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Recycled stone mastic asphalt mixtures incorporating high rates of waste materials 14 

Abstract: 15 

The new environmental targets set to save natural resources and recover waste materials have been the 16 

basis for several scientific studies in different research areas. Consequently, this work aims at developing 17 

recycled stone mastic asphalt mixtures with high rates of waste materials, including reclaimed asphalt 18 

pavements, waste engine oil products, waste polyethylene and crumb rubber. This new solution was 19 

compared with a conventional stone mastic asphalt mixture. Several blends of high penetration bitumens 20 

modified with waste materials and reclaimed aged bitumen were evaluated through basic and advanced 21 

tests, and the most promising solutions were selected to produce recycled stone mastic asphalt mixtures 22 

for further characterization. The water sensitivity, permanent deformation and fatigue cracking 23 

performance of those mixtures incorporating high rates of different waste materials were generally 24 

improved. The exceptional behaviour of these recycled mixtures together with the high incorporation rate 25 

of waste materials demonstrate the innovative character of these solutions for the road paving industry. 26 

Keywords: Stone mastic asphalt (SMA); Recycled mixtures; Reclaimed asphalt pavement; Aged 27 

bitumen; Waste engine oil; Recycled engine oil bottoms; Polymer modification; Waste polymers; 28 

Rheology; Mechanical performance 29 
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1. Introduction 30 

Stone mastic asphalt (SMA) mixtures were developed in Germany with the main purpose of resisting high 31 

loads from heavy traffic [1] and nailed tires providing a good macro texture. Due to their excellent 32 

permanent deformation resistance, several countries are applying these solutions in their road pavements. 33 

There is an increase of 20 to 30% in the stability of SMA mixtures when compared with conventional 34 

mixtures [2] due to the strong skeleton of interlocked aggregate particles, as well as the high coarse 35 

aggregate content [3]. Consequently, Miranda et al. [4] mentioned in their study that SMA mixtures are a 36 

very interesting economic and environmental alternative.  37 

In addition, SMA mixtures are also known for other advantages, namely their excellent macrotexture 38 

(decreasing the water spray on wet surfaces and reducing the noise) and also their increased fatigue life. 39 

However, SMA mixtures present some disadvantages such as high production cost when compared with 40 

conventional asphalt mixture (although it could be reduced throughout the pavement life cycle due to their 41 

durability), low initial skid resistance and risk of binder drainage during transport to the construction site 42 

(due to the high binder content) [2, 3]. 43 

SMA mixtures are characterized by a gap-graded particle size distribution, high content of coarse 44 

aggregates, filler and bitumen, as well as the use of stabilizers [3, 5], which result in a significant 45 

consumption of natural resources to produce this type of asphalt mixtures. Thus, the incorporation of 46 

different waste materials in SMA mixtures could be investigated in order to develop more sustainable 47 

solutions without compromising their recognised performance. 48 

The use of reclaimed asphalt pavements (RAP) in new asphalt mixtures brings environmental advantages, 49 

such as, a reduction on the volumes of waste sent to landfill as well as on the extraction of new natural 50 

resources, and also a reduction on the energy consumption. Moreover, recycled asphalt mixtures could be 51 

an economic solution in comparison to traditional asphalt overlay because it eliminates cracking, 52 

unevenness and/or other types of pavements distresses [6, 7]. As bitumen is one of the most valuable 53 

materials used in pavements [8], the study of recycled mixtures that incorporate a lower amount of new 54 
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bitumen is essential, both by reusing aged bitumen (from RAP material) and by modifying the new 55 

bitumen with some waste materials, due to the associated economic and environmental advantages. 56 

In the recycling process, it may be necessary to restore the initial properties of the aged bitumen by adding 57 

a rejuvenating agent or a chemical additive [9]. Several studies mentioned the use of different types of 58 

rejuvenators such as high penetration bitumens, vegetable oils [10, 11], extender oils [12] and waste engine 59 

oil [13, 14]. Fernandes et al. [15] studied bitumens modified with waste engine oil products, namely waste 60 

engine oil and recycled engine oil bottoms, and polymers (waste polyethylene, crumb rubber and styrene-61 

butadiene-styrene), which were evaluated through a basic characterization. From that study, it was 62 

possible to obtain high penetration bitumens modified with waste materials that could be used to restore 63 

the properties of the aged bitumen present in RAP material. In order to achieve that, higher contents of 64 

waste engine oil products (higher than 15%) were used together with a certain content of polymer. 65 

Additionally, and according to Fernandes et al. [16] the eco-friendly bitumens produced with waste 66 

materials (waste engine oil, waste polyethylene and crumb rubber) show low thermal susceptibility, 67 

upraised values of high temperature performance grade and also low non-recoverable creep compliance 68 

values. When used in the production of SMA mixtures, those bitumens modified with waste materials 69 

revealed to be excellent solutions for road paving works due to their good mechanical and surface 70 

performance without affecting the environment or the human health. 71 

Therefore, the main purpose of the present work was to develop recycled SMA mixtures produced with 72 

high rates of waste materials in order to increase the incorporation of end-of-life materials and minimize 73 

the extraction of new materials, according to the new circular economy paradigm. The high rates of waste 74 

materials should be achieved by using 50% RAP material, as well as, high penetration bitumens modified 75 

with waste engine oil products and waste or virgin polymers. According toWang et al. [17], Noferini et 76 

al. [18] and EP [19], the common rates of RAP material used nowadays are limited to up to 30% and this 77 

works intends to go beyond this limit. Furthermore, these recycled mixtures produced with waste modified 78 

bitumens should present a performance similar to or even better than a conventional SMA mixture to 79 

assure an adequate performance when applied in road pavements. 80 
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2. Materials and Methods 81 

2.1. Materials used in this study 82 

The materials used for partially replacing virgin bitumen, as well as the waste and virgin polymers used 83 

in this study were similar to those used in the work carried out by Fernandes et al. [15] and Fernandes et 84 

al. [16]. Thus, waste engine oil (EO), recycled engine oil bottoms (RB), waste high density polyethylene 85 

(HDPE), crumb rubber (CR) and styrene-butadiene-styrene (SBS) were used for bitumen modification. 86 

The EO and RB were supplied by a certified waste engine oil collection company (Sogilub, Lda), and 87 

their properties can be seen in the previously mentioned works. Additionally, the waste polymers (HDPE 88 

and CR) were supplied by Gintegral S.A. and Recipneu Lda, respectively, while SBS was supplied by 89 

Industrias Invicta, S.A. 90 

The bitumen used for the modification process was a conventional bitumen with a penetration between 91 

35 and 50×10-1mm, hereinafter referred to as B35/50. This conventional bitumen was supplied by Cepsa 92 

