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Introduction

The accumulation of damage in aging infrastructure is a 
widespread problem globally [1]. Processes such as cor-
rosion, erosion, and traffic overload significantly affect a 
structure’s behavior, creating hazardous situations for users 
and undesirable social and economic consequences. This 
challenge poses a major obstacle for guaranteeing develop-
ment and economic growth in economies worldwide, given 
the pivotal role that a reliable infrastructure network plays 
for economic competitiveness [2, 3]. The direct correla-
tion between well-maintained infrastructure and economic 
development has been demonstrated through various mod-
els, both in the European context [4] and the North Ameri-
can context [5].

Given this fundamental relationship, the importance of 
effective infrastructure monitoring and maintenance activi-
ties becomes increasingly evident. Quick identification and 
assessment of infrastructure damage are key aspects for an 
informed maintenance decision-making process. In this con-
text, the field of Structural Health Monitoring (SHM) has 
emerged to enhance monitoring and retrofitting procedures 
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Abstract
Risk assessment of long-existing infrastructure has become one of the main challenges in civil engineering. Major efforts 
have been made in recent years to develop new techniques for rapid damage identification and ensure proper management 
of these structures. This paper presents a data management approach utilizing BIM methodology to create a digital data-
base for bridge monitoring procedures. Initially, two BIM methodologies for creating a damage database are introduced, 
focusing on beams from a dismantled urban viaduct. Subsequently, the most suitable methodology is applied to an existing 
bridge in Turin, Italy. Through the chosen methodology a damage identification and classification process based on a tri-
angular mesh is performed, assisted by a convolutional neural network (CNN) for automatic damage detection. Addition-
ally, the paper outlines a digitalization process within a BIM environment, integrating official guidelines for bridge risk 
evaluation, classification, and monitoring in Italy. By employing programming tools, all data required by the guidelines 
is efficiently incorporated into the database. The outcomes demonstrate the effectiveness of remote sensing applications 
for bridge inspection and the possibility of merging BIM methodology into the inspection process to enhance the damage 
assessment of existing structures.
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for existing infrastructure. This field is highly multidis-
ciplinary, encompassing a range of strategies, including 
sensor development, material studies, and data processing 
algorithms for damage detection [6].

In Italy, to standardize bridge surveillance processes 
across the national network, the Italian government issued 
official guidelines in 2020 for bridge risk evaluation, clas-
sification, and monitoring [7]. These guidelines were 
developed in response to the lack of standardized national 
regulations and growing concerns about infrastructure mon-
itoring practices. This concern was amplified by the signifi-
cant number of bridges exceeding their service life and a 
series of tragic incidents that heightened public awareness 
of the issue [8].

The guidelines introduce a multilevel approach for risk 
classification of existing bridges and a decision-making 
tool for maintenance based on fundamental principles: risk 
evaluation, safety assessment, and inspection/monitoring 
activities. The multilevel approach allows up to six different 
levels of analysis, with the depth of assessment and infor-
mation recovery increasing with each level. A complete 

explanation of the level of analysis can be seen in Table 1 
while the decision-making process proposed by the guide-
lines can be seen in Fig. 1. All bridges in the Italian network 
are subject to levels 0, 1, and 2; however, the complexity 
of further analyses depends on the bridge classification—
termed “Attention Class”—assigned at level 2. Notably, as 
demonstrated in Fig. 1, the sequence of analyses after clas-
sification at level 2 is not necessarily linear. For example, a 
bridge may advance directly from level 2 to level 4 without 
undergoing the intermediate levels of analysis.

Given the substantial amount of information to be gath-
ered by the guidelines, several critical aspects may affect 
their correct application. The classification process begins 
with data collected through recollection and visual inspec-
tions at levels 0 and 1, respectively. Level 0 focuses on gen-
eral information about the bridge characteristics while level 
1 emphasizes defect identification through visual inspec-
tion (see Table 1). For both levels, specific data sheets must 
be compiled and regularly updated. In the case of level 1, 
visual inspections must provide sufficient detail to compile 
an inspection sheet for each individual bridge element. This 

Table 1 Levels of analysis present in the Italian guidelines in 2020 for bridge risk evaluation, classification, and monitoring
Level of 
analysis

Description

Level 0 Census, geolocation, and general characterization of the bridge. Includes also the collection of all information related to exist-
ing documentation.

Level 1 Direct visual inspections of the structure and the geo-morphologic characteristics of the area. Inspection sheets are filled for 
each bridge element to individuate the damage state.

Level 2 Classification of the bridge in terms of vulnerability, exposition and risk parameters based on the information previously 
obtained. According to the classification given, the following levels may or may not be applied.

Level 3 Simple structural evaluation of the bridge design criteria and structural capacity by comparison to current safety requirements.
Level 4 Accurate verifications according to the structural code to determine an action plan for the bridge. At this level, maintenance 

activities or traffic limitations can be determined.
Level 5 Is not treated in the current guideline as it refers to bridges of particular importance on the road network and a more refined 

specific study should be applied.

Fig. 1 Decision-making procedure for bridge assessment described in the Italian guidelines in 2020 for bridge risk evaluation, classification, and 
monitoring
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sheet should include information on the type, intensity, and 
extent of defects, as well as whether the defect affects the 
structural behavior of the bridge. Furthermore, each defect 
recorded in the inspection sheet should be supported by 
imagery. An example of level 1 inspection sheet is provided 
in Fig. 2.

In Italy, visual inspections are typically performed using 
under-bridge inspection units. These inspections require 
significant logistical effort, impacting traffic flow and 
potentially putting operators in dangerous situations [9, 
10]. Moreover, although the vehicle crane can reach the 
bridge’s intrados, certain parts may not be fully covered by 
the crane’s range, making it challenging to inspect with the 
necessary level of detail [11]. Inability to visually inspect 
all bridge elements poses a major challenge for the applica-
tion of the guidelines, as this process forms the basis for all 
subsequent levels of analysis.

Another challenge in applying the guidelines arises 
from information management. A unified, easily updatable 
database to consolidate information from different analysis 
levels would greatly enhance management and classifica-
tion decisions. In this regard, BIM methodology is advanta-
geous, as it allows for the digital representation of project 
data within a single database, facilitating the storage and 
updating of information throughout the bridge’s service life 
[12]. While BIM is a well-established methodology that 
has seen significant success in the construction industry, 

its application for the maintenance of existing structures is 
more complex than for new builds.

For existing structures, a comprehensive record is essen-
tial for BIM modeling with conservation and maintenance 
purposes. However, issues such as lack of information, dis-
crepancies between design and construction, and the inabil-
ity to model aging defects are common in the field of HBIM 
(Heritage or Historical Building Information Modeling) 
[13]. This approach is often described as reverse engineer-
ing, as it aims to create a reliable model of the structure in 
its current condition, starting from data surveys rather than 
from idealized project designs [14]. The database should 
include not only coherent geometric modeling of reality but 
also non-graphical information regarding element descrip-
tions, site characteristics, material properties, maintenance 
plans, and more.

