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One of the most e [edtive designs to control the road tra Ccdoise is the T-shaped barrier. The aim of
this study was to examine the performance of T-shape noise barriers covered with oblique di [uders using
boundary element method. A 2D simulation technique based on the boundary element method (BEM)
was used to compute the insertion loss at the center frequency of each one-third octave band. In designed
barriers, the top surface of the T-shaped noise barriers was covered with oblique di[uders. The width
and height of the barrier stem and the width of its cap were 0.3, 2.7, and 1 m, respectively. Angles of
the oblique diluders were 15, 30, and 45 degrees. The oblique di[uders were placed on the top surface
with two designs including same oblique di [Luders (SOD) and quadratic residue oblique di [uders (QROD).
Barriers considered were made of concrete, an acoustically rigid material. The barrier with characteristics
of QROD, forward direction, and sequence of angles (15, 30, and 45 degrees) had the greatest value of
the overall A-weighted insertion loss equal to 18.3 to 21.8 dBA at a distance of 20 m with various heights

of 0 to 6 m.

Keywords: noise barrier; oblique di [uder; T-shaped; boundary element method.

1. Introduction

In recent years, growing urbanization and increased
numbers of vehicles have resulted in tra [ doise level
above permissible values. The adverse e [edts of expo-
sure to tra [c_noise for residents of the roadside ar-
eas are well-known including cardiovascular disease,
digestive disorders, sleep disturbance, and impacts on
cognitive performance (Basner et al., 2014; Abbasi
et al., 2015; Khoshakhlagh et al., 2017). There are
a few techniques for decreasing the road tra [c_foise.

Standards such as EN 1793-3 and EN 1793-4 have
been developed that recommend test methods for de-
termining the acoustic performance of the road tra [c ]
noise-reducing devices (Garai, 2004; EN No: 1793-4,
2015). These standards also apply to the development
of e[edtive added devices for road tra [cHoise barri-
ers (Garai, Guidorzi, 2007). Noise barriers are one
of the most e [edtive methods for environmental noise
control. In general, a barrier reduces the sound waves
transmitted to a receiver in the shadow area, shield-
ing the direct path. The receiver may receive the noise
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by other indirect paths such as refraction on the bar-
rier top.

Numerous studies have been carried out to explore
enhancement of noise barrier e [ciehcy. These stud-
ies can be categorized into several groups based on
the variations including dimension, location, material,
shape, and use of absorbent materials at the barri-
ers (Yamamoto, 2015). Initially, researchers tried to
improve e [ciehcy by changing the dimensions and lo-
cation of barriers. Hothersall et al. (1991) noted
that an increased height of 3 to 5 m can improve the
insertion loss by 3.8 dB. May and Osman (1980) in-
troduced the wide top barriers and concluded a barrier
with a cap width of 2.44 m increases the e [ciehcy by
3.1 dB. However, the dimensional variations may cause
secondary problems such as reduced sunlight, altered
aesthetics and high cost. Some researchers have stud-
ied the materials used in barriers. Halim et al. (2015)
examined the e[edtiveness of noise barriers made of
vegetation, concrete hollow block, and panel concrete.
The results revealed that panel concrete provides an
insertion loss greater than that of the concrete hollow
block and vegetation. A study conducted by Koussa
et al. (2013) on the acoustic performance of low height
gabions noise barriers indicated that the insertion loss
values can reach 8 dBA at the shadow zone. Another
group of researchers demonstrated that the barrier
top causes noise refraction and decreases performance.
They applied an absorptive material on the top edge
of a barrier (Okubo et al., 2010). As the practical
use of absorbent materials in barriers was di [culk, re-
searchers changed the shape of the barrier top and
designed various shapes of barriers such as T-shape,
Y-shape, arrow-shaped, cylinder and thnadner to in-
crease its e [Cciehcy (Fard et al., 2013). Wang et al.
(2018) examined the e [edt of wells mounted on the top
edge of the barrier. Results showed that wells increase
the insertion loss by 1.5 dBA. Greiner et al. (2010)
also conducted a study to achieve an optimum design
of the Y-shaped barrier using the multi-objective evo-
lutionary algorithm. The suggested methodology im-
proved the IL spectrum of the Y-shaped barrier by
15% and 30%. Of various barrier types, one of the most
e [edtive designs is the T-shaped barrier. As found by
Ishizuka and Fujiwara, the soft T-shaped barrier ex-
hibits the highest performance among noise barriers
with various edge shapes. A T-shaped barrier with 3-m
height performs as well as a plain one with 10-m height
(Ishizuka, Fujiwara, 2004). Hothersall et al. re-
viewed results of previous researches on the insertion
loss of T-, Y- and arrow-shaped noise barriers. Re-
sults revealed that Y- and arrow-shaped barriers were
less e [cieht than T-shaped ones (Hothersall et al.,
1991).