Portugal and showed a penetration value of 35×10-1 mm and softening point temperature of 54 ºC, 93 

according to EN 12591 standard. In addition, a softer conventional bitumen with a penetration grade 94 

between 160 and 220×10-1mm (according EN 12591 standard) was also studied to rejuvenate the aged 95 

bitumen. These binders were also used for comparative purposes in both bitumen and asphalt mixtures 96 

characterization. 97 

Regarding the new aggregates used in this work for production of SMA mixtures, whose requirements 98 

fulfil those established by the EN 13043 standard, only one fraction (6/14 mm) of crushed granite supplied 99 

by Bezerras, Lda. was selected. Additionally, limestone filler supplied by Omya Comital S.A. was also 100 

used. 101 

The acrylic fibres used in the control recycled SMA mixture presented a length between 6 and 12mm and 102 

a nominal diameter of 14.4 μm. This control recycled SMA mixture was produced with a conventional 103 
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B160/220 bitumen according to the results of a previous study [16], where 0.3% fibres (by mass of 104 

aggregates) were used in the control SMA mixture produced with a conventional B35/50 bitumen.  105 

Since the main goal of this work is to study recycled SMA mixtures, a reclaimed asphalt pavement (RAP) 106 

material obtained from an end-of-life highway surface course was also used and evaluated in this study. 107 

The RAP material was divided into two main fractions (fine and coarse fraction), through an industrial 108 

material classifier with an 8 mm mesh size, and then supplied by the company ELEVO Group. This 109 

separation allowed a better adjustment of the grading curve because SMA mixtures are known for their 110 

gap-graded particle size distribution. 111 

2.2. Methods 112 

2.2.1. Characterization of reclaimed asphalt pavement 113 

Since both RAP fractions comprise particles of different dimensions, the proportion of aged bitumen and 114 

aggregates is different between them, as the smaller aggregate particles are usually covered by a higher 115 

amount of bitumen due to their higher specific surface area. Thus, it is necessary to determine the binder 116 

content (EN 12697-39) and aggregates gradation (EN 12697-2) of each RAP fraction. This information is 117 

crucial for the recycled asphalt mixtures design. In addition, the aged bitumen should also be recovered 118 

(according to EN 12697-3) in order to characterize its properties and to study the interaction between this 119 

binder and the new bitumen/modifiers. 120 

To determine the binder content (EN 12697-39) a dry sample of RAP material was placed in a furnace 121 

and heated up to 540 ºC until all the bitumen had been burned. The bitumen weight is obtained by the 122 

difference between the total weight of the sample and the weight of the sample after burning. The fine 123 

fraction of RAP presented a binder content of 6.0%, while the coarse fraction showed a binder content of 124 

4.1%. The particle size distribution of the aggregate present in the fine and coarse fractions of the RAP 125 

material can be seen in Figure 1. 126 
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 127 

Figure 1. Particle size distribution of the aggregate present in the fine and coarse fraction of the RAP 128 

Although the fraction separation has been made in an 8 mm sieve, the coarse fraction is essentially 129 

comprised of aggregates with a dimension between 4 and 10 mm, having yet 30% of material with a 130 

dimension smaller than 4 mm (related to fine material that is involving the coarser aggregates). On the 131 

other hand, the fine fraction showed a continuous grading with a higher percentage of thinner material 132 

(maximum dimension of 6 mm).  133 

The RAP characterization also consists in recovering the aged bitumen through rotary evaporator method, 134 

according to EN 12697-3. Since both fractions were used in this study, each fraction was added in the 135 

respective content, according to the selected recycled SMA 14 mixture gradation (shown in Table 1). 136 

Within the RAP material incorporated in the final mixture (corresponding to 50% of the final recycled 137 

mixture), the proportion of the coarse fraction was 70%, while the proportion of the fine fraction was 30%. 138 

The aged bitumen recovery is a three stage process. The first stage consists in placing the RAP material 139 

in a container together with a suitable solvent until all bitumen has visibly been dissolved, followed by a 140 

separation by centrifugation and filtration (to separate the coarse aggregates). In the second stage, the fine 141 

material is separated from the bitumen/solvent solution through an additional centrifugation process at a 142 

higher speed (3000 rpm), during 10 min. The last stage of the process includes a distillation process, where 143 

the solvent is separated from the aged bitumen in a rotary evaporator. 144 
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To characterize the aged bitumen, penetration at 25 ºC (EN 1426 standard), softening point temperature 145 

(EN 1427 standard) and dynamic viscosity (EN 13302 standard) tests were carried out. The aged bitumen 146 

presents a penetration value of 8.8×10-1 mm and a softening point temperature of 74 ºC, confirming the 147 

hardness of the bitumen present in the RAP material. In relation to dynamic viscosity, at the temperatures 148 

of 135 ºC and 180 ºC, the aged bitumen shows a dynamic viscosity of 3.8 Pa.s and 0.3 Pa.s, respectively. 149 

The mixing temperature of the aged bitumen is clearly higher than the mixing temperatures needed for the 150 

conventional bitumens most typically used for road paving in Portugal (between 150 to 165 ºC). The 151 

properties of the aged bitumen are essential for further characterization and selection of the bitumens 152 

modified with waste materials. 153 

2.2.2. Production of the recycled binders 154 

For the production of the recycled binders, in order to rejuvenate the aged bitumen, it is necessary to 155 

produce high penetration bitumens modified with waste materials. The content of each bitumen substitute 156 

and virgin or waste polymer, as well as the production process were selected and the bitumens modified 157 

with waste materials were produced based on Fernandes et al. [15] and Fernandes et al. [16] works. The 158 

modified bitumens should present higher penetrations, in order to get a recycled binder with a penetration 159 

value situated within the range most commonly used for paving works (35 to 70×10-1 mm) [20]. 160 

Thus, the bitumen substitute content should be higher than 15%, allowing the use of higher amounts of 161 

RB than EO. Additionally, the waste HDPE should be used in a content of 6%, the SBS in a content of 162 

5% and the CR in a content of 20%, in order to optimize their effect on the properties of the final binders 163 

produced with waste materials. These were produced by modifying a conventional bitumen B35/50 with 164 

the waste materials in a high shear mixer, at a temperature of 180 ºC, during a period of 20 min [15, 16].  165 

In order to compare the results of the present study with those of the control SMA mixture of Fernandes 166 

et al. [16] study (SMA-BF0.3), the binder content used to produce the recycled SMA mixtures was 5.8%. 167 

