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1 INTRODUCTION 
 
Reclaimed asphalt pavement (RAP) refers to the material that is generated due to the processing 
of milled asphalt pavement extracted during maintenance and demolition (Yousefi et al., 2021). 
In general, RAP is composed of about 93-97% recycled aggregates and about 3-7% of asphalt 
cement. The addition of RAP as replacement of virgin aggregates results in production of mix-
tures that have low resistance to fatigue damage and high susceptibility to moisture induced dam-
age (Tarsi et al., 2020). Hence, the RAP content in bituminous mixtures is typically restricted to 
15-20%.  

Despite these challenges, the recent technological advancements have allowed the use of high 
RAP contents in surface layer of bituminous pavements and also for the production of sustainable 
warm-mix asphalt mixtures (Tarsi et al., 2020). Researchers have suggested that use of RAP also 
results in lower environmental and economic aspects (Zhao et al., 2021). For instance, a study 
revealed that the use of 30% reclaimed binder in a bituminous mix results in higher environmental 
benefits and lower costs than mixes with 15% aged binder (Xiao et al., 2019). In addition, studies 
in Denmark and other countries across the world have shown that the incorporation of small quan-
tity of foamed bitumen in the mixtures allows for 100% use of RAP in the bound layers of pave-
ment (SR-Gruppen A/S, 2022; Zhao et al., 2021). Further, such pavement systems have been 
performing satisfactorily and cause lower environmental impacts over prolonged analysis periods. 
Another concept that is gaining attention is the circularity potential of pavement maintenance 
methods. In a cradle-to-gate study, a composite indicator that linked the environmental and cir-
cularity aspects indicated that the increasing content of RAP results in a more circular strategy 
(Mantalovas and Di Mino, 2020). However, this study did not capture the circularity potential 
over the full lifecycle as the use of high RAP content may result in premature failure, which would 
ultimately cause higher environmental and economic impacts. 
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ABSTRACT: Refurbishing of milled asphalt into new bound layers of pavement is recognized as 
a sustainable maintenance practice. However, limited attention has been paid towards investigat-
ing their circularity aspects. Furthermore, evolving legislative requirements call for integration of 
circularity and sustainability facets. Therefore, this study presents a flexible framework that aims 
at assessing and integrating the environmental, economic, and circularity aspects associated with 
two maintenance alternatives, i.e., reconstruction of pavement with a bound base layer using bi-
tuminous materials (BSM) versus routine patch repair and resurfacing. The integration of differ-
ent assessment categories was performed using a metric termed as net risk reduction gain 
(NRRG). The results revealed that the NRRG for BSM option was 2.5 times higher than routine 
maintenance over a 50 year analysis period, thereby emphasizing its higher circularity and sus-
tainability benefits. The proposed framework is envisioned to pave way for integration of circular 
thinking along with sustainability considerations for pavement design and construction.



Based on the literature, it was understood that though multiple studies have suggested that 
refurbishing of milled asphalt in bound layers of pavement is a sustainable strategy, limited at-
tention has been paid to their circularity aspects. Further, there exists a vast scope to develop 
holistic frameworks that assist in integrating the environmental, economic, and circularity cre-
dentials. Therefore, the objective of this comparative research was to propose a simplified frame-
work to evaluate the feasibility of two maintenance methods, namely, refurbishing milled asphalt 
in bound layers of pavement (BSM) and routine maintenance of patch repair and resurfacing 
(PRR) by integrating their sustainability and circularity credentials. It is envisioned that the cur-
rent research will lay foundation for integration of circular thinking and sustainability considera-
tions in roadway construction and maintenance. 

2 METHODOLOGY FOR LIFECYCLE ASSESSMENT 
 
This section presents the methodology adopted to integrate the environmental, economic, and 
circularity aspects. Further, the different key performance indicators (KPIs) that must be utilized 
for quantification of NRRG were elucidated. 

2.1 Goal and scope definition 
 
The goal of this study was to evaluate the feasibility of BSM versus routine PRR. This research 
involved quantification of environmental, economic, and circularity aspects, which were inte-
grated into a single score using NRRG. The functional unit was selected as a single lane road 
1000 m long and 3.5 m wide. For both scenarios, the thicknesses of surface wearing course con-
structed with stone matrix asphalt (SMA) and asphalt concrete binding base (ABB) layers were 
0.034 m and 0.08 m, respectively. Further, the thickness of BSM base layer was 0.20 m. 

