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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 costs of maintenance and repair caused by chloride corrosion.
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1. Introduction


For many years, discussion about costs during the lifetime of structures has been one of the most important discussions 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 the costs of repair and maintenance 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.



Damage-identification methods in structures are carried out using destructive or non-destructive 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 [1]. 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 [2]. There are many different signal-based techniques, some of which include the time domain [3,4], the frequency domain [5,6], and the time–frequency domain [7,8]. These methodologies are used in order to examine the dynamic properties of structures [9]. Stochastic processes are standard in time-domain methodologies [10]. Frequency-domain techniques may create many responses and data points by configuring model-update equations [11]. Mode shape [12,13], modal curvatures [14,15,16], natural frequency [17,18], modal strain energy [19,20], the frequency response function [21,22], and the power spectral density function [23,24,25] 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 [26]. Empirical mode decomposition (EMD) [27], the wavelet transform (WT) [28], and blind source separation (BSS) [29] 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 [30]. In recent years, researchers in different fields have investigated the reliability of the PSD method for identifying various damage types. Bayati et al. [31] tested a novel technique based on the PSD function and the least-squares distance approach to identify deterioration in concrete bridge piers. Gunawan [32] assessed the reliability of the PSD method for seven 1 kg lumped masses connected by eight similar linear elastic springs. Hadizadeh-Bazaz et al. [33] compared the performance of power spectral density (PSD) with the frequency response function for a steel bridge structure.



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 methods of repair and maintenance 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 socio-economic benefits [34,35,36]. Studies have carried out LCCA for structures during their life cycles. Frangopol et al. [37], using analysis, prediction, optimization, and decision-making, investigated a bridge’s life-cycle performance and cost assessment. Goh et al. [38] 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. [39] developed a probabilistic and uncertain model to evaluate the life-cycle costs and environmental effects of pavements by considering managerial flexibilities.



Researchers have previously studied and assessed LCCA using non-destructive damage-detection methods for health monitoring in different structures [40,41,42]. Some studies have investigated LCC through the PSD method as a non-destructive damage-detection technique. Micheli et al. [43] evaluated a performance-based design with life-cycle costs for damping systems built into a 39-storey 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. [44] 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, LCCA of the repair and maintenance of 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 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.




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 which has been standardized [45,46]. 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 [47,48]. Regarding durability, a life-cycle cost analysis (LCCA) can be used to determine the most cost-effective and sustainable solution [49]. LCCA of the repair and maintenance techniques for different structures based on a variety of structural-element damage-diagnosis and prediction methods has 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.



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.



2.1.1. Model Description


The concrete bridge is called the Arosa bridge and is located in Galicia, Spain (see Figure 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 [50,51,52].



The concrete bridge deck is a single box girder. As indicated in Figure 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.



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 [51].




2.1.2. 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 1 shows the assumed mechanical characteristics and concrete mixtures of the bridge.



According to Table 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.





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:



2.2.1. 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 [53], corrosion and damage caused by chloride in the rebars of a concrete structure have certain service-life levels [54].



As demonstrated in Figure 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 [55].



According to the following Equation, the total time of chloride corrosion (   t l   ) is the service life of the bridge structure’s reinforcements, obtained by summing the initiation and propagation phases together [56].


   t l  =  t i  +  t p   



(1)







The corrosion initiation period (   t i   ) 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,    t p    is the time it takes for corrosion to permeate throughout a structural part before it starts to fail substantially [56].



