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a b s t r a c t

Balconies provide noise screening effects in residential buildings even with the balcony door opened for
natural ventilation. However, the screening effect of a balcony was found to be canceled due to the
reflection from the ceiling. This paper describes a balcony whose ceiling is made from materials of
inhomogeneous impedance which eliminates this drawback. The nonuniform impedance affects wave
behavior by altering the direction of energy flux away from the region of a balcony as it reflects on the
ceiling. A proposed realization of the balcony ceiling comprises a closely spaced array of progressively
tuned hollow narrow tubes which create a phase gradient. The acoustic performance of a balcony with an
inhomogeneous ceiling surface is examined theoretically by a ray-based model. All of the results pre-
dicted by the theory fit well with numerical simulations using a two-dimensional finite element method.
Balconies with the proposed ceilings have the potential to be widely used in a roadside multi-residential
building against the exterior traffic noise.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Balconies are architectural features functioned as a buffer zone
to provide a comfortable environment for residents, and recently
regarded as one of the green and innovative features in residential
building [1]. Due to the high density of population and the scarcity
of building land in metropolis, it is common that multi-residential
buildings are located close or even next to traffic roads and hence
exposed to severe exterior noise. Existing sound protecting treat-
ments, such as sound barriers, are limited in their ability to protect
a roadside building, especially the upper stories, against the road
traffic noise [2]. However, balconies were found to be effective in
providing the noise screening effect in residential blocks even with
the balcony door opened for natural ventilation [3]. Therefore,
there have been a diversity of studies on investigating the screening
effect of balconies. Mohsen and Oldham [4] investigated a closed
balcony by computer simulation and measurements on a scale
model, and derived an empirical equation to predict the perfor-
mance of a closed balcony. May [5] observed a significant increase
in sound level on high-rise balconies close to freeways by field
measurement, and the sound absorption treatment of the ceiling
was found to provide effective noise reduction. Boundary element
method (BEM) was also used to study the performance of balconies
in a tall building close to a road [6]. Kim et al. [7] investigated a
special type of balcony, i.e. balconies fitted with windows, by using
in-situ measurement. To predict the sound field inside balconies,
which are partially covered by absorptive materials, Kropp and
Berillon [8] developed a theoretical model by using the Green's
function for rigid walls and replacing the non-rigid areas by
monopole sources. Cheng et al. [9] carried out a theoretical study on
windows with lintels, which are structures similar to balconies, by
combining Macdonald's diffraction theory and the image receiver
method. As a modification of the standard prediction scheme CRTN
[10], a methodology based on the geometrical ray theory was
developed for the prediction of sound field inside a balcony [11].
Furthermore, the form of balcony was also attracted much atten-
tion: A balcony opened to the street but enclosed on all other sides
was investigated by means of scale models by Hammad et al. [12].
Hossam El-Dien and Woloszyn [13,14] tested the influence of bal-
cony configurations, which include the ceiling inclined angle, bal-
cony depth and parapet form, on the acoustic performance of
building facades close to roadways using pyramid tracing simula-
tions and scale model measurements. In addition, a study on the
scattering effects of balconies has also been carried out using a scale
model [15]. The studies mentioned above defined exterior noises
solely as traffic noise and considered the balcony effect on a single
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Fig. 1. Schematic representation of a multi-residential building located close to a
source. d ¼ 2:5 m, l ¼ 1:5 m, t ¼ 0:1 m, h0 ¼ 3 m, hR ¼ 1:5m.
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building, Lee et al. [16] then investigated the noise reduction of
balconies in an apartment complex and took other noises such as
those produced from vehicles entering and exiting a parking lot or
from nearby outdoor market into consideration.

