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Abstract. The theoretical background, standards, and contract requirements 
of pavement friction courses involve functional (e.g., permeability) and acoustic 
(e.g., resistivity) characteristics. Unfortunately, their relationship is partly 
unknown and uncertain. This affects the comprehensiveness and soundness of 
the mix design of asphalt pavements. Based on the issues above, the goals of this 
study were confined into the following ones: 1) to investigate the relationship 
between acoustic and functional properties of porous asphalts; 2) to investigate, 
through one-layer (1L) and two-layer (2L) models, the effectiveness of the 
estimates of acoustic input data through mixture volumetric- and permeability-
related characteristics. Volumetric and acoustic tests were performed 
and simulations were carried out. Equations and strategies to support a 
comprehensive approach were derived. Results demonstrate that even if 
the measured resistivity is very important, permeability-based estimates of 
resistivity well explain acoustic spectra. Furthermore, the distance between 
observed and estimated peaks of the absorption spectrum emerges as the best 
error function.  
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Introduction 

As it is well known, pavements are multi-layered structures. 
The pavement surface layer (friction course or wearing course) has 
functional and mechanistic properties that affect durability, costs, 
safety, environmental impact, and noise. The main inputs of mixture 
design are aggregate selection and gradation, and bitumen percentage 
and type (Fig. 1). Based on these main inputs, construction procedures 
(particularly compaction) determine the main volumetric and 
composition characteristics, e.g., air void content (AV), effective porosity 
(ΩC), and thickness (t). These latter affect wearing course functional 
performance, e.g., coefficient of permeability or hydraulic conductivity 
(k20), drainability (DR), friction, Pendulum Test Value (PTV), Mean 
Texture Depth (MTD), and Mean Profile Depth (MPD). 

Both functional and acoustic properties have a common logical basis 
in the characteristics of the volumes that surround Hot Mix Asphalt 
(HMA) skeleton (Praticó et al., 2009; G. Praticò et al., 2010), affecting 
road infrastructure efficiency, sustainability, and durability (Fedele 
et al., 2018). This concept refers to particle size, gradation, tortuosity, 
shape, size, and content of air voids, water path, the saturation level of 
water, and thickness (Zhao et al., 2019). To define different categories of 
voids, digital image processing techniques and Computed Tomography 
(CT) scanning technology can be used (Zhao et al., 2019).

The permeability or hydraulic conductivity (k20) (cf. Mallick et al., 
2003; Mohd Hasan et al., 2013) of pervious pavements can be determined 
in the laboratory (standards: ASTM PS 129-01, and FM 5-565 (Florida 
Department of Transportation, 2014; ASTM PS129, 2001), falling head) 
and on site (standards (Autostrade S.p.a, 2001), again, falling head). This 
latter characteristic is usually termed drainability. The permeability 

Ω, r, q2, sk, sp, t	→	a0
(Acoustic properties)

(Functional properties)
AV, Ωc, k20, DR,   t, MTD,   PVT

Comprehensive	
mix	design

Mix	formula

Volumetrics

Construction

Figure 1. Summary of the study

Figure 1. Summary of the study
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mainly depends on air voids (particularly, effective air voids, cf. 
standards: ASTM D6752/D6752M, AASHTO T 331, and ASTM D6857/
D6857M (AASHTO, 2010; ASTM, 2014), Nominal Maximum Aggregate 
Size, NMAS, cf. Cooley et al., 2001), clogging (Chu & Fwa, 2019), and is 
related to the skeleton of porous materials and the characteristics of the 
fluid inside the pores (Zhao et al., 2019). In the literature, k20 depends 
on AV according to power (Cooley et al., 2001; Praticò & Moro, 2007) 
and exponential laws (Mallick et al., 2003). In-lab and on-site standards 
refer to top-down tests. This is reasonable because of gravity, even if 
declogging maintenance procedures (Hernandez-Saenz et al., 2016) 
could depend on the opposite direction (bottom-up).

For surface macro texture, note that it affects safety (high speed and 
wet friction) and it is linked to porosity (Kleiziene et al., 2019; Praticò & 
Vaiana, 2013; Woodward et al., 2016).

Volumetric characteristics also affect noise generation and, in 
particular, the six main characteristics that govern noise absorption 
(e.g., “acoustic” porosity (Ω), resistivity (r), tortuosity (q2), thickness 
(t), viscous (sρ), and thermal (sK) pore shape factors (cf. Champoux 
& Stinson, 1992; Filippo Giammaria Praticò, 2001). Usually, noise 
absorption models build on two complex parameters, i.e., the complex 
dynamic density ρ(ω) and the bulk modulus K(ω) (where ω is the 
angular frequency). Both of them depend on the six parameters above 
(cf. Bérengier et al., 1997; Stinson & Champoux, 1990, 1992). From the 
complex parameters above, and using the transfer matrix approach 
(Jiménez et al., 2018), it is possible to estimate the sound absorption 
coefficient (a0( f ) or α( f )) of a porous material. 

The derivation of a0( f ) builds on input data that should be compared 
to the traditional volumetric characteristics of road mixtures to allow 
for a unified and comprehensive mixture design. Studies were carried 
out by several authors. Hall and Ng (2001) developed a method to derive 
the void interconnectivity, while Cooley et al. (2001) measured the AV 
and k on-site and derived a model k-AV for different NMAS intervals. 
Mallick et al. (2003) showed how the in-lab permeability varied as 
a function of the AV and of the ratio between t and NMAS. Gogula et al. 
(2004) studied the factors that affected the permeability of superpave 
mixtures, while Praticò and Moro (2007) compared results from in-lab 
and on-site experiments and set up different equations that could 
allow deriving k as a function of AV and Ω. Mohd Hasan et al. (2013) 
studied the relation k-NMAS, while Aboufoul and Garcia (2017) carried 
out a comprehensive literature review about k and AV. By referring to 
permeability and air voids, note that Castelblanco (2004) established 
a relationship between AV size distribution and HMA permeability. 
Praticò et al. (2021) compared results from different in-lab and on-site 
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investigations with results from the literature in order to set up a 
method to design porous asphalt mixtures considering the variation 
over time of properties such as drainability, sound absorption, macro 
texture, friction, tortuosity, and resistivity (derived using the inverse 
model) (Stinson & Champoux, 1992). 

