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Abstract: Reinforced concrete (RC) bridges are vital components of modern transportation networks, 

essential for ensuring safe and uninterrupted traffic flow. However, their long-term integrity is 

compromised by a range of deterioration processes that can lead to significant structural and 

functional failures. This paper provides a comprehensive review of the primary failure mechanisms 

affecting RC bridges. We analyze the physical basis, contributing environmental factors, and 

structural consequences of key mechanisms, including reinforcement corrosion, freeze-thaw damage, 

chemical attacks, mechanical overloading, fatigue, and foundation scour. The article also examines 

the phenomenon of progressive collapse, a catastrophic failure mode where the failure of one 

component triggers a chain reaction of failures. To address these challenges, the study discusses both 

traditional and advanced strategies for mitigating deterioration. We highlight the importance of 

preventive maintenance programs and explore the application of modern monitoring technologies, 

such as Structural Health Monitoring (SHM) and Non-Destructive Testing (NDT), in detecting early 

signs of distress. The conclusion emphasizes a shift from reactive repairs to a proactive, predictive 

maintenance paradigm, leveraging modern diagnostics and innovative materials to extend the service 

life of RC bridges, enhance their safety, and improve their resilience to environmental and 

operational stressors [1]. 
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1. Introduction 

Reinforced concrete (RC) bridges are fundamental to the global transportation infrastructure, 

facilitating the safe and continuous movement of millions of vehicles daily. While these structures 

are typically designed for a service life of 50 to 100 years, a confluence of aggressive environmental 

exposure, increased traffic volumes and loads, and inadequate maintenance often accelerates their 

degradation. A critical and widespread issue is that a large proportion of the RC bridges constructed 

in the mid-20th century are now reaching or exceeding their design life. This has created an urgent 

and pressing concern regarding their structural integrity, safety, and operational reliability [6]. 

Consequently, a deep and comprehensive understanding of the mechanisms driving this structural 

degradation is not only essential but paramount for the development of effective, proactive 

rehabilitation and maintenance programs. 

2. Literature Review 

Numerous studies have explored the primary deterioration mechanisms affecting reinforced concrete 

(RC) bridges. A foundational concept in this field is Tuutti’s two-phase model (1982), which 

describes the process of corrosion. The model outlines an initiation phase, where aggressive agents 

like carbon dioxide or chlorides penetrate the concrete, and a subsequent propagation phase, where 

the resulting corrosion leads to the cracking and spalling of the concrete cover [1, 2, 3]. 

Recent research has expanded on these fundamental concepts to address the complex, combined 

effects of multiple stressors. Studies by Zhu et al. (2021) and Li et al. (2023) highlight how the 
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synergy between freeze-thaw cycles, de-icing salts, and heavy traffic loads significantly accelerates 

the degradation process. These factors don’t act in isolation; rather, they compound each other’s 

damaging effects [7]. 

Another critical area of study is the risk of sudden, catastrophic failure. Melville & Coleman (2000) 

identified hydrodynamic scour as a leading cause of such failures, particularly in areas susceptible to 

flooding. Scour, the erosion of the riverbed around bridge foundations, can undermine the structure’s 

support, leading to sudden and complete collapse. 

This body of work emphasizes that bridge deterioration is a complex, multi-faceted issue driven by a 

combination of chemical, physical, and mechanical processes [8]. Understanding these mechanisms 

is crucial for developing effective mitigation strategies. 

3. Classification of Failure Mechanisms 

Mechanism Description Typical Causes Consequences 

Reinforcement 

corrosion 

Electrochemical reaction 

leading to steel expansion 

Chloride ingress, 

carbonation, poor 

concrete cover 

Cracking, spalling, 

section loss 

Freeze-thaw 

damage 

Expansion of water upon 

freezing in pores 

Cold climates, 

inadequate air 

entrainment 

Surface scaling, 

internal cracking 

Chemical attack Reaction between 

aggressive agents and 

cement paste 

Sulfates, acids, 

industrial pollutants 

Loss of strength, 

softening 

Foundation scour Removal of soil around 

piers/abutments 

High water velocity, 

floods 

Instability, sudden 

collapse 

Fatigue & 

overloading 

Repeated stress cycles 

beyond endurance limit 

Heavy vehicles, poor 

load control 

Crack propagation, 

loss of stiffness 

Progressive 

collapse 

Chain reaction failure after 

local damage 

Impact, explosion, 

design flaws 

Complete structural 

failure 

4. Detailed Mechanism Analysis 

4.1. Reinforcement Corrosion [4] 

Reinforcement corrosion is the leading cause of premature failure in reinforced concrete (RC) 

bridges. The process is typically initiated by two main factors. First, chloride-induced corrosion 

occurs when chloride ions, primarily from de-icing salts used on roads or from marine environments, 

penetrate the concrete and reach the steel reinforcement. These ions destroy the passive, protective 

oxide layer on the steel. Second, carbonation is a chemical reaction between atmospheric carbon 

dioxide and the calcium hydroxide in the concrete. This process lowers the concrete’s pH, eliminating 

the steel’s passive protection. Once the protective layer is compromised, rust begins to form. As rust 

is more voluminous than steel (up to six times), its expansion creates significant tensile stresses within 

the surrounding concrete. This internal pressure leads to cracking and spalling, which further exposes 

the reinforcement to the elements and accelerates the corrosion cycle. 

4.2. Freeze-Thaw Damage 

In cold climates, the presence of moisture in the concrete can cause significant damage due to repeated 

freeze-thaw cycles. Water penetrates into the concrete’s porous network and microcracks. As the 

temperature drops below freezing, this water expands by approximately 9% in volume [9]. This 

expansion generates powerful internal pressures that stress the concrete matrix. Over many cycles, 

this repeated pressure leads to scaling (flaking of the surface), delamination (separation of layers), 
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and a breakdown of the bond between the concrete and the reinforcement, compromising the 

structure’s integrity. 

