‘Cladonia stellaris’ specie and grows in Norway. During
the harvest and the production process, no resources are used which can damage the (surrounding)
nature. During the production process the moss is prepared with glycerin for a protective layer.
This layer is fire retardant and ensures an elastic and dirt resistant moss, which can be used for at
least 5 years.
800

160

145

metal frame

50

160

oriented strand
board (OSB)

120 50

1600

moss with
glycerin

50

1700

50

20 50 20

Figure 4.4 - front view and cross section moss screen (dimensions in millimeter)
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4.1.2. Acoustic simulation programs
Measurements and simulations in acoustical programs are the basis for the determination of the
absorption and transmission properties of internal vegetation screens for prediction the acoustical
performance of those screens an OPWE in the design stage. Therefore, this paragraph describes
the used simulation programs and the advantage and disadvantages. First, both programs are
described and secondly a more comprehensive description of the calculations is given. At last, the
method of diffraction in the used programs is explained. An extensive description of the used
programs is necessarily for understanding and interpreting the results in chapter 5.
Used software programs
Several programs are available to simulate room acoustics. The main programs are based on
geometrical acoustics (GA) or wave based models [32].
The two basis models of geometrical acoustics are ray tracing and image sources. Image sources
are geometrically constructed sources which correspond to specular paths of sound rays. Ray
tracing describes a stochastic process of particle radiation and detection [32]. Hybrid models
combine the advantages of both models. However, the main disadvantage of geometrical acoustic
is that wave-based phenomena, like reflection (not flat, large or homogeneous surfaces),
interference, refraction and diffraction, cannot be modelled. These phenomena are taken into
account by different equations, but are always simplifications. Consequently, geometrical acoustics
has a large deviation in low frequencies. At low frequencies, the wavelength is large and
consequently, wave phenomena is of greater importance compared to high frequencies. Therefore,
geometrical acoustics only show reliable results at high frequencies.
In the work of [32] a distinction is made between wave-based frequency domain models and wavebased time domain models. In frequency domain models a stationary transfer function is used for
an analysis with respect to the frequency. This transfer function can be solved with numerical
methods and by spatial discretization. However, the quality of a room is, most of the time,
determined by the impulse response and wave-based time domain models are more logical. An
example of a time domain model is the finite difference time domain model (FDTD). Sound
propagation in this model is considered as wave transfer through delay networks. The main
disadvantage of wave-based models is that solving the equation is time-consuming and has high
computational cost. Furthermore, the relevance of wave models above the Schroeder frequency
should be discussed since wave-based phenomena at high frequencies have less influence on the
results.
In this thesis geometrical acoustic models CATT-Acoustic and Odeon are used since the most
important frequencies for IVS to establish more sound privacy is in the frequency range of 250 Hz
to 8000 Hz. The specifications of both programs can be found in Table 4.2.
Table 4.2 - version CATT-Acoustic and Odeon

program
CATT-Acoustic
Odeon

version
v9.0c (build 3.01)
TUCT v1.1a:1
12.14 Combined
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Calculations Odeon
The calculation in Odeon can be divided into a receiver independent part and a receiver dependent
part. The aim of the receiver independent part is to find the virtual sources that radiate energy into
the room. A subdivision can be made in an early part, which is based on the image source method,
and a late part, which is based on secondary sources. The image source method is used for the
number of reflection as is equal to the transition order. In the late part of the receiver independent
simulations, late rays are emitted into the room and reflected according to the vector based
scattering method. Above the transition order, at each reflection point of a ray, a secondary source
is generated.
In the receiver dependent part of the simulations, Odeon checks if the reflections are visible from
the receiver. In the early part of the receiver dependent calculation, each image that is visible from
the receiver is added to the reflectogram and split into a specular- and a scattered contribution. In
the scattered contribution secondary sources provide a realistic calculation of early scattering. In
the late part of the receiver dependent part of the calculation, Odeon checks if the secondary source
is visible and determines the contribution of the source. An overview of the calculation in Odeon
can be found in Appendix D.
incident

specular (weight: 1-s)
resulting
scattered (weight: s)

Figure 4.5 - vector based scattering [14,33]

As mentioned before, Odeon uses a vector based scattering method for scattering of acoustic
energy at the surface of a scattering object. This method is used because of the implementation of
scattering in a ray tracing algorithm [33]. The reflected ray in this method is divided into a specular
vector, which has a direction calculated according to Snell’s law and a diffuse vector, which has a
direction calculated as determined according to Lambert’s Law [16]. The diffuse ray is multiplied
by the scattering coefficient, which represents the energy of the diffuse reflection. The specular
vector is multiplied by a factor (1 – scattering coefficient) which represent the specular energy. The
direction of the reflected ray is the sum of the specular vector and the diffuse vector (Figure 4.5).
In Odeon the vector based scattering method is combined with scattering due to diffraction into
the reflection based scattering coefficient.
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Calculation CATT-acoustic
CATT-Acoustic can model the direct sound, first-order specular and diffuse reflection and secondorder specular reflection deterministically with a hybrid cone-tracing and image-source approach
[27]. This approach is called the Random Tail-corrected Cone-Tracing (RTC-II).
In this approach discrete reflections are generated by an image-source method. In the early part
(up to 1 millisecond) the number of reflections increases significantly since the number of image
sources increases exponentially. Energy in the late part depends on the post-processing process.
For numerical prediction the energy in the late part is corrected using extrapolation. For binaural
post-processing, the energy in the late part is calculated by using a simplified rectangular room
derived from the actual room where the reflections are recreated by statistical regeneration.
Diffuse reflections of orders greater than 1 are modelled by generating a random number between
0 and 1 for each reflection. Each surface in the model has a scattering coefficient. If the random
number is lower than the scattering coefficient of the surface, the ray direction is determined
according to Lambert’s law. This method is partly in agreement with the vector based scattering
method used by Odeon. If the random number is higher than the scattering coefficient of the
surface, the reflection is considered specular. A number of elementary sources are created on each
diffusing surface for diffuse reflections with an order equal to one. Power is radiated from the
elementary sources according to Lambert’s Law and is proportional to s(1-α). s is the scattering
coefficient and α is the absorption coefficient of the surface. An overview of the calculations in
CATT-Acoustic can be found in Appendix D.
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Diffraction in geometrical acoustics (GA) and a analytical model
Due to the small size of both investigated IVSs, diffraction has an important role in the semi freefield simulation and measurement. Both programs handle diffraction in a different way. In this part
a brief overview of diffraction in Odeon and CATT-Acoustic is given.
Odeon uses the screen formula’s as defined by Pierce [3]. If the receiver is not visible by the sound
source, Odeon will detect a one- or two point diffraction path and calculate the contribution of
diffraction in the impulse response. Only the shortest diffraction path-length in taken into account
in the simulations. This diffraction path is detected in the following way: a ray is sent from the
source to the receiver and from the receiver to the source. In both ways a surface can be hit and
the shortest path around this surface (or two surfaces) is calculated.
According to the author of CATT-Acoustic screen formulas have some well-known limitations like
finite edges, source and receiver that are near to edges, directivity of the source and source and
receiver that are not placed in the shadow zone. Therefore CATT-Acoustic uses a secondary edgesource method (SES) based on a discrete Huygens interpretation of Biot-Tolstoy [34].

principle
R1
S

schematic IRs
ES (edge source)

direct
hR1
indirect

R2

t

hR2
edge IR
t

edge IR

ES distance < 3.6 mm

Figure 4.6 - secondary edge-sources (SES) method R1 is a receiver in the illuminated zone and R2 a receiver
in the shadow zone [34]

The principle of the SES method can be seen in Figure 4.6. This method is based on elementary
secondary edge-sources (ES). An edge of one meter can have more than 250 ES. Each ES has a
directivity that depends on the location of the ES relative to the position of the source and receiver
and each ES depends on the edge wedge angle. At the receiver all contributions of ESs are summed
up and an edge impulse response (IR) is created. Note that for receiver one this energy is negative
and for receiver two positive since the edge impulse response is part of the energy received in
receiver two.
Some acoustic phenomena are excluded in the original SES formulation, but CATT-Acoustic has
included these phenomena to increase its accuracy. Examples of the phenomena are source
directivity, wall absorption, surface scattering for specular diffraction combinations, receiver
directivity and air absorption. According to the authors of [34] the SES method is significantly
more accurate compared to screen formulas. However, the exact procedure of constructing the
edge-sources and in general the SES method is not described by the authors of CATT-acoustic.
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4.1.3. Frequency domain
The research question is related to the absorption and transmission properties of IVSs which can
be used in the acoustical simulation models CATT-Acoustic and Odeon. Generally acoustical
models uses absorption and transmission values between the 63- and 8000 Hz and in this research
absorption coefficient and transmission indexes of a similar frequency domain are provided. On
the other hand, the aim of IVSs is to establish a good (acoustic) environment in OPWE’s, by
ensuring more speech privacy and less distraction from other office workers (see chapter 1).
Therefore it is important to elaborate the frequency spectrum of speech and hearing.
Figure 4.7 illustrates the sound power level for different vocal efforts at different frequencies. As
can be seen all vocal efforts have a maximum sound power level between 500 Hz and 1000 Hz.
The sound power level decreases in the low and high frequencies. This figure can be compared
with Figure 4.8, which shows the normal equal loudness-level contours for pure tones. These
figures indicate that the human ear can hear sounds between the 16 hz and 16000 Hz and is most
sensible for frequencies between the 500 Hz and 8000 Hz. As a result, the most important
frequencies for IVSs to establish more sound privacy is in the frequency range of 250 Hz to 8000
Hz.
130
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Figure 4.7 - speech spectra in octave bands for
different vocal effort (SPL at 1 m in front of the
mouth) [47]
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Frequency (Hz)

4000

16000

Figure 4.8 - normal equal-loudness-level contours
for pure tones (18-25 year, binaural free-field
listening, frontal incidence) [48]
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4.2.
Reverberation room: absorption properties
This paragraph describes the measurement and the simulation of the absorption coefficient of the
IVSs in the reverberation room. The measurement method can be found in paragraph 4.2.1 and
the simulation method is described in paragraph 4.4.2.
4.2.1. Measurement
Measurement method
The absorption properties of the internal vegetation screens are measured in a reverberation room
using a similar procedure as described in the NEN-EN-ISO 354 standard [4]. This procedure is
based on measuring the reverberation time in a reverberation room with and without the presence
of an internal vegetation screen. From the reverberation time the equivalent sound absorption area
and absorption coefficient can be calculated using Sabine’s equation (see equation 4.1).
A

55.3V
 4Vm p
cT

(

4.1

)

