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Abstract: Airport pavements should ensure regular and safe movements during their service life;
the management body has to monitor the functional and structural characteristics, and schedule
maintenance work, balancing the often conflicting goals of safety, economic and technical issues.
This paper presents a remote monitoring system to evaluate the structural performance of a runway
composed of concrete thresholds and a flexible central runway. Thermometers, strain gauges, and
pressure cells will be embedded at different depths to continuously monitor the pavement’s response
to traffic and environmental loads. An innovative system allows data acquisition and processing
with specific calculation models, in order to inform the infrastructure manager, in real time, about
the actual conditions of the pavement. In this way, the authors aim to develop a system that
provides useful information for the correct implementation of an airport pavement management
system (APMS) based on real-life data. Indeed, it permits comprehensive monitoring functions to be
performed, based on the embedded sensing network.

Keywords: airport pavement; pavement management system; sensors; thermal stresses; mechanical
stresses; monitoring system; remote system

1. Introduction

Pavements contribute to ensuring the safe and efficient operation of transport infras-
tructures [1,2]; they should be monitored over time, in order to prevent severe distresses
due to the vertical and tangential forces transmitted by the aircraft, and thermo-hygrometric
conditions [3]. The evaluation and prediction of the functional and structural performance
of the pavements play a pivotal role in guaranteeing safety and regularity of operations [4].
The monitoring of runway evenness and adherence is necessary to analyze the structural
response of the pavement to the applied loads, and predict its answer during its service
life [5]. Direct measurements, visual investigations, or a combination of both allow the
synthetic quality indices to be calculated. With regard to the surface characteristics of the
pavement, the international roughness index (IRI), pavement condition index (PCI), British
pendulum number (BPN), and Boeing bumping index (BBI) [6–8] are the most frequent
indices. With regard to the bearing capacity, the aircraft classification number/pavement
classification number (ACN/PCN) method [9], defined by the International Civil Aviation
Organization (ICAO) [10], is adopted to quantify the maximum load that a pavement
can bear (PCN) and the effect produced by an aircraft on a given pavement (ACN) [11].
Although the structural and functional performances of a pavement are related to each
other, to date, no well-defined correlation is known [12], and these two pavement charac-
teristics are separately assessed. Therefore, the implementation of an airport pavement
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management system (APMS) requires structural and functional approaches from infras-
tructure managers to maintain the pavement in a serviceable condition over a given period
of time [13,14], and with the primary objective of reducing the risk of accidents [15–18].
A delay or failure to carry out maintenance work can increase the management costs, by
raising the pavement deterioration rate, and impair the serviceability, by increasing aircraft
accidents or delays in flight operations [19]. On the other hand, APMS is mandatory to
obtain the airport certificate for the most trafficked aerodromes, according to [13].

The implementation of a pavement management system is necessary not only in the
airport environment, but also in the heliport one, as shown by recent studies [20].

The most commonly used airport pavements are rigid and flexible pavements, which
differ from each other in the transmission of forces to the subgrade in the following ways:

• Flexible pavement is composed of upper asphalt layers: it produces a uniform trans-
mission of vertical stresses, which corresponds to a non-uniform distribution of
vertical deformations;

• Rigid pavement is composed of concrete slabs: it produces a non-uniform transmission
of vertical stresses, which corresponds to a uniform distribution of vertical deformations.

Whatever the type is, the pavement design and management should consider cyclic
repetitions of traffic and thermal-hygrometric loads during the service life, in order to
prevent structural failures [21]. For flexible pavements, the main distresses are as fol-
lows [22]: fatigue cracking of bonded layers, rutting of all pavement layers, and thermal
cracking of surface layers. For rigid pavements, they are as follows [23]: concrete slab
distress, joint faulting, and pumping. Periodic monitoring of the structural characteristics
allows the identification of distress curves, to define deterioration prediction models of
the pavement performance. The Benkelman beam [24,25] and falling weight deflectometer
(FWD) [26] are traditional methods to evaluate the mechanical performance of a pavement;
they closely reproduce stress–strain conditions and they show similar results in terms of
deflection measurements [27]. It has to be noted that the surface deflections and moduli
of the pavements are significantly influenced by temperature [28], and they need to be
corrected. In particular, the results of these kind of surveys need to be back-calculated
through deterministic or probabilistic approaches [29,30], to evaluate the performance of
the pavements [31], in order to plan maintenance strategies for both roads and airport
infrastructures [32].

However, these techniques can only measure deflection at discrete points, and re-
quire traffic disruption. Therefore, because of their advantages, in the recent years, non-
destructive techniques are increasingly used by infrastructure managers to monitor pave-
ments (e.g., speed of execution, accessibility, low interference with traffic). These mon-
itoring systems allow both the traffic and environmental data to be collected without
interrupting traffic flows, and, at the same time, they allow the pavement response to
be continuously measured. They have aroused considerable interest from the scientific
community, and substantial investments have been made in order to develop instrumented
pavements with various embedded in situ sensors. Sensor measurements can also be
used to determine the type of vehicle passing by, and the corresponding travel speed [33].
In the literature, several systems to monitor pavement conditions have been designed,
based on built-in detection networks with an efficient combination of various sensors (e.g.,
horizontal and vertical strain gauges, load cells, geophones, accelerometers, thermocouples,
humidity sensors, fiber optic sensors, noise detection sensors, and wireless data loggers for
data storage). Using geophones and accelerometers, it is possible to calculate deflections by
means of a single or double integration of the recorded measurements, respectively. Due to
the non-realistic deflection values obtained with simple integration, Bahrani et al. [34,35]
proposed an original signal processing procedure to obtain them, and then to assess the
elastic modulus of pavement layers by means of back-calculation procedures.

In [36], horizontal strains are used to calculate the pavement moduli. Cafiso et al. [37]
used a pre-polarized, omnidirectional, acoustically isolated microphone to collect the
vibro-acoustic signatures of road pavements and correlate them to the elastic moduli
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obtained from FWD. The proposed solution could be used to continuously monitor the
downgrading of asphalt road pavements under traffic. In [38], vibro-acoustic spectra
are used to obtain information about the presence and severity of the cracks in the road
pavement section. In [39–41], optical fiber technology is introduced, developed, and tested
to measure the stress–strain state and temperatures inside asphalt pavements [42]. Also,
airport concrete pavements have been analyzed to correlate distresses with both traffic-
and temperature-induced loads with similar advanced technologies [43]. Most of the
studies in the literature do not consider the residual service life of the network [44], whose
lifespan depends on the lifespan of the sensor components. Self-healing and even more
self-powered sensors [45] could significantly reduce the costs for the installation of sensors
and pavement management. In order to aid the pavement management activities, several
researchers [46–48] have focused on implementing sensors in road pavements with wireless
data acquisition systems that allow continuous and remote monitoring.

