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Abstract

This paper presents a detailed analysis of the severe structural anomalies that led to the
urgent rehabilitation of the Eduardo Caldeira Bridge in Machico, Madeira. Situated in
a challenging coastal environment with complex volcanic geology, the bridge exhibited
a critical failure of its bearing devices, which were assigned the highest defect severity
rating (Grade 5). A multidisciplinary diagnostic methodology, combining visual inspection
data, non-destructive testing, and geotechnical analysis, was employed to identify the
root causes of this degradation. The investigation concluded that the bearing failure
was not due to widespread material deterioration but was directly linked to significant
lateral structural displacements, exacerbated by localized geotechnical instabilities. This
paper details the data-driven rehabilitation strategy that was subsequently implemented,
including the complete replacement of the bearings and substructure stabilization measures.
The study provides a valuable case study of a complex, mechanics-driven failure mode
and demonstrates that for such critical infrastructure, a proactive management model
integrating advanced technologies like Structural Health Monitoring (SHM) and Building
Information Modelling (BIM) is essential for ensuring long-term safety and resilience.

Keywords: anomaly assessment; bridge engineering; bridge inspection; concrete structures;
structural degradation; sustainable infrastructure

1. Introduction

The Eduardo Caldeira Bridge, a vital infrastructure link in Machico on the island of
Madeira, serves as a critical connection for local communities and regional transport [1].
Despite its relatively recent construction (2003-2006), the bridge (Figure 1) exhibited pre-
mature and severe degradation, particularly in its bearing devices, which were assigned
the highest defect severity rating of Grade 5 (Critical). Initial investigations revealed that
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this accelerated deterioration was primarily caused by a combination of lateral deck dis-
placements and inadequate maintenance strategies, exacerbated by the aggressive coastal
environment in which the structure is located. The urgency of managing such infrastructure
is underscored by recent global bridge collapses, which highlight the need for more robust
and predictive management approaches.

Image © 2025/Airbus

Figure 1. Aerial view of Eduardo Caldeira Bridge, highlighting its strategic location and proximity to
the sea in Porto da Cruz, Machico [2].

Addressing the complex degradation mechanism of the Eduardo Caldeira Bridge
required a diagnostic approach that went beyond routine visual inspection [3,4]. This
study implements a multidisciplinary methodology, integrating detailed visual data with
specific non-destructive testing (NDT) results to provide a comprehensive and quantitative
assessment of the bridge’s structural health [5]. This framework is used to analyse the root
causes of the identified structural anomalies—including extensive cracking [6,7], concrete
spalling [8,9], and crushed bearings [10]—and to evaluate the associated risks to the bridge’s
safety and operability based on established risk assessment methodologies [11,12].

This paper’s primary contribution is the presentation of a detailed case study that
quantitatively links observed structural failures to their underlying causes, thereby pro-
viding a data-driven basis for the executed rehabilitation works, which included crack
injection and complete bearing replacement [13-15]. Furthermore, the study evaluates the
practical application of emerging technologies—such as Artificial Intelligence (AI) [8,9]
for defect analysis, Structural Health Monitoring (SHM) [6,7] for long-term tracking, and
Building Information Modelling (BIM) [10] for life-cycle management —to transition from
a reactive to a predictive maintenance paradigm [11,12]. The findings are used to propose a
sustainable management model aimed at optimizing future interventions and extending
the bridge’s remaining service life in a cost-effective manner [13-15].
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The remainder of this article is structured as follows: Section 2 details the evaluation
and diagnosis methodology applied to the bridge. Section 3 presents the risk analysis
and the prioritization criteria for interventions. Section 4 discusses the results and the
advantages of the integrated technological approach. Section 5 describes the specific
findings of the case study and the real interventions performed. Finally, Section 6 offers
conclusions and recommendations for future infrastructure management.

2. Assessment and Diagnostic Methodology

The effective management of the Eduardo Caldeira Bridge required a systematic
and rigorous methodology to accurately identify, assess, and propose mitigation mea-
sures for the observed structural degradation. Due to the complexity of the contributing
factors—including structural displacements and environmental attack—a multifaceted
diagnostic strategy was implemented. This strategy combined a review of historical data
with a comprehensive suite of in situ inspections and laboratory tests to build a complete
picture of the bridge’s condition.

2.1. Data Collection and Initial Assessment

A thorough understanding of the bridge’s condition began with an exhaustive review
of all available project documentation. This included the original construction and design
plans from the builder, Mota-Engil, which provided crucial data on materials, structural
details, and waterproofing systems used between 2003 and 2006.

