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Abstract: The Building Information Modeling (BIM) concept has been recently implemented
in railway infrastructure, assisting mainly in the project elaboration, and further, the
facility management aspect. The present study addresses the inspection activity of the
railway geometry, in a BIM context, using a rigorous modeling process of the railway
track components, and the development of a Dynamo script for the evaluation of the
degree of geometric irregularity detected during inspection works. The monitoring phase
of the rail tracks involves a planned railway inspection schedule, normally supported by
human analyses of data collected in a railway geometric inspection. The created script
allows for evaluating the inspection data and categorizes the data by alert levels that are
associated with a color code, visualized over the railway components of the BIM model. The
Dynamo script uses new BIM parameters considering the maintenance activity, allowing
for analyzing inspection data and visualizing the colored alerts. This capacity alerts the
maintenance engineer about the urgency of planning a retrofitting action, according to
the severity level of the detected geometric anomaly. An illustrative real railway track
segment is considered supporting the modeling process, the inspection data collection
and the efficiency analyses of the script application. This research intends to contribute
to increment knowledge of BIM adoption in railway infrastructures, emphasizing the
potential of using Dynamo programming on BIM model database management.

Keywords: BIM; Dynamo script; railway infrastructure; track geometric inspection;
diagnostic; color code alert

1. Introduction

Building Information Modeling (BIM) methodology is currently applied in the con-
struction domain, with a growing spread across different domains of the sector, revealing
an evident recognition of the benefits achieved with its implementation [1]. The basic con-
cept consists of the digital representation of a three-dimensional (3D) BIM virtual model,
using the selection, adjustment and definition of parametric objects, to produce an accurate
digital representation in a 3D shape and with physical properties [2]. This primary notion
has been overtaken by the strategy of manipulating the model database for different types
of tasks, such as construction planning (4D BIM model) or facility management (7D BIM
model) [3-5]. In distinct sectors, and by observing the enormous potential of the BIM
model database, there has been a strong trend to develop add-ins, plug-ins and extensions,
associated to BIM software, and, more recently, the elaboration of specific scripts making
use of Dynamo 3.3 (2025) or Python 3.13.3 (2025) programming languages [6-8].
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The most recent developed scripts essentially consider the manipulation and genera-
tion of new data with the aim of adding value to BIM models, generated for each building
or infrastructure project. In the present work, a Dynamo script was developed, allowing
an increase in the BIM model ability with the insertion of the inspection’s railway data,
the evaluation of the information related to geometric anomalies detected over the railway
track components and the association of a color code correlated to the severity of the
identified geometric inaccuracies [9].

Regarding the implementation of BIM in the railway project and maintenance, the
available technical literature presents only a few scientific reports and publications; how-
ever, this topic, along with the different domains of the construction industry, has recently
perceived a strong improvement in the real potential application of BIM. There is currently
widespread interest in applying BIM methodology in a large spectrum of areas, from the
design of bridges [10] to the preservation of heritage buildings [11]. This evident techno-
logical advance is driven by government directives that bet on BIM to establish a growing
degree of digital transformation in construction [12].

While the term BIM is fundamentally applied to the building sector, the term Infras-
tructure Building Information Modeling (I-BIM) denotes the projects related to transport
infrastructures [13]. The generation of I-BIM models, concerning railway infrastructure,
requires the definition of new specific parametric objects representing the railway track
components, as the availability of software libraries with objects of infrastructure com-
ponents is limited, and the creation of new objects assigned to specific parameters is a
time-consuming effort. The present research is oriented to analyze the I-BIM methodology
implementation focused on railway inspection activity.

Currently, the significant use of the train, as a preferred means of transport, has led to
an increased level of infrastructure degradation and a necessity for more maintenance ac-
tions, followed by the necessary restitution of the required capacity of the railway network.
The level of the service quality of the railway infrastructure has begun to deteriorate, as a
consequence of the material degradation of its components, caused fundamentally by the
circulation of the trains, but also by the track’s exposure to the natural environment [14].
Railway enterprises must keep the train rails in good condition for the safety of the passen-
gers, as badly damaged rails can cause not just service delays but catastrophic accidents.
The anomalies found in the railway infrastructure frequently cause serious vibrations, and
have the potential to cause accidents, putting the lives of the train passengers in danger.

The rail inspection activity includes the practice of examining rail tracks for faults that
could lead to disastrous failures, as track defects can originate accidents on railways [15].
The materials applied on the railway’s components, mainly, rails, sleepers, fastenings and
ballasts need inspection at frequent intervals [16]. The maintenance of the high quality,
adequate efficiency and long-lasting functionality of the railway transport infrastructure
requires a well-planned periodic inspection of the railway track components. Therefore,
it is essential to establish regular inspections and collect data that constitute the key to
analyzing the state of conservation of the railway components.