In the airport field, some experiences with embedded sensors in runway pavements
were carried out in the USA [49], and in Italy at Cagliari airport [50–53].

This paper aims to present the design criteria for a system that monitors the perfor-
mance of an airport runway in real time. Its pavement is trafficked by military airplanes,
and it is composed of concrete thresholds and an asphalt central runway. The proposed
model permits the following:

• To analyze the structural response of the pavement;
• To prepare a pavement management protocol (i.e., PMS);
• To implement the management of the structural monitoring system by setting up a

web monitoring system (WMS) with a dedicated app.

Particularly, the thermometers, strain gauges, pressure cells, and displacement trans-
ducers in the pavement aim to measure the temperature at different depths, the loads, and
the deflections produced by the passage of aircrafts. The collected data will be transmit-
ted, via the central unit, to a remote server, in order to save, review, and process them.
An interpretative physical model of the pavement response to thermal and mechanical
stresses will also be implemented. This will allow the pavement performance decay to be
simulated, and will contribute to setting up the pavement management protocol. Finally,
a special app will be developed to access the data in real time.

2. Materials and Methods

In order to design an innovative system to monitor airport pavements and define
their pavement management system, a structural model must be adopted to describe
stress–strain conditions of a pavement. For flexible pavements, multilayer linear elastic
models from Boussinesq [54] and Burmister [55] theories are the most commonly used
models to describe mechanical performances of pavement layers. However, it has to
be noticed that the different pavement layers show behavior far from that of the elastic
linear one. For this reason, a viscous elastic model or finite element models (FEM) are
increasingly employed; they also take into account non-linear elastic performances of
asphalt materials. For rigid pavements, the most common model used relies on a thin,
infinite or semi-infinite plate resting on a bed of springs (Winkler foundation), and the
resolution of this model is based on the Westergaard theory [56]. As for flexible pavements,
even for the rigid ones, the FEM are emerging [57,58]. Particularly, FEM analyses allow
thermal stress–strain conditions that are often overlooked by design guidelines to be taken
into account (e.g., [59]). Therefore, software based on different mechanistic theories [60]
are currently used to analyze mechanical performance of pavements (e.g., [61–65]).

2.1. Asphalt Pavement Verifications

The stresses and strains of the asphalt pavements were calculated according to the
elastic multilayer theory and the pavements were verified with Miner’s law, considering the
experimental relations described in the next paragraphs to calculate the allowable number
of repetitions before fatigue rupture in bound layers and rutting in unbound layers.
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2.1.1. Fatigue Verification

For flexible pavements, Equation (1) describes a fatigue law [66].

N f = k·
(

1
εt

)n
·
(

1
E

)m
(1)

where Nf is the fatigue life; εt is the maximum tensile strain induced by a traffic load; E
is the elastic modulus of the layer; k, n, and m are constants depending on the material.
In this study, Equation (2) will be adopted to analyze asphalt layers [67].

N f = 0.00432·k·C·
(

1
εt

)3.9492
·
(

1
|E∗|

)1.281
(2)

where the following apply:

• k = 1
0.000398+ 0.003602

1+e11.02−3.49h
for bottom-up cracks, where h is the thickness;

• k = 1
0.0001+ 29.844

1+e30.544−5.7357h
for top-down cracks;

• C = 10M;

• M = 4.84·
(

Vb
Vv+Vb

− 0.69
)

, where Vv and Vb are the voids and bitumen volume, respectively.

Nf is the fatigue life for the examined load. In this study, the fatigue verification
complies with Miner’s law [54] according to Equation (3).

P

∑
i=1

A

∑
j=1

ni,j

Ni,j
≤ 1 (3)

where ni is the number of passages of the i-th axle; Ni is the number of repetitions of the
i-th axle that causes fatigue; A and P are the total number of load configurations and
period of analysis, respectively. If Equation (3) is satisfied, the pavement did not reach its
fatigue threshold.

2.1.2. Rutting Verification

Equation (4) describes rutting law [68], as follows:

εp

εr
(n) = α·nβ (4)

where εp is the vertical permanent deformation at the n-th cycle; εr is the vertical elastic
deformation induced by the load; α and β depend on material, temperature of asphalt
layers, or moisture of granular layers. Moreover, according to [69], in this study the rutting
curve for asphalt layers proposed by NCHRP 1-37A [70] has been adopted (Equation (5)).

εp = k·εr·10−3.4488·T1.5606·N0.479244 (5)

where the following apply:

• k = (C1 + C2·z)·0.328196z, where z is the generic depth;
• C1 = −0.1039·h2 + 2.4868·h− 17.342, where h is the thickness;
• C2 = 0.0172·h2 − 1.7331·h + 27.428.

The maximum rutting depth assumed in this study is 25 mm [14]; higher values
require maintenance work.

2.1.3. Thermal Rupture Verification

Thermal cracking is caused by rapid decrease in air temperature; when tensile stresses
induced by thermal gradient are greater than tensile strength of asphalt they cause the
rupture. Starting from the maximum temperature of the day, to which a zero strain
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value corresponds, at each constant interval ∆T, the induced tensile stress is determined
according to Equation (6) [71].

∆σ(t, ∆T) = α∆TSm(t, ∆T) (6)

where α is the coefficient of the linear thermal expansion of asphalt and Sm is the asphalt
stiffness at (t, ∆T). Therefore, the overall increase in stress level is calculated according to
Equation (7).

σ(t, T) = α ∑{∆T·Sm(t, ∆T)} (7)

The verification consists of the comparison between σ(t, T) and the tensile strength
σt(T) of the material at its minimum daily temperature.

2.2. Concrete Pavement Verifications

The stresses and strains in the concrete pavements were calculated by an FEM soft-
ware; the maximum tensile stresses are localized at the bottom of the slab both for a load
at the interior and at the edge of the slab or at the top of the slab for a load at the cor-
ner. It has to be noticed that thermal conditions in concrete slabs also affect strains and
stresses [72,73], so ignoring them exposes the concrete pavements to unacceptable risk of
premature failure [74]; stresses imposed by temperature must be considered as important
as stresses inducted by traffic.

Fatigue Verification

As conducted for the flexible pavements, the concrete ones were also verified with
Miner’s law, considering the relations described below to calculate the allowable number
of repetitions before fatigue rupture in the concrete slab.

