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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.
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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” [1]. 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 [2,3]. 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 [4], pavements [5], railway tracks [6], or urban infrastructure elements [7].



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 [8]. Pons et al. [9] 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. [10] 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. [11] 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. [12] 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 [13] assess the sustainability of modern timber fridges by using an LCA-based approach. Navarro et al. [14] 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 [15,16]. Cheng et al. [17] 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. [18] compare the bridge life cycle performance with carbon fiber polymer and steel reinforcements. Navarro et al. [19] 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 [20]. Peng et al. [21] 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 impacts assessment along the use and maintenance stages of an infrastructure for repair activities uses conventional 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 [22]. Non-destructive damage detection methods can use technologies based on signals. The application of different non-destructive methods to detect the damage quantification and location to maintain and repair structures is of great interest for 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 [23]. Among the various signal-based methods are those that operate in either the time domain technique [24,25], the frequency domain technique [26,27], or the time-frequency domain technique [28,29]. Some dynamic frequency-domain approaches used as non-destructive damage detection methods include natural frequencies [30,31], modal curvatures [32,33], modal strain energies [34,35], frequency response functions (FRF) [36,37], and power spectral density (PSD) [38,39]. 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 [40]. Recently, researchers from various disciplines have examined the performances of the PSD technique for detecting distinct forms of damage to structures. Hadizadeh-Bazaz et al. [41] investigated the performance of PSD to determine the amount and location of damages on a coastal bridge caused by corrosion. Bayati et al. [42] evaluated a method according to the PSD and the least square to detect failures in a concrete bridge. Gunawan et al. [43] 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. [44].



However, PSD method performance in other life cycle assessment cases, such as environmental and social impacts, has not been evaluated in the past. Figure 1 illustrates a flowchart on the methodology and level processes for detecting damage by the PSD approach to maintain and repair concrete bridge structures.



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 [45] and 14044 [46]. 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 inputs for the LCA to quantify the environmental effects caused by each assessed measure as part of the life cycle.




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 [45,46]. 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 [47]. 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 2 demonstrates the general diagram of the methodology stages of the damage detection method for the LCA in this research.



As the diagram in Figure 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.



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 [39,41,48,49]:


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



(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 (2) is the form that may be used to write the structural response equation in accordance with the power spectral density.


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



(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 (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 the reinforced concrete building is said to have certain service life levels in the degradation model established in Figure 1 by Tuutti [50].



As seen in Figure 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 [51]. The overall time of the service life of the bridge’s reinforcements by chloride corrosion is shown in the equations below [52].


   t l  =  t i  +  t p   



(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 [53], 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 [52].


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



(4)




where in the equation, D refers to the diffusion coefficient of the chloride for every age of the concrete obtained as


  D = D    t 0    .      t 0   t     



(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 [53]:


  C   x , t   =  C s  ·   1 − e r f  x  2    D 0  · t ·        t 0   t     α         



(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:


   t p  =   80  ϕ   d   V  c o r r      



(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 [42] findings, pertinent information on the condition of the marine bridge in the seawater may be derived for analytical purposes, as shown in Table 1.



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 [44].


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



(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:


  Δ Z  ω  = Δ K −  ω 2  Δ M + i ω Δ C    



(9)






   H D   ω  =     Z  ω  + Δ Z  ω      − 1      



(10)







HD(ω) is the frequency response of the corroded bridge according to Equation (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.


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



(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. [54]:


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



(12)







It is possible to rewrite Equation (10) by making use of Equations (11) and (13) in the following manner:


  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   



(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:


        Δ K =   ∑   n = 1   n e    K n  Δ  P n K        Δ M =   ∑   n = 1   n e    M n  Δ  P n M        Δ C =   ∑   n = 1   n e    C n  Δ  P n C           



(14)







The structural components’ stiffness, mass, and damping matrix levels are Kn, Mn, and Cn. The observed changes in structural parameters ΔPnK, ΔPnM, and ΔPnC fall within the range of −1 to 1. According to Equation (13) and a chloride-corroded RC bridge, the sensitivity matrices for the structure’s nth parameter determine passive stiffness ratios:


         S K  = −  H D *   ω   S  F F    ω   H D   ω   K n   H T   ω  −  H D *   ω   K n  H  w   S  F F    ω   H T   ω         S M  =  ω 2  (  H D *   ω   S  F F    ω   H D   ω   M n   H T   ω  ) +  H D *   ω   M n  H  w   S  F F    ω   H T   ω         S C  = i ω ( −  H D *   ω   S  F F    ω   H D   ω   C n   H T   ω  ) +  H D *   ω   C n  H  w   S  F F    ω   H T   ω         



(15)







Finally, the PSD equation for calculating the dynamic characteristic parameter changes for the anticipated damages is as follows:


  Δ  S  x x   =  S K  Δ  p K  +  S M  Δ  p M  +  S C  Δ  p C   



(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.




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.



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 4.



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, The Netherland), ReCiPe 2016 (National Institute for Public Health and the Environment, Bilthoven, The 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, USA). 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 [56]. ISO 14040 [45] and ISO 14044 [46] have standardized specifications for different systemic analysis approaches. Figure 5 demonstrates the ReCiPe [57,58] method for the midpoint and endpoint indicators.



As shown in Figure 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).



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 [59] 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.






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 7). The data required to define the geometry of this bridge were gathered from the scientific literature [60,61,62]. 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.



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 8 presents the dimensions of the bridge deck [61,62], 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.



It was estimated that the steel amount for this bridge was 100 kg per cubic meter of concrete [61]. The steel reinforcement concrete cover was 35 mm for the deck reinforcement and was increased to 45 mm for the reinforcement in 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 [52], 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 [52].



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 9, these spans’ deck and column numbers were renumbered from 1 to 167.



The numbering of the sensor locations for assessment is shown in Figure 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 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 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 10 summarizes the research on the PSD and the ability of a traditional techniques approach to anticipate structural failure and reduce repair costs for the coastal 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 10. The annual wear and tear 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.





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 damages based on the beginning repair is shown in Figure 11.



As shown in Figure 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 [44]. 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 12. And this amount could be different according to the importance and conditions of the structure.



As shown in Figure 12, the percentage of damage obtained to calculate the service lifetime and repair period in every part of the bridge in Figure 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.



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 2.



Table 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 3.



Table 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 method damage detection methods for maintenance and repair activities are shown in Figure 13.



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.




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’s life cycle and make more practical judgments during the design phase.
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Figure 1. Health monitoring and damage detection processes in a bridge structure. 
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Figure 2. The general diagram stages of the damage detection method for the life cycle assessment that this research proposes. 
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Figure 3. Reinforcement concrete structure’s rebar service life according to Tuutti’s model (1982) [50]. 
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Figure 4. The approaches to environmental life cycle assessment [55]. 
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Figure 5. The indicators of E-LCIA through the ReCiPe method. 






Figure 5. The indicators of E-LCIA through the ReCiPe method.



[image: Jmse 11 01656 g005]







[image: Jmse 11 01656 g006] 





Figure 6. Methodologies, activities, and material used in this research. 
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Figure 7. The total view of the piers and deck of Spain’s reinforced concrete coastal Arosa bridge. 
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Figure 8. Cross-section and dimensions of the Arosa coastal and concrete bridge. 
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Figure 9. Counting and dividing points as sensors in an Arosa bridge span. 
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Figure 10. An overview of the study and computation procedures used for E-LCA for the bridge. 
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Figure 11. The service lifetime for the repair of each element section ID of the concrete bridge. 
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Figure 12. The percentage of the predicted damages for service life and repair period activities. 
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Figure 13. The total quantification of environmental categories’ impacts on the Arosa Bridge. 
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Table 1. Durability parameters in a coastal reinforced concrete bridge [42].
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Marine Exposure Classification

	
Cs

(% of Concrete Weight)

	
Vcorr

(μm/Year)

	
D0

(×10−12 m2/s)






	
Aerial (IIIa)

	
0.14

	
20

	
10.0




	
Submerged (IIIb)

	
0.72

	
4




	
In tide zone (IIIc)

	
0.50

	
50











 





Table 2. Environmental impact assessment results from two methods on the coastal bridge.
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Impact Category

	
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 3. Benefits of utilizing PSD in the environmental impacts category of a bridge span.
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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
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