Important ongoing efforts have been made in the sector of railway track modeling of
material deterioration to analyze the service life of the infrastructure and avoid failures
of the component [17]. In addition, some recent studies involving BIM and Dynamo in a
rail context can be mentioned. Wu et al. [18] investigated the use of the unmanned aerial
vehicle for the measurement of the track gauge, as a distinct inspection procedure when
compared with traditional methods, supported in a pre-built rail BIM model matched with
the extracted rail features. Ferreno et al. [19] studied the mechanical properties, which
depend on the service conditions, secondary to estimating with accuracy the mechanical
behaviors of the rails that are positioned between the rails and the sleepers, minimizing the
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transmission of vibrations and noise. Chellaswamy et al. [20] presented a proposal to check
geometric defects in railway tracks based on the use of a Dynamo script for identifying
defects in railway tracks. Zhang et al. [21] investigated the detection of rail cracks based
on the gathering optimization of features, by verifying the alerts that are identified in
the environment of the railway. Chakraborty et al. [22] presented a study concerning the
derailment aspect that can result in high death tolls or the loss of property, proposing a
system to understand the communication between the train and rail track in real-time.
Neves et al. [23] analyzed the BIM implementation in railway infrastructures focused on
railway track rehabilitation activity.

The efficient management, processing and generation of inspection data require the
use of computational tools with the capacity for facilitating decision-making regarding
the efforts around the maintenance, rehabilitation or modernization of railways. It is the
case of the present study focused on the implementation of BIM through the inspection of
diagnostic and the alert activity [9]. In this study, a working research methodology was
proposed referring to the related literature, the BIM modeling process and the development
of a Dynamo script and its application and evaluation.

2. Materials and Methods

The study followed a work methodology composed of three main sequential steps
aiming to reach relevant and useful conclusions for the I-BIM community regarding the
railway infrastructure sector, with a focus on the inspection activity (Figure 1).
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Figure 1. Scheme of the methodology applied in the research.

e  BIM modeling process: The first stage refers to the BIM modeling process in order
to conceive of an accurate representation of the infrastructure it analyzed. A BIM
model is a comprehensive 3D digital representation of the infrastructure, imposing a
high demand on geometric and semantic data. The railway track components were
mainly related to rails, fastenings, sleepers and layers of ballast. The available BIM
modeling software did not contain libraries of parametric objects related to the railway
infrastructure. As such, the geometry, the material and the related position of the
components were carefully analyzed, based on the literature. This bibliographic
access supported the generation of the required new parametric objects, accurate
geometry and physical proprieties of the associated materials. Although the advanced
modeling systems lead to advantages well highlighted by practice, in the case of
transportation infrastructure, a time-consuming effort was required in this step. A new
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set of parametric objects were then generated, allowing the creation of BIM models of
railway infrastructure.

e Railway inspection activity: Next, the railway inspection activity was deeply studied,
referring to the identification of the most frequent geometric irregularities and to the
traditional inspection practices, considering mechanical, manual and semi-automatic
processes. The railway track elements are susceptible to degradation caused by vehicle
circulation characteristics (frequency of use, vehicle speed and volume of transported
cargo), environmental aspects, infrastructure stability and the fact that the track is
supported on a ballast layer subject to displacements in horizontal and vertical di-
rections [24]. Infrequent or inadequate rail inspection plans can provoke negative
consequences, and as such, a careful planning schedule of periodic inspections must
be well defined and applied. During the inspection process, information about track
conditions is collected, recorded and analyzed, and then recommendations can be
made, and maintenance actions can be completed. Some of the parameters gener-
ally measured in a railway inspection include position, curvature, alignment of the
track, smoothness and the cross level of the two rails. Through the utilization of track
evaluation equipment, it is possible to determine the values of these parameters and
compare them to the safety standards. In this way;, it is possible to verify the presence
and identification of anomalies, determine their causes and perform the needed re-
pairs. As a case study, an illustrative segment of a real railway track was considered,
supporting not just the modelling process, but also the collection of data inspection
and the evaluation of the Dynamo script efficiency.

e  Dynamo script development: With the aim of introducing BIM as an innovative contri-
bution to railway infrastructure, and in order to contribute to improving the general
digital transformation of the construction industry, a new approach was considered
based on Dynamo programming. A Dynamo script was developed allowing users to
insert the collected inspection data into the 3D BIM model, and to handle the database
supporting the geometric incurrences evaluation and the emission of alerts regarding
the level of severity of the detected anomalies. The script allowed for the analysis
of the geometric railway inspections’ data, its application over the real case study
and the emission of an alert visualized over the model components. Several aspects
were considered, namely, the process of inserting data into the BIM model, the associa-
tion of a new inspection parameter with the objects, the classification of the detected
degradation level and the identification of the degree of alert associated with a color
code, allowing users to be aware of the state of conservation of the infrastructure in
the analyses.

3. BIM Modeling Process

The adoption of the BIM methodology offers improved solutions when facing the
current increasing demand from the industry and the challenges of achieving adequate
resources to support the development of complex projects. A BIM project is supported on
the centralization of information related to design, construction and maintenance, requiring
as a first step the generation of a realistic digital BIM model of the building or infrastructure.

In the context of railway engineering, the present study intended to contribute to
disseminate and clarify the principal improvements that BIM can introduce to the workflow
efficiency within the railway inspection task. This topic remains underdeveloped and not
widely applied in engineering practice. Therefore, a practical illustrative extension of
a real case was selected, provided by the National Agency of Railway Infrastructure of
Portugal [25]. All components needed to represent a railway track straight segment were
created as new parametric objects.
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3.1. Main Railway Track Components

The superstructure of a railway is the component that directly impacts the loads
transported, and it is composed of rails, fasteners, sleepers and layers of ballast and sub-
ballast (Figure 2).

sleepers

rails

fasteners

ballast

Figure 2. Railway superstructure components [25].