Equation (8) describes fatigue law for concrete slabs, as follows:

log
(

N f

)
= α + β

(
σ

MR

)δ

(8)

where σ is the maximum tensile strain induced by load and temperature; MR is the concrete
modulus of rupture; α, β and δ are regression coefficients that depend on the adopted
experimental curve. Equation (8) is valid for tensile stresses that are no less than 0.5 Rctf
(i.e., the flexural traction resistance) because under this tensional value fatigue does not
occur. In this study, Equation (9) [75] and Equation (3) have been adopted.

log N f = 2·
(

MR
σ

)1.22
+ 0.4371 (9)

2.3. Case Study Sensors

In this study, sensors to measure temperature, load and deflection (i.e., thermometers,
strain gauges, and pressure cells) will be installed in a runway pavement. The adopted
selection criteria focused on the following:

- Very high sampling frequencies with dynamic acquisition of measurements (i.e.,
deformations, pressures and temperatures);

- Methods of sensors’ installation depending on the pavement type and its temperature
during its service life from construction phase;

- Order of magnitude of the expected measurements;
- Reliability of collected data;
- Durability of the instruments.

2.3.1. Thermometers

To assess the influence of thermal effects on the measurements and on the examined
pavement, temperature is a very important parameter to monitor. The adopted thermome-



Sensors 2021, 21, 6797 6 of 15

ters (Figure 1) are sensors with platinum RTD (resistance thermal detector) thermistor
PT100 and are housed in a shock-resistant stainless-steel body to be embedded in asphalt
and concrete. The instruments are stainless-steel cylinders, inside which the sensor is
embedded and sealed with resins that transmit heat well. The operating temperature
ranges from −75 ◦C to +250 ◦C. Temperature string probe is available for multiple thermal
measurements in boreholes, trenches or to be embedded.
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Figure 1. Thermometer.

The temperature string probe has an output with a 50 m cable in PFA, and an ODU
connector to link it to the acquisition data system.

2.3.2. Strain Gauges

The property called “deformation” is considered to be the ratio of the change in length
to the original, not stressed length of an object. Strain gauge sensors can measure this
length change caused by an external force and convert it into an electrical signal, which
can then be analyzed. This occurs because a strain gauge sensor experiences a change in
resistance proportional to elongation or compression and it can measure the amount of
strain inside a pavement layer under dynamic loading (i.e., passing vehicles). According to
the pavement type, these sensors are composed of aluminum or inox steel, when embedded
in asphalt or concrete, respectively. The sensitive part is situated in the central bar and
contains 4 active strain gauges connected in a full-bridge configuration; each edge of the
central bar is connected to a metal strip.

For asphalt layers, they are as shown in Figure 2.
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They are suitable for heat bonding and have an IP67 degree of protection. The
maximum operating temperature is 180 ◦C.

For concrete layers, they are as shown Figure 3.
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Figure 3. Concrete strain gauges.

They are suitable for heat bonding and have an IP68 degree of protection, suited to an
alkaline environment. The maximum operating temperature is 100 ◦C.

According to Equation (10), the gauge factor (GF) refers to the variation in resistance
(∆R) caused by the deformation on the native resistance (R) of the sensor, divided by the
deformation itself (ε), as follows:

GF =

(
∆R
R

)
/ε (10)

2.3.3. Pressure Cells

Pressure cells are used to measure compressive stress in the pavement, particularly in
the unbound layers. They will be placed at the interface between the different pavement
layers. The sensors are shown in Figure 4.
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Figure 4. Pressure cells.

For asphalt pavements, pressure cells have a diameter of 127 mm and their operating
principle is diaphragm-based. The diaphragm cells consist of a rigid ring that supports
a diaphragm. The application of a load causes a deflection of the diaphragm, which is
measured by a strain gauge; the correlation between diaphragm deflection and compressive
stress depends on the adopted instrument and it is given by calibration curves adopted by
the producer. The sensors have a full scale of 6 MPa and a maximum operating temperature
of 180 ◦C. For concrete pavements, the sensors are made of two inox steel circular plates,
welded together around their perimeter. The annular space between these plates is filled
under vacuum by deaired oil. The pressure pad is connected by means of a stainless-steel
tube to the transducer, forming a closed hydraulic system. This has a diameter of 230 mm
and a full scale of 6 MPa, and a maximum operating temperature of 100 ◦C.

3. Case Study

A remote system has been designed to monitor a flexible and rigid runway of an Italian
military airport, herein not disclosed, due to reasons of confidentiality. The central part of



Sensors 2021, 21, 6797 8 of 15

the runway pavement is composed of 10-cm-thick surface course (4 cm wearing course and
6 cm binder course), 15 cm asphalt base, 30 cm cement-treated subbase, and 35-cm-thick
granular subbase (Table 1). Further, the thresholds have 29-cm-thick concrete slabs, laid on
20-cm-thick cement-treated subbase and 40-cm-thick granular subbase (Table 2).

Table 1. Mechanical performances of materials in asphalt pavements.

Material Parameter Value Unit

asphalt–wearing course stiffness modulus, 25 ◦C 3600 MPa
indirect tensile strength 1.92 MPa

asphalt–binder course stiffness modulus, 25 ◦C 3000 MPa
indirect tensile strength 1.84 MPa

asphalt–base course stiffness modulus, 25 ◦C 2000 MPa
indirect tensile strength 1.75 MPa

cement treated mix
cylindrical characteristic

compressive strength, 7 days 3–7 MPa

indirect tensile resistance, 7 days 0.45–0.85 MPa

granular mix liquid limit <25 %
plasticity index 0 %

Table 2. Mechanical performances of materials in rigid pavements.

Material Parameter Value Unit

concrete
cube characteristic compressive

strength, 28 days ≥45 MPa

modulus of rupture, 28 days ≥4.1 MPa

cement treated mix
cylindrical characteristic

compressive strength, 7 days 3–7 MPa

indirect tensile resistance, 7 days 0.45–0.85 MPa

granular mix liquid limit <25 %
plasticity index 0 %

The traffic is mainly composed of C130J-Hercules, considering the following char-
acteristics: a maximum take-off weight equal to 79.38 t, tire pressure of 0.74 MPa, and
1500 yearly movements. The subgrade CBR is equal to 6.5%.

In order to define the correct transversal and longitudinal positions of the chosen
sensors, reference is made to the design plane C130J [76], a typical vehicle for the air fleet in
the military airport. The sensors will be installed to monitor the most frequently damaged
areas of the pavement (i.e., threshold and first sections of the runway). In the examined
airport, the thresholds are paved with concrete slabs, while the runway is paved with
asphalt pavement. Eight transversal sections, spaced 50 m apart, will be instrumented;
there will be four in the rigid pavement and four in the flexible one (Figure 5).
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In each transversal section’s sensing technologies will be embedded, taking into
account the dispersion of aircraft trajectories; the most heavily loaded section, of about
16 m wide and symmetrically distributed with respect to the runway centreline, has to be
considered [77] (Figure 6).

