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ABSTRACT

Traffic produces vibrations and noise that affect the livability and structural integrity of the

built environment. Despite the fact that many studies focused on traffic-induced vibrations

and noise, there is a lack of studies linking the vibrations propagating into the road pavement

and the related acoustic response (or acoustic signature) as a means to assess the structural

health status. Indeed, monitoring this response can lead to an estimation of the road layer

structural condition and an identification of cracks that occurred because of the traffic.

Consequently, the objectives of this study are to (i) model the involved phenomena through

a Finite Element Method (FEM) analysis; (ii) compare data and simulations; and (iii) set up an

Extended Finite Element Model (EXFEM) that is able to forecast the change of the road acous-

tic signature over time because of the presence of occurred cracks. Loads and sound-related

phenomena (generation, transmission, interaction with cracks) were simulated through an

EXFEM software. In addition, in order to estimate the effectiveness of the study, the aforemen-

tioned simulations were compared with real data gathered from a Dense Graded Friction

Course road pavement in different and controlled structural conditions through a specially de-

signed, microphone-based electronic system. Even if further studies are needed to better fix

the measurement chain and better carry out the FEM analyses, preliminary results show that

the EXFEM model is able to reproduce, with good approximation, the measured signals and

that this model can be used to forecast the effects of different types of cracks on the propa-

gation of vibration into road pavements.
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Introduction

Traffic produces vibrations and noise that have a negative impact on the livability, performance, and durability of

the built environment that surrounds and includes the transportation infrastructures.

The aforementioned characteristics (effects) mainly depend on the same reason (cause), i.e., on road pave-

ment conditions. Hence, the evaluation of the road pavement conditions and the prompt detection of damages

(both surface and concealed) are crucial factors for the reduction of the negative impacts mentioned earlier.

As is well known, the level of comfort offered to the users by road pavements and their duration depends on

the quality of the maintenance process. If a failure-based approach is used to schedule and carry out the main-

tenance interventions, complex and expensive works are needed.1 On the other hand, if condition- or predictive-

based approaches are used to manage maintenance and replacement of the roads, it is possible, at the same time,

to (i) make the work of the authorities that are responsible for the management of the transportation infrastruc-

tures more sustainable (i.e., easier and cheaper) and (ii) offer to the users of these infrastructures high levels of

comfort and reliability. Importantly, the literature2 shows that if a road pavement is reconstructed when a po-

tential failure (e.g., a hidden crack) is detected and the overall conditions of the road pavement are decreased to

about 30 % with respect to the initial ones (as-built pavement), about $4 are needed per square yard (1 square

yard= 0.84 m2). In contrast, about $18 are needed if the reconstruction is carried out when function failures are

present (easily detectable, such as a pothole) and the overall pavement conditions are about 20 % of the original

ones. This means that2 prompt detection of the symptoms leads to great advantages, which are related not only to

money savings but also energy savings and carbon footprint reduction. In fact, money savings are primarily due to

the energy saved because of the fact that maintenance interventions are reduced, and the reconstruction is

postponed.

Currently, the failure-based approach is the most widespread and often uses local, expensive, and destructive

tests (e.g., coring) or surface monitoring (e.g., using instrumented vehicles3,4) to detect damages, assess road

pavement performance, and derive road conditions. In contrast, condition-based approaches need technologies

that are able to constantly assess road conditions. Several solutions based on remote sensing methodologies5 have

been provided in the last decades. The main limits of the aforementioned solutions refer to the ability to detect

only surface damages, while concealed damages are neglected. Usually, this aspect is underestimated, but it is

important to underline that most of the surface damages are a consequence of the presence or propagation of one

or more concealed distresses (a.k.a., bottom-up crack propagation). Hence, the detection and monitoring of hid-

den damages is a crucial factor of the road management process.

