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ABSTRACT 

 

The knowledge of the acoustic impedance of a material allows to calculate its 

acoustic absorption. Furthermore, it can also be linked to some of the material's structural 

and physical proprieties by means of adequate models. However, while measuring the 

acoustic impedance of pavement samples in laboratory conditions can be usually 

achieved by using high accuracy equipment, such as the impedance tube, a complete in-

situ evaluation of the paving results less accurate than the laboratory one and is extremely 

time consuming, enough to make a full scale implementation of in-situ evaluations 

practically impossible. Such a system would be necessary for evaluating the homogeneity 

and the correct laying of a road surface, which is proven to be directly linked to its 

acoustic emission properties.  

In the presented work, a measurement instrument fixable to a moving laboratory, 

such as a vehicle, is studied to overcome the issues that afflict in-situ measurements and 

thus allowing a continuous spatial characterization of a given pavement and a direct 

evaluation of the surface's quality. A calibration method will be shown, together with the 

evaluation of the performances of the system as an acoustic measure instrument. 
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1. INTRODUCTION 

 

Transportation noise pollution represents a widespread issue for modern society, 

especially in urban areas. Indeed, after 15 years from the 2002 European Environmental 

Noise Directive (END) emission, a revision [1] reported that noise pollution still 

represents a serious health problem in Europe, with road traffic representing the most 



common noise source. About 100 million people in the 33 EU member states are exposed 

to harmful road traffic noise levels exceeding 55 dB(A) of Lden, and 32 million are 

exposed to noise levels higher than 65 dB(A) of Lden. An exposure to these levels could 

lead to a series of issues, such as sleep disorders with awakenings [2], learning 

impairments [3], cardiovascular, hypertension and ischemic heart disease [4] and 

annoyance [5]. One of the solutions adopted by the END is the institution of mandatory 

action plans for big infrastructures or urban agglomerations [6]. 

The study of noise generation mechanisms is of paramount interest in order to 

optimize mitigation actions and studies [7, 8] shown that tyre-road noise is a remarkably 

complex phenomenon. It results from the combination of airborne and structure-borne 

phenomena, where the source is provided by the contact between tyre and pavement. 

Airborne noise is related to compression of the air trapped within the tread of the rolling 

tyre [9]. These mechanisms are known as air pumping, and cause noise at frequencies 

higher than 1 kHz. Other than air pumping, airborne mechanisms also include pipe and 

Helmotz resonances, due to the coupling of a vibrating mass of air within the tread, which 

acts as a cavity. Moreover, the effect of ageing can be particularly dramatic on the 

acoustic performance of some porous surfaces. Road traffic and weathering causes the 

voids in the surface to become clogged with detritus reducing acoustic absorption, 

resulting in increased noise levels even more than 5 dB [10, 11]. 

Different methods are generally used to evaluate the acoustic properties of a 

pavement: from the CPX method [12], that also evaluated the emission properties, 

to the absorption measurement performed with the spot method based on an 

impedance tube (ISO 10534) [13] and the Adrienne method (ISO 13472-1) [14]. 

 An experimental method derived from the Adrienne one was presented in 2014 

[15], aiming to overcame other methods weakness. A new in-situ acoustical 

absorption coefficient measurement system is implemented on a mobile Laboratory, 

based on pressure-velocity probe (p-u probe), in development inside the NEREiDE 

LIFE project. 

Measurements have been performed in order to calibrate the instrumentation and 

Finite Elements Methods (FEM) simulations are added in order to improve the 

analysis. 

  

2. MOBILE LABORATORY ABSORPTION MEASUREMENT MODEL BASED 

ON P-U PROBE 

 

Measuring the absorption coefficient of a road surface with a moving vehicle 

requires a contactless measurement method, such as the Adrienne [16] and its 

variation using a pressure velocity, p-u, probe instead of the microphone only [17, 

18].  

The model used in this work considers an acoustic monopole source located over 

the ground at height hs and a receiver with height hr from the ground as shown in 

Fig. 1. The receiver records both the acoustic pressure, p, and the particle velocity, 

u [19]. An innovative stabilization system is used to reduce the variation of the 

height of the source and the receiver in accordance to their sensitivities.  

The acoustic impedance at the receiver is calculated with Equation 1 from the 

ratio of the complex pressure to complex velocity amplitudes.  

