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Abstract: The implementation of the digitalization of the linear infrastructure is growing rapidly
and new methods for developing BIM-oriented digital models are increasing. The integration of
the results obtained from non-destructive surveys carried out along a road infrastructure in a pavement digital model can be a useful method for developing an efficient process from a pavement
management systems (PMS) point of view. In fact, several applications to optimize PMS have been
thoroughly investigated over the years and several researchers and scientists have investigated
significant elements for improving the PMS applied to a transport network, including road infrastructures. This study presents a new, tentative process for implementing into a BIM environment
the dataset processed from two surveys carried out in a case study. Moreover, the main reason for
this investigation is related to the need for an effective system able to evaluate continuously the
pavement conditions and programming maintenance interventions. To date, both the instruments
and the methods to detect the pavement configuration have evolved, along with the development of
non-destructive technology (NDT) tools such as laser-scanners and ground-penetrating radar. Finally,
the main results of the research demonstrate the possibility to provide a digital twin model from the
synergistic use of geometric and design information with the results from monitoring conducted on a
road infrastructure. The model can be potentially used in future BIM-based PMS applications.
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1. Introduction, Main Objectives and Literature Review

with regard to jurisdictional claims in

As vehicular traffic over linear transport infrastructures is increasingly growing and
is nowadays the structural integrity of their components is more demanding than ever, it
seems imperative that road pavements receive constant and efficient management in order
to maintain the required functional and safety standards for road users. Knowledge of the
condition of the pavements is necessary for effectively planning the eventual maintenance
activities, thereby allowing for the optimization of the available resources. In this regard,
the spread of non-destructive technology (NDT) tools such as the mobile laser scanner
(MLS) and ground-penetrating radar (GPR) nowadays permits more thorough and efficient
surveys, without the need for compromising the integrity of the pavement structure.
In fact, several studies have demonstrated the effectiveness of both GPR and MLS as
applied to the monitoring of bridges and roadways. Indeed, various successful applications
were reported in the evaluation of the quality of the pavement of roadway infrastructure [1–3]
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and in the effective representation of the geometry of even a single structural element with
millimeter precision [4,5], respectively.
Once the needed data are acquired through NDT surveys, it is then possible to define
and evaluate an optimized management program. Indeed, the information on the pavement
that are extracted from the surveys represent a key point for planning and executing future
maintenance and rehabilitation interventions.
Within this context, building information modeling (BIM) stands as a very useful
methodology for increasing the efficiency of the management of the dataset provided
by the NDT surveys on the pavement asset. As confirmation, the use of BIM in civil
engineering is strongly supported by national and international experiences that aim at
improving and optimizing the processes defining a civil work life cycle, which span from
its design to the management phase [6–11].
In Italy, following the European Directive [12] that encourages and specifies the use
of BIM for publicly funded construction and building projects in the European Union
by 2016, BIM-based procedures have been progressively integrated by decrees of the
Ministry of Infrastructure and Transport. The first one regarding these topics was published
in 2017 [13] and, with its updates in 2021 [14], aims at a more efficient design of new
civil works. Moreover, in response to the tragic events concerning the collapse of the
“Morandi bridge” in the city of Genoa, new measures for both the safety of the national
transport infrastructure network and the risk classification and management of bridges
and viaducts were implemented [15,16]. These regulations state the BIM-based procedures
to be considered for the management of pre-existing civil works, while still even though at
the experimental level. Within this framework, the use of NDT techniques for assessing the
current conditions of the inspected asset plays a crucial role.
In the literature context, only few studies have tackled the topic of the actual possibility
to use and integrate data from NDT surveys for the BIM-based management of maintenance
activities on pavements in road networks [6,17–21].
At the same time, over the years, pavement management systems (PMS) have been
thoroughly updated and improved to ensure the endurance of the correct state of road
pavements. This becomes a crucial topic for transport infrastructure, in airports for example,
where pavements play a strategic role not only for maintenance purposes, but for the overall
management of the asset. A review of the existing literature regarding the assessment
systems and models for pavement conditions was sought by de Moura et al. in 2020 [22].
As a PMS generally consists of a set of procedures and tools designed to assist decisionmakers in identifying the most appropriate strategies for monitoring and maintaining pavements in a proper condition, this study aims to define a possible procedure to implement
BIM methodology for the possible future definition of a BIM-based PMS, in order to ensure
that the data collected during the inspections can be stored in dedicated designed digital
models of the pavement. In fact, these models may represent a starting point for analyzing
the condition of the road in a more thorough and efficient way, as they can then be progressively updated at each new survey, thereby permitting pavement distress to be detected
and to control their evolution over time, while being aware of the effect of any delay in
maintenance activities. Moreover, the study hereby presented describes the process to
build a digital model of a road pavement, that can store data provided by different surveys
carried out on site. This is only a possible starting point for a future BIM-based pavement
management system, as a PMS not only provides information regarding the road, but
also includes pavement condition assessment, condition prediction, and best maintenance
determination. Therefore, there is the will to analyze in the continuation of the study the
different procedures in which the digital model hereby described could be used to face
these other aspects of a PMS.
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framework
of the overall experimental campaign (Reference System: WGS84
UTM33N—Basemap: Google Satellite).
UTM33N—Basemap: Google Satellite).