Trying to solve this problem, seismic and electromagnetic methods were proposed and improved (e.g., com-

bining machine learning and Ground Penetrating Radar analysis6 or using wavelet denoizing to improve

Deflectometer-related measurements7). The main limits of these approaches refer to the need to interfere with

traffic to carry out measurements, which are related only to the area of investigation. Recently, methods based on

embedded sensors8–10 were proposed, but several problems related to the installation, powering, and costs need to

be solved before thinking to their implementations in real contexts.

In order to solve the aforementioned limits, predictive approaches based on a Finite Element Model can be

taken into account. In particular, the application of solutions that are able to forecast the variation of the structural

conditions of road pavements could be the key factor to improve the efficiency and sustainability of the current

management processes. Relevant examples of Finite Element Method (FEM) applications related to the road

infrastructures refer to the (i) derivation of road pavement dynamic response to different loads (using the software

ABAQUS,11–13 SAFEM,14 and COMSOL Multiphysics15); (ii) estimation of the dynamic modulus of asphalt con-

crete pavements (using the software ABAQUS16,17); (iii) study of vehicle–pavement interaction for roads and

bridges (using the software ABAQUS,18 ANSYS,19 MATLAB,20 CAPA-3D,21 and SURFER22); (iv) modeling

of ground-borne vibrations due to the traffic (using the software ANSYS,19 MATLAB,20 COMSOL

Multiphysics,23 SURFER22); and (v) evaluation of road pavement deterioration (i.e., cracking or deformation24)

and crack propagation (using the software ABAQUS8,25–27 and SAFEM28 and Artificial Neural Networks29).
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Despite the fact that many studies focused on the effect of the traffic-induced effects on humans and struc-

tures that surround the road infrastructures, there is a lack of studies linking the vibrations propagating in the

road pavement and the related vibro-acoustic response (or vibro-acoustic signature) as a means to assess the

Structural Health Status (SHS). Consequently, the objectives of this study are to (i) model the involved phenom-

ena through an FEM analysis, (ii) compare data and simulations, and (iii) set up an Extended Finite Element

Model (EXFEM) that is able to forecast the change of the road acoustic signature over time because of the pres-

ence of occurred cracks. The remaining parts of this article are organized into the following main sections:

“Problem Statement, Overall Framework, and Procedure Used,” “Experimental Investigation,” “FEM

Modeling and Calibration,” “Results of Calibration,” and “Conclusions.”

Problem Statement, Overall Framework, and Procedure Used

In this study, the overall conditions of the road pavement, which include the presence of surface or concealed

damages, are indicated using the term “SHS.” “Structural health” derives from Structural Health Monitoring, a

strategy30 that aims at identifying changes of the material and geometric properties (including variations of the

boundary conditions) of different types of structures (e.g., buildings, roads, bridges31,32) that affect the current or

future performance of these assets. This strategy has four main objectives with increasing levels of difficulty, i.e.,

(i) damage detection, (ii) damage localization, (iii) damage type identification, and (iv) damage level quantifi-

cation. In this study, the term “SHS” refers to the temporal variations of the structural integrity of a road pave-

ment (which varies from the as-built status to the failure), and the study, as mentioned at the end of the previous

section, aims at carrying out damage detection.

An innovative Nondestructive Test (NDT)-based system (see fig. 1) has been set up in the pursuit of monitoring

primarily concealed cracks of road pavements.33–36 The system builds on vibration propagation in the pavement

(Medium A= pavement) and consequent noise sound wave formation into the surrounding medium (Medium

B= air), where Medium A is composed of pavement materials. The rationale behind this is the dependence of acoustic

responses (ARs; acoustic signature) on the SHS of Medium A. The input to the system is given in 1 (e.g., wheel pass or

load impact): it is a load that, for the given surface, is a function of time and corresponds to a given frequency spectrum.

A wave is generated in 1 (by the traffic) and propagates through the pavement, also toward the sensor located

on the pavement. The wave has an ambivalent character, because at constant t (time), it is a harmonic function of

the spatial variable x (distance), while at a constant x, it is a harmonic vibration, dependent on the time t at a given

point.37 The output (unknown), at a given distance x from the input, is another signal that varies over time and

has another frequency spectrum (still unknown). It depends on input and pavement (Medium A aforemen-

tioned). Under given assumptions, the frequency response function links inputs and outputs in the frequency

domain.38,39 Because of the complexity of loads (vehicles), materials and structures (pavement), and involved

phenomena, in order to better analyze results, an in-depth consideration of each factor involved is needed.