HBIM can either recreate existing structures based on 
available documentation (such as building descriptions and 
design documents) or perform surveys to map the volume of 
objects to be modeled. Traditionally, survey procedures for 
existing structures involved manual and instrumental mea-
surement systems (e.g., tapes, levels, theodolites). However, 
with the increasing support for 3D point clouds on BIM 
platforms, remote sensing technologies—such as laser scan-
ning and photogrammetry—have become the predominant 
survey techniques in this field [15, 16]. These technologies 
represent a significant advancement in HBIM, providing a 

Fig. 2 Example of level 1 inspection sheet for bridge supports. Possible defects for this typology of element are listed in the inspection sheet and 
prompted possibilities for defect characterization are provided
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instrumented measurements into BIM databases [35, 36] as 
well as optimized sensor deployment in real-case studies 
[37]. Additional BIM applications in facility management 
and monitoring include creating maintenance orders for 
mechanical equipment [38], conducting energy simulations 
for buildings [39], and utilizing augmented reality [40]. Fur-
thermore, sustainability has emerged as a significant area of 
research in the digitalization of aging infrastructure, with 
studies examining the relationship between infrastructure 
assessment, digital transition and concepts such as circular 
economy and environmentally friendly practices [41, 42].

Nonetheless, in the context of bridge monitoring, some of 
the most significant advancements have been made through 
inspection and survey procedures with technological equip-
ment, such as Unmanned Aerial Vehicles (UAVs) and laser 
scanners [43, 44]. These innovations have paved the way for 
new inspection and monitoring techniques, ensuring safety 
of inspectors and targeting monitoring of specific bridge ele-
ments over time rather than the entire structure’s geometry 
[45]. However, despite these technological advances, few 
studies have successfully integrated the outputs from these 
techniques within a BIM framework, while also ensuring 
adherence to normative standards for damage identification 
and classification in a unified platform.

Objectives of the present work and 
applications

The primary objective of this work is to compare and evalu-
ate two BIM methodologies —parametric modeling and 
Mesh-To-BIM—for creating a database to support infra-
structure management operations, while also exploring 
novel techniques to enhance bridge inspection processes 
and its integration with BIM methodology.

First, the two methodologies are tested in a case study 
involving two dismantled prestressed concrete bridge ele-
ments. Both methodologies are assessed, and the most suit-
able approach is refined and implemented for an in-service 
bridge in a second case study. A special procedure is devel-
oped to incorporate the requirements for bridge inspection, 
as outlined in the Italian guidelines, directly within the soft-
ware. The modeling process utilizes Autodesk Revit® as the 
BIM software.

The overall workflow of the applied methodology is 
illustrated in Fig. 3, while detailed descriptions of the two 
case studies and the processes used are provided in Sect. 3.1 
and 3.2.

This research stands out with respect to existing studies 
by providing a clear comparison between two commonly 
used methods in the HBIM modelling process, but given 
them a context for bridge inspections activities, which has 

fast survey procedure that yields highly accurate records of 
all geometrical and color details.

Determining the appropriate methodology, the accurate 
level of detail required, and the most effective modelling 
practice remains challenging when using remote sens-
ing technologies with HBIM [17]. Currently, the irregular 
shapes and model details in HBIM are mostly addressed 
with a modeling procedure called Scan-To-BIM. This meth-
odology involves performing a remote sense survey to the 
desired asset and applying processing operations to the pro-
duced point cloud. The filtered point cloud is then used as a 
reference to edit or model BIM elements from scratch [18]. 
However, maintaining the accuracy of geometric details and 
irregularities during the transition from point cloud to BIM 
object poses significant challenges. The modeling process 
in BIM software typically relies on basic operations derived 
from a 2D plane (e.g., extrusion, sweep). Additionally, color 
and texture information often consists of a single image 
repeated across all faces of an element, making it nearly 
impossible to recreate real details, colors, and irregularities 
in BIM objects [19].

To overcome these challenges, some authors have 
explored a preliminary step prior to modeling, involving 
the creation of a triangulated mesh from the point cloud for 
use in HBIM modeling via a Mesh-To-BIM procedure. This 
process attempts either to import the mesh directly into BIM 
software or to use mathematical functions to recreate the 
mesh lines within the BIM object [20]. However, significant 
difficulties arise because mesh formats are generally not 
compatible with or easily managed by BIM software.

Various approaches to the Scan-To-BIM process can be 
found in the literature. These studies either aim to create 
BIM objects for comparison with surveyed 3D point clouds 
to refine geometry [21, 22], or directly create BIM elements 
based on point clouds in a manual or semi-automatic manner 
[23–26]. Similarly, novel strategies for the Mesh-To-BIM 
procedure are also documented [27–29]. The most common 
technique for this methodology involves transforming the 
triangulated mesh into primitive NURBS (Non-Uniform 
Rational Basis Splines) for integration into the BIM envi-
ronment [30, 31]. Other methods, such as importing the 3D 
mesh into BIM platforms via CAD formats and program-
ming tools, have also been explored [32, 33].

On the other hand, for bridge maintenance and moni-
toring, the field of SHM has emerged as a vital framework 
for enhancing knowledge of in-service structures, enabling 
continuous monitoring and effective management of exist-
ing assets [34]. When combined with BIM methodology, 
most advancements in this field stem from the use of sensors 
for structural monitoring and the application of BIM meth-
odologies for facility management. Specific analyses have 
explored interoperability channels and the integration of real 
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study introduces a novel approach to defect inspection that 
minimize risk for inspectors and optimize both inspection 
and data collection processes.

Case study 1: largo grosseto viaduct

The Largo Grosseto viaduct was an urban bridge in the city 
of Turin, Italy built in 1970. It had a total length of 1400 m 
consisting of 81 spans of variable length from 16 m to 24 m. 
With the purpose of building a new infrastructure system 

not been widely explored. The feasibility of both methods 
for these activities is evaluated, and the most appropriate 
approach is determined. Although the methodology incor-
porates various innovative elements (laser scanner survey, 
UAV inspection, convolutional network for defect inspec-
tion) the key innovation lies in the use of the generated mesh 
for defect inspections, in accordance with normative stan-
dards and its integration in a BIM database. By developing 
a procedure to include defect characterization based on a 
remote sensing output directly within the BIM model, this 

Fig. 3 Workflow illustrating the application of parametric modeling and Mesh-To-BIM methodologies in the first case study for then selecting the 
correct methodology in the second case study
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The parametric modelling procedure is applied to the 
I-shaped beam, using the inspection sheet as input infor-
mation, while the Mesh-To-BIM procedure is implemented 
for one of the available pier caps. At the conclusion of this 
analysis, both methodologies are evaluated, examining their 
respective advantages and disadvantages to determine the 
most suitable approach for application to a complete in-
service bridge.

Case study 2: stura bridge

The Stura Bridge consists of two separate structures adja-
cent to one another, spanning the Stura di Lanzo River along 
the RA10 motorway, which connects the city of Turin to the 
Turin-Caselle International Airport. Each bridge structure 
serves one direction of travel and features a simply supported 
structural scheme with a total length of 215 m, divided into 
six spans of 35.7 m each. All spans share the same struc-
tural configuration, comprising three prestressed I-section 
concrete beams and three transverse beams that support a 

and considering that the overpass presented severe damage, 
it was demolished in 2019. In the context of the research 
project BRIGE|50 a group of beams were dismantled and 
moved to a storing site to be examined [46]. A total of 25 
I-shape precast prestressed concrete beams, 4 edge precast 
pre-stressed box beams and 2 prestressed pier-caps coming 
from four decks of the viaduct are used for the project. A 
photograph of a group of I-shape beams in the storing site 
can be seen in Fig. 4a. The BIM methodologies tested in 
this work focus on a single I-shaped beam and a single pier 
cap beam.