Some researchers used diluders on top surface of
the barrier to increase its performance. Baulac et al.
(2008) optimized the acoustical e Cciehcy of T-shaped

noise barriers covered with a series of wells using the
generic algorithm and the results showed that the e [=—1
ciency can be improved 2-3 dBA for 5-9 wells. Mon-
azzam et al. (2010) employed the primitive root se-
quence dil[uder (PRD) on a T-shaped barrier design.
Insertion loss of the designed barrier improved nearly 2
to 3 dB compared to its equivalent rigid barrier at far
field. In addition, Fan et al. (2013) used an active con-
trol system at T-shaped barrier and achieved an extra
insertion loss of more than 3 dBA. Oblique surfaces
can also be used to reflect and di[ude sound. There is
a patent that covers the use of these surfaces on the
face of barriers (McNair, 1995). In the present study,
various types of oblique diluders on the top surface
of T-shaped barrier were applied for improvement of
its performance. Therefore, the aim of this study was
to examine the performance of T-shape noise barriers
covered with oblique di[uders using boundary element
method.

2. Materials and methods
2.1. Boundary element method

In the current study, a two-dimensional simulation
technique, based on the boundary element method
(BEM), was used to compute the insertion loss. In
this method, the surface conditions can be calculated.
The advantage is the accuracy and flexibility in rep-
resentation of the dilerknt shapes. BEM is a strong
instrument for the assessment of the acoustic perfor-
mance of various noise barriers. Numerous studies have
successfully applied this method for determining the
e [edtiveness of noise barriers (Greiner et al., 2010;
Monazzam et al., 2010). The method allows a pre-
cise assessment of the acoustic pressure field around
noise barriers with dilerkent shapes, and provides an
opportunity for investigation and comparison of vari-
ous barriers (Naderzadeh et al., 2011).

BEM has two axis included the horizontal axis (x)
on the ground plane and the vertical axis (y) which
is perpendicular to the ground plane. A steady line
source is at ro = (Xo;Yo) and the acoustic pressure
(p(r;ro)) is at r = (x;y). BEM divides the surface of
the barrier into a number of line elements ( 1, o, ...,

n) and calculates the Helmholtz equation for each
element. The dimension of elements is less than one-
fifth of a wavelength and it is assumed that p (ro; rn) is
constant for each element (Hothersall et al., 1991).
Then, BEM solves the Helmholtz wave equation at
a frequency (Brunner et al., 2010):

R =6 o)y o =ik ()G

p(rs; ro)@s(rs); @
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where @s(rs) is the length of an element of at rg and
% is the normal derivative at rg; k also shows the
wave number. As well as, on a rigid ground, G(r;rg)
indicates the acoustic pressure at r of a source at rg

and could be calculated as:
i ,
G(riro) == {Hs" (kfo ~r) + Hg” (kK ~ 1D} (2)

where ry is the image of the source on the ground (ry =
(X0 — ¥o)) and Hél) shows the Hankel function of the
first kind of zero order.

However, in BEM, turbulence and degradation due
to temperature, humidity and other climatic condi-
tions are not considered. The above calculations were
solved in FORTRAN. More details are described in
the Monazzam and Lam (2005) study. The compari-
son of this model with experimental results shows an
acceptable correlation at the wide range of frequencies
(Monazzam, Lam, 2008).