Concerning the present study, out of the total experimental database collected, only the
GPR and the MLS datasets acquired on the 4.5 km-long A3 motorway stretch are considered
(green line in Figure 2). Specifically, the motorway is composed of two carriageways
composed of two lanes each. On average, the carriageways are composed of 3 m-wide
lanes, with 0.50 m-wide shoulders on each side.
As in the example reported in Figure 3, the two carriageways follow a different
alignment due to the complex orography of the area. Accordingly, a concrete retaining with
a variable height that reaches up to 7 m works as a divider between the carriageways.
Parallel to this, the challenging morphology of the terrain have caused the presence of
several engineering structures along the inspected stretch. In particular, along the surveyed
length of the motorway, a total amount of seven Maillart-like bridges, one natural tunnel
and two artificial tunnels are located.
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Figure 3. Example of the A3 motorway configuration along the inspected stretch (Source: Google).
Figure 3. Example of the A3 motorway configuration along the inspected stretch (Source: Google).

2.2.2.Laser
LaserScanner
ScannerSurvey
Survey
2.2.2.
Themobile
mobilelaser
laserscanner
scanner(MLS)
(MLS)data
datawere
wereacquired
acquiredby
bya amobile
mobilelaser
laserscanner
scanner(Road(RoadThe
SIT
developed
byby
Siteco
Informatica
s.r.l.),
mounted
on the
roofroof
of aof
vehicle
driving
SITSurvey,
Survey,
developed
Siteco
Informatica
s.r.l.),
mounted
on the
a vehicle
drivoning
theon
A3the
motorway.
The
measuring
head
is
equipped
with
two
laser
scanners
Faro
CAM2
A3 motorway. The measuring head is equipped with two laser scanners Faro
Focus,
configured
on the left
andleft
right
to the to
rear
theof
CAM2symmetrically
Focus, symmetrically
configured
on the
andsides,
right pointing
sides, pointing
theofrear
vehicle
with an
inclination
angleangle
of approximately
45◦ . This
configuration
is called
the ‘X’
the vehicle
with
an inclination
of approximately
45°. This
configuration
is called
the
pattern.
The laser’s
acquisition
frequency
is 976iskHz,
with with
a mirror
speedspeed
of 96 of
Hz.
‘X’ pattern.
The laser’s
acquisition
frequency
976 kHz,
a mirror
96 Hz.
The
different average
averagevelocities
velocities(20,
(20,50,
50,70,
70,90
Thevehicle
vehicletravelled
travelledaanumber
number of
of times at different
90km/h),
km/h),with
witha aconstant
constantacquisition
acquisitionfrequency
frequency (976 kHz).
The
output
data
are
point
clouds
kHz). The output data are point clouds
(Figure
georeferenced
inin
the
Italian
cartographic
system
(UTM33/RDN2008).
(Figure4a)
4a)directly
directly
georeferenced
the
Italian
cartographic
system
(UTM33/RDN2008).
◦ , and a distance range of 80 m.
The
resulting
scan
lines
have
an
angular
range
of
320
The resulting scan lines have an angular range of 320°, and a distance range of 80 m.
The
Thedistance
distancebetween
betweenthe
thescanning
scanninglines
linesisisapproximately
approximately3.5
3.5cm
cmand
and1111cm,
cm,respectively
respectively
for
fordriving
drivingspeeds
speedsofof2020and
and9090km/h.
km/h.
Figure
4b4b
shows
forfor
each
velocity
anan
excerpt
of of
thethe
density
map
represented
through
a
Figure
shows
each
velocity
excerpt
density
map
represented
through
chromatic
scale
that
shows
how
the
density
longitudinally
to
the
path
is
almost
constant
a chromatic scale that shows how the density longitudinally to the path is almost constant
while
(from 18,000
18,000 points
pointsper
permm2 2toto4000
4000
when
whileititranges
rangesgreatly
greatlywith
with the
the velocity
velocity (from
when
thethe
vevelocity
increases
from
20
to
90
km/h).
locity increases from 20 to 90 km/h).
Follow-up analyses were made on the less dense cloud (about 4000 points per m2 ),
the one acquired in only one travel direction, at a driving speed of 90 km/h. Anyway, the
density of this point cloud allows for accurate modeling of the infrastructure.
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Figure 6. The scheme of acquisition adopted for GPR surveys.

