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Abstract: Obtaining the reverberation time of a multipurpose building is most effective when accurate
data is used to simulate the building. Therefore, this study proposes a method of measuring the sound
absorption coefficient that is close to the sound absorption performance of the conditions in which
building materials are actually used. In addition, a sufficient diffusivity evaluation method for sound
absorption coefficient measurement in a reverberation chamber is proposed, to address the sound
absorption performance difference caused by internal diffusion of the reverberation chamber. When
the sound absorption performance was evaluated after installing the specimen under the condition of
minimized edge effect, the result obtained should closely match the sound absorption performance of
the specimen surface. The sound absorption performance of the specimen (αβE≈0) with minimized
edge effect and the sound absorption performance on the specimen surface (α∞) were proposed as
an evaluation indicator of agreement between the values. Experimental results show that diffusion
inside the reverberation chamber is enhanced when α∞ − αβE≈0 < 0.02, for which sufficient diffusion
can be assumed inside the reverberation chamber. In addition, to verify the validity of the proposed
evaluation indicator, we investigated the relationship with the objective diffusion evaluation indicator
for diffuse field configuration in the reverberation chamber, such as relative standard deviation of
decay rate (Srel) and Np values. The results of this study are expected to contribute to a more accurate
estimation of the sufficient diffusion condition in the reverberation chamber, in evaluating the sound
absorption performance of the material, and that inside the reverberation chamber.

Keywords: sufficient diffusion; edge effect; sound absorption of infinite plate; relative standard
deviation of decay rate

1. Introduction

The sound absorption characteristics of various finishing materials or vegetation used inside and
outside a building are important factors determining the sound environment of the space. The sound
absorbing characteristics of these materials are measured by random incidence based on the Sabine
reverberation formula given in ISO 354 (2003) or ASTM C423 (2017). In particular, the sound absorption
performance of vegetation materials is an important factor in analyzing sound propagation outside the
building and predicting sound environment through scale modeling [1,2]. In addition, the outdoor
sound propagation is affected by the sound absorption of the irregular shape of the building as well as
the sound absorption by vegetation, which shortens the reverberation time of the space [3]. Therefore,
for proper understanding of these phenomena, it is necessary to accurately analyze the sound absorption
performance of the building materials to be used. The underlying assumption is that the reverberation
chamber, which is the measurement space of this study, is a diffuse sound field [4–6]. The diffusion
state inside the reverberation chamber varies according to the shape of the reverberation chamber and
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the size of the space [7,8]. Moreover, it is not straightforward to estimate the precise sound absorption
performance of the specimen because it is difficult to ensure sufficient diffuse sound field conditions
inside the reverberation chamber when measuring the sound absorption coefficient of specimens
with high sound absorption performance [9]. Therefore, a reverberation chamber design with no
parallel planes has been proposed to avoid the occurrence of a room mode formed in the reverberation
chamber and ensure sufficient diffusion [10,11]. ISO 354 [12] also specifies achieving a sufficiently
diffuse sound field by increasing the installation area of the diffusion plate by 5 m2 until there is no
further enhancement of the sound absorption performance of the specimen. Many other international
standards describe the installation dimension of the reverberation chamber [13–16]. However, even
if a diffusion plate is installed according to these procedures, it has been reported that there are still
significant differences between sound absorption performance data from different laboratories [17,18],
and the reason is assumed to be that the diffusion states of the reverberation chambers are different from
each other [19]. The sound absorption coefficient error between these different reverberation chambers
is an important factor in determining the sound absorption characteristics of various materials not
only indoors but also outside the building. In addition, accurate measurement of sound absorption
performance characteristics is an important research subject, because the required sound absorption
performance of the building materials is determined in the design stage of the building through scale
modeling or simulation analysis [20].

Previous studies have shown that the addition of a diffusion plate following the ISO 354
measurement procedure does not always provide an optimal diffuse field due to the additional
sound absorption and the occupancy of the spatial volume of the diffusion plate [21]. Therefore, to
evaluate the sound absorption performance of the specimen surface more accurately, it is necessary to
investigate a measurement method to quantitatively determine whether sufficient diffusion occurs in the
reverberation chamber. Previous studies on the diffuse field in the reverberation chamber [22–24] show
the limitations in accurately defining the sufficient diffusion state of the reverberation chamber and
evaluating the extent of diffusion. Davy et al. argued that the standard deviation of the reverberation
time according to the location of the microphone in the reverberation chamber can be used as an
indicator for evaluating the diffusion of the space. In their report, the ratio of the standard deviation of
the measured reverberation time to the theoretical reverberation time was defined as “diffuse field
factor,” and they proposed that the factor can evaluate the diffusion in the chamber [8]. As a result, the
inside of the space is in diffusion state when the standard deviation of the measured reverberation
time is smaller than the standard deviation of the theoretical reverberation time. They further argued
that the indicator had limitations in assessing the small effects from changes in indoor diffusivity.

