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Abstract

This research analyzes the implementation of terrestrial laser scanning (TLS) in Building
Information Modeling for Bridges (BrIM) for the structural monitoring and analysis of
the Villena Rey Bridge, considering that bridges undergo progressive deterioration due
to environmental factors and dynamic loads, making advanced monitoring technologies
essential. The capture of three-dimensional data through TLS enabled the generation of
a point cloud in RCS format, which was processed and optimized in Autodesk ReCap
Pro, and subsequently used to create a digital twin in Revit, facilitating simulations and
structural analyses. Furthermore, the integration of this information with Power Bl resulted
in a decision support system (DSS) that enhances data interpretation. The results indicate
quantifiable improvements directly related to the application of the proposed BrIM-based
methodology. Specifically, the accuracy in detecting structural anomalies increased by 37%
compared to traditional visual inspection methods, as detailed. Likewise, the time required
for structural evaluation and diagnosis decreased by 42%, allowing faster and more reliable
decision-making. Furthermore, the integration of structural data with analytical tools
enhanced the accuracy of maintenance planning by 31%, which, in turn, contributed to a
25% reduction in operational costs. These findings, discussed in detail in the Results section,
confirm the effectiveness of the proposed approach in improving the inspection, mainte-
nance, and management of bridge structures. Finally, as highlighted in the Conclusions, the
integration of technologies such as TLS, Revit, and Power Bl represents a significant step
forward in digital road infrastructure management and provides a foundation for future
research focused on refining and expanding this methodology.

Keywords: transport layer security; Autodesk ReCap Pro; decision support system; bridge
information modeling

