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This study aims to evaluate the whole life cycle performance of Precast Advanced Track (PCAT) light rail systems in a digital twin environment, which is time-saving, flexible, and highly accurate. Two sustainability aspects of the system are addressed: environmental and economic impacts. In the life cycle assessment (LCA), energy consumption and CO2 emissions are calculated, whereas costs at each stage were calculated and converted to present values in the life cycle costing assessment (LCC). Revit is used for assessment. It enables the bill of quantities in the models to provide quantitative data for sustainability assessments. In the PCAT light rail systems, all structures and components have been considered, including subbase, concrete slab, rail fastening, rails, bituminous layer, rubber pad, and grease lubrication. Results exhibit that concrete slabs for street and off-street systems have a minor contribution to minimizing energy consumption, CO2 emissions, and costs. Rail fastenings and rails can be recycled, but the energy consumption is relatively enormous. Unrecyclable materials such as bitumen and grout account for a large portion of lifecycle CO2 emissions and costs. Surprisingly, these two materials are quite sensitive to parametric change. Accordingly, the digital twin confirms that PCAT concrete slabs demonstrate a good performance throughout the whole life cycle. However, there is still room for improvements, for example, re-designing a concrete slab with less grout while showing good waterproof performance. These structural modifications can be updated on the digital twin to enact positive changes for the sustainable development of light rail systems.
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1 INTRODUCTION
The world population increased from 3.68 billion in 1970 to 7.79 billion in 2020, drastically accelerating the consumption of natural resources (The World Bank, 2020). In this regard, awareness of the importance of sustainable development has been significantly increased. Therefore, traditional ideas and concepts are gradually being replaced. For example, the idea of the life cycle is transferring from “cradle to grave” to “cradle to cradle,” aiming to reincorporate waste materials into new products to reduce the impacts on the environment.
The construction industry has long been labeled as non-sustainable due to the high carbon emissions and energy consumption (Lu et al., 2020). However, recent studies show that adopting state-of-the-art technologies in the construction sector and integrating those technologies with sustainable methodologies enable the construction industry to change the current situation of low energy efficiency (Santos et al., 2020). Building information modeling (BIM) could be an ideal technology to be developed in the future. BIM simulates the project in a digital representation environment. Also, BIM provides a collaborative environment, enabling users to monitor the asset throughout the whole life cycle.
Part of the relevant extended research is to conduct the whole life cycle analysis in a BIM environment. Life cycle assessment (LCA) is a way to evaluate the global warming potential, and life cycle costing (LCC) is a way to calculate the cost of each step. They quantify the assessments and enable the designers to improve the performance of the asset at the early stages of the project. However, traditional LCA and LCC analyses have limitations, which might lead to inaccurate prediction and evaluation (Michalski and Krueger, 2015). For example, quantity surveyors might not be able to provide an accurate bill of quantity, including double count or disregarding any material, leading to an inaccurate cost estimation (Semtrio, 2021). In this regard, integrating LCA and LCC into BIM solves the problem and reduces the time and effort required (Soust-Verdaguer et al., 2017). As BIM is a computer-aided technology, mistakes are avoided at a significant rate. In addition, BIM has a great potential for the railway projects, such as providing evidence for decisions, mastery of the implementation phases, and assistance for management (Borrmann et al., 2016; Kaewunruen et al., 2015, 2016, 2021).
This study focuses on novel light rail slabs (street and off-street slabs) in collaboration with Precast Advanced Track Ltd. (PCAT) as a case study to conduct the interactive BIM-based LCA and LCC analyses. Rail construction is generally time-consuming and labor-intensive. Especially for the light rail in cities, the construction also significantly impacts the daily living of the local resident. Now, PCAT kindly provides a perfect solution and technical assistance to solve the problems. It firstly completes high-quality precast slabs on the manufacturing plant and then delivers them to the site, where slabs are installed with the latest fast-track installation techniques (PCAT, 2016). This approach brings many benefits, such as a short time limit, but there is a concern about environmental impacts, which are mainly associated with the excessive use of cement (Kiani et al., 2008; Kaewunruen and Xu, 2018; Kaewunruen and Lian, 2019). Therefore, the results of LCA and LCC can provide clear guidance for design perfection in real time. In this assessment, only the maximum service life was considered, while excluding the exterior impacts such as motor vehicles and transportation of components from the scope of the study.
