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ABSTRACT 

 

The asphalt used in the road industry must possess the necessary properties to absorb the 

deformations generated by the pavement under traffic. In this regard, the major issue 

observed is oxidation caused by the loss of volatile compounds. This results from 

exposure to high temperatures during the mixing and production of the asphalt mixture 

and, on the other hand, from progressive deterioration due to environmental conditions 

while in service. The reduction of its lighter compounds leads to cracking and 

deterioration of the asphalt layer. 



 

 

Furthermore, waste generation remains an unresolved issue. Recycled Tire Rubber (RTR) 

from the automotive industry, which has reached the end of its life, has become common 

as an asphalt modifier in high proportions (percentages exceeding 10 %). 

This study aims to evaluate asphalt modified with RTR in increasing proportions and 

analyze the samples' behavior under short-term and long-term aging conditions to 

consider the material's evolution. In the results obtained, the influence of the aging of the 

samples can be observed as the proportion of RTR is increased according to the results of 

FTIR and complex shear modulus. An increase in the softening point and the fatigue 

parameter is also observed with the addition of the residue. 
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1. Introduction 

Hot mix asphalt is composed of a combination of different materials, such as conventional 

or modified asphalt, aggregates, and fillers. The properties of these mixes are directly 

related to the rheological behavior of the asphalt binder. To optimize certain physical, 

chemical, and rheological properties of conventional asphalt binders, additives are used 

to create modified asphalt binders (Botasso & Segura, 2013; Gallego, 2018). Various 

modifiers for base asphalt include hydrocarbons, mineral fillers, and polymers. Polymers 

are more frequently used because they reduce the thermal susceptibility of the binder, 

increase internal cohesion, adhesion, and elasticity, resulting in mixes with greater 

resistance to fatigue and permanent deformation (Chavarria Salas, 2005, Panda & 

Mazumdar, 1999). 

1.1 Recycled Tire Rubber 

Additionally, due to the large amount of waste generated, it is necessary to include waste 

materials. One such material is Recycled Tire Rubber (RTR), which is suitable for use in 

the asphalt paving industry as a modifier for the base asphalt in the mix. This material can 

be incorporated into asphalt to achieve the performance of asphalt modified with virgin 

polymers or, at the very least, to closely match those characteristics (Botasso & Segura, 

2013; SIGNUS, 2017). 

Tires are composed of various materials such as rubber, chemicals, textiles, steel, and 

other metals. Currently, used tires represent only between 0.5% and 1% of global waste, 

but their components have a long degradation time, taking years to centuries to 

decompose. In Argentina alone, more than 150,000 tons of tires are discarded every year. 

Consequently, reusing these materials is crucial. Adding RTR to asphalt mixes not only 

improves their properties but also provides environmental benefits by reintegrating RTR 

into the production of another material, substituting virgin materials with those that have 

already been used. The main advantages of RTR modified asphalt mixtures are the 

benefits against permanent deformations, cracking at low temperatures and improvement 

against aging (Bahia & Davies, 1994, Guo et al., 2024, Khadim & Al-Mosawe, 2024, Kök 

& Çolak, 2011, Nanjegowda & Biligiri, 2023, Lee et al., 2008, Soleymani et al., 2004, 

Wang et al., 2020, Wang et al., 2022.) 



 

 

The incorporation of RTR powder into asphalt mixes is carried out using three 

methodologies: dry technology, used tire powder is incorporated into the asphalt mix as 

an aggregate. In this way, the digestion times considered appropriate for the asphalt 

modification to occur must be met. The process was initially patented in Sweden and 

consists of adding RTR particles between 0 and 2 mm to replace between 1 and 3% of the 

mass of the fine aggregate (Chavez et al., 2019). 

For the modification of asphalt mixes with rubber by dry process, RTR powder in a size 

smaller than 0.5 mm is used. Special care must be taken with the incorporation of used 

tire powder considering the digestion times in the mixing drum of the asphalt plant, the 

total mixing time and the waiting time in the asphalt mix transport truck. In recent years, 

this technology has fallen into disuse. Some results below the requirements of asphalt 

mixtures and excessive rubber digestion times to achieve the modification of asphalt 

cement make this methodology not very recommendable (Botasso & Segura, 2013). 

