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Abstract 

 

 

 

  Recently, the health monitoring of every structure and infrastructure in different 

periods of its life, including construction, repair, and maintenance until the end of life 

to prevent sudden collapses before the end of the life of structure that calculated 

which causing significant financial and human losses, is essential for every person 

that uses them.  

On the other hand, all these construction activities, repairs, and maintenance can harm 

the environment and society. So, using modern techniques for damage detection that 

consider the sustainability life cycle assessment and total maintenance costs to do on-

time repair activities is valuable. 

The concept of sustainability has evolved since the Brundtland Commission first 

defined it in 1987. Since then, scientific communities have developed sustainable 

design principles, methods, and criteria. However, many of these approaches lack 
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long-term feasibility. The United Nations has set the 2030 Sustainable Development 

Goals (SDGs).  

In this context, it is vital to establish a sustainable life cycle strategy for concrete 

structures, minimizing costs and reducing environmental and social impacts 

throughout the entire lifespan, from construction to end-of-life stages. Advances in 

computer technology and sophisticated sensors have made it feasible to utilize non-

destructive testing (NDT) methods to effectively monitor and maintain critical 

structures, such as bridges, reducing the risk of financial and human losses. This 

thesis explores the application of various non-destructive techniques for identifying 

structural damage and evaluates their implications for sustainability. 

In this regard, it investigated the performance of non-destructive methods such as 

Frequency Response Function (FRF) and Power Spectral Density (PSD) in detecting 

the presence and absence of damage and the location of damage. The ability of the 

PSD to predict different types of damage in a structure, such as a coastal concrete 

bridge in aggressive environments exposed to damage and corrosion by chloride ions, 

was evaluated. Then, in the following, analyze the performance of using this damage 

prediction method on the sustainability life cycle assessment and environmental and 

social impacts, as well as the economic and cost aspects of using these methods at 

different stages during the life of an evaluated for a box-girder concrete bridge in 

Arosa in northwestern Spain.  

In conclusion, this thesis demonstrates that integrating the PSD method for 

preventive maintenance into the life cycle design of concrete bridges significantly 

enhances sustainability performance. The findings show that the PSD method 

effectively detects, locates, and predicts damage, leading to better long-term 

management of coastal concrete bridges prone to corrosion. The comprehensive 

analysis, including life cycle assessment and multi-criteria decision-making, 

confirms that using the PSD method reduces environmental impact, minimizes costs, 

and improves the overall sustainability of bridge infrastructure, offering a robust 

framework adaptable to various infrastructure types for achieving broader 

sustainability goals. 
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 Resumen 

 

 

 

Recientemente, el monitoreo de la salud de cada estructura e infraestructura en 

diferentes periodos de su vida, incluyendo construcción, reparación y mantenimiento 

hasta el fin de su vida útil para prevenir colapsos repentinos antes del fin de vida 

calculado, los cuales causan pérdidas económicas y humanas significativas, es 

esencial para todas las personas que las utilizan.  

Por otro lado, todas estas actividades de construcción, reparación y mantenimiento 

pueden dañar el medio ambiente y la sociedad. Por lo tanto, el uso de técnicas 

modernas para la detección de daños que consideren la evaluación del ciclo de vida 
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sostenible y los costos totales de mantenimiento para realizar reparaciones a tiempo 

es valioso. 

El concepto de sostenibilidad ha evolucionado desde que la Comisión Brundtland lo 

definió por primera vez en 1987. Desde entonces, las comunidades científicas han 

desarrollado principios, métodos y criterios de diseño sostenible. Sin embargo, 

muchos de estos enfoques carecen de viabilidad a largo plazo. Las Naciones Unidas 

han establecido los Objetivos de Desarrollo Sostenible (ODS) para 2030.  

En este contexto, es fundamental establecer una estrategia de ciclo de vida sostenible 

para las estructuras de hormigón, minimizando costos y reduciendo los impactos 

ambientales y sociales a lo largo de toda la vida útil, desde la construcción hasta las 

etapas de fin de vida. Los avances en tecnología informática y sensores sofisticados 

han hecho posible utilizar métodos de prueba no destructiva (NDT) para monitorear 

y mantener de manera efectiva estructuras críticas, como puentes, reduciendo el 

riesgo de pérdidas financieras y humanas. Esta tesis explora la aplicación de diversas 

técnicas no destructivas para identificar daños estructurales y evalúa sus 

implicaciones para la sostenibilidad. 

 

En este sentido, se investigó el rendimiento de métodos no destructivos como la 

Función de Respuesta en Frecuencia (FRF) y la Densidad Espectral de Potencia 

(PSD) para detectar la presencia y ausencia de daños, así como la localización de los 

mismos. Se evaluó la capacidad de la PSD para predecir diferentes tipos de daños en 

una estructura, como un puente de hormigón costero en entornos agresivos expuestos 

a daños y corrosión por iones de cloruro. Luego, se analizó el rendimiento del uso de 

este método de predicción de daños en la evaluación del ciclo de vida sostenible y los 

impactos ambientales y sociales, así como los aspectos económicos y de costos del 

uso de estos métodos en diferentes etapas durante la vida útil de un puente de 

hormigón tipo cajón en Arosa, en el noroeste de España. 

 

En conclusión, esta tesis demuestra que la integración del método PSD para el 

mantenimiento preventivo en el diseño del ciclo de vida de puentes de hormigón 

mejora significativamente el rendimiento de sostenibilidad. Los hallazgos muestran 

que el método PSD detecta, localiza y predice de manera efectiva los daños, lo que 

permite una mejor gestión a largo plazo de los puentes de hormigón costeros 

propensos a la corrosión. El análisis integral, que incluye la evaluación del ciclo de 

vida y la toma de decisiones multicriterio, confirma que el uso del método PSD 

reduce el impacto ambiental, minimiza costos y mejora la sostenibilidad general de 

la infraestructura del puente, ofreciendo un marco sólido adaptable a varios tipos de 

infraestructura para alcanzar objetivos de sostenibilidad más amplios. 
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Recentment, la monitorització de la salut de cada estructura i infraestructura en 

diferents períodes de la seua vida, incloent-hi la construcció, reparació i manteniment 

fins al final de la vida útil per evitar col·lapses sobtats abans del final calculat, els 

quals poden causar pèrdues econòmiques i humanes significatives, és essencial per a 

totes les persones que les utilitzen.  

D’altra banda, totes aquestes activitats de construcció, reparacions i manteniment 

poden perjudicar el medi ambient i la societat. Per tant, és valuós utilitzar tècniques 

modernes per a la detecció de danys que consideren l’avaluació del cicle de vida 

sostenible i els costos totals de manteniment per a dur a terme activitats de reparació 

a temps. 

 

El concepte de sostenibilitat ha evolucionat des que la Comissió Brundtland el va 

definir per primera vegada l’any 1987. Des de llavors, les comunitats científiques han 

desenvolupat principis, mètodes i criteris de disseny sostenible. No obstant això, 

molts d’aquests enfocaments manquen de viabilitat a llarg termini. Les Nacions 

Unides han establit els Objectius de Desenvolupament Sostenible (ODS) per a 2030. 
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 En aquest context, és fonamental establir una estratègia de cicle de vida sostenible 

per a les estructures de formigó, minimitzant els costos i reduint els impactes 

ambientals i socials al llarg de tota la vida útil, des de la construcció fins a les etapes 

de final de vida. Els avenços en tecnologia informàtica i sensors sofisticats han fet 

possible utilitzar mètodes de proves no destructives (NDT) per a monitoritzar i 

mantenir de manera efectiva estructures crítiques, com ara ponts, reduint el risc de 

pèrdues financeres i humanes. Aquesta tesi explora l’aplicació de diverses tècniques 

no destructives per a identificar danys estructurals i avalua les seues implicacions per 

a la sostenibilitat. 

 

En aquest sentit, es va investigar el rendiment de mètodes no destructius com la 

Funció de Resposta en Freqüència (FRF) i la Densitat Espectral de Potència (PSD) 

per a detectar la presència i absència de danys, així com la localització dels mateixos. 

Es va avaluar la capacitat de la PSD per a predir diferents tipus de danys en una 

estructura, com ara un pont de formigó costaner en entorns agressius exposat a danys 

i corrosió per ions de clorur. A continuació, es va analitzar el rendiment de l’ús 

d’aquest mètode de predicció de danys en l’avaluació del cicle de vida sostenible i 

els impactes ambientals i socials, així com els aspectes econòmics i de costos de l’ús 

d’aquests mètodes en diferents etapes durant la vida útil d’un pont de formigó de 

bigues caixó en Arosa, al nord-oest d’Espanya. 

 

En conclusió, aquesta tesi demostra que la integració del mètode PSD per al 

manteniment preventiu en el disseny del cicle de vida de ponts de formigó millora 

significativament el rendiment de la sostenibilitat. Els resultats mostren que el 

mètode PSD detecta, localitza i prediu de manera efectiva els danys, cosa que permet 

una millor gestió a llarg termini dels ponts de formigó costaners propensos a la 

corrosió. L’anàlisi integral, que inclou l’avaluació del cicle de vida i la presa de 

decisions multicriteri, confirma que l’ús del mètode PSD redueix l’impacte 

ambiental, minimitza els costos i millora la sostenibilitat general de la infraestructura 

del pont, oferint un marc sòlid adaptable a diversos tipus d’infraestructures per a 

assolir objectius de sostenibilitat més amplis. 
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1.1. Background 

 

Today, sustainability and life cycle assessment are vital factors at every stage of a 

structure's life, including design, construction, use, repair, and maintenance, up to the 

end of its life. The main goal is to reduce environmental and social impacts while 

keeping costs low. This approach is fundamental during repair and maintenance, 

where sustainable practices are crucial. Evaluating the effectiveness of damage 

detection methods throughout a structure’s life can help lower repair costs and reduce 

environmental impact. 

The deterioration of the existing infrastructure has become a significant concern in 

developed countries. More than 30% of building endeavors are allocated towards 

preserving and refurbishing facilities that have incurred damage (Gil Benso et al., 

2015). This emphasizes the significance of maintaining and improving infrastructure 

as a significant factor in long-term outcomes (Sierra et al., 2017).  

Structural damage is identified through destructive or non-destructive techniques 

(Cui et al., 2023). Destructive methodologies rely on models that frequently involve 

extracting structural samples to evaluate the extent of harm. In contrast, non-

destructive techniques refer to autonomous models that can detect structural damage 

using numerical software models without causing any harm to the structure (Rathod 

and Gupta, 2019). Non-destructive damage detection techniques can be monitored 

using signal-based technologies.  

The utilization of contemporary, advanced computers and sensors has led to a rise in 

the prevalence of signal-based approaches in the field of structural health monitoring 

(Rizvi and Abbas, 2023). Various signal-based techniques encompass different 

domains, such as the time domain (Lan et al., 2023; Zuo and Guo, 2023), the 

frequency domain (Muñiz-Calvente et al., 2022; Marques et al., 2021), and the time-

frequency domain (Skowronek et al., 2023; Karhade et al., 2022). These 

methodologies are employed to analyze the dynamic characteristics of structures 

(Chaupal and Rajendran, 2023).  

Time-domain methodologies commonly use stochastic processes (Huang et al., 

2023). Frequent-domain techniques can generate numerous responses and data points 

by configuring model-update equations. Some methods of dynamic frequency-

domain approaches include modal curvatures (Pau and Eroglu, 2023; Jiang et al., 

2023), modal strain energy (Nguyen and Livaoğlu, 2023; Omidi Soroor et al., 2023), 

mode shape (Nguyen and Wahab, 2023; Khanahmadi et al. 2023), natural frequency 

(Gillich et al., 2023; Zara et al., 2023), the frequency response function (FRF)  (Zhu 
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et al., 2022; Kurent et al., 2023), and the power spectral density function (PSD) (Tang 

et al., 2022;  Shetty and Prabhu, 2023). 

 PSD is a method that analyzes the frequency response of a periodic or random signal 

to determine the distribution of mean power. In order to construct a second-order 

transfer function, this technique uses a sensitive nonlinear function of structural 

parameters (Fallah et al., 2023). Some studies have been done on damage detection 

using the PSD method. Fang et al. (2023a) evaluated a novel method for detecting 

bridge deterioration using complete ensemble empirical mode decomposition 

(CEEMD) and PSD sensitivity analysis of bridge signals under changing loads. 

Furthermore, Fang et al. (2023b) improved the efficiency of model updating and 

showed satisfactory identification results while investigating a method for 

substructural damage identification using response PSD  sensitivity analysis. Bayati 

et al. (2019) experimented using a new method that combines the power spectral 

density function and the least-squares distance approach to detect signs of 

deterioration in concrete bridge piers. Gunawan (2019) evaluated the dependability 

of the PSD technique for seven 1 kg consolidated masses linked by eight identical 

linear elastic springs. 

Concurrently, governments and people alike are increasingly interested in studying 

the environmental and social impacts of building lifespans and sustainability. The 

Brundtland Report's definition of sustainability, which integrates social, economic, 

and environmental considerations, posits sustainable development as meeting current 

needs without compromising the ability of future generations to fulfill their own 

needs (Keeble,1988).  

Aligned with this principle, the judicious maintenance of infrastructure assumes 

critical importance in mitigating unnecessary costs and environmental impacts 

associated with constructing new assets. Nevertheless, the recent scholarly discourse 

has underscored the need to meticulously assess the consequences tied to 

infrastructure maintenance (Liljenström et al., 2022; Renne et al., 2022). This 

heightened attention stems from the acknowledgment that these ramifications may 

surpass those related to the initial infrastructure creation, particularly in cases of 

suboptimal design. 

Life Cycle Assessment (LCA) has become a reliable tool for thoroughly assessing 

the effects of maintenance and making informed decisions. In recent years, extensive 

research has methodically examined the environmental consequences linked to 

various infrastructure projects throughout their entire lifespan, including structures 

such as buildings (Caruso et al., 2020), pavements (Kazemeini and Swei, 2023), 

railway tracks (Celauro et al., 2032), and urban infrastructure elements (Wang et al., 

2020).  
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LCA is widely recognized as a highly effective method for evaluating the 

sustainability of concrete buildings. In addition, LCA is a methodical approach 

employed to assess the environmental and social impacts of a product, process, or 

activity throughout its entire life cycle, encompassing the extraction of materials to 

its ultimate disposal (as defined by ISO 14040:2006, ISO 14044:2006).  

Creating infrastructures that effectively contribute to the sustainable future our 

society needs is a top priority and a significant challenge. Engineers and architects 

are responsible for managing these infrastructures' positive and negative effects on 

their life cycle. Some research has been done for sustainability and life cycle 

assessment. Barbhuiya and Das (2023) emphasize the significance of Land Cover 

Assessment in assessing the environmental effects of construction materials over 

their entire life cycle. They stress the necessity for standardized methodologies and 

future directions in LCA research, such as integrating LCA with Building 

Information Modeling, creating region-specific impact assessment methods, and 

incorporating social and economic factors. Backes et al. (2023) evaluate carbon-

reinforced concrete (CRC) as an alternative to SRC and its environmental impact. 

They provide a detailed matrix of LCA scenarios, comparing CRC's environmental 

effect to SRC and innovative components. Also, Navarro et al. (2022) utilized 

analytic network process-based methods to build a coastal concrete bridge based on 

nine sustainability criteria. Their research compares five alternative designs' 

sustainability and life cycle performance to standard Analytical Hierarchy Process 

(AHP) methods. 

Sustainable product design is essential in building. As a major environmental 

polluter, the construction sector accounts for 30% of world energy consumption, 30% 

of greenhouse gas emissions, and 40% of raw material exploitation (Choi, 2019). 

Cement output is expected to increase 1.4 times by 2030 (Imbabi et al., 2013). 

However, infrastructure is a critical economic and social growth driver since it 

ensures service delivery and territorial structure.  

The International Monetary Fund believes spending 1% of GDP (Gross Domestic 

Product) on infrastructure would enhance global GDP by 1.5% after four years. In 

recent years, about 20% of World Bank loans have gone to transport infrastructure 

(Kyriacou et al., 2019). Construction accounts for 9% of Europe's GDP and 18 

million direct employment (Favier et al., 2018). An in-depth analysis of a choice or 

action's long-term social, environmental, and economic effects is necessary for 

sustainability.  
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The construction industry is a prime example of a field that may greatly benefit from 

incorporating sustainability principles into business practices (Navarro et al., 2023). 

Designing for sustainability entails considering economic, environmental, and social 

factors. Thus, while environmental life cycle assessment (E-LCA) has become a 

standard methodologically and practically (ISO, 2006a, 2006b), social life cycle 

assessment (S-LCA) is a new field that needs continuous development. Assessing 

social life cycle implications for sustainability is complex and subjective. In 2009, 

the UNEP/SETAC (UNEP/SETAC, 2009) developed methodological guidelines for 

consistent SLCA of products to establish a future standard methodology for social 

assessments based on ISO 14040.  

Given the wide variation in social criteria definitions and SLCA evaluation methods, 

standardized and conventional approaches are prioritized to align with the established 

LCA standards. For this reason, thorough product sustainability assessments do not 

yet have a standard, generally accepted methodology.  

While there are standards and guidelines to assist with this process (ISO, 2006a, 

2006b; UNEP/SETAC, 2020, 2021), there is still no consensus on how to incorporate 

life cycle assessment methods with various damage detection methods and how to 

account for performance with different damage courses in infrastructure 

sustainability assessments. 

This doctorate thesis was carried out at the University Institute of Concrete Science 

and Technology (ICITECH) located at the Universitat Politècnica de València 

(UPV). The research group has a vast amount of expertise in this particular domain. 

The issue has generated many articles that have been a strong basis for this 

investigation.  

 

1.2. Research objectives 

The current doctoral dissertation suggests a comprehensive sustainability evaluation 

that focuses on the life cycle of constructions and aims to assist in their design by 

using damage detection techniques. The emphasis is placed on specific physical 

structures, namely bridges, that are exposed to aggressive environments.  

This is due to the significant effects anticipated from the necessary upkeep to ensure 

these structures remain fully functional during their extended lifespans.  

Considering the background provided and the highlighted gaps in knowledge, it is 

necessary to formulate numerous research questions about the evaluation of 

infrastructure sustainability and damage detection methods: 
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Research question 1: How do non-destructive damage identification methods 

perform in detecting different damages in materials like steel and concrete structures, 

considering damage factors like chloride corrosion and the structure's location and 

environment? 

Research question 2: How much use of the PSD method as a non-destructive 

damage detection method can be useful in decreasing total maintenance and repair 

activity costs and affecting the LCCA for the whole life of the coastal concrete 

bridge? 

Research question 3: How much can a non-destructive damage detection method 

such as the PSD method improve the impact on the environmental and social life 

cycle assessment at a structure's maintenance and repair activities? 

Research question 4: How much does LCA benefit from non-destructive damage 

detection methods and deal with expert subjectivity during decision-making to 

enhance existing multi-criteria decision-making (MCDM) techniques applied in 

sustainable design? 

Research question 5: How can a system for maintenance and repair structures be 

created to optimize design that aligns with sustainable life cycle assessment and 

supports the achievement of the Sustainable Development Goals according to non-

distractive damage detection methods? 

The current Ph.D. thesis introduces an advanced approach for the health monitoring 

of structures, based on the ISO 14040 standard and tailored explicitly for conducting 

complete sustainability assessments and designing and maintaining structures. This 

approach is used to assess alternative designs of particular coastal constructions, 

considering various aspects of sustainability. 

The Ph.D. thesis was founded with the following objectives: 

1. A review of existing literature related to structural health monitoring and 

damage detection methods in structures, as well as a review of existing 

literature on current trends in structural sustainability assessment techniques 

used to assess infrastructure, is conducted to find knowledge gaps in LCA, 

sustainability assessment, and technique decision-making using different 

approaches to non-destructive damage detection methods for maintenance 

and repair in bridge design. 

2. To propose a methodology for the evaluation, the performance of some non-

destructive damage detection methods compare in a bridge. 
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3. To propose a methodology for integrating a structure's economic, 

environmental, and social life cycle assessments using damage detection 

techniques into a single, ISO 14040-based approach. 

4. To propose extending AHP techniques to MCDM evaluations to elucidate 

the relationships between decision criteria, mainly when non-destructive 

methods are utilized to identify potential damage related to decision-making 

processes. 

5. Use the sustainability assessment approach to select a design and 

maintenance option for a structure in a coastal location, considering non-

destructive damage detection methods through various approaches and their 

respective sustainability performances. 

6. To obtain robust bridge designs, evaluate how economically, 

environmentally, and socially oriented structure maintenance strategies are 

impacted by modern methods compared to conventional approaches. 

1.3. Methodology 

The research methodology employed to accomplish the objectives outlined in this 

doctoral thesis is organized into distinct phases.  

The initial phase involves a systematic review of the current state of infrastructure 

sustainability assessment and damage detection methods. The literature review 

examines various aspects. The first aspect of the literature review analyzes techniques 

for identifying damage and evaluating their effectiveness in determining the extent 

and location of damage in diverse environments and structures resulting from various 

factors that cause damage. The following aspect entails investigating and analyzing 

these approaches to the life cycle and long-term viability. Specifically, it involves 

exploring sustainability within the framework of infrastructures and employing 

MCDM techniques to assess them. Regarding the first aspect, the focus is on the 

particular criteria that are taken into account by the scientific community, as well as 

the specific techniques used for assessing impact. Regarding the final aspect, the 

emphasis lies on the implementation of weighting methods and the utilization of 

specific MCDM techniques. Research has also been conducted on handling linguistic 

variables in the decision-making process. 

In the second phase, evaluate the performance and comparison of non-destructive 

methods of damage identification in detecting the location and amount of damage in 

a structure during the lifetime of a structure and examine the ability of each method 

to predict the time of these damages according to different failure factors in different 

types of structures. In this research, two non-destructive dynamic and signal-based 

damage detection methods, including FRF and PSD, have been evaluated and 
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analyzed in a steel truss bridge structure according to different damage scenarios in 

the structural elements. 

In the third phase, according to the comparison of the analyses of each method in 

predicting the location and amount of damage in a structure, the method with a better 

ability and less error in identifying the damage was selected as the base method for 

further detailed investigations in this research. In this regard, the performance of the 

PSD method has been investigated this time in a coastal concrete bridge structure, 

where most of its foundations are located and exposed to damage and corrosion 

during its lifetime. The performance of this method in identifying this type of damage 

by natural damage factors such as chloride ions and also the effect of this damage on 

the performance of this damage detection method has been evaluated. 

 

In the fourth phase, there is a need to assess the economic aspects and life cycle cost 

(LCC) of using any damage methodology in the finished costs incurred in different 

stages of a structure from the beginning of the design to the end of the structure's life. 

According to this research, the performance and effect of the PSD method in reducing 

repair and maintenance costs during the lifetime of a coastal concrete bridge were 

analyzed. Then, the total costs and the economic aspect of this damage prediction 

method were compared to a conventional method of damage prediction and 

evaluated. 

The fifth phase was to investigate the performance of the damage identification 

method in the structure during the assessment life cycle. For this reason, 

environmental and social effects were tested using the PSD method in the structure. 

The results of this evaluation determined how much of a positive effect this method 

has on reducing harmful effects on the environment and society. 

In the final phase, the suggested infrastructure sustainability evaluation framework 

addresses coastal concrete bridge design through a damage detection method. 

Analyzing the life cycle's economic, environmental, and social aspects determines 

sustainability. Each design choice requires reliable upkeep. Generally, life cycle 

evaluations are used to demonstrate their flaws and knowledge gaps, and this thesis 

uses a complete ISO14040-based approach. A full methodology for damage detection 

and sustainability life cycle assessment includes functional units, system boundaries, 

and unit processes. The study uses economics to offer reliability-based optimal 

maintenance techniques for a life cycle approach in chloride-laden by PSD technique 

as a non-destructive damage detection for maintenance. MCDM integrates the three 

sustainability factors into one evaluation. A unique way to group AHP weights is 



Chapter 1. Introduction 

 

 9 

presented to account for the non-probabilistic uncertainty in subjective weighing 

approaches like AHP. The research holistically evaluates environmental, economic, 

and social aspects affecting coastal bridge deck and piers sustainability. 

1.4. Dissertation structure 

The dissertation offers the study organized into several chapters as follows: 

▪ Chapter 1 presents the background, aims, and primary contributions of the 

study, along with the methods used to perform the research for the PhD 

thesis. 

▪ Chapter 2 evaluated two non-destructive damage detection methods: the 

Spectral Density Function-based and the Frequency Response Function-

based. This case study compares the two approaches' ability to detect damage 

in a truss bridge under varying experimental conditions. 

▪ Chapter 3 investigates the ability of the PSD, as a non-destructive damage 

detection method, to diagnose damages caused by chloride ions in concrete 

structures. The method's accuracy in estimating the annual damage caused 

by chloride in various parts and positions exposed to seawater was analyzed. 

The Reinforced concrete (RC) bridge, which connects the island to the 

mainland via seawater, was numerically modeled and analyzed for this 

purpose. 

▪ Chapter 4 presents an approach to life cycle cost assessment (LCCA) for a 

span of a coastal concrete bridge according to the performance of the PSD 

method to predict and monitor the location and amount of damages caused 

by corrosion during a structure's life using different approaches. 

▪ Chapter 5 investigates the cost-effectiveness of two methods for predicting 

damage: the non-destructive dynamic damage detection approach and the 

conventional method through redesigning different concrete cover 

thicknesses for a coastal reinforced concrete bridge. The study evaluates the 

impact of chloride ions on the location and extent of decay throughout the 

bridge's lifespan while also examining the total costs associated with 

maintenance and repairs. 

▪ Chapter 6 proposes non-destructive damage detection methods' impact on 

the LCA and E-LCA compared to a conventional approach on a coastal 

concrete bridge. 

▪ Chapter 7 examines the sustainability and S-LCA according to maintenance 

and repair through a non-destructive dynamic damage detection method to 

introduce an innovative approach to evaluating the social aspect of 

sustainable infrastructure designs using the ISO 14040 standard. Eight multi-

criteria parameters and TOPSIS are used for sustainability life cycle 

analysis. The AHP is used to determine the importance of criteria based on 

the judgments provided by a group of experts. 
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▪ Chapter 8 provides an analysis of the findings derived from the preceding 

chapters. 

▪ Chapter 9 provides a concise overview of this doctoral dissertation's 

primary overarching and case-specific findings and proposes potential 

avenues for future investigation.
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Abstract 

Recent catastrophic events have aroused great interest in the scientific community 

regarding the evaluation and prediction of the structural response along the life cycle 

of infrastructures. Efforts are put into developing adequate health monitoring systems 

to help prevent future human life and economic losses. Here, two non-destructive 

damage detection methods are presented: the Frequency Response Function-based 

and the Spectral Density Function-based methods. The damage detection 

performance of both methods is compared through a particular case study, where 

different damage scenarios are analyzed in a 2D truss bridge. The reliability of each 

method is studied in terms of different prediction errors. Numerical results show that 

the PSD method for damage detection on a steel truss bridge structure provides more 

accurate and robust results when compared to that based on FRF.  

Keywords Structural Health Monitoring; Power Spectral Density Function; 

Frequency Response Function; Construction, Structures; Damage detection; Non-

destructive 

 

2.1. Introduction 

The deterioration of the existing infrastructure has become a severe concern in 

developed countries. More than 30% of construction activity is currently related to 

the maintenance and refurbishment of damaged structures (Gil Benso et al., 2015), 

revealing infrastructure maintenance and improvement as a significant source of 

long-term impacts (Sierra et al., 2017). As a result, while there is much interest in 

optimal structure design to reduce construction costs (Paya-Zaforteza et al., 2010; 

García-Segura et al., 2017; Penadés-Plà et al., 2017), structural deterioration 

mitigation has become a focus of many researchers aiming to provide optimal 

maintenance strategies to reduce life cycle costs (Navarro et al., 2019; Sajedi et al., 

2019; Navarro et al., 2018).In such a context, information regarding damage 

detection and location has been crucial to increasing the accuracy of damage 

prediction methods assumed in maintenance optimization. 
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Actual trends in health monitoring of structures rely on the dynamic response 

variations associated with structural systems when deteriorated. Dynamic properties 

such as mass, stiffness, and damping may assist in identifying the location and extent 

of damage to structures according to non-destructive damage detection for numerical 

model updating in a structure (Pedram et al., 2016; Li et al., 2015; Pehlivan, 2018). 

Recently, some investigations have used or assessed the reliability and performance 

of dynamic techniques, either numerical or experimental, for non-destructive damage 

detection in steel, concrete, or composite structures. Some dynamics and vibration-

based damage detection methods were evaluated by some researchers, such as: 

frequency response functions (Garcia-Palencia et al., 2015; Sulaiman et al., 2017), 

power spectral density (Li et al., 2015; Esfandiari et al., 2018), natural frequencies 

(Sha et al., 2019; He & Zhu, 2011), measured modal flexibility (Wickramasinghe et 

al., 2020; Liu et al., 2018), modal strain energy (Yang et al., 2019; Teng et al., 2019), 

mode shapes (He et al., 2018). Some researchers have used these methods 

individually or combined two or more (Padil et al., 2020; Bagherahmadi & 

Seyedpoor, 2018; Barman et al., 2021). Also, to compare the performance of these 

methods of identifying damage, some of these methods have been compared 

(Altunışık et al., 2019; Rezvani & Sabour, 2018; Gomes & Silva, 2008; Kim & Eun, 

2017). One of the most important ways to help engineers and experts choose and use 

the best method for the situation and type of structure is to compare the methods for 

diagnosing failure in different types and shapes of structures. Frequency response 

function (FRF) and power spectral density (PSD) methods are two common and 

popular methods based on the signal in damage detection. Comparing the 

performance and ability of these two methods in different conditions and structural 

shapes can be helpful information for researchers and engineers when selecting and 

using each of these methods in their studies. 

In this regard, researchers on the FRF-based method followed some purposes. A 

structural model updating method based on FRF data and observed natural 

frequencies of the damaged structure was investigated according to the sensitivity 

equations to decrease model update nonlinearity. These sensitivity equations were 

also solved using Least Squares, non-linear (Esfandiari et al., 2010), and linear 

(Vahedi & Khoshnoudian, 2018). The capacity of the FRF approach was evaluated 

in a model by simulating the mass modeling errors, and the stiffness degradation of 

structural parts was explored simultaneously in the other case. The research showed 

that the FRF method for updating findings was resistant to incompleteness, noise, and 

modeling error (Shadan et al., 2016). Also, a study examined the benefits of 

substituting unmeasured FRFs with EDTF in an accurate sensitivity equation. 

Extensive numerical experiments were done comparing this technique's results with 

the dynamic expansion of observed mode shapes. Both techniques have advantages 
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and disadvantages in mitigating the detrimental effects of incomplete measurement 

(Pedram & Esfandiari, 2019). 

On the other hand, the PSD approach for damage detection was investigated in some 

publications. In a study, the pseudo excitation method (PEM) was used to get the 

dynamic response of structures and the power spectral density sensitivity to damage 

factors. This approach was used to repeatedly obtain damage parameters by the finite 

element model updating method in two numerical examples, including a flat-frame 

building and a 12-story shear building (Zheng et al., 2015). A unique algorithm and 

deterioration index for bridge concrete piers were developed. The power spectral 

density function was utilized to process structural responses. A damage index based 

on the least square distance was developed to diagnose the damage. The suggested 

algorithm and damage index may reliably identify and locate deterioration in bridge 

piers (Bayat1a et al., 2019). An industrial engineering researcher hypothesized that 

the method's accuracy highly depends on the degree of damage. They tested the 

dependability using a massive dataset of 3500 incidents in a spring model with five 

degrees of structural integrity. When the structural integrity declined by 5%, the 

reliability plummeted to 95% (Gunawan, 2019). 

To date, the performance of FRF and PSD methods has been evaluated and compared 

for a variety of structural systems and follows different approaches. For instance, 

some researchers compared the quasi-linear sensitivity of FRF with the derivation-

based sensitivity of PSD to develop a sensitivity-based damage detection approach 

in a numerical frame and an experimental beam model (Pedram et al., 2017). 

Moreover, in the numerical models of plate and shell structures, updating frequency 

domain models using PSD to overcome the shortcomings of incomplete measurement 

allowed the sensitivity equation according to measured natural frequencies of a few 

lower modes (Pedram et al., 2018). Because the performance of frequency-based 

methods can differ in different types of structures and under different conditions, and 

in addition, construction, maintenance, and repair costs are essential for structures 

such as bridges, in this study, the performance of these two methods was compared 

with different approaches for detecting the extent, amount and location of damages 

on a numerical model of a two-dimensional steel truss bridge. For this purpose, these 

methods were compared by numerical analysis of the different elements of the 

structural system by using sensitivity equations. These equations were solved through 

the linear least square algorithm and model updating approach by monitoring changes 

in dynamic characteristics such as stiffness and mass of undamaged and damaged 

structural elements. The Closeness Index (CI), the Mean Size Error (MSE), and the 
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Relative Error (RE) were used to evaluate the accuracy of predictions. Linearizing 

equations solve a non-linear relationship between structural parameters and observed 

response. 

2.2. Damage detection methods 

Generally, the FRF-based methods extract the structure data by exciting the degrees 

of freedom (DOF) and conducting measurements in the desired DOFs. The selection 

of these measurement locations significantly impacts obtaining adequate damage 

detection results. The number of measurement locations is limited practically and 

economically (Esfandiari et al., 2009; Farshadi et al., 2017). On the other hand, the 

PSD-based method is a second-order transfer function by a sensitive and utterly non-

linear function of structural parameters (Zheng et al., 2015). The following 

paragraphs present the mathematical background of each technique. 

2.2.1. Frequency Response Function (FRF) 

FRF is a transfer function (H(ω)) in the frequency domain that relates the 

displacement response of a structural system with its forces, as shown in Figure 2.1. 

Therefore, such transfer function represents the structural behavior of the structure 

under analysis (Sulaiman et al., 2017). The transfer function (H(ω)) varies due to 

changes in mass, damping, and stiffness, making FRF an ideal method for detecting 

damage. Some research has mentioned equations related to the FRF (Padil et al., 

2020; Esfandiari et al., 2010; Vahedi & Khoshnoudian, 2018; Shadan et al., 2016; 

Pedram & Esfandiari, 2019; Pedram et al., 2018). 

 

Figure 2.1. Transfer Function of FRF with Input Force to Displacement Response 

The analytical equation defining the FRF can be derived from the equation of motion 

of a structural system with n degrees of freedom: 

𝑴𝒙 ̈(𝒕) + 𝑪𝒙 ̇(𝒕) + 𝑲𝒙(𝒕) = 𝒇(𝒕) (2.1) 

Where M, C, and K represent the structural system's mass, damping, and stiffness 

matrices, respectively, f(t) represents the input force vector applied to the system, and 
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x(t) is the nodal displacement vector. Assuming that the force input is harmonic, 

exciting force f(t) and the resulting displacement x(t) can be expressed as: 

𝒇(𝒕) = 𝑭(𝝎)𝒆𝒊𝝎𝒕 (2.2) 

𝒙(𝒕) = 𝑿(𝝎)𝒆𝒊𝝎𝒕 (2.3) 

Where F(ω) and X(ω) are the displacements and the applied force expressed in the 

frequency domain, respectively, and ω is the excitation frequency of the structure. 

Substituting Equations 2.2 and 2.3 in Equations 2.1: 

[−𝑴𝝎𝟐 − 𝒊𝝎𝑪 +𝑲]𝑿(𝝎) = 𝑭(𝝎) (2.4) 

The equation can be rewritten to derive the analytical expression for the FRF transfer 

matrix H(ω): 

𝑯(𝝎) = [−𝑴𝝎𝟐 + 𝒊𝝎𝑪 +𝑲]−𝟏 (2.5) 

A formula for changing the transfer matrix when the structural system is damaged 

from the above equations is given below. To do so, on the one hand, we shall consider 

that the structural response Xi(ω) of a particular degree of freedom i of the system, 

when a unitary harmonic load Fl(ω) is applied, can be expressed as: 

𝑿𝒊(𝝎) = 𝑯𝒊𝒍(𝝎)𝑭𝒍(𝝎) = 𝑯𝒊𝒍(𝝎) (2.6) 

Where Fl(ω) is a vector with every component equal to zero except for the component 

l, which is equal to one, on the other hand, the structural response of a system can 

also be obtained as a linear superposition of modes: 

𝑿 =∑ 𝝋𝒓𝒒𝒓
𝒏

𝒓=𝟏
 

(2.7) 

Where 𝜑 is the mode shape matrix, and q represents the modal coordinate matrix. 