In order to conduct the assessment, Autodesk Revit embedded with Excel Spreadsheet has been used. According to the critical literature review, Revit is the most used BIM tool (Lu et al., 2020). It has a similar user interface to Autodesk CAD and allows users to input more information into the model, such as material types. After finishing the model, a bill of quantity can be created from it, and the format can be adjusted to be suitable for LCA and LCC calculations (interactive to BIM modifications in real time). Finally, the relationships between different parameters have been assigned in the spreadsheet. The methodology of LCC is similar to that of LCA. The values of the energy consumption and CO2 emissions were calculated via LCA, and the costs for different life cycles have been calculated and converted to the present value via LCC.
2 LITERATURE REVIEW
2.1 Building Information Modeling
The usage of BIM was revolutionary to the architecture-engineering-construction (ACE) industry. It quickly transformed the management of the whole lifecycle of an asset (Hardin and McCool, 2009). Figure 1 illustrates the two different construction processes: traditional and BIM (note: level of details: A: architecture, C: construction, E: engineering; M: materials; S: schedule). The earliest research on parametric modeling can be traced back to the 1980s, but the ACE industry did not use it until the mid-2000s (Azhar et al., 2012). In 2011, fully collaborative 3D BIMs were asked to be developed by the United Kingdom (Cabinet office, 2011). According to the survey conducted by Statisca (2020), 73% of the construction project in the United Kingdom used the BIM tool in 2020, two times more than in 2012.
[image: Figure 1]FIGURE 1 | Traditional (A) and BIM process (B) (adopted from Azhar et al. (2012)).
BIM is currently evolving toward an international standard. In ISO 19650, BIM is defined as a method using a shared digital representation of a built asset to conduct the processes of design, construction, and operation (BIM Wiki, 2021). Developing a successful BIM model requires the collaboration of different stakeholders at different stages. The more information the stakeholders share, the more accurate the decisions are made. Therefore, BIM is not just software to visualize the construction structure but also a process that enables all team members to collaborate more efficiently.
BS 1192 is an old version of the BIM standard in the United Kingdom. It was replaced by ISO 19650 in 2019. The new standard introduced more details and dimensions to the BIM development. However, due to the limited access to the new standard, BIM maturity levels (Figure 2) based on the old version are explained in the following section. BIM maturity levels illustrate the different levels of shared cooperation in a project. At level 0, the project’s construction is based on unmanaged 2D drawings, and the information exchange is mainly through paper and electronic messages. The entire processes lack a common standard as every stakeholder works based on their personal preference. At level 1, standardized structures and formats are widely accepted, and a common data environment (CDE), an online shared repository, is created. All data of the project are collected and managed here. At level 2, two new dimensions are introduced: 4D: time and 5D: cost. Also, collaborative working is stressed to a new level. The model with all project information is shared using a standard file type. Finally, level 3 is the ultimate objective for the construction industry and what the new standard primarily focuses on: obtaining a complete integration of data in a cloud-based environment. When BIM progresses to level 3, it becomes digital twins. Digital twins are a virtual model or digital replica of physical entities that span their lifecycle. It is updated from real-time data and uses simulation, machine learning, and reasoning to help decision-making (Maggie Mae Armstrong, 2020).
[image: Figure 2]FIGURE 2 | BIM maturity levels (adopted from Bew and Richards (2008)).
2.2 Life Cycle of Assets
Figure 3 shows an overview of PCAT light rail construction procedures. In the construction phase, all components are manufactured in the plant, transported to the site, then installed using fast slab track installation techniques. In the operation phase, there are two main tasks: maintenance and renewal. The components used in the light rail have a different service life. Each concrete slab has a maximum service life of 120 years, whereas rails and rail fastening may only have 30 years of economic life. Therefore, regular maintenance is needed throughout the whole life cycle to reach the maximum service life. Recyclable components such as rails and rail fastenings can be used for other purposes. This step is vital in reducing CO2 emissions and costs. Finally, non-recyclable components such as the concrete slabs are to be transported to the landfill or utilized as fragmented concrete.
[image: Figure 3]FIGURE 3 | Life cycle stage (adopted from Kiani et al. (2008)).