When a multi-residential building is located near a road, the
screening effect provided by a balcony declines for the occurrence
of reflection from the ceiling [6,9]. In continuing efforts to improve
the performance of balconies, a diversity of studies on various
balcony forms have been conducted [12e15]. Nonetheless, the
profiles of these types of balconies are relative complex. On the
other hand, active noise control (ANC) has been used to reduce the
amount of sound diffracted at the edge of balconies [17]. In
particular, sound absorptive treatment was found to be very
effective in counteracting the degradation due to the reflection
from the ceiling [6]. However, because of the accumulation of dust
and bacteria, the requirement of fireproof, as well as the irritation
of human respiration system due to fibers from porous materials,
the existing absorptive materials are not suitable for longterm use
in practice. Moreover, using available absorptive materials leads to
impractically thick balcony for low frequency absorption.

In the present study, we seek for a potential alternative sol-
utiondbarriers whose ceilings having inhomogeneous surfa-
cesdto improve the shielding effect of balconies in a road-side
buildings. The balcony ceiling has a simple profile like that of a
conventional rigid wall. By introducing an impedance in-
homogeneity [18,19], the way the sound behaves as it reflects on
the ceiling is altered. Balconies having ceilings with inhomoge-
neous surfaces successfully guide the sound energy flux away from
the region of a balcony, and hence provide a better noise screening
effect. In Sec. 2 of this paper, a balcony with a conventional rigid-
wall ceiling is investigated theoretically and numerically. In Sec.
3, the behavior of sound interacting with an inhomogeneous
impedance surface is evaluated; then the theoretical analysis and
numerical simulations on the performance of a balcony having an
inhomogeneous ceiling surface are carried out. Finally, a physical
example of an inhomogeneous ceiling surface is demonstrated in
Sec. 4.

2. Balconies with rigid-wall ceilings

2.1. Theoretical analysis

In this section, the first treatmentda balcony with a conven-
tional ceiling (i.e. rigid-wall ceiling)dis considered, which is the
most common case in practical use. Fig. 1 shows the cross sections
(in the xey plane) of a multi-residential building placed very close
to a source on the ground; and the geometries are listed in the
figure caption. This investigated model is equivalent to an infinite
coherent line source parallel to a high building with a constant
cross-section facade in three dimensions. Therefore, for the current
analysis, the contributions of sound diffraction from the top edge of
the facade and the vertical edges of the balconies are ignored. For
clarity, the front parapet of each balcony is assumed to be acous-
tically transparent and will not be shown in the following figures.
Notice that it is a critical circumstance since the source is placed
very close to the building facade. Nonetheless, using the theoretical
approach adopted in this paper, it is straightforward to study the
performance of balconies with different source locations. For this
conventional treatment, the ground, as well as the ceiling and back
wall of each balcony are assumed to be rigid.

In this paper, a ray-based theory, which combines the image
receiver method [9,11] and the theory of sound diffraction [20,21],
is used to investigate the performance of a balcony. When a road-
side multi-residential building is located close to a noise source, as
shown in Fig. 1 with the given geometrical configuration, the
receiver R0 is shielded from the source S by the balcony (i.e. is
located in the shadow zone). Thus, the total sound pressure at R0
with the presence of the balcony can be obtained by combining
contributions of the reflected ray and all diffracted rays, as

pw ¼ preflect þ pdiffract (1)

where preflect represents the contribution of the ray that is gener-
ated from the source S, and then experiences multiple reflections
from the ceiling and floor of the balcony on the 4th story before it
reaches the receiver R0. The term, pdiffract , represents the overall
contributions from the diffracted rays, which leave the source,
diffract at the edge E1 or E2, and then experience reflections with
different orders before reaching R0. For these diffracted rays, as
illustrated in Fig. 2(a) and (b), the row of image receivers of the
receiver R0 can be readily created by using a simple ray tracing
technique. Then the ray path from the source to the corresponding
image receiver is constructed by linking the source and receiver. For
instance, an image receiver R1 is created for the ray that diffracts at
E1 (the edge of the balcony floor) and then hits the balcony ceiling
before it reaches R0. The image receiver R2 creates the ray that
diffracts at E1, hits the ceiling, and then the balcony floor before it
reaches R0. In an analogous manner, the ray paths traced by other
image receivers, R3, R4, and so on, can be straightforwardly deter-
mined. These image receivers with positive subscripts correspond
to the diffracted rays diffracted by the edge of the balcony floor,
while other image receivers with negative subscripts are corre-
sponding to the sound rays diffracted at the edge of the ceiling. For
the reflected ray, the corresponding image receiver can be readily
determined by using the same ray tracing technique. As illustrated
in Fig. 2(a), the image receiver for the reflected ray is R2, which is
the same virtual receiver for the diffracted ray of order 2mentioned
above. For the current investigatedmodel, by setting the location of
the actual receiver R0 as the origin, the vertical locations of these
image receivers Rn (n ¼ ±1;2;3; :::) are given by