Thus, Equation. 2.1 can be rewritten as: 

𝑴𝝋𝒓𝒒̈𝒓 + 𝑪𝝋𝒓𝒒̇𝒓 +𝑲𝝋𝒓𝒒𝒓 = 𝒇(𝝎) (2.8) 
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Multiplying both sides of Equation 2.1 by the transposed mode shape matrix, we get: 

(−𝝎𝟐𝝋𝒓
𝑻𝑴𝜱𝒓 + 𝒊𝝎𝝋𝒓

𝑻𝑪𝜱𝒓 +𝝋𝒓
𝑻𝑲𝜱𝒓)𝒒̅𝒓

= 𝝋𝒓
𝑻𝑭(𝝎)𝒆𝒊𝝎𝒕 

(2.9) 

This equation can be simplified into: 

(−𝝎𝟐𝑴𝒓 + 𝒊𝝎𝑪𝒓 +𝑲𝒓)𝒒̅𝒓 = 𝝋𝒓
𝑻𝑭(𝝎) (2.10) 

The relation between the mass, damping, and stiffness matrices can also be expressed 

in modal terms as: 

𝑪𝒓 = 𝟐𝝃𝒓𝝎𝒓𝑴𝒓 (2.11) 

𝑲𝒓 = 𝑴𝒓𝝎𝒓
𝟐 (2.12) 

Consequently, we can rewrite Equation 2.9 into: 

(−𝝎𝟐 + 𝒊𝝎(𝟐𝝃𝒓𝝎𝒓) + 𝝎𝒓
𝟐)𝒒̅𝒓 = 𝝋𝒓

𝑻𝑭(𝝎) = 𝝋𝒍𝒓 (2.13) 

By placing Equation 2.12 into Equation 2.6, we get: 

𝑯𝒊𝒍 =∑
𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝝎𝒓

𝒏

𝒓=𝟏
 

(2.14) 

Where φr represents the structural mode, ωr is the natural frequency, and ξr is the 

modal damping. In fact, in the above equation, Ηil is the displacement of the degree 

of freedom i when the unit load excites the degree of freedom l. When the structure 

has deteriorated, the modal response of the system changes as follows: 

𝝋𝒓𝒅𝒊 = 𝝋𝒓𝒊 + 𝜹𝝋𝒓𝒊 (2.15) 

Where φrdi represents the mode shape of the damaged structure for the degree of 

freedom i, and δφri stands for its deformation rate. Therefore, Equation 2.14 can be 

rewritten for a damaged structure as: 
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𝑯𝒊𝒍𝒅 =̃ ∑
𝝋𝒊𝒓𝒅𝝋𝒍𝒓𝒅

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏

+∑
𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝝎𝒓

𝒏𝒎

𝒓=𝒏𝒎+𝟏
 

(2.16) 

Equation 2.16 approximation is not unrealistic because natural frequencies can be 

obtained with high accuracy. The second part of the Equation 2.16 deals with the 

unmeasured portion of natural frequencies and damping coefficients and reduces the 

effect of incomplete measurement. By inserting Equation 2.15 into the first part of 

Equation 2.16, it is derived that: 

𝑯𝒊𝒍𝒅 =̃ 𝑯̃𝒊𝒍 + 𝜟𝑯𝒊𝒍

=∑
𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏

+∑
𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝝎𝒓

𝒏

𝒓=𝒏𝒎+𝟏

+∑
𝝋𝒊𝒓𝜹𝝋𝒍𝒓

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏

+∑
𝜹𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏
 

(2.17) 

The modal deformation rate δφlr can be obtained by: 

𝜹𝝋
𝒍𝒓
=̃∑ 𝜶𝒓𝒒𝝋𝒍𝒒

𝒏

𝒒=𝟏
 

(2.18) 

Where α can be calculated as follows, by multiplying both sides of Equation 2.12 by 

the mode matrix φq and deriving it, we get: 

𝜹𝑲𝝋
𝒒
+𝑲𝜹𝝋

𝒒
= 𝜹𝑴𝝋

𝒒
𝝎𝒒
𝟐 +𝑴𝜹𝝋

𝒒
𝝎𝒒
𝟐

+ 𝟐𝑴𝝋
𝒒
𝝎𝒒𝜹𝝎 

(2.19) 

Sorting Equation 2.19 appropriately, the value of α can be obtained as: 
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{
 
 

 
 𝜶𝒓𝒒 =

𝝋𝒒
𝑻(𝜹𝑲−𝝎𝟐𝜹𝑴)𝝋𝒓

(𝝎𝒓
𝟐 −𝝎𝒒

𝟐)
      𝒇𝒐𝒓   𝒒 ≠ 𝒓

𝜶𝒓𝒒 = −
𝝋𝒒
𝑻(𝜹𝑴)𝝋𝒓

𝟐
              𝒇𝒐𝒓   𝒒 = 𝒓

 

(2.20) 

Since the mass changes due to deterioration are usually minor compared to the 

changes in stiffness, changes in mass are neglected when deriving the above 

equations. Taking this assumption into account (δM= 0), we can rewrite the second 

term of Equation 2.17, namely ΔΗil as: 

 

Defined the stiffness matrix of healthy (Kh ) and damaged (Kd) structures as follows: 

𝑲 = 𝑨𝑷𝑨𝑻 (2.22) 

𝑲𝒅 = 𝑲+ 𝜹𝑲 = 𝑨(𝑷+ 𝜹𝑷)𝑨𝑻 (2.23) 

The matrix A is a function of the geometric properties of the elements, and the 

diagonal matrix P contains mechanical properties (like bending and axial stiffness). 

If we consider that the stiffness changes are reflected in changes in the P matrix, we 

will have the following: 

𝜹𝑲 = 𝑨𝜹𝑷𝑨𝑻 (2.24) 

Finally, if we place Equation 2.24 into Equation 2.21, we get an analytical expression 

for the variations in the transfer matrix due to the deterioration of the structural 

system: 

𝜟𝑯𝒊𝒍

=∑
𝝋𝒊𝒓𝜹𝝋𝒍𝒓

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏

+∑
𝜹𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏

=  ∑ ∑
𝝋𝒊𝒓(𝝋𝒒

𝑻𝜹𝑲𝝋𝒊)𝝋𝒍𝒒

(𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏

+∑ ∑
(𝝋𝒒

𝑻𝜹𝑲𝝋𝒊)𝝋𝒊𝒒𝝋𝒍𝒓

(𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏
 

(2.21) 
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𝜟𝑯𝒊𝒍

= [∑ ∑
𝝋𝒊𝒓(𝝋𝒒

𝑻 𝑨𝒅𝒊𝒂𝒈(𝑨𝑻𝝋𝒓))𝝋𝒍𝒒

(𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏

+∑ ∑
𝝋𝒊𝒒(𝝋𝒒

𝑻 𝑨𝒅𝒊𝒂𝒈(𝑨𝑻𝝋𝒓))𝝋𝒍𝒓

(𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)
]𝜹𝑷

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏

= 𝑺𝑯𝜹𝑷 

(2.25) 

 

2.2.1. Power Spectral density (PSD) 

FRF methods rely on adequate monitoring of the structure to be analyzed. Given that 

it is neither practical nor economical to excite and monitor every degree of freedom 

of a structure, PSD-based methods are recognized as an alternative to overcome such 

limitations of FRF damage detection methods. Based on the equations in random 

vibrations, the spectral density function of a structural response can be expressed as 

following equations according to some research on the PSD method (Zheng et al., 

2015; Pedram et al., 2017; Pedram et al., 2018). 

𝑺𝑿𝑿 = 𝑯𝑺𝒇𝒇𝑯
𝑻 (2.26) 

SXX is the output response PSD function, Sƒƒ is the input response PSD function, and 

Η is the transference function presented in the previous section. Taking into account 

Equation 2.17, SXX can be obtained for a damaged structural system as: 

𝑺𝒙𝒙𝒅 =̃ 𝑯̃𝑺𝒇𝒇𝑯̃
𝑻 + 𝜟𝑯𝑺𝒇𝒇𝑯̃

𝑻 + 𝑯̃𝑺𝒇𝒇𝜟𝑯
𝑻

+ 𝜟𝑯𝑻𝑺𝒇𝒇𝜟𝑯
𝑻 

(2.27) 

From the above, it can be derived that the variation of the output response PSD 

function when the structural system under analysis is damaged can be expressed as 

follows: 

𝜟𝑺𝒙𝒙 = 𝑺𝒙𝒙𝒅 − 𝑯̃𝑺𝒇𝒇𝑯̃
𝑻

= 𝜟𝑯𝑺𝒇𝒇𝑯̃
𝑻
+ 𝑯̃𝑺𝒇𝒇𝜟𝑯

𝑻
 

(2.28) 
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Assuming the value of ΔΗ deduced in Equation 2.25, we can rewrite Equation 2.28 

as: 

𝜟𝑺𝒙𝒙 =̃ [𝑺𝑯𝑺𝒇𝒇𝑯̃
𝑻
+ 𝑯̃𝑺𝒇𝒇𝑺𝑯

𝑻 ]𝜹𝑷 (2.29) 

Taking into consideration the analytical expression of SΗ presented in Equation 2.25, 

we can formulate the final sensitivity equation as follows: 

 

Finally, the PSD function can be formulated as: 

𝜟𝑺𝒙𝒙 =̃ 𝑺𝒔𝜹𝑷 (2.31) 

Where δΡ represents the structural changes in the system's stiffness resulting from 

deterioration, by solving Equation 2.31, the changes in stiffness for damaged 

structures can be calculated by comparison with the response of the undamaged 

structure using the least square method. This equation is solved through iteration. The 

stiffness matrix of the undamaged structure is updated according to the calculated 

stiffness change, thus modifying the PSD in every iteration and model updating and 

causing more accurate damage prediction. The difference obtained between the 

damaged and the undamaged structure is as much as the damage aimed to evaluate. 

2.3. Numerical example 

The presented damage detection algorithm was applied to an eight-bay truss structure 

with the geometry, connectivity, and active DOFs shown in Figure 2.2. Each span is 

1.5m for a total of 12m. The structure is modeled numerically using the finite element 

method, with structural elements stressed by axial loads. Truss elements are made 

from steel with Young’s modulus of 200 Gpa and a mass density of 7300 kg/m3. The 

structure consists of 35 steel elements connected by 16 nodes. The cross-sectional 

areas for elements 1–8 (top chord), 9–16 (Bottom chord), 17–23 (vertical), and 24–

𝑺𝒔 = 𝑺𝑯𝑺𝒇𝒇𝑯̃
𝑻 + 𝑯̃𝑺𝒇𝒇𝑺𝑯

𝑻 = (2.30) 

= [∑ ∑
𝝋𝒊𝒓(𝝋𝒒

𝑻 𝑨𝒅𝒊𝒂𝒈(𝑨𝑻𝝋𝒓))𝝋𝒍𝒒

(𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏

+∑ ∑
𝝋𝒊𝒒(𝝋𝒒

𝑻 𝑨𝒅𝒊𝒂𝒈(𝑨𝑻𝝋𝒓))𝜱𝒍𝒓

(𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)
] 𝑺𝒇𝒇[∑

𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏

+ ∑
𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒅
𝟐 − 𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒅𝝎𝒅

]𝑻 + [∑
𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅

𝒏𝒎

𝒓=𝟏

𝒏

𝒓=𝒏𝒎+𝟏

+ ∑
𝝋𝒊𝒓𝝋𝒍𝒓

𝝎𝒅
𝟐 − 𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒅𝝎𝒅

]𝑺𝒇𝒇[∑ ∑
𝝋𝒊𝒓(𝝋𝒒

𝑻 𝑨𝒅𝒊𝒂𝒈(𝑨𝑻𝝋𝒓))𝝋𝒍𝒒

(𝝎𝒓𝒅
𝟐 − 𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏

𝒏

𝒓=𝒏𝒎+𝟏

+∑ ∑
𝝋𝒊𝒒(𝝋𝒒

𝑻 𝑨𝒅𝒊𝒂𝒈(𝑨𝑻𝝋𝒓))𝝋𝒍𝒓

(𝝎𝒓𝒅
𝟐 −𝝎𝟐 + 𝟐𝒊𝝎𝝃𝒓𝒅𝝎𝒓𝒅)(𝝎𝒊

𝟐 −𝝎𝒒
𝟐)
]𝑻  

𝒏

𝒒=𝟏

𝒏𝒎

𝒓=𝟏
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35 (Diagonal bracing) are respectively 1.8, 1.5, 1.0, and 1.2 (cm2). 29 active DOFs 

were considered, with 2 degrees of freedom per node (Figure 2.2(b)). Nodes can only 

move horizontally and vertically except for node 1, where no displacement is 

allowed, and node 9, where only horizontal motions are allowed. Every system 

element has steel material attributes. 

 

(a) 

 

(b) 

Figure 2.2. The trust model information: (a) Geometry; (b) Active degree of freedom direction 

In this model, loads are applied at the structure's nodes so that only axial forces act 

on each element. Therefore, the structure's stiffness is given by the axial stiffness of 

the truss elements, defined by their cross-sectional area and the modulus of elasticity 

of the assumed material. A decrease in the steel modulus of elasticity shows how the 

steel will degrade since these values are assumed to remain constant. 

The injury scenarios considered to determine the differences in the accuracy of the 

FRF and PSD damage detection methods are presented in Table 2.1 below. In order 
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to identify more groups of possible damage to the structure, it is assumed that the 

damages can differ in each scenario. 

 

Table 2.1. Damage scenarios considered. 

Damage Mode Element Number Percentage of Damage 

1 
5 30 

14 50 

2 

14 40 

16 50 

23 60 

3 

3 30 

11 30 

32 30 

35 30 

4 

7 30 

19 40 

27 30 

5 

2 30 

9 40 

13 50 

29 40 

33 30 

6 

10 30 

17 30 

26 30 

34 30 

7 
6 40 

20 70 

8 

8 30 

24 40 

31 60 
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Damages in different structures can appear in different ways, which in concrete 

structures are usually on the surface and deep cracks on the structural elements. In 

steel structures, it appears as corrosion and rust in coastal environments. It shall be 

noted that there are not all the damage types that may appear on a structure. However, 

for simplicity and interpretation of the results, the actual comparative research is 

focused solely on deterioration caused naturally. The truss structure is modeled 

numerically using the finite element method by the Software. 

2.3.1. Calebration of the numerical model 

Excitation frequency ranges, selection, number and location of measurements, and 

simulation DOFs all play a role in the success of a model updating scheme using FRF 

and PSD data. For this purpose, selected a scenario of damage in Table 2.1 and used 

different DOFs set groups in Table 2.2 as base data for assessment by one of these 

methods. In this study, for selecting suitable DOFs set as the base data of the 

measurement locations and excitation loads data for analysis of the eight damage 

prediction scenarios, some groupsets were considered in Table 2.2 mentioned four of 

them as samples.  

The rotating DOFs were not subjected to stimulation or measurement. Each set was 

analyzed using the FRF method to predict the damage percentage in the structure for 

the first scenario from Table 2.1. 

Table 2.2. The measurements and stimulation DOFs set 

Sets Measurements DOFs Stimulations DOFs 

Test according to scenario 1 

Predicted damage (%) 
RMSE* 

Element 5 Element 14 

1 3-9-14-22-24 8-11-13-17-18-25 -5 25 30.4% 

2 4-11-13-21-27 6-7-12-17-18-23 20 -5 39.5% 

3 4-7-10-25-27 4-7-11-16-20-25 -8 -8 49.0% 

4 9-13-15-17-19 7-9-11-14-17-18-27-28 40 48 7.2% 

*RMSE: The Root Mean Square Error 

Table 2.2 shows the RMSE for scenario 1 through the fourth set of the measurements 

and stimulations DOFs set are less than other sets. So, as base data to analyses in 
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software for damage prediction by FRF and PSD methods for the eight damage 

scenarios of Table 2.1, the DOFs 9, 13, 15, 17, and 19 are selected as the measurement 

locations, and DOFs 7, 9, 11, 23, 25, and 29 as excitation loads were assumed. 

Due to imperfections such as ambient noise, FE modeling mistakes, and measurement 

errors, inevitable errors, and variances in finite element model update results are 

inevitable. To test the suggested method's resilience against measurement error, 10% 

random error is considered for each FRF and PSD method. 

For scenario 1, Figure 2.3 illustrates the comparison of the FRFs of damaged and 

undamaged buildings determined from vibration testing. 

 
Figure 2.3. Comparison of the FRFs according to the damaged and undamaged elements for the 

scenario 1 

As shown in Figure 2.3, response frequency by the FRF for undamaged and damaged 

structures was used to determine the structure damage situation. The diagram also 

shows that the first scenario using the FRF method at low frequencies is almost 

ineffective and gradually increases with increasing frequency at the selected 

excitation fourth set in Table 2.2, which indicates an increase in damage and a 

decrease in stiffness of some elements. The FRF data for the damaged structure was 

moved from the undamaged structure due to the structure's loss of stiffness due to the 

damage. 
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2.4. Results and Discussion 

Each damage detection method, such as FRF and PSD Function, was compared with 

its anticipated damage rate on software and the actual damage rate in each damaged 

situation in Table 2.1 for comparison and assessment using MATLAB software and 

the formulae and equations. 

As shown in Figure 2.4, the damage prediction results for each of the eight damaged 

situations in Table 2.1 are shown in a chart bar for each technique in Table 2.1. 

 

(a) Scenario 1 

 

(b) Scenario 2 
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(c) Scenario 3 

 

(d) Scenario 4 

 

(e) Scenario 5 
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(f) Scenario 6 

 

(g) Scenario 7 
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(h) Scenario 8 

Figure 2.4. Comparison of The Predicted Damage with FRF and PSD methods and for different 

scenarios 

In Figure 2.4, the teal damages are damaged elements from scenarios considered in 

Table 2.1 as actual damages. After analysis, the percentage of predicted damages by 

FRF and PSD methods for each scenario is compared according to the same 

conditions. 

Three alternative error assessments are examined to quantify the quality of the 

predictions, namely the Closeness Index (CI), the Mean Size Error (MSE), and the 

Relative Error (RE) (Esfandiari et al., 2010). 

The Closeness Index indicates how close the predicted amount of damage has relation 

to the actual damage to the structure: 

𝑪𝑰 = 𝟏 −
|𝜹𝒑𝒑 − 𝜹𝒑𝒂|

|𝜹𝒑𝒂|
 

(2.32) 

Where δΡΡ is the predicted damage, and δΡa is the actual damage in each of the 

considered damage scenarios. A value of the closeness index equal to 1 means an 

exact fit of the prediction. The MSE is the average of the absolute differences between 

the actual and the predicted damage: 

𝑴𝑺𝑬 =
𝟏

𝒏
∑ |𝜹𝒑𝒂𝒊 − 𝜹𝒑𝒑𝒊|

𝒏

𝒊=𝟏
 

(2.33) 
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The n denotes the number of structural elements.  The Relative Error Index of a 

prediction shall be calculated as: 

𝑹𝑬 =
∑ |𝜹𝒑𝒂𝒊| − ∑ |𝜹𝒑𝒂𝒊|

𝒏𝒊
𝒊=𝟏

𝒏
𝒊=𝟏

∑ |𝜹𝒑𝒂𝒊|
𝒏𝒊
𝒊=𝟏

 
(2.34) 

Figure 2.5 shows the results of the abovementioned error indices for the two 

prediction methods. It can be observed that, in general, PSD shows better CI results, 

with prediction errors ranging from 0.36 to 0.73. As far as MSE is concerned, for the 

damage scenario 2, PSD presents slightly worse results than FRF. It shall be noticed 

that the error regarding damage scenario 5 is, as in the case of CI evaluation, the 

scenario with the highest error for both detection methods. This equation can be 

attributed to the model's numerical errors rather than the goodness of predictions. At 

last, the RE results do not show sensitivity to the damage scenario under study, 

presenting prediction errors that do not exceed 0.63 in the worst case. In general, 

PSD-based predictions result in lower RE values than those derived from the FRF 

method. 

 

(a) Closeness Index 
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(b) Mean Size Error 

 

(c) Relative Error 

Figure 2.5. Error Indices results for The Two methods of Damage Detection for the eight 

scenarios. 

The average achieved for PSD and FRF in the three error metrics studied here is 

shown in Table 2.3. In addition, for each detection technique, the interquartile range 

(IQR) was determined to define the statistical dispersion of the data. 

Table 2.3. Summary of Average Errors and IQR 

Methods 
CI MSE RE 

Average IQR* Average IQR* Average IQR* 

FRF 0.529 0.355 1.351 2.644 0.281 0.433 
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PSD 0.575 0.303 1.246 2.30 0.221 0.352 

*IQR: The interquartile range measurements 

Compared to FRF, PSD performs better in average results for each of the three error 

measures evaluated, with an average CI closer to one and average MSE and RE values 

closer to zero. In each of the three error measurements, PSD displays IQR values that 

are lower than those obtained using the FRF approach. According to the findings 

obtained for the case study under consideration, PSD outperformed FRF and provides 

more trustworthy damage prediction predictions. 

As previously investigated based on numerical results, FRF and PSD methods have 

been compared on a numerical model of a 2D one-story by one-bay steel frame and 

a laboratory concrete beam vibration test (Pedram et al., 2017). The comparison result 

with the FRF was made only on two groups of damage scenarios based on sensitivity 

equations, which showed the PSD method's performance in detecting the location and 

extent of damages (Pedram et al., 2017). 

However, the research analysis results on the steel truss bridge almost confirmed 

some of the other results on a steel one-bay frame and the concrete beam (Pedram et 

al., 2017), and also some comparison mentions on a plate, and a shall shape structure 

model without numerical analysis result through the FRF method (Pedram et al., 

2018), show that the PSD method is more sensitive than FRF method in structural 

parameter changes, especially in the natural frequency range. While in other 

structural model shapes, for the low-frequency range and low or noise-free 

conditions, the FRF method was more accurate than PSD, this study on truss shape 

shows that the PSD method also has an almost more accurate and reliable 

performance in the low and medium-frequency ranges as calculated by software 

analyses. Thus, future studies are required to identify which method, PSD or FRF, 

performs best in detecting damages for different structural systems, materials, or 

structural variables. 

2.5. Conclusions 

Because damage detection in infrastructures such as bridges is critical, the current 

research examines the performance and accuracy of two dynamic and non-destructive 

approaches based on FRF and PSD in determining the amount of damage in the 

structural elements of a truss steel bridge. This comparison was made under the same 
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conditions and with the DOFs' excitation and measurement properties. The quantified 

damages in this truss were predicted by analyzing these methods according to their 

solutions to sensitivity equations through the linear least-square algorithm and model 

updating approach. For analyzing each method, changes in dynamic characteristics 

such as stiffness and mass in undamaged and damaged structural elements were 

monitored. This issue is solved by linearizing equations, which is an inverse problem 

since the link between structural parameters and observed response is intrinsically 

non-linear. For a more accurate evaluation, The error Indices results were calculated. 

In particular, errors obtained with PSD-based prediction show average CI and MSE 

errors that were 8.5% lower than those obtained with FRF-based and 27% lower when 

considering RE. Regarding statistical dispersion, PSD results in IQR values between 

14% and 23% lower than the dispersion observed when applying the FRF method. 

In summary, it is best to compare their performance since comparing methods for 

detecting and predicting structural damage can show each method's superiority or 

lack of superiority depending on the conditions and structure. To improve the 

comparability of these methods, they should be tested on various structures, 

conditions, and materials. For the particular case study analyzed here, comparing the 

numerical results of the two methods revealed that the PSD is more accurate than 

FRF in predicting and diagnosing structural element damage in a metal truss structure 

with oblique elements. 
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Abstract 

The deterioration caused by chloride penetration and carbonation plays a significant 

role in a concrete structure in a marine environment. The chloride corrosion in some 

marine concrete structures is invisible but can be dangerous in a sudden collapse. 

Therefore, as a novelty, this research investigates the ability of a non-destructive 

damage detection method named the Power Spectral Density (PSD) to diagnose 

damages caused only by chloride ions in concrete structures. Furthermore, the 

accuracy of this method in estimating the amount of annual damage caused by 

chloride in various parts and positions exposed to seawater was investigated. For this 

purpose, the RC Arosa bridge in Spain, which connects the island to the mainland via 

seawater, was numerically modeled and analyzed. As the first step, each element’s 

bridge position and the chloride corrosion percentage in the reinforcements were 

calculated. The next step predicted the existence, location, and timing of damage to 

the entire concrete part of the bridge based on the amount of rebar corrosion each 

year. The PSD method was used to monitor the annual loss of reinforcement cross-

section area, changes in dynamic characteristics such as stiffness and mass, and each 

year of the bridge structure’s life using sensitivity equations and the linear least 

squares algorithm. This study showed that using different approaches to the PSD 

method based on rebar chloride corrosion and assuming 10% errors in software 

analysis can help predict the location and almost exact amount of damage zones over 

time. 

Keywords Chloride attack; concrete bridge; damage identification; non-destructive 

technique; Power Spectral Density method (PSD); steel corrosion 

 

3.1. Introduction 

Since the formation of the Sustainable Development Goals in 2015, several scholars 

have focused on infrastructure upkeep and its implications on the economy, 

environment, and society (Navarro et al., 2018b; Garcia-Segura et al., 2018; Navarro 

et al., 2018c). Different deterioration mechanisms, such as chloride ion ingress 

(Navarro et al. 2018a, Zhang et al. 2021, Hou et al. 2021), carbonation (Sun et al. 

2020, Ekolu 2020, Zheng et al.2021), or attack by other corrosive agents, such as 
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sulfates, can cause damage to coastal and marine structures. The most dangerous 

hazard to concrete buildings is chloride-induced corrosion, resulting in excessive 

economic impacts from their maintenance because of the damage performed in RC 

structures (Shekhar et al., 2018; Goyal et al., 2018). The mechanism of chloride-

induced corrosion has been assessed by some researchers in the past (Tang et al., 

2016; Angst et al., 2019). In a coastal RC structure’s rebars, chloride corrosion is 

done at two levels: initiation and propagation corrosion (Tuutti 1982). When chloride 

ions arrived at the reinforcement of the concrete structure, they corroded over time, 

like the process in Figure 3.1. 

 

Figure 3.1 The process of chloride corrosion in steel rebar 

The most challenging aspect of the chloride corrosion mechanism is no visible 

evidence of damage to the structure. Internal damage in reinforced concrete structures 

can be detected using destructive or non-destructive methods. Destructive methods 

depend on models that often involve removing structure samples to assess the 

damage. Nevertheless, non-destructive methods are independent models that can 

identify damage to a numerical model in software without affecting the structure 

(Rathod & Gupta, 2019). These non-destructive damage detection methods can be 

monitored according to signal-based techniques. Due to modern and intelligent 

computers and sensors, signal-based approaches for health monitoring have increased 

in structures (Yang et al., 2021). Some signal-based approaches include time-domain 

(Aloisio et al., 2020; Yu et al., 2021), frequency-domain (Pérez et al., 2021; Ronchei 

et al., 2021), and time-frequency domain (Wu et al., 2022; Tran et al., 2020). These 

methods reveal structural systems’ dynamic characteristics (Najafabadi et al., 2017), 

and thus, when relevant damage has occurred due to different causes, such as chloride 

corrosion, In summary, time-domain methods are frequently used for stochastic 

processes (Seyedpoor et al., 2011). The frequency-domain methods can produce 

many responses and data from frequency points by specifying model updating 



Inclusion of damage detection methods for the sustainable life cycle design of bridges in aggressive 

environments 

 

38 

 

equations (Arora, 2011). Some dynamic frequency-domain methods include: Natural 

Frequency (Wang, 2021; Khan et al., 2020), Power Spectral Density Function (Zheng 

et al., 2015; Pedram et al., 2017; Gao et al., 2021), Frequency Response Function 

(Rahmatalla et al., 2012; Niu, 2020), Mode Shape (Hou et al., 2018; Xu et al., 2020), 

Modal Strain Energy (Arefi & Gholizad, 2020; Khosravan et al., 2021), and Modal 

Curvatures (Dessi & Camerlengo, 2015; Ganguli, 2020, Pooya & Massumi, 2021). 

Finally, the data in the time-frequency domain is derived from the observed signal 

frequency over time (Aquino et al., 2021). Some time-frequency approaches for 

modal identification include Wavelet Transform (WT) (Silik et al., 2021), Blind 

Source Separation (BSS) (Li et al., 2020), and also Empirical Mode Decomposition 

(EMD) (Barbosh et al., 2020).  

The Power Spectral Density (PSD) is a method based on frequency-domain 

techniques that uses a periodic or random signal’s frequency response. The frequency 

response defines the mean power distribution. This method uses a sensitive nonlinear 

function of structural parameters to define a second-order transfer function (Nilsson 

& Liu 2015). In recent years, researchers in different fields have investigated the 

reliability of the PSD method for identifying various damage types. Bayat et al. 

(2019) tested a novel technique based on the PSD function and the Least Square 

Distance approach to identify deterioration in bridge concrete piers. Gunawan (2019) 

assessed the reliability of the PSD method on seven lumped masses (1 kg) that were 

connected by eight similar linear elastic springs. Hadizadeh-Bazaz et al. (2022) 

Compared the performance of Power Spectral Density (PSD) by Frequency Response 

Function in a steel bridge structure. 

This study evaluated the PSD method’s performance in identifying damages caused 

by a chloride attack on the RC Arosa bridge in Spain, where columns were located 

and contacted seawater. The damage on the bridge was analyzed according to 

changes in dynamic parameters and decreasing rebar cross-section areas during 

chloride corrosion time by new approaches using the PSD method as a frequency-

domain technique by using sensitivity equations and the linear least square 

methodology. For years, some researchers have considered optimization and 

optimization methods with different methods and goals (Carbonell et al., 2011; 

Penadés-Plà et al., 2019). For this reason, this research result can help optimize 

maintenance costs and reduce life cycle costs (LCCA) and even other life cycle 

impacts (environmental and social) as a frequency-domain technique by using 

sensitivity equations and the linear least square methodology. For years, some 

researchers have considered optimization and optimization methods with different 

methods and goals (Carbonell et al., 2011; Penadés-Plà et al., 2019). For this reason, 

this research result can help optimize maintenance costs and reduce life cycle costs 

(LCCA) and even other life cycle impacts (environmental and social) as an accurate 
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method. In order to avoid wasting time and money, it is essential to know the specific 

location of damage to buildings such as bridges. 

3.2. Methods and materials 

This study identifies the RC bridge damaged by chloride corrosion in steel 

reinforcements analyzed over the structure life by combining two-step methods. The 

initial step was determining the steel components' service life using Fick's second 

chloride diffusion equation. Then, in the second step, the existence, quantity, and 

location of chloride damage to the concrete caused by steel reinforcements' chloride 

corrosion were investigated according to the PSD method by measuring the 

frequency response function and monitoring changes in dynamic parameters. The 

bridge structural model description includes diameters and materials and is explained 

as follows. 

3.2.1. Model Description 

This concrete bridge is called the Arosa Bridge in Galicia, Spain (see Figure 3.2). 

This bridge is 1980 m long and has 40 spans (the first and end spans are 40 m, and 

the other 38 intermediate spans are 50 m). This construction's geometry and durability 

parameters were based on data from the literature (González et al., 2013; Pérez-

Fadón, 1985; Pérez-Fadón, 1986). 

 

Figure 3.2. The location map of the Arosa bridge in Spain 
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The concrete bridge deck is a single box girder. As indicated in Figure 3.3, the bridge 

deck is 13 m wide and 2.30 meters high. Two pedestrian walkways run along the 

deck's sides. Each walkway is 1.5 m wide. 

 

Figure 3.3. Arosa’s concrete bridge in cross-section 

The column dimensions are 5.26 m wide and 1.80 m thick. Under normal 

circumstances, the bridge deck is about 12 m above the sea and 9.6 m during high 

tide (see Figure 3.4). 

 

Figure 3.4. The geometry of a span of the bridge 

The concrete cover on the reinforcements for the deck, 35 mm, and for the columns, 

45 mm, was considered. The reinforcing steel quantity is 100 kg/m3 of concrete. 

Assumed concrete mixes and mechanical parameters for the bridge are in Table 3.1. 

(Pérez-Fadón,  1985). 
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Table 3. 1. The Arosa structure’s concrete mixtures and mechanical parameters. 

Properties 

(Units) 

Water 

(l/m3) 

Cement 

(kg/m3) 

Gravel 

(kg/m3) 

Sand 

(kg/m3) 

fcm 

(MPa) 

Ec 

(GPa) 

w/c 

(%) 

Amount 218.5 485.6 926.7 827.9 40 29 0.45 

 

According to Table 3.1, the concrete mix for the bridge has a water-to-cement ratio 

(w/c) of 0.45 and contains 485 kg/m3 of cement. 

 

3.2.2. Chloride damage prediction methods for the rebars of RC 

structure 

Most metals are vulnerable and susceptible to natural and manufactured influences, 

particularly in coastal areas where chloride ions cause corrosion. Corrosion is 

common in reinforced concrete structures like bridges and concrete marine structures. 

According to the deterioration model proposed by Tuutti (1982), these commissions 

and damages by chloride in rebars of a concrete structure have some service life 

levels, such as the initiation and propagation phases depicted in Figure 3.5. (Tuutti, 

1982;  Hájková & Šmilauer, 2018). 

 

Figure 3.5. The service life of rebars and chloride corrosion levels in RC structures 

As illustrated in Figure 3.5, chloride corrosion begins in the Initiation corrosion 

Phase. At the initiation phase, there are chlorides, but at an amount that is less than 

the chloride threshold (that means it is not enough to start the corrosion process). The 
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propagation phase of chloride ion activity includes some levels such as commencing 

corrosion, cracking on the concrete cover, the serviceability limit state and the last 

level is, and the ultimate limit state (Zhang et al., 2019). 

 

According to the fellow equation, the total time to chloride corrosion (tl) is estimated 

as the service life of reinforcements of the bridge structure by summing the initiation 

and propagation phases together (Spanish Ministry of Public Works, 2008).   

𝒕𝒍 = 𝒕𝒊 + 𝒕𝒑 (3.1) 

Where ti is the corrosion initiation period, defined as the time, it is the time for the 

chlorides to reach the rebars and a high enough concentration to start corrosion 

(chloride threshold, dependent on the steel properties and to some extent on the 

concrete properties). Also, tp is the corrosion propagation period of time that spreads 

through a structural member until it deteriorates significantly (Spanish Ministry of 

Public Works,  2008). 

 

 Initiation chloride corrosion Phase (ti) 

According to Fick's second law of chloride diffusion mathematical model and the 

Spanish concrete design code, the initiation of chloride corrosion is the time to reach 

a particular concentration to befall from the surface of concrete covers through the 

following (Spanish Ministry of Public Works 2008; Khan et al., 2017). 

𝑪(𝒙, 𝒕) = 𝑪𝒔.

(

 
 
𝟏 − 𝒆𝒓𝒇

(

 
𝒙

𝟐√𝑫𝟎.𝒙. (
𝒕𝟎
𝒕 )

𝜶. 𝒕)

 

)

 
 

 

(3.2) 

Where C(x,t) is the chloride concentration (wt%/binder) at the concrete cover depth 

x (mm) and during time t (years). Cs is the surface chloride concentration 

(wt%/binder) at the concrete cover surface. The approximate value of Cs can be 

extracted according to Table 3.2. The erf(.) is the Gauss error function. α is the age 

factor considered 0.5, as the Spanish concrete design code. t0, as the reference time is 

considered 28 days, change the unit to year (t0=0.0767), and also D0, is the non-

steady-state chloride diffusion coefficient (mm2/years) at the age t0 can be obtained 

from Table 3.3. (Spanish Ministry of Public Works, 2008; Crank, 2004). 
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Table 3. 2. The chloride concentration at the concrete surface in the marine environment 

(Spanish Ministry of Public Works, 2008). 

Marine exposure class Aerial (IIIa) 
Submerged 

(IIIb) 

In Tidal Zone 

(IIIc) 

Distance from the coast 
Up to 
500m 

500–  
5000m 

Any - 

Cs (% of concrete weight) 0.14 0.07 0.72 0.50 

 

Table 3. 3. The coefficients D0 (×10−12m2/s) (Spanish Ministry of Public Works, 2008). 

Type of cement w/c=  0.40 w/c=  0.45 w/c=  0.50 w/c=  0.55 w/c=  0.60 

CEM I 8.9 10.0 15.8 19.7 25.0 

CEM II/A-V 5.6 6.9 9.0 10.9 14.9 

CEM III 1.4 1.9 2.8 3.0 3.4 

 

In this investigation, according to the Arosa bridge situation and distance from the 

salt water, the amount of the Cs was considered 0.14 for the deck and upside of the 

bridge columns and 0.72 and 0.50 for the submerged and in tidal zone sections of the 

columns, respectively. Furthermore, the coefficients D0 according to the type of 

cement and w/c were assumed to be 10. However, the chloride transport time (t) can 

be calculated using the inverse of Equation 3.2 as Equation 3.3. 

𝒕 =
𝒙𝟐

𝟒𝑫
[𝒆𝒓𝒇−𝟏 (

𝑪𝒔 − 𝑪(𝒙, 𝒕)

𝑪(𝒙, 𝒕)
)]
−𝟐

 
(3.3) 

Where the D is the chloride diffusion coefficient, which varies with the age of the 

concrete (D=D(t0)(t0/t)
n). Additionally, when C(x,t) reached threshold concentration 

Ct and also, if C(x,t)=Ct, then the Initiation Period of chloride diffusion (ti) 

determined as follows in Equation 3.4 (Spanish Ministry of Public Works, 2008; 

Khan et al., 2017; Sobhani & Ramezanianpour, 2007; Bendat et al., 1980). 

𝒕𝒊 =
𝒙𝟐

𝟒𝑫
[𝒆𝒓𝒇−𝟏 (

𝑪𝒔 − 𝑪𝒕
𝑪𝒔

)]
−𝟐

 
(3.4) 

Moreover, the critical chloride concentration value under normal conditions as the 

mean value can be considered 0.6% of the cement weight. When the chloride 

concentration (C) is greater than or equal to the value of the critical chloride 

concentration (Cth), the initial corrosion time of the steel bar equals the transport time 

(t), indicating that corrosion and damage to the rebars begin at this time. In contrast,  
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less than this value means that damage in the reinforcements has not started (Spanish 

Ministry of Public Works, 2008; Navarro et al., 2019). 

 

 Propagation chloride corrosion Phase 

(tp) 

  This stage begins after the Initiation stage of chloride diffusion when chloride ions 

on the surface of the inner rebars start to corrode steel reinforcements. Chloride 

corrosion cause reduces the cross-sectional area and stiffness of the steel bars over 

the years. The Spanish concrete design code (Spanish Ministry of Public Works, 

2008( gives the following equation for calculating this time: 

𝒕𝒑 =
𝟖𝟎

𝝓

𝒅

𝑽𝒄𝒐𝒓𝒓
 

(3.5) 

Where tp is the propagation time in years. Also, d is concrete cover thickness, the  

is the reinforcement diameter, and Vcorr is the corrosion rate. The approximate value 

can be obtained from Table 3.4. 

 

Table 3. 4. The Chloride corrosion rate depended on the Marine exposure class (Spanish 

Ministry of Public Works 2008 ). 