To this end, the study presented in this article aims at modeling these phenomena through an FEM analysis

and comparing data and simulations. An FEM-based approach is needed (i) because of its potential to predict

FIG. 1

Problem statement:

schematic

representation.
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the response of the system; (ii) because FEM models offer the possibility to simulate several types of conditions

(e.g., damage type, temperature change, thickness of the pavement layers, loads, etc.); (iii) because of the difficulty

in using closed-form equations to solve these problems; and (iv) because of the need to double check if exper-

imental responses are well-grounded in logic and the physics behind them is well understood.

In terms of overall framework of the research program, at the end of the setup process, the FEM model shall

be able to simulate the variation of the road pavement vibro-ARs to traffic-induced sound and vibrations because

of the presence of an increasing number of cracks into the pavement. This information is used to assess the

current structural condition of the road pavement to forecast its remaining lifetime and design proper main-

tenance intervention to increase the performance (i.e., road without potholes) and safety level (e.g., reduce

the number of accidents caused by a deteriorated or damaged road pavement) of the infrastructure. In more

detail, the entire research project aims to:

(i) measure (experimental investigation) the ARs of a road pavement to mechanical loads produced by vehicles;
(ii) characterize the ARs previously cited by means of meaningful features (i.e., able to link the SHS of a pave-

ment to its ARs) extracted in different domains of analysis;
(iii) set up an FEM model able to replicate (in terms of signals in the time domain and features) the ARs mea-

sured during the aforementioned experimental investigation;
(iv) evaluate the reliability and level of detail of the FEM model setup by comparing the features extracted from

the measured ARs with those extracted from the ARs simulated using the FEM model; and
(v) use the FEM model to forecast the variation of the AR of a road pavement because of a variation of its SHS,

which in turn is due to the presence of several types of cracks simulated using the FEM model.

Consequently, a specific procedure, shown in figure 2, was defined for this study. This procedure consists of

the following steps:

Step 1: Measurement of the ARs of the pavement under test through a specially designed experimental in-
vestigation. In more detail, the road pavement was loaded using a Lightweight Deflectometer (LWD).
A set of ARs of the uncracked road pavement (i.e., SHS 0, in the following SHS0) corresponding to a
set of LWD loads is recorded using a microphone-based electronic system. The temperatures of the
pavement surface and the air were measured during the experiments. Then, the SHS of the road
pavement was changed by drilling several lines of holes in the middle between the receiver module
and sources (to simulate the area of the carriageway where the traffic load is usually concentrated, i.e.,
the wheel paths). A set of ARs were recorded after the drilling of each line of holes.

FIG. 2

Framework of the study.

Symbols: ARs (t)=ARs

of the road pavement to

a mechanical load in

the time (t) domain;

PSD (f) =Periodograms

in the frequency domain

(PSD versus frequency,

f); S (t, f)= Scalograms

using the Continuous

Wavelet Transform in

the time-frequency (t, f)

domain; cf. § 3: compare

with the “Experimental

Investigation” section

of this article.
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Step 2: Extraction of a set of features (i.e., time lags and peak ratios of seven peaks, which are shown in section
“FEM Modeling and Calibration”) from the ARs collected during Step 1.

Step 3: Setup of an FEMmodel by changing several input parameters to obtain simulated signals that replicate
the measured ones.

Step 4: Comparison of the measured and simulated ARs in different domains of analysis, i.e., the ARs in the
time domain (called ARs [t] in fig. 2), Periodograms (called PSD [f], in fig. 2) in the frequency do-
main, and Scalograms (called S [t, f] in the time-frequency domain) obtained using the Continuous
Wavelet Transform (preliminary results showed that this tool allows obtaining graphical results, i.e.,
the Scalograms, which are able to show the variation of the ARs in the time-frequency domain better
than other tools, such as the Discrete Wavelet Transform and the Short Time Fourier Transform).