An initial inspection phase was conducted for all ele-
ments, resulting in a unique damage sheet for each beam. 
This damage sheet includes photographs and a CAD draw-
ing of each planar face of the beam, with the respective 
damage accurately marked. The defects surveyed during 
this inspection for the selected I-shaped beam are detailed 
in Table 2, while an example of the damage sheets produced 
during the inspection phase is shown in Fig. 4b.

Fig. 4 (a) Dismantled beams collected in the inspection site. (b) Example of inspection sheet produced after the inspection procedure in an 
I-shaped beam element
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Experimental application

Largo Grosseto beams

Parametric modelling

The modeling process in Revit for a unique BIM element is 
facilitated by the creation of families (groups of elements 
with common properties and similar graphical representa-
tions). Using the family editor, a new family for a longi-
tudinal beam was created within the “Structural Frame” 
category. The modeling process began with the creation 
of several editable parameters—common properties that 
can vary depending on the specific element type. These 
parameters are linked to the geometric measurements of 
the element, so the graphical and non-graphical informa-
tion changes according to the selected “element type.” The 
parameters established correspond to the general informa-
tion of the individual beam and the geometric measurements 
documented on the inspection sheet -see Table 3.

To incorporate the information regarding defects identi-
fied during the in-situ inspection, new families were cre-
ated in the “Generic Model” category. Utilizing the 2D 
CAD drawings and the damage extent information from 
the damage sheet, the 3D geometry of each defect was 
modelled (Fig. 6). Multiple parameters were included and 
assigned to the “element types” to encompass the non-
graphical information related to the defects. All data regard-
ing defect information is displayed in Table 3. During the 
damage modelling procedure, geometries corresponding to 
fictitious defects were also created, with different colours 
and values assigned to the parameter “Data of Modelling.” 
This fictitious damage serves as a useful tool for testing the 

0.175 m concrete deck. The longitudinal beams rest on rub-
ber supports above prestressed pier caps located atop three 
piers of variable height. The superstructure of each bridge 
features a cross-section accommodating a double lane for a 
single direction of travel, equipped with a barrier system at 
the ends corresponding to a steel parapet (Fig. 5).

The working procedure for this case study begins with 
a complete survey of the bridge using laser scanning, UAV 
photogrammetry, and topographic measurements. Follow-
ing the survey, the selected methodology for BIM mod-
elling is executed, resulting in the creation of the bridge 
model. A digitalization process for levels 0 and 1 of the Ital-
ian guidelines is subsequently completed within the BIM 
platform. Utilizing the visual programming tool Dynamo, 
all non-graphical information required by the guidelines is 
integrated into the model. Finally, a damage inspection of 
the bridge’s intrados, aligned with the guidelines’ require-
ments, is performed aided with an algorithm for automatic 
classification of damage.

Fig. 5 Photograph of the first 3 spans of the Stura river bridge (Turin-
Caselle direction)

 

Bam elevation Defects surveyed
East elevation -Horizontal cracks (×7)

-Vertical cracks (×2)
-Diagonal cracks (×2)
-Concrete detachment due to demolition process (×2)

South elevation -Horizontal cracks (×4)
-Vertical cracks (×1)
-Diagonal cracks (×2)
-Concrete detachment due to demolition process (×2)

Top elevation - Diagonal cracks (×2)
Bottom elevation -Horizontal cracks (×1)
North end -Horizontal cracks (×3)

-Vertical cracks (×5)
-Spalling (×1)

West end -Horizontal cracks (×2)
-Diagonal cracks (×3)
-Vertical cracks (×3)
-Spalling (×2)

Table 2 Defects surveyed during 
the initial visual inspection phase 
for the I-shaped beam analyzed
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Mesh-To-BIM

The Mesh-to-BIM process began with a comprehensive 
photographic survey of the pier caps consisting of a total of 
86 pictures. These images were processed using specialized 
software to generate a dense point cloud. When the dense 
point cloud was obtained, further operations were applied 
to create a 3D object. The Poisson reconstruction tool was 
used as a methodology to create the triangulated 3D mesh. 
Poisson reconstruction is an algorithm that generates sur-
faces from oriented point samples by solving for a scalar 
function that matches the vector field of the points. Con-
sequently, the distribution of points in the model directly 
influences the quality of the resulting mesh. Areas with a 
higher density of points produce finer mesh details, whereas 
regions with lower point density result in less refined mesh 
details [47]. At this stage, the texture of the geometric model 
is automatically generated through orthographic projec-
tions, utilizing the color data from the points. A crucial step 
before creating the mesh involves cleaning the point cloud 
to remove “digital noise,” thereby preventing inconsisten-
cies in the geometry of the final model. Once the mesh is 
created, several mesh-processing operations are carried out 
to enhance the level of detail and address problematic areas. 
These operations include separating model components, 
filling surface voids, and eliminating unconnected particles. 
Optimization and simplification procedures are also applied 
to improve mesh manageability and ensure its compatibility 
with BIM software.

To import the triangulated mesh into the BIM software 
the CAD format .DXF was used. This file format facili-
tates straightforward interoperative communication without 

model’s ability to update over time according to the actual 
changes that the beam experiences.

Each defect in the damage family was precisely posi-
tioned within the beam family to generate a unique nested 
structure, which was then uploaded into a project interface. 
A time scale, based on future inspection dates, was devel-
oped using “phase filter” tools. Each phase of the project 
was linked to the “Date of Modeling” parameter within the 
damage family. As a result, navigating through the differ-
ent project phases allows the model to automatically update 
with the latest damage information.

Table 3 BIM family information in the model as parameters. On the 
left information regarding the beam element, on the right information 
regarding the defect elements
Beam family 
parameters

Parameter Type Damage family 
parameters

Param-
eter 
Type

Beam ID Text Data of modelling Data
Width Geometric length Operator ID Text
Length Geometric length Damage ID Integer
Height 1 - I 
profile

Geometric length Damage type Text

Height 2 - I 
profile

Geometric length Damage length (cm) List: 
Double

… … Damage depth 
(mm)

Double

… … Damage opening 
(mm)

List: 
Double

Damage origin Image
Note Text

Fig. 6 (a) Damage BIM family and beam BIM family. (b) Nested family and information displayed as parameters in the model
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relatively low computational demand, making it accessible 
for computers already predisposed for BIM modelling. 
According to Autodesk Revit specifications [48], a balanced 
configuration of CPU, GPU and RAM is sufficient, with-
out the need of high-end components (e.g. a moderate RAM 
capacity of 8gb can handle this sort of operations). How-
ever, the model’s accuracy in terms of color and geometric 
details was limited by the basic modeling tools available in 
BIM, making it impossible to accurately recreate complex, 
specific details. Additionally, the most significant disad-
vantage of this approach was its time-intensive nature and 
the limitations on the volume of information that could be 
effectively modeled within the database. In this case study, 
only a single beam element was inspected, resulting in a 
relatively small number of defects to model and document 
within the BIM framework. Furthermore, all sides of the 
beam were easily accessible for inspection, enabling precise 
defect measurements. However, replicating this process for 
an entire bridge would be impractical due to limited accessi-
bility for inspecting defects in such detail and the extensive 
time required to manually model each defect.

