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26 The supply of natural raw materials required for construction and rehabilitation of road 

27 infrastructure is becoming a serious environmental concern. Natural aggregates are one 

28 of the most highly consumed resources. The worldwide market for construction 

29 aggregates is projected to advance to 51.7 billion tonnes in 2019 (The Freedonia Group 

Abstract 

This research demonstrates the technical feasibility of replacing new raw materials by 

recycled and renewable alternative ones to make different sustainable asphalt mixes. In 

order to verify performance, a comparative analysis of different alternative materials was 

carried out. Electric arc furnace (EAF) slag, basic oxygen furnace (BOF) slag, waste 

foundry sand and reclaimed asphalt pavement (RAP) were used to replace natural 

aggregates in different proportions to enable the impact on asphalt concrete to be studied. 

Moreover, with the aim of restoring the properties of old binder from RAP and 

maximizing the reduction in the amount of virgin binder needed, the effect of two 

rejuvenators was evaluated. The technical feasibility of using asphalt mixtures with a 

natural aggregate replacement rate of 80 to 98% was demonstrated at laboratory level. In 

this sense, the use of EAF and BOF slag to replace high-quality natural aggregate in the 

coarse fraction and the use of waste foundry sand to replace natural aggregate in the fine 

fraction proved to be a promising option. Furthermore, a significant virgin binder 

reduction was achieved with the combined use of RAP and rejuvenator, without 

compromising the mechanical performance of the mixtures. 

Keywords: Asphalt; Recycled materials; Reclaimed asphalt pavement; By-products; 

Rejuvenator 
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30 2016). In Europe (EU 28), 2861 million tonnes of aggregates were produced in 2017, of 

31 which approximately 220 million tonnes were employed in asphalt production (UEPG 

32 2017, EAPA 2017). 

33 Asphalt production is expected to reduce the amount of raw materials employed, 

34 without compromising efficiency or technical performance. In this sense, the EU 
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48 

49 

policies establish optimal use of natural resources as a priority, along with support for 

innovation that boosts cost-effectiveness, and reduction and reuse of wastes. In fact, the 

use of some wastes in asphalt production is a promising way to reduce raw material 

consumption. The use of industrial by-products or construction and demolition wastes 

provide two commonly evaluated alternatives (Ahmedzade and Sengoz 2009, Ameri et 

al. 2013, Pasetto and Baldo 2012, Sorlini et al. 2012, Raposeiras et al. 2016). Other less 

explored alternatives are the use of ceramic waste, urban waste or wood (Ahmadinia et 

al. 2012, Feng et al. 2013, Huang et al. 2007, Poulikakos et al. 2017). 

Steel slag and waste foundry sand are industrial by-products suitable to be used 

as aggregate in asphalt production. In 2016, the European (EU 28) steel industry 

generated 18.4 million tonnes of slag (EUROSLAG 2016). Certain types of slag seem to 

be a good alternative to the coarse fraction aggregates and a lot of research has been 

carried out (Behnood and Ameri 2012, Pasetto et al. 2017, Skaf et al. 2017a, Qazizadeh 

et al. 2018). Electric Arc Furnace (EAF) slag is one of the most promising materials. 

This slag displays remarkably good properties for use in asphalt mixtures. It is a tough 

aggregate with a high polished stone value and a low Los Angeles coefficient (Skaf et50 

51 al. 2017b). Asphalt mixtures with EAF slag lead to good plastic deformation resistance, 

52 durability and performance in terms of stiffness and fatigue (Pasetto and Baldo 2010, 

53 2017, Fakhri y Ahmadi 2017, Martinho et al. 2018). Basic Oxygen Furnace slag (BOF) 

54 is another alternative. This material also has a high polished stone value and a low Los 
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55 Angeles coefficient. Mixtures prepared with this material have shown good 

56 performance in terms of permanent deformation and water susceptibility (Shen et al. 

57 2009). 

58 However, there are some concerns that limit the widespread use of steel slag in 

59 asphalt production. On the one hand, slag contains free calcium oxide that can become 
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74 

hydrated and cause expansion (Juckes 2003, Wang et al. 2010). The application of an 

appropriate stabilization process is necessary to produce an aggregate suitable for use in 

asphalt production. Subjecting the slag to wetting and drying cycles is commonly used 

as a method to promote the expansion of free lime in advance, thereby suppressing 

expansion of steel slag during its use. On the other hand, there are high associated costs 

during asphalt production when using steel slag. Steel slag has higher binder absorption 

than conventional aggregates, resulting in asphalt mixtures with higher binder content 

and, so, higher production costs (Chen et al. 2016). Moreover, the high density of this 

material has a negative influence on transport costs and construction operations. To 

minimize these negative effects, the common practice is to limit their use to the coarse 

fraction of aggregates. 