Step 5: Use of the FEMmodel to forecast the variation of the ARs of the road pavement due to the presence of
several types of simulated damages (surface and concealed) in order to (i) recognize the occurrence,
propagation, or both of the damages mentioned earlier and (ii) forecast the status that represents the
end of the lifetime of the road pavement.

Experimental Investigation

The experimental investigation presented in this study was carried out using a specially designed microphone-

based electronic system (see fig. 3) and according to the results obtained in previous studies carried out by the

same authors of this article.34–36

In general, the method applied in this study aims at detecting the generation of hidden cracks in road pave-

ments, which are usually generated under the wheel paths, and monitoring their bottom-up propagation (toward

the wearing course) due to the vehicular traffic. It is expected that presence, position, and size of cracks affects the

road pavement acoustic behavior acting on specific frequency components, i.e., those related to waves whose

wavelength depend on cracks’ size. Hence, the generation of constructive and destructive interferences leads

to the amplification or reduction of some spectral components of the response signals. As is well known, excessive

loads (heavy vehicles), unexpected phenomena (e.g., earthquakes), fatigue phenomena (repeated loads, temper-

ature excursions), or all are responsible for the generation and propagation of bottom-up cracks.

In order to control, as much as possible, the experimental conditions, the following strategy was adopted:

(i) use a known source, i.e., an LWD, to load the pavement; (ii) use holes in order to control the road damaging,

and (iii) study the variation of the road ARs to a known load because of the variation of the number of holes. It is

important to underline that, because of the cracks’ size, the position, and the propagation path, the drilled holes

aimed at simulating bottom-up cracks at a highly advanced stage.

The study presented in this article is the first part of a wider research project (described in the “Problem

Statement, Overall Framework, and Procedure Used” section). At the moment, the study does not aim at

FIG. 3

Measurement chain.
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identifying the type of cracks or type of crack propagation, but it is focused on the setup of an FEM model that is

able to simulate both the induced cracks and ARs of a road pavement (cracked and uncracked) to the LWD load

(instead of the traffic). Subsequently, after a proper calibration, the aforementioned model can be used to forecast

and control the variation of the ARs of other sections of the same pavement, simulating (i) the loads generated by

whatever vehicles and (ii) the presence and propagation of whatever type of damage (e.g., hidden cracks).

This investigation was carried out in order to obtain the road pavement vibro-ARs to impulse loads (pro-

duced by an LWD), as a function of its SHS. In more detail, six SHSs were considered: SHS0 (i.e., no holes, or

uncracked road), SHS1 (i.e., 1 line of holes), SHS2 (i.e., 2 lines of holes), SHS3 (i.e., 3 lines of holes), SHS4 (i.e., 4

lines of holes), and SHS5 (i.e., 5 lines of holes). The road pavement used in this study is a Dense Graded Friction

Course (DGFC) air void content of 7 %, density of 2.32 t/m3, with an age of five years, located in Southern Italy,

with an average annual daily traffic of 2,000 vehicles per day.

The experimental investigation was carried out using a properly designed measurement chain (described in

the following).

MEASUREMENT CHAIN

Figures 3 and 4 show the measurement chain (different devices and cables) that was used to measure the vibro-

AR of the road pavement used in this study. For load source, an LWD (model: PRIMA 100, Grontmij; cf. fig. 3A)

was used that was able to produce an average impulse load of 100 kN (measured using the LWD’s load cell).

In particular, the devices used to measure the AR of the DGFC pavement to the load generated by the LWD

consistedof (see fig.2B) (i) one omnidirectional pre-polarizedmicrophone (model:AudixTM1, frequency response=
20–25 kHz +/−2 dB, sensitivity= 6 mV/Pa at 1 kHz, dynamic range= 112 dB); (ii) one external audio card (model:

RolandQUAD-CAPTUREUA-55); and (iii) several connecting cables (model:UltimoRCM-GBK-Prolite).Theacous-

tic signals were recorded (sampling frequency= 192 kHz) using a laptop running a proper MATLAB code.