For acoustic-related indicators, the porosity involved in acoustic 
models, e.g., (Miki, 1990), and in the evaluation of the normal 
absorption coefficient using the Kundt’s tube according to ISO 10534-2 
(International Organization for Standardization, 2001), refers to the 
upper and lower surfaces of the permeable layer (herein called Ω), while 
the porosity derived according to the standard ASTM D6752 / D6752M 
(AASHTO, 2010) includes the voids that communicate with the lateral 
surface (herein called ΩC, where C stands for corelok, i.e., the device that 
allows this measure). 

For resistivity, r (Pa∙s/m2, ISO 9053 (UNI, 2019)), note that it 
depends on the air pressure difference (Pa), the volumetric airflow rate 
(m3/s), the cross-sectional area of the test specimen (m2), and sample 
thickness (m). The resistivity is affected by air permeability (m/s). The 
latter can be determined as the quotient between the volumetric airflow 
rate (e.g., m3/s) and the sectional area of the sample (m2). It depends on 
the flow permeability coefficient (m2), pressure drop (Pa), air viscosity 
(Pa∙s), and the sample thickness measured in meters (Tang et al., 2018). 
Based on the above, r and air permeability have an intrinsic relationship, 
where higher r corresponds to lower air permeability and vice versa. 
Consequently, even if water and air have different characteristics 
(density and viscosity) and even if the sizes of the involved pores could 
not overlap (Alber et al., 2018; Johnson et al., 1987; Kandhal & Lee, 1972; 
Król et al., 2018), this suggests the possibility to relate r and k20. 

By referring to the prediction of the resistivity based on air voids, 
several models (empirical or theoretical) were derived in the past to 
predict the airflow resistivity of porous media (Filippo Giammaria 
Praticò et al., 2017; Xiong et al., 2020; Yang et al., 2018). For predicting 
the air flow resistivity, the following explanatory variables were 
considered in the past (Praticò et al., 2017a): porosity, tortuosity, 
thickness, aggregate gradation, and pore characteristics (diameter and 
radius of the pores, semi-width of slit-like pores). Praticò et al. (2017b) 
also reported several models that allowed deriving the tortuosity 
q2 (range 1–3) mainly using thickness, porosity, and NMAS as input 
parameters. For the relationship tortuosity-air voids, an inverse 
proportionality was observed by many authors (Aboufoul & Garcia, 2017; 
Garcia et al., 2019; Umnova et al., 2005). Finally, Peeters et al. (2016) 
investigated the relation between pore structure and sound absorption 
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of single and double-layer porous pavement samples (cores) using 
CT-scan, Kundt’s tube, and the Johnson-Allard model.

To sum up, the design of wearing courses builds on functional 
and mechanistic properties. When dealing with porous asphalts, the 
lack of sound relationships between traditional characteristics (i.e., 
mainly related to non-acoustic properties) and acoustic characteristics 
introduces drawbacks for designers (overall framework), road agencies 
(consistent specifications), and society (durable and multipurpose 
roads). In other terms, there is a gap between traditional pavement 
material tests and properties (e.g., permeability, drainability, air 
void content) and acoustic tests (e.g., airflow resistivity). Studies in 
the literature lack the needed relationships between the indicators 
traditionally used in the road sector (e.g., effective porosity) and the 
ones defined in the advanced acoustic models (e.g., porosity). Another 
issue refers to the treatment of two-layer porous asphalts. Here a clear 
identification and assessment of factors and parameters to control and 
explain acoustic variations over time are needed. These weaknesses 
are relevant to the possibility to design a mixture synergistically 
considering acoustic and remaining functional properties. Consequently, 
a holistic approach is needed to analyse both types of tests and 
characteristics under a common framework.

1. Goals and objectives 

Based on the issues above, the goals of this study were confined into 
the following ones: 

1) to investigate the relationship between acoustic and functional 
properties of porous asphalts; 

2) to investigate, through one-layer (1L) and two-layer (2L) models, 
the effectiveness of the estimates of acoustic input data carried 
out through mixture volumetric- and permeability-related 
characteristics. 

To this end, volumetric and acoustic tests were performed on 
samples and relationships were derived to predict reasonable input 
values for a specific acoustic model (i.e., the model derived by Stinson et 
al. (Bérengier et al., 1997; Stinson & Champoux, 1992), which is herein 
called STIN model). Figure 2a shows the experimental research plan 
followed in this study.
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Figure 2. a) Tasks of the experimental research plan; b) upper (top) and lateral (side) surfaces of ten samples

Figure 2. a) Tasks of the experimental research plan; b) upper (top) and 
lateral (side) surfaces of ten samples

b)

a)
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2. Experiments 

2.1. Materials and methods

A set of ten samples of porous asphalt concrete was considered 
(Fig. 2b and Table 1). Figure 2b shows the upper surfaces and the sides of 
the ten samples used in this study. Note that the samples were extracted 
from one highway consisting of two carriageways (northbound and 
southbound), each one consisting of three lanes (emergency, driving and 
overtaking/passing lane), and 6 months after it was laid. In particular, 
the samples were extracted from the emergency lanes of both the 

Table 1. Main in-lab and on-site tests carried out following the procedure 
from Step 1 to 9

Task 2. Experiments

Place Step Test Parame-
ter

Unit of 
measure Standard Ref.

