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Evaluating the role of recycling rate and rejuvenator on the 25 

chemo-rheological properties of reclaimed polymer-modified binders 26 

Incorporating reclaimed asphalt (RA) is a very common practice, although its use 27 

in premium surface layer mixtures is still limited due to performance concerns. 28 

This task becomes even more challenging when combining aged polymer-29 

modified bitumen (PMB) with virgin PMB. For this reason, the objective of this 30 

study is to evaluate, from a binder perspective, the feasibility of incorporating 31 

reclaimed polymer-modified binder (RPMB) in new surface layer mixtures. To 32 

address this challenge, blends of RPMB and virgin PMB were investigated at three 33 

replacement rates (20%, 40% and 60%) with and without a tall oil-based 34 

rejuvenator. Changes in viscoelastic behaviour were assessed through several 35 

performance indices obtained from dynamic shear rheometer testing. Moreover, 36 

physicochemical changes were tracked using infrared spectroscopy and 37 

fluorescence microscopy. The experimental investigation revealed that, due to 38 

polymer degradation of the RMPB, only the blends with 20% RMPB exhibited 39 

polymer activity. Finally, the use of the rejuvenator successfully compensated for 40 

the rheological properties of the aged RPMB and reduced the susceptibility to non-41 

load-associated cracking but did not contribute to polymer activity restoration.  42 

Keywords: reclaimed asphalt binder; recycling; polymer-modified binder (PMB); 43 

rejuvenator; polymer activity; rheology;  44 

Introduction 45 

In an era where environmental preservation becomes a necessity, the road industry has 46 

taken considerable actions towards more sustainable solutions. Asphalt recycling is a 47 

widely accepted sustainable solution, offering both economic and environmental 48 

benefits (Anthonissen et al., 2016; Aurangzeb et al., 2014). In this context, extensive 49 

research has been conducted to evaluate the performance of asphalt mixtures when 50 

incorporating high rates of reclaimed asphalt (RA), pointing out possible issues in terms 51 

of cracking performance (Zaumanis & Mallick, 2015). The main challenges when 52 

designing a mixture with RA are to restore its aged properties and to achieve the 53 
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satisfactory performance necessary for its new role in the pavement structure. Among 54 

the compensation actions typically taken are the utilisation of chemical agents such as 55 

rejuvenators and modifiers (Bajaj et al., 2020; Kodippily et al., 2017).  56 

To date, RA has been mostly incorporated in base layers and, to a lower extent, 57 

in surface layers. Higher performance requirements for surface layer mixtures have led 58 

to a more conservative approach, although some studies have investigated the use of up 59 

to 40% in dense-graded surface mixtures (Y. Yan et al., 2017; Y. Yan et al., 2019). Still, 60 

recycling in surface layers is limited or banned by road agencies when premium 61 

mixtures, commonly produced with styrene-butadiene-styrene (SBS) polymer-modified 62 

binder (PMB), are used. That is the case of Flanders (Belgium), where their premium 63 

surface layer (stone mastic asphalt) is not allowed to be recycled into new surface layers 64 

in public works. This leads to downcycling premium RA, composed of high-quality 65 

aggregate and aged PMB, into new base layer mixtures.   66 

A challenging task that remains is the reuse of reclaimed polymer modified 67 

binder (RPMB), as there is uncertainty in how the aged polymer participates in the new 68 

blend. An earlier study by Liu et al. showed that RPMB combined with virgin PMB 69 

exhibited some polymer-modification characteristics, but it depended on the type of 70 

RPMB and treatment (Liu et al., 2015). Given the fact that surface layer mixtures 71 

commonly use styrene-butadiene-styrene (SBS) triblock copolymer as a modifier 72 

(Yildirim, 2007), a detailed exploration for the potential reuse of this type of RPMB is 73 

still missing.  74 

The use of rejuvenators attempts to restore the deterioration of bitumen due to 75 

ageing (Jacobs et al., 2021). What is still missing is a clear understanding of its 76 

interaction with PMB and in particular their effect on SBS degradation. The level of 77 

polymer activity and the effectiveness of the rejuvenating agent can be investigated by 78 
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assessing various rheological parameters. For example, complex modulus and phase 79 

angle master curves can reflect the temperature susceptibility of the material, especially 80 

for complex binders like PMB (Airey, 2003). Other parameters, like high-temperature 81 

true grade or parameters based on the multiple stress creep-recovery (MSCR) test, can 82 

give an indication on rutting resistance (D'Angelo et al., 2007; Domingos & Faxina, 83 

2016). Furthermore, it has been suggested that the cracking performance of rejuvenated 84 

recycled blends can be evaluated using the Glover-Rowe (G-R) parameter (Garcia 85 

