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Abstract: Using aggregates from alternative sources has been considerably encouraged in recent 18 

decades. Reducing the consumption of natural aggregates from quarries (which have a substantial 19 

economic, visual and environmental impact) is increasingly a concern. These needs have led to the 20 

broader use of more sustainable aggregates, increasing the incorporation percentages and extending 21 

their use to more demanding pavement layers (e.g., surface). In order to prove the efficiency of 22 

recycled concrete aggregates (RCA) under such conditions, the "CirMat" project was developed. 23 

Among other works and tests, an asphalt concrete (AC) incorporating 52.3% RCA was characterized 24 

mechanically and environmentally. Empirical properties were evaluated (including the Marshall 25 

test and assessment of resistance to permanent deformation), as well as a life cycle assessment 26 

(LCA). The test samples were taken from mixtures produced in the laboratory and at a plant (after 27 

which they were applied on a construction site). Comparing the results with those obtained in a 28 

reference AC (with natural aggregates), it was possible to conclude that the performance of the AC 29 

with RCA was very similar. Therefore, using these aggregates at a high rate does not represent ad- 30 

ditional risks for bituminous mixtures and has lower environmental impacts in most categories. 31 

Keywords: Asphalt concrete; environmental product declaration; life cycle assessment; Marshall 32 

test; permanent deformation resistance; recycled concrete aggregate; water sensitivity. 33 

 34 

1. Introduction 35 

In recent years, various methodologies have been established to stimulate the circu- 36 

lar economy and the implementation of green public procurement (GPP). The main ob- 37 

jectives of these guidelines are to increase the reuse of materials and reduce the environ- 38 

mental impacts caused by state purchases, helping them to simultaneously achieve envi- 39 

ronmental and development policy objectives [1–3]. 40 

As the World Road Association (PIARC) [4] has also recently recommended (even 41 

without having analyzed the techniques that “minimize recovery time”), pavements 42 

should also be designed and built to be more resilient, taking into account not only traffic 43 

and climate changes but also using “innovative materials” and techniques. 44 
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Thus, for example, using recycled concrete aggregates (RCA) fits in perfectly with 45 

these policies. For these reasons, it is essential to continue developing the study and ap- 46 

plication of all materials that incorporate such aggregates, and their use must be better 47 

regulated/standardized. 48 

In this regard, some standardisation systems already cover "nontraditional" aggre- 49 

gates and their complete characterization (as is the case with ASTM). For example, ASTM 50 

D6155 – 19 (“Nontraditional Coarse Aggregates for Asphalt Paving Mixtures”) specifies that 51 

the results obtained in the following test methods should be evaluated: grading 52 

(C136/C136M), unit weight (C29/C29M), soundness (C88/C88M), degradation 53 

(C131/C131M), expansion (D4792/D4792M), friable particles (C142/C142M), coating 54 

(D2489/D2489M), adherent coatings (D5711), fractured particles (D5821), leaching (EPA 55 

SW846 1311), and stripping (D4867/D4867M). 56 

In pursuit of these crucial objectives, a project called "CirMat" [https://cirmat.pt/en_GB] 57 

was recently organized and developed for almost three years, leading to several relevant 58 

conclusions. This article describes the mechanical and environmental characterization of 59 

an “nontraditional” asphalt concrete (AC) with a high content of RCA (resulting from the 60 

processing of construction and demolition waste, CDW), suitable for use as a surface 61 

course and developed as part of the “CirMat” project. 62 

The use of RCA has been reported in several works, especially in granular layers [5], 63 

but also in bituminous mixtures [6] and concrete, mortars, grouts, and so on [e.g., using 64 

recycled concrete fines (mainly non-reactive) as specified in EN 197-6:2023 standard]. In 65 

fact, these aggregates have already attracted interest for application in different layers and 66 

types of mixtures, mainly in bituminous base and binder courses [7], as well as in 67 

dense/semi-dense asphalt mixtures [8], in stone mastic asphalt (SMA) [9], and even in po- 68 

rous asphalt (PA) [10]. In the meantime, its use has been extended to a wide variety of 69 

production methods, namely cold asphalt mixes (CMA) [11], foamed asphalt mixtures 70 

(FAM) [12], warm mix asphalt (WMA) [13–15], in addition to “traditional” hot mix asphalt 71 

(HMA) [16–20]. However, it was also noted that its use in high percentages of incorpora- 72 

tion in mixtures for surface layers has not been shared, with only two references describ- 73 

ing laboratory studies [9,21]. 74 

With regard to the technical and environmental characterization of paving materials, 75 

several studies have recently been published on bituminous mixtures incorporating RCA 76 

[15,18,22,23], including some reviews that concisely systematize the knowledge at the time 77 

[6,7,24]. 78 

In the “CirMat” project, the environmental performance of these mixtures was meas- 79 

ured through a life cycle assessment (LCA). This methodology evaluates the environmen- 80 

tal impacts across all stages of a solution or product's life cycle, encompassing manufac- 81 

turing, distribution, usage, recycling, and final disposal in a landfill, which parallels the 82 

processes involved in road pavement construction [25]. As already suggested in 2016 by 83 

the European Commission [2], one of the award criteria which should be used by con- 84 

tracting authorities derives precisely from the execution of an LCA (considered the most 85 

ambitious and complex criterion). 86 

LCA is a valuable tool for estimating the resource depletion of asphalt mixtures con- 87 

taining recycled materials, aligning with the primary objective of utilizing recycled mate- 88 

rials to minimize landfill waste and reduce material consumption [22,26]. Furthermore, 89 

when innovative materials and solutions are in development, using LCA tools enables the 90 

assessment of environmental impacts, measuring the benefits of reduced use of raw ma- 91 

terials and non-renewable resources when incorporating recycled materials into adopted 92 

solutions [25]. 93 

In short, the hypothesis of increasing environmental sustainability and significantly 94 

reducing the consumption of aggregates in surface layers were the essential themes that 95 

motivated the research described throughout this article. To this end, the mechanical and 96 

environmental properties of the constituent materials used and the mixtures produced 97 

were determined and presented here. The test methods, equipment and respective 98 
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procedures are also identified and described. The asphalt mixtures [with nominal maxi- 99 

mum aggregate size (NMAS) of 14 mm (AC14)] were produced in the laboratory and at 100 

an asphalt plant (then applied to the surface layer of a road). The results achieved were 101 

also compared with those obtained in a reference or "traditional” AC14 for the surface. 102 

2. Materials and Methods 103 

2.1. Materials 104 

2.1.1. Binder 105 

The binder used to manufacture the asphalt mixtures studied was a traditional 35/50 106 

paving bitumen. This bitumen had a needle penetration (at 25 °C) of 44 ×0.1mm (under 107 

the EN 1426:2015 standard) and a softening point of 52.9 °C (determined according to 108 

EN 1427:2015). 109 

2.1.2. Natural aggregates (NA) 110 

The asphalt mixtures, designed for surface courses, used three complementary frac- 111 

tions of natural aggregates (0/4, 6/10, and 10/14 mm). The main characteristics of these 112 

fractions (granitoids) are shown in Table 1. 113 

Table 1. Natural aggregates (NA) – Geometrical and physical properties (0/4, 6/10, 10/14 fractions). 114 

Property Standard NA 0/4 NA 6/10 NA 10/14 

Methylene blue value, MBF (g/kg) EN 933-9 3.2 - - 

Particle density, a (Mg/m3) EN 1097-6 2.69 2.65 2.63 

Water absorption, WA24 (%) EN 1097-6 0.4 0.8 0.6 

Flakiness index, FI (%) EN 933-3 - 9 10 

Shape index, SI (%) EN 933-4 - 13 10 

Los Angeles, LA (%) EN 1097-2 - - 29 

Micro-Deval, MDE (%) EN 1097-1 - - 14 

Polished stone value, PSV (%) EN 1097-8 - - 58 

 115 

2.1.3. Recycled concrete aggregates (RCA) 116 

The recycled aggregates incorporated into the asphalt mix were processed from 117 

structural concrete. This processing included the obligatory pre-sorting and subsequent 118 

crushing and screening. Figure 1 shows some images of these aggregates after appropriate 119 

treatment before they are used in the asphalt plant. 120 

   

(a) (b) (c) 

Figure 1. Recycled concrete aggregates (RCA): (a) 0/6 fraction; (b) 6/14 fraction; (c) section observed 121 
under an optical microscope (Nicóis X). 122 

After an exhaustive evaluation of the properties of these aggregates, it was found 123 

that the most critical parameters, shown in Table 2, are very similar to natural aggregates 124 

(except for water absorption). 125 
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Table 2. RCA – Geometrical, physical, and chemical properties for each fraction (0/6 and 6/14 mm). 126 

Property Standard RCA 0/6 RCA 6/14 Specifications1 

Sand equivalent, SE (%) EN 933-8 71 - - 

Methylene blue value, MBF (g/kg) EN 933-9 0.2 - MBF 10 

Loose bulk density, b (Mg/m3) EN 1097-3 1.32 1.31 - 

Particle density, a (Mg/m3) EN 1097-6 2.35 2.44 DV 2 

Water absorption, WA24 (%) EN 1097-6 4.4 2.8 ≤ 1 (surf) 

Flakiness index, FI (%) EN 933-3 - 5 FI20 (surf) 