2.2. Performance evaluation

In the current study, the insertion loss was calcu-
lated by the Eq. (3) at the center frequency of each
one-third octave band to evaluate the performance.

__ (r;ro) .
IL = -20l0g,, %WD [dB]; 3)

where p(r;rp) and G(r;ro) are the sound pressure
with and without acoustic barriers at the receiver
point, respectively. As well as, the overall A-weighted
insertion loss (ILa) was calculated based on the BS
EN 1793-3:1998 standard using Eq. (4) to combine the
results of the insertion loss at the center frequencies of
the one-third octave band over the range 100-4000 Hz
(EN 1793-3, 1998).

(100:1(Li+8) D]_O—O:llLi) [
C1 (4)
1

ILtota| = —10|Og % Ev/oi
1 z w/oi

E1 khz

where the values of L; are extracted from Table 1 and
normalized to 1 kHz, IL; represents the insertion loss
at f; as frequency, E,,,0i and E; ki, are the sound en-
ergy on the flat ground without barrier at dilerknt
frequencies and 1 kHz, respectively.

2.3. Specifications of designed noise barriers

Figure 1 illustrates various designed noise barriers
and Table 2 describes their characteristics. The first
barrier is a reference T-shaped rigid barrier with vari-
ations performed on it. The width and height of the
barrier stem and the length and width of the cap were
0.3, 2.7, 1, and 0.3 m, respectively. In designed barri-
ers, the top surface of the T-shaped barrier was cov-
ered with oblique diluders. The width and height of

Table 1. Normalized tra [cfdoise spectrum.

fi [Hz] L; [dB]
100 -20
125 -20
160 -18
200 -16
250 -15
315 -14
400 -13
500 -12
630 —11
800 -9
1000 -8
1250 -9
1600 -10
2000 -11
2500 -13
3150 -15
4000 -16

their stems and the length of their caps were approxi-
mately similar to those of the reference T-shaped bar-
rier. Three oblique diluders were used in the barri-
ers. Angles of oblique di[uders were 15, 30, and 45 de-
grees. Oblique di [uders were placed on the top surface

Im 6, 0, 0. 0, 0, 0. 6, 6, 0, 6, 6, 6,

— 1 2 U 1 ] 1 I 1 2 3
=
27m 3m

T SODF15 SODFV15 SODBV15 QRODF15
6, 0, 6 6, 6, 6 0, 6, 6 0, 0, 0 0, 6, 6
== = ==l el |
QRODFVIS QRODBV1S SODF30 SODFV30 SODBV30
6, 6, 6 6, 0, 0 0, 6, 0 0, 0, 6, 0, 6, 0,
=] L] el %% 14

QRODF30 QRODFV30 QRODBV30 SODF45 SODFV45
6, 6, 6, 6 6 6 6 6, 6 0, 0, 0 0, 0, 0,
NN | =]
~ SODBV45 QRODF45 QRODFV45 QRODBV45 SODFS
6 6, 6 6, 6, 6 6 6, 6 0, 6, 6, 6 6, 6
SODFVS SODBVS QRODFS QRODFVS QRODBVS

Fig. 1. The various designed noise barriers.
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Table 2. The characteristics of various designed noise barriers.
Characteristics
Model The width The heigh The length
1 [deg] | 2 [deg] | = [deq] of the bafrierdsttem [m] | of the ba?rieeritzm [m] | of the b:rr?erg;[:ap [m]