Waste foundry sand is a by-product from ferrous and non-ferrous metal casting 

industries. It is characteristically sub-angular to round in shape and has a high thermal 

conductivity that makes it suitable for moulding operations. After multiple cycles of 

recycling and reutilization, the moulding sand degrades and is finally discarded as a by-

product (Bhardwaj and Kumar 2017). Foundry sand has been used as a substitute for 75 

76 fine aggregate in asphalt paving mixes. Prior to use, spent foundry sand requires 

77 crushing or screening to reduce or separate oversized materials that may be present 

78 (FHWA 2019). Some studies using foundry sand in asphalt production showed 
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79 recycling rates from 10% to 15%, but rates of up to 30% were also found (Bakis et al. 

80 2006, Dyer et al. 2018). 

81 Regarding construction and demolition waste, the most prominent technology in 

82 road rehabilitation is Reclaimed Asphalt Pavement (RAP). This is due to its eco-

83 friendliness, cost effectiveness and its reduction in use of crude oil and aggregates, 
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while limiting the amount of waste material going to landfills (Santucci 2007). There 

are research works validating the technical feasibility of asphalt mixtures with high 

RAP content (Zaumanis and Mallick 2015), some even endorsing the use of 100% 

recycled mixtures (Elkashef and Williams 2017, Silva et al. 2012, Zaumanis et al. 

2014). The use of additives to restore the RAP binder properties is common in high 

RAP content asphalt production (Elkashef and Williams 2017, Im et al. 2016, Elkashef 

et al. 2018, Tanghe et al. 2012). Two different types of additives are normally used: 

fluxing agents and rejuvenators. Rejuvenators aim to restore the physical and chemical 

properties of the aged binder while fluxing agents work mainly by reducing the 

viscosity. Commercial products are available on the market but other wastes are being 

explored as potential alternatives: Waste Vegetable Oil, Waste Vegetable Grease, re-

refined engine oil bottoms (REOB) or Distilled Tall Oil (Cavalli et al. 2018, Yang et al. 

2013, Zaumanis et al. 2014). 

Nevertheless, the percentage of RAP used in asphalt mixtures is limited in most 

European countries, especially in surface layers. Nowadays, large amounts of 

demolished asphalt pavement end up as unbound granular layers where neither the 99 

100 bituminous binder nor the high quality aggregates from old pavements are reused to 

101 their full potential. These limitations are directly related to the different technical 

102 constraints that exist when producing asphalt mixtures with high RAP contents. These 

103 deficiencies include: the blending between the virgin and aged binder, excess of 
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104 aggregates in the fine fraction, restrictions on the incorporation of high RAP dosages 

105 found in asphalt production plants, or the need to adopt new design methodologies 

106 (Zaumanis and Mallick 2015, Zaumanis et al. 2014, Im et al. 2016). 

107 Objectives 

108 The aim of this paper is to increase the knowledge about more sustainable asphalt 
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123 Limestone and ophite were used as conventional materials for the reference mixture. In 

124 the cases where the filler contained in the RAP was not enough, limestone filler was 

125 used. In all cases, the coarse fraction presented a minimum and maximum particle size 

126 of 2mm and 16mm, respectively, and the fine fraction ranged from 0.063mm to 2mm. 

mixtures. Therefore, the main objective of this study is to demonstrate the technical 

feasibility of using asphalt mixtures that have practically all the natural aggregates 

replaced by alternative materials (EAF slag, BOF slag, waste foundry sand and RAP), 

and to evaluate the combined effect of using RAP with non-oil-based rejuvenators and 

their contribution to the binder content. Several asphalt mixtures with a natural 

aggregate replacement rate of 80 to 98% were developed at the laboratory level. To 

evaluate the influence of using rejuvenators, the RAP content was fixed at two different 

rates: 21% and 35% by weight of mixture. Several mechanical tests (Marshall test, 

water sensitivity test, workability test, wheel tracking test and dynamic tests) were 

carried out to evaluate the technical performance of the asphalt mixtures. 

Experimental design 

Materials 

The potential use of several alternative materials as aggregates in asphalt mixes was 

evaluated, namely EAF slag, BOF slag and waste foundry sand (chemical moulding). 
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127 Table 1 and Table 2 show the properties of the different materials depending on the 

128 fraction where they were used. The appearance of the alternative materials can be seen 

129 in Figure 1. 