Shape index, SI (%) EN 933-4 - 5 - 

Los Angeles, LA (%) EN 1097-2 - 29 LA30 3 (surf) 

Micro-Deval, MDE (%) EN 1097-1 - 12 MDE 15 (surf) 

Polished stone value, PSV (%) EN 1097-8 - 60 PSV50 

Affinity aggregate/bitumen after 24 h (%) EN12697-11 - 40 DV 2 

Volumetric stability, S (%) EN 1367-4 0.035 - 

Acid-soluble chloride content, CL¯ (%) EN 1744-1 +A1 - <0.001 - 

Water-soluble sulphate content, SO3 (%) EN 1744-1 +A1 - 0.05 - 

Total Sulphur content, S (%) EN 1744-1 +A1 - 0.1 - 

Light organic contaminants (%) EN 1744-1 +A1 - 2.1 - 
1 In Portugal [27]; 2 DV = Declared Value; 3 Categories for granitoid rocks (LA20 for the others). 127 

2.1.4. Filler 128 

In the case of asphalt concrete with RCA, only the filler recovered at the asphalt plant 129 

(RF) was added to the final mix. However, in "traditional" asphalt concrete, which only 130 

incorporates natural aggregates (AC14-NA), it was necessary to add some "commercial" 131 

filler, NF (calcium carbonate). The properties of these fillers are shown in Table 3. 132 

Table 3. New and recovered filler – Some geometrical and physical properties. 133 

Property Standard NF 1 RF 2 Specifications 3 

Grading 

(cumulative % passing) S
ie

v
es

 

(m
m

) 2.000 

EN 933-11 

100 100 100 

0.125 99 93 85 – 100 

0.063 86 79 70 – 100 

Average filler density, f (Mg/m3) EN 1097-7 2.59±0.05 2.68 DV 4 

Voids of dry compacted filler, Rigden, v (%) EN 1097-4 30.0±1 39.8 v 28/38 
1 NF = New filler; 2 RF = Recovered filler. 3 In Portugal [27]; 4 DV = Declared Value. 134 

2.2. Methods for characterization of asphalt concrete empirical properties 135 

The asphalt mixtures studied were subjected to different tests to assess their perfor- 136 

mance in several parameters. The main test methods used during the work carried out to 137 

find the best mixes with these processed RCA are described below. 138 

A particle size distribution, expressed as the mass percentages passing a specified set 139 

of sieves (base series + series 2, as defined in standard EN 13043:2002/AC:2004), was ob- 140 

tained following EN 933-1:2012 for each aggregate fraction and also for the aggregate mix. 141 

Following the Marshall methodology, five percentages of bitumen were studied fol- 142 

lowing the EN 12697-34:2020 standard. Four cylindrical specimens were molded for each 143 

percentage and compacted according to EN 12697-30:2018, applying 75 blows per side. 144 

These specimens were then immersed in a water bath, keeping the temperature at 145 

(60±1) ºC for 40 to 60 min, and then tested at the same temperature on a Marshall testing 146 

machine (Controls, Cernusco, Italy). In order to obtain the optimum binder content and 147 

other properties, in this Marshall test, the stability (S) and deformation (F) of the com- 148 

pacted samples were obtained for all the asphalt mixtures produced. 149 

The water sensitivity of the asphalt concrete studied was determined by the indirect 150 

tensile strength ratio (ITSR), according to section D.3 of European standard EN 13108- 151 

20:2016 and respecting EN 12697-12:2018. The specimens were prepared following section 152 
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6.5 of EN 13108-20:2016, and their compaction was selected from Table C.1 of the same 153 

standard. Six cylindrical specimens were molded with the same number of blows used in 154 

Marshall specimens (2×75). After appropriate conditioning, both groups of specimens (dry 155 

and wet) were tested on the same compression testing machine identified above (accord- 156 

ing to EN 12697-23:2017). The index of retained stability (IRS) was also evaluated accord- 157 

ing to the CRD-C 652-95 procedure (formerly MIL-STD-620A, Method 104) [28]. 158 

The resistance of the specimens to permanent deformation was determined using the 159 

wheel-tracking test (WTT) in accordance with EN 12697-22:2020. The test conditions were 160 

selected from Table D.1 of EN 13108-20 - reference D.1.3: small size device - procedure A 161 

(in air, at 60 °C) with a test duration of 10,000 cycles. The slabs (with a volume of 162 

≈30⨯30⨯4 cm3) were prepared following section 6.5 of EN 13108-20, and their compaction 163 

conditions (used in a roller compactor, Matest, Treviolo, Italy) were selected from Table 164 

C.1 of the same standard. The porosity of the specimens was also specified following sec- 165 

tion D.2. With these conditions, the parameters obtained on a small-size device were the 166 

mean rut depth in the air (RDAIR), the mean proportional rut depth in the air (PRDAIR), and, 167 

finally, the wheel-tracking slope also in the air (WTSAIR). 168 

2.3. Life Cycle Assessment (LCA)– methodology and scope of the study 169 

The Life Cycle Assessment (LCA) methodology adopted for the asphalt mixtures 170 

studied in this work was based on the guidelines from standards EN ISO 14040:2006 and 171 

EN ISO 14044:2006/A2:2020. A comparative LCA study was conducted aiming at as- 172 

sessing the environmental impacts of two asphalt mixtures throughout their life cycles: a 173 

conventional asphalt mixture AC14 surf 35/50 with natural aggregates (AC14-NA) and an 174 

asphalt mixture AC14 surf 35/50 incorporating recycled concrete aggregates (AC14-RCA). 175 

This study encompasses several vital phases, namely goal definition and scoping, 176 

inventory analysis, and impact assessment (calculated using the "EN 15804 + A2 Method 177 

V1.02/EF 3.0 normalization and weighting set" method on SimaPro software version 9.3.0.3.), 178 

evaluation and interpretation. In this context, the environmental assessment for the as- 179 

phalt mixtures used the "cradle to gate" approach, i.e., it includes only stage A, with mod- 180 

ules A1-A3, according to EN 15804:2012+A2:2019/AC:2021. 181 

In this environmental assessment, great importance was given to selecting and char- 182 

acterizing data quality, representativeness, and reliability. In the various phases under 183 

study, specific and primary data provided by the dst, S.A. company (producer of the mix- 184 

tures) were preferably used. When this was impossible, generic data from the Ecoinvent 3.8 185 

database, the Ecoinvent European Life Cycle Database (ELCD), certified environmental 186 

product declarations (EPD), legal limit values, and other sources were used. 187 

Additional information regarding the methodologies, model development, and cal- 188 

culations carried out in this research study is presented in the subsequent sections. 189 

2.3.1. Goal definition 190 

The paving industry has a long way to go to become more sustainable. So, the main 191 

goal of this LCA was to investigate and compare, from a life cycle environmental perspec- 192 

tive, the main impacts of producing a conventional against an eco-asphalt mixture with 193 

recycled concrete aggregates. This assessment raised awareness of the significance of ex- 194 

panding the environmental and economic boundaries of a life cycle assessment system. 195 

2.3.2. Functional and declared unit 196 

The functional unit is the foundation for the system under investigation. It provides 197 

a point of reference for adjusting input and output data throughout all the product or 198 

service life cycle phases [25], used to compare different systems with the same utility for 199 

the same function. 200 

However, in this research, a declared unit was employed instead of a functional unit 201 

because the scope of the LCA study does not encompass all stages of the product life cycle. 202 

Thus, the declared unit of all asphalt mixtures studied in this work refers to manufactur- 203 

ing one metric ton (1 metric ton) of this material. 204 
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2.3.3. Technical description of the product and normative references 205 

Besides considering the standards relating to the technical specifications for produc- 206 

ing and evaluating the asphalt mixtures, different standards were considered in this paper 207 

for the development of the LCA study, namely EN 15804:2012+A2:2019/AC:2021, EN ISO 208 

14040:2006 and EN ISO 14044:2006/A2:2020. Standard ISO 14025:2009 was also used to 209 

develop the recycled mixture's EPD. 210 

The system description and boundaries were expressed according to the recommen- 211 

dations given in different product category rules (PCR) related documents, namely: 212 

1. Draft European technical specification number CEN/TC 227/WG 1 N2357; 213 

2. “Guidance document for preparing PCR and EPD for Asphalt Mixtures”–EAPA (2017); 214 

3. Product category rules. NPCR 025. Part B for Asphalt – EPD-Norge (2022). 215 

2.3.4. System description and boundaries 216 

The LCA models the life cycle system of a product with one or more defined func- 217 

tions. The systems of the products are divided by unit processes linked with the environ- 218 

ment by elementary fluxes [26]. 219 

The system boundaries refer to the borders between the environment and the tech- 220 

nological system [26]. Their definition is crucial to identifying the system's mass and en- 221 

ergy flows that enter and exit. In the "cradle to gate" (A1-A3) approach used in this study 222 

of asphalt mixtures, the gate is defined as the point from which the asphalt mix is trans- 223 

ferred to the truck for transportation to the consumer. The calculation of environmental 224 

impacts included all the primary inputs and outputs for the identified unit processes. 225 