1. Introduction

The increasing complexity of modern bridges and the rapid aging of these infra-
structures have driven the need to adopt advanced technologies for their maintenance and
monitoring. Tools such as TLS and BrIM have demonstrated improvements in accuracy and
efficiency according to prior research [1-4]. The application of Terrestrial Laser Scanning
(TLS) for the digitization of bridge infrastructures, emphasizing its pivotal role in advanc-
ing Bridge Information Modeling (BrIM). The authors demonstrate how TLS enables the
generation of high-resolution 3D point clouds that accurately capture structural geome-
try and surface conditions, facilitating precise modeling and condition assessment. By
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integrating TLS data into BrIM workflows, the study supports more efficient maintenance
planning and contributes to the development of digital twins for bridges. A case study
validates the methodology, showcasing its practical feasibility and potential to streamline
infrastructure management through automation and enhanced data fidelity [5]. Rather
than intrinsic gains from the software itself. A detailed analysis of the current state of BIM
methodology and augmented reality in civil engineering reveals significant advantages
in terms of interoperability and efficiency by 15%, although certain limitations persist [6].
The development of BrIM-based approaches has proven to enhance the maintenance ef-
ficiency of aging bridges by 20% through precise digitization and data management [7].
Explore the integration of Building Information Modeling (BIM) and Bridge Information
Modeling (BrIM) as a strategic approach to enhance bridge management systems. Their
study emphasizes how these methodologies enable a comprehensive digital representation
of bridge assets, supporting lifecycle planning, maintenance, and decision-making. By
promoting interoperability and collaborative workflows across technical disciplines, the au-
thors demonstrate that BIM and BrIM not only improve data accuracy and visualization but
also optimize resource allocation and infrastructure resilience. The paper outlines practical
guidelines for institutional adoption, positioning BIM-BrIM integration as a transformative
tool for modern bridge asset management [8]. Despite these advancements, a specific
research gap remains in the practical application of BrIM and Digital Twin technologies to
newly constructed bridges, particularly in developing regions. Existing studies predomi-
nantly focus on aging infrastructure or theoretical frameworks, leaving a need for replicable
methodologies that demonstrate how these technologies can be effectively implemented in
real-world scenarios with limited resources. This study addresses that gap by proposing a
comprehensive workflow for analyzing the new Villena Rey Bridge in Peru using terrestrial
laser scanning (TLS). Autodesk’s Recap Pro will be employed to convert physical data
into high-quality digital models, which will then be imported into Revit (2025.04) software
to create a detailed 3D model. This approach aims to optimize information management
and maintenance planning, offering a practical and scalable solution for bridge asset man-
agement in emerging contexts. Proposes an integrated framework for the inspection and
maintenance of reinforced concrete bridges (RCB) using BrIM, highlighting its effectiveness
through comprehensive case studies and improvements in report generation. BrIM’s ability
to transform two-dimensional plans into interactive three-dimensional models facilitates
the identify-cation of structural failures and improves operational efficiency [9]. The im-
plementation of a practical data-driven approach and the incorporation of vectorization
and deep learning methods underscore BrIM'’s potential to optimize decision-making in
bridge management [10]. Advanced monitoring methods such as TLS and the calculation of
de-formation modes using sliding windows and surface fitting have shown significant im-
provident in structural monitoring accuracy [11]. The integration of BIM with IoT sensors
enables real-time monitoring of bridge deformations down to 0.1 mm and enhances precise
decision-making [12]. A generative approach to bridge design has also helped reduce
computational and modeling costs, creating flexible geometric solutions and optimizing
resources [13]. The automatic reconstruction of parametric BIM models using point clouds
has proven to be accurate and efficient, facilitating the rapid and precise extraction of
geometric features of bridges [14]. The integration of BIM with low-cost IoT sensors to
monitor real-time deflection of a bridge beam using a scaled laboratory model highlights
how connection through a relational database management system (RDBMS) allows for
risk assessment of the actual structure and remote, precise monitoring of its behavior [15].
The state of the art in bridge asset management using digital models such as BIM and
digital twins has revealed persistent challenges, such as the lack of standardization and
proper categorization of these models. However, post-construction BIM integration into
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bridge management systems can significantly improve current practices [16]. An innovative
methodology combining BIM, TLS, and photogrammetry has demonstrated reductions in
time and cost in bridge projects, providing a comprehensive solution for maintenance and
structural analysis [17]. Additionally, the Immersive Bridge Digital Twin Platform (IBDTP)
facilitates immersive Decision making and significantly enhances traditional structural
health monitoring (SHM) [18]. The intelligent maintenance methodology powered by
digital twins (DTIM) for aging steel hangers has proven effective by integrating predic-
tive models, monitoring data, and inspection results using advanced algorithms such as
POMDP, A3C, and BDLM. This approach focuses on early repairs, strategic inspections,
and timely replacements, optimizing resource allocation and improving structural integrity
cost-effectively [19]. Furthermore, a conceptual framework to enhance BIM with Digital
Twin (DT) technology in bridge engineering addresses current conceptual and technical
confusions, proposing a performance hierarchy based on critical metrics for bridge digital
twins [20]. A novel damage identification method based on transferable digital twins has
significantly improved damage detection accuracy in truss bridges, achieving classification
accuracies above 80% in the training set [21]. A scient metric analysis and comprehen-
sive review of the state of the art on digital twins in bridge management and monitoring
highlight conceptual ambiguities and the lack of decision support models. In this context,
an improved conceptual framework for implementation is proposed [22]. On the other
hand, the solution for automatic modeling of box girder bridges using laser-scanned point
clouds has demonstrated high accuracy and efficiency, outperforming existing models. This
offers a promising solution for creating digital twins of bridge structures [23]. Additionally,
an automatic analysis method for geometric deformation of bridge digital twins, based
on an improved Hausdorff method, has shown over 90% efficiency improvement and
millimeter-level accuracy [24]. Moreover, the bridge maintenance optimization method
under resource constraints, using the adjusted NSGA-II method, has enhanced the scientific
management capabilities of maintenance planners, which can be applied to other structural
forms [18]. Finally, the case of the Stave Bridge in Norway highlights the importance of
online monitoring and digital twins in condition- and risk-based maintenance. This exam-
ple demonstrates how the combination of physics-based methods and machine learning
facilitates damage detection and diagnosis [25]. In relation to this, the intelligent mainte-
nance methodology powered by digital twins (DTIM) for aging steel hangers has proven
effective by integrating predictive models, monitoring data, and inspection results. Using
advanced algorithms such as POMDP, A3C, and BDLM, this approach focuses on early
repairs, strategic inspections, and timely replacements, optimizing resource allocation and
improving structural integrity cost-effectively [26].

This research proposes analyzing the new Villena Rey Bridge using laser scanning.
Then, Autodesk’s Recap Pro will be used—a tool that converts physical data into high-
quality digital models—to obtain a detailed procedure. Finally, the model will be imported
into Revit (2025.4) software to create a 3D model with detailed bridge features to optimize
information management.

2. Methodology

This research presents the methodology as follows: first, bridges are subject to con-
stant deterioration due to environmental factors, loads, and the passage of time. Early
identification of problems in these structures is crucial to ensure their safety and durability.
Therefore, a review of background and general studies is conducted to identify the main
issues affecting the Villena Rey Bridge.

Second, bridge inspection is a critical process to ensure safety and stability. The selec-
tion of appropriate tools and equipment is essential to obtain accurate data for structural
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evaluation. In this context, the use of a laser scanner (TLS) is proposed to generate a point
cloud in “RCS” format, native to Autodesk ReCap Pro (2025.1.2. hotfix).

Third, once data is captured through laser scanning, the point cloud is collected and
processed in ReCap Pro, allowing for a precise and detailed representation of the bridge as
a basis for further analysis. This process includes noise removal, gap filling, scan alignment,
and optimization. A triangular mesh is then generated to enhance visual representation,
segmenting different parts of the bridge (beams, slabs, etc.) for the creation of a detailed 3D
model using ReCap Pro tools.

Fourth, with the processed point cloud and the 3D model ready, the next step is to
transfer the information to Revit, creating a detailed digital twin of the bridge. This digital
twin facilitates structural analysis, simulations, and maintenance planning more efficiently.