Here, A is the equivalent sound absorption area that is measured with- and without the internal
vegetation screen. V is the volume of the reverberation room and c is the propagation speed of
sound in air which depends on the temperature and T is the reverberation time. Furthermore, mp
is the power attenuation coefficient, which can be calculated according to the ISO 9613-1 standard
and depends on the temperature, relative humidity and pressure. This is a correction for the sound
absorption of air. With equation 4.1 the equivalent sound absorption of an empty reverberation
room (Aempty) and with an internal vegetation screen (Afull) can be determined. The difference
between absorbing area’s gives the equivalent sound absorption area of the internal vegetation
screen (AIVS) (see equation 4.2).
A IVS  Afull  A empty

(

4.2

)

In addition, the absorption coefficient of a plane absorber can be calculated with equation 4.3. Due
to the presence of vegetation in the screens, the screen is not a plane absorber and therefore the
absorption coefficient calculated according to 4.3 is not valid. This research assumes that the
surface of vegetation is a vertical area in front of the scree resulting in an object based absorption
coefficient for the entire object.
s 

A IVS
S

(

4.3

)

The reverberation time is measured with two sound source positions, three microphone positions
and in case of the measurement with screens; 3 object positions. As well as both vegetation screens,
a blue cork screen is measured for a comparison. Furthermore a MLS signal of 10.9 seconds is
used, measured with Dirac 6.
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Geometry and materialization
The used measurement room is located in the Echo building of Eindhoven University of
Technology. A floor plan and two side views are displayed in Figure 4.9. This measurement room
is part of three transmission rooms connected by apertures, but it can also be used for reverberation
experiments. The reverberation room has a volume of 90.42 m3, which is smaller than the required
value of 150 m3 in the NEN-EN-ISO 354 standard. Therefore the measurements are only valid for
frequencies above 500 Hz (see the results in paragraph 5.1.1).
The south, west and north wall and the ceiling (see Figure 4.9) consist of smooth painted concrete.
The room is accessible by a steel door located in the south wall. Furthermore, the room has a
smooth unfinished concrete floor. The east wall separates two transmission rooms and consists of
white painted limestone blocks. During the experiments, a MDF E-1 panel of 12 millimeters is
used to close the aperture that connects the transmission rooms. In order to provide a diffuse field
in the measurement room, diffusers are placed at the ceiling.
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Figure 4.9 - floor plan and side views of measurement room located in Echo (taken from [35], adapted)
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Source, receiver and object position
The source, receiver and object positions are displayed in Figure 4.10. in accordance to the NENEN-ISO 354 standard [4], the three microphones are at least 1.5 meter apart and 2 meter from the
sound source (left figure). The two sources are more than 3.5 meter apart, to fulfill the requirement
of a minimum of 3 meters. The IVSs (test specimens) are at least 1 meter apart from the receivers
(right figure). In total 3 object positions are measured which leads to 18 independent decay curves.
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Figure 4.10 - left: source and receiver positions, right: location object

Measurement equipment and condition
Table 4.3 shows the measurement equipment as used for the measurement and for the postprocessing part.
Table 4.3 - measurement equipment

description
laptop
software
sound source 1
sound source 2
microphone
microphone amplifier
power amplifier
USB audio interface
RH/T sensor

manufacturer
Toshiba
Bruël and Kjær
Acoustics Engineering
Acoustics Engineering
Bruël and Kjær
Bruël and Kjær
Acoustics Engineering
Acoustics Engineering
Vaisala
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type
Satellite
Dirac 6
Pyrite
Pyrite
4189
2671
Amphion
Triton
HMP233
A2B0A2EE12F1A3B

ID
LvA_Tosh2/4
7841
0203
0202
2707363
2715520
0101
03300353
U0320003

During the measurements the temperature fluctuates between the 22.1 and 22.2 °C and the relative
humidity has fluctuated from 52.7 to 53.4 (see Table 4.4). The influence of the temperature and
relative humidity have been taken into account for the calculation of the equivalent sound
absorption area in the simulations. This is displayed in the results (see paragraph 5.1.1.).
Table 4.4 - measurement conditions

condition
temperature (°C)
relative humidity (%)

22.1 - 22.2
52.7-53.4
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4.2.2. Simulation
Simulation method
Paragraph 4.2.1 describes the measurement procedure to obtain the equivalent sound absorption
area of the vegetation screens is described. The value is an object based equivalent sound
absorption area expressed in m2, without knowledge about the individual absorption coefficients
of the separated materials of which the screen is made. With help of simulations in Odeon and
CATT-Acoustic, the absorption coefficients of the individual materials can be derived or estimated.
measurement

simulation

value
metal

A (m 2)

match
vegetation
F (Hz)

Figure 4.11 - simulation method (the leaves screen is an example, the moss screen has another structure)

The simulation method can be seen in Figure 4.11. The ‘measurement part’ on the left side of the
figure is described in paragraph 4.2.1 and with equation 4.1 the equivalent sound absorption area
can be calculated. Two steps are required to obtain the absorption coefficients of the materials
(metal frame and vegetation): first an empty reverberation room is simulated, compared and
matched with the equivalent sound absorption area of the measurement. It is not necessary to find
the perfect match of the empty reverberation room since the equivalent sound absorption area of
the screen is independent of the equivalent sound absorption area of the reverberation room (see
equation 4.2). Second, the reverberation room with vegetation screen is simulated and the
equivalent sound absorption area of the screen (without the reverberation room) is matched with
the measurement. The unknown parameter is the absorption coefficient of the individual materials
of the screen. Therefore the ‘perfect’ match can be obtained by finding the right absorption
coefficient of the vegetation and the metal frame.
However, for the metal frame initial values of the absorption coefficient are derived from literature
due to the complex and manual matching process of two variables [36]. The metal frame surface
area of the moss screen is 11.4% and for the leaves screen 59.7%. Therefore the approximation of
the metal frame absorption coefficient of the moss screen is sufficient, but for the metal frame of
the leaves screen the absorption coefficient can/should be adapted to match the simulation with
the measurement.
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Furthermore, the definition of ‘perfect match’ is not yet given. No literature is found in the field
of the maximum acceptable difference of equivalent sound absorption area and absorption
coefficients of materials between a simulations and measurements. However, literature show that
for most acoustical parameters a difference of 5% is used [37]. Therefore a match between the
measurement and simulation which falls within a deviation of 5%, is assumed as ‘perfect’.
In paragraph 4.2.1 the measurement room for the measurement of the reverberation time is
described. The same procedure is applied to the simulation. However, two remarks should be
made. The first remark is that at low frequencies, below the 500 Hz, the used measurement room
cannot officially be used to determine the equivalent sound absorption area of the IVSs. The
volume of the measurement room is too small and standing waves occur. The influence of this
phenomenon is visibly in the results (paragraph 5.1.1). Nevertheless, the results are shown and an
error indication is given.
The second remark is that during the measurements several reflecting panels were present in the
room to enrich the diffuse field. These hard panels are for the reflection of sound and only a
negligibly part of the sound energy is absorbed. In energy-based models wave phenomena are not
included. Therefore a diffuse field is already created (if all other preconditions, like the number of
rays, are sufficient). Consequently, these reflector panels are not incorporated in the simulation
model.
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Input materialization in simulation: absorption and scattering
The work of Bobran and Nijland is used for the absorption coefficient of the materials used in the
reverberation room and can be found in Table 4.5 [36,38]. A few adjustments are made to match
the simulation with the measurement of the empty room.
Table 4.5 - absorption coefficient materials ECHO building used for the simulation

material
painted concrete
concrete
painted brick
plated steel
wooden plate

element
wall, ceiling
floor
wall
door
panel

63
0.010
0.010
0.020
0.011
0.006

125
0.010
0.010
0.020
0.059
0.004

250
0.010
0.010
0.030
0.020
0.280

frequency (Hz)
500
1000 2000
0.010 0.015 0.015
0.020 0.025 0.030
0.030 0.040 0.050
0.020 0.010 0.010
0.300 0.100 0.100

4000
0.015
0.040
0.050
0.010
0.100

8000
0.015
0.050
0.070
0.010
0.100

Scattering of acoustic energy at the surface, as defined by the scattering coefficient (see paragraph
4.1.2), will occur due to random surface roughness [33]. The scattering coefficient increases with
the frequency and is, due to the lack of knowledge about this phenomena determined by an
estimation. Scattering in Odeon and CATT-Acoustic is based on the depth of the structure.
Furthermore, both simulation programs uses frequency functions in order to take the frequency
dependent behavior of the scattering coefficient into account. The scattering coefficients used in
this research are based on guidelines given in [33,39]. This scattering coefficient can be seen in
Table 4.6.
Table 4.6 - scattering coefficient materials ECHO building for the simulation

Material
painted concrete (wall/ceiling)
concrete (floor)
painted brick (wall)
plated steel (door)
wooden plate (panel)

63
0
0
0
0
0

125
0.01
0.01
0.01
0.01
0.01

frequency (Hz)
250
500
1000
0.015 0.02 0.03
0.02 0.04 0.1
0.02 0.04 0.1
0.01 0.015 0.02
0.01 0.015 0.02

2000
0.04
0.2
0.2
0.03
0.03

4000
0.06
0.25
0.25
0.04
0.04

8000
0.1
0.3
0.3
0.05
0.05

The scattering coefficient of the IVSs are estimated as these are not addressed in literature. The
scattering properties of the screen are, similar to the scattering coefficients as displayed in Table
4.6 determined based on the depth of the structure [33]. These results are displayed in Table 4.7
Table 4.7 - scattering coefficient screens

Screen
moss screen (vegetation)
moss screen (screen)
leaves screen (vegetation)
leaves screen (screen)

63
0
0
0
0

125
0.01
0.01
0.02
0.01

frequency (Hz)
250
500
1000
0.03 0.15 0.35
0.01 0.015 0.02
0.08 0.30 0.52
0.01 0.015 0.02

2000
0.44
0.03
0.63
0.03

4000
0.48
0.04
0.67
0.04

8000
0.50
0.05
0.69
0.05

The moss screen has, compared to the leaves screen, a low scattering coefficient (Table 4.7). It
should be noted that moss has a lower ‘depth’ of the vegetation (20 mm) compared with the
vegetation depth of the leaves screen (100 mm) resulting in a lower scattering coefficient.
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Simulation values and simulation approach in Odeon
Table 4.8 shows the input parameters used in the simulations of Odeon.
Table 4.8 - input parameters Odeon

Variable
impulse response length
transition order
number of early rays
number of late rays
maximum reflection order

number
10,000
2
2000
16,000
2000

unit
(ms)
(-)
(rays)
(rays)
(-)