𝑍𝑟(𝑟, 𝜔) =
𝑝𝑟(𝑟,𝜔)

𝑢𝑟(𝑟,𝜔)
      (1) 

The pressure and velocity values are calculated with Equations 2 considering a 

spherical wave:  



𝑝(𝑟, 𝑡) =
𝐴

𝑟
𝑒−𝑘𝑟𝑖𝑒𝑖𝜔𝑡  𝑢(𝑟, 𝑡) =

𝐴

𝜌𝑐𝑟
(1 −

𝑖

𝑘𝑟
) 𝑒−𝑘𝑟𝑖𝑒𝑖𝜔𝑡   (2) 

where A is the wave amplitude, 𝜌 is the air density, c is the speed of sound, 𝜔 =

2𝜋𝑓 is the angular frequency, 𝑘 =
2𝜋

𝜆
=

2𝜋𝑓

𝑐
 is the acoustic wave number, λ is the 

wavelength. 
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Figure 1: Geometrical set-up of the absorption coefficient measurement system  

 

The value of the absorption coefficient, α, is defined as 𝛼 = 1 − Γ, where Γ is the 

reflection coefficient defined in Equation 3 as the ratio of the reflected power, P r to 

incident power Pi. 

Γ =
𝑃𝑟

𝑃𝑖
≅

|𝑝𝑟 |
2

|𝑝𝑖 |
2 = |𝑅|2    (3)  

where R is the sound pressure reflection factor. The pressure at the microphone 

is the sum of the direct and reflected pressure wave. In the same way the velocity at 

the u probe is the sum of direct and reflect velocity wave, but considering the versus. 

The impedance is then reported in Equation 4. 

𝑍𝑟(𝑟, 𝑡) = 𝜌𝑐

1

𝑑1
𝑒−𝑘𝑑1𝑖+𝑅

1

𝑑2
𝑒−𝑘𝑑2𝑖

1
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(1−

𝑖

𝑘𝑑1
)𝑒−𝑘𝑑1𝑖−𝑅

1

𝑑2
(1−

𝑖

𝑘𝑑2
)𝑒−𝑘𝑑2𝑖

   (4) 

From the previous equation R can be obtained Equations 5 and 6. 

𝑅(𝑟, 𝑡) = −
(ℎ𝑠+ℎ𝑟)(

𝑍𝑟[𝑘(ℎ𝑟−ℎ𝑠)+𝑖]

𝜌𝑐𝑘(ℎ𝑟−ℎ𝑠)
−1)

(ℎ𝑟−ℎ𝑠)(
𝑍𝑟[𝑘(ℎ𝑠+ℎ𝑟)−𝑖]

𝜌𝑐𝑘(ℎ𝑠+ℎ𝑟)
+1)

𝑒−2𝑘ℎ𝑟𝑖  (5) 

|𝑅|2 = [(
ℎ𝑠+ℎ𝑟

ℎ𝑠−ℎ𝑟
) |

𝑍𝑟[−𝑘(ℎ𝑟−ℎ𝑠)−𝑖]

𝜌𝑐𝑘(ℎ𝑟−ℎ𝑠)
+1
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+1

|]

2

   (6) 

In order to know which parameter majorly affect the value of α, the sensitivity of 

α respect to ℎ𝑠 or ℎ𝑟can be calculated with Equations 7. 
𝜕𝛼

𝜕ℎ𝑟
=

𝜕|𝑅|2

𝜕ℎ𝑟
  

𝜕𝛼

𝜕ℎ𝑠
=

𝜕|𝑅|2

𝜕ℎ𝑠
   (7) 

Considering that vehicle’s height from the surface changes with vehicle 

acceleration and speed or for irregularities in the pavements, in the previous study 

[15] Matlab computation were performed in order to find the best height of the 

receiver from the road, i.e. the height with smallest error in the calculation of the 
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hs 

Zr p-u probe 

hs-hr 



absorption coefficient. The results showed that the best height for the probe is at 

0.16 m from the pavement, which is what has been used in the present work. 

Adrienne and the new one methods’ principal features are summarized in Table 

1. The new method offers a wider frequency band width and less sensitivity to the 

receiver height variation in the absorption measurement, which makes it more 

appropriate for a running vehicle. 

 
 Adrienne Method Adopted Method 

Based On P-U 

Probe 

In Situ Measurement ✓ ✓ 

Contactless Measurement ✓ ✓ 

Frequency Bandwidth 250Hz÷4kHz 315Hz÷10kHz 

Exposed Area Diameter ≈ 1.4 m ≈ 1.4 m 

Height Of The Sound Source 1.25 m 1.5 m 

Height Of The Sound Microphone /  

P-U Probe 

0.25 m 0.16 m 

Absorption Coefficient Sensitivity To Receiver Height 

Variation (F≥315) [1/m] 

2.4 2.1 

Absorption Coefficient Sensitivity To Source Height 

Variation (F≥315) [1/m] 

0.5 0.3 

Table 1: Comparison of in-situ measurement methods. 