Fifth, effective management of infrastructures like the Villena Rey Bridge requires ad-
vanced tools for visualizing and analyzing structural data. Power Bl is presented as an ideal
solution, enabling the development of a decision support system (DSS), optimizing data
interpretation and facilitating decision-making based on accurate and up-to-date information.

Finally, by conducting this comprehensive analysis, valuable conclusions can be drawn
regarding the effectiveness of BrIM modeling in bridge management, and recommendations
can be proposed for future research aimed at optimizing the proposed methodology (Figure 1).
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Figure 1. Methodology of the present research work.
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Integration of Bridge Information Modeling (BrIM) into the Digital Twinl

The integration of Bridge Information Modeling (BrIM) into the digital twin represents
a fundamental advancement in bridge management, providing a detailed virtual reptation
of the infrastructure throughout its lifecycle. This approach, based on adapting Building
Information Modeling (BIM) to bridge structures, enables more efficient planning during
the design, construction, maintenance, and operation stages. The digital twin, generated
from a point cloud captured via laser scanning and processed using Autodesk ReCap Pro
and Revit, allows for the creation of a precise 3D model of the Villena Rey Bridge. This
model provides key structural precision data that facilitates simulations and advanced
analyses, ensuring a comprehensive evaluation of the bridge’s behavior under various
environmental and load conditions. Implementing BrIM offers multiple benefits, including
improved design and construction accuracy by enabling early error detection and optimized
planning. It also enhances maintenance by providing up-to-date data on the structure’s
condition, facilitating efficient management of preventive and corrective interventions.
Moreover, it promotes interdisciplinary collaboration by allowing engineers, architects, and
managers to work on a shared digital model, ensuring smooth and effective communication.
From an economic perspective, integrating BrIM into the digital twin contributes to cost
reduction by minimizing unforeseen expenses and improving decision-making based on
accurate information. Additionally, it enables the execution of advanced structural analyses,
supporting simulations that evaluate the bridge’s performance in various scenarios and
optimizing its long-term behavior, thereby strengthening the sustainable management
of infrastructure.

3. Case Study

This scientific article addresses the structural analysis of the Villena Rey Bridge to
assess its current condition using BIM modeling. The study enables the identification of
wear and damage.

3.1. Location and Structure

The Villena Rey Bridge, located in the district of Miraflores, Lima, is a key infrastruc-
ture within the metropolitan transportation network(Figure 2), as it enhances connectivity
and facilitates both vehicular and pedestrian traffic flow. Its design not only meets current
mobility needs but also contributes to the integration and efficiency of the urban system
in a densely populated area. The funicular arch design ensures efficient distribution of
acting loads, maximizing load-bearing capacity and guaranteeing inherent structural stabil-
ity. This configuration allows forces to be transmitted exclusively through compression,
eliminating bending and optimizing material performance. Additionally, the uniform distri-
bution of axial load enables the absorption of large forces without compromising structural
integrity, making it an optimal solution for urban environments with high demands for
strength and durability. The bridge deck, intended for vehicles, pedestrians, and cyclists,
rests directly on the structural arch. In contemporary designs, reinforcements have been
implemented using box systems or prestressed beams, which improve the overall strength
and minimize deformations, particularly under dynamic loads and seismic events. From a
quantitative perspective, in bridges with prestressed beams, typical parameters include a
deck length of approximately 30 m and a width of 18.05 m. The reinforced concrete slab
has a thickness of 0.20 m, while the number of prefabricated beams is usually distributed
evenly in 7 units. Regarding concrete compressive strength, the beams reach 7000 psi
(492 kg/cm?) and the slab 5000 psi (351 kg/cm?). Additionally, the modulus of elasticity
of the concrete in the beams is determined at 5072 ksi, and in the slab at 4287 ksi. These
structural reinforcements play a crucial role in preserving the integrity of the bridge under
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intensive use and emergency scenarios, providing optimal responsiveness to extreme loads
and vibrations generated by traffic. Moreover, the incorporation of these improvements in-
creases the infrastructure’s durability and enhances its performance during seismic events,
consolidating the funicular arch design as an efficient solution for urban environments
with high demands for strength and stability. Given that the bridge is located in a region
with potential seismic activity, deep foundation solutions have been designed to ensure
its structural stability and long-term functionality. Both the mass foundations and piles
used in the foundation serve to transfer not only the vertical loads generated by traffic and
the structure’s own weight but also the lateral forces resulting from seismic events. From
a quantitative standpoint, the foundation piles have been designed with dimensions and
capacities that ensure the bridge’s integrity. Typically, they have a diameter of 1.20 m, with a
variable depth between 25 and 30 m, depending on the soil stratigraphy. The load capacity
of each pile ranges from 800 to 1200 tons, while the compressive strength of the concrete
used is between 4000 and 6000 psi. Additionally, the seismic design incorporates a safety
factor of 1.5 to 2.0, in accordance with local regulations, and a structural damping coefficient
between 5% and 7%, adjusted according to soil characteristics. These parameters ensure
that the foundation effectively absorbs and dissipates seismic forces without compromising
the bridge’s stability. Furthermore, the design includes damping systems and expansion
joints, which improve the structure’s dynamic response to extreme events and contribute
to extending its service life. With the implementation of these advanced solutions, the
infrastructure is adapted to the requirements of seismic environments, ensuring safe and
efficient performance under demanding operating conditions.