Therefore, the recycled binders were produced by adding 3.5% of bitumens modified with waste materials 168 

and 2.3% of aged bitumen (obtained according the respective proportion of each RAP fraction). The effect 169 
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of the production process (addition of the bitumens modified with waste materials to the RAP material 170 

and new aggregates and filler) on the properties of the final binder was simulated by using a low shear 171 

mixer, at a speed of 350 rpm and a temperature of 180 ºC, for a period of 2 min (estimated time that would 172 

be used to mix the fine RAP fraction, introduced at ambient temperature, with the hot new aggregates and 173 

filler). 174 

2.2.3. Characterization of recycled binders 175 

The bitumens modified with waste materials and the recycled binders were evaluated by a basic 176 

characterization, namely through penetration at 25 C (EN 1426 standard), softening point temperature (EN 177 

1427 standard) and dynamic viscosity (EN 13302 standard) tests. 178 

Besides this basic characterization, the selected recycled binders (with the most promising properties) 179 

were also evaluated through a more advanced characterization, such as rheological tests. Thus, two 180 

additional tests were carried out, the first to obtain the complex modulus and phase angle (according to 181 

EN 14770 standard) and the second to obtain the non-recoverable creep compliance parameter (according 182 

to AASHTO TP 7011 standard). These parameters allow estimating the behaviour of the recycled binders 183 

at low and high temperatures, as well as, estimating their permanent deformation performance, when used 184 

in asphalt mixtures. 185 

The first rheological test was carried out at different temperatures (30, 45, 60, 70 and 80 ºC) and 186 

frequencies (between 0.1 to 20 Hz), using a dynamic shear rheometer. The second test, known as Multiple 187 

Stress Creep Recovery (MSCR) test, was carried out at different stress levels (25, 50, 100, 200, 400, 800, 188 

1600, 3200 Pa [21]), at the high performance grade temperature specified for the Portuguese conditions 189 

(64 °C). 190 

2.2.4. Production of recycled SMA mixtures 191 

Prior to the production of the recycled SMA mixtures, their aggregate gradation was selected, taking into 192 

accounting that this type of mixtures present a gap-graded particle size distribution. Consequently, in order 193 
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to fulfil the specified limits for SMA mixtures, 35% of coarse RAP fraction and 15% of fine RAP fraction 194 

were used. As previously mentioned, these proportions influenced the effective aged binder content 195 

(2.3%). In relation to the new aggregates and filler, it was necessary to add 47% of 6/14 fraction and 3% 196 

of filler. Table 1 shows the selected gradation of the recycled SMA 14 mixtures, as a result of the content 197 

of RAP material, aggregates and filler mentioned above, as well as the limits specified for SMA 14 198 

mixtures in EN 13108-5 standard. 199 

Table 1. Selected gradation of the recycled SMA 14 mixtures 200 

Sieve size 
(mm) 

Percent passing (%) 

Selected gradation Lower limit specified Upper limit specified 

20.0 100.0 100.0 100.0 

14.0 95.6 90.0 100.0 

10.0 70.9 Not required Not required 

6.3 38.9 Not required Not required 

2.0 23.7 15.0 30.0 

0.063 6.4 5.0 12.0 

 201 

The recycled SMA mixtures were produced based on a three stage process. The first comprises the 202 

addition of new aggregates, filler and coarse fraction from RAP material, at a temperature 30 ºC above 203 

the mixing temperature of each bitumen, mixing them for about 1 minute, until a homogenous blend is 204 

observed. In the second stage, the fine fraction from the RAP material is added into the previous blend, at 205 

room temperature, and the materials are mixed for another 2 minutes period to guarantee that all materials 206 

acquire an evenly distributed temperature. Lastly, the conventional bitumen or the bitumen modified with 207 

waste materials is added, and mixed for an additional 2 minutes period, at the corresponding mixing 208 

temperature. This process is based on a previous work [22] where two RAP fractions were used to produce 209 

recycled asphalt mixtures, and it simulates the production process of a recycled mixture in a batch mixing 210 

plant. It should be noted that for comparison purposes, a control recycled mixture was produced, during 211 

which acrylic fibres were added in the second stage of the process, at room temperature. 212 
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2.2.5. Characterization of recycled SMA mixtures 213 

The recycled SMA mixtures were mechanically characterized with the aim of evaluating if these recycled 214 

SMA mixtures produced with bitumens modified with waste materials have a better performance than a 215 

conventional SMA mixture and a recycled SMA mixture both produced with a conventional bitumen. 216 

Since higher contents of waste materials (RAP and modified bitumens with waste materials) were 217 

incorporated in the mixtures developed in this work, in order to minimize the use of new aggregates and 218 

conventional bitumen, it is crucial to guarantee an adequate mechanical performance of those mixtures. 219 

Therefore, all the recycled mixtures were evaluated through the following tests: i) water sensitivity 220 

(according to EN 12697-12 standard); ii) stiffness modulus in four point bending beam (according to EN 221 

12697-26 standard); iii) fatigue cracking resistance in four point bending beam (in accordance with 222 

AASTHO TP 8-94); and, iv) permanent deformation resistance at 60 ºC (according to EN 12697-22). The 223 

results obtained in those test allowed a comparison with the performance of the SMA 14 mixture produced 224 

with a 35/50 bitumen and fibres from Fernandes et al. [16] work. 225 

Besides the mechanical evaluation, the recycled asphalt mixtures were also evaluated through the binder 226 

drainage test, using the basket method (EN 12697-18), since SMA mixtures could present some separation 227 

between mastic and aggregates during transport to the construction site, also called binder drainage, due 228 

to their high binder content and gap-graded aggregate gradation [3].  229 

3. Results and Discussion 230 

3.1. Characterization of bitumens modified with waste materials developed for production of recycled 231 

SMA mixtures 232 

One of the goals of this work is to produce recycled SMA mixtures with 50% RAP material. In order to 233 

obtain a final recycled binder in those mixtures with a penetration value similar to that of the most 234 

commonly used bitumens in the road paving industry in Portugal (B35/50 and B50/70), a new high 235 

penetration bitumen must be added to balance the very low penetration at 25 ºC of the aged bitumen from 236 
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RAP (8.8×10-1 mm). A similar approach can be observed in the work carried out by Abreu [20], which 237 

used 2.5% of a high penetration bitumen (B160/220) to produce recycled asphalt concrete mixtures with 238 

50% RAP (containing 2.6% bitumen with a penetration of 8.9×10-1 mm ), thus obtaining a final recycled 239 

binder with a penetration value typical of a B35/50 bitumen. 240 

Thus, a conventional bitumen with a penetration value between 160 and 220×10-1 mm was used as the 241 

control bitumen for production of a recycled SMA mixture. Then, different bitumens modified with waste 242 

materials were selected in order to present characteristics of a PMB75/130, and they were used as 243 

alternative materials for production of recycled SMA mixtures. These PMB75/130 bitumens should 244 

present a penetration ranging from 75 to 130×10-1 mm and a softening point temperature equal or higher 245 

than 55 ºC. The contents of the different waste materials (EO, RB, CR and HDPE) used to produce the 246 

modified bitumens was selected according to the study of Fernandes et al. [16], as previously mentioned. 247 