2.3 Building Information Modeling-Based Life Cycle Assessment
Sustainable development in the construction sector depends on creating the lowest possible environmental impacts while promoting social and economic development (Díaz and Antón, 2014). LCA and BIM have a great potential to achieve that goal (The American Institute of Architects, 2010; Díaz and Antón, 2014). Currently, there are two main approaches to integrating LCA and BIM, which are connecting the bill of quantity (BOQ) from BIM with an LCA database to calculate the total environmental impacts, including the LCA information in BIM (Antón and Díaz, 2014; Díaz and Antón, 2014).
2.3.1 Life Cycle Assessment
According to the ISO 14040, LCA studies the environmental impacts throughout the whole life cycle of an asset, comprising acquisition, production, use, and disposal stages (Klöpffer and Grahl, 2014). It offers the ability to compare the products and strategic decisions regarding systemic inputs and outputs. Also, it can develop and incorporate end-of-life design strategies (Pryshlakivsky and Searcy, 2013).
LCA analyses can be divided into four steps: 1) define the goals and boundaries; 2) export BOQ and select LCI (life cycle inventory) database; 3) carry out environmental impact assessment; and 4) carry out analysis and conclude suggestions (Lee et al., 2018; Gardezi and Shafiq, 2019; Najjar et al., 2019).
2.3.2 Environmental Impact Indicators
Only the energy consumption and CO2 emission were focused on in this study. Other indicators such as solid wastes and renewable energy are not within the scope of this study.
2.3.2.1 Energy Consumption
In this study, energy consumption includes the manufacturing components and machines used throughout the construction, maintenance, renewal, and demolition phases. The data in the supplementary document (Supplementary Tables S1, S2) illustrate the average energy consumption used to manufacture different components and operate the equipment for main activities (including construction and maintenance phases).
2.3.2.2 Greenhouse Gas Emissions
The main types of gases causing global warming are carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). CO2 and CH4 have a relatively low global warming potential (GWP), but the large human-caused increase accelerates the rate of the warming process (Center for climate and energy solutions, 2021). For easy calculation and comparison, the emissions of CH4 and N2O were converted into equivalent quantities as that of CO2. The coefficients of converting into CO2 are 21 and 310, respectively (Howard et al., 1999). More information can be found in the supplementary document (Supplementary Table S3 illustrates the quantitative relation between greenhouse gas and energy sources or raw materials; Supplementary Table S4 shows the fuel mixture percentages anticipated to be utilized in cement, steel, aggregate, and rubber manufacturing). For rubber manufacturing, all thermal energy was assumed to be from burning coal. “Other” energy sources include nuclear power, hydropower, and solar power.
2.3.3 Building Information Modeling Integration With Life Cycle Assessment
As mentioned above, there are two main approaches to integrating BIM and LCA. The first approach resorts to external software for analyses. Jrade and Jalaei (2013) used this approach to assess the environmental impacts of a building. A BIM model was firstly built and exported a quantity take-off from it, which is then connected with an external database that contains the environmental data. The second approach is to develop a build-in LCA tool, where a framework has been proposed by shin and Cho (2015). This interactive integration framework forms the digital twin of infrastructures aimed at real-time environmental load considerations.
Each approach has various advantages and disadvantages. The first approach has higher flexibility in the database, where the user can edit the information using external software. The LCA results are greatly influenced by the type of data: specific, average, or generic data (Santos et al., 2019). For example, products produced by different manufacturers may have different qualities and attributes. Therefore, results become more accurate as the materials are classified more thoroughly. However, its limitation is also evident. All its data are stored in a separate document, which requires specific software and a license to access it. This increases the difficulty of managing the documents and data. Also, every model change is to repeat the following assessment procedures: exporting the bill of quantity, connecting to the database, and calculating the result. For the second approach, the LCA tool is a part of the BIM software. All data are stored together. Any changes to the model are to be updated automatically. However, the second approach cannot run without a suitable working environment (Santos et al., 2019).
2.4 Building Information Modeling-Based Life Cycle Costing
In general, LCC is a process that compiles all the costs from an asset’s cradle to grave, including construction, operation, maintenance, and demolition stages. For infrastructure, the service life is usually very long. Thus, it is necessary to consider the time value of money. In the green book (HM Treasury, 2020), three different discount rates are proposed for the construction industry in the United Kingdom (as shown in Supplementary Table S5). The way of integrating BIM and LCC assessment is similar to integrating BIM and LCA. The difference is that the prices of the materials are to be applied to the quantities.