On the other hand, the Mesh-to-BIM process through 
the CAD format involved external modeling of all objects, 
which were then imported into the BIM software. While this 
methodology required several additional steps, the result-
ing model was superior in terms of detail and quality. The 
geometry and texture of the beam’s surface were accurately 
preserved, producing a highly precise, unique, and reli-
able model. However, challenges arise when applying this 

requiring additional conversion of the mesh object or usage 
of external plug-ins. When an external CAD element is 
inserted into Revit, it results in a non-editable solid block 
within the BIM platform. While this non-editable block may 
be problematic if further modeling is required, it poses no 
issue for visualization purposes. Nonetheless, some interop-
erability challenges remain as the .DXF format does not 
support texture information, rendering the imported element 
colorless in the BIM environment. This lack of texture is a 
significant issue for damage recognition, as detailed color 
data is crucial for accurate inspection. To address this issue, 
the triangulated mesh was divided into layers based on its 
planar faces before importing it into the BIM software (Fig. 
7). Once inside the BIM platform, the element was recol-
ored by assigning different material textures to each layer, 
corresponding to frontal images of the beam perspectives, 
following a similar approach as described by Pocobelli et 
al. [23]. The frontal images came from photographs of each 
face of the beam that were edited to eliminate background 
information and set the correct scale factor.

Results comparison

Both methodologies explored in this first case study dem-
onstrated strengths and drawbacks when applied to an exist-
ing bridge. The parametric modeling approach was more 
straightforward, as all elements were modeled directly 
within the BIM environment and information controlled 
by parameters. One advantage of this methodology is the 

Fig. 7 (a) Pier cap mesh reconstruction after photogrammetric process. (b) Colorless mesh when imported into BIM environment. (c) Image edit-
ing process. (d) Mesh in BIM platform after re-coloring procedure
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instrument was used, performing a total of 12 scans beneath 
the first and second spans of the bridge. In a second stage, 
19 additional scans were carried out beneath the fifth and 
sixth spans, along the Turin-Caselle direction. These scans 
were supplemented by a topographic network, which was 
established using a Leica GPS System 1200 to determine 
the coordinates of an initial reference point, and a Leica 
MS50 total station to measure natural points and rectan-
gular markers previously positioned around the bridge. A 
large number of points (over 40 points) around the bridge 
were measured to minimize errors during the georeferenc-
ing process. Georeferencing the model to its actual coordi-
nates not only ensures the correct orientation of the scans 
but also makes the model retrievable and updatable. This 
allows various stakeholders to consult and update the model 
information through a known reference system.

The UAV photogrammetric survey was conducted using 
a Parrot Anafi-Work drone, equipped with a 4 K HDR cam-
era capable of rotating 180°, making it an ideal tool for 
inspecting the bridge’s intrados. Four separate drone flights 
were made to survey the intermediate spans of the bridge 
(second, third, fourth, and fifth spans in the Turin-Caselle 
direction). Each flight covered the deck spans by dividing 
them into four longitudinal strips. During each flight, a 
video of the intrados was recorded, and photographs were 
subsequently extracted at a ratio of 1 frame per 30 (one 
photo every 30 frames). This resulted in 498, 382, 858, 
and 377 photographs for the second, third, fourth, and fifth 
spans, respectively.

Data processing

The data processing workflow was divided into three cat-
egories based on the type of data: GPS/GNSS data, laser 
scans, and UAV photographs. For the topographic net-
work, initial triangulation operations were performed using 
specialized software, generating a text file containing the 
names and coordinates of all registered points. All points 
were recorded according to the global reference system 
UTM/ETRF2000 - WGS84 32 N.

To process the laser scan data, the Faro Scene software 
was used. All scans were manually uploaded, and a proce-
dure was followed to convert from a local coordinate sys-
tem to the global reference system. The spatial position of 
each scan was determined using a two-step approach. First, 
a location-by-shape process automatically positioned the 
scans based on the recognition of common shapes. Then, 
a location-by-target procedure was employed, in which the 
coordinate file was uploaded to the software, and recog-
nizable natural points or markers on the scans were manu-
ally assigned their corresponding coordinates. Once the 
scans were georeferenced, they automatically rotated and 

methodology to a full bridge, such as the survey method, 
the computational resources and interoperability issues dur-
ing data transfer. From a computational perspective, this 
approach demands significantly more GPU resources, with 
respect to the parametric modelling approach. Image pro-
cessing operations, such as point cloud generation and sub-
sequent mesh processing, require substantial computational 
power and could present a bottleneck for more extensive 
surveys involving larger datasets [49].

Regarding survey methodology, while this process also 
requires extended fieldwork, it enables remote inspection of 
bridge elements, providing safer and faster access to hard-
to-reach sections. Alternate survey techniques, such as laser 
scanning or UAV photogrammetry, offer potential for per-
forming comprehensive surveys of existing bridges. Despite 
these advantages, interoperability issues remain a signifi-
cant obstacle in integrating outputs into a BIM database.

In this case study, the availability of a dismantled pier cap 
allowed for direct photography of all planar faces, enabling 
the re-coloring process. In contrast, for an in-service bridge, 
not all surfaces would be planar or accessible for frontal 
photography, making the resulting colorless mesh in the 
BIM environment a major problem. Nonetheless, given 
the significantly higher quality of the mesh model in terms 
of graphical details and the possibility to inspect various 
angles of the geometry remotely, this modeling approach 
was chosen for the second case study. This decision is moti-
vated by its potential to enhance bridge inspection processes 
by reducing costs, minimizing equipment requirements, and 
improving safety, while simultaneously delivering a more 
detailed and accurate representation of the structure at a 
given time.

The computational resources available for the second 
case study—an Intel Core i7-10700 K processor, NVIDIA 
GeForce RTX 3060 GPU, and 32 GB of RAM— are con-
sidered sufficient to manage the processing operations effec-
tively, eliminating the risk of performance bottlenecks.

On the other hand, to overcome interoperability chal-
lenges between remote sensing output and BIM modelling 
software, an alternative strategy will be explored. This strat-
egy aims to preserve the mesh’s rich graphical detail while 
fully utilizing BIM’s robust capabilities for information 
management, ensuring seamless integration and enhanced 
usability for infrastructure management.

Stura river bridge

On site survey

The on-site survey consisted of three distinct procedures: 
laser scanning, UAV photogrammetry, and the creation of a 
topographic network. For the laser scanning, a Faro Cam2 
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which had the most detailed point cloud. For the mesh cre-
ation, the normal vector field of the points was calculated, 
and the Poisson reconstruction algorithm was applied using 
the software tools.

To avoid the interoperability issues of having a no-col-
ored block in the BIM platform it was decided to avoid the 
mesh passage to BIM software and produce a double model 
for the bridge database: One for visualization purposes (the 
mesh-model) and one for data collection (BIM model). 
This decision implies that the damage inspection is per-
formed directly in CloudCompare software, and it is later 
transferred into a BIM model (a simple parametric model 
of the bridge created on a previous work). CloudCompare 
allows the insertion of points and polylines that can only be 
assigned ID information; therefore, the characterization of 
the defect in terms of extension, intensity and criticality is 
not possible. Consequently, this type of information needs 
to be added in the BIM platform during the communica-
tion phase between software. The intrados of the bridge was 
visually inspected supported by the application of a convo-
lutional neural network (CNN) for automatic classification 
of damage developed by Savino and Tondolo [50] (Fig. 9).

CNNs offer advantages in the damage recognition pro-
cess, by learning features directly from training data through 
interconnected 2D layers, eliminating the need for manual 
feature extraction. These networks can scale to hundreds 
of layers, each specializing in detecting specific features 
from input images [51]. The CNN used in this research was 
implemented using the deep learning toolbox in MATLAB, 

translated to their correct positions within the workspace. 
After georeferencing, the laser scans had an average error 
of 1.8 cm.