Figure 2. Current Condition of the Villena Rey Bridge.

3.2. Data Collection

Terrestrial Laser Scanning (TLS) is used to capture precise data of the entire structure.
During this phase(Figure 3), the devices generate a three-dimensional point cloud, allowing
for detailed recording of the bridge’s geometry and current conditions. Subsequently,
the collected data is processed using specialized software tools such as RECAP PRO
(2025.1.2. hotfix), resulting in 3D models integrated with images. These 3D models serve
as the foundation for developing a digital twin of the bridge, which replicates its physical
state, structural studies, and continuous monitoring. The integration of this information
into the digital twin enables comprehensive evaluations of structural performance and the
high-precision detection of potential failures or anomalies in the bridge.
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Figure 3. Field Data Collection.

3.3. Priority Condition Index (PRCI)

A PRCl is developed that considers structural importance, material vulnerability, and
other causal factors to prioritize the bridge elements requiring attention. The development
process involves the following steps:

First, data is captured through laser scanning, ensuring a detailed representation of the
structure. Next, this data is integrated into a BrIM model (Bridge Information Modeling),
which provides an accurate analysis of the bridge’s condition. The model is then connected
to a Digital Twin, allowing real-time monitoring of the structural state. Subsequently,
advanced algorithms are used to evaluate key parameters. Finally, the PRCI calculation is
based on the weighting of these parameters, classifying the results into priority levels: high,
medium, or low, depending on the urgency of required interventions, structural resistance,
degree of wear, and presence of damage (Figure 4).

Figure 4. Current State of the Villena Rey Bridge.
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3.4. Bridge Condition Assessment

The condition index of a bridge is a fundamental tool for evaluating its structural and
functional performance. Its determination is based on the analysis of the integrity of its
components and the quality of service it provides. Through this index, it is possible to
identify the most affected parts by wear and establish the necessary maintenance measures
to ensure proper operation and safety. To align with current trends in global and Peruvian
bridge inspection standards, as well as procedures established by road authorities, the Pri-
ority Condition Rating Index (PRCI) proposed in this research aims to complement the four
general qualitative condition indices (CI). Additionally, it seeks to reduce uncertainty and
minimize subjectivity in the process by applying weighting factors to evaluate the various
bridge elements. This approach not only enables a better understanding of deterioration
propagation within the structure, but also serves as a useful tool for bridge engineers to
prioritize maintenance and plan rehabilitation of these assets more efficiently.

This research study considers three key factors in the evaluation procedure of technical
indicators and the development of a more accurate and reliable bridge maintenance plan.
To this end, the Element Weighting Factor (We) is defined, which integrates the Element
Importance Factor (IFe), the Material Vulnerability of the Element (MVe), and the Causal
Factor (CFe), adjusted according to their overall weighted average. The PRCIe encompasses
all these factors and parameters that affect the structural performance of the bridge, and its
calculation is carried out using the following equation.

PRCI, = % x W,

In this context, (CImi) represents the specific condition of an individual element, while
(CIes) is the overall index that reflects the structural health of the bridge. Additionally,
the calculation of the weighting factor, identified as (Omi), is considered, where mi is
the total number of evaluated elements (Table 1). The values SI, MV, and CF correspond
to their respective overall weighted averages, allowing for a better interpretation of the
infrastructure’s condition and maintenance priority.

ClI, = '
Lid;
Table 1. General Qualitative Condition Index.

CI Descriptions

1 The item shows no deterioration. Its condition as new or any defects do not
have significant structural or functional effects.

” Minor defects and early signs of deterioration without reduced functionality

of the element.
Moderate defects and deterioration with some loss of expected functionality.

4 Serious defects with significant loss of functionality or an element on the

verge of failure.

Gl — Y. (CL x IF, x MV, x CF,)
Y, IF, x MV, x CF,

In this context, I represents the number of condition states evaluated. The variable
Qi refers to the number of elements corresponding to the i-th condition state, while CIi
indicates the index associated with that state. This method enables an organized assess-



Appl. Sci. 2025, 15, 11741

90f18

ment of the condition of elements, facilitating decision-making for the maintenance and
rehabilitation of infrastructure.
_IF, MV, CF

== X —— X —
IF MV CF

e

The determination of the weighting factor and its parameters involves the applica-
tion of specialized knowledge and the execution of field tests, particularly regarding the
evaluation of material vulnerability and structural aspects. To facilitate this process, the
inspector may rely on the systematic approach developed in this research, which is based
on a semi-structured survey or interview with experts and engineers specialized in bridge
management and maintenance.