MEASURED SIGNALS IN THREE DOMAINS OF ANALYSIS

Figures 5–7 show the ARs of the differently cracked road pavement to the LWD loads, related Periodograms

(Power Spectral Density, PSD versus Frequency), and Scalograms (Continuous Wavelet Coefficients [CWCs] in

the time-frequency domain).

In more detail, Periodograms show the PSD as a function of the frequency. The PSD was derived using the

following equation38:

PSD = 2 ·
jFFTj2
N · Fs

, (1)

where FFT is the Fast Fourier Transform of the signal to be transformed; N is the length of the aforementioned

signal; Fs is the sampling frequency used to record the signals (Hz); and PSD is the power of the signal

per unit of frequency, i.e., Watt per Hertz or dBW/Hz (if the decibel scale is used to represent the PSD).

FIG. 4

Experimental setup:

microphone (R) placed

on the (A) uncracked

and (B) cracked road

pavement (five lines of

holes were indicated

using Roman numerals

from I to V) loaded with

the LWD (S).
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In the time-frequency domain, the Scalograms40 (see fig. 7) show the scaled percentage of energy of the CWCs

with different colors (or intensity variation of a single color, e.g., gray) with respect to time (or shift; x-axis) and

scale variables (y-axis). The CWCs are calculated using the following expression41:

FIG. 5 ARs of the road pavement to the LWD loads: structural health statuses 0 to 5 (A–F) and their comparison (G).
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FIG. 6 Periodograms of the ARs of the road pavement to the LWD loads: structural health statuses 0 to 5 (A–F) and their

comparison (G).
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CWTða, bÞ = 1ffiffiffi
a

p
Z

xðtÞ · ψ∗
�
t − b
a

�
dt, (2)

where a is the scaling parameter (which allows contracting the mother wavelet ψ); b is the shifting parameter

(which allows translating ψ along the x-axis [time]); x(t) is the signal; t stands for time (seconds); and ψ* is the

complex conjugate of ψ. Furthermore, in order to have the frequency at the y-axis the following expression42 was

used, which allows derivation of the “pseudo-frequency”:

Fa =
Fc

a
· FS, (3)

where Fa is the pseudo-frequency (Hz) corresponding to the scale factor a (dimensionless); Fc is the central

frequency of the mother wavelet ψ used (Hz); and FS is the sampling frequency (Hz). In this study, the mother

wavelet “morl” was used in the CWT.

Figure 5 shows (i) the average ARs (time domain) of the road pavement under test related to the 6 SHSs

(form fig. 5A to 5F) that were taken into account in this study and (ii) the comparison among the ARs cited

earlier (see fig. 5G). As is possible to see, the comparison shows how the presence of the drilled holes affects the

ARs, which are more evident in the ARs’ tails.

FIG. 7 Scalograms of the ARs of the road pavement to the LWD loads: structural health statuses 0 to 5 (A–F).
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Figure 5 shows that the main phenomena last for less than 50 ms. Figure 6 illustrates the frequency content

of ARs. Note that frequencies essentially range from 0 up to 450 Hz and the peak at 50 Hz tends to disappear when

the SHS decays. Figure 7 depicts the Scalograms and highlights their effectiveness in providing information about

not only frequency-related but also time-related differences.

As expected (cf. the statements in the introduction of the “Experimental Investigation” section), the pres-

ence of the artificial cracks mainly affected the spectral components of the AR of the road pavement. In par-

ticular, a decrease of the PSD in the frequency range 250–450 Hz can be noticed when the SHS of the road

pavement goes from SHS0 to SHS5 (cf. fig. 6G). This decrease is associated with the presence of the holes in the

road pavement.

FEM Modeling and Calibration

This section refers to FEM analysis (see figs. 8 and 9) and calibration (see figs. 10–20).