Marine exposure class Aerial  (IIIa) Submerged (IIIb) In Tidal Zone (IIIc) 

Vcorr (μm/year)  20 4 50 

 

To calculate the propagation time, the approximate speed of chloride corrosion on 

rebars, Vcorr, depends on the situation of the structure elements considered in Table 

3.4. In addition, the deck's concrete cover (d) was considered 35 mm and 45 mm for 

columns with a rebar diameter of 32 mm in the concrete Arosa bridge. 

Overall, according to the initiation and the propagation levels for chloride corrosion 

of reinforcements of an RC marine or coastal structure, the damage induced by 

corrosion to the reinforcement can be calculated as a percentage using the equation 

below: 

𝑫𝒂𝒎𝒔𝒕𝒆𝒆𝒍(𝒕) =
𝒕 − 𝒕𝒊
𝒕𝒑

× 𝟏𝟎𝟎 
(3.6) 

In Equation 3.6, Damsteel is the percentage of reinforcement damage by chloride 

corrosion for every year (t) during propagation tp.  
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The damage percentage was analyzed for the RC bridge's deck and columns 

according to the different situations and marine exposure classes, such as the aerial, 

submerged, and Tide zones. Moreover, the changes in stiffness and loss of cross-

section area of reinforcement for identifying damages on the concrete of the RC 

structure were obtained according to this chloride corrosion damaged percentage 

during structure life. 

 

3.2.3. Damage detection methods for the total of the RC 

bridge 

In this analysis, the PSD method, which is non-destructive and dynamic, was used to 

identify these damages in the concrete part according to the percentage of damages 

of corroded rebars by chloride. For this purpose, changes in the dynamic 

characteristics of each year and situation due to decreasing cross-sectional areas and 

rebar stiffness were considered in this investigation. 

 Power Spectral Density Method 

The PSD is a vibration and signal-based method; therefore, this method was obtained 

according to the frequency response function (FRF) method as following equations 

(Hadizadeh-Bazaz et al., 2022; Zheng et al., 2015; Pedram et al., 2017). The transfer 

function is defined as Equation 3.7. 

𝑯(𝝎) = (𝑲 −𝝎𝟐𝑴+ 𝒊𝝎𝑪)−𝟏 (3.7) 

K, M, and C are the matrices of stiffness, mass, and damping, respectively; ω is the 

frequency, and i=√-1. The PSD equation of structural response simplifies as Equation 

3.8. 

𝑺𝑿𝑿(𝝎) = 𝑯
∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎) (3.8) 

Where SFF is the PSD inputs matrix at all of the active Degree Of Freedom (DOF); 

H*(ω) is the complex conjugate of a transfer function. As shown in Equation 3.8, the 

power spectral density is a second-order function of the FRF, which can be a highly 

nonlinear response to structural elements. 

To model updating based on the sensitivity equation, Equation 3.8 is to expand as the 

following format by considering (K-ω2M+iωC=Z(ω)) in the below equation. 

𝒁∗(𝝎)𝑺𝑿𝑿(𝝎) = 𝑺𝑭𝑭(𝝎)𝑯(𝝎) (3.9) 

Where Z(ω) is the impedance matrix and the transfer function inverse, Equation 3.9 

for the damaged structure due to chloride corrosion to the structure's reinforcement 

is as follows. 
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[𝒁∗(𝝎) + 𝜟𝒁 ∗ (𝝎)][𝑺𝑿𝑿(𝝎) + 𝜟𝑺𝑿𝑿]
= 𝑺𝑭𝑭(𝝎)[𝑯(𝝎) + 𝜟𝑯(𝑾)] 

(3.10) 

According to Equations 3.10 and 3.9, the power spectral density function equation is 

changed by considering (ΔZ(ω)=ΔK-ω2ΔM+iωΔC) and (HD(ω)=[Z(ω)+ΔZ(ω)]-1) 

where HD(w) is the FRF of damaged RC structure during rebars damaged by chloride 

corrosion every year by Equation 3.6, therefore, Equation 3.10 can be rewritten as 

Equation 3.11.  

𝜟𝑺𝑿𝑿(𝝎) = 𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝜟𝑯(𝝎)
− 𝑯𝑫

∗ (𝝎)𝜟𝒁∗(𝝎)𝑺𝑿𝑿(𝝎) 
(3.11) 

H*
D is the complex conjugate of the damaged RC structure transfer function during 

reinforcement chloride corrosion, according to Equation 3.6. 

As the expression of the exact ΔH presented by Esfandiari et al., 2009 in Equation 

3.12) 

𝜟𝑯(𝝎) = −𝑯𝑫(𝝎)(𝜟𝑲−𝝎
𝟐𝜟𝑴+ 𝒊𝝎𝑪)𝑯(𝝎) (3.12) 

Equation 3.11 can be rewritten by using Equations 3.8 to Equations 3.12 as follows. 

𝜟𝑺𝑿𝑿(𝝎)
= −𝑯𝑫

∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)(𝜟𝒁(𝝎))𝑯(𝝎)
− 𝑯𝑫

∗ (𝝎)(𝜟𝒁∗(𝝎))𝑯∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯(𝝎) 

(3.13) 

To identify the damages caused by corrosion on the reinforcement bars and its effect 

on the structural behavior of the system, the stiffness of each reinforced concrete 

element is modified in proportion to the corrosion damage calculated for each time 

for the rebars. The following is a list of the modifications made to the stiffness, mass, 

and damping matrices due to changes in dimensionless structural parameters. 

{
 
 
 
 

 
 
 
 𝜟𝑲 =∑𝑲𝒏𝜟𝑷𝒏

𝑲

𝒏𝒆

𝒏=𝟏

𝜟𝑴 =∑𝑴𝒏𝜟𝑷𝒏
𝑴

𝒏𝒆

𝒏=𝟏

𝜟𝑪 = ∑𝑪𝒏𝜟𝑷𝒏
𝑪

𝒏𝒆

𝒏=𝟏

  

(3.14) 

Where Kn, Mn, and Cn are the stage of stiffness, mass, and damping matrices of the 

structural elements of a structure, ΔPn
K, ΔPn

M, and ΔPn
C indicate that structural 

parameter changes are between -1 and 1. The monitoring of changes in stiffness and 

mass and damping of the structure due to possible damage to a structure through the 
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PSD damage identification method during the lifetime of this structure has been 

calculated using Equation 3.14, then according to Equation 3.13 and considering 

(ΔZ(ω)=ΔK-ω2ΔM+iωΔC). So, depending on changes in dynamic characters because 

of damage causes such as chloride corrosion damages, the sensitivity matrices 

assigned to the nth structure parameter for obtaining the unknown stiffness, mass, and 

damping ratios are as follows. 

{
  
 

  
 
𝑺𝑲 = −𝑯𝑫

∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑲𝒏𝑯
𝑻(𝝎)

−𝑯𝑫
∗ (𝝎)𝑲𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑴 = 𝝎𝟐(𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑴𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑴𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑪 = 𝒊𝝎(−𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑪𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑪𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

 

(3.15) 

The final equation of PSD for calculating changes in dynamic properties parameter 

during damage repeat for every year can be predicted from Equation 3.16. 

𝜟𝑺𝒙𝒙 = 𝑺
𝑲𝜟𝒑𝑲 + 𝑺

𝑴𝜟𝒑𝑴 + 𝑺
𝑪𝜟𝒑𝑪 (3.16) 

The sensitivity Equation 3.16, according to the changes in the structural parameters, 

is linear. To obtain analyses according to the nonlinear optimization, changes in 

dynamic characters depend on the initial damage analysis in each structure element 

during the time monitoring and obtained. In addition, a balanced focus on these 

elements reduces estimate errors in finite element method model updating with the 

appropriate solution using standard least squares. In this study, the identification of 

damages for different parts using the PSD method and through the sensitivity 

equation with consideration for the time for each year of the structure’s life is 

presented in the form of an updated model according to the scenarios of predicting 

the corrosion damage of rebars by chloride ions evaluated and investigated the 

reinforced concrete structure. 

 

 Numerical model evaluation 

With the development of computers and the increasing speed and performance, using 

non-destructive and independent models according to numerical models of structures 

to identify damage is attractive to many engineers and researchers. In this study, the 

performance of the PSD method, which is a vibration and signal-based method, was 

used to look for damage caused by chloride ions on a numerical model of a concrete 

bridge in a coastal area.  
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For the health monitoring of the bridge structure each year from the beginning 

corrosion time to the end corrosion time of the reinforced concrete bridge 

reinforcement, some points and sensors were considered for the numerical model of 

the bridge at specific distances from each other. Then, as in Figure 3.6, they were 

renumbered from 1 to 183 on the deck and columns of these selected spans. These 

three spans in the middle of the bridge were selected from forty spans because these 

parts could be the most chloride attack. However, the bridge was analyzed in software 

with almost the same signal information and conditions all over the bridge.  

 

Figure 3.6. Numbering and dividing points in the three spans selected of the Arosa bridge 

 

Figure 3.6 shows the three spans from the middle of the total numerical model of the 

Arosa bridge. Numbering starts from 1 to 155 for the bridge deck and from 156 to 

183 for columns C19 to C22. 

To monitor the amount of damage at each location of the bridge sections for 

each year, consider some points as simulation points and some other points as 

measurement points. The position and situation of these excitations and measurement 

points for annual test monitoring and analysis were assumed to be fixed every year. 

For this analysis assessment, some points at the center of each span over the supports 

and points at the middle of the columns were selected as the simulation points, and 

the rest were selected as the measurement points. 

Therefore, in these three spans of the bridge for the deck, points 3, 28, 53, 78, 

103, 128, and 153 were selected as stimulation points, and also, for the columns 

points 159, 166, 173, and 180 were considered as stimulation points. Moreover, in 

this numerical investigation, the performance of chloride ions in destroying any part 

of this coastal concrete bridge assumed 10% noise and errors. Identifying the location 
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and extent of damage to the bridge due to corrosion of the internal rebars of the 

reinforced concrete bridge was done as a new approach. 

Overall, in this study, the damage caused to the rebars of each element of the 

concrete coastal bridge was identified according to the location and the distance of 

each part to the seawater, which can affect the rate of corrosion and damage to the 

rebars and metal parts of the structure, and with using the equations related to the 

service life and the corrosion rate of the reinforcements by chloride, which was 

mentioned in the previous sections, predicted the amount of damage to the rebars of 

each part and area of the bridge, then according to these damages that the corrosion 

by chloride causes a reduction the diameter and stiffness of reinforcements and rebars 

can be calculated and model updating for every year. By taking into consideration 

the changes in dynamic characteristics, the percentage of the damages was 

determined for different parts of the bridge structure depending on the situation of 

each element (including submerged, in tide zone, and dry parts such as deck and the 

upper parts of columns bridge) in each year compared to the previous year amount of 

damages by considering a constant location and frequency interval from the 

excitation points for each year in software. These changes in the characteristics of the 

structure are caused by the damage caused by chloride ions, which cause changes in 

the quantity of FRF data in each year from the failure of the structure to the 

undamaged structure (after 28 days from the construction of the structure) is different. 

Finally, according to the difference, the frequency response has been monitored and 

analyzed through the PSD equation via software in the numerical model of the bridge. 

The PSD method's performance in detecting damage caused by the presence and 

activity of chloride ions was analyzed according to MATLAB software and finite 

element-based by Open Sees software. 

 

3.3. Results 

The damage identified to the bridge structure caused by the chloride attack was 

analyzed as the first step of damage in the reinforcements according to each section’s 

position to the seawater. So, damage prediction for reinforcements in every year of 

bridge life from beginning to end chloride corrosion of rebars is shown in Figure 3.7. 
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Figure 3.7. The deterioration of the reinforcements of the bridge according to chloride corrosion 

attacks every year for different locations. 

The results in Figure 3.7 show the monitoring of the damage prediction of rebars that 

cause a loss in the area section of the damage prediction of rebars that cause a loss in 

the area section of reinforcement at each measurement and simulation point of the 

numerical Arosa bridge model (see Figure 3.6). The damages in reinforcements of 

the decks' points, including points 1 to 155, started only six years after the bridge was 

built. 26.67, 53.33, and 80 percent were corroded and damaged in the seventh, eighth, 

and ninth years. On the other hand, the chloride corrosion damages rebars for every 

part, and the elements of the columns are different. This kind of damage percentage 

for the submerged point zone (area sections between points 156-157, 163-164, 170-

171, 177-178) began from the thirteenth year, and damages regularly increased by 

about 4 percent every year until the thirty-eighth years. In addition, the damage 

amount for reinforcements in the tide points zone (area sections between points 157-

158, 164-165, 171-172, 178-179) started from the fourteenth year of the bridge's life. 

After one year in the fifteenth year damaged, these reinforcements increased 

dramatically by about 50 percent, and in the sixteenth year, they completely corroded. 

Finally, the columns' rebars in the aerial point zone ( the area sections between points 

158-162, 165-169, 172-176, 179-183) began in the eighteenth year until the twenty-

three year with increasing damages of about 20 percent in every year after beginning 

corrosion.  
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However, the amount and location of corrosion along one RC bridge's structural 

element can differ according to various reasons caused during or after construction. 

The amount of damage to each element of the reinforced concrete bridge has been 

obtained using the PSD technique presented above. Moreover, quantified damages in 

the bridge are obtained by average damage percentages for every area between four 

measurement points in different parts of the concrete bridge structure spans during 

the chloride corrosion in reinforcements. The damage results for each obtained 

element are presented below for different time horizons (Figure 3.8 to Figure 3.11). 

 

 

Figure 3.8. Damage location and percentage due to chloride attack in the 5th year of the bridge 

life 

 

Figure 3.9. Damage location and percentage due to chloride attack in the 10th year of the bridge 

life 

 

Figure 3.10. Damage location and percentage due to chloride attack in the 15th year of the 

bridge life 
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Figure 3.11. Damage location and percentage due to chloride attack in the 33rd year of the 

bridge life 

 

The above figures show the damage percentage in different concrete parts according 

to the beginning corrosion time in the reinforcements of each zone of the RC Arosa 

bridge in terms of distance from seawater and chloride ions. According to Figures 3.8 

to 3.11, the amount and location of concrete structural damages predicted by the PSD-

based method from the fifth year by starting rebars corrosion at the deck and until 

end reinforcements corrosion in 33th years of the bridge life at the submerged zone 

of columns of the bridge. The damage in the deck points (1–155) was less than ten 

percent in the 5th year and between ten and thirty percent in the 33rd year. 

Nevertheless, damage situations in all parts of the columns are different. The damages 

percentage for areas between measurement points in the submerged zone (points 156, 

157, 163, 164, 170, 171, 177and 178) that sections are sink in seawater in the 5th year 

(Figure 3.8) are less than five percent. After five years, in the 10th year, about fifty 

percent of the reinforcement was corroded (Figure 3.7), and the concrete of these 

areas was damaged by about forty percent. In the 33rd year, the bridge life damage 

percentage increased by about fifty percent. 

On the other hand, the quantified damages in the points located in the tide zone 

(points 157, 156, 164, 165, 171, 172, 178, and 179) between the 5th year to the 33rd 

year (Figure  3.8 to Figure 3.11) are less than five percent in 5th year and about forty 

percent in 10th year and about sixty percent in the 15th year and finally in the 33rd  

year these parts damaged more than seventy percent. Furthermore, the damage 

percentage for the aerial columns points zone in the 10th year of the bridge life 

(Figure 3.9) is less than twenty percent. However, by starting rebars, corrosion in 

upside columns areas in the 15th year increased the concrete damage to about thirty 

percent in the 15th and 33rd years when the chloride corrosion was almost done, as 

shown in Figure 3.7. 
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3.4. Conclusions 

Because the performance and accuracy of various non-destructive and dynamic 

methods on the numerical model for various factors are increasing over time thanks 

to modern computers and sensors for the maintenance of important structures such as 

bridges, and furthermore because all methods for damage detection for different 

damage causes in different kinds of structures and environments have not been 

assessed. So research into these methods for various structures, the environment, and 

the factors that cause damage is critical. Considering these issues, this study has 

specifically evaluated the feasibility of the PSD method as a damage detection 

approach with a different approach to detect damage caused only by chloride ions in 

concrete buildings. On the other hand, the accuracy and effectiveness of this method 

in detecting this type of damage by chloride ions in every part of these coastal 

structures during their lifetime have been discussed. 

The result of this research helps reduce the costs of repairing and maintaining the 

bridge structure, prevent sudden damage and collapse of this structure, and thus 

maintain the safety of human lives. The results of the analysis of the numerical model 

on software by PSD methods showed that naturally, corrosion by chloride was 

different for every situation and the bridge element’s distance from the seawater. 

Also, the speed and acceleration of the corrosion of bars in every part were not the 

same, causing damage to other parts. Over time, the damage increased slowly in the 

deck and upper columns that were not in contact with seawater and chloride ions. 

Also, parts of the pillar bases submerged in seawater have seen less speed over time 

than other parts of the bridge, which can be due to a lack of oxygen and air, which 

indicates the presence of too much oxygen in increasing the rate of failure. The 

chloride device is effective. However, the damage to the points and parts of the 

columns in the tidal range is severe, dangerous, and worrying because, only after a 

few years and in a short time, this area of the columns was severely damaged by 

chloride attack. 
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As Summarize the results of used PSD method to identify chloride damages on the 

concrete part of the RC bridge and reinforcement chloride corrosion, the below 

conclusions can be obtained: 

• The PSD method’s analysis showed that this method has high accuracy 

in detecting the location of internal and external concrete damages caused 

by reinforcement chloride corrosion in a coastal RC structure. 

• One of the significant issues with testing on an experimental model is the 

inability to determine the internal condition and amount of damage to 

each part of a concrete structure, especially inside a coastal concrete 

bridge. While using the numerical model and by PSD method, 

determining and identifying the location and quantified damage during 

the structure’s life was easier, cheap, and any destructive to structure to 

make information from the inner part of the structure. 

• The PSD method for identifying damages due to chloride corrosion was 

efficient and reliable in lower frequency ranges between the stimulation 

points and the measurement points at software, which could be an 

advantage for small structures. 

• In general, bearings and dampers control nonlinear behavior between 

columns and decks, affecting the PSD method’s detection of concrete 

damages due to chloride corrosion on the entire bridge. 

 

• One of the drawbacks of frequency-domain methods like the PSD is 

locating the measuring and excitation points, which requires trial and 

error to locate these points, especially for large and critical structures like 

bridges. Because improper stimulation and measuring points can affect 

the final results, this field requires skilled experts. 

• Numbers of the excitation points and measuring points could help bridges 

and structures detect damage more accurately, but increasing these 

sensors requires powerful and fast computers, which is a significant 

disadvantage of the PSD method for analysis in the numerical model of 

the bridge. 

 

Although chloride-induced damage to coastal RC structures is particularly harmful, 

it generally starts on the inside of the structure, which causes significant inner and 
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Abstract 

Recently, the repair and maintenance of structures has been necessary to prevent 

these structures’ sudden collapse and to prevent human and financial damage. A 

natural factor in marine environments that destroys structures and reduces their life 

is the presence of chloride ions. So, regular health monitoring of concrete coastal 

buildings for on-time repair is essential. This study investigates the performance of 

the power spectral density (PSD) method as a non-destructive damage-detection 

method to monitor the location and amount of damage caused by chloride ions during 

a structure’s life using different approaches according to life-cycle assessment (LCA) 

and life-cycle cost assessment (LCCA). In this regard, chloride corrosion damage 

dependent on zone distance from seawater was first calculated to obtain the service 

life of each part of a coastal concrete bridge according to the conventional method. 

Based on rebar corrosion each year, the next stage forecasted the bridge’s concrete 

deterioration. The PSD method monitored the annual loss of reinforcement cross-

sectional area, changes in dynamic characteristics such as stiffness and mass, and the 

bridge structure’s life using sensitivity equations and the linear-least-squares 

algorithm. Finally, according to the location and quality of damage in each year of 

bridge life until the end of life, LCC and maintenance and repair costs of the PSD 

method were compared with the conventional method. The results showed that this 

strategy was very effective at lowering and optimizing the maintenance and repair 

costs caused by chloride corrosion. 

Keywords life-cycle cost assessment (LCCA); non-destructive damage-detection 

technique; chloride ion attack; steel corrosion; power spectral density method (PSD); 

concrete coastal bridge 

4.1. Introduction 

For many years, discussions about costs during the lifetime of structures have been 

one of the most important topics among researchers and engineers. In general, the 

costs of any civil structure activity include the costs of design and construction, repair 

and maintenance, and finally, the destruction of the structure at the end of its life. In 

particular, for bridges, the costs associated with maintenance and repair are an 

important portion of the costs resulting from their life cycle. Many factors are 

effective in reducing the maintenance costs of structures over time. A factor that can 

reduce repair and maintenance costs in structures such as bridges is accurate health 

monitoring and damage detection methods to predict the time and location of damage 

to structural elements during the structure’s life cycle. 
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Damage-identification methods in structures are carried out using destructive or 

nondestructive techniques. Destructive approaches depend on models, which often 

include the removal of structural samples to assess damage. On the other hand, non-

destructive techniques are independent models that may identify damage with a 

numerical software model without causing harm to the structure (Rathod & Gupta, 

2019). Non-destructive damage-detection techniques may be monitored utilizing 

technologies based on signals. The employment of modern, high-tech computers and 

sensors has increased the popularity of signal-based methodologies in structural 

health monitoring (Yang et al., 2021). There are many different signal-based 

techniques, some of which include the time domain (Aloisio et al., 2020; Yu et al., 

2021), the frequency domain (Pérez & Font-Moré, 2021; Ronchei et al., 2021), and 

the time–frequency domain (Wu et al., 2022; Tran et al., 2020). These methodologies 

are used to examine structures' dynamic properties (Najafabadi et al., 2017). 

Stochastic processes are standard in time-domain methodologies (Seyedpoor et al., 

2019). Frequency-domain techniques may create many responses and data points by 

configuring model-update equations (Arora, 2011). Mode shape (Hou et al., 2017; 

Xu et al., 2020), modal curvatures (Dessi & Camerlengo, 2015; Ganguli, 2020; Pooya 

& Massumi, 2021), natural frequency (Wang, 2021; Khan et al., 2020), modal strain 

energy (Arefi & Gholizad, 2020; Khosravan et al., 2021), the frequency response 

function (Rahmatalla et al., 2012; Niu, 2020), and the power spectral density function 

(Zheng et al., 2015; Pedram et al., 2017; Gao et al., 2021) are some methods of 

dynamic frequency-domain approaches. Lastly, required data and information in the 

time–frequency domain are obtained by changing the recorded signal frequency over 

time (Aquino et al., 2021). Empirical mode decomposition (EMD) (Barbosh et al., 

2020), the wavelet transform (WT) (Silik et al., 2021), and blind source separation 

(BSS) (Li et al., 2020) are some examples of time–frequency approaches that may be 

utilized for modal identification. 

As a frequency-domain approach, power spectral density (PSD) employs the 

frequency response of a periodic or random signal, which defines the mean power 

distribution. In order to construct a second-order transfer function, this technique uses 

a sensitive nonlinear function of structural parameters (Nilsson & Liu, 2015). In 

recent years, researchers in different fields have investigated the reliability of the PSD 

method for identifying various damage types. Bayat1a et al. (2019) tested a novel 

technique based on the PSD function and the least-squares distance approach to 

identify deterioration in concrete bridge piers. Gunawan, (2019) assessed the 

reliability of the PSD method for seven 1 kg lumped masses connected by eight 

similar linear elastic springs. Hadizadeh-Bazaz et al. (2022) compared the 

performance of power spectral density (PSD) with the frequency response function 

for a steel bridge structure. 
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On the other hand, investigating the performance of non-destructive damage-

detection methods for life-cycle assessment (LCA) and life-cycle cost analysis 

(LCCA) is necessary for finding suitable and affordable repair and maintenance 

methods for essential and costly structures. Life-cycle cost analysis (LCCA) can 

obtain costs during a structure’s life. This approach can reduce and optimize total 

costs at each level of the structure’s life cycle, including initial cost, maintenance 

cost, repair and replacement, personnel casualties or loss of goods during operation, 

road-use cost, and indirect loss of socioeconomic benefits (Molina-Moreno et al., 

2017; Penadés-Plà et al., 2018; Navarro et al., 2020). Studies have carried out LCCA 

for structures during their life cycles. Frangopol et al. (2017), using analysis, 

prediction, optimization, and decisionmaking, investigated a bridge’s life-cycle 

performance and cost assessment. Goh et al. (2019) developed an integration model 

to leverage the fuzzy analytical hierarchy process (fuzzy AHP) and life-cycle cost 

analysis (LCCA) in evaluating highway infrastructure investments using their 

proposed model, which assessed the quantitative factors of cost components. Heidari 

et al. (2020) developed a probabilistic and uncertain model to evaluate pavements' 

life-cycle costs and environmental effects by considering managerial flexibilities. 

Researchers have previously studied and assessed LCCA using non-destructive 

damage-detection methods for health monitoring in different structures (Kleingesinds 

et al., 2021; Kamariotis et al., 2022; Mitseas et al., 2015). Some studies have 

investigated LCC through the PSD method as a non-destructive damage-detection 

technique. Micheli et al. (2019) evaluated a performance-based design with life-cycle 

costs for damping systems built into a 39-story structure in a time-domain frequency 

technique for wind load and a multivariate stochastic process to optimize a damping 

system design under different wind conditions using the PSD method. In addition, 

Chu et al. (2022) looked at the life-cycle wind-resistant performance of a long-span 

suspension bridge built in the coastal region of China. They used the Bayesian 

spectral density approach to quantify multisource time-varying effects and 

uncertainties and to provide a reference for future designs of long-span bridges. Root-

mean-square (RMS) tests were used to investigate responses to buffeting and were 

thought to be time-independent. 

This research evaluated the performance of the non-destructive damage-prediction 

PSD method for a coastal concrete structure and, as well, the importance of using this 

method in LCCA to reduce overall costs of the maintenance and repair phase of the 

structure due to chloride ions in marine and coastal environments by a different 

approach during the lifetime of this structure. In this regard, the LCCA of repairing 

and maintaining a coastal concrete bridge in northwest Spain exposed to damage by 

chloride ion attack was investigated with PSD as a frequency-domain technique using 

sensitivity equations, and the linear least-squares methodology was monitored during 
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its lifetime. Health monitoring of this structure was analyzed annually using a variety 

of approaches and also according to changes in dynamic components, including 

stiffness and mass of the rebars and other elements of the bridge’s structure. 

4.2. Materials and methods 

Life-cycle analysis (LCA) is a widely used approach that has recently established a 

strong foothold in the international environment and has been standardized (ISO 

14040, 2006; ISO 14044, 2006). The LCA approach involves modeling a process, 

product, or service and evaluating the impact of each activity on several factors, 

including cost, the environment, and society as a whole, amongst other considerations 

(Navarro et al., 2018; Navarro et al., 2018b). Regarding durability, a life-cycle cost 

analysis (LCCA) can be used to determine the most cost-effective and sustainable 

solution (Penadés-Plà et al., 2017). LCCA of the repair and maintenance techniques 

for different structures based on a variety of structural-element damage-diagnosis and 

prediction methods have differing costs and performances. So, consideration of the 

various factors that cause damage, such as corrosion by the attack of chloride ions on 

the metal parts of a structure in coastal environments, can help to determine the 

relative cost-effectiveness of non-destructive and frequency-based methods and more 

traditional approaches to damage identification. 

4.2.1. Goal and Scope Definition 

This research pursues several essential goals. The first goal is to investigate the 

performance of a non-destructive damage-detection method in detecting the quantity, 

location, and amount of damage caused by chloride ion corrosion of the steel sections 

and the whole parts and elements of a coastal structure during its lifetime. The second 

goal is economic comparison of the PSD method for repair and maintenance costs 

and a general check of the performance of this method in LCA and LCCA along with 

other conventional methods in service-life predictions and identifying damage. This 

study aims to improve the early phases of design by providing additional information 

about the effects of corrosion-prevention designs on concrete buildings and 

structures. For this purpose, these comparisons and tests have been carried out on a 

coastal concrete bridge with pillars in seawater undergoing corrosion and erosion. 

 Model description 

The concrete bridge is called the Arosa bridge in Galicia, Spain (see Figure 4.1). This 

bridge is 1980 m long and has 40 spans (the first and end spans are 40 m, and the 

other 38 intermediate spans are 50 m). This construction’s geometry and durability 

parameters were based on data from the literature (León et al., 2013; Pérez-Fadón 

Martínez, 1985; Pérez-Fadón Martínez, 1986). 
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Figure 4. 1. The location map of the Arosa bridge in Spain. 

The concrete bridge deck is a single box girder. As indicated in Figure 4.2, the bridge 

deck is 13 m wide and 2.30 m high. There are two walkways on the sides of the deck 

with widths of 1.5 m. The columns are 5.26 m wide and 1.80 m thick. Under normal 

circumstances, the bridge deck is about 12 m above sea level and 9.6 m during high 

tide. 
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Figure 4. 2. Dimensions of a span of the Arosa bridge 

 

The concrete cover on the deck reinforcements was considered to be 35 mm, and for 

the columns, 45 mm. The reinforcing steel quantity is 100 kg/m3 of concrete (Pérez-

Fadón Martínez, 1985). 

 Functional Unit 

Both the conventional and the PSD-based methods for LCCA were performed on the 

same functional unit consisting of construction, maintenance, and repair activities for 

the service life of the bridge. The dimensions of the span of the bridge include a 

concrete deck measuring 50 m in length and 13 m wide, with two piers standing in 

seawater. The material’s manufacturing techniques may vary. Table 4.1 shows the 

assumed mechanical characteristics and concrete mixtures of the bridge. 

Table 4. 1. The Arosa structure’s concrete mixtures and mechanical parameters. 

Properties 

(units) 

Water 

(l/m3) 

Cement  

(kg/m3) 

Gravel  

(kg/m3) 

Sand  

(kg/m3) 

fcm   

(MPa) 

Ec 

(GPa) 

w/c   

(%) 

Amount 218.5 485.6 926.7 827.9 40 29 0.45 
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According to Table 4.1, the reference design has a characteristic compressive strength 

fcm equal to 40 MPa, and a modulus of elasticity Ec equal to 29 GPa. The concrete 

mix for the bridge has a water-to-cement ratio (w/c) of 0.45 and contains 485.6 kg/m3 

of cement. 

4.2.2. Service life prediction 

The service life of the RC bridge, which is damaged by chloride corrosion to its steel 

reinforcements, was analyzed over the structure’s lifetime using damage detection 

and prediction techniques. The initial step was to determine the steel components’ 

service life using Fick’s second chloride-diffusion equation. Then, in the second step, 

the existence, quantity, and location of chloride damage to the concrete caused by 

corrosion of the steel reinforcements were investigated using the PSD method, by 

measuring the frequency response function and monitoring changes in the dynamic 

parameters. The service life prediction description for the bridge using different 

methods and materials of the reinforced concrete bridge is as follows: 

 

 Prediction Techniques for Chloride Degradation in 

RC Rebars 

Most steel is fragile and easily damaged by natural and manufactured factors, 

especially in coastal regions where chloride ions, which cause corrosion, are in high 

concentrations. Reinforced concrete structures, such as bridges and concrete coastal 

constructions, are regularly susceptible to corrosion. According to the deterioration 

model proposed by Tuutti, 1982, corrosion and damage caused by chloride in the 

rebars of a concrete structure have certain service-life levels (Hájková et al., 2018). 

As demonstrated in Figure 4.3, chloride corrosion commences in an initiation phase. 

There are chlorides present in the initiation phase, but they are fewer than the chloride 

threshold (which means there are not enough to start the corrosion process). The 

propagation phase of chloride ion activity comprises stages such as starting corrosion, 

cracking in the concrete cover, the serviceability limit state, and the final limit state 

(Zhang et al., 2019). 
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Figure 4. 3. The service life of rebars in an RC structure is according to Tuutti's model. 

According to the following Equation, the total time of chloride corrosion (tl) is the 

service life of the bridge structure’s reinforcements, obtained by summing the 

initiation and propagation phases together. 

𝒕𝒍 = 𝒕𝒊 + 𝒕𝒑 (4.1) 

The corrosion initiation period (ti) is the time it takes for chlorides to build up to a 

concentration that causes corrosion to begin on the rebars (the chloride threshold, 

dependent on the steel properties and, to some extent, on the concrete properties). 

Additionally, tp is the time it takes for corrosion to permeate throughout a structural 

part before it starts to fail substantially (Spanish Ministry of Public Works, 2008). 

In order to calculate the initiation time, a physical model must obtain the movement 

of chloride ions within the concrete cover. Existing models for predicting the time 

required to commence corrosion are based mainly on the assumption of a Fickian 

process. This assumes that the porous concrete cover is a homogeneous material with 

ions moving via a diffusion process in sufficient humidity. This diffusive mechanism 

depends on chloride between the surface and the cover of the concrete structure. 

According to Fick’s equation for chloride diffusion in concrete cover, this analysis 

will use a deterministic solution. This analysis will use the Fib Bulletin 34, 2006 

equation, which assumes a constant, time-independent surface chloride 

concentration. So, the expected level of chloride in the concrete cover with depth x 

and at a particular time t can be written as: 

𝑪(𝒙. 𝒕) = 𝑪𝒔.

(

 
 
𝟏 − 𝒆𝒓𝒇

(

 
𝒙

𝟐√𝑫𝟎.𝒙. (
𝒕𝟎
𝒕 )

𝜶. 𝒕)

 

)

 
 

 

(4.2) 

Where C(x.t) denotes the chloride content (weight percent/binder) at concrete cover 

depth x (mm) and time t (years). At the concrete cover surface, Cs represents the 

surface chloride concentration (wt%/binder). The Gauss error function is denoted by 

erf(.). According to the Spanish concrete design code, the age factor (a) equals 0.5. 
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When using t0 as a reference point, 28 days are converted to years (t0 = 0.0767), and 

D0 is the non-steady-state chloride diffusion coefficient at time t0 (mm2/years). 

However, the chloride transport time (t) can be calculated using the inverse of 

Equation 4.2, as given in Equation 4.3 (Spanish Ministry of Public Works, 2008; 

Khan et al., 2017). 

𝒕 =
𝒙𝟐

𝟒𝑫
[𝒆𝒓𝒇−𝟏 (

𝑪𝒔 − 𝑪(𝒙. 𝒕)

𝑪(𝒙. 𝒕)
)]

−𝟐

 
(4.3) 

In this case, D is the chloride-diffusion coefficient, which changes with the age of the 

concrete (D = D(t0)(t0/t)
n). Additionally, if C(x.t) = Ct and when C(x.t) reaches its 

threshold concentration Ct, the initiation period of chloride diffusion (ti) is calculated 

using Equation 4.4 as follows (Spanish Ministry of Public Works, 2008; Crank, 

2004). 

𝒕𝒊 =
𝒙𝟐

𝟒𝑫
[𝒆𝒓𝒇−𝟏 (

𝑪𝒔 − 𝑪𝒕
𝑪𝒔

)]
−𝟐

 
(4.4) 

According to Alonso & Sanchea, 2009 The chloride threshold values obtained from 

natural experiments include a broad range, from more than 0.4 to even 4 percent. 

Where in this study and also some research (Navarro et al., 2019; Bru et al., 2018; 

Frontera & Cladera, 2022), according to the Spanish concrete design code [56], the 

critical chloride concentration (Cth) must be determined by the designer in line with 

the structure's unique concerns that under normal conditions, a value of 0.6% of the 

cement weight can be used to assess the limit state in relation to passive reinforcement 

corrosion. Therefore, the critical chloride concentration value under normal 

conditions as the mean value can be considered 0.6% of the cement weight. The 

initiation time ti is said to be reached when the chloride concentration at the rebars 

reaches the critical chloride threshold Cth. This means that corrosion and damage to 

the rebars start at this time. On the other hand, less than this value means that damage 

to the reinforcements has not begun (Spanish Ministry of Public Works, 2008). 

The propagation chloride corrosion phase (tp), which starts when chloride ions on the 

surface of the inner rebars start to erode steel reinforcements, starts after the initiation 

stage of chloride diffusion. Over time, chloride corrosion reduces the steel bars' 

stiffness and cross-sectional area. The following calculation is provided for 

determining this time by the Spanish concrete design code (Spanish Ministry of 

Public Works, 2008): 

𝒕𝒑 =
𝟖𝟎

𝝓

𝒅

𝑽𝒄𝒐𝒓𝒓
 

(4.5) 
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As Equation 4.5, tp is the propagation time in years. Additionally, d is the thickness 

of the concrete cover, ϕ is the diameter of the reinforcement, and Vcorr is the corrosion 

rate. 

According to the Spanish Ministry of Public Works, 2008 tables and elements 

situation of the Arosa bridge from the seawater, some data for analysis of this 

assessment can be obtained as follows in Table 4.2. 

 

Table 4. 2. Durability parameters for the Arosa bridge. 

Marine exposure class 

Cs 

(% of 

concrete 

weight) 

Vcorr 

(μm/year) 

D0 

(×10−12m2/s) 

Ccrit 

(%) 

d (m) 

Deck Piers 

Aerial (IIIa) 0.14 20 

10.0 0.6 0.035 0.045 Submerge(IIIb) 0.72 4 

In  Tidal Zone (IIIc) 0.50 50 

 

Damage over time caused by corrosion can be predicted as a percentage using the 

following formula, which considers the initiation and propagation levels for chloride 

corrosion of the reinforcements of an RC marine or coastal construction. 

𝑫𝒂𝒎𝒔𝒕𝒆𝒆𝒍(𝒕) =
𝒕 − 𝒕𝒊
𝒕𝒑

× 𝟏𝟎𝟎 
(4.6) 

In Equation 4.6, Damsteel represents the percentage of reinforcement damaged due 

to chloride corrosion for each year (t) that has passed from the beginning of the 

propagation tp. 

Different scenarios and marine exposure classifications, including Aerial, 

Submerged, and in Tide zone, were considered to determine the percentage of 

damage to the RC bridge's deck and columns. In addition, the percentage of chloride 

corrosion damage to the concrete of the RC structure was acquired, along with the 

results of the changes in stiffness and loss of cross-section reinforcement area for 

damage identification. 

