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Abstract: Compounds with lower dynamic stiffness are a better solution from the tyre/road noise
point of view. The article presents the constructed test stand for the evaluation of dynamic stiffness
both in in situ and in laboratory conditions. As a result of the tests, it was found that poroelastic
pavements have a much lower dynamic stiffness (from 138.3 to 143.0 dB re. 1 N/m) compared to
the asphalt concrete pavement (150.3 dB re. 1 N/m). In the group of poroelastic pavements, lower
dynamic stiffness is characteristic for pavements with a binder course of porous asphalt. The results
of the research are a contribution to further work on the influence of the dynamic stiffness of the
pavements on the tyre/road noise level. The conducted measurements and analysis of the results
prove the usefulness of the proposed test stand for determining the dynamic stiffness of bituminous
mixtures in laboratory and field conditions. This is confirmed by the coherence between the force
and acceleration signals at the level of at least 0.96—which indicates a very good validation of the
test results with a random error lower than £5% with 90% confidence level.

Keywords: dynamic stiffness; wearing course; poroelastic pavements; test stand

1. Introduction

Solutions with a poroelastic wearing course are a special type of road pavement. Such
a surface is characterized by the fact that the upper layer of the surface is made of a mineral-
rubber-asphalt mixture. Such a mixture contains more than 20% air void content and about
20% rubber granules. A poroelastic pavement has a positive effect on the reduction in
the tyre/road noise level. This is due to better sound absorption because of high void
content, and lower stiffness as a result of the use of rubber granulate to partially replace
mineral aggregate. Research on poroelastic pavement was carried out as part of the SEPOR
project (TECHMATSTRATEG1/347040/17/NCBR/2018) [1]. A mineral-rubber-asphalt
mix with a maximum aggregate grain size of 8 mm (designated as PSMAS8) and a maximum
aggregate grain size of 5 mm (designated as PSMA5) was embedded in the wearing course
of poroelastic pavement. The binder course was a mix of stone mastic asphalt (SMA 11)
and porous asphalt (PA11).

Figure 1 shows the sound spectra of a statistical passenger vehicle travelling at a speed
of 80 km/h on four surfaces (PSMA8—poroelastic pavement with a maximum grain size of
8 mm, PSMA5—poroelastic pavement with a maximum grain size of 5 mm, AC11—asphalt
concrete with a maximum aggregate grain size of 11 mm, PAC8—porous asphalt with a
maximum aggregate grain size of 8§ mm), determined according to the method of controlling
travelling. The PSMAS8, PSMA5 and AC11 pavements were built as test sections under the
SEPOR project, and the PAC8 pavement was used on one of the provincial roads in Poland.
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Figure 1. Sound spectra of a statistical passing of a passenger vehicle travelling at a speed of 80 km/h
on four surfaces (PSMAS8, PSMA5, AC11, PACS).

Differences in sound levels in the frequency range above 500 Hz are partly due to
the different grain size of the aggregate and different void content. Considering the same
maximum aggregate grain size of PSMAS8 and PAC8 mixtures and similar void content, it
can be assumed that the differences in sound levels result from varying levels of stiffness of
these layers. Contrary to the assessment of the load capacity of road surfaces, in the case of
tyre/road noise, pavements with lower stiffness are the better solution. In the literature,
despite general records on the impact of the stiffness of the upper pavement layers on the
tyre/road noise level, there are no clear findings in this regard.

Results of testing of the rolling noise of car tyres confirm the need to develop a test
stand that could be used to reliably determine both the dynamic stiffness of bituminous
mixtures in laboratory conditions and road pavements in field conditions.

The first configuration of the test stand was presented in [2]. This paper presents the
modifications introduced in the previously built test stand and also presents the results
of dynamic stiffness measurements carried out directly on poroelastic pavements and
on asphalt concrete pavement (in situ tests), as well as the results of tests carried out in
laboratory conditions on samples cut from these pavements.

2. Literature Review

The dynamic stiffness of asphalt mixtures is usually determined under laboratory
conditions. Such tests can be carried out with the use of universal testing machines or other
dedicated machines and devices. Usually, they are also equipped with thermal chambers
that enable the testing of samples under various temperature conditions.

The detailed method of preparing bituminous samples and performing stiffness mea-
surements is presented in standard DIN EN 12697-26:2012 [3]. In accordance with the
above-mentioned standard, stiffness can be determined in:

e atwo-point bending test on trapezoidal specimens or prismatic specimens (2PB-TR
and 2PB-PR tests, respectively),

e a three-point bending test on prismatic specimens or a four-point bending test on
prismatic specimens (3PB-PR and 4PB-PR tests),

e anindirect tensile test on cylindrical specimens (with the use of devices for applying
repeated load pulse indirect tension—IT-CY tests, or a cyclic indirect tension—CIT-
CY test);

e  adirect uniaxial test, in which cylindrical specimens are subjected to direct tension-
compression (DTC-CY test) or only direct tension (DT-CY test). In the latter case, when
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the test consists only of direct tension, the specimen may also have a prismatic shape
(DT-PR test).

The research methods specified in standard [3] were used, inter alia, in tests of asphalt
specimens presented in the works [4-6]. Mackiewicz and Szydlo [4] for determining the
complex stiffness modulus E* and phase angle ¢ used the four-point bending test on
prismatic specimens (4PB-PR). The tests were carried out for the frequency of 10 Hz and
four temperatures (=5 °C, 0 °C, +10 °C, and +25 °C). Mazurek and Iwariski [5] investigated
the dynamic stiffness modulus using the direct tension-compression test (DTC-CY). The
tests were carried out for six different frequencies (0.1 Hz, 0.3 Hz, 1 Hz, 3 Hz, 10 Hz and
20 Hz) and five temperatures (—7 °C, +5 °C, +13 °C, +25 °C and +40 °C). In the studies
of Li et al. [6] for determining the resilient modulus of the thin layer surfacing cores the
repeated load pulse indirect tension test (IT-CY) was used. The tests were carried out for
five different temperatures (+5 °C, +10 °C, +15 °C, +20 °C, +25 °C).

