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This study investigates the impact of different mechanical properties, test procedures, and 
environmental and economic factors on the Material Circularity Index (MCI) of rejuvenated recycled 
asphalt mixtures. Four mixtures, including new and rejuvenated mixtures with 35%, 50%, and 65% 
reclaimed asphalt pavement (RAP), were evaluated using resilient modulus, moisture susceptibility, 
indirect tensile fatigue, semi-circular bending, and dynamic creep tests. A novel definition of MCI 
was introduced, integrating cost, CO2 emissions, and mechanical properties. Results indicate that 
the 50% RAP mixture consistently performed best across a range of scenarios, especially in varying 
climates and when multiple performance criteria were considered, with an MCI ranging from 0.38 to 
0.83. Meanwhile, the 65% RAP mixture was optimal when cost and environmental considerations 
were prioritized, particularly in moderate to low temperatures. The findings also imply the importance 
of selecting appropriate performance parameters and test methods, as the choice of dynamic creep 
test procedures was shown to significantly influence MCI values. Ultimately, this study demonstrates 
that the MCI can serve as a multi-conceptual index for selecting appropriate asphalt mixtures. This 
process ensures a sustainable, performance-based asphalt mixture selection by integrating regional 
conditions, performance needs, and environmental factors.
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Recycled asphalt mixtures are increasingly used in pavement construction due to their environmental and 
economic benefits. The use of recycled asphalt mixtures serves as an effective and sustainable alternative to 
conventional asphalt mixtures1. Environmental advantages include reducing landfill usage, conserving 
nonrenewable materials such as bitumen and aggregates, and lowering greenhouse gas emissions2–5. Moreover, 
the overall cost of asphalt mixtures is reduced through decreased production costs, reduced consumption of raw 
materials, and minimized landfill expenses5–7. However, concerns regarding the low-temperature and fatigue 
performance of recycled asphalt mixtures have limited their broader adoption. Studies have shown that using 
high percentages of reclaimed asphalt pavement (RAP) can lead to increased mixture stiffness and reduced 
phase angles8,9. Consequently, rejuvenators are employed to restore the properties of RAP materials, particularly 
in high RAP content mixtures10.

Numerous studies have been conducted to evaluate the performance of rejuvenated recycled asphalt 
mixtures. Bilema et al.11 investigated recycled asphalt mixtures containing 25% and 40% RAP and observed that 
the use of a rejuvenator led to an increase in permanent deformation and rut depth. This effect was attributed to 
the reduction in stiffness of the recycled asphalt mixtures due to the presence of the rejuvenator. Additionally, 
they reported an improvement in moisture susceptibility resistance, which was attributed to enhanced cohesion 
between bitumen and aggregate, as well as improved adhesion between aged and virgin bitumen. In another 
study, Zhang et al.12 investigated the fatigue, rutting, and moisture susceptibility of high-percentage recycled 
asphalt mixtures. They reported that using a rejuvenator increased the fatigue life of the mixture, although it also 
led to increased moisture susceptibility and permanent deformation. Moniri et al.13 examined the effects of two 
different rejuvenators on recycled asphalt mixtures containing 25%, 50%, 75%, and 100% RAP. They concluded 
that the use of rejuvenators effectively improved the intermediate and low-temperature performance of the 
mixtures, though it also increased the rutting potential by reducing the flow number value. Other researchers 
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have also concurred on the positive impact of rejuvenators on the fatigue and low-temperature performance of 
recycled asphalt mixtures, as well as the negative impact on rutting resistance14–20. A review of previous studies 
indicates that the presence of a rejuvenator reduces the stiffness of aged bitumen and RAP materials, leading to 
a decrease in the overall stiffness of the final rejuvenated recycled asphalt mixtures10–13. Consequently, the low-
temperature properties of the mixtures are enhanced due to the improved flexibility. However, this reduction in 
stiffness negatively affects the rutting resistance and resilient modulus of the asphalt mixtures11–13. Additionally, 
the softening of the asphalt mixture, combined with a reduction in the phase angle of the recycled asphalt 
mixture, contributes to an improvement in the fatigue performance of the asphalt mixture10,11,13. Therefore, it is 
crucial to establish a balance between the various mechanical performance aspects of recycled asphalt mixtures 
to ensure optimal overall performance.

The circular economy is a framework designed to minimize waste and maximize resource efficiency. In this 
model, products, materials, and resources are reused, refurbished, or recycled rather than discarded, spanning 
various stages such as production, distribution, and consumption21,22. Several tools exist to quantify the 
sustainability impacts of products, including Life Cycle Assessment (LCA), Environmental Sustainability and 
Circularity Index (ESCI), Biogenic Carbon Storage (BCS), and Material Circularity Index (MCI), among others. 
LCA is used to evaluate the environmental impacts of products or processes across their entire life cycle23. It helps 
identify areas for sustainability improvement by quantifying energy consumption, waste generation, emissions, 
and resource use24. ESCI measures the sustainability and circularity of a system or product, incorporating 
environmental impacts weighted by the level of circularity25. Additionally, BCS refers to the capture and storage 
of carbon through biological processes, such as the biogenic carbon sequestered within individual products, and 
it is not included in the lifecycle greenhouse gas emissions removals26.

One of the effective tools which can be employed to investigate the circularity level of products (recycled 
asphalt mixtures in this study), is the material circularity index (MCI). This tool considers the different 
performance of the asphalt mixture together and at the same time, compares the performance of the recycled 
asphalt mixture to the original asphalt mixture based on the mechanical properties26–31. Corona et al.26 used 
the MCI to evaluate the performance of lignin-based asphalt. They considered service life and permanent 
deformation as the parameters for assessing asphalt mixture performance. Their findings indicated that the 
MCI of lignin-based asphalt roads was slightly higher than that of bitumen-based asphalt roads. The observed 
effects may be attributed to the lower biobased mass in the lignin-based scenarios. In addition, Maltalovas and 
Di Mino28 studied the performance of recycled asphalt mixtures in different layers of road pavement using 
the MCI. They considered permanent deformation and service life as performance parameters for evaluating 
MCI and found that recycled asphalt mixtures achieved the highest MCI value when used in the base course. 
In another study, Maltalovas and Di Mino29 evaluated the combined effects of permanent deformation and 
fatigue performance of recycled asphalt mixtures containing 30%, 60%, and 90% RAP using the MCI. The results 
showed that recycled asphalt mixtures with 60% and 90% RAP had similar MCI values, both higher than other 
mixtures, indicating a more favorable performance based on the MCI approach.

If economic and environmental analyses demonstrate the desirability of using RAP, rejuvenated recycled 
asphalt mixtures serve as an alternative to original asphalt mixtures for road construction. However, the 
mechanical properties of these mixtures vary, necessitating an appropriate evaluation tool to assess their 
performance comprehensively. The MCI has recently gained popularity for evaluating various aspects of asphalt 
mixture performance. Despite the introduction of MCI for assessing the influence of mechanical properties in 
the selection of asphalt mixtures, prior studies have primarily utilized this index by considering only two or three 
performance parameters. Additionally, the impact of various performance indices and different experimental 
test procedures on MCI outcomes has not been addressed in previous research works. Furthermore, cost and 
CO2 emissions were not incorporated as factors in the MCI evaluation in the previous studies. In this study, 
the influence of including various combinations of performance properties—such as permanent deformation 
(using an index from three different test setups), fatigue performance, low-temperature properties, moisture 
susceptibility, resilient modulus, cost, and environmental impact—on the MCI value has been investigated. This 
approach is crucial for comprehensively determining the MCI in the comparison of different types of recycled 
asphalt mixtures and highlights the importance of selecting appropriate performance parameters to identify 
the most suitable mixture type. The objectives of this study are twofold: first, to assess the impact of various 
combinations of mechanical properties, cost, and CO2 emissions on the Material Circularity Index (MCI); and 
second, to examine the influence of different testing procedures for similar mechanical properties on the MCI.