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 in which ions move via a diffusion process in sufficient humidity. This diffusive mechanism depends on chloride between the surface and the cover of the concrete structure. This analysis will use a deterministic solution according to Fick’s equation for chloride diffusion in concrete cover. This analysis will use the equation given in Fib Bulletin 34 [57], 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   =  C s  ·   1 − e r f    x  2    D  0 · x   ·   (    t 0   t  )  α  · t          



(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,    C s    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 ( α ) equals 0.5. When using    t 0    as a reference point, 28 days are converted to years (   t 0    = 0.0767), and    D 0    is the non-steady-state chloride-diffusion coefficient at time    t 0    (mm2/years). However, the chloride transport time ( t ) can be calculated using the inverse of Equation (2), as given in Equation (3) [56,58].


  t =    x 2    4 D       e r  f  − 1        C s  − C   x · t     C   x · t           − 2    



(3)







In this case,  D  is the chloride-diffusion coefficient, which changes with the age of the concrete (  D = D    t 0         t 0  / t    n   ). Additionally, if   C   x · t   =  C t    and when   C   x · t     reaches its threshold concentration    C t   , the initiation period of chloride diffusion (   t i   ) is calculated using Equation (4) as follows [56,59].


   t i  =    x 2    4 D       e r  f  − 1        C s  −  C t     C s          − 2    



(4)







From Alonso et al. [60], the chloride threshold obtained from natural experiments includes a broad range of values, from more than 0.4 to 4 percent. In this study, and also other research [61,62,63], and according to the Spanish concrete design code [56], the critical chloride concentration (   C  t h    ) must be determined by the designer in line with the structure’s unique concerns, where under normal conditions a value of 0.6% of the cement weight could be used to assess the limit state in relation to passive reinforcement corrosion. Therefore, the mean value of critical chloride concentration under normal conditions could be considered to be 0.6% of the cement weight. The initiation time    t i    is said to be reached when the chloride concentration at the rebars reaches the critical chloride threshold    C  t h    . This means that corrosion and damage to the rebars begins at this time. On the other hand, if it is less than this value, damage to the reinforcements has not begun [56].



The propagation chloride-corrosion phase (   t p   ), which begins when chloride ions on the surface of the inner rebars start to erode steel reinforcements, starts after the chloride-diffusion initiation stage. Over time, chloride corrosion reduces the steel bars’ stiffness and cross-sectional areas. The following calculation is provided to determine this time according to the Spanish concrete design code [56]:


   t p  =   80  ϕ   d   V  c o r r      



(5)







In Equation (5),    t p    is the propagation time in years. Additionally,  d  is the thickness of the concrete cover,  ϕ  is the diameter of the reinforcement, and    V  c o r r     is the corrosion rate. According to the Spanish Ministry of Public Works [56], durability parameters depend on the elements’ distance to the seawater for the Arosa bridge, which can be obtained as follows in Table 2.



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.


  D a  m  s t e e l    t  =   t −  t i     t p    × 100  



(6)







In Equation (6),   D a  m  s t e e l     represents the percentage of reinforcements damaged by chloride corrosion for each year ( t ) that has passed from the beginning of the propagation    t p   .



Different scenarios and marine exposure classifications, including aerial, submerged, and tidal zones, 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 results of the changes in stiffness and loss of cross-sectional area of the reinforcements for damage identification.




2.2.2. 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 the frequency response (FRF) using the following equations [23,24,33,64].



The transfer function is defined in Equation (7):


  H  ω  =   ( K −  ω 2  M + i ω C )   − 1    



(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 (8).


   S  X X    ω  =  H *   ω   S  F F    ω   H T   ω   



(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 (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 base on the sensitivity equation and by considering (  K −  ω 2  Δ M + i ω Δ C = Δ Z  ω   ) and (   H D   ω  =     Z  ω  + Δ Z  ω      − 1    ), where    H D   ω    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 power spectral density function equation for damaged elements can be written as Equation (9).


  Δ  S  X X    ω  =  H D *   ω   S  F F    ω  Δ H  ω  −  H D *   ω  Δ  Z *   ω   S  X X    ω   



(9)







   H D *    is the complex conjugate of the damaged RC structure transfer function during reinforcement chloride corrosion, according to the conventional chloride damage-prediction method.