FIG. 8 Details extracted from the FEM model: (A) three-dimensional view of the modeled road pavement; (B) distance

between LWD (source) and microphone (receiver); (C) detail of the LWD plate; (D) detail of the isolated

microphone; (E) modeled road pavement with five lines of holes between the LWD and microphone; and (F)

simulated impulse load.
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FIG. 9 Reference scenario: signals for SHS 0 to 5 (A–F), their comparison (G), and corresponding periodograms (H).
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FIG. 10 Peaks of the (A) measured (Measured) and (B) simulated (FEM) signals used to calibrate the FEMmodel and (C)

signal superposition.

FIG. 11 FEM calibration: modulus effect on ordinate ratios y2/y3 to y7/y3 (A–E).
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INTRODUCTION

In this study, the software COMSOL Multiphysics43 was selected and used to model the responses of road pave-

ments differently damaged to an impulsive load.

This software allows implementing a specific interface, i.e., the “Acoustic-Solid Interaction interface,”

which is designed to simulate the interactions between a solid body and sound waves. The output of a model

built using this interface allows estimation of the deformation of the body due to a specific load, and the related

FIG. 12

FEM calibration: modulus

effect on time lags x2-x1

to x7-x6 (A–F).

FIG. 13

FEM calibration: air

temperature effect on

ordinate ratios y2/y3 to

y7/y3 (A–E).
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change of acoustic pressure around the faces of the body (i.e., across the fluid-solid boundary). In more

detail, the structural acceleration acts on the fluid domain as a normal acceleration across the fluid-solid

boundary.43

Furthermore, it allows studying these interactions in the time domain (transient signals) and frequency

domain (frequency component and modal analysis).

FIG. 14

FEM calibration: air

temperature effect on

time lags x2-x1 to x7-x6

(A–F).

FIG. 15

FEM calibration:

thickness effect on

ordinate ratios y2/y3 to

y7/y3 (A–E).
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For the purposes of this study, among the possible studies included in the aforementioned interface, the

Pressure Acoustics Transient study was selected.43 In fact, it allows computation of the pressure variations

due to the propagation of acoustic waves in fluids for given background conditions. By solving a scalar wave

equation, it is possible to carry out time-dependent simulations, considering arbitrary time-dependent sources

or fields. In addition, the same interface allows computing displacements, stresses, and strains by solving Navier’s

equations. 43

FIG. 16

FEM calibration:

thickness effect on time

lags x2-x1 to x7-x6 (A–F).

FIG. 17

FEM calibration: distance

effect on ordinate ratios

y2/y3 to y7/y3 (A–E).
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MAIN PARAMETERS OF FEM MODEL

The calibration of the model was carried out by adjusting the inputs and geometry of the FEM model in the

pursuit of better simulating the experimental results.

FIG. 18

FEM calibration: distance

effect on time lags x2-x1

to x7-x6 (A–F).

FIG. 19 FEM calibration: effect of unbound layer modulus on ordinate ratios y2/y3 to y7/y3 (A–E).
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Overall, as inputs of the FEM model the following main parameters were considered: (i) magnitude, shape,

and duration of the impulse load; (ii) dimensions of the objects involved (e.g., LWD base plate, road pavement

layers, etc.); (iii) boundary conditions; and (iv) sampling frequency.

In more detail, the following main parameters were used in FEM analyses (reference scenario):

1. Geometry of the pavement and its boundary conditions (see fig. 8A). This includes the thickness of the
layers (e.g., friction course and binder course: 0.1 m; subbase course: 0.3 m, cf. fig. 8A).

2. Position of sensors (microphone) and loads (LWD), cf. figures 4 and 8B.
3. Load-pavement interface (see fig. 8C). Steel was selected as material for the base plate of the LWD

(Young’s modulus= 200 GPa, density= 7,850 kg/m3). The latter has the following dimensions:
diameter= 30 cm and height= 1 cm.