Fig. 2. Schematic diagram of the image receivers corresponding to (a) the reflected ray and the diffracted rays diffracted by the edge of the balcony floor and (b) the diffracted rays
diffracted by the edge of the balcony ceiling.
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yn ¼
�
signðnÞ

h
ðjnj þ 1Þh0 � 2hðnÞ

i
if n is odd

nh0 if n is even
(2)

where hðnÞ ¼ hR for the image receivers with positive n, while hðnÞ ¼
h0 � hR for those with n < 0. And signðnÞ is the sign function. In Eq.
(2), the absolute value of n represents the number of reflection that
the diffracted or reflected ray experiences before reaching R0 (also
called the order of the ray). Notice that there is a ray that diffracts at
E1 and then reaches R0 directly. Similarly, another ray, which is
diffracted by E2 before reaching R0, exists. Both of these diffracted
rays are of order zero; and the corresponding receiver is R0. In
general, the paths linking the source and the receivers for the re-
flected and diffracted rays are shown by the dotted and solid lines
in Fig. 2, respectively. For clarity, the image sources correspond to
the reflected ray and those diffracted rays diffracted at E1 are shown
in Fig. 2(a), and the image sources correspond to the diffracted rays
diffracted by E2 are shown in Fig. 2(b).

As illustrated in Fig. 2(a) and (b), there are infinite number of
image receivers. However, previous works [9,10] on balconies
generally considered the contributions from the diffracted rays up
to the first order, and the contributions of sound diffractions from
the balcony ceiling were usually ignored. These may provide pre-
dictions with acceptable accuracy in most situations, but will lead
to significant deviation when a building is placed very close to a
road. Theoretically, the pressure at the receiver R0 is determined by
the reflected ray and a coherent summation of contributions from
all diffracted rays as they reaches the receivers Rn (n¼ 0, ±1, ±2,…).
However, for the calculation efficiency, only a finite number of
image sources are considered. In the investigation on similar
structurese parallel barriers, it has been reported that the variation
of total sound pressure at the actual receiver R0 as a function of the
number of reflection stabilized after 15 reflections [22]. So the
image sources taken into account in present study are up to order
15 (jnj � 15).

In this paper, the diffraction theory [20,21] is combined with the
image receiver method to investigate the performance of a roadside
balcony. Pierce [21] has developed a solution to the wave equation
for sound diffracted by a rigid-wall screen with edge E for a line
source S and receiver Rn. It is given by Ref. [21].

pdiffract;n ¼
 
ej

p
4ffiffiffi
2

p
!�

AD
�
Xþ;n

�þ AD
�
X�;n

��h� jHð1Þ
0 ðkrnÞ

i
(3)

where

rn ¼ rS þ rR;n (4)

The terms, rS and rR;n, are the respective distances from the
source S and receiver Rn to the diffraction point E, k is the wave
number, and Hð1Þ

0 is the Hankel function of first kind and order zero.
AD is the Airy function [23] given by

ADðXÞ ¼ signðXÞ½f ðjXjÞ � jgðjXjÞ� (5)

where signðXÞ is the sign function, and f and g are the auxiliary
Fresnel functions [23]. The diffraction integrals, Xþ;n and X�;n, are
determined by



Fig. 4. The finite element modeling of balconies with rigid-wall ceilings in a roadside
building.
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X±;n ¼ X
�
qR;n±qS

�
(6)

where

XðqÞ ¼
�
� 2 cos

	
q

2


� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rSrR;n
lrn

s
(7)

where l is the wavelength, and the angles, qR;n and qS, are illus-
trated in Fig. 3.

