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NOISE CONTROL FOR A BETTER ENVIRONMENT
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ABSTRACT

Porous asphalt pavement with a surface layer made by porous asphalt mixture
(PAM) is widely prevalent to reduce tire/road noise. It is important to recognize an
acoustic absorption effect of the surface layer (PAM medium) without its direct
measurement at the design stage before construction of the pavement. The acoustic
absorption effect of PAM medium is usually evaluated by the normal incidence
sound absorption coefficient (NISAC). In this paper, firstly, approximate
expressions which are transcribed the phenomenological absorber model derived
by Hamet et al with the porosity of PAM medium as a variable is derived for
evaluating the NISAC of PAM medium. Then, it is shown that the NISAC of PAM
medium can be estimated by only two factors, the targetry porosity and the
thickness of PAM medium without its direct measurement. Secondly, the PDI is
calculated by geometry of the particle size distribution compatible with the
targetry porosity and the NISAC is obtained by the ratio of the area of the NISAC
zone of PAM medium to the area of the complete absorption coefficient zone in the
figure of the relationship between frequency and the NISAC in the certain
frequency period are proposed for the quantitative evaluation of the NISAC of
PAM medium. From the result of considerations of the relationship between the
PDI and theNISAC, it is clear that the NISAC of PAM medium can quantitatively
evaluate by the PDI and the NISAC at the design stage.
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1. INTRODUCTION

Porous asphalt pavement is widely prevalent to reduce tire/road noise. Porous
asphalt mixture (PAM) medium with large and contiguous air voids is set on the top of
the pavement as an absorbing layer of noise. The aggregate mix proportion of PAM is
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amount of fine aggregates.

The acoustic absorption effect of PAM medium is usually evaluated by the normal
incidence sound absorption coefficient (NISAC). Then, many properties and factors are
intricately related to its NISAC. Figure 2 shows the estimation flow chart of the NISAC
of PAM medium and the correlation among materials, procedure, and the
physical/acoustical properties and factors affected to its NISAC. After the selection of
the suitable particle size distribution for the targetry porosity, PAM medium is made by
the way which prepared aggregates and asphalt are mixed together and compacted. In
this process, large and contiguous air voids are formed in PAM medium and generate
the some physical/acoustical properties and factors affected to its NISAC.

By the way, at the design stage before construction of the pavement, it is important
to recognize the NISAC of PAM medium without its direct measurement. In past years,
two prediction models for the NISAC of PAM medium had been proposed. One is the
phenomenological absorber model which had been derived by von Meier? and Hamet?,
other is the microstructural absorber model which had been derived by Attenborough
and Howoth®. These models are consisted by the physical/acoustical factors which are
obtained by direct and indirect measurement, as shown in Figure 2.
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Figure 2 Estimation flow chart of NISAC of PAM medium and correlation among materials,
procedure, and the physical/acoustical properties and factors




Then, the NISAC predicted by the both models is usually shown as the
qualitatively-described result such as a figure of the relationship between frequency and
the NISAC. However, it is hard to estimate the NISAC of PAM medium without direct
measurement values of its physical/acoustical factors at the design stage, and also it is
hard to compare quantitatively each qualitatively-described result of different kinds of
PAM medium.

In this paper, firstly, after discussion of the correlation among the specific air flow
resistance, the shape factor and the porosity of PAM medium, it is considered the
possibility that approximate expressions which are transcribed the phenomenological
absorber model derived by Hamet et al® ® with the porosity of PAM medium as a
variable is derived for evaluating the NISAC of PAM medium.

Secondly, the objective evaluation of the NISAC of PAM medium reflecting the
particle size distribution is considered. For this consideration, two new evaluation
indexes are proposed. One is a new particle distribution index (PDI) which is calculated
by geometry of the particle size distribution compatible with the targetry porosity. Other
is the frequency averaged NISAC (NISAC) which is obtained by the ratio of the area of
the NISAC zone of PAM medium to the area of the complete absorption coefficient
zone in the figure of the relationship between frequency and the NISAC in the certain
frequency period. Then, it is also considered the possibility that the NISAC of PAM is
quantitatively estimated by the targetry porosity, the PDI and the NISAC without direct
measurement of the NISAC at the design stage.

