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Abstract: The different sources of noise in a vehicle have long been known, and they include
noise from the engine and other mechanical parts, aerodynamic noise, and rolling noise.
More specifically, the latter concerns the interaction between the tire and the road surface,
and so it is also known as Tire-Road Noise (TRN). One of the parameters influencing TRN
is pavement stiffness. The empirical measurement of pavement stiffness, and in particular,
its frequency spectrum (dynamic stiffness), is not easy to determine, and only in the last
decade have studies emerged about this subject. In these works, two different instrumental
chains are employed as follows: the impact hammer one and the dynamic exciter (shaker)
one, which has established itself over time as a reference. The objective of this work is to
develop a system for the dynamic stiffness measurements of road pavements using the
impact hammer capable of producing a similar performance to the shaker while minimizing
costs. During the work, a measurement aid device named Test Automation Device (TAD)
was designed and implemented to increase the quality of the measurements. In line with
the practical execution of the measurement, the analysis and the representation of the
results were optimized to obtain results that adhere to the stiffness model proposed in the
literature. In the present paper, the TAD, the measurement optimization work, the data
analysis performed, and the proposed representation method will be described. Finally, we
will present the results obtained and possible future perspectives.

Keywords: mechanical impedance; crumb rubber; low-cost; calibration

1. Introduction

Noise is an important environmental issue affecting a large part of the European pop-
ulation. Prolonged exposition to noise may affect health [1-7] or cause annoyance [8-10]
and sleep disturbances [11]. Among different noise sources, road noise is one of the most
impactful. In Europe, the Environmental Noise Directive (END) [12] prescribes the peri-
odical noise mapping of main road infrastructures to monitor citizen’s exposure to noise,
while the member states themselves have enacted laws to set noise emission limits for
infrastructures. Thus, road noise emission reduction is an important research topic.

The sound emitted from the vehicles come from the following three different sources:
engine and mechanical noise; aerodynamic noise; and rolling noise, on which this work
focused. Indeed, rolling noise is the most important for speeds over 40 km/h concerning
lightweight vehicles and for speeds over 60 km/h concerning trucks and other heavy
vehicles [13]. Rolling noise is generated by the interaction between the tire and the road
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pavement, and it is affected by several noise generation, amplification, and modification
mechanisms. In particular, the pavement characteristics are the most interesting because
they can be defined in the design phase by technicians, while tire properties vary from
vehicle to vehicle, leading to the average behavior. For this, the European Commission
recently issued a regulation setting the minimum requirement in terms of noise for road
paving within public procurement [14]. So an understanding of the parameters involved in
rolling noise is crucial. Over the years, those relationships have been investigated; however,
a complete and comprehensive understanding of all the involved parameters, especially
with regard to pavement stiffness, is yet to be achieved.

Dynamic stiffness (DS) is an important parameter for road pavement resistance to
stress, but it is also correlated with rolling noise [15]. The stiffness of a material is a measure
of its resistance to elastic deformation and is defined as the ratio of the applied force to the
resulting displacement. Considering a sample with surface X and thickness /, the stiffness s
can be defined as follows: F

s = 5 [N/m] 1)

where Al is the thickness variation produced by the force F. The stiffness is also linked to
the elastic modulus so that the following stands:

s = % [N/m] 2)
where E is the elastic or Young modulus, defined as the ratio between stress ¢ and axial
strain e: F o

E=2=5 5 IN/m ©)

Stiffness influences impact noise generation mechanisms and the transmission of
vibrations between the road surface and the tire [16]. In the last two decades, several
scientific and independent research projects have reported evidence that lower DS can
reduce TRN [15-25].

A very similar quantity to DS is the mechanical impedance (MI), defined as the ratio
between force and velocity. Ml is correlated with the elasticity of the pavement and its
energy dissipation capability, and it was seen that it has an effect on noise emission between
600 and 1600 Hz [26,27]. Regardless of the number of works reporting the effect of DS and
MI on TRN, all those results are not yet supported by a universally accepted and validated
theoretical model. To validate a DS-TRN model, a large amount of reliable pavement
DS measurements is needed, but at the moment, this is limited. The reasons are mainly
the absence of a standardized methodology and the technical difficulties related to the
measurement itself.

The pavement stiffness measures can be classified into static or dynamic stiffness mea-
surements. The static or quasi-static stiffness measure is well-consolidated technique [28]
and is related to the stimulation of the sample at very low frequencies (less than 25 Hz [29]).
In contrast, the dynamic stiffness (DS) measure is related to the frequency response of the
pavement at higher frequencies (typically around the range of interest of rolling noise), and
its technique is yet to be perfected, both in situ and in the laboratory.

In the last decade, several articles were published trying to adapt preexisting measure-
ment techniques to pavements [30] or to develop novel techniques or novel indicators [18].
One of the most widely adopted methods is that indicated in ISO 9052-1:1989 [31] for
measuring the stiffness of resilient materials, which are characterized by lower levels of
DS compared to pavements. The measurement technique proposed by the standard is
called resonant, as it is based on the mass—spring system. The test sample acts as a spring
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while the role of the mass is performed by a metallic plate; thus, by knowing the resonance
frequency of the system, it is possible to derive the stiffness of the sample.

Subsequently, studies have been conducted using a measurement technique called
non-resonant [32], which can be seen as a sub-case of resonant measurements where the
ratio between the sample’s stiffness and the weight of the load plate is big. In this regime,
by stimulating the sample with a force and measuring its response in terms of displacement,
it is possible to derive the stiffness of the material. The stiffness’s frequency response is
obtained by stimulating the specimen at multiple frequencies. Using samples of elastomeric
material, it has been experimentally demonstrated that this method is equivalent to the
resonant one [33]. Furthermore, due to the fact that it does not require the installation of a
loading mass, the non-resonant method is more practical.