In this study four different KPIs, namely, climate change-total, acidification, eutrophication-
freshwater, and resource use-minerals and metals were used to report the environmental burdens 
as they contributed to more than 90% of the total impacts. Net present value and material circu-
larity indicator were used as the economic and circularity KPIs, respectively. The analysis period 
was 50 years and the system boundary for two maintenance alternatives is presented in Figure 1. 
Further, the timeline for two maintenance methods were as follows: (a) BSM - reconstruction of 
base layer followed by resurfacing cycles once every 15 years for two cycles and last cycle being 
after 10 years of the second cycle, versus (b) routine PRR once in every five years on a pavement 
without a reconstruction of the old base layer. The mixtures for the construction of BSM and other 
pavement layers were prepared in an asphalt batch plant and later transported to the site. 

Figure 1. System boundary for lifecycle assessment: (a) bituminous stabilized materials, and (b) 
patch repair and resurfacing. 



2.2 Lifecycle inventory and impact assessment 
 
The inventory was produced by collecting data from both primary and secondary resources as 
discussed in the subsequent sections. The proportion of recycled materials used for the construc-
tion of BSM, ABB, and SMA layers were 94.6, 25, and 20% respectively. 

2.2.1 Environmental lifecycle assessment 
 
The environmental lifecycle assessment (ELCA) was performed in accordance with the Interna-
tional Standard Organization guidelines (ISO: 14040, 2006; ISO: 14044, 2006). The data sources 
included certified environmental product declarations, foreground data acquired directly from in-
dustry partners, and background modelling data provided by GaBi® and Ecoinvent® databases 
(GaBi Manual, 2022; Wernet et al., 2016). This data was used to model the elementary flows 
associated with each scenario and characterize the environmental impacts of each flow. The qual-
ity of data gathered for these cases was assessed to be between very good and fair. The inventory 
of all background data sets used in the modelling of BSM and PRR cases is presented in Table 1. 
 
Table 1. Environmental lifecycle inventory. 
 

Foreground data Background data 

Cement filler  Cement (CEM I 42.5) Portland cement  

Binding coarse  Asphalt supporting layer (EN15804 A1-A3)  

Wearing coarse  Stone mastic asphalt (EN15804 A1-A3)  

Water  Tap water from groundwater  

Hydrated lime (filler)  Calcium hydroxide (Ca(OH)2); dry; slaked lime)  

Road base aggregate  Gravel 2/32  

Bitumen  Bitumen at refinery  

Diesel  Diesel mix at filling station / at refinery  

Heavy fuel oil  Heavy fuel oil at refinery (1.0wt. % S)  

Running diesel equipment  Machine operation,  diesel, steady state  

Excavator  Excavator, 100kW, construction  

Truck transport  Truck, Euro 6, 28-31t gross weight / 22t payload capacity  

Ship transport  Container ship 5,000 to 200,000 dwt payload capacity, ocean going  

Passenger car  Passenger car average, Euro 3-5, engine size from 1.4 l to 2.0 l 

2.2.2 Lifecycle cost assessment 
 
A deterministic lifecycle cost assessment (LCCA) was performed in this study using the frame-
work specified by the Federal Highway Administration (Diependaele, 2018). The major inputs 
used for the construction of BSM, ABB, and SMA layers are presented in Table 2. Note that the 
costs associated with ABB and SMA construction include operations from milling the existing 
surface until road marking. The input values for estimation of road user costs were obtained from 
literature and International databases (CBS - Statistics Netherlands, 2018; Decò and Frangopol, 
2011; Eurostat, 2022). 
 
Table 2. Input values for construction of BSM, ABB, and SMA layers – agency costs. 

Activity Component Data inputs 

Milling operation Milling charges per lane km  13440 Euros 

Crushing operation Crushing charges 3000 Euros per 10 h 

Transportation of milled 
material to asphalt mix plant 

Transportation charges 127.7 Euros per trip 

Vehicle payload capacity 38 t 

Density of recycled material 2350 kg/cu.m 

Transportation of foamed 
bitumen to asphalt mix plant 

Distance 300 km 

Density of foamed bitumen 1000 kg/cu.m 

Mix proportions – BSM Binder content 2.20% 



Cement filler 0.8% by volume of mix 

Water 2.5% 

Production and transporta-
tion – BSM mix 

Production cost of asphalt concrete 106.24 Euros/t 

Speed of laying mix 1200 m/h 

Charges for pneumatic tired roller 270 Euros/h 

Charges for static steel wheel roller 16.94 Euros/h 

Construction of ABB layer 
Construction charges for ABB including milling 125 Euros/t 

Binder content 5% 

Construction of SMA layer 
Construction charges for SMA including milling 161 Euros/t 