These considerations are carried out based on both author’s doctoral theses
Therefore, almost every equations and figures are drawn from both theses.
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2. NISAC ESTIMATION OF PAM MEDIUM BY APPROXIMATE EXPRESSION
OF W* AND y*

2.1 The correlation among airflow resistance, shape factor and porosity of void in
PAM medium
2.1.1 Normal incidence sound absorption coefficient (NISAC) « and acoustic
impedance Z of PAM medium
The normal incidence sound absorption coefficient (NISAC) « is given as follows
for sound absorbing materials®.
Z—-pc 2
Z+pc
here, Z: acoustic impedance (kg/sm?), p: density of air (kg/m?),
c: acoustic velocity (m/s)

a=1—|

(1)

If PAM is putted on the base course of pavement as a surface layer, the acoustic
impedance Z is written as follows®" ®,

Z = Wcoth(ye) (2)
here, W: characteristic impedance (kg/sm?), y: propagation constant (rad/m),
e: thickness (m)

2.1.2 Characteristic impedance W and propagation constant y by Hamet et al
Hamet et al have derived the characteristic impedance W and the propagation
constant y as follows> ® respectively,
vK Rg2

WZPCF 1_i.a)_pK (3)
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here, K: shape factor, Q: porosity, Rs: specific airflow resistance (kNs/m*)
w: angular frequency (=2ntf) (rad/s), f: frequency (Hz, 1/s)

2.1.3 Approximate expression of characteristic impedance W*and propagation
constant y*at 15°C"

1) Relationship between porosity 2 and specific airflow resistance R

Figure 3 shows experimental data of the porosity 2 of PAM medium and its specific
airflow resistance Rs with the different airflow velocity. The test specimens were made
by the Marshall Test procedure applied by the particle size distribution shown in Figure
1. Between 2 and R, it is found to have a strong correlation. Under the low airflow
velocity condition (va: 0.032-0.035(m/s)) like as the laminar flow condition, the both
relationship can be expressed by a regression equation as follows,

R, = 51.20 * Q2944 (kNs/m*%), (0.1 <0 <0.31), (R2=0.89) (5)
2) Relationship between porosity £ and shape factor K

The shape factor K of PAM medium was calculated by a following equation which
was rewritten the original equation proposed by Hamet et al®.

2
(2n+1)c
K = J2nrre =0,1,2, """
{f(2n+1)'4'e} (n )

here, fion+1): frequency (Hz) atthe (2n + 1)™ peak absorption coefficient

(6)

Figure 4 shows the relationship between the porosity 2 of PAM medium and its
shape factor K at a center frequency of a 1/3 octave band matched to the first peak
absorption coefficient over 100Hz. The curve in the figure expresses the approximate
relationship between Q and K as the following Equation (7),

K = 2.077 % 10(0.02863/(2-0.07))
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Figure 3 Relationship between porosity Q
and specific airflow resistance Ry

Figure 4 Relationship between porosity Q
and shape factor KV

3) Approximate expression of characteristic impedance W*and propagation
constant y*at 15C

The characteristic impedance W*and the propagation constanty*at the atmosphere

temperature 15°C can be written as the following approximate expressions, as following



Equation (8), by an application of both Equation (5) and Equation (6), and the density of
air p = 1.222 (kg/m3) and the acoustic velocity ¢ = 340 (m/s) at 15°C to Equation
(3) and Equation (4). Then, these are able to estimate by the porosity Q of PAM medium
at the required frequency.

598.796 ’ B . B
w* = * [A——=-1
2 f

. B .
v =0.02663 » *w/—A e L ((01<02<031), at15°C)  (8)

A(= K) =2.077 10(0.02863/(!2—0.07))
B = 3.210 x 1944

p—

2.2 Estimation of NISAC a of PAM by porosity £ and thickness e at 15°C

Figure 5 - Figure 8 show the typical approximate results of the NISAC a
(red-colored curves) at 15°C estimated by the use of the approximate Equation (8),
Equation (1) and Equation (2) with the theoretical curves of the NISAC a (blue-colored
dot curves) calculated by Equation (3) and Equation (4) proposed by Hamet et al® and
measured data a (black-colored dots) in response to the center frequency of the 1/3
octave band. In this calculation, the measured Rs value and K value are applied to
Equation (3) and (4). Furthermore, Table 1 shows the comparisons of the measured
values of Rsand K with the approximate values of Rsand K calculated by Equation (6)
and (7), respectively.

A comparison of the approximate results with the theoretical curves by Equation (3)
and (4) shows the same tendency, relatively in these figures. Then, as Hamet et al were
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pointed out®, the increase of Ry Table 1 Comparison of the measured values with

tends to decrease the peak the the approximate values of Ryand K
NISAC «, and also the increase of Porosity 2 12.1(%) | 169 (%) | 21.9 (%) | 311 (%)
K tends to move the frequency at specifc arflow | Measured | o o - o7
the peak NISAC o toward the resistance value t
roximate

lower frequency area. Re (awsmty | PPONTOE| 2568 | 060 | 4ds | 189

In addition, a comparison of e ot Measiured 0.5 507 213 222
the both curves with the measured pK Appvrg:iem -
data of the NISAC « shows some value 157 404 | 323 213

differences.  Particularly,  the

minimum values of the NISAC « in the each estimated curves deviate from the
measured data. These results suggest that it is important to improve in accuracy of
experiments and to recognize the application rage of the theoretical and approximate
model. Especially, it is hard to determine the K value under limited data of the NISAC «
at the center frequency of the 1/3 octave band.

