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Abstract: Noise barriers are usually classified attending to their intrinsic acoustic characteristics. This
is standardized by the European Standards EN 1793, parts 2 and 6, in which a single parameter, DLR

or DLSI, is defined in order to quantify the sound insulation performance of noise barriers. However,
the final performance of a noise barrier, quantified by the so-called insertion loss, IL is not only
dependent on the insulation provided by the noise barrier, but it is as well affected by geometrical
aspects and the acoustic characteristics of the environment where these noise-reducing devices are
placed. In this work, we explore the relationship between the insertion loss and the acoustic insulation
by means of numerical methods. Moreover, the authors propose a simple way to predict the insertion
loss from a purely acoustic numerical simulation in which this parameter is obtained for a completely
rigid noise barrier, and knowing the noise barrier’s sound reduction index, in one third octave bands.

Keywords: noise barriers; performance; numerical simulation

1. Introduction

Traffic noise caused by vehicles is one of the most important and annoying sound
problems all over the world and one of the main sources of environmental noise. This
kind of noise has worsened significantly in recent years, mainly due to the increase in
population mobility and high traffic density on the roads. In general, this sound pollution
level depends on the noise generated by the vehicle engines and their speed, but also on
the road surface and on the type of pavement of the infrastructure.

The most commonly used solution to mitigate the effects of road traffic noise during
transmission is the placement of noise barriers, also known as noise reduction devices
(DRRs) in the European standards. Classical noise barriers, usually formed by continuous
flat walls, are located between the noise source (transport infrastructure) and the receiver
(adjacent dwellings or other sensitive receivers).

Noise barriers are commonly classified attending to their acoustic insulation [1,2],
apart from sound absorption that plays a secondary role. There are two standards that
describe different parameters to quantify the insulating performance of noise barriers. The
first one is the so-called single-number rating of airborne sound insulation, DLR, defined as
a weighted average of the sound reduction index, Ri, for each one third octave band, that
considers both the sound source spectra (traffic noise) and the listener sensitivity (in dBA).
The sub index I is the index of each one third octave band. Namely, it is expressed by:

DLR = −10log

∣∣∣∣∣∑18
i=1 100.1 Li 10−0.1 Ri

∑18
i=1 100.1 Li

∣∣∣∣∣ dBA (1)
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where Li are the values of the normalized traffic noise spectrum, given by the standard EN
1793-3 [3], and Ri are the one third octave band values of the sound reduction index of the
noise barrier, described in standard EN 10140-2 [4].

Following the recommendations of this measurement standard, it is valid only in the
case of reverberant conditions, i.e., the sound field impinging the noise barrier is diffuse.
Nevertheless, it is still used in some countries due to the problems associated with in-situ
measurements, i.e., ambient noise, complicated signal processing, need for microphonic
arrays, etc.

A second method to quantify the sound insulation provided by the noise screen is
described in the standard [2]. This standard describes an in-situ test method in which mea-
surements are carried close to the barrier. An appropriate temporary windowing (Adrienne
temporal windows) is used to avoid the problems associated with edge diffraction. The
single-number quantity to estimate the overall sound insulation defined in that standard is
the following:

DLSI = −10 log

[
∑18

i=m 100.1Li 10−0.1SIi

∑18
i=m 100.1Li

]
dBA (2)

where Li are the values of the normalized traffic noise spectrum, given by the standard
EN 1793-3 [3] and SIi are the one third octave band values of the sound insulation index
derived from in situ measurements. One of the problems associated with this standard is
the existence of a limiting frequency below which measurements are unreliable due to the
limited length of the Adriane window used to avoid edge diffraction. The height of the
barrier determines the value of this cut-off frequency.