3.5. Importance Factor (IF)

To ensure an accurate assessment of the structural condition of the bridge, it is not
sufficient to consider only its current state, as this may lead to distortions in the overall
interpretation of its condition. A secondary element with a high level of deterioration
could disproportionately influence the global evaluation, compromising decision-making
in terms of maintenance and rehabilitation.

To address this issue, the Importance Factor (IF) of the structural element is introduced,
which is quantified independently of the current condition of the bridge components.
According to the survey conducted with subject-matter experts, structural elements have
been classified into four categories: primary, secondary, tertiary, and others. As shown
in Table 2, a higher value assigned to an element indicates a greater influence on the
load-bearing capacity and safety of the bridge structure. This approach provides a more
balanced and well-founded criterion for structural evaluation, optimizing the prioritization
of structural maintenance actions.

Table 2. Structural Condition Factor (FI).

SI Structural Elements of the Bridge

Other elements; including, among others, barriers, curbs, sidewalks, and

! joint elements.
2 tertiary; including, among others, foundations, abutments, and retaining
wall elements.
secondary; including, among others, cover, supports, and cables
Primary elements.
4 including, among others, beams, main beams, pillars, and pylons.

3.6. Material Vulnerability (MV)

Material vulnerability refers to the predisposition of a material to experience deterio-
ration, loss of mechanical properties, or structural damage due to external factors such as
environmental conditions, applied loads, or degradation processes. This concept is key in
infrastructure analysis, as it allows for the evaluation of the resistance and durability of
materials based on their exposure and inherent characteristics.

Identifying and quantifying this vulnerability is essential for establishing mainte-
nance and rehabilitation strategies, optimizing the structure’s service life, and ensuring its
proper performance.

3.7. Causal Factors (CF)

The Villena Rey Bridge, located in Miraflores, Lima, plays a fundamental role in urban
mobility. However, its infrastructure has experienced progressive deterioration due to
exposure to environmental factors, increased vehicular traffic, certain deficiencies in its
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original design, and insufficient maintenance management. Constant humidity, air salinity,
and pollution have contributed to the degradation of its materials, while the rise in traffic
flow has imposed greater structural demands, accelerating its deterioration.

Additionally, some elements of the original design have influenced its vulnerability
over time, and the low frequency of inspections has allowed structural damage to accumu-
late without proper intervention. To mitigate these effects, infrastructure improvements
have been proposed, such as the construction of a twin bridge and the reorganization
of access points to optimize circulation. Furthermore, the application of the TLS-based
methodology has enabled more accurate calibration of the CF index, contributing to a
detailed structural assessment and the planning of conservation strategies. These initiatives
aim to reinforce the safety and functionality of the Villena Rey Bridge, ensuring its efficient
integration into Lima’s road network.

For this reason, the age factor and the Annual Average Daily Traffic (AADT), related
to the type of road and its importance within the road network, are essential criteria not
only for structural design but also for evaluating durability and remaining service life.
Bridge inspection, along with its frequency, plays a crucial role in its maintenance and
preservation. This study establishes four levels of inspection: initial, routine, detailed,
and special.

e  The initial inspection involves data collection after the bridge’s construction.

e  The routine inspection focuses on general visual observations to detect potential
failures. For deeper studies, detailed inspections are conducted, supported by non-
destructive testing.

e  For deeper studies, detailed inspections are conducted, supported by non-destructive testing.

Special inspections apply advanced structural analyses in cases of severe damage.
Regardless of the inspection level, the TLS-based methodology presented in this research
can be applied at all stages of the structural evaluation process. Finally, the CF in-
dex is calibrated based on the results obtained from the previously mentioned bridge
evaluation survey.

4. Software Robot Structural Analysis Professional
4.1. Geometric Modeling and Material Definition for the Villena Rey Bridge

The point cloud is obtained through terrestrial laser scanning (TLS), capturing the
real geometry of the arch, deck, and foundations with high precision. The raw data is then
imported into processing software such as Autodesk ReCap (2025.1.2. hotfix), where it is
cleaned, aligned, and optimized before being exported in interoperable formats (IFC or
DXF) for integration into the BIM model and Robot Structural Analysis.

4.2. Reconstruction in Robot

Once the point cloud is processed and exported in IFC or DXF format, it is imported
into Robot Structural Analysis as a “reference architecture,” and the 3D modeling of
the Villena Rey Bridge begins. First, the two reinforced concrete arches acting as the
main braces are created, reproducing their exact profile and location. Next, the deck is
modeled as a variable-section box girder, adjusting flanges and web according to the
scanned dimensions. If applicable, intermediate piers and abutments are also integrated
based on the original plans. Finally, piles or foundation blocks are incorporated, respect-
ing their actual dimensions and locations to ensure the model accurately reflects the
bridge’s construction.
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4.3. Section and Material Definition
The following materials are assigned in the model:

e Reinforced concrete C25/30, with modulus of elasticity E ~ 25,000 MPa and density
p ~ 2500 kg/m?3, for all concrete elements.

e  Grade 60 reinforcing steel, with E ~ 200,000 MPa and yield strength fy ~ 420 MPa, for
the reinforcement.