130 As far as the RAP is concerned, this material contributes both to the aggregate 

131 and binder components of the asphalt mixture. The RAP used in this work comes from a 

132 
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137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

car park located in Santander (Spain) with no information about its original composition 

and characteristics. The RAP binder content was determined according to the standard 

EN 12697-1, using trichloroethylene to dissolve the binder and a centrifuge to separate 

the solution from the aggregate. Next, the binder was recovered from the solvent using a 

rotary evaporator, according to the methodology proposed by the ASTM D5404 

standard. The properties of the RAP and the extracted binder and aggregates are 

summarized in Table 3. Black and white curves are plotted in Figure 2. The black curve 

represents the RAP gradation containing the aged binder while the white curve 

represents the RAP gradation once the binder has been extracted. 

Two commercial non-oil-based rejuvenators were employed. The first 

rejuvenator (R1) was a bio-based additive from pine. The second additive (R2) is a bio-

based fluxing agent that replaces the volatile fraction of the aged binder. The amount of 

rejuvenator was fixed at 2.5% by weight of RAP binder. This amount was found to be 

sufficient to restore the penetration and softening point features of the aged binder from 

RAP to similar levels as those achieved by virgin 50/70 penetration grade binder. Both 

materials are liquid at room temperature and are sprayed on to the RAP previously 147 

148 preheated to 110°C. The amount of rejuvenator is considered part of the binder content. 

149 The virgin binder used for manufacturing the asphalt mixes was a conventional 50/70 

150 penetration grade binder. 
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151 Sample preparation 

152 The asphalt mixtures selected to carry out this work were asphalt concrete with a 

153 nominal maximum aggregate size of 16 mm (AC16 surf S). The aggregate composition 

154 of all the mixes tested is presented in Table 4. As shown, a total of 12 mixtures were 

155 produced, including the reference mixture. Mixtures 1, 2, 3 (with both rejuvenators) and 

156 

157 

158 

159 

160 

161 

162 

163 

164 

mixture 6 are composed of more than 95% of alternative materials, using only limestone 

as natural material to complete the filler fraction. 

In order to minimize the influence of the higher specific weight of some 

materials, such as the EAF or BOF slag, the mixes were made by volume percentage; all 

the mixes following the same curve (Figure 3). The particle size distribution of the 

mixes in weight percentage is shown in Table 5.  

The residual binder is defined by the amount of RAP used in the mixture. To 

determine the optimum binder content, different amounts of virgin bitumen are added 

until the desired air void content in the mixture is obtained (4 to 6%). Due to the 

differences in the specific weight between natural and industrial aggregates, for 

comparison purposes, the percentage by volume of mixture instead of by weight is used.   

Compaction was carried out using the Marshall Hammer, maintaining the 

compaction energy constant with 75 blows per side. Mixing and compaction 

temperatures were fixed at 150ºC and 140ºC, respectively.  These temperatures were 

maintained for all the mixes in order to analyse potential differences between mixtures 

165 

166 

167 

168 

169 

170 

171 in terms of workability. 

172 Mix design testing methods 

173 The laboratory tests performed during manufacture of the asphalt mixtures were carried 

174 out according to the European Standard EN-12697 (test methods for hot mix asphalt). 
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175 The tests done are summarized below: 

176  Determination of the volumetric properties of asphalt mixtures. For determining 

177 the maximum density, the mathematical procedure of EN 12697-5 (procedure C) 

178 was used. For bulk density determination, an experimental procedure according 

179 to EN 12697-6 (procedure B. Saturated Surface Dry) was used. In this case, 

180 

181 

182 

183 

184  

185 

186 

187 minutes.  

188  

three specimens compacted according to standard EN 12697-30 (specimen 

preparation by impact compactor) with 75 blows per face were used. The air 

void content and the voids in mineral aggregate were also calculated according 

to the formulation specified in the standard EN 12697-8. 

Marshall test (EN 12697-34). Three specimens compacted according to standard 

EN 12697-30 (specimen preparation by impact compactor) with 75 blows per 

face were used. The specimens were conditioned in water at 60°C for 40 

Determination of the water sensitivity of bituminous specimens (EN 12697-12). 

189 This test determines the Indirect Tensile Strength Ratio (ITSR) of two groups of 

190 specimens, conditioned and unconditioned. Each group is composed of four 

191 specimens compacted according to standard EN 12697-30 (specimen 

192 preparation by impact compactor) with 50 blows per face. Once conditioned, 

193 both groups were brought to the test temperature (15°C) and broken under 

194 indirect traction according to EN 12697-23, calculating the Indirect Tensile 

195 Strength (ITS). 

196  Wheel tracking test (EN 12697-22). This test requires two rectangular specimens 

197 460mm in length by 210mm width and 50 mm thickness. These specimens were 

198 compacted according to standard EN 12697-33 (by roller compactor). This test 

199 was carried out using a small size device (procedure B), at 60°C in air. 