Sensors 2021, 21, x FOR PEER REVIEW 9 of 16 
 

 

 291 

The traffic is mainly composed of C130J-Hercules, considering the following charac- 292 

teristics: a maximum take-off weight equal to 79.38 t, tire pressure of 0.74 MPa, and 1500 293 

yearly movements. The subgrade CBR is equal to 6.5%. 294 

In order to define the correct transversal and longitudinal positions of the chosen 295 

sensors, reference is made to the design plane C130J [76], a typical vehicle for the air fleet 296 

in the military airport. The sensors will be installed to monitor the most frequently dam- 297 

aged areas of the pavement (i.e., threshold and first sections of the runway). In the exam- 298 

ined airport, the thresholds are paved with concrete slabs, while the runway is paved with 299 

asphalt pavement. Eight transversal sections, spaced 50 m apart, will be instrumented; 300 

there will be four in the rigid pavement and four in the flexible one (Figure 5). 301 

 302 

Figure 5. Layout of the runway instrumented sections. 303 

In each transversal section’s sensing technologies will be embedded, taking into ac- 304 

count the dispersion of aircraft trajectories; the most heavily loaded section, of about 16 m 305 

wide and symmetrically distributed with respect to the runway centreline, has to be con- 306 

sidered [77] (Figure 6). 307 

 308 

Figure 6. Transversal layout of sensors. 309 

Figure 7a,b shows the embedded sensors in the rigid and flexible sections, respec- 310 

tively. With regard to Figure 5, sections A to D refer to the rigid pavement and sections E 311 

to H to the flexible one. 312 

INSTRUMENTED 
SECTIONS

JOINT

400.00
INSTRUMENTED PAVEMENT LENGHT 

50.00 50.00 50.00 50.00 50.00 50.00 50.0050.00100.00

THRESHOLD
RIGID PAVEMENT 

CENTRAL RUNWAY
FLEXIBLE PAVEMENT 

CENTRELINE

Amplifier

C
EN

TR
EL

IN
E

45.00
RUNWAY WIDTH

16.00
TRAFFIC DISTRIBUTION WIDTH

INSTRUMENTED 
WIDTH

INSTRUMENTED 
WIDTH

1.50 1.50

Figure 6. Transversal layout of sensors.

Figure 7a,b shows the embedded sensors in the rigid and flexible sections, respectively.
With regard to Figure 5, sections A to D refer to the rigid pavement and sections E to H to
the flexible one.
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The acquisition system allows the pavement conditions to be continuously monitored,
and, through a trigger function, it is able to record them, only during the passage of the
aircraft. In this way, the collected data will be correlated to the thermal and mechanical
loads on the runway. However, the sensors need an initial calibration, then the physical
quantity required is read directly; the engineering evaluation of the instrument is a direct
comparison between the recorded measurement and that of the threshold deriving from
a calculation model (FEM). If anomalies are detected, an attempt is made to characterize
the defect and the damage that may have occurred. To take into account the effect of
temperature and relative moisture, the inelastic component of deformation shall be purified
from the readings.
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3.1. Data Acquisition System

It is planned to use a particular data acquisition system, composed of amplifiers,
connection accessories, switches for cable connection and measurement synchronization,
and a software for data acquisition, visualization, analysis, and reporting measurement
data. The amplifiers have the purpose of transforming the different output signals, derived
from the various types of sensors used in this study, into higher-level amplified electrical
signals. The software is useful to view, analyze, and store data during the measurement.
It allows GPS data to be viewed on maps, data to be exported and stored in files in standard
formats, the comparison of data sets, computation, and the analysis of signals.

3.2. Monitoring System Management
3.2.1. Data Processing

The objective of the monitoring system is to control the conditions of the structure,
which, in this case, is the airport runway pavement, with respect to both the serviceability
and ultimate limit states; among these, the failure of the operating conditions is of great
interest for the infrastructure manager. The system is designed to keep the value of some
significant parameters under control, in particular, the following: local deformations of
the pavement under the wheel load and inelastic ones due to thermal effects; the pressure
related to the passage of the aircraft, and, finally, the temperature. The sensors have been
identified to be efficient in the cases of large variations in deformation (cracking), high
pressures, and bad environmental conditions (i.e., high temperatures of asphalt during the
pavement building phase). The measurements recorded by the system will be pretreated to
improve the quality of the data through, for example, the elimination of the effects of noise
and possible “spikes”, transformation into engineering values, validation of the data, also
exploiting correlations with other measurements, and thermal compensation.

3.2.2. Interpretative Models

The obtained data will be interpreted through numerical models and probabilistic
models. The numerical models realized with finite element software allow a correlation
between the experimental measurement and the theoretical response. The FEM must be
previously calibrated in order to accurately reproduce the real behavior of the pavement.
For this purpose, it is necessary that the measurements are processed for a period in which
the pavement can be considered intact. Once the theoretical reference model has been
defined, any differences that subsequently appear between the response of the real structure
and the model, exceeding the tolerances defined during calibration, can be interpreted as
anomalies. In cases of anomalies, an automated procedure will be defined that aims to
update the model according to the measures recorded, in order to identify and estimate
the phenomenon of degradation in situ. In addition, damage identification will also be
assessed through a Bayesian probabilistic approach, in which several indicators contribute
to define the probability that the pavement has a state of damage. The different indicators
result from the analysis of the recorded data, and from the application of a process that
provides different strategies that, together, reduce the possibility of producing false alarms,
positive or negative (i.e., to report damage that is not present, or not to report damage,
even in the case of actual damage).

3.2.3. Alert Thresholds and Management Protocol

Downstream of the initial training period, and after calibrating the finite element
model, alert thresholds will be established on the basis of the probability of exceeding limit
states, in correspondence of which countermeasures will be defined and planned. The
collected data will be managed through the Bentley Infrastructure Digital Twins (iTwin)
technology that allows the sensors’ data along the runway to be monitored, helping to
reduce the associated risk and the liability resulting from asset failures. This service permits
digital, up-to-date, virtual representations of assets to be created and managed, to view the
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project 24/7, from anywhere, in order to know how it performs. Figure 8 shows the iTwin
model for the under-study airport.
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The data processing and model updating software, within which the alert thresholds
will be managed, will be linked to a management protocol. This is defined in agreement
with the airport manager, and contains a list of operations to be carried out remotely and
in situ to verify the functionality and safety of the pavement; it also contains a list of
countermeasures to be implemented if the alert thresholds are exceeded. All the data will
be available in real time on an app, protected and dedicated to the manager, which will
contain the information material related to the monitored pavement (images, descriptions,
graphics, operating manual, and emergency management manual) and the database of
data updated at regular intervals, as shown in Figure 9. The database will be consulted in
interactive mode, and the user will be able to create customizable graphs with the response
quantities of interest and verify the surplus in the thresholds corresponding to the different
limit states previously defined. Notifications will indicate the occurrence of anomalies and
the countermeasures to be implemented.
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4. Discussion

A fully functional airport surface is an essential condition for guaranteeing adequate
safety and comfort conditions during its entire service life. Therefore, the achievement and
maintenance of some fundamental requirements regarding the structural performance of
the pavement, such as the possibility to transmit aircraft loads to the subgrade and resis-
tance to structural degradation, are of primary importance. The operator must implement
an APMS to properly manage the pavements, monitoring their performance over time.