Unlike previous studies, which applied the MCI within limited and controlled scenarios featuring a narrow 
range of asphalt mixture properties, this research broadens its application to a more diverse set of conditions. In 
other words, prior studies typically incorporated only two or three performance properties of asphalt mixtures 
in the utility factor for MCI calculation, without explicitly clarifying the rationale behind selecting these 
properties. This study identifies multiple utility factors encompassing various performance properties while 
considering aspects such as practical applicability and regional climate conditions. This approach allows for 
a comprehensive evaluation of the impact of different scenarios on MCI values. Therefore, the novelty of this 
study lies in evaluating the effectiveness of the MCI as a selection tool for identifying the most suitable asphalt 
mixture under varying conditions. Additionally, this study explores the influence of different test methods on 
MCI outcomes, an aspect that has not been previously investigated. Furthermore, incorporating cost and CO2 
emissions into the MCI calculation represents a key innovation, as earlier studies rarely accounted for factors 
beyond performance properties in utility factor evaluations.

Theoretical basis
The Ellen MacArthur Foundation developed a framework to assess product circularity using a tool called the 
Material Circularity Index (MCI)30. MCI is a methodological framework developed to assess the circularity 
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of recycled asphalt mixtures by systematically integrating environmental impact metrics (e.g., resource 
efficiency, waste reduction) and mechanical performance criteria (e.g., rutting resistance, fatigue life, moisture 
susceptibility)26–31. The MCI quantifies the alignment of recycled materials with circular economy principles 
while evaluating their performance against conventional asphalt mixtures. This framework ensures recycled 
mixtures achieve resource efficiency and meet engineering performance standards, addressing potential trade-
offs between sustainability and structural integrity. The MCI is measured on a scale from 0 to 1, where a value of 
1 represents a fully circular product, indicating optimal performance in terms of material reuse and recycling. In 
contrast, an MCI of 0.1 indicates a product that meets basic industry standards but remains suboptimal, while 
an MCI of 0 signifies a product that falls below acceptable industry thresholds and demonstrates poor circularity 
performance31. The MCI is mathematically represented by Eq. (1):

	 MCI = Max (MCI∗, 0)� (1)

where, the MCI* is calculated using Eq. (2)31.

	
MCI∗ = 1 − LFI × 0.9

X
� (2)

in which, the Linear Flow Index (LFI) and the Utility Factor (X) are key components, determined by Eqs. (3) 
and (4), respectively31.

	
LFI = V + W

2 × M + WF−WC
2

� (3)

	
X =

[
n∏

i=1

[Pi]

]
� (4)

In these equations, the variables V, W, M, WF, and WC denote the mass of virgin feedstock, the mass of 
unrecoverable waste material, the total mass of production, the mass of waste produced during the generation of 
recycled content, and the mass of waste generated during the recycling process, respectively. These variables are 
computed through Eq. (5) to (8). Additionally, Pi in Eq. (4) represents the desired properties of the product, with 
mechanical performance being the primary focus in this study31.

	 V = M × (1 − PRA)� (5)

	
W = WEOL + WC + WF

2
� (6)

	
WF = M × (1 − EF) × PRA

EF
� (7)

	 WC = M × (1 − EC) × FRA� (8)

In these equations, PRA refers to the percentage of RAP in the recycled asphalt mixture, FRA represents the 
percentage of recycled material at the end of its life cycle, EF signifies the efficiency of the recycling process 
during production, and EC refers to the efficiency of the recycling process during treatment. Furthermore, the 
total mass of waste material sent to the landfill, denoted as WEOL, is computed using Eq. (9)31.

	 WEOL = M × (1 − FRA)� (9)

Given that the efficiency of the recycling process during both production and treatment is assumed to be 100%, 
and that no recycling of the asphalt mixture occurs at the end of its service life (i.e., FRA = 0) for all mixtures 
analyzed in this study, the MCI* can be simplified. The simplified form is presented in Eq. (10)31.

	

WF = M × (1 − 1) × PRA

1 = 0

WC = M × (1 − 1) × 0 = 0

WEOL = M × (1 − 0) = M




→




W = M + 0 + 0
2 = M → LFI = M × (1 − PRA) + M

2 × M + 0−0
2

→

LFI = 1 − 0.5 × PRA → MCI∗ = 1 − (1 − 0.5 × PRA) × 0.9[
n∏

i=1
[Pi]

] � (10)

Furthermore, the researchers incorporated the effects of cost and environmental considerations into the MCI 
as a utility factor. In this study, the modified Material Circularity Index, denoted as MCIME, was introduced and 
calculated to include mechanical, economic, and environmental impacts. It is important to note that the equation 
for MCIME remains the same as that of the original MCI*. However, in the MCIME calculation, the utility factor is 
expanded to include cost and environmental components, which are treated as critical parameters alongside the 
mechanical properties. This holistic approach ensures a more comprehensive evaluation of the recycled asphalt 
mixtures, taking into account not only their performance but also their economic viability and environmental 
sustainability.
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Methodology
In this section, the properties of the materials utilized in this study are presented. Additionally, the test methods 
employed in this research, including different types of dynamic creep tests, resilient modulus test, semi-circular 
bending test, moisture susceptibility test, and indirect tensile fatigue test, are discussed. Finally, the procedures 
for producing artificial RAP, selecting the appropriate rejuvenator content, and preparing samples for all the 
experiments considered in this study are described.

Materials
Bitumen
The bitumen used in this study had a performance grade (PG) of 64-22. Table 1 outlines the properties of this 
bitumen, which was acquired from the Pasargad oil company.

Aggregate
The physical properties of the limestone aggregate used in this study are described in Table 2. The aggregate 
gradation employed for producing the asphalt mixture is illustrated in Fig.  1. The proposed gradation falls 
appropriately within the specified lower and upper limits defined by ASTM D44838. Notably, the nominal 
maximum aggregate size (NMAS) used in this study was 19 mm.

Rejuvenator
Table  3 presents the properties of the Triglyceride/Fatty Acid rejuvenator used in this study to restore the 
chemical and rheological properties of the aged bitumen.

Sample preparation
In this section, the production processes of Laboratory RAP, identification of rejuvenator content, and production 
of reclaimed asphalt mixtures were explained. The Marshall mix design for medium traffic, using 50 blows of the 
Marshall hammer, was employed to determine the optimal bitumen content for the asphalt mixtures following 
the MS-2 guideline44. Following this procedure, the optimum bitumen content was determined to be 5.65% by 
total weight of the mixture. It is noteworthy that laboratory-produced RAP, derived from the same mix design, 
was utilized in this study. To ensure methodological consistency and eliminate variability introduced by differing 
mix designs, all mixtures -including both new and recycled asphalt formulations- were produced using the 
standardized mix design. This approach assumes full participation of the aged bitumen in the recycled mixtures. 
The volumetric properties of the mix design were validated and are summarized in Table 4.

In this study, laboratory RAP was utilized to produce recycled asphalt mixtures, enabling precise control 
over experimental conditions and variables. Various methods exist for producing laboratory RAP45; however, in 
this study, laboratory RAP was manufactured following the NCHRP 973 guidelines developed by Kim et al.46. 
According to recent findings reported by Gholami et al.47, the 5-day aging duration prescribed by this protocol 
results in an aging level comparable to one cycle of PAV aging, equivalent to approximately 10 years of field-aged 
RAP, with aging beyond 5 days showing no significant impact on the properties of the bitumen. To achieve short-
term aging, the loose asphalt mixture was spread in a 4 cm deep pan and placed in an oven at 135 °C for 4 h, with 

Property Value Standard

Flat and elongated particles (%) 2 ASTM D479139

Fractured faces (two-fractured face) (%) 95 ASTM D582140

Specific gravity of course aggregates (g/cm3)

Bulk 2.61

ASTM C12841SSD 2.63

Apparent 2.66

Specific gravity of fine aggregates (g/cm3)

Bulk 2.67

ASTM C12742SSD 2.70

Apparent 2.73

Specific gravity of filler (g/cm3) 2.77 ASTM D85443

Table 2.  The physical properties of the aggregates used in this study.

 

Property Value Standard

Penetration @ 25 °C (0.1 mm) 58 ASTM D532

Softening point (°C) 51 ASTM D3633

Rotational viscosity @ 135 °C (mPa s) 388 ASTM D440234

Ductility @ 25 °C (cm) > 100 ASTM D11335

Density (g/cm3) 1.02 ASTM D7036

Flash Point (°C) 320 ASTM D9237

Table 1.  The properties of the PG64-22 bitumen.
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stirring every hour. For long-term aging, the mixture from the previous step was transferred to an oven at 95 °C 
for 5 days, with daily stirring to ensure uniform aging.