For a reflected ray that experiences multiple reflections before it
reaches the receiver R0, as shown by the dashed line in Fig. 2(a), the
contribution to the total sound field is given as [20].

Preflect ¼ �jHð1Þ
0 ðkr0Þ (8)

where r0 is the distance from the source S to the corresponding
image receiver R2, and Hð1Þ

0 is the Hankel function of first kind and
order zero. In this paper, the insertion loss (IL) is used to access the
acoustic performance of a balcony, which is defined as follows:

IL ¼ 20 log10

	
Pw=o

Pw



(9)

which is the decibel value of the ratio of sound pressure at R0
without (Pw=o) and with (Pw) the presence of a balcony.

2.2. Comparison with numerical simulations

A two-dimensional finite elementmethod (FEM)was performed
by employing the commercial software COMSOL Multiphysics™ to
verify the theoretical analysis for the conventional treatment (i.e. a
balcony with a rigid-wall ceiling). The calculation domain is shown
in grey in Fig. 4. All surfaces, including the ceiling, floor and real
wall of each balcony, as well as the ground are assumed to be rigid.
In the present study, the domain of the radiated sound field extends
to infinity; however, for computational efficiency, a relatively small
area is considered for the numerical calculations. For this case, the
calculation domain is bounded by perfectly matched layers (PMLs),
which are artificial absorbing layers allowing waves to propagate
out from the domain without reflection [24]. In other words, PMLs
are added to the calculation domain to mimic the open domain of
the radiated sound field. The PMLs are shown in Fig. 4, and for
simplicity they are not shown in the following figures. The fre-
quency range of interest is taken to be 200e4000 Hz. To ensure
numerical accuracy, a fine mesh was used to divide the model into
more than 370,000 triangular elements whose dimensions were
kept below 0.02 m.

Fig. 5(a) shows the comparison of the IL curve predicted by the
Fig. 3. The geometrical configuration for the diffraction of sound by a screen.
ray-based method with the FEM simulation results. The general
trend of the IL curve such as the position of the peaks and dips
predicted by the ray-based method coincides well with those FEM
results in the whole frequency range of interest. As shown in
Fig. 5(a), the conventional treatment, which was with a rigid-wall
ceiling, made the sound attenuation performance of a balcony
Fig. 5. (a) The spectrum of insertion losses at the receiver R0 for the case of a balcony
with a rigid-wall ceiling. (b) Insertion losses in one-third octave band centre frequency.
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worse at some frequencies (see those IL values below zero). The
comparison of IL curves in 1/3 octave band is shown in Fig. 5(b),
which also exhibits well agreement between these two methods.
As illustrated in Fig. 5(b), when a source is located very close to a
building, the shielding effect provided by a balcony is largely
canceled due to the reflection from the conventional ceiling. Only at
low frequencies (200e250 Hz), a balcony with the conventional
ceiling has a noticeable effect on reducing the exterior noise. At
most of the frequencies of interest (250e4000 Hz), both the
insertion losses predicted theoretically and numerically are around
zero. The overall IL, predicted by the ray-based theory and FEM
simulations, are only 0.8 and 0.5 dB respectively, which means that
the conventional treatment provides little effect on protecting a
building against nearby traffic noise.