On-site

1 Drainability DR l/min Autostrade S.p.A. (Autostrade S.p.a, 2001)

2
Macro-texture

(after the surface 
has been dried)

MTD mm
UNI EN 13036-1
ASTM E965-15

(American Society for 
Testing Materials, 2006; 

CEN, 2010)
3    Sample extraction (coring)

In-lab

4
Dimensional 

analysis
(on dried samples)

t
D

mm
mm

UNI EN 12697-36
N/A

(BSI, 2003)
N/A

5
Sound absorption
(on dried samples)

a0(f)
dimension-

less
ISO 10534-2

(International Organization 
for Standardization, 2001)

6
Airflow resistivity
(on dried samples)

r
N·s/m4 or  
Pa·s/m2 EN ISO 9053-1 (UNI, 2019)

7
Volumetrics

(on dried samples)

W
GmbDIM

GmbCOR

Gmm

AVeff 
(= ΩC)

g
dimension-

less
dimension-

less
dimension-

less
%

N/A
N/A

ASTM D6752 / 
D6752M

ASTM D6857 / 
D6857M

ASTM D 7063

N/A
N/A

(AASHTO, 2010; ASTM, 
2014)

8
Permeability

(on wet samples)
k20 cm/s

ASTM PS 129-01
FM 5-565

(Florida Department of 
Transportation, 2014; 

PS129, 2001)

9
Micro-texture

(on wet samples)
PTV

dimension-
less

UNI EN 13036-4
(British Standard, 2013)
(Praticò & Astolfi, 2017)

http://www.fdot.gov/materials/administration/resources/library/publications/fstm/methods/fm5-565.pdf
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carriageways, and they were in good condition (i.e., absence of stripping, 
ravelling, rutting, surface cracking, and negligible clogging). Their job 
mix formula includes: i) passing percentage of 100, 90, 25, 12.5, 6, 5, 4, 
and 3, through the sieves with the size of 20, 15,10, 5, 2, 0.4, 0.18, and 
0.075 mm, respectively; ii) percentage of bitumen of 5.2% (percent 
by total weight of mixture). The bitumen used in the mixture under 
investigation was B 50/70. 

Table 1 reports both the on-site and in-lab tests that were carried 
out during this study. Note that some tests were carried out in dry 
conditions (e.g., micro-texture and sound absorption) while others were 
carried out in wet conditions (e.g., skid resistance and permeability). 

2.2. Data analysis and interpretation

Tables 2–4, and Fig. 3 illustrate results and analyses. Note that the 
parameters in Table 2 were measured, and that the air voids content, 
AV, (%) was derived through Gmb and Gmm (ASTM D6752 / D6752M 
(AASHTO, 2010)). Table 2 illustrates the average values per sample. Note 
that the PTVs were obtained applying the standard reported in Table 1 
and subsequently the procedure described in (Praticò & Astolfi, 2017), 
which allowed obtaining the PTV values from samples.

Table 2. Main results from in-lab and on-site experiments

Samples 
set #

GmbCOR AV ΩC t k20 PTV D MTD a0,M a0,H f(a0,max) a0,max r

– % % mm cm/s – l/min mm – – Hz – N·s/m4

1 2.06 22.47 20.88 36.2 0.21 66.7 8.88 2.29 0.17 0.52 1184 0.81 3911

2 2.12 18.53 16.94 63.1 0.02 57.3 18.90 3.42 0.13 0.53 1004 0.78 77 983

3 2.16 15.33 16.02 62.2 0.05 56.6 15.50 3.28 0.15 0.51 1280 0.80 25 837

4 2.05 23.67 20.81 43.6 0.25 66.7 23.83 4.51 0.14 0.56 1118 0.85 3472

5 1.98 26.47 24.47 45.6 0.44 69.5 28.86 4.35 0.22 0.52 990 0.87 1858

6 1.98 24.99 24.67 61.3 0.38 58.1 50.31 4.16 0.38 0.36 806 0.89 2733

7 2.00 24.52 22.14 51.7 0.34 71.0 26.98 4.51 0.25 0.41 864 0.76 1966

8 2.02 23.10 22.13 41.2 0.28 65.2 22.70 3.68 0.19 0.51 1070 0.92 2416

9 2.07 24.90 20.62 39.6 0.27 68.1 19.55 3.22 0.15 0.51 1102 0.81 2750

10 1.99 25.65 23.76 46.3 0.28 64.2 25.49 4.25 0.17 0.55 1022 0.84 2851

Max 2.16 26.47 24.67 63.1 0.44 71.0 50.31 4.51 0.38 0.56 1280 0.92 77 983
Mean 2.04 22.96 21.24 49.1 0.25 64.3 24.10 3.77 0.19 0.50 1044 0.83 12578
Min 1.98 15.33 16.02 36.2 0.02 56.6 8.88 2.29 0.13 0.36 806 0.76 1858
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Based on Table 2 and Fig. 2b, it is possible to notice that sample sets 
No. 2 and 3 showed the highest GmbCOR, thickness, and resistivity, and the 
lowest AV, ΩC, k20, and PTV. 

Table 3 reports the Pearson Product-Moment Correlation Coefficient 
(Pearson coefficients) for each pair of parameters derived from the 
on-site and in-lab tests carried out on the reference porous asphalt 
concrete and its samples (extracted by coring).

Based on Table 3, the following statements emerge: 
1) A strong correlation (≥ 0.90 or ≤ −0.90) is observed for the pairs: 

Gmb-AV, Gmb-ΩC, Gmb-k20, AV-ΩC, AV-k20, ΩC-k20, DR-a0,M, and 
a0,M-a0,H. 

2) A quite strong correlation (between ±0.70 and ±0.80) is 
observed for the pairs: Gmb-PTV, AV-PTV, ΩC-r, t-PTV, k20-r, DR-a0,H, 
DR-f(a0,max), a0,M-f(a0,max), and a0,H-f(a0,max). 