 Damage detection using the PSD method 

The PSD technique was applied in this research to evaluate damage to the concrete 

components. The percentage damage of chloride-corroded rebars was utilized to 

determine which strategy to apply. This study accounted for differences in dynamic 

characteristics across years and situations due to changes in cross-sectional area and 

rebar stiffness. Given that PSD relies on vibration and signals, this was derived from 
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the frequency response (FRF) using the following equations (Zheng et al., 2015; 

Pedram et al., 2017; Hadizadeh-Bazaz et al., 2022; Hadizadeh-Bazaz et al., 2023a).  

The transfer function is defined in Equation 4.7: 

𝑯(𝝎) = (𝑲 −𝝎𝟐𝑴+ 𝒊𝝎𝑪)−𝟏 (4.7) 

K, M, and C denote the stiffness, mass, and damping matrices; they denote the 

frequency, and i = -1 is the identity matrix. The equation of structural response using 

power spectral density is written in Equation 4.8. 

𝑺𝑿𝑿(𝝎) = 𝑯
∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎) (4.8) 

The complex conjugate of a transfer function is denoted as H*(ω), and SFF is the PSD 

input matrix at all of the active Degrees Of Freedom (DOF). Equation 4.8 

demonstrates that the power spectral density is a second-order function of the FRF, 

which may be a highly nonlinear response to structural features. 

The model updating based on the sensitivity equation and by considering (K-ω2ΔM+ 
iωΔC = ΔZ(ω)) and (HD(ω) = [Z(ω) + ΔZ(ω)]-1), where HD(w) is the frequency 

response function from the structure damaged by chloride corrosion, Z(ω) is the 

impedance matrix, and the transfer function is inverse. Therefore, the damaged 

elements' power spectral density function equation can be written as Equation 4.9. 

𝜟𝑺𝑿𝑿(𝝎) = 𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝜟𝑯(𝝎)
− 𝑯𝑫

∗ (𝝎)𝜟𝒁∗(𝝎)𝑺𝑿𝑿(𝝎) 
(4.9) 

According to the conventional chloride damage prediction method, H*
D is the 

complex conjugate of the damaged RC structure transfer function during 

reinforcement chloride corrosion. 

As the expression of the exact ΔH presented by Esfandiari et al. (2009) in Equation 

4.10: 

𝜟𝑯(𝝎) = −𝑯𝑫(𝝎)(𝜟𝑲−𝝎
𝟐𝜟𝑴+ 𝒊𝝎𝑪)𝑯(𝝎) (4.10) 

Equation 4.9 can be rewritten using Equations 4.8 and Equations 4.10 as follows: 

𝜟𝑺𝑿𝑿(𝝎)

= −𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)(𝜟𝒁(𝝎))𝑯(𝝎)

− 𝑯𝑫
∗ (𝝎)(𝜟𝒁∗(𝝎))𝑯∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯(𝝎) 

(4.11) 

To determine the corrosion damage of the reinforcing bars and its influence on the 

system’s structural behavior, the stiffness of each RC element is varied in proportion 

to the corrosion damage of the rebars over time. The structural stiffness equation is: 

𝜟𝒌 = ∑𝑲𝒏𝜟𝑷𝒏
𝑲

𝒏𝒆

𝒏=𝟏

 
(4.12) 
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In Equation 4.12, Kn is the level of stiffness matrices of the structural elements of a 

structure. ΔPK
n indicates that structural parameter changes are between -1 and 1. 

The sensitivity matrices allocated to the n th parameter of the structure for 

determining the passive stiffness ratios and for RC bridges damaged by chloride 

corrosion through to Equation 4.11 are as follows: 

𝑺𝒔 = −𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑲𝒏𝑯(𝝎) −

𝑯𝑫
∗ (𝝎)𝑲𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯(𝝎)  

(4.13) 

The ultimate Equation of PSD for estimating changes in dynamic characteristics 

parameter during damage for every year may be predicted using Equation 4.14: 

𝜟𝑺𝒙𝒙 = 𝑺
𝑺𝜟𝒑𝑺  (4.14) 

ΔpS illustrates the changes in structural stiffness due to chloride corrosion and 

deterioration over time according to the equations for chloride corrosion deterioration 

of reinforcements, using the power spectral density method to monitor the health of 

the changes in the stiffness and loss of cross-sectional areas in the RC marine bridge 

elements during their lifetime by the frequency response function of the bridge 

elements and using the least-squares technique. 

 

4.2.3. Calculation Procedure for LCCA 

Life-cycle cost assessment is an essential criteria to consider when assessing the 

performance of a bridge. The LCCA for the bridge in this study was assessed 

according to location and percentage of yearly damage predicted using damage-

detection methods. The life-cycle and life-cycle cost in each structure stage usually 

includes manufacturing, construction, use and maintenance, and, finally, the end of 

the structure’s life. Therefore, the following formulae can be used to represent the 

expected total cost throughout the bridge’s life cycle (Frangopol et al., 2017; 

Frangopol et al., 2016). 

𝑪𝑻 = 𝑪𝑰 + 𝑪𝑴 + 𝑪𝑰𝑵𝑺 + 𝑪𝑹 + 𝑪𝑫𝒂𝒎    (4.15) 

In Equation 4.15, the initial cost is shown as CI ; CM is the maintenance cost; CINS is 

the cost of inspections; CR is the total repair cost; CDam is the expected damage cost. 

The total cost for the repair activity of the concrete bridge can be calculated according 

to the following items: 

𝑪𝑹(𝒕𝑽) =  𝑪𝑫𝑵𝑹𝑪(𝒕𝑽) + 𝑪𝑫𝑹𝑪(𝒕𝑽) +
 𝑪𝑺𝑴(𝒕𝑽) + 𝑪𝑷𝑬(𝒕𝑽) + 𝑪𝑺(𝒕𝑽) + 𝑪𝑪(𝒕𝑽)    

(4.16) 

Where tV, is the interval time investigated; CDNRC is the cost of demolition of non-

reinforced concrete parts such as the structure’s cover, CDRC is the cost of demolition 

of reinforced concrete parts of the structural parts of the bridge, CSM is the cost of 

separation and classification of materials resulting from demolition, CPE is the cost 
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of preparing equipment for repairing the concrete and rebars of the columns and deck 

of the bridge, CS is the overall cost of buying and replacing damaged steel 

reinforcements, CC is the total cost of the concrete parts of the bridge damaged over 

the time period. Due to various damage factors, such as corrosion and damage caused 

by the presence of chloride ions in coastal structures, as well as other factors, such as 

floods and earthquakes following a Poisson process, the total life-cycle damages in 

each structural part and elements of a bridge can be computed within the time interval 

(Frangopol et al., 2017; Dong & Frangopol, 2016): 

𝑪𝑫(𝒕𝒗) =  ∑ 𝑫(𝒕𝒌). 𝒆
−𝒓𝒕𝒌𝑵(𝒕𝒗)

𝑲       (4.17) 

In Equation 4.17, N(tv) is the number and amount of damage factors on a structure 

during the time interval. D is the percentage of the annual damages at the time tv, 

which in this study referred to yearly damages caused by chloride corrosion and 

predicted by the PSD method. r is the discount rate in this study (r =5%). According 

to the Poisson model, by a mean rate λf, the time tk follows throughout uniform 

interval distribution [0, tv]. The estimated annual damage percentage in elements 

under hazard effects can be written as (N(tv)= λf × tv) (Frangopol et al., 2017; Yeo, 

2005). 

𝑬[𝑪𝑫(𝒕𝒗)] =  
𝝀𝒇 .  𝑬(𝑫)

𝒓
 . (𝟏 − 𝒆−𝒓𝒕𝒌)      (4.18) 

In Equation 4.18, E[CD(tv)] is the value of damaged and corroded bridge elements. 

This study analyzed the LCCA related to the repair and maintenance stage of a 

chloride-corroded concrete bridge using the power spectral density method at 

different stages of the bridge’s life for each section and span location (see Figure 4.4). 
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Figure 4. 4. The LCCA using the PSD for maintenance and repair of the concrete bridge. 

According to the above figure, this study analyzes the monitoring of the repair and 

maintenance costs of the Arosa bridge, demolition of damaged parts, separation and 

classification of damaged material, preparation and installation of new 

reinforcements, and concrete activity costs and materials during the bridge life 

evaluated. In this study, the damage that chloride ions can cause to the foundations 

and deck of the bridge has been specifically addressed. In this regard, we investigated 

the accuracy and performance of the PSD to reduce the bridge’s repair and 

maintenance costs. Table 4.3 shows the costs of repairing the concrete and coastal 

Arosa bridge according to national construction-related databases of Spain (MITMA, 

2022). 
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Table 4. 3. Repair activity cost (EUR) according to Spain data code (2022) for the concrete and 

coastal Arosa bridge. 

No 
Maintenance and repair 

activities 
Description / Includes 

Price 

per 

unit (€) 

Unit 

1 
Demolition of the 

unreinforced concrete parts 

Debris clearing, loading, and transport of 

demolished material to authorized manager up 

to a distance of 60 Km 

30.20 m3 

2 
The reinforced concrete 

parts demolition 

Debris clearing, loading, and transport of 

demolished material to authorized manager up 
to a distance of 60 Km 

33.07 m3 

3 

Management, separation, 

and categorization of debris 
resulting from destruction 

Loading and transport of non-hazardous 
construction (except earth and stones) consisting 

of bricks, tiles, and ceramic materials or a 

mixture of these 

7.78 ton 

4 
Install and subsequently 

remove formwork for Repair 

concrete activity 

Executed with double-folded, wood cleaning, 

wetting, application of release agent, and use of 
complementary elements for its stability and 

adequate execution 

33.91 m2 

5 

Repair and replace damaged 

bar steel with corrugated bar 
steel with improved ductility 

characteristics 

Including cutting and bending, placement of 

overlaps, breakout, and binding annealed wire 

and separators 

1.81 kg 

6 Prepare and pour concrete. 
Concrete activities in the elevation of piles, 

stirrups, headboards, beams, deck boards, slabs, 

walls, and frames 

121.35 m3 

 

Finally, for LCCA, the total bridge repair and maintenance costs according to the 

percentage of damage predicted for the whole bridge is obtained from the following 

Equation (Lee, 2006). 

𝑬[𝑪𝑻 (𝒙. 𝒕𝒗)] = 𝑪𝑰 + 𝑪𝑴 +

∑  [ 

(∑ 𝑬[𝑪𝑫𝑵𝑹𝑪 (𝒙̅.𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏 + ∑ 𝑬[𝑪𝑫𝑹𝑪 (𝒙̅.𝒕)]

𝑵(𝒕𝒗)
𝒕=𝟏 + ∑ 𝑬[𝑪𝑺𝑴 (𝒙̅.𝒕)]

𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑷𝑬 (𝒙̅.𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏 + ∑ 𝑬[𝑪𝑺 (𝒙̅.𝒕)]

𝑵(𝒕𝒗)
𝒕=𝟏 + ∑ 𝑬[𝑪𝑪 (𝒙̅.𝒕)]

𝑵(𝒕𝒗)
𝒕=𝟏 ) 

(𝟏+𝒓)𝒕
𝒕𝒗
𝒕=𝟏  ] +  𝑪𝑫      

 (4.19) 

 

The LCCA cost for overall maintenance and repair properties demonstrated by 

𝐸[𝐶𝑇𝑜𝑡𝑎𝑙 (𝑥̅. 𝑡𝑖𝑛𝑡)] during the lifetime of  the  bridge  structure; 

∑ 𝐸[𝐶𝐷𝑁𝑅𝐶  (𝑥̅. 𝑡)]
𝑁(𝑡𝑣)
𝑡=1 ,  ∑ 𝐸[𝐶𝐷𝑅𝐶  (𝑥̅. 𝑡)]

𝑁(𝑡 𝑣)
𝑡=1 ,  ∑ 𝐸[𝐶𝑆𝑀 (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1 , 

∑ 𝐸[𝐶𝑃𝐸 (𝑥̅. 𝑡)]
𝑁(𝑡𝑣)
𝑡=1 , ∑ 𝐸[𝐶𝑆 (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1 , and ∑ 𝐸[𝐶𝐶  (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1  are the total costs of 



Chapter 4. Life-Cycle Cost Assessment Using the Power Spectral Density Function in a Coastal 

Concrete Bridge 

 

 71 

demolishing the unreinforced concrete parts; the demolition, management, and 

separation of the reinforced concrete parts; and categorization of debris resulting 

from the destruction, installation, and subsequent removal of each concrete repair 

activity; repair and replacement of damaged bar steel with corrugated bar steel with 

improved ductility characteristics; and costs of preparing and pouring concrete during 

and until the end of bridge life, respectively. 

Overall, in the calculation and analysis for this research, the life cycle of coastal 

concrete bridge elements was investigated according to the location of structural 

elements to seawater. Then, using the PSD method, the extent and location of the 

damage caused during the bridge's life in different years were predicted and 

calculated. Finally, the costs of maintenance and repair of this concrete bridge were 

investigated according to the type of damage that can be caused by chloride corrosion. 

In addition, the performance and accuracy of this method were evaluated in detecting 

the location, extent, and time of failure and how much use of this method can reduce 

the maintenance and repair costs of a structure. 

4.3. Description of the Numerical Model 

The use of non-destructive and independent models based on numerical models of 

structures to detect damage is appealing to engineers and researchers as computers 

and sensors develop in speed and capability. The PSD approach, a vibration and 

signal-based method, investigated damage induced by chloride ions on a numerical 

model of a coastal concrete bridge. The numerical model of the bridge considered 

certain locations and sensors at specific distances from each other for health 

monitoring of the bridge structure each year from the start to the end of the concrete 

bridge reinforcement’s corrosion period. The deck and column numbers of these 

particular spans were renumbered from 1 to 167, as seen in Figure 4.5. One of the 

bridge’s forty spans was selected as the most vulnerable to chloride attack because it 

is located in the deepest part of the seawater. In addition, its columns are at the highest 

point above sea level, and the bridge is more exposed to tides and seawater here than 

at the beginning or end spans, which are shorter, and some are out of the seawater. 
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Figure 4. 5. Numbering and division of sensor points in 1 of 40 spans of the Arosa bridge. 

Figure 4.5 demonstrates the numbering of the sensor points for analysis. Numbers 1 

to 77 correspond to bridge deck points, which are spaced 5 m from each other in 

length and 3 m apart in the width of the bridge. The point numbers in one pier start 

at 78 and continue to 189 in the other. The points on the lengths of the piers are 2.63 

m in width and 2 m in height from each other. The points on the widths of the piers 

are approximately 1.80 m apart. 

To monitor the amount of damage at each bridge location during each year of chloride 

attack, we considered some points as simulation points and others as measurement 

points. The position and situation of these simulation and measurement points for 

annual test monitoring and analysis were assumed to be fixed for each year analyzed. 

In this respect, some sites within a variety of sections and components were chosen 

to serve as simulation points, and others were chosen as measurement points. The 

distance between the simulation points and the measurement points varied widely. 

Thus, on the bridge deck span, points 3, 18, 33, 48, 58, 59, 64, 65, 70, 71, 76, and 77 

were selected as simulation points; and between piers, points 86, 89, 98, 101, 115, 

116, 127, 128, 135, 136, 147, 148, 159, 160, 162, 165, 174, 177, 186, and 189 were 

considered. These points were analyzed for each year of bridge life with constant 

location. The locations of these simulation and measurement points were assumed to 

be fixed until the end of the analysis as well as until the end of the structure’s life for 

each year of its life. This assumption was critical to the investigation because it 

allowed the researchers to determine how the locations of these points changed over 

time. In this analysis, the number and locations of sensors on the bridge span were 
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determined by trial and error, as most techniques using software comparing sensor 

distances and frequency responses to calculate the distances between these sensors 

point to each other. On the other hand, the number and location of these sensors 

determine the distance between them. So, reducing the number of sensors causes an 

increase in the distance between the sensors, which can cause a decrease in the 

received signals from simulation points; even if considering a long distance, this 

creates a problem for receiving frequencies at measurement points, which can affect 

the results. 

Moreover, the effect of the chloride ions in destroying any component of the concrete 

coastal bridge was estimated to be subject to 10% noise and error within the scope of 

this numerical analysis. The PSD method’s ability to detect damage caused by the 

presence and activity of chloride ions was analyzed using MATLAB software, and 

the finite-element-based software Open Sees was utilized. Figure 4.6 depicts a 

summary of the studies conducted to assess the PSD and a conventional methods 

approach, its efficacy in predicting the location and quantification of structure failure, 

and its influence on decreasing the maintenance and repair expenses of concrete and 

coastal structures. 
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Figure 4. 6. The summary of analysis and calculation processes performed on the numerical 

model of the Arosa bridge 

As shown in the flowchart in Figure 4.6, the cost of repair and maintenance of a 

bridge structure is considered while assuming 100 years to be end of life. The amount 

and location of predicted damage to the bridge for each year of the structure’s life 

was analyzed. Then, the repair operation in the event of damage to the structure and 

more than 20% damage to the elements and regions was considered. Selection of the 

percentage damage to represent the start of damage could vary according to the 

importance for monitoring the time to repair and carry out maintenance to the 
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structure. In this study bridge model, 20% damage was considered to be noticeable, 

and this was viewed as the beginning of damage for the software analysis. Then, we 

added up the annual expenses of repairing and maintaining the bridge, as well as the 

cost of the techniques that calculated the service-life interval and repair costs based 

on 20% damage to components (obtained using the PSD method and another 

technique). These approaches have been used to compare and contrast the bridge’s 

various parts every few years. 

4.4. Results 

The results of examining the ability of a non-destructive method to detect damage 

and analyze the state of repair and maintenance costs of a span of the Arosa bridge 

located in the marine environment and the lower part of the bridge piers immersed in 

seawater exposed to corrosion and damage by ions of chloride ions were evaluated. 

Table 4.4 shows the repair time for each area between the measurement and 

stimulation points in the Arosa bridge span. These times were obtained according to 

damages equal to or greater than 20% as the percentage of base damage for bridge 

repair using the PSD method and according to the service lifetime of the conventional 

method in calculating the appropriate period and interval for the repair and 

maintenance of reinforced concrete structures exposed to corrosion and proximity to 

chloride ions. 

Table 4. 4. Identified the location, time, amount of damage, and conventional service life of the 

Arosa bridge. 

Section No 

Location 

Service life and repair period 

(for Damage more than 20%) 

Damage prediction methods 

Area 

No 

The zone 

between points 

PSD Conventional 

Damage 

(%) 

Repair time 

(year) 

Damage 

(%) 

Repair time 

(year) 

S1 (Deck) 

A1 p1, p2, p6, p7 - 100 

26.67 6 

A2 p2, p3, p7, p8 20.04 65 

A3 p3, p4, p8, p9 20.04 65 

A4 p4, p5, p9, p10 - 100 

A5 p1, p6, p56, p58 20.05 32 

A6 
p56, p57, p58, 

p59 
20.16 27 
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A7 
p5, p10, p57, 

p59 
20.05 32 

S2 (Deck) 

A8 p6, p7, p11, p12 20.04 65 

26.67 6 

A9 p7, p8, p12, p13 20.07 51 

A10 p8, p9, p13, p14 20.07 51 

A11 
p9, p10, p14, 

p15 
20.04 65 

A12 
p6, p11, p58, 

p60 
20.15 42 

A13 
p58, p59, p60, 

p61 
20.06 36 

A14 
p10, p15, p59, 

p61 
20.15 42 

S3 (Deck) 

A15 
p11, p12, p16, 

p17 
20.05 32 

26.67 6 

A16 
p12, p13, p17, 

p18 
20.22 30 

A17 
p13, p14, p18, 

p19 
20.22 30 

A18 
p14, p15, p19, 

p20 
20.05 32 

A19 
p11, p16, p60, 

p62 
20.16 27 

A20 
p60, p61, p62, 

p63 
20.20 22 

A21 
p15, p20, p61, 

p63 
20.16 27 

S4 (Deck) 

A22 
p16, p17, p21, 

p22 
20.22 19 

26.67 6 

A23 
p17, p18, p22, 

p23 
20.95 19 

A24 
p18, p19, p23, 

p24 
20.95 19 

A25 
p19, p20, p24, 

p25 
20.22 19 

A26 
p16, p21, p62, 

p64 
20.50 18 
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A27 
p62, p63, p64, 

p65 
21.14 18 

A28 
p20, p25, p63, 

p65 
20.50 18 

S5 (Deck) 

A29 
p21, p22, p26, 

p27 
21.77 18 

26.67 6 

A30 
p22, p23, p27, 

p28 
22.41 18 

A31 
p23, p24, p28, 

p29 
22.41 18 

A32 
p24, p25, p29, 

p30 
21.77 18 

A33 
p21, p26, p64, 

p66 
21.77 18 

A34 
p64, p65, p66, 

p67 
22.41 18 

A35 
p25, p30, p65, 

p67 
21.77 18 

S6 (Deck) 

A36 
p26, p27, p31, 

p32 
21.77 18 

26.67 6 

A37 
p27, p28, p32, 

p33 
22.41 18 

A38 
p28, p29, p33, 

p34 
22.41 18 

A39 
p29, p30, p34, 

p35 
21.77 18 

A40 
p26, p31, p66, 

p68 
20.50 18 

A41 
p66, p67, p68, 

p69 
21.14 18 

A42 
p30, p35, p67, 

p69 
20.50 18 

S7 (Deck) 

A43 
p31, p32, p36, 

p37 
20.16 27 

26.67 6 

A44 
p32, p33, p37, 

p38 
20.20 22 

A45 
p33, p34, p38, 

p39 
20.20 22 

A46 
p34, p35, p39, 

p40 
20.16 27 
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A47 
p31, p36, p68, 

p70 
20.05 32 

A48 
p68, p69, p70, 

p71 
20.22 30 

A49 
p35, p40, p69, 

p71 
20.05 32 

S8 (Deck) 

A50 
p36, p37, p41, 

p42 
20.15 42 

26.67 6 

A51 
p37, p38, p42, 

p43 
20.06 36 

A52 
p38, p39, p43, 

p44 
20.06 36 

A53 
p39, p40, p44, 

p45 
20.15 42 

A54 
p36, p41, p70, 

p72 
20.05 84 

A55 
p70, p71, p72, 

p73 
20.07 51 

A56 
p40, p45, p71, 

p73 
20.05 84 

S9 (Deck) 

A57 
p41, p42, p46, 

p47 
20.06 36 

26.67 6 

A58 
p42, p43, p47, 

p48 
20.22 30 

A59 
p43, p44, p48, 

p49 
20.22 30 

A60 
p44, p45, p49, 

p50 
20.06 36 

A61 
p41, p46, p72, 

p74 
- 100 

A62 
p72, p73, p74, 

p75 
20.99 24 

A63 
p45, p50, p73, 

p75 
- 100 

S10 (Deck) 

A64 
p46, p47, p51, 

p52 
- 100 

26.67 6 

A65 
p47, p48, p52, 

p53 
20.07 51 
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A66 
p48, p49, p53, 

p54 
20.07 51 

A67 
p49, p50, p54, 

p55 
- 100 

A68 
p46, p81, p74, 

p76 
20.50 32 

A69 
p74, p75, p76, 

p77 
20.16 27 

A70 
p50, p55, p75, 

p77 
20.50 32 

S11 

(Column20) 

A71 

p78, p79, p82, 
p83, p106, 

p107, p110, 

p111 

21.1 14 

20 17 A72 

p79, p80, p83, 
p84, p107, 

p108, p111, 

p112 

21.1 14 

A73 

p80, p81, p84, 

p85, p108, 

p109, p112, 

p113 

21.1 14 

S12 

(Column20) 

A74 

p82, p83, p86, 

p87, p110, 

p111, p114, 

p115 

24.23 15 

50 14 A75 

p83, p84, p87, 

p88, p111, 
p112, p115, 

p116 

24.23 15 

A76 

p84, p85, p88, 

p89, p112, 
p113, p116, 

p117 

24.23 15 

S13 

(Column20) 

A77 

p86, p87, p90, 
p91, p114, 

p115, p118, 

p119 

26.63 16 

20 18 

A78 

p87, p88, p91, 

p92, p115, 

p116, p119, 

p120 

26.63 16 

A79 p88, p89, p92, 

p93, p116, 
26.63 16 
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p117, p120, 

p121 

S14 

(Column20) 

A80 

p90, p91, p94, 

p95, p118, 
p119, p122, 

p123 

21.48 17 

20 18 A81 

p91, p92, p95, 
p96, p119, 

p120, p123, 

p124 

21.48 17 

A82 

p92, p93, p96, 

p97, p120, 

p121, p124, 

p125 

21.48 17 

S15 

(Column20) 

A83 

p94, p95, p98, 

p99, p122, 

p123, p126, 

p127 

26.45 19 

20 18 A84 

p95, p96, p99, 

p100, p123, 

p124, p127, 

p128 

26.45 19 

A85 

p96, p97, p100, 

p101, p124, 
p125, p128, 

p129 

26.45 19 

S16 

(Column20) 

A86 

p98, p99, p102, 
p103, p126, 

p127, p130, 

p131 

22.11 19 

20 18 A87 

p99, p100, 
p103, p104, 

p127, p128, 

p131, p132 

22.11 19 

A88 

p100, p101, 

p104, p105, 

p128, p129, 

p132, p133 

22.11 19 

S17 

(Column21) 

A89 

p134, p135, 

p138, p139, 
p162, p163, 

p166, p167 

21.1 14 

20 17 

A90 p135, p136, 

p139, p140, 
21.1 14 
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p163, p164, 

p167, p168 

A91 

p136, p137, 

p140, p141, 
p164, p165, 

p168, p169 

21.1 14 

S18 

(Column21) 

A92 

p138, p139, 
p142, p143, 

p166, p167, 

p170, p171 

24.23 15 

50 14 A93 

p139, p140, 

p143, p144, 

p167, p168, 

p171, p172 

24.23 15 

A94 

p140, p141, 

p144, p145, 

p168, p169, 

p172, p173 

24.23 15 

S19 

(Column21) 

A95 

p142, p143, 

p146, p147, 

p170, p171, 

p174, p175 

26.63 16 

20 18 A96 

p143, p144, 

p147, p148, 
p171, p172, 

p175, p176 

26.63 16 

A97 

p144, p145, 
p148, p149, 

p172, p173, 

p176, p177 

26.63 16 

S20 

(Column21) 

A98 

p146, p147, 
p150, p151, 

p174, p175, 

p178, p179 

21.48 17 

20 18 A99 

p147, p148, 

p151, p152, 

p175, p176, 

p179, p180 

21.48 17 

A10

0 

p148, p149, 

p152, p153, 
p176, p177, 

p180, p181 

21.48 17 

S21 

(Column21) 

A10

1 

p150, p151, 

p154, p155, 
p178, p179, 

p182, p183 

26.45 19 20 18 
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A10

2 

p151, p152, 

p155, p156, 

p179, p180, 

p183, p184 

26.45 19 

A10

3 

p152, p153, 

p156, p157, 

p180, p181, 

p184, p185 

26.45 19 

S22 

(Column21) 

A10

4 

p154, p155, 

p158, p159, 
p182, p183, 

p186, p187 

22.11 19 

20 18 
A10

5 

p155, p156, 
p159, p160, 

p183, p184, 

p187, p188 

22.11 19 

A10

6 

p156, p157, 
p160, p161, 

p184, p185, 

p188, p189 

22.11 19 

 

As mentioned in Table 4.4, for a more effective evaluation of the deck of the bridge 

span, it was divided into ten sections with distances of 5 m. In addition, each bridge 

column was divided into six sections with a distance of 2 m. Each deck section was 

divided into seven area ranges between the measurement points. In this division, the 

first four ranges of each section in Table 4.4 represent the upper part of the bridge 

deck box, and the following three peaks are related to the area of the sides and bottom 

of the deck in one section of the bridge. Each section of the piers is divided into three 

adjacent parts of equal volume. 

The results of the PSD approach to damage detection and the performance of this 

method in reducing repair and maintenance costs are compared to the conventional 

method using the Spanish concrete code EHE-08 (Spanish Ministry of Public Works, 

2008) to determine service life according to chloride corrosion deterioration to 

decrease the total cost of maintenance and repair. Analysis is carried out in the same 

conditions until the end lifetime of this structure. Conventional methods predicted 

regular service life and repair periods for damage by corrosion caused by chloride 

ions. The total estimated costs for repairs for the life (100 years) of the Arosa bridge, 

which is subject to damage by chloride ions, using PSD and conventional methods, 

are shown in Figure 4.7. 
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Figure 4. 7. The life-cycle cost assessment for the Arosa bridge until the end of the bridge life 

 

The total LCC for one span of the Arosa bridge through PSD and conventional 

methods was calculated at about EUR 248,001.19 and EUR 470,113.12, respectively. 

The LCC for the columns using the PSD method was approximately EUR 

122,688.59, and the cost using the conventional method was EUR 135,707.47. 

Furthermore, for a 50 m length of one span of the bridge, the costs using the PSD 

method and the conventional method in diagnosing and predicting the location and 

amount of damage were EUR 125,312.60 and EUR 334,405.64, respectively. 

Overall, using the PSD method for maintenance and repair of the bridge could save 

approximately EUR 222,111.92. These costs relate to all costs incurred for regular 

and continuous repair and maintenance of the Arosa coastal bridge for 100 years. 

Therefore, to more accurately examine the accuracy of the PSD method in reducing 

costs compared with the conventional methods of predicting structural damage, the 

LCC of total expenses for bridge repair and maintenance was investigated and 

analyzed according to a discount rate of 5 percent. 
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4.5. Conclusions 

The results show that the use of the PSD method, as a non-destructive and dynamic 

damage detection method, has acceptable performance in detecting the presence, 

location, and amount of damage due to chloride ion attacks on a coastal structure such 

as the Arosa concrete bridge. In addition, according to the LCC results during the life 

of the bridge structure, which is assumed to be 100 years as the end of life, the use of 

this method with a different approach significantly reduces the costs of repair and 

maintenance, especially in the deck section. 

In conclusion, the PSD method, as a non-destructive method of identifying struc-tural 

damage, have acceptable performance in identifying damages caused by chloride 

corrosion in different places, including concrete and internal rebars of RC bridge that 

were damaged and were not visible with the eyes. In addition, this research on the 

PSD method as a non-destructive method has shown that chloride corrosion damages 

had a minor influence on the analysis through the PSD method performance. 

Furthermore, this method was used in various analyses to determine the time and 

quantify damages in each location of the coastal bridge structure based on the 

distance of each element to the seawater. These areas include submerged and tide 

zone columns and dry parts such as the top of the columns and the deck. Moreover, 

using this method for LCCA of this bridge will play an essential role in reducing 

approximately 40% of the total LCC and maintenance and repair during the bridge 

life because of accurate prediction of location and amount and time of damages 

caused by corrosion. So, the PSD method can significantly optimize costs through 

on-time maintenance and repair of structures. In general, what is clear is that non-

destructive methods of damage detection have more advantages compared to 

destructive methods in the LCA discussion, especially in the maintenance and repair 

phase. However, the ability and accuracy of each non-destructive damage detection 

method to detect the presence, location, and amount of damage in each part of the 

structures, considering that each is suitable for different conditions and types of 

construction and environment, make them more advantageous than others. 

However, after ruling out other causes of damage, such as during bridge inspection, 

this study uses the PSD method to identify only structural deterioration caused by 

reinforcement corrosion and that chloride ions are the cause. On the other hand, the 

electrochemical methods, e.g., linear polarization resistance (LPR), galvanostatic 

pulse (GP), or electrochemical Impedance spectroscopy (EIS), were not used to 

determine the corrosion rate due to the technical nature of the tests and the 

undesirable extension of the entire testing process. For this reason, the approach to 

identifying the corrosion process has been simplified, being aware of a certain 

probability of damage. 
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Abstract 

Experts and governments have long focused on reducing the costs of repairing and 

maintaining crucial structures such as bridges through continuous maintenance and 

repair. In the meantime, using appropriate methods for identifying possible damage 

and researching how much a partial re-design will lower the costs of repairing and 

maintaining a structure over its lifetime, considering the structure's environment and 

damage causes. This study explores the cost-effectiveness of two damage prediction 

methods using the power spectral density (PSD) method compared to the 

conventional method of detecting damage by re-designing different concrete cover 

thicknesses for a coastal reinforced concrete bridge. The study evaluates the impact 

of chloride ions on the location and extent of damage over the bridge's lifetime and 

compares the total maintenance and repair costs. The results show that while the PSD 

method is effective for concrete structures with low concrete covers, increasing the 

concrete cover thickness may result in higher repair costs.  

Keywords Life cycle cost assessment; non-destructive damage detection methods; 

coastal concrete bridge; steel corrosion; chloride corrosion; maintenance and repair 

techniques 

 

5.1. Introduction 

Engineers and scholars have debated structural lifetime costs for decades. Design, 

building, repair, maintenance, and demolition are necessary expenses of civil 

structure activities. Bridges' life cycle costs include maintenance and repair 

expenditures. Many variables lower building maintenance expenses over time. 

Accurate health monitoring and damage detection technologies to forecast structural 

element deterioration throughout a structure's life cycle may save repair and 

maintenance expenses. Destructive and non-destructive technologies are employed 

to identify structural deterioration (Su, Dong, & Pei, 2022). Tests sometimes include 

removing structural samples to measure damage in destructive techniques. However, 

non-destructive methods may detect cracks or damages without harming the structure 

(Momeni & Ebrahimkhanlou, 2022). Several signal-based approaches as non-

destructive methods include the time, frequency, and time-frequency domains (Liu 

et al., 2023). Some usable frequency domain techniques as variations in dynamic 

features, including natural frequency (Khodadadi & Mirjalili, 2022; Loya, Aranda-
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Ruiz & Zaera, 2022), modal Curvatures (Yang et al., 2022; Nguyen et al., 2020), 

mode shape (Hassani, Mousavi, & Gandomi 2022; Zhang et al., 2022), modal strain 

energy (MSE) (Shirazi et al., 2023; Daneshvar, 2022; Nguyen, & Livaoğlu 2022), 

frequency response functions (FRF), and power spectral density (PSD) (Fang et al. 

2023; Hadizadeh-Bazaz, Navarro, & Yepes 2022) are employed in vibration-based 

damage detection, some popular non-destructive testing methods. 

On the other hand, it is necessary to investigate the performance of some non-

destructive damage detection methods in different situations and conditions in order 

to the life cycle assessment (LCA) that includes environmental impact (Navarro, 

Yepes, Martí & González-vidosa, 2018) and social impact (Navarro, Yepes, & Martí, 

2018) and in addition, life-cycle cost analysis (LCCA) of these techniques to decrease 

total costs in different stages of a structure from design and construction to end the 

life of the civil structure. Various research looked at the LCCA in some buildings and 

with other methods and conditions in the lifetime of some civil structures. 

Mirzaeefard, Mirtaheri, & Hariri-Ardebili, (2023) assessed the damage cost in several 

limit states of a pile-supported wharf damaged by corrosion. Then the LCC analysis 

considers crane damage and inspection and maintenance expenses. Vasishta, 

Mehany, & Killingsworth, (2023) compared the environmental and life-cycle costs 

of precast and cast-in-place (CIP) construction technologies. Thus, using Open LCA 

software and the NIST guidelines for LCCA, a cradle-to-grave methodology was 

applied to examine these consequences for precast and cast-in-place building 

systems. Heidari, Heravi, & Esmaeeli, (2020) developed a probabilistic and uncertain 

approach to estimate the life-cycle costs and environmental impacts of pavements. 

The performance of each non-destructive damage identification method and the life 

cycle and life cycle cost assessment of each technique in any type of structure and 

according to different conditions and situations requires a detailed investigation. 

Although in this regard, Hadizadeh-Bazaz, Navarro, & Yepes (2023) examined the 

efficacy of the non-destructive damage-prediction PSD technique for a coastal 

concrete structure and its relevance in LCCA to decrease maintenance and repair 

costs due to chloride ions in marine and coastal environment. 

This study employs the PSD method to identify damages for a coastal concrete bridge 

designed by changing the concrete cover for various parts and elements exposed to 

chloride ion corrosion in order to evaluate the performance of this damage detection 

method on LCC by changing the thickness of the cover as one of the influential 

factors in chloride corrosion damage. For this purpose, the effect of increasing the 

concrete cover of the structure on the performance of the PSD method was analyzed 

and compared with the conventional method in predicting the chloride corrosion 

damage prediction method during the lifetime of this marine concrete bridge. Then 

LCCA and total costs related to differentiation and maintenance were compared and 

analyzed using these methods for different concrete covers. During this bridge's 
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lifetime (100 years), PSD, as a frequency-domain approach, was tracked utilizing 

sensitivity equations and the linear least squares method. This structure's health was 

monitored yearly using these techniques and under changes in dynamic components, 

such as the stiffness and mass of rebars and bridge construction parts. The result of 

this study can help engineers and specialists in this field for more information about 

the performance and drawbacks of this dynamic and non-destructive damage 

detection method in coastal and marine environments. 

5.2. Objectives 

The following are some of the main goals of this research: 

• Analyze the ability of the PSD method to detect damage and corrosion in the case 

of changes in the thickness of the concrete cover of the structure. 

• Determining the amount of effects of damage detection through a non-destructive 

method effectively reduces the total costs of repairing and maintaining the structure. 

5.3. Methodology 

To analyze the effect of increasing the concrete cover of the structure and to evaluate 

non-destructive damage detection methods for detecting corrosion damage in the case 

of minor changes in the design and implementation of a coastal concrete bridge was 

done in stages. The first stage utilized Fick's second chloride diffusion equation to 

estimate steel component service life for different concrete cover thicknesses. Then, 

using the PSD approach, the presence, amount, and location of chloride damage were 

determined for the various concrete cover scenarios for the RC bridge. Finally, 

according to damages predicted for each area and element of the structure, determine 

the total life cycle cost for each section of the structure for repair activities in the 

lifetime of a structure by considering the discount rate for LCCA. 

