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Abstract 23 

In pavement engineering, the use of bio-binders and reclaimed asphalt (RA) promotes the principles of 24 

sustainability and circular economy, without penalizing or even improving the performance. In this regard, 25 

this study focuses on the “circular propensity” of bio-binders obtained by partially replacing a conventional 26 

bitumen with a bio-oil generated as a residue by the wood and paper industries. Specifically, the objectives 27 

are: 1) to assess the effectiveness of bio-binders in the hot recycling of traditional RA and 2) to evaluate, in a 28 

long-term perspective, their recyclability potential. For this purpose, two severely aged binders (one “RAP” 29 

binder recovered from reclaimed asphalt and one laboratory-produced “Bio-RAP” binder) and two fresh 30 

binders (one bio-binder and one bitumen) are blended to reproduce four hot recycled binders. The 31 

mechanical behaviour and the aging susceptibility of these blends are compared to those of a control virgin 32 

bitumen. The experimental investigation includes conventional tests, rheological testing and modelling 33 

(modified CAM model) as well as chemical analysis (Fourier transform infrared spectroscopy). The main 34 

results indicate that the hot recycling of reclaimed bio-asphalt (bio-RA) may lead to mixtures less susceptible 35 

to cracking as compared to the recycling of conventional RA, as well as the use of bio-binders in the hot 36 

recycling of conventional RA may be beneficial in terms of cracking. Even though the blends with the bio-37 

binder are characterized by a lower aging rate, the permanent deformation behaviour of all the recycled 38 

blends studied is comparable in unaged and short-term aged conditions, i.e. the circumstances under which 39 

rutting is usually a concern. Finally, the recycled blends show significantly lower aging susceptibility than 40 

the control bitumen. Overall, these results suggest that the bio-binders studied are effective in the hot 41 

recycling of RA and 100% recyclable, and their use in asphalt pavements can lead to significant technical 42 

and environmental benefits. 43 

 44 
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1. Introduction 47 

The current environmental issues have highlighted the worldwide need for a cleaner production, 48 

inspired by the principles of sustainability and circular economy. In fact, a sustainable and circular-49 

economy-based production would allow to meet the needs of the present without compromising the 50 

ability of future generations to meet their own needs, by minimizing resources and energy 51 

consumption, wastes and emissions (Brundtland, 1987; Geissdoerfer et al., 2017). 52 

Generally speaking, the construction sector is responsible for significant environmental impact, as it 53 

implies the consumption of natural resources (mostly non-renewable), causes emissions and 54 

produces wastes (Ghisellini et al., 2018; Hendrickson and Horvath, 2000; Kucukvar and Tatari, 55 

2013). Therefore, it is truly necessary for the sector to undergo important changes in a relatively 56 

short time, such as the adoption of new construction technologies and innovative materials, aimed at 57 

promoting sustainability and circular economy without penalizing the performance. 58 

Within this framework, the use of bio-binders is attracting more and more interest in pavement 59 

engineering (Ingrassia et al., 2019a). In general, bio-binders can be defined as binders in which 60 

petroleum-based bitumen is partially replaced with renewable bio-oils, which typically derive from 61 

residues or by-products like waste wood (Yang et al., 2014), non-edible vegetable biomass (Raouf 62 

and Williams, 2010), waste cooking oil (Sun et al., 2016) or animal manure (Fini et al., 2011). 63 

Previous studies have shown that, beside remarkable environmental benefits (Samieadel et al., 64 

2018a), the use of bio-oils as partial replacement of bitumen may also provide important technical 65 

benefits such as reduced aging susceptibility (Hosseinnezhad et al., 2019; Ingrassia et al., 2019b), 66 

improved adhesion with aggregates (Bearsley and Haverkamp, 2007; Ingrassia et al., 2019c) and 67 

increased moisture damage resistance (Bearsley and Haverkamp, 2007; Ingrassia et al., 2019c), 68 

thanks to the bio-oils’ chemical peculiarities. 69 

At the same time, the progress in hot recycling technologies is allowing the production of new hot 70 

asphalt mixtures containing extremely high percentages of reclaimed asphalt (RA) without 71 

negatively affecting the performance (Zaumanis and Mallick, 2015; Zaumanis et al., 2014a, 2014b). 72 

RA, which derives from the milling of asphalt pavements at the end of their service life, is a very 73 

valuable material and, in hot recycling, the aged bitumen can be reactivated, at least partially (Lo 74 

Presti et al., 2019). The reuse of RA promotes the principles of sustainability and circular economy, 75 

by reducing the consumption of new non-renewable raw materials and the disposal of wastes, 76 

exactly as in the case of bio-binders. 77 

The combined use of bio-binders and RA, both composed of used/end-of-life materials, may 78 

potentially result in sustainable asphalt mixtures with superior performance. Some bio-oils have 79 

been already studied as possible rejuvenators for RA (Behnood, 2019; Cavalli et al., 2018; Gong et 80 
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al., 2016; Kowalski et al., 2017). However, to date, there are still uncertainties on the most suitable 81 

rejuvenator addition location in the asphalt plant, and some ad-hoc modification to the plant may 82 

also be necessary (Behnood, 2019; Lu et al., 2019; Zaumanis et al., 2019). A different employment 83 

for bio-oils in hot recycling might be to produce and store the bio-binder, by pre-blending bitumen 84 

and bio-oil. In this way, the issue of introducing the bio-based material in the production process 85 

could be easily overcome, provided that the stored bio-binder does not have problems in terms of 86 

storage stability, which is generally true (Abdullahi Ahmad et al., 2017; He et al., 2019; Ingrassia et 87 

al., 2019d), except in the presence of modifiers like polymers or crumb rubber.  88 