3) Weak correlations (< ±0.20) refer to: a) PTV with DR and the 
sound absorption spectrum-related parameters; b) a0,H and a0,max; 
c) f(a0,max) and a0,max; d) f(a0,max) and r.

Table 3. Preliminary analysis: Correlation among the measured parameters 
(Pearson coefficients)

Lab Lab Lab Lab Lab Lab Site Site Lab Lab Lab Lab Lab

Gmb AV ΩC t k20 PTV DR MTD a0,M a0,H f(a0,max) a0,max r

Gmb 1.00 −1.00 −0.92 0.55 −0.91 −0.72 −0.48 −0.48 −0.42 0.19 0.58 −0.41 0.68

AV 1.00 0.92 −0.55 0.91 0.72 0.48 0.48 0.42 −0.19 −0.58 0.41 −0.68

ΩC 1.00 −0.37 0.95 0.52 0.65 0.51 0.65 −0.35 −0.64 0.58 −0.71

t 1.00 −0.39 −0.78 0.38 0.20 0.31 −0.41 −0.28 −0.26 0.62

k20 1.00 0.63 0.62 0.55 0.64 −0.39 −0.60 0.51 −0.77

PTV 1.00 −0.14 0.24 −0.08 0.11 −0.12 0.01 −0.64

DR 1.00 0.66 0.87 −0.70 −0.82 0.47 −0.26

MTD 1.00 0.37 −0.23 −0.61 0.22 −0.23

a0,M 1.00 −0.89 −0.76 0.37 −0.39

a0,H 1.00 0.71 0.04 0.26

f(a0,max) 1.00 −0.14 0.09

a0,max 1.00 −0.45

r 1.00

Table 4 illustrates the equations derived in the pursuit of connecting 
functional and acoustic performance and input data. For porosities, note 
that sample porosity depends on the method used (Table 1).
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Table 4. Main equations derived in this study

Var. Equation Eq. 
No. R2 Fig. Var. Equation Eq. 

No. R2 Fig.

ΩC, AV

AV = 1.02 × ΩC + 0.26 
(Based on Praticò & 

Moro, 2007)
(1) N/A 3a

AV, k20 r = 20.4×e−0.08×AV (20) 0.61 3p

AV = 1.1 × ΩC − 0.4 (2) 0.85 3a

a0,M, DR DR = 128.4 ×a0,M − 0.8 (3) 0.76 3b r = 5−0.4×e0.26×AV (21) 0.79

a0,H, a0,M a0,M = −1.04 ×a0,H  + 0.7 (4) 0.79 3c ΩC, k20 r = 10.7×e−038×ΩC (22) 0.75 3q

f(a0,max), 
a0,max

f(a0,max) = −5−5 × a0,max + 
0.883

(5) 0.51 3d r = 3−0.4×e0.31×ΩC (23) 0.80

r, k20 k20 = 167.1 × r−0.8 (6) 0.98 3e ΩC, k20 k20 = 20.65×ΩC + 16 (24) 0.90 3r

r, k20 k20 = −4−6×r + 0.31 (7) 0.60 3f ΩC, k20 k20 = 9−10×ΩC
6.288 (25) 0.83 3s

r, DR DR = −3.3×ln(r) + 51.66 (8) 0.13 3g ΩC, DR DR = 2.424 × ΩC − 27.404 (26) 0.42 3t

r, f(a0,max) f(a0,max) = 5−4 × r + 1039.5 (9) 0.01 3h AV, k20 k20 = 23.63 × AV+17 (27) 0.83 3u

k20, r

r = −1.40.5×k20 + 4.80.4 (10) 0.60 3i AV, k20 k20 = 2–0.8 × AV5.2 (28) 0.77 3v

r = 10.5×e−11.3×k20 (11) 0.70 AV, k k = 9−5 × AV6.3 (29) 0.83 3w

r = −2.20.4 × ln(k20) − 2.40.4 (12) 0.86 AV, DR DR = 5.048 × e0.064×AV (30) 0.25 3x

r = 609×k20
−1.227 (13) 0.98 ΩC, a0,max a0,max = 1.1×ΩC − 0.38 (31) 0.85 3y

ΩC, r r = 9.8511×ΩC
−6.1 (14) 0.74 3j AV, q2 q2 = 1.4 × e−0.005×AV (32) 0.43 3z

ΩC, r r = 9.713×ΩC
−7.8 (15) 0.78 3k Ω, q2 Slopes: −0.01, −0.25 

[16]
/ n.a. 3aa

ΩC, r r = 2.3−2×ΩC
−7.8 (16) 0.78 3l AV, a0,M a0,M = 0.009 × AV − 0.01 (33) 0.17 3ab

AV, r r = 7.26×e−32.1×AV (17) 0.60 3m AV, a0,H a0,H = −0.003 × AV + 0.58 (34) 0.04

ΩC, r r = 114×ΩC
−7.8 (18) 0.78 3n AV, MTD MTD = 0.1 × AV + 1.49 (35) 0.23 3ac

AV, r r = 70.6×e−0.3×AV (19) 0.77 3o AV, MTD MTD = 0.12 × AV + 0.05 (36) 0.55 3ad

Note: ΩC and AV are expressed in %, DR in l/min, a0,H, a0,M, a0,max, and q2 are 
dimensionless, f(a0, max) is expressed in Hz, r in Ns/m4, k20 in cm/s, k in 
10−5 cm/s, and MTD in mm. 