Binder content 7.2% 

Patch and repair – ABB 
Patch area per lane km 4% 

Total (length × width × thickness) 58.34 × 2.40 × 0.06 m 

2.3 Circular economy and resource efficiency 
 
Material Circularity Indicator (MCI) is a quantitative metric (mass-based KPI) developed by the 
Ellen McArthur’s foundation to assess the flow of materials at product and company levels (Ellen 
MacArthur Foundation, 2019). MCI is assigned a score between 0 and 1, where score 1 indicates 
100% restorative flow, and score 0 indicates 100% linear flow. In general, MCI is composed of: 

• Utility factor (X), which is a measure of the length and intensity of the product’s use in 
comparison with the average industry practice, and is computed using Equation 1. 

• Linear flow index (LFI), which indicates the proportion of materials extracted from virgin 
feedstock and discarded as unrecoverable waste. It is expressed using Equation 2. 

• The MCI combines these two indices and is given by Equation 3. 
 

𝑋 =  
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑢𝑠𝑒

𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑢𝑠𝑒
×

𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑠𝑒 𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑑

𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑠𝑒
           (1) 

 

𝐿𝐹𝐼 =  
𝑀𝑎𝑠𝑠 𝑛𝑜𝑡 𝑓𝑟𝑜𝑚 𝑟𝑒𝑢𝑠𝑒 𝑜𝑟 𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔+𝑀𝑎𝑠𝑠 𝑜𝑓 𝑢𝑛𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒 𝑤𝑎𝑡𝑒

2 ×𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑠𝑠+𝐹𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑤𝑎𝑠𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔
            (2) 

 

𝑀𝐶𝐼 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 (0,1 − 𝐿𝐹𝐼 ×
0.9

𝑋
)                      (3) 

 

The different inputs used for the BSM and PRR scenarios are presented in Table 3. In the 
absence of primary information on efficiency of recycling process, the data was collected from 
literature that discussed about sustainability assessment of reclaimed asphalt mixtures (Man-
talovas and Di Mino, 2020). Further, the industry average lifespan for the BSM, ABB, and SMA 
layers was considered as 15 years. 
 
Table 3. Circularity related input values for BSM, ABB, and SMA layers. 

Component Quantity Unit 

BSM scenario 

Mass of recycled material (BSM) 1358 tonne 
Mass of recycled material (ABB) 165 tonne 
Mass of recycled material (ABB – patch repair) 4.94 tonne 
Mass of recycled material – SMA 55.93 tonne 
Efficiency of recycling process at the end of use phase 98 % 
Efficiency of the recycling process to produce recycled feedstock 100 % 

Patch repair and resurfacing scenario 

Mass of recycled material (ABB – patch repair) 4.94 tonne 
Mass of recycled material – SMA 55.93 tonne 
Efficiency of recycling process at the end of use phase 98 % 
Efficiency of the recycling process to produce recycled feedstock 100 % 

2.4 Computation and integration of key performance indicators 
 



To rank the two maintenance alternatives, net risk reduction gain (NRRG) was selected as the 
metric to integrate the KPIs into a single score (see Equation (4)). Further, the values of KPIs for 
the different assessment categories were calculated by using a linear ranked interpolation method. 
It is important to mention that the metric NRRG and associated computation methodologies were 
developed as part of another research (Sheils and Connolly, 2023; Varveri et al., 2023) that aimed 
at quantifying the technical performance risks associated with different maintenance methods 
along with sustainability and circularity considerations. The KPI for assessing the risk is given by 
risk reduction index (RRI) and more details on its computation methodology can be found else-
where (Varveri et al., 2023). Based on discussions with the maintenance agencies, it was under-
stood that the BSM option was equally efficient in maintaining the pavement’s performance char-
acteristics as that of frequent PRR. Therefore, the computations associated with the technical 
performance KPI, i.e., RRI were not included for quantifying the NRRG. Furthermore, the 
weights for different KPIs were collected based upon their relative importance as per the recom-
mendations of different roadway stakeholders that encompassed engineers, scientists, and policy 
makers. 
 

𝑁𝑅𝑅𝐺𝑖 = 𝑤1 × 𝑅𝑅𝐼𝑖 + 𝑤2 × 𝐾𝑃𝐼1,𝑖 + 𝑤3 × 𝐾𝑃𝐼2,𝑖 + 𝑤4 × 𝐾𝑃𝐼3,𝑖 + ⋯.         (4) 
 
Where, 
RRI   = risk reduction index 
𝐾𝑃𝐼3,4,5…,𝑖 = value of each KPI associated with maintenance/construction option, and 
𝑤1,2,3…  = value of weights for each KPI. Note that the sum of weights must be 1.0. 