T 0 0 0 0.3 2.7 1
SODF15 15 15 15 0.3 2.7 0.99
SODFV15 15 15 15 0.3 2.7 1.02

SODBV15 15 15 15 0.3 2.7 1
QRODF15 15 15 15 0.3 2.7 0.99
QRODFV15 15 15 15 0.3 2.7 1.02
QRODBV15 15 15 15 0.3 2.7 1.01

SODF30 30 30 30 0.3 2.7 1
SODFV30 30 30 30 0.3 2.7 1.03
SODBV30 30 30 30 0.3 2.7 1.03
QRODF30 30 30 30 0.3 2.7 0.99
QRODFV30 30 30 30 0.3 2.7 1.02
QRODBV30| 30 30 30 0.3 2.7 1.01
SODF45 45 45 45 0.3 2.7 0.99
SODFV45 45 45 45 0.3 2.7 1.02
SODBV45 45 45 45 0.3 2.7 0.99
QRODF45 45 45 45 0.3 2.7 0.99
QRODFV45 45 45 45 0.3 2.7 1.02

QRODBV45| 45 45 45 0.3 2.7 1
SODFS 15 30 45 0.3 2.7 0.99
SODFVS 15 30 45 0.3 2.7 1.02
SODBVS 45 30 15 0.3 2.7 1.01
QRODFS 15 30 45 0.3 2.7 0.99
QRODFVS 15 30 45 0.3 2.7 1.02

QRODBVS 45 30 15 0.3 2.7 1

based on two designs including the base size of triangles
with equal sequences as same oblique di[uders (SOD)
and with quadratic residue sequences (Sequence: 2 3 5)
as quadratic residue oblique di[uders (QROD). In ad-
dition, the direction of diluders linked to the sound
source were forward and backward. In some oblique
barriers, the vertical edge was used at the end of the
barrier for the wave. Barriers were made of concrete,
which is an acoustically rigid material.

2.4. Parameters for calculation

The sound source was located at a distance of 5 me-
ters from the center line of barriers on rigid ground to
simulate the mean distance of vehicles on a normal
highway. In addition, the receiver point was placed at
a distance of 20 meters from the center line of the barri-
ers with the various heights (0, 1.5, 3, 4.5 and 6 meters)
of the rigid ground. All calculations were performed at
the center frequencies of the third-octave band over the
range 100-4000 Hz. In general, the e [ciehcy of each
designed barrier was compared to that of the refer-
ence T-shaped barrier. In the next step, the designed

barrier with the best performance was selected for sub-
sequent calculations. The overall A-weighted insertion
loss of the barrier with the best performance and ref-
erence T-shaped one were calculated at di[erknt dis-
tances from the barrier (5, 20, 50, and 100 meters) and
heights of 0, 1.5, 3, 4.5, and 6 meters above the ground.
Figure 2 depicts the locations of the various receiver
points at the shadow zone.

Receivers

17e 18e 19e 2080 ~6
13e l4e 150 168 45
0, 0, 6, £
9e 10e 1le 2e -3 £
T
I
se 6e 7e 8e 15
Source
° le 2o 3e 40 |0
-5 0 5 20 50 100

Distance from barrier [m]

Fig. 2. The locations of various receiver points
at the shadow zone.
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3. Results

Figures 3, 4, 5, 6, and 7 indicate the overall
A-weighted insertion loss [dBA] in barriers designed
by oblique diluders compared to that of in the ref-
erence T-shaped barrier at a distance of 20 meters
and heights of 0, 1.5, 3, 4.5, and 6 meters. Based on
the results, some barrier models including SODFV1

and SODBV15 had the overall A-weighted insertion
loss less than that of the reference T-shaped barrier
at some heights. Other barriers have a better perfor-
mance relative to T-shaped barriers at various heights.
However, barrier model of QRODFVS compared to the
reference T-shaped barrier had the best performance
at various heights. Other barrier models showed very
di Lerknt performance at various heights.

Fig. 3. The overall A-weighted insertion loss [dBA] in barriers designed by oblique di [uders compared
to that of in the reference T-shaped barrier at the receiver point (20, 0).

Fig. 4. The overall A-weighted insertion loss [dBA] in barriers designed by oblique di [uders compared
to that of in the reference T-shaped barrier at the receiver point (20, 1.5).