According to the standard EN 15804:2012+A2:2019/AC:2021, this LCA study covers 226 

the product stage (A) of the asphalt mixture's life cycle, as well as the extraction and pro- 227 

cessing of raw materials and waste/by-products (A1), the transport to the production 228 

plant (A2), and the production (A3) of the asphalt mixture.  229 

Figure 2 presents the product life cycle phases and processes within the system 230 

boundaries of the asphalt mixtures studied in this work. However, the system boundaries 231 

of AC14-NA do not include the RCA processes. 232 

 233 

Figure 2. Flowchart of the system boundaries, processes, and data types for asphalt mixtures. 234 
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The composition of an asphalt mixture refers to the specific arrangement and pro- 235 

portion of constituent materials within the mixture, including natural, artificial, or recy- 236 

cled aggregates and the asphalt binder. The composition of the AC14-NA and AC14-RCA 237 

can be observed later in Section 2.4.3 (Table 4). Figure 3 presents the natural and recycled 238 

concrete aggregates and bitumen storage (using vertical tanks - the most appropriate). 239 

   

(a) (b) (c) 

Figure 3. Raw materials: (a) natural aggregates storage; (b) RCA storage; (c) bitumen storage tanks. 240 

Regarding module A1 of the product stage (raw material supply), it is essential to 241 

note that the AC14-NA only incorporated natural aggregates (NA). In contrast, the AC14- 242 

RCA incorporated 55.1% RCA and only used 44.9% NA (percentages without bitumen). 243 

All the environmental impacts regarding the upstream processes of natural aggre- 244 

gates (extraction, crushing, and screening) were accounted for in module A1 of this LCA 245 

study. However, some specific allocation rules were considered for RCA, which must be 246 

explained in detail. The upstream impacts of RCA's previous life cycles, including prod- 247 

uct/manufacturing, transport, and use, are excluded from the system boundary. So, only 248 

the impacts associated with the RCA preparation processes for use in the asphalt mixture 249 

are considered within the system boundary. Thus, the processing of the RCA (reception, 250 

crushing, screening, and stocking) to become ready-to-use as aggregate (Figure 4) was 251 

included in module A1 of the system boundary. 252 

   

(a) (b) (c) 

Figure 4. RCA processing: (a) crushing; (b) screening; (c) stocking. 253 

Module A2 includes transporting the raw materials to the asphalt plant. Also, the 254 

transportation between the RCA processing site and the asphalt plant must be included. 255 
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However, the company has a waste treatment and processing facility within its premises, 256 

so RCA's transport-associated environmental impact was considered null. 257 

Module A3 represents the asphalt mixture manufacturing process in a batch asphalt 258 

plant (Figure 5). This module includes the production of asphalt and all waste processes 259 

up to its end-of-state or disposal during the product stage. 260 

  

 
 

(c) (f) 

  

(a) (b) (d) (e) 

Figure 5. Asphalt mix production and laying processes: (a) conveyor belt system; (b) asphalt plant; 261 
(c) asphalt mix with RCA; (d) spreading the mixture on a surface course; (e) infrared (IR) image of 262 
the same layer for temperature control; (f) appearance of the surface layer after exposure to heavy 263 
traffic for eight months. 264 

2.3.5. Collected data 265 

This LCA study includes all available data directly associated with the production 266 

processes of the asphalt mixtures. However, according to the EN 15804 standard, this 267 

study did not consider the processes meeting the cut-off criteria of 1% energy and mass 268 

use of the unit process. Upstream impacts of extraction, production, and manufacturing 269 

of materials not consumed in the asphalt mixture production (e.g., headquarters opera- 270 

tions and water consumption in the administrative areas) were considered part of the 271 

plant infrastructure and, therefore, excluded from the system boundary. 272 

The inventory data needed for an LCA study is categorized as primary or secondary. 273 

Primary data is information acquired expressly for a particular research endeavor through 274 

direct measurement, estimation, or computation from the primary source (i.e., specific 275 

data provided by the asphalt producer). In opposition, secondary data comprises general 276 

or typical data gathered from existing literature [29], fulfilling prescribed data quality 277 

characteristics for precision, completeness, and representativeness. More precisely, the 278 

primary data include: (1) the mix-design of the asphalt mixtures, (2) the annual natural 279 

gas consumption, (3) the annual electricity consumption, (4) the production and life pe- 280 

riod of the batch asphalt plant, (5) transportation distances; and (6) vehicles fleet compo- 281 

sition. 282 

Regarding the upstream processes (raw materials, fuels, auxiliary materials, and off- 283 

site transports) outside the manufacturer's purview, secondary data from databases 284 

(Ecoinvent 3.8 and ELCD) and EPDs of the materials were used. Furthermore, preliminary 285 

information was added to existing processes in the Ecoinvent 3.8 database throughout the 286 

LCA study to define specific cases to approach the Portuguese circumstances. 287 

2.4. Life Cycle Inventory (LCI) Analysis 288 

The life cycle inventory (LCI) phase involves gathering actual data and modeling the 289 

system. Apart from the data sources, it depends on the choice of several models for rep- 290 

resenting the processes examined within the various subsystems. Thus, the production 291 

16/03/2023 15:53:52 
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data of AC14-NA and AC14-RCA, including material flows, processes, and emissions, 292 

were collected for all plant-specific factors. Additionally, secondary information on off- 293 

site processes was gathered, with detailed documentation of all data sources. The primary 294 

data collection was conducted in 2023 regarding the reference year 2022. 295 

2.4.1. Geographic, time, and technological representation 296 

The most appropriate databases were chosen considering this study's technology and 297 

geographical coverage. The primary data from the production company (dst, S.A.) geo- 298 

graphically represent the situation of continental Portugal. For the generic or secondary 299 

information, the databases used to model the system in SimaPro software were, whenever 300 

possible, based on average European data (RER) without Switzerland. When these are 301 

unavailable, the rest-of-the-World (RoW) or Global data (GLO) databases were chosen. 302 

In version 3.8 of Ecoinvent, the databases have been updated during the last decade 303 

and currently utilize data based on an average year. Manufacturer-specific data have been 304 

disclosed for the average production of 2022. The databases utilized to simulate the pro- 305 

duction processes, electricity generation, other energy sources, and other related pro- 306 

cesses are based on the actual physical reality and technology utilized. 307 

2.4.2. Reliability, significance, and representativeness of sources 308 

The data acquisition for developing this study was carried out according to EN ISO 309 

14044:2006/A2:2020. The data sets were completed according to the system boundaries but 310 

within limits set by the criteria for excluding inputs and outputs (EN 15804). Furthermore, 311 

the data chosen were representative and up-to-date (i.e., at most five years).  312 

The study ensured the reliability of database sources, such as the Ecoinvent and ELCD 313 

databases, widely recognized as transparent and reliable sources of LCI data. 314 

2.4.3. Module A1 flows balance 315 

Module A1 of LCI involves extracting and processing raw and secondary materials 316 

(EN 15804), including producing raw materials used in asphalt mixtures and ingredients 317 

used in the raw materials, starting with extracting material and energy resources from 318 

nature. This module also includes all transports of materials and energy upstream of the 319 

asphalt raw material production processes. Table 4 presents the input flows for each as- 320 

phalt mixture (AC14-NA and AC14-RCA) in module A1 of the system boundary. 321 

Table 4. Input flows of the studied asphalt mixtures associated with module A1. 322 

Material/Activity Inventory description Unit 
Quantity 

Source 
AC14-NA AC14-RCA 

Bitumen 
Bitumen production final LCI - Eurobi-

tume 2021 System, without infrastructure 
kg 51 51 

Eurobitume 2021 

- V3.1 

RCA Modeled in this study kg - 523 - 

NA 
Gravel, crushed {RoW}| production | 

Cut-off, S 
kg 894 388 Ecoinvent v3.8 

Limestone filler 

Limestone, unprocessed {Row} | lime-

stone quarry operation| Cut-off, S 
kg 19 - Ecoinvent v3.8 

Limestone, crushed, for mill {RoW}| pro-

duction | Cut-off, S 

Recovered filler - kg 36 38 - 

Processing 

RCA 

Reception 

and storing 

Diesel, burned in building machine 

{GLO}| market for | Cut-off, S 
MJ - 19.6 Ecoinvent v3.8 

Crushing 
Diesel, burned in building machine 

{GLO}| market for | Cut-off, S 
MJ - 42.0 Ecoinvent v3.8 

Screening  
Diesel, burned in building machine 

{GLO}| market for | Cut-off, S 
MJ - 11.7 Ecoinvent v3.8 

The input flows comprised the quantities (masses) of each material (in kg) needed 323 

for producing one metric ton of asphalt mixture and the diesel consumption during the 324 
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RCA processing activities, transformed in energy (in MJ) of each specific equipment used 325 

for reception and storage, crushing, and screening one metric ton of RCA. 326 

2.4.4. Module A2 flows balance 327 

Module A2 included transporting the raw materials to the asphalt plant (the trans- 328 

portation of RCA between the alternative site and the asphalt production plant has zero 329 

allocation because the company has a waste treatment and processing facility within its 330 

premises). For all the materials transportation, a diesel construction truck (EURO 5) with 331 

a load capacity exceeding 32 tons was considered ("Transport, freight, lorry >32 metric ton, 332 