A slightly different methodology for determining the dynamic modulus for bitumen
samples in laboratory conditions was proposed in the report of the American Transportation
Research Board [7] and standard [8], in which the sample is subjected to cyclic uniaxial sinu-
soidal compression (and not cyclic direct tension (DT-CY test) or direct tension-compression
(DTC-CY test)—as was the case in the tests carried out in accordance with standard [3]).
This is how the dynamic modulus was determined in [9,10]. In [9], a dedicated “Dynamic
Shear Rheometer” (DSR) device was used for this purpose, which enables setting loads in
the frequency range from 0.01 Hz to 25 Hz. The tests were carried out for three different
temperatures: +4 °C, +20 °C and +40 °C. However, the paper does not indicate the specific
frequencies for which the measurements were carried out. In [10], the dynamic modulus
was tested with the use of the servo-hydraulic testing system MTS 370.10. The tests were
carried out for five temperatures (—10 °C, +4 °C, +21 °C, +37 °C, and +54 °C) and six
frequencies (0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz and 25 Hz).

In a very similar way, when using the repetitive sinusoidal dynamic compressive-axial
load, the dynamic modulus of bituminous samples under laboratory conditions was also
tested by Walubita et al. [11] and Zhang et al. [12] (in accordance with the guidelines of
the older standard [13]). In the first case [11], the tests were carried out for 10 different
bituminous mixtures, 3 frequencies (0.1 Hz, 1 Hz and 10 Hz) and 5 different temperatures
(—10°C, +4.4 °C, +21.1 °C, +37.8 °C and +54.4 °C). In the second case [12], the dynamic
modulus was tested for six different types of bituminous mixtures at three frequencies
(0.1 Hz, 5 Hz and 10 Hz) and two temperatures (+37.8 °C and +54.4 °C).

In laboratory conditions, attempts were also made to test the dynamic stiffness of
samples from bituminous mixtures in the same way as was developed for materials used
under floating floors in dwellings. The detailed method of specimen preparation and
the procedure for testing the dynamic stiffness of these types of material are included in
standard EN 29052-1 [14]. The assumptions of this standard were used in study [15] to
determine the dynamic stiffness of two samples of Stone Mastic Asphalt (SMA) mix with
significantly different densities and samples of other materials (expanded polystyrene
(EPS), polyurethane (PU) and concrete). The main difference in the test procedure proposed
by Vazquez and Paje (called the Resonant Method) was that the tests were carried out on
cylindrical samples with surfaces aligned with a thin layer of plaster of Paris and placed
directly on the laboratory floor—while according to standard [14], the sample should be
rectangular and set on a base plate. Similarly to the tested sample, the load plate used
in tests [15] had the shape of a steel cylinder—with a height selected so that its mass
corresponded to 2 kPa of the static load exerted on the tested sample. In order to determine
the extrapolated vertical resonance frequency of the sample with the loading mass pressing
it, excitation was induced with a sinusoidal sweeping signal, which was carried out by
means of a small modal exciter attached to a three-legged tripod in the frequency range from
10 Hz to 1000 Hz. A number of years later, the authors of paper [16] conducted analogous
tests of dynamic stiffness with the use of the Resonant Method in the frequency range
from 10 Hz to 7 kHz. As before, two types of SMA bituminous mixtures with significantly
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different stiffness modulus were tested. Measurements of the dynamic stiffness for both
bituminous mixtures were carried out for three samples taken during the construction of
the road.

The stiffness measurements carried out in laboratory conditions are closely related
to the geometry and dimensions of the tested samples and do not take into account the
influence of the stiffness of the lower structural layers of the pavement on the tested
stiffness. The method of preparing/levelling the surface of the samples (or the lack of their
preparation) may also significantly affect the obtained results. Therefore, more and more
attempts are being made to test dynamic stiffness directly on road surfaces.

Field research is most often based on impulse excitation realized with impact/modal
hammers and the recording of motion response with one or more accelerometers (or other
types of transducers) bound or bolted to the wearing course of the pavement. An example
of this type of research is described in studies [17,18]. To determine the transfer function
and mechanical impedance [Ns/m], an impact hammer was used with an impedance head
(direct point) and an accelerometer (transfer point) bound to the road surface at a distance
of 10 cm from one another. The tests were carried out on the upper surface of five different
poroelastic road surfaces (PERS). In each of the test sites, a 6-fold impulse excitation was
performed (an impact hammer hit against a circular steel plate mounted on the upper
surface of the impedance head). A similar test procedure was used in laboratory conditions
on cuboidal samples bound with polyurethane binder to a massive concrete base with
dimensions of 1 m x 1 m.

Pulse excitation to test the stiffness of asphalt pavements was also used in the experi-
mental device “The PiScan Probe” [19]. In addition to the impact hammer, the device had
two accelerometers connected with a special frame and weighted from the top with addi-
tional mass to ensure better contact of the transducers with the road surface. The distance
between the accelerometers could be regulated—15 ¢cm or 30 cm (it was 30 cm during the
tests). The pavement stiffness expressed by the average elastic modulus and, additionally,
its thickness were determined using the method of Enhanced Resonance Search (ERS) in
15 different testing sites. The algorithm of the ERS method—which is a combination of the
SASW (Spectral Analysis of Surface Waves) and Resonant Method (previously used for the
same purpose in the case of concrete pavements), is described in detail in [20].

Unfortunately, despite the fact that the impact excitation generated with the use of
modal hammers are quick, uncomplicated and convenient in the implementation of various
types of field measurements (mainly due to the fact that they do not require any special
fixture to the tested structure), they do not provide such a high Signal-to-Noise ratio as
the excitations generated by the use of modal shakers/exciters [21]. Impact excitations
generated with modal hammers are a very good solution for testing smaller, homogeneous
structures. On the other hand, excitations generated with the use of modal shakers/exciters
(e.g., random noise, sine sweeps, etc.) prove to be much more effective with more complex
structures—including non-linear structures [21,22].

Most probably, it is the significant non-linearity (typical of asphalt mixtures) and the
use of impulse excitation to test the stiffness of the road surface that should explain such
large differences between the determined (3.9-17.7 GPa) and the expected (2.5-3.2 GPa
according to the IKRAM Group Sdn. Bhd. Standard) values of elastic modulus and a
difference of up to 56% between what was expected and what was determined with the
use of the “The PiScan Probe” to assess the thickness of the asphalt layer [19].