At the same time, to ensure a wide market acceptance of bio-binders, it is essential – in a long-term 89 

perspective – to verify also if asphalt mixtures containing bio-binders can be 100% recycled at the 90 

end of their service life, as normally happens for traditional mixtures (Ingrassia et al., 2019a). 91 

Nevertheless, to date, no study has focused on the recyclability of bio-asphalt mixtures. 92 

In this regard, this study has two main objectives: 1) to assess the effectiveness of bio-binders in the 93 

hot recycling of bitumen recovered from a typical RA, and 2) to evaluate, in a long-term 94 

perspective, the recyclability potential of bio-binders. For this purpose, two severely aged binders 95 

(one “RAP” binder recovered from reclaimed asphalt and one laboratory-produced “Bio-RAP” 96 

binder) and two fresh binders (one bio-binder and one bitumen) were blended to simulate four 97 

binders resulting from the hot recycling of asphalt. In order to investigate also their aging 98 

susceptibility, the blends were short-term and long-term aged in the laboratory. All binders were 99 

subjected to mechanical tests (including conventional tests as well as rheological testing and 100 

modelling) and chemical analysis (Fourier transform infrared spectroscopy). 101 

 102 

 103 

2. Materials and methods 104 

 105 

2.1 Base binders and control bitumen 106 

In order to reproduce in the laboratory the binder resulting from the hot recycling of asphalt, two 107 

severely aged binders were considered. The first one, coded as “RAP”, was recovered according to 108 

EN 12697-3 (2018) from a typical reclaimed asphalt, taken from a milled pavement at the end of its 109 

service life (more than 20 years). The second one, coded as “Bio-RAP”, was artificially aged in the 110 

laboratory by subjecting the bio-binder A (described below) to one rolling thin film oven test 111 

(RTFOT) (EN 12607-1, 2015) and two consecutive pressure aging vessel (PAV) conditionings (EN 112 

14769, 2013) (i.e. 40 hours PAV). Indeed, according to several studies (Bowers et al., 2014; 113 

Samieadel et al., 2018b; Zadshir et al., 2018), such procedure allows to prepare a reliable artificial 114 
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RA in the laboratory. This approach was necessary for producing RA deriving from a bio-binder 115 

(bio-RA), because no asphalt pavement containing bio-binders had been in service for a sufficiently 116 

long period of time when this study was carried out. It is worth noting that the RAP binder was 117 

harder, stiffer and more elastic than the Bio-RAP binder (Table 1 and Figure 1). These differences 118 

were properly considered in the materials preparation. 119 

Moreover, the study included two different fresh binders to be combined with RAP and Bio-RAP: a 120 

bio-binder “A” composed of 10% by weight of a wood-based bio-oil, and a bitumen “B” having 121 

physical and mechanical properties similar to A (Table 1 and Figure 1), both characterized by a 122 

penetration of 120 dmm. As for the bio-oil used, it is a by-product of the wood and paper industries, 123 

and its physical and chemical properties can be found elsewhere (Ingrassia et al., 2019d). 124 

In addition, a bitumen, coded as “Control” and having intermediate mechanical properties between 125 

the aged binders (RAP and Bio-RAP) and the fresh ones (A and B) (Table 1 and Figure 1), was 126 

added to the investigation as a commonly used virgin bitumen, with the aim of comparing its 127 

mechanical behaviour and aging susceptibility with those of the recycled blends. 128 

 129 

Table 1 – Penetration and softening point of the base binders and the Control bitumen 130 

Binder  Penetration [dmm] Softening point [°C] 

RAP 19 65.8 

Bio-RAP 27 61.6 

A 120 45.3 

B 120 45.0 

Control 55 52.4 

 131 

 132 

Figure 1 – Master curves of (a) complex modulus and (b) phase angle for the base binders and the Control 133 

bitumen, at a reference temperature of 20 °C 134 
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2.2 Recycled blends 135 

The base binders (RAP, Bio-RAP, A and B) were combined according to appropriate proportions to 136 

prepare four blends (Table 2) having physical-mechanical properties similar to each other and 137 

comparable to the Control bitumen (see Section 3). After pre-heating the base binders at 160 °C 138 

(similarly to the temperatures usually adopted for hot recycling), the blends were produced by 139 

means of a laboratory mixer, considering a mixing speed of 500 rpm for 10 min.  140 

A brief description of the recycled blends is provided in Table 2. Among the blends produced, 141 

B+RAP can be considered a sort of reference, as it represents the binder of a typical hot recycled 142 

asphalt mixture. The blend A+bio-RAP allows to evaluate, in a long-term perspective, the actual 143 

bio-binders’ recyclability potential, whereas the blend A+RAP is useful to assess the effectiveness 144 

of bio-binders in hot recycling of bitumen. Finally, the blend B+bio-RAP represents an intermediate 145 

situation, opposite to that of A+RAP. 146 

 147 

Table 2 – Recycled blends produced 148 

Blend  Composition (by weight) Description 

A+RAP 71% A + 29% RAP Recycled binder formed by a severely aged bitumen blended with a fresh bio-

binder    

B+RAP 71% B + 29% RAP Recycled binder in which the aged and the fresh binders are composed of 

100% bitumen   

A+bio-RAP 62% A + 38% Bio-RAP Recycled binder in which the aged and the fresh binders are bio-based (both 

contain 10% by weight of wood bio-oil)   