Both of those techniques can be executed by two different instrumental chains for
two different force signal generation. The simplest chain implies the usage of an impact
hammer that allows for generating impulsive force signals (ISO 7626-5:2019 [34]). The
most complex one, already established as the standard measurement chain in the field of
modal analysis, implies the usage of a dynamic exciter or mechanical shaker, also known
as “shaker”, that can generate sinusoidal and pseudo-chaotic force signals ISO 7626-2:2015
[35].

Earlier work applying these techniques to road pavements used an impulsive force.
Following results that are not too encouraging, some authors introduced the use of the
shaker, which by generating sinusoidal signals allows for a higher signal-to-noise ratio.
Then, after a number of studies utilizing the shaker were carried out, some authors [36] have
successfully applied the non-resonant technique to road pavements and have proposed a
model for the frequency response of DS. They, however, argue that the same results cannot
be obtained using the instrumented hammer.

The shaker’s ability to perform the sinusoidal excitation of the sample allows is to
reach high level of signal-to-noise ratio, very good stability, and good repeatability of
the measurement. However, it presents some critical issues that make its usage not very
practical for on-field measurements. First of all, it is expensive, difficult to transport, heavy,
and requires a powerful and heavy amplifier. Secondly, to cover the desired spectrum of
the DS, multiple measurements are needed or a sweep signal must be utilized, requiring a
long time to execute the measurement. The alignment of the shaker is also time consuming.

On the other hand, the impact hammer generates impulses that, in theory, are capable
of investigating a wide range of frequencies in one shot, and so, with far less time com-
pared to the shaker. The hammer is also easier to transport, less expensive, and easier to
use. Moreover, shaker and hammer measurements were proven to be equivalent for the
measurement of DS for other types of materials [37,38], so the same should be possible for
pavements. Thus, considering these arguments, effectively using the hammer in DS mea-
surements, and being able to obtain comparable results with those of the shaker in terms of
accuracy, is very attractive . Hopefully, a validated and accurate hammer methodology to
measure pavement DS will finally allow us to produce the amount of DS measurements
needed to understand the relationship between DS and TRN.

The present work aims to fine-tune the non-resonant method with the impact hammer
to achieve similar reproducibility and accuracy to that obtained with the shaker [36] and to
provide a more easy-to-use and easy-to-setup method for determining the DS of pavements.
To this end, the authors designed and 3D printed a low-cost device named Test Automation
Device (TAD) to perform a semi-automatic measurement and to allow for better control of
the impact. Using the TAD, the limits of the handheld usage of the hammer were identified
and a best practice procedure for the non-resonant road pavement DS measurement was
defined. The fine-tuned measurement chain was then used to correctly reproduce the
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predicted frequency response proposed in [36] , with R? values very close to the unity for
boot in situ pavements and pavement samples.

The in situ pavements tested and the sample used for the optimization process were
developed under the LIFE E-VIA (Electric Vehicle nolse control by Assessment and opti-
mization of tire/road interaction) project. The project aims to address road traffic noise
pollution by focusing on a future perspective where electric and hybrid vehicles are a
substantial part of the flow.

The other sample was provided by the LIFE NEREiDE project (Noise Efficiently
Reduced by Recycled Pavement), which aims to define the guidelines and best practices for
the design, building, and monitoring of pavements with high environmental sustainability.

In the Sections 2 and 3 a description of the measurement principle and a brief literature
review are provided. In Section 4, the methodology and the designed mechanical device are
described in depth. Sections 5 and 6 describe the experimental setup and calibration. The
results are then presented in Section 7, including the in situ and in laboratory measurements.
A discussion of the results is then provided in Section 8.

2. Measurement of Dynamic Stiffness

As mentioned in Section 1, DS measurement techniques can be divided into two types,
resonant and non-resonant. The latter is the one used in the present work and can be
viewed as a subcase of the resonant method.

The first approximation of the system of the resonant method is governed by Newton’s
second law as follows:

F(t) = mx(t) 4 cx(t) + sx(t) (4)

where:

*  cis the damping rate of the spring, equivalent to the sample damping;
* s is the spring constant, and is equivalent to the sample stiffness;
* mis the mass, and corresponds to the mass of the loading plate;

In the hypothesis of harmonic forces (F(t) = Fy e“*), the displacement x will be x(t) =
xg €/“0!, and switching to the frequency domain, we can obtain the frequency response
function of the system (FRF) H(w), which in this case corresponds to the compliance and is
the reciprocal of the stiffness as follows:

x(w) 1

H(w) = Flw) (5= mw?) + icw ©

The test consists of the identification of the resonant angular frequency w; of the system
which depends on the sample stiffness and for which the compliance is at a maximum as
follows:

wy = Vs/m (6)

so that the stiffness k can be obtained by reversing the formula. However, the sample
stiffness generally depends on frequency; thus, the obtained value of stiffness is valid only
in the proximity of w,. Therefore, it is more correct to express stiffness as s(w,), making
explicit the frequency dependency. This implies that, to correctly evaluate the stiffness
of the sample in the entire frequency range of interest, multiple measurements must be
performed by varying the load plate’s mass m.

