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Abstract: Railway infrastructures play a pivotal role in developing the national transportation
system. Recently, the strategy of the railway engineer has been significantly shifted; along with the
development of new assets, they tend to pay increasing attention to the operation and management
of existing railway assets. In this regard, this paper proposes a Digital Twin (DT) model to improve
fatigue assessment efficiency in the operational processes of railway steel bridges (RSBs). The DT
concept mainly lies in the federation and interaction of a Fatigue Analysis System (FAS), which
is based on Eurocodes principles, and a model in Building Information Modeling (BIM). Along
with the proposed DT concept, a prototyping system for a real bridge is initiated and curated. The
FAS is validated in good-agreement results with the ambient vibration test of the bridge (about
1.6% variation between numerical and experimental values), and close values were found between
numerical and experimental stresses, the latter obtained by installing strain gauges on the bridge.
The BIM model provides access to the numerical values of fatigue state results in a given bridge
connection detail but also automatically represents that information in a 3D environment using
a color-scale-based visualization process. Furthermore, a simulation model with the main input
variables being the traffic and geometric conditions of the bridge is continuously updated for timely
re-evaluation of the damage state, which shows promise for the lifecycle management of the bridge.

Keywords: digital twin; fatigue damage; Fatigue Analysis System; BIM; railway steel bridge

1. Introduction

Several recent indicators point to a future increase in rail traffic volume in Portugal and
many other parts of the world. In contrast, several railway bridges have already reached
or exceeded their useful life. A continuous improvement of the structural assessment
methodologies of railway infrastructures that better assist decision making in the operation
processes and maintenance is required. In the case of existing railway steel bridges (RSBs),
fatigue is seen as one of the significant threats to structural integrity that can significantly
affect the bearing capacity for new load scenarios and limit residual life [1–5]. Regarding
structural integrity, phenomena, such as corrosion, deterioration, and other defects, includ-
ing those arising from the manufacturing process, must be taken seriously, as they have a
significant impact on the evolution of fatigue, which in the case of corrosion, for example,
can lead to geometric irregularities in components and promote stress concentration [6].
These situations call for the use of appropriate methodologies, which are beyond the scope
of this work. Fatigue may be defined as initiating and propagating cracks through a steel
structural element due to fluctuating stresses [7]. In railway bridges, the action caused by
passing trains is the most responsible for causing fatigue.
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In the range of methodologies for structural integrity monitoring or that assist bridge
operation and maintenance processes, including fatigue-related cases, the use of Digital
Twin (DT) models currently stands out. Several definitions are attributed to Digital Twins
(DTs) in the literature and extensive reviews on these models [8–13]. The origin of DTs dates
back to 1970 when NASA created mirror images of the Apollo 13 (physical twin) [14]. The
modern concept of DT was first proposed in 2003 by Michael Grieves [15] in an executive
course on “Product Lifecycle Management”, which can be considered a white paper for
modern DT research. It was gradually updated to different contexts and fields, which is
defined as a digital representation of a physical entity (asset, process, or system) that serves
as a living digital simulation model fed by continuously collected data, such as operational
data collected at bridges and other processing data linked to specific routines [16]. Although
the basic definition of DT seems consensual, certain aspects surrounding it have still
generated discussion. For instance, some consider that similar to Building Information
Modeling (BIM), DTs are a process, not a technology [17]. However, regardless of the
controversy, everything suggests that the application of DTs extends to engineering and
non-engineering fields.

Although the elemental composition of the DT follows a nearly universal pattern,
there is no clear guideline or rule for creating these models. Three components are typically
mentioned as making up the basic structure of DT: the physical entity in real space, the
virtual entity (virtual model), and the connection between the physical and virtual parts
through data flow [18]. In creating the DT model (e.g., for structural integrity assessment of
a bridge), two approaches to virtual model processing should be highlighted: the physics-
based approach and the data-driven approach. The first one, the virtual model, is built
according to known physical laws and principles, i.e., it is a surrogate representation
of a preconceived physical reality. In contrast, the second involves using data alone
(from sensors and other sources) to create a model, generally relying on statistical models
and/or machine learning algorithms that analyze the given data to identify patterns
and correlations to determine the structural condition and performance. However, there
are more direct data-driven systems that do not involve Artificial Intelligence and are
more focused on creating 3D geometric models using parametric modeling algorithms
(so-called data-driven design). For instance, in the context of BIM, to create a DT to
automate a maintenance system of pre-stressed concrete bridges, the researchers of [19,20]
applied the concept of parametric modeling to create the 3D model (using an open-source
application programming interface) in which through algorithms, isolated concrete objects
were created (including their position, orientation, or restrictions), identified by an ID, and
then combined to form a single 3D model (Figure 1 [20]).
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Figure 1. Example of a parametric flowchart for parametric modeling of pre-stressed concrete
(PSC) bridge.