In any case, the final performance of the screen is not only dependent on the acoustic
insulation but also on the particular geometry (shape of the ground, position of the sound
source and listeners, and shape of the noise barrier) and other aspects, such as the ground
acoustic absorption. The final performance is quantified by a parameter known as Insertion
Loss [5] (ILi, the subindex i stands for the particular one third octave band considered)
which is nothing more than the difference between the sound pressure levels for the
situation before installing (without) the screen and after installing (with) the screen, namely:

ILi = 10 log

(
pi (without)

pi (with)

)2

(3)

To allow the comparison between parameters, let us define a single parameter that
quantifies the effect of the screen encompassing the whole frequency range of interest by
means of a weighting, analogous to that already indicated when defining DLR and DLSI,
i.e.,:

DLIL = −10 log

∣∣∣∣∣∑18
i=1 100.1 Li 10−0.1 ILi

∑18
i=1 100.1 Li

∣∣∣∣∣ dBA (4)

where Li are the values of the normalized traffic noise spectrum, given by the standard EN
1793-3 [3], and ILi is the insertion loss for the i-th one third octave band.

Many simple formulae and charts to estimate the insertion loss of semi-infinite noise
barriers can be found in the literature. The first attempt was published by Redfearn [6],
while Maekawa [7] presented the best-known work. Maekawa [7] performed an exhaustive
experimental investigation validating his proposal, based on a single parameter, the Fres-
nel number. Subsequently, other authors proposed different approaches to the problem.
Without being exhaustive, it is worth mentioning the works of Rathe [8] and Kurze and
Anderson [9,10]. Another simple formula, in good agreement with Maekawa [7] data, was
proposed by Tatge [11] that has been included in the ISO 9613-2 [12].

Predictions obtained by these formulae and charts can deviate largely from experimen-
tal data in some cases. To solve this problem, numerical methods can be used to estimate
the performance of noise barriers. Numerical methods such as the Finite Element Method
(FEM), the Boundary Element Method (BEM), the Pseudo Spectral Time Domain (PSTD)
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method and the Finite Difference Time Domain (FDTD) method have been applied to the
study of noise barriers. For convenience the authors have used the later method in this
work. Several papers have demonstrated the suitability of this method for the study of
sound propagation in the presence of acoustic screens [13–16].

In any case, both approximate formulas and numerical simulations usually assume a
high insulation, so that sound transmission through the barrier is not taken into account.
For example, in [12] it is assumed that the surface density is at least 10 kg/m2, which
should ensure an overall insulation above 25 dBA.

In this work, a simple model is proposed to obtain the insertion loss value in the case
that the insulation of the material with which the screen is constructed allows significant
sound transmission thorough the barrier. The remaining part of the paper is organized as
follows: first, Section 2 concerns the proposal of the simple model to estimate the insertion
loss of a noise barrier; in Section 3 the numerical method used to verify the proposed model
is explained; Section 4 is devoted to the comparison between the proposed model and the
numerical simulations; finally, the conclusions of the work are presented in Section 5.

2. Proposed Model

In this section a simple method will be described to obtain the insertion loss provided
by a noise barrier without requiring specific measurements or a complete vibroacoustic
simulation of the behaviour of the acoustic screen.

Consider the simple scenario of a noise barrier illustrated in Figure 1. The effect of
the acoustic screen can be understood through the Huygens–Fresnel–Kirchhoff principle.
Energy from the plane wave impinging the noise barrier can travel through the screen or
can pass over it, and both contributions will arrive to each measurement position. If ε is the
portion of the energy that arrives to a particular measurement position propagating above
the acoustic screen, the portion that travels through the screen will be (1− ε)τ, τ being the
corresponding sound transmission coefficient. Then, if no reflections are considered, the
frequency-dependent Insertion Loss can be written as:

ILi = −10 log[(1− εi)τi + εi] (5)
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The frequency dependent transmission factor, τi, is related to the sound reduction
index by the expression:

Ri = 10 log
(

1
τi

)
(6)
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Notice that incoherence is assumed between the sound not interfered by the acoustic
screen and the one that goes through it. Nevertheless, the third octave averaging performed
in all of the aforementioned standards reduces the effect of coherent terms in the sum of
the two contributions.