Figure 3 illustrates results and analyses. In detail, Fig. 3a refers to 
the relationship between air void percentage (AV, y-axis, derived through 
GmbCOR) and effective porosity (ΩC, x-axis, determined according to ASTM 
D7063 (ASTM D7063, 2017)) for the tested samples (average thickness 
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of about 49 mm; average effective porosity of about 23%; and NMAS = 
16 mm). The measured values (markers and dotted line in Fig. 3a) were 
compared to those derived by (Praticò & Moro, 2007) for Porous Asphalt 
(PA) mixes with average thickness of about 50 mm, average effective 
porosity of about 25%, and NMAS = 19 mm (solid line in Fig. 3a). On 
average, AV results are about 1–2% higher than ΩC. Results demonstrate 
that, for similar values of average thickness and average effective 
porosity, there is a minor difference between the two relationships 
(Table 4). This could depend on different NMAS and test variance. 

For drainability (DR), note that DR and noise-related quantities 
are typical measurements performed in acceptance procedures 
(as-built pavement). Figures 3b, 3c, and 3d illustrate the relationship 
between a0,M (i.e., the average of the sound absorption coefficient in 
the medium-high frequency range, 400–630 Hz) and DR, which could 
be relevant to the purpose of considering the use of drainability as a 
proxy to account for differences in noise absorption. Note that these 
water-related indicators (e.g., k20 and DR) appear to be well-correlated 
with the parameter a0,M. The latter appears to be negatively correlated 
with a0,H (i.e., average sound absorption coefficient in 800–1600 Hz). 
For permeability, resistivity, and volumetrics, in Figs. 3e–3j, the typical 
water-related performance indicators of porous asphalts (permeability, 
k20, and drainability, DR) are compared to the corresponding air-
related performance (airflow resistivity (r)). This evaluation is crucial 
because: i) the resistivity governs the acoustic absorption; ii) the 
test is time consuming; iii) the test appears to be critical (air leakages 
for low contents of air voids were observed). Note that the higher 
the permeability, the lower the resistivity (and vice versa), with an 
appreciable Pearson coefficient (Table 3). In contrast, the resistivity and 
the peak frequency are not well correlated (Fig. 3h). 

Furthermore, Fig. 3i illustrates how r varies as a function of 
k20. Linear and nonlinear curves were used. Note that the R-square 
coefficients range from 0.60 to 0.98 (Table 3). The latter is obtained 
when non-linear curves are used. This is crucial and suggests that 
permeability (and consequently air voids) could be used as a proxy for 
r prediction. Based on this hypothesis and the experimental results, 
Eq. (13) was derived for resistivity. The results in Table 3 highlight that 
resistivity is explained better by permeability than by air voids. This is 
probably due to the synergetic influence of many factors on permeability 
and resistivity, such as air voids, diameter of pores, shape of pores, and 
tortuosity (Backeberg et al., 2017). 
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Figure 3. Volumetric, functional, and acoustic performance
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For resistivity, based on air voids (Praticò et al., 2017; Yang et al., 
2018), in Fig. 3j five curves r(ΩC) are given (from the top to the bottom): 
1) best fit (Eq. (14) in Table 3, where r depends on ΩC

−6.1); 2) Hamet-type, 
function of ΩC

−3 (Praticò et al., 2017; Yang et al., 2018); 3) Attenborough-
type 1 (function of ΩC

−1 and radius of pores); 4) Attenborough-type 
2 (function of ΩC

−1 and semi-width of the slit-like pores); 5) Von Meier-
type (ΩC

−2). Estimates (applying the aforementioned models of Hamet, 
Attenborough, Von Meier) were obtained for dynamic viscosity η = 
1.81E−5 Pa×s, tortuosity q2 = 5, pore diameter D = 1.5 mm, pore radius 
rp = 0.75 mm, semi-width of slit-like pores b = 0.3 mm, measured 
thicknesses of the samples si = ti,meas, cm, and chipping diameters derived 
from the measured thicknesses ki = ti,meas/40, mm. Furthermore, based 
on experiments, also Eqs. (16) and (19) have been derived for r as a 
function of ΩC and AV, respectively. Finally, Figs. 3k–3ad illustrate how 
AV/ΩC relate to k20/r. Note that due to the fact that the best R-square 
values refer to exponentials, these latter were used. Under the 
assumptions above, the percentage of variance explained by AV ranges 
from 61% up to 79% (versus percentage around 75%–80%, when the 
explanatory variable is ΩC). For k20 and AV/ΩC (Figs. 3p–3t) based on 
Table 3, the measurements carried out in our study confirm the results 
of Castelblanco, and Praticò and Moro cited above (Castelblanco, 2004; 
Praticò & Moro, 2007), where a higher R-square value was obtained for 
ΩC (0.95 > 0.91).  Note that, through the experiments, the Eqs. (21) and 
(23) were obtained. 

Figure 3w compares the observed results and the results derived 
from a comprehensive literature review from Praticò et al. (2020). 
The envelopes of the values from Praticò et al. (2020) are plotted 
using dotted lines, the solid line refers to all the values, while markers 
indicate the observed values from the measurements. Importantly, the 
correlation coefficient between k20 and ΩC outranks the one that refers 
to k20-AV. 

For drainability (Figs. 3t and 3x), by referring to the correlations 
DR-ΩC and DR-AV, it is important to highlight that better correlations 
were obtained when considering the effective porosity. This result 
complies with that of Praticò & Moro (2007) (Eqs. (26) and (30)).

Another interesting point refers to how the average acoustic 
absorption varies as a function of air voids (Fig. 3ab). For low 
frequencies, there is a weak direct proportionality, while for higher 
frequencies there is a weak inverse proportionality. The relationship of 
tortuosity-air voids, based on Garcia et al. (2019) and Aboufoul & Garcia 
(2017), was used to assess how tortuosity varies with air voids (Figs. 3z 
and 3aa). In this study, Eq. (32) was derived.
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For macro texture, in Figs. 3ac and 3ad, the results from the studies 
cited above were compared to the results obtained in this study and 
used to define a tentative new model. Note that slopes range from 0.06 
up to 0.12 while the intercepts range from 0.05 to 1.49 (Eqs. (44) and 
(45)). 