That is why a reliable determination of asphalt pavement stiffness in in situ conditions
should be based on modal exciters rather than on impulse excitation.

A good starting point for developing a methodology for this type of research could be
laboratory methods using portable modal exciters to determine various types of measures
of stiffness of the tested material. Unfortunately, the stiffness of the asphalt pavement
cannot be determined in situ in accordance with the guidelines of standard [14]. The
procedure for determining the apparent dynamic stiffness per unit area can be used only in
the case of samples with specific dimensions and masses. Moreover, asphalt pavements are
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subject to much more intense and complex loads [23] than the materials used for vibration
isolation of floating floors, to which the standard applies [14].

A much better solution when it comes to the possibility of conducting field measure-
ments aimed at reliable determination of the dynamic parameters of asphalt mixtures,
equated with their stiffness, is the application of the guidelines used in modal analysis
and dynamic diagnostics of buildings, machines, and various types of vehicles, which
are included in ISO 7626-2:1990 [24]. The standard indicates the appropriate method of
determining the frequency response function, which is mechanical mobility [m/Ns]), using
single-point translational excitation with an attached vibration exciter. According to the
information contained in [24], in order to determine the mobility function (or any other
frequency response function) it is possible to use any excitation waveform (discretely
stepped or slowly swept sinusoidal excitation, stationary random excitation, pseudo-
random/ periodic-chirp/periodic-impulse or periodic-random excitation) generated with
the use of electrohydraulic, electrodynamic or piezoelectric exciters—provided that the
frequency spectrum covers the frequency of interest.

The solution to enable testing the driving-point dynamic stiffness of asphalt mixtures
at the field site in a manner similar to that described in [24] was presented by Vazquez and
Paje in [15]. The Non-resonant Method (or the impedance method) does not require the
application of a loading mass on the entire upper surface of the sample, or determination
of the resonant frequencies of the sample-mass system—as was the case with the determi-
nation of the apparent dynamic stiffness per unit area of the test specimen in accordance
with the guidelines of standard [14]. In the case of the Non-resonant Method proposed
in [15], a small vibration exciter (suspended from a tripod with a pinion-crank system),
a stinger and an impedance head attached to a circular plate with a diameter of 14 mm
were used to test the dynamic stiffness of various types of construction materials (including
samples from SMA bituminous mixtures). In the study, random excitation was used. It was
shown in [15] that the dynamic stiffness of asphalt mixtures can be determined using the
Non-resonant Method, provided that all tests be carried out on samples of the same shape
and dimension. The main advantage of the Non-resonant Method is that it can be carried
out in situ. Unfortunately, Vazquez and Paje only carried out laboratory tests on samples
bound to a concrete slab with a thin layer of plaster of Paris and (as far as the authors of
this paper are aware of) they have not yet published the results of in situ measurements of
the dynamic stiffness of pavements.

Taking into account the maximum grain size of aggregate in asphalt mixtures used in
typical road surfaces (up to 11-14 mm), the dimensions of the circular plate were considered
insufficient for mediating in the transfer of dynamic forces to the tested samples adopted
in [15]. Moreover, the stresses on road surfaces loaded with vehicle traffic are much greater
(about 2.0 MPa—according to the result of numerical simulations presented in [23]), than the
loads occurring in the case of materials used for floating floors (0.4—4.0 kPa)—for which the
dedicated dynamic stiffness test procedure has been developed [14]. Reliable determination
of the dynamic stiffness of bituminous composites requires a larger diameter of the circular
plate through which the loads from the exciter are transmitted, and much larger values of
both static and dynamic loads that can be generated. That is why the authors of this study
developed their own test stand for broadband measurement of dynamic stiffness of vibro-
insulating materials and bituminous composites using the Resonant and Non-resonant
Methods. The test stand and the results of preliminary tests related to the laboratory testing
of the influence of different static and dynamic loads on the dynamic stiffness of cylindrical
samples of rubberised asphalt mixtures, stone mastic asphalt (SMA) mixtures and asphalt
concrete (AC) were presented in [2]. The obtained results were characterized by very high
repeatability and strong coherence of signals recorded with the use of an impedance head.

3. Test Stand for Measuring Dynamic Stiffness

At the stage of modernisation of the test stand for dynamic stiffness determination,
an assumption was made about the possibility of carrying out measurements with the
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Resonant and Non-resonant Methods in laboratory conditions (on samples of any shape and
dimension) and with the Non-resonant Method in field conditions implemented directly
on various types of road surfaces.

In the test stand, described in detail by the authors in [2], the input excitation in the
exciter was transferred to the tested structure (road surface or tested samples) via a drive
rod (a so-called stinger) and an impedance head mounted at the opposite end (according to
guidelines [24]), which allowed for the simultaneous measurement of driving-point force
and acceleration.

The impedance head is not directly attached to the tested structure. It is usually
screwed to the dedicated hexagonal mounting bases with a diameter of over a dozen mm,
which are bound to the tested structure. Taking into account the typical size of the aggregate
grains used in bituminous mixtures and taking into account the operating ranges of the
TIRA TV 51144IN inertial exciter (311 N in the case of a generated random signal) as well as
the PCB 2888D01 impedance head, it was considered a reasonable compromise to transfer
the loads from the exciter to the tested samples or the road surface through a steel circular
plate with a diameter of 30 mm, which provides over 4.5 times the load transfer surface
(7.07 cm?) than that adopted in the test stand described in [15].

In a previous study [2] it was emphasized that to improve the test stand it is necessary
to conduct further tests (on samples in laboratory conditions and in situ on road surfaces)
with the use of a stiffer stinger.

In further tests, two atypical stingers were used: one made of stainless steel; and the
other made of polyamide.

Dynamic stiffness tests using the above-mentioned stingers were carried out on
SEMAG-ACOUSTIC mats, type GF1-730 and GG1-930 (6 mm and 10 mm thick). The
test stand with mounted stainless steel and polyamide stingers is shown in Figure 2.

(a) (b)

Figure 2. View of the test stand with the stinger mounted: (a) made of stainless steel; (b) made

of polyamide.

As a result of the research, it was found that in the case of asphalt mixtures, a much
better solution is to use an atypical stinger made of polyamide (with a diameter almost
twice as large as the standard stinger made of nylon) or made of stainless steel. Therefore,
in further testing, whether carried out on bituminous samples in laboratory conditions or
directly on the road surface, a stinger made of rigid polyamide was used.