Higher amounts of RB and polymers could be used to obtain characteristics similar to those of a polymer 248 

modified bitumens produced with EO, as explained in Fernandes et al. [15].  249 

The penetration, softening point and dynamic viscosity results of the conventional bitumen B160/220, as 250 

well as those of the bitumens modified with waste materials, are presented in Table 2. These bitumens 251 

were selected as being the most suitable for production of recycled SMA mixtures, while maximizing the 252 

use of waste materials The notation used in this study to classify the bitumens modified with waste 253 

materials was “aXbY”, where: “a” is for EO or RB, depending on the type of partial bitumen substitute 254 

used; “X” stands for the percentage of the partial bitumen substitute used; “b” is for H (HDPE), S (SBS) 255 

or R (CR), according to the type of polymer added; and “Y” stands for the percentage of polymer added. 256 

For each combination of polymer (HDPE, SBS or crumb rubber) and partial bitumen substitute, i.e. waste 257 

engine oil (EO) or recycled engine oil bottoms (RB), two different bitumens modified with wastes were 258 

selected and tested. Although higher amounts of RB than EO have been used as partial bitumen substitute, 259 

the penetration values of the polymer modified bitumens produced with EO or RB are analogous. 260 

Regarding the softening point temperatures, it should be noted that the bitumens modified with CR and 261 

RB are slightly below the minimum required limit of a PMB75/130, even though they are the best blends 262 
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produced with those specific materials. Nevertheless, all the bitumens modified with wastes have 263 

softening point temperatures clearly higher than that of the control bitumen B160/220. Thus, all these 264 

bitumens were combined with the aged bitumen recovered from RAP in the next phase of this work, in 265 

order to study the properties of the final binders in the recycled SMA mixtures. 266 

Table 2. Basic properties of control bitumen and bitumens modified with waste materials developed for 267 

production of recycled SMA mixtures 268 

Bitumen 
Penetration at 25 °C Softening point temperature Mixing temperature 

(0.1 mm) (°C) (°C) 

B160/220 191 38 130 

EO15H6 82 113 180 

EO20H6 106 109 180 

EO15S5 97 86 180 

EO20S5 117 82 180 

EO15R20 81 59 180 

EO20R20 128 55 180 

RB17.5H6 83 84 180 

RB20H6 101 87 180 

RB17.5S5 90 89 180 

RB20S5 105 82 180 

RB20R20 110 49 180 

RB22.5R20 117 48 180 
 269 

3.2. Selection of recycled binders through their basic characterization 270 

The recycled binders were only produced after setting a binder content of 5.8% for the recycled SMA 271 

mixture, as mentioned previously. Thus, the recycled binders were obtained by mixing 3.5% of each 272 

bitumen modified with waste materials previously mentioned in Table 1, as well as the control bitumen 273 

B160/220, with 2.3% of aged bitumen recovered from RAP material. The binder content of RAP and the 274 

recycling rate of the SMA mixture (i.e. 50%) were also taken into account to define the previous 275 
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proportions. The notation used to classify these recycled binders is the same of the corresponding bitumens 276 

modified with waste materials, but preceded by “R” letter.  277 

After production and characterization of the recycled binder used as reference (RB160/220), which was 278 

produced with the control bitumen B160/220, a penetration value of 63×10-1 mm, a softening point 279 

temperature of 47 ºC, and mixing and compaction temperatures respectively of 150 ºC and 130 ºC were 280 

obtained. Thus, the recycled binder RB160/220 shows characteristics of a conventional bitumen B50/70, 281 

as initially defined for this study. 282 

The basic properties of the recycled binders incorporating 6% HDPE are presented in Figures 2 and 3 as 283 

a function of the partial bitumen substitute (EO or RB) contents. The penetration values of the recycled 284 

binders with EO are higher than those with RB. Moreover, the increase in the penetration values when 285 

increasing the partial bitumen substitute content is more evident in the recycled binders with EO than with 286 

RB. In fact, for an equivalent partial bitumen substitute content (20%), the penetration value of the 287 

recycled binder with EO (REO20H6) is 89×10-1 mm, while it is only 71×10-1 mm for the recycled binder 288 

with RB (RRB20H6). 289 

The recycled binders with RB have equivalent softening point temperatures (50.0 and 50.4 ºC) for 290 

different RB contents. However, the softening point temperatures of the recycled binders with EO decrease 291 

(from 52 ºC to 47 ºC) with the increase in the partial bitumen substitution content. Thus, the recycled 292 

binders produced with HDPE and RB are less susceptible to changes in the partial bitumen substitution 293 

content than the recycled binders with EO.  294 

 295 
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 296 

(a)          (b) 297 

Figure 2. Basic properties of the recycled binders with EO or RB and 6% HDPE: (a) penetration and 298 

(b) softening point temperature  299 

The recycled binders with HDPE that best fit both selection criteria, namely a penetration between 35 and 300 

70×10-1 mm and a higher content of waste materials, are the recycled binders with 15% EO and 6% HDPE 301 

(REO15H6) and with 17.5% RB and 6% HDPE (RRB17.5H6).  302 

The dynamic viscosity values of the recycled binders with HDPE are higher than those of the recycled 303 

binder RB160/220 (control binder), for all test temperatures (Figure 2). Besides, all recycled binders with 304 

HDPE have similar dynamic viscosities, regardless of the type and content of the partial bitumen substitute 305 

used. These similar dynamic viscosity results are mainly related with the effect of the aged bitumen in the 306 

final properties of the recycled binders. It should be highlighted that the dynamic viscosities used to define 307 

the mixing and compaction temperatures were respectively 0.3 Pa.s and 2 Pa.s. Based on these results, the 308 

mixing and compaction temperatures of the mixtures with these recycled binders are around 180 ºC and 309 

135 ºC, respectively. 310 
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Figure 3. Dynamic viscosity of the recycled binders with EO and RB and 6% HDPE 312 

A similar analysis was carried out for the recycled binders produced with the other polymers used in this 313 

study, namely SBS and CR. Thus, the basic properties of the recycled binders with 5% SBS are presented 314 

in Figures 4 and 5. The partial bitumen substitute contents are the same as for the recycled binders with 315 

HDPE, i.e. 15% and 20% EO and 17.5 and 20% RB. 316 

 317 
(a)          (b)  318 

Figure 4. Basic properties of the recycled binders with EO or RB and 5% SBS: (a) penetration and 319 