5.3.1. Prediction strategies for corrosion deterioration in steel 

rebars 

Most steel is fragile and easily broken by both natural and manufactured things. These 

corrosions are common in coastal areas, where large amounts of corrosion-causing 

chloride ions are present. In marine and coastal regions, structures like bridges and 

buildings made of reinforced concrete often cause corrosion in steel rebars. 

The total time until chloride corrosion (tl) according to the damages and chloride 

corrosion by Tuutti (1982) is the service life of the reinforcements of the bridge 
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structure when the initiation and propagation phases are assumed together, as shown 

in the following equations (Spanish Ministry of Public Works, 2008). 

𝒕𝒍 = 𝒕𝒊 + 𝒕𝒑 (5.1) 

The corrosion initiation period (ti) is the time it takes chlorides to reach a 

concentration that starts rebar corrosion (chloride threshold, dependent on the steel 

properties and, to some extent, on the concrete properties). The tp is also the time it 

takes corrosion to spread across a structural section before it fails (Spanish Ministry 

of Public Works, 2008).  

A physical model tracks chloride ions in concrete cover to determine initiation time 

using Fickian models, assuming a uniform porous cover that diffuses ions in suitable 

humidity. Chloride drives diffusive action between the surface and cover, and Fick's 

equation is used to determine chloride diffusion in the cover. The equation from Fib 

Bulletin 34 (2006) assumes a constant, time-independent surface chloride 

concentration. The predicted chloride level in the concrete cover at depth x and time 

t is: 

𝑪(𝒙. 𝒕) = 𝑪𝒔.

(

 
 
𝟏 − 𝒆𝒓𝒇

(

 
𝒙

𝟐√𝑫𝟎.𝒙. (
𝒕𝟎
𝒕 )

𝜶. 𝒕)

 

)

 
 

 

(5.2) 

Where C(x,t) is the chloride concentration at depth x and time t, and Cs is the 

concentration of chloride ions at the concrete's outside surface. The chloride transport 

time t into the concrete element is given by the inverse action on Equation 5.2, which 

in this equation is considered C(x,t)=Ct. 

𝒕𝒊 =
𝒙𝟐

𝟒𝑫
[𝒆𝒓𝒇−𝟏 (

𝑪𝒔 − 𝑪𝒕
𝑪𝒔

)]
−𝟐

 
(5.3) 

In this instance, D refers to the chloride diffusion coefficient, which shifts over time 

as the concrete ages according to the formula D = D0(t0)(t0/t)
n. After the initiation 

stage of chloride diffusion, the propagation chloride corrosion phase (tp) begins when 

chloride ions on the surface of the inner rebars begin to corrode steel reinforcements. 

The stiffness and cross-sectional area of the steel bars are gradually decreased by 

chloride corrosion. The Spanish Concrete Design Code (2008) offers the formula 

below to determine the propagation time: 

𝒕𝒑 =
𝟖𝟎

𝝓

𝒅

𝑽𝒄𝒐𝒓𝒓
 

(5.4) 

Where d is the concrete cover's thickness, ϕ is the diameter of the rebar, and Vcorr is 

the corrosion rate. 
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In this study, according to the Spanish concrete design code (2008), the durability 

parameters for the Arosa bridge were considered as follows for calculating 

conventional chloride corrosion in steel rebars. The Cs (% of concrete weight) for the 

aerial, submerged, and tidal zones are equal to 0.14, 0.72, and 0.5, respectively. And 

also, Vcorr values for the aerial, submerged, and tidal areas are equal to 20, 4, and 50 

(μm/year), respectively. In addition, D0 is equal to 10 (×10−12m2/s).  

According to the Spanish concrete design code (2008), as shown in this study and 

other research (Navarro, Martí, & Yepes, 2019; Bruet et al., 2018; Frontera, & 

Cladera, 2022), the critical chloride concentration (Cth) must be determined by the 

designer in accordance with the specific concerns related to the structure, whereas 

under normal conditions, a value of 0.6% of the cement weight can be used to 

evaluate the limit state in terms of passive reinforcement corrosion. In addition to this 

analysis, in this study, the thickness of the concrete cover of the structure in the deck 

part was performed for the thicknesses of 3 (Refrense), 3.5, 4, 5, and 6 cm and for 

the columns with the thickness of the concrete cover of 4 (Refrense), 4.5, 5, 6, and 7 

cm.  

The following formula, which considers the initiation and propagation levels for 

chloride corrosion of reinforcements of an RC maritime or coastal structure, may be 

used to forecast, as a percentage, the damages throughout the period produced by 

chloride corrosion. 

𝑫𝒂𝒎𝒔𝒕𝒆𝒆𝒍(𝒕) =
𝒕 − 𝒕𝒊
𝒕𝒑

× 𝟏𝟎𝟎 
(5.5) 

Where the Damsteel is the percentage of reinforcement damaged by chloride 

corrosion for each year (t) since the start of the propagation tp.  

The damage to the RC bridge's deck and columns were based on scenarios and marine 

exposure classifications, such as Aerial, Sub-merged, and Tide zone. Also, the 

percentage of chloride corrosion damage to the concrete of the RC structure was 

found, along with the results of changes in stiffness and loss of cross-section rebar 

area for damage identification. 

5.3.2. Damage detection through non-destructive 

damage detection methods 

A structure's integrity can be assessed using non-destructive damage detection 

methods. Preserving structures requires these methods. They can spot damage before 

it worsens. The power spectral density methods(PSD) are used in modal analysis, a 

non-destructive damage detection method. A structure's natural frequencies, 

vibration modes, and damping ratios are measured using modal analysis. PSD can 
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detect modal parameter changes that indicate damage. The PSD of vibration signals 

determines the response's spectral content, which can mean damage if the modal 

parameters change. Due to its reliance on vibration and signals, the PSD was 

calculated using the frequency response function with the help of the following 

equations (Zheng et al., 2015; Pedram, Esfandiari & Khedmati, 2017; Hadizadeh-

Bazaz, Navarro, & Yepes, 2023). The structural response PSD equation is simplified 

as follows: 

𝑺𝑿𝑿(𝝎) = 𝑯
∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎) (5.6) 

Where SFF is the PSD inputs matrix for every active degree of freedom (DOF) and 

H*(ω) is the complex conjugate of a transfer function according to the following 

equation: 

𝑯(𝝎) = (𝑲 −𝝎𝟐𝑴+ 𝒊𝝎𝑪)−𝟏 (5.7) 

K, M, and C represent the matrices of stiffness, mass, and damping, respectively; 

denotes the frequency, and I equals -1 times the frequency. Model updating based on 

the sensitivity equation for the power spectral density equation can be expanded as 

follows by considering (K-ω2M+iωC=Z(ω) in the below equation: 

𝒁∗(𝝎)𝑺𝑿𝑿(𝝎) = 𝑺𝑭𝑭(𝝎)𝑯
𝑻(𝝎) (5.8) 

Where in this equation, Z(ω) is the impedance matrix, and the transfer function 

inverse that this equation for corrosion damages caused by structure is as follows: 

[𝒁∗(𝝎) + 𝜟𝒁∗(𝝎)][𝑺𝑿𝑿(𝝎) + 𝜟𝑺𝑿𝑿]
= 𝑺𝑭𝑭(𝝎)[𝑯

𝑻(𝝎) + 𝜟𝑯𝑻(𝝎)] 
(5.9) 

The power spectral density function equation is modified by taking into account 

(ΔZ(ω)=ΔK-ω2ΔM+iωΔC) and (HD(ω)=[Z(ω)+ΔZ(ω)]-1) was modified. Where 

HD(w) was the frequency response function of damaged structural elements in each 

year of structure life. Therefore, the up equation can be simplified as follows: 

𝜟𝑺𝑿𝑿(𝝎) = 𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝜟𝑯

𝑻(𝝎)
− 𝑯𝑫

∗ (𝝎)𝜟𝒁∗(𝝎)𝑺𝑿𝑿(𝝎) 
(5.10) 

H*
D is the complex conjugate of the damaged structure elements transfer function 

during reinforcement chloride corrosion from conventional chloride corrosion 

deterioration proses in coastal structures. As the expression of the exact ΔH presented 

by Hadizadeh-Bazaz, Navarro, & Yepes (2022); Esfandiari et al. (2009) in the 

following equation: 

𝑯(𝝎) = −𝑯𝑫(𝝎)(𝜟𝑲−𝝎
𝟐𝜟𝑴+ 𝒊𝝎𝑪)𝑯𝑻(𝝎) (5.11) 

Therefore PSD, according to the mentioned equations, can rewrite as follows: 

𝜟𝑺𝑿𝑿(𝝎)
= −𝑯𝑫

∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)(𝜟𝒁(𝝎))𝑯
𝑻(𝝎)

− 𝑯𝑫
∗ (𝝎)(𝜟𝒁∗(𝝎))𝑯∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎) 

(5.12) 
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To determine the effects of corrosion on reinforcement bars and the system's 

structural behavior, each reinforced concrete element's stiffness and other dynamic 

properties in proportion to the corrosion damage computed for the rebars at each time. 

The stiffness, mass, and damping matrices modify due to dimensionless structural 

parameter changes: 

{
 
 
 
 

 
 
 
 𝜟𝑲 = ∑𝑲𝒏𝜟𝑷𝒏

𝑲

𝒏𝒆

𝒏=𝟏

𝜟𝑴 =∑𝑴𝒏𝜟𝑷𝒏
𝑴

𝒏𝒆

𝒏=𝟏

𝜟𝑪 = ∑𝑪𝒏𝜟𝑷𝒏
𝑪

𝒏𝒆

𝒏=𝟏

  

(5.13) 

The stage of stiffness, mass, and damping matrices of a structure's structural 

components are Kn, Mn, and Cn. where structural parameter variations are between 

-1 and 1.  

The monitoring of changes in stiffness, mass, and damping of a structure owing to 

probable damage to a structure using the PSD damage detection technique has been 

estimated by considering (ΔZ(ω)=ΔK-ω2ΔM+iωΔC). The sensitivity matrices 

allocated to the nth parameter of structure for getting the unknown stiffness, mass, 

and damping ratios are as follows, based on changes in dynamic characteristics 

caused by damage causes such as chloride corrosion damages. 

{
  
 

  
 

𝑺𝑲 = −𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑲𝒏𝑯

𝑻(𝝎)

−𝑯𝑫
∗ (𝝎)𝑲𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑴 = 𝝎𝟐(𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑴𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑴𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑪 = 𝒊𝝎(−𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑪𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑪𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

 

(5.14) 

The final equation of PSD for estimating changes in dynamic characteristics 

parameter during damage repetition for each year is given by the following equation: 

𝜟𝑺𝒙𝒙 = 𝑺
𝑲𝜟𝒑𝑲 + 𝑺

𝑴𝜟𝒑𝑴 + 𝑺
𝑪𝜟𝒑𝑪 (5.15) 

Where ΔpK, ΔpM, and ΔpC use chloride corrosion deterioration of reinforcement 

equations and the power spectral density method to monitor the changes in stiffness 

and reinforcement loss cross-section areas in the RC marine bridge elements over 

time. 
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5.3.3. LCCA through the damage detection methods 

One of the essential things to consider when evaluating a bridge's performance is its 

life-cycle cost. The LCCA for the bridge was calculated using the location and 

percentage of damages expected annually by damage-detecting methods. Each stage 

of a structure's life cycle and life cycle cost typically includes production, 

construction, usage and maintenance, and eventually, the end of the structure's 

existence. As a result, the following formulas may be used to estimate the bridge's 

projected cost during its life cycle (Hadizadeh-Bazaz, Navarro, & Yepes, 2023; 

Frangopol, Dong, Sabatino, 2017). 

𝑪𝑻 = 𝑪𝑰 + 𝑪𝑴 + 𝑪𝑰𝑵𝑺 + 𝑪𝑹 + 𝑪𝑫𝒂𝒎 (5.16) 

Where the CI represents the initiation cost, CM represents the maintenance cost, CINS 

represents the inspection cost, CR represents the total repair cost, and CDam represents 

the anticipated damage cost in the calculation. The entire cost of the concrete bridge 

repair operation may be determined using the following items: 

𝑪𝑹(𝒕𝑽) =  𝑪𝑫𝑵𝑹𝑪(𝒕𝑽) + 𝑪𝑫𝑹𝑪(𝒕𝑽) + 𝑪𝑺𝑴(𝒕𝑽)
+ 𝑪𝑷𝑬(𝒕𝑽) + 𝑪𝑺(𝒕𝑽) + 𝑪𝑪(𝒕𝑽) 

(5.17) 

Where tv is the interval time period studied; CDNRC, is the cost of demolishing non-

reinforced concrete parts like the structure's cover; CDRC, is the cost of demolishing 

reinforced concrete parts like the bridge's structural parts; CSM, is the cost of sorting 

and recycling demolition debris; CPE, the cost of preparing equipment for repairing 

the bridge's concrete and rebars; and CS, is the overall cost of buying and replacing 

damaged steel reinforcements, and also CC is the total cost of the concrete parts 

include material and activities of the bridge damaged over the time. Corrosion and 

damages caused by the presence of chloride ions in coastal structures, as well as other 

factors, such as floods and earthquakes following a Poisson process, can all be 

factored into the total life-cycle damages in each structural part and element of a 

bridge within the time interval (Hadizadeh-Bazaz, Navarro, & Yepes, 2023; 

Frangopol, Dong, Sabatino, 2017; Dong, & Frangopol, 2016). 

𝑪𝑫(𝒕𝒗) =  ∑ 𝑫(𝒕𝒌). 𝒆
−𝒓𝒕𝒌

𝑵(𝒕𝒗)

𝑲

 

(5.18) 

N(tv) is the number and amount of damage factors on a structure during the interval. 

As anticipated by the PSD approach, annual damages due to chloride corrosion are 

denoted by D, where D is expressed as a percentage of the yearly damages at time tv. 

The discount rate used here is represented by (r = 5%). According to the Poisson 

model, tk follows the uniform interval distribution [0, tv] with a mean rate λf. The 

projected yearly proportion of bridge element damage owing to hazard effects may 

be stated as (N(tv)= λf × tv). Therefore, the corrosion damages bridge element's value 
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can be obtained from the following equation (Hadizadeh-Bazaz, Navarro, & Yepes, 

2023; Frangopol, Dong, Sabatino, 2017; Yeo, 2005). 

𝑬[𝑪𝑫(𝒕𝒗)] =  
𝝀𝒇 .  𝑬(𝑫)

𝒓
 . (𝟏 − 𝒆−𝒓𝒕𝒌) 

(5.19) 

At the last step of the LCCA process, the equation calculates the overall expenses of 

bridge repair and maintenance in proportion to the percentage of damage projected 

for the whole bridge by the following equation (Lee, Cho, & Cha, 2006): 

𝑬[𝑪𝑻 (𝒙̅. 𝒕𝒗)] = 𝑪𝑰 + 𝑪𝑴 + 

+∑  [ 

(∑ 𝑬[𝑪𝑫𝑵𝑹𝑪 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑫𝑹𝑪 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑺𝑴 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑷𝑬 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑺 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑪 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏 ) 

(𝟏 + 𝒓)𝒕

𝒕𝒗

𝒕=𝟏
 ] + 𝑪𝑫 

(5.20) 

Where in this equation, ∑ 𝐸[𝐶𝐷𝑁𝑅𝐶  (𝑥̅. 𝑡)]
𝑁(𝑡𝑣)
𝑡=1 , ∑ 𝐸[𝐶𝐷𝑅𝐶  (𝑥̅. 𝑡)]

𝑁(𝑡 𝑣)
𝑡=1 , 

∑ 𝐸[𝐶𝑆𝑀 (𝑥̅. 𝑡)]
𝑁(𝑡𝑣)
𝑡=1 , ∑ 𝐸[𝐶𝑃𝐸 (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1 , ∑ 𝐸[𝐶𝑆 (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1 , and also 

∑ 𝐸[𝐶𝐶  (𝑥̅. 𝑡)]
𝑁(𝑡𝑣)
𝑡=1  are respectively the total costs of demolishing the unreinforced 

concrete parts, the reinforced concrete parts demolition, management, separation, and 

categorization of debris resulting from destruction, installation, and subsequent 

removal formwork for repair concrete activity, repair and replacement damaged bar 

steel with corrugated bar steel with improved ductility characteristics and also 

prepare and pour concrete costs during and until end of coastal structure life. In this 

analysis, the LCC of the whole structure is determined and assessed based on the 

damage sustained by the structure each year, the quantity of corrosion of metal 

components during the structure's life, and the structure's service life. 

Overall the methodology of this study this investigation encompasses a 

comprehensive analysis and calculation methodology, which includes the following 

steps:  

First, according to the Spanish Ministry of Public Works (2008), the service life and 

damages caused by chloride corrosion on the inner rebars of reinforced concrete 

structures in marine or coastal environments involved chloride corrosion predicted 

through a conventional technique. Then, according to the change in diameter and 
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changes in dynamic properties such as stiffness and mass of reinforcement for every 

element for every year of the bridge life (100 years), the amount of corrosion damage 

depending on the situation of each element of the bridge structure to seawater 

calculated as Damsteel in Equation  5.5. In the second step, according to the rebars, 

damages for every bridge section through the PSD method as a non-destructive and 

dynamic damage detection method monitored damage percentage in every concrete 

bridge section of the deck and columns yearly. For this purpose, sensitive equations 

and considering different dynamics that characterize the structures every year after 

building the bridge were analyzed and calculated as Equations 5.15. Finally, the total 

cost and LCC for maintenance and also whole repairs activities and materials 

(concrete, rebars) needed according to damages predicted D(t) in the first and second 

step for every element were obtained and then calculated by using Equation 5.20, 

updating for every year and every element and section of the bridge by considering 

discount rate 5% calculated and then annalizes compared. 

5.4. Model description 

The Arosa Bridge is a coastal concrete bridge in Galicia, Spain. Its name comes from 

its location. This bridge measures a total of 1980 meters in length and consists of 40 

spans (the first and end spans are 40 m, and the other 38 intermediate spans are 50 

m). The geometry and durability characteristics of this design were derived from 

research that was published in the past (González, Aguilera, & García, 2013; Pérez-

Fadón, 1985; and Pérez-Fadón, 1986). As seen in Figure 5.1, a single box girder 

supports the concrete bridge deck by 13 meters wide (including two 1.5-meter-wide 

walkways) and 2.30 meters high. The column is 5.26 m broad and 1.80 m thick. 

During high tide, the bridge deck is 9.6 m above the seawater. 
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Figure 5. 1. The cross-section dimension of the coastal and concrete Arosa bridge. 

 

According to Figure 5.1, the dimensions and sizes for the actual and original 

dimensions of the bridge (reference dimensions), as well as the different design 

scenarios of different thicknesses of the bridge in the case of increasing the thickness 

of the concrete cover in the deck and columns of the bridge in order to the 

performance of a damage detection method in the thickness of the concrete cover 

scenarios for each thickness increase, including 0.5 cm, then 1 cm, then 2 cm, and 

finally 3 cm. 

5.4.1. Analysis in the numerical model description 

As computers and sensors become faster and more capable, the use of non-

destructive, independent models based on numerical models of buildings to identify 

damage is tempting to engineers and academics. Using the PSD vibration and signal-

based technique, chloride ions damaged a coastal concrete bridge numerical model. 

The bridge's numerical model evaluated specified places and sensors at certain 

distances for health monitoring each year from the start to the conclusion of the 

concrete bridge reinforcement's corrosion period. Figure 5.2 shows a span with a deck 
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and two piers numbered 1 to 167. The bridge's deepest stretch is the most susceptible 

to chloride assault. 

 

Figure 5. 2. Sensor point numbering and division in each section of a span of the Arosa bridge 

In Figure 5.2, sensor points numbered from 1 to 77 for the bridge deck are 5 m apart 

in length and 3 m apart in breadth. One pier numbered 78 to 189, is 1.75 m wide and 

2 m high, with 1.80 m separating the pier width locations. Some points were 

determined as simulation points, and others were measuring points to track chloride 

attack damage at each bridge position. These simulation and measurement points 

were believed to be fixed for yearly test monitoring and analysis. In addition, 

depending on each scenario of concrete cover, the situation and distance were a little 

bit changed according to increasing concrete cover in different analyses for each 

scenario of the deck and column of the bridge. So, on the bridge deck span, simulation 

points 3, 18, 33, 48, 58, 59, 64, 65, 70, 71, 76, and 77 were chosen, and between piers, 

points 86, 89, 98, 101, 115, 116, 127, 128, 135, 136, 147, 148, 159, 160, 162, 165, 

174, 177, 186, 189, and 189 were evaluated. These points were assessed for each year 

of the bridge's existence in the same position.  

In general, numerical analysis of LCC using a non-destructive method to find damage 

in concrete and coastal bridge structures in order to repair and maintain damage 

caused by corrosion by chloride ions for different scenarios of cover thickness design 
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has some stages. In the first stage, damage detection in reinforced concrete was 

analyzed using various methods, including the PSD and conventional methods. 

Following that, the operation and repair activities were considered to determine the 

repair and maintenance costs during the structure's lifetime for the damages to each 

area and part of the bridge that was greater than 20%. In the last stage, according to 

the determination of the repair time of each element and the percentage of base 

damage, the total costs for repairing the structure during its life are calculated using 

10% noise and error. These analyses and monitoring were done for every concrete 

cover scenario to compare the performance of increasing thickness of concrete cover 

in the same structure in performance to damage detection methods and LCCA 

through corrosion. Analyses were done via MATLAB and Open Sees software to 

examine the PSD and conventional methods.  

According to the Spain Ministry of Transport, Mobility and Urban Agenda cod and 

costs (2022), the repair activity cost (EUR) for the concrete and coastal Arosa bridge 

includes in Table 5.1. 

Table 5. 1. Total repair activity cost (EUR) for the service life of the coastal Arosa bridge. 

No 
Maintenance and repair 

activities 
Description / Includes 

Price per 

unit  

(€) 

Unit 

1 
Unreinforced concrete 

demolition 

Debris removal, loading, and transfer to 

approved management within 60 km 
30.20 m3 

2 
Reinforced concrete 

demolition 

Debris removal, loading, and transfer to 

approved management within 60 km 
33.07 m3 

3 
Dismantling, sorting, and 

categorizing waste 

Loading and transporting bricks, tiles, ceramics, 

or a combination of these non-hazardous 

building materials (excluding dirt and stones) 

7.78 Ton 

4 
Repair concrete formwork and 

remove them 

Double-folded, wood cleaning, wetting, release 

agent, and complimentary materials for stability 

and proper execution 

33.91 m2 

5 

Replace and replace damaged 
bar steel with corrugated bar 

steel with enhanced ductility 

Including cutting and bending, placement of 
overlaps, breakout, and binding annealed wire 

and separators 
1.81 Kg 

6 Total new concrete activities 

Prepare and pour concrete piles, stirrups, 
headboards, beams, deck boards, slabs, walls, 

and frames 

147.01 m3 
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The total costs of repairing this bridge using the materials and activities mentioned 

in Table 5.1 can be estimated using the number of breakdowns and damage incidents 

each year as the basis for the cost estimate. It was compared to both the PSD and the 

conventional approaches. 

5.5. Results  

The results of examining the PSD method with a different approach in detecting the 

location and extent of damage to a coastal reinforced concrete bridge exposed to 

corrosion and damage by chloride ions for each year of the life of this bridge for 

different design scenarios increased the thickness of the concrete cover of the 

structure was compared with the results of the conventional method in diagnosing 

service life and predicting damage caused by chloride for different scenarios. Figure 

5.3 depicts the average time and period of repair and maintenance for each section of 

the bridge using two methods and for different scenarios, based on the bridge's life 

span of 100 years and 20% damage as a percentage of the base damage in each 

element and part of the bridge. 

 

(a) 
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(b) 

Figure 5. 3. Compare service life and repair time in the bridge by (a) PSD method and (b) 

Conventional method. 

Figure 5.3 shows different scenarios of concrete cover thickness, including reference 

dimensions: 3 cm thick cover for the deck and 4 cm thick concrete cover for columns 

in the span of the bridge. As reference dimensions, according to the different concrete 

covers of the bridge in scenarios 1 to 4, they increase respectively by 0.5, 1, 2, and 3 

cm. The service life period for repairing the bridge in the bridge lifetime (100 years) 

by considering damage elements 20% and more than through to the PSD method for 

scenarios 1 to 4 for the deck sections are respectively average about 3, 12, 17 and 27 

years for the period repair time. And, for the columns, this time for service life, the 

columns for scenarios 1 to 4 are respectively about 3, 10, 20, and 28 years. On the 

other hand, this analysis using the conventional method according to four different 

scenarios increases for the deck, for scenarios 1, 2, 3, and 4, about 2, 10, 30, and 70 

years, respectively, and also, by this method, average service life period for the 

columns sections for scenarios 1 to 4, respectively 10, 20, 60 and 80 years. 

The results of the final LCD according to the different scenarios in the design of the 

concrete cover thickness of the structure in order to repair the structure according to 

the method of detecting and predicting PSD damage in comparison with the 

conventional method for different sections of the deck and columns of a span of the 

bridge are shown in Figure 5.4. 
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(a) 

 

(b) 

Figure 5. 4. Life cycle cost assessment in the bridge is done using (a) the PSD method and (b) the 

conventional method. 

According to the results of Figure 5.4, it is shown that the difference in the total price 

for the repair and maintenance of a bridge span for the reference dimensions of the 

bridge using the PSD method is about 261445 euros, according to the discount rate 

of 5% during the life of the structure. Meanwhile, according to the different scenarios 

of the thickness of the concrete cover of the structure, for the first to third scenarios, 

the difference in the cost of using the PSD method compared to the conventional 

method is about 246,675 euros, 128,253 euros, and 90,902 euros for a bridge span. 

But, the fourth scenario shows that the conventional method has a lower cost 

difference of 112,570 euros. 
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5.6. Conclusions 

In conclusion, the performance of the PSD method in the case of a change in the 

thickness of the concrete cover of the bridge and the performance and accuracy of 

this method in detecting the location and the amount of damage caused by corrosion 

in each year of the structure's life showed that the PSD method has a more suitable 

performance. It is better than the conventional method of detecting damage caused 

by corrosion. Also, the PSD method detected the amount and location of damage in 

each year of the structure's life in each part and element of the bridge separately. In 

contrast, the conventional method predicts damages in an integrated manner in the 

deck part, which shows its superiority. The PSD method effectively detects the 

damage's location in different bridge elements. 

Moreover, the total LCC for total repair and maintenance activities costs can be saved 

by the PSD methods for damage detection by about 59.7%, 57.7%, 71.2%, and 

74.45% through the reference and scenarios 1–3. On the other hand, through the 

concrete cover design dimensions of scenario number 4, the conventional method can 

save about 44.1% of the total cost of repair and maintenance activities. 

Overall, this research showed that the PSD method could determine where and how 

badly chloride ions have damaged a reinforced concrete structure near the coast. It 

was also found that increasing the thickness of the concrete cover and the distance of 

the rebars from the surface and sensor points can negatively affect the performance 

of this method. To minimize the effects of concrete cover on PSD damage detection, 

choosing appropriate sensor locations and using high-sensitivity sensors to detect 

signal changes is vital. In addition, using advanced signal processing techniques, such 

as wavelet analysis or Fourier transform, can help extract damage-related features 

from the signals even in the presence of a thick concrete cover. 
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Abstract 
Recently, using economic damage identification techniques to ensure the safety of 

bridges has become essential. But, investigating the performance of those techniques 

for various conditions and environments and, in addition, a life cycle assessment 

(LCA) through these methods depending on the situation and during the life of a 

structure could help specialists and engineers in this field. In these regards, analyzing 

the implementation of a technique for the restoration and maintenance stages of costly 

structures such as bridges can illustrate the effect of each damage detection method 

on the LCA. This research assessed non-destructive abilities and a dynamic approach 

to predict the amount and location of damages in the LCA. For this purpose, the 

power spectral density (PSD) technique’s performance by different approaches in 

identifying corrosion damages for a coastal bridge and the effectiveness of using this 

technique on reducing the environmental impact compared with a conventional 

method were evaluated. The results demonstrate a reduction of the environmental 

impacts by approximately 23% when using the PSD during the bridge’s service life. 

In conclusion, the PSD approach does well in anticipating the damage quantity and 

location on a coastal bridge, which reduces the environmental impacts during the 

repair and maintenance. 

Keywords sustainability; non-destructive damage identification technique; life cycle 

assessment (LCA); environmental impacts assessment; concrete coastal bridge; 

corrosion; power spectral densitymethod (PSD) 

6.1. Introduction 

The Brundtland Report’s definition of sustainability, which integrates social, 

economic, and environmental requirements, is defined as the “development that 

satisfies the needs of the present without compromising the capacity of future 

generations to satisfy their own needs” (Keeble, 1988). In line with this idea, the 

adequate maintenance of infrastructures is essential to avoid unnecessary expenses 

and environmental impacts associated with the construction of new assets. 

Nevertheless, in recent years, there has been a notable emphasis among academics 

on evaluating the consequences linked to infrastructure maintenance (Liljenström & 

Björklund, 2022; Renne et al., 2022). This is due to the recognition that these effects 

might surpass those related to infrastructure creation if the design is inadequate. In 

this context, LCA has arisen as a powerful decision tool to evaluate maintenance 

impacts. In recent years, comprehensive research has assessed the environmental 

ramifications associated with diverse infrastructural developments across their entire 

life cycle, such as buildings (Caruso et al., 2020), pavements (Kazemeini et al., 2023), 
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railway tracks (Celauro et al., 2023), or urban infrastructure elements (Wang et al., 

2020). 

In light of the societal and economic significance of transportation networks and the 

substantial economic and environmental consequences linked to the establishment 

and upkeep of transportation infrastructure, there has been a notable focus in recent 

years on conducting life cycle assessments for bridges (Balogun et al., 2020). Pons 

et al. (Pons et al., 2018) evaluated and contrasted the environmental impacts 

generated by building several kinds of earth-retaining walls to guide designers in 

picking the most appropriate solution for each height to decrease emissions. Navarro 

et al. (Navarro et al., 2020) examined the long-term performance designs of structure 

from the LCA impacts standpoint by using simple additive weighting (SAW) and the 

analytic hierarchy process (AHP) to assess the consequences of bridges’ end-of-life 

cycle stages. Penadés-Plà et al. (2019) conducted an environmental evaluation 

utilizing a single criterion that reliably indicates the environmental effect as a first 

approximation of the environmental aim for the assessment performance of an 

optimization method. Navarro et al. (2019a) used a weighted criterion decision-

making strategy to review the use of such methodologies in infrastructure 

sustainability evaluation implications and criteria by employing the analytic 

hierarchy process. Niu and Fink (2019) assess the sustainability of modern timber 

fridges by using an LCA-based approach. Navarro et al. (2019b) analyzed the 

financial and environmental consequences of 18 potential designs for a pre-existing 

concrete bridge deck subject to chloride exposure based on the maintenance interval. 

Reliability-based maintenance optimization for life cycle costs and environmental 

implications in concrete by 10% silica fume is the most cost-effective way to avoid 

reinforcing steel corrosion and decrease deck design life cycle costs by 76%. In 

addition to silica fume, other studies have also reported a similar outstanding 

performance of fly ash to increase concrete’s durability and reduce maintenance 

needs (Longarini et al ., 2014; Orozco et al., 2023). Cheng et al. (2021) contributed 

to the field of sustainable structure by developing a BIM-LCA strategy for completely 

evaluating the life cycle embodied environmental impact (LCEEI) of buildings 

during the design stage. Khorgade et al. (2022) compare the bridge life cycle 

performance with carbon fiber polymer and steel reinforcements. Navarro et al. 

(2018a) assessed the LCA impacts of 15 prevention options on the deck of bridge 

exposed to a chloride environment through the Eco-Indicator 99 method used to 

assess the effects. They also assessed the social impacts of bridge decks in aggressive 

environments (Navarro et al., 2018b). Peng et al. (2022) focus their work on the 

maintenance optimization of bridges, considering a variety of economic, 

environmental, and social criteria. 

Almost all research on economic and environmental impact assessment along the use 

and maintenance stages of infrastructure for repair activities uses conventional 
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damage estimation methods or non-destructive and destructive damage prediction 

methods. However, other approaches could potentially be used to determine damages 

in an infrastructure of any kind and increase the accuracy of the prediction. These 

methods to predict damage could be either destructive or non-destructive. The 

destructive tactics use models, which typically include removing structural samples 

to assess damages. However, non-destructive approaches are independent models 

that may determine whether or not there is damage to a numerical model without 

actually inflicting any damage to the structural elements (Rathod et al., 2019). Non-

destructive damage detection methods can use technologies based on signals. The 

application of different non-destructive methods to detect damage quantification and 

location to maintain and repair structures is of great interest in the sustainability 

assessment of structures. 

In structural health monitoring, using modern and innovative high-tech computers 

and sensors has contributed to a growth in the adoption of signal-based techniques 

(Yang et al., 2021). Among the various signal-based methods are those that operate 

in either the time domain technique (Baybordi & Esfandiari, 2023; Yao et al., 2023), 

the frequency domain technique (Li et al., 2032; Chen, 2022), or the time-frequency 

domain technique (Liu et al., 2023; Yang, 2023). Some dynamic frequency-domain 

approaches used as non-destructive damage detection methods include natural 

frequencies (Khan et al., 2020; Wang, 2021), modal curvatures (Ciambella et al., 

2019; Ganguli, 2020), modal strain energies (Alavinezhad et al., 2022; Le & Ho, 

2022), frequency response functions (FRF) (Zhang et al., 2023; Kurent et al., 2023), 

and power spectral density (PSD) (Fang et al., 2023; Hadizadeh-Bazaz et al., 2022). 

Of these methods, the PSD is one of the frequency-domain techniques that use the 

responses of a periodic or randomized stimulus in frequencies to describe the mean 

power repartition. This approach employs a sensitive nonlinear function of structural 

factors to generate a transfer function of the second order (Nilsson & Liu, 2015). 

Recently, researchers from various disciplines have examined the performance of the 

PSD technique in detecting distinct forms of damage to structures. Hadizadeh-Bazaz 

et al. (2023a) investigated the performance of PSD to determine the amount and 

location of damages on a coastal bridge caused by corrosion. Bayat et al. (2019) 

evaluated a method according to the PSD and the least square to detect failures in a 

concrete bridge. Gunawan et al. (2019) evaluated the PSD approach’s dependability 

using seven masses in eight linear elastic repartition springs. Meanwhile, the PSD 

technique performed in life cycle cost assessment (LCCA) has recently been 

evaluated by Hadizadeh-Bazaz et al. (2023b). However, the PSD method's 

performance in other life cycle assessment cases, such as environmental and social 

impacts, has not been evaluated in the past. Figure 6.1 illustrates a flowchart of the 
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methodology and level processes used to detect damage by the PSD approach to 

maintain and repair concrete bridge structures. 

 

Figure 6. 1. Health monitoring and damage detection processes in a bridge structure. 

This research evaluated the LCA of a bridge in an exposed coastal environment. In 

this work, a non-destructive technique was used to aid the analysis of the 

environmental impacts during maintenance activities. These results were then 

compared with those that resulted from applying conventional damage prediction 

methods. The estimation of the damage of each element over time was performed by 

using various methods according to dynamic component changes of the structure, 

such as the stiffness and mass of the bridge structural elements. 

Following that, the LCA was carried out under the principles of ISO standards 14040 

(2006) and 14044 (2006). In this study, a variety of preventative strategies were taken 

into consideration. The necessary upkeep procedures for each scenario were included 

in these options throughout the period of time under consideration. During the 

evaluation, their individual contributions to the anticipated length of a structure’s 

service life were calculated. The derived estimates of service life were utilized as 
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inputs for the LCA to quantify the environmental effects caused by each assessed 

measure as part of the life cycle. 

6.2. Materials and Methods 

In recent years, the life cycle has gained widespread acceptance and has been 

standardized in a variety of countries throughout the world (ISO 14040, 2006; ISO 

14044, 2006). Economic, environmental, and societal impact considerations are just 

some elements that may be considered when modeling a process, product, or service 

using the LCA technique (Soust-Verdaguer et al., 2021). Since the evaluation of other 

aspects of life cycle assessment, including the environmental and social impacts, can 

be used in the analysis of the performance of non-destructive dynamic methods of 

the structure in environmental conditions and different kinds of structures, in this 

investigation, the environmental impacts of the repair activities on a concrete and 

coastal bridge exposed to corrosion by chloride ions were evaluated using the PSD 

as a non-destructive signal-based method. However, Figure 6.2 demonstrates the 

general diagram of the methodology stages of the damage detection method for the 

LCA in this research. 

 

Figure 6. 2. The general diagram stages of the damage detection method for the life cycle 

assessment that this research proposes. 
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As the diagram in Figure 6.2 shows, this research investigated the performance aspect 

of the LCA that was used. In addition, it evaluated the PSD method’s performance as 

a signal-based method with a different approach to diagnosing the damage caused by 

chloride ions to repair and maintain a bridge. 

The evaluation results of this research can show the effectiveness of using this 

method compared with conventional methods in reducing the environmental effects 

during the repair and maintenance of a bridge. 

 

6.2.1. Service Life and Damage Prediction Methods 

Repairing and maintaining structures during their lifetime involves different methods 

for identifying and predicting possible damage. One of these methods is the PSD 

method. This research took into account the amount of corrosion and damage to 

rebars in different parts of a reinforced concrete bridge that was corroded by chloride 

ions. The impacts of using this method on the environmental impact of the considered 

structure have been discussed. So, the PSD equation can be obtained according to the 

transfer function as the following equations (Hadizadeh-Bazaz et al., 2022; 

Hadizadeh-Bazaz et al., 2023a; Zheng et al., 2015; Pedram et al., 2017): 

𝑯(𝝎) = (𝑲 −𝝎𝟐𝑴+ 𝒊𝝎𝑪)−𝟏 (6.1) 

Where K is the stiffness, M is the mass, and C is the damping matrices. i is the identity 

matrix equal to −1. Equation 6.2 is the form that may be used to write the structural 

response equation in accordance with the power spectral density. 

