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Sustainability in asphalt pavement engineering involves reducing the consumption of natural resources, energy 
demand, and emissions,  combined with increasing mixture durability and improving material  use efficiency 
(Hasheminezhad  et al.,  2024; Plati,  2019).  The incorporation of by-products and residual materiasl (such as 
Reclaimed Asphalt  Pavement (RAP), fly ash, plastic waste,  recycled glass,  and waste tire rubber) has been 
recognized as a priority strategy to promote circular economy practices in pavement engineering (Norgbey et al., 
2020; Zhao et al., 2020, de Medeiros Melo Neto et al., 2022; Mantalovas and Di Mino, 2019). 
The Circularity Analysis has been widely used to better understand the recycling potential of the incorporation of 
residues in raw materials, to promote circular economy. The proposed methods include the estimation of  Material 
Circularity Index (MCI) to measure the circularity of recycled asphalt mixtures (de Moraes et al., 2024). Previous 
studies have primarily defined the MCI utility factor based on  mechanical properties such as indirect tensile  
fatigue (ITF) and flow number (FN) tests which represent the main pavement deterioration mechanisms  (de 
Medeiros Melo Neto et al., 2022; Mantalovas and Di Mino, 2020). The influence of different combinations of 
mechanical  tests  on the  definition of  this  factor  must  be  explored and considered in  the  evaluation of  the 
sustainability of the pavements. Thus, different definitions of the utility factor F(X) on MCI values may be 
proposed and comparative analysis of methodological approaches must be conducted.
De Melo Neto (2025) used thirteen distinct approaches of mechanical properties composition to determine MCI.  
Approach X1 was based on ITF and FN (Mantalovas and Di Mino, 2019), whereas X2 incorporated ITF, FN, 
indirect tensile strength (ITS), Cantabro loss (%A), and indirect tensile strength ratio (ITSR) (da Costa et al., 2024). 
Approaches X3 to X13 were developed in this study based on different combinations of mechanical parameters: X3 

(ITF, FN, ITS, ITSR, %A, resilient modulus (RM)), X4 (ITF, ITS, RM), X5 (ITF, FN, ITS, RM), X6 (ITF, FN, ITS, 
ITSR), X7 (ITF, ITS), X8 (ITS, RM), X9 (ITS), X10 (ITF), X11 (FN), X12 (FN, ITS), and X13 (ITF, FN, ITS, %A, 
RM). The comparative analysis evaluated the isolated and combined influence of mechanical parameters on MCI 
values, considering their representativeness in terms of mixture durability and performance. The utility factor was 
obtained as the product of normalized mechanical performance indicators, which reflect properties related to  
strength, fatigue, and durability. Equation 1 presents the general formulation of the utility factor, whereas Equation 
2 details its determination as a function of the adopted parameters.

F ( X )=  ∏
i =1

n

[ Pi ] (1)

PMechanical  Test =
Test  Result  for  the  Recycled  Asphalt  Mixture  

Test  Result  for  the  Control  Asphalt  Mixture  (Commonly  Used  ∈  the  Industry )
 

(2)

The parameters used for MCI quantification followed the methodology proposed by Mantalovas and Di Mino 
(2019) and Costa et al. (2024). To calibrate the model, the utility factor was calculated as the product of mechanical 
test results, and thirteen factors were determined for five mixtures with different RAP contents and the use of  
babassu  oil  (BO)  as  a  rejuvenating  agent  (Melo  Neto  et  al.,  2026):  0%RAP(0%BO),  15%RAP(0%BO), 
56%RAP(3%BO),  63%RAP(5%BO),  and  70%RAP(7%BO). Subsequently,  MCI  values  were  estimated  for 
approaches X1 to X13, and the mixture with the index closest to 1 is classified as the most circular.  The comparative 
results indicate which utility factors are representative or not. Test selection depends on the adopted design method 
and comparison. The comparative results may be represented in data tables and graphs (Figure 1). 
Although MCI is a consolidated tool, its results should be interpreted in an integrated manner with economic and 
environmental  metrics,  such  as  costs  and  CO₂  emissions,  enabling  a  more  realistic,  comprehensive,  and 
sustainability-oriented assessment within the framework of the circular economy. To improve and consolidate the 
methodology, it is important to develop strategic tools to facilitate the inputs and outputs operations. This research 
aims,  considering different  approaches  to  measuring the Material  Circularity  Indicator  (MCI),  to  develop a 
computational tool that enables the practical and user-friendly manipulation of inputs and outputs.
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Thus, the MCI equations were subsequently implemented in a software application using web-based technologies, 
with a focus on modularity, accessibility, and reusability across different analytical contexts. The primary objective 
was not only to automate the calculations but also to facilitate parameter modification for the comparison of  
different scenarios and the subsequent generation of graphical analyses to enhance result interpretation.
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Figure 1. MCI of Asphalt Mixtures and Utility Factor, F(X).

The system was then tested through its application to case studies based on real data from pavements produced  
with waste-derived materials, allowing for the evaluation of its accuracy, usability, and reliability. Finally, the 
obtained results were statistically analysed in order to verify the effectiveness of the tool as a decision-support  
instrument and to promote practices aligned with circular economy principles in the pavement sector. The final  
prototype may be used in  research and institutional  organizations thus enhancing the promotion of  circular 
economy.
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