This BIM-based digital bridge model was then overlapped on another Bridge Reality
Model/Inverted 3D Surface Model, as the authors refer to it (created through a 3D scanning
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procedure, reflecting the current state of the bridge), forming a federated model (which
is also referred to as the “initial model” and represent the current actual state model),
and through the interoperability of the BIM solution, a Mechanical Model was derived,
allowing analysis based on the finite element method (FEM), taking into account the actual
state of the bridge.

BIM has been explored as a starting point for creating DT of bridges and other infras-
tructures, either via parametric modeling or direct modeling with pre-existing objects in
software for creating 3D geometric models (such as the procedure used in this work). BIM
not only serves to create 3D models, but it is also an excellent platform for integration,
storage, and sharing of information covering the entire life cycle of a project [21]. The aid of
BIM for Bridge DT creation for various purposes of bridge lifecycle management, resilience,
and climate change was further reported in the literature [10,22,23].

In the particular case of fatigue in bridges, taking into account the complexity of its
analysis and considering that DTs in the bridges sector and architecture, engineering, and
construction (AEC) generally are still in their “embryonic” stages, works aimed at the
implementation of these models in this field are still scarce. Regarding some results in the
literature, we can refer to [24], which studies the “orthotropic steel deck of a cable-stayed
bridge” in which, while admitting that the welding residual stress is an essential cause
of fatigue cracking, the author attempts to synthesize the monitoring data and the finite
element model (FEM) through a DT to reconstruct the un-monitoring structure responses.
The operationalization of the model proposed by the author relies fundamentally on
updating the FEM based on regular measurements of the bridge and identifying fatigue
cracks at strategic locations that may be inaccessible, thus being able to simulate loads to
predict the response of the structure. However, the proposed model is unclear regarding
the automation process and visualization, which are essential characteristics of a DT. It
should be noted that a DT representing fatigue in steel bridges consists of two complex
parts: the fatigue analysis part, which is generally complex and little understood, and the
difficulties in the technology for the construction of the DT [25].

Inspired by the different research works previously reported, this paper proposes an
integrated model of a Fatigue Analysis System (FAS) based on a FEM and the BIM model
of the bridge in the process of continuous automatic updating of the two parts to form a
DT model (Figure 2).
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The FAS is divided into two parts: the first is implemented in ANSYS® v.2021 software
and is responsible for the static or dynamic analyses required to obtain part of the data
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necessary to evaluate the fatigue damage in certain detail. The second part is implemented
in MATLAB® v2021a, following the steps for fatigue damage calculation specified in the
Eurocodes, specifically implementing the Linear Damage Accumulation Method (LDAM).
The input of both internal data (from static/dynamic analyses) and external data (e.g.,
real traffic obtained from weigh-in-motion systems) is also handled by the algorithms
implemented in MATLAB® v2021a. The BIM model is developed in Autodesk REVIT®

v2021 using 2D drawings (existing project design and as-built drawings), photographic
survey, and other available information. This BIM model is, above all, responsible for
the representation/visualization of the fatigue evolution and enabling the input of new
information the user can introduce). Additionally, in turn, the integration between FAS
and BIM that make up the DT model is supported by the Application Programming
Interface (API) DYNAMO (coupled to REVIT® v2021) for data driving and routines either
implemented in MATLAB® v2021a or through Ansys Parametric Design Language (APDL).

The primary purpose of developing this model is to achieve what is complicated or
impractical with the isolated FAS, namely the representation/visualization of the fatigue
evolution and automatic change of the geometric and load (traffic) conditions of the model,
essentially enabling:

- Quick mapping of the condition of the connection details regarding the fatigue evolution;
- “What if scenarios” to quickly evaluate various scenarios affecting fatigue evolution.