Cucalon et al., 2019; G. M. Rowe & Sharrock, 2016). Moreover, the crossover 86 

frequency (ωc), which is the point where the viscous and elastic contributions are equal, 87 

has been claimed to relate well to relaxation and consequently, to non-load-associated 88 

cracking (D. W. Christensen et al., 2017).  89 

An issue of paramount importance is the compatibility of SBS with the bitumen 90 

(Masson et al., 2003), especially when aged PMB is incorporated in new blends. 91 

Asphalt production and environmental conditions influence the polymer and the 92 

bitumen differently, leading to a degradation of the polymer chains (chain scission) as a 93 

result of ageing (Lu & Isacsson, 1998; Yut & Zofka, 2011). A common practice to 94 

analyse bitumen composition is the separation into generic fractions according to their 95 

polarity, ranging from the more polar asphaltenes to the less polar aromatics, resins and 96 

saturates. Researchers have attributed the SBS-degradation phenomenon to the swelling 97 

of polymers by the lighter compounds, typically aromatics (Lesueur, 2009). This 98 

process contributes to an increase in asphaltenes and subsequently, to a more severe 99 

stiffening of the SBS bitumen (Kleiziene et al., 2019). 100 

Previous studies have reached a number of conclusions regarding the ageing 101 

mechanisms that evolve in bitumen (Pipintakos et al., 2020). However, the role of 102 

polymer presence is yet to be understood. Fourier-transform infrared spectroscopy 103 
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(FTIR) offers the possibility to unravel, at least partially, the influence of recycling rate 104 

and the degradation severity of the SBS. For that purpose, standard infrared ageing 105 

indices can account for the functionality of the rejuvenator and the effect in the 106 

polymer-related chemical groups, which are an easy target for oxygen due to the 107 

unsaturated double-carbon bonds of the polybutadiene blocks (C. Yan et al., 2018). 108 

Undoubtedly, the assessment of new blends and the role of the polymer in these 109 

blends becomes a complex task, given the fact that various mechanisms take place. 110 

Previous efforts have shown that rheological and chemical properties are able to track 111 

polymer activity and degradation as well as the effectiveness of a rejuvenating agent to 112 

restore the ageing properties of PMB-free RA. However, the gap here is that limited 113 

studies have addressed the residual effects of RPMB, namely elasticity after degradation 114 

when incorporated at various rates. Another important aspect missing is whether a 115 

rejuvenator can have an added value into restoring an RPMB.  116 

The focus of this paper is to address the effect of adding RPMB in new binder 117 

blends at various replacement rates, and the effect of using a rejuvenator, a typical 118 

practice nowadays when PMB-free RA is considered. Besides assessing the effect of 119 

recycling rate and use of a rejuvenator, another goal was to evaluate which tests are 120 

sensitive to capture changes among the studied blends and more importantly, to capture 121 

whether the old polymer is still active and up to which recycling rate. The motivation of 122 

this research is a first step into investigating the potential of horizontal recycling (SMA 123 

into an SMA) and not downcycling (SMA to an AC base). 124 

Objectives 125 

In this study, blends of RPMB and virgin PMB are rheologically and physicochemically 126 

assessed at a binder level. The following objectives were set to address more specific 127 
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research questions: 128 

• To investigate the relationship between the recycling rate of reclaimed polymer-129 

modified binder (RPMB) and the performance of blends with virgin polymer 130 

modified binder (PMB).  131 

• To explore whether the addition of a bio-based rejuvenator is beneficial to the 132 

chemo-rheological properties of the blends.  133 

• To assess the level of polymer activity in blends of RPMB and virgin PMB with 134 

and without rejuvenator. 135 

Materials and methods 136 

Binder sources  137 

This study uses an RPMB source and a virgin PMB as primary materials. The RPMB is 138 

a modified binder from a single road source, extracted and recovered using 139 

trichloroethylene as a solvent according to EN 12697-1:2012. The original properties of 140 

the RPMB are not known; however, preliminary FTIR analyses identified SBS-related 141 

peaks and thus, the observed peaks can be clearly assigned to SBS presence. The 142 

reference binder is a commercially available PMB (type 40/100-75) modified with SBS. 143 

Therefore, both RPMB and PMB are SBS-based binders.  144 

Binder blend design 145 

Three binder replacements rates were considered: 20%, 40% and 60% (percentage by 146 

mass of total binder blend). Additionally, the virgin PMB and the field-aged binder 147 

(100% RPMB) were tested, referred to as REF and 100% RA samples, respectively. 148 

