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Abstract. The dissipative properties of road pavements may have beneficial effects to reduce
vehicle vibrations, traffic noise, vehicles-structure dynamic interaction, and degradation of
pavement materials. Assessing the dissipative capacity and the damping properties of road
pavements is, therefore, of critical importance. Such assessment has been mainly conducted in
recent years by laboratory-scale dynamic experiments, while little effort has been devoted to in-
situ tests. The latter are, in fact, cumbersome for practical reasons and typically require a more
advanced data analysis when highly coupled modes of vibration are involved. Due to the
heterogeneity of the road structure, classical methods are not capable of accurately estimating
the road damping properties. The present study proposes an alternative experimental approach
based on recording signals from accelerometers embedded in the road, which is impacted by an
instrumented hammer. The data are analyzed both in the frequency and in the time domains
through the combined use of stabilization diagrams and energy decay tools. Multi-mode fitting
algorithms are employed to construct stabilization diagrams for the identification of resonance
frequencies, while energy decay curves allow for a robust evaluation of the damping values at
the identified frequencies. The effectiveness of the approach was assessed on an asphalt road
structure.

1. Introduction

High-level vibrations may lead to structural integrity issues, compromising the performance, durability,
and reliability of structures. For this reason, energy dissipation under dynamic loads is often valuable in
many engineering structures, where dampers are commonly employed to reduce vibrational effects [1].
Examples include earthquake-prone buildings [2], bridges [3], wind turbines [4], rotating machinery [5],
and more.

When considering road structures, reducing vibrations may have beneficial effects, including
mitigation of pavement material degradation, reduction of traffic noise, better control of vehicle-
structure interaction, improved vehicle ride comfort, and minimized transmission of traffic-induced
vibrations to adjacent buildings. The influence of the asphalt pavement type on the damping and
resonance properties of light-weight bridges was shown in [6], while rubberized asphalt mixtures were
suggested as damping layers in roads [7] to reduce detrimental effects on humans and buildings.
Assessing the dissipative properties of road pavement structures may be thus of the utmost importance
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not only to reduce vibration and noise due to vehicle-road and road-bridge interactions but also to
compare the overall performance of different pavement types.

The performance of road pavements has been extensively investigated in the last decades. Deflection
methods were proposed to assess the mechanical moduli of road surface and subgrade. To this purpose,
Benkelman Beam Deflectometers, lightweight deflectometers [8], and the Falling Weight
Deflectometers (FWD) [9, 10] were mainly used. Recording vibrations from sensors bonded to or
embedded within the pavement was also exploited to derive performance parameters of road structures
under different climate and traffic conditions [11, 12, 13]. Crack propagation and fatigue damage were
monitored by means of in situ measures [14] taken through piezoelectric sensors, which are in fact
typically used to detect damage in structural components [15].

To account for traffic-induced vibrational effects, the dynamic properties of road systems, like
natural frequencies and modal damping ratios, should however be evaluated. The real and imaginary
parts of the dynamic complex modulus E*, which define the elastic and viscous behavior of the material,
are often evaluated for linear viscoelastic pavement materials like asphalt mixtures [16], Guidelines for
laboratory tests for measuring E* values on small unconfined cylindrical specimens are provided by the
AASHTO TP 62-07 standard [17]. Based on these tests, the damping properties of different asphalt
mixtures were estimated in [16] to quantify the effect on tire/road noise characteristics. Laboratory
resonant column tests were also performed to determine the damping properties of rubber-modified
asphalt and subgrade soils [18]. Numerical and analytical methods have been proposed for an empirical
estimation of the Rayleigh damping matrix from the mass and stiffness matrices when two of the natural
frequencies of the system are known [19]. These methods can also be used to assess the influence of
subgrade damping on the pavement deflection during simulated FWD tests [20].