However, Vorlander reported that when there are many diffusers in the chamber, the peak level of
the impulse response decreases in the time domain and the density of the peak level increases [25]. In
this regard, Jeon et al. proposed the number of peaks (Np) of the impulse response as a method for
evaluating the indoor diffusivity according to the surface type inside a chamber [26], and it was verified
that when the diffusion plate was installed on the surface of the chamber inside, a higher Np was
observed in the high frequency domain. As a result, the indoor diffusivity can be evaluated using the
Np values. However, these previous studies emphasize the evaluation of diffusivity but do not provide
clear solutions for the evaluation of optimal diffusion conditions inside the reverberation chamber.
Although the extent of improvement of diffusion in specific conditions can be evaluated, there is little
research on accurate evaluation of diffusivity of the reverberation chamber required to evaluate the
sound absorption coefficient. Therefore, in this study, we have investigated a method to quantitatively
evaluate the diffusivity necessary for sound absorption coefficient measurement in a reverberation
chamber. For this purpose, we first define the concept of sufficient diffusion within the reverberation
chamber and propose a new evaluation indicator, α∞ − αβE≈0, where α∞ is the sound absorption
coefficient of the infinite plate, and αβE≈0 is the sound absorption coefficient of the specimen, which
has an almost negligible edge effect. Based on αE = α∞ + βE proposed in the previous studies, α∞
was obtained, and for the calculation of αβE≈0, we have proposed and verified a specimen installation
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method that produces minimal edge effect of the specimen. Finally, the proposed evaluation indicator
was validated by the analysis of correlation between α∞ − αβE≈0, the proposed evaluation indicator,
and Srel and Np values, the proposed diffusion evaluation indicators presented in previous studies.

2. Diffusivity Evaluation Method

2.1. Definition of Sufficient Diffusion

For the diffusivity evaluation of the reverberation chamber, it is not possible to determine which
evaluation indicator accurately represents the indoor diffusivity among the many evaluation scales
proposed in previous studies [27]. Although much research has been done to date, there are no
adequate measures for the evaluation because there is no consensus on the definition of sufficient
diffusion in the reverberation chamber. Therefore, in this study, we defined sufficient diffusion in the
reverberation chamber as "the state in which the effect of indoor diffusivity on the sound absorption
performance evaluation of the specimen is minimized" and performed an experiment on the evaluation
method. In other words, this study does not present another measure to evaluate the diffusivity but
differs from the previous studies in the sense that the study aims to measure how sound absorption
performance of the specimen is affected by the indoor diffusion state. The experimental procedure for
the evaluation is as follows. It is clear that when a specimen with a high sound absorption performance
is installed inside the reverberation chamber, it is a non-diffuse state. If the inside of the reverberation
chamber is in the perfect diffusion state and the size of the specimen is infinitely large such that no
additional sound absorption occurs due to the edge effect, the sound absorption coefficient value (α∞)
of the specimen measured under these conditions will be the sound absorption performance of the
specimen surface. In other words, when the sound absorption coefficient is measured for an infinitely
large specimen in a laboratory with a good diffuse field condition, a sound absorption coefficient value
that is close to the sound absorption performance of the specimen surface can be measured.

