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Abstract: The aim of this research is to provide a better prediction for noise attenuation using thin
rigid barriers. In particular, the paper presents an analysis on four methods of computing the noise
attenuation using acoustic barriers: Maekawa-Tatge formulation, Kurze and Anderson algorithm,
Menounou formulation, and the general prediction method (GPM-ISO 9613). Accordingly, to improve
the GPM, the prediction computation of noise attenuation was optimized for an acoustic barrier
by considering new effects, such as attenuation due to geometrical divergence, ground absorption-
reflections, and atmospheric absorption. The new method, modified GPM (MGPM), was tested for
the optimization of an y-shape edge geometry of the noise barrier and a closed agreement with the
experimental data was found in the published literature. The specific y-shape edge geometry of the
noise barrier contributes to the attenuation due to the diffraction phenomena. This aspect is based
on the Kirchhoff diffraction theory that contains the Huygens-Fresnel theory, which is applied to
a semi-infinite acoustic barrier. The new method MGPM of predicting the noise attenuation using
acoustic barriers takes into consideration the next phenomena: The effect of the relative position of the
receiver, the effect of the proximity of the source or receiver to the midplane of the barrier, the effect
of the proximity of the receiver to the shadow boundary, the effect of ground absorption-reflections,
the effect of atmospheric absorption, and the meteorological effect due to downwind. The conclusion
of the paper reveals the optimization of the method for computing the noise attenuation using
acoustic barriers, including the necessary corrections for ISO-9613 and the Sound PLAN software,
as well as the optimization on a case study of a specific geometry of the edge barrier.

Keywords: noise barriers; noise attenuation; edge diffraction of acoustic barriers

1. Introduction

The present paper presents the detailed analysis of computing the noise attenuation
using acoustic barriers using four different approaches: Maekawa-Tatge formulation [1,2],
Kurze and Anderson algorithm [3], general prediction method (GPM-ISO 9613) [4,5], and
Menounou formulation [6]. The noise attenuation of the barrier was computed based
on the Kirchhoff diffraction theory, which implies that the Huygens-Fresnel theory is
applied to a semi-infinite acoustic thin barrier. The Maekawa-Tatge formulation and Kurze
and Anderson algorithm provide almost the same numerical results since they express
the noise attenuation using the first Fresnel number N1. This indicates that only one
phenomenon is considered: The effect of the relative position of the receiver from the
source. The general prediction method considers, for the prediction of noise attenuation,
two phenomena: The effect of the relative position of the receiver from the source and the
downwind meteorological effect.

The Menounou formulation takes into consideration four phenomena: The effect of
the relative position of the receiver from the source, the effect of the proximity of the source
or the receiver to the midplane, the effect of the proximity of the receiver to the shadow
boundary, and the diffraction effect due to spherical incident waves.

Computation 2021, 9, 129. https://doi.org/10.3390/computation9120129 https://www.mdpi.com/journal/computation

https://www.mdpi.com/journal/computation
https://www.mdpi.com
https://orcid.org/0000-0003-2927-1405
https://orcid.org/0000-0003-2306-2784
https://doi.org/10.3390/computation9120129
https://doi.org/10.3390/computation9120129
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/computation9120129
https://www.mdpi.com/journal/computation
https://www.mdpi.com/article/10.3390/computation9120129?type=check_update&version=1


Computation 2021, 9, 129 2 of 11

After the analysis of the numerical simulation data of these four methods, the best
predicting method for the computation of the noise attenuation for a thin rigid semi-infinite
acoustic barrier, is GPM. The GPM was improved by introducing new effects, such as the
proximity of the source or the receiver to the mid plane attenuation due to geometrical
divergence [6], ground absorption-reflections [7], and atmospheric absorption [8,9]. The
new method MGPM was tested by computing the attenuation induced by an y-shape
edge geometry of the barrier that optimizes the y-shape angle, as well as the positioning
angle of the edge midplane with respect to the source. The new method, which was
called by the authors modified general prediction method (MGPM), involved making the
necessary corrections in ISO-9613 as well as for the software Sound PLAN, that predict the
noise propagation and attenuation for an industrial area and the fields nearby high-ways,
railways, and airports. The aim of this research was to provide a better prediction method
for the noise attenuation using thin rigid barriers.