2.3 Summary

(1) The porosity 2 of PAM medium has an influence on its specific air-flow
resistance Rs and shape factor K, strongly. Then, approximate expression of Rs
and K is obtained as a function of the porosity ©Q, respectively.

(2) The approximate expression of the characteristic impedance W™ and the
propagation constanty *at 15°C is obtained by transcribing the phenomenological
absorber model applied the approximate expression of Rs and K, as the function
of the porosity ©Q, respectively.

(3) If the targetry porosity 2 and the thickness e of PAM medium are set up, its
NISAC a can be estimated by the use of Equation (1), (2) and (8) at the required
frequency.

(4) There are some differences between the measured data and the estimated values
by the phenomenological absorber model and the approximate expression.

(5) The estimation of the shape factor K which is indirect measurement includes some
error due to the test of the NISAC « by 1/3 octave band frequency.

(6) It is hard to compare the NISAC « of different kinds of PAM medium because the
NISAC a is shown as the qualitative figure of the relationship between
frequency and the NISAC « in general.

3. QUANTITATIVE ESTIMATION OF NISAC OF PAM MEDIUM BY
MATERIAL PROPERTY"

3.1 Particle distribution index (PDI) of PAM

As shown in Figure 2 and the above discussions, the particle size distribution and
the shape of aggregates affect to the formation of air void and its characteristics in PAM
medium. The particle size distribution is usually described as the figure of the
relationship between the particle size and the passing mass percentage (PSP), as shown
in Figure 1. Then, the PSP is calculated based on the sieving test result of aggregates.

However, the accumulated remaining mass percentage (ARMP) is easy to intuitively
recognize how many amounts of aggregates are remaining over the certain particle size
of aggregate. The ARMP is obtained as follows,

ARMP = 100 — (PSP) (%) (9
here, PSP: passing mass percentage (%)



The typical ARMP distribution
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(over than the particle size 5.0mm) because amount of fine aggregates are reduced. The
geometrical characteristics of this distinctive curve are defined as the ratio of the area of
fine aggregate zone under the curve to the area of coarse aggregate zone under the curve
as shown in Figure 9. The ratio is called as the particle distribution index (PDI) and is
defined as following Equation (10).

Area of fine aggregates Ij Bcc'B! log(%) 200—(Rc+Rp)
PDI = = =—C (10)
Area of coarse aggregates ‘ ABB'A’ log(%) (Rp—Ry)
here, Ra: ARMP at A’(%), Rg: ARMP at B’ (%), Rc: ARMP at C’ (%),
A’: next lower open size from the sieve with the maximum mesh,
B’: particle size of 5.0mm, C’: particle size of 0.075mm

Evaluation possibility of the air void characteristics in PAM medium was discussed
by checking for the correlation among the porosity (2, the specific air-flow resistance Rs,
and the PDI. Figure 10 shows the correlation between 2 and PDI. The porosity 2
decreases with decreasing the PDI, then the both relationship can be expressed by a
regression equation with the high determination coefficient R? as follows,

N =-13.847 * PDI +32.188 (%), (R? = 0.975) (11)

Figure 11 shows the correlation between the specific air-flow resistance Rs, and the
PDI. The specific air-flow resistance R rapidly increases with increasing the PDI.
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The both relationship also can be expressed by a regression equation with the high
determination coefficient R? as follows,

R; = 0.1024 * exp(3.808 * PDI) (kNs/m*), (R? = 0.899) (12)

From the above discussion, it is clear that the PDI is the useful index for evaluating
the air void characteristics in PAM medium.

3.2 Frequency averaged NISAC (NISAC) of PAM medium and its estimation by
PDI

3.2.1 Frequency averaged NISAC (NISAC) of PAM medium
The other index is

also discussed for the @

objective evaluation of — “%om=10

the NISAC of PAM

medium. The index is

defined as the ratio of the

area of the NISAC zone of
PAM medium to the area

AA
of the complete ~ %=9®
absorption coefficient
zone in the figure of the A

a=g(f)

NISAC «

relationship between f, f, f+af f, f
frequency and the NISAC Frequency f (Hz)

in the certain frequency Figure 12 Concept of absorption area Ay and
period. As the discussion complete absorption area Acn

result, the ratio is shown

the frequency averaged NISAC of PAM medium, and is written as theNISAC.
Figure 12 shows the concept of the frequency averaged NISAC. When the