Currently, there are two widely used cost databases: RS Means and Spon. However, due to the limitation of accessing the databases, market prices found on the internet were utilized in this study.
2.5 Knowledge Gap
Traditional LCA and LCC analyses have been conducted for many construction sectors in published articles. In the railway construction sector, Kiani et al. conduct the LCA for three types of railway track beds, showing that the concrete slab track bed has the lowest environmental impacts and energy consumption throughout the whole life cycle. Based on the critical literature review of over 50 related articles in the open literature, LCC- and BIM-based analyses of light rail systems have never been addressed before. Thus, environmental and economic impacts were emphasized in this research. There is still one element that has not been explored too much in the railway construction, namely, that of solid wastes. According to a study conducted by several researchers, construction and demolition waste bring severe environmental pollution (Yuan and Shen, 2011; Ajayi and Oyedele, 2017; Bakshan et al., 2017; Yuan, 2017; Jin et al., 2019). Therefore, it is necessary to provide a complete database for the environmental assessments.
3 METHODOLOGY
Both environmental and economic impacts of the PCAT slabs are the main focus of this study. The study aims to develop an interactive BIM with multiple dimensions of added-value information, creating a paradigm digital twin framework for light rail track slab systems. This digital twin can perform real-time lifecycle assessments (for cost, carbon emission, and energy consumption), which can be updated by new maintenance and repair activities in real time. This digital twin framework will help the rail industry become more efficient and sustainable across all stakeholders. The core software for the BIM-based assessment is Revit 2021. CO2 emissions and the whole life cycle costings were obtained using Excel Spreadsheet. The BOQ from Revit can be imported to the Spreadsheet, where different calculation methods can be applied.
3.1 Revit Modeling Approach
According to the critical literature review, Revit is used the most in BIM-relevant articles (Lu et al., 2020). It has a similar interface and operation style to AutoCAD. Thus, it can be learned in a short period of time. The difference is that Revit is a design and documentation software that works with all phases and disciplines of a construction project (Autodesk, 2020).
A light rail system has many components comprising rails, rail fastenings, and concrete slabs. Therefore, “families” were firstly created for each component. Before drawing the models, system default units were examined and adjusted, ensuring they were the same as they are on the technical drawings. The drawing processes were as follows:
• Firstly, a reference layer was selected, and a cross-section of the components was drawn on it.
• Then, the lengths of the components are assigned by setting an “extrusion start” and “extrusion end.”
• Finally, a suitable material type is assigned to each component.
Once the “families” were created, they were imported and assembled in a “project” file.
Two models were built for this study, which were the basis of the further assessment works. Raw data regarding the material types and the volumes of the components were created via “new schedule/quantities” in Revit.
3.2 Life Cycle Assessment Methodological Approach
The ISO 14044: 2006 guidelines on LCA methodologies were followed. There are four steps to conducting the LCA.
3.2.1 Goals and Scope Definition
Determining the assessment goal and scope is vital as it decides the way of evaluation. First, there are two types of analysis: streamlined and complete LCA. The streamlined analysis only covers the manufacture stage of products. The complete analysis includes not only the manufacture stage but also the transportation, construction, operation, and demolition stage. Moreover, there are many environmental impact indicators, including acidification potential (AP) and eutrophication potential (EP). Thus, assessment results are only helpful to the stakeholder when the indicators are chosen correctly. Third, assumptions need to be made based on previous project experience and site surveys. As for the construction project, not all the information is available at the early stage of the design. Therefore, a complete LCA analysis was conducted in this study, and carbon emission and energy consumption could thus be evaluated. The functional unit of the case study was 60 m.
3.2.2 Inventory Analysis
Exporting the BOQ from BIM and choosing an LCI database were essential at this stage as BOQ in Revit does not classify the component with its material type. Thus, the raw data from BIM shall be adjusted before being used for analysis. The next step was to choose a suitable database based on the region and industry. For example, Athena’s database is only suitable for the construction industries in Canada and North America, and Eco-Invent is an inventory database suitable for Swiss and Western Europe. Some authors also use data from published papers relevant to their research. This study collected data from Kiani et al. (2008) study and some second-hand resources.