In order to increase the mobility of the test stand in laboratory conditions, a massive
cast iron measuring/scribing plate (the so-called test stand base) was mounted on a custom
designed steel support structure equipped with a set of three swivel wheels, which allows
researchers to move the stand freely. Additionally, a three-point mechanism for precise
screw lifting (for transport/displacement) and lowering was mounted on the steel support-
ing structure to secure it in a horizontal position on the laboratory floor for the duration
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of measurements (in the so-called measurement mode). The supporting structure of the
measuring base is shown in Figure 3.

Figure 3. Base of the test stand (100 cm x 75 cm) with a visible supporting structure with a set of
3 swivel wheels and a three-point screw mechanism used in the measurement mode.

Other modifications were also made to the test stand. Instead of the 32-channel
SCADAS Recorder data acquisition system from SIEMENS, a 16-channel SCADAS Mobile
measurement system (Plano, TX, USA) was used (with 24-bit measurement cards type VB8-
II with a dynamic range of 130 dB and a signal-to-noise ratio of at least 106 dB). Additionally,
a control measurement was introduced based on the CMOS Multi-Function Analogue Laser
Sensor—IL series produced by Keyence International, with an IL-600 sensor head (measur-
ing range from 200 to 1000 mm) and the IL-1000 type amplifier. The laser displacement
measurement system is shown in Figure 4.

Figure 4. Laser displacement measurement system by Keyence International (Mechelen, Belgium):
(a) sensor head type IL-600; (b) amplifier type IL-1000.

To power the data acquisition system and the amplifier and exciter in the field, a Honda
EU20i single-phase portable generator with a nominal power of 1.6 kW (max 2.0 kW), IP23
protection rating, and weight of approx. 21 kg was used.

4. Research Methodology

The study was divided into two stages. In the first stage (stage No. 1), measurements
of dynamic stiffness were carried out directly on selected road surfaces (in situ). In the
second stage (stage No. 2), the dynamic stiffness was determined in laboratory conditions
on samples taken at the in-situ test sites.

In situ measurements (stage No. 1) were carried out in Poland on the experimental
section of the road near Kartoszyno (on 17 March 2021) and on pavements located in
the Bialystok University of Technology campus (on 30 April 2021). In the case of the
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experimental section in Kartoszyno, four test sites were selected on pavements with a
poroelastic wearing course made of PSMA5 and PSMAS8 with SMA11 and PA11 as binder
courses. At the Bialystok University of Technology campus, research was carried out in
one location with a typical asphalt concrete (AC) surface on a concrete base course.

In each of the adopted test sites, three measurements were taken at points separated by
at least 30 cm from one another. At each test site, samples were taken for further testing in
laboratory conditions. The mobile test stand and exemplary test sites are shown in Figure 5.

Figure 5. Test site No. 5—asphalt concrete pavement (AC) on a concrete base course (internal road at
the Bialystok University of Technology campus).

In the second stage of the study (stage No. 2), measurements of dynamic stiffness
were carried out in the laboratory of the Bialystok University of Technology on samples
taken from road pavements where in situ measurements were carried out (from five test
sites). The samples drilled from the pavement were made to the standardized dimensions
(diameter: 10 cm; height: 7 cm) (Figure 6). The thickness of the layer of the PSMA5 and
PSMAS poroelastic mixtures was 3 cm on average, and the thickness of the binder course
of SMA11 and PA11 was 4 cm on average.

Figure 6. Specimens taken from pavements made to standardized dimensions.
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In Table 1 average values of selected parameters characterizing bituminous mixtures
are summarised, based on laboratory tests of samples taken from the tested pavements,
made at the Bialystok University of Technology [25,26]. Unfortunately, the article does
not contain more detailed information on the composition and production technology of
the poroelastic mixtures tested due to the fact that such data are kept confidential by the
manufacturer of the poroelastic mixtures and the surface contractor.

Table 1. Characteristics of the bituminous mixtures according to research at the Bialystok University

of Technology.

Bituminous Mixtures PSMA5 PSMAS SMA11 PA11 AC

0Coarse aggregate and crumb rubber (>2 mm), 70.35 68.83 67.79 80.96 56.04
%o by mass

Fine aggregate 0/2, % by mass 10.56 1043 15.92 6.30 28.92
Filler, fiber and hydrated lime, % by mass 10.88 12.27 9.92 6.02 9.36
Binder soluble, % by mass 8.21 8.47 6.37 6.72 5.48
Air void content, % 28.8 23.6 2.20 15.00 1.80
Bulk density, Mg/ m3 1.466 1.553 2.453 2.092 2.393
Density, Mg/ m3 2.059 2.030 2.459 2.358 2.436

For each of the samples, three measurements of dynamic stiffness were carried out
with the use of identical data acquisition settings and the signal generated by the exciter—as
in the case of in situ measurements.

To maximize the possibilities of the test stand, measurements of dynamic stiffness
were carried out in a frequency bandwidth that is twice as wide (2048 Hz) as in previous
tests [2]. The same number of spectral lines was assumed to obtain the Fast Fourier
Transform (FFT) resolution of the recorded signal at the level of 1 Hz—which is quite
sufficient considering the bandwidth, acquisition time of a single spectrum (1 s) and the
assumed total measurement time including 500 spectra measurements—necessary for later
averaging and obtaining results with at least 90% certainty that the random error of the
calculated frequency response function will be less than £5% (according to [24], with the
coherence of the recorded signals at the level of 0.8, a minimum of 178 spectra averages
are required to be 90% confident that the random error of the computed magnitude of the
frequency response function is less than +5%).

In accordance with the recommendations of ISO 7626-2 [24] the time-domain weighting
of the signals was undertaken using the Hanning time-weighting function. The total time
of data acquisition was not shortened in the measurements through the enabling the
Overlap function.

Analysis of preliminary test results show that the coherence of the recorded signals for
both in situ tests and lab samples of the pavement are close to 1.0 (in each case significantly
exceeding the value of 0.9). With 500 averages and such a high level of coherence of the
recorded signals, the random error should be significantly lower than +5% [24].