B+bio-RAP 62% B + 38% Bio-RAP Recycled binder formed by a severely aged bio-binder blended with a fresh 

bitumen    

 149 

It is worth noting that the blends studied (Table 2) reproduce the binders of recycled asphalt 150 

mixtures with high reclaimed asphalt content. Indeed, the correspondence between the composition 151 

of the blends shown in Table 2 and the RA content in the recycled mixture can be evaluated through 152 

Equation (1) (Jiménez del Barco Carrión et al., 2017).  153 

 154 

 
𝑅𝐴 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 (%) = 100 ∙

𝑅𝑉𝐵 ∙ 𝐷𝐵 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

𝑅𝐴𝑏 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 ∙ 𝐷𝑂𝐵
 (1) 

 155 

where RVB is the replaced virgin binder, i.e. the percentage of fresh binder in the recycled mixture 156 

that is replaced by the RA binder (29% for A+RAP and B+RAP and 38% for A+bio-RAP and 157 

B+bio-RAP); DB content is the designed binder content in the recycled mixture, given by fresh 158 

binder plus reactivated RA binder (fixed equal to a typical value of 5% in the calculation); RAb 159 

content is the binder content in the RA (fixed equal to a typical value of 4% in the calculation); 160 

DOB is the degree of blending between the RA binder and the fresh binder (assumed equal to 70%, 161 
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i.e. partial blending, according to Jiménez del Barco Carrión et al., 2017; Shirodkar et al., 2011; 162 

Stimilli et al., 2015). Consequently, the blends A+RAP and B+RAP represent mixtures containing 163 

about 50% RA by weight, while the blends A+bio-RAP and B+bio-RAP are representative of 164 

mixtures containing about 70% RA by weight.  165 

The four blends (Table 2) were short-term (RTFOT) and long-term (PAV) aged, in order to 166 

reproduce the binder properties immediately after laying of hot recycled asphalt and after 10-15 167 

year-service life of hot recycled asphalt, respectively.  168 

Therefore, nineteen binders were studied overall, including the four base binders, the four blends at 169 

three different aging levels as well as the Control bitumen at three aging levels. 170 

 171 

 172 

2.3 Mechanical tests 173 

The mechanical properties of the binders were investigated through conventional and rheological 174 

tests. 175 

The conventional properties, i.e. penetration and softening point, were assessed according to EN 176 

1426 (2015) and EN 1427 (2015), respectively. 177 

The rheological properties were studied through frequency sweep tests at different temperatures 178 

with a dynamic shear rheometer (DSR) in plate-plate configuration using 8 mm and 25 mm 179 

geometry, according to EN 14770 (2012). The norm of the complex modulus |G*| and the phase 180 

angle δ were determined at temperatures ranging from 0 to 80 °C with a step of 10 °C, increasing 181 

the frequency from 1 to 100 rad/s (i.e. from 0.159 to 15.9 Hz) with a fixed logarithmic step. All 182 

tests were carried out at a low shear strain of 0.05%, in order to study the behaviour of the binders 183 

in the linear viscoelastic (LVE) domain. At least two specimens were tested for each binder. 184 

The master curves of |G*| and δ were developed by shifting the experimental data in the frequency 185 

domain at 20 °C, which was chosen as reference temperature (Tref). The temperature-dependency of 186 

the shift factors was modelled according to the Williams-Landel-Ferry (WLF) law (Williams et al., 187 

1955), as in Equation (2). 188 

 189 

 190 

where aT(T) is the shift factor at temperature T, while C1 and C2 are empirical constants. 191 

 
log 𝑎𝑇(𝑇) = −

𝐶1(𝑇 − 𝑇𝑟𝑒𝑓)

𝐶2 + (𝑇 − 𝑇𝑟𝑒𝑓)
 (2) 
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The complex modulus master curve was then modelled through the modified Christensen-192 

Anderson-Marasteanu (CAM) model (Bahia et al., 2001), defined as in Equation (3) in the case of 193 

bituminous binders. 194 

 195 

 
| 𝐺∗(𝑓)| =

𝐺𝑔

[1 + (
𝑓𝑐

𝑓
)

𝑘

]

𝑚𝑒
𝑘

 
(3) 

 196 

where f is the reduced frequency, Gg is the glassy modulus (i.e. the value of the complex modulus 197 

for 𝑓 → ∞), fc is the crossover frequency (i.e. the frequency at which the storage modulus G1 and 198 

the loss modulus G2 are approximately equal), k and me are dimensionless shape parameters. The 199 

distance between Gg and |G*(fc)| is the so-called rheological index R, whose expression is as in 200 

Equation (4) in the case of bituminous binders. 201 

 202 

 𝑅 =
𝑚𝑒

𝑘
log 2 (4) 

 203 

In the modelling procedure, Gg was fixed equal to 109 Pa based on literature suggestions (Anderson 204 

et al., 1994), whereas the parameters fc, k and me (and consequently R) were determined by 205 

minimizing the error between model and experimental data, with the aim of achieving the best 206 

fitting. 207 

In addition, the rheological behaviour at typical high service temperatures (60, 70 and 80 °C) was 208 

further investigated in terms of permanent deformation resistance through multiple stress creep and 209 

recovery (MSCR) tests, performed with the DSR with the 25 mm plate-plate geometry, according to 210 

EN 16659 (2015). At each testing temperature, two stress levels were considered, 0.1 and 3.2 kPa. 211 

The single stress level involved the application of 10 creep and recovery cycles, each one consisting 212 

in 1 s of loading and 9 s of recovery (without any load). The non-recoverable creep compliance Jnr 213 

and the percent strain recovery %R were determined for each binder, by testing at least two 214 

specimens.  215 

 216 

 217 

 218 

 219 

 220 

 221 
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2.4 Chemical analysis  222 