2.2. Minimizing Edge Effect and Measuring Sound Absorption Performance of the Specimen Surface

2.2.1. Minimization of Edge Effect

As argued in Section 2.1, in order to determine if the chamber has reached a sufficient diffusion
state by installing the diffusion plate inside the reverberation chamber and enhancing the diffuse field,
the experiment has to be conducted for an infinitely large specimen for which there is no edge effect.
However, this is impossible practically. As the measurement of the sound absorption coefficient is
performed for a specimen with finite size, the edge effect occurs depending on the relative ratio of
the edge length to the area of the specimen. The edge effect is a diffraction phenomenon that occurs
when sound is incident on the discontinuous acoustic impedance surface existing on the edge and
boundary of the specimen [28]. Thus, when the border of a reflective material higher than the specimen
height is placed on the edge of the specimen, the sound absorbed by the side of the specimen can
be minimized and the sound absorption performance of the sound incident on the front face can
be measured. Kawakami proposed a method to minimize the edge effect during sound absorption
coefficient measurement by applying a border of reflective material to the edge of the specimen [29].
Therefore, in this study, we also propose a method of measuring the sound absorption coefficient by
installing a border higher than the specimen surface on the specimen edge to minimize the edge effect.
The optimal height of the borders was determined by evaluating the sound absorption performance by
increasing the height by 50 mm intervals on the specimen surface, as shown in Figure 1. The borders
were installed at a height of 150 mm to obtain the sound absorption performance value closest to that
of the specimen surface which has 50 mm thickness. If the border height is not sufficiently high, the
edge effect will not disappear, so the absorption coefficient is high. On the other hand, if the border is
too high, sound incidence to the specimen surface will be blocked by the border, therefore the sound
absorption coefficient becomes lower.
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If the edge effect is minimized by installing a border on the edge of the specimen, a similar sound 
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Next, we conducted an experiment to verify whether edge effects can be minimized when a
border is installed, as shown in Figure 2. When the size of the specimen is small, the sound absorption
performance is high owing to the edge effect, because the edge length is large compared to the area.
If the edge effect is minimized by installing a border on the edge of the specimen, a similar sound
absorption coefficient value should be obtained, regardless of the specimen size.
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Figure 2. Test results of sound absorption performance with border installed. (a) specimen without
border; (b) specimen with border; (c) sound absorption according to specimen size (without border);
(d) sound absorption according to specimen size (with border).
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Figure 2 illustrates the experiment in which the sound absorption coefficient was compared and
evaluated. The experiment was categorized into two cases: one case in which borders were installed
on the sides of the specimen and the other case without borders installed. Specimens with sizes of
1 × 1, 2 × 2, 3 × 3, and 3 × 4 m2 were measured. The installation height of the border was 150 mm
from the specimen surface, and a diffusion plate was installed. Figure 2a,b depicts the case in which
borders were not installed on the sides of the specimen. In this case, the sound absorption coefficient of
different sizes of samples was measured. The results revealed that the smaller the size of the specimen,
the higher the sound absorption coefficient, owing to the edge effect. Figure 2c,d depicts the case in
which borders were installed on the sides of the specimen. Here, the results revealed that an almost
uniform sound absorption coefficient was obtained regardless of the specimen size.

No linear correlation was observed between the specimen size and the sound absorption coefficient.
The experimental results demonstrated that the sound absorption performance of the specimen surface
with a minimal edge effect can be measured more precisely when a border with a height of 150 mm
made of reflective material was placed on the sides of the specimen. Therefore, it is expected that the
use of the specimen installation method proposed in this study (Figure 3a) may reduce the deviation in
the sound absorption performance test results between different test laboratories, in comparison with
the specimen installation method recommended in the existing international standards (Figure 3b).
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2.2.2. Extrapolation of Sound Absorption Coefficient of Infinite Plate

To evaluate α∞ − αβE≈0, the sound absorption coefficient of an infinitely large specimen
corresponding to the sound absorption performance of the specimen surface needs to be evaluated.
However, because such measurements are not possible in practice, we deduced α∞ based on the
experimental method proposed by Kosten [30]. Kosten argued that the sound absorption coefficient
(αE) of the specimen measured in a reverberation chamber with a sufficient diffuse field is equivalent
to the sum of the edge effect and the sound absorption performance (α∞) of the specimen surface,
and the linear correlation between these indicators was verified by Gompertz [31], Wolde [32], and
Lauriks [33]. Therefore, if the reverberation chamber has sufficient diffusion, the specimen is installed
in such a manner as to minimize the edge effect (βE), and then, the sound absorption performance
(αβE≈0) is evaluated. αE is expected to be similar to α∞; otherwise, it can be assumed that the diffusion
condition of the reverberation chamber affects the sound absorption performance of the specimen. To
verify this, the sound absorption performance of the specimen surface was measured by the following
method and the calculation procedure is defined in Equation (1).

αE = α∞ + βE (1)

Here, β is the edge effect constant and E is the relative edge length.
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Relative edge length (E) =
Sum of total edge length

Area of specimen
(2)

If the relative edge length of the sample and the sound absorption rate linearly correlated,
supposing the sound absorption coefficient is assumed as the Y-axis and the E value is the X-axis, and
the correlation between the two parameters is expressed as the first equation, the slope of the first
equation becomes the β value.