The wet technology consists of modifying the asphalt cement instead of adding RTR 

powder to the asphalt mixture. In this case, the process consists of dispersing the asphalt 

and rubber at a temperature between 185 and 195 ºC, for a time that ensures digestion for 

at least 60 minutes. The most important factors in this process are temperature, energy 

and mixing time, and the rubber particle size. By using modified asphalt, the beneficial 

properties obtained are transferred to the behavior of the asphalt mixture. Like the dry 

process, the higher viscosity of asphalt with the rubber aggregate requires higher mixing 

temperatures than conventional asphalts to ensure the correct wrapping of the aggregates. 

The greatest disadvantage of the wet process is the possible separation of the phases 

between rubber and asphalt. This problem is intensified about the higher rates of rubber 

incorporated into the asphalt. Faced with these problems, one of the solutions is to reduce 

the distances for transporting asphalt cement to the asphalt mixing plant, allowing for a 

time for the trucks to arrive so that there is no separation between the materials. Another 

alternative is the production of modified asphalt cement directly at the plant. (Bahia & 

Davies, 1994, Gallego, 2018). 

The latest trend in the incorporation of RTR powder as an additive in asphalt mixes is in 

the form of pre-digested material. This technology consists of dispersing and grinding the 

RTR powder with additives and generating a type of filler that can be incorporated 

directly into the asphalt concrete mix. One of the most relevant benefits of this technology 

lies in the shorter digestion times required by this additive, having been previously 

treated. On the other hand, having the fineness and appearance of a filler, the handling 

and incorporation into the asphalt mixes is similar to the latter, being able to opt for a 

pneumatic type of addition. Properties of asphalts modified with RTR powder show 

superior performance compared to conventional unmodified asphalts, and competitive 

behavior compared to asphalts modified with virgin polymers (Gallego, 2018). 

The proportions of incorporation of these materials always refer to the percentage by 

weight of 100% of the asphalt. Various studies have shown that asphalts improved with 

RTR, in low proportions (around 4%) or medium (around 12%), improve both penetration 

and softening point compared to the original asphalt, and also show a significant increase 

in viscosity. This results in a material that is less susceptible to climatic factors, such as 

high temperatures experienced in the summer (Botasso & Segura, 2013). Studies are also 



 

 

being conducted on SMA (Stone Mastic Asphalt) type mixtures with the incorporation of 

RTR and glass fibers (Morea et al., 2023). 

Yu et al. (2023) studied the application of RTR in micro and nanometric sizes to avoid 

the problems associated with adding large proportions, which lead to storage stability 

issues. Through fragility tests and scanning calorimetry, it was determined that the 

incorporation of this addition offers benefits concerning cracking at low temperatures. 

Additionally, measurements performed using a dynamic shear rheometer showed that the 

material becomes more elastic at high temperatures. 

Alsheyab et al. (2023) compiled studies on the incorporation of RTR into asphalt and 

asphalt mixtures. Their analysis showed that the addition of this material increases the 

softening point and viscosity. Furthermore, reductions in penetration, ductility, and flash 

point were observed. 

In Spain, the SIGNUS guide presents the necessary parameters for incorporating RTR 

into asphalt. Specifications were also developed to classify asphalt cements modified with 

RTR according to the percentage of waste added. This guide proposes, in a novel way, 

the classification of improved, modified, and high-viscosity asphalts with used tire dust. 

In a second stage, details the requirements for preparing asphalt mixtures of different 

types, made with modified asphalt (SIGNUS, 2017). 

Apaza et al. (2024a) incorporated used tires into an asphalt mixture to evaluate the sound 

absorption of these pavements. Mixtures with 0, 0.75, and 1.50% RTR in the mix were 

prepared using the dry process. An influence of incorporation was found at temperatures 

ranging from 10 to 60 °C when the mix contains high void contents. Soengas et al. (2022) 

studied discontinuous asphalt concrete with RTR incorporation and determined higher 

sound absorption values compared to a standard sample across a range of 15 analyzed 

frequencies. On the other hand, the incorporation of RTR in asphalt mixtures provides 

improved macro- and microtexture to the considered pavement. In a continuation of the 

aforementioned work, Apaza et al. (2024b) studied the influence of RTR in different types 

of asphalt mixtures with increasing RTR contents. It was found that residue incorporation 

had a considerable influence on SMA and open-type mixtures, but not on semi-dense 

mixtures. Botasso & Segura (2013) studied modification with 8% RTR in discontinuous 

surface mixtures, evaluating the macro- and microtexture of the samples before and after 

abrasive testing using the wheel-following test. Favorable results were obtained in the 

evaluation of the macrotexture of the mixtures with RTR compared to those modified 

with polymer. 