EURO5 {RER}| transport, freight, lorry >32 metric ton, EURO5 | Cut-off, S"). 333 

Modeling the transportation of materials to the asphalt plant considers information 334 

about the type of lorry, maximum load, and distance from the supplier. The manufacturer 335 

provided that information, which was used to model the transportation of one tonne of 336 

each component, represented in t.km (transport of one tonne over the distance of one kil- 337 

ometer). Tables 5 and 6 present the parameters used to model the transportation of the 338 

materials to produce the AC14-NA and AC14-RCA mixtures. 339 

Table 5. Transport distance for each material with module A2. 340 

Material Transport from Transport to Distance (km) 

Bitumen Supplier Asphalt plant 64.3 

NA Supplier Asphalt plant 20 

RCA 
Supplier Processing site 0 * 

Processing site Asphalt plant 0 

* Outside of the system boundary. 341 

Table 6. Input flow associated with module A2. 342 

Material Inventory description Unit 
Quantity 

Source 
AC14-NA AC14-RCA 

Bitumen Transport, freight, lorry >32 metric ton, EURO5 

{RER}| transport, freight, lorry >32 metric ton, 

EURO5 | Cut-off, S 

t.km 3.30 3.30 Ecoinvent v3.8 

NA t.km 17.86 4.70 Ecoinvent v3.8 

Limestone filler t.km 0.38 - Ecoinvent v3.8 

 343 

2.4.5. Module A3 flows balance 344 

Module A3 represents the asphalt plant's manufacturing processes of AC14-NA and 345 

AC14-RCA mixtures. Besides asphalt production, this module includes all processes up 346 

to the end-of-waste state or disposal of any residues generated during the product stage. 347 

AC14-NA and AC14-RCA are hot-mix asphalt manufactured in a purpose-built plant 348 

where controlled amounts of aggregates of various sizes, previously blended and graded 349 

to meet a required specification, are dried and heated in a drum. The heated material con- 350 

tinues to an elevator and is transported to the batch tower. The next step comprises screen- 351 

ing using a hot screen where the heated aggregates are separated according to grain size 352 

and put into a weigh hopper. The material is mixed with bitumen and other components 353 

(if necessary) in the mixing chamber. When a homogeneous asphalt mixture is obtained, 354 

it is transferred with a skip hoist to an insulated storage silo before being loaded onto a 355 

truck. 356 

This manufacturing process requires energy inputs in the form of electricity and 357 

fuels. Electricity provides the energy required to operate the asphalt plant and heat the 358 

tank storing the bitumen. In the company's asphalt plant, natural gas is used to heat and 359 

dry the aggregates. Diesel and oils are also required for on-site mobile equipment, such 360 

as front-end loaders, which feed the aggregates into the asphalt plant. 361 

The thermal energy consumption of the asphalt plant is an essential parameter to 362 

calculate the environmental impacts of the asphalt mixtures in the study. Two methods 363 

were used to calculate this parameter. 364 
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Method A was chosen to determine the energy consumption of natural gas for heat- 365 

ing the aggregates and the bitumen. Much energy is required to turn water into steam or 366 

dry the aggregate [30]. The thermal energy (TE) used to produce the various asphalt mix- 367 

tures is determined through an energy balance represented by Equation 1. It represents 368 

the energy consumed by drying aggregate moisture, heating aggregate, heating stack 369 

gases, and casing losses. Thus, this equation considers variations in mixture composition, 370 

mixing temperature, aggregates' moisture content, raw materials' initial temperature, ag- 371 

gregates thermal properties, and ambient temperature. Table 7 shows the values of the 372 

parameters used to calculate the thermal energy. 373 

𝑇𝐸 =

[
 
 
 
 
 
∑𝑚𝑎𝑔𝑔 𝑖 ×  𝐶𝑎𝑔𝑔 𝑖 × (𝑡𝑚𝑖𝑥 − 𝑡0) + ∑𝑚𝑎𝑔𝑔 𝑖 ×  𝑊𝑎𝑔𝑔 𝑖 × 𝐶𝑤 × (100 − 𝑡0) +

𝑀

𝑖=1

𝑀

𝑖=1

+ 𝐿𝑣 ∑𝑚𝑎𝑔𝑔 𝑖 ×  𝑊𝑎𝑔𝑔 𝑖

𝑀

𝑖=1

+ ∑𝑚𝑎𝑔𝑔 𝑖 ×  𝑊𝑎𝑔𝑔 𝑖 × 𝐶𝑣𝑎𝑝 × (𝑡𝑚𝑖𝑥 − 100)

𝑀

𝑖=1 ]
 
 
 
 
 

× (1 + 𝐶𝐿) (1) 

 374 

Where, 375 

TE  - thermal energy (MJ/ton mixture) used to produce 1 ton of asphalt mixture; 376 

M  - total number of aggregate fractions; 377 

magg i  - mass of aggregates of fraction i; 378 

Cagg i  - specific heat capacity coefficient of aggregate fraction i; 379 

tmix  - mixing temperature of the asphalt mixture; 380 

t0  - ambient temperature; 381 

Wagg i - water content of aggregates fraction i; 382 

Cw  - specific heat capacity coefficient of water; 383 

Lv  - latent heat required to evaporate water; 384 

Cvap  - specific heat capacity coefficient of water vapor; 385 

CL  - casing losses factor. 386 

Table 7. Parameter values considered in Equation 1. 387 

Parameter Definition Unit 
Quantity 

AC14-NA AC14-RCA 

t0 Ambient temperature °C 14 14 

tmix Mixture temperature °C 175 175 

Cagg Specific heat of NA kJ/kg/°C 0.74 0.74 

CRCA Specific heat of RCA kJ/kg/°C - 1.12 

Wagg Water content of NA %/magg 3 3 

WRCA Water content of RCA %/magg - 3 

CW Specific heat of water at 15 °C kJ/kg/°C 4.1855 4.1855 

Lv Latent heat of vaporization of water kJ/kg 2,256 2,256 

Cvap Specific heat of water vapor kJ/kg/°C 1.83 1.83 

CL  General casing losses factor % 27 27 

Method B was considered to estimate the electricity consumption per ton of asphalt 388 

mixture. The electricity consumption was calculated by dividing the energy consumption 389 

(in kWh) by the production of asphalt mixtures (in tons) during 2022. 390 

The diesel/oils consumption of the front-end loaders' movements was calculated as 391 

a function of these machines' time operation (seconds) to feed one ton of each aggregate 392 

to the asphalt plant. 393 

The input flow associated with the energy consumption in module A3 of mixture 394 

AC14-NA and mixture AC14-RCA is presented in Table 8. 395 

 396 

 397 
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Table 8. Input flow associated with module A3. 398 

Designation Inventory description Unit 
Quantity 

Source 
AC14-NA AC14-RCA 

Loader movements of NA 
Machine operation, diesel, ≥74.57 kW, high load 

factor {GLO}|| Cut-off, S 
s 11 3 

Ecoinvent 

v3.8 

Loader movements of RCA 
Machine operation, diesel, ≥74.57 kW, high load 

factor {GLO}|| Cut-off, S 
s 0 8 

Ecoinvent 

v3.8 

Heating of the materials 

Heat, district or industrial, natural gas {Europe 

without Switzerland}| heat production, natural 

gas, at industrial furnace >100 kW | Cut-off, S 

MJ 250 296 
Ecoinvent 

v3.8 

Electrical equipment 
Electricity, medium voltage {PT}| market for | 

Cut-off, U Adjusted 2021 
kWh 1.1 1.1 

Ecoinvent 

v3.8 

2.5. Life Cycle Impact Assessment (LCIA) 399 

The Life Cycle Impact Assessment (LCIA) phase aims to translate the input and out- 400 

put data from the life cycle inventory into quantifiable indicators representative of impact 401 

categories. These indicators serve as comprehensible metrics for specific environmental 402 

concerns that can influence ecological systems, human health, and the sustainability of 403 

natural resources. This study calculated the LCI results using the "EN 15804 + A2/AC 404 

Method V1.02/EF 3.0 normalization and weighting set" on SimaPro software version 9.3.0.3. 405 

Table 9 presents the core environmental indicators and the impact categories assessed. 406 

Table 9. List of impact categories and indicators for the LCIA according to EN 407 
15804:2012+A2:2019/AC:2021. 408 

Impact category Indicator Unit 

Climate change – total Global Warming Potential, total (GWP-total) kg CO2 eq. 

Climate change – fossil Global Warming Potential, fossil fuels (GWP-fossil) kg CO2 eq. 

Climate change – biogenic Global Warming Potential, biogenic (GWP-biogenic) kg CO2 eq. 

Climate change – land and land 

use change 
Global Warming Potential, land use and land use change (GWP-luluc) kg CO2 eq. 

Ozone depletion Depletion potential of the stratospheric ozone layer (ODP) kg CFC 11 eq. 

Acidification Acidification potential, Accumulated Exceedance (AP) mol H+ eq. 

Eutrophication aquatic freshwa-

ter 

Eutrophication potential, fraction of nutrients reaching freshwater end 

compartment (EP-freshwater or EPf) 
kg P eq. 

Eutrophication aquatic marine 
Eutrophication potential, fraction of nutrients reaching marine end 

compartment (EP-marine) 
kg N eq. 

Eutrophication terrestrial Eutrophication potential, accumulated exceedance (EP-terrestrial) mol N eq. 

Photochemical ozone formation Formation potential of tropospheric ozone (POCP) kg NMVOC eq. 