Based on the experiments carried out, the following problems 
emerge: 1) ΩC capability to explain r and k20 outranks the one of 
AV. Unfortunately, doubts may emerge when comparing ΩC and the 
“acoustics” Ω, especially when considering the absorption coefficient 
in normal incidence. 2) Another issue refers to the time-consuming and 
high-variance tests on resistivity, and the need for sound estimates. 3) 
To this end, k20 appears to explain up to 98% of r variance (Eq. (13)).

3. Multi-layer modelling and optimization

Task 3 was organized into the following sub-tasks: 
−	 Task 3.1: Multilayer modelling and implementation.
−	 Task 3.2: Set up of an error function.  
−	 Task 3.3: Optimization (1L, 2L, different constraint hypotheses 

considered). Figs. 4–10 refer to preliminary analyses and the 
optimization carried out for known thickness, porosity, and 
resistivity (the latter with a ± 30% tolerance with respect to the 
measured value). Another optimization cycle was carried out for 
known thickness, free porosity and free resistivity (main outputs, 
r* and Ω*). 

−	 Task 3.4: Derivation of the interpolation curve of r as a function 
of k20 (where data were r*, resistivity derived through the 
optimization, and corresponding permeability, k20), and 
derivation of the interpolation curve of Ω* (i.e., the value derived 
through the optimization) as a function of ΩC (corresponding 
corelok values). 

−	 Task 3.5: Derivation of the absorption curves through the 
estimated Ω* and r*.

To this end, each mixture sample was modelled according to the STIN 
model, before as a single and after as a double layer (herein called case 
1L and case 2L, respectively). The equations were implemented through 
dedicated software, as a function of six main parameters per layer 
(thickness, porosity, resistivity, tortuosity, viscous pore shape factor, 
and thermal pore shape factor). Thickness was set as a measured value 
(equality constraint), while the remaining ones were set free or in terms 
of inequality constraints (e.g., tortuosity higher than one). As a result, 
the sensitivity of the absorption spectrum to tortuosity and porosity 
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was derived. In the optimization, based on Praticò et al. (2017a), Praticò 
et al. (2017b) the following expression was used to derive the following 
curve fitting error (CFE, Task 3.2):

 CFE a f a f
f f

f

� �� �
�
� ob es

2 2
4

( ) ( )

min

max

, (37)

where fmin and fmax are the lower and the upper limits of the frequencies 
used in the minimization (range of the optimization), aob( f ) is the 
observed sound absorption coefficient at the given frequency f, while 
aes( f ) is the corresponding value of the absorption coefficient at the 
frequency f of the spectrum estimated through the model. 

Note that for low frequencies the impedance tube method may not 
give reliable results because a hermetically sealed fit of the sample is 
needed and at the same time the sample would have to vibrate freely 
(Farina, 2020; Praticò et al., 2017a; Praticò et al., 2017b). Consequently, 
after the preliminary attempts, the minimization intervals used in this 
study were: 

1) fmin = 200 Hz, fmax = 1600 Hz; 
2) fmin = 300 Hz, fmax = 1600 Hz; 
3) fmin = 600 Hz, fmax = 1600 Hz. 
Figures 4–9 illustrate the plots obtained through the measurements 

(Meas), the ones that were derived through the 1L model, and the 
ones that were derived through the 2L method, considering different 
frequency ranges. Each “Sample #n” refers to a couple of close specimens 
(with n = 1, …, 10). Importantly, Figs. from 7 to 9 show the result of 
optimizations carried out using the estimated resistivity and porosity 
(r* and Ω*, respectively).

Figure 4. a0 plots (optimization in 200–1600 Hz, measured resistivity)
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Figure 4. a0 plots (optimization in 200–1600 Hz, measured resistivity)
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Figure 7. a0 plots (optimization in 200–1600 Hz, estimated resistivity)

Figure 6. a0 plots (optimization in 600–1600 Hz, measured resistivity)

Figure 5. a0 plots (optimization in 300–1600 Hz, measured resistivity)
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Figure 5. a0 plots (optimization in 300–1600 Hz, measured resistivity)
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Figure 6. a0 plots (optimization in 600–1600 Hz, measured resistivity)
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Figure 7. a0 plots (optimization in 200–1600 Hz, estimated resistivity)
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Figure 10 illustrates the ability of models (1L and 2L) and inputs 
(estimated, ES, versus measured, OB) to fit the observed spectra. 
While the plots above (Figs. 10a and 10b) focus on CFE-based errors 
(Eq. (37) above), the plots below (Figs. 10c and 10d) are based on peak 
correspondence. 

For CFE, different frequency ranges (e.g., 200–1600 Hz), for 1L or 
2L models, were considered. Figures 10c and 10d show the percentage 
of wrong estimations based on peak number and peak location. For 
example, Fig. 4, sample No. 9, illustrates that the best CFE-based estimate 
is actually unsatisfactory because the peak estimate is unsatisfactory.

Based on the figures above, it is possible to state that: 
−	 In terms of optimization, by referring to error functions, when 

comparing observed versus predicted absorption spectra, the key 
to interpret how much a given vector of six variables (thickness, 

Figure 9. a0 plots (optimization in 600–1600 Hz, estimated resistivity)

Figure 8. a0 plots (optimization in 300–1600 Hz, estimated resistivity)
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Figure 8. a0 plots (optimization in 300–1600 Hz, estimated resistivity)
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porosity, tortuosity, resistivity, and loss factors) fits a given 
experimental result is definitively given by the distance between 
observed and estimated peaks of the absorption spectrum. Based 
on experiments, this is mainly due to the well-known drawbacks 
of Kundt’s tube measures (low-frequency measures) and to the 
prevalence of the spectrum shape with respect to frequency-
based errors. 