For UAV photograph data processing, the photographs 
were divided into four files, one for each flight, resulting in 
a separate point cloud for each. The photographs from each 
span were uploaded and aligned using Agisoft Metashape 
software. This initial alignment produced a sparse point 
cloud, representing the software’s automatic recognition 
of homologous points between images. An example of this 
sparse point cloud can be seen in Fig. 8a. Next, the point 
clouds were georeferenced using the coordinates file from 
the topographic network. This process involved either man-
ually selecting all photographs where a marker was visible 
to assign its coordinates or using a guided approach where 
the software automatically detected and assigned coordi-
nates to photos containing unique markers. Both methods 
were used, yielding an average error of 1.2 cm. Finally, 
dense point clouds were created using a high-resolution set-
ting for the densification process.

The point clouds from the laser scans and UAV photo-
grammetry were then uploaded into CloudCompare soft-
ware, where digital noise was removed. Once all point 
clouds were cleaned, they were merged to create a complete 
point cloud of the bridge - Fig. 8b-. While the final cloud 
showed a high level of detail, some areas of the bridge’s 
intrados and piles contained voids. Considering this situa-
tion, it was decided to proceed with mesh creation for only 
the fourth span of the bridge (Turin-Caselle direction), 

Fig. 8 (a) Point cloud processing operations for UAV data in Agisoft Metashape Software. (b) Full point cloud of Stura Bridge after merging laser 
scanner output and photogrammetry output. (c) Triangulated mesh of the 4th span of the Stura Bridge in CloudCompare enviroment
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mesh model for visual support means that the BIM model 
does not require an extremely high level of geometric detail 
(LoG). Instead, simple parametric geometry is sufficient for 
the BIM model, as the higher level of graphical detail is 
achieved through the external mesh model connected to it.

The first step in the parametric BIM model was to adjust 
the coordinate system and orientation to align with the mesh 
model. Following this, a decimated point cloud of the full 
bridge was uploaded into the BIM platform to provide a 
real colour reference for the BIM model. To recreate Lev-
els 0 and 1 of the Italian guidelines within the BIM plat-
form, Dynamo—a programming tool that accesses the Revit 
application programming interface—was employed. This 
tool facilitated the creation of a user interface that allows an 
operator to input all necessary information as specified by 
the guidelines directly into the model. Various information-
only Revit families were created corresponding to the infor-
mation groups outlined in Level 0 of the guidelines. The 
information within these families was managed using text, 
data, and numerical parameters. Examples of these families 
can be found in Table 5. Subsequently, different scripts were 
written in Dynamo to develop the user interface, enabling 
the operator to load the information families and populate 
their parameters with relevant data. The interface consists 
of a series of windows that can be accessed from the main 
Revit platform. These windows display the information 
required by the guideline sheets, providing either a list of 
predefined options or a blank space for entering any type of 
text, numerical, or yes/no data. All information included in 
the database can be easily queried, analyzed or edited in a 
tabular way from the main Revit window.

A second type of programming operation involved creat-
ing a link between the mesh model and the BIM model. The 
defect data in the mesh model included only the defect name 
and its coordinates. Therefore, the link established between 
CloudCompare and Autodesk Revit needed to transfer this 

where a pretrained GoogLeNet network was used to clas-
sify the model images into three classes: “undamaged”, 
“cracked”, and “delaminated”. As an output, the network 
generates a score for each image, indicating the probability 
the image belongs to a particular class. Details concerning 
the network training parameters (learning rate, batch size, 
number of epochs, accuracy) are found in the original pub-
lication [50].

The network analyzed the drone and 360 laser scanner 
images used to create the mesh model, validating defect rec-
ognition and minimizing potential human errors. For other 
defect types not addressed by the CNN, a visual inspection 
of the model was performed. Markers were added to the 
model using point picking tool for single insolated defects, 
while the polyline tool was used to delineate defects span-
ning larger areas. A summary of the identified defects is 
shown in Table 4. Additionally, a text file including the 
defect name as well as its coordinates (area coordinates for 
the defects of large extent) was also obtained as an output.

Implementation of Italian guideline in BIM environment

A parametric Revit model of the Stura bridge was used for 
the BIM operations. As indicated in Chap. 4.3, the decision 
to maintain a BIM model as a data collector and a separate 

Table 4 Defects surveyed in the mesh model through the CNN net-
work for automatic defect inspection and through the visual inspection 
of the mesh
Bam elevation Defects surveyed
Surveyed through CNNs -Cracks (×6)

-Delamination/Spalling (×2)
Surveyed through mesh visual 
inspection

-Passive moisture stains (×3)
-Active moisture stains (×1)
-Concrete detachment (×1)
-Washed-out/deteriorated 
concrete (×1)

Fig. 9 (a) Example of an input image used for CNN analysis, along with the defect classification scores generated by the network. (b) Mesh model 
during the visual inspection process, showing isolated defects and areas of defect marked for defects of greater extent
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Results discussion

From the first case study the results indicated that paramet-
ric modeling approach offered simplicity of bridge defects 
implementation within the BIM environment and moderate 
computational demand but fell short in terms of geometric 
and textural detail. This approach relied heavily on manual 
input for modeling each defect element and assigning its 
information, limiting the fidelity of the model and result-
ing in a time-consuming modelling task. Consequently, 
parametric modelling of defects is suitable for smaller-scale 
inspections or when structural details are not critical, but its 
scalability to larger structures, such as an entire bridge, is 
limited.

In contrast, the Mesh-to-BIM methodology demonstrated 
superior performance in representing the geometry and tex-
ture of the inspected bridge element but at the expense of 
higher computational demands and workflow complexity. 
Several data transfer steps between photogrammetry soft-
ware and BIM tools were needed for the applicability of 
the workflow, creating potential interoperability challenges. 
Nonetheless, from a bridge inspection approach, the ability 
to inspect and analyze defects remotely on a high-fidelity 
digital representation of the bridge opens the door to safer 
inspection activities, minimizing risk for operators while 
maintaining a reliable copy of the bridge state at a given 
time. Therefore, for the second case study, it was decided 
to continue with the mesh-to-Bim methodology with some 
modifications to avoid interoperability issues.

Results from the second case study confirm the feasibil-
ity of combining UAV photogrammetry and laser scanning 
to produce an output with sufficient detail for structural 
inspection, consisting with fundings from similar studies 
[52, 53]. This result is a key advantage in terms of safety 
for the operators with respect to traditional inspection pro-
cedures. By enabling remote data collection and subsequent 
inspection on the generated mesh and images, the need for 
personnel to physically access potentially hazardous areas 
is greatly reduced. This is also beneficial in terms of inspec-
tion costs as special vehicles or scaffolding systems would 
not be needed.

Nonetheless, the scalability of the process to large-scale 
bridge monitoring operations can be limited due to the big 
amount of data-processing operation required and the com-
putational demand of such operations. In this case study, 
three different specialized software was required to man-
age each data type, and several time-consuming operations 
(geo-rereferring, noise cleaning, point cloud optimization, 
point cloud merging, mesh producing) were performed until 
obtaining the desired output for bridge inspection. This 
level of complexity limits the replicability of the procedure 
for routine inspections of multiple bridges. Nevertheless, 

information while also prompting the operator to classify the 
defects according to Level 1 of the guidelines. To represent 
the defect information in the BIM environment, a spheri-
cal label family was created. This label family includes 
parameters related to defect characteristics, such as defect 
code, weight, risk, extent, and severity, in accordance with 
the guidelines. These parameters are linked to the geometric 
characteristics of the label—such as radius and colour—so 
that when the label is positioned within the bridge model, 
it allows for easy recognition of the most damaged areas 
and provides an initial overview of the damage characteris-
tics from a global perspective. The programming operation 
included developing a second user interface that retrieves 
data from the mesh model’s text file and prompts the opera-
tor to select which defect to upload to the BIM platform. 
Once the operator selects a defect, additional information 
about its characteristics is requested. A single label family 
is then placed in the correct position based on the defect’s 
coordinates, and its name is set to correspond with the defect 
name from the mesh model (Fig. 10). The parameters within 
the label family are populated according to the information 
provided by the operator in the user interface, and additional 
polylines are automatically drawn for defects of significant 
extent. To provide a clearer understanding of the complete 
operations presented in this case study, refer to Fig. 11.