Traditionally, discontinuous and manual monitoring systems have been adopted so
far. This paper presents an innovative remote sensing system to continuously monitor
airport pavements, without interfering with the circulation. It is composed of hardware
and software components that collect data on temperature, strain and stress at different
depths under the pavement surface. With this purpose, thermometers, pressure cells, and
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strain gauges will be embedded in the pavement layers; their characteristics depend on the
material to be monitored. The sensors will be installed in the most frequently damaged
areas of the pavement (i.e., threshold and first sections of the runway). In the examined
airport in Italy, the runway thresholds are paved with concrete slabs, while the central
runway is paved with asphalt pavement. The data recorded by the proposed system
will be processed using proper software, in order to implement an app that is able to
inform the pavement manager in real time. In this way, a system that can provide useful
information for the correct processing of an APMS can be developed. The actual pavement
conditions, and their evolution over time, will be collected in an object/relational database
that allows a decision support system related to technically and economically sustainable
management strategies.

The proposed remote monitoring system could be implemented in different airport
pavements and could be adapted to different transport infrastructures, in order to monitor
their performances over time. Particularly, the technical properties of hardware should
be deeply investigated to identify the best option for varying construction and service
conditions. Further research could investigate the durability and maintenance procedures
of sensors, according to the available technologies.

5. Conclusions

Airport pavements play a pivotal role in the management of safe and regular move-
ments; functional and structural characteristics are to be investigated, according to sched-
uled monitoring activities. In the recent years, non-destructive testing replaced traditional
and destructive testing, especially for road pavements. On the other hand, in the airport
sector, this approach is still used a little.

This paper presents a technical proposal for monitoring the thermal and mechanical
stresses of a military Italian runway pavement, whose design aircraft is C130 J-Hercules.
The runway to be instrumented is composed of thresholds paved with jointed plain concrete
slabs, while the runway is paved with asphalt pavement. Overall, eight sections—four
of them for each pavement type—will be instrumented with the following embedded
sensors: thermometers, strain gages, and pressure cells. The data coming from the different
sensors will be collected, stored, and then treated to be available in an easy-to-read and
easy-to-operate remote system. Fatigue, rutting, and thermal rupture verifications will be
calculated according to the analytical theories available in the literature. The results from
the implementation of the decay curves will populate a dedicated app, through which
the airport manager could have access to real-time pavement conditions and could be
alerted of exceeding threshold values. Particularly, the proposed methodology allows the
pavement manager to obtain decision support throughout the design, construction, and
operations, and reduce the cost and time of delivering projects and managing assets.

Author Contributions: Conceptualization, P.D.M., G.L. and L.M.; data curation, S.B., G.D.S., G.L.
and L.M.; formal analysis, S.B. and G.D.S.; investigation, P.D.M., G.L. and L.M.; methodology, P.D.M.
and E.R.; project administration, L.M.; resources, L.M.; software, G.L. and E.R.; supervision, P.D.M.
and G.L.; validation, P.D.M. and L.M.; visualization, S.B., G.D.S. and P.D.M.; writing—original draft,
S.B., G.D.S., P.D.M., G.L. and L.M.; writing—review and editing, S.B., G.D.S. and L.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by “Design of runway instrumentation to measure the in-situ
pavement response to airplane traffic” ID RM11916B74504487 Sapienza University of Rome.

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. The data are not publicly available due to confidentiality reasons.

Acknowledgments: The Authors wish to thank the Bentley Systems, an infrastructure engineer-
ing software company; in particular Eng. Matteo Banco and Eng. Emanuele Magalotti for the



Sensors 2021, 21, 6797 13 of 15

collaboration during the monitoring sensors’ data along the runway and for sharing the runway
iTwin model.

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

References
1. Cantisani, G.; Di Mascio, P.; Moretti, L. Comparative Life Cycle Assessment of Lighting Systems and Road Pavements in an

Italian Twin-Tube Road Tunnel. Sustainability 2018, 10, 4165. [CrossRef]
2. Cantisani, G.; D’Andrea, A.; Di Mascio, P.; Loprencipe, G. Reliance of pavement texture characteristics on mix-design and

compaction process. In 8th RILEM International Symposium on Testing and Characterization of Sustainable and Innovative Bituminous
Materials; Springer: Dordrecht, The Netherlands, 2016; pp. 271–281. [CrossRef]

3. Orlando, L.; Cardarelli, E.; Cercato, M.; de Donno, G.; di Giambattista, L. Pavement testing by integrated geophysical methods:
Feasibility, resolution and diagnostic potential. J. Appl. Geophys. 2017, 136, 462–473. [CrossRef]

4. Wesołowski, M.; Iwanowski, P. Evaluation of asphalt concrete airport pavement conditions based on the Airfield Pavement
Condition Index (APCI) in scope of flight safety. Aerospace 2020, 7, 78. [CrossRef]

5. Xue, W.; Wang, L.; Wang, D. A prototype integrated monitoring system for pavement and traffic based on an embedded sensing
network. IEEE Trans. Intell. Transp. Syst. 2015, 16, 1380–1390. [CrossRef]

6. Loprencipe, G.; de Almeida Filho, F.G.V.; de Oliveira, R.H.; Bruno, S. Validation of a Low-Cost Pavement Monitoring Inertial-
Based System for Urban Road Networks. Sensors 2021, 21, 3127. [CrossRef]

7. Korczak, R.; El-Hakim, M.; El Halim, A.A.; Doyle, K.; Wagner, T. A cost-effective maintenance treatment for improving airfield
pavement friction. In Proceedings of the 2014 Conference and Exhibition of the Transportation Association of Canada//Transport,
Montreal, QC, Canada, 28 September–1 October 2014; Volume 1.

8. Loprencipe, G.; Zoccali, P. Comparison of methods for evaluating airport pavement roughness. Int. J. Pavement Eng. 2019, 20,
782–791. [CrossRef]

9. FAA. Guidelines and Procedures for Measuring Airfield Pavement Roughness; AC No: 150/5380-9; US Department of Transportation:
Washington, DC, USA, 2009; pp. 1–4.