3. Balconies having inhomogeneous ceiling surfaces

3.1. Manipulation of a wavefront using a surface of inhomogeneous
impedance

To overcome the degradation due to the reflection from the
conventional ceiling, in this section, the second treatmentda bal-
cony whose ceiling has inhomogeneous impedance surfacedis
proposed. In this case, the proposed ceiling (i.e. ceiling with an
inhomogeneous surface) works by manipulating the behavior of
sound reflection on its surface. Therefore, in this section, the
methodology of wavefront manipulation based on the surface
impedance inhomogeneity is introduced first. The following sets
out how the wavefront of a reflected wave can be manipulated by
introducing impedance variations of the surface. The phenomenon
can be described by the generalized law of reflection [18], which
was originally discovered in optics and then introduced to acoustics
[19]. However, for the sake of completeness, a brief description of
this theory is required here. As shown in Fig. 6, when sound reflects
at a boundary, the trajectory from point A to point B has stationary
phase (a result identical to Fermat's principle in optics [25]). This
means that sound rays traveling close to the actual reflection path
will arrive nearly in-phase and so reinforce each other.

Consider now that the impedance of the boundary is no longer
homogeneous but shifts over the scale of a wavelength along the
reflection path. In Fig. 6, if the two reflection paths are assumed to
be in the vicinity of the actual path, then their phase difference at
the point B is zero. Therefore, the phase difference of the two paths
is given as [18,19].

½k sinðqiÞdxþ ðfþ dfÞ� � ½k sinðqrÞdxþ f� ¼ 0 ; (10)

where k is the wave number of sound in air; qi and qr denote the
angles of incidence and reflection; dx is the distance between the
nearby points at x and x þ dx; and f and fþ df are, respectively,
the phase shift due to sound reflection at locations x and x þ dx. If
the phase shift gradient along the boundary is constant, Eq. (10)
Fig. 6. Reflection of a wavefront at an inhomogeneous surface.
leads to the generalized law of reflection [18]:

sinðqrÞ � sinðqiÞ ¼ n
	
n ¼ l

2p
df
dx



; (11)

where l is the wavelength of sound. Eq. (11) implies that the angle
of reflection is no longer equal to that of incidence; that is, the
reflected sound can travel in a desired direction as long as an
inhomogeneous boundary impedance with a suitable constant
phase gradient is provided.

Consequently, such a boundary with inhomogeneous imped-
ance provides great flexibility in engineering the direction sound
propagates. The core concept of this paper is that it is possible to
make use of the surface impedance inhomogeneity to control wave
reflections on the ceiling, hence guide the energy flux away from
the building facade and improve the screening effect provided by
the balcony.
3.2. Theoretical analysis on a balcony with an inhomogeneous
ceiling surface

In the present study, the effectiveness of the proposed
treatmentda ceiling with inhomogeneous surface impedancedis
investigated. It is known that the screening effect of a balcony de-
clines for the occurrence of reflection from the ceiling. However,
consider what might occur if the angle of reflection on the ceiling is
made smaller than the specular reflection angle (the angle may
even be negative if reflection occurs on the same side of the normal
as the incident wave): in this case, sound energy will be guided
away from the building facade. This anomalous reflection can be
achieved if the ceiling surfaces possess appropriate surface in-
homogeneities. For simplicity, here only the lossless case is
considered, which means the specific impedance of the proposed
ceiling surface is reactive. Similar to that adopted in Ref. [26], in this
paper, the impedance of the ceiling surface is assumed to be
Zb ¼ �jrc cotðC �

ffiffiffi
2

p
kx=4Þ, where C is a constant, r the density of

air and c the speed of sound in air. For such inhomogeneous
impedance, n equals �

ffiffiffi
2

p
=2, where n is given in Eq. (11). One

feature of the given inhomogeneous surface is that if sound im-
pinges normally onto the surface the reflected angle is �45�.