Fig. 5. The overall A-weighted insertion loss [dBA] in barriers designed by oblique di [uders compared
to that of in the reference T-shaped barrier at the receiver point (20, 3).
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Fig. 6. The overall A-weighted insertion loss [dBA] in barriers designed by oblique di [uders compared
to that of in the reference T-shaped barrier at the receiver point (20, 4.5).

Fig. 7. The overall A-weighted insertion loss [dBA] in barriers designed by oblique di [uders compared
to that of in the reference T-shaped barrier at the receiver point (20, 6).

Figures 8, 9, 10, 11, and 12 illustrate the Predicted
frequency spectra of the barrier insertion loss [dBA]
for T-shaped and QRODFVS barriers at dilerknt
heights for a distance of 20 m. Values of the insertion
loss in the QRODFVS barrier compared to the refer-

ence T-shaped barrier had no significant di [erence at
frequencies less than 200 Hz. Changes in the values of
the insertion loss have been often made at frequencies
more than 200 Hz. The frequency with the best perfor-
mance for various designed barriers at various heights

Fig. 8. The Predicted frequency spectra of the barrier insertion loss [dBA]
for T-shaped and QRODFVS at the receiver point (20, 0).
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Fig. 9. The Predicted frequency spectra of the barrier insertion loss [dBA]
for T-shaped and QRODFVS at the receiver point (20, 1.5).

Fig. 10. The Predicted frequency spectra of the barrier insertion loss [dBA]
for T-shaped and QRODFVS at the receiver point (20, 3).

Fig. 11. The Predicted frequency spectra of the barrier insertion loss [dBA]
for T-shaped and QRODFVS at the receiver point (20, 4.5).

was di Cerent and greater than 250 Hz. Based on the re- 2500, 315, 4000, 2000, 3150 Hz for the heights of 0, 1.5,
sults, it appears that use of the oblique surfaces with 3, 4.5, 6 meters, respectively. However, values of the in-
a sequence of angles in T-shaped barrier increases the  sertion loss of SODBVS model indicated less fluctua-
insertion loss at a wide frequency range above 250 Hz  tion than other barriers at various heights and were ap-
significantly. Figures 8-12 shows the peak values of the propriate at many frequencies. Therefore, this barrier
insertion loss for barrier model of QRODBVS are at showed the best performance among designed barriers.
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Fig. 12. The Predicted frequency spectra of the barrier insertion loss [dBA]
for T-shaped and QRODFVS at the receiver point (20, 6).

Table 3 presents the overall A-weighted insertion
loss for QRODFVS model and the reference T-shaped
barrier at 20 receiver points. Based on the results,
values of the overall A-weighted insertion loss at re-
ceiver points 10 (20, 3) and 17 (5, 6) were greatest
and least values, respectively. However, the di[erence
values of the insertion loss between ones at receiver
points 5 (5, 1.5) and 13 (5, 4.5) were maximum and
minimum, respectively. Moreover, Figs 13 and 14 in-

dicate the overall A-weighted values of the insertion
loss in barrier models of QRODFVS and T at receiver
points, respectively. Values of the improvement in the
insertion loss of SODBVS model compared to that
of in the reference barrier at receiver points are also
depicted in Fig. 15. In all of receiver points, overall
A-weighted values of the insertion loss in QRODFVS
model were greater than that of the reference T-shaped
barrier.

Table 3. The overall A-weighted insertion loss in barrier models of SODBVS and T at receiver points.

Receiver no. Insertion loss Insertion loss Mean di[erence
for barrier model T [dBA] for barrier model QRODFVS [dBA] of insertion loss [dBA]
1 18.3 19.2 +0:9
2 15.9 18.2 +2:3
3 15.0 17.6 +2:6
4 14.7 17.4 +2:7
5 21.0 21.4 +0:4
6 19.6 21.6 +2:0
7 18.2 19.8 +1:6
8 16.2 18.6 +2:4
9 17.1 19.9 +2:8
10 18.3 21.8 +3:5
11 18.2 20.6 +2:4
12 18.0 19.8 +1:8
13 11.5 16.3 +4:8
14 16.6 20.5 +3:9
15 18.4 20.8 +2:4
16 18.0 20.5 +2:5
17 6.7 10.9 +4:2
18 16.0 19.2 +3:2
19 17.5 20.7 +3:2
20 18.0 20.5 +2:5
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Fig. 13. The overall A-weighted values of insertion loss in reference T-shaped barrier at receiver points.