The non-resonant method can be seen as the resonant method in the limit of resonant
frequency much higher than the frequency range of interest (5), w — 0 (or w < wy)
(m < w?/s).
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In those conditions, the modulus of the DS can be expressed in terms of force and
acceleration as follows:

s(w)| = E %

- |#(w)

In contrast with the resonant method, there is no technical standard for non-resonant

measurements to refer to, but the absence of the loading plate makes the method more
practical and allows for it to also be applied to in situ pavements.

3. Literature Review

In Table 1, a synthetic summary of the techniques and the instruments utilized by
various authors from the literature is reported. As it can be seen, there is not a pronounced
preference to one technique or instrument, but the most recent articles seem to prefer the
utilization of a mechanical shaker instead of hammer. Furthermore, the non-resonant
technique is the most used.

Table 1. Literature articles on pavement stiffness or MI evaluation with an indication of the techniques

and instruments used.

Article Resonant Non-Res. Hammer Shaker D. Stiffness M.
Impedance
Vézquez 2012 [39] Yes No Yes No No No
Bendtsen 2014 [40] No Yes Yes No Yes Yes
Zakaria 2014 [41] No No No No Yes No
Vézquez 2016 [32] Yes Yes No Yes Yes No
Lietal. 2016 [18] No Yes Yes No No Yes
Vazquez 2019 [42] No Yes No Yes Yes No
Vézquez 2020 [36] No Yes No Yes Yes No
Czech 2020 [43] No Yes No Yes Yes No
Pratico 2023 [44] No Yes Yes No No Yes

The first article to the authors’ knowledge that reports measurements of the DS of road
pavements is [39]. In this work, the dynamic stiffness of four specimens of SMA pavements
was tested by adapting the ISO 9052-1:1989 [31] to perform comparisons between results
from static measurements based on EN 12697-26:2018 [28] and between results from the
CPX measurements performed on the corresponding in situ paving of the same pavements.
The tested pavements are differentiated by their maximum grain sizes (11 mm or 16 mm)
and by the presence of crumb rubber. The frequency range of analysis for DS measurement
is below 500 Hz. For three of four specimens, the results appear to indicate a correlation
between the static and the dynamic results, but for the forth one (11 mm with no crumb
rubber), the DS is below expectation. The CPX results were tested on a test track to evaluate
noise emission from SMA 16 mm and SMA 11 mm, but the authors do not indicate if crumb
rubber is present or not in the mixture. The results seem to confirm a lower emission from
the 11 mm samples that resulted in lower DS, but the anomalous result of the 11 mm with
no crumb rubber raises doubts about the results.

In a following work [32], the authors performs DS measurements in resonant and
non-resonant configurations by mean of a mechanical shaker. The specimens tested are
described in Table 2, where the corresponding values of the DS, derived by the authors by
multiplying the resonant results presented in [32] using the sample area, are also presented.
The value was calculated to allow for a direct comparison between the results of the two
configurations. In comparing the values, we must keep in mind that the author’s analysis
of the spectrum was limited to 500 Hz because at this frequency, there was a resonance that
seemed to invalidate the measurement for higher frequencies. As we can observe, there
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is no agreement between the results for the softer materials (PU and EPS) as the values
obtained with the two techniques are of different orders of magnitude.

This result would be in disagreement with what was obtained by [33], which found
substantial equivalence between the two methods. A better agreement seems to be obtained
for the remaining samples; however, the authors do not provide estimates of the uncertainty,
so it is not possible to make a judgment on the merits of this method.

Table 2. Specimen specifications and DS results from [32].

Resonant Apparent Non-
Sample Thickness PP DS Resonant
Frequency DS DS
[mm] [Hz] [MN/m3] [MN/m] [MN/m]
PU 2307 49 10.9 0.0856 0.0017
EPS 2342 4.5 81.7 0.642 0.015
SMA-C 2475 44 1436 11.2 12.87
SMA-H 2496 4.6 3484 27.4 17.23
Concrete 2496 4.6 4330 34.0 33.8

! The results in the column “DS” was calculated by the authors of the present work from the data provided in [32].

A subsequent paper [36] has refined the application of the non-resonant method to
road pavements and has applied it to in situ pavements. The data provided by the authors
on the tested pavements are shown in Table 3. The authors extend the analysis up to 4
kHz, obtaining the same resonance evidenced in their previous works [32,42] and by other

authors [18]. To bypass the resonance problem, the authors propose the following model
for the DS:

(®)

where

e  A;is the minimum stiffness;

¢ A, isthe maximum stiffness;

*  fois the median frequency between Al and A2;
e df is the envelope frequency width.

As it can be seen from [36], the results exhibit substantial agreement with the model.

Table 3. Pavement specifications from [36].

Aggregate Bitumen Void .
Pavement ggizg Content Content Density Age
[mm] [%] [%] [kg/m3]

BBTM11 11 52 6.7 2430 2 months
BBTM11 CR 11 8.3 5.7 2326 2 months
CIR 22 5.3 12.0 1851 2 months
SMAS 8 5.7 49 2382 2 months

AC16 16 5.0 4.2 2355 10 year

In [44], the first application of the mechanically controlled hammer to road pavements
is presented together with a preliminary study. The authors, after testing the effect of
different configurations of hammer tips, bitumen mixtures (with and without crumb rubber
content), and force application in the MI spectrum, were not able to reproduce similar
results to those obtained with the shaker in [36].
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4. Methods and the Representation of Results

To provide better control over the hammer impact and to prevent the hopping effect,
a test automation device (TAD) was designed and 3D printed. The designed device is
depicted in Figure 1, in the configuration for in situ measurements. The device consists of a
main structure, a sleeve for attaching the hammer, a support structure, a counter-reaction
spring, and a force regulator.