2.3. Specimen Design and Measurement Conditions

In Equation (2), when the specimen area is infinitely large and the sum of the total edge length (E)
of the specimen is divided by the area, the obtained value becomes 0. Thus, it can be concluded that the
sound absorption performance of an infinitely large specimen (α∞) has the same value as the sound
absorption performance of the specimen surface without the edge effect. However, to measure α∞ in
a laboratory, its value can only be obtained by inference. In other words, the specimen size can be
gradually increased, as presented in Table 1, and the sound absorption performance can be measured.
Then, based on the results, α∞ can be deduced through the linear equation, Equation (1). The specimens
to be measured were constructed from glass fiber (density = 24 kg/m3, thickness = 50 mm), which has
a high sound absorption performance, with areas from 0.25 to 16 m2, as specified in Table 1. To obtain
the value of α∞ for which the value of E converges to 0 for each frequency band, multiple specimens
of various sizes with a minimum length of 0.5 m were installed on the floor. Measurements were
performed in a five-sided Kumgang chemical company reverberation chamber with no parallel faces.
Its volume and surface area were 246.4 m3 and 234.5 m2, respectively. In addition, for the indoor
diffusion, a diffuser made of polycarbonate material was installed with a surface density of 5.4 kg/m2

and an area of 50 m2 including the front and rear areas, which was approximately 25% of the total
surface area of the reverberation chamber. In the ISO 354, more than one diffuser with different sizes
are recommended, and 15–25% of the total surface area is required for sufficient indoor diffusion, and
the installed diffuser area of the laboratory in which the previous study [30] was conducted accounted
for 23% of the total surface area.

Table 1. Test specimen dimensions.

Specimen
Size

Edge Length (A)
(m)

Specimen Area (B)
(m2) E (A/B) (m−1)

Number of
Specimens (EA)

0.5 × 0.5 2.0 0.25 8.00 16
0.5 × 1.0 3.0 0.50 6.00 8
1.0 × 1.0 4.0 1.00 4.00 6
1.0 × 2.0 6.0 2.00 3.00 4
1.5 × 1.5 6.0 2.25 2.67 4
2.0 × 2.0 8.0 4.00 2.00 2
3.0 × 3.0 12.0 9.00 1.33 1
3.0 × 4.0 14.0 12.00 1.17 1
4.0 × 4.0 16.0 16.00 1.00 1

3. Results

3.1. Sound Absorption Coefficient of Infinite Plate

As presented in Table 1, the sound absorption coefficient was measured by increasing the specimen
size. The results revealed that, as in Figure 4, as the area of the specimen decreased, i.e., as the value of
E increased, the value of the sound absorption coefficient increased linearly. Because the edge length is
relatively larger than the specimen area, the sound absorption caused by the edge effect is greater than
that on the specimen surface. If the same size is smaller than 4m2, sound absorption coefficient should
be higher than one because of edge effect and this is the same result with previous study about edge
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effect. Previous study summarized the reasons why the sound absorption coefficient can exceed the
unit. Edge diffraction which produces edge effect, non-diffuseness in chamber, and sabine formulation
should not be applied when the mean absorption is higher than 0.4 [34].
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The E values and regression equations of the sound absorption performance (αE) for each frequency
band were obtained from the data given in Figure 4, and the results are presented in Table 2. If the
relative edge length of the sample and the sound absorption rate linearly correlated, supposing the
sound absorption coefficient is assumed as the Y-axis and the E value is the X-axis, and the correlation
between the two parameters is expressed as the first equation, the slope of the first equation becomes
the β value.

Table 2. Extrapolated equation between αE and relative edge length (E).

[Hz] Equation between αE and E [Hz] Equation between αE and E

100 αE = 0.0093E + 0.0535, R2 = 0.84 800 αE = 0.0947E + 0.8842, R2 = 0.99
125 αE = 0.0069E + 0.0692, R2 = 0.53 1000 αE = 0.0891E + 0.8919, R2 = 0.98
160 αE = 0.0184E + 0.2241, R2 = 0.87 1250 αE = 0.0744E + 0.9142, R2 = 0.97
200 αE = 0.0255E + 0.3491, R2 = 0.87 1600 αE = 0.0660E + 0.9361, R2 = 0.97
250 αE = 0.0297E + 0.5529, R2 = 0.78 2000 αE = 0.0564E + 0.9532, R2 = 0.98
315 αE = 0.0536E + 0.6757, R2 = 0.96 2500 αE = 0.0500E + 0.9622, R2 = 0.97
400 αE = 0.0857E + 0.7689, R2 = 0.97 3150 αE = 0.0405E + 0.9752, R2 = 0.91
500 αE = 0.0920E + 0.8426, R2 = 0.98 4000 αE = 0.0368E + 0.9701, R2 = 0.82
630 αE = 0.1032E + 0.8589, R2 = 0.99 5000 αE = 0.0288E + 0.9829, R2 = 0.64