2. State of the Art

In Figure 1, a semi-infinite thin barrier is presented, which includes the height H, an
acoustic source S at the distance ds from the barrier on the left side, a receiver R at the
height yR on the right side, and the distance xR. Here, the source produces only pure tones
and is at 0.5 m over the ground. If we choose the plane referential system, with the x-axis at
the “ground zero” and horizontal, as well as the y-axis passing through S and vertical, then
the coordinates of the receiver are R (xR + ds, yR) with respect to the system coordinate.
Based on the Kirchhoff-Fresnel diffraction theory [10], the Fresnel numbers of the source S
and the image of the source S′ (the symmetric geometric point with respect to the plane of
the barrier) are N1 and N2, given by the relations:

N1 =
2δ1f

c
=

k
π
(r1 + r2 − d1), (1)

N2 =
2δ2f

c
=

k
π
(r1 + r2 − d2), (2)

where f is the frequency in Hz of a pure tone, c is the sound velocity in the air, and δ1
and δ2 are the differences between the diffraction path S-E-R and the shortest path S-R,
respectively S′-R, given by the relations:

δ1 = r1 + r2 −
√
(ds + xR)

2 + (yR − 0.5)2 = r1 + r2 − d1, (3)

δ2 = r1 + r2 −
√
(xR − ds)

2 + (yR − 0.5)2 = r1 + r2 − d2. (4)

The attenuation of a thin rigid barrier given by the Maekawa-Tatge formulation [1,2],
based only on the source Fresnel number N1, is:

AMa
b = 10 log10(3 + 20N1). (5)

A better approach was given by Kurze and Anderson [3]. Based on the same source
Fresnel number N1, the relation of the sound attenuation of pure tones with a thin rigid
barrier is:

AKA
b = 20 log10

( √
2πN1

tanh
√

2πN1

)
+ 5. (6)

The GPM [4,5] provides a relation for the sound attenuation based on a modified
Fresnel number N1 as mentioned in ISO 9613-2 [5], taking into consideration a correction
factor for the downwind meteorological effect Kmet, given by the relation:

Kmet = e
− 1

2000

√
r1r2d2

2δ1 . (7)
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Figure 1. Diffraction of sound by a thin barrier.

With this correction factor Kmet, the modified Fresnel number N′1 of the source is:

N′1 = 0.5N1Kmet (8)

and therefore, the sound attenuation of a thin rigid barrier, considered by GPM, is:

AGPM
b = 10 log10

(
3 + 20N′1

)
. (9)

The GPM is used in the software Sound PLAN for the prediction of the sound atten-
uation using rigid thin barriers. As can be seen, Relation (9) given by GPM, is like the
Maekawa-Tatge approach for the sound attenuation, given by Relation (5).

The Menounou formulation [6] for the sound attenuation of a thin rigid barrier is the
most complex approach since it takes into consideration both Fresnel numbers by involving
the next effects: The relative position of the receiver from the source (involving only the
Fresnel number N1), the proximity of the source or the receiver to the midplane (involving
the ratio N2/N1), the proximity of the receiver to the shadow boundary (involving both
Fresnel numbers N1 and N2), the diffraction effect due to spherical incident waves. The
noise attenuation for a semi-infinite rigid barrier, using the Menounou formulation and
considering pure tones, is given by the relation:

AMe
b = A1

b + A2
b + A3

b + A4
b, (10)

where the sound attenuation, given by the effect of the relative position of the receiver from
the source, is:

A1
b = 20 log10

( √
2πN1

tanh
√

2πN1

)
− 1, (11)

the sound attenuation, given by the effect of the proximity of the source or the receiver to
the midplane, is:

A2
b = 20 log10

[
1 + tanh

(
0.6 log10

N2

N1

)]
, (12)

the sound attenuation, given by the effect of the proximity of the receiver to the shadow
boundary, is:

A3
b =

[
6tanh

√
N2 − 2−A2

b

][
1− tanh

√
10N1

]
, (13)

and the sound attenuation, given by the diffraction effect due to spherical incident waves, is:

A4
b = 10 log10

[(
r1 + r2

d1

)2
+

r1 + r2

d1

]
. (14)
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3. The Improvements of GPM

The most used method for the prediction of noise attenuation is GPM [5] since the
ISO 9613-2 standard prescribed the model of attenuation. However, this method must be
improved by considering at least two phenomena: The ground absorption-reflections and
the atmospheric absorption. To consider the attenuation introduced by ground absorption-
reflections, the most convenient model was used, the Delany-Bazley model [7]. This model
takes into consideration the effective flow resistivity of the ground σe and the frequency of
the pure tone sound f. By modifying the propagation constant k (known as wave number)
of the sound in the air, given by the frequency of pure tones and the sound speed in the air
c, the normal is given by the relation:

k =
ω

c
=

2πf
c

, (15)

using an empirical factor αgr, thus the modified propagation constant is given by the
relation:

k =
k∣∣αgr
∣∣ , (16)

where αgr is:

αgr = 1 + 0.0978
[

f
σe

]−0.7
− i0.189

[
f
σe

]−0.595
, i =

√
−1. (17)

Accordingly, the Fresnel numbers N1 and N2, given by the Relations (1) and (2), are
modified in the same way as Relations (15)–(17).

The atmospheric absorption is considered using the Larsson model [8], which consid-
ers the next effects: Sound frequency, air humidity, air temperature, and pressure, using an
attenuation coefficient αaa, expressed in dBA/m, given by the relation:

αaa = f2


1.84× 10−11(

T0
T

)0.5 ps
p0

+

(
T0

T

)2.5
(

0.1068e−3352/Tfr,N

f2 + f2
r,N

+
0.01278e−2239.1/Tfr,O

f2 + f2
r,O

), (18)

where f is the sound frequency, T is the absolute temperature of the atmosphere in Kelvin0,
T0 = 293.15 K, ps is the atmospheric pressure, p0 = 101.325 kPa, and fr,N and fr,O are the
relaxation frequencies associated with the vibration of nitrogen and oxygen molecules. The
sound attenuation due to atmospheric absorption, in the case of a rigid thin barrier (see
Figure 1), is:

Aa = αaa(r1 + r2). (19)

Taking into consideration this effect as well as the ground absorption, after correcting
the Fresnel numbers N1 and N2 that were used in Relations (5), (6) and (8)–(14) using
Relations (16) and (17), it is necessary to add the correction given by Relations (18) and (19) in
the modified Relations (5), (6), (9) and (10). Based on the ISO 9613-1 standard [9], in Figure 2,
the sound attenuation is presented at 30 m distance between the source and receiver as a
function of sound frequency and the relative humidity of the air at several frequencies of
pure tones (2–10 kHz).

In Appendix A, the mathematical algorithm of the modified GPM is presented in
detail, taking into consideration the next attenuation phenomena for the thin rigid acoustic
barrier: Downwind meteorological effect that involves the modification of the source
Fresnel number N1 as well as Fresnel number N2, the proximity of the source or the
receiver to the midplane (involving the ratio N2/N1), the proximity of the receiver to the
shadow boundary (involving both Fresnel numbers N1 and N2), the effect of the ground
absorption-reflections based on the Delany-Bazley model [7], and the effect of atmospheric
absorption based on the Larson model [8].
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Figure 2. Sound attenuation as a function of sound frequency and relative humidity [9].

