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INTRODUCTION
Traffic noise is increasing with the increase in traffic 

volume. There are different methods that can be used to reduce 
traffic noise, for example traffic noise could be reduced at the 
source by producing low-noise asphalts or low-noise tyres, or at 
the receiver by using sound-absorbing materials for buildings. 
Noise barriers are a common way to shield residential areas 
from traffic noise, mainly because they can be built ad hoc 
after the problem of traffic noise has shown up. 

While the efficiency in noise absorption can be evaluated 
experimentally with reverberation room and situ methods [1-3], 
simulations are a helpful and cost-saving tool in predicting and 
planning new noise barrier solutions. The boundary element 
method (BEM) has long been used in the simulation of noise 
barriers, as it proves to be an effective method whose results 
are compatible both with analytical solutions and experimental 
results [4]. Non-standard shapes of the barrier tops have been 
used to obtain a better performance of the barrier [5-10].

This paper uses a BEM simulation to study non-standard 
barrier shapes with a particular focus on the formation of a 
virtual soft plane for some frequencies. Destructive diffraction 
from the top edge of the barrier is used in order to optimize the 
shielding effect of the barrier. After verifying the effectiveness 
of alternative shapes, the possibility of tuning the barrier in 
frequency is examined. This is an interesting novel theme to be 
explored as it may give the opportunity to adapt the barrier to a 
changing noise environment. 

BARRIER NUMERICAL MODEL 
Perfectly reflecting (acoustically hard) materials are not 

considered the best choice for noise barriers, as they generate 
many unwanted reflections. Absorbing materials seem much 
more appropriate, but their impedance changes rapidly with 

time in the presence of dirt, which is in the case of highways. 
Different geometrical shapes have been used to obtain a 
specific input impedance for improved performance [5-7]. 

Consider the fork-shaped barrier shown in Figure 1(b). If 
the surfaces are rigid, the specific input impedance at the open 
side can be approximated by [5]

Zin = i cot(kd) (1) 

where d is the depth of the fork and k is the wavenumber. 
According to this equation, at frequencies fn with knd = (2n+1)
π/2, the impedance is zero. This means that for the range close 
to those frequencies, the fork element plays the role of a soft 
plane with complete absorbance. The condition of a soft plane 
can never be fully realized with the use of absorbent materials, 
which makes the geometric solution a useful alternative. As 
this impedance is only dependent on the geometry, the problem 
of the time-variance of the absorbent materials is practically 
solved. On the other hand, this solution is efficient only for 
some frequencies. 

This problem can be dealt with using a barrier whose 
channels have different lengths, using the fork gradient shown 
in Figure 1(c). This corresponds to using a strip of absorbent 
material whose impedance changes gradually along the 
length of the material. The idea is similar to chirped mirrors 
in optics, made out of different layers that can filter different 
wavelengths. 

For the current investigation, a 2D BEM analysis has 
been performed, assuming the invariance of the system on the 
y-axis. OpenBEM, an open-source software developed in the 
Matlab environment by the University of Southern Denmark 
[11], has been used. OpenBEM solves the Helmholtz equation 
using a direct collocation approach. 

Traffic noise is an increasingly important problem with the increase in traffic volume. To counteract this, noise barriers 
are the most used traffic-noise-abatement tool. In an attempt to reduce the amount of material, and thus the costs for the 
construction of noise barriers, it is of interest to reduce the height of the barriers. One possibility to reduce the height is to 
use absorbing materials. This is a good solution but the porosity of these materials makes them very sensitive to clogging 
by dirt and changes their absorbance and their performance with time. In this paper, non-standard geometrical forms of 
noise barriers with added devices are investigated. The boundary element method is used to investigate the insertion loss 
produced by these noise barriers. This method is also used to propose tunable barriers that could adapt to the changing 
noise spectrum.
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Figure 1. Different barriers used for the simulation corresponding to 
(a) T-shape, (b) fork shape, (c) fork gradient 