𝑺𝑿𝑿(𝝎) = 𝑯
∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎) (6.2) 

SFF is the PSD inputs matrix at degrees of freedom (DOF). In addition, H*(ω) is 

expressed as the complex conjugate of a transfer function. The PSD was shown to be 

a second-order function of the frequency response function in Equation 6.2, 

suggesting that it was a highly nonlinear response in structural characteristics. 

Structures made of concrete, like bridges and coastal concrete structures, are often 

prone to corrosion. The damage produced by chloride corrosion in reinforced 

concrete buildings is said to have certain service life levels in the degradation model 

established in Figure 6.3 by Tuutti (Tuutti, 1982). 
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Figure 6. 3. Reinforcement concrete structure’s rebar service life according to Tuutti’s model 

(1982). 

As seen in Figure 6.3, corrosion by chloride began at the first corrosion level. In the 

initial phase, the chlorides were below the chloride threshold. The propagation phase 

of chloride ion activity included commencing corrosion, structure cover cracking, the 

serviceability state, and the ultimate limit state (Zhang et al., 2019). The overall time 

of the service life of the bridge’s reinforcements by chloride corrosion is shown in 

the equations below (Spanish Ministry of Public Works, 2008). 

𝒕𝒍 = 𝒕𝒊 + 𝒕𝒑 (6.3) 

The corrosion initiation period (ti) refers to the time required for chloride 

concentrations to rise to the point where corrosion might occur on the rebars. The 

chloride threshold is determined by the steel qualities and, to some degree, the 

concrete parameters. In addition, the period tp refers to the amount of time required 

for corrosion to spread across an entire structural element before the part begins to 

fail significantly. This research used a deterministic solution based on Fick’s law 

according to the chlorine diffusion in the RC structure. The equation used in this 

study was derived from Fib Bulletin 34 (2006), whereby it is assumed that the surface 

chloride concentration remains constant and does not vary with time. The calculation 

of the initiation stage of chloride diffusion (ti) may be determined using the equation 

provided in reference (Spanish Ministry of Public Works, 2008). 

 

𝒕𝒊 =
𝒙𝟐

𝟒𝑫
[𝒆𝒓𝒇−𝟏 (

𝑪𝒔 − 𝑪(𝒙. 𝒕)

𝑪(𝒙. 𝒕)
)]

−𝟐

 
(6.4) 
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Where in the equation, D refers to the diffusion coefficient of the chloride for every 

age of the concrete obtained as 

𝑫 = 𝑫(𝒕𝟎). (
𝒕𝟎
𝒕
) 

(6.5) 

Regarding the durability parameters, it was assumed here that the conditioning 

deterioration mechanism was caused by airborne chlorides. According to Fick’s 

second law of diffusion, the advance of chlorides through the concrete cover over 

time depends mainly on two parameters, namely, a diffusion coefficient and a critical 

chloride threshold, which depend on the concrete mixture (Fib Bulletin 34, 2006): 

𝑪(𝒙, 𝒕) = 𝑪𝒔 ·

(

 𝟏 − 𝒆𝒓𝒇
𝒙

𝟐√𝑫𝟎 · 𝒕 · (
𝒕𝟎
𝒕 )

𝜶

)

  

(6.6) 

Where C(x,t) refers to the chloride concentration in time t (measured in years) and at 

a depth x from the surface, D0 is the chloride diffusion coefficient, Cs is the surface 

chloride content, t0 is the primary time, expressed in years, and usually considered as 

t0 = 0.0767 (equal to 28 days), and α = 0.5 is an age factor. 

Conversely, the level of chloride corrosion propagation (tp) commenced subsequent 

to the starting stage of chloride diffusion, whereby chloride ions present on the 

surface of the inner rebars initiated the erosion of steel reinforcements. Over a 

prolonged period, the process of chloride corrosion gradually diminished the stiffness 

and area of the cross-section of the reinforcements. The Spanish concrete design code 

offers the following computation for estimating this time: 

𝒕𝒑 =
𝟖𝟎

𝝓

𝒅

𝑽𝒄𝒐𝒓𝒓
 

(6.7) 

Where d is the concrete cover thickness. Vcorr shows the chloride corrosion rate, and 

ϕ is the diameter of the rebar. 

Based on the Spanish Ministry of Public Works (2008) findings, pertinent 

information on the condition of the marine bridge in the seawater may be derived for 

analytical purposes, as shown in Table 6.1. 

Table 6. 1. Durability parameters in a coastal reinforced concrete bridge (Spanish Ministry of 

Public Works, 2008).  

Marine Exposure 

Classification 

Cs 

(% of Concrete 

Weight) 

Vcorr 

(μm/Year) 

D0 

(×10−12m2/s) 

Aerial (IIIa) 0.14 20 

10.0 Submerged (IIIb) 0.72 4 

In tide zone (IIIc) 0.50 50 
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The following formula for the chloride corrosion of reinforcements in coastal bridges 

may be used to predict the amount of damage produced by corrosion as a percentage 

(Hadizadeh-Bazaz et al., 2023b). 

𝑫𝒂𝒎𝒔𝒕 𝒓𝒆𝒃𝒂𝒓(𝒕) =
𝒕 − 𝒕𝒊
𝒕𝒑

× 𝟏𝟎𝟎  
(6.8) 

Damst rebar is the percentage of reinforcement affected by chloride ions in every time 

(t) since propagation tp. 

Using the sensitivity equation, we can model the updating process by considering the 

following equations: 

∆𝒁(𝝎) = 𝜟𝑲−𝝎𝟐𝚫𝑴+ 𝒊𝝎𝜟𝑪     (6.9) 

 

𝑯𝑫(𝝎) = [𝒁(𝝎) + 𝚫𝒁(𝝎)]
−𝟏 (6.10) 

HD(ω) is the frequency response of the corroded bridge according to Equation 6.8, 

and Z(ω) refers to the impedance matrix and is the inverse transfer function. So, the 

damaged elements through the PSD equation can be as follows. 

𝑺𝑿𝑿(𝝎) = 𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝚫𝑯(𝝎)

− 𝑯𝑫
∗ (𝝎)𝚫𝒁∗(𝝎)𝑺𝑿𝑿(𝝎) 

(6.11) 

The complex conjugate bridge failure transfer function for reinforced chloride 

corrosion is H*D, depending on the failure prediction approach. 

The following equation is an expression of the precise ΔH that was provided by 

Esfandiari et al. (2009): 

𝚫𝑯(𝝎) = −𝑯𝑫(𝝎)(𝚫𝑲−𝝎
𝟐𝚫𝑴+ 𝒊𝝎𝑪)𝑯(𝝎) (6.12) 

 

 

It is possible to rewrite Equation 6.10 by making use of Equation 6.11 and Equation 

6.13 in the following manner: 

𝚫𝑺𝑿𝑿(𝝎)

= −𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)(𝚫𝒁(𝝎))𝑯(𝝎)

− 𝑯𝑫
∗ (𝝎)(𝚫𝒁∗(𝝎))𝑯∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯(𝝎) 

(6.13) 

The dynamic characteristics of each element were changed in the reinforcement’s 

corrosion damage over time to assess the effect that corrosion had on the structural 

behavior of the system. This was done so that corrosion damage may be attributed to 

the system. The equations for the structural stiffness, mass, and damping matrices 

can be obtained as follows: 
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 𝚫𝑲 = ∑𝑲𝒏𝚫𝑷𝒏
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𝒏=𝟏

𝚫𝑴 =∑𝑴𝒏𝚫𝑷𝒏
𝑴

𝒏𝒆

𝒏=𝟏

𝚫𝑪 = ∑𝑪𝒏𝚫𝑷𝒏
𝑪

𝒏𝒆

𝒏=𝟏

  

(6.14) 

The structural components’ stiffness, mass, and damping matrix levels are Kn, Mn, 

and Cn. The observed changes in structural parameters ΔPn
K, ΔPn

M, and ΔPn
C fall 

within the range of −1 to 1. According to Equation 6.13 and a chloride-corroded RC 

bridge, the sensitivity matrices for the structure’s nth parameter determine passive 

stiffness ratios: 

{
  
 

  
 

𝑺𝑲 = −𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑲𝒏𝑯

𝑻(𝝎)

−𝑯𝑫
∗ (𝝎)𝑲𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑴 = 𝝎𝟐(𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑴𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑴𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑪 = 𝒊𝝎(−𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑪𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑪𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

 

(6.15) 

Finally, the PSD equation for calculating the dynamic characteristic parameter 

changes for the anticipated damages is as follows: 

𝚫𝑺𝒙𝒙 = 𝑺
𝑲𝚫𝒑𝑲 + 𝑺

𝑴𝚫𝒑𝑴 + 𝑺
𝑪𝚫𝒑𝑪 (6.16) 

In order to monitor the changes in dynamics, such as stiffness and reinforcement loss 

in cross-section areas over time in the concrete marine bridge elements, Δpk, ΔpM, and 

ΔpC illustrate the differences in the structural stiffness caused by deterioration over 

time using the PSD method and equations for the corrosion of the reinforcement. 

The construction phase of bridges or tunnels is often associated with several 

environmental implications and dangers. These include diminished water exchange, 

habitat destruction, biodiversity loss, heightened levels of suspended solids, and 

water quality degradation. 

6.2.2. Life Cycle Assessment 

 Environmental Impact Assessment 

In general, the environmental consequences and dangers that are present throughout 

the building phase for bridges and tunnels include a reduction in the amount of water 

exchange, loss of habitat, a decrease in the amount of biological diversity, an increase 

in suspended particles, and contamination of water quality. 
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The midpoint and endpoint approaches are two methodologies used in the 

environment life cycle assessment, an inventory of the life cycle to intelligible 

indications. The impact on the environment is the focus of the endpoint method, 

whereas environmental effects are the focus of the midpoint approach. An alternative 

view is that the midpoint approach is the direct cause, and the endpoint approach is 

the long-term result. The midpoint and the endpoint are expressed in Figure 6.4. 

 

Figure 6. 4. The approaches to environmental life cycle assessment (Penadés-Plà et al., 2020). 

The midpoint technique yields more comprehensive information, whereas the 

endpoint approach yields more compact information. Climate change processes, 

products, and services release gases into the atmosphere that cause environmental 

issues like ozone loss and global warming, which is a midpoint approach. In the long 

term, these gas releases will hurt the environment, people’s health, and finances. In 

this case, ozone loss can cause more skin cancer cases, which can be an endpoint 

method. The four main LCA approaches were CML (Institute of Environmental 

Sciences, institute of the Faculty of Science of Leiden University, Leiden, 

Netherland), ReCiPe 2016 (National Institute for Public Health and the Environment, 

Bilthoven, Netherland), IMPACT 2002+ (Industrial Ecology & Life Cycle Systems 

Group, GECOS, Swiss Federal Institute of Technology Lausanne (EPFL), Lausanne, 

Switzerland), and TRACI (Sustainable Technology Division National Risk 

Management Research Laboratory Office of Research and Development U.S. 

Environmental Protection Agency Cincinnati, OH). SimaPro® (Data quality guideline 

for the Ecoinvent database version 3. St. Gallen, Switzerland) and Ecoinvent® (The 

ecoinvent Database is a Life Cycle Inventory (LCI) database that supports various 

types of sustainability assessments. Zurich, Switzerland) are the most popular 

databases (Barahmand & Eikeland, 2022). ISO 14040 and ISO 14044 have 

standardized specifications for different systemic analysis approaches. Figure 6.5 

demonstrates the ReCiPe (Goedkoop et al., 2009; Huijbregts et al., 2016) method for 

the midpoint and endpoint indicators. 
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Figure 6. 5. The indicators of E-LCIA through the ReCiPe method. 

As shown in Figure 6.5, the environment assessment according to the ReCiPe method 

for midpoint includes human toxicity, photochemical oxidant formation, particulate 

matter formation, marine ecotoxicity, terrestrial ecotoxicity, freshwater ecotoxicity, 

and ionizing radiation, which are among the various environmental factors that can 

have adverse effects on ecosystems and human health. The topics of interest include 

agricultural land occupation, urban land occupation, natural land transformation, 

water depletion, mineral resource depletion, and fossil fuel depletion. Conversely, the 

terminal point encompasses various classifications of harm, including ecosystems, 

human health, and resources. 

The LCA in a structure like a bridge is specified in four phases. These phases may 

consider all the actions required from the initial design through the end structure’s 

service life: manufacturing, construction, maintenance, repair, and destruction at the 

end of the structure’s lifetime (see Figure 6.6). 

 



Inclusion of damage detection methods for the sustainable life cycle design of bridges in aggressive 

environments 

 

116 

 

 

Figure 6. 6. Methodologies, activities, and material used in this research. 

This study analyzed the maintenance level that included some activities for 

maintaining and repairing a coastal RC bridge using the PSD approach as a non-

destructive method to determine the location and quantify the damages caused by 

corrosion during the bridge’s lifetime. E-LCIA was assessed using the ECOINVENT 

(Association, 2023) database via the ReCiPe method. For this purpose, the endpoint 

included damage categories such as ecosystems, human health, and resources. 

The maintenance and repair stage during the use of a structure includes all of the 

procedures required during the bridge’s life. 

6.3. Model Description 

The methodology presented above was applied to an existing concrete bridge located 

near the shore. The bridge used as a model for the present investigation was the 

reinforced concrete bridge in Arosa, in the Spanish region of Galicia (Figure 6.7). 

The data required to define the geometry of this bridge were gathered from the 

scientific literature (León et al., 2013; Pérez-Fadón Martínez, 1985; Pérez-Fadón 

Martínez, 1986). In particular, the bridge measured 1980 m in length. The initial and 

final spans each had a span length of 40 m, while the intermediate spans had a length 

of 50 m. 
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Figure 6. 7. The total view of the piers and deck of Spain’s reinforced concrete coastal Arosa 

bridge. 

The deck of this bridge was of a box-girder type and lay approximately 9.6 m above 

the mean high water level, being thus exposed to a high concentration of airborne 

seawater chlorides. Figure 6.8 presents the dimensions of the bridge deck (Pérez-

Fadón Martínez, 1985; Pérez-Fadón Martínez, 1986), which were as follows: 13 m 

in width and 2.30 m in height. There were two walkways on each side of the deck. 

The width of each of them on the sides of the deck was 1.5 m. The bridge’s transverse 

and longitudinal piers were 5.26 m and 1.80 m, respectively. 

 

Figure 6. 8. Cross-section and dimensions of the Arosa coastal and concrete bridge. 
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It was estimated that the steel amount for this bridge was 100 kg per cubic meter of 

concrete (Pérez-Fadón Martínez, 1985). The steel reinforcement concrete cover was 

35 mm for the deck and was increased to 45 mm for the piers, which were located in 

the so-called splash, tidal, and spray exposure zones (XS3 exposure zone according 

to UNE EN 1992-1-1). 

The concrete mix of the structure included a water-to-cement ratio w/c = 0.45 and 

contained 218.5 l/m³ of water, 485.6 kg/m³ of cement, 926.7 kg/m³ of gravel, and 

827.9 kg/m³ of sand, where every value was referred to a m³ of the resulting concrete. 

In addition, the characteristic compressive strength fcm equaled 40 MPa, and the 

modulus of elasticity Ec equaled 29 GPa. 

Furthermore, according to the concrete mix considered in this study and following 

the provisions from, the diffusion coefficient to be considered for the present case 

study was D0 = 10 × 10−12 m²/s, and the critical chloride threshold Ccrit = 0.6%. The 

third parameter that determined the chloride advance through concrete over time was 

the so-called surface chloride concentration, which depended on the chloride content 

in contact with the concrete element. Based on the distance between the structure and 

the seawater, a surface chloride content of 3.34% (Cs,0) was used to assess the bridge 

deck. 

 

6.3.1. The Numerical Model Analyses 

As computers and sensors improve in capacity and speed, non-destructive numerical 

models of structures are used to identify damages. Based on vibration and signals, 

the PSD technique studied damage caused by chloride ions on a computational model 

of a coastal bridge. The numerical model of the reinforced concrete bridge 

reinforcement used defined regions and sensors at certain distances for health 

monitoring every year from the start of the corrosion period to the end. As seen in 

Figure 6.9, these spans’ deck and column numbers were renumbered from 1 to 167. 
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Figure 6. 9. Counting and dividing points as sensors in an Arosa bridge span. 

The numbering of the sensor locations for assessment is shown in Figure 6.9. The 

numbers 1 through 77 correspond to deck bridge locations 5 m apart in length and 3 

m apart in breadth. The point totals on one column began at 78 and went to 189 on 

the other. The sensors on the columns’ lengths were 2.63 m apart in breadth and 2 m 

apart in height. The column widths were roughly 1.80 m apart. 

Some sites were points of simulation, and some were measuring points to track 

chloride attack damage at each bridge position. These points were believed to be fixed 

for yearly test monitoring and analysis. In this regard, certain portions and 
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components were selected as simulation points, and others were selected as locations 

for measurement points. The simulated and measured points were far apart. Thus, the 

simulated points on the deck were 3, 18, 33, 48, 58, 59, 64, 65, 70, 71, 76, and 77, 

and between piers, the points were 86, 89, 98, 101, 115, 116, 127, 128, 135, 136, 147, 

148, 159, 160, 162, 165, 174, 177, 186, and 189. The locations of the measurement 

and stimulation points were assumed to be fixed and under the same conditions 

throughout the experiment. Because of this assumption, the researchers could track 

how these sites moved over time. This experiment employed trial and error to 

determine the number and location of sensors on the bridge span as software often 

computes sensor distances and frequency responses. The number and location of 

sensors determined their distance. Reducing the number of sensors increased their 

distance, which reduced the simulation point signals. This affected the frequency of 

reception at the measuring stations, even at large distances, influencing the findings. 

Additionally, chloride ions damage concrete components. This numerical study 

estimated 10% noise and error for the coastal bridge. PSD could detect damage via 

MATLAB, and Open Sees was used to examine the chloride ions. Figure 6.10 

summarizes the research on PSD and the ability of traditional techniques to anticipate 

structural failure and reduce repair costs for coastal bridges. 

 

Figure 6. 10. An overview of the study and computation procedures used for E-LCA for the 

bridge. 

The environmental impact assessment through a non-destructive damage detection 

method for repairing and maintaining a bridge over its expected lifetime of one 

hundred years is depicted in flowchart form in Figure 6.10. The annual wear and tear 
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on the bridge was analyzed in detail. After that, the repair operation was examined 

for structural, elemental, and area damage exceeding twenty percent. The percentage 

of damage that represented the commencement of damage depended on how 

important it was to monitor building repair and maintenance times. The annual impact 

on the environment of repairing and maintaining the facility was subsequently 

calculated. 

6.4. Results 

A non-destructive approach to assess the quantity and location of damages on a 

corroded and eroded coastal bridge was tested in the first stage. In order to identify 

the damages brought on by chloride corrosion in the RC bridge structure, the 

performance of the PSD approach in comparison with the conventional method was 

evaluated, and the results were compared and contrasted. The service life period time 

in Arosa Bridge, according to the quantity of damages based on the beginning repair, 

is shown in Figure 6.11. 

 

Figure 6. 11. The service lifetime for the repair of each element section ID of the concrete bridge. 

As shown in Figure 6.11, the desired time (years) to carry out the repair activities of 

each section of this bridge span was calculated during the life of this structure (100 

years). The amount of damage to the base was assumed to be 20% for the purpose of 

carrying out repair activities (Hadizadeh-Bazaz et al ., 2023b). Therefore, when the 

percentage of damage in one bridge element was more than 20%, this time (year) was 

the service life period for repair activities. The amount for each bridge section number 

of this case study is shown in Figure 6.12. And this amount could be different 

according to the importance and conditions of the structure. 
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Figure 6. 12. The percentage of the predicted damages for service life and repair period 

activities. 

As shown in Figure 6.12, the percentage of damage obtained to calculate the service 

lifetime and repair period in every part of the bridge in Figure 6.11 showed that the 

PSD method could be more accurate for each section ID considered, on average, if 

the damage reached 20% to 22%, predicting that it would reduce more damage to the 

structure, perform life service earlier and on time, and prevent more damage and more 

cost for repair. 

Furthermore, as a defect of the conventional method of determining the service 

lifetime for most parts and sections of the bridge, it was determined that the amount 

of damage was about 27% or more. According to the obtained results, this problem 

would involve the most significant risk and financial loss, especially for the sections 

of the bridge foundations that were in the tide zone (12 and 18), and would cause 

more corrosion by chloride ions because the damage in these parts for the 

conventional method of timed first-life service, repair, and maintenance was 

predicted, which was around 50%. But the PSD method predicted the time when the 

amount of damage was around 24% as the first time (year) to carry out repair and 

service life activities, which could reduce the repair and maintenance costs and life 

risks as well as decrease the environmental effects in the repair and maintenance 

phase of this bridge. 
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As follows, according to the predicted times for each section of the bridge using the 

PSD and the conventional techniques for repairing the damaged parts of the bridge, 

the performance of PSD as a method of identifying damage in the structure in the 

changing environmental impact was evaluated and compared in the stage of bridge 

repair and maintenance. Generally, the results of the assessment of the environmental 

impact by ReCiPe for endpoint using ECOINVENT for the deck and columns of the 

bridge through these methods are presented in Table 6.2. 

 

Table 6. 2. Environmental impact assessment results from two methods on the coastal bridge 

 
 

Environmental Impact (Points) 

Desk Columns 

Conventional PSD Conventional PSD 

Ecosystem quality     

Agricultural land occupation 1872.4 268.3 2313.8 685.4 
Climate change, ecosystems 46,192.7 6620.7 57,082.6 16,909.2 

Freshwater ecotoxicity 5.9 0.8 7.3 2.1 

Freshwater eutrophication 23.4 3.3 29.0 8.5 
Marine ecotoxicity 129.2 18.5 159.6 47.2 

Natural land transformation 22,668.7 3249.0 28,012.8 8298.0 

Terrestrial acidification 151.4 21.7 187.1 55.4 
Terrestrial ecotoxicity 512.9 73.5 633.8 187.7 

Urban land occupation 444.1 63.6 548.8 162.5 

Human health     

Climate change, human health 58,117.0 8329.8 71,818.1 21,274.2 

Human toxicity 72,315.3 10,364.8 89,363.6 26,471.6 

Ionizing radiation 60.7 8.7 75.0 22.2 
Ozone depletion 3.7 0.5 4.6 1.3 

Particulate matter formation 7975.7 1143.1 9855.9 2919.5 

Photochemical oxidant 
formation 

206.7 29.6 255.5 75.6 

Resources     

Fossil depletion 49,089.4 7035.9 60,662.3 17,969.6 

Metal depletion 8142.3 1167.0 10,061.9 2980.5 

 

Table 6.2 demonstrates the environmental impact results of the Open LCA 2.0 

software for three categories, including the ecosystem quality, human health, and 

resources. 

The difference in E-LCA impacts when maintenance by the PSD method was 

compared with the conventional method in the Arosa bridge is shown in Table 6.3. 
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Table 6. 3. Benefits of utilizing PSD in the environmental impacts category of a bridge span 

Impact Category Difference  Impact Category Difference 

Ecosystem Quality   Human Health  

Agricultural land occupation 3232.5 
 Climate change, human 

health 
100,331 

Climate change, ecosystems 79,745.4  Human toxicity 124,842.5 

Freshwater ecotoxicity 10.3  Ionizing radiation 104.7 

Freshwater eutrophication 40.5  Ozone depletion 6.54 

Marine ecotoxicity 223 
 Particulate matter 

formation 
13,768.9 

Natural land transformation 39,134.4 
 Photochemical oxidant 

formation 
356.9 

Terrestrial acidification 261.4  Resources  

Terrestrial ecotoxicity 885.5  Fossil depletion 84,746.2 

Urban land occupation 766.71  Metal depletion 14,056.6 

 

Table 6.3 shows the differences in values for the subcategories of the ecosystem 

quality category, including agricultural land occupation, climate change for 

ecosystems, freshwater ecotoxicity, freshwater eutrophication, marine ecotoxicity, 

natural land transformation, terrestrial acidification, terrestrial ecotoxicity, and urban 

land occupation, which were equal to 3232.54, 79,745.45, 10.32, 40.55, 223.05, 

39,134.41, 261.40, 885.54, and 766.71, respectively, using the conventional method 

and PSD for a bridge span including two columns and a 50 m long deck. Also, this 

value difference between the two methods for the subsets of the human health 

category included climate change (human health), human toxicity, ionizing radiation, 

ozone depletion, particulate matter formation, and photochemical oxidant formation, 

respectively, with values of 100,331.05, 124,842.53, 104.79, 6.54, 13,768.97, and 

356.95. And finally, the value differences for the subset of the resources category, 

including fossil depletion and metal depletion, were 84,746.24 and 14,056.66, 

respectively. 

Furthermore, the E-LCA for the deck and columns of a span of the bridge through 

two methods to damage detection methods for maintenance and repair activities are 

shown in Figure 6.13. 
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Figure 6. 13. The total quantification of environmental categories’ impacts on the Arosa Bridge 

The analysis results showed the PSD method’s significant effect on reducing this 

bridge’s environmental impact. The PSD method reduced the amount of total 

ecosystem impact, compared with a conventional approach in maintenance and repair 

of the deck of a span of the bridge, with a decrease of about 61,449.68 points; for 

total human health as one of the vital impacts, it helped to reduce the impact by about 

118,802.69 points. And also, the total resources in the deck of the bridge through the 

PSD method could save about 49,028.9 points. Finally, in the columns of the coastal 

bridge, for total ecosystem quality, human health, and resources, the use of the PSD 

method could result in less harm to the environment, by about 62,363.55, 120,608.15, 

and 49,774 points, respectively. 

Overall, the final results showed that the total difference in the effect of using PSD 

compared with the conventional method on the whole ecosystem quality, human 

health, and resources in the bridge deck and two columns of a span was less than 

during the bridge’s life. 
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Total Ecosystem quality 71,730.73 10,281.04 88,641.22 26,257.67
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6.5. Conclusions 

The results of the LCA and the performance of a non-destructive method of detecting 

damage in a structure to repair and maintain a structure, and therefore, the design and 

construction of the bridge, showed the use of these methods in reducing inappropriate 

and harmful environmental effects. The life cycle assessment analysis and the 

performance of the non-destructive and dynamic method of detecting damage in a 

structure showed here that the PSD method, which is a dynamic and non-destructive 

method, outperformed conventional techniques in terms of its ability to predict 

damage in a coastal reinforced concrete bridge in an environmental impact 

assessment. 

The application of PSD for predicting maintenance needs along the use and 

maintenance life cycle stages of a structure, in comparison with conventional 

methods, allows the designer to estimate not only the occurrence of damages over 

time but also their approximate location. This provides a more realistic prediction of 

the impacts of maintenance of any kind throughout the infrastructure lifecycle, 

leading to more valuable decision-oriented results. In this research, and for the case 

study analyzed, it was shown that the use of the PSD method, in comparison with the 

conventional method in terms of environmental impact, could reduce the predicted 

harmful effects on the environment by 14.33% in the deck and 29.62% in the columns 

of the bridge in the stage of bridge repair and maintenance. 

Future studies will look at using PSD-based maintenance prediction algorithms in 

structures to analyze societal consequences throughout the infrastructure’s life cycle. 

It would also be interesting to include PSD-based methodologies in sustainable 

decision-making tools to obtain more realistic scenarios from the usage stage of an 

infrastructure life cycle and make more practical judgments during the design phase. 
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Abstract 

Abstract. In light of the recent introduction of the Sustainable Development Goals, 

there has been a heightened emphasis on mitigating the adverse effects of 

construction activities. To fully understand the environmental and economic impacts 

of various aspects such as products, processes, and projects, life cycle assessment 

(LCA) is critical. This study examines the sustainability life cycle assessment of the 

Power Spectral Density (PSD) method, including Environmental Life Cycle 

Assessment (E-LCA), Social Life Cycle Assessment (S-LCA), and Life Cycle Cost 

Assessment (LCCA). The primary focus is on the method’s capability to identify and 

quantify corrosion-induced damage to structures over time, particularly from chloride 

ions. For the sustainability life cycle analysis, the study employs eight multicriteria 

parameters and the Technique for Order Preference by Similarity to an Ideal Solution 

(TOPSIS) method. The results indicate that the PSD method, a non-destructive 

damage detection technique, effectively predicts corrosion-induced damage. This 

predictive ability, compared to other methods for estimating the service life of 

reinforced concrete structures, supports the maintenance and repair of coastal 

concrete bridges throughout their lifespan. The research confirms the PSD method's 

effectiveness, yielding sustainability benefits such as reduced costs and lower 

environmental and societal impacts over its lifetime. 

 

Keywords Multi-criteria decision-making; Sustainability; Topsis;  Power Spectral 

Density (PSD); Life cycle assessment (LCA); Non-destructive damage detection 

techniques 

 

7.1. Introduction 

In today's scontext, assessing the longevity and stability of structures has become 

increasingly crucial due to the imperative of maintaining and repairing them. 

Sustainable development, as outlined in the Brundtland Report, refers to the process 

of fulfilling current demands without jeopardizing the capacity of future generations 

to fulfill their own needs. This definition suggests a harmonious equilibrium among 

economic expansion, social progress, and environmental preservation. (Brundtland 

& Comun, 1987). 
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Sustainable activities and decisions should be predicated on the comprehensive 

evaluation of their economic, environmental, and social ramifications throughout a 

given period. Implementing the idea of sustainability in the industry is particularly 

relevant in the building sector, where the sustainable design of goods plays a crucial 

role (Navarro et al., 2023; Navarro et al., 2019). The construction sector has emerged 

as a prominent contributor to environmental strain within our society. This is 

primarily due to its significant role in accounting for 30% of worldwide energy 

consumption, 40% of raw material extraction, and 30% of greenhouse gas emissions 

(Choi, 2019). 

Life cycle assessments (LCA) are generally acknowledged as a very efficient 

approach for assessing the sustainability of concrete buildings. LCA is a systematic 

approach used to evaluate the environmental and social ramifications of a product, 

process, or activity across its whole life cycle, including the extraction of materials 

through its final disposal (ISO 14040:2006 /AMD 1:2020; ISO 14044:2006 /AMD 

2:2020). Engineers and architects are responsible for balancing the positive and 

negative life cycle-related effects generated by the infrastructures they design, 

making the design of infrastructures that effectively contribute to the sustainable 

future demanded by our society a priority and a significant challenge. 

Consequently, a recent study has been conducted on the evaluation of infrastructures, 

concentrating on their effects on the economy, the environment, and society. 

Although considerable attention has been given to the sustainable design of bridges, 

interest has grown in the sustainability assessment of a wide variety of infrastructure 

types, including pavements (Kazemeini and Swei, 2023; Kothari et al., 2022), 

buildings (Sánchez-Garrido et al., 2022; Caruso et al., 2020), railway tracks (Celauro 

et al., 2023; PONS et al., 2020), and others. Bridges are vital transportation 

infrastructure for land accessibility but are costly for road expansion. Recent research 

has aimed at reducing bridge construction and maintenance costs (Hadizadeh-Bazaz 

et al., 2023b; Zhao and Li, 2022; Carbonell et al., 2011). 

The application of multicriteria decision-making (MCDM) techniques has proven to 

be the most suitable approach for assessing conflicting sustainability dimensions in a 

multistakeholder and long-term context like infrastructure design. Using MCDM 

methodologies, the decision-maker can evaluate complicated issues containing many 

inconsistent criteria based on the opinions of a panel of experts or decision-relevant 

stakeholders (Navarro et al., 2022). 

In this regard, selecting and applying methods for detecting non-destructive damage 

in structures play a pivotal role in ensuring sustainability and assessing a structure's 

life cycle. Determining the extent of damage in a building can involve both 

destructive and non-destructive approaches. Destructive strategies rely on models 

that typically require the removal of structural samples to assess damages (Bjørheim 
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et al., 2022). In contrast, non-destructive techniques are model-independent, enabling 

structural integrity evaluation through numerical modeling without physically 

harming the building components (Jodhani et al., 2023). These non-destructive 

methods often involve signal-based technologies and have witnessed increased 

adoption due to advancements in high-tech computers and sensors in structural health 

monitoring (Chaupal and Rajendran, 2023). 

Signal-based methods for non-destructive damage detection operate in either the time 

domain (Malekghaini et al., 2023), the frequency domain (Cai and Zhu, 2023; Cai et 

al., 2023), or a combination of both (the time and frequency domain) (Liu et al., 2023; 

Yang et al., 2023). Among these methods, dynamic frequency-domain approaches, 

such as the power spectral density (PSD) (Hadizadeh-Bazaz et al., 2023a; Fang et al., 

2023), frequency response functions (FRF) (Hassani et al., 2023; Jalali and Rideout, 

2022), modal curvatures (Ganguli, 2020; Ciambella et al., 2019), modal strain 

energies (Nguyen and Livaoğlu, 2023; Pooya and Massumi, 2022), and natural 

frequencies (Wang, 2021; Khan et al., 2020), have gained prominence. The PSD 

technique, operating in the frequency domain, leverages the frequency response of 

both periodic and random signals to characterize power distribution precisely. This 

method utilizes a highly responsive nonlinear function based on structural elements, 

effectively generating a second-order transfer function (Nilsson and Liu, 2015). 

Some studies have been conducted to assess life cycle impacts, such as environmental 

impact and life cycle cost assessment, through the non-destructive damage detection 

method (Hadizadeh-Bazaz et al., 2023b; Navarro et al., 2023). However, the 

performance of non-destructive damage detection methods on social impact 

assessment and the sustainability of a structure has not been explored yet. 

Furthermore, society generally addresses sustainability concerns via ecological 

reductionism, which oversimplifies the complex character of these challenges. 

However, assessing sustainability issues requires integrating several scientific 

disciplines, a process called "orchestration of sciences" (Munda, 2016). One effective 

method for using a multidisciplinary approach to sustainability assessment is by 

utilizing MCDM methodologies (Sousa et al., 2021). Recent research has focused on 

developing tools and techniques to evaluate infrastructure sustainability and provide 

valuable insights for future design decisions in different structures. Various strategies 

have been used to achieve this goal. Applying a broad range of MCDM 

methodologies, researchers have spent the last several years developing tools and 

methods to analyze the sustainability of infrastructure and generate meaningful 

findings to guide future design activities in a wide range of buildings. However, the 

MCDM approach to sustainable infrastructure evaluation has not yet been agreed 

upon. However, other researchers argue that using several MCDM methods should 
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lead to valid findings for sustainability assessments (Hwang et al., 1981). Therefore, 

this study analyzed the performance evaluation S-LCA and sustainability life cycle 

assessment by the TOPSIS method as a novelty through the PSD technique as a non-

destructive and dynamic method, as well as the performance of this damage detection 

method to spatially assess the social life cycle. Annual structural health monitoring 

by the PSD method was performed, taking into account changes in dynamic 

components such as rebar stiffness and mass and numerous bridge parts, which were 

compared by conventional method results. 

7.2. Methodology 

In recent times, exploring a structure's sustainability life cycle assessment has 

become imperative to analyze its environmental and social impacts and life cycle 

costs. The life cycle assessment can yield diverse perspectives at various stages of a 

structure's existence, including manufacturing, construction, utilization and 

maintenance, and eventual decommissioning (Martínez-Muñoz et al., 2022). 

Researchers and engineers are keen on understanding the efficacy of non-destructive 

methods in detecting structural damage throughout all stages, from the initial 

planning and construction phases to the end of a structure's life. This pursuit aims to 

mitigate adverse environmental, social, and economic impacts. Figure 7.1 provides a 

concise overview of the levels involved in this study, which evaluates the 

sustainability of a bridge during maintenance and repair activities by implementing a 

non-destructive damage detection method, thereby reducing impacts on a coastal 

concrete bridge afflicted by damage throughout its lifespan. 

 

Figure 7. 1. Concise overview of the sustainability assessment stage of a concrete bridge 

structure using the PSD approach. 
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This study used The PSD technique as a non-destructive dynamic method to predict 

damage during the maintenance and repair of a concrete bridge structure throughout 

its long-term durability. Subsequently, the following sections delineate the analyzed 

model and elaborate on the materials and methods employed in this comprehensive 

assessment. 

7.2.1. Bridge model description 

The analysis was conducted on a bridge span featuring a single box deck, known as 

the Arosa Bridge, in Galicia, Spain (refer to Figure 7.2). This concrete structure spans 

a total length of 1980 m and is comprised of 40 spans. The initial and concluding 

spans measure 40 m each, while the 38 intermediate spans are each 50 m long. This 

structure's geometric attributes and durability factors were deduced using data 

extracted from pertinent literature (León et al., 2013; Pérez-Fadón Martínez, 1985; 

Pérez-Fadón Martínez, 1986).  

 

Figure 7. 2. The geographical position and location of the Arosa Bridge 

The box-girder bridge deck stands 9.6 m above the tide zone level, facing exposure 

to elevated levels of airborne saltwater chlorides. The dimensions of the bridge deck, 

as illustrated in Figure 7.3, are 13 m in width and 2.30 m in height. Accompanied by 

two walkways on either side, each measuring 1.5 m wide, this deck presents a 
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comprehensive structure. The transverse and longitudinal dimensions of the bridge 

piers are 5.26 m and 1.80 m, respectively (Pérez-Fadón Martínez, 1985; Pérez-Fadón 

Martínez, 1986). 

 

Figure 7. 3. The measurements of the deck and columns of the central section of the Arosa 

bridge. 

The steel content of the bridge was evaluated at 100 kg/m3 of concrete (Pérez-Fadón 

Martínez, 1985). In the splash, tidal, and spray exposure zones (XS3 exposure zone 

per UNE EN 1992-1-1), the deck reinforcement measured 35mm, while the pier 

reinforcement was 45mm. The concrete mix for this bridge features a water-to-

cement (w/c) ratio of 0.45. The composition includes 218.5 liters per cubic meter of 

water, 485.6 kg/m3 of cement, 926.7 kg/m3 of gravel, and 827.9 kg/m3 of sand. 

Additionally, the modulus of elasticity (Ec) is 29 GPa, and the compressive strength 

(fcm) is 40 MPa. Construction of this bridge used Type II Portland cement. This 

particular cement variant offers a moderate level of resistance against chlorides and 

sulfate salts, which have the potential to weaken both concrete and reinforced steel. 