4. Analyses of Numerical Simulations and Discussion

Using Relations (1)–(14), a MATLAB software was developed to compute the sound
attenuation of pure tones for the previously mentioned acoustic rigid semi-infinite thin
barrier considering: Maekawa-Tatge formulation [1,2], Kurze and Anderson algorithm [3],
general prediction method (GPM-ISO 9613) [4,5], and Menounou formulation [6]. The
simulations were all represented without the ground effect and the atmospheric sound
absorption. As can be seen from Figures 3 and 4, the Maekawa-Tatge approach and Kurze
and Anderson algorithm are approximately the same, while the GPM approach gives
a difference of less than 3–3.5 dBA with respect to the first two methods. In addition,
the Menounou method gives an “over attenuation”. In Figures 3 and 4, the sound atten-
uation [dBA] of pure tones is presented for an acoustic rigid semi-infinite thin barrier,
including a height over the ground of 3 m, the source S is placed at the distance of 3.5 m
from the barrier at a height of 0.5 m over the ground, the receiver R is placed at a varying
distance from the barrier 0.15 to 35 m at a height of 1.0 m over the ground for different
frequencies of sound at 100, 250, 500, and 1000 Hz.

Figure 3. Sound attenuation as a function of the distance barrier-receiver and for a pure tone at 100 Hz (a) and 250 Hz (b).
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Figure 4. Sound attenuation as a function of the distance barrier-receiver and for a pure tone. (a) Frequency = 500 Hz,
(b) frequency = 1000 Hz.

In Figure 5a, the sound attenuation is represented for all the four methods at the sound
frequency of 2000 Hz. However, the attenuation was represented separately due to the
spherical wave propagation (SWE in Figure 5a). In addition, from the attenuation given by
Menounou, the attenuation was subtracted due to the spherical wave propagation (SWE).

Figure 5. Sound attenuation as a function of the distance barrier-receiver and for a pure tone. (a) Frequency = 2000 Hz,
(b) attenuation due to SWE. Range frequency 100–8000 Hz.

In Figure 5b, the attenuation due only to the spherical wave propagation (spherical
wave effect (SWE)) is presented. Therefore, it can be seen now that the attenuation due to
the spherical wave propagation (SWE) introduces the “over attenuation” in the Menounou
approach. As a result, the last term in Equation (10), given by Relation (14), will be
changed to zero starting from this point forward for the attenuation given by the Menounou
approach.

In Figure 6a,b, the effect of ground (ground absorption as well as ground reflections)
was considered, given by Equations (16) and (17), as well as air absorption given by
Relations (18) and (19) for a relative humidity of the air of 20%, for two values of effective
flow resistivity of the ground σe = 10 MPa·s·m−2 and σe = 104 kPa·s·m−2, and the sound
frequency of 1000 Hz for all of the four approaches: Maekawa-Tatge approach, Kurze and
Anderson algorithm, GPM, and Menounou-SWE formulation. This indicates that all the
methods are modified by these two effects: Ground absorption-reflections and air humidity
(in the figures. The approaches are marked as follows: MMA-Modified Maekawa, MKA-
Modified Kurze and Anderson, MGPM-Modified GPM, and MME-Modified Menounou).
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As can be seen from these two figures, when the ground is “hard”, the flow resistivity of
the ground is over 1 MPa·s·m−2. Here, all the modified formulations introduce the ground
reflections and the sound attenuation is lower, while if the flow resistivity of the ground
is less than 30 kPa·s·m−2, the ground reflections disappear and due to the ground sound
absorption, the sound attenuation given by all the approaches increases.

Figure 6. Sound attenuation as a function of the distance barrier-receiver and for a pure tone at 1000 Hz. (a) Relative
humidity: 20%; σe = 10 MPa·s·m−2. (b) Relative humidity: 20%; σe = 104 kPa·s·m−2.