10. ICAO. ICAO 9157 Aerodrome Design Manual—Part 3—Pavements; ICAO: Montreal, QC, Canada, 1983.
11. Leonelli, F.; di Mascio, P.; Germinario, A.; Picarella, F.; Moretti, L.; Cassata, M.; de Rubeis, A. Laboratory and on-site tests for

rapid runway repair. Appl. Sci. 2017, 7, 1192. [CrossRef]
12. Gendreau, M.; Soriano, P. Airport Pavement Management Systems: An Appraisal of Existing Methodologies. Transp. Res. Part A

1998, 32, 197–214. [CrossRef]
13. Direzione, E.; Infrastrutture, C.; Aereo, S. Linee Guida Airport Pavement Management System; Ente Nazionale per l’Aviazione Civile:

Rome, Italy, 2015; pp. 1–54.
14. Di Mascio, P.; Moretti, L. Implementation of a pavement management system for maintenance and rehabilitation of airport

surfaces. Case Stud. Constr. Mater. 2019, 11, e00251. [CrossRef]
15. Di Mascio, P.; Cosciotti, M.; Fusco, R.; Moretti, L. Runway veer-off risk analysis: An international airport case study. Sustainability

2020, 12, 9360. [CrossRef]
16. Moretti, L.; Cantisani, G.; Caro, S. Airport veer-off risk assessment: An italian case study. ARPN J. Eng. Appl. Sci. 2017, 12,

900–912.
17. Moretti, L.; Cantisani, G.; Di Mascio, P.; Nichele, S.; Caro, S. A runway veer-off risk assessment based on frequency model: Part I.

probability analysis. In Transport Infrastructure and Systems; CRC Press: Boca Raton, FL, USA, 2017; pp. 512–522. [CrossRef]
18. Moretti, L.; Cantisani, G.; Di Mascio, P.; Nichele, S.; Caro, S. A runway veer-off risk assessment based on frequency model: Part II.

risk analysis. In Transport Infrastructure and Systems; CRC Press: Boca Raton, FL, USA; pp. 523–528. [CrossRef]
19. Ismail, N.; Ismail, A.; Atiq, R.; Rahmat, O.K. Development of Expert System for Airport Pavement Maintenance and Rehabilitation.

Sci. Res. 2009, 35, 121–129.
20. Di Mascio, P.; Antonini, A.; Narciso, P.; Greto, A.; Cipriani, M.; Moretti, L. Proposal and Implementation of a Heliport Pavement

Management System: Technical and Economic Comparison of Maintenance Strategies. Sustainability 2021, 13, 9201. [CrossRef]
21. Freeman, T.J.; Borowiec, J.D.; Wilson, B.; Arabali, P.; Sakhaeifar, M. Draft Final Guidebook; Texas A&M Transportation Institute:

College Station, Mexico, 2016.
22. Ragnoli, A.; de Blasiis, M.R.; di Benedetto, A. Pavement distress detection methods: A review. Infrastructures 2018, 3, 58.

[CrossRef]
23. Ayers, M.; Cackler, T.; Fick, G.; Harrington, D.; Schwartz, D.; Smith, K.; Snyder, M.B.; van dam, T.; Iowa State University; Federal

Highway Administration. Guide for Concrete Pavement Distress Assessments and Solutions: Identification, Causes, Prevention, and
Repair; The National Academies of Sciences, Engineering, and Medicine: Washington, DC, USA, 2018.

24. Donato, A. La Valutazione delle Pavimentazioni Flessibili. Modelli di Backcalculation e Algoritmi Genetici; Il Gabbiano di Maria Froncillo
Nicosia: Messina, Italy, 2013; ISBN 9788896293232.

25. Gadiya, A.; Bhor, S.; Parchure, P.; Bafna, S. Evaluation of Rigid Pavements By Deflection Approach. Int. J. Res. Eng. Technol. 2015,
4, 551–556. [CrossRef]

http://doi.org/10.3390/su10114165
http://doi.org/10.1007/978-94-017-7342-3_22
http://doi.org/10.1016/j.jappgeo.2016.11.024
http://doi.org/10.3390/aerospace7060078
http://doi.org/10.1109/TITS.2014.2364253
http://doi.org/10.3390/s21093127
http://doi.org/10.1080/10298436.2017.1345554
http://doi.org/10.3390/app7111192
http://doi.org/10.1016/S0965-8564(97)00008-6
http://doi.org/10.1016/j.cscm.2019.e00251
http://doi.org/10.3390/su12229360
http://doi.org/10.1201/9781315281896-67
http://doi.org/10.1201/9781315281896-68
http://doi.org/10.3390/su13169201
http://doi.org/10.3390/infrastructures3040058
http://doi.org/10.15623/ijret.2015.0406096


Sensors 2021, 21, 6797 14 of 15

26. White, G. Use of falling weight deflectometer for airport pavements. In Proceedings of the 5th GeoChina International Conference
2018—Civil Infrastructures Confronting Severe Weathers and Climate Changes: From Failure to Sustainability, Hangzhou, China,
23–25 July 2018. [CrossRef]

27. Zhou, L.; Wu, Q.; Ling, J. Comparison of FWD and Benkelman Beam in Evaluation of Pavement Structure Capacity. Paving Mater.
Pavement Anal. 2010, 3, 405–411. [CrossRef]

28. Park, D.; Buch, N.; Chatti, K. Effective layer temperature prediction model and temperature correction via falling weight
deflectometer deflections. Transp. Res. Rec. J. Transp. Res. Board 2001, 1764, 97–111. [CrossRef]

29. Sharma, S.; Das, A. Backcalculation of pavement layer moduli from falling weight deflectometer data using an artificial neural
network. Can. J. Civ. Eng. 2008, 35, 57–66. [CrossRef]

30. Hadidi, R.; Gucunski, N. Comparative study of static and dynamic falling weight deflectometer back-calculations using
probabilistic approach. J. Transp. Eng. 2010, 136, 196–204. [CrossRef]

31. Santamarina, J.C.; Fratta, D. Discrete Signals and Inverse Problems; John Wiley & Sons: Hoboken, NJ, USA, 2006; ISBN 9780470021873.
32. Barman, M.; Pandey, B.B. Backcalculation of Layet Moduli of Concrete pavement by Falling Weight Deflectometer; Indian Highways:

New Delhi, India, 2009.
33. Xue, W.; Wang, D.; Wang, L. A review and perspective about pavement monitoring. Int. J. Pavement Res. Technol. 2012, 5, 295–302.
34. Bahrani, N.; Blanc, J.; Hornych, P.; Menant, F. Alternate method of pavement assessment using geophones and accelerometers for

measuring the pavement response. Infrastructures 2020, 5, 25. [CrossRef]
35. Bahrani, N.; Blanc, J.; Hornych, P.; Menant, F. Evaluation of the use of geophones and accelerometers for monitoring pavement

deflections, using accelerated pavement tests. In Lecture Notes in Civil Engineering; Springer: Berlin/Heidelberg, Germany, 2020;
Volume 96, pp. 526–535.