The three replacement rates were also treated with a rejuvenator to investigate its 149 

influence on the chemo-rheological characteristics of the blends. A rejuvenator 150 
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originating from crude tall oil was selected based on its bio-based origin, commercial 151 

availability and previous experiences with RPMB. The rejuvenator has a yellow colour 152 

and is liquid at room temperature, with a flash point above 280°C and kinematic 153 

viscosity of 100 mm²/s at 20°C. Its dosage was determined to achieve a penetration 154 

value similar to that of the reference binder. To keep the recycling rates with and 155 

without rejuvenator comparable, the amount of rejuvenator was subtracted from the 156 

virgin binder quantity. An overview of the composition of the blends is presented in 157 

Table 1. The binder blends without rejuvenator were labelled as “replacement rate + 158 

RA” and the blends with rejuvenator as “replacement rate + REJ”. 159 

Before blending in batches of 65 grams, the constituent binders were placed in 160 

an oven at 170°C for 30 minutes and then stirred separately for 5 minutes on a heating 161 

element. The stirring was performed with a low shear mixer and at a speed of 162 

250 min−1. After 15 additional minutes in the oven and 1 minute of stirring, the blends 163 

were prepared by adding the correct amounts of RPMB, rejuvenator (at room 164 

temperature) and virgin PMB. The final blends were mixed again for 1 minute after 165 

another heating period of 5 minutes in the oven. 166 

Table 1: Summary of the blends and their composition (percentage by mass of total 167 

binder) 168 

Name 
PMB 

(%) 

RPMB 

(%) 

Rejuvenator 

(%) 

REF 100.0 0.0 0.0 

20% REJ 78.2 20.0 1.8 

40% REJ 56.4 40.0 3.6 

60% REJ 34.3 60.0 5.1 

20% RA 80.0 20.0 0.0 

40% RA 60.0 40.0 0.0 

60% RA 40.0 60.0 0.0 

100% RA 0.0 100.0 0.0 
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Experimental methods 169 

Binder blends were subjected to a suite of tests for performance evaluation. First, 170 

conventional tests were carried out on each blend. Then, rheological tests were 171 

conducted to evaluate the viscoelastic behaviour and to define certain performance 172 

parameters. Finally, physicochemical analyses were performed to assess changes 173 

derived from the introduction of RPMB and rejuvenator. The concerning tests and 174 

analyses are summarised in Figure 1 and described in the next sections. 175 

 176 

Figure 1: Flowchart of experimental methods   177 

Conventional tests 178 

Penetration and softening point values were determined according to EN 1426:2015 and 179 

EN 1427:2015, respectively. From penetration and softening point values, the 180 

penetration index (PI) was calculated to obtain an indication of temperature 181 

susceptibility. 182 

Rheological tests 183 

Rheological properties were assessed using a dynamic shear rheometer (DSR) 184 

according to EN 14770:2012. Frequency sweeps were performed utilising an Anton 185 
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Paar™ MCR 500 DSR, equipped with an 8 and 25 mm parallel plate geometry in a 186 

temperature range from 0°C to 100°C, with steps of 10°C. Frequencies from 1 to 10 Hz 187 

were applied in a strain-controlled mode within the linear viscoelastic region of the 188 

binder blends. For every blend, two replicates were tested. The results were processed 189 

using the RHEA™ software (Abatech, 2011), and the master curves were constructed at 190 

a reference temperature of 20°C based on the Christensen-Anderson (CA) model (D. W. 191 

J. Christensen & Anderson, 1992). The crossover frequency (ωc) used in this model is 192 

considered the frequency where the viscous and elastic contributions are equal. This 193 

parameter is used to evaluate the viscoelastic behaviour of binder blends, and it has also 194 

been proposed as a stress relaxation indicator (Jing et al., 2020). 195 

Another commonly used parameter is the Glover-Rowe parameter (G-R), which 196 

indicates the susceptibility to non-load-associated cracking. This parameter was 197 

calculated using equation (1) with G* and phase angle (δ) at a temperature of 15°C and 198 

a frequency of 0.005 rad/s (G. Rowe et al., 2014). Previous studies introduced G-R 199 

limits of 180 kPa and 600 kPa to indicate the onset of cracking (warning limit) and 200 

extensive block cracking (critical limit), respectively (D. Christensen et al., 2019). 201 

 𝐺 − 𝑅 =  𝐺∗∗(cos 𝛿)2sin 𝛿  (1) 202 

Since PMB is also utilised to improve the characteristics at high service 203 

temperatures, the MSCR test was performed to assess the binder resistance to 204 

permanent deformation. The MSCR test was performed according to EN 16659:2016 in 205 

the 25 mm geometry of the DSR at 50°C. This temperature was selected since it 206 

corresponds to the rutting test temperature in the Flemish region (Agentschap Wegen en 207 