The chemical characteristics of the binders were investigated through Fourier transform infrared 223 

(FTIR) spectroscopy in transmission mode (Marsac et al., 2014). The specimens were prepared by 224 

dissolving the binder in chloroform (CHCl3). This solution was spread on sodium chloride (NaCl) 225 

plates and then the solvent was evaporated, in order to have a very thin binder film to be analysed. 226 

The transmittance/absorbance was evaluated at ambient temperature for wavenumbers between 500 227 

and 4000 cm-1 with a resolution of 4 cm-1, and each spectrum was obtained as the average of 16 228 

consecutive scans on the specimen. For each binder, at least three specimens were tested and then 229 

the average spectrum was determined. The spectral analysis was carried out with an integration 230 

method consisting in the calculation of the areas under the most significant peaks by means of a 231 

tangential approach (Hofko et al., 2017). 232 

 233 

 234 

3. Results and analyses  235 

 236 

3.1 Conventional properties  237 

The penetration and the softening point data are summarized in Table 3. It can be observed that the 238 

conventional properties of the four recycled blends are very similar at all aging levels. In terms of 239 

penetration and softening point, the Control bitumen seems slightly harder than the recycled blends 240 

in unaged conditions, but this difference tends to become smaller as aging increases. In general, the 241 

results in Table 3 indicate that the recycled blends and the Control bitumen are characterized by 242 

similar grade, which makes their comparison reasonable. The effect of aging emerges, as expected, 243 

as a penetration decrease and softening point increase due to the binder hardening. 244 

Nevertheless, it is worth noting that a more reliable comparison between the binders in terms of 245 

mechanical behaviour as well as aging susceptibility can be made by considering the results of the 246 

rheological and chemical tests, which are presented in the following Sections.  247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 
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Table 3 – Penetration and softening point of the recycled blends and the Control bitumen 256 

Aging level Binder  Penetration [dmm] Softening point [°C] 

Unaged A+RAP 64 50.1 

 B+RAP 65 50.2 

 A+bio-RAP 60 50.4 

 B+bio-RAP 61 50.2 

 Control 55 52.4 

RTFOT A+RAP 47 55.7 

 B+RAP 43 54.8 

 A+bio-RAP 45 54.7 

 B+bio-RAP 47 55.4 

 Control 35 55.7 

PAV A+RAP 25 61.6 

 B+RAP 25 62.5 

 A+bio-RAP 24 62.2 

 B+bio-RAP 28 62.9 

 Control 25 63.0 

 257 

 258 

3.2 Master curves 259 

Figures 2, 3 and 4 show the master curves of complex modulus |G*| and phase angle δ (experimental 260 

data) for the recycled blends and the Control bitumen in unaged, short-term aged and long-term 261 

aged conditions, respectively. In general, the rheological behaviour of the binders is comparable at 262 

all aging levels. From the comparison between Figures 2, 3 and 4, it can be observed that for all 263 

binders the effect of aging results in increased complex modulus and decreased phase angle, 264 

meaning that the stiffness and the elasticity of the binders increase with aging (as expected).  It is 265 

also important to notice that the Control bitumen seems the binder that undergoes the most 266 

significant rheological changes due to the aging process (|G*| increase and δ reduction). This finding 267 

is in contrast with what emerged from the conventional tests, suggesting that the latter may not be 268 

sufficiently reliable to examine the mechanical behaviour and aging susceptibility of bituminous 269 

binders. It should be noted also that all binders are thermo-rheologically simple (including the ones 270 

that contain the bio-oil), as perfectly continuous |G*| and δ master curves can be obtained by using 271 

the same shift factors (Yusoff et al., 2011).  272 

 273 
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 274 

Figure 2 – Master curves of (a) complex modulus and (b) phase angle for the unaged recycled blends and 275 

Control bitumen, at a reference temperature of 20 °C 276 

 277 

 278 

Figure 3 – Master curves of (a) complex modulus and (b) phase angle for the short-term aged recycled 279 

blends and Control bitumen, at a reference temperature of 20 °C 280 

 281 
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 282 

Figure 4 – Master curves of (a) complex modulus and (b) phase angle for the long-term aged recycled blends 283 

and Control bitumen, at a reference temperature of 20 °C 284 

 285 

In order to better compare the rheological behaviour of the binders, the parameters deriving from 286 

the modelling of the complex modulus master curves can be considered. As an example of the 287 

model fitting to the experimental data, Figure 5 shows the |G*| master curve for A+bio-RAP at 288 

different aging levels (the other binders are not shown for brevity). The figure depicts more clearly 289 

the increase of |G*| due to aging.  290 

 291 

  292 

Figure 5 – Complex modulus master curve at 20 °C for A+bio-RAP at different aging levels (experimental 293 

data and modified CAM model) 294 
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Table 4 summarizes the modified CAM and WLF parameters obtained from the modelling. In terms 296 

of modified CAM parameters, aging causes a general reduction of fc (which does not emerge, 297 

however, after RTFOT) and me as well as a slight decrease of k. Consequently, R decreases with 298 

aging as well. Based on the physical meaning of these parameters (Bahia et al., 2001), the reduction 299 

of the crossover frequency fc indicates greater elastic component in the binder behaviour, while the 300 

decrement of the rheological index R denotes a more rapid transition from the elastic to the viscous 301 

behaviour (in fact, a hypothetical R value equal to zero would indicate a sudden transition between 302 

perfectly elastic and purely viscous behaviour). As for the WLF parameters, greater C1 and C2 303 

values are observed for higher aging levels, suggesting a reduced molecular mobility. All these 304 

