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Abstract

:

Transportation infrastructure is one of the largest consumers of natural materials. To improve the environmental quality and sustainable development of transportation infrastructure, it is important to implement sustainable strategies in pavement construction and rehabilitation. The use of recycled materials is a key element in generating sustainable pavement designs to save natural resources, reduce energy, greenhouse gas emissions, and costs. The objective of this study was to propose a methodology for assessing the environmental and economic life-cycle benefits when using recycled asphalt pavement (RAP) materials in highway projects. Previous studies on life cycle analysis (LCA) using RAP focused on the economics and/or environmental impacts during the material production process. Thus, there is a need to consider sustainability analysis at all stages of construction and rehabilitation during the performance period of pavement structures. This study addresses this need with the proposed methodology. The suggested approach could be potentially implemented in a pavement management system (PMS) so as to introduce sustainability principles in optimizing alternative rehabilitation strategies. The methodology includes various steps for the analysis, starting with condition assessment of the existing highway, identifying alternative structural pavement designs, predicting service life, setting up alternative rehabilitation strategies, and conducting life cycle environmental and economic analysis. To demonstrate the value of the methodology, a comparative parametric study was conducted on two real case study projects representing actual field conditions for primary roads in Maryland. These case studies were used in order to quantify the economic savings and environmental benefits of using different levels of RAP in highway rehabilitation. The results of the analysis indicate that incorporating RAP in pavement rehabilitation can contribute substantially to cost savings and environmental impact reduction (e.g., greenhouse gas emission, energy, water, and hazardous waste). The benefits illustrated in this study are expected to encourage wide adoption of the proposed methodology and the use of recycled materials in highway construction and rehabilitation. The methodology is transferable where similar materials and highway construction techniques are used.
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1. Introduction


The United States’ national highway system requires new construction and extensive rehabilitation of highways to meet the growing traffic demand and guarantee the safety of drivers [1]. The maintenance and rehabilitation of this extensive highway network system consume large amounts of natural resources and energy, produce large quantities of waste and generate significant amounts of greenhouse gas emissions [2]. Thus, state Departments of Transportation (DOTs) have been aiming to adopt an ever-increasing amount of recycled materials in pavement construction and rehabilitation. The benefits that can be achieved by using large amounts of recycled materials include reducing the use of natural resources; eliminating waste materials generated for disposal; reducing energy and water consumption; and reducing greenhouse gas emissions [3].



Recycled asphalt pavement (RAP) is the most common recycled material used in hot mixed asphalt (HMA) and to some degree as aggregate in base layers. The engineering properties of using RAP in highway construction applications have been explored by several studies [4]. However, its contributions to sustainability, in terms of greenhouse gas emissions reduction (GHG), energy and water demand reduction, and economic benefits using life-cycle cost analysis (LCCA), have been examined to a lesser degree. Furthermore, the potential widespread use and the sustainability benefits of RAP and other recycled materials need to be considered within the pavement management system (PMS) analysis when identifying the best rehabilitation strategy for each project. Chesner et al. [4] described RAP and its potential applications in highway construction. The significant economic savings when RAP is used have been reported by some state agencies [5]. During roadway rehabilitation, the existing asphalt concrete is removed by milling the surface and pulverizing the old HMA. The material obtained from this process is referred to as RAP. Ventura et al. [6], and more recently, AL-Qadi et al., [7], Aurangzeb et al. [8], and Del Ponte et al., [9] discussed the potential environmental and economic benefits and trade-offs of using RAP in pavements. However, only a limited percentage of RAP was included in these analyses. Furthermore, none of the studies provided a systematically quantitative determination of the economic savings and environmental benefits when substituting conventional (i.e., virgin) materials with RAP [10]. Thus, a more comprehensive analysis of life cycle economic benefits and environmental impact analysis is needed [11]. Furthermore, previous studies on the LCA analysis using RAP materials focused on the economics and/or environmental impacts during the material production process, AL-Qadi et al., [7], Aurangzeb et al. [8], and Del Ponte et al., [9]. Thus, there is a need to consider all stages in the roadway life-cycle performance phases (i.e., construction, maintenance, rehabilitation) in order to address all potential impacts and benefits of using RAP in the LCA analysis of roadway projects. This study addresses this need with the proposed holistic approach methodology that quantifies the LCA environmental benefits and economic savings throughout the entire performance period of alternative sustainable strategies by considering both construction and rehabilitation stages. To demonstrate the value of the methodology, the comparative parametric study was conducted on two real case study projects representing field conditions for primary roads in Maryland, and typical pavement construction practices in the northeast region of the US.