The impulse response length is the calculated length of the decay curve. The used simulation time
should be at least 2/3 of the longest reverberation time in order to determine the T30. It has been
found that the longest reverberation time is between 8 and 10 seconds at 63 Hz in the empty
reverberation room. Therefore an simulation time of 10,000 milliseconds is sufficient..
Furthermore, a transition order of 2, a number of early rays of 2000 and a number of 16,000 late
rays with a maximum reflection order of 2000 show satisfying results.
Simulation values and simulation approach in CATT-Acoustic
Table 4.9 shows the input parameters used in the simulations of CATT-Acoustic. As can be seen,
the same impulse response length is used. Different number of rays/cones is used compared to
Odeon because of the different method of CATT-Acoustic.
Table 4.9 - input parameters CATT-Acoustic

Variable
algorithm
number of rays/cones
echogram/impulse response
B-format order
Method

number
1
40,000
10,000
1
E

unit
(-)
(rays)
(ms)
(st)
(-)
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4.3.
Semi free-field: transmission properties
This paragraph describes the measurement and the simulation of the transmission properties of
the IVSs in the reverberation room. The measurement method can be found in paragraph 4.3.1
and the simulation method is described in paragraph 4.3.2.
4.3.1. Measurement
The determination of the transmission properties of internal vegetation screens broadly follows
the measurement procedure described in chapter 5 ‘sound insulation index measurements’ of the
CEN/TS 1793-5 standard [40]. The general principle is a sound source that emits a sound wave
towards the vegetation screen. This sound wave will be partly reflected, transmitted and diffracted
by the screen. Microphones are located behind the vegetation screen and receives only the
transmitted and diffracted sound. The measurement is repeated without the vegetation screen and
the direct free-field wave is acquired. With the measured sound pressure level of the direct freefield wave and the sound pressure level measured with the screen, the level difference is calculated.
According to the CEN/TS 1793-5 standard the measured screens should have a minimum
dimension of four by four meters. The internal vegetation screens are designed for indoor
application and therefore have smaller dimensions. Due to the smaller size, it is expected that
diffraction will be dominating over transmission, especially for low frequencies which can easily
bound around the screen. For this reason it is chosen to calculate the level difference instead of
the sound insulation index, mentioned in the CEN/TS 1793-5 standard. The level difference is
defined as the difference in magnitude between the direct field and the measurement with the
screen. The magnitude is calculated from the FFT of the impulse response and is the energy in
each frequency band.
Semi free-field measurement
The semi free-field measurements are conducted in a sports hall of the student sports center located
in Eindhoven, the Netherlands. This sports hall has a volume of approximately 8400 m3 and a floor
area of approximately 1200 m2 [41]. The dimension are 42.2 by 28.6 by 7 meters and due to the
large dimensions, a semi free-field is obtained. Reflections of the walls, ceiling and floor are present
in the impulse response. The reflections of the wall and the ceiling can be filtered out due to the
large path-length; the path-length of the direct- and diffracted sound is much shorter. However,
the reflection of the floor is equal or less than the path-length of the diffracted sound and will be
part of the impulse response. The floor reflection and the direct sound can be seen in Figure 4.12.
The impulse response is cut off after 30 milliseconds, only the magnitude of the direct sound,
ground reflection and diffraction is taken into account in the calculated level difference.
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Figure 4.12 - impulse response S1R1 in sports hall. The first peak is the direct sound, the second
is the reflection of the floor.

Source, receiver and object position
Figure 4.14 and Figure 4.13 show the location of the sound source and receivers positions during
the transmission measurements.
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Figure 4.14 – side-view source and receiver
positions. Blue indicates the moss screen and red
indicates the leaves screen
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Figure 4.13 - front-view source and receiver
positions

As can be seen in the figures, four sound source positions are used because the thickness of the
moss screen deviates from the leaves screen. Source position one and source position three are
located with a distance of one and two meters in front of the moss screen. Respectively, source
position two and four are located one and two meters in front of the leaves screen. Furthermore,
12 receiver positions are used. The first three receivers are located at 0.25 meter behind the screen.
The remaining receiver positions are placed 1.25, 2.25 and 3.25 meters behind the screen. However,
only the first three microphones are used to calculate the transmission of the screens. All other
receiver positions are used to validate the measurement and the simulations.
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Measurement equipment and condition
Table 4.10 shows the equipment which is used for the measurement and for the post-processing
part for the free-field measurement.
Table 4.10 - measurement equipment free-field measurement

description
laptop
software
microphone
microphone amplifier
USB audio interface
sound (speech) source

manufacturer
Toshiba
Bruël and Kjær
Bruël and Kjær
Bruël and Kjær
Acoustics Engineering
Acoustics Engineering

type
Satellite
Dirac 6
4189
2671
ICP Triton
4720

ID/SN
LvA_Tosh2/4
7841
2707363
2652959
03300353
0010050

The ECHO sound source, produced by Acoustics Engineering, has the directivity of a human
speaker. The ECHO sound source has a stimulus sound pressure level of 72 dB at one meter
distance. The signal that is used by this source is MLS (pink noise), as this is common for STI
measurements. The signal has a flat spectrum over the frequency range of 125 Hz and 8000 Hz.
The temperature and relative humidity can be seen in Table 4.11.
Table 4.11 - measurement conditions

condition
temperature (°C)
relative humidity (%)

17.4 - 17.8 (max. 19.6)
40.1 - 43.5

As one can see in Table 4.11, the temperature and relative humidity fluctuated during the
experiments. The highest temperature of 19.6 was measured shortly after the lunch break, when
the sports hall was used. This temperature decreased quickly and has no influence on the
measurements.
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4.3.2. Simulation
Simulation method
In paragraph 4.3.1 the procedure for obtaining the level difference (D) for the measurements is
described. The results can be found in paragraph 5.2.1. This paragraph describes the method used
for determining the transmission values of the internal vegetation screens which can be applied in
acoustic simulation models (Odeon and CATT-Acoustic).
measurement

simulation
value
D (dB)

match
value

(from simulation and
not fitted)
F (Hz)

Figure 4.15 - simulation method for obtaining transmission properties

A graphical representation of the simulation method can be seen in Figure 4.15. The ‘measurement
part’ on the left side of the figure is described in paragraph 4.3.1 and the level difference is obtained.
The same procedure is applied to the simulations conducted in Odeon and CATT-Acoustic, which
can be seen on the right hand side of the figure. The level difference as obtained by simulation
programs is fitted with the level difference of the measurement. The absorption coefficients of the
metal frame and the vegetation, as required in the simulation, are already obtained and can be found
in the results (paragraph 5.1.2). The only unknown parameter in the simulation is the transmission
value. By fitting the level difference of the simulation with the measurement, the transmission value
is found.
The definition of the level difference of the measurement is discussed in paragraph 4.3.1 and
calculated with the magnitude of the impulse response of the first 30 milliseconds. This impulse
response is obtained by deconvolving the sound signal (MLS signal). In the acoustical simulation
programs like Odeon and CATT-Acoustic, the acoustical parameters are derived from energy
received by the receiver instead of an impulse response. As a consequence, the sound pressure level
(SPL) is used for the calculation of the level difference.
Materialization: absorption and scattering
As already mentioned in paragraph 4.3.1, the acoustic field as present in sports hall is a semi freefield. The unwanted reflections of the walls and the ceiling are filtered out. Consequently, the sports
hall can be simulated with a 100 percent absorption in the walls and ceiling. Only the reflections of
the floor are simulated, the absorption and scattering properties of the floor can be found in
Appendix B. The absorption values are obtained from [41].
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Simulation values Odeon and CATT-Acoustic
Table 4.12 shows the input parameters used in the simulations of Odeon and CATT-Acoustics.
Table 4.12 - input parameters Odeon (left) and CATT-Acoustic (right)

Variable
impulse response length
transition order
number of early rays
number of late rays
maximum reflection order

number
500
2
2000
20000
2

unit
(ms)
(-)
(rays)
(rays)
(-)

variable
algorithm
number of rays/cones
echogram/IR
B-format order
method

number
2
20000
500
1
E

unit
(-)
(rays)
(ms)
(st)
(-)

Diffraction
The used diffraction techniques of Odeon and CATT-Acoustic is extensive discussed in paragraph
4.1.2. However, the technique in Odeon leads to incorrect value of diffraction. Only the shortest
path-length around a single surface is taken into account during the simulations. Since the IVSs
have a frame around the vegetation (four connected surfaces attached to the vegetation surface),
Odeon is not able to calculate a correct diffraction path (see Figure 4.16). Consequently, the
absorption properties of a single surface (both sides, included the surface area of the metal frame)
is used for the simulation. This single surface has the absorption properties of the screen as one
element instead of a material dependent absorption coefficient for the vegetation and the metal
frame. This leads to an error, since the absorption in the measurement is not equal distributed. For
example, rays that ‘hit’ the metal frame in the measurement are reflected back, but in the simulation
these rays will be partly absorbed. However, this error is expected to be small in the simulation
since diffraction is dominated and absorption takes only a negligible part in the results (see
paragraph 5.2.2)

receiver

source

Figure 4.16 - diffraction error in Odeon
(moss screen as example)

Furthermore, diffraction in the simulation is compared with an analytical model by Salomons and
Hadden and Pierce [3,42,43]. A ray model for sound propagation with barriers on a ground surface
is used. In this model the ray paths are determined and the sound pressure of the summation of
the contributions of the rays is calculated. For diffraction of a rigid wedge, the work of [3,42] is
used. The basis formula is the description of the diffraction field, as can be seen in equation 4.5.
ikd

pdiff  R spher 

e dp
d dp

(
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4.4

)

Here, Rspher is the spherical wave diffraction coefficient which depends on the different angels and
distances of the receiver and sound source from the barrier. An expression for the spherical wave
diffraction coefficient can be found in the work of [42]. Furhermore, ddp is the summation of the
distance from the reicever to the diffraction point and the source to the diffraction point.
In additon, some limations exist for the used model, which are described below. Despite of the
limitations, the results are an indication of the diffracted energy of the internal vegetation screens.
1) The used method is only valid for an infinite long barrier. Although the internal vegetation
screens are finite, an estimation is conducted to assume that both side of the screen behave
like an infite barrier (with different heights/lenghts from the receiver and sound source).
2) A point source is used in the method instead of a directional sound source. With a point
source diffraction is more present compared to a directional source. The results can be
overestimated.
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4.4.
Case-study
In the previous sections the absorption and transmission properties of two individual internal
vegetation screens are measured and simulated. The results can be found in chapter 5. This
paragraph describes a case-study in order to compare the results of the laboratory measurements
with an open-plan work environment as a field condition. The location is Xplora in Avans
University of Applied Sciences in Tilburg, the Netherlands. This paragraph elaborates the work of
[44].
4.4.1. Measurement method
Location Xplora
A floor plan and photos of Xplora can be found in Appendix E. The investigated open-plan work
environment has a floor area of 761 m2 divided over two floors connected by a vide. The
investigated OPWE has a total capacity of 240 work stations (see Figure 4.17). Furthermore, two
measurements are conducted: with and without the IVSs. The difference between both situations
is compared and analyzed.