Rejuvenator content
Following the production of laboratory RAP, the bitumen was extracted from the laboratory RAP mixtures 
following the ASTM D217248 standard, which involves separating the aged bitumen from the aggregate using 

Property Value

Air void 4%

VMA 15.2%

VFA 73.6%

Gmm 2.48 g/cm3

Gmb 2.38 g/cm3

Table 4.  The volumetric properties of the mix design.

 

Property Value/state

Composition Vegetal derivatives

Colour Dark brown–Purple

Aspect Liquid

Flash point (°C) 200≤

Pour point (°C) 0≥

Viscosity @ 25 °C (mPa s) 100

Density @ 25 °C (g/cm3) 0.9

Table 3.  The physical and rheological properties of rejuvenator.

 

Fig. 1.  The gradation of limestone aggregate used in asphalt mixture.
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trichloroethylene as the solvent. After the extraction process, the solvent was removed from the bitumen using a 
Buchi rotary evaporator, in accordance with ASTM D540449.

The optimal percentage of rejuvenators is the amount that, when added to recycled asphalt mixtures, improves 
their stiffness and cracking resistance without compromising rutting resistance. Several methods are available 
to determine the optimal rejuvenator content. One approach involves the use of penetration and softening 
point tests50, while performance tests for bitumen51–55 offer another method. In the first approach, the optimal 
rejuvenator percentage is determined by restoring the penetration of the blended bitumen (a combination 
of fresh and aged bitumen). The softening point at the calculated rejuvenator percentage should fall within 
the acceptable range for fresh bitumen. Additional tests, such as viscosity and rheological properties, may be 
conducted if necessary50.

In the second method, the optimal rejuvenator percentage is determined through functional performance 
tests, which can be done in three ways: (1) restoring the lower performance grade (PGL) while controlling the 
higher performance grade (PGH), (2) achieving a ΔTc value of − 5 °C, or (3) restoring PGH51.

Aligned with previous research findings, restoring the PGH value has proven to be an effective method 
for determining the optimum rejuvenator content51,53. Therefore, in this study, this method was employed to 
identify the optimal rejuvenator dosage for each type of recycled asphalt mixture. For this purpose, the aged 
bitumen extracted from RAP was initially blended with three different rejuvenator percentages—5%, 6%, and 
7% by weight of the aged bitumen. Following this, neat bitumen was added to the mixture according to the 
mix design for each type of recycled asphalt mixture. This approach for producing the blended bitumen was 
considered optimal for identifying the rejuvenator content, based on the rutting and fatigue performance results, 
as supported by the findings of Ma et al.56. Ultimately, the rejuvenator content was selected to achieve a PGH 
value similar to that of the neat bitumen. This adjustment resulted in rejuvenator dosages of 2.345%, 2.85%, 
and 3.77% by weight of bitumen in the total mixtures, equivalent to 6.7%, 5.7%, and 5.8% by weight of aged 
bitumen, for recycled asphalt mixtures containing 35%, 50%, and 65% RAP, respectively. This indicates that the 
rejuvenator dosage required for 1000 kg mixtures with 35%, 50%, and 65% RAP was calculated to be 1.38 kg, 
1.61 kg, and 2.13 kg, respectively.

Producing recycled asphalt mixture
To evaluate the performance of the rejuvenator and the effectiveness of recycled asphalt mixtures at lower 
RAP percentages, a 35% RAP content was considered in this study. This selection is based on the fact that 
pavements containing less than 30% RAP typically do not require rejuvenators to restore their properties. Given 
the significance of 50% RAP content and its widespread application in construction projects, this percentage 
was also considered. Moreover, the RAP content in recycled hot mix asphalt is generally capped at 50% in 
conventional batch plants due to limitations in heat capacity and concerns regarding carbon emissions. The 
inclusion of 65% RAP content in this study is justified by the capability of drum mix plants to accommodate 
higher RAP levels, allowing for RAP proportions between 60% and 70%. Additionally, the maximum practical 
utilization of RAP in pavements is typically below 70%57. Therefore, three distinct rejuvenated recycled asphalt 
mixtures were produced in this study, incorporating RAP contents of 35%, 50%, and 65%, respectively.

The RAP content was initially combined with the optimal rejuvenator dosage. Subsequently, new bitumen 
and aggregate were added to the RAP and rejuvenator blend according to the mix design, and the mixture was 
thoroughly combined. This process resulted in the production of rejuvenated recycled asphalt mixtures. The 
same procedure was followed for recycled asphalt mixtures containing other RAP content.

Test methods
To assess the performance of rejuvenated asphalt mixture, different types of dynamic creep tests, resilient 
modulus test, moisture susceptibility test, indirect tensile fatigue test, and semi-circular bending test were 
performed which are outlined as follows:

Dynamic creep test
In this section, three different procedures for conducting the dynamic creep test were presented, as outlined 
in AASHTO T37858, BS-EN 12697-2559, and AS2891-12-152. These standards were employed to evaluate the 
permanent deformation behavior of the asphalt mixtures, providing a comprehensive comparison of test 
methods used in different regions and contexts.

AASHTO T378 test method  This test was conducted on cylindrical specimens with dimensions of 100 mm in 
diameter and 150 mm in height in accordance with AASHTO T37858. three standard samples were prepared by 
producing an asphalt mixture slab with a 7% air void content, and 100 mm cores were extracted from it. During 
the test, a repeated haversine axial compressive stress with a frequency of 1 Hz was applied, consisting of a cyclic 
stress of 600 kPa for 0.1 s and a contact stress of 30 kPa for the remaining 0.9 s using a UTM25-IPC device. The 
test was performed at a temperature of 50 °C, and measurements of the cycle and permanent deformation were 
recorded.

BS-EN 12697-25 test method  The dynamic creep test was conducted on cylindrical specimens with a diameter 
of 150 mm and a height of 60 mm, as specified in the BS-EN 12697-25 standard test method59. Gyratory com-
pacted specimens, also 150 mm in diameter, were prepared with an air void content of 4%. Three samples of the 
required dimensions were extracted from these gyratory specimens for testing. A loading platen with a diameter 
of 100 mm was used to apply compressive stress to the confined sample, facilitating the evaluation of rutting 
resistance. In this procedure, a rectangular compressive cyclic stress of 100 kPa was applied for 1 s, followed by a 
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contact stress of 15 kPa for 1 s, resulting in a cycle time of 2 s using a UTM25-IPC device. The test temperature 
was maintained at 50 °C, and permanent deformation was recorded after each cycle.

AS2891.12.1 test method  This test method utilized cylindrical specimens with an air void content of 7%, meas-
uring 100 mm in diameter and 75 mm in height52. To prepare three required samples, asphalt mixture slabs were 
first produced using a Pres.Box, and the cylindrical specimens were then extracted by coring the slabs with a core 
drill. The loading protocol involved the application of a haversine cyclic compressive stress of 400 kPa for 0.5 s, 
followed by a contact stress of 20 kPa during a 1.5-second rest period, resulting in a total cycle duration of 2 s52 
using a UTM25-IPC device. The test was conducted at a controlled temperature of 50 °C, and the permanent 
deformation was measured after each loading cycle.

Flow number calculation  In the AASHTO T378 standard, the Flow Number (FN) obtained from the dynamic 
creep test results is used to assess the asphalt mixture’s resistance to rutting. The flow number represents the 
cycle at which the permanent strain rate reaches its minimum value. An approach recommended by Arizona 
State University was used to calculate the flow number for each type of asphalt mixture, which involves fitting 
the Francken model to the curve of permanent strain versus load cycle. The fitted model is shown in Eq. (11).

	 εp = AnB + C(eDn − 1)� (11)

Where: ɛp and n represent the permanent axial strain and the number of cycles, respectively, while A, B, C, and 
D are the fitting coefficients. The flow number (FN) is calculated as the cycle at which the second derivative of 
the permanent strain with respect to the number of cycles becomes zero.

Moisture susceptibility test
In this test, conducted in accordance with AASHTO T28360, six cylindrical specimens were cored from an 
asphalt mixture slab with a 7% air void content. The diameter and height of each specimen were 100 mm and 
63.5 mm, respectively. Half of the specimens were conditioned prior to testing. These samples were partially 
saturated in water until the degree of saturation reached between 55% and 80%. The saturated specimens were 
then sealed in plastic bags containing 10 mL of water and placed in a freezer at − 18 °C for 16 h. Following this, 
the samples were removed from the plastic bags and placed in a water bath at 60 °C for 24 h. Finally, the samples 
were transferred to a water bath at 25 °C for 2 h.