This phase was complemented by a detailed visual inspection of all accessible bridge
elements. The inspection focused on identifying and mapping surface anomalies such
as cracks, concrete spalling, deterioration of expansion joints and bearings, and evidence
of water infiltration. This initial assessment was fundamental in pinpointing the most
critical areas for further quantitative analysis, particularly the severe degradation of the
bearing devices.

2.2. Quantitative Diagnosis: In Situ and Laboratory Testing

To supplement the visual inspection and obtain an objective, quantitative assessment
of the structure’s condition, a series of non-destructive (NDT) and semi-destructive tests
were performed. This testing program was designed to investigate the primary degradation
mechanisms suspected of affecting the reinforced concrete.

Concrete core samples were extracted from key locations to perform a chloride pene-
tration analysis. The objective was to determine the chloride content profile at different
depths and verify if the concentration at the level of the steel reinforcement exceeded the
critical threshold for initiating corrosion, as per standard methods [16,17]. To assess the
immediate risk of ongoing corrosion, electrochemical potential measurements were taken
across the concrete surface. While these measurements indicated that the overall risk of
widespread active corrosion was less than 10%, they confirmed the high vulnerability of
the structure to chloride-induced corrosion given the coastal environment [16,17].

Furthermore, a detailed crack detection and quantification (Figure 2) survey was
conducted. High-resolution digital images of the concrete surfaces were systematically
captured and analysed to create a comprehensive crack map [18]. This process, supported
by intelligent identification technologies, allowed for the precise measurement of crack
density, length, and width [19]. These quantitative data were crucial for classifying the
severity of the defects and informing the subsequent risk analysis. The data gathered from
this comprehensive diagnostic process formed the foundation for the risk assessment and
the targeted rehabilitation strategy detailed in the following sections [20].
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Figure 2. Process of an image processing-based method for crack detection.

3. Risk Analysis and Intervention Proposals

Following the comprehensive diagnosis detailed in the previous chapter, a multi-
hazard risk assessment was conducted for the Eduardo Caldeira Bridge. This crucial step
aimed to classify the severity of the identified defects, understand the bridge’s vulnerability
to external hazards, and develop a prioritized and effective intervention strategy to ensure
its long-term safety and functionality.

3.1. Multi-Hazard Risk Profile of the Bridge

The risk profile for the Eduardo Caldeira Bridge was developed from a multifaceted
perspective, combining the structure’s intrinsic vulnerability with its exposure to the unique
environmental conditions of Madeira.

The structural and foundation risk was evaluated by quantifying the physical con-
dition of the bridge’s components [5]. This evaluation used a standardized “level of
defectiveness” framework (Table 1), which assigns a severity grade (G) based on the extent
and intensity of detected defects [3,4]. While various pathologies like rebar corrosion and
concrete cracking were observed, the analysis identified the bridge bearings as the most
critical elements, with a defect level of G5 (Critical).

Table 1. Defect Level Classification.

Grade (G) Description of Defect Severity Level
1 Very Low (No Significant Defect)
2 Low (Minor Defects)
3 Medium (Moderate Defects)
4 Medium-High (Severe Defects)
5 High (Critical Defects)

To better illustrate the types of structural degradation frequently encountered in
concrete bridges, Figure 3 presents a collage showcasing common defects such as various
forms of cracking, rebar corrosion, and deterioration of bearing devices.

Given Madeira’s location in a seismic zone, the seismic risk was also assessed [21]. The
analysis followed the framework outlined in Figure 4, considering the site-specific seismic
hazard, expressed by Peak Ground Acceleration (PGA), and the local soil conditions at
the bridge’s foundation [21]. The bridge’s structural vulnerability was evaluated based
on its design characteristics and materials, acknowledging that seismic reliability is a
fundamental consideration for infrastructure in the region.
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Figure 3. Common structural defects observed in concrete bridges. (a) Concrete cracks; (b) rebar
corrosion; (c) bearing deterioration.
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Figure 4. Simplified Flowchart for Seismic Risk Assessment.

Finally, hydrogeological risks were considered, accounting for Madeira’s steep to-
pography and the bridge’s location spanning the Ribeira do Jungal. The integration of
Geographic Information Systems (GIS) was used to assess hazards like floods and land-
slides. The bridge’s specific vulnerability to flooding is highlighted in the risk map shown
in Figure 5. The combination of these structural, seismic, and hydrogeological risks allowed
for the assignment of an overall “Warning Class” for the bridge, indicating the urgency
for intervention [22].
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Figure 5. Medium Flood Risk Map of Ribeira do Jungal [23].