The set-up for the simulation is shown in Figure 2. In the 
numerical model, the ground is assumed to be perfectly reflecting. 
The source is placed on the ground, in order to prevent unwanted 
reflections, and at 8 m distance from the barrier. On the other 
side of the barrier, 9 microphones are placed in a regular grid 
structure, at the different heights of 0, 1.5 m and 3 m from the 
ground, and at the distances 20, 50, 100 m from the barrier. 
Simulations are performed at the middle frequencies of the one-
third octave bands. Simulations are initially performed without 
barrier, then with the three different barriers shown in Figure 1 
and with a normal barrier of the same height and without added 
devices. Similar simulations have also been performed in the 
presence of absorbent materials.

Figure 2. The simplified set-up of the BEM simulations

It is possible to add material properties in the OpenBEM 
software. The method used in the simulations follows the 
semi-empirical law of Delany and Bazley [12]. Allard and 
Champoux [13] derived the following empirical formulae

k = (ω
c)[1 + 0.0978X-0.7 + i0.189X-0.595] (2) 

Zc = 1 + 0.00571X-0.754 + i0.087X-0.732 (3)
            

where X = ρ0 f / Rs, ρ0 is the density of air, Rs is the flow 
resistivity, f is the frequency and Zc is the normal surface 
impedance [13]. This semi-empirical model, drawn from the 
best fits of a large number of impedance tube measurements, is 

valid for 0.01 < X < 1.0. In the simulations, a flow resistivity of 
30000 Ns/m4 was used, which is a good description for mineral 
wool applied to the noise barrier and well within the values of 
validity of Eqs. (2) and (3). 

The insertion loss (IL) in dB is calculated as an average 
value for the 9 points, according to the formula

IL = -10log10(R) (4)

R = Σ( (1 pi
n 2

i=1n pi  
(5)

where pi represents the pressure on the ith microphone and pi 
the pressure on the ith microphone position of the configuration 
without a barrier. 

RESULTS 
The results of the insertion loss for the various barrier 

designs corresponding to a straight barrier, T-shape, fork 
shape and fork gradient barrier are shown in Figure 3. The 
improvement of the IL using the fork shape and fork gradient 
barriers compared to the straight and T-shaped barriers can 
be seen in Figure 3. At some frequencies, an improvement of 
up to 10 dB for the fork shape can be found. A decrease in 
IL at around 500 Hz for the fork shape can be observed and 
corresponds to the maximum of the impedance. According to 
Eq. (1), the maximum IL is expected when kd = π/2, which for 
d = 400 mm, occurs at the frequency f = 210 Hz. The results 
for the fork shaped barrier also shows peak IL between 600 
and 800 Hz. 

The use of the fork gradient barrier, where channels 
of different depths are used, presents an input impedance 
that changes along the length. It represents a considerable 
improvement in the insertion loss as the attenuation is better 
distributed along the considered frequency range, as shown in 
Figure 3. The IL at 500 Hz has increased by around 5 dB for 
the fork gradient barrier compared to the fork shaped barrier. 

Figure 3. Insertion loss for the various barrier designs corresponding 
to a T-shape, fork-shape, fork gradient and a straight barrier 
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Figure 4. Insertion loss for a narrow band frequency range from 400 
to 600 Hz

(a)

(b)
          

Figure 5. Insertion loss at two different receiver points on the ground 
at (a) 20 m and (b) 100 m from the barrier 

Figure 6. Insertion loss for the various barrier designs with and 
without mineral wool
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Figure 7. Sound pressure level at a frequency of 630Hz for (a) the 
fork barrier without absorbent material, (b) the fork gradient barrier 
without absorbent material, (c) the fork barrier with absorbent 
material, and (d) the fork gradient barrier with absorbent material
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Figure 8. Fork shape barriers of different depths used for the 
tunability simulations

Figure 9. Insertion loss for barriers h1 and h2

(a)

(b)

Figure 10. Insertion loss for barriers (a) h2 and h4 and (b) h3 and h6

It is of interest to observe the insertion loss for the various 
barrier designs in a narrower frequency range corresponding to 
frequencies between 400 Hz and 600 Hz. In order to achieve 
better accuracy, simulations have been performed at increase 
frequency resolution. From Figure 4 it is clear that the IL related 
to the fork barrier is smooth and the dip in IL is broad. The 
same applies to a higher degree for the fork gradient barrier.