The ISO 7626-2 [24] and PN-EN 29052-1 [14] standards allow for both sinusoidal (at
constant amplitude and variable excitation frequency), random (white noise) or shock
excitation. In the conducted measurements, a random excitation in the form of white
noise was used. The parameters of the generated random signal were set in a slightly
narrower band than the recorded vibrations—that is from 2.56 Hz to 2000 Hz. The signal
amplification after preliminary tests was assumed at the level of 0.2 V—at which the
permissible values of the acceleration of the exciter vibrations and the amplitude of the
force limited to +/—100 N are not exceeded.

With the applied static load from the exciter at the level of about 10 kg and the diameter
of the load plate of 30 mm, the sample load at the driving-point was 138.8 kPa.

The registration and analysis of the recorded data was carried out using the LMS
Test.Lab Spectral Testing software (version 16A, Siemens PLM Software, Plano, TX, USA).
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5. Field and Laboratory Test Results

Figures 7 and 8 show the averaged coherence functions (avg) for each of the tested
asphalt mixes—independently for laboratory tests (L) and in situ measurements (S). In
order to visualize the differences between the individual measurements, the coherence in
the charts is shown linearly on a scale from 0.95 to 1.001.

1.01
1.00 g = . — . S
= 0.99 T N —— AC/Concrete-avg (S)
g ——PSMAS8/SMA11-avg (S)
5 0.98 —— PSMAS8/PA11-avg (S)
£ 0.97 ——PSMAS5/SMA11-avg (S)
O -
0.96 PSMA5/PA11-avg (S)
0.95 Frequency (Hz)
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Figure 7. Summary of the coherence for all asphalt mixtures—in situ measurements (S).
1.01
1.00 v**~——e===:-“\~{///’~f4~—*447f4*~—f47ww - aE—
~ 0.99 \W —— AC/Concrete-avg (L)
e ——PSMAS8/SMA11-avg (L)
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Figure 8. Summary of the coherence for all asphalt mixtures—laboratory measurements (L).

In the following graphs (Figures 9 and 10), the exemplary results of in situ dynamic
stiffness measurements (S) and laboratory measurements on samples taken from the above-
mentioned sections (L) are presented. The dynamic stiffness in the graphs is presented
in [N/m] on the dB/Level scale. To better visualize the differences between individual
dynamic stiffness measurements, the graphs are not presented from 0—but from 100 dB
re. 1 N/m. In each of the following graphs, the maximum value on the vertical axis was
assumed to be 170 dB re. 1 N/m.

To facilitate the visual comparative analysis of the obtained dynamic stiffness, the
following diagrams have compiled averaged values from individual measurement series—
independently for in situ tests (Figure 11) and laboratory tests (Figure 12).
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Figure 9. Dynamic stiffness in the case of the PSMAS5 poroelastic pavement with PA11 as binder
course—in situ measurements (5S).
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Figure 10. Dynamic stiffness in the case of the PSMAS5 poroelastic layer with PA11 as binder course—
laboratory measurements (L).
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Figure 11. Summary of averaged values of dynamic stiffness from individual measurement series for
in situ measurements (S).
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Figure 12. Summary of averaged values of dynamic stiffness from individual measurement series for

measurements on samples in the laboratory (L).

To visualize the differences in the dynamic stiffness obtained as a result of field tests
carried out directly on asphalt surfaces and tests carried out in laboratory conditions, all
averaged values were summarised in one graph (Figure 13):

Dynamic stiffness (dB re. 1 N/m)

170
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“ PSMA5/SMA1l-avg (S)  --------- PSMA5/SMA11-avg (L)
110 | PSMAS5/PA11-avg (S) PSMAS5/PA11-avg (L)
100 Frequency (Hz)
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Figure 13. Comparison of the averaged values of dynamic stiffness from individual measurement

series for in situ measurements on road surfaces (S) and on samples in the laboratory (L).

The dynamic stiffness for selected frequencies (100 Hz, 300 Hz, 500 Hz and 1000 Hz)
is also summarised in tabular form (Tables 2-11). Additionally, arithmetic averages and
standard deviations were determined for each of the measurement series.

Table 2. Dynamic stiffness (dB re. 1 N/m) for PSMAS5 poroelastic pavement with PA11 as binder
course—measurements in situ (S).

F S le No.
regzlze?cy L ampze 0 3 Average Value Standard Deviation
100 137.4 136.6 137.2 137.1 0.4
300 138.5 138.0 138.5 138.3 0.3
500 138.1 138.1 138.9 138.4 0.5
1000 141.7 138.5 138.5 139.6 1.8
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Table 3. Dynamic stiffness (dB re. 1 N/m) for PSMA5 poroelastic pavement with SMA11 as binder
course—measurements in situ (5).

F S le No.
fe[‘II_‘I‘;’]I‘CY L ampze 0 3 Average Value Standard Deviation
100 140.0 140.1 138.6 139.6 0.8
300 140.7 140.7 139.7 140.4 0.5
500 140.2 141.1 140.8 140.7 0.5
1000 142.1 140.7 141.0 141.3 0.8

Table 4. Dynamic stiffness (dB re. 1 N/m) for PSMAS8 poroelastic pavement with PA11 as binder
course—measurements in situ (S).

F S le No.
reE]I—lII:]ncy ) ampze o 3 Average Value Standard Deviation
100 139.6 139.5 143.0 140.7 2.0
300 140.5 141.0 143.2 141.6 1.4
500 140.2 139.0 143.9 141.0 2.6
1000 143.8 141.7 143.6 143.0 1.2

Table 5. Dynamic stiffness (dB re. 1 N/m) for PSMAS8 poroelastic pavement with SMA11 as binder
course—measurements in situ (S).

F S le No.
re[q;;:e]ncy L ampze ° 3 Average Value Standard Deviation
100 142.1 142.7 141.5 142.1 0.6
300 142.9 143.2 142.3 142.8 0.5
500 143.5 142.9 143.7 143.4 0.4
1000 143.2 144.8 142.8 143.6 1.1

Table 6. Dynamic stiffness (dB re 1 N/m) for asphalt concrete (AC) on a concrete base course—in situ
measurements (S).