3.2. Prioritization and Life-Cycle Management Strategy

In a context of limited financial resources, a rational prioritization of interventions is
essential. For the Eduardo Caldeira Bridge, a set of priority criteria, outlined in Table 2,
was used to complement the “Warning Class” and justify the allocation of funds. Factors
such as the bridge’s high structural risk grade (G5 for bearings) and its critical role in the
local transport network were key considerations [13].

Table 2. Proposed Prioritization Factors.

Criterion Description of Contribution to Priority
Longer bridges represent a more significant investment, and their failure
Total Bridge Length would have a broader impact on the transportation network; thus, they may
be considered of higher priority.
Bridges with separate lanes for each direction of traffic (duality) tend to be
Lane Differentiation (Duality) more complex and critical. While interruption of one lane may still allow

Traffic Volume

flow in the other, total failure would have a greater impact.
Bridges supporting a higher Average Daily Traffic (ADT) are considered
more critical, as their unavailability affects a larger number of users and has
a more significant socio-economic impact.
Defects with higher severity (higher Grade G) in structural elements or

Structural/Foundation Risk (Grade G) foundations indicate a more precarious condition of the bridge and the need

Seismic Risk

for urgent intervention to prevent imminent failure.

Bridges located in areas of higher seismic hazard, with greater structural
vulnerability and potential for extensive damage in case of an earthquake,
should be prioritized for mitigation.

The bridge’s exposure to risks of floods or landslides, especially in

Hydrogeological Risks hydrographic basins with intense runoff, increases the priority of

interventions aimed at the protection and stabilization of the infrastructure.

The goal of the intervention strategy is to manage the bridge’s life cycle effectively. As
illustrated in the typical degradation curve in Figure 6, the proposed rehabilitation aims
to restore the bridge’s condition and extend its safe service life well beyond its nominal
design life, thereby optimizing life-cycle costs, especially given the maintenance challenges
in maritime environments [24].
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Figure 6. Typical Degradation Curve and Residual Useful Life.

3.3. Proposed Rehabilitation and Maintenance Plan

Based on the risk analysis, a targeted plan of interventions was developed for the Eduardo
Caldeira Bridge to restore its structural integrity and enhance its long-term resilience.

The plan prioritized the repair of concrete defects and mitigation of corrosion. This
involved the restoration of damaged concrete to re-establish the protective cover over the
reinforcement steel, a process conceptually illustrated in Figure 7. For the most critical
defects, structural reinforcement measures were proposed, focusing on the replacement
of the failed bearings (Grade G5) and reinforcement of the expansion joints [4]. In cases
of advanced degradation, the use of composite materials like CFRP was considered as
a potential solution to enhance structural and seismic capacity [5,22]. Figure 8 shows
examples of such reinforcement techniques.

Figure 7. Illustration of Repair Techniques [25].
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Figure 8. Examples of Structural Reinforcement [25].

To address the root causes of water-related damage, the plan included improvements
to the drainage and protection systems [4]. Proper maintenance and enhancement of
these systems are crucial to prevent water and chloride ingress, thus protecting structural
elements from future degradation, as shown in Figure 9.

Figure 9. Drainage and Protection Improvements [25].

Finally, to shift towards a proactive management model, the implementation of pre-
dictive maintenance with SHM and Al was proposed [6]. A continuous Structural Health
Monitoring (SHM) plan is fundamental for early anomaly detection and predicting degra-
dation progression [8,9]. By integrating SHM systems with Al-driven data analysis, future
maintenance can be optimized, ensuring the sustainable development and resilience of
critical infrastructures in coastal areas like Machico [11,12].
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4. Results and Discussion

This section presents the key findings from the diagnostic assessment of the Eduardo
Caldeira Bridge and discusses their implications for the bridge’s management and future
intervention planning. The results underscore the severity of the degradation and jus-
tify the need for an integrated and technologically advanced approach to infrastructure
management in challenging coastal environments like Madeira.

4.1. Bridge Condition Assessment Results

The comprehensive diagnostic process yielded a quantitative assessment of the struc-
tural condition of the bridge’s main components. The “level of defectiveness” for each
component was classified according to the severity grade (G) framework, with the results
summarized in Table 3.

Table 3. Defectivity Levels by Component Type.

Bridge Component Defectivity Grade (G) Description of Contribution to Priority

Deck 1 Very Low (No Significant Defect).
Railings 1 Very Low (No Significant Defect).
Superstructure 2 Low (Minor Defects).
Bearings 5 High (Critical Defects).
Joints 4 Medium-High (Severe Defects)
Foundation 3 Medium (Moderate Defects)

The data in Table 3 reveals a critical finding: while major components like the deck,
railings, and superstructure were in good condition (G1-G2), the bridge’s functionality was
severely compromised by the critical state of its bearings (G5) and the severe defects in its
expansion joints (G4). This highly localized but critical degradation pattern was the primary
driver for the urgent rehabilitation works and highlighted a significant vulnerability in
the structure.