 
 

 

 

 

 

 

Author’s post-print: Rodríguez-Fernández, I., Lastra-González, P., Indacoechea-Vega, I., & Castro-Fresno, D. (2019). 
Technical feasibility for the replacement of high rates of natural aggregates in asphalt mixtures. International Journal of 
Pavement Engineering, doi:10.1080/10298436.2019.1654102 

200  Determination of the compaction energy using the gyratory compactor. This test 

201 was done with the gyratory compactor, configured with a rotational speed of 

202 30rpm and a rotation angle of 0.82°. In this test, loose mixtures were compacted 

203 in a 150mm diameter mould, applying 512 gyrations. The test was carried out at 

204 compaction temperature. As a result, the specimen height and the shear stress 

205 

206 

207 

208 

209 

210 

211 

212 

213 

214 

215 

216 

217 

218 

219 differences in the bulk density (caused by the differences in the specific weight of the 

220 aggregates), both percentages are expressed by volume of mixture instead of by weight, 

221 enabling comparison among mixtures. As a reference, the binder content shown for the 

222 reference mixture (10.5% v/v) corresponds to 4.3% by weight of the mixture. 

depending on cycles are measured. The model developed by Del Río (del Rio 

Prat 2011) was used to determine the accumulated energy of compaction per 

weight unit. 

 The dynamic performance of two pairs of mixtures has also been evaluated by 

means of the stiffness test (EN 12697-26) and the resistance to fatigue test (EN 

12697-24), both performed using the four-point bending flexural test at 20ºC.  

For a more thorough analysis of the results, inferential statistics (Moore 1996) 

was used. Firstly, the Shapiro-Wilk normality test was performed (Shapiro et al. 1968). 

Secondly, the One-Way Analysis of Variance (ANOVA) was carried out since a normal 

distribution was observed. In all cases, the influence of the different factors was 

determined through the parameters F and p-value with a significance level of 0.05. 

Results and discussion 

The total binder content of each mixture is shown in Figure 4, where the percentage of 

the virgin binder and the RAP binder are indicated. As said before, due to the 
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223 Looking at the figure, a clear difference in the binder content is found among 

224 mixes 1, 2, 3 and 6 compared to mixes 4, 5 and "Ref". The target was to use a total 

225 binder content similar to the reference mixture’s for all mixtures. However, in some 

226 cases it was not possible to achieve adequate volumetric properties. Finally, the 

227 mixtures were divided into two groups according to their binder content: mixtures with 

228 

229 

230 

231 

232 

233 

234 

235 

236 

237 

238 

239 

240 

241 

242 

a binder content of approximately 13.0% v/v (mixes 1, 2, 3 and 6) and mixtures with a 

binder content of approximately 10.5% v/v (mixes 4, 5 and "Ref").  

The volumetric properties of the mixes, namely bulk and maximum densities, air 

voids (AV) and voids in mineral aggregates (VMA), are summarized in Table 6. The 

objective was to achieve an air void content of between 4 and 6% using the same binder 

content (10.5 or 13.0% v/v). 

Analysing the composition of the mixes, those with higher binder content (mix 

1, 2, 3 and 6) include waste foundry sand in their fine fraction, while the other three 

mixes use limestone in this fraction. This could indicate an influence of the use of waste 

foundry sand in the mix workability. To analyse this, it is possible to focus on mixes 1 

and 4. These mixes only differ in the material used in their fine fraction; waste foundry 

sand in mix 1 and limestone in mix 4. In the same way, it is also possible to focus on 

mixes 2 and 5. A one-way analysis of variance (ANOVA) was done to statistically 

analyse the differences in the air void content of each pair of mixtures. In Table 7, the 

resulting F values and p-values are shown. 

According to the results, the two pairs of mixtures display significant differences 243 

244 in the air void content. In both cases, the mixes with waste foundry sand exhibit higher 

245 air void contents. Taking this into account, the virgin binder content of each pair of 

246 mixtures is compared in Figure 5. 
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247 This figure clearly shows that the mixtures with waste foundry sand require a 

248 greater amount of binder than their counterparts with limestone, even when the mixtures 

249 present higher percentages of voids, supporting the argument that the waste foundry 

250 sand negatively affects mixture workability. In order to experimentally verify this 

251 assumption, the energy needed for compacting mix 2 (R1) and mix 5 (R1) was 

252 determined according to European Standard EN 12697-31, but in this case using the 

253 same binder content in both mixtures (3.6% by weight of mixture). The accumulated 

254 energy as a function of the density reached and the reduction in the air voids with the 

255 applied gyrations is shown in Figure 6. 