The European Committee for Standardization (Comité European de Normalization,
CEN), which supports the emission of rules for Europe, the European Standards (ENs),
established the document EN 13848:2022. This standard provides guidelines for the identi-
fication of the main rail track geometry factors, establishes the fundamental requirements
to make the measurements and refers to the traditional inspection procedures, in order to
ensure quality and safety on railway tracks [26]:

e  Rail track geometry components: a set of parameters considered in the description of
the geometrical characteristics of the rail elements, namely, track gauge, longitudinal
level, alignment, cross level and twist.

e Track geometry quality: the valuation of the geometric deviation impact, in ele-
vation and cross direction, considering the standard geometrical characteristics of
each geometric parameter relevant to supporting the necessary safety concerning the
drive quality.

e  Gauge: the measurement made between the inside faces of the ride rail track head.

e  Running table: the top surface of the rail.

e  Running surface: the bent surface identified by the longitudinal displacement of a
straight rail segment orthogonal to the middle line of the rail track and the peripheral
running sides.

3.2. Railway Track BIM Model

Revit (Autodesk) [27] was the BIM modeling software applied for the generation of
the model of a railway track segment of the selected case study, based on the documents
provided by the National Agency of Railway Infrastructure of Portugal [25]. The BIM
model was created with the components required for the geometric inspection activity.
As such, just the sleepers, fasteners and rails were modeled, forming a streamlined and
efficient basis for conducting the required geometric inspections. This simplified approach
allowed for a more targeted examination of the railway track’s structure, supporting the
BIM implementation analyses in the railway sector.

Revit is a parametric modeling system requiring the use of parametric objects rep-
resentative of the construction components. The system contains libraries of parametric
objects’ families associated with a 3D digital representation and a set of fetchers related to
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shape, size, materials and behavior. Considering the generation of the simplified railway
model, no adequate parametric families were found within the software library or in the
related web pages. In order to overcome this problem, new families of objects were created,
concerning the sleepers, fastenings and rail track elements.

3.2.1. Sleepers and Fastening Families

The Revit system allows users to create new families of parametric objects. The sleeper
family definition was based on a single solid block with dimensions 2600 x 300 x 270 mm?.
Complementing a sleeper, two fastenings were then considered. For that, a new family of
objects was created as the fastening element. This rail component was then duplicated and
placed over the sleeper (Figure 3a). The complete first element was then replicated forming
an array established with 600 mm spacing between sleepers (Figure 3b). The material
associated with the new objects was concrete.

(@)

Figure 3. Illustration of a sleeper with fastenings (a) and a set of sleepers (b).

3.2.2. Rail Track Family

Another family of objects was created considering the rail track modeling. In order to
later support the association of the inspection data, the rail was considered, composed of
segments 25 cm long. Following the reading process of measures adopted by the National
Guide, the EM120 inspection vehicle, the inspection data were collected every 25 cm along
the rail.

For the creation of a rail segment presenting a constant cross-section, the section shape
was first defined, based on the standard EN 13848:2022, and after, an extrusion geometric
operation was applied along the longitudinal axe, defining a rail segment 25 cm long
(Figure 4a). The modeled element was replicated, positioned in parallel and a distance
between them of 1668 mm was observed. This value corresponded to the Iberian gauge that
was adopted by the Portuguese railway’s entity (Figure 4b). The twin elements were then
copied, using an array function, forming the required extension (Figure 4c). The material
associated with the new parametric object was steel.

J 1668 mm
) 1

(a) (b) (©)

Figure 4. Duo of BIM rail segments (a), Iberian gauge dimension (b) and the twin arrays of rails (c).

3.2.3. Composed Model

The railway segment of the case study was created as a new project in Revit. The
previously generated new families of objects were first imported to the new project and
the required extension of the railway track was represented. The selected number of
segments corresponded to the sections where the data inspection was collected. The
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railway inspection report provided by the National Organization of Infrastructure contains
a distinct type of data. However, for the purpose of the study, just the values related to the
straight alignments were considered, corresponding to the segments that comprised the
created I-BIM model (Figure 5).

Figure 5. I-BIM model of the railway track segment.

The imported parametric families were complemented with a set of new parameters,
in order to allow, in the next approach stage, the insertion of exterior data corresponding to
the railway inspection data. Revit allows one to create, select and manage the parameters of
objects. As such, a set of new parameters was associated with each segment, corresponding
to the right and left rail alignments, gauge, twist, right and left longitudinal levelling
and cant.

4. Railway Inspection Activity

For the maintenance of the correct configuration of a railway track, it is necessary
to achieve a secure route for the railway trains. Insufficient track direction can originate
the reduction of the ride feature, projection contact or even flange scramble [9]. To ensure
railway operations are safe and track geometry parameters, they are usually inspected
using rail track geometry cars. With the fast development of advanced technologies,
several analytical estimation procedures supported on machine learning applications
can be required in the railway design context, in order to predict the track degradation
evolution, improve the maintenance strategy and fulfil the comfort requirement of a
railway transportation system [28]. The efficient management, processing and generation
of inspection data require the application of advanced computer systems. The present
proposal introduces, in the inspection and data analysis tasks, new technologies referring
to BIM and Dynamo [9].