Verkeer, 2019). The main parameters extracted from this test are the average recovery 208 

percentages (R100 and R3200), which indicate the recoverable shear strain, and the non-209 
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recoverable creep compliances (Jnr,100 and Jnr,3200), which are the unrecovered shear 210 

strains divided by the applied shear stresses. They are calculated at shear stress levels of 211 

100 Pa and 3200 Pa. 212 

Physicochemical analyses 213 

The attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 214 

analysis method is a technique that uses infrared light to observe changes in chemical 215 

bonds. In this study, the test was performed taking 32 repetitive scans on a binder 216 

sample using a Thermo Fisher Scientific Nicolet iS™ 10 spectrometer. The scans were 217 

performed with a resolution of 4 cm-1 in a range between 4000 cm-1 and 400 cm-1. The 218 

average of the 32 scans yields a spectrum that is normalised before analysis. The 219 

normalisation procedure is based on the methods described in previous studies (Hofko 220 

et al., 2018; Margaritis et al., 2020): first, the spectra are shifted to an absorbance of 0 at 221 

1753 cm-1. Then, the spectra are scaled to an absorbance of 1 at 2923 cm-1. 222 

The analysis of the spectra allows the identification of chemical bonds present in 223 

the material. To assess the ageing state of the binders, the carbonyl and sulfoxide areas 224 

are generally considered as effective indicators (Marsac et al., 2014). Also, traces of 225 

modification with SBS can be captured around two distinctive peaks: one at 966 cm-1 226 

(polybutadiene area) and another one at 699 cm-1 (polystyrene area). The calculation of 227 

the indices is performed by dividing the integration of the area over the integration of a 228 

reference area. The areas were integrated using the tangential valley-to-valley approach. 229 

A reference area that is stable during ageing, the aliphatic group (Lamontagne et al., 230 

2001), is used in this study.  231 

It must be noted here that the carbonyl group is typically defined in the range of 232 

1655-1760 cm-1, representing mostly the formation of ketones (Lamontagne et al., 2001; 233 
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Petersen & Glaser, 2011). However, the rejuvenator used shows a peak around 1740 234 

cm-1, corresponding to carbonyl esters, which hinders the accurate integration of the 235 

carbonyl area. To avoid possible overestimation of the carbonyl index due to the 236 

rejuvenator presence, the baseline limit of the carbonyl group was set between 1655 and 237 

1720 cm-1. All the considered indices and their limits are presented in Table 2.  238 

Table 2: Functional groups, baseline limits and their corresponding indices 239 

Functional group Baseline limits (cm-1) Index 

Aliphatic group (Aref) 1350-1395 + 1395-1515  

Carbonyl group (ACO) 1655-1720 ICO = ACO/Aref 

Sulfoxide group (ASO) 986-1047 ISO = ASO/Aref 

Polybutadiene group (APB) 960-970 IPB =APB/Aref 

Polystyrene group (APS) 695-705 IPS= APS/Aref 

Since compatibility between the different components of the blends is crucial, 240 

microscopic images were captured using fluorescence microscopy to observe the 241 

morphology of binder blends. The microscope is a Carl Zeiss Axioskop 40Fl with an 242 

HBO 50 light source, while a deltapix DP200 digital camera is used to capture the 243 

images. Different protocols have been suggested to investigate PMB using fluorescence 244 

microscopy (Kou et al., 2019). The thin-film method is selected for sample preparation 245 

in this study to investigate storage stability. First, the binder blends were homogenised, 246 

and then a hot drop of the blend was placed between two glass plates, resulting in a thin 247 

layer of bitumen. Next, the sample was isothermally stored for 30 minutes at 160°C. 248 

Then, the samples were immediately inspected with the microscope. Due to the thin 249 

sample size, the sample cooled down rather quickly during the test. 250 

Results and discussion 251 

Conventional tests 252 

The results of the conventional tests are presented in Table 3. The effect of the polymer 253 

modification in the reference PMB can be clearly observed by the high softening point 254 
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and PI. The 100% RPMB sample seemed heavily aged, with a penetration value of 255 

10 x 0.1 mm. Due to the relatively moderate softening point of this binder, the PI is 256 

negative, which indicates that the residual effect of polymer modification is relatively 257 

small. Note that a negative PI can also be interpreted as a sign of non-modified binder. 258 