'ﬁ Force regulator

Extender mass -

Spring
Hammer N\

[T ]

m—— / Tip ‘ o ‘
Metallic interface Sleeve

Impedance head

Mounting stud / Support structure

Figure 1. Example of the experimental setup in the case of in situ measurement. The impedance
head is attached to the ground via a threaded mounting stud in this case. The impact hammer, the
impedance head, and TAD are depicted. For illustrative purposes, the optional weight was included
for the hammer.

The hammer is attached to the structure by a sleeve, which is pivoted to the main
structure so that it can rotate around a single axis. The main structure integrates a mecha-
nism for impact force regulation, which essentially consists of an arc with an adjustable
circumference that has the function of a hard stop, that is, a limit for the rotation of the
hammer and sleeve. Its effect is to limit the maximum height at which the operator can lift
the hammer and, thus, the resulting impact force. Indeed, the measurement is made by
manually lifting the hammer to the angle allowed by the limit and letting it fall back on the
impedance head. The counter-reaction spring is properly attached to the hammer and to
the structure to provide the appropriate counter-reaction and prevent hopping after the
initial impact.

As can be seen in Figure 2, there are actually two impact angles, the angle between
the axis of the hammer handle and the ground plane and the angle between the axis of the
hammer head and the vertical axis. The control of those angles is achieved by adjusting the
height of the main structure along the bracket and adjusting the rotation of the hammer in
the sleeve seat.

A typical DS spectrum obtained with the hammer in combination with the TAD is
reported in faded gray in Figure 3. The figure presents the three spectra corresponding to
three independent in situ measurement sessions on the same road surface point. In light
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blue, the medium 1/3 octave band spectrum of the three results is reported, while in orange,
the sigmoidal model proposed by [36] is shown. Below the 1 kHz band, there is a complete
overlapping between the 1/3 spectrum, the model, and the three fine band spectra . For
higher frequencies, the three fine band spectra are subjected to variation from the model,
but they overlap themselves. Starting from 2500 Hz and above, the three spectra begin to
be subjected to random oscillations which are not overlapping. Otherwise, the medium
1/3 octave band spectrum mitigates this behavior, exhibiting very good agreement with
the model. Based on that evidence, the authors propose representing the DS spectrum
results in 1/3 octave bands to enhance the readability of the results and to facilitate fitting
with the sigmoidal model from the literature (Equation (8)). The DS third-octave spectrum
is obtained by averaging the spectra of three independent measurements performed on
the same measurement point. The spectrum of each measurement is calculated from the
narrow-band spectrum obtained from ten consecutive impacts following the ISO 7626-
5:2015 [34]. The error bars associated with the band’s value of the medium spectrum
represent the standard deviation between the three original spectra.

[

C ]

Figure 2. Depiction of the angles of impact. The angle 6 is the angle between the hammer head

axes and is perpendicular to the ground, while 6, is the angle between the hammer axes and the
ground plane.

100 -

©
o
T

80

70

Measures
—F— Data
—F— Model

Dynamic Stiffness [MN/m]

0 n n n n n n n |
102 103
Frequency [Hz]

Figure 3. Fit of the trend in 1/3 octave bands with the sigmoid model. Shaded in gray are the
frequency spectra of the stiffnesses measured in the three individual measurements. At a low
frequency, the unmediated trend is in agreement with the model. At a high frequency, the trends of
the three measurements are no longer superimposable, but averaging over the band still allows for
good agreement with the model.
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Impedance head

/ Hammer

5. Experimental Setup
The instrumental setup used in the present study is the following:

¢ Impact hammer AU02;

e  The Test Automation Device TAD;

¢  Impedance head DJB AF/100/10;

¢ A Nlacquisition board (N19234-based);

¢ Alaptop with Labview acquisition software.

In Figure 4, the setup is depicted in the configuration of in-laboratory measurements. In
Figure 1, the details of the TAD are reported in the configuration of the in situ measure-
ments (the impedance head is directly attached to the pavement surface in this case). The
technical specifications of the hammer and impedance head are reported in Tables 4 and 5,
respectively. The impulse characteristics based on the hammer configurations are reported
in Table 6.

/7 Laptop

Board

N Sample

Figure 4. The experimental setup in the case of the dynamic stiffness measurement of pavement

specimens in the laboratory.

Table 4. Spreadsheet of the impulse hammer AUO2 from the ROGA instruments.

AU02
Transducer AC21
Sensitivity [mV /N] 1.5
Transverse sensitivity <5%
Force range [N] —1000 + 5000
Resolution [N] 0.003
Hammer mass [g] 330
Mass of steel tip [g] 10
Mass of rubber tip [g] 9
Mass of nylon tip [g] 7
Mass of extender [g] 108

Table 5. Technical specification of the impedance head DJB AF/100/10.

AF/100/10
Manifacturer DJB
Sensitivity force (£10% @ 20 C) [mV /N] 10
Sensitivity acc. (£10% @20 C) [mV/g] 100
Measuring range force [N] 500

Measuring range acc [m/s?] +490
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Table 5. Cont.

AF/100/10
Typical frequency range force [Hz] 0.7-6 k
Typical frequency range acc. (£5%) [Hz] 1-6k
(£10%) [Hz] 0.7-8k
Weight [g] 30

Table 6. Characteristics of the impulse produced by the hammer in different configurations of tips
and extenders.