3 RESULTS AND DISCUSSIONS 

3.1 Environmental lifecycle assessment 
 
The ELCA results for the different environmental KPIs over the analysis period of 50 years are 
shown in Table 4. A single BSM treatment on 1 lane-km resulted in emissions of 106.92 kg CO2 
eq. compared to 21.05 kg CO2 eq. for one treatment of PRR. carbon dioxide emissions for single 
applications each of BSM and patch repair and resurfacing. Note that these carbon emissions must 
not be confused with the total climate change impacts, which are expressed as carbon dioxide 
equivalent due to burning of fossil fuels, biogenic, and land use change over the analysis period 
of 50 years. Despite the higher impacts of BSM per cycle, the maintenance of asphalt pavements 
by PRR resulted in highest impacts for the given analysis period of 50 years, attributed to the 
reduced frequency of maintenance activities. In BSM scenario, the highest emissions were at-
tributed to the production of binder layer and bitumen (for BSM base production) whose magni-
tudes were 38.29 kg CO2 eq. and 24.64 kg CO2 eq., respectively. The hotspot in PRR scenario 
was the construction of wearing course, which accounted for 85.60% of the total emissions at-
tributed to the use of bitumen and cement filler. 
 
Table 4. Environmental impact scores for BSM and patch repair and resurfacing scenarios. 

Impact indicators Units BSM Patch repair and resurfacing 

Climate change – total kg CO2 eq. 170927 212419 
Acidification Mole of H+ eq. 670 719 
Eutrophication, freshwater kg P eq. 0.276 0.397 
Resource use, mineral and metals kg Sb eq. 0.029 0.036 

3.2 Lifecycle cost assessment 
 
A discount rate of 4% was used and the different lifecycle costs are presented in Table 5. The 
initial construction cost of BSM was 2.05 times higher than routine maintenance attributed to the 
reconstruction of base and ABB layers. However, for the analysis period of 50 years, the total 
lifecycle cost associated with PRR was about 1.83 times greater than BSM technology. In partic-
ular, both vehicle operation and delay costs for BSM were about 59% lower than PRR option. 



Table 5. Breakdown of maintenance costs. 

Maintenance alternative 
Agency costs 
(Million Euros) 

Vehicle operating 
costs (Million Euros) 

Delay costs 
(Million Euros) 

Total NPV 
(Million Euros) 

BSM concept 0.37 0.52 0.31 1.20 
Patch repair + resurfacing 0.18 1.27 0.75 2.20 

3.3 Circular economy and resource efficiency 
 
The different inputs used for the computation of MCI for BSM and PRR scenarios are presented 
in Tables 6 and 7, respectively. The higher MCI for BSM scenario is attributed to the lower fre-
quency of maintenance activities during its design life, which was consequential of lesser virgin 
material consumption. Further, an MCI of ‘0’ for the PRR scenario is indicative of completely 
linear flow majorly ascribed by the short service life of surface and intermediate layers, which 
call for frequent maintenance (every 5 years). As a result, higher proportions of virgin raw mate-
rials are consumed during the design life of pavement. 
 
Table 6. Value of material circularity indicator for bituminous stabilized materials scenario. 

Maintenance cycle  0 15 30 40 0 15 30 40 

Component \ Material BSM ABB    SMA    

Mass of virgin feed-
stock (tonne) 

77.49 493.5 14.81 14.81 14.81 223.72 223.72 223.72 223.72 

Mass of finished prod-
uct (tonne) 

1435 658 19.74 19.74 19.74 279.65 279.65 279.65 279.65 

Amount of waste go-
ing to landfill or en-
ergy recovery (tonne) 

0 0 0 0 0 0 0 0 0 

Waste generated at the 
end of recycling pro-
cess (tonne) 

28.70 13.16 0.39 0.39 0.39 5.59 5.59 5.59 5.59 

Waste generated to 
produce recycled feed-
stock (tonne) 

0 0 0 0 0 0 0 0 0 

Amount of unrecover-
able waste (tonne) 

14.35 6.58 0.20 0.20 0.20 2.80 2.80 2.80 2.80 

Product lifespan 
(years) 

50 15 15 10 10 15 15 10 10 

Industry average 
lifespan (years) 

50 15 15 15 15 15 15 15 15 

Utility 1 1 1 0.67 0.67 1 1 0.67 0.67 
Linear flow index 0.52 0.38 0.38 0.38 0.38 0.41 0.41 0.41 0.41 
MCI 0.97 0.66 0.66 0.48 0.48 0.63 0.63 0.45 0.45 

Average MCIBSM 0.60 

 
Table 7. Value of material circularity indicator for patch repair and resurfacing scenario. 