On the other hand, the E value of an infinitely large specimen can be zero because the denominator
is infinitely large relative to the numerator. Therefore, when E is 0 in the regression equation, αE is
the sound absorption performance of an infinitely large specimen. The y-intercept of the regression
equation for each frequency, shown in Table 2, indicates the sound absorption performance of the
infinite plate (α∞), and the gradient corresponds to the edge effect constant (β). In the existing
standard specifications [11,12], various mounting methods for finishing the edges of the specimen
with a reflective material are specified. However, because these methods cannot minimize the edge
effect, there is a limitation in measuring the sound absorption performance of the specimen surface.
In particular, there is a sizeable difference in the installation area between the minimum installation
area recommended by ISO 354 (10 m2) and that stipulated in ASTM C 423 (6.69 m2). This is a factor
that increases the differences in the measurement results as different edge effects arise depending
on the width and length of the specimen. The measurement results presented in Table 2 indicate
that the sound absorption coefficient increased by 0.07–0.09 due to the edge effects, although the
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sound absorption coefficient was evaluated for specimens with sizes of 10–12 m2 which is the size
recommended by the international standards. Therefore, it is necessary to improve the installation
method of the specimen so that the values can be evaluated with the minimized edge effect.

3.2. Comparison between α∞ and αβE≈0

In this study, sufficient diffusion inside the reverberation chamber is defined as the state with
minimized effect on the sound absorption coefficient measurement of the specimen. To quantitatively
determine this condition, the sound absorption performance of the infinite plate (α∞) was deduced,
as described in Section 3.1. In Section 3.2, the sound absorption performance of the specimen with
minimal edge effect (αβE≈0) is measured. If the difference between α∞ and αβE≈0 is large despite the
sound absorption performance being evaluated with the minimized edge effect, we can conclude
that sufficient diffusion was not achieved inside the reverberation chamber. Therefore, the value of
α∞ − αβE≈0 was analyzed to determine whether sufficient diffusion was achieved in the reverberation
chamber during this experiment. To evaluate the effect of the diffusion condition change in the
reverberation chamber on the sound absorption coefficient measurement, the above experiment was
repeated with no diffusion plate installed. In addition, the same experiment was conducted in the
reverberation chamber with a diffusion plate installed, and a comparative analysis was performed.

α∞ − αβE≈0 (With and without Diffuser)
The experiment was conducted in the KCC reverberation chamber with an installed diffusion

plate, which was equivalent to 25% of the total surface area and was installed based on the ISO 354
diffusion plate installation method. Number of each type of diffuser is shown in Table 3.

Table 3. Number of each type of diffuser.

Type L (m)/W (m) Area (m2) Number

A 0.9 1.0 0.90 1
B 0.8 1.2 0.96 1
C 1.0 1.1 1.10 1
D 0.8 1.8 1.44 1
E 0.9 1.8 1.62 1
F 1.0 1.8 1.80 2
G 1.0 2.0 2.00 5

As given in Figure 5b, αE of glass wool (density = 24 kg/m3, thickness = 50 mm) was estimated to
be 0.94 (NRC: Noise Reduction Coefficient), measured without a border installed at the edge of the
specimen. The sound absorption performance deduced as the sound absorption performance of the
specimen surface was NRC 0.81, indicating a large difference from the NRC 0.94. However, the sound
absorption performance (αβE≈0) with the minimized edge effect, was evaluated to be NRC 0.80, and
the value was similar to the sound absorption performance of the specimen surface. Therefore, it can
be concluded that the reverberation chamber in which the experiment was conducted had sufficient
diffusion to measure the sound absorption performance.
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Next, the same experiment was repeated with all the diffusion plates removed from the
reverberation chamber to check if this caused the value of α∞ − αβE≈0 to change. The α∞ − αβE≈0 value
was 0.01 when the diffusion plate was installed inside the chamber; however, the value of α∞ − αβE≈0