On the other hand, when incorporating other additives, Rodríguez Alloza et al. (2014) 

evaluated the incorporation of viscosity-reducing additives to reduce the temperature in 

asphalt mixtures containing 20% RTR based on the weight of the asphalt. The mixtures 

obtained through this process experienced a decrease in the viscosity of the binder used, 

but the stiffness of the material increased, resulting in a mixture susceptible to fatigue 

failure. On the other hand, Gallego et al. (2020) evaluated different forms of compaction 

of SMA-type mixtures with the incorporation of RTR and an additive to reduce the 

temperature of the mixtures. They found that the best results were found when evaluating 

using a rotary compactor versus static compaction. Sol-Sanchez et al. (2020) studied the 

incorporation of RTR in asphalt mixtures by applying high-penetration asphalt using two 



 

 

temperature-reducing additives. Acceptable results were obtained at temperatures of 

135°C without compromising the mechanical properties of the asphalt mixture. The 

rheological and environmental properties of the mixtures were improved with 15% to 

20% RTR combined with two viscosity-reducing additives. The addition of the 

temperature-reducing additive was observed to slightly reduce the fatigue strength of the 

mixtures (Pouranian et al., 2020). Another waste material that can be incorporated into 

the asphalt mix is blast furnace slag. A study showed that fine aggregate replacement 

percentages of 0 to 25% yielded the best results in terms of permanent deformation, 

indirect tensile strength, and stability. Based on the results obtained, it was found that a 

20% replacement rate yielded the best results (Chaubey et al., 2024). 

1.2. Aging in Asphalt Binder 

The oxidation process in asphalt mixtures occurs at both high and low temperatures, but 

with distinct processes. At high temperatures, asphalt behaves like a viscous material, 

making it more susceptible to permanent structural deformations. The internal energy the 

material endures to resist loads during each cycle can be dissipated in the form of 

molecular friction, i.e., heating, or through the deformation of molecular bonds (Tauste 

et al., 2018). 

In the case of the process at low temperatures, asphalt behaves like a solid, in which, 

when loads are applied, the resulting deformations manifest themselves in the short term. 

At these temperatures, the maltene fraction of asphalt exhibits less molecular motion and 

forms more rigid networks. The mechanism by which these fractions function is 

manifested as stretching and bending of intermolecular bonds until fracture occurs. Due 

to these circumstances, in contrast to high-temperature behavior, considerable permanent 

deformations are not generated, and therefore, in each load application cycle, the energy 

is dissipated through material fatigue (Moreno Navarro et al., 2018). 

Other issues also affect aging, such as the ratio of asphaltenes and maltenes in the 

chemical composition of asphalt. Generally speaking, the aging process of asphalt 

manifests itself through the interaction of oxygen and ultraviolet radiation during the 

asphalt mixture production process and its service life. In both stages, a loss of volatile 

occurs, leading to hardening and oxidation (Read & Whiteoak, 2003). 

Regarding chemical composition, the asphaltene fraction undergoes a small increase 

during the production of asphalt concrete and a smaller increase over time. On the other 

hand, the resin and aromatic fractions undergo a noticeable decrease during the 

manufacturing and mixing process. As with asphaltenes, the resins and aromatics undergo 

slight changes after the placement and finishing processes, and their serviceability after 

several years (Read & Whiteoak, 2003). 

The presence of RTR within the asphalt implies a material with more elastic rheological 

behavior, for which reason it is expected that the behavior with large additions will 

improve the fatigue resistance performance of the asphalt. The present investigation aims 

to characterize asphalts with 15 %, 18 %, 20 %, 22 % and 25% RTR by weight of asphalt 

combined with the base asphalt, through rheological tests such as the master curve and 

SUPERPAVE parameters to assess fatigue. Various conditioning methods, including 

short-term, medium-term, and long-term aging, are also proposed. 