NISAC «a is a continuous function g(f) as the frequencyf, the area A, of the

NISAC «a in the certain frequency period (f;~f) is written as follows,

Agps = limay, oo X1y 9D Afi = [12 g(F)Af (13)
here, Af;: smallness interval of the continuous function g(f) at f;,

fi: certain frequency (Hz), f;: lower end frequency (Hz),

f2: upper end frequency (Hz)

In case ofg(f) = constant = a.,,s; Without relation to the frequency, the area
Aconse OFf the NISAC «a is derived applying Equation (13) as follows,

bp
Aconst = QAconst ff: af = aconst(f2 — f1) (14)
here, aconse: Certain constant value of the NISAC «

Then, in case of the complete absorption condition, the the area A.,,s: Of the
NISAC a will become to the area A.,,, due to the constant value a.,ns Will be
acom = 1.0. Thus, the area A.,,, is written by Equation (14) as follows,



f:
Acom = Acom ff: df = (fz - fl) (15)
here, a.,n: constant value (= 1.0) of the NISAC «a at the complete
absorption condition

Therefore, the ratio (NISAC) of the area A, to the area A.,,, is written by
applying Equation (13) and Equation (15) as follows,

f2
e Aws  Penar
NISAC = Acom h a 1 ffz af a (f2—f1)
com Jg,

f?g(f)df (16)

Thus, the NISAC means the 05
frequency averaged area of NISAC
of PAM medium as shown in R —
Equation (16). Then, the frequency ¢
averaged area of PAM medium is
called shortly as “frequency
averaged NIST” or “NISAC” in this
paper.

Furthermore, the relationship
between the PDI and the NISAC is *os 10 15 2.0
considered. Figure 13 shows the Particle distribution index PDI
correlation of between the PDI and Figure 13 Relationship between PDI and
the NISAC which are calculated by NISAC"
measured data. The both
relationship can be expressed by a regression equation with the high determination
coefficient R? as follows,
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‘)

NISAC = —0.297 = PDI? + 0.459 = PDI + 0.240 (R? =0.912), } (17)
(0.1 <0 <£0.25,and the maximum aggregate size is under 13mm)
From the above consideration, it is clear that the PDI has a strong correlation with
the NISAC, and is the useful index for evaluating the NISAC of PAM medium.

3.2.2 Verification of compatibility between estimated NISAC and measured
NISAC
Compatibility of the estimated
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NISAC and the average value of the estimated NISAC for the PDI in a lump. The
tendency of the NISAC decreases over-all with increasing the PDI in Figure 15 is almost
the same tendency as shown in Figure 13.

Figure 16 shows over-all accuracy between the measured NISAC and the estimated
NISAC. Even though there are same scatterings, the estimated NISAC is in an error
range of +15% for the measured NISAC. Therefore, it is clarified that the estimated
NISAC has sufficient compatibility for the measured NISAC.
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3.3 Summary

(1) The particle size distribution of PAM is quantified by the particle distribution
index (PDI) which is reflected the air void characteristics of PAM medium.

(2) The PDI has a strong correlation with the NISAC derived as the frequency
averaged NISAC of PAM medium. Then, the acoustic absorption effect of PAM
medium can be quantitatively evaluated by the both indexes, the PDI and the
NISAC.

(3) The estimated NISAC by the PDI has sufficient compatibility for the measured
NISAC because the estimated NISAC is in an error range of +15% for the
measured NISAC.

(4) The quantitative evaluation of the NISAC of PAM medium can be carried out by
the use of the estimated NISAC calculated by the PDI for the certain particle
size distribution.

(5) Thus, it is clear that the acoustic absorption effect of PAM medium can directly
and quantitatively evaluate by material characteristics.

4. CONCLUSIONS

Two evaluation procedures of the NISAC of PAM medium by (1)approximate
expressions as the function of its porosity € and thickness e, and (2)the PDI reflecting
of its aggregate mix proportion and the frequency averaged NISAC (NISAC) are
proposed and discussed for clarifying their availability without direct measurement
factors. Then, it is clear as follows,

(1) The NISAC of PAM medium can be estimated by the approximate expression of
the characteristic impedance W and the propagation constant y which are
transcribed with the porosity 2 of PAM medium and its thickness e. However, it
is hard to compare the NISAC of different kinds of PAM medium because the



NISAC is shown as the qualitative figure of the relationship between frequency
and the NISAC, in general.

(2) If the targetry porosity of PAM medium is set up and chosen a suitable particle
size distribution, the quantitative evaluation of the NISAC of PAM medium can
be carried out by the use of the estimated NISAC calculated by the PDI for the
suitable particle size distribution, sufficiently.

(3) The quantitative evaluation for the NISAC of different kinds of PAM medium
can be done by the estimated NISAC without direct measurement of the NISAC
at the design stage before construction of porous asphalt pavement.
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