256 Both graphs show that the mixture with foundry sand (mixture 2) requires more 

257 compaction energy to achieve the same density as the mixture with limestone (mixture 

258 5). This result, together with the previous analysis concerning the binder content, 

259 confirms the poorer workability of the asphalt mixtures that incorporate waste foundry 

Up to now, the binder content has been considered a uniform material. However, 

the binder is actually composed of three compounds: virgin binder and mix aged-

binder/rejuvenator. As mentioned before, there are two groups of mixtures according to 

their binder content (10.5 and 13.0% v/v). Focusing on each group separately, it is 

possible to conclude that the use of RAP does not imply an increase in the total amount 

of binder to achieve similar volumetric properties to those of mixtures without RAP. In 

260 sand instead of limestone in the fine fraction. 

261 

262 

263 

264 

265 

266 

267 this sense, the use of rejuvenators to restore the properties of the binder from RAP in 

268 terms of the mixture workability seems to be a good option. 

269 Next, the results of the mechanical tests carried out on the asphalt mixtures are 

270 presented and discussed. In the first place, in Figure 7, the results concerning Marshall 

271 flow, Marshall stability and Marshall Quotient (MQ) are shown. Comparing between 
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272 the rejuvenators in each pair of mixes, significant differences in the Marshall stability 

273 results for mix 1 and 4 are observed. The mixes with R1 have higher stability values. 

274 However, no significant differences were found for pairs 2, 3 and 5. To a certain extent, 

275 this makes sense because mixes 1 and 4 have the higher RAP contents and consequently 

276 a greater amount of rejuvenator. However, mix 3 with the same content of RAP as mix 

277 

278 

279 

280 

281 

282 

283 

284 

285 

286 

287 

288 

289 

290 

291 

1 and 4 displays different behaviour. Therefore, the impact of rejuvenators on Marshall 

stability should be studied further. 

On the other hand, when the experimental mixtures are compared with the 

reference one, the statistical analysis shows significantly higher Marshall stability 

values than the reference in the mixes with rejuvenator R1. However, in the case of the 

mixtures with rejuvenator R2, although they all display higher Marshall stability values 

than the reference one, the differences were not statistically significant for three of them 

(1, 4 and 5). Concerning the Marshall flow, the variability of the results is high and no 

conclusion can be drawn except that the mixtures show typical values for this type of 

asphalt mixtures. 

Finally, regarding the MQ, all the experimental mixes that contain RAP (mixes 

1 to 5) display slightly higher MQ values than mix 6 (without RAP) and the reference 

mixture. This value (MQ) is recognized as an indicator of the resistance of the material 

to shear stress and is also related to the mixture’s resistance to permanent deformation. 

Thus, high MQ values indicate that the asphalt mixture will present high stiffness and 

292 greater ability to transmit loads and to resist creep deformation (Muniandy et al. 2017). 

293 The differences in the binder composition could be the reason for these higher MQ 

294 values. 

295 Resistance to water damage is an important parameter in the design of durable 

296 pavement layers, especially in climates where the road surface is exposed to the action 
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297 of water and multiple freeze-thaw cycles (Chomicz-Kowalska et al. 2016). As 

298 previously mentioned, the evaluation of water damage was done through the water 

299 sensitivity test described in standard EN 12697-12. For this type of mixtures, the current 

300 Spanish standard for pavement design (Dirección General de Carreteras 2017) 

301 establishes a minimum value of ITSR depending on the layer where the mixture is 

302 

303 

304 

305 

306 

307 

308 

309 

310 

311 

312 

313 

314 

315 

316 

placed. For surface layers, an ITSR of 85% is required. In Figure 8, the ITS of dry and 

wet specimens and ITSR are shown. 

Based on this figure, all the experimental mixtures show very good performance 

in terms of ITSR. Mix 5 displays especially low susceptible to the effect of water, 

achieving an ITSR greater than 95%. Comparing the two rejuvenators, no differences in 

terms of ITSR are observed for any pairs of mixtures. Indeed, it is in the ITS values 

where the differences exist, both for dry and wet specimens. Thus, in general, the mixes 

with rejuvenator R1 show higher ITS values in dry and wet specimens than the mixes 

with R2. The P-values resulting from the comparison of both rejuvenators in each pair 

of mixtures are shown in Table 8. According to the statistical analysis, differences 

found are significant for all pairs of mixes except for mix 2. Therefore, although the 

resistance to water damage is very similar, the mixes with R1 seem to present higher 

cohesion than mixes with R2. 