4.2. Discussion of Findings and Implications

The assessment results provide a clear narrative of the bridge’s pathology. The critical
failure of the bearings and joints, when contrasted with the good condition of the rest of
the structure, strongly suggests that the primary cause of degradation was not widespread
material deterioration but rather specific mechanical and environmental factors. This aligns
with the initial diagnosis that pointed to lateral deck displacements as a key contributing
factor, a problem that disproportionately affects bearings and joints.

This discovery highlights the limitations of purely periodic or traditional inspection
methods, which may fail to capture the underlying dynamics of such a failure. The
severity of the localized defects (G5) justifies the need for a more advanced and proactive
management strategy. The integrated monitoring and management model, illustrated
in Figure 10, emerges from the lessons learned in this case study. It proposes a shift
from reactive repairs to a predictive, data-driven approach where continuous monitoring
(SHM) [6,7], advanced data analysis (Al) [8,9], and life-cycle management (BIM) [10,15] are
used to anticipate failures before they become critical.

However, implementing such a technologically advanced model for infrastructures in
the specific context of Machico and Madeira presents distinct challenges. High initial costs
for SHM systems and BIM platforms, and the need for specialized professional training
in data science and Al, are significant barriers. Furthermore, the island’s aggressive
coastal environment intensifies material degradation, while its unique topography exposes
infrastructures to hydrogeological risks, making the need for resilient and predictive
maintenance even more critical [10,11]. Overcoming these challenges is fundamental
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to ensuring the long-term safety and sustainable development of the island’s essential
transport network [20,21,24].
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Figure 10. Diagram of the Integrated Monitoring and Management Approach.

5. Case Study: The Eduardo Caldeira Bridge

This section presents the detailed case study of the Eduardo Caldeira Bridge. It
synthesizes the site-specific context, the diagnosis of the observed pathologies, and the real-
world interventions that were implemented. This narrative serves as a practical application
of the preceding analysis and highlights the challenges of managing critical infrastructure
in the complex geological and environmental setting of Madeira.

5.1. Site Context: Geology and Infrastructure

The Eduardo Caldeira Bridge spans the Ribeira do Jungal in Porto da Cruz, a location
characterized by a demanding hydrographic basin (Figure 11). The geological context is a
primary factor in the bridge’s behaviour. According to the Geological Map of Madeira Is-
land, the area is situated on formations of the Superior Volcanic Complex (CVS2), consisting
mainly of basaltic and argillaceous tuffs with volcanic bombs [26].

A subsurface investigation identified three distinct geotechnical zones (ZG) influencing
the bridge’s foundation:

e  Geotechnical Zone 3 (ZG3): The superficial zone, consisting of argillaceous fills and/or
cover deposits. This zone is associated with the construction of the regional road and
the Porto da Cruz cemetery. SPT values for these fills ranged from 3 to 6 blows. The
thickness of the fills varies between 1 and 5 m [26].

e  Geotechnical Zone 2 (ZG2): This zone corresponds to slope deposits, which are
composed of basaltic blocks in an argillaceous matrix. SPT values in the matrix ranged
from 2 to 12 blows, although most tests resulted in “negas” (60 blows without full
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penetration) due to the presence of basalt blocks. The base of these deposits, which is
believed to be the instability surface, occurs at depths between 9.2 and 24.2 m [26].

e  Geotechnical Zone 1 (ZG1): The lowest zone, representing the volcanic massif with
intercalations of basalts, vesicular basalts, and volcanic tuffs. The basalts were found
to be fractured, with alteration grades ranging from moderately altered (W3) to de-
composed (W5). RQD values were highly variable, with lower values (below 50%)
being more representative of the observed basalts [26].
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Figure 11. Extension of the Ribeira do Jungal water line and bridge location [23].

This geological stratification, particularly the potential instability surface between
ZG1 and ZG2, is a critical consideration for the bridge’s substructure. To manage this
risk, a retaining wall at the south abutment was constructed with self-drilling anchors,
jet-grouting columns, and geodrains, reflecting the complexity of the site [27].

5.2. Diagnosis of Structural Degradation

As summarized in the assessment results (Table 3, Chapter 4), the bridge suffered
from highly localized but critical degradation. A detailed site inspection on 21 July 2025,
revealed a clear pattern of damage linked to the site conditions.