Thus, RPMB exhibited signs of severe polymer degradation. 259 

Table 3: Penetration, softening point and penetration index of the blends 260 

  REF 

20% 

REJ 

40% 

REJ 

60% 

REJ 

20% 

RA 

40% 

RA 

60% 

RA 

100% 

RA 

Penetration (0.1mm) 51 52 52 53 46 28 25 10 

Softening point (°C) 76.4 69.8 52.6 53.6 70.4 61.0 63.2 68.6 

Penetration index 3.84 2.89 -0.46 -0.20 2.65 -0.06 0.08 -0.48 

As expected, the non-rejuvenated blends (20% RA, 40% RA and 60% RA) 261 

showed a decrease in penetration value with increasing RA content. However, the 262 

evolution of the softening point is less obvious. Above 20% RA, there is a remarkable 263 

drop in softening point below the values of the two constituent binders. This 264 

phenomenon might be caused by the dilution of the polymer content in the blend due to 265 

the high RA binder content, which appeared to contain inactive polymers. At a 266 

recycling rate of 60%, the softening point slightly increased again because of the higher 267 

percentage of aged binder. Due to the relationship between softening point and PI, the 268 

same trend was observed in PI values. 269 

The penetration values of the rejuvenated blends were similar to that of the 270 

reference binder, as intended in the experiment design. The softening point followed a 271 

similar trend as their non-rejuvenated counterparts: a relatively high value for the 20% 272 

recycling rate, the lowest value at 40%, and a slight increase for the 60% recycling rate. 273 

Due to the softening effect of the rejuvenator, the softening points at high recycling 274 

rates dropped significantly compared to the non-rejuvenated blends. 275 
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Rheological characterisation 276 

High-temperature true grade 277 

The high-temperature true grade is used to investigate the performance of the blends at 278 

temperatures where the polymer is more likely to be active. The high-temperature true 279 

grade of the non-rejuvenated blends increased alongside the increase in recycling rate, 280 

as shown in Figure 2. The increasing trend substantiates the stiffening effect of adding 281 

RA, which was also observed from conventional properties. Conversely, the addition of 282 

rejuvenator caused a softening effect, leading to lower true grade values. All 283 

rejuvenated blends yielded similar values, which agrees with the trend observed in 284 

binder penetration. 285 

The softening point and the high-temperature true grade show a different trend. 286 

The softening point seemed to be more susceptible to the presence of virgin polymer, 287 

whereas the true grade was mainly driven by binder hardening.  288 

 289 

Figure 2: Bar chart of the high-temperature true grade of blends 290 

Master curve 291 

Figure 3 and Figure 4 show the master curve averages for complex modulus and phase 292 

angle, respectively. All measurements were within the precision described in EN 293 
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14770:2012, namely below 10% and 5% for G* and delta, respectively. The 294 

root-mean-square error of the fitted CA models ranged between 3.64% and 6.95%, and 295 

the R2 was above 98.9% for all binder blends. 296 

Complex modulus results ranged from the lowest values, exhibited by the 297 

reference binder, to the highest values exhibited by the recovered RPMB. The addition 298 

of RPMB increased the complex modulus of the blends without rejuvenator at all 299 

frequencies. However, the three blends with rejuvenator exhibited a similar complex 300 

modulus throughout the range of frequencies despite the different recycling content. 301 

This means that the rejuvenator content determined to target the same penetration value 302 

yielded blends of similar stiffness over the entire frequency range. 303 

As illustrated in Figure 4, the reference binder displayed multiple phase angle 304 

values around 1.E-05 rad/s most likely due to segregation of the polymer. This 305 

segregation can be the result of non-isothermal cooling or slow heating, as concluded by 306 

Soenen et al. (Soenen et al., 2008). Note also that the reference binder exhibited a 307 

plateau between 1 rad/s and 1.E-03 rad/s, and even a slight decrease in phase angle at 308 

frequencies below 1.E-03 rad/s (equivalent to the response at high temperatures), as 309 

expected from the more elastic response of PMB. This effect known in the literature as 310 

‘feathering’ occurs when a polymer is present and active (Mensching et al., 2016). 311 

Similarly, blends with 20% RAB (with and without rejuvenator) showed an attempt to 312 

maintain the phase angle at lower frequencies, which indicates a certain level of 313 

polymer activity. Conversely, blends with 40% RAB and above showed a continuous 314 

decrease in phase angle with increasing frequency, which is characteristic of binders 315 

with no polymer or negligible polymer response. For frequencies above 0.1 rad/s, all 316 

blends with rejuvenators yielded almost the same phase angle, which was higher than 317 

that of blends without rejuvenator, indicating the presence of a rejuvenator increased the 318 



15 

 

viscous response and higher frequencies. This may be indicative of a better ability to 319 

relax stresses at lower temperatures. 320 

 321 

Figure 3: Complex modulus master curves of the binders 322 

 323 

Figure 4: Phase angle master curves of the binders 324 

Black curve 325 

Figure 5 illustrates the black curve of the eight binders in complex modulus-phase angle 326 

space. All binders exhibited a similar response for complex modulus above 1E+05 Pa, 327 

which corresponds to the intermediate- and low-temperature range. Below 1E+05 Pa, 328 
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and a slight increase. This characteristic response of PMB binders, known as ‘curling’, 330 

substantiated the presence of polymer in the virgin PMB. The two blends with 20% 331 