The standard EN 13848:2022 is focused on the assessment and verification of track
geometry, outlining criteria for measuring parameters like track gauge, alignment and
cross level [26]. The standard also evaluates the track stability and resilience, pointing to
advanced methods for assessing the track stiffness and resistance of the rail tracks over
dynamic loads to prevent derailments.

4.1. Degradation of Railway Track Components

Safe travel on railways is an important research aspect for transportation engineers, in
order to maintain railways in good condition, and is associated with a frequent inspection
maintenance practice [29]. The material degradation of rail tracks’” components is an
important aspect within the railway entities as it marks the railway’s comfort. When a
train passes over an irregularity verified in the rail surface, the vehicle experiments with
excitations that lead to the forces applied over the track components. These forces can
impose an important augment of the track material’s deterioration, which leads to the
increase in maintenance costs [30].
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The material degradation of the rail components caused by exposure to the natural
environment and the action of the train circulation reduces the efficiency, functionality
and quality of the railway infrastructure. As such, periodic inspections of the railway
infrastructure must be planned with regular frequency, allowing engineers to analyze
the collected data and proceed with maintenance or preventive actions if required [31].
The national standard EN 13848:2022 addresses the railway track components’ material
properties, providing guidance on testing methods for the materials used in rails, sleepers
and fastening systems [26]. The track geometry parameters normally inspected include the
track gauge, cant, longitudinal level, alignment and twist.

Ballast and sub-ballast layers placed under the train tread elements may present
irregular deformations. Whether in the vertical direction or in the transverse direction,
they can naturally impose serious irregularities on the structure immediately above. The
ballast layer is the main component for the ballasted track. Moreover, the inspection of the
ballast layer must be analyzed considering the differential deformation, under the train’s
cyclic loadings after a long service time, as the ballast layer gradually loses its elasticity.
The present work aims to define a strategy for modeling and analyzing the severity of
irregularities, which can be applied in a broader scope in order to also incorporate the
lower layers.

4.1.1. Track Gauge and Cant

The railway gauge is the distance defined between the inner faces of the heads of both
rails. The track gauge is the minimum space between points P1 and P2 that is measured
in a horizontal orientation with the top tangent of the railheads (Figure 6a). The ZP
horizontal measure is located below the top tangent of the railheads. The value of ZP in the
harmonized standard is 14 mm [32]. The track gauge is an indicator of the construction
quality and the state of track maintenance. When the value of this parameter is not in
conformity to the standards, it reflects the wear and degradation of the materials.

[~ top tangent of the rail heads

: |
track gauge
pr gaug; t Z

—._track plane

(@) (b)

Figure 6. Measurement of the railway gauge (a) [32] and cant (b) [33] parameters.

The cant of a railway track is the height variation degree between the two rails. The
railway cant is measured as the elevation difference concerning the outer and inner rails
(Figure 6b). This important parameter is usually controlled in order to guarantee the
railway’s security and a smooth raid condition. The longitudinal cant variation supports
the establishment of the tolerance limits of the track and the adequacy of maintenance
plans [33]. The cant data are measured to evaluate eventual rail tracks’ deficiencies. A
correct geometry measurement can support the identification of geometric irregularities
over the rail surfaces, caused by material abrasion, inadequate fasteners or even an irregular
rail base platform [34].

In curved railway tracks, the outer rail is elevated, providing a banked turn. This
allows trains to navigate curves at higher speeds and reduces the pressure of the wheel
flanges against the rails, minimizing friction and wear. The outer rail of a curved railway
track is generally raised over the inner. The difference in elevation between the outer and
inner rails is referred to as the cant, and in a curved track this difference is more evident.
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4.1.2. Longitudinal Level and Alignment

The railway track leveling is the geometric parameter responsible for the regularity
of support for moving wheelsets and ensuring the vertical stability of vehicles (Figure 7a).
The settling may occur on the railway track due to the pressure applied by the passage of
the train composition with heavy loads and at high speeds [35]. However, longitudinal
leveling of the rail is frequently influenced by the existence of stiffer regions in the track,
due to differential settlements between the free track and the firmer [36]. This type of
pathology leads to irregularities in wheelset support and abrupt vertical oscillations in the
rolling stock. Settling can be developed simultaneously in both tracks or alternately in one
and then the other [37].

Reference line P

/|\ I 15— i =T | T

Longitudinal level parameter
() (b)

Figure 7. Measurement of the longitudinal level (a) and alignment (b) parameters [9].

The railway track alignment is the parameter responsible for the quality of vehicle
guidance and ensuring its lateral stability (Figure 7b). This leadership is accomplished
by the contact of the flange of the wheelset with the inner face of the rail, known as the
guiding face. The irregularities in the alignment of the controlling rail will directly affect
the train’s traveling quality, causing instability, especially at high speeds. The alignment
defects induce transverse oscillation in locomotive and trailing vehicles [38].

4.1.3. Twist

The twist pathology is characterized by sudden changes in cross levelling, resulting
in irregularities in wheelset support, and potentially leading to train derailments [39].
Considering four points on the rail-bearing surface (two on each rail, forming a rectangle),
the warp is defined as the vertical distance from one point to the plane formed by the other
three. The twist value corresponds to the difference in two instances of cross levelling at a
specific measurement base [9] (Figure 8).