A displacement-controlled test was conducted on both dry and conditioned samples at a rate of 50 mm/min 
at 25 °C using a UTM25-IPC device. For each specimen, the maximum load was recorded. The tensile stress ratio 
(TSR) was defined as the ratio of the average tensile strength of the conditioned specimens to the average tensile 
strength of the dry specimens.

Resilient modulus test
This test was performed following ASTM D736961. To prepare the samples, asphalt mixture slabs with an air void 
content of 4% were produced, from which three cylindrical samples with a diameter of 100 mm and a height of 
63.5 mm were cored. The test was performed at a temperature of 25 °C, applying an indirect haversine tensile 
load with an amplitude of 1000 N by rotating the samples 90° under the UTM device, with no rest period during 
the test. After 100 pre-loading cycles, the average of the subsequent five resilient modulus measurements was 
recorded as the resilient modulus value.

Indirect tensile fatigue (IDT-Fatigue) test
This test was conducted on cylindrical samples with a diameter of 100 mm and a height of 63.5 mm. The sample 
preparation was consistent with that used for the resilient modulus test, and the test temperature was maintained 
at 25 °C. For each type of asphalt mixture, three different stress levels—250, 350, and 450 kPa—were applied 
using a UTM25-IPC device, resulting in nine samples for each asphalt mixture. The loading was a haversine type 
with a frequency of 2 Hz, consisting of a 0.1-second cyclic stress followed by a 0.4-second contact stress. The 
test procedures were detailed in the BS EN 12697-2462 standard. The cycle count, deformation, and strain were 
recorded until the sample failed or the device reached its operational limits.

Using the stress value, permanent horizontal deformation, sample diameter, and Poisson’s ratio, the horizontal 
strain and stiffness modulus of the mixtures were calculated through Eqs. (12) and (13), respectively.

	
ε =

(
2 × ∆H

D

)
×

( 1 + 3 × ν

4 + π × ν − π

)
� (12)

	
Smix = σ

ε
× (1 + 3 × ν)� (13)

where, ΔH represents the horizontal deformation (mm), D is the sample diameter (mm), σ refers to the horizontal 
tensile stress at the center of the specimen (MPa), ε denotes the horizontal strain (µm/m), ν is the Poisson’s ratio, 
and Smix is the stiffness modulus (MPa). The stiffness modulus Smix values were calculated using Eq. (13) for all 
test results. In the previous studies, different methods were used to compare the fatigue life of asphalt mixtures63. 
One of the accepted methods used in this study defines the fatigue failure criterion as the cycle at which the 
maximum value of the product of stiffness modulus and the number of cycles (Smix×cycle) is achieved63,64. The 
fatigue life determined using this method, established in ASTM D746065 and based on the dissipated energy 
theory, is denoted as NfNM.
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Semi-circular bending (SCB) test
In this test, cylindrical samples were produced using gyratory compaction to achieve an air void content of 
4%. The cylindrical specimens were then cut to a thickness of 25 mm and halved to create two semi-cylindrical 
specimens, each with a diameter of 150 mm and a thickness of 25 mm. For each asphalt mixture type at each 
temperature, three semi-cylindrical specimens were utilized, resulting in a total of six specimens per mixture 
type. These specimens were used to determine fracture energy (Gf), stiffness (S), and fracture toughness (KIC) 
following AASHTO TP10566. A notch with a length of 15 mm and a width of 1.5 mm was introduced along the 
axis of symmetry in each specimen. The test was performed on each type of asphalt at two temperatures, − 12 °C 
and − 24 °C, using displacement-controlled loading at a load line displacement rate of 0.05 mm/min using a 
UTM25-IPC device. Throughout the test, both load and displacement values were recorded.

Several approaches outlined in the AASHTO TP10566 manual are available to assess the low-temperature 
performance of asphalt mixtures using SCB test results. These include evaluating fracture energy (Gf), fracture 
toughness (KIC), and stiffness (S)66. This study focused on KIC (which indicates the material’s resistance to crack 
propagation) to assess the low-temperature performance of the asphalt mixture. AASHTO TP10566 provides 
Eq. (14) for calculating the value of KIC.

	
KIC = P

2 × r × t
×

√
πa ×

[
4.782 − 1.219 ×

(a
r

)
+ 0.063 × e7.045( a

r )
]

� (14)

Where, P represents the applied load (MN), r is the specimen radius (m), t is the specimen thickness (m), and a 
denotes the notch length (m).

Results and discussions
In this section, the mechanical properties of the rejuvenated recycled asphalt mixtures are first presented. 
Following that, the influence of considering various performance properties on the Material Circularity Index 
(MCI) is analyzed and discussed. This study does not undertake a comprehensive analysis of the specific factors 
influencing the performance outcomes observed in the asphalt mixtures. Instead, it emphasizes presenting these 
results to establish a foundation for calculating the MCI.

Mechanical properties
Dynamic creep test results
The results of the dynamic creep test and the flow number values obtained for each type of rejuvenated recycled 
asphalt mixture are presented in Fig. 2. As shown, the flow number values varied with different percentages of 
RAP, each adjusted with the rejuvenator content determined using the PGH method. Despite identifying the 
rejuvenator content based on the rutting performance of the bitumen (following Superpave specifications), the 
rutting performance at the mixture scale exhibited variability. This indicates that the most realistic approach 
for determining the optimal rejuvenator content is through performance tests conducted at the mixture level. It 
was observed that for higher percentages of RAP in the recycled asphalt mixture, determining the rejuvenator 
content based on bitumen properties did not align with the performance outcomes observed in the full mixtures. 
This suggests that as the RAP content increases, the rejuvenator content determined using traditional methods 
may not fully restore the desired performance characteristics, highlighting the need for alternative approaches 
or adjustments when dealing with higher RAP levels.

Furthermore, the results demonstrate that all mixtures met the flow number requirements for medium traffic 
conditions. Specifically, mixtures containing up to 65% RAP passed the requirement for up to 10 million ESALs, 
while the other mixtures were suitable for up to 30 million ESALs, in accordance with AASHTO T37858.

On the other hand, the flow number results obtained from the BS EN 12697-25 and AS 2891.12.1 test 
methods for all recycled asphalt mixtures are presented in Figs. 3 and 4, respectively. As shown, the performance 
of the rejuvenated recycled asphalt mixtures, in terms of flow number, varied between the two testing methods, 
both of which differed with the AASHTO T378 test method. This indicates that the trend in rutting performance 
assessment may differ depending on the test method used. Therefore, it can be concluded that using different test 
procedures may yield inconsistent trends in evaluating the rutting performance of rejuvenated recycled asphalt 
mixtures.

Various parameters can influence the observed trends and may lead to variations in the flow number values 
obtained from different test procedures. One potential reason for these discrepancies is that the selection of the 
optimal rejuvenator content was based on restoring the high PG of the blended bitumen, which consists of aged 
bitumen, neat bitumen, and rejuvenator. It appears that the chosen rejuvenator content affects the performance 
of the mixtures at the mixture scale in distinct ways. Analysis of the dynamic creep properties indicates that the 
rejuvenator dosage used for mixtures with varying percentages of RAP may have been either higher or lower 
than the required level, resulting in differing trends in the rutting performance and flow number of recycled 
asphalt mixtures. Additionally, variations in testing conditions, such as loading and resting times, the magnitude 
of applied loads, and particularly the dimensions of test specimens across different test procedures, could 
contribute to the observed variations in results. These factors underscore the importance of carefully considering 
testing protocols and parameters when interpreting experimental outcomes and thus, special attention should be 
given to the deformation and recovery behavior of materials with varying stiffness levels, as these properties can 
significantly influence the rutting performance observed in different tests.

Moisture susceptibility test results
As mentioned previously, the moisture susceptibility of the mixtures was evaluated using the Tensile Strength 
Ratio (TSR), determined in accordance with AASHTO T28360. A higher TSR value indicates that the impact 
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Fig. 3.  The results of the dynamic creep test and flow number value for the rejuvenated recycled asphalt 
mixture using BS EN 12697-25 test method.

 

Fig. 2.  The results of the dynamic creep test and flow number value for the rejuvenated recycled asphalt 
mixture using AASTO T378 test method.
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of wet conditioning on the indirect tensile stress results was minimal. Previous research has shown that 
incorporating RAP into asphalt mixtures can enhance resistance to moisture susceptibility12,67,68. However, the 
use of rejuvenators in recycled asphalt mixtures has often been found to increase moisture susceptibility, leading 
to a reduction in TSR values13,69,70. Additionally, an acceptable TSR value for asphalt mixtures is generally 
above 80% in most standards, although some agencies also accept a TSR value above 70% according to local 
experience44.