36. Xue, W.; Wang, L.; Wang, D.; Druta, C. Pavement Health Monitoring System Based on an Embedded Sensing Network. J. Mater.
Civ. Eng. 2014, 26, 04014072. [CrossRef]

37. Cafiso, S.; di Graziano, A.; Fedele, R.; Marchetta, V.; Praticò, F. Sensor-based pavement diagnostic using acoustic signature for
moduli estimation. Int. J. Pavement Res. Technol. 2020, 13, 573–580. [CrossRef]

38. Fedele, R.; Pratico, F.G.; Carotenuto, R.; della Corte, F.G. Instrumented infrastructures for damage detection and management.
In Proceedings of the 5th IEEE International Conference on Models and Technologies for Intelligent Transportation Systems,
MT-ITS 2017, Napoli, Italy, 26–28 June 2017; pp. 526–531. [CrossRef]

39. Wang, H.; Xiang, P.; Jiang, L. Optical Fiber Sensor Based In-Field Structural Performance Monitoring of Multilayered Asphalt
Pavement. J. Light. Technol. 2018, 36, 3624–3632. [CrossRef]

40. Zhou, Z.; He, J.; Ou, J.; Xiao, H. A Novel Self-healing Optical Fiber Network. Appl. Mech. Mater. 2013, 330, 553–560. [CrossRef]
41. Murayama, H.; Kageyama, K.; Uzawa, K. Strain monitoring of a single-lap joint with embedded fiber-optic distributed sensors.

Struct. Health Monit. 2011, 11, 325–344. [CrossRef]
42. Oubahdou, Y.; Reynaud, P.; Petit, C.; Millien, A.; Dopeux, J.; Metrope, M.; Picoux, B.; Gerbaud, C.; Tautou, R. Full scale testing

with the mobile load simulator: Advanced measurements related to pavement behavior and surface layer damage. In Lecture
Notes in Civil Engineering; Springer: Berlin/Heidelberg, Germany, 2020; Volume 96, pp. 467–475.

43. Yang, S.; Ceylan, H.; Gopalakrishnan, K.; Kim, S. Smart airport pavement instrumentation and health monitoring. In Proceedings
of the 2014 FAA Worldwide Airport Technology Transfer Conference, Galloway, NJ, USA, 5–7 August 2014.

44. Abdelmonem, A.H.; Shaw, R.K. Availability and performance self-healing communications networks and their impact on IBM
SNA session performance, availability and reliability. In Proceedings of the 2nd Workshop on Future Trends of Distributed
Computing Systems, Cairo, Egypt, 30 September–2 October 1990.

45. Manosalvas-Paredes, M.; Roberts, R.; Barriera, M.; Mantalovas, K. Towards more sustainable pavement management practices
using embedded sensor technologies. Infrastructures 2020, 5, 4. [CrossRef]

46. Bahrani, N.; Blanc, J.; Hornych, P.; Menant, F. Pavement instrumentation for condition assessment using efficient sensing solutions.
In International Conference on Smart Infrastructure and Construction 2019, ICSIC 2019: Driving Data-Informed Decision-Making; ICE
Publishing: London, UK, 2019; pp. 471–480.

47. Babashamsi, P.; Md Yusoff, N.I.; Ceylan, H.; Md Nor, N.G.; Jenatabadi, H.S.; Bahrani, N.; Blanc, J.; Hornych, P.; Menant, F.;
Barman, M.; et al. Health monitoring of pavement systems using smart sensing technologies. Int. J. Pavement Eng. 2018, 19, 1–8.
[CrossRef]

48. Xiao, J.; Zou, X.; Xu, W. ePave: A self-powered wireless sensor for smart and autonomous pavement. Sensors 2017, 17, 2207.
[CrossRef]

49. Lee, X.; Hovan, M.; King, R.; Dong, M.; Hayhoe, G.F. Runway instrumentation at Denver international airport development of
database. In Proceedings of the Aircraft/Pavement Technology in the Midst of Change, Seattle, WA, USA, 17–20 August 1997;
pp. 348–362.

50. Hernandez, J.A.; Al-Qadi, I.; de Beer, M. Impact of tire loading and tire pressure on measured 3d contact stresses. In Proceedings
of the 2013 Airfield & Highway Pavement Conference, Los Angeles, CA, USA, 9–12 June 2013; pp. 551–560. [CrossRef]

51. Al-Qadi, I.L.; Portas, S.; Coni, M.; Lahouar, S. Runway instrumentation and response measurements. Transp. Res. Rec. 2010, 2153,
162–169. [CrossRef]

52. Wang, H.; Al-Qadi, I.L.; Portas, S.; Coni, M. Three-dimensional finite element modeling of instrumented airport runway pavement
responses. Transp. Res. Rec. 2013, 2367, 76–83. [CrossRef]

http://doi.org/10.1007/978-3-319-95768-5
http://doi.org/10.1061/41104(377)51
http://doi.org/10.3141/1764-11
http://doi.org/10.1139/L07-083
http://doi.org/10.1061/(ASCE)0733-947X(2010)136:3(196)
http://doi.org/10.3390/infrastructures5030025
http://doi.org/10.1061/(ASCE)MT.1943-5533.0000976
http://doi.org/10.1007/s42947-020-6007-4
http://doi.org/10.1109/MTITS.2017.8005729
http://doi.org/10.1109/JLT.2018.2838122
http://doi.org/10.4028/www.scientific.net/AMM.330.553
http://doi.org/10.1177/1475921711419994
http://doi.org/10.3390/infrastructures5010004
http://doi.org/10.1080/10298436.2016.1149838
http://doi.org/10.3390/s17102207
http://doi.org/10.1061/9780784413005.044
http://doi.org/10.3141/2153-18
http://doi.org/10.3141/2367-08


Sensors 2021, 21, 6797 15 of 15

53. Hernandez, J.A.; Gamez, A.; Al-Qadi, I. Domain analysis for airfield pavement: Moving forward from point responses.
In Proceedings of the 10th International Conference on the Bearing Capacity of Roads, Railways and Airfields, Athens, Greece,
28–30 June 2017; pp. 1693–1700.