In-situ experimental campaigns are better suited than laboratory testing for characterizing the actual
dissipative behavior of a road system, as they inherently account for real constraint conditions, pavement
material properties, subgrade influences, and interaction phenomena. On the other hand, when non-
linear and heterogeneous materials like road pavements and subgrades are involved, assessing modal
damping ratios may not be a trivial task and classical methods may prove ineffective, also due to the
presence of many heavily coupled modes. An approach to estimate the dissipative properties of
pavement and subgrade through in-place tests conducted with a FWD device was proposed in [21]. In
this approach the damping ratios were obtained by evaluating the decrease in the peak displacements
measured at various distances from the impact given by the FWD. The applied procedure fails however
to account for the well-known dependence of damping ratios on the vibration frequencies [22].

The present paper presents an alternative experimental approach to estimate the modal damping
ratios of a road system based on impacting the road pavement and recording the signals from
accelerometers attached to the pavement. The analysis of the recorded accelerations is carried out in
both the frequency and time domains using two different tools: the Stabilization Diagram and the Energy
Decay Method. Stabilization Diagrams provide the natural frequencies of the system and an initial
estimation of the associated damping ratios. The Energy Decay Method is adopted to directly assess
energy dissipation within frequency ranges that include the identified resonance frequencies. The
combination of the two tools is expected to lead to a robust and reliable evaluation of the system’s
damping ratios.

2. In-situ testing set-up
The capability of the proposed approach was assessed on an asphalt road structure consisting of three
layers: a subgrade, a granular base layer of 900 mm thickness, and a pavement asphalt layer, the latter
composed of binder (80 mm thickness), intermediate (60 mm thickness) and a wearing surface (40 mm
thickness).

The road structure was excited utilizing an impact hammer consisting of a steel mass of 9 kg
instrumented with an HBM CFT+ 50kN piezoelectric force transducer. A rubber pad was interposed
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between the hammer and the road pavement to improve the uniformity of the load distribution over the
irregular road surface and to control the range of excitation frequencies. A pad thickness of 3 mm was
selected after a preliminary series of tests to ensure sufficient energy coverage for frequencies in the
range of 0-300 Hz, which are typically associated to traffic loads. Impact forces with peak values of
about 45 kN were applied to excite the road structure.

The response of the system was measured with a Bruel/ & Kjaer 4370 piezoceramic accelerometer
attached to the surface of the road using a thin butyl adhesive tape. The signals of the force and
acceleration transducers were fed into Bruel & Kjaer 2635 charge amplifiers to generate signal voltages,
which were finally acquired by a National Instrument N/9234 PC-controlled data acquisition unit at a
sampling rate of 50 kSamples/s.

The inherent heterogeneous microstructure of the material, comprising various constituents (such as
aggregates, fillers, and binders) of different shapes and size scales and characterized by the inevitable
presence of irregularly distributed voids, cracks, and defects, is expected to lead to a substantial
variability in the local dissipative properties of the road pavement. To reduce the effect of local
microstructural features and assess the average damping properties over a sufficiently large section of
the road structure, a minimum distance of 5 m was chosen between the excitation and the response
measurement sites. In addition, to explore how variations in the specific locations of excitation and
response acquisition affect the measured damping characteristics, the tests were conducted using three
different pairs of input and output locations (testing configurations P1, P2 and P3 in figure 1).
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Figure 1. Locations of excitation and measurement points for the three testing configurations.

Figure 2 shows an example of the impact force and the acceleration response signals acquired for the
testing configuration P1. The impact force signal has a duration of about 6 ms (figure 2) and a frequency
content with a gradually decreasing trend up to approximately 600 Hz (figure 3). As expected, because
of the heterogeneity and the wave-dispersive characteristic of the road pavement material, the response
signal has a rather complex temporal pattern, characterized by a rapid decay involving multiple damped
oscillations with different frequencies. The presence of a multitude of very closely spaced natural
frequencies is clear in the frequency spectrum of the measured response, as shown in figure 4. From
figure 2, it is immediately evident that the absence of a dominant oscillation with a roughly constant
frequency makes it impossible to directly use the basic time-domain approaches (e.g., the Logarithmic
Decrement Method) for estimating the damping properties of the system. At the same time, the absence
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of well-separated natural frequencies in the response spectrum (see figure 4) hinders the clear
identification of contributions from individual modes, thereby impeding the accurate evaluation of
damping ratios through conventional frequency-based techniques, such as the Half Power or Circle
Fitting methods.
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Figure 2. Histories of impact force excitation and acceleration response (testing configuration P1).
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Figure 3. Frequency spectrum of the impact force signal (testing configuration P1).
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Figure 4. Frequency spectrum of the acceleration response signal (testing configuration P1)
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To address these difficulties, a combination of two different techniques is proposed for
experimentally determining the damping characteristics of the road pavement. A Stabilization Diagram
tool is first applied to identify the natural frequencies of the system and generate a preliminary estimation
of the associated damping ratios. An Energy Decay approach, based on the direct assessment of energy
dissipation around the identified resonance frequencies, is then employed for a more robust and reliable
evaluation of the damping ratios.