An expression of the exact   Δ H   presented by Esfandiari et al. [65] is given in Equation (10):


  Δ H  ω  = −  H D   ω    Δ K −  ω 2  Δ M + i ω C   H  ω   



(10)







Equation (9) can be rewritten using Equations (8) and (10) as follows:


  Δ  S  X X    ω  = −  H D *   ω   S  F F    ω   H D   ω    Δ Z  ω    H  ω  −  H D *   ω    Δ  Z *   ω     H *   ω   S  F F    ω  H  ω   



(11)







To determine 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:


  Δ k =   ∑   n = 1   n e    K n  Δ  P n K   



(12)







In Equation (12),    K n    is the level of stiffness matrices of the structural elements of a structure.   Δ  P n K    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 throught to Equation (11) are as follows:


   S s  = −  H D *   ω   S  F F    ω   H D   ω   K n  H  ω  −  H D *   ω   K n  H  w   S  F F    ω  H  ω   



(13)







A final equation of PSD for estimating changes in dynamic characteristic parameters during damage each year may be predicted using Equation (14):


  Δ  S  x x   =  S S  Δ  p S   



(14)







  Δ  p S    illustrate 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.





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 stage of a structure’s life 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: [37,66].


   C T  =  C I  +  C M  +  C  I N S   +  C R  +  C  D a m    



(15)







In Equation (15), the initial cost is shown as    C I   ;    C M    is the maintenance cost;    C  I N S     is the cost of inspections;    C R    is the total repair cost;    C  D a m     is the expected damage cost. The total cost for the repair activity of the concrete bridge can be calculated according to the following items:


   C R     t V    =  C  D N R C      t V    +  C  D R C      t V    +  C  S M      t V    +  C  P E      t V    +  C S     t V    +  C C     t V     



(16)




where    t V   , is the interval time investigated;    C  D N R C     is the cost of demolition of non-reinforced concrete parts such as the structure’s cover,    C  D R C     is the cost of demolition of reinforced concrete parts of the structural parts of the bridge,    C  S M     is the cost of separation and classification of materials resulting from demolition,    C  P E     is the cost of preparing equipment for repairing the concrete and rebars of the columns and deck of the bridge,    C S    is the overall cost of buying and replacing damaged steel reinforcements,    C C    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 [37,67]:


   C D     t v    =   ∑  K  N    t v      D    t k    ·  e  − r  t k     



(17)







In Equation (17),   N    t v      is the number and amount of damage factors on a structure during the time interval. D is the percentage of annual damage at time    t v   , which in this study referred to yearly damage caused by chloride corrosion predicted by the PSD method;  r  is the discount rate in this study ( r  = 5%). According to the Poisson model, at a mean rate λf, time tk follows a uniform interval distribution throughout [0,    t v   ]. The estimated annual percentage of the damage of bridge elements under hazard effects can be written as (  N    t v    =  λ  f   ×  t v   ) [37,68].


  E    C D     t v      =    λ  f   · E  D   r  ×   1 −  e  − r  t k       



(18)







In Equation (18),   E    C D     t v        is the value of damaged and corroded bridge elements.



In this study, the LCCA related to the repair and maintenance stage of a chloride-corroded concrete bridge was analyzed using the power spectral density method at different stages of the bridge’s life for each section and span location (see Figure 4).



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 3 shows the costs of repairing the concrete and coastal Arosa bridge according to national construction-related databases of Spain [69].



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 [70].


    E    C T       x ¯  ·  t v      =  C I  +  C M  +       ∑   t = 1    t v    [       (   ∑   t = 1   N    t v      E    C  D N R C      x ¯  · t     +   ∑   t = 1   N    t v      E    C  D R C      x ¯  · t     +   ∑   t = 1   N    t v      E    C  S M      x ¯  · t           +   ∑   t = 1   N    t v      E    C  P E        x ¯  · t     +   ∑   t = 1   N    t v      E    C S     x ¯  · t     +   ∑   t = 1   N    t v      E    C C     x ¯  · t     )           1 + r    t    ] +  C D     



(19)