The portion of energy not interfered by the noise barrier, ε, can be obtained from
the numerical simulation of the particular geometry under study, forcing the screen to be
completely rigid and reflective (τ = 0), which is the easiest case to be simulated, without
taking into account the vibrational problem inside the noise barrier. In that case, Equation
(5) is written as

ILi rigid = −10 log[εi] (7)

In other words,
εi = 10−ILi rigid/10 (8)

As a result, the final performance of an acoustic screen can be obtained by knowing
the reduction index, R, commonly provided by the manufacturer, and the particular value
of ε that, as commented before, can be obtained from the simulation of the limiting case in
which the noise barrier is completely stiff and reflective. In other words, there is no need
to perform a vibroacoustic simulation of the acoustic screen that takes into account the
transmission of sound through the material or materials it is made of. Notice that, for that
particular case, ε can be easily obtained with common numerical methods used in acoustics
(such as FEM, FDTD, BEM or MFS) through simple 2D numerical simulations in vertical
plane, given that the partial sound insulation of the acoustic screen is not needed.

3. Fdtd Simulations

As commented above, the FDTD method has been chosen in this work. A 2D acoustic
simulation scheme using FDTD has been developed, schematically illustrated in Figure 2,
hereafter referred to as XZ simulation model. Although further details of the numerical
technique can be found in the literature, for completeness, the fundamental concepts are
given next.
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The acoustic FDTD model with no sound sources is governed by the equations for
conservation of momentum and continuity. In a homogeneous medium with no losses,
these can be written as:

∂ p
∂ t

+ k
→
∇·→u = 0 (9a)
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→
∇p + ρ0

∂
→
u

∂ t
= 0 (9b)

where p is the pressure field,
→
u = (ux, uz) is the vector particle velocity field, ρ0 is the mass

density of the medium and k = ρ0 c2 is the compressibility of the medium. The partial
derivatives (space and time) of pressure and particle velocity can be approximated by
well-known central finite difference schemes; for instance, in the case of the sound pressure
derivative with respect to x, this approximation can be given as

∂ p
∂ x

∣∣∣∣
x=x0

≈
p
(

x0 +
∆x
2

)
− p

(
x0 − ∆x

2

)
∆x

(10)

with ∆x being the spatial interval between two consecutive points in the x direction. In the
case of 2D problems, three grids must be defined, namely one grid for pressure and one
grid for each of the particle velocity components (x and z). To minimize the significance of
higher order terms, those grids are ‘staggered’, which means that, for example, the meshes
for the x and z components of the particle velocity are shifted a distance of ∆x/2 and ∆z/2
with respect to the pressure mesh; the same principle is applied to the time discretization,
in which the particle velocity meshes are shifted ∆t/2 in time with respect to the pressure
mesh. A set of update equations can then be obtained to compute the values of pressure and
particle velocity after repetition for a given number of time steps. A detailed description of
all relevant equations is given in [17].

In order to avoid unwanted numerical reflections in the considered rectangular nu-
merical calculation domain, a Perfectly Matched Layer (PML) [18] is located at three of
the four numerical domain boundaries, depicted in Figure 2. Bear in mind that the sound
can be reflected on the ground, corresponding to the lower horizontal boundary. Without
loss of generality, in this work, a completely rigid floor will be considered, in other words,
total reflection is assumed on the ground surface. With these boundary conditions, the
numerical domain is excited by a plane wave travelling from left to right. The acoustic mea-
surements have been numerically recorded at the microphones, located at the shadow area
of a classical noise barrier. This FDTD model assumes that all the propagation domain is air,
except the ground surface and the acoustic barrier that are completely stiff and reflective.

The described FDTD simulation model can be easily adapted to verify the accuracy of
the simplified model discussed above. The modification consists of adding the possibility
of simulating the transmission of sound through the noise barrier without the simulation
of the full vibroacoustic problem. Figure 3 includes a schematic representation of this
modification. The signal obtained at the pressure points (labelled as “recorded” in the
figure), on the left side of the acoustic screen, is taken and re-injected at the x-velocity
points (labelled as “injected” in the figure) that define the screen contour on the right side
of the screen once multiplied by a transmission factor (τ). There are two aspects to take into
account. As the recorded signal corresponds to pressure points and it is being re-injected at
velocity points, the signal must be divided by the specific acoustic impedance of the air. In
addition, at the pressure points, not only the incident wave but also the reflected wave by
the screen are recorded. If the screen is considered as infinitely rigid and reflective, i.e., zero
sound absorption is assumed, both incident and reflected waves are of equal level and also
in phase, so that the pressure at the “recorded” points is exactly twice that of the incident
pressure. Taking this into account, the signal is divided by 2. If the transmission factor is
considered to be frequency dependent, a pre-filter should be added before re-injecting the
signal. For simplicity, only the results for non-frequency dependent transmission factors
are shown in this paper. This model is hereafter referred to as “modified FDT”.
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4. Model Validation