Depletion of abiotic resources – 

mineral and metals 

Abiotic depletion potential for non-fossil resources (ADP-minerals & 

metals) 
kg Sb eq. 

Depletion of abiotic resources – 

fossil fuels 
Abiotic depletion for fossil resources potential (ADP-fossil) 

MJ, net calorific 

value 

Water use 
Water (user) deprivation potential, deprivation-weighted water con-

sumption (WDP) 

m3 world eq. de-

prived 

3. Results and Discussion 409 

3.1. Characterization of asphalt concrete mixtures empirical properties 410 

3.1.1. Geometrical properties and compositions 411 

The final compositions of the two AC14 surf mixtures studied in this work (conven- 412 

tional AC14-NA only with natural aggregates and new AC14-RCA with significant incor- 413 

poration of recycled concrete aggregates) were obtained after several iterations and are 414 

described in Table 10. The resulting grading curves of the aggregates obtained for both 415 
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AC14-NA and AC14-RCA mixtures are presented in Figure 6, including the grading en- 416 

velopes specified by the Portuguese public road concessionaire [27]. 417 

Table 10. Composition of the AC14 surface course mixtures with NA or RCA studied in this work. 418 

Constituent materials 
Content (%) 

AC14-NA AC14-RCA 

Natural aggregates (NA) 

10/14 fraction 24.6 14.2 

6/10 fraction 35.1 10.4 

0/4 fraction 29.6 14.2 

Recycled concrete aggregates (RCA) 
6/14 fraction - 28.6 

0/6 fraction - 23.7 

Filler (commercial and/or recovered) 0/2 fraction 5.5 3.8 

Bitumen 35/50 type 5.1 5.1 

 419 

Figure 6. Aggregates grading curves of the two surface course mixtures studied in this work. 420 

As can be seen, the proportions of RCA fractions (and filler) are different from those 421 

used in the case of the mixture with NA. However, the aggregate mix's final grading curve 422 

and the optimum bitumen content are practically the same. 423 

3.1.2. Marshall test and void characteristics 424 

The results obtained in the Marshall test for the final job mix formulas are shown in 425 

Table 11, which also includes the respective volumetric characteristics. 426 

Table 11. AC 14 surf 35/50 with NA/RCA – Marshall test results and void characteristics. 427 

Property Standard AC14-NA AC14-RCA Specifications 1 

Marshall 

test 

Stability, S (kN) 
EN 12697-30 

EN 12697-34 

20.9 20.2 Smin 7.5 – Smax 21 2 

Flow, F (mm) 3.1 2.9 Fmin 2 – Fmax 4 

Marshall quotient, Q (kN/mm) 6.7 7.0 Qmin 3 

Maximum density, mh (Mg/m3) EN 12697-5 2.461 2.394 DV3 

Bulk density, b (Mg/m3) EN 12697-6 2.386 2.310 DV3 

Air voids content, Va (%) EN 12697-8 3.1 3.3 Vmin 3 – Vmax 5 

Void in the mineral aggregate, VMA (%) EN 12697-8 15.1 14.7 VMAmin 14 

Voids filled with binder, VFB (%) EN 12697-8 76.3 77.5 - 
1 In Portugal [27]; 2 Categories for granitoid rocks (Smax 15 for the others); 3 DV = Declared Value. 428 

Apart from the fact that the densities (mh and b) are lower in the case of the mixture 429 

with RCA, the differences in the other parameters are not significant (in fact, they are sim- 430 

ilar in both mixtures). 431 



Sustainability 2023, 15, x FOR PEER REVIEW 14 of 23 
 

3.1.3. Water sensitivity and index of retained stability (ITSR and IRS) 432 

The water sensitivity of the specimens was evaluated through the ITSR. The result 433 

for the AC14-NA was equal to 87%, similar to the result of 86% for AC14 - RCA. These 434 

values are not high but align with results obtained in identical asphalt concrete mixtures 435 

made with other granitoid aggregates. However, the index of retained stability (IRS) was 436 

93% for AC14-NA, while for AC14-RCA, it was 99% (which can be considered an excellent 437 

result). 438 

The result observed in ITSwet (group of wet specimens), 2,452 kPa, although affected 439 

by the presence of mortar in some of the RCA particles (which led to more significant 440 

water absorption), was not low. However, in the case of NA, the test result for the same 441 

group of wet specimens was only 1,513 kPa, which is much lower. This value could be 442 

related to the low affinity between the aggregate and the bitumen - a known limitation of 443 

the granitoid used. 444 

Regarding the determination of the tensile strength (TS), it should be noted that the 445 

results obtained according to the European standards (EN) cannot be directly compared, 446 

for example, with US standards (ASTM). Among other essential differences, the EN 12697- 447 

12:2018 stipulates that the specimens must be compacted to obtain samples with porosities 448 

greater than or equal to the upper limit required in the field or using one of the following 449 

energy levels (in impact compaction, respecting EN 12697-30): 2×25; 2×35; or 2×50 blows 450 

(in addition, some Technical Specifications [27] also define a number of blows equal to 451 

2×75, which was the same number used in the “CirMat” project). However, the ASTM 452 

D4867/D4867M−22 requires specimens to be compacted to (7±1)% air voids or with a level 453 

of voids equal to that expected in the field. As for the test temperature, EN 12697-12:2018 454 

defines (15±1) °C (for asphalt mixtures which include binders with penetration 455 

≤70 ×0.1mm, at 25 °C), while ASTM D4867/D4867M–22 specifies a higher temperature, 456 

equal to (25±1.0) °C. 457 

3.1.4. Permanent deformation resistance 458 

The results obtained in the WTT method to assess the susceptibility of the AC14-NA 459 

and AC14-RCA mixtures to permanent deformation at high temperatures (under a given 460 

rolling load) are described in Figure 7 and Table 12 (average values for both mixtures). 461 

 462 

Figure 7. AC 14 surf 35/50 with NA/RCA – WTT – Rut depth. 463 

Table 12. AC 14 surf 35/50 with NA/RCA – WTT results 464 

Mixture 
Bulk density 

(Mg/m3) 

RDAIR 

(mm) 

PRDAIR 

(%) 

WTSAIR 

(mm/103 cycles) 

AC14-RCA 2.281 3.40 8.40 0.10 

AC14-NA 2.290 4.60 11.20 0.15 
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In these WT tests, the results of the AC14-RCA were better than those achieved with 465 

the reference mixture. In fact, the WTSAIR (0.10 mm/103cycles) is even substantially better 466 

than that observed in the AC14-NA (0.15 mm/103cycles). 467 

Comparing all the most relevant results of the tests carried out, it can be concluded 468 

that AC14-RCA has very similar empirical properties to those exhibited by AC14-NA, as 469 

shown in the summary graphs in Figure 8. Although these values cannot be directly com- 470 

pared with the results found in the available literature on this subject (because the RCA 471 

used, the percentages of its incorporation, the types of bitumen and the job mix formulas 472 

are different), they are in line with the general trends pointed out there (for mixtures with 473 

some similarities). 474 

 

  
(a) (b) 

Figure 8. AC14 with NA/RCA - empirical properties: (a) VFB, IRS and ITSR; (b) other results. 475 

3.2. Life Cycle Assessment (LCA) of both asphalt mixtures 476 

3.2.1. LCA results of processing RCA for use in asphalt mixtures 477 

The contribution of RCA to the impact categories comes 100% from stage A3, namely 478 

from the consumption and burning of fuel for the recycling process. These impacts need 479 

to be calculated and considered in the asphalt mixture impacts. The results of the life-cycle 480 

assessment of RCA are presented in Table 13, according to the core environmental impact 481 

assessment method EN 15804:2012+A2:2019/AC:2021. 482 

Table 13. Core environmental impacts of the RCA. 483 

Impact category Unit RCA 

GWP - total kg CO2 eq. 6.71E+00 

GWP - fossil kg CO2 eq. 6.71E+00 

GWP - biogenic kg CO2 eq. 1.87E-03 

GWP - luluc kg CO2 eq. 6.72E+04 

ODP kg CFC 11 eq. 1.45E-06 

AP mol H+ eq. 7.02E-02 

EP - freshwater kg P eq. 2.44E-05 

EP - marine kg N eq. 3.10E-02 

EP - terrestrial mol N eq. 3.40E-01 

POCP kg NMVOC eq. 9.34E-02 

ADP - minerals & metals kg Sb eq. 1.03E-05 

ADP - fossil fuels MJ, net calorific value 9.23E+01 

WDP m3 world eq. deprived 1.24E-01 
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Table 13 presents the environmental impacts of diesel consumption during the RCA 484 

processing. Notably, the most pronounced impact is observed in the GWP category, with 485 

total and fossil GWP values of approximately 6.71 kg of equivalent CO2, indicating a sub- 486 

stantial carbon footprint from greenhouse gas emissions. The impacts in other categories, 487 

such as ODP, EPf, and ADP minerals and metals, are relatively low. However, there are 488 

significant environmental concerns regarding ADP for fossil fuels, where RCA processing 489 

contributes substantially to resource depletion. 490 

The results emphasize the need for more environmentally friendly and resource-ef- 491 

ficient methods in RCA recycling. Given the high GWP and ADP values, minimizing die- 492 

sel consumption and developing sustainable recycling practices are essential to reducing 493 

the global environmental footprint and increasing the ecological compatibility of incorpo- 494 

rating RCA in asphalt mixtures. 495 

3.2.2. LCA global results for asphalt mixtures 496 

The purpose of the Life Cycle Impact Analysis is to use the results obtained in the 497 

inventory to assess the significance of potential environmental impacts, also providing 498 

information for the interpretation phase [31]. 499 

The modeling in the SimaPro software of all data collected in the LCI allowed us to 500 

obtain the set of impacts generated by producing 1 ton of asphalt mixture in Stage A. The 501 

results of the LCA were translated into impact categories according to the core environ- 502 

mental impact assessment method EN 15804:2012+A2:2019/AC:2021 and are presented in 503 