Configuration Force Range [N] Shock Duration [ms]
Steel tip 500-5000 0.1-0.2
Steel tip and extender 500-5000 0.15-0.3
Rubber tip 300-1000 0.4-0.6
Rubber tip and extender 300-1000 0.5-0.8
Nylon tip 100-700 1.2-2.6
Nylon tip and extender 100-700 1.7-3.9

6. Calibration

The ISO 7626-5:2019 [34] used for the impact hammer measurements requires system
calibration before and after each measurement. According to the standard, the procedure
consists of measuring the acceleration, or rather the mobility of a rigid block of known
mass under “freely suspended” conditions. The “freely suspended” condition is satisfied when
the sample is suspended via a support structure and the mobility of the sample-side anchor
point is at least 10 times greater than the mobility of the structure-side anchor point.

There are at least two different strategies used to satisfy this condition, both of which
were tested during the present work. The first involves the elastic suspension of the
calibration mass; the second involves a pendulum with an appropriate period of oscillation.
In each case, based on [34], the conditions to be met are as follows:

¢ The frequency response of the calibration block must be compatible with its expected
value with a 5% tolerance in the frequency range of interest as follows:

—  Inour case, the magnitude of the acceleration must be 1/m where m is the mass
of the calibration block;

*  The mass of the block should be chosen to reproduce the range of acceleration mea-
sured during the tests;

*  The calibration procedure should be repeated at the beginning and at the end of each
measurement session and for each change of hammer tip or mass.

Compliance with the 5 % tolerance must be achieved by assigning a known calibration
coefficient to the accelerometer signal and properly adjusting the calibration coefficient
for the impact hammer. If the acceleration value measured during calibration is not
approximately constant over the frequency range of interest, the procedure prescribes
considering the test null and investigating the possible causes of such behavior. Regardless
of the ISO requirements, there is no reference to calibration in the published literature to
the authors” knowledge.

In the following paragraphs, we will describe both the calibrations performed and the
results obtained, as well as the results of the acceleration signal calibration.

6.1. Calibration of the Acceleration Transducer

Before calibrating the hammer, or the force sensor in general, it is necessary to perform
a calibration of the acceleration sensor, which in our case is the accelerometer inside the
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impedance head. This calibration was performed by means of a reference shaker calibrator
(Kistler, type 8921B02, Winterthur, Switzerland) with fixed frequencies between 80 Hz and
1280 Hz. The calibrator is capable of generating a sinusoidal acceleration with a known
RMS value, in our case equal to 10 m/s?. The acceleration measured by the impedance
head was then recorded to calculate the measured RMS value. Table 7 shows the measured
RMS values for each frequency and the corresponding calibration factor. In Figure 5, the
results compared with the tolerance intervals are also reported. The acceleration signal
is correctly calibrated in the frequency range that can be investigated with the calibrator.
Unluckily, the available calibrator was not capable to investigate the whole frequency range
of interest, so this aspect can be improved in future works.

Table 7. Impedance head calibration results. Calibration values are calculated with respect to the
RMS reference acceleration value of 10.00 m/s?.

Frequency RMS Calibration Value
[Hz] [m/s?]
80 10.36 0.965
159 10.30 0.970
320 10.26 0.974
640 10.16 0.983
1280 10.38 0.962

Figure 5. Calibrazion results for the impedance head.

6.2. Calibration of Force Transducer

During our work, the calibration of the hammer was performed with two different
configurations reproducing freely suspended conditions. The first one, depicted in Figure 6,
uses the elastic suspended mass and allows the hammer to be calibrated using the TAD.
The obtained results are presented in Figure 7.

The second one is based on a pendulum and is not recommended for the calibration
of the hammer in combination with the TAD because it requires the manual use of the
hammer. The obtained results are presented in Figure 8. As can be seen from the figures,
the two methods tested perform differently. The elastically suspended calibration could
provide acceptable calibration results in the range 100-1k Hz, but the spectrum is not flat.
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The pendulum-like calibration instead produces a more uniform dynamic mass response,
but the calibration is possible only below 400 Hz.

Figure 6. Calibration structure for setup calibration using elastic supports.

Figure 7. Calibration results with the elastic calibration setup. The original curves are shown in
gray, the average trend used for calibration is shown in in blue, and the calibrated average using as
coefficient the average value of m( f) between 100 Hz and 1000 Hz is shown in red.



Appl. Sci. 2025, 15, 651

13 of 25

Figure 8. Calibration results with the pendulum calibration setup.

7. Results

In this section, the results will be presented, starting from the tests performed to find
the criticality of the manual execution of the non-resonant method on pavements and to
define a refined methodology. Those tests were conducted on a pavement specimen from
the LIFE E-VIA project.

Later, two DS measurements on crumb rubber pavements will be presented. The first
is a in situ measurement performed on the experimental road surfaces on the “via Paisiello”
experimental site in Florence, taken from the E-VIA LIFE project. The second one is an
in-lab measurement of a sample from the LIFE NEREIDE project.

7.1. Optimization Process with In-Laboratory Measurements

The study of the influence of installation conditions and the impact parameters on
the measurements was carried out on a pavement sample with crumb rubber-modified
bitumen, taken from the E-VIA LIFE project. The specimen characteristics are provided in
Table 8. In the present subsection, the obtained results will be presented.
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Dynamic stiffness [MN/m]
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Table 8. Technical specifications of pavement sample, c8-2%, used for tuning the measurement
system.