Measurement basis Medium rolling
circle

Figure 8. Measurement of the twist railway parameter [9].

4.2. Rail Inspection Metodologies

Distinct test processes can be considered in inspection work. The nondestructive
testing (NDT) methods are used as preventive measures against track geometric failures
and possible derailment [40]. The nondestructive evaluation (NDE) techniques can also
be applied, namely, to visual detection, ultrasonic inspection or acoustic emission inspec-
tion [31]. The horizontal track geometry value can be obtained using a track geometry
recording system positioned in a service vehicle.
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A visual inspection or walking inspection can be applied as a first action before
the use of NDT or NDE methods. The manual basic inspection is utilized to detect rail
defects in track elements, materials, installed equipment and drainage systems. After this,
an ultrasound instrument can be used, providing greater precision and control over the
geometric defects identified on the rail track. Advanced and complex equipment can also be
considered, namely, an electromagnetic inspection device, laser measurement, prospecting
radars for ballast and sub-ballast inspection and ultrasonic techniques [37].

A manual inspection can be supported with the use of trolley KRAB equipment
(Figure 9a) containing two measure rollers allowing one to verify the gauge, alignment,
cant and twist dimension [41]. The LaserRail device (Figure 9b) allows for monitoring the
rail wear with high precision, by reading the profile, and providing data concerning the
material loss of the rail head [42]. The Iris 320 equipment is a railway inspection vehicle that
offers digitized measurement systems, networking, information technology and flexible
facilities to execute data production, resulting from the fusion of innovation and railway
maintenance [43]. In the present case, the provided inspection data were collected using
the EM120 track car [25].

Figure 9. A trolley KRAB equipment (a), laser rail inspection system (b) and the inspection car (c).

Inspectors and work crews can use a rail inspection car to move to and from the repair
work or inspection sites and carry the inspection equipment on board, including probes and
transducers mounted underneath the carriages (Figure 9¢c). The inspection vehicle allows
the testing of various parameters of track geometry without obstructing normal railroad
operations. The mobile track inspection systems, easily mounted on passenger or freight
trains, use a variety of sensors, measuring devices and data management software [44].
Based on the inspection data, the necessary diagnoses are then performed. The analysis
of the inspection record allows engineers to prevent eventual failures and establish an
adequate maintenance plan for the railway infrastructure, ensuring the safe operation of
rail trains [45].

The inspection activity in railway tracks considers anomalies, in order to guarantee
good structural integrity, safety and longevity. Structural Health Monitoring (SHM) has
emerged as a critical tool for early damage detection and preventive maintenance. In
addition, the adoption of digital twin technology, considering dynamic loads, enables
continuous, data-driven monitoring and predictive analytics [46]. SHM plays a crucial role
in assessing structural conditions and predicting failures to maintain structural integrity.
Vibration-based condition monitoring employs non-destructive, in situ sensing and analysis
of system dynamics across time, frequency or modal domains. This method detects changes
indicative of damage or deterioration [47].

4.2.1. EM 120 Inspection Vehicle

In Portugal, the railway geometry inspection is supported by the use of an EM
120 vehicle [25]. It contains a global positioning system (GPS) receiver device, provid-
ing the vehicle’s geographical position, corresponding to each inspection point along the
rail, and an inertial measurement unit (IMU) composed of three accelerometers. The vehicle
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devices are calibrated using an encoder optical measurement system, based on the distance
traveled by the vehicle. The vehicle is also equipped with an optical gauge measuring
system (OGMS) that measures the displacement of each rail in relation to the center of
the IMU box. Measuring track geometry through the EM 120 vehicle enables a precise
and reliable track measurement under load conditions, which simulates the real stresses
occurring on the track under normal operating circumstances.

The collected inspection data are composed of acceleration values, transformed into
displacements after double integration, along three orthogonal axes and of three rotational
values that measure the angular variations around the axes. During the measurement
process, a minimum speed of 18 km/h is maintained, avoiding the wrong parametric
values caused by the inertial measurement unit [48].

For the present study, the national infrastructure entity provided an inspection report
including the required measures. The collected data were then represented in a graphic
of values’ oscillation around the rail lines, generated according to the distance measured
between inspection points. The kilometric value represented the point where the measures
were made, corresponding to intervals of 25 cm. These data referred to the left and right
rails” longitudinal level, twist, gauge, cant and left and right rail alignments.

4.2.2. Data Evaluation and Diagnostic

The evaluation of the obtained measurements was categorized according to the techni-
cal standard GR.IT.VIA.018, concerning the tolerances and defects of the geometric track
parameters [49]. The document defines the deviation tolerances applicable over the track’s
geometric parameters, considering the Iberian gauge. The guideline expresses several
levels of diagnostics:

o  The alert level refers to a parameter value that did not exceed the tolerance;
e The intervention level indicates that a value did not reach the tolerance;
e The immediate action alert is considered when a value exceeds the tolerance.

For irregularity that exceeds the established tolerances, the type of intervention or
immediate action to be implemented is defined by the function of the type of anomaly and
the range of values considered in each geometric parameter, established in the standard.
Therefore, in the situation of an immediate correction alert, a train speed reduction must be
applied or a closure for the affected rail segment can be required.

Table 1 lists the interval of values for each geometric parameter, related to the alert
level, considering the circulation speed and the tolerance level [49]. In this study, the
circulation speed range between 80 km/h and 120 km/h was considered.