The proposed methodology for systematically generating and assessing sustainable pavement rehabilitation strategies includes various steps: condition assessment of the existing roadway; creating conventional (i.e., with new raw materials) and alternative sustainable (i.e., with recycled materials) strategies; pavement structural design analysis and service life predictions; conducting life cycle environmental and economic analysis, and comparing alternatives; and, criteria for selecting the best and more sustainable strategy using the analysis and sustainability metrics. While the proposed approach is briefly described in the methodology section, this paper primarily focuses on the sustainability analysis. For showing the value of the proposed methodology, comparative life cycle analysis (LCA) was conducted to quantify the economic savings and environmental benefits associated with the substitution of different levels of RAP with conventional virgin materials in highway projects. The analysis was conducted using the pavement life-cycle assessment tool for environmental and economic effects (PaLATE, version 2.0, 2021). This tool considers the environmental and economic effects throughout the entire supply chain including materials production, construction, and rehabilitation phases. For example, inputs pertinent to the materials used during initial construction may include both economic and environmental considerations in regards to methods and equipment used during production as well as transportation of these materials to the construction site.




2. Methodology


The steps of the proposed methodology for generating and analyzing alternative sustainable rehabilitation strategies are presented in Figure 1 and briefly described next. Since the various highway agencies use different condition assessment techniques, threshold criteria for acceptable levels of condition, performance prediction models, pavement design methods, maintenance and rehabilitation techniques, and LCA tools, it was the objective of this study to define the overall methodological framework for generating and analyzing sustainable pavement rehabilitation strategies, Figure 1, so that can be adopted and adapted by each agency based on their local practices.



2.1. Pavement Condition Assessment


The first step of the methodology is to assess the pavement condition of the existing road. The present condition is particularly important since it evaluates the current quality of materials and pavement structure. This will identify what level of the existing materials can be recycled, the method of recycling, (i.e., in-situ recycling versus plant recycling), and any structural aspects that need to be addressed. Distress surveys are the most common condition assessment methods used by DOTs. Such surveys identify distresses, severity levels, and density of such defects on the pavement surface through a visual examination of either a representative portion or the entire roadway project. The surface distress data are then used to calculate the condition indexes. The most popular one is the pavement condition index (PCI) which provides an overall rating of the condition of the pavement, Table 1. PCI provides a numerical value ranging from 0 to 100, with 100 representing the perfect condition and 0 representing the failed condition [12]. Over the years other methods of assessing pavement conditions have been developed based on roughness, friction, surface deflections. Furthermore, recent developments in fast and accurate non-destructive methods for field conditions, such as ground penetration radar (GPR), can be used for assessing such conditions [13,14].




2.2. Identify Conventional and Alternative Strategies


The next step involves identifying potential rehabilitation strategies. This includes identifying the conventional one where 100% new raw materials are used, and the sustainable alternatives using recycled materials in the surface and base layers. Many recycled materials or industrial by-products can be employed in pavement construction, such as RAP, recycled concrete materials (RCM), construction and demolition waste (CDW), fly ash, glass, crumb rubber, and foundry sand. Among these, RAP is the most common recycled material used in pavement structures since it can be used in both the surface and base layers [7]. Figure 2 shows a schematic of the RAP production process. Studies have shown that RAP can be processed to achieve equal or better engineering performance than conventional materials [15]. The interest in using RAP was particularly emphasized during the 1970s oil crisis and the increasing cost of asphalt binders ever since [16]. The use of RAP has become a relatively common practice in most countries. Thus, RAP was adopted in the case studies for generating alternative strategies. Several studies in Europe and the United States have concluded that even recycling levels of 80% RAP in asphalt mixtures are feasible solutions depending on the quality of the reprocessed material [17]. However, current regulations in the United States restrict the use of these materials to 50% levels [18]. Such constraint was also considered in this study when generating the alternative rehabilitation strategies to examine.