 

 

2. Materiales 

 

The Recycled Tire Rubber (RTR) samples observed under the microscope exhibit a 

heterogeneity in particle sizes and shapes within the analyzed sample can be seen in Figu. 

Elongated and rounded particles are observed in roughly equal proportions. Additionally, 

the sample shows a completely irregular surface with torn material features, typical of the 

crushing process that the material undergoes. These characteristics suggest better 

interaction between the rubber particles and the asphalt, due to the larger specific surface 

area of the particles. 

 
Fig. 1. Recycled Tire Rubber in microscope 

 

The source material is found in the city of Buenos Aires, which is collected from 

neighboring cities. It is subjected to a mechanical crushing process to obtain tire dust. For 

the characterization of the RTR powder's particle size, a sample is subjected to a series of 

sieves to find the cumulative percentage of each material fraction that passes through. 

The particle size distributions used correspond to the C1 curves from the CEDEX manual 

(CEDEX, 2013), as shown in Table 1. 

Table 1. Particle size distribution of Recycled Tire Rubber 

 Amunt passing (%) 

Sieve C1 Sup. Curve C1 Inf. 

2000 μm (N°10) 100 100.00 100 

1680 μm (N°12) 100 100.00 100 

1410 μm (N°14) 100 100.00 100 

707 μm (N°25) 50 84.00 85 

500 μm (N°35) 10 48.61 80 

250 μm (N°60) 5 8.22 70 

125 μm (N°120) 0 0.47 30 

63 μm (N°230) 0 0.45 15 

53 μm (N°270) 0 0.31 7 

 

The RTR used in asphalt mixtures requires the most extensive grinding process to obtain 

the finest possible material. In summary, the sample analyzed has more than 85% of the 

material passing the N° 25 sieve and 80% is between 0.15 and 0.80 mm in average 

diameter. Figure 2 shows the granulometric curve of the sample. 



 

 

 

Fig. 2. Recycled Tire Rubber granulometric curve 

An asphalt binder denominated as CA-30 is used as the base. Increasing amounts of 

Recycled Tire Rubber (RTR) are added to the samples for evaluation, at 15%, 18%, 20%, 

22%, and 25% by weight of the asphalt whose designation is CA30, 15RTR, 18RTR, 

20RTR, 22RTR, and 25RTR respectively. RTR percentages are selected based on the 

consulted bibliography, adding large quantities of recycled tires. The properties of the 

samples can be seen in Table 2.  

Table 2. Characterization of samples  

Property Standard CA30 15NFU 18NFU 20NFU 22NFU 25NFU 

ORIGINAL   

Softening point (ºC) 
ASTM 

D36-20 
53 59 61 62 65 68 

Penetration (25°C, 0.1 

mm) 

ASTM 

D5-20 
39 38 34 32 23 21 

Torsional elastic 

recovery (%) 

ATM-

122-22 
- 47.8 56.1 63.3 71.7 78.7 

Rotational Viscosity (cP) 

[135 °C-0,9RPM S21] 

ASTM 

D4402-23 
- 4111 5166 7611 11277 16777 

Rotational Viscosity (cP) 

[170 °C-0,9RPM S21] 

ASTM 

D4402-23 
- 575 804 1212 1304 2617 

After RTFOT   

Variation of weight (%) 
ASTM 

D2872-22 
0.20 0.18 0.15 0.15 0.20 0.21 

Softening point (ºC) 
ASTM 

D36-20 
58 64 67 67 70 71 

 

For the preparation of the different samples, the dispersion of RTR powder in the asphalt 

is carried out. The dispersions follow the LEMaC-A02/16 test methodology (LEMaC, 

2019). The procedure involves heating the asphalt to a temperature between 160°C and 

170°C, using a double-walled container filled with oil according to Segura et al. (2023). 