aging-related trends are in line with previous findings by Mazzoni et al. (2018), who studied the 305 

influence of different rejuvenators on the aging of hot recycled asphalt binders. It is worth noting 306 

that the variation of the parameters due to aging is more evident in the case of the Control bitumen, 307 

denoting a possible greater aging susceptibility (in accordance with the observations made from the 308 

comparison between Figures 2, 3 and 4), once again in contrast with the outcomes of the 309 

conventional tests. 310 

Since the RAP binder is stiffer and more elastic than the Bio-RAP binder (Figure 1), it exhibits 311 

lower fc, me and R as well as higher C1 and C2 than Bio-RAP. Conversely, the parameters are almost 312 

the same for the bio-binder A and the conventional bitumen B, as their rheological behaviour is 313 

practically identical (Figure 1). When the same aging level is considered, in general, all the recycled 314 

blends and the Control bitumen exhibit comparable modified CAM and WLF parameters, 315 

confirming the similarity of the master curves noticed from Figures 2, 3 and 4. More in detail, for 316 

the blends containing Bio-RAP as aged binder, R tends to be higher, while C1 and C2 tend to be 317 

lower, as compared to the other blends and the Control bitumen. Finally, fc seems to be mainly 318 

affected by the long-term aging rather than by the material type.  319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 
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Table 4 – Modified CAM and WLF parameters 330 

Binder fc [Hz] k me R C1 C2 

RAP 200 0.21 0.75 1.08 39 382 

Bio-RAP 300 0.21 0.79 1.14 31 307 

A 400 0.22 1.06 1.48 16 181 

B 400 0.21 1.06 1.51 15 171 

A+RAP 350 0.22 0.95 1.33 22 228 

A+RAP_RTFOT 350 0.21 0.89 1.28 24 248 

A+RAP_PAV 250 0.20 0.80 1.20 32 323 

B+RAP 350 0.22 0.95 1.30 21 220 

B+RAP_RTFOT 350 0.21 0.89 1.25 24 248 

B+RAP_PAV 250 0.20 0.80 1.20 35 348 

A+bio-RAP 350 0.20 0.96 1.44 20 215 

A+bio-RAP_RTFOT 350 0.20 0.92 1.38 22 239 

A+bio-RAP_PAV 250 0.19 0.82 1.30 30 303 

B+bio-RAP 350 0.21 0.96 1.41 19 206 

B+bio-RAP_RTFOT 350 0.20 0.90 1.35 23 242 

B+bio-RAP_PAV 250 0.19 0.82 1.30 30 303 

Control 350 0.22 0.97 1.33 19 203 

Control_RTFOT 350 0.21 0.89 1.20 25 257 

Control_PAV 250 0.21 0.78 1.11 35 344 

 331 

 332 

3.3 Fatigue parameter 333 

In order to evaluate the fatigue behaviour of the binders, the rheological data were elaborated to 334 

determine the Superpave fatigue parameter |G*|sinδ introduced by the Strategic Highway Research 335 

Program (SHRP) (Kennedy et al., 1994). The parameter was calculated at the reference frequency 336 

of 10 rad/s (1.59 Hz) and at 20 °C, which was selected as a representative intermediate service 337 

temperature (Figure 6). In general, low values of |G*|sinδ indicate a good resistance of the binder to 338 

fatigue cracking, and a maximum value of 5000 kPa is set for |G*|sinδ after PAV aging. 339 

From Figure 6a, it can be observed that the fresh binders A and B exhibit almost identical values of 340 

|G*|sinδ, which are relatively low due to their high penetration grade (see Table 1). Moreover, as 341 

expected, the RAP binder shows a higher |G*|sinδ value as compared to the Bio-RAP binder. 342 

As for the comparison between the recycled blends, Figure 6b shows that, at all aging levels, the 343 

blends containing Bio-RAP as aged binder are characterized by lower values of |G*|sinδ with 344 

respect to the blends containing RAP. Instead, the effect of the fresh binder type (A or B) is not 345 

very evident. Moreover, the Control bitumen exhibits higher |G*|sinδ values than the recycled 346 

blends, especially after aging, suggesting a possible faster aging rate (it is the only binder that does 347 

not meet the limit of 5000 kPa after PAV). These observations are generally in line with the results 348 

of rheological testing and modelling presented in Section 3.2.  349 
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The meaning of these results in terms of performance is discussed more in depth after the analysis 350 

of the aging susceptibility of the binders in Section 3.6. 351 

 352 

 353 

Figure 6 – Fatigue parameter at 20 °C and 10 rad/s for (a) base binders, (b) recycled blends and Control 354 

bitumen at different aging levels 355 

 356 

 357 

3.4 Non-recoverable creep compliance and percent strain recovery  358 

The values of the non-recoverable creep compliance (Jnr) obtained at 70 °C and 3.2 kPa are shown 359 

in Figure 7, whereas Figure 8 displays the values of the percent strain recovery (%R) calculated at 360 

the same temperature and stress level.  361 

Firstly, it can be noted that – as expected – aging causes a reduction of Jnr and a simultaneous 362 

increase of %R. In fact, as already discussed in Section 3.2, the binder becomes stiffer and more 363 

elastic with aging, thus exhibiting lower deformability and higher recovery capability. In general, 364 

lower Jnr and higher %R indicate a greater resistance against permanent deformations. 365 