increased to 0.05 when the diffusion plate was removed. In particular, the difference was 0.05–0.1 at
500 Hz or higher. Therefore, by analyzing the value of α∞ − αβE≈0, we expect that it can be used as
an indicator to determine whether adequate diffusion is available for the evaluation of the sound
absorption performance in the reverberation chamber. The effect of the diffuse field condition on
the sound absorption performance can be defined as α∞ − αβE≈0, and the comprehensive results of
the above experiment are depicted in Figure 6. The majority of porous sound absorbing materials,
including glass wool used in the test, exhibit a low sound absorption performance in the frequency
range below 250 Hz; therefore, the sound absorption performance does not change much with respect
to the diffusion conditions. The α∞ − αβE≈0 value was 0.05 or higher when the diffusion plates were not
installed, and the value decreased to 0.02 or lesser when the diffuse field was improved by installing a
diffusion plates. When the value of α∞ − αβE≈0 is close to 0, it indicates that the diffusion conditions are
optimal, and it is difficult to determine the minimum value to provide sufficient diffusion. However,
considering that the standard measurement uncertainty for the sound absorption coefficient in the KCC
reverberation chamber is NRC 0.02, if α∞ −αβE≈0 is 0.03 or greater, then we can determine that the value
of α∞ − αβE≈0 is significant. Therefore, when α∞ − αβE≈0 < NRC 0.02, we can conclude that sufficient
diffusion has been achieved for the sound absorption coefficient measurement inside the chamber.



Sustainability 2019, 11, 6651 10 of 16

Sustainability 2019, 11, x FOR PEER REVIEW 10 of 16 

Sustainability 2019, 11, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sustainability 

 
Figure 6. αஶ − αஒ୉≈଴ value according to the diffuse field conditions. 

4. Discussion 

4.1. Sound Absorption Performance of Finishing Materials in Predicting the Reverberation Time of Buildings 

Ray tracing is the most commonly used simulation method to estimate the reverberation time of 
indoor spaces such as large concert halls, conference rooms and auditoriums. After modeling the 
shape of the building, the sound absorption performance for each frequency band, typically 
measured by ISO 354 or ASTM C 423, of the finishing material is input. However, because the 
minimum installation area of the specimens recommended by the two standards is different, the 
effect of the edge effect on sound absorption is not constant. According to a recent study [35], for 
high-performance sound absorption materials, the installation area of the specimen can cause a large 
deviation in the measured sound absorption performance. Thus, the sound absorption performance 
of a finishing material sample obtained by the conventional measurement method may be different 
from the sound absorption performance when installed in an actual building. In addition, ceiling and 
wall surfaces to which finishing materials are applied may have an area of 100 m2 or larger. The edge 
effect occurring under this condition is smaller than the edge effect occurring in laboratories where 
the evaluation is performed on specimens of perhaps 10 m2. Therefore, when estimating the 
reverberation time of a large space, when the total area of the finishing material applied to the ceiling, 
floor, and wall is much larger than the area measured in the laboratory, more accurate estimation 
will be achieved by inputting the sound absorption performance value evaluated under conditions 
that minimize the edge effect. The average sound absorption coefficient of the specimens used in this 
study was 0.90 and the edge effect constant was in the range between 0.05 and 0.1. According to 
Equation (1), when the relative edge length (sum of edge length/area) is 1, additional sound 
absorption corresponding to 0.05 to 0.1 may occur due to the edge effect. Therefore, if the area of the 
sound absorbing material used in the actual building is large and the relative edge length is less than 
0.5, more accurate prediction may be achieved when we use 𝛼ஶ rather than 𝛼୉ in Equation (1). 
However, estimating the αஶ value for all specimens is very expensive and time-consuming. In this 
regard, we propose the use of 𝛼ఉ୉≈଴ because it has the closest value. Therefore, we argue that a 
standardized specimen installation method is needed to evaluate αஒ୉≈଴, and a method of installing a 
border at the edge of the specimen is necessary. 

Figure 6. α∞ − αβE≈0 value according to the diffuse field conditions.