2.3. Determine Equivalent Thicknesses for Alternative Designs


For the same traffic level and environmental conditions, pavement structural thicknesses will vary in function of the materials used. Thus, it is necessary to determine the pavement layer thicknesses. The layer thicknesses for the conventional and rehabilitation strategies can be determined using the AASHTO pavement design guide [19]. Alternatively, the mechanistic-empirical pavement design guide (MEPDG) can be used as well [20]. The AASHTO equation was used in this study to determine the equivalent thickness for the alternative designs.




2.4. Predict Pavement Service Life


Depending on the initial design quality (i.e., materials and layer characteristics, design traffic level, and environmental parameters), the useful service life of each pavement structure can be estimated. To identify the useful service life of a pavement structure the minimum acceptable condition (i.e., when the next rehabilitation is required) should be defined. The present serviceability index (PSI) is used in the AASHTO pavement design guide [19]. The majority of the states use a PSI value of 2.5 as the selected threshold [21]. Other condition indexes have been related to PSI including the International Roughness Index, IRI, (an index based on roughness measurements on the roadway surface), as well as PCI [22,23]. In terms of pavement design, as well as for predicting the remaining service life, the MEPDG can be used which identifies pavement conditions in terms of IRI, with a threshold value for rehabilitation equal to an IRI of 2.7 m/km [20]. Similarly, to the AASHTO design method, MEPDG considers three major categories of input variables in the analyses including, material properties, traffic load data, and climatic parameters [20].




2.5. Identifying Rehabilitation Strategies


Based on the current pavement condition (i.e., PCI) reflecting the quality of the existing pavement materials and structure, the remaining service life can be estimated, and appropriate recycling techniques can be selected for pavement rehabilitation. An example is shown in Table 2 after a major national study addressing such relationships [3]. For example, hot-in place recycling (HIR) is usually used when the pavement distresses are minimal and located on the surface layer. In this case, PCI is between satisfactory to good levels (i.e., between 70 to 100), reflecting thus a good quality RAP and the remaining paving materials, and there is no evidence of structural problems. Cold-in place recycling (CIR) is used when the distresses are more severe and extend beyond the surface layer. In this case, PCI has a fair level (i.e., between 55 to 70) reflecting recycled materials that require significant improvement in terms of mechanical properties. Finally, full-depth reclamation (FDR) is used to reconstruct layers and to increase structural capacity. In this case, a lower PCI corresponds to values below 55, indicating that the existing recycled materials require extensive improvement throughout the pavement layers [3]. As expected, in-situ recycling of the existing pavement reduces the need for transportation of material to and from the construction site and/or disposal to the landfill. This will help avoid, or reduce, the disposal of construction materials, and thus reduce the consumption of energy, natural resources, emissions, and eventually costs. Hot in-place recycling is the most common method used in the construction of highways since the existing in-situ pavement material has not undergone extensive deterioration and fracture compromising future performance. In this technique, new materials and RAP are mixed at different proportions until the required properties and quality are achieved. Furthermore, implementing sustainability principles in this stage of identifying alternative strategies will aid in reducing energy consumption, carbon footprint, and greenhouse gas emissions. In this study HIR was used since the existing pavement conditions of the field case studies were considered to be at satisfactory to good levels, Table 2.




2.6. Life Cycle Assessment


Once the rehabilitation strategies are identified, life cycle economic and environmental impact analysis can be performed for both conventional and alternative sustainable designs. Currently, there are several tools available for performing LCA, some of which are specifically developed for pavement structures [1,11]. It is important to select analysis tools that address both economic and environmental assessment. Since LCA is conducted over a certain period, the tool should be flexible enough to consider current and future investments in time by considering net present value (NPV) or uniform annual cost [24]. Similarly, the LCA tool in regards to environmental impacts should consider the implications from both current and future maintenance and rehabilitation interventions on the pavement structure during the entire performance period. While in this study PaLATE was used as an example LCA tool [11], other tools can also be considered for such analysis. This tool considers the analysis inputs such as materials, layer thicknesses, densities, unit costs of production, transportation, and placement in relation to equipment used, pertinent energy and water consumption, as well as emissions. Such analyses are conducted for each stage of materials production, transportation, and construction. It also considers initial construction as well future maintenance and rehabilitation operations throughout the entire service life. A variety of data and default values are available in the PaLATE database pertinent to a wide set of recycled materials. These include parameters required to calculate both economic and environmental impacts for a project. The material, construction, maintenance, landfill, and other input parameters for this study were based on local Maryland and regional values from the northeast US region. These input parameters can be easily modified to reflect the specific region of the construction projects (i.e., costs, materials and densities, construction methods and equipment used, and so on). PaLATE employs an input-output (EIO) LCA function which permits the assessment of the economic and environmental impacts associated with recycled and conventional materials.