ACé6d 82% RARX T

Rubber content [%] 1.88
Bitumen content [%] 6.20
Weigh [g] 657.53 £0.01
Diameter [mm] 97.5+0.5

Heigh [mm] 38+1

Bulk specific gravity 2.338
Maximum gravity 2.377

Porosity [%] 1.63
Marshall stability [Kg] 1536.04
Marshall quotient [kg/mm] 296.13

7.1.1. TAD vs. Manual Hammer

A comparison between the manual usage of the hammer and the use via the TAD was
conducted and reported in Figure 9 with results up to 8 kHz. Third-octave bands with a
deviation higher than 10% or with a coherence between 0.2 and 0.9 are depicted with a
lighter color to better highlight criticality.

The manual usage results in very high variations under all the 1/3 octave bands while
the TAD results are characterized by a low level of variation (under 10%), except for the
1600 Hz band. The band value trend is also less affected by variation under the 4 kHz band.
To estimate the force variation under the two uses of the hammer, a statistical study was
conducted after performing 100 strikes, subdivided into 10 independent sessions, using the
two techniques with a force target of 100 N. The force distributions over the 100 strikes are
reported in Figure 10, where the great dispersion of the manual results compared with the
results obtained with the TAD can be seen.

DS TAD vs handheld

T T T T T T T T T T T T T T T T T T T T
I TAD |
I Handheld hammer . + |
[_Jerr>10% 0 20% < coer < 90%
[_Jerr>10% 0 20% < coer < 90%

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 8000
Frequency [Hz]

Figure 9. Comparison of the dynamic stiffness trend in third-octave bands between the mechanical
method, in blue, and the manual method, in red.
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Figure 10. Force distributions by the manual (a) and the mechanized (b) method using the TAD.

7.1.2. Linearity Test

To test the dependence of the measured DS on the applied force, two measurement
sessions were conducted varying the applied force in the range of 20-220 N, separately
fastening the sample with plaster and concrete. The results presented in Figure 11 show
that for a force lower than 100 N, the plaster offers a lower variability of results, but in the
rest of the range, the concrete results are more constant with the variation of the force.
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Figure 11. Trend of dynamic stiffness as a function of the applied force. In red, the trend on the

specimen fixed with concrete is shown, and in blue, the trend on the specimen fixed with plaster is

indicated.

7.1.3. Impact Angle Influence

Two separate studies were conducted to evidence the influence of the two impact

angles from Figure 2 to the DS results. In Figure 12, the results in terms of fit parameters

are reported.

In the two cases, increasing the impact angles leads to a R? reduction, while the

confidence interval (ds) generally increases. The DS estimation value instead remains

almost constant under 15°, but it is subjected to more important oscillation in larger angles.

Angle 1
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Figure 12. Influence on DS (s), associated confidence interval (Js), and the R2 coefficient based on the

two angles of impact.
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7.1.4. Sample Placement

Three measurement sessions were conducted on sample fastening using concrete, and
two sessions were conducted to monitor plaster drying. The concrete fastening measure-
ment sessions were as follows:

*  Session 1: 19 May-30 May 2022, the stiffness measurement was performed on days 1,
5,6,7,9,and 12 from the day of fastening;

*  Session 2: 31 May-9 June 2022, the stiffness measurement was performed in 1,2, 4, 5,
and 6 hours from fastening and then on the following days: 1, 3, 6,7, 8, 9, 10;

*  Session 3: 28 June—4 July 2022 stiffness measurement was performed on days 1, 2, 3, 4,
and 7 from the day of sample fastening.

Plaster fastening measurement sessions:

¢ Session 1: 14-16 June 2022. The sample was set on 13 June and monitored on the
following drying days: 1, 2, 3. At the end of the measurement on the third day, the
sample lost adhesion and was found to be disconnected from the gypsum layer, so
monitoring was stopped.

¢ Session 2: 12-14 July 2022. The sample was set on 11 July and monitored on the
following drying days: 1 and 3. Thereafter, the sample lost adherence.

Figure 13 shows the results of the drying processes. Regarding concrete fastening, as
expected, in the first hours after laying (Cement Session 2, in red), the stiffness values are
lower because the cement is not yet very solid. Hardening is achieved as early as the first
day of drying, and valid measurements should be those taken from day 1 through day 7.
For concrete Sessions 1 and 2 (red, blue) from day 7 onward, there is a gradual decrease
in stiffness, hypothetically due to the fact that the specimen is beginning to detach from
the cement layer. For Session 3, the decrease takes place as early as day 4. In the case of
plaster fastening, however, monitoring was performed from the first to the third day of
drying in two measurement sessions (in green and black). The plaster’s monitoring sessions
show stiffness values comparable to each other and to those obtained in the cement drying
sessions. In addition, those results appear to provide greater measurement repeatability
than those obtained using concrete.

Figure 13. Trends in dynamic stiffness as a function of drying days for all five sessions. The x-axis is
on a logarithmic scale because in Concrete Session 2 (in red), monitoring was also performed for the
first few hours after fixation, unlike the others where daily monitoring was performed.
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Dynamic stiffness [MN/m]

7.1.5. Hammer Configuration

A comparison was conducted between the usage of two different hammer tips, the
rubber one and the nylon one. The results reported in Figure 14a show a negligible
difference between the two tips, with exception of the 1600 Hz band, where the nylon tip
exhibits a standard deviation greater than 10%.

Furthermore, the effect due to the utilization of the extender mass was investigated
and reported in Figure 14b.