Figure 4.17 - Photo of the investigated area of Avans Xplora in Tilburg with internal vegetation screens. Photo taken
by [44].

General method
The measurement of the case-study in Xplora uses a similar procedure as described in the NENEN-ISO 3382-3 standard [5]. In this standard the following six number quantities are described;
the distraction distance, the spatial decay rate of A-weighted sound pressure level, A-weighted
sound pressure level of speech at 4 meter and the average A-weighted background noise level.
However, the aim of the case-study is to compare the absorption and transmission properties of
the measurement and simulation, derived from laboratory conditions, with the results a ‘real’
OPWE. Therefore, the A-weighted sound pressure level of speech and the reverberation time is
evaluated.
Source, receiver and object position
The investigated area is the north side of the first floor of Xplora, as can be seen in Figure 4.18.
This figure shows all sound source, receiver and object positions. In total two straight lines of
receiver positions are examined. The first line (horizontal line) has six receiver positions and the
second line (vertical line) has in total five receiver positions. Both lines are interrupted by both the
leaves screen (dark green screen) and the moss screen (light green screen).
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The installed screens as applied in this case-study, are slightly different from the IVSs measured in
the measurement room and in the semi free-field. The dimension of the moss screen, as applied
for this case-study differs (1.5 m height instead of 1.8 meters) from the dimension of the IVS as
applied to the earlier conducted studies. However, it is assumed that the absorption and
transmission coefficient do not change. Furthermore, the plant species used for the absorption and
transmission properties are “Philodendron Scandens”. Unfortunately, only one out of three parts of
the Leaves screen consist of the described plant species. However, the used plant species have
approximately the same leaf area density, therefore the same absorption and scattering properties
are considered to be present [22].
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Figure 4.18 – sound source, receiver and object positions floor plan first floor Xplora

Parameters
The spatial decay of the A-weighted speech level (Lp,A,S,n) and the reverberation time (T30) are used
for the comparison between results obtained from the measurement and the simulation, as
conducted in Odeon and CATT-Acoustic. This is because the reverberation time evaluates the
absorption properties and the A-weighted speech level the transmission (and absorption)
properties.
The reverberation time (T30) is defined as the time required for initial drop of 30 dB (-5 to -35 dB)
below original level and afterwards doubled. The measurements are post-processed in Dirac and is
used to derive the reverberation time (T30). Both acoustical simulation programs calculate the
reverberation time based on the energy received by the microphones.
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The spatial decay of the A-weighted speech level is calculated with the sound pressure level
measured at each receiver as displayed in Figure 4.18. With the obtained sound pressure levels, the
attenuation Dn,i is calculated according equation 4.5.
Dn,i  L p,Ls1m,i  L p,Ls,n,i

(

4.5

)

Here, Lp,Ls,1m,i is the sound pressure level at a distance of 1 meter in front of the microphone and
Lp,Ls,n,i is the sound pressure level at each measurements point n. So, the first microphone is the
reference receiver for the determination of the attenuation. The attenuation can be applied for any
sound power level of the loudspeaker.
The sound pressure level of normal speech at each position n (Lp,S,n,i) is calculated according to
equation 4.6.
L p,S,n,i  L p,S,1,m,i  Dn,i

(

4.6

)

Lp,S,1m,i is the sound pressure level of normal speech at a distance of 1 meter. These value are derived
from the NEN-EN-ISO 3382-3 standard [5] and are correction values because the used
loudspeaker is omnidirectional.
The final step for obtaining the A-weighted speech level at each receiver position is adding the Aweighted value at each octave band and summing on energy basis, as can be seen in equation 4.7:
L p,A ,S,n

L p ,S ,n ,i  A i
 7
 10 lg   10 10
 i 1






(

4.7

)

Measurement equipment and condition
Table 4.13 shows the measurement equipment as used for the measurement and for postprocessing.
Table 4.13 - measurement equipment

description
sound source

manufacturer
Bruël and Kjær

microphone
USB audio interface
power amplifier
software

Bruël and Kjær
Acoustics Engineering
Bruël and Kjær
Acoustics Engineering

type
Omnipower
Sound Source
4189
ICP Triton
Power amplifier
Dirac 6

ID/SN
4292-L
3060050
03300353
2734
7841

Table 4.14 show the measurement conditions during the measurement in Xplora.
Table 4.14 - measurement condition

condition
temperature (°C)
relative humidity (%)

22
40
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4.4.2. Simulation method
Simulation method
A model is made in CATT-Acoustic and Odeon to derive the A-weighted speech level and the
reverberation time for a comparison with the measurement in order to compare the measurement
and simulation in laboratory conditions. Both models can be seen in Figure 4.19 and Figure 4.20.
Only the first floor is simulated to minimize the computational cost and simulation time. A
validation simulation of both floors is conducted and shows similar results. The reverberation time
is directly calculated based on the energy received by the microphone. The A-weighted speech level
is calculated with the simulated sound pressure level (SPL).

Figure 4.19 - model CATT-Acoustic

Figure 4.20 - model Odeon

Absorption and scattering coefficients
The absorption and scattering coefficients can be found in Appendix C. The absorption
coefficients are selected from literature and the scattering coefficients are derived from the depth
of the structure [33,39]. It is not intended to fit the parameters like the reverberation time of the
simulation with the measurement. Only the differences between the T30 and Lp,A,S,n of the model
with- and without IVSs are important. Therefore, and due to the complex behavior of the ceiling,
the values of the absorption coefficient is chosen. Furthermore, since only the first floor is
simulated, the vide has an absorption area of 90 percent with a high scattering coefficient.
Input parameters
The input parameters of CATT-Acoustic and Odeon can be seen in Table 4.15.
Table 4.15 - input parameters Odeon (left) and CATT-Acoustic (right)

variable
impulse response length
transition order
number of early rays
number of late rays
maximum reflection order

number
1000
2
2000
200000
2

unit
(ms)
(-)
(rays)
(rays)
(-)

variable
algorithm
number of rays/cones
echogram/IR
B-format order
method

number
2
120000
auto
1
E

During the simulation of CATT-Acoustic diffraction (d, Sd, dS) are taken into account.
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unit
(-)
(rays)
(ms)
(st)
(-)

5.

Results and discussion

5.1.
Reverberation room: absorption properties
In this paragraph the results from the measurement and simulation for the determination of the
absorption properties of the IVSs are displayed and discussed. The results from the measurement
can be found in paragraph 5.1.1 and the results from the simulation can be found in paragraph
5.1.2.
5.1.1. Measurement
Empty reverberation room
The equivalent sound absorption area and the reverberation time of the empty measurement room
are required to determine the equivalent sound absorbing area, A(m) of the IVSs. The results of
the measurements conducted at two different days are displayed in Figure 5.1 and Figure 5.2. Here,
SNRM are the abbreviation for source position N and receiver position M. In both figures can be
seen that below 500 Hz standing waves occur which resulting in location dependent reverberation
times. Receiver position two in both figures (red colored line) illustrates this principle. As a
consequence the measurement room that can be used to determine the equivalent sound
absorption area, is limited to frequencies above 500 Hz.
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Figure 5.1 - reverberation time of the empty
measurement room measured on 5-10-2016, RH =
53.4% and T=22.2°C. The red lines indicate receiver
position 2.
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Figure 5.2 - reverberation time of the empty
measurement room measured on 5-12-2016, RH =
38.3% and T=19.3°C. The red lines indicate receiver
position 2.

Despite the standing waves, in this report the entire frequency range, including the low frequencies
63 Hz, 125 Hz and 250 Hz are used. The aim of this report is to give absorption coefficients which
can be used in acoustic simulation software. Although the values below the 500 Hz are not valid,
it gives a fair impression of absorption coefficient when the deviation is described. The deviation
of the measurements conducted on the 5th of October is displayed in Table 5.1. As can be seen the
maximum measured deviation in reverberation time (deviation from the mean) is almost 16 percent
at 63 Hz. This deviation is lower at 125 Hz and 250 Hz, but it is still significant (higher than 10
percent). Furthermore the mean deviation decreases with increasing frequencies.
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Table 5.1 - deviation empty reverberation room (5-10-16)

frequency (Hz)

max. dev. (%)

min. dev. (%)

mean dev. (%)

63
125
250

15.76
10.00
12.16

0.12
0.56
1.13

5.92
5.48
4.41

standard
deviation (s)
0.96
0.61
0.51

Furthermore, for both situations (Figure 5.1 and Figure 5.2) different reverberation times are
obtained due to differences in the atmospheric conditions (relative humidity and temperature). At
500 Hz this difference is 2.4%, but this difference increases to 18.9% at 8000 Hz because air
absorption is more dominant at the higher frequencies. Similar conclusions are found in the work
of [45].
Equivalent sound absorption area and absorption coefficient
For determining the equivalent sound absorption area of the IVSs, measurements of the
measurement room with- and without screens are required (equation 4.2). In this section, the results
with IVSs are discussed. The results of the situation with IVSs can be found in Appendix F. The
subtraction of the equivalent sound absorption area is given in Figure 5.3. In addition to the moss
screen and the leaves screen, the equivalent sound absorption area of blue planar cork screen is
given. This screen has a thickness of 2 centimeters and a surface area (both sides) of 3.74 m2. In
comparison, the moss screen has a surface area of 6.2 m2, and the leaves screen has a surface area
of 4.7 m2. Here the surface area of the moss screen and the leaves screen is defined as the area of
a vertical plane in front of the vegetation screens.
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Figure 5.3 - equivalent sound absorption area (m2)
corr. = correction for changed temperature and
relative humidity

125

250 500 1000 2000 4000 8000
Frequency (Hz)

Figure 5.4 - absorption coefficient (-). The total area
of the screen is used (both sides). Here the surface
area is defined as the area of a vertical plane in front
of the vegetation screen.