The alternative rehabilitation strategies can be thus compared based on the LCA economic and environmental results, in terms of the individual values obtained for LCA cost, energy, water, emissions, and so on. Nevertheless, it is often important and desirable to consider an overall assessment for each sustainability strategy, in relation to the remaining, by comparing them or ranking them with an overall rating index. For this reason, a sustainability rating system can be used which identifies an overall rank or score. Such sustainability score can be then used to compare the alternative strategies between them, and with the conventional strategy where raw construction materials are used. In this study, the BE2ST-in-Highways sustainability rating tool was used [25]. Thus, the economic and environmental impact results obtained from PaLATE for each alternative strategy were used in BE2ST-in-Highways for rating each alternative. This rating system awards sustainability points to key parameters, (such as life cycle cost reduction, energy consumption, and hazardous waste reduction, amount of in-situ and ex-situ recycling, and so on), in relation to predefined reduction target levels for each one of these. While the details of such a rating system are described later with the case studies, it is worth mentioning that any sustainability rating system can be used that reflects local conditions and practices in the region of interest [26]. BE2ST-in-Highways is flexible enough to modify key sustainability parameters; corresponding target reduction values and reward points; and relative weights between these parameters, (i.e., reflecting their relative importance, for example, the cost versus energy, energy versus water reduction, and so on). Such parameters provide a numerical score reflecting the overall sustainability ranking (i.e., number of reward points leading to a total sustainability score, and thus ratings such as gold, silver, etc.). The analysis and sustainability score can be then used to select the best possible sustainable rehabilitation strategy for a specific project. It is worth mentioning that such analysis and ranking could be easily integrated into a PMS for optimizing the allocation of investments (maintenance and rehabilitation) in a highway network in conjunction with sustainability requirements and recycling target levels.





3. Case Studies


As emphasized earlier, this paper focuses on the sustainability analyses for showing the value of the proposed approach in comparing alternative strategies in regards to life cycle economic and environmental impact. Such analyses were conducted for the construction of two different roadways. The alternative rehabilitation solutions considered a conventional design using new construction materials and sustainable alternative designs considering recycled materials. The analyses were conducted using PaLATE [11]. The required inputs for the analysis of each strategy include among other project characteristics, analysis period, planned maintenance and reconstruction schedule, and present worth value. An example of input parameters is shown in Table 3. For both construction projects under consideration, the analysis was conducted for a road width of 7.3 m (i.e., two travel lanes), 1.6 km in length (i.e., one-mile stretch). The LCA sustainability analysis was conducted over an analysis period of 40 years with a scheduled 50 mm overlay every ten years and reconstruction every 20 years. The time intervals were determined based on the estimated traffic level and deterioration rates using the rehabilitation design guide principles of the AASHTO design guide [19]. Several studies indicated that the use of RAP in HMA can match or enhance mixture properties and performance in relation to conventional materials when appropriate rejuvenators and gradation adjustments are used [3,4,5]. Similarly, the use of RAP in the base or subbase can meet or slightly exceed the mechanical properties and performance in relation to the granular aggregate base, GAB, [1,2,27]. Thus, in this analysis, the same performance was assumed for surface and base/subbase materials incorporating RAP in relation to conventional materials.



The first step in the analysis is to calculate volumes and weights in the function of the identified pavement design for each alternative strategy. For this study densities of hot mix asphalt (HMA), asphalt treated base (ATB), and graded aggregate base (GAB) was adjusted to represent the materials used in the region of the construction projects. Distances between construction site, production plant, and quarry, and landfill are also considered for accounting into the analysis of all economic and environmental-related parameters during material production and processing, transportation, and placement. The environmental analysis includes among other, greenhouse gas emissions, energy use, water consumption, waste generation, particulate matter, and human toxicity potentials. It is anticipated that when recycled materials are used saving in CO2 emissions may be observed.