150 -

100

150 -

DS rubber vs nylon tip

T T
I rubber
[ nylon

[Jerr>10% 0 20% < coer < 90%
[_Jerr>10% 0 20% < coer < 90%

126 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 400

Frequency [Hz]
(a)

DS extender vs no extender

I No extender

[ Extender mass
[Jerr>10% 0 20% < coer < 90%
[Jerr>10% 0 20% < coer < 90% M

o
o

feu
(=]

100

125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000

Frequency [Hz]
(b)
Figure 14. Effect on DS measurements of the tip and mass extender. (a) Tip effect on the DS results.
(b) Extender influence on DS results.

7.1.6. Impedance Head

A study to investigate the advantages provided by the interposition of a metallic
interface on top of the impedance head was conducted and reported in Figure 15a.

Without the interface (in red), the measurement is less stable and accurate because
of the hole in the impedance head. Indeed, there are three bands in which the standard
deviation is greater than 10%. In particular, the 1 kHz band shows very high variability,
which can be attributed to the presence of resonance. As expected, the metal interface makes
the DS spectrum ‘cleaner” and the measurement more accurate, avoiding the problem of
disturbance due to the presence of the hole.

The influence of the impedance head fastening methods to the sample/pavement was
also investigated, comparing screwed fastening and magnetic fastening. The results are
reported in Figure 15b.
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Figure 15. Effect of the fastening methods and the presence of superficial irregularities on the
impedance head. (a) The third-octave band DS spectrum without the metal interface (in red) and
with the metal interface (in blue) to avoid disturbance due to the presence of the hole on top of the
impedance head. (b) Comparison of different fastening methods used for the impedance head.

Based on the results presented, it is possible to draw up the following list of practical
indications for carrying out the measure:

*  Concrete or plaster fastening should be preferred based on the external condition (for
in-laboratory measurements);

*  Measurement should be performed between 24 and 48 h from the sample laying (for
in-laboratory measurements);

*  The screwed fastening of the impedance head must be utilized;

*  An appropriate metallic interface must be installed on top of the impedance head;

* A rubber tip should be preferred;

* A target for the impressed force should be set to 100 N;

¢  The use of a mass extender is not recommended,;

*  The impact hammer must be properly aligned, thus, leveling the system before each
measurement is mandatory.

These guidelines were followed to obtain the results presented in the following subsections.

7.2. Results for In-Laboratory Measurements

In this section, the DS result obtained on a sample of crumb rubber modified bitumen
sample from the LIFE NEREiDE project is presented. The sample is characterized by a
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high level of crumb rubber content and it was built using the “wet” method. The technical
specification of the sample and the measured DS results as well as the resulting Young
modulus are reported in Table 9. The DS spectrum is also reported in Figure 16.

Table 9. Technical specifications and DS results of pavement sample M2I from the LIFE
NEREIiDE project.

Mz2I Gap Dry
Rubber content [%] 3.0
Bitumen content [%] 8.0
Porosity [%] 10.5
Weigh [g] 9243 +0.1
Diameter [mm] 100.0£0.5
Heigh [mm] 57.0+£1
s [MN/m] 51.49
6s [MN/m] 5.16
E[MN/m?] 93.42
SE [MN/m?] 9.36
R? 0.87

DS M2l Gap Dry
I I I

N/m]

=60

s [

Nso

ffne

=40

c st

=30

Dynam

[ [ [
[ M2 Gap Dry
[Jerr>10% 0 20% < coer < 90%
—— R2=10.86783

160 200 250 315 400 500 630 800 1000, 1250 1600 2000 2500 3150 4000

Frequency [Hz]

Figure 16. DS third-octave bands spectrum of the M2I sample. Dotted lines represent upper and
lower boundary of the confidence interval of the model.

7.3. Results for In Situ Measurements

The in situ measurement was performed in the experimental site of the LIFE E-VIA
project located in “via Paisiello” in Florence. The pavement tested was an experimental
pavement with crumb rubber content.

The DS spectrum has already been presented in Figure 3, while the pavement charac-
teristics and the fit results are reported in Table 10.

Table 10. Technical specifications and DS results of the experimental pavement from the “via Paisiello”
site of the LIFE E-VIA project.

ACé6d 5% PFU

Rubber content [%] 5.0
Bitumen content [%] 6.6
Porosity [%] 13.86
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Table 10. Cont.

ACeéd 5% PFU

Bulk specific gravity 1.980
Maximum gravity 2.299
s [MN/m] 78.96

0s [MN/m] 1.69

R? 0.99

8. Discussion

From the tests performed to find the critical aspect of the manual non-resonant tech-
nique for the DS measurement of pavements emerged that the use of the TAD provides
much better results. The interesting parameters of the impact are basically three, the maxi-
mum force impressed, and the two angles of incidence with respect to the normal axes of
the plane. However, in fields such as the modal analysis and measurement of soft materials
according to ISO 9052-1:1989 [31], these parameters do not affect the measure in a way that
would invalidate the result.

Investigating the reasons for this difference, it was found that the most critical pa-
rameters are the impact angles. Indeed, the linearity test demonstrated that force does not
influence the measured SD; therefore, the difficulties in impressing a consistent force by
hand is not an issue. The results showed that the non-zero angles of impact occurring in the
manual usage of the impact hammer could affect the DS spectrum, resulting in increased
uncertainties that are arise while fitting the model. Indeed, with a bigger angle of incidence,
the impedance head does not operate properly, as some of the energy is delivered along the
orthogonal directions to the head axis. The TAD, by allowing the hammer to be leveled,
ensures that it impacts the head surface at a small angle, which remains constant through-
out the measurement session. In this way, the TAD maximizes the R?> and minimizes the
confidence interval of the estimated value for the DS of the sample. More importantly, TAD
allows us to obtain the DS spectra and the associated uncertainties in accordance with the
model proposed in the literature [36].