Component \ Material ABB SMA 

Mass of virgin feedstock (tonne) 14.81 223.72 

Mass of finished product (tonne) 19.74 279.65 

Amount of waste going to landfill or energy recovery (tonne) 0 0 

Waste generated at the end of recycling process (tonne) 0.39 5.59 

Waste generated to produce recycled feedstock (tonne) 0 0 

Amount of unrecoverable waste (tonne) 0.20 2.80 

Product lifespan (years) 5 5 

Industry average lifespan (years) 15 15 

Utility 0.33 0.33 

Linear flow index 0.38 0.41 

MCI 0 0 

Average MCIpatch repair and resurfacing 0 



3.4 Computation and integration of key performance indicators 
 
The KPI values for the different indicators were computed in the Excel® toolkit using the meth-
odology explained in Section 2.4 and their results are presented in Table 8. Note that a higher KPI 
value is indicative of more beneficial maintenance strategy and vice-versa. The weights corre-
sponding to different KPIs are also presented in Table 8. As per the current legislations, low 
economic expenditure and high recyclability are the critical parameters to promote the transition 
of roadway sector from linear to circular economy. Therefore, NPV and MCI were assigned 
higher weights than other environmental KPIs. 
 
Table 8. Key performance indicators for pavement maintenance methods and associated weights. 

Key performance indicators 
KPI value Weight NRRG  

BSM PRR BSM PRR BSM PRR 

Climate change-total 0.53 0.25 0.15 0.15 0.08 0.04 

Acidification 0.38 0.30 0.10 0.10 0.06 0.05 

Eutrophication-freshwater 0.45 0.21 0.15 0.15 0.04 0.02 

Resource use, minerals and 

metals 
0.42 0.28 0.10 0.10 0.04 0.03 

Net present value 0.61 0.27 0.30 0.30 0.18 0.08 

Material circularity indicator 0.60 0 0.20 0.20 0.12 0 

Total NRRG 0.53 0.21 

 

The NRRG (see Table 8) for BSM option was 2.5 times higher than the patch repair and resur-
facing. The contribution of NPV to NRRG was more pronounced in BSM option as it assisted in 
minimizing the high expenditure associated with typical maintenance option of patch repair and 
resurfacing. Another major contributor to the NRRG in BSM option was MCI. However, the 
contribution of MCI to patch repair and resurfacing was nil attributed to its zero MCI value. 
Though the contribution of environmental KPIs to NRRG was high in both the maintenance meth-
ods, it was substantial for BSM option highlighting the benefit of minimizing the frequency of 
maintenance methods. Overall, it may be suggested that the environmental, economic, and circu-
larity benefits associated with BSM maintenance were much lower than the typical patch repair 
and resurfacing. 

4 CONCLUSIONS AND RECOMMENDATIONS 
 
The objective of this research was to evaluate the feasibility of two maintenance alternatives, i.e., 
BSM versus routine patch repair and resurfacing using a systematic framework that integrates 
their sustainability and circularity aspects. The key takeaways are presented below. 

• ELCA revealed that the BSM scenario performs better than patch repair and resurfacing 
for all environmental indicators when assessing the direct impacts related to the material 
and resource consumption of the maintenance processes undertaken.  

• Although the BSM option was consequential of higher agency costs, the lifecycle costs 
were lower attributed to lower maintenance frequency than patch repair and resurfacing. 

• MCI scores for the BSM and patch repair and resurfacing scenarios were 0.60 and 0, 
respectively. A ‘0’ score for the patch repair and resurfacing maintenance is indicative of 
poor material circularity and completely linear flow. 

• The NRRG for the BSM option was 2.2 times higher than patch repair and resurfacing. 
This dictates that NRAs must transition towards the use of maintenance options similar 
to BSM technology, which allow the use of high recycled material proportions and results 
in lower environmental and economic burdens. 

An important contribution of this research was the development of a simplified framework that 
allows selection of KPIs and associated weights based on relevance of the project, available data, 
and experience. The use of NRRG will allow rewarding the contractors for producing a scheme 
that is environment-friendly, cost effective, and used minimal raw materials. However, additional 
research must be conducted in the future to quantify the risks related to technical performance of 



maintenance methods that allow use of high recycled fractions in the mix. An integration of tech-
nical risks with the sustainability and circularity considerations will allow assessment of pave-
ment’s performance from holistic perspectives and pave way for procurement of sustainable and 
circular road maintenance solutions in the future. 
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