4. The cap/dome over the microphone was modeled through a hemisphere (diameter= 10 cm, thickness= 1
cm), which is coated with white clay (Young’s modulus= 50 MPa, Poisson’s ratio= 0.3), and which con-
tains air (temperature= 28°C). Finally, the boundary conditions “low reflection” were imposed to the
hemisphere above.

5. Schematic of induced cracks in the pavement (see fig. 8E).
6. Load function over time (see fig.8F). On average, the LWDused in the experimental investigation described

in this study produced a force of 9 kN (because of aweight of 10 kg that falls fromaheight of 0.83mandhits 5
“springs” [rubber buffers] with an average elastic constant of about 362 kN/m). The datasheet of the LWD
indicates a typical range for the pulse time of 15÷30ms (i.e., the duration of the LWD impulse load). In order
to replicate this load in the FEM model, the following expression was used to build a pulse:

L =
5 · F

σ
ffiffiffiffiffiffiffiffiffi
2 · π

p · e−
ðt−μÞ2
2·σ2 (4)

where L stands for load (N) as a function of t (time); σ corresponds to the standard deviation (that affects
the width of the distribution, e.g., 2 ms); μ is the average time (that affects the position of the peak of the

FIG. 20 FEM calibration: effect of unbound layer modulus on time lags x2-x1 to x7-x6 (A–F).

Journal of Testing and Evaluation

FEDELE ET AL. ON CRACK PREDICTION: TESTING & MODELING 

Copyright by ASTM Int'l (all rights reserved); Fri Dec  4 12:37:50 EST 2020
Downloaded/printed by
University of Texas at Arlington (University of Texas at Arlington) pursuant to License Agreement. No further reproductions authorized.



pulse, e.g., 15 ms); t stands for time (ms); and F is a constant that refers to the impulse, force (e.g., 9 kN·ms).
Note that according to Shivamanth et al.44 and Ryden andMooney,45 the frequency spectrum of the LWD is
mainly distributed in 0–300 Hz.

7. Main volumetric and mechanistic parameters: densities (e.g., 2,300 kg/m3 for asphalt concretes), moduli
(e.g., 1,000–2,000 MPa), and temperatures (e.g., 20°C–30°C).

FEM ARs FOR THE REFERENCE SCENARIO

Figure 9 shows the signals derived under the reference conditions (reference scenario, i.e., those described in the

“Measured Signals in Three Domains of Analysis” section), prior to calibration analyses. Note that main part of

ARs still refers to less than 50 ms, and the succession first wave positive, second wave negative, and third wave

positive is still present.

AR CHARACTERISTICS USED TO CALIBRATE

The following main parameters were considered to compare experiments versus FEM results and carry out the

calibration:

• Parameters in the time domain (i.e., ratios between peaks, distances along the x-axis of time, time lags);
• Parameters in the domain of frequencies (e.g., the slope of the linear regression of the Power Spectral

Density in the Periodogram shown in figs. 6G and 9H);
• Parameters in the domain of time and frequencies (e.g., the maximum energy of the CWC, which is

represented by the red parts of the Scalograms in fig. 7).

By referring to this preliminary study, figure 10 illustrates the main parameters used to compare FEM to

experiments (e.g., peaks, domain of time; cf. fig. 10A and 10B). In other terms, in the domain of time, the good-

ness of fit of the FEM model was analyzed by comparing the aforementioned main peaks (FEM versus experi-

ments) as a first step to the successive use of a cross-correlation method. The superposition between two

corresponding signals is reported (see fig. 10C). It is possible to observe that in this case, the FEM signal is

behind the signal obtained in experiments, while experimental time lags seem smaller than FEM ones.

Figure 10 shows that at a first stage, the simulated signal is quite different from the measured one. For this

reason, the calibration procedure, described in the following section of the article, was carried out.

Results of Calibration

Figures 11–20 illustrate how the main parameters of the FEM model (e.g., asphalt concrete modulus) affect the

indicators chosen to assess the goodness of the calibration (e.g., time lag between Points 4 and 5, x5-x4), for the

cases in which the structural integrity was the highest (SHS0).