Two types of roadways were included in this study, with two and three pavement layers. These represent typical roadways in the region with moderate and heavy traffic respectively. The pavement structural parameters are shown in Figure 3. The first roadway consists of a two-layer pavement design structure with an HMA surface layer and a GAB base, while the second one has an intermediate layer of ATB to account for the heavier traffic. The current condition of the two roadways was considered as satisfactory (i.e., PCI 70–85) such that a relatively high percentage of RAP (i.e., 50%) is allowed to be used in HMA for rehabilitation.



For each case study, a set of alternative sustainable strategies were considered based on the current PCI condition rating of the pavement structure. The objective of the alternative strategies was to evaluate the economic and environmental benefits by substituting the surface layer (HMA), intermediate layer (ATB), and the base layer (GAB) with RAP at various percentages. Figure 4 provides the RAP percentages used in each layer for the two-layer pavement case. The RAP percentage in the HMA layer varied from 10% to 50% while for the GAB layer a RAP content ranging from 25% to 45%. The reference case represents the conventional alternative where new virgin materials were used for both layers.



Figure 5 provides the alternative sustainable rehabilitation strategies for the three-layer roadway case. As in the previous case, the alternative strategies were generated by varying the percentage of RAP in the HMA, ATB, and GAB layers. A survey conducted by Federal Highway Administration’s RAP expert task group indicated that the most common RAP content in the hot mix used in the United States is around 20%, even though specifications of some states allow up to 50% [21]. Thus, 20% and 50% of RAP in HMA were selected to reflect the currently common practice and maximum levels identified by many states. Past studies also examined the feasibility of using 100% RAP as a new pavement course, and thus, the percentage of RAP in GAB and ATB ranges 0–100 in the case studies [27] Specifically, the RAP in HMA ranged from 0 to 50%, in ATB from 0 to 100%, and in GAB from 0 to 100%.




4. Results and Analysis


4.1. Economic Implications


The results of the LCCA are presented in Figure 6 and Figure 7. A discount rate of 4% was considered in the calculation of NPV values for each alternate for accounting costs pertinent to future maintenance and rehabilitation actions. As can be observed from the analysis of the two-layer pavement system, a life cycle cost reduction is observed with the increase in recycling material in HMA (e.g., RAP in the surface layer) and GAB base layer. Specifically, a 21% reduction in cost was observed when 10% HMA and 45% GAB were substituted with RAP. The cost reduction continues to increase as more RAP was used in the HMA layer. A total reduction of 26% in the life cycle cost was observed when 50% RAP was used in HMA, and 25% RAP in GAB. Since the cost of HMA materials is higher than that for the base layer, using more RAP in the surface layer leads to higher cost savings. Nevertheless, at a certain level of RAP in HMA and GAB cost reductions tend to vary to a lower degree, (i.e., strategies 1–3 to 1–5).



The LCCA for the three-layer roadway, Figure 7, indicated that the alternative sustainable strategies provided a lower life cycle cost than the conventional case of using new raw construction materials. The higher cost saving was observed to be equal to 32% when 100% RAP was used in the intermediate and base layers and 50% RAP in the HMA layer (e.g., alternative 2–6).



In all cases, the alternative sustainable strategies produced a lower life cycle than the reference conventional strategy (i.e., using new materials), indicating that the use of recycled materials on pavement construction provides significant economic savings. Cost savings did vary in relation to the type and percent of recycled material used, with a greater percentage leading to lower construction costs. The savings of the alternative strategies are attributed either to the reduction in material production cost and/or transportation cost. The life cycle cost broken down by materials, transportation, processes (i.e., equipment), labor, and profit (i.e., overhead) were also analyzed. By processing and using RAP on site, the transportation cost for virgin materials delivered to the construction site, and, the waste materials sent to the landfill for disposal (or to the plant for follow-up reuse to another project or application) can be reduced or minimized producing thus significant reduction to the total rehabilitation cost. The reduced use of virgin aggregate replaced by RAP produces another significant reduction in project cost. Although the cost for the hot in-place recycling (HIPR) process increased with an increasing amount of RAP, this had minimal impact on total rehabilitation cost in relation to the overall materials and transportation costs.