2. Fatigue Analysis System (FAS)

Summary: This section addresses the fatigue analysis methodologies, focusing on
the methods outlined in the Eurocodes, part of which was implemented in this work.
Additionally, reference is made to the enhancement implemented in an existing FAS through
the use of a DT model.

The fatigue analysis methodology in steel bridges is fundamentally based on three
approaches, namely the Stress-Life Approach, Strain-Life Approach, and the Fracture
Mechanic Approach, each with its field of application, with use depending on the interest
of the analysis, which is also associated with the global or local approach [26,27]. The
Stress-Life Approach (also known as the S-N method) is a global method on which the
Eurocode 3, part 1-9 (EC3-1-9 [7]) and many other standards are based and is the most
widely used in design [2,26]. The method is based on S-N curves (stress number of cycles to
failure) and assumes that the elastic stress state controls the fatigue behavior, generally an
accurate representation of high cycle fatigue (HCF). Depending on the stress analysis of the
structural detail, this method can be subdivided into the Nominal Stress Method, Hot Spot
Stress Method, and Effective Notch Stress Method [25,26]. The first is the most common,
and according to EC3-1-9 [7], is called nominal stress, the stress in the parent material
adjacent to a potential crack location, calculated by elastic theory without considering
any stress concentration effects. When, however, stress concentration is essential, the last
two may be used according to the specific situation. Based on the Stress-Life Method,
the Eurocodes establish two different methodologies for assessing fatigue resistance in
particular structural detail:

1. The Equivalent Constant Amplitude Stress Range Method (ECASRM) (also known as
λ-coefficient method): the method is significantly simplified as it does not consider
variation in stress amplitude and is suitable for evaluations under quasi-static effects
when dynamic analyses are not necessary, considering the applicable load models
defined in EC1-2 [28]. Safety is considered satisfied when the conditions expressed by
the inequalities (1) and (2) below are verified:

γF f .∆σE2 ≤ ∆σc

γM f
(1)

γF f .∆τE2 ≤ ∆τc

γM f
(2)
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In the above expressions, γM f and γF f represent partial safety factors (resistance and
loading sides, respectively), ∆σc and ∆τc represent the fatigue resistance at 2 × 106 cycles,
and ∆σE2 and ∆τE2 express the equivalent constant amplitude stress range at 2 × 106 cycles.
When direct and shear stresses act simultaneously, the following condition must be satisfied
(Equation (3)): (

γF f .∆σE2

∆σc/γM f

)3

+

(
γF f .∆τE2

∆τc/γM f

)5

≤ 1.0 (3)

2. Linear Damage Accumulation Method (LDAM) (also known as Palmgren-Miner rule):
the most comprehensive method provided by the Eurocodes and has been widely
used in several research projects. Both quasi-static and dynamic analyses can be
associated with actual or normative traffic for fatigue specified in EC1-2 [28]. To assess
safety, the accumulation of partial fatigue damage corresponding to stress amplitudes
∆σi generated from a given stress history is computed (Equation (4)).

D = ∑
ni
Ni

=
n1

N1
+

n2

N2
+ . . . +

nk
Nk

≤ 1 (4)

where D represents the accumulated fatigue damage considering a certain cyclic loading;
ni represents the number of load cycles at ∆σi; and Ni represent the fatigue life expressed
in cycles of the detail submitted to the same stress range, ∆σi, with i ranging from 1 to k.

Figure 3 [26] depicts the general scheme of the fatigue analysis methodology for RSBs
according to the Eurocodes.
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The FAS implemented in this work is one of four phases of a four-phase process
covering preliminary to advanced fatigue analysis of RSBs in the study initiated by [1,29]
and that, in the scope of the development of the proposed DT model, was continued by the
team responsible for this present work. The proposed DT approach aims to increase the
performance of one of these phases and, thus, the process as a whole (Figure 4).
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As seen in Figure 4, the digital DT links up with the second phase, which is a so-called
standard phase and based on the LDAM, already described above. It is a crucial phase,
as it is a determinant for partial decision making in the sense of performing or not more
advanced local analysis. Making this phase more flexible with the proposed DT model can
significantly improve the asset management process, considerably reducing the manual
effort for checking critical details and simulating effects that affect fatigue evolution.