Once the sample reaches the desired temperature, it is poured into the container, and the 
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disperser is lowered, ensuring it is 2 cm above the bottom of the container. The disperser 

is then turned on, and the revolutions are progressively increased to the maximum speed 

(approximately 5,000 rpm). The calculated amount of RTR is added within a maximum 

time of 20 minutes. Care must be taken to avoid saturating the surface of the container 

and to allow sufficient time for the equipment to disperse the RTR. Oscillatory 

movements of the disperser are made to ensure the RTR is thoroughly dispersed 

throughout the asphalt mass. The dispersion process continues for 60 to 75 minutes, 

during which the asphalt temperature is progressively monitored to ensure it does not 

exceed 190°C. 

3. Methods 

3.1 Aging in Rolling Thin Film Oven (RTFOT) 

The first conditioning of the asphalt binder samples is performed in a Rolling Thin Film 

Oven (RTFOT). This aging simulates the conditions that asphalt undergoes during the 

production of asphalt mixes, aiming to replicate the loss of volatiles and oxidation during 

the mixing of aggregates. For the test, 38 g of each sample is prepared in glass jars, placed 

on a horizontal surface for one hour. After this time, the jars are placed in an oven 

previously heated to 163°C. Simultaneously, air is blown into the oven inside each 

container. The total test duration is 83 minutes. After the test, the glass containers are 

emptied for further characterization tests (AASHTO, 2022). 

3.2 Aging in Ultraviolet (UV) Chamber 

Following the RTFOT aging, the samples are prepared for testing under UV aging 

conditions according to ASTM G154, as shown in Figure 2. This type of aging simulates 

the radiation conditions that the pavement experiences during its service life. The asphalt 

aging is carried out for 810 hours. To calculate the simulation time, a UV radiation of 50 

W/m² from the lamps inside the chamber is used. The average radiation per day in La 

Plata is 4 kW/m². The conditioning process is similar to that proposed by Liu et al. (2022) 

and Briliak & Remisova (2022). Data are obtained from the Department of Seismology 

and Meteorological Information, La Plata Observatory FCAG. 

 
Fig. 2. Ultraviolet test chamber 

 



 

 

If ultraviolet radiation represents 1% of the total emitted radiation, the UV chamber aging 

time corresponds to 2.5 years. It is important to note that aging during this stage represents 

medium-term aging.  

After conditioning, the samples show notable surface differences. The base CA30 sample 

appears the most deteriorated, showing streaks across the surface. The 20RTR sample 

shows a significant improvement compared to the base sample, with marks only visible 

at the edges. Finally, the 25RTR sample is the least affected, with a surface similar to that 

before conditioning. Although this is a visual assessment, it highlights the benefit of 

incorporating RTR in reducing aging effects. The visual appearance shown in Figure 3 of 

the samples after conditioning is consistent with that observed by Song et al. (2023).  

 

Fig. 3. Samples after UV aging. CA30 (left), 20RTR, (center), and 25RTR (right) 

 

3.3 Aging in Pressure Aging Vessel (PAV) 

As an alternative to UV chamber aging, aging is carried out in a Pressure Aging Vessel 

(PAV). This aging simulates the conditions that the pavement is subjected to during its 

service life over a period of 5 to 10 years. The test involves placing 50 grams of each 

asphalt sample in trays inside the PAV. Once placed, a temperature of 100°C and a 

pressure of 2.1 MPa are applied. The total test duration ranges from 20 to 22 hours, 

depending on the equipment’s pressure drop requirements (AASHTO, 2022). 

3.4 Softening Point 

This test is mainly used to determine the susceptibility of a material to temperature 

variations. The method consists of filling two rings with the sample to be evaluated, and 

once placed in a container of water, the temperature is progressively raised. The final test 

temperature is recorded when the balls inside the rings with the sample make contact with 

the lower plate. (ASTM, 2020). 

3.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) with Attenuated Total Reflectance 

(ATR) using a diamond tip is employed to identify the wavelengths of functional groups 

in each sample. The equipment used is the IRAffinity-1 by SHIMADZU. The detection 

range covers wavelengths from 3.500 cm⁻¹ to 500 cm⁻¹. For the analysis, a small portion 



 

 

of each prepared sample is extracted and placed in the equipment for study. Finally, the 

peaks corresponding to the functional groups detected in the spectrum are analyzed. 