54. Ferretti, E. Satisfying boundary conditions in homogeneous, linear-elastic and isotropic half-spaces subjected to loads perpendic-
ular to the surface: Distributed loads on adjacent contact areas. Curved Layer. Struct. 2019, 6, 11–29. [CrossRef]

55. Burmister, D.M. The general theory of stresses and displacements in layered systems. I. J. Appl. Phys. 1945, 16, 89–94. [CrossRef]
56. Meng, S.; Jiao, J. The comparison of two airport rigid pavement load stresses. Adv. Mater. Res. 2013, 645, 487–491. [CrossRef]
57. Bonin, G.; Cantisani, G.; Loprencipe, G.; Ranzo, A. Dynamic effects in concrete airport pavement joints. Ind. Ital. Cem. 2007, 77,

590–607.
58. Tautou, R.; Picoux, B.; Petit, C. Temperature Influence in a Dynamic Viscoelastic Modeling of a Pavement Structure. J. Transp. Eng.

Part B Pavements 2017, 143, 04017012. [CrossRef]
59. U.S. Department of Transportation Federal Aviation Administration. Airport Pavement Design and Evaluation Advisory Circular;

Area; U.S. Department of Transportation Federal Aviation Administration: Washingotn, DC, USA, 2016; pp. 1–4.
60. Li, S.; Tang, L.; Yao, K. Comparison of Two Typical Professional Programs for Mechanical Analysis of Interlayer Bonding of

Asphalt Pavement Structure. Adv. Mater. Sci. Eng. 2020, 2020, 5850670. [CrossRef] [PubMed]
61. Zulkifili, N.H.; Sutanto, M.H. The Influence of Bonding between Layers on Pavement Performance, a Case Study of Malaysian

Road. E3S Web Conf. 2018, 65, 4–11. [CrossRef]
62. Jayarathna, K.A.R.N.; Premarathne, R.P.P.K.; Mampearachchi, W.K. Validation of mechanistic-empirical pavement design

approach for flexible pavement design. In Proceedings of the 6th International Moratuwa Engineering Research Conference,
Moratuwa, Sri Lanka, 27–30 July 2020; pp. 395–400. [CrossRef]

63. Sri Atmaja, P.; Rosyidia, A.H.; Taibb, N.A.M.; Jamaludinc, A.A.; Zubair, A.; Memond, N.I.M.; Yusoffb, M.R.H. Determination of
deflection basin using pavement modelling computer programs and finite element method. J. Teknol. 2020, 82, 8.

64. Jafaraghaei, U. 2D and 3D pavement analysis using the ABAQUS program and comparing the results with the KENLAYER
and MICHPAVE programs. In Proceedings of the International Conference on Recent Progresses in Civil Engineering, Shomal
University, Amol, Iran, 15–16 November 2017.

65. Alkaissi, Z.A. Effect of high temperature and traffic loading on rutting performance of flexible pavement. J. King Saud Univ. Eng.
Sci. 2020, 32, 1–4. [CrossRef]

66. Elnashar, G.; Bhat, R.B.; Sedaghati, R. Modeling pavement damage and predicting fatigue cracking of flexible pavements based on
a combination of deterministic method with stochastic approach using Miner’s hypothesis. SN Appl. Sci. 2019, 1, 229. [CrossRef]

67. NCHRP. Guide for Mechanistic-Empirical Design of New and Rehabilitated Pavement Structures, Appendix ll-1: Calibration of Fatigue
Cracking Models for Flexible Pavements; Transportation Research Board, National Research Council: Washington, DC, USA, 2004;
pp. 1–311.

68. Ling, X.; Li, P.; Zhang, F.; Zhao, Y.; Li, Y.; An, L. Permanent Deformation Characteristics of Coarse Grained Subgrade Soils under
Train-Induced Repeated Load. Adv. Mater. Sci. Eng. 2017, 2017, 1–15. [CrossRef]

69. Yang, H.H. Pavement Analysis and Design; Pearson Education: London, UK, 2004; p. 775.
70. Witczak, M.W.; El-Basyouny, M.M. 2002 Design Guide: Design of New and Rehabilitated Pavement Structures. Appendix A: Calibration

of Permamnent Deformation Models For Flexible Pavements; NCHRP: Washingotn, DC, USA, 2004; pp. 2–92.
71. Heukelom, W. Observations on the rheology and fracture of bitumens and asphalt mixes. Assoc. Asph. Paving Technol. Proc. 1966,

35, 358–399.
72. Di Mascio, P. Concrete pavements and interlocking concrete paving blocks for low-volume roads. Ind. Ital. Cem. 2002, 2, 968–991.
73. Westergaard, H.M. Analysis of stresses in concrete pavements due to variations of temperature. Highw. Res. Board Proc. 1927, 6,

201–215.
74. Darter, M.I. Design of a Zero-Maintenance Plain Jointed Concrete Pavement, Volume One-Development of Design Procedures; The National

Academies of Sciences, Engineering, and Medicine: Washingotn, DC, USA, 1977.
75. Ker, H.W.; Lee, Y.H.; Lin, C.H. Prediction models for transverse cracking of jointed concrete pavements: Development with

long-term pavement performance database. Transp. Res. Rec. 2008, 20, 20–31. [CrossRef]
76. Lockheed, M. C-130J Super Hercules: Whatever the Situation, We’ll Be There 32; Aeronautics Company: Marietta, GA, USA, 2013.
77. HoSang, V. Field Survey and Analysis of Aircraft Distribution on Airport Pavements. Transp. Res. Board Spec. Rep. 1978, 175,

84–87.

http://doi.org/10.1515/cls-2019-0002
http://doi.org/10.1063/1.1707558
http://doi.org/10.4028/www.scientific.net/AMR.645.487
http://doi.org/10.1061/JPEODX.0000013
http://doi.org/10.1155/2020/5850627
http://www.ncbi.nlm.nih.gov/pubmed/32488265
http://doi.org/10.1051/e3sconf/20186509002
http://doi.org/10.1109/MERCon50084.2020.9185356
http://doi.org/10.1016/j.jksues.2018.04.005
http://doi.org/10.1007/s42452-019-0238-5
http://doi.org/10.1155/2017/6241479
http://doi.org/10.3141/2068-03

	Introduction 
	Materials and Methods 
	Asphalt Pavement Verifications 
	Fatigue Verification 
	Rutting Verification 
	Thermal Rupture Verification 

	Concrete Pavement Verifications 
	Case Study Sensors 
	Thermometers 
	Strain Gauges 
	Pressure Cells 


	Case Study 
	Data Acquisition System 
	Monitoring System Management 
	Data Processing 
	Interpretative Models 
	Alert Thresholds and Management Protocol 


	Discussion 
	Conclusions 
	References