Lastly, each GPR scan was run in parallel to a GPS record, which allowed
georeferencing the GPR traces in the Italian cartographic system (UTM33/RDN2008).
Infrastructures 2022, 7, 10

3. Results on the Creation of the Digital Model

8 of 14

Using the non-destructive surveys previously described, a digital model of the road
superstructure was created. In this first preliminary application, the modeling process
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Figure 7. Proposed workflow for the integration of non-destructive survey data in a building
information modeling (BIM) model.

3.1. Mobile Laser Scanner (MLS) Data Inputs
The first step in the process was to operate on the point cloud obtained from the mobile
laser scanner so that it would be more manageable in the subsequent phases. From the same
point cloud, through the use of the Autodesk Infraworks software ® [23] georeferenced
polylines representing the road markings on the roadway were extracted. To achieve said
result a specific feature of the software was used, as it can recognize different intensity
areas within the point cloud, which differs depending on the types of surface that are
detected during the laser scanner survey. Once these areas are identified, linear objects are
automatically drawn along them, resulting in the previously mentioned three-dimensional
polylines. At this point, the feature polylines of the carriageway’s axis and the margins of
the lanes have been extracted. Another important use of the point cloud is to generate a
three-dimensional surface that represents the surface characteristics of the pavement. The
need to integrate further data to define a three-dimensional modeling arises, to characterize
the thicknesses and configuration of the deep layers of the pavement.
3.2. GPR Data Inputs
In order to reliably extract from the GPR dataset useful information concerning the
pavement structure, the data have been processed according to the most advised procedures in the literature [24,25]. In particular, key information on the development of the
presented approach is the layering configuration of the pavement. Repeated resurfacing
interventions, low dielectric contrast between layers (e.g., base to subbase) and wrong
survey configuration (e.g., central frequency of application) are factors that may inhibit a
clear recognition of the layers. To avoid any potential misinterpretation of the data and,
accordingly, a wrong reconstruction of the pavement configuration, more information
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of the road network, a total of three cores for each carriageway have been extracted from
the pavement for both verifying the interpretation of the data and calibrating the speed of
propagation of the EM waves used for calculating the depth of the layers.
In fact, starting from the receiving time of the reflections in the processed data, the
depth of the layers’ interface was obtained by comparing the GPR signal collected in
cor9 of 14
respondence to the position of pavement corings. As a result, for each GPR scan, it was
possible to recognize the configuration of the pavement layers, as shown in the example
in Figure 8a.
on both
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the GPRmaintenance
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GPS acquisitions, a series of points characterized by two coordinates x and y correspondIn the present study, in addition to the design charts provided by the administrator
ing to their latitude and longitude and a z referring to the depth of the layers interface
of the road network, a total of three cores for each carriageway have been extracted from
have been obtained. By connecting those points, for each GPR trace, a pair of three-dimenthe pavement for both verifying the interpretation of the data and calibrating the speed of
sional polylines were produced, referring to the two layers of the pavement currently
propagation of the EM waves used for calculating the depth of the layers.
modeled (see Figure 8b). In particular, it was always possible to analyze the interface beIn fact, starting from the receiving time of the reflections in the processed data, the