3.6 Frequency Sweep – Master Curve 

For rheological characterization and analysis of the influence of loading frequency, 

temperature, and RTR content, a frequency sweep is performed on a dynamic shear 

rheometer. The samples are subjected to dynamic oscillatory stress while the equipment 

records the resulting deformations and applied torque. A frequency range of 0.15 Hz to 

15 Hz and a temperature range of 35°C to 75°C are applied. The rheological 

characterization of the asphalts is performed using a Discovery HR-2 Hybrid Rheometer 

DSR from TA Instruments. The 25 mm geometry is used in the parallel plate 

configuration, as shown in the figure below. Using the software provided by the 

manufacturer (TRIOS), the complex shear modulus and phase angle are recorded according 

to AASHTO T315. 

Using the time-temperature superposition principle, the master curves of the complex 

shear modulus are obtained as a function of the reduced frequency for the samples studied. 

Obtaining the master curves allows for the analysis of test frequencies that are difficult to 

measure in practice due to the technological limitations of existing measurement 

equipment. To construct the master curves, after the frequency sweep test, one of the test 

temperatures is chosen, with the average temperature being recommended. The modulus 

data are then shifted horizontally until the results align in a single sinusoidal curve. 

Analytically, the frequency shift factor can be obtained. The correctly aligned data are 

then fitted to a Sigmoidal equation, as represented by Equation 1. 

𝑙𝑜𝑔|𝐺∗| =  𝛼 +
𝛽

1 + 𝑒[𝛾+𝛿∗log (𝑓𝑅)]
  1 

 

Where: 

fR = Reduced frequency (Hz) 

α, β, δ, γ = parameters of the sigmoidal model 

 

To obtain the shift factor (aT) for the complex shear modulus data and the master curve, 

the William-Landel-Ferry model is applied. The equation of William Landel Ferry is 

shown in Equation 2. 

 

𝑙𝑜𝑔 (𝑎𝑇) =
−𝐶1(𝑇 − 𝑇𝑅)

𝐶2 + 𝑇 − 𝑇𝑅
 

 2 

 

Where: 

C1, C2 = Material constants (adimensional)  

T = Test temperature (°C) 

TR = Reference temperature (°C) 

 

3.7 SHRP – SUPERPAVE Parameter 



 

 

The SUPERPAVE parameter, G*sinδ, is estimated to use the dynamic shear rheometer. 

This parameter is not determined in this study using a temperature scale until the failure 

point proposed by the specifications (corresponding to 5 MPa) is reached, but instead is 

evaluated at a defined temperature of 20°C. This allows for a comparative basis between 

the different modified asphalts and their corresponding aging states. For the test, an 

oscillatory stress of 10 rad/sec, equivalent to 1.59 Hz, is applied, and both the complex 

shear modulus (G*) and phase angle (δ) are recorded (AASHTO, 2010). 

4. Results and discussion 

 

4.1 Softening point 

 

As shown in Figure 3, the most significant impacts are observed in the aging of 

unmodified asphalt. For samples with 18% RTR to 25% RTR, the effect of UV exposure 

is almost negligible. Samples from PAV show a considerable increase in aging, making it 

the most aggressive test for asphalt. It can be inferred that a higher percentage of RTR in 

the dispersions offers better protection against this type of aging. A quantity of three 

replicates were made for the test. 

 

 
Fig. 4. Softening point of the evaluated asphalts 

Table 3 shows the percentage variations of the aging groups compared to Original group. 

The improvement in asphalts with increasing RTR content in response to aging is evident. 

The greatest benefit is observed in PAV group, where the variation decreases from 22.6% 

to 20.3% with the initial percentage of RTR incorporation, ultimately reaching 12.8% for 

the 25RTR sample. This analysis indicates a lower susceptibility to changes in this 

parameter in response to the aging conditions tested. 

Table 3. Percentage increase in Softening Point compared to Original group.  

  

Percentage variation (%) 

RTFOT UV PAV 

CA30 9.4 13.2 22.6 
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15RTR 8.5 11.9 20.3 

18RTR 9.8 11.5 16.4 

20RTR 8.1 8.1 19.4 

22RTR 7.7 7.7 15.4 

25RTR 4.4 5.9 12.8 

 

4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The spectra obtained from the analyzed samples can be observed in Figures 5 to 10, in which the 

wavelengths of the asphalts of all groups are displayed. 