In this section, the results obtained in the simulations using the FDTD method are
reported and compared with the simple model proposed in Section 2. It will be shown
that this model provides an excellent approximation to the noise shielding produced by an
acoustic screen. In the following, the results presented are averaged over one third of an
octave frequency bands. For clarity, a subscript i is added (representing the i-th band) to
indicate that the magnitudes are averaged in this way.

4.1. Application to Traditional Noise Barriers

Initially, the application of the simple model to traditional barriers is considered. For
brevity, only the results for a 3 m-high acoustic screen, with the measurement microphones
placed at a height of 1.5 m and a distance to the screen of 4 m, will be shown. To simulate the
3D conditions, the results obtained for larger distances are averaged, as described by [19,20],
in order to correctly simulate an incoherent line source based on several two-dimensional
coherent line source simulations.

The results of the numerical simulations carried out are illustrated in Figure 4, for
the case of the model shown in Figure 2 (conventional noise barrier). For clarity, Figure 4
includes only four representative values of the noise barrier’s sound reduction index, R
(6, 12, 18 dB and the perfectly rigid and reflective case, R = ∞), with constant values of R
assigned to all one third octave bands.

In Figure 4, the results of the IL index as a function of the frequency, for different values of
noise reduction, R, are shown, considering for each case the same value of Ri for all the analysed
frequencies. The first thing that can be seen is the good agreement between the values obtained
by means of the “modified FDTD” model and by the simple model proposed in this paper
(Equation (5)). The agreement is not so good in the low frequency range where the assumption
of incoherence is less likely to be adequate. However, the most interesting conclusion is the
smaller difference values of insertion loss, IL, when compared with the corresponding R values,
for the less insulating noise barriers. This result is logical, taking into account that the parameter
IL not only considers the transmitted wave but also the diffracted wave, which considerably
reduces the performance of the noise barrier, mainly for the higher insulation ones. Moreover, if
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an infinite value of R is considered, the IL index is maximized, reaching a value around 20 dB
for higher frequencies. This means that, no matter how much the acoustic insulation of a noise
barrier is increased (thus decreasing the transmission through them) their final performance,
given by IL, reaches a maximum and saturates.
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reduction, R.

This trend is more clearly seen in Figure 5, where the relationship between the global
IL (DLIL) and DLR indexes is represented. In this figure, the dashed line represents the
global insulation of the noise barrier, given by DLR index (when diffraction at the top of
the noise barrier is not taken into account). The continuous line indicates the variation in
the global IL index with the increase in the acoustic insulation (DLR). Again, one can see
that the saturation in the global acoustic performance of the noise barrier is around 15 dBA,
although the DLR value still increases. That means that the final performance of the noise
barrier should be estimated with the global IL index and not the acoustic insulation (DLR).
For better comparison of the results, the numerical values and the absolute differences are
provided in Table 1.

Table 1. Comparison of the values of global IL (DLIL) obtained from the FDTD numerical simulation
and the simple model proposed in this work (Equation (5)) for different values of the airborne sound
insulation (DLR). The absolute differences are always below a JND (1 dBA).