Table 5 Information included in the BIM model as BIM families, cor-
responding to the level 0 of the Italian guidelines for bridge damage 
assessment
Information-family Family parameters
General data Bridge name

Bridge code
Belonging road
Road classification
Bridge operability state
….

Design and construction data Owner
Supervisor
Designer
Design code used
Design year
Construction year
……
….

Previous interventions /monitoring 
systems

Maintenance plan
Maintenance works performed
Type of structural intervention
Description of the structural 
intervention
Date of intervention
Intervention results
…
…
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Fig. 11 Complete workout of the methodology applied in the second case study

 

Fig. 10 (a) BIM model of Stura Bridge with point cloud for color reference (b) Digitalization process for guidelines inspection forms. (c) User-
interface created to link remote sensing data from CloudCompare with Autodesk Revit. (d) BIM model with defects surveyed
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CNN training dataset could enhance its applicability for a 
broader range of structural issues, opening the possibility 
of not only identifying but also aiding the characterization 
of defects. This step-forward would provide a significant 
improvement in the inspection methodology, nonetheless, 
requires significant investment in data collection and model 
development.

Finally, the ease in the integration of the inspection per-
formed to the mesh model with the BIM database proved 
to be a significant step forward in managing and utilizing 
structural inspection information. Thanks to programming 
tools like Dynamo, a user-friendly interface was created 
to reproduces the Italian code standards within the BIM 
environment and facilitate the linking of information. This 
interface allows operators to add and manage information 
in the model from the main Revit interface in a simplified 
manner, without requiring advanced knowledge of BIM 
methodologies or programming procedures. The ability 
to pass all defect information to the information database, 
while also classifying the defect according to normative 
standards represents a notable improvement in the man-
agement of inspection data. The BIM model facilitates the 
application of filters, establishment of correlations, and 
real-time updates, making it a valuable tool for long-term 
structural health monitoring and informed decision-making. 
This enables easy retrieval and analysis of data for effective 
maintenance planning.

Although this case study addressed the interoperabil-
ity challenges through a dual-model system and program-
ming tools, the ideal solution would be a unique platform 
where mesh models can be inspected and characterized 
according to normative standards. Achieving such improve-
ments requires significant efforts by software developers to 
enhance usability and enable broader integration of com-
monly used software for both remote sensing and BIM 
applications.

Conclusions

In the present paper two case studies were exhibited to inte-
grate bridge inspection data into a BIM framework. In the 
first case study, two methodologies -Parametric modelling 
and Mesh-To-BIM- were tested to create a damage database 
for two bridge elements. Subsequently, the most suitable 
procedure, with necessary adaptations, was applied in the 
second case study - an existing bridge-.

The results from the first case study indicated that para-
metric modelling offered the simplest and most intuitive 
workflow among the methodologies studied; however, the 
methodology was time-consuming, and the graphical detail 
achieved was very limited, relying heavily on basic BIM 

the facility of using UAVs to inspect difficult-to-reach areas 
and the possibility to automatize flight plans, can open the 
possibility to potential targeted inspections, focusing on 
predefined specific structural elements rather than entire 
bridge components. In this way, the level of analysis would 
be greater for specific bridge elements in which the opera-
tor retains fundamental to keep an accurate replica during a 
specific time, while minimizing unnecessary data collection 
for not critical elements.

From the data processing of both the laser scanner and 
UAV photogrammetry approach a spatial precision of 
1.2 cm was obtained in the dense point cloud. This precision 
is within acceptable limits for structural inspection but falls 
short of capturing very fine details. Defects of greater exten-
sion such as major cracks, delamination or humidity stains 
were easily visible, whereas smaller, subtle defects were 
not reconstructed with sufficient fidelity. This limitation 
highlights the balance that needs to be considered between 
computational efficiency and precision. Improved preci-
sion could be achieved with higher-resolution imagery or 
supplementary scanning techniques, at the cost of increased 
processing time and computational resources.

From the complete bridge point cloud, it was decided to 
proceed with the mesh creation and subsequent inspection 
of only the fourth span (Turin-Caselle direction), due to 
the obtention of some inaccurate details and voids in some 
other areas of the bridge’s intrados and piles. This situation 
highlights an important limitation in the replicability of the 
methodology as it is highly sensible to the quality of data 
acquisition. Optimal survey conditions, including adequate 
lighting, minimal obstructions, and appropriate UAV flight 
paths are necessary to produce an output with sufficient 
detail for defect inspection. However, in typical inspection 
scenarios, such factors are difficultly guaranteed, compro-
mising the quality of the collected data and, consequently, 
the precision of the final mesh.

On the other hand, if a less precise model is considered 
acceptable, defect inspection can be significantly improved 
through the introduction of neural networks for automatic 
detection of damage, as demonstrated in this case study. 
Neural networks can directly analyze the images used for 
mesh reconstruction, allowing the operator to focus on 
inspecting the mesh model itself. This dual approach not 
only enhances the inspection process in scenarios where 
achieving perfect data acquisition conditions is challenging 
but also reduces manual workload of inspectors. Addition-
ally, the usage of CNN minimizes inspection variability due 
to human interpretation and provides a validation tool for a 
more standardized and reliable defect inspection.

The CNN used in this case study was trained to identify 
only two defect classes: cracks and delamination; none-
theless, incorporating additional defect categories into the 
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higher-resolution imaging, alternative scanning methods, 
or hybrid approaches but would likely increase costs and 
complexity.

Regarding the usage of CNN for defect identification, its 
usage in this study demonstrated a promising advancement 
to enhance the monitoring procedure and reduce potential 
human errors with a low-cost, labour-efficient method. 
Nonetheless, to broaden the applicability of this tools several 
efforts are needed to improve the model, which means sig-
nificant investment in data collection and model adjustment.

Finally, this study stands out as it demonstrated the pos-
sibility of using programming tools to connect BIM and 
remote sensing software in a facilitated manner, while also 
respecting normative standards to characterize defect infor-
mation. This possibility represents a great advantage for 
information storage an analysis as the BIM model acts as a 
data gatherer platform to analyse bridge defect information 
through its lifecycle in an optimized manner. The easiness 
provided by the developed UI, ensures that the methodology 
can be adapted by operators with varying levels of technical 
expertise, broadening its applicability in the field.

Nonetheless, if a standardized workflow or a unique 
platform for both photogrammetry management and BIM 
management is wanted, additional efforts from software 
developers are essential to overcome existing challenges 
and ensure he reliability of the integrated models. The vision 
of a single model where every defect information is georef-
erenced and classified may reduce errors or inconsistencies 
inherent in the dual-model solution, ultimately facilitating a 
more efficient planning of future inspections and the deci-
sion-making procedure for maintenance actions.