The most severe damage was observed on the northernmost pier, where the bearing
elements were effectively destroyed (Figure 12). This critical failure is directly attributed
to the challenging soil characteristics and potential instability at this location, leading to
movements that exceeded the bearings’ capacity.

In stark contrast, the central pier was found to be in excellent condition, showing
no visible problems (Figure 13). This provided a crucial benchmark, indicating that the
original concrete structure was performing well where foundation conditions were stable.

The southernmost pier’s support mechanisms, while not destroyed, exhibited sig-
nificant surface oxidation (Figure 14). This degradation was attributed to inadequate
drainage, which was further evidenced by visible rainwater runoff stains on the un-
derside of the bridge deck (Figure 15). These findings highlight a secondary degrada-
tion mechanism: prolonged water exposure leading to corrosion, a common but critical
maintenance challenge.
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Figure 12. Close-up view of the two bearing elements on the northern pier.

Figure 13. View of the bridge’s central pier, in excellent condition.
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Figure 15. Rainwater runoff on the bridge deck, viewed from below, southern Ribeira do Juncal area.

5.3. Implemented Rehabilitation Strategy

In response to the diagnosis, a targeted rehabilitation strategy was executed to restore
the bridge’s safety and functionality. The interventions were a direct consequence of the
identified defects and provided a proactive approach to asset management in Machico. The
key implemented works include:



Infrastructures 2025, 10, 224

14 of 17

e  Substructure and Bearing Replacement: The most critical intervention was addressing
the failed bearings. This required deck lifting operations at both abutments, costing
€17,700.00 per abutment. The G5-rated bearings were completely replaced with new
fixed and unidirectional pot bearings. To address the underlying stability issues, work
was performed on 17 permanent anchorages in the adjacent containment wall, and the
deck was recentred over the south abutment at a cost of €21,200.00.

e Concrete and Joint Repair: Localized deep concrete repairs (2.5 m?) were performed
on degraded areas. Fissures in the abutments were sealed and injected, covering
30 linear meters of cracks of varying widths. The G4-rated expansion joints were fully
replaced with new ones over a total length of 21 linear meters.

e  Surface and System Maintenance: General cleaning of exposed concrete surfaces
(172 m?) was carried out, along with specific maintenance and cleaning of the drainage
system to mitigate the water-related degradation observed.

6. Conclusions

This study of the Eduardo Caldeira Bridge provided an in-depth analysis of a critical
infrastructure asset facing severe, premature degradation. The investigation concludes that
the bridge’s critical condition was not caused by widespread material deterioration, but rather
by a highly localized failure of its bearing devices (rated G5—Critical). This failure was driven
by a complex interaction between the unique and challenging geotechnical conditions of the
site and the structural dynamics of the bridge, namely, the observed lateral displacements.

The multidisciplinary diagnostic approach, which integrated visual data with quanti-
tative non-destructive testing, was fundamental in pinpointing this specific failure mech-
anism. By contrasting the destroyed bearings with the otherwise good condition of the
main superstructure, the analysis moved beyond a simple inventory of defects to a root
cause diagnosis. This data-driven understanding was essential for developing the targeted
and urgent rehabilitation strategy that was subsequently implemented, which focused on
replacing the bearings and mitigating the underlying stability issues.

The primary contribution of this paper is twofold. First, it presents a detailed, real-
world case study of a complex and critical bridge failure mode, providing valuable data
and insights for engineers and asset managers dealing with similar structures in chal-
lenging environments. Second, the findings from this bridge underscore the significant
limitations of traditional, periodic inspection regimes in detecting and predicting such
complex, mechanics-driven failures. The study therefore makes a strong, evidence-based
case for the adoption of an integrated and predictive management model. This proposed
model leverages modern technologies like Structural Health Monitoring (SHM), Artificial
Intelligence (Al), and Building Information Modelling (BIM) not as a theoretical novelty,
but as a necessary evolution to ensure structural longevity and safety.

Future work should focus on the long-term implementation and validation of this pre-
dictive model on the now-rehabilitated Eduardo Caldeira Bridge. This would allow for the
collection of continuous performance data to refine degradation models and quantify the long-
term cost-benefit of a proactive versus a reactive maintenance approach. Ultimately, this study
demonstrates that technologically advanced, data-driven asset management is not merely an
option but an essential requirement for ensuring the safety, resilience, and sustainability of
critical infrastructure in an era of increasing environmental and operational demands.
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RISCO  Civil Engineering Department of University of Aveiro
SHM Structural Health Monitoring

NDT Non-Destructive Testing

Al Artificial Intelligence

BIM Building Information Modelling
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