(b) softening point temperature 320 
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When increasing the partial bitumen substitute content of the recycled binders with SBS, the 321 

penetration values also increase in a similar way, independently of using EO or RB. Nevertheless, the 322 

penetration values of the recycled binders with SBS and RB are slightly lower. The penetration values of 323 

the recycled binders with SBS are above the upper limit established in this work (70×10-1 mm) for an 324 

amount of 20% bitumen substitute, both for EO or RB. Thus, lower contents of EO or RB must be used 325 

in the recycled binder with SBS in order to fulfil this selection criteria. 326 

The softening point temperatures of the recycled binders with SBS (Figure 4b) decrease (from 50 ºC to 327 

46 ºC) with the increase of RB content, while remaining nearly constant (around 50 ºC) for different 328 

amounts of EO. 329 

The recycled binders with SBS selected according to the previously mentioned criteria are the recycled 330 

binders REO15S5 (with 15% EO and 5% SBS) and RRB17.5S5 (with 17.5% RB and 5% SBS). 331 
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 332 

Figure 5. Dynamic viscosity of the recycled binders with EO and RB and 5% SBS 333 

The dynamic viscosity results of the recycled binders with SBS are similar to those observed for HDPE. 334 

These binders also present higher dynamic viscosity values than those of the recycled binder RB160/220 335 

(control), and have equivalent properties independently of the type or amount of bitumen substitute used 336 

(EO or RB). Furthermore, the dynamic viscosity results indicate mixing temperatures around 180 ºC and 337 

compaction temperatures rounding 135 ºC for mixtures produced with these binders with SBS. 338 
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Finally, the basic properties of the recycled binders with CR were also evaluated for two EO (15% and 339 

20%) and RB (20% and 22.5%) contents, as shown in Figures 6 and 7. The penetration values of the 340 

recycled binders with EO and CR significantly increase with the increase of EO content. However, the 341 

change in penetration values of the recycled binders with RB and CR is negligible for different contents 342 

of RB. Thus, the amount of EO incorporated in recycled binders with CR must be limited, but higher 343 

amounts of RB can be used in order to obtain similar penetration values.  344 

 345 

(a)          (b) 346 

Figure 6. Basic properties of the recycled binders with EO or RB and 20% CR: (a) penetration and 347 

(b) softening point temperature 348 

Regarding the softening point temperatures, all recycled binders with CR present higher softening point 349 

temperatures than RB160/220 (control recycled binder), especially when lower contents of partial bitumen 350 

substitute are used. Thus, although the modified bitumens with CR and RB had not fulfilled the softening 351 

point temperature requirements of a PMB75/130 (as observed previously), the corresponding recycled 352 

binders have an adequate behaviour after being added to the aged bitumen. This result is a consequence 353 

of using a very high amount of crumb rubber (20%) in the binder, which may be partially interacting with 354 

the aged bitumen. 355 
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Thus, the recycled binders with CR that that best fit both selection criteria previously mentioned are the 356 

recycled binder REO15R20 (15% EO and 20% CR) and the recycled binder RRB22.5R20 (22.5% RB and 357 

20% CR). Although higher amounts of partial bitumen substitute may have been selected (especially for 358 

EO), these binders already have high amounts of waste incorporation and were selected to minimize the 359 

risk of inadequate performance during the evaluation of the corresponding mixtures. 360 

The dynamic viscosity results (Figure 6) of the recycled binders with CR are different from those 361 

previously obtained for HDPE and SBS. In fact, even though the recycled binders with CR and EO have 362 

similar viscosities for different amounts of EO, the recycled binders with CR and RB present lower 363 

dynamic viscosities when the amount of RB increases, within the range of temperatures studied. This 364 

result could be related with the high RB contents used (20 and 22.5%), which could have a significant 365 

influence in the properties of the recycled binder at high temperatures. 366 
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Figure 7. Dynamic viscosity of the recycled binders with EO and RB and 20% CR 368 

It should be noted that all recycled binders with CR have higher dynamic viscosity values than those of 369 

the control recycled binder (RB160/220). Based on these dynamic viscosity results, the mixing and 370 

compaction temperatures of mixtures produced with the recycled binders with CR and EO should be 371 

170 ºC and 135 ºC, respectively. Moreover, the mixing and compaction temperatures of mixtures 372 

incorporating recycled binders with CR and RB should be, respectively, 160 ºC and 135 ºC. 373 
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The six recycled binders selected in this phase of the work are the most promising for further evaluation 374 

in the next sections of this work. Next, those binders are characterized through advanced testing and 375 

compared with the control recycled binder (RB160/220) and with the conventional bitumen B35/50 used 376 

for production of SMA mixtures in the Fernandes et al. [15] work. 377 

3.3. Advanced characterization of the selected recycled binders 378 

First, the stiffness complex modulus and phase angle properties were used to evaluate the performance of 379 

the studied binders under different loading times and temperature settings [13, 23, 24]. Based on these 380 

two properties is possible to calculate the high temperature performance grade (PG) of the studied binders 381 

[25], which is used for their classification.  382 

The complex modulus master curves of the studied binders are presented in Figure 8a. The master curves 383 

of the recycled binders with waste materials present a similar shape to those of the control recycled binder 384 

(RB160/220) and the conventional bitumen (B35/50), which suggests a similar rheological behaviour 385 

among all studied binders. Moreover, when compared with the control recycled binder (RB160/220), the 386 

recycled binders with waste materials present higher complex modulus, except for the recycled binder 387 

with CR and RB (due to the high amount of bitumen substitute used).  388 
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(a) (b) 390 

Figure 8. Master curves of the studied binders (Tref = 60 °C): (a) complex modulus and (b) phase angle  391 

In general, the recycled binders with waste materials have higher complex moduli at low frequencies (high 392 

temperatures) and lower or similar complex moduli at high frequencies (low temperatures) when 393 

compared with the conventional bitumen (B35/50) and control recycled binder (RB160/220), 394 

demonstrating their lower thermal susceptibility. These results could indicate an appropriate flexibility of 395 

those recycled binders at low service temperatures and, at the same time, a higher resistance to permanent 396 

deformation at high temperatures. Therefore, the operating temperature range of these new recycled 397 

binders with waste materials is higher than that of the reference binders, i.e. the control recycled binder 398 

(RB160/220) and the conventional bitumen (B35/50). 399 

The phase angle master curves of the studied binders are presented in Figure 8b. Within the 400 

temperature/frequency range studied, the recycled binders with waste materials show lower phase angles 401 

than those of the reference binders (B35/50 and RB160/220), demonstrating a less viscous nature of the 402 

new binders with waste materials. The shape of the phase angle master curves of the recycled binders with 403 