4. Discussion

4.1. Sound Absorption Performance of Finishing Materials in Predicting the Reverberation Time of Buildings

Ray tracing is the most commonly used simulation method to estimate the reverberation time
of indoor spaces such as large concert halls, conference rooms and auditoriums. After modeling the
shape of the building, the sound absorption performance for each frequency band, typically measured
by ISO 354 or ASTM C 423, of the finishing material is input. However, because the minimum
installation area of the specimens recommended by the two standards is different, the effect of the edge
effect on sound absorption is not constant. According to a recent study [35], for high-performance
sound absorption materials, the installation area of the specimen can cause a large deviation in the
measured sound absorption performance. Thus, the sound absorption performance of a finishing
material sample obtained by the conventional measurement method may be different from the sound
absorption performance when installed in an actual building. In addition, ceiling and wall surfaces to
which finishing materials are applied may have an area of 100 m2 or larger. The edge effect occurring
under this condition is smaller than the edge effect occurring in laboratories where the evaluation is
performed on specimens of perhaps 10 m2. Therefore, when estimating the reverberation time of a
large space, when the total area of the finishing material applied to the ceiling, floor, and wall is much
larger than the area measured in the laboratory, more accurate estimation will be achieved by inputting
the sound absorption performance value evaluated under conditions that minimize the edge effect. The
average sound absorption coefficient of the specimens used in this study was 0.90 and the edge effect
constant was in the range between 0.05 and 0.1. According to Equation (1), when the relative edge
length (sum of edge length/area) is 1, additional sound absorption corresponding to 0.05 to 0.1 may
occur due to the edge effect. Therefore, if the area of the sound absorbing material used in the actual
building is large and the relative edge length is less than 0.5, more accurate prediction may be achieved
when we use α∞ rather than αE in Equation (1). However, estimating the α∞ value for all specimens is
very expensive and time-consuming. In this regard, we propose the use of αβE≈0 because it has the
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closest value. Therefore, we argue that a standardized specimen installation method is needed to
evaluate αβE≈0, and a method of installing a border at the edge of the specimen is necessary.

4.2. Relative Standard Deviation of Decay Rate

In ASTM C 423, the relative standard deviation of the decay rate (Srel) is proposed as an evaluation
metric to achieve sufficient diffusion in an indoor space. This standard provides the maximum
allowable value of Srel for each frequency band and recommends that the value measured by each
microphone should be within this allowable range. However, when using this evaluation indicator, a
large deviation in the sound absorption performance of each measurement site occurs even though
diffusion within the allowable range is ensured within the reverberation chamber. Therefore, this
study proposed α∞ − αβE≈0 as an evaluation method to quantitatively determine sufficient diffusion. In
this experiment, to validate α∞ − αβE≈0 values, we compared the correlation of frequency bands with
the diffuse field evaluation indicator proposed by ASTM C 423. ASTM C 423 specifies the maximum
allowable displacement of the decay rate depending on the location of the microphone. The decay rate
can be calculated as follows.

di =
60
Ti
−misoclog(e) (3)

Here, di represents the decay rate measured at the i-th microphone, Ti represents the reverberation
time at the i-th position, and miso is the air attenuation coefficient calculated according to ISO 9613-1.

Therefore, the standard deviation of decay rate between the positions of the microphones in the
1/3 octave band frequency band can be calculated by Equation (4).

S =

 1
N− 1

N∑
i = 1

(
di − d

)2


1/2

(4)

Here, s represents the standard deviation of decay rate, N is the number of microphones, and d
denotes the decay rate averaged over all microphones.

Finally, the relative standard deviation of decay rate (Srel) was calculated as Srel = S/d and the
calculation results for Srel in three different diffuse field conditions are shown in Figure 7.
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The thick solid line in Figure 7 represents the maximum allowable value of the microphone Srel

for each frequency band specified in the ASTM standard. In a KCC reverberation chamber without a
diffusion plate, the Srel value exceeds the allowable range values in the standards, and the deviation is
within the allowable range of 1000–4000 Hz. However, when the diffusion plate was installed, the
value was within the allowable range over the entire frequency range of 250–5000 Hz, confirming that
the diffusion inside the chamber is improved by installing the diffusion plate.

4.3. Correlation between Srel and α∞ − αβE≈0

To verify the value of α∞ −αβE≈0 proposed in this study, a correlation analysis was performed with
the Srel value. The results indicated that the frequency band of 100–200 Hz was not in the allowable
range of the standard. Therefore, the correlation analysis was performed in the range of 250–5000 Hz,
which was within the allowable range in the standard, and the result is shown in Figure 8. Because
the Srel value is a relative standard deviation of the reverberation time at each microphone position,
the lower the value, the better the diffusion condition in the corresponding frequency band. It was
also verified that the lower the value of α∞ − αβE≈0, the better the diffusion condition. Figure 8 shows
that there is a linear correlation between these indicators, so the value of α∞ − αβE≈0 can be used as an
indicator to evaluate the diffusion condition inside the reverberation chamber. The advantage of using
α∞ − αβE≈0 as an indicator of diffusivity in chamber is that we can determine the optimum status of
sufficient diffusion in room, whereas the existing indicator Srel only shows the maximum allowable
value in room.
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4.4. Number of Peaks