3. Approach to the Proposed Digital Twin Model

Summary: The proposed methodology for developing and implementing the DT
model, with the goal of analyzing the evolution of the fatigue state, is presented in detail in
this section. Along with data storage, processing, and information flow, which form the
backbone of the proposed model’s operation, the relationship with BIM and its support for
model creation are also discussed.

3.1. Data Scheme for the Proposed Digital Twin Model

Since the numerical model (in FAS) and the BIM model of the bridge are initially
created separately, what links and makes them interact is the data flow, so the geometries
of the two parts, for example, must be in full agreement. Both geometries are created via
direct modeling from existing design and other information, such as as-built drawings
and photographic surveys. For example, the procedure adopted by [30] uses data to create
geometric models (data-driven design approach). Therefore, in this scheme, what matters
most is the data flow between the parts of the FAS (which includes FEM and fatigue
computation) and the BIM model. These data are related to the different connection details
coded in the FAS and BIM model (Figure 5) (only a sample of principal connection details
is shown). For example, the details of the inferior flanges of the bridge truss along the span
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are coded “sec1-i” (with i ranging from 1 to the number of this type of detail), which is
in charge of the data flow and exchange between the FAS and the BIM model. The BIM
model has additional object identifiers (Element ID and GUID) that are inherent to the BIM
authoring tool and employed for other scopes.
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As shown in Figure 6, within the scope of the proposed DT model, the FAS is responsi-
ble for ultimately computing the accumulated fatigue damage in the various connection
details (see Figure 5), taking into account several variables, the most important of which
are traffic levels and geometry properties near the fatigue-prone location. The challenge
is to represent the damage and its location in the BIM model in real time once the dam-
age has been computed and located. The representation in the BIM model is performed
graphically and non-graphically (attributes). The graphical representation consists of a
color-based visualization of the damage that is somewhat analogous to the representation
of result analysis in numerical programs, such as finite element analyses (e.g., stress levels,
deformation, etc.). Since the LDAM establishes a damage variation from 0 to 1, with 1
being the most critical situation, the detail reflects the reddish color at that level. The
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data flow begins with a routine implemented in MATLAB® v2021a in FAS for information
preparation and output (excel files), followed by DYNAMO visual programming routines
for (a) converting the damage into color levels and allocating them to the relevant detail
in the BIM model and (b) sending damage extent values and other pertinent information
(attributes) to the BIM model. The attributes are made up of parameters created in the BIM
model and others specific to the BIM authoring tool (e.g., cross-section type and material).
The created parameters are, for instance, those that indicate the damage extent value of a
particular detail selected in the model, the type of traffic associated with the damage at a
detail, etc.
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On the other hand, aiming to achieve one of the main characteristics of a DT, which
is the simulation capability (“what if”), a simulation process involving conditions that
affect the fatigue evolutions, namely traffic (traffic variation) and geometry (possibility of
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changing the cross-section properties near the fatigue-prone location and possible change
in rivet positioning, assuming here details of riveted connections which compose the bridge
case study of the proposed DT model) is implemented. For this purpose, which involves
updating data (see Figure 6), the following steps are taken:

• Create parameters in the BIM platform to (a) choose a particular type of traffic for
analysis and (b) introduce geometry properties data to update the numerical model;

• Implement a routine in a visual programming DYNAMO to extract the data mentioned
above and forward it to FAS;

• Create new routines based on MATLAB® v2021a and APDL in the previously created
FAS so that the system can receive new data, be updated (including the FEM), and
issue new results.

3.2. Integrated Data-Flow Process for Fatigue Damage Representation and Simulation

As described in the previous subchapter, the global model relies on the data flow
between the two main parts that make up the DT model (FAS and BIM model) for visual-
ization of the state of fatigue evolution and simulation of different conditions affecting this
evolution. The integrated data-flow process for various uses in the scope of the proposed
DT model is shown in Figure 7. With the FAS established and the 3D geometric model of
the bridge created in BIM, the following data is produced:

(a) The FAS produces the accumulated damage in the different details, the location of the
respective details, and the associated traffic. These data and other relevant data from
the FAS are forwarded for representation in the BIM model.

(b) The information introduced by the user in the BIM platform to update the FAS (FEM
and other variables of the fatigue resistance module).
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This database is stored on a specified server (for example, a BIM server). Different BIM
protocols can bridge the information, manipulate it, and release it to other tools/algorithms
to achieve the desired result.