4.2. Environmental Impact


The environmental impact in PaLATE considers the impact of materials production and processing, construction equipment performance, and transportation both during initial construction and maintenance activities. The results obtained through life cycle environmental analysis are energy consumption, pollution emissions, water consumption, as well as hazardous waste generation. The environmental impacts of both conventional design and sustainable alternatives for the two-layer roadway are presented in Figure 8, while Figure 9 presents the results for the three-layer roadway. Some of the most relevant results are discussed next.



Increasing the use of RAP resulted in a reduction in energy use for all alternative strategies, and with maximum reductions of 36% observed for alternative 1–5 and 26% for alternative strategy 2–5. Therefore, energy consumption can be reduced significantly by increasing the percentage of RAP in HMA. It is also observed that a large amount of water savings (23%) and greenhouse gas emissions reduction (19%) were observed for the proposed strategy (1–5) compared to the reference case. The energy reduction reflects the lower demand in transportation due to the on-site recycling of materials, lower need to transport new materials to the construction site, and decreased amount of waste materials disposed to the landfill. A significant reduction (equivalent to 75%) was observed for PM10 emissions (e.g., particulate matter of 10 micrometers and smaller, representing ambient air quality particle pollution as defined by the Environmental Protection Agency, EPA). The lower PM10 emissions are attributed to the decreased need for loading and hauling operations associated with the lower amounts of virgin and/or landfilled materials. RAP in HMA has a significant influence on CO2 emissions reduction. This is associated with the fact that RAP has already a certain amount of asphalt binder, reducing thus to some degree the need for a total new binder needed to be added to the mixture. As it is well-known binder production is a process associated with significant levels of energy and emissions.




4.3. Sustainability Rating


As mentioned earlier an overall assessment of each alternative strategy in regards to sustainability is often desired. In this study, BE2ST-in-Highways was used. This sustainability metrics tool considers nine factors for assessing each alternative strategy in relation to a reference strategy. The reference strategy to compare all sustainable alternatives against to be the conventional one where all new virgin raw materials were used. Figure 10 presents the nine factors considered in the rating and includes energy use, global warming potential, GWP, in-situ & ex-city recycling, water consumption, life cycle, and social carbon costs, traffic noise, and hazardous waste. The relative weight of each factor can range from 0–100 to reflect their relative importance concerning local conditions and policies pertinent to the construction projects. For example, in some regions water conservation or energy reduction may be more critical than cost savings, and so on. Thus, higher weights may be associated with such critical parameters. For this study, the relative weights assigned to these parameters were based on past recommendations and studies for the study region [10] and are as follows: energy, global warming, in-situ recycling, water consumption, LCC, and hazardous waste at 15%; and SCC with a relative weight of 10%. The total percentage of the relative weights adds up to 100%. It is important to mention what social carbon costs are associated with the cost of reducing global warming. Such a parameter is often used by highway agencies to enforce sustainable construction, and it is based on USD/Mg of CO2 emissions [25]. This sustainability metric tool assigns rewards points in relation to the ability of each strategy to reduce cost and environmental impact at specific levels as related to these parameters. While the details of such interworks are described elsewhere [25], an example of such scoring is provided in Table 4 with alternative strategy 1–5. In this case, the energy reduction in relation to the conventional strategy employing new materials was of the order of 20% rewarded with a score of two points. Similar scores were obtained for GWP, in-situ recycling, water consumption, and LCC. Lower scores were obtained for social carbon cost, traffic noise reduction, and hazardous waste reduction. Since no ex-situ recycling was involved in these strategies no score was reported. It is important to mention that the assigned target levels for these parameters and the corresponding sustainability rewards points can be adjusted to reflect the local conditions and policies pertinent to the construction project. For example, in some regions recycling practice may be more widespread, thus higher levels of recycling use may be required to reward higher scores. On the other hand, if water conservation or energy reduction is more critical, a small amount of reduction of these parameters may be rewarded with higher score points. The scoring results of each alternative rehabilitation strategy can be then represented by an Amoeba chart, Figure 11. This chart provides a quantitative and visual review of the awarded points for each parameter relative to the maximum values. This representation visually indicates in which areas a rehabilitation strategy has provided the maximum score, and thus identifies the remaining areas that further improvement is needed. The Amoeba for alternative strategy 1–5 is shown in Figure 11.