−	 The importance of the default value (i.e., the one assumed for 
starting the optimization process) in the optimization process 
emerges as a key factor. Results show that both 1L and 2L 
models may give incorrect results because of the default value. 
An optimization strategy based on inequality constraints is 
suggested (e.g., resistivity estimated through permeability ±30%). 

−	 Unfortunately, when comparing the actual ability to interpret 
the shape and the maxima of acoustic absorption, the CFE may 

Note: OB – observed values of resistivity ± 30%. ES – values of resistivity estima-
ted trough the curve set up based on free optimization.

Figure 10. Averaged CFE for (a) the 1L model and (b) the 2L model, and 
percentage of wrong estimations for (c) the 1L model and (d) the 2L model 
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be not effective and may lead to biased inferences. It is based on 
the maximisation over many frequencies and does not look at the 
shape of the curve, usually consisting in a curve starting from 0 
(low frequencies) with one maximum point around 0.8 at about 
1 kHz. Examples of this unsatisfactory effectivity are given, for 
example, in the figures above (Figs. 8 and 9), where narrowing 
the frequency range of the optimization in order to target the 
maximum point, the optimization improves (e.g., sample No. 2, 
300–1600 Hz versus 600–1600 Hz, estimated resistivity).

−	 The samples No. 1, 4, 5, 6, 7, and 10 are always well fitted through 
1L and 2L models. The sample set No. 2 (high resistivity, quite 
low porosity) can be fitted by 1L models only when the estimated 
resistivity is used.  Sample set No. 3 is fitted neither by the 1L 
model nor by the 2L model. Their upper surface presented the loss 
of several surface grains. The sample set No. 9 is almost always 
well fitted except that for the optimization in 600–1600 Hz using 
the measured resistivity (Fig. 6). 

−	 The main acoustic parameter that appears here quite critical is 
the resistivity. Figure 10c highlights that for the 1L model, the 
most probable resistivity (r*) corresponds to a lower percentage 
of wrong estimations of the sound absorption coefficient. An 
example of such different efficiency is given by sample No. 9: 
the measured resistivity (r) leads to an unsatisfactory fit of the 
measured sound absorption coefficient (where the maximum in 
0–1.6 kHz is not anymore present, Fig. 6). On the contrary, when 
considering r*, the peak is well predicted (Fig. 7). 

−	 2L models, when implemented in terms of software codes, may 
lead to inconsistent estimations, where the 2L estimate is worse 
than the 1L one. Hence, it is important to double check for illogical 
estimates (i.e., 1L estimates that are better than 2L ones, due to 
algorithm/code limits or imperfections). Consequently, the codes 
were updated considering the need for consistency among 1L vs. 
2L estimates (1L “must” be a subset of 2L). 

Figures 11a and 11b illustrate how AV (total, equality line, dot-dashed 
line), ΩC (effective, dashed line), and Ω* (“acoustic”, solid line) relate. 
The corresponding R-square values range from 0.76 (AV versus Ω*), 
to 0.97 (ΩC versus Ω*), while ΩC and AV yield an R-square value of 0.92. 
This confirms that ΩC is a suitable proxy for Ω*. As expected, AV > ΩC > 
Ω*, where the corresponding differences are about 3.1% (voids that are 
not connected with the external surface of the sample, N = AV – ΩC), and 
about 2.8%, where H + H = ΩC – Ω*, where H stands for lateral-connected 
sample porosity (Fig. 11b). If confirmed, the latter value would offer 
an insight into the voids that are connected to the lateral surface of 
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the samples (but not to the upper and lower surfaces, Fig. 11b). It is 
important to highlight that porosity interested by the Kundt’s tube is the 
one that mainly relates to the voids that connect the top and the bottom 
of samples (which could be defined as “acoustic” voids, herein termed 
A). To this end, several authors model porosity in terms of cylindrical 
pores of a given surface area and inclined at a certain angle with respect 
to the normal to the surface (Miki, 1990). In contrast, ΩC also refers to 
the pores connected to the lateral surface of samples. It follows that 
a certain part of sample porosity determined through the in-lab test 
(lateral-connected one, herein termed H) could be not involved in 
normal absorption coefficient. Consequently, the optimization process 
suggests using porosity that is lower than the measured one. To sum up, 
the ASTM D7063 (corelok method) provides a reliable basis to estimate 
acoustic-related porosity. Based on the equation shown in Fig. 11a, it 
follows (Fig. 11b) that for pavement AV of 23%, non-connected voids (N 
in Fig. 11b) could be about 3.1%, “acoustic” voids (A) about 17.2%, and 
“only” laterally connected voids (H) about 2.8%. 

Figure 11c illustrates the comparison between the measured 
resistivity, r, and the most probable resistivity (r*), as a function of 
permeability (k20). The values of r* have been derived as the resistivity 
that optimises curve fitting (minimisation of the loss function with r not 
measured). The most probable resistivity exhibits a slope (in absolute 
value) that is lower than the one that refers to resistivity measured in 
the laboratory. Comparing the equations r(Ω) here obtained with the 
ones in the literature, it is possible to observe that the best exponent of 
Ω derived through these studies partly complies with the ones derived 

Note. Fig. 11a – measured and most probable (i.e., derived through the optimi-
zation) porosities ( y-axis) versus air void content (AV, x-axis); Fig. 11b – an 
example of distribution of voids in a pavement, where N refers to non-
connected voids, black, A refers to ”acoustic” voids, and H refers to “only” 
laterally connected voids; Fig. 11c – measured (r) and most probable (r*) 
resistivity ( y-axis) versus permeability (x-axis); Fig. 11d – measured and 
most probable resistivity versus most probable porosity (Ω*, x-axis).