Table 14 for the mixtures with NA and RCA. 504 

Table 14. Core environmental impacts of the AC14-NA and AC14-RCA mixtures. 505 

Impact category Unit 
AC14-NA AC14-RCA 

A1 A2 A3 A1 A2 A3 

GWP - total kg CO2 eq. 1.97E+01 1.96E+00 1.88E+01 1.48E+01 7.27E-01 2.22E+01 

GWP - fossil kg CO2 eq. 1.95E+01 1.95E+00 1.88E+01 1.48E+01 7.26E-01 2.22E+01 

GWP - biogenic kg CO2 eq. 1.31E-01 1.99E-03 8.13E-03 4.46E-02 7.05E-04 9.57E-03 

GWP - luluc kg CO2 eq. 1.56E-02 7.02E-04 1.08E-02 4.17E-03 2.61E-04 5.79E-03 

ODP kg CFC 11 eq. 1.71E-06 4.66E-07 2.73E-06 1.87E-06 1.73E-07 3.30E-06 

AP mol H+ eq. 1.50E-01 8.15E-03 2.23E-02 1.34E-01 3.03E-03 2.41E-02 

EP - freshwater kg P eq. 5.50E-03 1.22E-04 5.32E-04 1.50E-03 4.52E-05 4.30E-04 

EP - marine kg N eq. 3.78E-02 2.49E-03 5.26E-03 4.19E-02 9.24E-04 6.27E-03 

EP - terrestrial mol N eq. 4.31E-01 2.72E-02 5.69E-02 4.63E-01 1.01E-02 6.80E-02 

POCP kg NMVOC eq. 1.10E-01 8.75E-03 1.90E-02 1.21E-01 3.25E-03 2.62E-02 

ADP - minerals&metals kg Sb eq. 1.03E-04 4.48E-06 4.97E-06 2.30E-05 1.66E-06 4.52E-06 

ADP - fossil fuels MJ, net calorific value 2.46E+03 3.04E+01 3.16E+02 2.40E+03 1.13E+01 3.75E+02 

WDP m3 world eq. deprived 6.79E+01 1.05E-01 5.05E-01 4.47E+00 3.89E-02 3.02E-01 

Table 14 provides a comprehensive overview of the core environmental impacts of 506 

AC14-NA and AC14-RCA in Stage A. While the results for the mixture with NA offer 507 

valuable insights for understanding the environmental advantages of RCA incorporation 508 

in asphalt mixtures and will be used in the following subsection, this subsection predom- 509 

inantly concentrates on discussing the environmental impacts of the AC14-RCA mixture. 510 

Figures 8 and 9 visually represent how each raw material and process contributes to 511 

impact categories within Stages A. These visual aids clearly understand the specific envi- 512 

ronmental contributions and highlight the elements that significantly influence each im- 513 

pact category. 514 

A general analysis of Stage A's impacts (Figure 9) reveals that the most substantial 515 

contributions come from modules A1 and A3. It is primarily attributed to the production 516 

of bitumen, natural aggregates (NA) extraction, RCA processing, and heating of the ag- 517 

gregate and bitumen, as seen in Figure 10. 518 
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 519 

Figure 9. Core environmental impacts of the AC14-RCA in Stage A per module (A1, A2 and A3). 520 

Bitumen's environmental impact is significant, particularly regarding its carbon foot- 521 

print, as evidenced by the GWP, AP, and POCP categories. These findings highlight sub- 522 

stantial greenhouse gas emissions, potential acidification, and ozone formation associated 523 

with bitumen production. Furthermore, bitumen notably influences Eutrophication Po- 524 

tential in marine (EPm) and terrestrial (EPt) environments, suggesting that its production 525 

can contribute to nutrient runoff in marine and land ecosystems. 526 

The extraction of NA, a crucial component of asphalt production, reveals complex 527 

environmental impacts, contributing to various categories, including GWPb and GWPl, 528 

pointing to emissions and land-use changes related to global warming. Moreover, natural 529 

aggregate extraction influences EPf, implying potential issues related to nutrient runoff. 530 

ADP for minerals and metals underscores the resource-intensive nature of this extraction, 531 

emphasizing the depletion of non-renewable resources. Water Depletion Potential (WDP) 532 

also indicates its impact on water resources, highlighting the importance of sustainable 533 

water management practices. 534 

 535 

Figure 10. Contribution of each input flow to the core environmental impacts of the AC14-RCA in 536 
Module A. 537 

While RCA's environmental impacts are linked to its recycling process, primarily the 538 

diesel consumption involved, it helps to reduce the environmental footprint of asphalt 539 

mixtures by replacing conventional aggregates with recycled materials. Thus, developing 540 

more efficient and sustainable RCA recycling methods is imperative to maximize these 541 

benefits. 542 
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The analysis of the heating process indicates a significant contribution to the overall 543 

carbon footprint, with substantial GWP primarily driven by emissions of greenhouse 544 

gases, particularly carbon dioxide (CO2). Thus, measures to reduce the impact of this pro- 545 

cess on global warming and climate change shall be studied. Additionally, the heating 546 

process contributes to the ODP, highlighting the potential release of ozone-depleting sub- 547 

stances, although in relatively small amounts. It highlights the importance of addressing 548 

ODP concerns and reducing GWP emissions to ensure a more sustainable and environ- 549 

mentally responsible approach to asphalt mixture production. 550 

Examining the results presented for each impact category at this stage, the environ- 551 

mental benefits of replacing NA with RCA in the asphalt mixture production process be- 552 

come evident. Nevertheless, making direct result comparisons can be challenging due to 553 

the inherent unit variations within each impact category. Therefore, a normalization pro- 554 

cess was employed to standardize the data and facilitate result interpretation. Normaliza- 555 

tion quantifies the degree to which an impact category indicator deviates from a chosen 556 

reference point, whether relatively high or low. This approach furnishes valuable insights 557 

into the specific impact category outcomes concerning a selected benchmark. Each impact 558 

per emission unit was divided by the total impact of all substances within the same cate- 559 

gory per person and year (for Europe) to normalize the results. This standardization pro- 560 

cess mitigates unit incompatibility and enhances the clarity of conclusions, enabling a 561 

more coherent evaluation of the results, as shown in Figure 11. 562 

 563 

Figure 11. Normalization of the LCA results of the AC14-RCA.  564 

It can be noticed that the most significant impact category is ADP-fossil fuels (ADPf), 565 

with bitumen emerging as the primary contributor. The data reveals that ADPf has an 566 

exceptionally pronounced impact compared to all other factors. This prominence in the 567 

normalized value directly results from assessing the average annual consumption per in- 568 

habitant across various products. Consequently, the graph illustrates that ADPf stands 569 

out as the most significant impact category related to using bitumen in producing asphalt 570 

mixtures. 571 

3.2.3. Comparison between LCA impacts of AC14-RCA and AC14-NA mixtures 572 

A comparative analysis was conducted to understand better the environmental ad- 573 

vantages achieved by replacing NA with RCA in the asphalt mixture. This comparison 574 

assessed impact values for each category between a control mixture made exclusively 575 

with natural aggregates and the alternative mixture incorporating RCA. The analysis was 576 

limited to the mixture production phase since the direct influence of RCA incorporation 577 

is confined to this phase. 578 

As previously mentioned, the normalization process simplifies the results and en- 579 

hances their analytical clarity. Thus, the same normalization process was applied to the 580 

control mixtures to facilitate a meaningful comparison between mixtures. This approach 581 
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ensures that the results from both control and RCA mixtures are presented consistently 582 

and standardized. 583 

Table 15 and Figure 12 comprehensively compare the environmental impacts of the 584 

two asphalt mixtures. The impacts are assessed across various categories, highlighting the 585 

percentage reduction in environmental consequences when incorporating RCA. 586 

Table 15. Comparison between the core environmental impacts of the AC 14 mixture produced with 587 
NA and RCA. 588 

Impact category Unit AC14-NA AC14-RCA % decrease 

GWP - total kg CO2 eq. 4.04E+01 3.77E+01 7% 

GWP - fossil kg CO2 eq. 4.02E+01 3.77E+01 6% 

GWP - biogenic kg CO2 eq. 1.41E-01 5.49E-02 61% 

GWP - luluc kg CO2 eq. 2.71E-02 1.02E-02 62% 

ODP kg CFC 11 eq. 4.90E-06 5.34E-06 -9% 

AP mol H+ eq. 1.81E-01 1.61E-01 11% 

EP - freshwater kg P eq. 6.15E-03 1.98E-03 68% 

EP - marine kg N eq. 4.55E-02 4.91E-02 -8% 

EP - terrestrial mol N eq. 5.15E-01 5.41E-01 -5% 

POC kg NMVOC eq. 1.38E-01 1.50E-01 -9% 

ADP - mineral&metals kg Sb eq. 1.12E-04 2.92E-05 74% 

ADP - fossil fuels MJ, net calorific value 2.81E+03 2.78E+03 1% 

WDP m3 world eq. deprived 6.85E+01 4.81E+00 93% 

The RCA mixture exhibits lower environmental impacts in most categories, high- 589 

lighting its potential for enhanced sustainability. Compared to the NA mixture, the total 590 