Following on with the analysis and considering the negative effect of foundry 

sand on the workability of the mixes, the influence of this material on the ITSR was 

assessed. In order to do so, mixes 1, 2, 4 and 5 were analysed. As mentioned before, 317 

318 mixes 1 and 4 and mixes 2 and 5 only differ in the type of material used for their fine 

319 fraction: foundry sand in mixes 1 and 2 and limestone in mixes 4 and 5. When the ITSR 

320 results of these mixes are displayed (Figure 9), a clear trend is observed. The use of 

321 waste foundry sand instead of limestone in the fine fraction leads to lower ITSR values. 
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322 Regardless of the differences found when comparing the mixes, the general 

323 performance in terms of resistance to water damage is excellent in all of them. The 

324 adhesiveness between the binder and the alternative aggregates used in this study is 

325 comparable to, and in some cases even better than, that of the reference mixture. 

326 The resistance to permanent deformation was determined according to the 

327 

328 

329 

330 

331 

332 

333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

343 Regarding fatigue cracking, the strain characteristic (strain that produces failure 

344 at 106 cycles) and the N100 parameter (number of cycles to failure at a strain of 100 

345 μm/m) are shown in Table 9. In general, lower fatigue resistance is observed for the 

346 experimental mixes compared to the reference mix. However, the differences in 

European Standard EN 12697-22. The results obtained in the wheel tracking test (Figure 

10) indicate very good performance of all the experimental mixtures in terms of 

permanent deformation; better than the reference mixture. As a reference value, the 

Spanish regulation (Dirección General de Carreteras 2017) establishes a maximum 

value of deformation slope of 0.07 mm/103 cycles for the highest traffic category and 

the hottest climate. All the results obtained for the experimental mixes fall below this 

strict requirement. It should be noted that these results are linked to the MQ values 

obtained before, also higher than the value of the reference mixture. Comparing the two 

rejuvenators, no significant differences were found in any of the mixes. 

Finally, mix 1 and mix 5 (with both rejuvenators) were selected to evaluate their 

dynamic performance. The dynamic modulus values are shown in Figure 11. As can be 

seen, the experimental mixtures have higher dynamic modulus at all frequencies than 

the reference mix. These results are in accordance with the MQ values. Despite the use 

of rejuvenators, the final binder seems to be stiffer than conventional binder. Moreover, 

the hardness and high bearing strength of slag aggregates and the better interlocking of 

the aggregates could contribute to this increment in mixture stiffness. 



 
 

 

 

 

 

  

significantly lower and N100 one order of magnitude smaller than the reference and mix 

1 (R2). Regarding mix 5, the curves corresponding to both mixtures are almost parallel 

to the curve of the reference mix, mix 5 (R1) showing better performance than mix 5 

(R2). Mix 5 (R2) is the mix with the worst fatigue performance, showing the lowest 

strain characteristic of all the mixtures. On the contrary, mix 5 (R1) showed good 

fatigue performance, taking into account that this mixture uses 30% less virgin binder 
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347 stiffness make it difficult to compare the mixtures because, depending on stiffness, 

348 different loads are associated to the same strain. Regarding mix 1, as shown in Figure 

349 12, the fatigue line corresponding to mix 1 (R2) is almost parallel to the curve of the 

350 reference mix. On the contrary, mix 1 (R1) displays different behaviour depending on 

351 the strain magnitude, obtaining good fatigue performance for higher strains but getting 

352 worse as the strain decreases. In addition, the strain characteristic of mix 1 (R1) is 

353 

354 

355 

356 

357 

358 

359 than the reference mixture. 

360 Conclusions 

361 

362 

363 

364 

365 

This study evaluated the use of alternative materials in asphalt mixtures in terms of their 

volumetric and mechanical properties. Twelve asphalt mixes were designed combining 

different types and amounts of alternative materials, such as EAF slag, BOF slag, waste 

foundry sand and the combination of RAP with two different plant-derived 

rejuvenators. The main conclusions of this study are summarized as follows: 

366  The technical feasibility of using asphalt mixtures with a natural aggregate 

367 replacement rate of 80 to 98% was demonstrated at the laboratory level. The 

368 mixes complied with the most demanding limits established by the Spanish 

369 standard for use in the wearing course of the highest traffic category and in the 
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370 warmest climate. These mixes showed higher stiffness and lower fatigue 

371 performance in comparison to a conventional mix. 