 
4.3. Chemical Attack 

Concrete is also vulnerable to chemical attacks from aggressive agents present in its environment. 

Sulfate attack, for example, occurs when concrete is exposed to sulfate-rich soils or groundwater. The 

sulfates react with the cement paste to form expansive products like ettringite and gypsum, which 

exert internal pressure on the concrete matrix. This internal stress causes cracking and a significant 

loss of strength. Similarly, acidic industrial effluents and polluted rainwater can weaken the cement 

paste by dissolving its alkaline components, increasing the concrete’s porosity and making it more 

susceptible to other forms of degradation. 

4.4. Foundation Scour 

Foundation scour is a hydraulic phenomenon where the erosive action of flowing water removes soil 

from around bridge piers and abutments. This erosion can be particularly severe during floods, when 

water velocities are high. The removal of soil undermines the foundation, leading to a loss of bearing 

capacity. This can cause differential settlements (uneven sinking) or, in extreme cases, the sudden 

and catastrophic collapse of the bridge. The failure of the Hintze Ribeiro Bridge in Portugal is a tragic 

example of a scour-induced collapse. To mitigate this risk, continuous monitoring with technologies 

like sonar and real-time sensors is crucial to detect changes in the riverbed elevation around 

foundations [10]. 

4.5. Fatigue and Overloading 

Many older bridges were designed for significantly lower traffic volumes and loads than they 

experience today. This disparity results in two related issues: fatigue and overloading. Fatigue 

cracking is a progressive process where repeated cyclic loads from traffic cause microscopic cracks 

to initiate and propagate within the concrete and steel. Over time, these cracks reduce the structure’s 

strength and stiffness. Overloading, from modern heavy trucks, exacerbates this issue by subjecting 

the bridge to stresses that exceed its original design parameters. This accelerates damage to critical 

elements like beams, deck slabs, and bearings, leading to premature deterioration. 

4.6. Progressive Collapse 

Progressive collapse is a catastrophic failure mode where the initial failure of a single critical element 

triggers a chain reaction of failures, leading to the collapse of a disproportionately large part of the 

structure. This is a particular risk for continuous or frame-type bridges that lack sufficient structural 

Volume 1 Issue 3 Technical Science Integrated Research | ISSN 3051-3855

10 September 2025 12



redundancy. A localized failure, perhaps caused by a vehicle impact or a concentrated corrosion spot, 

can redistribute the load to adjacent members. If these members cannot withstand the added stress, 

they too will fail, propagating the collapse across the bridge. The collapse of the Ponte Morandi in 

Genoa, Italy, is a prime example of a failure that initiated with a local defect and led to a progressive 

collapse. 

5. Preventive Measures and Modern Approaches [5] 

Modern bridge management has shifted from reactive repair to proactive preservation. The following 

approaches focus on preventing deterioration and extending a bridge’s service life. 

Protective Coatings and Corrosion Inhibitors: To combat corrosion, bridges can be treated with 

protective coatings that create a physical barrier against chlorides and moisture. Corrosion inhibitors 

can also be added to the concrete mix or applied to the surface to chemically delay or prevent the 

onset of rust on the steel reinforcement. 

Air-Entrained Concrete: In cold climates, air-entrained concrete is a standard solution. It contains a 

network of microscopic air bubbles that provide space for water to expand when it freezes. This 

prevents the buildup of internal pressure, significantly reducing damage from freeze-thaw cycles. 

Cathodic Protection: For bridges already contaminated with chlorides, cathodic protection is an 

effective rehabilitation method. An electrical current is applied to the steel reinforcement, which halts 

the electrochemical corrosion process. This essentially makes the steel immune to further rusting. 

Scour Countermeasures: To protect bridge foundations from erosion, several countermeasures can be 

implemented. Riprap (a layer of loose stone) is a common solution that protects the streambed from 

high water flow. Pile skirts and collar systems are structural additions that reinforce the area around 

the pier, preventing the soil from being washed away. 

Structural Health Monitoring (SHM): This is a key modern approach. SHM systems use a network 

of sensors-including fiber optic sensors-to continuously monitor a bridge’s performance in real time. 

Data on stress, strain, temperature, and vibration is collected and analyzed, often with AI-based 

diagnostics, to detect subtle changes that could indicate a problem. This allows for targeted and timely 

maintenance. 

Load Management: To prevent fatigue and overloading damage, authorities use strict vehicle weight 

controls. By enforcing load limits, they ensure that traffic does not exceed the bridge’s design 

parameters. This proactive measure significantly reduces mechanical stress on the structure, helping 

to preserve its long-term integrity. 

By implementing a combination of these measures, engineers and asset managers can transition from 

a costly cycle of emergency repairs to a more sustainable and cost-effective approach of long-term 

preservation. 

6. Conclusion 

Reinforced concrete (RC) bridges are susceptible to complex deterioration processes driven by a 

combination of environmental, mechanical, and operational factors. A deep understanding of these 

specific failure mechanisms-such as reinforcement corrosion, fatigue, freeze-thaw damage, and 

scour-is critical. 

This knowledge empowers engineers to make informed decisions when selecting appropriate 

monitoring, maintenance, and retrofitting strategies [11]. By shifting from reactive repairs to a 

proactive model, where preventive interventions are based on real-time data from advanced 

diagnostics and monitoring systems, we can significantly extend the service life of these vital 

structures. This approach not only enhances the safety and reliability of our transportation networks 

but also provides a more sustainable and cost-effective solution for managing aging infrastructure 

globally. 
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