3. Results and discussion

Stabilization diagrams provide a concise representation of a system’s modal parameters [22], which are
extracted through iterative fitting procedures where a modal identification algorithm is repeatedly run
by progressively increasing the order of the model (i.e., the number of modes). The main purpose of a
stabilization diagram is assessing the accuracy and reliability of a solution, by helping to distinguish
between physical modes (which represent the real dynamic response of the system) and spurious modes
(generated by noise, overestimation of the model order, or numerical approximations).

The experience gained in many real applications [23] shows that physical modes are stable, i.c., are

consistently very close to the same frequency, whereas spurious modes tend to exhibit a wide scatter
over a frequency range. In a typical stabilization diagram the information obtained by the identification
algorithm over the different model orders is presented with the frequency on the horizontal axis and the
model order on the vertical axis. In these diagrams, therefore, physical modes appear as almost straight
lines as opposed to spurious modes which tend to scatter over wider frequency ranges.
Figure 5 shows the stabilization diagrams obtained by applying the Direct Modal Parameter Estimation
(DMPE) algorithm [24] to the frequency response function (FRF) of the road pavement acquired in the
three examined input-output configurations. The criteria adopted to identify physical (i.e., stable) modes
require that the difference between the solutions of two consecutive iterations is lower than 1% for the
frequency and 5% for the damping ratio [23, 25]. Stable modes are represented as blue markers in the
diagrams of figure 5. The data summarized in these charts reveal that the natural modes of the system
are distributed in the frequency range 20 Hz —180 Hz. Within this relatively narrow frequency band, the
applied algorithm identified several stable poles. In particular, the straight blue lines occurring at 18 Hz,
30 Hz, 46 Hz, 73 Hz, 98 Hz, and 117 Hz identify some of the system’s natural frequencies.

It is worth noting that the stabilization diagrams obtained in the three testing configurations do not
exhibit significant differences. In particular, the modes identified as stable in both frequency and
damping appear to occur at almost the same frequency values, with just slight differences between each
testing configuration. The similar responses acquired for the different testing configurations suggests
that the size of the examined road portion is large enough to be assumed as representative of the bulk
behavior of the road structure.

Stabilization diagrams are conventionally used to distinguish between physical modes and spurious
modes, but they do not provide quantitative indications on the damping ratios of the extracted modes.
The data condensed in the stabilization diagrams of figure 5 were further post-processed to determine
the model order at which the difference between the experimental FRF (FRF,, ;) and its estimation
based on the extracted modes (FRFyy, ;) is the lower. To assess the optimal model order, the following
error function was defined:

+  ZillFRFox| = |FREyum,])’
% (|FRFexi])’

The graphs of figure 6 show the experimental FRFs and their estimation corresponding to the
minimum error € (models with a maximum order of 200 were considered) for the three different input-
output configurations.
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Figure 6. Comparison of experimental and estimated FRFs for testing configuration P1 (a), P2 (b), and P3 (c).