5. Conclusions


This paper presents a methodology for assessing alternative sustainable rehabilitation strategies for roadway construction. Such an approach could be integrated into a PMS for incorporating sustainability principles in optimizing alternative rehabilitation strategies. The methodology includes various steps for identifying and analyzing alternative sustainable strategies. The sustainability analysis considers both LCA economic and environmental effects of using recycled materials in pavement structures. It also provides significant insights on the contribution of materials production, transportation, and processing to such components. Two real case studies of typical rehabilitation construction projects were used to demonstrate the value of the sustainability assessment approach and showcasing the potential economic savings and environmental benefits of using recycled materials. The economic analysis indicated that using recycled materials on the surface, intermediate, and base layers in pavements can result in significant economic benefits. The environmental assessment for the alternative strategies indicated as well that overall higher percentages of recycled materials produce larger reductions in GHG emissions, energy, and water. While the specific findings of this study in relation to economic and environmental results reflect the construction project characteristics of the two case studies, it is expected that such trends will be similar to pavement projects in other regions where similar materials and construction techniques are used.
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Figure 1. A methodological framework for sustainable pavement rehabilitation strategies. 
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Figure 2. Production process of RAP. 
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Figure 3. Schematic roadway pavement designs for real case studies. 
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Figure 4. Alternative strategies for the two-layer pavement case. 
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Figure 5. Alternative strategies for the three-layer pavement case. 
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Figure 6. LCC comparison of conventional and alternative rehabilitation strategies (two-layer system). 
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Figure 7. LCC comparison of conventional and alternative rehabilitation strategies (three-layer system). 
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Figure 8. Life-cycle environment impact of alternative rehabilitation strategies (two-layer system). 
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Figure 9. Life-cycle environment impact of alternative rehabilitation strategies (three-layer system). 
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Figure 10. Components of BE2ST-in-Highways rating system. 
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Figure 11. Sustainability scoring for alternative strategy 1–5. 
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Table 1. Pavement condition index.
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	Pavement Condition
	PCI Scale





	Good
	85–100



	Satisfactory
	70–85



	Fair
	55–70



	Poor
	40–55



	Very Poor
	25–40



	Serious
	10–25



	Failed
	0–10







Note: adaptation after ASTM D6433 [12].
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Table 2. Selection of recycling techniques for pavement rehabilitation.
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	Pavement Condition
	Recycling Method





	Satisfactory to Good
	HIR



	Fair
	CIR



	Poor or Lower
	FDR







Note: Adaptation after NCHRP Synthesis 421 [3].
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Table 3. Input parameters for field case studies on primary roads.
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	Parameter
	Value





	Road Width
	7.3 m



	Road Length
	1.6 km



	Wearing Course Depth
	10.16 cm



	Graded Aggregate Base
	20.32 cm



	Analysis Period
	40 years



	Overlay (50 mm)
	@ year 10 & 30



	Reconstruction
	@ year 20 & 40
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Table 4. Example sustainability assessment and scoring.
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	Criteria
	Reference

(Conventional)
	Alternative Strategy 1–5
	Performance
	Normalized Score





	Energy Use (MJ)
	10,342,136
	8,229,633
	20.43%
	2



	GWP (Mg)
	573
	447
	21.99%
	2



	In-Situ Recycling (%)
	0
	1
	100.00%
	2



	Ex-Situ Recycling (%)
	0
	-
	-
	-



	Water Consumption (kg)
	2290
	2009
	12.27%
	2



	Life Cycle Cost (USD)
	2,552,620
	1,952,232
	23.52%
	2



	Social Carbon Cost (USD)
	USD 27,446.65
	USD 21,411.26
	USD 6.035
	0.15



	Traffic Noise
	-
	1
	1
	1



	Hazardous Waste (kg)
	78,161
	75,597
	3.28%
	0.33
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