DLR
DLIL (dBA) FDTD

Simulation
DLIL (dBA) Simplified Proposed

Model (Equation (5))
Absolute Difference

(dBA)

6.0 5.9 5.6 0.3

12.0 11.0 10.5 0.5

18.0 14.3 13.8 0.6

24.0 15.7 15.2 0.4

30.0 16.0 15.7 0.3

35.0 16.0 15.8 0.2
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Figure 5. Relationship between global IL (DLIL) and DLR indexes. Black dashed line indicates the
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4.2. Application to Noise Barriers Based on Sonic Crystals

In the last few years, several authors have demonstrated the applicability of sonic
crystals as noise barriers with the additional advantage of being almost transparent to
wind and water [21]. Figure 6 illustrates a prototype of this kind of noise reduction devices.
Sonic crystals are defined as heterogeneous materials formed by periodic arrangements of
acoustic scatterers, commonly cylindrical elements, embedded in air and organized in a
regular lattice distribution with a minimum distance between the centres of the scatterers,
called lattice constant. These open acoustic screens present a new wave control mechanism
due to the arrangement of the scatterers, which provides the appearance of bandgaps,
defined as frequency ranges where the propagation of waves is forbidden or blocked. As
a result, these structures can be effectively used as noise barriers providing significant
attenuation in the bandgaps’ frequency range.

In order to validate the proposed model for the case of noise barriers based on sonic
crystals, the transmission coefficients, obtained from a classical 2D numerical simulation of
the sound propagation through the sonic crystal using the FDTD numerical model (in the
plane XY, see Figure 7), have been used (in the plane XY, see Figure 7). These results have
been combined with Equation (5), using the non-interfered values of εi obtained from the
XZ numerical simulation commented in the previous section, for the case of infinite acoustic
insulation. To validate the proposed model results, they have been compared with the ones
obtained from a full 3D numerical simulation model [22] (see Figure 7 with a schematic
representation of a sector of the 3D noise barrier). These results are summarized and can be
compared in Figure 8. Again, for the sake of clarity, only three representative values of the
diameter of the cylinders forming the sonic crystal barrier are used. The presented cases
are the following: scatterers diameter (d) equal to 50%, 75% and 90% of the lattice constant
(lc). The lattice constant (lc = 0.17 m) has been chosen to make the first band gap appear
around 1 kHz, which is the more relevant band for traffic noise according to [4].

From the results illustrated in Figure 8, it can be seen that the agreement is very
good for medium and high frequencies. Nevertheless, in the range of low frequencies,
as commented before, the effects of coherence between the interfered and non-interfered
contributions worsen the results being compared. However, the small deviations at low
frequencies are negligible when the overall insulation indices are being computed for the
noise barriers.
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Figure 8. Values of IL index of sonic crystals noise barriers with different scatterer diameters. The
lines correspond to 3D numerical simulations [22]. Lines with marks correspond to predictions using
the model proposed in this paper (Equation (5)). Three values of the scatterers’ diameter (d) are
plotted relative to the lattice constant (lc). (d = 50%, 70% and 90% of the lattice constant).
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4.3. Comparison with “Overlapping Model”

Concerning noise barriers based on sonic crystals, there are several works where
methods of combining different numerical simulations have been proposed in order to
avoid the need to perform 3D numerical simulations to obtain the noise barriers’ insertion
loss curve [23,24]. In these methods, called by the authors as “overlapping models”, the 3D
problem is divided into two 2D schemes, namely in the XY and XZ planes, obtaining the IL
values of the 3D case as:

IL( f ) = 10 log
(∣∣∣∣ pwithout

pwithXY + pwithXz

∣∣∣∣)2
(11)

where pwithout is the sound pressure without the acoustic screen, pwithXY is the sound
pressure with the acoustic screen in the XY plane simulation and pwithXZ is the sound
pressure with the acoustic screen in the XZ plane simulation. In the aforementioned works,
the authors distinguish between the contributions of incident sound and scattered sound.
Notice that the summation in the denominator is complex, i.e., it takes into account the
phase changes in each of the 2D orthogonal simulations.

It should be noted that this approximation is not valid in the limiting cases where
the barrier does not provide any shielding, since in that case pwithout = pwithXY = pwithXZ,
resulting in a value of −6 dB when it should be 0 dB. It is also assumed that the acoustic
path between sources and receivers is identical in the two 2D orthogonal simulations that
are combined to obtain the full model.

Figure 9 illustrates the results for the two approximate models together with the
exact solution obtained in a 3D simulation. In general, an excellent agreement is observed
between the results of the model proposed in this work and the 3D simulations. This is
not the case for the model of Castiñeira et al. [23,24]. As already indicated, this model also
combines two numerical simulations, but the underlying philosophy is quite different.