SBS or CR is different from the remaining ones, mainly due to the elastomeric properties of SBS and CR 404 

polymers, which allows to increase the elastic component of the stiffness modulus of these binders (thus 405 

reducing the phase angle values over a wide range of frequencies). 406 
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Based on the previous rheological results, the high temperature performance grade (PG) of the studied 407 

binders was also assessed, as presented in Table 3. 408 

Table 3. High temperature performance grades of the studied binders 409 

Binder 
High temperature 

Performance Grade 

B35/50 64 

RB160/220 64 

REO15H6 70 

REO15S5 70 

REO15R20 70 

RRB17.5H6 70 

RRB17.5S5 64 

RRB22.5R20 70 
 410 

The high temperature PG of the recycled binders with waste materials is higher than that of the control 411 

recycled binder (RB160/220) and the conventional bitumen (B35/50), except for the recycled binder with 412 

17.5% RB and 5% SBS (RRB17.5S5) that have equivalent high temperature PG. The lower PG grade of 413 

binder RRB17.5S5 may have resulted from combining a high amount of bitumen substitute (17.5% RB) 414 

with a slightly lower amount of polymer (5%) in comparison with the remaining binders. 415 

Binders with higher PG grades are expected to result in asphalt mixtures with better rutting resistance 416 

performance. Consequently, a good permanent deformation resistance of the recycled SMA mixtures 417 

produced with the binders modified with waste materials is expected to be obtained, in most cases, in the 418 

next phase of this work.  419 

The multiple stress creep recovery test (MSCR) can also be used to estimate the permanent deformation 420 

performance of the studied binders, using the non-recoverable creep compliance parameter Jnr. The lower 421 

the value of this Jnr parameter, the higher the permanent deformation resistance. Figure 9 shows the 422 
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non-recoverable creep compliance parameter variation of the studied binders with the increase of stress 423 

applied in the MSCR test.  424 
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Figure 9. Non-recoverable creep compliance values of the studied binders at different stress levels 426 

The recycled binders with waste materials have lower non-recoverable creep compliance values 427 

comparatively to both reference binders (control recycled binder RB160/220 and conventional bitumen 428 

B35/50). Moreover, the recycled binder with 17.5% RB and 5% SBS also presents high Jnr values similar 429 

to those of the reference binders, which is in agreement with the high temperature PG values previously 430 

presented for these specific binders. 431 

It should be noted that the several recycled binders with EO, as well as the recycled binder with 17.5% 432 

RB and 6% HDPE, present lower Jnr values and therefore should have better rutting resistance 433 

performance. Furthermore, the recycled binders REO15R20 and RRB17.5H6 are more susceptible to 434 

changes in the stress applied during the MSCR test, and their use should be carefully evaluated depending 435 

on the expected traffic level.  436 

After rheological characterization, it was concluded that the selected recycled binders with waste materials 437 

present, in general, an adequate performance to be used in the next phase of this work for recycled SMA 438 

mixture characterization. In particular, those binders have high permanent deformation resistance, which 439 
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is usually higher than that of the control recycled binder (RB160/220) and the conventional bitumen 440 

(B35/50). 441 

3.4. Characterization of the SMA recycled asphalt mixtures with modified bitumens  442 

After selecting the recycled binders and performing their advanced characterization, in the third phase of 443 

this work, different recycled SMA mixtures were produced with a selection of the modified bitumens and 444 

characterized in order to evaluate their performance through mechanical tests. Thus, seven recycled SMA 445 

14 mixtures were produced with the selected modified bitumens (a control conventional bitumen, three 446 

bitumens modified with EO and each polymer and three bitumens modified with RB and each polymer). 447 

The corresponding recycled SMA mixtures were identified as follows: 448 

 SMA-RBF0.3 (conventional 160/220 pen bitumen + 0.3% fibres); 449 

 SMA-REO15H6 (bitumen modified with 15% EO and 6% HDPE); 450 

 SMA-REO15S5 (bitumen modified with 15% EO and 5% SBS); 451 

 SMA-REO15R20 (bitumen modified with 15% EO and 20% CR); 452 

 SMA-RRB17.5H6 (bitumen modified with 17.5% RB and 6% HDPE); 453 

 SMA-RRB17.5S5 (bitumen modified with 17.5% RB and 5% SBS); and, 454 

 SMA-RRB22.5R20 (bitumen modified with 22.5% RB and 20% CR). 455 

It should be highlighted that all these mixtures were also compared with the control mixture studied in 456 

Fernandes et al. [16]. The SMA mixture in the mentioned work was produced with 5.8% of a conventional 457 

B35/50 bitumen and 0.3% fibres. Thus, the recycled SMA mixture with the conventional B160/220 458 

bitumen was also produced with the addition of 0.3% fibres in order to reduce the binder drainage that 459 

could occur. No fibres were added to the other recycled mixtures because the use of modified binders and 460 

the use of RAP material limit the binder drainage problems. However, all the mixtures were evaluated 461 

through binder drainage test to assure an adequate performance. 462 

 463 
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3.4.1. Binder drainage 464 

According to Blazejowski [3] the higher binder content of SMA mixtures could lead to binder drainage. 465 

Consequently, all the SMA mixtures studied in this work were evaluated through the binder drainage test. 466 

The results obtained for all SMA mixtures (including the SMA mixture produced without RAP material 467 

and used for comparison purpose - SMA-BF0.3) are lower than the limit recommended in the literature 468 

(0.2%), as can be observed in Figure 9. The drainage test values of the recycled SMA mixtures with 469 

modified binders are higher than the recycled SMA mixture with conventional bitumen and fibres (SMA-470 

RBF0.3) and the SMA mixture with fibres (SMA-BF0.3). Nevertheless, all those recycled asphalt 471 

mixtures produced with modified binders have shown that the use of fibres is not necessary, as the 472 

introduction of polymers and the presence of RAP material are sufficient to prevent the binder drainage. 473 

 474 

Figure 10. Binder drainage values of the studied SMA recycled asphalt mixtures 475 

It should be highlighted that the recycled SMA mixtures with RB and elastomers (SBS and CR) exhibit 476 

lower binder drainage values in comparison to the recycled mixtures with EO and the same polymers. The 477 

higher amounts of RB added may ensure a better polymer dispersion in the recycled mixture, even after 478 

the interaction with the aged bitumen. However, the same does not happen in the recycled SMA mixtures 479 

with RB and HDPE because the HDPE is easily dispersed in bitumen, regardless of the amount of bitumen 480 
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substitute used. In this case, the high amount of RB (in comparison with EO) led to a decrease of modified 481 

bitumen’s viscosity, slightly increasing its binder drainage. 482 

3.4.2. Water sensitivity 483 

Since the recycled SMA mixtures do not present binder drainage problems, they were tested to assess their 484 

water sensitivity. According to Sarang et al. [26] SMA mixtures should exhibit a minimum tensile strength 485 

ratio (TSR) of 80%, but NAPA [27] mentioned a minimum value of 70%. In Figure 10, it is possible to 486 

observe that all the recycled asphalt mixtures show TSR values above the minimum recommended value 487 