Figure 5.3 shows that the equivalent sound absorption area of the moss screen increases with the
frequency. Values of 4 m2 at 8000 Hz are reached. Furthermore, the leaves screen shows a different
trend; a peak in the sound absorption area can be found between the 1000 Hz and 2000 Hz, with
a value of 1.77 m2. The cork screen shows a similar trend as the moss screen, but has remarkable
lower values for the sound absorption area.
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During the measurements of the vegetation screens, a small change in relative humidity and
temperature was observed. This is corrected according to the NEN-EN-ISO 354 standard [4] (see
equation 4.1) and the dotted lines in Figure 5.3.
A comparison between the equivalent sound absorption area of the three screens is difficult to
distinguish due to the differences in sizes. For planar screens the absorption coefficient can be
calculated according to formula 4.3, but the vegetation screens are not smooth. In order to compare
the investigated screens, a vertical plane in front of vegetation screens is used as surface area. Figure
5.4 shows the absorption coefficient for the vegetation screens and the blue cork screen. Since the
moss screen has the largest surface area and the blue screen the smallest, the values of the
absorption coefficient deviates less compared to the equivalent sound absorbing area.
The results of both vegetation screens are compared with a blue cork screen and show significant
higher values in the absorption coefficient for low frequencies. This is probably caused by the
thickness of the blue screen, which is only two centimeters. The vegetation screens are remarkable
thicker and therefore they are able to absorb more energy. Furthermore, the blue cork screen has
a visible hard surface and a low porosity compared to the moss screen and the leaves screen. In
chapter 2 is described that materials with a low porosity are less good in absorbing sound compared
with materials with a high porosity.
Above the 4000 Hz, the blue screen absorbs more energy compared to the leaves screen.
Vegetation coverage can cause reflection at high frequencies and therefore less sound will absorbed
[25,26]. In addition, the moss screen shows the highest absorption coefficient in frequencies above
the 1000 Hz due to the small pores of the moss.
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5.1.2. Simulation
The results of the simulation of the measurement room is divided into the results of the simulation
of an empty measurement room and in the measurement room simulated containing the IVSs.
Both results are compared with the measurements.
Empty reverberation room
The simulation results of the empty measurement room, obtained in CATT-Acoustic and Odeon,
are displayed in Figure 5.5 and Figure 5.6. A good agreement in the entire frequency range between
the measurement and simulation for the reverberation time (T30) can be found. However, the
difference in reverberation time increases with increasing frequency. The results in Odeon show
that over 75 percent of the total absorption in the room, at 8000 Hz, is caused by air absorption.
The difference between the simulation and the measurements at high frequencies can be caused by
the method or formula’s for air absorption as used in Odeon and CATT-Acoustic. These difference
can also be caused by incorrect readings of the temperature and relative humidity sensor as used
during the measurements. Since a perfect fit is not required for the determination of the equivalent
sound absorption area of the screen (see paragraph 4.3.2), no further research is conducted.
Large differences below the 250 Hz of the EDT between the simulation and the measurement are
found. These differences are caused by standing waves which are present in the measurement room
and not in the energy-based acoustic simulation software. Because of standing waves, pressure
differences appear in the room, which influences the results obtained by the measurement. As one
can notice, the early decay time is required to determine the equivalent sound area of IVSs.
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Figure 5.5 – comparison of the reverberation time
(T30) of simulations in Odeon and CATT-Acoustic
with the measurements
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Figure 5.6 – comparison of the early decay time
(EDT) of the simulation in Odeon and CATTAcoustic with the measurements
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Measurement room with screens and absorption coefficients
Paragraph 4.2.2 describes the method used to determine the absorption coefficients of separated
components of which the IVSs are constructed (metal frame and vegetation). As already
mentioned, the metal frame of the moss screen has a surface area of 11.4%, which is small
compared to the surface area of the vegetation (88.6%). Therefore, and due to the complex and
manual fitting process, absorption values (Table app. III in Appendix B) derived from [36] are used
for the metal frame of the moss screen. The results from the fitting process of the equivalent sound
absorption area and the results of the reverberation time obtained in the measurement room with
the moss screen can be seen in Appendix G. The absorption coefficients of the vegetation of the
moss screen as used for the simulations is shown in Figure 5.7 and Figure 5.8.
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Figure 5.7 - absorption coefficient vegetation moss
screen simulated in Odeon for different positions of
the screen
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Figure 5.8 - absorption coefficient vegetation moss
screen simulated in CATT-Acoustic for different
positions of the screen

As one can notice, both simulation programs show in the measurement room different results for
the individual screen positions of the IVS. This is in contrast to the principle of a diffuse field in
which similar results are expected to appear for the reverberation time. Especially the results
obtained at screen position two deviates in both simulation programs significantly compared to
position one and three. The higher absorption coefficient of position two means that the sound
absorption area difference is smaller and the reverberation time in the room with the screen is
higher compared to the other positions. It is checked that the reverberation time in the room in
the simulation, at all positions, is independent of the source and receiver positions. In other words,
placing the sound source parallel or perpendicular to the screen will cause no significant differences
between the results of the reverberation time. Consequently, the visible surface area of the screens
at the sound source has no influence on the results in the simulation. Furthermore, for each receiver
position similar results are obtained and the acoustic field in the room can be considered to be
diffuse. Further research can be conducted to investigate this phenomenon.
Figure 5.9 and Figure 5.10 display the absorption coefficient of the vegetated part of the leaves
screen as obtained for the simulations results in Odeon and CATT-Acoustic. As already explained
in paragraph 4.1.1 the surface area of the metal frame is 59.7% and has a larger proportion in the
equivalent sound absorption area of the leaves screen compared to the moss screen.
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However, it is known that the absorption coefficient of the vegetated part has a large share in the
equivalent sound absorption area of the screen, mainly at frequencies above the 500 Hz. Therefore,
only changes in the absorption coefficient of the metal frame (see Appendix B) are made for
frequencies below the 500 Hz.
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Figure 5.9 - absorption coefficient vegetation leaves
screen simulated in Odeon for different positions of
the screen
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Figure 5.10 - absorption coefficient vegetation leaves
screen simulated in CATT-Acoustic for different
positions of the screen

Both figures show similar deviations in absorption coefficients at the positions for the leaves screen
compared to the moss screen. However, screen position two in CATT-Acoustic does not show a
convincing difference between the other positions. In addition, for both screens the deviation at
position two is larger for Odeon compared to CATT-Acoustic.
Table 5.2 and Table 5.3 show the mean absorption coefficient of the vegetated surface and metal
frame for the moss screen and leaves screen as used in Odeon and CATT-Acoustic. Screen position
two is excluded for the derivation of the absorption coefficient of the moss screen and leaves
screen since the position shows different and not realistic results in Odeon and CATT-Acoustic.
Table app. VI to Table app. IX in Appendix H show the extended results.
Table 5.2 - mean absorption coefficient vegetation and metal frame of the moss screen (position two is not included)

vegetation Odeon
vegetation Catt
metal frame O&C

63
0.042
0.15

125
0.054
0.066
0.15

frequency (Hz)
250
500
1000
0.130 0.245 0.401
0.163 0.282 0.465
0.13
0.06
0.05

2000
0.570
0.625
0.04

4000
0.670
0.695
0.04

8000
0.830
0.855
0.04

Table 5.3 - mean absorption coefficient vegetation and metal frame of the leaves screen (position two is not included)

vegetation Odeon
metal frame Odeon
vegetation Catt
metal frame Catt

63
0.010
0.110
-

125
0.100
0.140
0.140
0.140

250
0.295
0.200
0.451
0.200
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frequency (Hz)
500
1000
0.460 0.715
0.060 0.050
0.615 0.905
0.200 0.050

2000
0.840
0.040
0.930
0.040

4000
0.750
0.040
0.790
0.040

8000
0.570
0.040
0.620
0.040

5.2.
Semi free-field: transmission properties
The results from the measurement and the simulation of the transmission properties of the IVSs
is in this paragraph described. The results from the measurement and simulation can be found,
respectively in paragraph 5.2.1 and paragraph 5.2.2.
5.2.1. Measurement
In Figure 5.11 and Figure 5.12 the results from the semi free-field measurement conducted in the
sports hall are displayed. First, it should be noted that the reflections of the wall and the ceiling are
filtered out of the measurements (see paragraph 4.3). In the left figure, the magnitude of the
measurements with and without screen can be seen. The measurements without the screen show
different results because the location of the second source deviates (160mm) from the location of
the first sound source (due to different thicknesses of both screens). In addition, the right figure
show the level difference of the IVSs. Both screens are characterized by an increasing level
difference with increasing frequency. Based on these results it can be concluded that sound in lower
frequencies has less influence (read absorption and transmission), compared to sound in the higher
frequencies.
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Figure 5.11 - magnitude without (free-field) and with
the IVSs (error bars indicate minimum and
maximum value of three microphone positions, see
Figure 4.14 and Figure 4.13)
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Figure 5.12 - level difference (D) calculated with
Dirac (error bars indicate minimum and maximum
value of three microphone positions)

The differences between both screens are significant. In frequencies below 2000 Hz, the level
difference of the moss screen is larger compared to the leaves screen. This is probably caused by
the size of the moss screen, which is larger compared to the leaves screen, preventing that low
frequencies can bound around the screen. This is characteristic for diffraction. The length of the
leaves screen is 1.12 meters and with the speed of sound of 341 m/s, frequencies lower than 300
Hz bend around the screen. For the moss screen this frequency is 200 Hz. However, between 250
Hz and 1000 Hz, the moss screen still has a higher level difference than expected. Due to the higher
absorption coefficient and mass, the leaves screen performs better. Furthermore, above 2000 Hz,
the level difference of the moss screen decreases significantly and which is in contrast to the higher
equivalent sound absorption area as can be seen in Figure 5.3. Although, the leaves of the leaves
screen can reflect sound which can have a higher influence than the absorbing behavior of the
moss screen.
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5.2.2. Simulation
This paragraph describes the results of the simulation of the semi free-field measurement, which is
described in paragraph 4.3.2. For readability, a distinction is made between the results in CATTAcoustic and Odeon.
CATT-Acoustic
Figure 5.13 and Figure 5.14 shows the simulation results of the moss screen as conducted in CATTAcoustic. Figure 5.13 illustrates receiver position two and Figure 5.14 illustrates all three
microphones.
Largest differences in the results appear in CATT-Acoustic for the screen without diffraction
(‘CATT-Acoustic nd’), as indicated with the light blue line in Figure 5.13. Undoubtedly, without
any diffraction paths the highest level difference are obtained. Furthermore, in both figures the
simulation shows the same trend as found by the measurement; an increasing level difference with
increasing frequency. This behavior is in line with the mass law, where a single leaf wall has an
effect of a low-pass filter [16].
However, the level differences of the simulation is in both figures at a frequency of 2000 Hz
significant higher compared to the measurement. A dip appear in the measurement, where the
simulation shows a dip at 1000 Hz. An explanation of this phenomenon is difficult to find, but the
diffraction model of Hadden and Pierce shows more insight in the difference between the
simulated and measured behavior. In this model the level difference is obtained by assuming that
only energy from diffraction can be received by the microphone(s). Absorption and transmission
are not included. Consequently, absorption will increase- and transmission will decrease due to the
level difference. As one can assume that more sound will be absorbed than transmitted, higher
level differences will be obtained for both screens. As can be seen in the figures, this is the case for
the moss screen where the simulation and the measurement have a higher level difference
compared to the Hadden and Pierce model. However, the level differences of the leaves screen as
displayed in Figure 5.15 show smaller values compared to the Hadden and Pierce model because
the leaves screen has a lower equivalent sound absorbing area.
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Figure 5.13 - level difference (D) for moss screen,
source position 1 receiver position 2.  indicates
transmission