372  A significant virgin binder reduction was achieved with the combined use of 

373 RAP and rejuvenator without compromising the mechanical performance of the 

374 mixtures. The highest reduction occurs when limestone is used in the fine 

fraction of the aggregates, achieving up to 28% and 40% binder reduction when 375 

21% and 35% RAP is added by weight of mixture, respectively. 376 

 The mixtures with R1 tend to have higher Marshall stability and ITS values than 377 

the mixes with R2. However, similar results are obtained in the other tests 378 

regardless of the rejuvenator used. 379 

 The use of EAF and BOF slag to replace high quality natural aggregate in the 380 

coarse fraction proved to be an excellent option.  The mixes using both materials 381 

showed low moisture susceptibility and high resistance to permanent 382 

deformation. On the other hand, it should be noted that the addition of EAF slag 383 

to the asphalt mixture increased its bulk density, so the cost and environmental 384 

implications should be taken into account when this material is used. 385 

 The use of waste foundry sand in the fine aggregate fraction resulted in lower 386 

ITSR values in comparison with the use of limestone, although water damage 387 

resistance was very good in all the mixtures tested. Likewise, a negative 388 

influence of the foundry sand on the workability of the asphalt mixture was 389 

detected with an increase in the total binder content.  390 

391  Prior to its use as a construction aggregate material, alternative materials should 

392 satisfy the gradation and physical and chemical requirements for the particular 

393 application. A proper design and evaluation of the asphalt mix is required. The 

394 binder properties and mechanical performance of the asphalt mix should be 
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395 assessed. Environmental issues should also be taken into account and leachates 

396 should be evaluated. 
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559 Table 1. Properties of the materials selected for the coarse fraction. 

Test Standard Units Ophite EAF Slag BOF Slag Specification1 

Los Angeles Abrasion EN 1097-2 % 16 18 20 ≤ 20 

Specific weight EN 1097-6 g/cm3 2.937 3.735 3.324 -

Polished stone value EN 1097-8 - >56 59 52 ≥ 56 

Flakiness index EN 933-3 - 8 2 6 ≤ 20 

560 1 Spanish standard for pavement design (Dirección General de Carreteras 2017). Limits for the 

561 most restrictive category of heavy traffic. 
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563 Table 2. Properties of the materials selected for the fine fraction. 

Test Standard Units Limestone Foundry sand Specification 1 

Los Angeles Abrasion EN 1097-2 % 25 2 - ≤ 20 

Specific weight EN 1097-6 g/cm3 2.725 2.689 -

Sand equivalent EN 933-8 - 78 90 ≥ 55 

564 1 Spanish standard for pavement design (Dirección General de Carreteras 2017). Limits for the most 

565 restrictive category of heavy traffic. 

566 2 The Spanish standard allows the use of fine aggregates from the crushing of aggregates with a Los 

Angeles coefficient greater than 20 if they improve any characteristic of the mixture (especially 567 

adhesiveness). In any case, these fine aggregates should come from coarse aggregates with LA < 25 568 

for the wearing and intermediate courses and LA < 30 for the base courses. 569 

570 
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572 Table 3. RAP properties. 

Test Standard Result 

Specific weight EN 1097-6 2.535 g/cm3 

Specific weight (recovered aggregates) EN 1097-6 2.698 g/cm3 

Residual binder content (by weight of the mixture) EN 12697-1 4.2% 

Softening point of recovered binder EN 1427 70.8°C 

Penetration of recovered binder EN 1426 10 (0.1mm) 
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575 Table 4. Aggregate composition of asphalt mixtures (% by weight of aggregates). 

Mix Rejuvenator EAF slag BOF slag Ophite RAP Foundry sand Limestone 

576 

577 

R1 50.5 - - 35.5 12.1 1.9 
Mix 1 

R2 50.5 - - 35.5 12.1 1.9 

R1 60.5 - - 21.7 14.9 2.9 
Mix 2 

R2 60.5 - - 21.7 14.9 2.9 

R1 - 50.0 - 35.3 12.8 1.9 
Mix 3 

R2 - 50.0 - 35.3 12.8 1.9 

R1 50.0 - - 35.3 -
Mix 4 

R2 50.0 - - 35.3 -

R1 60.0 - - 21.5 -
Mix 5 

R2 60.0 - - 21.5 -

Mix 6 - 76.3 - - - 4.5 

Reference - - - 66.5 - 33.5 

14.7 

14.7 

18.5 

18.5 

19.2 

-
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578 Table 5. Particle size distribution (% passing by weight of aggregates). 