Considering the results presented in Fig. 5, it is evident that the TSR values of the rejuvenated recycled asphalt 
mixtures fall within the acceptable range. As observed, the asphalt mixture containing 35% RAP exhibited a 
lower TSR percentage compared to the original asphalt mixture, whereas the other rejuvenated recycled asphalt 
mixtures demonstrated better moisture susceptibility performance than the new mixtures. This difference may 

Fig. 5.  The results of the moisture susceptibility of recycled asphalt mixtures.

 

Fig. 4.  The results of the dynamic creep test and flow number value for the rejuvenated recycled asphalt 
mixture using AS2891.12.1 test method.
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be attributed to the lower percentage of RAP and the relatively higher percentage of rejuvenator (to the RAP 
weight in the mix), which could have increased the moisture susceptibility of the 35% RAP mixture compared to 
the others in this study. As demonstrated in previous studies, the reduction in moisture susceptibility observed 
in recycled asphalt mixtures can be attributed to enhanced cohesion between the bitumen and aggregate, as well 
as improved adhesion between aged and virgin bitumen11,13. However, the use of rejuvenators has been shown 
to weaken the layered structure of recycled asphalt mixtures due to the increased participation of aged bitumen 
in the mixtures13.

Resilient modulus test results
Figure 6 presents the results of the resilient modulus for all asphalt mixtures in this study. The data indicates 
that the resilient modulus of the rejuvenated recycled asphalt mixtures increased in comparison to the original 
asphalt mixture. This improvement in resilient modulus suggests that, if traditional pavement design methods 
such as the AASHTO 199371 guideline are applied, the increased stiffness of the recycled mixtures could lead to 
a reduction in the required pavement layer thickness. The resilient modulus plays a key role in determining the 
required pavement layer thickness. In these methods, the pavement thickness is designed to distribute the loads 
over the subgrade, minimizing deformation and prolonging pavement life.

The incorporation of RAP in asphalt mixtures leads to an increase in the resilient modulus, primarily due 
to the higher stiffness of the final mixtures. However, the presence of a rejuvenator in recycled asphalt mixtures 
reduces the stiffness contributed by the RAP materials10–13. As it is represented in Fig. 6, the resilient modulus 
of rejuvenated recycled asphalt mixtures is slightly higher than that of original asphalt mixtures, indicating that 
the stiffening effect of the RAP material overcomes the influence of the rejuvenator. Furthermore, the mixture 
containing 50% RAP exhibits the highest resilient modulus, which may be attributed to the relatively lower 
rejuvenator content (by weight of RAP) compared to mixtures with other RAP percentages.

Indirect tensile fatigue (IDT-Fatigue) test
Figure 7 illustrates the relationship between Smix and the number of cycles for the rejuvenated asphalt mixtures. 
The values of NfNM as a function of the stress level for all rejuvenated mixtures are also presented in Fig. 7, 
commonly referred to as the Wöhler diagram. The results indicate that using a rejuvenator can enhance the 
fatigue performance of recycled asphalt mixtures. However, its effectiveness diminishes at higher stress levels 
compared to lower ones. Additionally, the slope of the Wöhler diagram increases with the rise in RAP content, 
which is an expected outcome.

Consistent with previous studies, the use of RAP materials in asphalt mixtures increases the stiffness of 
the final mixtures due to the presence of aged bitumen. This elevated stiffness has a detrimental effect on the 
intermediate performance, particularly the fatigue resistance, of the mixtures. Additionally, restoring the phase 
angle of the aged bitumen in RAP is a critical factor in enhancing the fatigue performance of recycled asphalt 
mixtures. Both of these issues were addressed through the use of a rejuvenator10,11,13. Since the rejuvenator 
content in this study appears to exceed the necessary amount for improving rutting performance, it is probable 
that mixtures with a high percentage of RAP exhibit slightly better or comparable fatigue performance relative to 
new mixtures, as evidenced by the results of this study. Additionally, at lower stress levels, mixtures with higher 
RAP content exhibited improved fatigue resistance compared to the control mixture. This enhancement can be 

Fig. 6.  The resilient modulus of rejuvenated recycled asphalt mixtures.
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attributed to the increased stiffness provided by the aged bitumen in the RAP, which is advantageous under low-
stress conditions. However, at higher stress levels, the trend reversed, likely due to the increased brittleness and 
reduced flexibility of the mixtures with higher RAP content, making them more susceptible to cracking under 
elevated stress.

Semi-circular bending (SCB) test results
Figure 8 presents the value of KIC calculated for all rejuvenated recycled asphalt mixtures at two temperatures 
of − 12 °C and − 24 °C. As observed, the addition of the rejuvenator resulted in KIC values that were comparable 
to those of original asphalt mixtures. However, an increase in the percentage of RAP correspondingly led 
to a reduction in the KIC value, indicating that the RAP content shows a more significant influence than the 

Fig. 8.  The KIC value for all rejuvenated recycled asphalt mixtures.

 

Fig. 7.  The stiffness modulus (at stress level of 350 kPa) and the Wohler diagram of rejuvenated recycled 
asphalt mixtures.
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rejuvenator content on the low-temperature performance of the asphalt mixtures. In addition, a decrease in 
temperature led to an increase in the KIC value72. However, when the temperature drops significantly, the KIC 
value may diminish due to the occurrence of brittle failure and the increased presence of microcracks73, as 
observed in this study.

As illustrated in Fig.  8, the fracture toughness (KIC) of rejuvenated recycled asphalt mixtures at − 12  °C 
was higher than that at − 24  °C. This observation aligns with the expected behavior of asphalt mixtures at 
lower temperatures, where the material becomes more brittle and less capable of resisting crack propagation. 
Additionally, the mixture containing 50% RAP demonstrated higher fracture toughness compared to mixtures 
with other RAP percentages, likely due to its relatively lower rejuvenator content (by weight of RAP). The 
observed reverse trend in fracture toughness between − 12 °C and − 24 °C can be attributed to the temperature-
dependent behavior of asphalt mixtures, particularly the interaction between the aged binder in RAP and the 
virgin binder. At − 12 °C, the increased RAP content introduces stiffer and more brittle aged binder, reducing 
the mixture’s ability to resist crack initiation and resulting in lower fracture toughness. Conversely, at − 24 °C, 
the extreme cold causes the entire mixture to become highly stiff, and the aged binder in RAP may provide a 
stabilizing effect, improving stress distribution and leading to higher fracture toughness with increased RAP 
content.

Material circularity index (MCI)
In this section, various alternatives were analyzed, and the MCI values were calculated using both MCI* and 
MCIME approaches. The performance of different rejuvenated recycled asphalt mixtures was evaluated based 
on these indices. MCI* focused on mechanical properties, while MCIME incorporated additional factors such as 
cost and environmental impact, providing a more comprehensive assessment. This dual evaluation allowed for 
a thorough comparison of the mechanical, economic, and environmental performance of the mixtures under 
different conditions and criteria.

To calculate the value of MCI for both MCI* and MCIME approaches, all parameters were kept the same 
except for the utility factor. The parameters were calculated using Eq. (3) to (9), as outlined in the Sect. 2. The 
calculated values are presented in Table 5. It should be noted that all calculations were performed for 1,000 kg 
of each asphalt mixture.

Calculation of MCI*
As previously discussed, the utility factor in the MCI* formula includes mechanical properties such as permanent 
deformation, fatigue behavior, moisture susceptibility, resilient modulus, and low-temperature performance. In 
this section, a comprehensive evaluation of the impact of selecting the necessary desired properties on the MCI* 
value is presented. The desired properties (Pi) are given in Eqs. (15) to (19).