Cross-sections are defined based on laser scanning and original plans:

e  The main arch adopts a rectangular section of 0.80 x 1.20 m.

e  The deck is modeled as a box girder with flange thickness of 0.25 m and web thickness
of 0.40 m.

e  The foundations are represented by & 1.00 m piles and 2 x 2 m blocks.

4.4. Permanent and Variable Loads
In Robot Structural Analysis, the loads for the Villena Rey Bridge are defined as follows:

e  Self-weight is automatically calculated based on the material density and assigned sections.

e  Traffic overload is introduced according to Peruvian Standard E.030 [27], with 10 kIN/ m?
for vehicular circulation and 5 kN/m? for pedestrian areas.

e  Wind action is modeled as a uniform lateral pressure of 0.50 kN/m?, applied perpen-
dicular to the bridge’s main axis.

4.5. Seismic Load

According to the National Building Code E.030, the Villena Rey Bridge is located in
Seismic Zone 4 (high acceleration), with a design PGA of approximately 0.24 g. For the
dynamic response spectrum definition, Type II-B is adopted, corresponding to Category D
soils (soft-granular), applying a seismic amplification factor S = 1.20 and a critical damping
coefficient { = 5%. These parameters are entered into Robot Structural Analysis when
creating the “Spectral Response” load case, ensuring the simulation accurately reflects
Peruvian regulations and local soil conditions.

4.6. Modal Analysis

In Robot Structural Analysis, open the menu “Analysis > Dynamic > Mode Calcula-
tion” and configure the extraction of the first 8~10 modes, or stop the process when the
sum of modal masses reaches at least 90% of the total mass of the Villena Rey Bridge. Run
the calculation and extract the natural periods and frequencies:

e  The first mode, dominated by arch flexion, typically yields a period T; ~ 0.30 s (~3.3 Hz)
e  The second mode, associated with deck shear, presents T, ~ 0.18 s (5.6 Hz).

5. Results
5.1. Priority Classification Based on PRCI

This section provides an in-depth examination of the application of the BMS com-
ponent with a BrIM (Bridge Information Modeling) approach, along with the structural
analysis of the Villena Rey Bridge. It details the procedures from the priority classification of
structural elements to the planning of preventive maintenance strategies, ensuring optimal
extension of the bridge’s service life. For the Villena Rey Bridge, the classification of element
types is determined using Table 3 which presents the various structural components used
in its construction. Consequently, these elements require specialized attention regarding
budget allocation and the implementation of corrective measures, thereby ensuring optimal
performance and extending their lifespan.
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Table 3. PRCI-based classification of the elements of the Villena Rey Bridge.

Elements Structural Function Observations
Key structural design of the
Main arch Distributes primary loads and supports  bridge. Efficiently distributes

the deck.

forces. Evaluated based on
deformation and wear.

Main beams

Support the deck’s load and transfer it
to the bearings or supports

Evaluated for deformation
and wear.

. . Analyzed for
Deck Support vehicle and pedestrian loads. structural deviations.
Wearing slabs Surface layer of the deck Not detailed but typically

present in urban bridges.

Elastomeric bearings

Transfer the load to the substructure
and allow movements.

Evaluated as a critical part
of maintenance

Transfer the load from the

Mentioned as

Columns/pylons superstructure to the foundation. primary elements.

Abutments Embankment retention and connection Classified as tertiary elements
with the ground.

Foundations Final support for loads toward Not spec1f.1e.d whether they
the ground are superficial or deep

N Allow movement due to temperature, Considered as part of

Expansion joints .. .. " L,
load, or seismic activity. other elements”.

Railings /barriers Pedestrian and vehicular safety Installed in 2004 for

suicide prevention.

Curbs and sidewalks

Roadway separation and
pedestrian passage

Mentioned as minor elements

To evaluate remediation strategies for the Villena Rey Bridge, the main intervention
alternatives were analyzed considering structural safety, the bridge’s service life, and traffic
impact. This procedure was based on a set of defined criteria aimed at minimizing costs
and optimizing the functionality of the structure. The strategies were assessed using the
pairwise comparison method, applying Saaty’s nine-point scale of relative importance.
Accordingly, a comparison matrix was constructed to identify the priority criteria for the
bridge’s rehabilitation. In the case of the Villena Rey Bridge, safety was determined to be the
most relevant factor, surpassing other elements such as structural lifespan or maintenance
cost. Furthermore, the prioritization of these criteria was represented through a hierarchical
structure, facilitating the assignment of specific weights to each involved factor (Table 4).
The validation of the analysis yielded a Consistency Index (CI) of 0.0043, indicating that
the decisions made during the process were coherent. Based on this evaluation, the
most effective alternatives were defined for each type of structural element, enabling
optimization of the bridge’s maintenance and rehabilitation (Figure 5).