Figure 11. Comparison of the observed and most probable parameters
Figure 11. Comparison of the observed and most probable parameters
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through the models found in the literature (between −1 and −3) only 
when the most probable values are considered (Fig. 11d). Taking into 
consideration the most probable resistivity as a function of the effective 
porosity, the exponent of the power function is close to −3, which 
complies to the literature in acoustics (Berengier & Hamet, 1990).

Finally, Table 5 summarises the analysis of measured versus most 
probable values. It appears relevant to highlight that the Pearson 
coefficients of the correlations among AV (total air void content), ΩC 
(ASTM D7063), and Ω* are high. Similarly, this happens for r and r*. 
Importantly, r*–k20 Pearson coefficient (–0.88) outranks the one that 
refers to r-k20 (−0.77). This happens also for r*-k20* versus r-Ω* (−0.85) 
and/or r-ΩC (−0.71) and r*-ΩC (−0.87).

Table 5. Most probable, measured, and estimated inputs: Person coefficients 

t AV ΩC r k20 r* Ω*

T 1.00 −0.55 −0.37 0.62 −0.39 0.53 −0.19

AV 1.00 0.92 −0.68 0.91 −0.90 0.97

ΩC 1.00 −0.71 0.95 −0.87 0.98

R 1.00 −0.77 0.99 −0.85

k20 1.00 −0.88 0.96

r* 1.00 −0.91

Ω* 1.00

Note: r* = resistivity of the single set of samples derived through the optimiza-
tion (most probable); Ω* = effective porosity of the single set of samples 
derived through the optimization (most probable).

Conclusions 

Based on the results, the following conclusions can be drawn: 
1) Acoustic properties and functional properties of porous 

asphalt are well correlated. This notwithstanding, due to issues 
that relate to the determination of these variables (variance, 
differences between acoustic and volumetric properties), 
dedicated strategies and procedures are needed to predict the 
acoustic performance based on the volumetric and functional 
properties of porous asphalt. 

2) By referring to resistivity, the measured resistivity (r) is crucial 
for deriving a tentative value (Person coefficient = 0.99). The 
permeability-based values of resistivity (i.e., the ones derived 
based on k20) better approximate the most probable value of r* 
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(Pearson coefficient = −0.88) according to acoustic absorption 
tests, and imply better correlations with measured (ΩC) and most 
probable (Ω*) porosities (Pearson coefficients = 0.96 and 0.95, 
respectively). 

3) By referring to the effective porosity, the optimal default value is 
the one estimated through the standard ASTM D7063 (i.e., ΩC).  
The latter seems to be about 1–2% higher than the most probable 
value (Ω*; R-square = 0.97, and Pearson coefficient = 0.98) 
according to the acoustic absorption test. This is probably due to 
the same working principle of Kundt’s tube measurements (one-
dimensional process). 

4) For two-layer (2L) versus one-layer (1L) optimization, based 
on the analysis of errors, the percentage of wrong estimations 
based on 2L models is lower (of about 20%). This observation is 
relevant because it could be explained in terms of anisotropy and/
or inhomogeneity or potential clogging (i.e., upper part different 
from the lower part, for the given friction course). Further studies 
are here needed. Finally, 2L models make the availability of 
permeability data less relevant to the scope of obtaining a quite 
reliable estimated absorption spectrum, while 1L models tend to 
work properly especially when permeability data are available to 
better predict resistivity.

5) Future research will focus on deepening the study of resistivity 
issues herein emerged and widening the potential of these studies 
based on the consideration of other models to estimate the 
acoustic absorption spectra.
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Notations 

VARIABLES AND FUNCTIONS

t – sample thickness;
W – sample weight;
D – sample diameter;
NMAS – nominal maximum aggregate size; 
AV – air void content;
GmbCOR – bulk specific gravity from the corelock machine; 
GmbDIM – dimensional bulk specific gravity; 
Gmm – theoretical maximum specific gravity; 
Ω – porosity;
ΩC – effective porosities or porosity from the corelock machine (a.k.a., 

AVeff);
Ω* – effective porosity of the single set of samples derived through the 

optimization (most probable);
H – lateral-connected sample porosity;
N – voids that are not connected with the external surface of the sample;
A – “acoustic” voids; 
rp – pore radius;
b – semi-width of slit-like pores; 
k – hydraulic conductivity;
k20 – hydraulic conductivity at 20 °C or permeability;
DR – on-site drainability;
η – dynamic viscosity; 
r – airflow resistivity;
r* – resistivity of the single set of samples derived through the 

optimization (most probable); 
q2 – tortuosity; 
f – frequency; 
a0( f ) – sound absorption coefficient (a.k.a. α( f )) as a function of f;
a0,max – absolute maximum of the sound absorption coefficient in the 

range of 200–1600 Hz;
a0,H – average sound absorption coefficient in the range of 800–1600 Hz; 
a0,M – average sound absorption coefficient in the range of 400–630 Hz; 
f(a0,max) – frequency corresponding to the a0,max;
fmin – lower limit of the frequencies used in the minimization;
fmax – upper limit of the frequencies used in the minimization;
aob( f ) –  the observed sound absorption coefficient at the given 

frequency f;
aes( f ) –  the absorption coefficient at the frequency f of the spectrum 

estimated through the model;
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sK – viscous pore shape factor;
sρ – thermal pore shape factor;
ω – angular frequency;
ρ(ω) – complex dynamic density;
K(ω) – bulk modulus; 
MTD – mean texture depth;
MPD – mean profile depth; 
PTV – pendulum test value.

ABBREVIATIONS

Max, Min, Mean – maximum, minimum, and average value of a data 
series; 

HMA – hot mix asphalt;
CT – computed tomography;
STIN – acoustic model from Stinson et al.
1L – one-layer model; 
2L – two-layer model;
Meas – measurements;
OB – observed values of resistivity ± 30%; 
ES – values of resistivity estimated through the curve set up based on 

free optimization;
CFE – curve fitting error.
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