	
P(PDi) =

(FNi)RA

(FNi)0
� (15)

	
P(NfNM) =

(NfNM)RA

(NfNM)0
� (16)

	
P(Mr) =

(Mr)RA

(Mr)0
� (17)

	
P(TSR) =

(TSR)RA

(TSR)0
� (18)

	
P(KIC) =

(KIC)RA

(KIC)0
� (19)

Parameters

RAP content (%)

0 35 50 65

M (kg) 1000 1000 1000 1000

PRA 0 0.35 0.5 0.65

EF 1 1 1 1

EC 1 1 1 1

V (kg) 1000 650 500 350

FRA 0 0 0 0

WC (kg) 0 0 0 0

WEoL (kg) 1000 1000 1000 1000

WF (kg) 0 0 0 0

W (kg) 1000 1000 1000 1000

LFI 1 0.825 0.75 0.675

Table 5.  The parameters calculated for evaluating the MCI for rejuvenated recycled asphalt mixtures.
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In these equations, the parameters P(PDi), P(NfNM), P(Mr), P(TSR), and P(KIC) represent the ratios of flow 
number, fatigue life, resilient modulus, moisture susceptibility, and fracture toughness of each rejuvenated 
recycled asphalt mixture relative to the control mixture, respectively. These ratios provide a comparison between 
the performance of recycled mixtures and the conventional asphalt mixture used as a baseline, helping to 
quantify the effectiveness of the rejuvenated mixtures in the MCI framework. The Pi values were calculated using 
Eqs. (15) to (19), which represents the fraction of each performance property relative to the control mixtures and 
presented in Table 6 for further analysis. As evidenced by the data presented in Table 6, the desired properties 
(Pi) values of the rejuvenated recycled asphalt mixtures are influenced by RAP content and rejuvenator dosage, 
as discussed in Sect. 4.1 for each mechanical and durability performance.

Different alternatives can be considered based on the specific conditions or objectives of using the mixtures. 
Additionally, employing different testing procedures for the same test, such as the dynamic creep test in this 
study, may yield varying results. To address these issues, various scenarios were developed to reflect real-world 
situations or challenges. These scenarios are outlined in Table 7, allowing for a comprehensive analysis of how 
changes in performance criteria or test methods can affect the overall evaluation of rejuvenated recycled asphalt 
mixtures. This approach helps ensure the selection of mixtures best suited to their intended use while accounting 
for variations in testing outcomes. In Table 7, a binary system was applied in the table, where a value of 0 indicates 
that a given performance index was not included as part of the scenario’s evaluation criteria. In contrast, a value 
of 1 signifies that the performance index was considered. The utility factor for each scenario was calculated as the 

Scenarios Description

Performance Index

P(PD1) P(PD2) P(PD3) P(Mr) P(TSR) P(NfNM) P(KIC−12) P(KIC−24)

1

Comparison of different permanent deformation methods on MCI*

1 0 0 0 0 0 0 0

2 0 1 0 0 0 0 0 0

3 0 0 1 0 0 0 0 0

4 Total performance 1 0 0 1 1 1 1 1

5 High temperature 1 0 0 0 0 0 0 0

6 High temperature + durability 1 0 0 0 1 0 0 0

7 High and intermediate temperature 1 0 0 0 0 1 0 0

8 High and intermediate temperature + durability 1 0 0 0 1 1 0 0

9 High, intermediate, and low temperature (− 12) 1 0 0 0 0 1 1 0

10 High, intermediate, and low temperature (− 12) + Durability 1 0 0 0 1 1 1 0

11 High, intermediate, and low temperature 1 0 0 0 0 1 1 1

12 High, intermediate, and low temperature + durability 1 0 0 0 1 1 1 1

13 Intermediate and low temperature 0 0 0 0 0 1 1 1

14 Intermediate and low temperature + durability 0 0 0 0 1 1 1 1

15 Intermediate temperature 0 0 0 0 0 1 0 0

16 Intermediate temperature + durability 0 0 0 0 1 1 0 0

17
Comparison between different low temperature parameters on MCI*

0 0 0 0 0 0 1 0

18 0 0 0 0 0 0 0 1

19 Low temperature 0 0 0 0 0 0 1 1

20 Low temperature + durability 0 0 0 0 1 0 1 1

21 Thickness of pavement (based on AASHTO 1993 [71]) 0 0 0 1 0 0 0 0

22 Thickness of pavement (based on AASHTO 1993 [71]) + durability 0 0 0 1 1 0 0 0

Table 7.  Scenarios for evaluating the MCI* in rejuvenated recycled asphalt mixtures. *Values of 0 and 1 
indicate that the performance index was not/was considered as part of the scenario’s evaluation criteria.

 

Mixture type Standard

RAP content (%)

0 35 50 65

P(PD1) AASHTO T378 1 0.8767 1.1013 0.6167

P(PD2) BS EN 12697-25 1 0.7371 0.6850 1.0932

P(PD3) AS2891.12.1 1 0.4880 1.2006 0.6998

P(Mr) ASTM D7369 1 1.0574 1.1265 1.0598

P(TSR) AASHTO T283 1 0.9121 1.0347 1.0624

P(NfNM) BS EN 12697-24 1 1.1806 1.1419 1.7516

P(KIC)
− 12 °C AASHTO TP105 1 1.0159 0.9567 0.9277

− 24 °C AASHTO TP105 1 1.0559 1.0866 1.0674

Table 6.  Pi values of mechanical properties for rejuvenated recycled asphalt mixtures.
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final product of all desired properties (Pi), where the binary weighting factor for these properties (as specified in 
Table 7) was assigned a value of one for each asphalt mixture. Following the methodology outlined earlier, the 
MCI was derived from the calculated utility factor for each mixture type. By comparing the resultant MCI values 
across scenarios and identifying the maximum MCI value under each set of conditions, the optimal mixture for 
the corresponding scenario was systematically identified.

By applying Eqs. (1), (2), (4), and (10), the utility factor (X), MCI*, and MCIME values were calculated and 
are summarized in Table 8. The first three scenarios were designed to assess the effect of different test procedures 
on the MCI values. The results reveal that using different procedures to evaluate rutting performance leads to 
varying outcomes. Specifically, when employing the BS EN 12697-25 test method for dynamic creep testing, 
the rejuvenated recycled asphalt mixture with 65% RAP exhibited the highest MCI. However, in the other two 
methods, the mixture containing 50% RAP demonstrated superior performance. This indicates that the choice 
of test procedure can significantly influence the perceived performance of recycled asphalt mixtures.

Scenarios 5 to 12 were designed for regions with hot climates, which may or may not experience intermediate 
and low temperatures. Half of these scenarios were also used to assess the durability performance of the mixtures 
in these regions. The results showed that in all cases, the rejuvenated recycled asphalt mixture containing 50% 
RAP exhibited the best performance and the highest MCI, making it the most suitable option for these regions. 
On the other hand, the mixture with 65% RAP performed the worst in scenarios where high-temperature 
performance (or a combination of high, intermediate, and low-temperature performance) was critical. 
Additionally, the rejuvenated recycled asphalt mixture with 35% RAP emerged as the second-best option, 
demonstrating higher favorability compared to both the original asphalt mixture and the rejuvenated recycled 
asphalt mixture containing 65% RAP. These findings underscore the importance of selecting the appropriate 
mixture composition based on the specific environmental conditions and performance requirements.

Scenarios 13 to 16 were developed for regions with intermediate climates, which may or may not experience 
low temperatures and where durability performance may or may not be a key consideration. The results were 
consistent with those observed in hot climates, where the rejuvenated recycled asphalt mixture containing 50% 
RAP remained the optimal choice. However, in intermediate climates, the favorability of using the rejuvenated 
recycled asphalt mixture containing 65% RAP significantly increased, though it still lagged behind the 35% 
RAP mixture in terms of overall performance. This highlights that, while the 50% RAP mixture consistently 
performed best across both climate conditions, the 65% RAP mixture became more viable in regions with less 
extreme temperature fluctuations.