3.2.3 Impact Assessment
The calculations determining the environmental impact indicators are as follows. The environmental accounting was conducted using Excel Spreadsheet, which was linked with Revit. The mass of each material was multiplied by the unit weight and the quantity before having the results applied to Eq. 1 to determine the total energy consumption. The unit weight of some of the materials used in this study is shown in Supplementary Table S6: 
[image: image]
For the GHG calculation, two methods were used. One was based on the CO2 emission of different energy sources and the mixture percentage of the fuel for manufacturing materials, as shown in Eq. 2. Coal and tires used this method. Another method multiplied the value of CO2 emissions with unit weight by the mass of the components, as shown in Eq. 3. This method was used mainly for the calculation of bitumen and synthetic fibers in this study:
[image: image]
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CO2 emissions from the equipment and the machines were also considered. The construction speed and fuel consumption of each component are shown in Supplementary Table S7. Different machines are to be used in different phases, as shown in Supplementary Table S8. The equipment used in the demolition phase was not specified, but the fuel consumption and construction speed were assumed to be the same as rail laying machines.
3.2.4 Result and Analysis
The tasks done at this stage were as follows:
• Materials are compared to determine which has the most significant environmental impact throughout its lifecycle.
• The stage that emits the most CO2 is determined.
• Parametric studies were conducted to determine which element is more sensitive to the change.
• Suggestions for the project were given.
3.3 Life Cycle Costing Methodological Approach
The assessment of LCC followed the ISO 15686-5:2017 guidelines. The steps were similar to the LCA methodologies, with the only difference of the cost as the economic indicator. LCC is used to estimate all relevant costs in a whole life cycle, including the costs for construction, maintenance, renewal, and demolition.
The prices of the energy and materials were collected from the internet and only represent the current market prices. The LCA Excel Spreadsheets developed by the author can automatically form the new annual and the total costs by changing the prices of the materials in real time.
The cost of each year was calculated using Eq. 4, and any income from recycling materials was deducted. Labor and equipment lease costs were excluded from the calculation due to the lack of valid and reliable data:
[image: image]
In order to make a comparison, the cost for each year needs to be converted into the present value (PV) by using Eq. 5. The discount rate was selected differently according to the number of years. The reason for using a discount rate is that a certain amount of money in the present is more valuable than money in the future. Thus, the costs of the products over different periods of time could be compared:
[image: image]
The total cost of 120 years was calculated by integrating Eq. 4 and Eq. 5, as shown in Eq. 6. Cn is the cost of a single year and d is the discount rate:
[image: image]
4 CASE SELECTION AND DATA DESCRIPTION
4.1 Precast Advanced Track Slab Description
PCAT is a new concept of railway construction that compensates for the drawbacks of the traditional way of construction. The track slab innovation has been developed to facilitate faster and greener construction and maintenance. It provides a much more time-saving and cost-effective solution. However, the interactive and detailed LCAs have not been fully established for the innovative slab systems. This study has thus been in collaboration with PCAT to establish a digital twin that can interactively assess LCAs for PCAT slab systems. Currently, there are two available forms of PCAT light rail slab: street slab and off-street slab. Figures 4, 5 show the models of the two forms of slab built using Revit. Both slabs feature drainage ducts and service ducts. The jointing method is also unique. High-strength steel cables are used to connect two slabs. Thus, slabs can be easily removed or replaced if required. The slabs are made of high-strength macro synthetic fiber reinforced concrete, so they have a maximum design life of 120 years (PCAT, 2016).
[image: Figure 4]FIGURE 4 | Street slab.
[image: Figure 5]FIGURE 5 | Off-street slab.
4.2 Specification for Main Components
Light rails usually have the following components: concrete slab, rails, rail fastenings, and rail rubber pad. They all comprised within the assessment. The service life of each component is shown in Supplementary Table S9. In this case, the maximum service life for each component is considered. A concrete slab has the most extended service life of 120 years (PCAT, 2016). Therefore, during the whole service life of the concrete slab track, other components are to be renewed three times.