Table 1. Tolerance of rail geometric parameters for alert level and velocity [80-120] km/h (adapted
from [47]).

Class IV—Velocity 80 < V < 120 (km/h)
Gauge (mm) Cant (mm) Longitudinal Level (mm)  Alignment (mm)
—7/+25 —12/+12 —13/+13 —10/+10

The data used in the inspection activity were collected during the process and actually
carried out on site, as part of the regular maintenance work on railways, in the national
context. The set of data selected to illustrate the application of the developed script
concerned only a restricted number of anomalies, having been selected as the most frequent
and striking in relation to the more or less imminent danger they may cause.
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5. Dynamo Visual Programming

The generated rail I-BIM model contained not just the geometry of the rail track
components and their respective physical properties, but also the required inspection
parameters. The next step refers to the elaboration of a Dynamo script oriented to perform
the geometric inspection evaluation.

A script is an algorithm that allows for realizing a sequence of operations to achieve a
specific outcome. Dynamo is a visual programming language for Revit [50]. This language
is an open-source platform and uses node-based logic programming.

5.1. Development of the Dynamo Script

Dynamo programming presents a friendly interface environment. Dynamo’s inter-
active interface allows users to handle the selection and connection of action nodes, the
application of a wide variety of algorithms responsible for managing a distinct type of
functions and the creation of facility add-ins. The programming process is intuitive and
visual, but the script algorithm generation can become complex with a larger volume of
operations, requiring the application of text-based programming languages like Python to
introduce additional flexibility. Dynamo uses the IronPython command, enabling Python
scripts to interact with the Revit plug-in.

Specific Python nodes were created and applied in the elaboration of the script. These
Python nodes supported the data input action in the BIM model and the data handling in
order to perform the geometric inspection, diagnostic and alert. For this process, several
stages were considered:

e  As the available inspection data were organized in an Excel format, the Python node
used to import the listed values into the model was the “Data.Import.Excel”;

e  Next, the selection of the railway elements was realized, using the node “Family Types”
related to the rail components included in the model;

e The imported data were then correctly associated with the respective parameter of
each selected element, through the application of the “Element.SetParameterByName”
and “List.GetltemAtIndex” nodes, allowing data to be connected by index;

e Animportant function required for the script was the inspection of the value evaluation
requiring the analyses of the parametric values, confronted by the tolerance standard
values, and the attribution of a category concerning the alert level. Figure 10 shows the
routine program related to the value evaluation of a parameter and the identification
of the respective alert level (unchanged, alert and intervention).

# Auxiliar functicns toc calculate levels for each parameter of element
def Bitola(parameter):

if parameter >= -7

and parameter <= 25:

return unchanged
elif (parameter >= -9 and parameter < -7) or (parameter > 25 and parameter <= 30):

return alert
elif (parameter >= -11 and parameter < -9) or (parameter > 30 and parameter <= 35):
return intervention

return immediateAction

Figure 10. Function related to the alert level for the track gauge parameter.

e  The final step concerned the association of a color to each alert level, allowing users
to visualize it over the rail I-BIM model. In Dynamo, the colors were assigned using
Alpha, Red, Green and Blue (ARGB) inputs, where Alpha represented the color
transparency and the others the basic colors. In the routine listed in Figure 11, each
color was assigned to its respective alert level. The green color denoted no action
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required, yellow was the alert level, orange was the intervention level and red was an
immediate action level.

# Assign Color ARGB
unchanged = [255, 0, 255, 0] #color green

alert = [255, 255, 255, 0] #color yellow
intervention = [0, 255, 165, 0] #color orange
immediateAction = [255, 255, 0, 0] #color red

Figure 11. ARGB code color assigned to each alert level.

5.2. Dynamo Script Application

The script was tested using the provided inspection data related to the railway
case study. The generated Dynamo script was directly acceded from the Revit software
(https:/ /www.autodesk.com/products/revit-1t/overview, accessed on 16 May 2025) as a
plug-in. By running the script, the result of the inspection data was then visualized over
the I-BIM model, showing a coloring perception associated with each rail segment.

The available data were captured using the EM120 vehicle during a real railway
inspection provided by the Department of Asset Management of the Portuguese railway
infrastructure entity. The report carried out at the site was composed of 106 sections,
referring to each inspection point every 25 cm along the selected rail track segment. The
inspection data were first organized in an Excel spreadsheet format and then imported
to the script. As an illustrative example, Table 2 presents just a short list of the values
associated with four of the seven geometric parameters.

Table 2. Sample of inspection data imported to the model using the script (adapted from [25]).

Inspection Report for Class IV—Velocity 80 < V < 120 (km/h)

Gauge (mm) Cant (mm) Longitudinal Level (mm)  Alignment (mm)
—0.90 —0.04 —0.86 0.94
—0.62 —0.23 —0.86 0.74
-0.27 —0.39 —0.82 0.47
—0.23 —0.39 —0.70 0.12

0.00 —0.43 —0.62 —0.31
0.08 —0.43 —0.51 —0.86
—0.27 —0.39 —0.39 -1.29
—0.66 —0.20 —0.23 —0.52
—1.02 —0.04 —0.08 —0.56
—-1.21 —0.27 0.04 —0.52

The outcomes of the script application were visualized in the main Revit software
interface (Figure 12). All segments of the model presented a green color corresponding to
the level “no action needed”. This result represented the evaluation of the geometric values
included in the standard tolerance range for all parameters.