The damping ratios obtained at the optimal model order are reported as a function of the associated
resonance frequency in figure 7, for the seven identified stable frequencies. The obtained results show
that the damping ratio tends to decrease with increasing frequency. At the lower natural frequencies
(i.e., 18 Hz and 30 Hz), the damping ratios range from 13% to 17%, but appear to stabilize around 9%
for the 99 Hz and 116 Hz resonances. It can be noticed that for a few natural frequencies the estimated
damping ratios exhibit significant dependence on the testing configuration (see for example the values
of the damping ratios at the 46 Hz, 60 Hz and 73 Hz frequencies). The high variability of the estimation
of the damping characteristics provided by this method for the different input-output locations may be
related to both the multi-mode curve-fitting process over a wide frequency range and the presence of
many heavily coupled modes.
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Figure 8. Evaluation of damping ratio using the Energy Decay method

To address this issue, the damping characteristics of the system were subsequently assessed using an
Energy Decay approach, based on the evaluation of the decay rate of the time response to an impulse
excitation [26, 27]. The analysis was carried out over different frequency bands to account for the
dependence of the dissipative properties of the structure on the vibration frequency. The decay rate was
evaluated by calculating the slope of a straight line fitted to the energy decay curve of the signal filtered
over the investigated frequency band.

The energy decay curve, E(t), was obtained using the backward integration scheme [28] as:
E(t) = J h?(t)dr
t

where h(t) represents the response of the system after pass-band filtering in the frequency range of
interest. A band-pass 5th order Butterworth filter with a 1/3 octave bandwidth centered on the desired
frequency f, was used for filtering the response signal. The energy decay curve was then subjected to
linear regression over the range between —2 dB and —17 dB from the maximum level (figure 8). Similar
ranges were used in other studies to evaluate the loss ratios of vibrating structures [29, 30]. It is worth
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noting that all evaluations carried out on the data acquired in the tests consistently yielded linear
regressions with correlation coefficients R 2 higher than 0.98. The slope k of the regression line was

then used to calculate the reverberation time (T¢) and the damping ratio ({) according to the expressions
[31]:

60 [ = 11
k' Tso'fo

The damping ratios calculated using the energy decay approach for the three testing configurations
are presented in figure 9 as a function of the same frequencies examined with the stabilization diagram
tool. It is immediately evident that the damping ratios show significantly less variability across the three
examined input-output locations when compared to those obtained using the stabilization diagram. The
two procedures provide nonetheless globally comparable results when considering the averages of the
damping ratios over the three input-output configurations (figure 10). It should be noted that while the
energy decay approach appears to be a more reliable and robust approach, it requires prior knowledge
of the resonance frequencies of the inspected structure. Because of the inherent heterogeneity and
structural complexity of the road structure, this knowledge cannot be easily achieved without the
application of multi-mode fitting algorithms, thus suggesting a complementary use of the two
approaches for the characterization of the dissipative properties of a road pavement.
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4. Conclusions

The paper presents an experimental approach to characterize the dissipative properties of a road
pavement, relying on signals recorded from accelerometers embedded in the pavement when subjected
to instrumented impacts. The main findings of the study can be summarized as follows.

e The impulsive response of the examined road pavement rapidly decays with multiple and
heavily coupled vibration modes, preventing the application of classical methods to evaluate
damping properties.

e An approach is proposed based on the combined use of stabilization diagrams for the
identification of natural frequencies and energy decay measurements for the evaluation of the
damping properties of the system within frequency bands around the natural frequencies.

e  The construction of the stabilization diagram allows for the identification of natural frequencies
by examining the stability of the simulated modes as the model order increases. However, the
damping ratios obtained through the stabilization diagram procedure exhibit significant
variations across different excitation or measurement locations.

e  An energy decay technique is thus subsequently applied to assess the energy dissipation of the
system within frequency bands around the natural frequencies identified by the stabilization
diagrams. The damping ratios calculated through the energy approach are in reasonable
agreement with the average damping ratios obtained over the different testing configurations
using the stabilization diagram. The damping ratios obtained using the energy decay method
show however a much lower scatter, thus indicating greater reliability and robustness compared
to the stabilization diagram tool.

e The potential of the approach will be explored in future work for the assessment of the
dissipative properties of different types of engineering structures characterized by complex
multi-mode dynamic responses.
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