(80% - represented in the graph by the grey line). The same behaviour could be seen in the control mixture 488 

without RAP material (SMA-BF0.3), whose TSR value is 87%. Thus, all the SMA mixtures studied have 489 

reduced sensitivity to water. This good performance of all SMA mixtures can be partially associated with 490 

the use of limestone filler, which improves the adhesion between asphalt binders and aggregates, reducing 491 

their water sensitivity [28, 29]. 492 

 493 
Figure 11. Tensile strength ratio values of the studied SMA mixtures 494 

The SMA recycled asphalt mixtures produced with the bitumens modified with EO and polymers, namely 495 

SMA-REO15H6, SMA-REO15S5 and SMA-REO15R20, present the higher TSR values, respectively 496 

95%, 101% and 98%. These values are also higher than the TSR value of the control recycled SMA 497 

mixture SMA-RBF0.3 (92%) and the control SMA mixture SMA-BF0.3 (87%). 498 
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On the other hand, the recycled SMA mixtures produced with modified bitumens with RB and polymers 499 

show slightly lower TSR values than the control recycled SMA mixture (with the exception of the recycled 500 

mixture SMA-RRB17.5S5). Thus, the addition of higher amounts of RB slightly reduces the resistance to 501 

water when compared with the addition of EO, but without compromising the limit specified for this 502 

mechanical property. 503 

3.4.3. Stiffness modulus 504 

From the analysis of the stiffness modulus and phase angle master curves (Figure 11), obtained for a 505 

reference temperature of 20 ºC, it is clear that the recycled SMA mixture with CR and RB (SMA-506 

RRB22.5R20) is less influenced by temperature variation (lower slope of master curve), while the recycled 507 

SMA mixture with RB and HDPE (SMA-RRB17.5H6) is more influenced by temperature changes (higher 508 

slope of master curve). In the first case, the lower interaction between the CR and the blend of bitumen 509 

and RB could contribute to the CR working as an elastic filler, turning the mixture less susceptible to 510 

temperature variations. In the second case, the higher temperature susceptibility could be related to the 511 

higher RB content that reduces the stiffness modulus at high temperatures (low frequencies). So, the 512 

SMA-RRB22.5R20 mixture presents low stiffness modulus and high phase angle values at high 513 

frequencies (low temperatures), as well as high stiffness modulus and low phase angles at low frequencies 514 

(high temperatures), showing the previously mentioned effect of CR acting as a filler. 515 

 516 
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 517 
(a)          (b) 518 

Figure 12. Stiffness modulus (a) and phase angle (b) master curves (Tref=20ºC) of the studied 519 

recycled SMA mixtures 520 

At low temperatures (high frequencies), the other recycled SMA mixtures produced with modified binders 521 

present similar stiffness modulus and similar or slightly higher phase angles than the control recycled 522 

mixture (SMA-RBF0.3). At low frequencies (high temperatures), the recycled SMA mixtures with 523 

elastomers (SBS and CR) present higher stiffness modulus and lower phase angles when compared with 524 

the control recycled SMA mixture, while the recycled SMA mixtures with plastomers (HDPE) have 525 

similar or lower stiffness modulus and higher phase angles than control recycled mixture. In other words, 526 

in these recycled mixtures, the elastomers ensure lower temperature susceptibility than the plastomers. 527 

Nevertheless, all recycled SMA mixtures exhibit stiffness moduli higher than those of the SMA mixture 528 

produced with B35/50 and fibres. The aged bitumen present in RAP could contribute to the high stiffness 529 

moduli of these mixtures, although the penetration values of the corresponding recycled binders are higher 530 

than the penetration value of the conventional B35/50 bitumen. 531 

Therefore, all the recycled SMA mixtures could be valid solutions for areas with mild weather conditions. 532 

On the other hand, for areas with hot weather, the recycled SMA mixtures produced with elastomers (with 533 

the exception of the SMA-RRB22.5R20, which showed a lower stiffness) are the best solutions. 534 
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3.4.4. Fatigue cracking resistance 535 

The recycled SMA mixtures’ durability should be associated to a higher resistance to fatigue cracking. As 536 

can be observed in Figure 12, the recycled SMA mixture with EO and HDPE (SMA-REO15H6) present 537 

the highest fatigue cracking resistance, followed by the recycled SMA mixture with EO and SBS 538 

(SMA-REO15S5), even though the fatigue cracking performance is similar. The high fatigue cracking 539 

resistance of the recycled SMA mixture with SBS could be related with elastic properties of the SBS 540 

polymer, while in the recycled SMA mixture with HDPE, it could have resulted from the interaction 541 

between the modified bitumen and the aged bitumen, contributing to a higher flexibility and a better 542 

fatigue cracking performance. 543 

It must also be noted that the recycled SMA mixture with the worst fatigue cracking performance is the 544 

recycled mixture with RB and CR (SMA.RRB22.5R20), which could be related with the low interaction 545 

between the blend bitumen/RB and crumb rubber. The CR could have worked as a filler that absorbed 546 

part of bitumen needed for binding the components of mixture, decreasing the fatigue cracking resistance. 547 

Thus, the effective binder content available in the recycled SMA mixtures with CR is lower than that 548 

available in the other studied mixtures. 549 

 550 
Figure 13. Fatigue test results of the studied SMA recycled asphalt mixtures 551 
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The other recycled SMA mixtures and the SMA mixture with B35/50 and fibres present a similar or 552 

slightly higher fatigue cracking performance when compared with the control recycled SMA mixture 553 

(SMA-RBF0.3) at high strain levels, but this behaviour is reversed for low strain levels (more usual in 554 

road paving). Therefore, it is essential to analyse the advantages and disadvantages of using these recycled 555 