4.2.1 On-Street Light Rail
4.2.1.1 Concrete Slab
Each slab has a length of 6 m and a width of 2.25 m. The cross-sectional diagram is shown in Figure 6. Six circular holes, each with a diameter of 75 mm in the middle of the slab, are cable ducts. Under the ducts is a matching conclusion. Two big circular holes, each with a diameter of 110 mm on both sides, are the drainage ducts. The concrete material used by the slab has a strength of C50/60, and the synthetic fibers are mixed (about 0.1% of the slab volume). The volume of each concrete slab is 3.33 m3. According to the case study by Kiani et al. (2008), the percentage of aggregate and cement in the slab is 80% and 20%, respectively.
[image: Figure 6]FIGURE 6 | PCAT on-street slab cross-section. Isometric views can be seen in Figures 4, 5.
4.2.1.2 Rail
Figure 7 shows the cross-sectional diagram of the rail for street slabs. Each rail has a length of 20 m and is made of steel. The volume of each steel rail is 0.16 m3. In order to fix the rails, rail fastenings are installed with an interval of 500 mm in between each set. They are made of spring steel material.
[image: Figure 7]FIGURE 7 | On-Street rail cross-section.
4.2.2 Off-Street Light Rail
4.2.2.1 Concrete Slab
The slab is 6 m long and 2.5 m wide. Its volume is 2.89 m3. Figure 8 shows the off-street slab cross-sectional diagram. Material usages and other specifications are the same as the on-street slab.
[image: Figure 8]FIGURE 8 | Off-street slab cross-section.
4.2.2.2 Rails and Rail Fastenings
Figure 9A shows the rail profile for an off-street slab with a length of 20 m and a volume of 0.16 m3. Figure 9B illustrates a set of the simplified rail fastening model; it is mainly made of steel and placed on the on-street slab with an interval of 1 m. As the assessment of this part was mainly based on assumptions, the results might be inaccurate.
[image: Figure 9]FIGURE 9 | Rail and fastening components for off-street slabs. (A) Off-street rail cross-section. (B) Rail fastening for the on-street system.
4.3 Other Details
4.3.1 Subbase
The subbase is structural support to the concrete slab, mainly made of aggregate and cement. Their contents in the ratio of subbase are 0.88:0.12 (Kiani et al., 2008). The depth of the subbase is either 150 or 210 mm (Govan et al., 2015). In this regard, a 150 mm subbase is used to assess street and off-street slabs. Assume the width of the subbase is the same as that of the slab. After tamping several times, a bituminous waterproof layer with a thickness of 5 mm was paved above it. The volume of the subbase was manually calculated in the Excel Spreadsheet.
4.3.2 Rail Track Maintenance
Application of grease lubrication onto the gauge corner surface of the curved rails (high rails) is needed every year. This can decrease the wear rate and rolling contact fatigue thresholds. The amount of grease used for rail lubrication varies between 0.7 and 2.5 kg/km per year (Reddy et al., 2007). In this study, 2.5 kg/km has been adopted in the calculation for both light rail systems.
4.4 Building Information Modeling Models for Light Rail
Figure 10 shows the on-street light rail system and off-street light rail system. Street lights, motorways, and pavements are only decorations and not assessed.
[image: Figure 10]FIGURE 10 | BIM models of on-street and off-street light rail systems. (A) On-street light rail 3D. (B) Off-street light rail 3D.
5 RESULT AND DISCUSSION
5.1 Result Analysis
Supplementary Tables S10, S11 show the detailed energy consumption (MJ) and CO2 emission (g) of the PCAT slabs: off-street slab and on-street slab, respectively. These results are based on the interactive determinations using the digital twins of the PCAT slab systems. Note that the calculations are based on the specific design of the components. The result shows that the carbon emission and energy consumption of the PCAT slabs are comparatively lower than the track slabs designed for high-speed rail networks (Kaewunruen et al., 2020).
5.1.1 Comparison of Life Cycle Assessment Results
5.1.1.1 Energy Consumption
Figure 11 illustrates the energy consumption of each component for light rail construction during the whole life cycle. Manufacturing concrete slabs consumes less energy, accounting for 3% (off-street) and 7% (on-street), respectively. Moreover, energy consumption only occurs in the construction period. Steel products such as rails and rail fastenings consume a large portion of the energy, exceeding 85% of the total energy consumption. There are two possible reasons for the high energy consumption: firstly, the short service life, where throughout the whole life cycle, these two components are to be replaced three times, and, secondly, inefficient production process.