 

2. VEHICLE MOUNTED P-U PROBE 

 

As previously reported, in a running vehicle the frame to ground distance changes 

because of shocks or discontinuity of the pavement. This is also valid for the 

absorption measurement system, which is connected to the frame and hence it will 

suffer its same oscillations. This unwanted phenomenon can be reduced by 

uncoupling the measurement system from the frame trough a system that maintain 

constant the distance from the measurement system and the pavement. 

As shown in figure 2, a controller on the distance can be obtained with a PID 

controller applied to a damping, which acts on the error given by the difference of 

the target position and the present position the measurement system respect to the 

pavement. Furthermore, the PID controller takes into account the error, its integrate 

I, and its derivate D. 

 

 
Figure 2 – Damping system model of the absorption measurement system 

The p-u probe in Figure 3 has been conceived in order to simultaneously and 

directly detect the pressure and particles velocity in a given point and it consists of 

a miniaturized pre-amplified microphone measuring the pressure and a sensor that 



evaluates the particles velocity that exploits the local heat transfer induced by the 

air flow between two thin wires [20]. 

 

 
Figure 3 – p-u probe. 

Before the p-u probe, particles velocity was detected using two matched 

microphones separated by 𝜟r, and was calculated trough the difference over the 

simultaneous pressure measurement. Two major issues generally occur for this kind 

of measurement: 𝜟r should be enough to have a relevant pressure variation among 

the microphones and the microphone dimension itself can interfere with the sound 

field. 

The thin wires method overcome these issues. In fact, the particle velocity is here 

evaluated from the value of the wire electric resistance, which varies with 

temperature and with the speed of the air flowing over the wire. The velocity, u, is 

then evaluated with Equation 8, where E is the voltage difference at the edges of the 

wire resistance, a, b and n are three constants evaluated during calibration. 

𝑢 = (
𝐸2−𝑎

𝑏
)

1
𝑛⁄

      (8) 

 

3. A FIRST CALIBRATION APPROACH OF THE P-U PROBE 

 

The probe calibration process involves several possible phases, each based on a 

different methodology. Calibrating an instrument consists of measuring the same 

quantity with both the used and the reference instruments before comparing the 

results obtained. While the calibration of a microphone can be performed with a 

suitable calibrator (for example the pistonphones), no standard speed references to 

rely on exists for speed probes. For this reason, it is necessary to measure the 

acoustic impedance, which is given by the ratio between the velocity values of the 

particles and pressure measured at the same point. 

The calibration measurement can be performed inside an anechoic chamber or, 

alternatively, inside a stationary wave tube (or impedance / Kundt tube). 

Alternatively, it is possible to perform a calibration by making a comparison with 

the Adrienne method for measuring the absorption coefficient of a material  from its 

surface acoustic impedance, actually usable for the calibration process. 

The Adrienne method is achieved in principle by sending an impulsive signal to 

a surface, measuring both the direct incident pulse and the reflected response of the 



material. The source and the microphone recording the impulse are placed at  a fixed 

distance between each other and between them and the measured surface as shown 

in Figure 4. The direct impulse is also measured in the hypothesis of absence of 

reflection: from the subtraction of the first signal, containing both the direct and 

reflected impulse, and the second, containing only the direct one, the signal reflected 

by the surface is then obtained. By taking into account the geometric dispersion is 

then possible to calculate the surface acoustic impedance.  
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Figure 4 – Geometrical set-up of the Adrienne measurement system 

By replacing the microphone with the P-U probe it is possible to calculate the 

value of the sound field impedance, from which the absorption coefficient is 

obtained. The calibration coefficient, a complex value function of the frequency, is 

calculated by the following expression: 

𝐶 =
𝑍𝑝𝑟𝑜𝑏𝑒

𝑍𝑡𝑒𝑠𝑡 𝑠𝑒𝑡
 

Obtaining a good physical impulse signal is generally difficult, so an MLS signal 

of order 18 has been chosen to carry out the measurements. This signal can be 

approximated to a white noise, hence considered as such, while allowing to 

reconstruct the impulse response. 

 In order to exclude the effect of box heating, repeated impulse response 

measurements were performed and no differences were found when comparing the 

results. 

With the set-up shown in Figure 4, a first set of measurements was made to 

measure the impulse response without an absorbent medium, then to measure the 

direct test signal. Subsequently, multiple absorption measurements were performed 

with Adrienne method and with the P-U probe for different thicknesses of 

melamminic foam rubber, obtained by stacking identical sheets of the material.  In 

Figure 5 the absorption results; the sample size is the main cause of the oscillation 

that can be seen for the less absorbent measurements. 
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Figure 5 – Absorption coefficient from Adrienne measurement. 