RPMB, which yielded a plateau in phase angle at low reduced frequencies, also showed 332 

signs of polymer activity. Out of the remaining binder samples, only that with 40% 333 

RPMB and rejuvenator exhibited a minimal sign of polymer response. Based on black 334 

curve results, the addition of the rejuvenator did not noticeably restore the elasticity of 335 

the blends with RPMB. The 100% RA sample does not show any remaining polymer 336 

activity, which agrees with a previous study on field aged binders (Margaritis et al., 337 

2020). 338 

 339 

Figure 5: Black diagram of the binder blends. 340 
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recovery), particularly at 60% RPMB. 348 

Table 4: Penetration, softening point and penetration index of the blends 349 

  
REF 

20% 

REJ 

40% 

REJ 

60% 

REJ 

20% 

RA 

40% 

RA 

60% 

RA 

100% 

RA 

Jnr,100Pa (kPa-1) 0.02 0.05 0.27 0.50 0.05 0.11 0.06 0.02 

Jnr,3200 Pa (kPa-1) 0.01 0.02 0.26 0.56 0.02 0.11 0.06 0.01 

R100 (Pa) 93.4% 92.5% 53.1% 24.6% 91.9% 44.2% 45.0% 56.3% 

R3200 (Pa) 96.2% 94.2% 49.7% 14.3% 94.3% 40.4% 43.8% 57.0% 

Crossover frequency 350 

The crossover frequency is given in Figure 6 for the different recycling rates, with and 351 

without rejuvenator. The non-rejuvenated blends show a gradual, almost linear decrease 352 

with increasing RPMB content, which can be interpreted as a decline in the viscous 353 

component. A reduction in the viscous component reduces the ability to relax stresses, 354 

which may increase the susceptibility to low-temperature cracking (D. W. Christensen 355 

et al., 2017; Jing et al., 2020; G. M. Rowe & Sharrock, 2016). Conversely, the crossover 356 

frequency remained relatively constant for the rejuvenated blends. This means the 357 

rejuvenator compensated for the stiffening effect of increasing recycling rate and kept 358 

the balance between the elastic and viscous components. As a result, the addition of the 359 

rejuvenator seems to have a positive effect on the ability to relax stresses at low 360 

temperatures. The results of this study are in line with previous investigations on non-361 

modified RAB blends. Previous studies indicated that both ageing and an increase in 362 

recycling rate decreased the crossover frequency (Gómez-Meijide et al., 2018), whereas 363 

the opposite effect happened with the addition of rejuvenators (Dhasmana et al., 2019).  364 
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 365 

Figure 6: Evolution of crossover frequency with increasing recycling rate, with and 366 

without rejuvenator. 367 

Glover-Rowe parameter 368 

G-R values and damage thresholds are depicted in a black space diagram in Figure 7. 369 

All blends fell in the no damage region apart from the 100% RA; the level of field 370 

ageing experienced by this binder made it prone to damage. For the non-rejuvenated 371 

blends, the G-R parameter shifted up to the left. This observation confirms that both 372 

ageing and increasing recycling rate result in a higher susceptibility to cracking. 373 

Furthermore, all rejuvenated blends provided G-R values similar to that of of the 374 

reference binder, with the difference being a slight increase in phase angle with 375 

increasing RPMB content. Both G-R and crossover frequency results proved that the 376 

addition of this rejuvenator was beneficial in terms of non-load-associated cracking.  377 
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 378 

Figure 7: Glover-Rowe parameters plotted with the limit thresholds in a black space 379 

diagram 380 

Physicochemical characterisation 381 

FTIR spectroscopy 382 

The sulfoxide and carbonyl indices were calculated to examine ageing level, whereas 383 

the polybutadiene and polystyrene indices were used as polymer-related indices. The 384 

calculated sulfoxide indices are presented in Figure 8. This study found an increasing 385 

trend in sulfoxide indices with increasing recycling rate. As depicted in Figure 8 the 386 

increase in recycling rate resulted in an almost linear increase for both blends, with and 387 

without rejuvenator.  388 

The inclusion of rejuvenator at lower recycling rates (20% and 40%) did not 389 

have a substantial effect. On the other hand, a decrease in the sulfoxide index is 390 

observed for the 60% RPMB sample. In fact, an increase in polarity is accompanied by 391 

the formation of sulfoxide-related moieties, possibly present in the more polar fractions 392 

such as asphaltenes. The addition of rejuvenator is expected to increase the maltene 393 