GWP and its fossil fuel component are reduced by 7% and 6%, respectively. This reduction 591 

emphasizes the capacity of RCA to lower greenhouse gas emissions in asphalt production. 592 

Furthermore, the RCA mixture demonstrates a remarkable 61% decrease in biogenic GWP 593 

and a substantial 62% decrease in land use and land-use change (GWP - luluc). 594 

The results also reveal a 93% decrease in the RCA mixture's Water Depletion Poten- 595 

tial (WDP). This significant reduction in WDP highlights a crucial environmental ad- 596 

vantage of using RCA in asphalt production. The high water demand associated with the 597 

extraction of natural aggregates significantly contributes to WDP, and by using RCA as 598 

an alternative, this resource-intensive phase becomes notably more sustainable. 599 

 600 

Figure 12. Comparison between the normalized results of the RCA and NA mixture. 601 

However, it is crucial to recognize that for specific impact categories, i.e., Ozone De- 602 

pletion Potential (ODP), Eutrophication Potential (EP) in marine and terrestrial environ- 603 

ments, and Photochemical Ozone Creation Potential (POCP), the mixture with RCA 604 
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exhibits higher environmental impact values. These results can be attributed to the RCA 605 

recycling process, which involves diesel consumption, significantly contributing to these 606 

specific environmental categories. 607 

Therefore, finding sustainable and efficient methods for processing RCA is crucial to 608 

increasing its potential benefits in asphalt mixture production while reducing environ- 609 

mental concerns. 610 

In fact, developing these sustainable recycling practices, especially on a large scale, 611 

can significantly alleviate the environmental impacts of asphalt mixtures. This analysis 612 

underlines the advantages of using RCA and highlights the need for more sustainable and 613 

resource-efficient recycling methods. 614 

4. Conclusions and future work 615 

This article describes the principal work on the mechanical and environmental char- 616 

acterization of bituminous concrete incorporating a high rate of recycled concrete aggre- 617 

gate, suitable for use in surface layers of road pavements. This application, whose indus- 618 

trial viability was confirmed during the CirMat project, increases environmental sustain- 619 

ability and significantly reduces the consumption of natural aggregates. 620 

A comparison of the results obtained with those of a reference mix (produced only 621 

with natural aggregates) allows several conclusions to be drawn, the most important of 622 

which are the following: 623 

• Except for water absorption, recycled aggregates can have properties very similar to 624 

those exhibited by natural aggregates; 625 

• The composition of bituminous mixtures can also be similar; 626 

• In the Marshall test and in the characteristics of the voids, only tiny variations were 627 

obtained: reductions of around 3% (in S, mh, b and VMA) and 6% (in F), while Va 628 

increased slightly from 3.1% to 3.3%; 629 

• When using natural aggregates of a granitoid nature, the water sensitivity assessed 630 

using the ITSR is similar, but when using the IRS, the result is better in the mixture 631 

with RCA (99% against 93%); 632 

• The results in the assessment of resistance to permanent deformation were much bet- 633 

ter in the case of the mixture with RCA (35% lower in RDAIR, 33% lower in PRDAIR 634 

and 50% lower in WTSAIR); 635 

• The data on environmental impacts suggests that incorporating RCA into AC can 636 

lead to overall reductions in several impact categories, including GWP, AP, EP, and 637 

WDP. On the one hand, nine indicators were improved (from 1% to 93%, with an 638 

average of ≈43%). On the other hand, only four indicators worsened slightly (the var- 639 

iation ranged from 5% to 9%, with an average of ≈8%). 640 

Although some processes, such as aggregate extraction and bitumen production, 641 

contribute to strong environmental impacts, the benefits of using RCA outweigh these 642 

impacts, thus resulting in more sustainable and environmentally friendly production of 643 

asphalt mixtures. However, it is essential to consider each production facility's specific 644 

context and practices to assess the total environmental impact accurately. 645 

In conclusion, the “CirMat” project has undoubtedly contributed to greater efficiency 646 

in the use of resources in the construction sector. As the bituminous mixture with RCA 647 

was produced and applied on a pavement, it was also possible to demonstrate the indus- 648 

trial viability of using this more sustainable material. These contributions will make it 649 

possible to achieve higher targets for the recovery of CDW and the promotion of second- 650 

ary raw materials in more noble applications than those currently found in some construc- 651 

tion projects. 652 

Finally, disseminating knowledge from the activities carried out under this project 653 

will encourage more practical applications and boost future research. All this information 654 

could lead to a more in-depth assessment of the mechanical performance of bituminous 655 

mixtures with high rates of recycled aggregates, for example, by obtaining reliable corre- 656 

lations between the RCA properties, the stiffness/fatigue resistance of the mixtures and 657 
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their permanent deformation resistance. Other relevant properties can also be determined 658 

in these mixtures, namely by assessing low-temperature cracking and friction after pol- 659 

ishing, FAP (according to EN 12697-46:2020 and NP EN 12697-49:2022, respectively). An- 660 

other critical assessment that could be included in future research is the validation of the 661 

mechanical performance of bituminous mixtures with RCA (for application in surface lay- 662 

ers) after aging (essentially due to the incidence of ultraviolet solar radiation, UV [32]). 663 

For this purpose, a more comprehensive accelerated ageing simulator can be used, such 664 

as TEAGE [33], in which the samples are subjected to alternating periods of immersion in 665 

water/drying and exposure to UV radiation. 666 
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Acronyms 690 

The following acronyms are used in this manuscript: 691 

AC Asphalt concrete 692 

AC14-NA Asphalt concrete with NMAS of 14 mm and natural aggregates 693 

AC14-RCA Asphalt concrete with NMAS of 14 mm and recycled concrete aggregates 694 

ADP Abiotic depletion potential 695 

AP Acidification potential 696 

CDW Construction and demolition waste 697 

EAPA European Asphalt Pavement Association 698 

ELCD Ecoinvent European life cycle database 699 

EP Eutrophication potential 700 

EPD Environmental product declaration 701 

EPf Eutrophication potential, freshwater 702 

EPm Eutrophication Potential in marine environments 703 

EPt Eutrophication Potential in terrestrial environments 704 

FAP Friction after polishing 705 

GLO Global data 706 

GPP Green public procurement 707 

GWP Global warming potential 708 
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HMA Hot mix asphalt 709 

IR or UV Infrared or ultraviolet radiation 710 

IRS Index of retained stability 711 

ITS Indirect tensile strength 712 

ITSR Wet/dry indirect tensile strength ratio 713 

LCA Life cycle assessment 714 

LCI Life cycle inventory 715 

LCIA Life cycle impact assessment 716 

NA Natural aggregates 717 

NF New filler 718 

NMAS Nominal maximum aggregate size 719 

ODP Ozone depletion potential 720 

PA Porous asphalt 721 

POCP Photochemical ozone creation potential 722 

PCR Product category rules 723 

PRD Mean proportional rut depth 724 

PSV Polishing stone value 725 

RCA Recycled concrete aggregate 726 

RD Rut depth 727 

RER Regular Economic Report (EU) 728 

RF Recovered filler 729 

RoW the Rest-of-the-World 730 

TE Thermal energy 731 

TS Tensile strength 732 

VFB Voids filled with binder 733 

VMA Voids in mineral aggregate 734 

WDP Water (user) deprivation potential 735 

WMA Warm mix asphalt 736 

WTS Wheel-tracking slope 737 

WTT Wheel-tracking test 738 

References 739 

1. World Bank Group. Green Public Procurement: An Overview of Green Reforms in Country Procurement Systems. International 740 
Bank for Reconstruction and Development. Washington DC-USA, 2021. 741 

2. European Commission. Green Public Procurement Criteria for Road Design, Construction and Maintenance. Commission Staff 742 
Working Document. EU. 10.6.2016. SWD(2016) 203 final. Brussels, Belgium, 2016. 743 

3. APA. Ecological public procurement criteria, within the scope of ENCPE 2020, for the Design, Construction, Rehabilitation and 744 
Conservation of Roads (in Portuguese). National Strategy for Green Public Procurement. Lisbon, Portugal, 2020. 745 

4. World Road Association (PIARC). Measures For Improving Resilience of Pavements. A Piarc Technical Report. Technical Commit- 746 
tee 4.1 Pavements. Paris, France, 2023. ISBN: 978-2-84060- 792-2. 747 

5. Pereira, P.M.; Vieira, C.S. A Literature Review on the Use of Recycled Construction and Demolition Materials in Unbound 748 
Pavement Applications.. Sustainability 2022, 14, 13918. https://doi.org/10.3390/su142113918. 749 

6. Xu, X; Luo, Y.; Sreeram, A.; Wu, Q.; Chen, G.; Cheng, S.; Chen, Z.; Chen, X. Potential use of recycled concrete aggregate (RCA) 750 
for sustainable asphalt pavements of the future: A state-of-the-art review. Journal of Cleaner Production 2022, 344, 130893. 751 
https://doi.org/10.1016/j.jclepro.2022.130893. 752 