As for the base binders (Figures 7a and 8a), the bio-binder A and the bitumen B are characterized 366 

by identical values of Jnr and %R (equal to zero), further confirming that their mechanical behaviour 367 

is very similar (Table 1 and Figure 1). Instead, the RAP binder exhibits lower Jnr and higher %R as 368 

compared to the Bio-RAP binder, in line with what observed in terms of conventional properties 369 

and master curves (Table 1 and Figure 1).  370 

Figures 7b and 8b show that all the recycled blends and the Control bitumen have comparable Jnr 371 

and %R values in unaged conditions. Some differences between the binders emerge with aging, 372 

once more suggesting that the binders may have dissimilar aging susceptibility. Specifically, after 373 

aging, the blends containing Bio-RAP tend to exhibit the highest Jnr values together with the lowest 374 
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%R, while the Control bitumen, on the contrary, is characterized by the lowest Jnr values and the 375 

highest %R. The effect of the fresh binder type in the blend can be mainly observed in the percent 376 

strain recovery after PAV (Figure 8b). In fact, the blends containing A (A+RAP, A+bio-RAP) 377 

present smaller %R values than the corresponding blends containing B (B+RAP, B+bio-RAP). All 378 

these observations are consistent with the results presented in Sections 3.2 and 3.3.  379 

Analogous observations can be made at the other temperatures (60 and 80 °C) and stress levels (0.1 380 

kPa) investigated (not shown for brevity). 381 

The implications of these outcomes in terms of performance are further discussed in Section 3.6, 382 

after the in-depth analysis of the aging susceptibility of the binders. 383 

 384 

     385 

Figure 7 – Non-recoverable creep compliance at 70 °C and 3.2 kPa for (a) base binders, (b) recycled blends 386 

and Control bitumen at different aging levels 387 

 388 
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  391 

Figure 8 – Percent strain recovery at 70 °C and 3.2 kPa for (a) base binders, (b) recycled blends and Control 392 

bitumen at different aging levels 393 

 394 

 395 

3.5 FTIR spectra 396 

The absorbance spectra of the base binders are shown in Figure 9, where the main peaks are 397 

highlighted. From the spectra of binders A and Bio-RAP, it can be observed that the bio-oil 398 

modification is identified by the peak at 1735 cm-1, which is absent in the spectrum of conventional 399 

bitumen (e.g. binders B and RAP) and corresponds to the C=O stretch of the bio-oil’s esters, as 400 

already shown in previous studies (Ingrassia et al., 2019b, 2019d). Moreover, for all the binders, the 401 

effect of aging emerges as the formation of new bonds at about 1700 and 1030 cm-1 (see the 402 

comparison between bio-based binders A and Bio-RAP and between conventional bitumens B and 403 

RAP), corresponding respectively to the C=O stretch of carbonyl functional groups and the S=O 404 

stretch of sulfoxides. It is well known that the C=O and S=O bonds formed during aging at these 405 

wavenumbers are responsible for significant physical and rheological changes undergone by 406 

bituminous binders (Petersen, 2009; Petersen and Glaser, 2011). However, a previous study 407 

(Ingrassia et al., 2019b) highlighted that, for the same type of bio-binders, aging can imply also the 408 

formation of new compounds that show absorption at 1735 cm-1. 409 
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  411 

Figure 9 – FTIR spectra of the base binders 412 

 413 

No additional peaks were observed in the spectra of the recycled blends, indicating that in all cases 414 

only a physical blending occurred between the binders, without any chemical reaction (not even in 415 

the presence of the bio-binder). Therefore, in the quantitative analysis, the area between 1679 and 416 

1753 cm-1 (ACO) and the area between 972 and 1063 cm-1 (ASO) were calculated. It should be 417 

pointed out that both peaks at 1700 and 1735 cm-1 were included in the calculation of ACO because 418 

of the peculiar shape of the bio-binder spectrum in this wavenumber range (see Figure 9), which 419 

does not allow to consider these peaks as completely distinct and independent from each other. In 420 

order to minimise the influence of specimen thickness (or infrared radiation path length), these 421 

areas were normalised as in Equations (5) and (6), where Aref is the reference area between 1330 422 

and 1518 cm-1 including the peaks at 1376 and 1459 cm-1, which correspond to the CH3 and CH2 423 

bend of the aliphatic groups (that are supposed not to be affected by oxidation) (Marsac et al., 424 

2014). 425 

 426 

 
𝐼𝐶𝑂 =

𝐴𝐶𝑂

𝐴𝑟𝑒𝑓
 (5) 

 427 

 
𝐼𝑆𝑂 =

𝐴𝑆𝑂

𝐴𝑟𝑒𝑓
 (6) 

 428 

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 500

Wavenumber [cm-1]

2952

2925

2854

1735

1706

1603

1459

1376

1032

866

813
756

723

A
b

so
rb

a
n

ce
 [

A
.U

.]
 

A

Bio-RAP

B

RAP



18 
 

The indices ICO and ISO calculated for the recycled blends and the Control bitumen are shown in 429 

Figures 10a and 10b, respectively, whereas their sum is shown in Figure 10c. It should be noted 430 

that, in Figure 10, each graph presents a different scale on the y-axis to emphasize the differences 431 

between the binders.  432 

As can be seen from Figure 10a, the index ICO increases with aging for all binders, and such 433 

increment seems to be almost linear. Moreover, it can be noted that the blends containing the bio-oil 434 

exhibit higher ICO values due to the peak at 1735 cm-1. Indeed, the highest values are shown by 435 

A+bio-RAP, followed by A+RAP and B+bio-RAP, whereas B+RAP and the Control bitumen 436 

exhibit significantly lower ICO values. 437 

Conversely, the index ISO is almost unchanged after RTFOT, while it markedly increases after long-438 

term aging (PAV) (Figure 10b). In general, higher ISO values are observed in the presence of RAP 439 