 
Fig. 5. FTIR spectrum of the CA30 sample 

 

 

Fig. 6. FTIR spectrum of the 15RTR sample 



 

 

 

Fig. 7. FTIR spectrum of the 18RTR sample 

 

Fig. 8. FTIR spectrum of the 20RTR sample 

 



 

 

 

Fig. 9. FTIR spectrum of the 22RTR sample 

 

 

 Fig. 10. FTIR spectrum of the 25RTR sample 

 

The analysis is performed for the 1697 cm⁻¹ band, which identifies carbonyl groups and 

indicates the aging process caused by asphalt oxidation. As shown in Table 4, the base 

sample exhibits the lowest values for Original, RTFOT, and UV groups when compared 

to the asphalts modified with RTR. This is due to the fact that the modified asphalts 

undergo a heating process during dispersion. However, a progressive reduction in the 

variation between PAV and Original groups is observed as RTR is incorporated, with the 

value halving for the first asphalt percentage. These results suggest a notable 

improvement in the aging resistance of the modified asphalts. Similar results are stated 

by Chang et al. (2020) and Cortés et al. (2010). 

Table 4. Analysis of the variation of the 1697 cm-1 band. 

 

 CA30 15RTR 18RTR 20RTR 22RTR 25RTR 

ORIGINAL (cm-1) 0.0126 0.0269 0.0458 0.0697 0.0550 0.0504 



 

 

RTFOT (cm-1) 0.0148 0.0398 0.0710 0.0837 0.0782 0.0548 

Variation (cm-1) 0.0022 0.0129 0.0252 0.0140 0.0231 0.0044 

UV (cm-1) 0.0153 0.0421 0.0341 0.0354 0.0287 0.0627 

Variation (cm-1) 0.0028 0.0153 -0.0117 -0.0344 -0.0263 0.0123 

PAV (cm-1) 0.0401 0.0401 0.0480 0.0554 0.0565 0.0499 

Variation (cm-1) 0.0275 0.0132 0.0022 -0.0144 0.0015 -0.0005 

 

4.3 Frequency Sweep – Master Curve 

Figures 11 to 16 present the master curves obtained from the samples, showing the 

complex shear modulus across a frequency range of 0.001 Hz to 100 Hz. The master 

curves were obtained at a reference temperature of 55°C. 

As seen in Figures 11 to 16, there is a significant increase in the complex shear modulus 

values in the master curves as the percentage of RTR powder incorporated increases. The 

greatest increase is observed between the base asphalt and the modified asphalts with 

lower percentages of RTR. This trend is most noticeable at lower frequencies (around 

0.001 Hz to 0.1 Hz), where higher resistance is provided against the passage of slower 

vehicles. Conversely, at application frequencies above 1 Hz, the unmodified binder shows 

the most rigid response. It is worth noting that the greatest benefit in modulus increase at 

low frequencies comes from the initial level of RTR incorporation (15%). 

In all samples, no particular deterioration is observed with the progression of the proposed 

aging conditions, which demonstrates good performance under simulated mixing and 

service conditions. 

The CA30 sample exhibits similar behavior under Original, RTFOT, and UV conditions, 

but not under PAV condition, where higher moduli and a more rigid asphalt are observed 

due to the loss of volatiles caused by aging. The 15RTR sample follows a similar trend, 

but for PAV condition, the results are closer to those of Original, RTFOT, and UV group. 

For the 18RTR, 20RTR, 22RTR, and 25RTR samples, the master curves are closer among 

the proposed conditioning conditions, indicating a more stable material in the face of 

various aging conditions. This analysis can be seen in Figure 17, which shows the 

variation in aging between the CA30 and 25RTR samples. The growth of the modulus of 

the 25RTR sample for CA30 can be observed. On the other hand, a smaller distance is 

observed between the most aggressive aging (PAV) and the rest of the conditionings for 

the 25NFU sample, while the PAV group is four times larger than the Original sample of 

CA30. 