The probe calibration is then performed via two different approaches. The first 

one uses only the direct pulse measurement as a test set, comparing it with the 

theoretical evaluation of the spherical wave impedance 𝑍0𝑠𝑝ℎ. 

𝑍0𝑠𝑝ℎ = 𝜌0𝑐0

𝑘𝑟

𝑘𝑟 − 𝑖
 

The second approach uses instead one of the measured stacks of material as a test 

set, in particular the thickest one achieved of approximately 12 cm, formed by 4 

identical layers. In this case the acoustic impedance obtained by the probe is 

compared to the measurement by the Adrienne method. 

 

  
Figure 6 – Measurements set-up. 

According to [21], an acoustic velocity horn was mounted because it delivers a 

significant velocity amplification. All measurements were made keeping the horn 

axis orthogonal to the material and aligning its entrances with the established 

measuring point. The measurements made with the probe once processed reveal the 

presence of two impulses, the incident and the one reflected by the material and 

other small peaks due to uncontrollable spurious reflections.  



Unfortunately, the results were not acceptable because of the incomplete 

understanding of the horn's behaviour. The theory used to treat the effect on the 

incident acoustic field was formalized for a plane wave, while in the present study 

a spherical wave is used, for which a full comprehension is not easy. Thus, the 

measurements have been repeated without the horn. 

Removing the horn causes a reduction in the signal-to-noise ratio since the 

necessary amplification by the horn is missing. In spite of this, the analysis of the 

measurements has led to a more satisfactory result for both calibration approaches, 

as reported in Figure 7. The system is able to reproduce the absorption curve of the 

material, albeit with obvious errors. 

 

 

 
Figure 7a – Sound absorption of foam rubber – 𝑍0𝑠𝑝ℎ calibration method 

 
Figure 7b – Sound absorption of foam rubber – Adrienne calibration method 

In order to better evaluate and comprehend the phenomena affecting the 

measurements carried out, Finite Element Method (FEM) simulations of the probe 

were performed. The evaluation of an outgoing spherical wave is carried out  in order 

to assess a basic FEM setup, as shown in Figure 8a. Then another simulation is 

performed by placing a small cylinder around the point in which the pressure and 

velocity are calculated, as seen in Figure 8b: this roughly represents the actual 



conditions of the p-u probe, whose sensors are installed in a small cylinder of 

approximately 3 cm of length and 1 cm of diameter. 

 

 
Figure 8a – FEM simulation of spherical free field. The sound pressure level is shown 

as obtained at 4500 Hz and a perfectly matched layer that absorbs all the outgoing 

energy is clearly visible in the outer layer of the picture. 

 

Figure 8b – FEM simulation of spherical free field with the presence of a small hollow 

cylinder. The real part of the pressure is shown as obtained at 4500 Hz. 

Finally, the FEM 𝑍0𝑠𝑝ℎ is calculated for both the case without and with the small 

cylinder. Results are depicted in Figure 9 and show a small but clear effect on all the 

considered frequency range. At even higher frequencies resonances due to the 

physical size of the cylinder start to appear, but here are not studied.  The evaluation 

is qualitative and shows an overall effect within 10% of the measured value: further 

studies can confirm a similar expected effect on actual measurements.  



 
Figure 9 – FEM simulation of spherical free field acoustic impedance without 

and with the presence of a small hollow cylinder. 

 

The future step will be to perform further simulations, still under the spherical 

wave regime, aimed to study critical aspects of the calibration and measuring 

technique. In particular, the study of the effects of the amplification horn under 

different conditions can be tested within the FEM environment and compared to the 

experimental results. 

 

4. CONCLUSIONS 

 

The paper reported the first phases of an application of the experimental method 

to measure sound absorption previously presented in 2014. The method is derived 

from the Adrienne one in order to overcame its weakness while intended to be usable 

over a mobile laboratory. The in-situ acoustical absorption coefficient measurement 

system is implemented on a vehicle and is based on pressure-velocity probe (p-u 

probe), in development inside the NEREiDE LIFE project. 

The calibration phase has been performed acquiring sound absorption data of 

various layer of foam rubber with both the Adrienne method and a modified 

Adrienne method with a p-u probe. The results showed that at present, with a 

spherical signal, is not easy to use the suggested horn that amplify speed 

measurements. At the same time, measurements without the horn were in accordance 

with expectations, backed up by FEM simulations. 

Future developments will improve the study with the horn, as well as a new 

methodology based on Kundt tube will be used for calibrate the system.  
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