(A+RAP and B+RAP), as this binder was recovered from the reclaimed asphalt deriving from a 440 

pavement which was in service for more than 20 years (see Section 2.1). Furthermore, since the 441 

Control bitumen is entirely virgin (unlike the recycled blends), it exhibits the lowest ISO values, 442 

especially in unaged and short-term aged conditions.  443 

Finally, the sum of ICO and ISO seems to be a reliable chemical aging indicator, as it increases with 444 

aging for all binders (Figure 10c). Specifically, this increment is relatively small after RTFOT, 445 

whereas it becomes larger after PAV, which seems consistent with the severity of the mechanical 446 

changes typically undergone by bituminous binders after short-term and long-term aging. A similar 447 

FTIR index was effectively used in a previous study to compare the aging susceptibility of this type 448 

of bio-binders and conventional bitumens (Ingrassia et al., 2019b).   449 

 450 
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   451 

Figure 10 – FTIR indices: (a) ICO, (b) ISO, (c) ICO+ISO 452 

 453 

 454 

3.6 Aging susceptibility 455 

In order to compare the aging susceptibility of the binders, one chemical and one mechanical 456 

parameter strictly related to the oxidation of the binders were considered. 457 

From the chemical point of view, it is generally known that the FTIR spectrum is a sort of chemical 458 

fingerprint of the material (Smith, 2011). In Section 3.5, it has been shown that, for the binders 459 

studied, aging causes the formation of additional compounds at 1700, 1735 and 1030 cm-1, 460 

quantified through the sum of the indices ICO and ISO.  461 

Therefore, the chemical aging index AIFTIR, defined as the ratio between ICO+ISO for the aged binder 462 

and ICO+ISO for the unaged binder (Equation (7)), was considered. 463 

 464 

 
𝐴𝐼𝐹𝑇𝐼𝑅 =

(𝐼𝐶𝑂 + 𝐼𝑆𝑂)𝑎𝑔𝑒𝑑

(𝐼𝐶𝑂 + 𝐼𝑆𝑂)𝑢𝑛𝑎𝑔𝑒𝑑
 (7) 

 465 

0.00

0.05

0.10

0.15

0.20

0.25

Unaged RTFOT PAV

IC
O

[1
·1

0
-2

]
A+RAP B+RAP

A+bio-RAP B+bio-RAP

Control

0.00

0.02

0.04

0.06

0.08

0.10

Unaged RTFOT PAV

IS
O

 [
1

·1
0

-2
]

A+RAP B+RAP

A+bio-RAP B+bio-RAP

Control

(a) (b)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Unaged RTFOT PAV

IC
O

+
IS

O
 [

1
·1

0
-2

]

A+RAP B+RAP

A+bio-RAP B+bio-RAP

Control

(c)

9.1

11.3

14.2

3.0
4.4

8.6

15.5

18.3

19.9

10.0
10.8

12.8

2.7
3.9

6.3

5.3
4.6

8.3

4.9

4.1

7.2

4.8

4.0

7.6

3.8 3.8

7.5

0.8

1.7

6.4

14.4
15.9

22.5

7.9 8.5

15.8

20.3
22.3

27.5

13.8 14.6

20.3

3.5
5.6

12.7



20 
 

From the mechanical standpoint, instead, different parameters are considered in literature to study 466 

the aging susceptibility of bituminous binders. Some of them are based on the results of 467 

conventional test (e.g. the retained penetration and the softening point increment), while others are 468 

more performance-based (i.e. calculated from the results of rheological testing and/or modelling). In 469 

general, a reliable mechanical aging index should be unambiguously related to the evolution of the 470 

binder oxidation. In Sections 3.2, 3.3 and 3.4, it has been shown that the modified CAM parameters 471 

me and R and the WLF parameters C1 and C2 exhibit a clear trend with aging, but their variation due 472 

to aging is relatively small as compared to that of the fatigue parameter |G*|sinδ, the non-473 

recoverable creep compliance Jnr and the percent strain recovery %R. Moreover, it is worth pointing 474 

out that |G*|sinδ, Jnr and %R are determined directly from rheological tests, whereas the modified 475 

CAM and WLF parameters are the results of a modelling procedure that might be affected by a 476 

certain degree of inaccuracy. In addition, the effect of oxidative aging can be more easily quantified 477 

at very low frequencies/very high temperatures (Rad et al., 2018). Therefore, based on these 478 

considerations, Jnr was considered as the most appropriate mechanical parameter to be used in the 479 

analysis of the aging susceptibility of the binders studied. Specifically, the values of Jnr determined 480 

at the highest stress level (3.2 kPa) and 70 °C were considered. This temperature was chosen among 481 

those investigated (60, 70 and 80 °C) because the recycled blends and the Control bitumen should 482 

have an upper performance grade (PG) close to 70 °C. 483 

Since the non-recoverable creep compliance decreases with aging, the mechanical aging index 484 

AIMSCR was defined as the ratio between Jnr of the unaged binder and Jnr of the aged binder 485 

(Equation (8)), in order to have AI values higher than 1 (as in the case of AIFTIR).  486 

 487 

 
𝐴𝐼𝑀𝑆𝐶𝑅 =

(𝐽𝑛𝑟@70°𝐶, 3.2 𝑘𝑃𝑎)𝑢𝑛𝑎𝑔𝑒𝑑

(𝐽𝑛𝑟@70°𝐶, 3.2 𝑘𝑃𝑎)𝑎𝑔𝑒𝑑
 (8) 