In conclusion, the overall methodology demonstrated to 
be a valid workflow to combine several technologies within 
a unique BIM framework. While challenges remain, future 
improvements in software, technologies and algorithms 
have the potential to develop new inspection procedures. 
By leveraging innovative tools, these advancements could 
become transformative for infrastructure management.
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geometry and texture tools. In contrast, the Mesh-to-BIM 
procedure significantly enhanced graphical details but 
incremented computational demand, workflow operations 
and interoperability issues.

A key conclusion from this first case study is that para-
metric modelling of defects is not recommendable for a 
complete bridge but for smaller-scale inspections (or when 
textures or details are not fundamental), as the procedure is 
of a significant time-intensive nature and highly limited to 
software modelling tools. On the other hand, the mesh-to-
Bim procedure demonstrated technical feasibility of using 
high-fidelity meshes for inspection and the potential to 
address supplementary inspection challenges such as opera-
tors risk during inspection.

The second case study involved surveying an in-service 
bridge using three methodologies: topographic survey, laser 
scanning, and UAV photogrammetry. With the obtained data 
several operations were performed to produce a dense point 
cloud of the bridge and a triangulated mesh of the fourth 
bridge span. The produced mesh presented a high-fidelity 
replica of the intrados, making it suitable to be visibly 
inspected for major damages. For smaller damages it was 
used a CNN for damage identification, that analysed the 
images that were used to produce the mesh model.

Then, to guarantee the correct management of informa-
tion in BIM environment a modification was made with 
respect to the first case study, as it was decided to avoid 
importing the 3D object into the BIM environment but cre-
ating a communication link between BIM-Photogrammetry 
software with programming tools. This procedure created 
a graphic-friendly UI that allowed the inspector to import 
defect information in the BIM model in its exact position 
while categorizing the defects according to the Italian nor-
mative standards.

The conclusions of the second case study confirm the 
possibility of using remote sensing output for inspections 
activities. This possibility represents a major advantage for 
the safety for the operators that would avoid accessing high-
risk spaces and therefore high-risk work situations. The 
effectiveness of the survey procedure and the output pro-
duced contrasted with the numerous operations and com-
putational requirements necessary for data processing. This 
drawback reduces the scalability of the procedure for com-
mon bridge inspections, but opens the possibility of targeted 
inspections, focusing on predefined specific structural ele-
ments (e.g. through automated UAV flight plans) rather than 
entire bridge components.

Another found limitation of the methodology is the 
dependence on the quality of data acquisition in the pro-
duced output. This problematic could be treated by 
exploring different data acquisition strategies such as 
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use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit  h t t  p : / /  c r e  a t i  v e c o m m o n s . o 
r g / l i c e n s e s / b y / 4 . 0 /     .  

References

1. Kaewunruen S, Sussman J, Matsumoto A (2016) Grand chal-
lenges in transportation and transit systems. Front Built Environ 
2:4. https:/ /doi.or g/10.33 89/fb uil.2016.00004

2. Paley T (2015) Assessing the impact of infrastructure on eco-
nomic growth and global competitiveness. Procedia Econ Finance 
23:168–175. https:/ /doi.or g/10.10 16/S2 212-5671(15)00322-6

3. Demetriades PO, Mamuneas TP (2000) Intertemporal output and 
employment effects of public infrastructure capital: evidence 
from 12 OECD economies. Econ J 110(465):687–712.  h t t  p s : /  / w w  
w . j  s t o r . o r g / s t a b l e / 2 5 6 5 9 2 2       

4. Vlahinić N, Pavlić Skender H, Zaninovic PA (2019) The macro-
economic effects of transport infrastructure on economic growth: 
the case of Central and Eastern EU member states. Ekonomska 
Istraživanja / Economic Res 31:1953–1964.  h t t  p s : /  / d o  i . o  r g / 1 0 . 1 0 
8 0 / 1 3 3 1 6 7 7 X . 2 0 1 8 . 1 5 2 3 7 4 0       

5. Gu W, Macdonald R (2009) The impact of public infrastructure 
on Canadian multifactor productivity estimates. The Canadian 
Productivity Review, Catalogue 15-206-X. 021:SSRN.  h t t  p s : /  / d 
o  i . o  r g / 1 0 . 2 1 3 9 / s s r n . 1 5 1 1 6 9 8       

6. Gharehbaghi V, Farsangi E, Noori M, Yang T, Li S, Nguyen A, 
Málaga-Chuquitaype C, Gardoni P, Mirjalili S (2021) A critical 
review on structural health monitoring: definitions, methods, and 
perspectives. Arch Comput Methods Eng 29.  h t t  p s : /  / d o  i . o  r g / 1 0 . 1 
0 0 7 / s 1 1 8 3 1 - 0 2 1 - 0 9 6 6 5 - 9       

7. Ministero delle Infrastrutture e dei Trasporti (2020) Linee Guida 
per La Classificazione E Gestione Del Rischio. La Valutazione 
Della Sicurezza Ed il Monitoraggio Dei Ponti Esistenti

8. Bernardello RA (2023), June 8 Gestione computazionale BIM 
delle infrastrutture. Strutture di base, metodi e script per le ispe-
zioni e la manutenzione di ponti esistenti.  h t t  p s : /  / h d  l . h  a n d l e . n e t / 1 
1 5 7 7 / 3 4 8 5 0 0 2       

9. Hubbard B, Hubbard S (2020) Unmanned aircraft systems (UAS) 
for bridge inspection safety. Drones 4(3):40.  h t t  p s : /  / d o  i . o  r g / 1 0 . 3 3 
9 0 / d r o n e s 4 0 3 0 0 4 0       

10. Seo J, Duque L, Wacker J (2018) Field application of UAS-
based bridge inspection. Transp Res Record: J Transp Res Board 
2672:036119811878082.  h t t  p s : /  / d o  i . o  r g / 1 0 . 1 1 7 7 / 0 3 6 1 1 9 8 1 1 8 7 8 0 
8 2 5       

11. Choi H-W, Kim H-J, Kim S-K, Na W (2023) An overview of 
drone applications in the construction industry. Drones 7:515. 
https:/ /doi.or g/10.33 90/dr ones7080515

12. Osello A, Fonsati A, Rapetti N (2019) October 24). InfraBIM. Il 
BIM per le infrastrutture. Gangemi Editore

13. Khodeir LM, Aly D, Tarek S (2016) Integrating HBIM (Heritage 
Building Information Modeling) tools in the application of sustain-
able retrofitting of heritage buildings in Egypt. Procedia Environ 
Sci 34:258–270. https:/ /doi.or g/10.10 16/j. proenv.2016.04.024

1 3

Page 17 of 18    59 



Innovative Infrastructure Solutions           (2025) 10:59 

42. Verdecchia R, Lago P, de Vries C (2022) The future of sustainable 
digital infrastructures: a landscape of solutions, adoption factors, 
impediments, open problems, and scenarios. Sustainable Com-
puting: Inf Syst 35:1–20.  h t t  p s : /  / d o  i . o  r g / 1 0 . 1 0 1 6 / j . s u s c o m . 2 0 2 2 . 
1 0 0 7 6 7       

43. Tang P, Akinci B, Garrett J (2007) Laser scanning for bridge 
inspection and management. IABSE Symp Rep 93:17–24.  h t t  p s : /  
/ d o  i . o  r g / 1 0 . 2 7 4 9 / 2 2 2 1 3 7 8 0 7 7 9 6 1 2 0 2 8 3       