63

125

250 500 1000 2000 4000 8000
Frequency (Hz)

Figure 5.14 - level difference (D) for moss screen,
source position 1 (error bars indicate minimum and
maximum value of three microphone positions). 
indicates transmission
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As already mentioned, the largest differences between the simulation and measurement can be
found at 2000 Hz. This difference cannot be explained by the absorption coefficient of the
materials because no fluctuation is found in the equivalent sound absorption area of the screen at
2000 Hz. Also the solution cannot be found in the method how diffraction is included in CATTAcoustic because the same pattern is found when diffraction is not taken into account. At last, the
result with and without transmission shows the same behavior, which leads to the conclusion that
the solution cannot be found in the input parameters used in CATT-Acoustic.
In addition, both figures show a simulation with and without (5 percent) transmission. It was
expected that the level difference of the simulation in the case without diffraction would be higher
compared to the measurement. However, the simulation shows remarkable lower level differences
over almost the entire frequency band, which indicates that diffraction is dominant in the
simulation in CATT-Acoustic.
Figure 5.15 and Figure 5.16 display the results of the simulation of the leaves screen in CATTAcoustic. The left figure shows the simulation results of receiver position two and the right figure
shows the results from receiver position one, two and three. First, the simulation of the leaves
screen without diffraction shows similar results as the moss screen, which is not remarkable
because sound is in both cases blocked by an obstacle and no diffraction will take place.
Furthermore, the same level difference pattern is found; a decrease in level differences at 1000 Hz
and level increase in the frequencies above 1000 Hz appear. For the leaves screen, the deviation
with the measurement above 1000 Hz is larger compared to the moss screen. This deviation of the
simulation with the measurement is expected since in the results of the measurement (paragraph
5.2.1) the leaves screen shows higher level differences compared to the moss screen, which is
probably caused by reflection of the leaves.
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Figure 5.15 - level difference (D) for leaves screen in
CATT-Acoustic, source position 2, receiver position
2.  indicates transmission
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Figure 5.16 - level difference (D) for leaves screen in
CATT-Acoustic, source position 2 (error bars indicate
minimum and maximum value of three microphone
positions)  indicates transmission
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Odeon
The results of the simulation conducted in Odeon of the moss screen can be found in Figure 5.17
and Figure 5.18. The first major difference between the results obtained in Odeon appears for the
situation without any diffraction paths and without transmission (‘Odeon nd’). In Odeon the mean
level difference without diffraction is 15 dB higher compared to the level difference obtained in
CATT-Acoustic. The only sound path from the sound source that will reach the receiver is caused
by the reflections of floor, which leads to the conclusion that in CATT-Acoustic this sound path
is more important compared to Odeon. However, energy in the late part in CATT-acoustic
depends on a post-processing process, where Odeon calculates the energy in the late part with ray
tracing. In Odeon almost no late energy is included in the impulse response since the wall and the
ceiling has 100% absorption. In CATT-Acoustic, energy is possibly included, since the postprocessing part depends on the energy in the first part till the transition order. This could result in
a smaller level difference.
Another difference between both simulation programs is that the level difference in Odeon is
higher for all frequency bands compared to the measurement. Although this is closer to the
expectation because transmission is not included. It should be noted that only the shortest
diffraction path-length is taken into account in Odeon. Furthermore second order diffraction paths
are not included. As a result the level difference could be too optimistic.
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Figure 5.17 - level difference (D) for moss screen in
Odeon, source position 1, receiver position 2. 
indicates transmission
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Figure 5.18 - level difference (D) for moss screen in
Odeon, source position 2 (error bars indicate
minimum and maximum value of three microphone
positions)  indicates transmission

When 5 percent transmission is applied for the simulation of moss screen for the entire investigated
frequency spectrum, the level difference of the moss screen decreases significant. In the low
frequencies this difference is comparable with the simulation results obtained in CATT-Acoustic,
but in the high frequencies this deviation is substantial. As can be seen, the 5% transmission line
has in Odeon has a more constant value compared to CATT-Acoustic and corresponds to the
expectation. The input signal has a flat spectrum over the frequency and the applied transmission
has an overall coefficient of 5 percent, which should results in a constant transmission value.
However, an higher agreement between Odeon results and measurements is found for the
modeling results for the screens without any transmission properties.
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In Figure 5.19 and Figure 5.20 the simulation results of the leaves screen obtained in Odeon are
shown. The simulation without any diffraction paths (‘Odeon nd’) shows similar results as the moss
screen which is significant higher compared to the simulation in CATT-Acoustic. Furthermore, the
pattern corresponds to the pattern derived in CATT-Acoustic, which show decreasing values and
a dip in the 1000 Hz full frequency octave band in the simulation. However, the simulations results
conducted in Odeon are showing a more stable decrease and a relative smaller dip.
Furthermore, the differences between the three receiver positions are negligible small. The
simulation of the moss screen in Odeon shows larger differences between the receiver positions.
An explanation can be found in the size of the screen; the leaves screen is smaller. In Odeon only
one first-order diffraction path is calculated, and this path length is almost equal at each receiver
position. As a consequence the differences between the receiver position will be smaller.
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Figure 5.19 - Level Difference (D) for leaves screen
in Odeon, source position 1, receiver position 2. 
 indicates transmission
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Figure 5.20 - Level Difference (D) for leaves screen
in Odeon, source position 2 (error bars indicate
minimum and maximum value of three microphone
positions)  indicates transmission
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5.3.
Case-study
The results from the measurement are described in paragraph 5.3.1 and the results from the
simulation in CATT-Acoustic and Odeon 5.3.2. A distinction is made between the reverberation
time (T30) and the spatial decay of the A-weighted speech level (Lp,A,S,n).
5.3.1. Measurement
Reverberation time
The results from two receiver positions obtained by the measurement can be found in Figure 5.21
and Figure 5.22. The ‘black’ line are the measurements without internal vegetation screen, and the
‘grey’ lines are the measurements with IVSs. At low frequencies longer reverberation times are
found, this applies both to the measurement with and without IVSs. This value drops with
increasing frequency and a minimum can be found around a frequency of 500 Hz. At high
frequencies the reverberation time gradually increases with a peak around the 4 kHz. The obtained
measured reverberation time values agrees the expected reverberation time values in educational
buildings. Furthermore, with vegetation screens a small decrease in the reverberation time is
observed for both receiver positions. For receiver position three (S1R3) the difference is larger
compared to receiver position five (S2R5) since receiver three is surrounded by screens, which is
not the case for receiver position five.
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Figure 5.21 - reverberation time (T30) measurement
S1R3
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Figure 5.22 - reverberation time (T30) measurement
S2R5

Spatial decay
The spatial decay of the A-weighted speech level of lines 1 and 2 are shown in Figure 5.23 and
Figure 5.24 respectively. Both figures have similar structures; without screens the line gradually
decreases over distance. At low frequencies this decrease is steeper compared to the high
frequencies. Finally, both lines will merge into the background noise.
In addition, the measurement with vegetation screens indicates a lower speech level at both
investigated lines. The behavior over distance shows a logical connection for both lines, between
two receiver positions where a screen is located the speech level decreases significantly. On the
other hand, the speech level shows a ‘platform’ between two receiver positions where no screen is
located. As a consequence, the screen has a sound ‘blocking’ effect between two receivers.
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5.3.2. Simulation
Reverberation time
The same receiver positions as in the measurement is evaluated for the simulation in CATTAcoustic and Odeon. The results from S1R3 and S2R5 in CATT-Acoustic can be found in Figure
5.25 and Figure 5.26. The ‘black’ line indicates the measurement and simulation without screens
and the ‘grey’ line the measurement and simulation with IVSs. The main difference is observed
between both figures; the measurement shows a higher average reverberation time in S2R5,
especially for frequencies above the 2000 Hz, compared to S1R3 and the simulation show an equal
average or a small increase in reverberation time between the receiver positions. As a result, the
simulation in CATT-Acoustic show a larger deviation in the high frequencies with the
measurement in S2R5 compared to S1R3. A clear explanation is difficult to found, but the higher
reverberation time in S2R5 is the result of less absorbing materials at this receiver’s position in the
simulation.
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Figure 5.25 - reverberation time (T30) simulation
CATT-Acoustic S1R3
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Figure 5.26 - reverberation time (T30) simulation
CATT-Acoustic S2R5