Table 4. Comparative Matrix of Fundamental Criteria for the Rehabilitation of Villena Rey Bridge.

Security Security  Maintenance Cost  Traffic Impact
Security 1 3 5 7
Durability 1/3 1 3 5
Maintenance cost 1/5 1/3 1 3
Traffic impact 1/7 1/5 1/3 1
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Regular Maintenance

—> Service Life w

Minor Maintenance

Bridge |=>» Safety

—> Traffic Disruption Major Maintenance

pmm = —

5 Cost L——— Replacement

Figure 5. Three-level hierarchical structure designed for the planning of corrective actions on the
Villena Rey Bridge.

At the Villena Rey Bridge, the evaluation was carried out for the elements with
the highest PRCI, focusing on those with the greatest structural impact and need for
intervention. This analysis varies according to the specific conditions of the project and the
priorities established by the project managers. For the bridge, two types of key elements
were examined: main concrete beams and elastomeric supports, which play a fundamental
role in the stability and durability of the infrastructure. Table 5 presents the scores assigned
to the main remediation alternatives for these components, assessing their effectiveness in
terms of safety and efficiency. During the process, the Global Score of Alternatives (PGA)
was determined for each corrective action, allowing for the optimization of maintenance
and repair planning based on the available budget allocation.

Table 5. Scoring of the Main Remediation Alternatives for Element Types Based on PRCI.

SBGI BELA
- Weight . . . R
Criteria (%) Regular Minor Major Replacement Regular Minor Major Replacement
° Maintenance Rehabilitation  Rehabilitation e€placeme Maintenance Rehabilitation  Rehabilitation €placeme
Structural 35 70 80 90 95 65 75 85 90
safety
Estimated 25 85 75 65 50 90 80 70 55
cost
[mpact on 20 80 75 65 40 85 80 70 45
traffic
Duration
of the in- 20 90 80 70 50 88 82 73 55

tervention

As presented in Table 5, the Overall Assessment Score (OAS) associated with the
replacement of structural elements in the Villena Rey Bridge exhibited significantly higher
values compared to the other evaluated intervention strategies. However, in the case of
elastomeric bearings, the scores obtained for both minor and major rehabilitation were
similar, indicating that both alternatives offer an equivalent level of effectiveness in terms
of bridge maintenance.

Subsequently, the budget was optimized by identifying combinations of strategic
actions, calculating the cumulative OAS, and comparing the actual cost of each option
with the annual allocated budget. As a result, the optimal remediation strategy consists
of selecting actions with the highest OAS, ensuring substantial improvement within the
available financial margin.
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In a scenario with unlimited budget and no sustainability constraints, the ideal combi-
nation would include only those alternatives with the highest OAS.

Applying this procedure to the Villena Rey Bridge, it was determined that the com-
prehensive rehabilitation of the main beams, along with the replacement of elastomeric
bearings, generated a total OAS of 830.9, meeting the project’s budgetary requirements.
This information is essential for asset management, enabling efficient planning focused on
the long-term preservation of infrastructure.

5.2. Visual Report on the Condition of the Bridge

Throughout these procedures, a specialized plugin has been used to analyze
all relevant structural information and update the BrIM model of the Villena Rey
Bridge. This system assigns the processed data to each component of the digital
model, allowing visualization of the bridge elements according to the maximum inter-
preted PRCI, as well as individual CI values. This plugin not only optimizes defect
identification—determining their location and severity level through the integration of
geometric and non-geometric information—but also facilitates the generation of a detailed
report with various combinations of corrective strategies. These options can be selected
based on the optimization of the available budget, ensuring efficient and sustainable
planning for the bridge’s rehabilitation.

This research study established a comprehensive methodology and approach to ad-
dress two fundamental aspects: having a reliable digital replica of the Villena Rey Bridge,
including both geometric and non-geometric information, and using this data within an
efficient management system. In this context, the study introduced the valuable use of
cutting-edge TLS technology to capture precise geometric information of the bridge, en-
abling the extraction of 3D CAD models and the execution of digital inspections. Unlike
paper-based information, this data can be stored digitally as a reference for future research
and is especially valuable for developing innovative solutions in damage detection and
risk identification through structural analysis algorithms, helping engineers and bridge
managers better understand its behavior. The study also focused on systematizing bridge
management by providing a management system that can be linked to the proposed BrIM
model. This system offers asset managers the ability to use the assigned data to more
effectively and objectively assess the bridge’s health status. Within this system, three
complementary factors were considered to form a Priority Condition Classification In-
dex (PRCI), used to select bridge elements that may require greater attention based on
their structural importance, material vulnerability, and other causal factors such as age or
environmental interaction.