In Figure 7a, for a relative air humidity of 20% and a flow resistivity of the ground of
σe= 104 kPa·s·m−2, the sound attenuation for a sound frequency of 2000 Hz is presented.
As can be seen, by analyzing Figures 6a,b and 7a, the sound attenuation increases with
the frequency of the sound. Using the complete modified GPM (MGPM) approach, this
involves: The downwind meteorological effect given by Equations (7) and (8) as well as the
effect of edge diffraction given by the Fresnel number N1; adding the effect of the proximity
of the receiver to the shadow boundary given by Relation (14) including the second Fresnel
number N2; the effect of sound air absorption, also used for the other approaches (Modified
Maekawa-MMae), Modified Kurze and Anderson (MKA), Modified Menounou (MMen),
given by Relations (18) and (19); and using the effects of ground absorption-reflections,
given by Relations (15)–(17), to all of the methods. In Figure 7b, the results obtained include
a sound frequency of 2500 Hz, relative air humidity of 20%, and a flow resistivity of the
ground of σe = 104 kPa·s·m−2.

Figure 7. Sound attenuation as a function of the distance barrier-receiver and for a pure tone: σe = 104 kPa·s·m−2.
(a) Frequency = 2000 Hz, (b) frequency = 2500 Hz.



Computation 2021, 9, 129 8 of 11

Comparing the results from Figure 7a with the experimental data in the literature [11,12]
(p. 361 global experimental data in graphs), this method is in close agreement with the
data published in MGPM. In Figure 8, the noise attenuation for all the four modified
approaches (MMae, MKA, MGPM, MMen) is presented as a function of the Fresnel number
N1, considering the relative air humidity of 20% and an effective flow resistivity of the
ground of σe = 104 kPa·s·m−2.

Figure 8. Sound attenuation with modified approaches: Relative humidity = 20%; σe = 104 kPa·s·m−2.

Comparing the results presented in Figure 8 with the experimental data published in
the literature [11,12] (p. 362), the algorithm that is closest to the experiments is the modified
GPM (MGPM). This explains the reason that the Sound PLAN software for the prediction
of the noise barrier attenuation uses GPM (ISO 9613-2). However, this must be corrected
using MGPM. To certify that MGPM offers a better prediction than GPM, an y-shape edge
barrier using the MGPM rather than GPM was optimized.

5. Case Study. The Y-Shape Edge Barrier Optimization and Discussion

One of the most used “head edge” semi-infinite noise barriers is the y-shape, presented
in Figure 9. This is because by varying the y-angle α from 0 to 180◦, the y-shape is
transformed into a T-shape and the β angle of the direction for the symmetry line of the
y-shape can be modified in the range of 0 to 180◦, with respect to the ground horizontal
line, as presented in the literature [12]. Using the modified general prediction method
(MGPM) to compute the attenuation of the sound with a semi-infinite thin rigid barrier
for the same geometrical conditions as presented above, the y-shape of the diffracting
edge was optimized, considering that a = 0.2 m and h = 0.5 m mounted in point E (see
Figures 1 and 9). In Figures 10 and 11, the numerical results for a distance barrier-receiver
of 35 m and for three frequencies of the pure tone sound at 1000, 2000, and 4000 Hz, are
presented. In addition, the following factors were considered: The relative air humidity is
20% and the effective flow resistivity of the ground is σe = 104 kPa·s·m−2.

As can be seen from Figures 10 and 11, the optimal angles of the y-shape diffraction
edge that induce the maximum sound attenuation of the barrier, computed with MGPM,
are α = 179◦ (almost T-shape) and β = 72◦, with β as the angle of inclination with re-
spect to the ground horizontal towards the source S, that is in close agreement with the
experimental results presented in the literature [12] (α = 180◦ T-shape (p. 366), β = 70◦

(p. 366)). Accordingly, the MGPM is tested to predict the noise attenuation, which is closer
to the reality phenomena, than GPM.
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Figure 9. The y-shape of the “head edge” for the semi-infinite noise barrier.