SMA mixtures produced with bitumens modified with waste materials in order to guarantee an adequate 556 

fatigue cracking performance. 557 

When comparing the recycled SMA mixtures produced with EO with the recycled SMA mixtures 558 

produced with RB, the recycled mixtures with EO show the best fatigue cracking resistance for the same 559 

kind of polymer. In this case, despite the addition of higher contents of RB, its effect on the fatigue 560 

cracking resistance is not as positive as that of EO. 561 

3.4.5. Permanent deformation resistance 562 

The permanent deformation resistance was evaluated through wheel tracking test which assesses the 563 

mechanical performance of an asphalt mixture at high service temperatures (60ºC). Analysing the 564 

permanent deformation results, it can be observed that the recycled SMA mixtures with modified bitumens 565 

present a more promising performance than the control mixtures (SMA-RBF0.3 and SMA-BF0.3), except 566 

the recycled mixture with EO and HDPE (SMA-REO15H6) that show the lower permanent deformation 567 

resistance (Figure 13). Moreover, both recycled mixtures with CR (SMA-REO15R20 and SMA-568 

RRB22.5R20, respectively) exhibit the best permanent deformation performances. These results confirm 569 

the importance of considering both fatigue cracking and permanent deformation performance to evaluate 570 

the advantages of each recycled mixtures for each particular case of application. When compared to the 571 

recycled mixtures with EO, the recycled mixtures with RB often display a higher permanent deformation 572 

resistance, despite the higher content of bitumen substitute used. Nonetheless, the recycled mixtures with 573 

CR present an equivalent behaviour when using either EO or RB.  574 
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 575 
Figure 14. Permanent deformation test results of the studied recycled SMA mixtures 576 

Subsequently, wheel tracking slope (WTSAIR), proportional maximum rut depth (PRDAIR) and maximum 577 

rut depth (RDAIR) parameters specified in the EN 12697-22 standard were calculated and are presented in 578 

Table 3. 579 

As mentioned above, the recycled mixture with CR and EO shows the best permanent deformation 580 

performance, since it presents the lowest WTSAIR (0.04 mm/103 cycles) e PRDAIR (4.34%) values, 581 

followed by the recycled SMA-RRB22.5R20 mixture with WTSAIR and PRDAIR values of, respectively, 582 

0.04 mm/103 cycles and 4.36%. This excellent behaviour of both mixtures could be related to the 583 

significant amount of CR added (20%), in comparison to the recycled mixtures with SBS (5%) and HDPE 584 

(6%). 585 

Table 4. Permanent deformation parameters of the studied SMA mixtures 586 

Mixtures 
WTSAIR  PRDAIR RDAIR 

(mm/103 cycles) (%) (mm) 

SMA-BF0.3  0.06 7.38 3.03 

SMA-RBF0.3 0.07 7.81 3.19 

SMA-REO15H6 0.13 9.63 4.00 

SMA-REO15S5 0.10 7.66 3.08 

SMA-REO15R20 0.04 4.34 1.75 

SMA-RRB17.5H6 0.07 6.26 2.58 
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SMA-RRB17.5S5 0.06 5.98 2.51 

SMA-RRB20R20 0.04 4.36 1.79 
 587 

Both control mixtures, recycled SMA mixture (SMA-RBF0.3) and SMA mixture without RAP material 588 

(SMA-BF0.3), as well as, the recycled mixtures with RB and HDPE or SBS present similar permanent 589 

deformation parameters (WTSAIR values vary between 0.06 e 0.07 mm/103 cycles). Although the recycled 590 

mixture SMA-REO15H6 present the less promising permanent deformation performance, the parameters 591 

WTSAIR (0.13 mm/103 cycles) e PRDAIR (9.63%) are similar to those of mixtures commonly used in 592 

paving works. 593 

The permanent deformation results obtained in this work showed that the addition of RB to recycled SMA 594 

mixtures lead to interesting permanent deformation resistances. The higher content of RB used as partial 595 

substitute of bitumen in these recycled mixtures does not compromise the permanent deformation 596 

performance, which is greater than that of the recycled mixtures with EO. 597 

4. Conclusions 598 

The main goal of this study was the development of recycled SMA mixtures with high rates of waste 599 

materials, such as, waste engine oil products (waste engine oil and recycled engine oil bottoms), polymers 600 

(waste HDPE, waste CR and SBS) and RAP material. High penetration bitumens modified with waste 601 

materials were used to produce recycled SMA mixtures with 50% of RAP material, which present, in 602 

general, a better mechanical performance than a conventional SMA mixture and a recycled SMA mixture 603 

produced with a straight run bitumen. The main conclusions of this study are outlined, as follows: 604 

 The characterization of the recycled binders with waste materials showed that, when aged bitumen is 605 

added, high contents of EO or RB could be used in the bitumens modified with waste materials to 606 

obtain the established penetration values. Dynamic viscosity and softening point temperatures of 607 

those recycled binders were generally higher when RB was used instead of EO; 608 
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 In rheological terms, the recycled binders incorporating waste materials were less susceptible to 609 

temperature variations, since they presented higher complex modulus at high temperatures and, lower 610 

complex modulus at low temperatures, when compared with the control recycled RB160/220 binder 611 

and the conventional B35/50 bitumen; 612 

 Recycled binders incorporating waste materials generally present higher values of high temperature 613 

PG grade and also lower values of non-recoverable creep compliance than the control recycled binder 614 

and the conventional B35/50 bitumen, which could indicate an increased permanent deformation 615 

resistance; 616 

 Recycled SMA mixtures produced with waste materials fulfilled the maximum recommended binder 617 

drainage value (0.2%), which means that they do not present any binder drainage problem, although 618 

high contents of bitumen substitutes were used;  619 

 Regarding their mechanical properties, these recycled mixtures produced with bitumens modified 620 

with waste materials showed an excellent water sensitivity performance (TSR values higher than 621 

80%), especially the recycled mixtures with bitumens modified with EO; 622 

 The recycled SMA mixtures produced with SBS and CR presented higher stiffness modulus and 623 

lower phase angles at high temperatures (low frequencies), which was not so evident for the recycled 624 

mixtures produced with HDPE; 625 

 In terms of fatigue cracking performance, the recycled SMA mixtures produced with EO and HDPE 626 

or SBS (SMA-REO15H6 and SMA-REO15S5) showed the best fatigue cracking resistance, while 627 

the recycled SMA mixtures produced with CR exhibited the worst behaviour. The use of EO had a 628 

positive influence in the fatigue cracking resistance of recycled SMA mixtures; 629 

 Although all recycled mixtures have presented an interesting permanent deformation performance, 630 

the SMA-REO15H6 recycled mixture showed the worst performance, while the SMA-RRB22.5R20 631 

recycled mixture had the best one. The permanent deformation resistance of these mixtures improved 632 

when RB was used instead of EO; 633 



 

34 

 The use of high rates of waste materials (RAP, EO, RB, waste HDPE and CR) contribute to obtain 634 

recycled SMA mixtures with enhanced mechanical performance, in comparison to conventional 635 

SMA mixtures, which can be seen as promising solutions at the environmental and economic levels.  636 
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