An average value of the insertion loss for the 9 microphones 
positions was calculated in order to represent an arbitrary point 
in the far field. In Figure 5, two graphs are shown that correspond 
to the points on the ground, one at 20 m and one at 100 m from 
the barrier. The average insertion loss given by Eqs. (4) and (5) 
is a good representation of the single location, as the behaviour 
is very similar to the results shown in Figure 3.    

In Figure 6, simulation results are presented for the case 
where mineral wool is covering the T-shape, fork shape and 
fork gradient barriers. The presence of the mineral wool 
consistently improves the efficiency of the barrier, as can be 
seen by comparing the insertion loss of the T-shape barrier 
with and without the absorbent wool. For the fork shape and 
fork gradient barriers, applying the mineral wool results in an 
increase in insertion loss as well as a flattening of the insertion 
loss over the considered frequency range. Figure 6 shows that 
the best performance of the barrier occurs by both modifying 
the geometrical shape and applying the absorbent wool. Even 
if clogging deteriorates the absorbent properties of the mineral 
wool, the geometrical properties still remain for a long-lasting 
performance. 

The sound pressure level (SPL) at a frequency of 630Hz is 
presented in Figure 7 for the fork shaped barrier and the fork 
gradient barrier, with and without the presence of absorbent 
material. On the edge of the barrier, the formation of the soft 
plane is clearly visible. According to Eq. (1), the soft plane is 
expected at about 630 Hz. In the case of absorbent barriers, the 
frequency behaviour is flat and no soft plane can be observed.

TUNABILITY
The geometrical profile of the top of the noise barrier can 

be used to tune the barrier. From Eq. (1), it is observed that 
changing the depth d gives rise to a shift in the frequencies 
where maximum absorption takes place. To investigate 
the effect of the depth, further simulations with the shapes 
illustrated in Figure 8 have been performed.

The first shape h1 has a depth d of 100 mm. From Eq. (1), the 
first maximum absorbance for the top layer which corresponds 
to Zin = 0 is expected at kd = π/2. This occurs at a frequency of 
f0 = 840 Hz. By doubling the comb depth d for profile h2, an 
absorption peak at 420 Hz occurs. Interestingly, the frequency 
f0 which is a maximum of the absorbance for h1 corresponds to 
a minimum of the absorbance for h2, which means that for h2 
most of the radiation will be reflected. A doubling of the depth d 
results in opposite behaviour of the two barriers in the considered 
frequency range. At frequencies corresponding to peak IL for h1 
there is minimum IL for h2 and vice-versa. Hence, the insertion 
loss spectrum for h2 represents the mirrored image of the same 
spectrum of h1. A similar situation is expected for h2 and h4, h3 
and h6, for which a doubling of comb depth d also occurs. 

In Figure 9, maximum insertion loss for barrier h1 
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occurs at around 680 Hz, while minimum insertion loss 
corresponding to kd = π should occur at around 420 Hz. In 
reality the minimum is at about 550 Hz, showing that the 
Eq. (1) is only an approximation. A real part corresponding 
to Zin = icot(kd) + rs is also present. As expected from 
the previous discussion, h2 presents a mirrored behaviour 
compared to h1.  Similar behaviour for barriers h2 and h4 as 
well as for barriers h3 and h6 occurs, as shown in Figure 10. 
However, the effect is less clear, probably because the longer 
length of the channels imply more viscous effects [6].