Sieve Size (mm) 
Mix 

22 16 8 4 2 0.5 0.25 0.063 

Mix 1 99.4 96.8 65.1 37.6 26.0 13.3 9.2 4.9 

Mix 2 99.7 98.1 64.8 37.1 25.1 12.9 8.8 4.7 

Mix 3 99.3 96.3 67.4 42.3 30.8 15.8 10.8 5.6 

Mix 4 99.3 96.3 67.4 42.3 30.8 15.8 10.8 5.6 

Mix 5 99.6 97.7 67.5 42.4 30.9 15.8 10.7 5.6 

 6.0 

Mix 6 100.0 100.0 64.1 36.4 23.7 12.3 8.6 4.5 

Reference 100.0 100.0 67.0 43.0 31.9 14.1 10.0
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581 Table 6. Volumetric properties of asphalt mixtures. 

Bulk density Maximum density 
Mix Rejuvenator AV (%) VMA (%) 

(Mg/m3) (Mg/m3) 

R1 2.805 2.942 4.7 17.1 
Mix 1 

R2 2.759 2.942 6.2 18.5 

R1 2.835 3.003 5.6 18.6 
Mix 2 

R2 2.840 3.002 5.4 18.3 

R1 2.590 2.736 5.3 18.6 
Mix 3 

R2 2.582 2.736 5.6 18.8 

R1 2.775 2.914 4.8 14.9 
Mix 4 

R2 2.777 2.914 4.7 

R1 2.874 3.005 4.4 
Mix 5 

R2 2.859 3.005 4.9 

Mix 6 - 2.983 3.142 18.0 

Reference - 2.522 2.660 5.2 15.7 

582 

583 

14.9 

14.4 

14.8 

5.1 



 
 

 

 

 

   

   

   

   
 

  

Author’s post-print: Rodríguez-Fernández, I., Lastra-González, P., Indacoechea-Vega, I., & Castro-Fresno, D. (2019). 
Technical feasibility for the replacement of high rates of natural aggregates in asphalt mixtures. International Journal of 
Pavement Engineering, doi:10.1080/10298436.2019.1654102 

584 Table 7. Comparison of the air void content. Statistical analysis. 

Pair of mixtures F P-Value 

585 

586 

Mix 1 (R1) – Mix 4 (R1) 0.317 0.603 

Mix 1 (R2) – Mix 4 (R2) 14.485 0.009 

Mix 2 (R1) – Mix 5 (R1) 51.074 0.002 

Mix 2 (R2) – Mix 5 (R2) 5.728 0.075 
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587 Table 8. Comparison of the ITS values between rejuvenators. Statistical analysis. 

Pair of mixtures Specimen F P-Value 

Dry 62.01 0.000 
Mix 1 (R1) – Mix 1 (R2) 

Wet 68.07 0.000 

Dry 0.99 0.357 
Mix 2 (R1) – Mix 2 (R2) 

Wet 3.23 0.122 

Dry 12.48 0.017 
Mix 3 (R1) – Mix 3 (R2) 

Wet 28.05 0.003 

Dry 9.47 0.022 
Mix 4 (R1) – Mix 4 (R2) 

Wet 15.73 0.007 

Dry 52.38 0.000 
Mix 5 (R1) – Mix 5 (R2) 

Wet 20.76 0.004 
588 
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590 Table 9. Fatigue test results. 

Mix 1 Mix 1 Mix 5 Mix 5 
Reference 

(R1) (R2) (R1) (R2) 

Strain characteristic (μm/m) 130 148 142 120 154 

N100 (cycles) 4.2E+06 1.6R+07 8.1E+06 2.7E+06 2.1E+07 

R2 (18 specimens) 0.76 0.86 0.87 0.87 0.95 
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593 Figure 1. Appearance of a) EAF slag, b) BOF slag and c) foundry sand 

594 Figure 2. Particle size distribution of the RAP. 

595 Figure 3. Particle size distribution of all mixtures (% by volume). 

596 Figure 4. Binder content. 

597 Figure 5. Binder content. Influence of the material used in the fine fraction. 

598 

599 

600 

601 

602 

603 

604 

Figure 6. Workability test results. 

Figure 7. Marshall test results. 

Figure 8. Water sensitivity test results. 

Figure 9. Influence of the aggregates used in the fine fraction on the ITSR. 

Figure 10. Wheel tracking test results. 

Figure 11. Dynamic modulus test results. 

Figure 12. Fatigue test results. 
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