[image: Figure 11]FIGURE 11 | Energy consumption for off-street (A) and street (B) construction.
5.1.1.2 Carbon Emission
Figure 12 demonstrates the CO2 emissions for two light rail systems. Carbon emissions of concrete slabs account for less than 20% of the total emissions. Also, it can be drawn from the figure that grouting carries significant weight in terms of carbon emissions. It contributes to half of CO2 emissions for street types. In contrast, there is no usage of grout in the off-street type. Therefore, the rails and rail fastenings account for the most significant portion of the total emission.
[image: Figure 12]FIGURE 12 | Carbon emission for off-street (A) and street (B) construction.
5.1.2 Comparison of Life Cycle Costing Results
Figure 13 illustrates the life cycle costs for two light rail systems. More than 90% of the costs occurred in the construction phase for both cases. During the whole life cycle, the off-street type costs £540 per meter, and the street type costs £547 per meter, including the prices of concrete slabs, £50.3 and £57.9, respectively. In the demolition phase, recycling steel products bring additional income.
[image: Figure 13]FIGURE 13 | Life cycle cost comparison for two systems.
Figure 14 illustrates the cost percentage for each component in the construction phase. The bituminous waterproof layer is the most expensive structure, accounting for more than 70% of the initial cost. The cost of concrete slabs is relatively small. For the off-street light rail, the sum of diesel oil and grease lubrication costs account for 0.3% of the initial cost, which is too small to be shown in the pie chart.
[image: Figure 14]FIGURE 14 | Costs for off-street (A) and on-street (B) components in the construction phase.
5.2 Parametric Analysis
A parametric analysis was conducted to quantify the extent to which design change could lower the environmental impact throughout the whole life cycle. Rail fastenings used for street-type light rail and subbase were selected for analysis. The current design sees a rail fastening installed every 500 mm. If the interval is increased by 20% to 600 mm, the total carbon emissions and costs will be decreased by 0.5% and 0.02%, respectively. Thus, the changes are negligible. The same conclusion can also be drawn from the subbase. Figure 15 shows the results of increasing the thickness of the subbase to 210 mm, which is the maximum thickness of the subbase demonstrated in the PCAT light rail design.
[image: Figure 15]FIGURE 15 | Parametric study of light rail subbase: CO2 emissions (A) and costs (B).
5.3 Discussion
In light rail construction, the concrete slab has minor impacts on every aspect because of the long service life and fewer maintenance works. In contrast, much attention should be put on the grouts and bituminous waterproof layer, as they carry a significant impact in terms of carbon emissions and costs. Also, according to the parametric study, these two elements are sensitive to changes in the parameter. Changing the design or replacing them with low cost or low-environmental-impact materials can improve the light rail system’s whole life cycle performance. Rails and rail fastenings emit a large amount of CO2, in which 87% of the decrease could be accomplished by recycling. However, the steel manufacturing process requires a large amount of energy, mainly because the equipment used in this process has low energy efficiency.
Therefore, slabs using less grout while being able to prevent water from penetrating into the foundation through gaps between the concrete slabs shall be designed. Also, it is better to procure steel products from manufacturers with the latest technologies as energy efficiency is higher.
6 CONCLUSION
This study used digital twin technology to evaluate the PCAT concrete slab track systems in environmental and economic aspects. The core of this assessment is a complete bill of quantities of material, whereas the traditional way of creating BOQ heavily relies on quantity surveyors, which might miscount material qualities, leading to inaccurate results. This problem could be solved by interactive BIM. To support BIM-based LCA and LCC, Revit 2021 and Excel Spreadsheet have been utilized. First, light rail system models were built, and BOQs were exported from them. Then, a Spreadsheet was used to calculate the impact indicators.
The results reveal that PCAT concrete slabs have a minor contribution to reducing greenhouse gas emissions and costs. Steel products such as rails and rail fastenings have relatively minor impacts primarily because they are recyclable materials. In contrast, unrecyclable components such as rubber pads, bituminous layer, and grout not only have a significant impact on the environment but also are expensive. Hence, the method of minimizing the usage of unrecyclable materials is to be considered at the design stage for concrete slabs. Future work will investigate railway demolition wastes to fully reflect the impacts on the environment.
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