7. Bastidas-Martínez, J.G.; Reyes-Lizcano, F.A.; Rondón-Quintana, H.A. Use of recycled concrete aggregates in asphalt mixtures 753 
for pavements: A review. Journal of traffic and transportation engineering (English edition) 2022, 9(5), 725-741. 754 
https://doi.org/10.1016/j.jtte.2022.08.001. 755 

8. Mikhailenko, P.; Kakar, M.R.; Piao, Z.; Bueno, M.; Poulikakos, L. Incorporation of recycled concrete aggregate (RCA) fractions 756 
in semidense asphalt (SDA) pavements: Volumetrics, durability and mechanical properties. Construction and Building Materials 757 
2020, 264 120166. https://doi.org/10.1016/j.conbuildmat.2020.120166. 758 

9. Nwakaire, C.M.; Yap, S.P.; Yuen, C.W.; Onn, C.C.; Koting, S.; Babalghaith, A.M. Laboratory study on recycled concrete aggre- 759 
gate based asphalt mixtures for sustainable flexible pavement surfacing. Journal of Cleaner Production 2020, 262, 121462. 760 
https://doi.org/10.1016/j.jclepro.2020.121462. 761 

10. Elmagarhe, A.; Lu, Q.; Alharthai, M.; Alamri, M.; Elnihum, A. Performance of Porous Asphalt Mixtures Containing Recycled 762 
Concrete Aggregate and Fly Ash. Materials 2022, 15, 6363. https://doi.org/10.3390/ma15186363. 763 



Sustainability 2023, 15, x FOR PEER REVIEW 23 of 23 
 

11. B. Gómez-Meijide, B.; Pérez, I.; Pasandín, A.R. Recycled construction and demolition waste in Cold Asphalt Mixtures: evolu- 764 
tionary properties. Journal of Cleaner Production 2016, 112, 588-598. http://dx.doi.org/10.1016/j.jclepro.2015.08.038. 765 

12. Zou, G.; Sun, X.; Liu, X.; Zhang, J. Influence factors on using recycled concrete aggregate in foamed asphalt mixtures based on 766 
tensile strength and moisture resistance. Construction and Building Materials 2020, 265, 120363. 767 
https://doi.org/10.1016/j.conbuildmat.2020.120363. 768 

13. Martinho, F.C.G.; Picado-Santos, L.G.; Capitão, S.D. Influence of recycled concrete and steel slag aggregates on warm-mix as- 769 
phalt properties. Construction and Building Materials 2018, 185, 684–696. https://doi.org/10.1016/j.conbuildmat.2018.07.041. 770 

14. Araujo, D.L.V.; Santos, J.; Martinez-Arguelles, G. Environmental performance evaluation of warm mix asphalt with recycled 771 
concrete aggregate for road pavements. International Journal of Pavement Engineering 2022, 772 
https://doi.org/10.1080/10298436.2022.2064999. 773 

15. Polo-Mendoza, R.; Martinez-Arguelles, G.; Peñabaena-Niebles, R. Environmental optimization of warm mix asphalt (WMA) 774 
design with recycled concrete aggregates (RCA) inclusion through artificial intelligence (AI) techniques. Results in Engineering 775 
2023, 17. https://doi.org/10.1016/j.rineng.2023.100984. 776 

16. Qasrawi, H.; Asi, I. Effect of bitumen grade on hot asphalt mixes properties prepared using recycled coarse concrete aggregate. 777 
Construction and Building Materials 2016, 121, 18–24. http://dx.doi.org/10.1016/j.conbuildmat.2016.05.101. 778 

17. Pasandín, A.R.; Pérez, I. Performance of hot-mix asphalt involving recycled concrete aggregates. International Journal of Pavement 779 
Engineering 2020, Vol. 21, No. 9, 1044–1056. https://doi.org/10.1080/10298436.2018.1518525.  780 

18. Cantero-Durango, J.; Polo-Mendoza, R.; Martinez-Arguelles, G.; Fuentes, L. Properties of Hot Mix Asphalt (HMA) with Several 781 
Contents of Recycled Concrete Aggregate (RCA). Infrastructures 2023, 8, 109. https://doi.org/10.3390/infrastructures8070109. 782 

19. Zhang, M.; Kou, C.; Kang, A.; Xiao, P.; Hu, H. Microscopic characteristics of interface transition zones of hot mix asphalt con- 783 
taining recycled concrete aggregates. Journal of Cleaner Production 2023, 389. https://doi.org/10.1016/j.jclepro.2023.136070. 784 

20. Espino-Gonzalez, C.U.; Martinez-Molina, W.; Alonso-Guzman, E.M.; Chavez-Garcia, H.L.; Arreola-Sanchez, M.; Sanchez-Cal- 785 
villo, A.; Navarrete-Seras, M.A.; Borrego-Perez, J.A.; Mendoza-Sanchez, J.F. Asphalt Mixes Processed with Recycled Concrete 786 
Aggregate (RCA) as Partial Replacement of the Natural Aggregate. Materials 2021, 14, 4196. https://doi.org/10.3390/ma14154196. 787 

21. Tahmoorian, F.; Samalib, B.; Yeamanc, J.; Mirzababaei, M. Evaluation of volumetric performance of asphalt mixtures containing 788 
recycled construction aggregate (RCA). International Journal Of Pavement Engineering 2022, Vol. 23, No. 7, 2191–2205. 789 
https://doi.org/10.1080/10298436.2020.1849686. 790 

22. Vega A, D.; Santos, J.; Martinez-Arguellesa, G. Life cycle assessment of hot mix asphalt with recycled concrete aggregates for 791 
road pavements construction. International Journal Of Pavement Engineering 2022, Vol. 23, No. 4, 923–936. 792 
https://doi.org/10.1080/10298436.2020.1778694. 793 

23. Covilla-Varela, E.; Turbay, M.; Polo-Mendoza, R; Martínez-Arguelles, G.; Cantero-Durango, J. Recycled Concrete Aggregates 794 
(RCA)-based asphalt mixtures: A performance-related evaluation with sustainability-criteria verification. Construction and 795 
Building Materials 2023, 403, 133203. https://doi.org/10.1016/j.conbuildmat.2023.133203. 796 

24. Loureiro, C.D.A.; Moura, C.F.N.; Rodrigues, M.M.M.; Martinho, F.C.G.; Silva, H.M.R.D.; Oliveira, J.R.M. Steel Slag and Recycled 797 
Concrete Aggregates: Replacing Quarries to Supply Sustainable Materials for the Asphalt Paving Industry. Sustainability 2022, 798 
14, 5022. https://doi.org/10.3390/su14095022. 799 

25. CEN. EN 15804:2012+A2:2019/AC:2021. In Sustainability of construction works - Environmental product declarations - Core 800 
rules for the product category of construction products. 2021. 801 

26. ISO. EN ISO 14040:2006. In Environmental management Life cycle assessment Principles and framework. 2006. 802 
27. IP - Infraestruturas de Portugal, SA. Type of Work Specifications. 14.03 - Paving - Material characteristics (in Portuguese). 2014. 803 
28. USACE (US Army Corps of Engineers) - Materials Testing Center. Test Method for Measurement of Reduction in Marshall 804 

Stability of Bituminous Mixtures Caused by Immersion in Water. CRD-C 652-95 Standard 1995. 805 
29. Weidema, B.P.; Cappellaro, F.; Carlson, R.; Notten, P.; Pålsson, A.-C.; Patyk, A.; Regalini, E.; Sacchetto, F.; Scalbi, S. Procedural 806 

Guideline for Collection, Treatment, and Quality Documentation of LCA Data.. Document LC-TG-23-001 of the CASCADE 807 
project; ENEA, Rome, Italy, 2003. ISBN 88-8286-110-4. 808 

30. Board, T.R.; National Academies of Sciences, E.; Medicine. Field Performance of Warm Mix Asphalt Technologies; The National 809 
Academies Press. Washington DC, USA 2014, pp. 240. doi:10.17226/22272. 810 

31. Furtado, J.M.S. Comparison of Life Cycle Impact Analysis Methods and Tools applied to alternative chemical processes (in 811 
Portuguese), MSc Dissertation (MSc in Engineering and Industrial Management), IST - Universidade de Lisboa, Lisbon, 2014. 812 

32. Polo-Mendoza, R.; Martinez-Arguelles, G.; Walubita, L.F.; Moreno-Navarro, F.; Giustozzi, F.; Fuentes, L.; Navarro-Donado, T. 813 
Ultraviolet ageing of bituminous materials: A comprehensive literature review from 2011 to 2022. Construction and Building 814 
Materials, 2022, Vol. 350, 128889. https://doi.org/10.1016/j.conbuildmat.2022.128889. 815 

33. Crucho, J.; Picado-Santos, L.; Neves, J.; Capitão, S.; Al-Qadi, I.L. Tecnico accelerated ageing (TEAGE) – a new laboratory ap- 816 
proach for bituminous mixture ageing simulation. International Journal of Pavement Engineering 2018. 817 
https://doi.org/10.1080/10298436.2018.1508845. 818 

Disclaimer/Publisher's Note: The statements, opinions and data contained in all publications are solely those of the individual au- 819 
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 820 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 821 