The data set and algorithm set indicated in Figure 7 are detailed in Figure 8.
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4. Bridge Case Study

Summary: The application of the proposed methodology is demonstrated in this
section through a case study involving a RSB that was previously subjected to a FAS. As a
part of this study, the system is enhanced through its federation with the BIM model to form
the DT model. The numerical model of the bridge, analysis methods, system validation,
and the achieved results are discussed.

4.1. Description of the Bridge

The bridge under study, named Várzea Bridge, is located in Aveiro district, Portugal,
at km +59.478 along the Beira Alta international railway line (Figure 9). The bridge,
constructed in 1958, is entirely steel, except for one of the columns and the abutments,
which are of stone. The bridge’s main structure consists of five continuous spans of
50.5 + 50.5 + 60 × 3 + 50.5 and an additional simple supported span of 20 m at one end.
The bridge also has four trapezoidal-shaped steel truss columns with heights ranging from
10.10 m to 30.20 m and a stone column with 12.20 m height (on the side of the additional
simple supported span) and stone abutments.

The continuous deck is made up of two inverted warren trusses 5.95 m high and
4.40 m wide connected by transversal bracings at two levels, lower and upper, connecting
the truss’s lower and upper chords, respectively, and a robust upper transversal girder at
the edge of each truss panel which supports the longitudinal track girders. Regarding the
cross sections and connections of the various components, the structure has both simple and
composite section profiles, and the connections are generally riveted. The characterization
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of the main elements that compose the truss structure of the bridge and are the target of
fatigue assessment is presented in Table 1.
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4.2. Fatigue Analysis System Implementation

As described in Chapter 2, of the four phases that are part of a global fatigue analysis
process, the one that integrates the proposed DT model is the second phase based on
LDAM (see Figure 4). This FAS was modified to meet the scope of the proposed DT model.
The details of such steps and the modifications implemented for this present case study
are presented in Figure 10. The modifications (in the “standard FAS”) are fundamental
to give new input conditions to the system regarding loads (traffic) and geometry. Thus,
besides being a system that performs analyses (calculation of accumulated damage) for
fixed conditions, it becomes flexible for various situations.
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The above conditions’ implementation and automation are achieved through im-
plementing routines via APDL and MATLAB® v2021a. In terms of analyses that lead
to obtaining nominal stresses in connection details, given that the speeds of the trains
traveling over the bridge under study do not exceed 200 km/h, according to EC1-2 [28],
dynamic analysis was dispensed, and static analysis was carried out through the imple-
mentation of influence lines for determining internal forces, bending moments, and stresses
(Figures 10 and 11).
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If it were a dynamic analysis, modal superposition would be the most efficient method-
ology (see Figure 10, and a more in-depth approach to the methodologies can also be found
in previous studies [1,5]). The respective numerical model was based on finite elements
implemented in the ANSYS® v.2021 software. Beam elements (BEAM 188) available in
ANSYS APDL v.2021 [31] were used to design the model. This included the non-ballasted
railway track, where the rail and wooden sleepers were also modeled using BEAM 188.
Regarding the material properties (steel), two classes were considered depending on the
type of metallic member: S355 (with yield strength, fy, equal to 355 MPa, Young’s modulus,
E, of 210 GPa, density, ρ, of 7850 kg/m3, and Poisson’s ratio, ν, equal to 0.27) and S235, with
all properties similar to the S355, except for the yield stress, fy, which is equal to 235 Mpa.

To validate the numerical model, which led to the computation of fatigue damage,
and in the context of conducting a detailed analysis (not covered in this work), in addition
to an ambient vibration test of the bridge, to obtain experimental vibration modes and
frequencies and subsequent comparison with those obtained numerically (Table 2), a forced
vibration campaign was conducted regarding the passage of a regular passenger train
(composed of 12 axles with an average weight of 115 kN per axle) through the bridge, at a
speed of 53 km/h. To this end, 14 strain gauges were installed to evaluate the stresses at
locations of interest. Figure 12 [32] shows the position of four sensors that are part of this set
and the installation process of one of these. Figure 13 [32] shows an overlap of numerical
time history stress and experimental stresses in two of the four previously mentioned
positions, calculated from strain values and considering a purely elastic material. As for
the vibration modes, the numerical and experimental stress values show good agreement,
which suggests that the model provides reliable and accurate results for stresses. For the
vibration modes, the average percentage variation between the corresponding experimental
and numerical frequencies (only for the frequencies presented here, out of a total of 28
obtained correspondences) is approximately 1.6%. A more in-depth discussion of this
issue can be found in the previous study [32], which was solely concerned with the fatigue
analysis of the same bridge.
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Table 2. Comparison of experimental and numerical frequencies for numerical model validation
(three modes out of a total of 28 determined vibration modes).
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Figure 12. Part of strain gauges installed in experimental campaign; (a) strain gauges on the cross-
sections close to column, at position x = 104.5 m; (b) installation process.
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4.3. Bridge BIM Model