In the previous case with a rigid-wall ceiling, using the simple
geometrical relationship shown in Fig. 2, we can find that, for the
reflected ray, the incident angle to the normal line of the ceiling or

ground surface is arctan½ðdþ lÞ=ð3h0 þ hðnÞ þ
���yn���Þ� ðn ¼ 2Þ, and

that for the diffracted ray of order n is
arctan½l=ðhðnÞ þ jynjÞ� ðn ¼ ±1;2;3; :::Þ , where hðnÞ and yn are
given in Eq. (2). For the investigated model with the geometries
listed in the caption of Fig. 1, the incident angles of these rays are
all in the range of 0� < qi <45�. Consider now that the ceiling
surface is no longer rigid but with the inhomogeneous impedance
Zb ¼ �jrc cotðC �

ffiffiffi
2

p
kx=4Þ. According to Eq. (11), the reflected

angles of these rays will be negative and hence will occur on the
same side of the normal as the incident rays. In another words, the
corresponding energy flux propagates away from the building
facade due to the surface inhomogeneity of the ceiling. Therefore,
the sound rays that can reach the receiver R0 are significantly
different from those in the previous rigid-wall case. In this case, as
shown in Fig. 7, there are only three rays can indeed reach R0: the
first ray diffracts at the edge of the balcony floor then reaches R0 (a
ray with order n ¼ 0); the second ray diffracts the edge of the
ceiling before it reaches R0 (another ray with order n ¼ 0); the last
ray diffracts at the edge of the ceiling and then reflects on the floor
before reaching R0 (the ray with order n ¼�1). Notice that none of



Fig. 7. Schematic representation of the three rays that can indeed reach the receiver in
the case with an inhomogeneous ceiling surface.

Fig. 8. (a) The spectrum of insertion losses at the receiver for the case with an inho-
mogeneous ceiling surface. (b) Insertion losses in one-third octave band centre
frequency.
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the three rays experiences any reflection on the ceiling before
reaching R0. That is, due to the impedance inhomogeneity of the
ceiling, all rays whose propagation paths include reflections on the
ceiling are physically impossible to reach the receiver R0. In gen-
eral, compared to the previous case (with a rigid-wall ceiling) that
has infinite number of rays indeed reached the receiver R0, there
are only three rays in this case. Therefore, an improvement on
reducing the exterior noise from the road can be expected.

3.3. Comparison with numerical simulations for the proposed
treatment with an inhomogeneous ceiling surface

The finite element modeling for the case with an inhomoge-
neous ceiling surface is almost the same as that adopted in the
previous case with a rigid-wall ceiling, except that now the ceiling
of the balcony is not rigid but with inhomogeneous impedance Zb ¼
�jrc cotðC �

ffiffiffi
2

p
kx=4Þ along the ceiling surface. Fig. 8(a) shows the

effectiveness of the proposed treatment predicted by the ray-based
theory and the finite element modeling. The general trend of the IL
curve, such as the positions of peaks and dips, predicted by the ray-
based method coincides well with those FEM results, especially in
the middle frequency range denoted by the dash-line rectangle. At
low (f < 750 Hz) and high (f > 3550 Hz) frequencies, there are
noticeable discrepancies for the predicted magnitudes between
these two methods. These differences will be less significant if the
results are averaged over a frequency range band. The comparison
of IL curves in 1/3 octave band is shown in Fig. 8(b). For comparison,
the IL curve predicted by the ray-based method for the conven-
tional treatment, which is with a rigid-wall ceiling, is also plotted in
Fig. 8(b). As discussed in Sec. 2, due to the reflection from the
conventional ceiling, the balcony of a roadside building provides
little shielding effect. However, if the ceiling possesses appropriate
surface inhomogeneity, a significant improvement in insertion loss
can be observed over the whole frequency range of interest. The
insertion loss achieved with the proposed treatment varies from 6
to 15 dB, and the maximum insertion loss is found at 4000 Hz. In
general, the overall IL, predicted by the ray-based theory and FEM
simulations, are 9.6 and 11.3 dB respectively, which means that the
ceiling with an inhomogeneous surface can provide effective pro-
tection against exterior traffic noise for a roadside building even
when the balcony door is open.