Regarding the sample fastening method, we tested the possibility of using concrete
instead of plaster. In terms of linearity, concrete seems to perform better at 100 N and
above, while plaster performs better for lower impressed forces.

Looking at the drying process monitoring results presented in Figure 13, the plaster
seems to yield better results in the investigated drying period (from day one to day three).
When judging these results, one must considered that the drying performance of plaster
and concrete varies considerably based on external temperature and humidity. Indeed, the
plaster is advantaged with higher temperatures and lower humidity while the concrete
dries faster in high humidity. Thus, the right choice of fastening material depends on the
external conditions.

Concerning the hammer tip, Figure 14a shows that negligible differences are present
between rubber and nylon tips regardless of the difference indicated by the manufacturer
and reported in Table 6. However, the rubber tip was identified as the preferred one due to
the lower level of uncertainties associated with the third-octave band’s values.

In view of the results from the study on the samples fastening process, it must be
underlined that the in-lab measurements are subjected to problems due to the curing time
of the cement/plaster and to accidental detachment phenomena that can compromise the
measurement. In the case of in situ measurements, the stabilization of the sample is not an
issue, so the main criticalities are connected to any slopes in the pavement. When the road
has a remarkable donkey saddle profile, non-zero impact angles can occur. In those cases,
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the correct alignment of the instrumentation is challenging, and more attention must be
paid.

Regarding the impedance head, the presence of the threaded hole on top of the top
face generate important variation in the spectrum and higher uncertainties, as shown in
Figure 15a. The installation of a metallic interface on top of the head is thus crucial in
producing correct DS measurements.

Later, further DS measurements were performed on two other different test pavements,
a pavement sample, and a in situ pavement. Those results showed good agreement with the
DS model proposed by [36]. Moreover, the absolute DS value and the associated standard
deviation are comparable with those obtained by [36] using the shaker. Achieving this
low level of uncertainty is a remarkable result for the DS measurement of pavements with
impulsive force application. To the knowledge of the authors, this is a novel result, never
presented before in the literature.

9. Conclusions

The DS is an essential parameter for the characterization of pavements, not only in
terms of durability but also in terms of noisiness. Indeed, different studies suggest a
correlation between DS and the noisiness of pavements, suggesting a lower DS is connected
to lower levels of TRN. However, the DS measurement is not straightforward because of
the typically high level of pavement stiffness. Thus, the measurement technique requires a
fine-tuning process. In the literature, the shaker is considered to be the reference for those
measurements, while the impact hammer is considered incapable of producing acceptable
results due to the lower signal-to-noise ratio that is technically achievable. Indeed, using
the shaker, some authors obtained good results with a non-resonant technique in measuring
the DS of in situ and in-laboratory pavements, proposing a model for the DS spectrum [36].

The present work had the aim of fine-tuning the impact hammer measurement tech-
nique for DS to obtain DS spectra analogous to those obtained in the literature with the
shaker. For this purpose, a low-cost 3D-printed device named TAD was developed to allow
for the better control of the force impressed and impact angles, allowing the identification
of the parameters have the greatest impact on the quality of the results.

The system, successfully calibrated in the 100-1000 Hz range, was then able to evidence
that the most critical aspect of the impact hammer measurements of pavement DS can
be found in the manual usage of the hammer, highlighting the strong influence of the
impact angles. Consequently, using the TAD, out work focused on optimizing the response
detection, also studying the influence of the fastening process (for concrete and plaster), the
hammer tip, the applied force, and the presence of asperity on the impact area. This process
led to the definition of a final configuration of the system for in situ and in-laboratory
measurements. In parallel with the hardware optimization process, the analysis of the
results was also improved to bypass the criticality that emerged at high frequencies. In this
way, it was possible to successfully perform the fit with the DS model proposed by [36],
which as a result, consistent with the literature, was not possible to be obtained by the
manual use of the hammer. The developed system was then utilized to perform in situ
and in-laboratory DS measurements on rubber-modified bitumen pavement. The results
of those measurements confirmed the capability of the system to reproduce the predicted
DS spectrum.

In the meantime, some criticalities of the in-laboratory measurements emerged in
comparison with the in situ measurements. Indeed, the latter seems to exhibit a wider
frequency range and lower oscillations in the spectrum, suggesting the greater reliability
of the results. On the other hand, working on finite dimension specimens, in-laboratory
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measurements have the advantage of also being able to estimate the Young modulus of the
sample.

The optimization work carried out paves the way for the usage of the impact hammer
instead of the shaker, with undoubted advantages in terms of investment costs and the
required time for perform the measurements. In the future, by using the hammer, it would
be possible to carry out larger measurement campaigns to better investigate the dynamic
stiffness of pavements.

Either way, while representing an important step forward for pavements” DS mea-
surements with an impact hammer, the present work has some aspects that may benefit
from further investigations. For example, the achieved calibration, while consisting of a
good starting point and whiel being a good candidate for in situ calibrations, is far from
perfect. Indeed, the possibility of extending the calibration interval can be investigated in
future studies.

Another aspect that will require future investigations is the direct comparison between
the shaker and the TAD results in terms of accuracy and precision.

In future studies, using the developed system, the influence of different parameters
on the DS of pavements could be investigated, including the bitumen content, the presence
of crumb rubber, the granulometry, and others. For instance, in a forthcoming work, the
results of a study on this matter will be presented. Those results will firstly highlight the
effect of crumb rubber introduction on DS and secondly highlight the incidence of the
crumb rubber introduction process on the level of DS.
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