Fig. 14. The overall A-weighted values of insertion loss in barrier model QRODFVS at receiver points.

Fig. 15. The values of improvement in insertion loss of barrier model QRODFVS compared
to that of in model T at receiver points.

4. Discussion of T-shape noise barriers covered with oblique dif-

fusers improved. The width and height of the barrier

The performance of designed barriers with var- stem and the length of the cap were nearly same in
ious shapes was predicted using 2D boundary ele-  all designed barriers. Therefore, values of the inser-
ment method. Results showed that some changes in  tion loss in the designed barriers have been aledted
the T-shaped barrier were e [edtive. The performance by oblique dilusers on the barrier cap. Of designed
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barriers, QRODFVS model indicated the best per-
formance at distance of 20 meters with the various
heights. This result can be explained by the construc-
tive and destructive e [edts of reflected waves based on
the boundary geometry and wavelength. The perfor-
mance of the reference T-shaped barrier was less than
that of some designed barriers with oblique di[uders
due to the loss of multiple reflection degradation. Con-
structive eledts in some designed barriers with high
e [edtive height such as SODF45 and QRODF45 de-
creased the value of the insertion loss at some heights.
In addition, the designed barriers improved, especially
the value of the insertion loss at the medium and
high frequency. Regarding dimensions and material,
this result was predictable. Absorbent materials can
be used on rigid surfaces for improvement of the per-
formance at low frequencies. Wu et al. introduced a
type of profiled absorber which can increase the perfor-
mance at low frequency (Wu et al., 2001). Moreover,
Monazzam, Nassiri (2009) showed that a decrease in
the design frequency of the quadratic residue di [uders
(QRD) improves the performance at lower frequency
(Monazzam, Nassiri, 2009).

In the present study, barriers with backward direc-
tion had the superior performance at an angle of 30 and
45 degrees, while the ones with forward direction were
better at angles of 45 degree and a sequence of angles.
Barriers with forward direction often use the reflection
mechanism for reduction of the noise while the domi-
nant mechanism in barriers with backward direction is
cancellation. Therefore, the angles of 30 and 45 degrees
are optimum values for noise cancellation in designed
barriers. As well, quadratic residue oblique diluders
(QROD) had a higher performance at nearly all an-
gles. In general, the quadratic residue oblique di [uders
(QROD) created the best values of the insertion loss.
However, suitable cancellation happened at an angle
of 45 degrees and the sequence of angles for QROD.
Quadratic residue dil[uders (QRD) showed an appro-
priate performance in studies performed by other re-
searchers. The results of Monazzam, Nassiri (2009)
study demonstrated that use of a QRD with the fre-
quency design of 400 Hz on parallel barrier increases
the total performance by 1.8 dBA (Monazzam, Nas-
siri, 2009). Results of the current study revealed that
the design with a sequence of angles provides supe-
rior performance because the sequence of angles makes
a good condition for the noise cancellation and reflec-
tion. Based on these results, at a low height above
rigid ground, the value of the insertion loss decreases
with the increase of the receiver distance from the bar-
rier, but at higher height, this value enhanced. These
findings may be due to the sound refraction. The top
surface of T-shaped barriers refracts the sound wave
downwards. Additionally, results in Fig. 15 indicate
that the QRODFVS model performs better than the
reference T-shaped barrier at all receiver points.

5. Conclusion

In general, the result of the current study showed
that some designed barriers improved the insertion loss
at medium and high frequency. Based on the results,
QRODFVS model had the best performance among
designed barriers. This design increased the perfor-
mance of the T-shaped barrier by 0.4 to 4.8 dBA at
di[erknt distances. In addition, less material is used
for construction of this barrier. Therefore, it can be
applied e [edtively to control the noise.
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