fraction and, consequently, to proportionally reduce the asphaltene component. The 394 

expected increase in total sulfoxide groups associated with ageing can be visualised in 395 
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Figure 8 as a result of the further addition of aged RPMB. Consequently, the reduction 396 

in the sulfoxide index is linked to the increasing dosage of rejuvenator, especially 397 

noticeable on the 60% RA blend (Figure 8). From these results, it can be assumed that 398 

the use of rejuvenator, especially at a higher dosage, can be regarded as beneficial in 399 

terms of ageing, especially at higher recycling rates. 400 

 401 

Figure 8: Evolution of sulfoxide index with increasing recycling rate and with 402 

rejuvenator presence. 403 

Similarly to the sulfoxide index, the carbonyl index (depicted in Figure 9) 404 

increased almost linearly with the increase in recycling rate, an observation now only 405 

valid for the non-rejuvenated samples. Conversely, the inclusion of rejuvenator led to a 406 

decrease in the carbonyl index. A more in-depth inspection of the actual spectra, given 407 

in Figure 10, revealed an overlap between the peaks of the carbonyl esters group 408 

(1700-1760 cm-1) corresponding to the rejuvenator, and the carbonyl group (1655-1760 409 

cm-1) coming from the aged binder, an issue already discussed in the methods section. 410 

The rise in rejuvenator dosage led to a decrease in the absolute absorbance value around 411 

1700 cm-1, and that may indicate a partial restoration effect. However, considering the 412 

area integration, part of the carbonyl group is not encountered when considering a 413 
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narrower band (1655-1720 instead of 1655-1760 cm-1), which led to an underestimation 414 

of the carbonyl index. However, consideration of a wider band would have led to an 415 

overestimation of the carbonyl index due to carbonyl ester peak. Consequently, it can be 416 

concluded that the assessment of the carbonyl index in blends with rejuvenator is 417 

considered problematic. 418 

 419 

Figure 9: Evolution of carbonyl index with increasing recycling rate and with 420 

rejuvenator presence. 421 

 422 

Figure 10: FTIR spectra of the overlapping peaks of carbonyl and rejuvenator 423 
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For a critical assessment of the degradation level of the SBS polymer, the two 424 

indices responsible for this phenomenon (IPS and IPB) were utilised. Since the ultimate 425 

goal was to reflect the degradation level of the polymer, a cumulative polymer index, 426 

i.e. the sum of polystyrene (IPS) and polybutadiene (IPB), was employed here. From the 427 

previous FTIR analysis, it becomes apparent that the carbonyl index will not depict the 428 

actual ageing severity accurately when rejuvenators, like the one considered in this 429 

study, are included in the blend. For that reason, the sulfoxide index (ISO) is regarded as 430 

the most appropriate value to evaluate ageing severity, from a chemical perspective, for 431 

all the blends in this study. A comparative plot of the cumulative polymer index and the 432 

ISO allows for a quantification of polymer degradation (Figure 11). 433 

 434 

Figure 11: Cumulative polymer index versus ageing index for different recycling rates 435 

The overall trend is a simultaneous decrease in the cumulative polymer index 436 

and the sulfoxide index with increasing recycling rate. The reduction in cumulative 437 

polymer index indicates scission of polymer chains. It can be concluded that the 438 

inclusion of RPMB has a similar effect as bitumen ageing. In terms of polymer 439 

restoration, the rejuvenator appears to not improve the RPMB at 20% recycling rate 440 
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compared to the same non-rejuvenated blend, while similar ageing severity is observed 441 

for this recycling rate. This finding might be an indication that the rejuvenator has an 442 

adverse effect on the compatibility of the virgin PMB with the RPMB. Conversely, the 443 

addition of rejuvenator appeared to be beneficial up to 40%, as indicated by the plateau 444 

in Figure 11 (polymer degradation remained somehow stable). More specifically, these 445 

plateaus seem to range between 20 and 40% RA when adding rejuvenator and between 446 

40 and 60% RA without rejuvenator. For 40% and 60% RA, the rejuvenator appears to 447 

have little effect on polymer restoration compared to the blends without rejuvenator. 448 