tween the hot-mixed asphalt (HMA) and the base course (red line in Figure 8b) and the
depth of the layers’ interface was obtained by comparing the GPR signal collected in
one between the subbase and the subgrade (green line in Figure 8b). In fact, due to the
correspondence to the position of pavement corings. As a result, for each GPR scan, it was
low dielectric contrast between base and subbase, it was not possible to reconstruct the
possible to recognize the configuration of the pavement layers, as shown in the example in
interface between these layers for the whole length of the inspected stretch.
Figure 8a.
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As a further
step, by managing
3.3. Creation
of Parametric
Elements the GPR database that was georeferenced by parallel
GPS acquisitions,
a
series
of
characterized
by two
coordinates
x and
y corresponding
The starting point for points
the digitization
process
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creation of
parametric
elements
to
their
latitude
and
longitude
and
a
z
referring
to
the
depth
of
the
layers
interface have
able to integrate the data assigned to them, in order to generate a three-dimensional
been obtained. By connecting those points, for each GPR trace, a pair of three-dimensional
polylines were produced, referring to the two layers of the pavement currently modeled
(see Figure 8b). In particular, it was always possible to analyze the interface between the
hot-mixed asphalt (HMA) and the base course (red line in Figure 8b) and the one between
the subbase and the subgrade (green line in Figure 8b). In fact, due to the low dielectric
contrast between base and subbase, it was not possible to reconstruct the interface between
these layers for the whole length of the inspected stretch.
3.3. Creation of Parametric Elements
The starting point for the digitization process is the creation of parametric elements
able to integrate the data assigned to them, in order to generate a three-dimensional
model. In the case study, a parametric road cross-section was created, able to integrate the
information extracted from the laser scanner and GPR surveys.
The polylines extracted from the point cloud work as targets for the cross-section’s
axis and its edges in the direction of travel, so it can adapt its dimensions to the width of
the analyzed highway, modeling the area of the pavement that is generally carriageable.
A further parameter required for the functioning of the parametric section is the
three-dimensional surface generated by the point cloud obtained from the laser survey.
Making use of a certain number of segments for each lane, this surface can be reproduced
with an adequate level of approximation within the model (purple lines in Figure 9). The
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interpolation of the points determined from the GPR data is used to define the configuration
of the pavement in the most external parts of the carriageway. By conducting a GPR survey
using a hand-towed ground-coupled radar this kind of approximation could be avoided,
since that instrument allows information to be collected in correspondence of the edges of
the road, being not fixed to the survey vehicle.
The parametric cross-section hereby described is then able to adapt both its width and
thickness to the information provided by the non-destructive surveys, so that once it is
extruded along a specified alignment it generates a model of the analyzed road.
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the depth of the road pavement to be determined faithfully along the entire roadway. This
would require the creation of a new parametric section, able to describe the superstructure
more accurately.
Other integrations could concern the modeling of the elements of road furniture
located around the roadway and already present within the mobile laser survey. Digitizing
these elements would increase the level of detail of the BIM model, allowing an integrated
management of the various features of the infrastructure, employing the concept of digital
twins, that could be used for the maintenance workflow.
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