The LCCA cost for overall maintenance and repair properties is given by   E    C  T o t a l        x ¯  ·  t  i n t         over the lifetime of the bridge structure.     ∑   t = 1   N    t v      E    C  D N R C        x ¯  · t     ,       ∑   t = 1   N    t v      E    C  D R C        x ¯  · t     ,       ∑   t = 1   N    t v      E    C  S M        x ¯  · t      ,     ∑   t = 1   N    t v      E    C  P E        x ¯  · t      ,     ∑   t = 1   N    t v      E    C S       x ¯  · t      , and     ∑   t = 1   N    t v      E    C C       x ¯  · t       are the total costs of 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 in respect to seawater. Then, using the PSD method, the extent and location of the damage caused during the bridge’s life was predicted and calculated for different years. Finally, the costs of maintenance and repair of the 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 was evaluated for detecting the location, extent, and time of failure and how much the use of this method could reduce the maintenance and repair costs of a structure.





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 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.



Figure 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 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 determines 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 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.



As shown in the flowchart in Figure 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 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. Results


Results were evaluated 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, with the lower part of the bridge piers immersed in seawater and exposed to corrosion and damage by chloride ions. Table 4 shows the repair time for each area between the measurement and simulation 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 life 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.



As mentioned in Table 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 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 [56] 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 7.



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.




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 attack on coastal structures such as the concrete Arosa bridge. In addition, according to the LCC results during the life of the bridge structure, which is assumed to be 100 years, the use of this method along with an alternative approach significantly reduces the costs of repair and maintenance, especially in the deck section.



In conclusion, PSD, as a non-destructive method of identifying structural damage, has acceptable performance in identifying damage caused by chloride corrosion in different locations, including the concrete and internal rebars of the RC bridge that had damage which was not visible to the eye. In addition, this research on PSD as a non-destructive method has shown that chloride corrosion damage 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 quantification of damage in each location of the coastal bridge structure based on the distance of each element from the seawater. These areas include submerged and tidal-zone columns and dry sections 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 damage caused by corrosion. So, the PSD method can significantly optimize costs through on-time maintenance and repair of structures. In general, it is clear that non-destructive damage-detection has 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 structures, considering that each is suitable for different conditions and types of construction and environment, determin advantageous each method by other methods.



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 where chloride ions are the cause. On the other hand, 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, while being aware of a certain probability of damage.
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Figure 1. The location map of the Arosa bridge in Spain. 
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Figure 2. Dimensions of a span of the Arosa bridge. 
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Figure 3. The service life of rebars in an RC structure according to the model by Tuutti [54]. 
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Figure 4. The LCCA using the PSD for maintenance and repair of the concrete bridge. 
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Figure 5. Numbering and division of sensor points in 1 of 40 spans of the Arosa bridge. 
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Figure 6. The summary of analysis and calculation processes performed on the numerical model of the Arosa bridge. 
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Figure 7. The life-cycle cost assessment for the Arosa bridge until the end of bridge life. 
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Table 1. The Arosa structure’s concrete mixtures and mechanical parameters.
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	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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Table 2. Durability parameters for the Arosa bridge.
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Marine Exposure Class

	
     C   s      (% of Concrete Weight)

	
     V    c o r r       (μm/year)

	
     D  0    

(×10−12 m2/s)

	
    C  t h      (%)

	
  d   (m)




	
Deck

	
Piers






	
Aerial (IIIa)

	
0.14

	
20

	
10.0

	
0.6

	
0.035

	
0.045




	
Submerged (IIIb)

	
0.72

	
4




	
In tidal zone (IIIc)

	
0.50

	
50
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Table 3. Repair activity cost (EUR) according to Spain data code (2022) [65] for the concrete and coastal Arosa bridge.
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	No.
	Maintenance and Repair Activities
	Description/Includes
	Price per Unit (EUR)
	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
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Table 4. Identified location, time, and amount of damage, and conventional service life of the Arosa bridge.
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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 (years)






	
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




	
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
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