 

 

 
Fig. 11. Master curves of Complex Modulus for CA30 (T°ref = 55 °C) 

 

 

 

 
Fig. 12. Master curves of Complex Modulus for 15RTR (T°ref = 55 °C) 
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Fig. 13. Master curves of Complex Modulus for 18RTR (T°ref = 55 °C) 

 

 
Fig. 14. Master curves of Complex Modulus for para 20RTR (T°ref = 55 °C) 
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Fig. 15. Master curves of Complex Modulus for 22RTR (T°ref = 55 °C) 

 

 
Fig. 16. Master curves of Complex Modulus for 25RTR (T°ref = 55 °C) 
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Fig. 17. Complex shear modulus for samples CA30 and 25RTR (fr=0.1Hz)  

 

4.4 SHRP – SUPERPAVE Parameter 

Figure 18 shows the results of the G*sinδ parameter for the evaluated asphalts under 

different aging conditions. The blue line represents the threshold established by 

SUPERPAVE for fatigue performance, set at 5 MPa. As observed, the difference between 

the various conditioning treatments decreases as the proportion of RTR incorporated 

increases. Specifically, the CA30 sample remains below the threshold only for Original 

group, while for the other conditions, it no longer meets the required performance. For 

the 15RTR sample, only PAV group exceeds the limit. 

 

Fig. 18. SHRP SUPERPAVE G*sinδ parameter at 20 °C 
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For the 15RTR sample, Original group drops to 40% of the value obtained by the CA30 

sample. In this case, PAV group is the only one that exceeds the threshold, by just 1 MPa. 

From the 18RTR sample onward, all groups fall below the limit, with the 25RTR sample 

showing very little variation between Original and PAV gropus. Furthermore, starting 

from the 18RTR sample, the results for Original, RTFOT and UV groups show significant 

similarity. 

5. Conclusions 

Successful dispersions of RTR powder with asphalt were carried out at proportions of 

15%, 18%, 20%, 22%, and 25% by weight relative to 100% of asphalt weight (designated 

as 15RTR, 18RTR, 20RTR, 22RTR, and 25RTR, respectively), along with the base 

asphalt, referred to as CA30. It is important to note that RTR generation in Argentina is 

tailored to the specific needs of the asphalt industry, with high production rates, as 

previously mentioned. 

Three aging conditions were applied to simulate the different stages of aging that asphalt 

cement undergoes. As a baseline for comparison, unaged samples, referred to as Original 

group, were analyzed. Short-term aging was simulated using the RTFOT oven, medium-

term aging with UV chamber exposure, and long-term aging was simulated in a Pressure 

Aging Vessel (PAV). 

The softening point of the samples showed a consistent increase across all samples after 

short-term aging, indicating a uniform effect of RTR incorporation on this property. A 

notable benefit was observed in samples aged in the UV chamber, particularly at higher 

proportions of RTR, as the variation in softening point compared to the unaged samples 

was smaller. In contrast, long-term aging led to a significant increase in the softening 

point, highlighting the aggressiveness of this conditioning method. 

The master curves of the complex shear modulus demonstrate that the incorporation of 

increasing amounts of RTR enhances the material's susceptibility to aging. Furthermore, 

a corresponding increase in the modulus values is observed with the addition of higher 

RTR content 

Fourier Transform Infrared (FTIR) spectra of the asphalt samples were analyzed across a 

wavelength range of 500 to 3500 cm⁻¹. The results showed a decrease in the variation of 

the functional group peaks, particularly in the band around 2,924 cm⁻¹, where a reduction 

in variation was observed for the PAV group samples compared to the Original samples. 

This suggests that increasing amounts of RTR in the asphalt binder lead to a more stable 

chemical structure. 

The SUPERPAVE SHRP parameter G*sinδ, evaluated at 20°C, showed clear 

improvement with higher RTR incorporation. For the CA30 sample, only the Original 

group remained below the 5 MPa threshold, while all other groups exceeded it, with 

values nearly double for PAV group. In the case of the 15RTR sample, Original group 

dropped to nearly 40% of the value observed for the CA30 sample. For the 15RTR 

sample, the only group exceeding the 5 MPa limit was PAV, by just 1 MPa. From the 

18RTR sample onward, all groups fell below the threshold, with the 25RTR sample 

showing very little variation between Original and PAV groups.  



 

 

Through the different evaluations, the benefit of RTR in asphalt can be seen. The best 

results against aging were obtained with the highest percentages, showing benefits in the 

evaluations of softening point, complex shear modulus and the SHRP SUPERPAVE 

parameter. 
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