Scenarios 17 to 20 were designed to focus on the low-temperature performance of asphalt mixtures. The 
fracture toughness, KIC, was calculated for all mixtures at two temperatures: − 12 °C and − 24 °C. To assess 
the influence of lower temperatures on MCI values, the MCI was examined for both temperature conditions, 
revealing no significant differences in the results. When low-temperature properties were considered, with or 
without durability performance, the mixture containing 65% RAP showed the highest MCI value, followed by 

RAP content (%) 0 35 50 65 0 35 50 65 0 35 50 65

Scenarios Utility factor (X) MCI* MCI

1 1 0.8767 1.1013 0.6167 0.1 0.153 0.3871 0.015 0.1 0.153 0.3871 0.015

2 1 0.7371 0.685 1.0932 0.1 − 0.0073 0.0146 0.4443 0.1 0 0.0146 0.4443

3 1 0.488 1.2006 0.6998 0.1 − 0.5216 0.4378 0.1319 0.1 0 0.4378 0.1319

4 1 1.1439 1.8754 0.6195 0.1 0.3509 0.6401 0.0194 0.1 0.3509 0.6401 0.0194

5 1 0.8767 1.1013 0.6167 0.1 0.153 0.3871 0.015 0.1 0.153 0.3871 0.015

6 1 0.7996 1.1395 0.6552 0.1 0.0714 0.4076 0.0729 0.1 0.0714 0.4076 0.0729

7 1 1.1057 1.5478 0.5556 0.1 0.3285 0.5639 − 0.0934 0.1 0.3285 0.5639 0

8 1 1.0085 1.6015 0.5903 0.1 0.2638 0.5785 − 0.0291 0.1 0.2638 0.5785 0

9 1 1.1232 1.4808 0.5155 0.1 0.339 0.5442 − 0.1786 0.1 0.339 0.5442 0

10 1 1.0246 1.5322 0.5476 0.1 0.2753 0.5595 − 0.1093 0.1 0.2753 0.5595 0

11 1 1.186 1.6091 0.5502 0.1 0.374 0.5805 − 0.1042 0.1 0.374 0.5805 0

12 1 1.0818 1.6649 0.5845 0.1 0.3137 0.5946 − 0.0393 0.1 0.3137 0.5946 0

13 1 1.3529 1.4611 0.8921 0.1 0.4512 0.538 0.319 0.1 0.4512 0.538 0.319

14 1 1.234 1.5117 0.9478 0.1 0.3983 0.5535 0.359 0.1 0.3983 0.5535 0.359

15 1 1.2613 1.4054 0.9009 0.1 0.4113 0.5197 0.3257 0.1 0.4113 0.5197 0.3257

16 1 1.1504 1.4541 0.9571 0.1 0.3546 0.5358 0.3653 0.1 0.3546 0.5358 0.3653

17 1 1.0159 0.9567 0.9277 0.1 0.2691 0.2945 0.3452 0.1 0.2691 0.2945 0.3452

18 1 1.0559 1.0866 1.0674 0.1 0.2968 0.3788 0.4308 0.1 0.2968 0.3788 0.4308

19 1 1.0727 1.0396 0.9902 0.1 0.3078 0.3507 0.3865 0.1 0.3078 0.3507 0.3865

20 1 0.9784 1.0756 1.052 0.1 0.2411 0.3725 0.4226 0.1 0.2411 0.3725 0.4226

21 1 1.0574 1.1265 1.0598 0.1 0.2978 0.4008 0.4268 0.1 0.2978 0.4008 0.4268

22 1 0.9645 1.1655 1.126 0.1 0.2301 0.4209 0.4605 0.1 0.2301 0.4209 0.4605

Table 8.  Utility factor (X), MCI*, and MCI results for rejuvenated recycled asphalt mixtures across various 
scenarios. Significant values are in bold.
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the mixture with 50% RAP as the second most favorable. As noted in the low-temperature properties analysis, 
the selection of optimal rejuvenator content (guided by achieving a restored high PG in the blended bitumen) 
may result in rejuvenator dosages exceeding the ideal threshold in mixtures with high RAP content. This 
surplus rejuvenator likely enhances the low-temperature performance of these mixtures. Furthermore, the MCI 
inherently prioritizes the use of recycled materials as a positive criterion in material selection. Consequently, 
the improved low-temperature properties of mixtures with high RAP content are amplified, making them more 
suitable for colder climatic conditions.

Additionally, the scenarios 21 and 22 examined the favorability of each mixture concerning pavement 
thickness, using the AASHTO 199371 method, where the resilient modulus was the primary factor. These results 
reinforced the suitability of the rejuvenated recycled asphalt mixtures containing 65% RAP as the best choice, 
with the 50% RAP mixture closely following as a favorable option.

Finally, in Scenario 4, the combination of all mechanical performance parameters was assessed. The results 
demonstrated the favorability of the rejuvenated recycled asphalt mixtures containing 50% RAP compared to 
the other mixtures. In conclusion, although factors such as weather conditions, test procedures, and specific 
performance requirements are critical in selecting the best option using the MCI approach, the overall findings 
from this study suggest that the rejuvenated recycled asphalt mixtures containing 50% RAP were compatible 
with a variety of conditions and emerged as the most reliable option for use across diverse scenarios.

Several studies have applied the MCI to evaluate the circularity of recycled asphalt mixtures. Mantalovas and 
Di Mino29 assessed mixtures with 0%, 30%, 60%, and 90% RAP (analogous to Scenario 7 in this study), reporting 
that mixtures with 60% and 90% RAP exhibited superior circularity compared to lower RAP formulations. In 
contrast, this study demonstrates that—under a similar utility factor framework—the 50% RAP mixture achieves 
optimal circularity, while the 65% RAP mixture performs least favorably. This discrepancy arises from differences 
in rutting behavior. The current study employs a rejuvenator to mitigate stiffness in high-RAP mixtures, whereas 
Mantalovas and Di Mino29 analyzed unmodified mixtures, where rutting resistance improved monotonically 
with RAP content.

Further, da Costa et al.74 evaluated a utility factor incorporating fatigue, rutting, moisture susceptibility, 
tensile strength, and Cantabro abrasion for recycled asphalt mixtures incorporating cottonseed oil. Their findings 
revealed no direct linear relationship between RAP or cottonseed oil content and MCI, as the interaction of 
these parameters significantly influenced outcomes. Specifically, the 33% RAP mixture with 10% cottonseed oil 
yielded the highest MCI, followed by 15% RAP with 4% cottonseed oil, and 25% RAP with 6% cottonseed oil. 
These results align with the present study’s observation of synergistic interactions between RAP and rejuvenator 
content (Table 8), underscoring the need to account for combined parameter effects when interpreting MCI 
outcomes.

Calculation of MCIME
As previously discussed, the MCIME approach considers a combination of mechanical properties, economic 
factors, and environmental impacts. Given that lower cost and carbon footprint are favorable outcomes, these 
two parameters were included as desired properties in Eqs. (20) and (21).

	
P(C) = 1

(Cost)RA
(Cost)0

� (20)

	
P(E) = 1

(CarbonFootprint)RA
(CarbonFootprint)0

� (21)

In this equation, P(C), and P(E) refer to the cost and CO2 emission properties, respectively. These ratios were 
calculated inversely, meaning that a reduction in cost and CO2 emission indicates better performance. To 
identify the value of P(C), and P(E), it is necessary to calculate the cost and CO2 emission of all mixtures per ton. 
CO2 emissions are generated from various processes involved in the production and implementation of asphalt 
mixtures, including the production of aggregate, bitumen, RAP, rejuvenator, as well as the mixing operations 
and transportation. Table 9 provides a breakdown of the CO2 emissions associated with each of these processes, 
based on data from previous studies. Additionally, the costs associated with each process, extracted from 
previous studies and relevant data sources, are also presented in Table 9. It is mentioned that the RAP, aggregates, 
and bitumen are sourced from locations 35 km, 100 km, and 30 km away from the asphalt production plant, 
respectively.

By utilizing the CO2 emissions and cost associated with each process and material involved in asphalt mixture 
production, as presented in Table 9, and considering their respective quantities, the total cost and CO2 emissions 
for all the asphalt mixtures in this study were calculated. The resulting values are summarized in Table 10.

Using Eq. (20), the Pi values were calculated for all mixtures, and the results are presented in Table 11 for 
further analysis.

Considering the alternatives presented in Table 7, it is possible to incorporate the impact of cost and CO2 
emissions to obtain a more comprehensive assessment of using rejuvenated recycled asphalt mixtures within the 
MCI framework, specifically the MCIME approach developed in this study. Therefore, the scenarios evaluating 
MCI, which include both cost and CO2 emissions, are presented in Table 12. This integrated approach allows for 
a more robust decision-making process when selecting suitable mixtures for different applications.

The utility factor, MCIME, and the resulting MCI values obtained from the MCIME calculations have been 
computed and are presented in Table  13. These values offer a comprehensive evaluation of the rejuvenated 
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recycled asphalt mixtures by integrating mechanical performance, cost, and environmental impact into the MCI 
framework, allowing for a more informed comparison of the different mixtures.

Similar to the MCI* approach, when considering all mechanical properties, as well as economic and 
environmental impacts, the rejuvenated recycled asphalt mixtures containing 50% RAP emerged as the best 
option for use, especially when all performance factors are important. This conclusion is drawn from the MCIME 
results for Scenario 1.