44. Piras M, Di Pietra V, Visintini D (2017) 3D modeling of indus-
trial heritage building using COTSs system: test, limits, and per-
formances. ISPRS - Int Archives Photogrammetry Remote Sens 
Spat Inform Sci XLII–2/W6:281–288.  h t t  p s : /  / d o  i . o  r g / 1 0 . 5 1 9 4 / i s p 
r s - a r c h i v e s - X L I I - 2 - W 6 - 2 8 1 - 2 0 1 7       

45. Morgenthal G, Hallermann N, Kersten J, Taraben J, Debus P, 
Helmrich M, Rodehorst V (2019) Framework for automated 
UAS-based structural condition assessment of bridges. Autom 
Constr 97:77–95. https:/ /doi.or g/10.10 16/j. autcon.2018.10.006

46. Savino P, Anghileri M, Chiara M, Salza B, Quaranta L (2021) 
Corso Grosseto viaduct: Historical and technical overview. In 
Sustainable Infrastructure (p. 454).  h t t  p s : /  / d o  i . o  r g / 1 0 . 1 2 0 1 / 9 7 8 0 
4 2 9 2 7 9 1 1 9 - 4 5 4       

47. Callieri M, Cignoni P, Dellepiane M, Scopigno R (2009) Pushing 
time-of-flight scanners to the limit. In Proceedings of VAST 2009 
(pp. 85–92). https:/ /doi.or g/10.23 12/VA ST/VAST09/085-092

48. Autodesk (2023), October 8 System requirements for Revit 2022 
products. Retrieved from:  h t t  p s : /  / h e  l p .  a u t  o d e  s k . c  o m  / v i  e w / R  V T /  2 
0 2  2 / E  N U /  ? c a a  s =  c a a  s / s f  d c a  r t i  c l e s / s f d c a r t i c l e s / S y s t e m - r e q u i r e m e 
n t s - f o r - A u t o d e s k - R e v i t - 2 0 2 2 - p r o d u c t s . h t m l # m i n i m u m       

49. Park S, Ju S, Yoon S, Nguyen MH, Heo J (2021) An efficient 
data structure approach for BIM-to-point-cloud change detec-
tion using modifiable nested octree. Autom Constr 132:103922. 
https:/ /doi.or g/10.10 16/j. autcon.2021.103922

50. Savino P, Tondolo F (2021) Automated classification of civil struc-
ture defects based on convolutional neural network. Front Struct 
Civil Eng 15:10. https:/ /doi.or g/10.10 07/s1 1709-021-0725-9

51. Xu H, Su X, Wang Y, Cai H, Cui K, Chen X (2019) Automatic 
bridge crack detection using a convolutional neural network. 
Appl Sci 9(14):2867. https:/ /doi.or g/10.33 90/ap p9142867

52. Mandirola M, Casarotti C, Peloso S, Lanese I, Brunesi E, Sen-
aldi I (2022) Use of UAS for damage inspection and assessment 
of bridge infrastructures. Int J Disaster Risk Reduct 72:102824. 
https:/ /doi.or g/10.10 16/j. ijdrr.2022.102824

53. Wang F, Zou Y, Chen X, Zhang C, Hou L, del Rey Castillo E, Lim 
J (2024) Rapid in-flight image quality check for UAV-enabled 
bridge inspection. ISPRS J Photogrammetry Remote Sens 
212:230–250. https:   //d oi. or g/10 . 10 16/j.is prsj pr s.2024.05.008

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

29. Bassier M, Vergauwen M, Poux F (2020) Point Cloud vs. 
mesh features for building interior classification. Remote Sens 
12(7):2224. https:/ /doi.or g/10.33 90/rs 12072224

30. Barazzetti L, Banfi F, Brumana R, Previtali M (2015) Creation of 
parametric BIM objects from point clouds using NURBS. Photo-
gram Rec 30(169):339–362. https:/ /doi.or g/10.11 11/ph or.12122

31. Santagati C, Turco M, Garozzo R (2018) Reverse information 
modeling for historic artifacts: towards the definition of a level 
of accuracy for ruined heritage. ISPRS - International archives 
of the photogrammetry, remote sensing and spatial Information 
sciences. XLII–2:1007–1014.  h t t  p s : /  / d o  i . o  r g / 1 0 . 5 1 9 4 / i s p r s - a r c h i 
v e s - X L I I - 2 - 1 0 0 7 - 2 0 1 8       

32. Yang X, Koehl M, Grussenmeyer P (2018) Mesh-to-BIM: from 
segmented mesh elements to BIM model with limited parameters. 
ISPRS - International archives of the Photogrammetry. XLII–
2:1213–1218. Remote Sensing and Spatial Information Sci-
enceshttps://doi.org/10.5194/isprs-archives-XLII-2-1213-2018

33. Fassi F, Achille C, Mandelli A, Rechichi F, Parri S (2015) A new 
idea of BIM system for visualization, web sharing and using huge 
complex 3D models for facility management. ISPRS - Interna-
tional archives of the photogrammetry, remote sensing and Spa-
tial Information Sciences, XL-5/W. 4359–365.  h t t  p s : /  / d o  i . o  r g / 1 0 . 
5 1 9 4 / i s p r s - a r c h i v e s - X L - 5 - W 4 - 3 5 9 - 2 0 1 5       

34. Sohn H, Farrar CR, Hemez FM, Czarnecki JJ (2001) A review of 
structural health monitoring literature 1996–2001. United States 
Department of Energy, Technical Report

35. Rio J, Ferreira B, Martins J (2013) Expansion of IFC model with 
structural sensors. Informes de la Construcción 65(530):219–228. 
https:/ /doi.or g/10.39 89/ic .2013.v65.i530

36. Seeam A, Zheng T, Lu Y, Usmani A, Laurenson D (2013) BIM 
integrated workflow management and monitoring system for 
modular buildings. Int J 3-D Inform Model 2(1):17–28.  h t t  p s : /  / d o  
i . o  r g / 1 0 . 4 0 1 8 / i j 3 d i m . 2 0 1 3 0 1 0 1 0 3       

37. Cho C, Park J, Kim K (2018) Automated and optimized sensor 
deployment using building models and electromagnetic simula-
tion. KSCE J Civ Eng 1–11.  h t t  p s : /  / d o  i . o  r g / 1 0 . 1 0 0 7 / s 1 2 2 0 5 - 0 1 
8 - 1 1 5 0 - z       

38. Thabet W, Lucas J (2019) Using Dynamo for model-based deliv-
ery of facility asset data. Proc 2019 Comput Civil Eng Conf 914–
921. https:/ /doi.or g/10.33 11/CC C2019-126

39. Luca D, Osello A (2021) BIM and mixed reality for the new man-
agement of storage area. In Advances in Science and Technology 
(pp. 1–9). Springer. https:/ /doi.or g/10.10 07/97 8-3-030-49278-6_8

40. Ugliotti F, Dellosta M, Osello A (2016) BIM-based energy analy-
sis using Edilclima EC770 plug-in, case study Archimede Library 
EEB project. Procedia Eng 161:3–8.  h t t  p s : /  / d o  i . o  r g / 1 0 . 1 0 1 6 / j . p r o 
e n g . 2 0 1 6 . 0 8 . 4 8 9       

41. Allen S, Sarkis J (2021) How can the circular economy-digitali-
zation infrastructure support transformation to strong sustainabil-
ity? Environ Research: Infrastructure Sustain 1(1).  h t t  p s : /  / d o  i . o  r g 
/ 1 0 . 1 0 8 8 / 2 6 3 4 - 4 5 0 5 / a c 2 7 8 4       

1 3

   59  Page 18 of 18