Figure 10. Sound attenuation: Distance barrier-receiver 35 m; relative air humidity 20%; σe = 104 kPa·s·m−2. (a) Frequency = 1000 Hz,
(b) frequency = 4000 Hz.

Figure 11. Sound attenuation: Distance barrier-receiver 35 m; sound frequency = 4000 Hz; relative
humidity 20%; σe= 104 kPa·s·m−2.
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6. Conclusions

To conclude, the best method for the prediction of the sound attenuation of a noise
with a semi-infinite thin rigid barrier is the modified general prediction method (based on
the ISO 9613-2 standard), which takes into consideration the following effects: Diffraction
effect of the edge barrier based on Fresnel number N1 (basic for GPM and Sound PLAN),
the downwind meteorological effect that modifies Fresnel number N1 (basic for GPM
and Sound PLAN), the effect of the proximity of the receiver to the shadow boundary,
including both the modified Fresnel numbers N1 and N2 (novelty with respect to GPM
and Sound PLAN), the effect of sound air relative humidity absorption based on ISO
9613-1 (novelty with respect to GPM and Sound PLAN), and the combined effects of
absorption-reflections of the ground (novelty with respect to GPM and Sound PLAN),
using an algorithm containing the following Relations: (1), (2), (7), (8), (14) and (16)–(20).
The mathematical algorithm for the new MGPM is presented in detail in Appendix A.
For future research, the MGPM must only be tested for pure tones sound, with sound
frequencies in the interval [100 . . . 4000] Hz. Therefore, the MGPM should be tested in
one third of an octave band noise frequency in the interval [100 . . . 16,000] Hz. In the
meantime, the source S was a monopole source, for the MGPM must be tested for at least a
quadrupoles noise source or, even better, for a four-lines noise source. These better respects
the impact rolling’s conditions between the automotive wheels and the surface of the
asphalt road. Furthermore, the optimization of the y-shape edge can be extended for the
quadrupoles noise source or for a four-lines noise source in one third of an octave band
noise frequency in the range [100 . . . 16,000] Hz.
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Appendix A. MGPM Mathematical Algorithm

δ1 = r1 + r2 −
√
(ds + xR)

2 + (yR − 0.5)2 = r1 + r2 − d1, (A1)

δ2 = r1 + r2 −
√
(xR − ds)

2 + (yR − 0.5)2 = r1 + r2 − d2, (A2)

Kmet = e
− 1

2000

√
r1r2d2

2δ1 , (A3)

∣∣αgr
∣∣ = √[1 + 0.0978[f/σe]

−0.7
]2

+ 0.035721[f/σe]
−1.19, (A4)

k = ω/c = 2πf/c, (A5)
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kmod =
k∣∣αgr
∣∣ , (A6)

N1 =
kmod
π

(r1 + r2 − d1), (A7)

N2 =
kmod
π

(r1 + r2 − d2), (A8)

N′1 = 0.5N1Kmet, (A9)

αaa = f2


1.84× 10−11(

T0
T

)0.5 ps
p0

+

(
T0

T

)2.5
(

0.1068e−3352/Tfr,N

f2 + f2
r,N

+
0.01278e−2239.1/Tfr,O

f2 + f2
r,O

), (A10)

AMGPM
1 = 10 log10

(
3 + 20N′1

)
, (A11)

A2
MGPM = 20 log10

[
1 + tanh

(
0.6 log10

N2

N1

)]
, (A12)

AMGPM
2 =

[
6tanh

√
N2 − 2−A2

MGPM

][
1− tanh

√
10N1

]
, (A13)

AMGPM
3 = αaa(r1 + r2), (A14)

AMGPM = AMGPM
1 + AMGPM

2 + AMGPM
3 . (A15)
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