5.3. Evaluation of the Dynamo Script Performance

Two experiments were conducted, one using just the real provided data and the other
using a changed list of values in order to illustrate the perception of colors related to distinct
alert levels.
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Figure 12. Result of the Dynamo script application identifying “no action needed”.

The result of the script application related to the use of unaltered data showed all
rails colored green, indicating that no action was needed in all of the segments of the
inspected rail track. However, for a comprehensive understanding of the script’s capabil-
ities, alterations were made over the imported values. Some values of the first four rail
sections were modified. In the first section, three of the parameter values were altered to
upper values corresponding to distinct actions, namely, immediate action, intervention
and alert levels. After running the script, the modified values corresponding to those
actions were consequently represented in the I-BIM model by the colors red, orange and
yellow, respectively. Alterations of the initial inspection data, related to the second and
third sections, were also made in order to reflect in the model the different levels of alerts
(Table 3).

Table 3. Sample with some inspection values modified.

Inspection Report for Class IV—Velocity 80 < V < 120 (km/h)

Gauge (mm) Cant (mm) Longitudinal Level (mm)  Alignment (mm)
—0.90 - 1300 18.00 —11.00
—0.62 —0.23 18.00 —11.00
—0.27 —0.39 —0.82 —11.00
—0.23 —0.39 —0.70 0.12

0.00 —0.43 —0.62 —0.31
0.08 —0.43 —0.51 —0.86
—0.27 —0.39 —0.39 -1.29
—0.66 —0.20 —0.23 —0.52
—1.02 —0.04 —0.08 —0.56
—1.21 —0.27 0.04 —0.52

This new table of values was tested in the script. The Dynamo script allowed the
accurate representation of the alert level in each 25 cm section of the model. The red
indicated an immediate action, orange an intervention action and yellow an alert action,
while the other sections remained unchanged (Figure 13).

After running the script, concerning the two tables of data inspection, it was possible
to evaluate the efficiency of the developed script. The illustrative results demonstrate the
potential utility of the script in the railway inspection activity.
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Figure 13. Result of Dynamo script application considering data adjustment.

6. Results and Discussion

The visual results presented in Figures 10 and 11, obtained by the application of the

generated Dynamo script, demonstrate a successful achievement in empowering BIM use

in railway inspection work. Both images, showing the script application results, illustrate

the efficiency of the proposed approach. The study presents a useful BIM application

considering the link between BIM software (2025) and Dynamo 3.3 (2025) programming, in

the context of the railway track maintenance facility:

The present study demonstrates that the script application can identify alert levels,
visualized over the model based in a coloring perception, supporting maintenance
engineer work as it allows for the easy detection of the sections or rail segments with
anomalies. From the analyses of the parametric values related to the irregular points,
the inspection value or values that exceed the tolerance are then easily identified in
the inspection report list. The access to the particular data responsible for the alert
emission is also easily detected, by observing the data contained in the Excel file,
related to each irregular rail section or segment. The engineer must then carry out the
corresponding maintenance action, according to the geometry type and the detected
level of gravity.

The script can be used over other I-BIM models referring to the same type of rail
components considered in the present case. For that, the modeling process of other
rail projects should use the BIM parametric objects generated in the study. The
type of elements and shape, defined as new parametric objects related to rail track
geometry, should then be applied in the generation of a new rail project. In addition,
as these new rail components present an accurate geometry and are associated with
the parameters required in an inspection activity, the new I-BIM model can support
the script application. To proceed with the generation of other railway models, the
parametric objects representing the sleepers, the fastenings and the rail track segments
of 25 cm long must first be inserted as new families in the new Revit project. This I-BIM
model is then composed of all rail objects associated with the necessary inspection
parameters needed to perform the script application. As such, the same type of results
can be easily achieved in other railway projects.

In addition, the script can be adjusted to other standards’ gauges, used in other coun-
tries, or to different components concerning fasteners or sleepers. The script was
elaborated following the inspection data process mentioned in the national standard
EN 13848:2022 [26] and tolerance guidelines of GR.IT.VIA.018 [49]. Both standard
manuscripts were used to support the script application in national railway infrastruc-
tures. Other new families of parametric objects can be used to represent a national
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railway segment, supporting not just the generation of the respective I-BIM model
but also the rail inspection activity. The script attends only to the national gauge
standards. For other uses of the script, in a distinct gauge, the script must be adjusted
for conformity.

The way to integrate the data in the developed I-BIM model is described in detail,
including the selection of the parametric objects used in the model, and the generation
of new parameters to be associated with each object, in order to receive and store the
inspection data. It is also described in detail how to carry out the data analysis, using the
created Dynamo script, in order to present warnings of low, moderate and high degrees
of deterioration. Additionally, the example is presented with the alteration of data, in
order to introduce in the model excessive values referring to three types of anomalies. This
experience clearly illustrates how efficient the developed script is.