If insertion loss concept is translated into transmission coefficients it may be easier to
compare the “overlapping method” proposed by Castiñeira et al. [23,24] and the simple
method proposed in this paper (Equation (5)). A global transmission coefficient, τG, can be
defined as follows,

IL = 10 log
(

1
τG

)
(12)

In other words,
τG = 10−IL/10 (13)

In the case of the “overlapping method” proposed by Castiñeira et al. [23,24], this
coefficient is calculated as:

τG OM =

(∣∣∣∣ pwithXY+pwithXZ
pwithout

∣∣∣∣)2
(14)

where OM stands for the “overlapping method” proposed by Castiñeira et al. [23,24].
Assuming incoherence between the two 2D models, it can be written as follows,

τG OM = τXY + τXZ (15)

This can lead to values of the transmission coefficient outside the physically meaning-
ful limits, above 1. Moreover, taking into account the phase of the coefficients in Equation
(12) could lead to a value of 4 in the case of a completely transparent screen, when it should
be 1.

For a better comparison between the two methods, we can restate the model proposed
in this work in terms of the transmission coefficients obtained in the XY and XZ simulations.
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So, in Equation (5), ε will be substituted by τXZ and τ will be substituted by τXY. Therefore,
the global transmission coefficient can be expressed as:

τG = (1− τXZ)τXY + τXZ = 1− (1− τXY)(1− τXZ) = τXY + τXZ − τXY τXZ (16)

This transmission coefficient is bounded between 0 and 1, as opposed to the “overlap-
ping model”. This is especially noticeable for high values of the transmission coefficients,
which for example appear in the low frequency range for small values of the diameter of
the scatterers (top plots in Figure 9).
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Finally, it should be noted that the model proposed and validated in this work is
comparable to the calculation of the insulation provided by composite heterogeneous
walls. The simplest way to predict the behaviour of a wall composed of two materials is a
weighted average of the transmission coefficients of each material, being the weights of
each component calculated as the surface area of each material divided by the total surface
area. In the case of the model proposed in this work, the effective surface area of each of
the components is calculated in the case where one of the materials has a transmission
coefficient of unity (corresponding to the portion of sound travelling over the noise barrier)
and the other material (the noise barrier itself) has a transmission coefficient of 0.
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5. Conclusions

The acoustic performance of traffic noise barriers, regarding sound insulation, is nor-
mally evaluated by standardized parameters, such as the single-number rating of airborne
sound insulation, DLR, or the single-number sound insulation rating, DLSI. However, the
final performance of these noise reduction devices, being also dependent on in situ speci-
ficities, is more often characterized by the Insertion Loss frequency-dependent curve, ILi,
or the corresponding weighted single-number, DLIL, which has been estimated by different
authors. In this work, based on the Huygens–Fresnel–Kirchhoff principle, a simplified
model is proposed to obtain the Insertion Loss provided by a noise barrier, assuming
that the noise barrier’s sound reduction index is known and only a numerical acoustic
simulation, with a completely rigid noise barrier, has to be performed. This simplified
model is herein verified by comparison with a FDTD numerical simulation method, applied
to both traditional and sonic crystal-based noise barriers. Then, the relationship between
the two parameters used in the quantification of the acoustic performance of noise barriers,
namely, the Insertion Loss (IL) and the airborne sound insulation (DLR), was explored. The
good agreement between the values obtained by the FDTD model and by the simple model
proposed in this paper was shown, but was also interestingly demonstrated that, no matter
how much the acoustic insulation of a noise barrier is increased, its final performance,
given by the Insertion Loss parameter, reaches a maximum and saturates, being controlled
by the diffraction at the top of the noise barrier. In the case of noise barriers based on sonic
crystals, very good Insertion Loss results have been observed for different filling factors
of the crystal distribution, in comparison to 3D simulations, mainly in the medium and
high frequencies ranges. These conclusions have been corroborated with “overlapping
models” [23,24], and the similarity of the simple proposed model with the evaluation of
the insulation achieved by composite heterogeneous panels has been highlighted, making
use of the transmission coefficient of the noise barrier.
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