 488 

The values of AIFTIR and AIMSCR obtained are shown in Figures 11a and 11b, respectively. Firstly, it 489 

can be observed that, after short-term aging, no big differences emerge between the binders (except 490 

for AIFTIR for the Control bitumen), probably because this aging condition is not severe enough to 491 

assess the aging susceptibility of the binders or all the studied binders are highly aging-resistant in 492 

RTFOT. On the contrary, after long-term aging, there is a clear distinction between the binders, 493 

which are ranked as follows (from the highest to the lowest aging susceptibility): Control bitumen, 494 

B+RAP, A+RAP, B+bio-RAP, A+bio-RAP. It should be noted that this ranking is observed both in 495 

terms of AIFTIR and AIMSCR after PAV.   496 
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These findings indicate that the aging susceptibility of the recycled blends is significantly lower 497 

than that of the Control bitumen, analogously to previous results by Mazzoni et al. (2018). As a 498 

possible explanation of this phenomenon, it should be considered that the recycled blends already 499 

contain a certain amount of severely aged binder, and the aging rate tends to be faster when the 500 

binder is virgin while it progressively slows down as aging develops (Luo et al., 2018). Moreover, 501 

the blends containing Bio-RAP as aged binder (A+bio-RAP and B+bio-RAP) have lower aging 502 

susceptibility than the blends containing RAP (A+RAP and B+RAP). At the same time, the blends 503 

containing the bio-binder A as fresh binder (A+RAP and A+bio-RAP) tend to exhibit lower aging 504 

susceptibility than the blends containing the conventional bitumen B (B+RAP, B+bio-RAP). These 505 

results are fully in agreement with previous findings by Ingrassia et al. (2019b), who observed that 506 

this type of bio-binders is less affected by aging as compared to conventional bitumens with similar 507 

penetration grade. 508 

 509 

 510 

Figure 11 – Aging index based on (a) FTIR results, (b) MSCR results 511 

 512 

Based on these outcomes and on the results provided in Sections 3.3 and 3.4, the hot recycling of 513 

bio-RA may lead to asphalt mixtures less susceptible to cracking as compared to the recycling of 514 

conventional RA, as well as the use of bio-binders in the hot recycling of conventional RA may be 515 

beneficial in terms of cracking, thanks to a lower aging rate of the binder. On the other hand, the 516 

reduced aging undergone by the blends with the bio-binder might imply a higher rutting tendency 517 

for the resulting asphalt mixture. Nevertheless, it should be emphasized that rutting is usually a 518 

concern when the binder is unaged or short-term aged, and under these circumstances the behaviour 519 

of all the recycled blends studied is broadly the same. Moreover, the results obtained suggest that 520 
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mixtures containing reclaimed asphalt may be characterized by a lower aging rate as compared to 521 

virgin asphalt mixtures (with possible consequences in terms of mechanical behaviour).  522 

In Figure 12, three pairs of values (AIFTIR, AIMSCR) are plotted for every binder. The pair at (1,1) is 523 

the origin of the graph, as it represents the unaged condition (“zero” condition) for all binders, 524 

intermediate (AIFTIR, AIMSCR) values represent the short-term aged condition, whereas the highest 525 

(AIFTIR, AIMSCR) values correspond to the long-term aged condition. The figure demonstrates that, if 526 

the binders are examined separately, there is an excellent linear relationship between AIMSCR and 527 

AIFTIR (R2 very close to 1), indicating that the chemical and mechanical parameters considered as 528 

aging indicators (ICO+ISO and Jnr) are effectively correlated with the binder oxidation.   529 

 530 

   531 

Figure 12 – Correlation between AIMSCR and AIFTIR 532 

 533 
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The mechanical behaviour and the aging susceptibility of the recycled blends were also compared to 542 

those of a common virgin bitumen (Control). The experimental investigation included mechanical 543 
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The main conclusions can be summarized as follows: 546 

• FTIR analysis highlights that, for all the binders tested (with and without the bio-binder), 547 

oxidative aging can be tracked from the chemical point of view by considering the formation 548 

of C=O bonds at 1700 and 1735 cm-1 plus S=O bonds at 1030 cm-1. 549 

• From the mechanical point of view, the aging susceptibility of the binders studied can be 550 

assessed through the evolution of the non-recoverable creep compliance, which is linearly 551 

correlated with the chemical oxidation for each binder.   552 

• The recycled blends containing the bio-binder undergo lower aging than the corresponding 553 

blends containing the conventional bitumen.  554 

• The hot recycling of reclaimed bio-asphalt (bio-RA) may lead to mixtures less susceptible to 555 

cracking as compared to the recycling of conventional RA, as well as the use of bio-binders 556 

in the hot recycling of conventional RA may be beneficial in terms of cracking, thanks to a 557 

lower aging rate of the binder. 558 

• The reduced aging undergone by the blends with the bio-binder might imply a higher rutting 559 

tendency for the resulting asphalt mixture. However, the behaviour of all the recycled blends 560 

studied is generally comparable in unaged and short-term aged conditions, i.e. when rutting 561 

is usually a concern. 562 

• The recycled blends show significantly lower aging susceptibility than the Control bitumen 563 

(virgin), probably because they already contain a certain percentage of severely aged binder. 564 

Overall, these results suggest that bio-binders can be considered effective in the hot recycling of RA 565 

and 100% recyclable, and their use in asphalt pavements can lead to significant technical as well as 566 

environmental benefits. However, the results of this investigation should be integrated also with the 567 

study of other aspects, such as low-temperature performance and water sensitivity. 568 

Future work will focus on the performance-based characterization of bio-asphalt mixtures and 569 

corresponding traditional asphalt mixtures. 570 
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