In most part of this paper, only the balcony on the 4th story has
been investigated. Fig. 9 shows the averaged ILs of balconies on
different stories with the conventional and proposed treatments
using the theoretical and numerical predictions. Here the receiver
in each story of the building is located on the rear wall with the
height hR ¼ 1:5m above each balcony floor. The averaged IL is the
decibel value of the ratio of sound energy averaged over the whole
frequency range at the receiver without and with the balconies
installed. In general, Fig. 9 indicates that the treatment with
inhomogeneous ceiling surfaces exhibits much better noise pro-
tection than the conventional one in all stories of the building. The
improvement in IL is not less than 4.7 dB and becomes greater as
story increases. On the second story, the averaged IL for the con-
ventional treatment is around 0 dB, whereas the IL for the proposed
treatment is 4.7 dB. It is worth noting that, on the 4th floor, both the
theoretical and numerical predictions indicate that the averaged IL
for the conventional treatment is slightly below zero. This means
that on the 4th story, the balcony with a rigid-wall ceiling not only
has little effect in shielding the receiver from the noise source but in
fact, due to the reflection from the conventional ceiling, increases
the noise level. In comparison, the balcony on the 4th storywith the
proposed ceiling effectively reduces the noise impact on the
receiver. At upper stories of the building, a significant improvement
in averaged IL is achieved with the proposed treatment. For
example, on the 12th floor, the numerical prediction in IL for the
proposed ceiling is around 15 dB while that for the conventional
one is 3 dB, an improvement of around 12 dB.
4. Realization of the proposed ceiling: a structured array of
closely spaced tubes

Section 3 has shown the working principle of the ceiling
whose surface has inhomogeneous impedance. So far, the inho-
mogeneous impedance has been arbitrarily specified as



Fig. 9. The performance of balconies on different floors. B: balconies with rigid-wall
ceilings, FEM; ,: balconies with rigid-wall ceilings, ray-based method, △: balconies
with ceilings of inhomogeneous surfaces, FEM; 7: balconies with ceilings of inho-
mogeneous surfaces, ray-based method.

Fig. 10. Sketch of the balcony ceiling constructed of subwavelength structured tubes;
inset shows the fine structure of an array. The hollow tubes are open at the end facing
the balcony region and rigidly terminated at the other.

Fig. 11. Finite element modeling results of insertion loss for a balcony with a rigid-wall
ceiling (dashed line), theoretically ideal ceiling (continuous line), and ceiling made of
tuned tubes (dotted line).

X. Wang et al. / Building and Environment 93 (2015) 1e8 7
Zb ¼ �jrc cotðC �
ffiffiffi
2

p
kx=4Þ, where x is the coordinate along the

ceiling surface. The form of this impedance is quite similar to that
of a tube closed at one end, whose impedance is given as
Zb ¼ �jrc cotðklÞ [27], where l is the length of the tube. It follows,
therefore, that the proposed inhomogeneous surface can be
realized with a sequence of tuned tubes with spatially varying
specific impedance and separated by less than a wavelength, as
shown in Fig. 10. The tubes are open at the end facing the balcony
region and rigidly terminated at the other. The spatially varying
specific impedance is achieved by tuning the length of tubes in
the array as

kln ¼ C �
ffiffiffi
2

p

4
kx; (13)

where ln is the length of the nth tube in the array. Since the
wavefront manipulation requires only impedance variation along
the surface, the constant C can be arbitrarily chosen so long as the
condition ln >0 is ensured. However, because the thickness of the
balcony must be limited for practical use, which was 0.1 m in the
present study, truncation and periodization are needed in con-
structing the array of tubes. In this paper, the spacing between
tubes in the array was set at 3 mm and their width as 17mm, which
means that even at the highest frequency of interest (4000 Hz), one
wavelength will still cover 4 tubes and ensure that the surfaces are
subwavelength structured.