50

Furthermore, the differences between the measurement and simulation with- and without IVSs in
S1R3 show many similarities. The reverberation time drops in both cases in frequencies above the
250 Hz which is expected due the increased absorbing area. On the other hand, for frequencies
below the 250 Hz, the measurement shows a lower reverberation time, where the simulation show
a higher reverberation time. In the low frequencies both screens have lower absorption coefficients
(below the 0.2), and a smaller difference is expected. Since CATT-Acoustic is energy based, the
screens provide a more complicated sound field, and a sound field with screens is hard to model.
In addition, this is supported by Figure 5.26; where CATT-Acoustic displays a higher reverberation
time in almost all frequencies in the model with screens compared to the model without IVSs.
Concluded, it is found that CATT-Acoustic show agreement with the absolute values of the
measurement of T30, but the difference in CATT-Acoustic between the simulation with- and
without screens show only reliable results for receivers near the source, which corresponds to the
results in paragraph 5.1.2. For receiver positions further away from the source, a complex situation
exist which can be caused by several factors like wrong scattering or absorption coefficient.
Another factor could be the energy-based method in CATT-acoustic, where diffraction and
reflection are estimation based on simplifications.
The reverberation time in Odeon of S1R3 and S2R5 can be seen in respectively Figure 5.27 and
Figure 5.28. Both figures show a smaller agreement in average reverberation time with the
measurements compared to CATT-Acoustic. The average difference of 24.6% in S1R3 of the
simulation without screens is relatively smaller compared to the average difference of 37.8% in
S2R5. In comparison, the difference in CATT-Acoustic without screens is 11.0% and 16.0%
respectively. An explanation can be found in the used scattering coefficients. Without scattering in
the whole model (only specular reflections) the mean reverberation time increases significantly to
1.38 seconds. However, for the comparison, the same scattering coefficient as in CATT-Acoustic
is used which is based on theory given in literature [33,39] (see paragraph 4.2.2).
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Figure 5.27 - reverberation time (T30) simulation
Odeon S1R3
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Figure 5.28 - reverberation time (T30) simulation
Odeon S2R5
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As well as in CATT-Acoustic, the T30 in Odeon show a larger deviation in receiver positions far
away from the sound source and at frequencies above the 2000 Hz. However, the shape over the
frequency range in Odeon follows the shape of the measurement; a decrease in the low frequency
with a minimum at 500 Hz and a peak in the 4 kHz octave band.
However, the results of the difference with- and without IVSs corresponds better to the
expectation compared to CATT-Acoustic, especially in receiver position S2R5. As can be seen, the
difference at this receiver position is small in the low frequencies, but with increasing frequency,
the deviation become larger. In the low frequencies, the absorption coefficients are small compared
to the high frequencies. Concluded, the results in Odeon show smaller agreement with the absolute
reverberation time, but Odeon is able to calculate better the difference between the screen further
away from the screens compared to CATT-Acoustic.
Spatial decay
The method for the determination of the spatial decay of the A-weighted speech level can be found
in paragraph 4.4.1. The results of ‘line 1’ and ‘line 2’ are illustrated in Figure 5.29 and Figure 5.30.
Both figures show the difference between the speech level measured or simulated with- and
without the IVS screens. The individual results can be found in Appendix I.
As can be seen in both figures, the deviation of the acoustic simulation programs CATT-Acoustic
and Odeon increases with increasing distance. Focusing on Figure 5.29 show that both programs
has the same speech level at 1 meter in front of the sound source, since this receiver is the reference
receiver. At the second receiver, CATT-Acoustic has a lower speech level value compared to the
measurement. It suggest that both programs are not able to calculate the sound pressure level over
distance, but comparing the speech level of both programs without screens over distance, lead to
a maximum difference of 3 dB at 10.3 meter (see Appendix I). Concluding, Odeon and CATTAcoustic are able to calculate the sound pressure level over distance.
In addition, at the third receiver position, Odeon and CATT-Acoustic show larger difference
compared to the measurement. Between the second and the third microphone screens are located
and consequently, it seems that both models over-estimated the difference. In Odeon, this small
difference is expected since higher level differences are obtained compared to measurements in
paragraph 5.2.2 (Figure 5.17 and Figure 5.18). However, significant higher level difference are
obtained with a simulation in CATT-Acoustic, which is not expected from the results from
paragraph 5.2.2, where the level difference is comparable with the measurements. Furthermore,
the difference increases over distance.
Line 2 show the same behavior as line 1; both simulation programs have the same pattern over
distance compared to the measurement, but show strong deviation in the receiver position after
the second barrier of IVSs.
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Figure 5.29 - spatial decay difference of the Aweighted speech level line 1
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Figure 5.30 - spatial decay difference of the A-weighted
speech level line 2

Concluded, CATT-Acoustic and Odeon are able to simulate the level difference near to the internal
vegetation screens and the sound source, which is confirmed by the results of paragraph 4.3.2 (
semi free-field simulation). For the level difference further away from the IVSs large deviations in
level difference are observed. According to the authors of both programs, CATT-Acoustic and
Odeon are able to calculate diffraction over two barriers. Unfortunately this is not investigated in
this research and further research is recommended. However, the results from the reverberation
time show the same behavior in position far away from the sound source. The difference between
the simulations and the measurement can be caused by several factors. The first factor is the
uncertainty of the inserted absorption and scattering coefficients of the materials in both simulation
programs. These coefficients are always an estimation based on guidelines and experience. The
second factor could be the energy-based methods of the simulation programs. In the case of a nondiffuse sound field far away from the sound source, wave phenomena, like diffraction and
reflection, should be included. These phenomena are included in the simulations, but are always an
estimation based on simplifications.
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6.

Conclusion

Open-plan work environments are designed to facilitate the communication and interaction
between users, but unfortunately sound privacy is poorly assed [1] and speech is the most
distractive sound source in OPWE’s [2]. However, the application of screens could possibly
establish a good (acoustic) environment.
The objective of this research is to determine the absorption and transmission properties of IVSs,
which can be used for predicting the acoustical performance of an open-plan work environment.
The following research question is formulated and divided into three sections:
What are the absorption and transmission properties of internal vegetation screens,
which can be used in an acoustical model

I

absorption properties

III

II

transmission properties

case-study: acoustical model

6.1.
Absorption properties
The results from the measurement in the reverberation room show that the equivalent sound
absorption area of the moss screen increases with increasing frequency, with a maximum of 4.4 m2
(total area 6.2 m2). The leaves screen has an increasing equivalent sound absorption area from 632000 Hz, with a maximum of 1.8 m2 (total area of 4.7 m2). Above the 2000 Hz, the equivalent area
decreases.
The simulation in CATT-Acoustic and Odeon show an object dependent behavior; the absorption
coefficient of vegetation depends on the position of the object in the measurement room. In
addition, the reverberation time in the room is independent of the sound source and receiver
position and consequently the reverberation room is diffuse. A mean absorption coefficient of
vegetation for the moss screen of 0.41 and 0.45, respectively in Odeon and CATT-Acoustic, is
obtained. For the LiveDivider the absorption coefficients are 0.53 and 0.63 for Odeon and CATTAcoustic. The octave band values are the absorption coefficients of the metal frame can be found
in Appendix H.
6.2.
Transmission properties
The transmission properties of IVSs are obtained by measuring and simulating the difference in
sound pressure level between the direct field (with ground reflection) and in the situation with the
screen. The transmission properties of IVSs are obtained by measuring and simulating the
difference in sound pressure level between the direct field (with ground reflection) and in the
situation with the screen; small level difference in the low frequencies and large difference at high
frequencies with a maximum around the 30 dB. In the low frequencies, waves can bound around
the screen and the level difference is small. Furthermore, the moss screen shows significant higher
level differences below the 2000 Hz compared to the leaves screen. However, in the 4 kHz and 8
kHz octave band the leaves screen shows better performance, probably due to high reflection of
the leaves, which has more influence than the absorbing behavior of the moss screen.
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The level difference in CATT-Acoustic shows, when diffraction and transmission is applied, high
agreement with the measurement. Odeon shows a higher level difference than measured, which
can be explained by the used modeling method. The method used by Odeon calculates only one
diffraction path and second order diffraction paths are not included. In addition the Hadden and
Pierce model shows that diffraction is dominant for these screens and leads to the conclusion that
no transmission should be applied in the acoustic simulation models CATT-Acoustic and Odeon.
6.3.
Case-study: acoustical model
For the case-study Xplora in Avans University of Applied Sciences in Tilburg is used as an openplan work environment. In this study the reverberation time (T30) for receivers position S1R3 and
S2R5 (see Figure 4.18) and the spatial decay of the A-weighted speech level (Lp,A,S,n) of is evaluated.
The measurement shows a mean reverberation time of 0.6 seconds in S1R3 and 0.73 seconds in
S2R5. The average time decreases to 0.55 and 0.72 when IVS are applied. Furthermore, the spatial
decay of the A-weighted speech level decreases significant when screen are applied.
The simulation in CATT-Acoustic shows high agreement with the absolute values of the T30 in the
measurement, but the level difference between the simulation with- and without screens show only
reliable results for receivers near the IVSs. The T30 in Odeon differ significant from the absolute
values of the measurement. However, Odeon has better results of the level difference between
with- and without the screens far away from the IVSs.
The spatial decay difference of A-weighted speech of Odeon and CATT-acoustic shows agreement
with the measurement for receiver positions near the applied sound source. However, with
increasing distance from the sound source, the difference between the simulations and the
measurement increases significant. This difference can be caused by several factors. The first factor
is the uncertainty of the inserted absorption and scattering coefficients of the materials in the
simulation programs. These coefficients are always an estimation based on guidelines and
experience. The second factor could the energy-based methods of the simulation programs. In the
case of a non-diffuse sound field far away from the sound source, wave phenomena, like diffraction
and reflection, should be included. These phenomena are included in the simulations, but are
always an estimation based on simplifications.
Short note
Energy-based models like Odeon and CATT-Acoustic can be used for predicting the acoustical
performance of open-plan work environments (and rooms) in the design stage of a project. Screens
can be implemented in these models and the influence can be evaluated. However, it is important
to know the limitations of the used software. In most cases modeling should be done only for the
comparison of design decisions. This thesis gives an impression and a way to model internal
vegetation screens in open-plan work environments with the help of energy based software
programs and is a start for further research is this topic.
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7.

Recommendations and further research

General recommendations absorption
The main general recommendations for the determination of the absorption properties are
summarized below:
i.
The measurement for determining the absorption coefficient is conducted in a
measurement room of 90 m3. The minimum required volume according to NEN-EN-ISO
354 is 150 m3. Due to the smaller size standing waves occur in the measurement room.
ii.
The results in the simulation of the absorption coefficient shows an object position
dependent behavior, despite a diffuse field in the room. Further research in should be
conducted to investigate this phenomenon.
General recommendation transmission
The main general recommendations for the determination of the transmission properties are
summarized below:
i.
The IVSs are measured in in semi free-field. In order to avoid floor reflection, IVSs should
be measured in an anechoic room.
ii.
More research should be conducted in diffraction over small screens like IVSs. More
models and theory can be used to predict the diffracted energy part.
General recommendations case-study
The main general recommendations for case-study are summarized below:
i.
Only one case-study is conducted is this research. More OPWE’s should be investigated to
have a better comparison between the absorption and transmission results obtained in the
measurement room and in the semi free-field measurement.
ii.
The results show a deviating spatial decay of the A-weighted speech level and reverberation
time far away from applied sound source. CATT-Acoustic and Odeon are energy-based
methods are probably a part of the difference is caused by this method. Wave-based models
can be investigated.
iii.
Further research should be conducted in diffraction over two barriers (which is not tested
in this thesis).
Screen recommendations
The absorption and transmission properties of the leaves screen and moss screen are measured
and simulated and the results can be found in this thesis. In addition, both screens can be improved
by a small number of adjustments:
i.
Both screens should be connected with the floor. This connection ensures one diffraction
path less which results in an improved level difference.
ii.
Use a small leaf surface area with different plants and vegetation. Small leaves are able
absorb more sound compared to large surfaces area, which results in more reflection.
iii.
Use a combination of soil and vegetation instead of only vegetation. Research has shown
(see chapter 5) that soil has the capacity to absorb more sound energy compared to
vegetation, especially soil with a high porosity and flow resistivity). A combination of
vegetation and soil provides that sound at all frequencies can be absorbed.
iv.
Use a small frame area.
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In general, the aim of the IVS should be determined in order to optimize the efficiency. For
example, if the aim is to improve the reverberation time in an OPWE the screen required a large
surface area of vegetation, which is able to absorb acoustic energy. On the other hand, if the aim
is to cut the direct sound in order to improve the STI, than an large surface area and a closed
connection with the ground is required.
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Appendix A