In Scenarios 2 to 4, which represent hot climate conditions that may or may not experience intermediate 
and low temperatures, the cost and CO2 emissions are key criteria alongside mechanical properties. The MCIME 
results indicate that the best choice among the asphalt mixtures is still the rejuvenated recycled asphalt mixture 
containing 50% RAP. However, in these scenarios, the favorability of the 65% RAP mixture significantly increased 
compared to the MCI* evaluation, becoming the second-best option.

For Scenarios 5 and 6, which represent intermediate climates with or without low-temperature conditions, 
the MCIME results show no significant difference between the rejuvenated recycled asphalt mixtures containing 
50% and 65% RAP. Therefore, both mixtures are equally suitable for use in these conditions.

Scenarios Description

Performance index

P(PD1) P(Mr) P(TSR) P(NfNM) P(KIC−12) P(KIC−24) P(C) P(E)

1 Total performance + cost + CO2 emission 1 1 1 1 1 1 1 1

2 High temperature + durability + cost + CO2 emission 1 0 1 0 0 0 1 1

3 High and intermediate temperature + durability + cost + CO2 emission 1 0 1 1 0 0 1 1

4 High, intermediate, and low temperature + durability + cost + CO2 emission 1 0 1 1 1 1 1 1

5 Intermediate and low temperature + durability + cost + CO2 emission 0 0 1 1 1 1 1 1

6 Intermediate temperature + durability + cost + CO2 emission 0 0 1 1 0 0 1 1

7 Low temperature + durability + cost + CO2 emission 0 0 1 0 1 1 1 1

8 Pavement thickness + durability + cost + CO2 emission 0 1 1 0 0 0 1 1

9 Cost 0 0 0 0 0 0 0 1

10 CO2 emission 0 0 0 0 0 0 1 0

11 Cost + CO2 emission 0 0 0 0 0 0 1 1

Table 12.  Scenarios for evaluation of the MCIME in rejuvenated recycled asphalt mixtures.

 

Mixture type

RAP content (%)

0 35 50 65

P(C) 1 1.3526 1.5935 1.9387

P(E) 1 1.2219 1.3564 1.5177

Table 11.  Pi values of cost and carbon footprint for rejuvenated recycled asphalt mixtures.

 

Mixture type

RAP content (%)

0 35 50 65

Cost (USD/Ton) 82.7 61.1 51.9 42.6

CO2 emission (kg/Ton) 59.6 48.8 44.0 39.3

Table 10.  Total values of cost and CO2 emission for rejuvenated recycled asphalt mixtures.

 

Process CO2 emission (kg/Ton) References Cost (USD/Ton) References

Bitumen production 312 Zaumanis et al.6 704 Zaumanis et al.6

Aggregate production 10 Xiao et al.75 19.8 Zaumanis et al.6

RAP production 1.8 Xiao et al.75 3.3 Zaumanis et al.6

Rejuvenator production 757 Company information 3.5 Company information

Mixture operation 22 Zaumanis et al.6 12 Jahanbakhsh et al.70

Transportation (for 1 km) 0.11 Van Fan et al.76 0.125 (Dist: 100 km)
0.25 (Dist: 30–35 km) Kaliampakos and Benardos77

Table 9.  The cost and values of CO2 emission for materials used in rejuvenated recycled asphalt mixtures.
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In the last five scenarios, which emphasize the importance of low temperatures, cost, and CO2 emissions, 
the rejuvenated recycled asphalt mixture containing 65% RAP emerged as the best option, with the 50% RAP 
mixture as the second-best alternative.

These findings highlight the crucial role of cost, CO2 emissions, climatic conditions, and the prioritization of 
specific mechanical properties in determining the MCI* and MCIME values and selecting the most appropriate 
asphalt mixture for each project. It is essential, however, to ensure that the minimum mechanical performance 
requirements are met before applying the MCI approach to identify the optimal solution.

Conclusion
In this study, the impact of various combinations of mechanical properties, cost, and CO₂ emissions on the 
MCI was thoroughly examined for original asphalt mixtures and three rejuvenated recycled asphalt mixtures 
containing 35%, 50%, and 65% RAP. Additionally, the effect of different testing procedures for similar 
mechanical properties on the MCI outcomes was investigated. Two distinct MCI calculations were performed: 
one incorporating mechanical, economic, and environmental factors (MCIME) and another based solely on 
mechanical properties (MCI*). The following key findings were derived from the study:

	1.	 The choice of testing procedure, particularly for dynamic creep tests, significantly influenced the MCI out-
comes, highlighting the necessity for consistent and appropriate methodological approaches. These varia-
tions may be attributed to differences in loading frequency and magnitude, the duration of applied and rest 
periods, and the dimensions of the experimental samples.

	2.	 The MCI was significantly affected by the selection of different mechanical properties, regional conditions, 
and additional evaluative criteria. Therefore, it is crucial to first identify the most critical performance pa-
rameters and subsequently apply either the MCI* or MCIME approach to facilitate an informed selection 
process.

	3.	 Based on the outputs derived from various scenarios using both the MCI* and MCIME approaches, the 
rejuvenated recycled asphalt mixture containing 50% RAP consistently emerged as the optimal choice in 
most cases. Additionally, the 65% RAP mixture demonstrated superior performance in low-temperature 
environments. The selection of the optimal rejuvenator content was based on restoring the high PG of the 
blended bitumen, which comprises aged bitumen, neat bitumen, and rejuvenator. It appears that the selected 
rejuvenator content influences the performance of mixtures scale in different ways. Analysis of the mechan-
ical properties indicates that the rejuvenator dosage used for the 65% RAP mixture may have exceeded the 
necessary level, resulting in enhanced low-temperature properties and improved performance under colder 
climatic conditions.

	4.	 Incorporating higher RAP content proves advantageous in reducing both the cost and environmental impact 
of asphalt mixtures. Consequently, selecting mixtures with elevated RAP content -provided they achieve 
acceptable mechanical performance in line with circular economy principles and the MCI framework- offers 
an effective strategy for sustainable asphalt mixture design across diverse scenarios.

This study aims to employ the MCI framework to select the most suitable asphalt mixture based on various 
combinations of key performance properties and to examine the influence of different testing procedures on 
MCI outcomes. Future research can further explore the impact of different rejuvenator types and dosages, 
various asphalt mixture compositions, and alternative methods for determining the optimal rejuvenator content 
on the MCI framework.

Data availability
Data sets generated during the current study are available from the corresponding author on reasonable request.

RAP content (%) 0 35 50 65 0 35 50 65 0 35 50 65

Scenarios Utility factor (X) MCI* MCI

1 1 1.8906 4.0535 1.8228 0.1 0.6073 0.8335 0.6667 0.1 0.6073 0.8335 0.6667

2 1 1.3216 2.4629 1.928 0.1 0.4382 0.7259 0.6849 0.1 0.4382 0.7259 0.6849

3 1 1.6669 3.4614 1.7369 0.1 0.5546 0.805 0.6502 0.1 0.5546 0.805 0.6502

4 1 1.788 3.5984 1.7199 0.1 0.5847 0.8124 0.6468 0.1 0.5847 0.8124 0.6468

5 1 2.0396 3.2674 2.7887 0.1 0.636 0.7934 0.7822 0.1 0.636 0.7934 0.7822

6 1 1.9014 3.1429 2.8163 0.1 0.6095 0.7852 0.7843 0.1 0.6095 0.7852 0.7843

7 1 1.6171 2.3249 3.0955 0.1 0.5408 0.7097 0.8037 0.1 0.5408 0.7097 0.8037

8 1 1.594 2.5191 3.313 0.1 0.5342 0.7321 0.8166 0.1 0.5342 0.7321 0.8166

9 1 1.2219 1.3564 1.5177 0.1 0.3923 0.5023 0.5997 0.1 0.3923 0.5023 0.5997

10 1 1.3526 1.5935 1.9387 0.1 0.4511 0.5764 0.6866 0.1 0.4511 0.5764 0.6866

11 1 1.6528 2.1614 2.9424 0.1 0.5507 0.6877 0.7935 0.1 0.5507 0.6877 0.7935

Table 13.  Utility factor (X), MCIME, and MCI results for rejuvenated recycled asphalt mixtures across various 
scenarios considering cost and CO2 emissions. Significant values are in bold.
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