Fig. 11 compares finite element modeling of the ideal case and
its implementation via a set of tubes. It shows the ILs of the balcony
with a rigid-wall ceiling, a ceiling with theoretically assigned
inhomogeneous impedance, and an array of subwavelength
structured tubes. It is interesting that at around 200 Hz, the balcony
with the realized ceiling provides a much higher noise reduction.
However, there is a considerable drop in attenuation in the low-
emid frequency band (250e400 Hz): In this frequency range,
theory predicts that the balcony with an inhomogeneous ceiling
should have an improvement in IL of around 5e10 dB over the rigid
one, but the ceiling made of an array of tubes showed less than 5 dB
improvement. As discussed above, both of these phenomena are
probably due to the truncation and periodization on the tube
length in the array. In the midehigh frequency range, the balcony
with the realized ceiling behaves quite similar to that with the ideal
one (i.e. IL increases with frequency) but with a little lower
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amplitude. The FEM simulations showed the overall IL for the tube-
array treatment is around 7.3 dB. In general, compared to conven-
tional rigid-wall treatment that has little effect on providing noise
protection, the subwavelength structured array of tubes offers su-
perior environmental noise protection, particularly in the mid-
ehigh frequency range. Moreover, it can be expected that by
optimal design on the separation of tubes and periodization of the
tube lengths, the performance of a balcony with closely spaced
tubes, such as the drop in IL curve in the lowemid frequency band,
can be further improved.

5. Discussion and conclusion

In the present study, the acoustic performance of a balcony with
different types of ceiling has been investigated. A ray-based model
combining the image receiver method and sound diffraction theory
has been used to analysis the performance of a roadside balcony,
which agreed well with numerical simulations using a two-
dimensional finite element method. It is found that for a roadside
building, the shielding effect provided by a balcony is significantly
canceled by the reflection from the conventional ceiling. Therefore,
we have proposed a novel treatment of ceiling based on inhomo-
geneous surface impedance. The proposed ceiling works by altering
the direction of sound energy flux away from the region of the
balcony as it reflects on the ceiling surface. As long as a suitable
constant phase gradient along the surface is provided, the balcony
with such type of ceiling offers a significant improvement in noise
shielding compared to conventional one with a rigid-wall ceiling.
The theoretical inhomogeneous ceiling surface has been realized in
terms of a subwavelength structured array of tuned tubes, and the
performance of this arrangement has been studied. The calculated
performance of a balcony with the ceiling structured by the tube
array has a similar performance to the proposed one in the mid-
ehigh frequency range.

There are other acoustical components that can be formed into a
structured array to achieve an inhomogeneous surface. Instead of
an array of closed-end tubes, a series of Helmholtz resonators with
spatially varying resonant frequencies could also be used. By
spatially tailoring the geometry of the acoustical components, one
can implement an impedance inhomogeneity and mold the
wavefront of the reflected sound in great flexible ways. However,
the major difference between the ideally proposed surface and any
structured by actual acoustic component with subwavelength
separation is that the latter must be discrete, and the rigid wall
joining two neighboring components will be governed by con-
ventional laws of reflection and produce the specular reflection.
Furthermore, due to practical limitations on the balcony thickness,
the length of tubes in the array must be truncated and periodized.
Because of these factors, the ceiling structured by closely
spaced components will always perform poorer than theory
suggests. Therefore, as discussed above, there is a considerable
drop in attenuation in the lowemid frequency band for a
balcony with a ceiling structured by tubes array. In this paper, the
inhomogeneous impedance has been artificially chosen as
Zb ¼ �jrc cotðC �

ffiffiffi
2

p
kx=4Þ. Further systematic investigation is

needed to determine how performance varies with each of the
important system parameters, such as constant phase gradient of
the surface impedance, separation of tubes, and periodization of
the tube lengths. Once optimized, it is expected that the perfor-
mance of a balcony with the ceiling structured by closely spaced
acoustic components can be further improved. The present work
forms a basis on which construction of actual subwavelength
structured tube arrays can be done. It is hoped the present study
can provide a stepping stone for investigation of more effective
balcony treatments and their potential application in roadside
multi-residential buildings against exterior noise.
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