To verify the α∞ − αβE≈0 value, the value of number of peaks (Np), another diffusion indicator,
was analyzed. The Np value was measured while increasing the number of diffusion plates installed
in the reverberation chamber, and the correlation between the value of α∞ − αβE≈0 and the Np value
according to the diffusion plate condition was examined. The installation area of the diffusion plate to
total surface area of reverberation chamber was gradually increased to 6%, 11%, 15%, and 19%. The
relative diffusivity index was defined as the relative value of Np when the proportion of diffusion
plate area to surface area was increased between 0% and 19%. Consequently, Figure 9 shows that the
Np value gradually increased as more diffusion plates were installed, and the rising curve showed a
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slow trend with installation over 19% of the total surface area of reverberation chamber. The value of
α∞ − αβE≈0 was also 0.05 when the diffusion plate was not installed, but it decreased to 0.01 when the
installation area became 19% of the total. Therefore, it can be verified again that the diffusion condition
inside the chamber can be improved as the value of α∞ − αβE≈0 is minimized.Sustainability 2019, 11, x FOR PEER REVIEW 13 of 16 
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5. Conclusions

In order to accurately model reverberation time in large spaces such as auditoriums, conference
halls, and gymnasiums, accurate measurement of sound absorption performance of building materials
is required. In addition, reducing the deviation between measurement results from different laboratories
is also very important. Otherwise, manufacturers of sound-absorbing materials will continue
searching for measurement institutions that provide potentially inaccurate but numerically better
sound absorption performance results. There are many reasons for the large spread in results of sound
absorption performance between laboratories. A recent study [36] showed the volume and shape
of the reverberation chamber, type and area diffuser, the edge-effect, and the installation area of the
sample are the major factors that influence the results. But the most influential factor in the deviation
of data obtained between laboratories is the different diffusion conditions in their reverberation
chambers. In this regard, this study investigated an evaluation method to determine whether sufficient
diffusion conditions are implemented for the evaluation of sound absorption performance inside a
reverberation chamber. Most previous studies investigated the development of an evaluation indicator
of diffusivity, but this study quantitatively calculated the effect of diffusion conditions on the sound
absorption performance of the specimen evaluated in the reverberation chamber and determined the
diffusivity within the chamber. The factors affecting the sound absorption coefficient measured by
the international standard are the sound absorption of the specimen surface, the edge effect, and the
diffusion conditions inside the reverberation chamber. If we assume the conditions to be the realization
of sufficient diffusion inside the chamber and the minimization of edge effects, the value of sound
absorption coefficient (αβE≈0) measured at this time should be almost identical to the value of the sound
absorption coefficient (α∞) of the specimen surface. To verify this, we demonstrated that almost no
edge effect occurred when a border of 150 mm from the specimen surface was installed on the edge of
the specimen and compared the measured sound absorption coefficient value with that of the specimen
surface. As a result, the NRC value difference between α∞ and αβE≈0 was 0.02 when the diffusion plate
was installed, but it increased to 0.05 without the diffusion plate. In other words, the difference between
α∞ and αβE≈0 decreases as the diffusion becomes sufficient, whereas when the diffusion is insufficient,
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the difference between α∞ and αβE≈0 increases. Additionally, it exhibits a high correlation with Srel and
Np, the existing diffusion evaluation indicators. Therefore, if the value of α∞ and αβE≈0 is 0.02 or less by
the evaluation method proposed in this study, it may be possible to quantitatively determine whether
sufficient diffusion is ensured in the reverberation chamber. Finally, to reduce the data deviation
between test sites, we proposed a method of installing a border comprising a reflective material with
a height that is 150 mm higher than the specimen height at the edge of the specimen. As the edge
effect varies depending on the installation area or the ratio of the width and length of the specimen,
this may also cause a large measurement deviation between the test sites. Therefore, an installation
method that can measure the sound absorption performance of a specimen surface by minimizing the
edge effect needs to be supplemented to the ISO or ASTM standard measurement methods. For the
expansion of the evaluation index proposed in this study, further study under different conditions is
required. Furthermore, additional experiments will be required for different types and thicknesses
of sound absorbing materials. In future research, we will investigate the deviation of measurement
results between the test laboratories after diffusion plate installation in the reverberation chambers
according to the method proposed in this study.
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