Among the evaluated blends with and without rejuvenator, polymer degradation is most 449 

evident for a recycling rate of 60%. 450 

Fluorescence microscopy 451 

It is also critical to assess the impact of the recycling rate and rejuvenator on bitumen 452 

morphology. The findings from the FTIR analysis indicated that rejuvenated blends 453 

with 20% and 40% RPMB exhibited a similar level of polymer degradation despite the 454 

increased aged RPMB content of the latter. Thus, the focus of the microscopic 455 

investigation is exclusively on these two recycling rates to better understand the 456 

influence that the rejuvenator may have on the polymer phase. The microscopic images 457 

are depicted in Figure 12. It appeared that the increase in RPMB content led to a 458 

shrinkage and a total reduction in the polymer-rich phase for blends with and without 459 

rejuvenator (Figure 12). 460 

The impact of the rejuvenator on blend morphology is depicted on the right side 461 

of Figure 12. For 20% RPMB, the number and size of polymer particles was found to 462 

decrease, which may have an association with the compatibility between the 463 

compounds. For 40% RPMB, the number of round polymer particles seemed to increase 464 
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for the rejuvenated blend, although their size appears smaller. The reason for these 465 

changes in bitumen morphology is still an open question that requires further 466 

investigation on SBS compatibility in the new blend as well as on the compatibility of 467 

the rejuvenator in the blends.  468 

        469 

         470 

Figure 12: Fluorescence images (x100) of selected recycling rates and the effect of 471 

rejuvenator 472 

Conclusions and recommendations 473 

A chemo-rheological investigation was performed on blends of virgin PMB with 0%, 474 

20%, 40%, 60% and 100% of reclaimed PMB (RPMB), recovered from an actual 475 

surface layer mixture. Additionally, rejuvenated blends were produced for the 20%, 476 

40% and 60% recycling rates by adding a bio-based, tall oil rejuvenator. The following 477 

findings were made: 478 

• Even though the presence of SBS polymer in RPMB was verified with FTIR, all 479 
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tests showed severe polymer degradation and no signs of residual polymer 480 

activity in the recovered binder, especially noticeable for the 60% and 100% 481 

recycling rates. Furthermore, the recovered binder exhibited high susceptibility 482 

to non-load-associated cracking according to the Glower-Rowe parameter. This 483 

is a key finding for recycling aged PMB in new asphalt mixtures. 484 

• Polymer dilution lowered the softening point at recycling rates of 20% and 40% 485 

whereas an increase in softening point was observed at 60% due to the high 486 

content of hard, aged binder. The softening point seemed to be more susceptible 487 

to the presence of virgin polymer, whereas the high-temperature true grade was 488 

mainly driven by binder hardening. 489 

• Using a fixed target penetration to dose the rejuvenator led to blends with 490 

similar high-temperature true grade and master curves. This is not necessarily 491 

intuitive since binder penetration is measured at 25°C, high-temperature true 492 

grade is defined by a fixed stiffness and phase angle, and master curves are 493 

obtained over a range of temperatures and frequencies. 494 

• The carbonyl index, frequently used as an indication of binder ageing level, may 495 

be influenced by the presence of carbonyl esters in the rejuvenator. Therefore, 496 

the use of a carbonyl index that accounts only for the carbonyl present, by 497 

considering a narrower wavelength range between 1655-1720 cm-1, is highly 498 

recommended. 499 

The following conclusions can be drawn from the results of this investigation: 500 

• In addition to the known stiffening effect, the addition of RPMB increased the 501 

susceptibility of the blends to non-load-associated cracking as evidenced by the 502 

crossover frequency and Glover-Rowe parameter. Furthermore, fluorescence 503 
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microscopy revealed that adding RPMB reduced the polymer-rich phase of the 504 

blends due to the lack of activity of the polymer present in RPMB. 505 

• The rejuvenator used in this study did not activate or increase the level of 506 

activity of the aged polymer present in RPMB. However, this rejuvenator 507 

successfully compensated for the stiffening effect of the aged binder and 508 

reduced the susceptibility to non-load-associated cracking to levels comparable 509 

to those of the virgin PMB binder.  510 

• Several rheological test results (phase angle master curve, black curve, and 511 

MSCR) confirmed the characteristic ‘feathering’ and ‘curling’ effects associated 512 

with active polymer presence on blends up to 20% RPMB for the used materials. 513 

The blend with 40% RPMB and rejuvenator showed minimal polymer activity in 514 

the black curve and MSCR test. All other blends performed as non-polymer-515 

modified binders. 516 

This study describes a first attempt to recycle RPMB in new premium surface layers by 517 

investigating the effect of using an RPMB source and exploring which tests can be useful 518 

to capture the possible residual activity of the aged polymer on binder scale. Future work 519 

is necessary to further assess the potential of recycling PMB by upscaling the 520 

experimental procedure, going from a binder level to a mixture level. This will also allow 521 

to better capture the actual degree of blending instead of the full blending scenario of 522 

binder testing. Finally, additional tests such as low-temperature cracking should also be 523 

performed in a future study. This knowledge is of paramount importance to allow 524 

recycling in premium asphalt surfaces and stop downcycling high-quality RAP 525 

containing aged PMB milled from surface layers. 526 
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