The BIM model of the bridge has been modeled using Autodesk REVIT® v.2021
software, for a LOD 300, based on existing 2D drawings (design and as-built drawings),
a photographic survey, and other available information (Figure 14). After modeling, two
main actions were taken: prepare the model to be embedded with fatigue data from FAS
for fatigue evolution visualization and prepare an input field for the user to introduce
information for simulation.
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Figure 14. Three-dimensional model of the bridge developed using Autodesk REVIT® v.2021.

It was achieved by creating additional codes linked to the connection detail (to capture
data from FAS) and parameters (to represent different fatigue data) (Figure 15).

4.4. Integrated Model: Sample Representation of Fatigue State

In this demonstration, four scenarios are studied to evaluate the fatigue state in the
connections details of the main diagonals of the bridge truss structure (Figures 16–19). The
first two scenarios involve the use of standard traffic mix and heavy traffic mix, as specified
in EC1-2 [28], with the geometric properties of the truss structure members shown in Table 1
(Figures 16 and 17). The last two scenarios (Figures 18 and 19) involve the use of standard
traffic mix and heavy traffic mix again but with a change in geometrical properties, where
the cross-section of the diagonals and vertical posts close to the columns are all replaced by
the general ones (those along the spans). The accumulated damage levels are visualized
analogous to finite element analysis (e.g., stress levels, deformation, etc.), with a color
scale illustrating the damage variation, where a completely reddish color indicates higher
damage levels. Following the principle of LDAM, the detail is considered non-critical when
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the accumulated damage is less than 1. The accumulated damage corresponds to a period
of 100 years after the bridge’s construction, which in the case of the bridge under study
(built-in 1958), would still take approximately 35 years to reach the service life. Details
with a reddish tendency (D100 ≥ 1) suggest further investigation. A solid continuous beam
(representing the whole bridge truss) was also idealized to provide a global view, allowing
for more quick and global visualization of the diagonal detail state.
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Figure 16. Fatigue damage results in the details located at diagonals of the bridge truss for scenarios 
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Figure 18. Fatigue damage results in the details located at diagonals of the bridge truss for scenarios 
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More localized information (including the extent of damage) can be observed and
consulted in detail by clicking on it (see Figure 20).
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5. Conclusions

This work addressed the development of a DT model to increase the flexibility of
the fatigue evolution assessment process for railway steel bridges. For this purpose, a
Fatigue Analysis System (FAS) and BIM modeling were combined. The FAS incorporates a
numerical finite element part, implemented in ANSYS® v.2021 software, to obtain part of the
input parameters for fatigue computation and the other function related to fatigue damage
computation, based on the Linear Damage Accumulation Method (LEAM) proposed in
the Eurocodes, and using MATLAB® v2021a software for its implementation. The Várzea
bridge in Portugal was chosen for model implementation, and the connection details on
the diagonals of the bridge truss structure were evaluated. Four scenarios involving the
normative traffic specified in EC1-2 and changes to the geometric properties of some truss
members were tested as part of this evaluation, expecting to evaluate more scenarios and
involve other connections details within the scope of this ongoing research. The results
achieved are promising, highlighting the following issues to improve the performance of
fatigue assessment:

• Development of a data flow scheme for interaction between the FAS and BIM model
for fatigue evolution representation and visualization;

• Creation of an open system that allows inputs related to various traffic conditions and
geometric properties, resulting in an automatic representation of fatigue evolution;

• Flexibilization in global fatigue evaluation through automatic mapping of fatigue
evolution, allowing for a quick decision-making process regarding the need or not for
advanced local analysis or inspection levels to be implemented.
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