CONCLUSIONS
Non-standard noise barriers for optimal far-field shielding 

have been investigated. A purely geometrical solution is not as 
prone to deterioration as absorbent barriers that tend to change 
their acoustic properties with time. The results of a two-
dimensional BEM analysis for a fork shaped barrier and a fork 
gradient barrier are encouraging, as they present an increased 
insertion loss in the shadow zone of the barrier. A combination 
of a geometrically optimized shape with absorbent materials 
further increases the barrier performance.

By changing the depth of the channels in the fork shape 
barrier, the barrier can be tuned to further improve the barrier 
performance. If a mechanism is included into the barrier so 
that the height of the channels can be changed, this gives the 
possibility to change the spectral profile of the insertion loss. 
This could be useful in building sustainable barriers, in view 
of expected but not yet quantifiable shifts of the traffic noise 
spectrum in the future, as for example due to the increasing 
number of e-cars on the main transportation routes. 
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This paper investigates by experiment the absorption characteristics of several materials associated with the proposed

acoustics impedance method using the combination of sound pressure and particle velocity sensors in various sound fields.

This method is based on the concept of "ensemble averaged" surface normal impedance that extends the usage of obtained

values to various applications such as architectural acoustics and computational simulations. The measurement technique

itself is an improvement of the method using two-microphone technique and diffused ambient noise. A series of measurement

in different sound fields was conducted to expand the relevant applicability of in-situ measurement using pu-sensor. The first

part of the experiment aimed to confirm the reproducibility of the measured values of the method. Here, comparative round

robin measurements in four reverberation rooms were conducted. The general tendencies and discrepancies of ten materials

in the various reverberation rooms are discussed. In the second stage, the method was applied with four types of selected

materials to examine material’s absorption characteristics at different sound fields such as in architectural spaces. This paper

revealed the reliability, applicability and robustness of the method despite the room’s geometrical differences throughout the

in-situ measurement.

INTRODUCTION

There are two well-known methods of laboratory measurement

of absorption which have been described as international

standards [1]−[3] in providing important information about the

test material (i.e. reverberation room and tube method). A

number of studies [4]−[9] have been conducted in order to

check the effectiveness of the standards. In Europe, a set of

round robin test was carried out in the past decade to investigate

the accuracy of the measurement of the reverberant sound

absorption coefficient [4]. Nevertheless, there still remain

unresolved issues e.g. diffusivity in the reverberation room,

edge effect of specimen, etc. Another series of round robin

tests were carried out in Japan [5]−[6] to look into some of the

aforementioned problems. Differences of measurement values

due to the room volume, measurement instruments, etc. were

kept central to the investigation to maintain a satisfactory level

of accuracy.

Meanwhile, the accuracy of the performance of the tube

method has also been reported [7]−[9]. Horoshenkov et al. [9]

presented the dispersion of measured normal incident results of

inter laboratory reproducibility experiments of the acoustical

properties in Europe and North America. They highlighted

the importance of the boundary conditions, homogeneity of the

porous material structure and stability of the adopted signal

processing method. However, similar mounting conditions are

difficult to reproduce and this may affect the measured results.

In our previous paper [10], the theoretical development and

concept of ensemble averaged surface normal impedance at

random incidences were given. Several boundary element

method (BEM) simulations of glass wool both at normal and at

random incidences showed that ensemble averaging decreases

the interference effect caused mainly by the specimen’s edges.

The BEM simulation with anisotropy consideration [11]−[13]

is compared with the measurement result to give an appropriate

expected value of the surface normal impedance of the glass

wool. Also, a series of measurements by proposed method

using pu-sensor (Microflown, [14], [15]) is presented to

investigate the considerable geometrical configurations e.g. the

sensor height, and the sample size, in measuring the acoustics

behavior of absorptive material [16].

Method reliability is one of the factors that needs to be

taken into consideration while aiming toward an efficient in-situ