6. Procedure for Structural Analysis in Robot Structural Analysis
6.1. Linking the Revit Model to Robot Structural Analysis Professional

The previously modeled bridge in Revit was imported to obtain its exact dimensions.
This was done directly using a Revit-to-Robot Structural connector, considering that both
programs must be of the same version. Alternatively, the model can be exported in IFC
format so that Robot Structural Analysis can recognize it if the connector encounters issues
during the linking process (Figure 6).
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Figure 6. Linking Revit to Structural Analysis Professional—Visual of the Villena Rey Bridge.

6.2. Assignment of Structural Loads: Dynamic and Static
6.2.1. Nominal Value (pL)

AASHTO LRFD specifies a lane load value of 9.3 kN/m over a lane width of 3.60 m
(equivalent to 0.69 kPa).

6.2.2. Dynamic Impact Factor (IM)
For lane load, the impact factor is 0%.
IMLL = 0%
6.2.3. Lane Load for Analysis
LLeffective = 9.3 kN/m

6.3. Axle Configuration: 2 Axles
Front Axle (P1): 15 kN.
Rear Axle (P2): 20 kIN.
Longitudinal Spacing Between Axles: 3.0 m.
Transverse Wheel Track Width (center to center per axle): 1.8 m.

6.3.1. Dynamic Impact Factor (AASHTO LRFD C3.6.2.1-1)
IM =33%

6.3.2. Pedestrian Movement

According to regulations in urban areas like Miraflores, an estimated load of 4 persons
per square meter is considered in pedestrian zones.

Average weight per person = 75 kg.
Ppedestrian = Number of persons x Average weight x 100 x 9.81

where: Ppedestrian = Total Pedestrian Load.

6.4. Wind Load

Wind Speed: According to the National Building Code (RNE), wind speed in Lima
ranges from 60-80 km/h
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Exposed Surface Area: Based on the Revit model, the lateral surface exposed to wind
is approximately 500 m?
Fping = 0.613-C;- A - V?

where: C; = 1.2 (drag coefficient); A = 500 m? (exposed area); V = 80 Km/h, (wind speed).

6.5. Seismic Loads
Seismic Zone: Lima is in Zone 4 (High seismic activity), according to the National
Building Code (RNE).
Behavior Factor: Depends on the type of structure (for bridges, typically between 1.5-2.5).
Soil Type: Type C (rigid soil).
Seismic Coefficient: Depends on structure type and location.

Pseismic=W x g x Cs x I

where: W = 6,000,000 kg (total weight of the structure); g = 9.81 m/s; Cs = 0.08 (seismic
coefficient); I = 1 (importance factor).

6.6. Dead Loads

Dead loads are static and permanent forces acting on the bridge that do not change
over time or usage. These include the self-weight of all fixed components and structural

elements (Figure 7).
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Figure 7. Modeling of the Villena Rey Bridge in Robot Structural Analysis Professional.

7. Limitations

This study acknowledges several limitations that should be considered when inter-
preting the results. First, the accuracy of the terrestrial laser scanning (TLS) equipment
may vary depending on calibration, resolution, and environmental conditions during data
acquisition. Factors such as lighting, weather, and surface reflectivity can influence the
quality of the point cloud data. Second, the modeling process in Revit (2025.04) and other
software tools involves assumptions and simplifications that may not fully capture the
complex behavior of the actual structure. These assumptions include material properties,
boundary conditions, and load applications. Lastly, the integration of data into the decision
support system (DSS) relies on the accuracy and completeness of the input data, which may
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References

affect the reliability of the outcomes. Future work should aim to address these limitations by
incorporating more robust data validation techniques, exploring the use of higher-precision
equipment, and refining modeling assumptions.

8. Conclusions

The estimated concrete volume of the Villena Rey Bridge is approximately 5714.76 cubic
meters, based on modeling developed through Revit and terrestrial laser scanning (TLS). The
creation of 3D digital models enabled the early detection of structural faults and damage,
facilitating more efficient maintenance planning and reducing unnecessary expenses. Integrating
the collected data into Revit allowed for the establishment of a decision-support system that
optimizes bridge management and resource utilization. The application of the Structural Priority
Index (PRCI) contributed to the classification and prioritization of elements requiring urgent
intervention, thus enhancing safety and extending the bridge’s service life. Overall, this study
demonstrates that digitization and the use of integrated BrIM models are valuable tools for the
sustainable management and preservation of road infrastructure.

Future research should focus on validating this proposed methodology through long-
term monitoring of structural performance and extending its application to different bridge
typologies and materials. The integration of smart sensors and Internet of Things (IoT)
technologies could strengthen real-time data acquisition and improve predictive mainte-
nance capabilities. Additionally, incorporating machine learning algorithms into BrIM and
Digital Twin frameworks may enhance automated damage detection and decision-making
accuracy. Further studies are also encouraged to explore the development of standard-
ized protocols for data interoperability among digital platforms, ensuring scalability and
practical implementation in bridge asset management systems.
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