F S le No.
l‘e[qP'ilZe]ncy . ampze o 3 Average Value Standard Deviation
100 151.9 152.4 150.2 151.5 1.2
300 150.9 151.9 149.1 150.6 14
500 150.1 149.1 148.7 149.3 0.7
1000 148.7 152.5 148.4 149.9 2.3

Table 7. Dynamic stiffness (dB re. 1 N/m) for PSMAS5 poroelastic layer with PA11 as binder course—
laboratory measurements (L).

Frequency Sample No.

[Hz] 1 2 3 Average Value Standard Deviation
100 140.5 140.0 140.3 140.3 0.3
300 140.5 140.2 140.4 140.4 0.2
500 140.1 140.1 139.6 139.9 0.3

1000 140.7 140.3 140.5 140.5 0.2
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Table 8. Dynamic stiffness (dB re. 1 N/m) for PSMA5 poroelastic layer with SMA11 as binder
course—laboratory measurements (L).

F S le No.
fe[‘II_‘I‘;’]I‘CY L ampze 0 3 Average Value Standard Deviation
100 139.9 141.1 140.9 140.6 0.6
300 140.0 140.9 140.7 140.5 0.5
500 138.8 141.0 140.3 140.0 1.1
1000 140.9 141.5 141.0 141.1 0.3

Table 9. Dynamic stiffness (dB re. 1 N/m) for PSMAS poroelastic layer with PA11 as binder course—
laboratory measurements (L).

F S le No.
reElI}I‘:]I‘Cy ) ampze o 3 Average Value Standard Deviation
100 143.2 142.1 141.8 142.4 0.7
300 142.7 141.6 141.3 141.9 0.7
500 142.4 140.5 142.3 141.7 1.1
1000 142.9 141.4 141.4 141.9 09

Table 10. Dynamic stiffness (dB re. 1 N/m) for PSMAS8 poroelastic layer with SMA11 as binder
course—laboratory measurements (L).

F S le No.
re[q;;:e]ncy L ampze ° 3 Average Value Standard Deviation
100 142.3 141.7 141.9 142.0 0.3
300 142.1 141.5 141.3 141.6 0.4
500 141.2 139.5 139.7 140.1 0.9
1000 142.2 141.9 142.6 142.2 04

Table 11. Dynamic stiffness (dB re 1 N/m) for asphalt concrete (AC) on a concrete base course—
laboratory measurements (L).

F S le No.
re{‘l}'ilze]ncy . ampze o 3 Average Value Standard Deviation
100 155.1 155.4 156.2 155.6 0.6
300 149.5 150.1 150.8 150.1 0.6
500 142.1 148.4 150.9 147.1 4.5
1000 146.6 146.0 150.7 147.7 2.5

6. Results Analysis

The measurements and analysis of the recorded signals show that in each case there is
a very strong coherence between force and acceleration signals (practically in the entire
analysed frequency band the values are very close to 1.0). In the most unfavourable case
(measurement of the dynamic stiffness on a poroelastic pavement with a wearing course of
the PSMAS8 with PA11 as binder course), the coherence does not fall below the level of 0.96.
According to the guidelines of ISO 7626-2 [24], with the coherence significantly above 0.8
and the use of averages from 500 spectra, a random error of less than £5% was definitely
obtained with 90% confidence level. Coherence at a level so close to 1.0 indicates strong
validation of the research results.

Analysing the results of dynamic stiffness measurements carried out directly on the
tested poroelastic pavements, it was found that the pavement made of the PSMAS5 with
the PA11 as binder course was characterized by the lowest stiffness. Dynamic stiffness
for selected frequencies in the range of 100-1000 Hz is from 137.1 to 139.6 dBre. 1 N/m.
Slightly higher stiffness was obtained in the case of the poroelastic pavement PSMAS5 with
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SMALI1 as binder course (139.6-141.3 dB re. 1 N/m). Much higher averaged dynamic
stiffness was obtained for the poroelastic pavement made of PSMAS8 with PA11 as binder
course (140.7-143.0 dB re. 1 N/m). The highest dynamic stiffness in the case of poroelastic
pavements was obtained for the PSMAS8 with SMA11 as binder course (142.1-143.6 dB re.
1 N/m). A pavement with a wearing course of asphalt concrete (AC) on a concrete base
course is characterized by a much higher dynamic stiffness than poroelastic pavements
and is in the range of 149.9-151.5 dB re. 1 N/m.

The data summarised in Tables 2—-6 show that a satisfactory convergence of the results
for in situ measurements carried out within individual measurements series was obtained.
The standard deviations of the averaged values of dynamic stiffness did not exceed 1.2 dB
re. 1 N/m in most cases.

In the dynamic stiffness tests under laboratory conditions on samples taken from road
surfaces, the same trend of changes was found as in the field tests. The lowest dynamic
stiffness is characteristic of the PSMA5 with PA11 as binder course (139.9.3-140.5 dB re.
1 N/m). Slightly higher values were obtained for the PSMA5 with SMA11 as binder course
(140.0-141.1 dB re. 1 N/m). In the case of PSMAS8 with SMA11 and PA11 as binder courses,
quite similar levels of average dynamic stiffness were obtained (139.7-142.6 dB re. 1 N/m).

Similarly, as in the case of dynamic stiffness tests of the road surface, also in the
case of laboratory tests, the highest values were obtained for samples of asphalt concrete
(147.1-155.6 dB re. 1 N/m).

The values of standard deviations for the results of measurements carried out in
laboratory conditions on samples of poroelastic layers did not exceed the value of 1.2 dB re.
1 N/m. For asphalt concrete (AC) samples on a cement concrete base course, the standard
deviation was 0.6 dB re. 1 N/m for frequencies of 100 and 300 Hz. The significant scatter at
higher frequencies (4.5 dB re. 1 N/m at 500 Hz) requires further analysis.

When comparing the averaged dynamic stiffness, it can be stated that there is a good
agreement between the values determined in the laboratory tests and the results obtained
in situ on road surfaces (Table 12).

Table 12. The averaged dynamic stiffness from all measurements in situ (S) and laboratory measure-
ments (L), dBre. 1 N/m.