Leaves screen

Figure app. I - cassette (source:
Mobilane installation manual)

Figure app. II - placement of the cassette
in metal frame (source: Mobilane
installation manual)

Figure app. III - 3d view metal frame
(source: Mobilane installation manual)
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Appendix B

Absorption and scattering coefficients

Table app. I - absorption coefficients sports hall (input free-field simulation)

material
floor

elem.
floor

63
0.01

125
0.01

frequency (Hz)
250
500
1000 2000
0.01 0.02 0.02 0.03

4000
0.03

8000
0.03

2000
0.03

4000
0.04

8000
0.05

frequency (Hz)
250
500
1000 2000
0.01 0.02 0.02 0.03

4000
0.03

8000
0.03

Table app. II - scattering coefficients sport shall (input free-field simulation)

material
floor

63
0

125
0.01

frequency (Hz)
250
500
1000
0.01 0.015 0.02

Table app. III - absorption coefficient metal frame (input reverberation room simulation)

material
dünne Stahlblechkassetten,
unperforiert [36]

63
0.01

125
0.01

2

Appendix C

Absorption and scattering coefficients case-study

Table app. IV - absorption coefficient materials case-study

material
cabinet (Bobran)
front cabinet
chair (Kuttruff)
table (Beranek)
ceiling
stair (Petersen)
floor (Bies-Hansen)
door (Petersen)
perf. gypsum (Karlen)
glass (Petersen)
column (Petersen)
plaster (Karlen)
vide

elem.
int.
int.
int.
int.
ceiling
int.
floor
wall
wall
wall
int.
wall
int.

63
-

125
0.15
0.10
0.44
0.19
0.19
0.02
0.02
0.14
0.18
0.10
0.10
0.29
0.90

250
0.13
0.10
0.56
0.14
0.92
0.02
0.03
0.10
0.32
0.07
0.07
0.10
0.90

frequency (Hz)
500
1000 2000
0.06 0.05 0.04
0.10 0.10 0.10
0.67 0.74 0.83
0.09 0.06 0.06
0.99 0.94 0.90
0.03 0.03 0.04
0.05 0.10 0.30
0.06 0.08 0.10
0.71 0.99 0.50
0.05 0.05 0.02
0.05 0.05 0.02
0.05 0.04 0.07
0.90 0.90 0.90

4000
0.04
0.10
0.87
0.05
0.52
0.04
0.50
0.10
0.29
0.02
0.02
0.09
0.90

8000
0.10
0.91
0.40
0.04
0.70
0.10
0.08
0.02
0.02
0.11
0.90

4000
0.06
0.58
0.06
0.04
0.58
0.06
0.25
0.06
0.06
0.04
0.06
0.06
0.58

8000
0.1
0.6
0.1
0.05
0.6
0.1
0.3
0.1
0.1
0.05
0.1
0.1
0.6

Table app. V - scattering coefficients materials case-study

material
cabinet
front cabinet
chair
table
ceiling
stair
floor
door
perforated gypsum
glass
column
plaster
vide

63
0
0
0
0
0
0
0
0
0
0
0
0
0

frequency (Hz)
125
250
500
1000
0.01 0.015 0.02 0.03
0.015 0.05 0.22 0.47
0.01 0.015 0.02 0.03
0.01 0.01 0.015 0.02
0.015 0.05 0.22 0.47
0.01 0.015 0.02 0.03
0.01 0.02 0.04 0.1
0.01 0.015 0.02 0.03
0.01 0.015 0.02 0.03
0.01 0.01 0.015 0.02
0.01 0.015 0.02 0.03
0.01 0.015 0.02 0.03
0.015 0.05 0.22 0.47

3

2000
0.04
0.53
0.04
0.03
0.53
0.04
0.2
0.04
0.04
0.03
0.04
0.04
0.53

Appendix D

Methods simulation programs

Figure
app. IV
and Figure app. V show the calculation method in Odeon and respectively CATTcalculations
ODEON
Acoustic
calculations ODEON
receiver independent

receiver dependent

finding sources at various positions
and delay in space

receiver independent
finding
earlysources
partat various positions

and
delay Image
in space
finding
Sources with early
rays from ray tracing (till TO). The
number of early rays can be
specified. Rays are reflected
early
part
specularly.
finding Image Sources with early
rays from ray tracing (till TO). The
number of early rays can be
specified. Rays are reflected
specularly.

‘collect’ the re flections.

late part

(Seconda ry Source Method).
Finding sources with ray tracing.
Rays are reflected vector based
scatterin g.

late part

(Seconda ry Source Method).
Finding sources with ray tracing.
Rays are reflected vector based
scatterin g.

receiver dependent
‘collect’
re flections.
earlythepart

late part

early reflection method: checking IS late reflection method; check if the
is visible from the receiver. If is this IS is visible at the rece iver’s position.
is the case:

early part
late part
early
reflection contribution
method: checking IS latediffuse
reflection contribution
method; check if the
specular

is calculate
visible from
the receiver.
If is this IS seconda
is visibleryatsources
the receare
iver’s
position.
the specular
contribution
created
on
is atthethecase:
rece iver’s position
the surface and emits (scatter) r ays
until TO.

specular contribution

calculate the specular contribution
at the rece iver’s position

diffuse contribution

seconda ry sources are created on
the surface and emits (scatter) r ays
until TO.

Figure app. IV - calculation method in Odeon

calculations CATT-acoustic

hybrid cone-tracing and ima ge-source approach (RTC-II)

calculations CATT-acoustic
hybrid
(RTC-II)
earlycone-tracing
part and ima ge-source approach
late part
reflections as dete rmined by image
source-method (up to 1 ms)

early part
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source-method (up to 1 ms)

random number [0,1]
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prediction and binaural post-pro cessing
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cessing
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Figure
app. V - calculation method in CATT-Acoustic
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Appendix E

Xplora

Figure app. VI - ground floor Xplora Avans Tilburg

5

Figure app. VII - first-floor Xplora Avans Tilburg

6

Figure app. VIII - photos Xplora Tilburg, photo 1 is without screens, photo 2,3 and 4 with screens. Photos are taken
by [44].
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Appendix F

Results in measurement room

In this appendix the results of the measurement in the reverberation room can be found.
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Figure app. IX - reverberation time (T30) moss
screen for different source and receiver positions (red
indicates receiver position 2 in Figure 4.10)
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Figure app. X - reverberation time (T30) leaves
screen for different source and receivers positions
(red indicates receiver position 2 in Figure 4.10)

14

Reverberation time (s)

10

250 500 1000 2000 4000 8000
Frequency (Hz)

Figure app. XI - reverberation time (T30) for different
screens in reverberation room
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Appendix G

Results simulation in the measurement room
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Figure app. XII - equivalent sound absorption area
moss screen position 1

63

125

250 500 1000 2000 4000 8000
Frequency (Hz)

Figure app. XV - equivalent sound absorption area
moss screen position 2
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Figure app. XIII - equivalent sound absorption
area moss screen position 3
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Figure app. XIV - equivalent sound absorption area
moss screen position mean position 1 and 3
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leaves screen
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Figure app. XVII - equivalent sound absorption
area leaves screen position 1
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Figure app. XVIII - equivalent sound absorption
area leaves screen position 2
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Figure app. XVI - equivalent sound absorption area
leaves screen position 3
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Figure app. XIX - equivalent sound absorption area
leaves screen position 1 and 3
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Reverberation time
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Figure app. XX - reverberation time (T30) of the
moss screen position 1 and 3
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Figure app. XXI - reverberation time (T30) of the
leaves screen position 1 and 3
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Appendix H

Absorption coefficient simulations

Table app. VI - absorption coefficient vegetation (mean and standard deviation)of the moss screen (position two is
not included)

Odeon (μ)
Odeon (σ)
CATT-Acoustic (μ)
CATT-Acoustic (σ)

63
0.042
0.019
-

125
0.054
0.009
0.066
0.009

250
0.130
0.010
0.163
0.018

frequency (Hz)
500
1000
0.245 0.401
0.015 0.009
0.282 0.465
0.018 0.015

2000
0.570
0.010
0.625
0.005

4000
0.670
0.010
0.695
0.005

8000
0.830
0.020
0.855
0.015

Table app. VII - absorption coefficient metal frame of the moss screen (position two is not included)

Odeon
CATT-Acoustic

63
0.15
-

125
0.15
0.15

250
0.13
0.13

frequency (Hz)
500
1000
2000
0.06
0.05
0.04
0.06
0.05
0.04

4000
0.04
0.04

8000
0.04
0.04

Table app. VIII - absorption coefficient vegetation (mean and standard deviation)of the leaves screen (position two
is not included)

Odeon (μ)
Odeon (σ)
CATT-Acoustic (μ)
CATT-Acoustic (σ)

63
0.010
0.000
-

125
0.100
0.000
0.140
0.014

250
0.295
0.007
0.451
0.098

frequency (Hz)
500
1000
0.460 0.715
0.085 0.007
0.615 0.905
0.120 0.007

2000
0.840
0.014
0.930
0.028

4000
0.750
0.042
0.790
0.071

8000
0.570
0.014
0.620
0.057

Table app. IX - absorption coefficient metal frame (mean and standard deviation) of the leaves screen (position two
is not included)

Odeon (μ)
Odeon (σ)
CATT-Acoustic (μ)
CATT-Acoustic (σ)

63
0.110
0.000
-

125
0.140
0.014
0.140
0.000

250
0.200
0.042
0.200
0.000

frequency (Hz)
500
1000
0.060 0.050
0.000 0.000
0.200 0.050
0.000 0.000

2000
0.040
0.000
0.040
0.000

4000
0.040
0.000
0.040
0.000

8000
0.040
0.000
0.040
0.000

It should be noted that with increasing frequency, air absorption increases. The result is that a high
frequencies, for example at 8000 Hz, the absorption coefficient of vegetation has lower impact on
the equivalent sound absorption area compared to the lower frequencies. The result is that the
absorption coefficient at 8000 can vary with around 0.05 without changing the equivalent sound
absorption area of the vegetation screen.
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Appendix I

Spatial decay of the A-weighted speech level
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Figure app. XXII - spatial decay in CATT-Acoustic
A-weighted speech level line 1
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Figure app. XXIII - spatial decay in CATT-Acoustic
of A-weighted speech level line 2
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Figure app. XXIV - spatial decay in Odeon of Aweighted speech level line 1
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Figure app. XXV - spatial decay in Odeon of Aweighted speech level line 2
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