7.2.2. Service life prediction techniques 

The research investigates the application of the PSD method to predict potential 

damage to rebars in a coastal reinforced concrete structure exposed to chloride ions. 

The study assesses the precision of this method in predicting injuries, its influence on 

life cycle assessment, and the structure's environmental impact. The PSD equation, 



Inclusion of damage detection methods for the sustainable life cycle design of bridges in aggressive 

environments 

 

134 

 

derived through the transfer function, is presented as follows (Hadizadeh-Bazaz et 

al., 2022; Hadizadeh-Bazaz et al., 2023a; Zheng et al., 2015; Pedram et al., 2017): 

𝑯(𝝎) = (𝑲 −𝝎𝟐𝑴+ 𝒊𝝎𝑪)−𝟏 (7.1) 

The matrices K, M, and C denote stiffness, mass, and damping, respectively. The 

matrix 'i' is the identity matrix with a value of -1. Equation 7.2 represents the 

structural response equation that can be formulated based on the power spectral 

density. 

𝑺𝑿𝑿(𝝎) = 𝑯
∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎) (7.2) 

SFF represents the matrix of PSD inputs across all active Degrees of Freedom (DOF), 

while H*(ω) is the complex conjugate of a transfer function. Equation 7.2 illustrates 

that the power spectral density is a second-order function of the Frequency Response 

Function (FRF), signifying its highly nonlinear response to structural parameters.  

Corrosion is a prevalent issue in reinforced concrete bridges and coastal 

constructions. The degradation model depicted in Figure 7.4 by Tuutti associates 

service life with chloride-induced corrosion and damage in concrete rebars (Tuutti, 

1982). 

 

Figure 7. 4. Service Life Prediction for Rebars in a Reinforced Concrete (RC) Structure using 

Tuutti's (1982) Model. 

Figure 7.4 illustrates the onset of chloride corrosion, with initial chloride levels below 

the threshold. The activity of chloride ions moves through stages that include 

corrosion, concrete cover cracking, limits on how long it can be used, and its final 

limit state (Zhang et al., 2019). The following equation estimates the total time 

needed for chloride corrosion to happen (tl), which is the service life of the bridge's 
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reinforcements (Spanish Ministry of Public Works, 2008). It does this by combining 

the initiation and propagation phases. 

𝒕𝒍 = 𝒕𝒊 + 𝒕𝒑  (7.3) 

The corrosion initiation period (ti) is the duration required for chlorides to accumulate 

sufficiently to induce rebar corrosion. The chloride threshold is dependent on the 

properties of both steel and concrete. The period (tp) is when corrosion propagates 

throughout a structural member before leading to severe failure. In this study, Fick's 

equation will be employed to analyze chlorine diffusion in concrete deterministically. 

As per Fib Bulletin 34 (2006), the calculation assumes a constant, time-independent 

surface chloride concentration. The initiation of chloride diffusion can be calculated 

using the following equations (Spanish Ministry of Public Works, 2008). 

𝒕𝒊 =
𝒙𝟐

𝟒𝑫
[𝒆𝒓𝒇−𝟏 (

𝑪𝒔−𝑪(𝒙.𝒕)

𝑪(𝒙.𝒕)
)]
−𝟐

  
(7.4) 

D is the chloride diffusion coefficient for each concrete age, calculated as: 

𝑫 = 𝑫(𝒕𝟎). (
𝒕𝟎
𝒕
) 

(7.5) 

According to Fick's second law of diffusion, a diffusion coefficient and a critical 

chloride threshold are the main factors affecting how chlorides progress through the 

concrete cover. These parameters are contingent upon the composition of the concrete 

mixture (Fib Bulletin 34, 2006). 

𝑪(𝒙, 𝒕) = 𝑪𝒔 · (𝟏 − 𝒆𝒓𝒇
𝒙

𝟐√𝑫𝟎·𝒕·(
𝒕𝟎
𝒕
)
𝜶
)  

(7.6) 

Where C(x,t) represents the chloride concentration in the water at a specific depth x 

below the surface at a given time t (measured in years). D0 is the coefficient of 

chloride diffusion, Cs is the concentration of chloride on the surface, t0 is the initial 

time, typically assumed to be t0 = 0.0767 (equivalent to 28 days), and α = 0.5 is the 

aging factor. 

According to Fick's second law of diffusion, a diffusion coefficient and a critical 

chloride threshold are the main factors affecting how chlorides progress through the 

concrete cover. These parameters are contingent upon the composition of the concrete 

mixture (Fib Bulletin 34, 2006). 

Alonso et al. (2009) found that natural chloride thresholds varied from more than 0.4 

to 4 percent. The Spanish concrete design code (Spanish Ministry of Public Works, 

2008) requires the designer to determine the critical chloride concentration (Cth) 

based on the structure's unique concerns. Under normal conditions, 0.6% of the 

cement weight is considered to assess the limit state for passive reinforcement 

corrosion. 
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Thus, the mean critical chloride concentration is 0.6% of cement weight under typical 

circumstances. The initiation time ti begins when the rebars' chloride concentration 

hits Cth. This starts rebar corrosion and destruction. However, reinforcing harm does 

not occur if it is less (Spanish Ministry of Public Works, 2008). 

On the other hand, the process of chloride corrosion spreading (tp) begins after the 

first phase of chloride diffusion, when chloride ions are found on the surface of the 

inner rebars, beginning the deterioration of steel reinforcements. Over time, chloride 

corrosion reduces rebar stiffness and cross-sectional area. The Spanish concrete 

design code estimates this time as follows (Spanish Ministry of Public Works, 2008): 

𝒕𝒑 =
𝟖𝟎

𝝓

𝒅

𝑽𝒄𝒐𝒓𝒓
  (7.7) 

The variable d represents the thickness of the concrete cover. Vcorr represents the rate 

at which chloride causes corrosion, whereas ϕ denotes the diameter of the rebar. 

According to the findings of the Spanish Ministry of Public Works (Spanish Ministry 

of Public Works, 2008), Table 7.1 provides valuable information for analyzing the 

state of the marine bridge in the sea. 

Table 7. 1. Parameters of durability in a RC bridge located in a coastal area (Spanish Ministry of 

Public Works, 2008) 

Marine exposure 

classification 

Cs 

(% of concrete weight) 

Vcorr 

(μm/year) 

D0 

(×10−12m2/s) 

Aerial 0.14 20 

10.0 Submerged 0.72 4 

In tide zone 0.50 50 

 

The subsequent equation, which pertains to the corrosion of reinforcements due to 

chloride in coastal bridges, can be employed to forecast the extent of damage caused 

by corrosion, expressed as a percentage (Hadizadeh-Bazaz et al., 2023a). 

𝑫𝒂𝒎𝒔𝒕 𝒓𝒆𝒃𝒂𝒓(𝒕) =
𝒕−𝒕𝒊

𝒕𝒑
× 𝟏𝟎𝟎  (7.8) 

Damst rebar refers to the proportion of reinforcement influenced by chloride ions over 

a given period (t) starting from the initiation of propagation (tp). 

The updating process can be modeled by considering the equations derived from the 

sensitivity equation. 

𝜟𝒁(𝝎) = 𝜟𝑲−𝝎𝟐𝜟𝑴+ 𝒊𝝎𝜟𝑪 (7.9) 
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𝑯𝑫(𝝎) = [𝒁(𝝎) + 𝜟𝒁(𝝎)]
−𝟏  (7.10) 

The frequency response of the corroded bridge, denoted as HD(ω), is determined by 

Equation 7.8. The impedance matrix is represented by Z(ω), corresponding to the 

inverse transfer function. The potential sources of harm in the PSD equation can 

include the following: 

𝑺𝑿𝑿(𝝎) = 𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝜟𝑯(𝝎) −

𝑯𝑫
∗ (𝝎)𝜟𝒁∗(𝝎)𝑺𝑿𝑿(𝝎)   

(7.11) 

The transfer function for the failure of a complicated conjugate bridge due to 

reinforced chloride corrosion is denoted as H*
D, and its value depends on the chosen 

approach for predicting the failure. 

The subsequent statement represents the exact ΔH value as reported by Esfandiari et 

al. (2009) using the following equation: 

𝜟𝑯(𝝎) = −𝑯𝑫(𝝎)(𝜟𝑲−𝝎
𝟐𝜟𝑴+

𝒊𝝎𝑪)𝑯(𝝎)   
(7.12) 

Equation 7.10 can be reformulated by utilizing Equation 7.11 and Equation 7.13 as 

follows: 

𝜟𝑺𝑿𝑿(𝝎) =

−𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)(𝜟𝒁(𝝎))𝑯(𝝎) −

𝑯𝑫
∗ (𝝎)(𝜟𝒁∗(𝝎))𝑯∗(𝝎)𝑺𝑭𝑭(𝝎)𝑯(𝝎)   

(7.13) 

To measure how corrosion affected the system's structural behavior, each element's 

dynamic characteristics altered in the reinforcement's corrosion damage over time. 

This allows system corrosion to be attributed. Structural stiffness, mass, and damping 

matrix equations are: 

{

𝜟𝑲 = ∑ 𝑲𝒏𝜟𝑷𝒏
𝑲𝒏𝒆

𝒏=𝟏

𝜟𝑴 = ∑ 𝑴𝒏𝜟𝑷𝒏
𝑴𝒏𝒆

𝒏=𝟏

𝜟𝑪 = ∑ 𝑪𝒏𝜟𝑷𝒏
𝑪𝒏𝒆

𝒏=𝟏

    

(7.14) 

The structural components' stiffness, mass, and damping matrix levels are denoted as 

Kn, Mn, and Cn, respectively. The measured alterations in structural parameters ΔPn
K, 

ΔPn
M, and ΔPn

C are within the range of -1 to 1. The sensitivity matrices for the nth 

parameter of a chloride-corroded RC bridge, as determined by Equation 7.13, are 

responsible for determining the passive stiffness ratios of the structure. 

{
  
 

  
 
𝑺𝑲 = −𝑯𝑫

∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑲𝒏𝑯
𝑻(𝝎)

−𝑯𝑫
∗ (𝝎)𝑲𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑴 = 𝝎𝟐(𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑴𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑴𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

𝑺𝑪 = 𝒊𝝎(−𝑯𝑫
∗ (𝝎)𝑺𝑭𝑭(𝝎)𝑯𝑫(𝝎)𝑪𝒏𝑯

𝑻(𝝎)

+𝑯𝑫
∗ (𝝎)𝑪𝒏𝑯(𝒘)𝑺𝑭𝑭(𝝎)𝑯

𝑻(𝝎)

   

(7.15) 
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The PSD equation calculates changes in dynamic characteristic parameters for 

expected damages. 

𝜟𝑺𝒙𝒙 = 𝑺
𝑲𝜟𝒑𝑲 + 𝑺

𝑴𝜟𝒑𝑴 + 𝑺
𝑪𝜟𝒑𝑪   (7.16) 

Using the PSD method and reinforcement corrosion equations, Δpk, ΔpM, and ΔpC 

show changes in structural stiffness resulting from degradation over time in concrete 

marine bridge elements. 

Environmental risks are commonly involved with bridge and tunnel construction. 

These include decreased water exchange, habitat loss, biodiversity loss, suspended 

particulates, and water quality degradation. 

7.2.3. Sustainability life cycle assessment 

The life cycle concept has achieved widespread acceptance and standardization 

across numerous nations worldwide (ISO 14040, 2006, ISO 14044, 2006). When 

using the LCA method to model it, it is essential to look at all of the economic, 

environmental, and social effects of a process, product, or service (Soust-Verdaguer 

et al., 2021). A non-destructive identification method determined how badly a coastal 

concrete bridge was damaged. Corrosion from various stages of the cement's life 

cycle has been causing the bridge to fall apart. 

The goal was to determine if the PSD method could be used as a moving, non-

destructive way to find problems in this reinforced concrete bridge. Following this 

investigation, we applied sustainability life cycle impact methodologies, focusing on 

social impact assessments. These assessments form an integral part of the multi-

criteria evaluation employed to determine the projected lifespan of the bridge. 

 LCCA through the PSD method 

The LCC procedure, outlined in ISO 15686-5:2017, covers the building's life cycle 

cost analysis. LCC covers the building's life span, analysis period, future inflation 

rate, discount rate of future prices to present price, engineering and construction 

expenses, repair and maintenance costs, and environmental disposal costs. ISO 

15686-5:2017 defines maintenance costs as the total cash flows spent for this 

purpose, enabling a complete knowledge of the LCC process and its intricacies. The 

failure structure in ISO 15686-5:2017 is universal; however, the LCC process is 

complicated due to numerous circumstances. 

Life-cycle cost assessment is crucial when evaluating bridge performance. Using 

damage detection technologies, the bridge's LCCA was based on location and annual 

damage prediction. Manufacturing, building, usage and maintenance, and disposal 

are typical stages of a structure's life cycle and cost. The following calculations can 
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indicate the projected total cost during the bridge life cycle (Hadizadeh-Bazaz et al., 

2023b; Frangopol et al., 2017; Dong and Frangopol, 2016). 

𝑪𝑻 = 𝑪𝑰 + 𝑪𝑴 + 𝑪𝑰𝑵𝑺 + 𝑪𝑹 + 𝑪𝑫𝒂𝒎   (7.17) 

Equation 7.17 represents the various costs associated with a system. CI denotes the 

starting cost, CM represents the maintenance cost, CINS signifies the cost of 

inspections, CR denotes the total repairing cost, and CDam represents the expected 

damage cost. The entire cost for the repair activity of the concrete bridge can be 

determined based on the following components:  

𝑪𝑹(𝒕𝑽) =  𝑪𝑫𝑵𝑹𝑪(𝒕𝑽) + 𝑪𝑫𝑹𝑪(𝒕𝑽) +
 𝑪𝑺𝑴(𝒕𝑽) + 𝑪𝑷𝑬(𝒕𝑽) + 𝑪𝑺(𝒕𝑽) + 𝑪𝑪(𝒕𝑽)  

(7.18) 

Where the tv represents the time period under study; CDNRC the cost of demolishing 

non-reinforced concrete components such as the structure's cover; CDRC the cost of 

demolishing reinforced concrete components such as the bridge's structural parts; CSM 

the cost of sorting and recycling demolition debris; CPE the cost of preparing 

equipment for repairing the bridge's concrete and rebars; and CS the total cost 

including all these components; The CC refers to the overall cost associated with 

repairing the concrete section of the bridge that has deteriorated over time. Damages 

that result from chloride ions in constructions, along with other damage factors such 

as earthquakes and floods following a Poisson process, can all be factored into the 

total amount of life-cycle impacts in each structural part and element of a bridge 

within the time. Applying the Poisson process to structural damage allows for the 

modeling of the probability of various damage-causing events, such as earthquakes, 

floods, or chloride ion penetration, occurring during the lifespan of a structure. The 

occurrence of each of these occurrences may be random and independent; however, 

they can nonetheless be forecasted based on their average frequency (Chiu et al., 

2014). For instance in this study, a Poisson process is used to approximate the 

frequency at which a bridge will be subjected to damage caused by chloride ions 

throughout 100 years. By comprehending the mean frequency at which these 

occurrences occur, engineers may enhance their ability to forecast the overall life-

cycle effects on the bridge and strategize appropriately for maintenance and 

reconstruction. 

𝑪𝑫(𝒕𝒗) =  ∑ 𝑫𝒅𝒂𝒎(𝒕𝒌). 𝒆
−𝒓𝒕𝒌𝑵(𝒕𝒗)

𝑲   (7.19) 

In Equation 7.19, N(tv) represents the quantity and magnitude of detrimental variables 

affecting a structure within a specific time period. Ddam is the proportion of the yearly 

damages created by chloride ions and predicted by the PSD method at the time tv. 

This study's discount rate, denoted as r, is 5%. According to the Poisson model, the 

time tk follows a uniform interval distribution [0, tv] with a mean rate of λf. The annual 

damage percentage in items exposed to hazard effects can be expressed as (N(tv)= λf 

× tv). 
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𝑬[𝑪𝑫(𝒕𝒗)] =  
𝝀𝒇 .  𝑬(𝑫)

𝒓
 . (𝟏 − 𝒆−𝒓𝒕𝒌)  (7.20) 

In Equation 7.20, E[CD(tv)] represents the monetary worth of bridge components that 

have been affected by both damage and corrosion. 

Ultimately, as the LCCA, the total expenses for bridge repair and maintenance are 

determined based on the projected proportion of damages for the entire bridge 

section, as per the following equation. 

𝑬[𝑪𝑻 (𝒙̅. 𝒕𝒗)]

= 𝑪𝑰 + 𝑪𝑴 +∑  [ 

(∑ 𝑬[𝑪𝑫𝑵𝑹𝑪 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑫𝑹𝑪 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑺𝑴 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑷𝑬 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑺 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏

+ ∑ 𝑬[𝑪𝑪 (𝒙̅. 𝒕)]
𝑵(𝒕𝒗)
𝒕=𝟏 ) 

(𝟏 + 𝒓)𝒕

𝒕𝒗

𝒕=𝟏
 ]

+ 𝑪𝑫 

(7.21) 

 

The life cycle cost analysis evaluates the total cost of maintenance and repair for 

characteristics over the lifetime of the bridge structure, as evidenced by the expected 

value of the cumulative total cost (𝐸[𝐶𝑇𝑜𝑡𝑎𝑙  (𝑥̅. 𝑡𝑖𝑛𝑡)]). ∑ 𝐸[𝐶𝐷𝑁𝑅𝐶  (𝑥̅. 𝑡)]
𝑁(𝑡𝑣)
𝑡=1 ,  

∑ 𝐸[𝐶𝐷𝑅𝐶  (𝑥̅. 𝑡)]
𝑁(𝑡 𝑣)
𝑡=1 ,  ∑ 𝐸[𝐶𝑆𝑀 (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1 ,∑ 𝐸[𝐶𝑃𝐸 (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1 , ∑ 𝐸[𝐶𝑆 (𝑥̅. 𝑡)]

𝑁(𝑡𝑣)
𝑡=1 , 

and ∑ 𝐸[𝐶𝐶  (𝑥̅. 𝑡)]
𝑁(𝑡𝑣)
𝑡=1  are respectively the total costs of demolishing the 

unreinforced concrete parts, the reinforced concrete parts demolition, management, 

separation, and categorization of debris resulting from destruction, installation, and 

subsequent removal of formwork for repair concrete activity, repair, and replacement 

of damaged bar steel with corrugated bar steel with improved ductility characteristics, 

and also preparing and pouring concrete costs during and until the end of bridge life.  

This research looked at the whole life cycles of coastal concrete bridge parts, 

considering their locations in saltwater and the activities that go along with them. The 

assessment incorporated the costs of repairing the concrete and coastal Arosa bridges, 

utilizing national construction-related databases from Spain (MITMA, 2022). The 

PSD approach was employed for forecasting and estimating the bridge's degradation 

over time. Furthermore, the study examined the expenses of maintaining and 

repairing the concrete bridge, specifically focusing on corrosion-induced damage. 

The effectiveness and precision of this method in identifying the location, extent, and 
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timing of failures were thoroughly evaluated. Its capability to minimize structural 

maintenance and repair costs was also assessed. 

 E-LCA through the PSD method 

The infrastructure of bridges exerts adverse environmental impacts, contributing to 

diminished river flow, habitat destruction, decreased biological diversity, heightened 

levels of suspended particles, and water pollution. E-LCA utilizes two main 

strategies, midpoint and endpoint techniques, to furnish comprehensive life cycle 

indicators. The endpoint technique primarily emphasizes the overall environmental 

influence, while the midpoint approach focuses on specific environmental 

implications. A contrasting perspective posits the midpoint method as the immediate 

catalyst, whereas the endpoint approach represents the ultimate consequence 

(Penades-Pla et al., 2020). The approaches were analyzed according to some 

methods, including CML, ReCiPe 2016, IMPACT 2002+, and TRACI, and through 

some databases such as SimaPro and Ecoinvent® (Barahmand and Eikeland, 2022). 

The categories and subcategories of these approaches in general and the method 

processes used in this study are shown in Figure 7.5. 

 

Figure 7. 5. Environmental life cycle assessment indicators and method used 

Figure 7.5 shows that the ReCiPe method for midpoint environmental assessment 

takes into account many things, such as ionizing radiation, photochemical oxidant 

formation, particulate matter formation, marine ecotoxicity, terrestrial ecotoxicity, 

freshwater ecotoxicity, and human toxicity. These factors can potentially have 

detrimental effects on ecosystems and human health. The focal points include 

agricultural land encroachment, urban land encroachment, natural land conversion, 

water depletion, mineral resource depletion, and fossil fuel depletion. In contrast, the 

terminal point involves diverse damage categories such as ecosystems, human health, 

and resources.  
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This research utilized the PSD methodology to identify and quantify corrosion 

damage on a coastal RC bridge over its lifespan according to endpoint approaches 

because the endpoint approach gives us final damage categories that give us the 

opportunity to assess the PSD method results as a non-destructive damage detection 

method. The ECOINVENT (Association, 2023) database and the ReCiPe approach 

were employed for the E-LCIA. The endpoint encompasses the environment, human 

health, and resource loss. The maintenance and repair stage of bridge usage 

encompasses all necessary processes. 

 S-LCA through the PSD method 

UNEP's Life Cycle Initiative released the first Social Life Cycle Assessment 

Guidelines in 2009 (Benoît and Mazijn, 2009). Since then, researchers and 

practitioners have utilized these Guidelines to evaluate products' social and socio-

economic implications across their lifespan. S-LCA has grown from a small group of 

academics to encompass industry, policymakers, and business partners (Benoît et al., 

2020). 

Consequently, S-LCA involves four key stages: aim and scope definition, inventory 

analysis, impact assessment, and interpretation (refer to Figure 7.6). S-LCA provides 

valuable social and socio-economic decision-making insights to enhance 

organizational social performance and stakeholder well-being (Navarro et al., 2022). 

By amalgamating E-LCA modeling and systematic evaluation with the social 

sciences, S-LCA offers a comprehensive perspective. 

Figure 7.6 shows how the impact categories and subcategories looked at in S-LCA 

can affect stakeholders in a good or bad way throughout the life cycle of a product 

(UNEP, 2020; UNEP, 2021). 
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Figure 7. 6. The iterative phases, stakeholder categories, and subcategories of S-LCA according 

to the UNEP 2020 Guidelines 

In summary, conducting a social impact assessment within a life cycle assessment is 

a thorough and intricate procedure. It involves a comprehensive evaluation of the 

social consequences associated with a project or product throughout its life cycle. 

The primary objective is to ensure that social sustainability is considered alongside 

environmental and economic factors, thereby contributing to more responsible and 

ethical decision-making practices. 

The SOCA database extends the Ecoinvent v.3.3 databases, offering clear and 

extensive data for conducting S-LCA (Eisfeldt, 2017). The SOCA database supplied 

data for the social impact assessment utilizing an ordinal risk scale comprising six 

distinct risk levels. This was necessary as specific indicators are measured in various 

units (such as percentages, absolute values, etc.) and require conversion to a 

standardized unit of measurement. Each risk level is linked to moderate risks, where 

medium risk is represented by a factor of 1, and the other risk levels are assigned 

specific factors (Kovačič Lukman et al., 2021). The OpenLCA software was utilized 

to conduct the social assessment using the SOCA database (Eisfeldt, 2017). 
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Furthermore, the weighing method of the criteria is a crucial step in decision-making, 

as it will determine the outcome of an evaluation (Navarro et al., 2023). Due to the 

lack of a widely accepted method for social impact assessment, the "Social Impacts 

Weighting Method" is rather basic, with impact categories corresponding to one 

indicator.  

Therefore, The social component was assessed using the Social Impact Weighting 

Method and the SOCA database, with stakeholders actively participating. According 

to SOCA, social stakeholders include workers, local communities, society, and value 

chain actors. These stakeholder groups follow the Guidelines and demonstrate how 

the studied structures fit into Spanish society. 

7.2.4. MCDM model through the PSD method 

Multi-criteria decision-making approaches leverage aggregated data to make optimal 

economic, environmental, and social decisions. Decision-making often involves 

identifying and selecting various alternatives while considering their conflicting 

attributes (Penades-Pla et al., 2020). Some widely used classical MCDM methods in 

civil engineering and construction include SAW, COPRAS (a scoring approach), 

TOPSIS, VIKOR (utility/value methods), and MIVES (a utility-based tool). The 

absence of consensus on the most accurate MCDM approach is evident in literature 

surveys, which typically showcase a variety of methods. For instance, to supplement 

the explanation of the findings, an overall index, the Global Structural Sustainability 

Index (GSSI) method was introduced to assess the sustainability performance of each 

option throughout its life cycle (Zavadskas et al., 2015). 

The Analytic Hierarchy Process (AHP) divides complex decision problems into a 

hierarchical framework. This lets people decide by comparing criteria and options 

pairwise and ranking them. Using pairwise comparison techniques, AHP figures out 

how critical and subjective different criteria are by comparing and contrasting other 

options. Unlike producing an index, these approaches rank suggested solutions in 

order of dominance. 

This research looks at the TOPSIS method for MCDM to see how long a concrete 

coastal bridge can last for maintenance and repair work. It does this by looking at 

eight criteria of life cycle impact and using non-destructive damage detection 

methods. The process flowchart for calculations through the TOPSIS technique is 

depicted in Figure 7.7. 
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Figure 7. 7. MCDM flowchart for comprehensive design solution evaluation through the TOPSIS 

method 

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) ranks 

solutions based on their proximity to the optimal and worst possible choices. The best 

alternatives are intermediate between the perfect option and the worst one. The 

TOPSIS method is characterized by its proximity to the positive ideal solution (PIS) 

and its distance from the negative ideal solution (NIS). The first stage involves 

standardizing the scores (rij) for each alternative i and criteria j in the following 

manner (Sánchez-Garrido et al., 2022; Navarro et al., 2023): 

ŕ𝒊𝒋 =
𝒓𝒊𝒋

√∑ 𝒓𝒊𝒋
𝟐𝒎

𝒋=𝟏

 
(7.22) 

In Equation 7.22, the number of criteria included in the decision problem is shown as 

m. The standardized scores ŕij are multiplied by the appropriate criterion weights wi 

to get the standardized, weighted score vij.  
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The distances to the positive ideal solution (Di
+) and negative ideal solution (Di

-) are 

calculated as follows: 

𝑫𝒊
+ = √∑(𝒗𝒊𝒋 − 𝒗𝒋

+)𝟐
𝒏

𝒋=𝟏

 

(7.23) 

 

𝑫𝒊
− = √∑(𝒗𝒊𝒋 − 𝒗𝒋

−)𝟐
𝒏

𝒋=𝟏

 

(7.24) 

The variables vj
+ and vj

- represent the highest and lowest scores, respectively, for 

criteria j, taking into account all possible alternatives i.  

Ultimately, an index Ci
* is established to quantify the ultimate performance of each 

option i, considering its relative position to the positive and negative ideal solutions. 

𝑪𝒊
∗ =

𝑫𝒊
−

(𝑫𝒊
+ +𝑫𝒊

−)
 

(7.25) 

According to the TOPSIS approach, the optimal solution will have the highest 

proximity index Ci
*. 

 

7.2.5. Numerical model analysis 

The numerical model analysis for structural damage detection has garnered significant 

attention among engineers and researchers. According to this study, the PSD method 

was used to investigate the damage that chloride ions do to a computer model of a 

coastal concrete bridge. The technique focused on vibration and signal analysis. 

Stimulation and measurement points were placed on the bridge model to monitor its 

structural health annually and assess the corrosion damage situation. Figure 7.8 shows 



Chapter 7. Sustainability Life Cycle Assessment of Concrete Bridges in Coastal Regions Using 

Power Spectral Density Technique 

 

 147 

how deck and column numbers on specific spans were renumbered from 1 to 189 to 

simplify tracking. 

 

 

Figure 7. 8. Situation and numbering of sensor points on one span of the Arosa bridge. 

 

Figure 7.8 shows the numbers that have been assigned to different points that are used 

as sensors for analysis. The numbering system, ranging from 1 to 77, corresponds to 

points on the bridge deck, each spaced at 5 m meter intervals lengthwise and 3 m 

intervals widthwise across the bridge. In addition, the numerical sequence within 

each pier initiates at 78 and extends up to 189 in the adjacent column. The distance 

between points on the longer and broader sides of the columns measures 2.63 m, with 

a height between them of 2 m. Furthermore, the width of the pier, or the shorter side, 

is approximately 1.80m between each other. Specific points were designated as 

simulation points, while others served as measurement points, allowing for the annual 

assessment of damage severity resulting from chloride attacks at various bridge 

sections. 

For consistent annual test monitoring and analysis, the locations and conditions of 

these excitation and measurement points were maintained unchanged from one 

analysis year to the next. Specific locations across different sections and components 

were assigned as simulation points, while others served as measurement points, as 

shown in Table 7.2. 
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Table 7. 2. Simulation and measuring point numbers on a span of Arosa bridge. 

Location Stimulation points Measuring points 

Deck 
3, 18, 33, 48, 58, 59, 64, 65, 70, 

71, 76, 77. 
remaining points (Between 1 to 77) in the deck 

Pier 20 
86, 89, 98, 101, 115, 116, 127, 

128. 

remaining points (Between 78 to 133) in the 

Column 20 

Pier 21 
135, 136, 147, 148, 159, 160, 

162, 165, 174, 177. 

remaining points (Between 134 to 189) in the 

Column 21 

 

These locations in Table 7.2 were consistently evaluated yearly throughout the 

bridge's lifespan, maintaining a fixed placement. 

This study assumed that the positions of these stimulation and measurement sites 

remained constant over the structure's lifespan. This assumption served as the 

foundation for evaluating the changes in these points over time. Also, the expected 

effect of chloride ions on any part of this coastal concrete bridge was changed by 

10% to account for errors and noise in the numbers used in the study. The 

effectiveness of the PSD approach in detecting chloride-induced damage was 

evaluated using MATLAB software and the Open Sees program. 

7.3. Repair activities description 
In order to extend the longevity of structures like bridges, several repair methods and 

approaches adhere to the European standard EN 1504-9. These include patch repair, 

regular repair, repair using sacrificial anode, galvanic cathodic protection (GCP), 

impressed current cathodic protection (ICCP), and complete replacement of the 

damaged component of the existing structure (Wittocx et al., 2022). 

The principles (7 to 11) that can be employed to address damage caused by 

reinforcement corrosion are as follows: (7) Preservation or Restoration of Passivity, 

(8) Enhancement of Resistivity, (9) Cathodic Control, (10) Cathodic Protection, and 

(11) Control of Anodic Areas. Additionally, the concrete is sequentially restored 

following principles 1 to 6 to repair concrete damage after the rebars. The six 

principal purposes of this product are: (1) preventing the entry of unwanted 

substances, (2) managing moisture levels, (3) repairing concrete, (4) reinforcing 

structures, (5) enhancing physical durability, and (6) providing resistance against 

chemicals (NBN EN 1504-9; Renne et al., 2022). 

In this regard, some activities were done to repair damaged parts detected by the PSD 

method as a non-destructive damage detection method, as shown in Figure 7.9. 



Chapter 7. Sustainability Life Cycle Assessment of Concrete Bridges in Coastal Regions Using 

Power Spectral Density Technique 

 

 149 

 

 

Figure 7. 9. Total repair activities to assess sustainability by PSD method. 

As shown in Figure 7.9, in this study, the PSD method of monitoring as a damage 

detection method was used for the level of use and maintenance for repair activities. 

These repairing activities include the demolition of non-reinforced and forced 

concrete parts, the separation and classification of removal and demolition materials, 

and then the preparation of equipment and formwork for pouring concrete of the 

structure elements, as following steel rebars installation and finally, concrete pouring 

that they are main activities that use for this analysis. 

 

7.4. Results and discussion 

7.4.1. Service Life Prediction Methods Performance results 

In the first step, a non-destructive and dynamic damage detection method was used 

to check how long the cement used in a bridge would last during the repair and 

maintenance period. It is imperative to obtain insights into the efficacy of this method 

in pinpointing the location and extent of damage throughout the projected lifespan of 

the bridge, spanning a century. 
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A comparison of the PSD method with a conventional method for predicting 

corrosion caused by chloride ion attacks in a coastal setting, specifically for 

reinforced concrete bridges (Hadizadeh-Bazaz et al., 2023a), was done to see how 

well the PSD method worked. Table 7.3 shows the repair times for different parts of 

the Arosa bridge span, based on where they were measured and where they were 

simulated. 

The PSD methodology facilitated the computation of bridge repair durations for 

damages surpassing the 20% threshold of the base damage. These times were worked 

out based on the estimated service life of the conventional method. The goal was to 

find the best time to fix and maintain reinforced concrete structures exposed to 

chloride ions and corrosion. 

Table 7. 3. Arosa bridge location, time, damage, and service lifetime for repairing activities. 

Section No. 

Location and 

situation of each 

section 

Damage prediction techniques 

PSD Conventional 

Damage 

(%) 

Repair time 

(year) 

Damage 

(%) 

Repair time  

(year) 

Section 1 

Deck 

20.06 60 26.67 6 

Section 2 20.08 50 26.67 6 

Section 3 20.15 29 26.67 6 

Section 4 20.64 19 26.67 6 

Section 5 22.04 18 26.67 6 

Section 6 21.5 18 26.67 6 

Section 7 20.14 27 26.67 6 

Section 8 20.08 54 26.67 6 

Section 9 20.31 51 26.67 6 

Section 10 20.34 56 26.67 6 

Section 11 

Column 20 

21.1 14 20 17 

Section 12 24.23 15 50 14 

Section 13 26.63 16 20 18 

Section 14 21.48 17 20 18 

Section 15 26.45 19 20 18 

Section 16 22.11 19 20 18 
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Section 17 

Column 21 

21.1 14 20 17 

Section 18 24.23 15 50 14 

Section 19 26.63 16 20 18 

Section 20 21.48 17 20 18 

Section 21 26.45 19 20 18 

Section 22 22.11 19 20 18 

 

As delineated in Table 7.3, the Arosa bridge deck span was systematically divided 

into ten segments, each spanning 5 meters. This meticulous division was undertaken 

to enhance the precision and effectiveness of the assessment process. Furthermore, 

the individual bridge columns were subdivided into six segments with a uniform 

spacing of 2 meters. Notably, the data indicates that the conventional method predicts 

identical repair times for entire spans of bridge decks. In contrast, the PSD method 

yields varying predictions for initiating maintenance and repair activities, thereby 

offering a nuanced and differentiated perspective on the projected service lifetime of 

these bridge components. 

 

7.4.2. Life cycle impacts assessment results 

Exploring various dimensions of LCA results, encompassing economic, 

environmental, and social considerations, is crucial. This investigation, particularly 

in the context of the Arosa bridge, aims to elucidate the disparities in repair activity 

assessments facilitated by the PSD method as opposed to a conventional approach to 

service life prediction. The objective is to empower engineers and experts to mitigate 

both the adverse environmental impact and the financial costs associated with the 

maintenance of such structures. To this end, a comprehensive analysis focuses on the 

economic aspects and expenditures of repairing and maintaining the Arosa Bridge 

(Hadizadeh-Bazaz et al., 2023b). 

A comparative LCCA examination of the conventional method for predicting 

damage to this concrete bridge and its environs is presented in Figure 7.9. This 

detailed breakdown encompasses the columns and deck of a single bridge span, 

offering valuable insights into the economic implications of employing different 

predictive methodologies. 
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Figure 7. 10. Total LCC for the deck and columns of a span of the Arosa bridge through each 

method. 

As depicted in Figure 10, the life cycle cost for a single span of the Arosa bridge 

was determined to be approximately 248,001.19 euros through the implementation 

of the PSD approach, contrasting with 470,113.12 euros when conventional methods 

were employed. Employing the PSD approach for the bridge's maintenance and repair 

could yield an estimated cost savings of approximately 222,111.92 euros. These 

expenses encapsulate all costs incurred over 100 years for the routine and continuous 

repair and upkeep of the Arosa coastline bridge. The LCC of all bridge repair and 

maintenance costs underwent scrutiny to evaluate the efficacy of the PSD technique 

in reducing costs compared to alternative methods of predicting structural 

deterioration. To provide a more precise understanding of the cost savings enabled 

by the PSD approach, this analysis incorporated a 5% discount rate.  

Subsequent to this economic assessment, Figure 10 illustrates the impact of the 

PSD method on the environmental aspects of the Arosa Bridge in a corrosive 

environment, specifically focusing on the deck and columns of the bridge. This 

depiction compares against a conventional approach, shedding light on the 

environmental implications of utilizing different predictive methodologies. 
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Figure 7. 11. Total E-LCA for the deck and columns of a span of the Arosa bridge through each 

method. 

The research shows that using the PSD approach has made a big difference in how 

damaging the Arosa bridge structure is to the environment during maintenance and 

repair, as measured by LCA. When the PSD method for E-LCA is used instead of the 

usual way of maintaining and fixing bridge decks, as shown in Figure 7.10, the 

overall impact on the ecosystem goes down by 61,449.68 points, and the overall 

impact on human health goes down by 118,802.69 points. The PSD technique 

potentially yields savings of 49,028.9 points in bridge deck resource utilization. 

Additionally, in the context of coastal bridge columns, PSD has the potential to curtail 

environmental damage by 62,363.55, 120,608.15, and 49,774 points concerning 

overall ecosystem quality, human health, and resources, respectively. Compared to 

conventional techniques, PSD impacts ecosystem quality, human health, and 

resources less on the bridge deck and two columns. 

Specifically, this study uses a non-destructive damage detection method called 

PSD to assess the social impact of fixing and maintaining a coastal concrete bridge 

that is prone to corrosion and could fall apart. Figure 7.11 presents the outcomes 

derived from the S-LCA of the Arosa Bridge, emphasizing pivotal categories such as 

the local community, society, value chain actors, and workers. These results are 

obtained by applying the PSD method, which offers insights into the social 

implications of maintenance and repair activities throughout the structure's lifespan. 
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Figure 7. 12. Total S-LCA for the deck and columns of a span of the Arosa bridge through each 

method. 