Wearing Course/Binder Course S L
PSMA5/PA11 138.3 140.3
PSMA5/SMA11 140.5 140.6
PSMAS8/PA11 141.6 142.0
PSMAS8/SMA11 143.0 141.5
AC/Concrete (BUT) 150.3 150.1

There were, however, some differences in the values of dynamic stiffness in the range
of certain frequencies. They were caused by different test conditions. In the laboratory, the
tests were carried out with the use of a rigid cast iron surface plate, and under in situ condi-
tions, a flexible substructure and subsoil were under the binder course of the pavement.

The determined results confirm the lower stiffness of the PSMA5 (with the maximum
grain size of 5 mm) compared to the PSMAS8 (with the maximum grain size of 8 mm). In the
case of the PSMAS5, a more favourable effect of the PA11 as binder course on the dynamic
stiffness of the pavement was also noted. In both field and laboratory tests, a significantly
higher dynamic stiffness of the asphalt concrete pavement was found.

Based on the findings, it can be concluded that the dynamic stiffness influences
the differences in the levels of tyre/road noise between poroelastic surfaces and asphalt
concrete surfaces (see Figure 1). Such a statement is acceptable considering the fact that the
stiffness of the porous asphalt pavements is closer to that of the SMA and AC surfaces than
to the poroelastic pavements, as it was shown in [2]. However, from an acoustical point of
view, further research into the stiffness of the mixtures used for the top layers of pavements
is necessary.
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7. Conclusions

As part of the research, a similar trend was found in the distribution of dynamic
stiffness of the tested pavements and layers, both in the case of field measurements and
tests in laboratory conditions.

The lowest dynamic stiffness is characteristic of the PSMAS on the porous asphalt
PA11 as binder course (the average values for in situ and laboratory tests were 138.3 and
140.3 dB re. 1 N/m, respectively). Slightly higher stiffness was established for the PSMA5
on the SMA11 as binder course (140.5 and 140.6 dB re. 1 N/m). Even higher values of
dynamic stiffness were found for the PSMAS8 with PA11 and SMA11 as binder courses
(141.6 and 142.0 dB re. 1 N/m and 141.5 and 143.0 dB re. 1 N/m). The highest dynamic
stiffness in the group of tested mixtures was determined for asphalt concrete (AC) on a
cement concrete as base course (150.1 and 150.3 dB re. 1 N/m).

Slight differences in the values of dynamic stiffness in the range of certain frequencies
in the in situ and laboratory conditions result from different test conditions. In the labora-
tory, the tests were carried out with the use of a measuring base (in the form of a rigid cast
iron surface plate), and under in situ conditions, a flexible substructure and subsoil were
under the binder course of the pavement.

At the same time, satisfactory values of standard deviations within individual mea-
surement series were obtained. Slightly larger dispersions of the values of dynamic stiffness
in the vicinity of the mean values were noted in the case of in situ tests.

The findings concerning the dynamic stiffness of poroelastic and asphalt concrete
layers made as part of the study confirm its influence on the level of rolling noise. The
constructed test stand enables the testing of mineral-asphalt mixtures (including poroelastic
mixtures) in laboratory conditions before deciding to use them on a specific road in real
field conditions. However, it does not allow for the assessment of the pavement load
capacity due to the assumed range of the applied loads. It is necessary to continue the
research with the use of the proposed test stand and tire/road noise measurements to
develop the relationship between the stiffness and the level of generated sounds.

The conducted measurements and analysis of the results prove the usefulness of
the proposed test stand for determining the dynamic stiffness of bituminous mixtures in
laboratory and field conditions. This is confirmed by the coherence between the force and
acceleration signals at the level of at least 0.96—which indicates a very good validation of
the test results with a random error lower than +5% with 90% confidence level.

Author Contributions: Conceptualization, W.G. and K.R.C.; methodology, K.R.C. and W.G.; software,
K.R.C; validation, K.R.C. and W.G.; formal analysis, K.R.C.; investigation, K.R.C.; resources, K.R.C.
and W.G.; data curation, K.R.C.; writing—original draft, K.R.C,; editing, K.R.C.; writing—review &
editing, W.G,; visualization K.R.C.; funding acquisition, W.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partly funded by Polish National Centre for Research and Development
(NCBiR) within TECHMATSTRATEG programme SEPOR, Grant No: TECHMATSTRATEG1/347040/17/
NCBR/2018 and Polish financial resources on science under projects no. WZ/WB-IIL/1/2020 and
WZ/WB-IIL/2/2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The research was carried out with the use of equipment purchased from EU
funds as part of the INNO-EKO-TECH project.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 1821 17 of 17

References

1.  Mioduszewski, P.; Ejsmont, ].; Ronowski, G.; Taryma, S. Further development of the poroelastic road surface within the new
Polish project SEPOR. In Proceedings of the InterNoise 2019, Madrid, Spain, 16-19 June 2019.

2. Czech, K.R.; Gardziejczyk, W. Dynamic Stiffness of Bituminous Mixtures for the Wearing Course of the Road Pavement—A
Proposed Method of Measurement. Materials 2020, 13, 1973. [CrossRef] [PubMed]

3. DIN EN 12697-26:2012; Bituminous Mixtures—Test Methods for Hot Mix Asphalt—Part 26: Stiffness, English translation of DIN
EN 12697-26:2012-06. DIN Deutsches Institut fiir Normung: Berlin, Germany, 2012.

4. Mackiewicz, P.; Szydlo, A. Viscoelastic Parameters of Asphalt Mixtures Identified in Static and Dynamic Tests. Materials 2019,
12,2084. [CrossRef] [PubMed]

5. Mazurek, G.; Iwanski, M. Multidimensional Analysis of the Effects of Waste Materials on Physical and Mechanical Properties of
Recycled Mixtures with Foamed Bitumen. Appl. Sci. 2018, 8, 282. [CrossRef]

6. Li, M,; van Keulen, W.; Ceylan, H.; Cao, D.; van de Ven, M.; Molenaar, A. Pavement Stiffness Measurements in Relation to
Mechanical Impedance. Constr. Build. Mater. 2016, 102, 455-461. [CrossRef]

7. Bonaquist, R. National Cooperative Highway Research Program, NCHRP Report 614, Refining the Simple Performance Tester for Use in
Routine Practice; Transportation Research Board: Washington, DC, USA, 2008; ISBN 978-0-309-09938-7.