By referring to the analyses carried out in the domain of time, it is noted that the following main results were

obtained.

Moduli, and particularly surface moduli, impact time lags and peak ratios (see figs. 11 and 12). To this end, it

is noted that pavement temperature, which is a function of air temperature,46,47 affects pavement moduli.48,49 In

figure 11, the peak ratios y4/y3, y2/y3, y5/y3, and y7/y3 are reported. It is possible to observe that, as expected, as

far as the modulus of the friction course varies with respect to the reference scenario (in which the modulus is

100 %), there is not a clear trend toward higher and lower values.

Figure 12 illustrates how time lags (e.g., x6-x4, x5-x4) vary as a function of the modulus of the friction course.

In this case, for x6-x5, the higher the modulus, the higher the time lag between the two peaks considered. Overall, the

higher the modulus of asphalt concretes, the lower the time lags, except for the time lags x6-x5 and x7-x6.

Air temperature (see figs. 13 and 14) greatly affects time lags. Higher temperatures seem to correspond often

to higher acoustic speeds and lower time lags. This implies that higher temperatures usually lead to lower time

lags. The first derivative varies from +0.1 (x4-x3) to −0.17. Note that air temperature only has a tangible effect on

the time lag between 3 and 4 (cf. fig. 14).
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Figures 15 and 16 refer to the effect of asphalt layer thickness, whose assessment can be carried out through

NDT or destructive testing (coring). Figure 15 illustrates how peak ratios vary when friction course thickness

varies. Note that when x= 100 %, the majority of values tend to be the values measured in the experiments. For

time lags, the thickness of the friction course only has a tangible effect on the time lag between 3 and 4 (cf. fig. 16).

Figures 17 and 18 deal with the distance of the microphone from the pavement surface. Note that the effect

of the distance of the microphone from the pavement surface is quite negligible.

Figures 19 and 20 refer to how the modulus of unbound layers (beneath the asphaltic layers) affect FEM

model outputs. The effect of the modulus of umbound layers on odinate ratios is quite negligible (except that for

y6/y3, cf. fig. 19). The higher the modulus of unbound layers, the smaller time lags, usually (cf. fig. 20).

Figures 21 and 22 show the scatter diagrams that compare the measured data (experimental results) and

simulated data (FEM model results) in terms of peak ratios (see fig. 21) and time lags (see fig. 22). The R-square

coefficients of each distribution were calculated and range between 0.244 and 0.940. Based on this latter result,

figure 23 reports the best result of the FEM model, i.e., the result corresponding to the maximum R square

FIG. 21

Comparison between

simulated and measured

data related to the peak

ratios.

FIG. 22

Comparison between

simulated and measured

data related to the time

lags.
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(i.e., 0.940). Importantly, this latter helps validate the FEM model. In fact, using the input parameters associated

with the result shown in figure 23 (i.e., halving the elastic moduli of the wearing course layer, E1, and binder

layer, E2, according to the result of fig. 11 and as reported in fig. 23), the simulated signal well approximates the

measured signal. This is crucial in terms of validation of the FEM model proposed in this study.

Conclusions

An innovative, NDT-based system aiming at detecting concealed cracks in road pavements was set up and experi-

ments were carried out. The study presented in this article aimed at modeling the involved phenomena through

an FEM analysis and comparing data and simulations.

The software MATLAB was used to record the signals during the experiments, while the software

Multiphysics® was used during the simulations.

Based on the results obtained, the following conclusions can be drawn:

• Air temperature and asphalt concrete moduli seem to play an outstanding role on the results of the FEM
model presented in this article.

• Even if further studies are needed to better fix measurement chain and better carry out the FEM analyses,
preliminary results show that the EXFEM is able to reproduce the measured signals and this model can be
used to forecast the effects of different types of cracks on the propagation of vibrations into road pavements.

• Hence, the structural health conditions of a road pavement can be monitored using the measurement sys-
tem to gather the acoustic signature of the pavement and the EXFEM to forecast the change of the acoustic
signature over time because of the presence of the occurred cracks.
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