Figure 7.12 shows the results of the social impact survey for four groups of 

stakeholders. These groups are further broken down into subgroups, as seen in Figure 

7.6. The PSD method was used to evaluate these subcategories for a mid-span section 

of the Arosa bridge with two columns and a 50-meter deck. This analysis was 

juxtaposed with the outcomes derived from the conventional approach for predicting 

corrosion damage. 

Following the PSD method, the total S-LCA results for the deck and two columns 

of this bridge span show values of 40,283.37, 35,226.05, 21,346.03, and 45,650.65 

risk hours for the local community, society, actors in the value chain, and workers. 

In stark contrast, the results obtained through the conventional method for the 

abovementioned categories are significantly higher, at 176,807.60, 154,610.55, 

93,689.80, and 200,365.10, respectively. 

The S-LCA results show that using the PSD approach is better than the traditional 

method because it has clear benefits and less of an effect on society. 
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7.4.3. Sustainability and MCDM Analysis Results 

Eight criteria were considered for the sustainability life cycle assessment of 

maintenance and repair activities using the PSD method in this study. These criteria 

encompass total cost (C1), total ecosystem quality (C2), total human health (C3), 

total resources (C4), workers (C5), local community (C6), society (C7), and value 

chain actors (C8). The analysis was conducted employing a Multi-Criteria Decision-

Making (MCDM) approach.  

The AHP was utilized as a weighting method to derive scores for each LCA 

criterion for the sustainability assessment. The scores were then applied to the 

TOPSIS technique. The weights assigned to each of these diverse criteria in the 

bridge are outlined in Table 7.4. 

Table 7. 4. Criteria and weights pairwise comparison matrix for the bridge by AHP 

Criteria C1 C2 C3 C4 C5 C6 C7 C8 Weights CR 

Costs (C1) 1 0.5 0.3 1 0.2 7 1 2 0.08 

0.07 

Ecosystem quality –

total (C2) 
 1 0.5 2 0.3 3 0.5 3 0.11 

Human health – total 

(C3) 
  1 4 1 8 4 7 0.27 

Resources – total (C4)    1 0.5 1 0.5 1 0.06 

Workers (C5)     1 9 9 9 0.32 

Local Community (C6)      1 0.5 1 0.03 

Society (C7)       1 5 0.09 

Value Chain Actors 

(C8) 
       1 0.04 

 

Table 7.4 demonstrates the weights of the pairwise matrix considered for the bridge 

using the AHP method. Furthermore, it was verified that the number of criteria 

conforming to the consistency ratio (CR) is below the desired threshold. If there are 

more than five criteria, it should be less than 0.1. Therefore, the value for these eight 

criteria is 0.07, which is less than 0.1. 

In order to assess the performance of the PSD method for sustainability life cycle 

assessment, the TOPSIS method is compared to the conventional method to predict 

the service life of coastal structure corrosion, as shown and outlined in Table 7.5. 
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Table 7. 5. The score for each method of damage preparation is according to the TOPSIS 

approach. 

LCA Criteria 

Optimizat

ion 

direction 

Alternatives Distances Score 

ŕij Di
+ Di

- Ci
* 

Conv PSD Conv PSD Conv PSD Conv PSD 

LCCA C1 min 0.074 0.039 

0.35 0.00 0.00 0.35 0.00 1.00 

E-LCA 

C2 min 0.103 0.023 

C3 min 0.265 0.043 

C4 min 0.058 0.013 

S-LCA 

C5 min 0.312 0.071 

C6 min 0.033 0.007 

C7 min 0.091 0.021 

C8 min 0.035 0.008 

According to the TOPSIS process result approach for each of the criteria because 

of the importance of the minimum optimization direction value offered by (min) in 

Table 5. In addition, by obtaining alternative value results in units from the LCC (€), 

E-LCA (Points), and S-LCA (Risk hours) to the same units to compare the multi-

criteria and sustainability of the PSD method and conventional approach calcuted. 

The distances to the positive ideal solution (Di
+) and negative ideal solution (Di

-) 

express that the higher the score, the better (further from the negative ideal solution). 

So, according to the TOPSIS approach, the optimal solution will have the highest 

proximity index Ci
*, and these scores for the PSD method become 1.00 and more than 

the conventional method by a value of 0.00. 

7.5. Conclusions 

In conclusion, the PSD method, employed as a non-destructive technique for 

detecting structural damage, has exhibited commendable efficacy in discerning 

chloride corrosion-induced impairments across various sites within an RC bridge, 

including internal rebars and concrete. The study revealed that chloride corrosion 

damages exerted a negligible impact on the analysis's effectiveness. The PSD 

technique was applied to determine the occurrence time and quantify the extent of 

damage in diverse sections of the coastal bridge, encompassing submerged and tide 

zone columns, as well as drier components such as the deck and column apexes. 
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By accurately predicting the location, quantity, and time of corrosion damage, 

implementing the PSD technique in the bridge's LCCA is projected to yield a 40% 

reduction in maintenance and repair expenses. Consequently, the PSD technique 

optimizes costs by ensuring timely infrastructure maintenance and repair. 

Additionally, when applied in E-LCA, the PSD method is anticipated to reduce 

impacts on the environment by 14.33% in the deck and 29.62% in the bridge's 

columns during maintenance, as compared to the conventional methods. 

Furthermore, the results of the S-LCA reveal that the PSD method significantly 

diminishes impacts on the local community (28.27%), society (24.72%), value chain 

actors (14.98%), and workers (32.03%) in comparison to conventional methods 

during maintenance and repair activities. However, the comprehensive evaluation of 

total impact, encompassing E-LCA, S-LCA, and total cost in the Arosa bridge, 

underscores the sustainability of the PSD method. Utilizing the TOPSIS method, 

considering multiple criteria, the sustainability life cycle assessment affirms that the 

PSD method, with a score of 1, outperforms the conventional method with a score of 

0, making it a highly sustainable choice for maintenance and repair activities 

throughout the bridge's lifespan. 

Given the imperative need for social impact and sustainability assessments to 

evaluate the performance of non-destructive dynamic methods in damage prediction, 

the findings of this research offer valuable insights to researchers and experts. 

Beyond its application in repairing and maintaining concrete bridges in coastal 

environments, the PSD method proves beneficial in the design phase, as well as 

before and after the construction of such structures, optimizing costs at every stage 

of a structure's life. 
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The present PhD thesis has posed many study inquiries about assessing damage 

detection technologies' efficacy in ensuring infrastructure sustainability. This study 

suggests a non-destructive and dynamic way of predicting damage to evaluate 

infrastructure sustainability from a comprehensive and integrated viewpoint. 

 

Research question 1: How do non-destructive damage identification methods 
perform in detecting different damages in materials like steel and concrete structures, 

considering damage factors like chloride corrosion and the structure's location and 

environment? 

In order to answer this inquiry, it is essential to examine the versatility and precision 

of non-destructive techniques in different situations. Some factors, such as material, 

qualities and ambient circumstances, may influence the effectiveness of vibraion base 

testing. This research further investigates the effectiveness of two dynamic and 

signal-based, non-destructive approaches, focusing on their distinctive qualities. 

These methods are called FRF and PSD. 

As for the material type aspect, the effectiveness of non-destructive methods like PSD 

and FRF can differ between materials due to their varying densities and properties. 

In this regard, results from Chapter 2 and research by Hadizadeh-Bazaz et al. (2022), 

analyses on a steel truss bridge indicated that, firstly, this investigation selected eight 

scenarios to compare the performance of each method to detect the amount of damage 

compared to the actual damage that happens in some element of the bridge structure. 

In this regard, in the scenario one, the PSD method, at about 5%, has a better ability 

to predict the real damage compared to the FRF. However, according to scenarios 

number two, three, four, five, and six, the FRF and PSD methods have about the same 

performance in terms of prediction. Nevertheless, according to scenario seven, which 

is more than 15%, the PSD approach can identify quantity damages in some elements 

close to real damages. In contrast, this is reversed in scenario eight, where the FRF 

performs about 20% better than PSD-based techniques.  

So, according to a better answer to how and why which method has a better ability 

error index for each approach assessed, the PSD surpasses the FRF in average 

outcomes for all three error measures, with CI closer to one and MSE and RE values 

closer to zero. PSD had lower IQR values than FRF in all three error evaluations. So, 

the PSD provided more accurate damage projections than the FRF. In addition, PSD-
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based predictions had 8.5% fewer average CI and MSE errors than FRF-based 

predictions. Including RE resulted in 27% fewer mistakes in the PSD-based 

prediction. Regarding statistical dispersion, PSD results in IQR values that are 14% 

to 23% lower than FRF values. 

Furthermore, the performance of FRF and PSD was also compared by Pedram et al. 

(2017). However, they employed a 2D one-story by one-bay steel frame numerical 

model and a laboratory concrete beam vibration test to expand on previous numerical 

results. However, they selected only two damage scenarios using the sensitivity 

equations and compared them with the FRF, demonstrating the ability of the PSD 

approach to identify and measure damages. Therefore, according to these research 

analyses, the PSD approach for the steel structures performs better in detecting the 

amount and location of damages than the FRF approach. 

In the following, after demonstrating an acceptable performance in the analysis of 

steel structures using the PSD approach, Hadizadeh-Bazaz et al. (2023a) conducted 

investigations in coastal environments and for concrete structures to detect damage. 

Their findings in Chapter 3 indicate that the PSD method, when used as a signal base 

technique by various methods, has an acceptable potential in detecting corrosion-

induced damages in steel rebars of an RC bridge structure, specifically those caused 

by chloride corrosion over time in a coastal environment. The results of using PSD 

for chloride corrosion show that this method also has the ability to accurately detect 

damages caused by chloride corrosion in an RC coastal bridge. These can be because 

of lower frequency ranges between the stimulation and measurement points, which 

has an advantage for analyses at short sensor point distances and in small structures. 

So, expanding the number of excitation points and measurement points may enhance 

the precision of damage detection in bridges and structures. Which by the following 

research by Hadizadeh-Bazaz et al. (2023b) considered more sensors than fewer 

sensors for one span of this bridge and approved this subject. 

Additionally, for these purposes, a study by Pedram et al. (2018) compared a plate 

and a shall-shaped structure model using the FRF and PSD methods without 

numerical analysis. The results indicated that the PSD approach exhibited greater 

sensitivity than the FRF method in detecting changes in structural parameters, 

particularly within the natural frequency range. On the other hand, this approach 

requires robust and high-speed computers, which represents a notable drawback of 

the PSD technique when used in numerical models of bridges.  

Chapter 4, Chapter 6, and Chapter 7 discuss an investigation that demonstrates the 

effectiveness of PSD-based approaches to damage prediction. We compare the PSD 

with a conventional approach to service life prediction in the context of a coastal 
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concrete bridge. The amount and service time for repair activities at each element 

location were analyzed using two methods for this comparison. In this regard, 

according to the 100-year lifetime of the concrete coastal bridge, maintenance 

through a conventional approach to predict damage by corrosion to the bridge's deck 

should begin in the 6th year of the bridge's life.  

On the other hand, the PSD approach predicts the service lifetime for each section of 

the bridge separately, with an average time for first repair activities ranging from 18 

to 60 years, depending on the condition of each part. The beginning time for the 

service life of columns by the PSD method is about 16 years; this time, through the 

conventional method, there are about 17 years of bridge life for the first repair 

activities. Nevertheless, the difference between them is that the PSD method detects 

the exact location of the damaged palace in each element of the bridge structure. In 

contrast, the conventional method predicts damages generally and just according to 

the situation of the zone of the bridge to the seawater (under the seawater, tide zone, 

dry zone). 

As mentioned in Chapter 5, Hadizadeh-Bazaz et al. (2023c) evaluated PSD in coastal 

concrete buildings. They studied how redesigns and concrete cover thickness in RC 

bridges can affect the performance of a non-destructive damage detection method 

such as PSD in a marine environment. As a result of this study, thickening the 

concrete layer has little effect on ultimate accuracy due to the distance between the 

surface and the reinforcing bars. Moreover, these design modifications enhance the 

service lifetime, suggesting that ions initiate damage, thereby influencing the 

frequency and timing of structural repairs. 

In this research, firstly, the performance of two non-destructive and dynamic damage 

identification methods was evaluated and compared in terms of the detection, 

presence, location, and amount of damage in the elements of a metal truss bridge. In 

the next stage, the method's performance, which had the best accuracy in identifying 

damages, was evaluated and compared in the metal bridge was evaluated. However, 

this time, the analysis was done in a concrete structure. In the following, after the 

performance of this damage detection method was evaluated in two different types 

of structures, different factors and environments in creating and accelerating damage 

were analyzed according to the position of the structural elements. 

In this regard and in response to the question raised, the results of the research on this 

question show that, firstly, comparing the two non-destructive dynamic identification 

methods, the PSD method performs better compared to the FRF method in a steel 
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truss bridge. Also, the performance of this method in a reinforced concrete structure 

in conditions including exposure to the coastal environment and the corrosion of 

reinforcements by chloride ions was evaluated and compared with a conventional 

method.  

The results show the proper performance of this method and a significant reduction 

in the costs spent during the lifetime of this concrete bridge for its repair and 

maintenance. 

In general, how and the performance of these two damage identification methods in 

a concrete and metal bridge are shown in the form of steps in Figure 8.1. 
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Figure 8. 1. The process and functioning of the two damage detection methods based on FRF and 

PSD. 

 



Chapter 8. Discussion of the results 

 

 165 

According to Figure 8.1, structural health monitoring and damage identification use 

FRF and PSD methods, although with different measurement techniques,  data 

processing, and interpretation. The difference in measurement technique is that the 

FRF approach evaluates the system's reaction to a known input stimulation. However, 

the PSD method analyzes the power distribution of the observed signals without an 

explicit input.  

Also, different in data processing, the FRF analysis entails the calculation of transfer 

functions and direct comparison, while PSD analysis concentrates on extracting 

characteristics from the power spectrum of the observed signals. Furthermore, the 

FRF approach sometimes offers a valuable understanding of variations in the 

structure's dynamic characteristics, such as the natural frequencies through the low 

frequency.  

In conclusion, selecting the most appropriate dynamic non-destructive method 

requires a nuanced understanding of the interplay between material properties, 

environmental factors, and the specific requirements of the structure’s location.  

This research contributes to the broader field by delineating clear guidelines for 

choosing and applying damage detection techniques in varied contexts, supporting 

ongoing advancements in structural health monitoring.  

Future investigations should focus on refining these methods and exploring their 

integration with emerging technologies, such as artificial intelligence for monitoring 

and predictive maintenance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Inclusion of damage detection methods for the sustainable life cycle design of bridges in aggressive 

environments 

 

166 

 

Research question 2: How much use of the PSD method as a non-destructive damage 

detection method can be useful in decreasing total maintenance and repair activity 

costs and affecting the LCCA for the whole life of the coastal concrete bridge? 

In answer to this question, it should be said that we know that a structure like a bridge 

includes stages including design, construction, maintenance, repair, and demolition 

activities at the end of the structure's life. Costs in each of the steps can be effective 

for the costs of the structure. In this regard, one of the stages that can effectively 

reduce the costs incurred during the structure's life is the stage of repairing and 

maintaining the structure. Therefore, using new methods with high accuracy and 

reasonable costs can greatly help specialists and engineers in this field. On the other 

hand, it can be very popular with governments for large structures such as bridges. 

In the research conducted in this thesis, the effectiveness of a non-destructive method 

in damage detection was investigated to reduce the costs incurred in a coastal 

concrete bridge. In chapter 4 of this thesis, which was done by Hadizadeh-Bazaz et 

al. (2023b), the ability of the PSD method in conditions where the elements of this 

concrete bridge are subject to damage and corrosion to detect and the amount of this 

type of possible damage for each year life of the structure was evaluated. 

This analysis showed that the PSD method can reduce about 40% of the total repair 

and maintenance costs during the structure's lifetime compared to a conventional 

method of predicting possible damages.  These results can be due to the high ability 

of the PSD method with a different approach in detecting the amount and location of 

damage in each year of the structure's life. 

Additionally, Hadizadeh-Bazaz et al. (2023c) explore the cost-effectiveness of the 

PSD approach for bridge redesign in Chapter 5. The study takes into account several 

scenarios, including concrete cover thickness. The PSD approach's primary capability 

is to identify the exact location and extent of damage by performing a corrosion 

analysis and comparing it with a conventional method through different scenarios. 

The study evaluates the impact of chloride ions on the location and extent of 

degradation during the bridge's lifetime and the total costs associated with 

maintenance and repair operations. According to this study, applying the PSD method 

to maintenance and repair tasks, specifically redesigning the bridge as shown in 

Chapter 5's Scenario No. 3, can cut the overall LCC for repair operations by about 

11.5% compared to the reference design scenario for concrete cover of the bridge. 

However, increasing or decreasing the concrete cover can have a less significant 

impact on the total cost of repair activities. 

In conclusion, the PSD method can lower the high costs of inaccurate information 

about where and how bad damage is in structural elements. It does this differently by 
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predicting where and how bad the damage will be over time. This approach prevents 

high costs in repair activities and maintenance operations and ensures timely 

identification of damage occurring within the structure. Additionally, due to the non-

destructive nature of the method and its high performance in coastal environments, it 

can reduce the costs of repair and maintenance in a span or even the entire bridge by 

approximately 40%. This is a significant achievement for the maintenance repair 

activities of concrete and marine structures, as evidenced by research studies on 

corrosion on coastal structures. 

Figure 8.2 shows the answer to this question: how much can the PSD method, 

compared to a conventional method for some repair activities, decrease total LCCA 

in each activity according to a discount rate of 5%.  

According to Chapters 4 to 6, the activities mentioned in Figure 8.2 include some 

activities for maintenance and repair in a span of the coastal bridge during the bridge 

life. In this regard, Activity (A) is the demolition of the unreinforced concrete parts, 

and Activity (B) is the demolition of the reinforced concrete parts. Activity (C) is 

managing, separating, and categorizing destruction-related debris. Activity (D) is the 

installation and removal of formwork for the Repair of concrete activity. Activity (E) 

is to repair and replace damaged bar steel with corrugated bar steel with improved 

ductility, and Activity (F) is to prepare and pour concrete. 

 

Figure 8. 2. The total LCCA differences through the PSD method compared to a conventional 

method. 

So, as shown in Figure 8.2, the total LCCA for each activity by maintenance and 

repair through the PSD approach and compared to a conventional approach to 

prediction damages can decrease by about 40% cost for activities A, B . C, D, and E.  

Nevertheless, this method can decrease about 29% LCCA for activity F. Total new 

concrete activities include preparing and pouring concrete piles, stirrups, headboards, 

beams, deck boards, slabs, walls, and frames. 

 

Activity A Activity B Activity C Activity D Activity E Activity F

Convensional 249,768.68 273,504.98 64,344.38 280,452.18 14,969.58 1,215,844.17

PSD 100,866.44 110,452.09 25,984.80 113,257.65 6,045.31 359,764.32

0

200,000

400,000

600,000

800,000

1,000,000

1,200,000

1,400,000

LC
C

A
 (

Eu
ro

)



Inclusion of damage detection methods for the sustainable life cycle design of bridges in aggressive 

environments 

 

168 

 

Research question 3: How much can a non-destructive damage detection method 

such as the PSD method improve the impact on the environmental and social life 

cycle assessment at a structure's maintenance and repair activities? 

Non-destructive damage detection methods can have essential rules for evaluating 

the social and environmental impacts across the whole lifespan of a structure. In this 

regard, the PSD method as a non-destructive damage detection method can improve 

impacts on the environment and society in a different stage of a structure's life, 

including the design, construction, maintenance, durability, repair activities, and 

demolition phases. 

In answer to this question, some studies have been done related to LCA and 

environmental and social impact on maintenance and repair in a bridge structure 

through the PSD method in some research mentioned in Chapters 6 and 7 by 

Hadizadeh-Bazaz et al. (2023d) and also by Hadizadeh-Bazaz et al. (2024).  

According to results from research in Chapter 6, when the PSD approach is applied 

for maintenance and repair activities, the result for E-LCA is expected to reduce 

environmental impacts by 14.33% in the deck and 29.62% in the bridge's columns.  

In this regard, the PSD method can have different impact results for each category of 

E-LCA. These categories include: Total Ecosystem quality,  Total Human health, and 

Total Resources, which are shown in Figure 8.3. 

 

Figure 8. 3. The percentage of the benefit of using the PSD method in each category of E-LCA. 

Figure 8.3 demonstrates that the PSD technique can reduce around 55% of the 

detrimental effects on overall human health. The advantages for other E-LCA 

categories in relation to overall ecosystem quality and total resources are 22% and 

23%, respectively. 
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Conversely, for the S-LCA maintenance and repair through the PSD method for 

prediction amount, location, and time of corrosion damages in every element of a 

coastal concrete bridge compared to a conventional approach to service life 

prediction can reduce social impacts by 23% in the deck and columns of a span.  

Figure 8.4 shows the percentage benefit of each category of S-LCA from the total 

benefit of using the PSD method on social impacts. 

 

Figure 8. 4. The percentage of the benefit of using the PSD method in each category of S-LCA. 

The data presented in Figure 8.3 illustrate that the PSD method, discussed in Chapter 

7, reveals the PSD approach's diverse positive effects in different S-LCA categories. 

Here is a detailed analysis of the overall PSD benefit for each category. The PSD 

approach provides more significant benefits to the labor (32.03%), the local 

community (28.27%), society (24.72%), value chain actors (14.98%) and compared 

to conventional methods when it comes to maintenance and repair operations 

In conclusion, the PSD, a non-destructive method for detecting damage, has enhanced 

the environmental and social effects on life cycle evaluation during maintenance and 

repair operations. Based on the forecasted quantity, location, and timing of corrosion-

induced damage, this strategy can assist other building phases, such as design, 

construction, and demolition. Their less harmful impact on humans, the environment, 

and society makes them valuable methods, thereby reducing LCCA maintenance and 

repair costs. 
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Research question 4: How much does LCA benefit from non-destructive damage 
detection methods and deal with expert subjectivity during decision-making to 

enhance existing multi-criteria decision-making (MCDM) techniques applied in 

sustainable design? 

 

Integrating damage detection methods with MCDM techniques in sustainable design 

is an innovative approach to enhance decision-making processes. However, 

managing expert subjectivity is crucial for the effectiveness of such integration.  

MCDM methods are highly recommended for integrating the different dimensions of 

sustainability, as they allow for the simultaneous consideration of conflicting criteria, 

often related in a complex way. This approach should be employed according to the 

non-destructive damage detection methods to integrate the three  aspects of 

sustainability in order to make economic, environmental, and social impact 

performance comparable.  

ISO 14040 offers a good starting point for assessing the sustainability of 

infrastructure. The United Nations Environment Programme (UNEP) has already 

considered this when creating its Guidelines, suggesting the use of Life Cycle 

Assessment (LCA) as a basis for social evaluations. According to the ISO 

methodology, assessments need to be consistent and have clear system boundaries. 

However, this approach hasn’t been widely used in MCDM because there isn’t a 

standard method for evaluating the social impact of infrastructure. If a social 

evaluation method aligns with the LCA approach, as explained in Chapters 6 and 7, 

it becomes easier to integrate it into MCDM techniques like TOPSIS, as shown in 

Chapter 7. Solving MCDM problems in sustainability often relies on criteria chosen 

based on expert opinions. 

According to the findings and investigations in Chapter 7, eight criteria were 

examined for the sustainability life cycle evaluation of maintenance and repair 

operations in this research, which used the PSD approach. These criteria include 

overall cost (C1), total ecosystem quality (C2), total human health (C3), total 

resources (C4), workers (C5), local community (C6), society (C7), and value chain 

players (C8). The analysis utilized an MCDM method, applying the Analytical 

Hierarchy Process (AHP) to assign weights and calculate scores for each LCA 

criterion, which were then integrated into the TOPSIS method for evaluation. 

Table 7.4 summarizes the weights applied and the weights pairwise considered matrix 

for the bridge using the AHP approach for each of the bridge's varied criteria. 
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Furthermore, it was determined that the number of criteria that adhere to the 

consistency ratio (CR) is less than the necessary threshold. If there are more than five 

criteria, the value should be less than 0.1. Thus, the value for these eight criteria is 

0.07, which is less than 0.1. 

The TOPSIS process result method for each criterion states that the minimum 

optimization direction value provided by (min) in Table 7.5 is significant. 

Additionally, in order to compare the multi-criteria and sustainability of the PSD 

method and Conventional approach calculated, alternative value results in units from 

the LCCA (€), E-LCA (Points), and S-LCA (Risk hours) were obtained and converted 

to the same units. The greater the score, the better (far from the negative ideal 

solution), as indicated by the distances to the positive ideal solution (Di
+) and negative 

ideal solution (Di
-). Therefore, in accordance with the TOPSIS methodology, the best 

solution will have the highest Ci
* proximity index, making the PSD method's scores 

1.00 and higher than the conventional method's by a value of 0.00. 

By implementing these strategies, decision-makers can enhance the robustness and 

reliability of MCDM techniques applied in sustainable design, effectively managing 

expert subjectivity and improving the overall quality of decision outcomes. It should 

be noted that the suggested MCDM weighting model is simple to use for experts, as 

they simply need to complete a comparison matrix as if it were a traditional AHP 

procedure. They must also communicate their assurance while making conclusions. 

The suggested method produces crisp weights that may be employed with standard 

MCDM procedures. 
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Research question 5: How can a system for maintenance and repair structures be 

created to optimize design that aligns with sustainable life cycle assessment and 
supports the achievement of the Sustainable Development Goals according to non-

distractive damage detection methods? 

The sustainability life cycle during a structure's lifetime to the Sustainable 

Development Goals by choosing suitable impact indicators can be evaluated in the 

lifetime of a structure through a non-destructive damage detection approach to 

maintenance and repair. The Sustainable Development Goals, which were recently 

formed, consist of 17 objectives, as shown in Figure 8.1. 

 

Figure 8. 5. The Sustainable Development Goals United Nations, (2015). 

AS Figure 8.1, the brief titles of these seventeen SDGs are including: No poverty 

(SDG 1), Zero hunger (SDG 2), Good health and well-being (SDG 3), Quality 

education (SDG 4), Gender equality (SDG 5), Clean water and sanitation (SDG 6), 

Affordable and clean energy (SDG 7), Decent work and economic growth (SDG 8), 

Industry, innovation and infrastructure (SDG 9), Reduced inequalities (SDG 10), 

Sustainable cities and communities (SDG 11), Responsible consumption and 

production (SDG 12), Climate Action (SDG 13), Life below water (SDG 14), Life 

on land (SDG 15), Peace, justice, and strong institutions (SDG 16), and Partnerships 

for the goals (SDG 17).  
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In this study, assessing structural health monitoring and damage detection methods 

in a maintenance-related structure is consistent with SDG 3 (good health and well-

being), especially with SDG 3.6, which specifically focuses on reducing the number 

of casualties from sudden collapse of structures due to damage and natural and 

unnatural erosions that directly and indirectly affect human health. 

The indicator for regional economic development contributes to the achievement of 

SDG 8 (Decent work and economic growth) by determining how much a particular 

investment may contribute to a region's economic growth as measured by GDP 

growth. Which specifically focus on targets 8.1(Sustainable economic growth) and 

8.8 (Protect labor rights and promote safe working environments). 

Among these goals, SDG 9 (industry, innovation, and infrastructure) was one of the 

main ones considered in this study, with infrastructure design based on sustainability 

life cycle performance, particularly regarding SDG 9.1 (Develop sustainable, 

resilient, and inclusive infrastructures). Its goal is to develop resilient, high-quality, 

sustainable infrastructure to promote prosperity and economic development through 

modern structure methods. 

Furthermore, these indicators offer valuable insights for achieving Sustainable Cities 

and Communities (SDG 11), specifically focusing on improving road safety through 

SDG goal 11.2. In addition, the cost indicators used in the life cycle cost analyses 

carried out here are consistent with SDG 12 (Responsible consumption and 

production) since government organizations need to exercise caution when managing 

financial resources to ensure they have the financial capacity to make additional 

investments. 

In order to meet SDG 13 (Climate action), data for possible increases in global 

warming resulting from the predicted process activities are also measured using 

environmental assessment techniques. Similar to this, as the point impact categories 

Intermediate techniques permit, those impacts categorized under the impact category 

"damage to ecosystems" offer helpful information on the accomplishment of SDG 14 

(life underwater) and SDG 15 (life on land) assessment of the harm done to marine, 

freshwater, and terrestrial species. 

Develop and implement a system for doing maintenance and repair tasks that are 

integral to the lifespan of a building. Implementing cost-saving techniques for 

maintenance and repair operations benefit both the government and the public. 

Moreover, it safeguards the environment's well-being by mitigating detrimental 

ecological activities.  

Using current technology across all stages of a structure's lifespan, from design to 

demolition, is crucial in mitigating global warming. Moreover, it is imperative for 

society and all individuals involved in such circumstances to give utmost importance 
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to safeguarding human well-being in every endeavor, including those related to 

infrastructure. So, assessing every new and modern approach for design, 

construction, maintenance, and repair operations until the end life of the structure, 

each damage detection method, according to the performance of each of these 

methods, can be created to optimize design that aligns with sustainable life cycle 

assessment and supports the achievement of the Sustainable Development Goals. 

This thesis proposes a sustainable life cycle assessment that uses non-destructive 

damage detection methods, taking into account the various factors that cause damage 

to a structure. For these purposes, as mentioned in Chapter 4 of this thesis, research 

by Hadizadeh-Bazaz et al. (2023b) demonstrates that the LCCA using the PSD 

method, which supports some of the Sustainable Development Goals by reducing the 

total cost of maintenance and repair activities of a chloride-damaged coastal concrete 

bridge compared to a conventional approach to predicting damages by chloride ions. 

Additionally, the design was optimized to align with the sustainable life cycle 

assessment and support the achievement of the Sustainable Development Goals. This 

achievement is also constant, as the bridge's structure is re-designed to accommodate 

changes in specific properties, such as the concrete cover in the columns and deck 

(Hadizadeh-Bazaz et al., 2023c). Therefore, these researches show that using the PSD 

predictions resulted in approximately 40% economic savings compared to a 

conventional method. 

In addition, the use of the PSD method as a non-destructive damage detection method 

for the assessment of E-LCA and S-LCA of this coastal concrete bridge in Chapters 

6 and 7  by  Hadizadeh-Bazaz et al. (2023a, 2024) showed that this method for 

maintenance and repairing can decrease between 14 to 30 percent the total impact on 

environment and social impacts compare to a conventional method depend on the 

element of the bridge. 

 Overall, the PSD method, according to the high performance in detecting location, 

amount, and time in prediction damage compared to the conventional approaches in 

predicting chloride damage time for LCCA, ELCA, and S-LCA, can be created to 

optimize design that aligns with sustainable life cycle assessment and supports the 

achievement of the Sustainable Development Goals.
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This chapter summarizes the main general results of this study and the conclusions 

of the specific case related to the design, repair, and maintenance of this bridge in 

aggressive environments. 

This thesis proposes to investigate a non-destructive dynamic method for damage 

detection to evaluate the sustainability of the infrastructure life cycle. The proposed 

model is based on the standard LCA method for the environment, which evaluates 

the environmental, social, and economic aspects to evaluate concrete bridge deck and 

column designs in a coastal area exposed to marine chlorides. 

This chapter summarizes the main general results of this study as well as the 

conclusions of the specific case related to the design, repair, and maintenance of this 

bridge in aggressive environments. 

9.1. General conclusions 

The general conclusions drawn from this PhD thesis are: 

9.1.1. Main conclusions 

o According to the thesis findings, conclusions about the sustainability of an 

infrastructure design should not be based solely on a few selected 

sustainability metrics. Instead, alternatives that improve sustainability across 

all life cycle stages contribute more effectively to the sustainable design and 

maintenance of infrastructure. 

o Maintenance and repair activities are essential for sustainability assessments 

since they substantially impact the life cycle performance of coastal 

structures. 

o Optimizing maintenance intervals and using non-destructive damage 

detection methods reduce environmental, economic, and social impacts over 

the life cycle, with sustainability guiding the ideal maintenance period, 

environmental impacts being easier to optimize, and social impacts being 

less significant. 

o The financial aspects of infrastructure development and maintenance are 

essential for long-term viability, with maintenance and health monitoring 

costs being lower for all competing designs; however, reducing maintenance 

expenses does not guarantee competitiveness. 

o In order to accomplish the Sustainable Development Goals, the suggested 

sustainability life cycle assessment, using a damage identification technique, 

has to consider several economic, environmental, and social factors. 
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9.1.2. Methodological conclusions 

• Different approaches for detecting and forecasting structural 

deterioration may be better or worse depending on the circumstances 

and structure. Therefore, results from comparing the performance of two 

non-destructive damage detection methods show that the PSD predicts 

and diagnoses structural element deterioration in a metal truss 

construction with oblique components better than the FRF, according to 

the numerical findings of this case study in a steel truss bridge. 

• Frequency-domain approaches like the PSD involve trial and error to 

pinpoint measurement and excitation locations, particularly for huge and 

essential constructions like bridges. This sector needs expertise since 

inappropriate stimulation and measurement sites might impact findings. 

• In the case of coastal concrete bridges, it is very challenging to discern 

the internal condition and damage to each component using testing on 

an experimental model. Finding and measuring damage throughout the 

life of the building was made more accessible, cheaper, and less 

destructive using the numerical model and PSD method. 

• Sustainability assessments have a methodological gap, as there are no 

standards for detailed life cycle assessments that incorporate health 

monitoring and non-destructive damage detection methods, requiring a 

comprehensive and integrated ISO 14040-based approach. 

• Conventional life cycle evaluations of bridge constructions have many 

limitations, making them unsuitable for thorough sustainability 

assessments. The comprehensive approach presented here addresses 

these gaps and effectively covers all sustainability factors. 

• This research proposes a social life cycle evaluation approach 

compatible with ISO 14040, based on the UNEP/SETAC (2021) 

Guidelines, which optimizes maintenance intervals to maximize societal 

benefits. 

• Here, AHP evaluated sustainability criterion weights by considering 

decision makers' subjectivity in complicated evaluations. 

• This technique uses quantifiable characteristics, including experience, 

judgment coherency, and opinion certainty, to establish each decision-

maker's significance. 

• The suggested technique is user-friendly for decision-makers, requiring 

them to complete a comparison matrix using the AHP procedure and 

express their confidence level in the conclusions they provide. 
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9.2. Specific conclusions 

The precise findings taken from the research mentioned in the context are: 

 

▪ The PSD approach for detecting chloride corrosion damage is particularly 

effective and reliable for smaller buildings, especially in the lower frequency 

ranges between the stimulation and measurement points. 

▪ Adding more stimulation and measurement points to bridges and structures 

improves damage detection but requires powerful and fast computers, which 

limits the PSD approach in bridge numerical model analysis. 

▪ Employing the PSD approach for the LCCA of this bridge would 

significantly save about 40% of the overall LCCA, maintenance, and repair 

expenses during the bridge's lifespan due to precise forecasts of corrosion-

induced damage in terms of location, extent, and timing. 

▪ By maintaining and repairing infrastructure on schedule, PSD saves 

expenditures according to performance and accuracy in detected amount, 

location, and prediction time of damages by new approaches in a structure. 

▪ The PSD approach has more performance for concrete structures with low 

concrete covers. However, raising the concrete cover thickness might lead 

to increased maintenance costs. 

▪ Whether economic, social, or environmental, the impact of a structure's 

maintenance phase can be critical to its entire life cycle. The life cycle effects 

are not directly proportional to the chosen maintenance interval, as they 

depend on the balance between material impact and the durability of the 

design solution. 

▪ By reducing economic and environmental impacts and increasing social 

benefits throughout the service life of the bridge deck, every prevention 

design considered in this study outperforms the impacts associated with the 

durability design of the actual bridges, regardless of the material and 

installation costs and impacts. Using stainless steel is the lone outlier here; 

it outperforms the baseline design regarding environmental performance. 

▪ The PSD method predicts corrosion damage location, amount, and duration, 

saving 40% on maintenance and repair.  

▪ Compared to conventional methods, the PSD-based damage detection 

method reduces the environmental impacts of bridge decks by 14.33% and 

columns by 29.62% per maintenance cycle. 

▪ The S-LCA further shows that the PSD technique reduces effects on the local 

community (28.27%), society (24.72%), value chain actors (14.98%), and 

labor (32.03%) during maintenance and repair compared to traditional 

methods. 
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The overall effects, including E-LCA, S-LCA, and total cost on the Arosa bridge, 

suggest that PSD-based leading LCAs may be more sustainable than Conventional 

forecast approaches. The PSD method scored one in the sustainability life cycle 

evaluation utilizing the TOPSIS technique and many criteria. It outperformed the 

conventional method, scoring 0, making it a sustainable bridge maintenance and 

repair method. 

 

9.3. Future lines of research 

The concept of stability and damage detection techniques are too complex to be 

discussed in this thesis. More efforts should be made to develop reliable tools for 

evaluating sustainable infrastructure design. Suggestions for future research lines are 

presented based on such assumptions, considering the gaps not addressed in the 

current research. 

In this regard, future research and studies in the following cases can greatly help 

specialists and engineers design, repair, and maintain structures such as bridges. 

✓ Examining comparing the accuracy of other non-destructive methods of 

damage analysis in detecting different types of damage factors in different 

environments and for different types of structures. 

 

✓ Assess the performance of different damage detection methods in reducing 

the costs and LCC, from the design and execution of the structure to the 

completion and destruction of different structures. 

 

✓ Sustainability life cycle assessment includes E-LCA and S-LCA through the 

different damage detection methods and in various environments. 

 

✓ The suggested optimization technique might incorporate structural 

maintenance as an objective function. The influence on each sustainability 

parameter for each step may be analyzed using life cycle analysis, and 

optimum maintenance and design of other health monitoring techniques 

could be developed. 
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