8. AASHTO 342-11; Standard Method of Test for Determining Dynamic Modulus of Hot Mix Asphalt (HMA). American Association
of State Highway and Transportation Officials (AASHTO): Washington, DC, USA, 2011.

9. Ejsmont,],; Swieczko-Zurek, B.; Owczarzak, W.; Sommer, S.; Ronowski, G. Tire/Road Noise on Poroelastic Road Surfaces—Results
of Laboratory Measurements. In Proceedings of the Euronoise 2018, Crete, Greece, 27-31 May 2018.

10. Nguyen, TH.; Ahn, J.; Lee, J.; Kim, ]. H. Dynamic Modulus of Porous Asphalt and the Effect of Moisture Conditioning. Materials
2019, 12, 1230. [CrossRef] [PubMed]

11.  Walubita, L.; Zhang, J.; Das, G.; Hu, X.; Mushota, C.; Alvarez, A.; Scullion, T. Hot-Mix Asphalt Permanent Deformation Evaluated
by Hamburg Wheel Tracking, Dynamic Modulus, and Repeated Load Tests. Transp. Res. Rec. 2012, 2296, 46-56. [CrossRef]

12.  Zhang, J.; Alvarez, A.; Lee, S.I; Torres, A.; Walubita, L. Comparison of flow number, dynamic modulus, and repeated load tests
for evaluation of HMA permanent deformation. Constr. Build. Mater. 2013, 44, 391-398. [CrossRef]

13.  AASHTO TP 62-03; Standard Method of Test for Determining Dynamic Modulus of Hot Mix Asphalt Concrete Mixtures. American
Association of State Highway and Transportation Officials (AASHTO): Washington, DC, USA, 2001.

14.  PN-EN 29052-1:2011; Acoustics—Determination of Dynamic Stiffness—Part 1: Materials Used under Floating Floors in Dwellings.
PKN: Warsaw, Poland, 2011.

15. Vazquez, V.E; Paje, S.E. Dynamic Stiffness Assessment of Construction Materials by the Resonant and Non-resonant Methods. J.
Nondestruct. Eval. 2016, 35, 34. [CrossRef]

16. Vazquez, V.E; Teran, F; Luong, ].; Paje, S.E. Functional Performance of Stone Mastic Asphalt Pavements in Spain: Acoustic
Assessment. Coatings 2019, 9, 123. [CrossRef]

17.  Bendtsen, H.; Skov, R.S.H.; Andersen, B.; Neidel, A.; Raaberg, J.; Cesbron, J. Rapport No. 513—Laboratory Measurement on PERS
Test Slabs; Vejdirektoratet: Copenhagen, Denmark, 2014; ISBN 978-87-93184-16-9.

18. Skov, R.S.H.; Andersen, B.; Bendtsen, H.; Cesbro, J. Laboratory measurements on noise reducing PERS test slabs. In Proceedings
of the Forum Acusticum 2014, Krakéw, Poland, 7-12 September 2014.

19. Zakaria, N.M.; Yusoff, N.I.; Hardwiyono, S.; Nayan, K.A.M.; El-Shafie, A. Measurements of the Stiffness and Thickness of the
Pavement Asphalt Layer Using the Enhanced Resonance Search Method. Hindawi Publishing Corporation. Sci. Word |. 2014,
2014, 594797. [CrossRef]

20. Joh, S.H.; Cho, M.R; Kang, T.H.; Kwon, S.A.; Nam, ].H. Pavement Integrity Scanner to Characterize Modulus Contrast between
Near-Surface and Deeper Material in Concrete Pavements. Transp. Res. Rec. 2008, 2070, 39-48. [CrossRef]

21. What is Modal Analysis: The Ultimate Guide. Available online: https://dewesoft.com/daq/what-is-modal-analysis (accessed
on 15 March 2021).

22. Delprete, C.; Galeazzi, A.; Pregno, F. Experimental Modal Analysis of an Automotive Powertrain. Appl. Mech. Mater. 2010,
24-25,71-76. [CrossRef]

23. Judycki, J.; Jaskula, P. Analysis of Stress, Strain and Deflection in Asphalt Pavement Constructed on Low Embankment Placed
on Soft Soil (in Polish: Analiza stanu naprezen, odksztatceri i ugie¢ w nawierzchni asfaltowej wykonanej na niskim nasypie
posadowionym na stabono$nym gruncie). In Proceedings of the VIII International Conference “Durable and Safe Road Surfaces”,
Kielce, Poland, 7-8 May 2002.

24. SO 7626-2:1990/1S 14736; (Part 2):1999 (Reaffirmed 2004), Vibration and Shock—Experimental Determination of Mechanical
Mobility. Part 2: Measurements Using Single-point Translation Excitation with an Attached Vibration Exciter. International
Organization for Standardization: Geneve, Switzerland, 2004.

25.  PN-EN 12697-1:2020-08; Bituminous Mixtures—Test Methods for Hot Mix Asphalt—Part 1: Soluble Binder Content. PKN:
Warsaw, Poland, 2005. (In Polish)

26. PN-EN 12697-2+A1:2019-12; Bituminous Mixtures—Test Methods for Hot Mix Asphalt—Part 2: Determination of Particle Size

Distribution. PKN: Warsaw, Poland, 2008. (In Polish)


http://doi.org/10.3390/ma13081973
http://www.ncbi.nlm.nih.gov/pubmed/32340178
http://doi.org/10.3390/ma12132084
http://www.ncbi.nlm.nih.gov/pubmed/31261675
http://doi.org/10.3390/app8020282
http://doi.org/10.1016/j.conbuildmat.2015.10.191
http://doi.org/10.3390/ma12081230
http://www.ncbi.nlm.nih.gov/pubmed/30991666
http://doi.org/10.3141/2296-05
http://doi.org/10.1016/j.conbuildmat.2013.03.013
http://doi.org/10.1007/s10921-016-0350-z
http://doi.org/10.3390/coatings9020123
http://doi.org/10.1155/2014/594797
http://doi.org/10.3141/2070-06
https://dewesoft.com/daq/what-is-modal-analysis
http://doi.org/10.4028/www.scientific.net/AMM.24-25.71

	Introduction 
	Literature Review 
	Test Stand for Measuring Dynamic Stiffness 
	Research Methodology 
	Field and Laboratory Test Results 
	Results Analysis 
	Conclusions 
	References