As previously mentioned, several authors were consulted. The present work presents
considerable advances in the BIM field applied to the railway, and especially to the mainte-
nance activity. Compared to Wu et al. [18], who only considered the geometric inspection
relative to the gauge, the present study encompasses more inspection parameters. Ad-
ditionally, unlike Ferreno et al. [19], who analyzed the mechanical properties with the
application of mathematical algorithms, the developed script integrates inspection data
into the model, analyzes them and visually transmits (colors) the degree of incorrectness
of the anomaly. In addition, the work of Chellaswamy et al. [20], in which they presented
a methodology for the detection of anomalies, did not contemplate the incorporation of
specific maintenance parameters in the BIM model, as exposed in the present study.

7. Conclusions

Building Information Modeling (BIM) methodology emerged as a collaborative ap-
proach to project development, particularly within the architecture and engineering fields.
Recently, its adoption in the transportation infrastructure sector has faced challenges. The
present study positively contributes to the dissemination of a relevant achievement con-
cerning the adoption of BIM methodology and Dynamo programming use, improving
workflow efficiency within the railway inspection activity.

The application of the developed script in railway maintenance is both useful and
promising for the future of railway inspections. Once the script is developed, the only
required action from the engineer is to select the Excel document containing the collected
data. The script performs the evaluation, which is currently realized by a traditional
analysis of graphics and tables provided by the EM120 inspection vehicle. By integrating
Revit software and Dynamo programming, the script provides a quick overview of the
inspection results identified by interpreting the associated color coding, facilitating the
maintenance activity. This functionality can be easily applied by maintenance engineers,
enhancing efficiency in railway inspections.

7.1. BIM Benefits in Railways

For other real railway projects, the I-BIM model of the inspected segment must be
first modeled, using the generated families of rail parametric objects, complemented with
all the inspection parameters required to perform the geometric inspection activity. This
functionality can easily be implemented by the railway engineer enterprises, supported by
the direct access of the generated inspection Dynamo script, used as a Revit plug-in.

This study focused on implementing BIM methodology in railway projects,
aiming to enhance inspection processes and maintenance activities throughout the
infrastructure lifecycle:



Appl. Sci. 2025, 15, 5733

17 of 20

e Using the Revit BIM modeling parametric system, an [-BIM railway track model
was created, focused on the essential components required for the geometric quality
assessment. New parametric families were defined for sleepers, fastenings and rails,
considering not just an accurate geometry but also the addition of new parameters
related to the inspection work;

e A Dynamo script was developed allowing users to transfer the collected inspection
data into the railway model; to associate the data to the respective parameter of the
objects, used in the modeling process; and to perform color coding according to the
alert level standards;

e  The application of the new script, as an innovative approach, allows engineers to
enhance optimized inspection planning, with adequate and accurate maintenance
prevention, efficient streamlining workflow and a global time-saving measure.

Despite some difficulties and delays in the transport infrastructure area in comparison
to other areas of application of BIM methodology, its adoption is very promising and
positive. The present study encourages BIM implementation in infrastructure engineering
projects and companies. BIM implementation in railway infrastructure inspection was
successfully demonstrated in the text, and the main benefits were highlighted supporting
the good results obtained by applying the created script. To perform the study case, an
I-BIM model was first created, and then enriched with the collected inspection data. This
aspect supports the main concept of BIM, which is the centralization of all information
generated, added and actualized in a unique digital model of the infrastructure in analyses.
The enriched BIM model allows the user to manipulate its database, leading to more
efficient project coordination, management and maintenance.

In the field of railway maintenance, the use of BIM modeling is very limited. The study
presents the modeling process required for a correct representation of the components of the
rail track. This step was innovative because, normally, the limitation in the development of
I-BIM models for projects under analysis and maintenance is due to the lack of parametric
objects in the libraries of BIM systems of most frequent use. Thus, new objects had to be
created. Additionally, the proposal to develop a Dynamo script, with functionality as a
Revit plug-in and with the ability to analyze data and present an alert level, constitutes a
significant advancement in support of the railway maintenance activity. It should also be
noted that parameters and values can be changed so that the script can be easily integrated
into railway design offices with a different gauge. The applicability of the script is thus not
limited to the example presented but also to other concrete situations, requiring only some
adjustments in the Dynamo programming.

7.2. Study Limtations and Future Directions

The present study was developed in the context of the infrastructure sector, with the
objective of obtaining some new knowledge about BIM implementation in the field of
railways, in the national context. This work demonstrates the capability and capacity of
BIM software and the application of an innovative Dynamo script in the process of railway
inspection supporting the maintenance activity of the infrastructure:

e  Anadequate computing skill by the user is required. This capacity becomes increas-
ingly important for civil engineers because learning visual programming in Dynamo
and text-based syntax in Python is essential for tackling complex scenarios;

e The modeled objects and data collected only refer to a selected set of geometric
elements and irregularities. The layers of ballast and sub-ballast are not considered.
Similar research work can be made following the present procedure, allowing users to
conduct a larger inspection over other rail components;
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e  Future development areas include expanding the analysis to include curved align-
ments, integrating maintenance planning with all necessary parameters to design
more complete manner quality control inspection tests and developing new para-
metric families tailored to railway infrastructures in order to facilitate the modeling
process of more comprehensive and realistic infrastructure projects.

Following this work, several areas for future development can be explored within
the scope of BIM application in transportation infrastructure. This study encourages BIM
implementation in infrastructure engineering projects and companies, paving the way for
enhanced efficiency and innovation in the industry.
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