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ABSTRACT 
This paper reports some of the outcomes of RAPCON, a 3-year-project financed by Fondazione Cariplo 

in the framework of the 2019 Call “Scientific Research – Circular Economy for a Sustainable Future”. 

The main objectives of RAPCON project were (i) the investigation of the use of RAP (Reclaimed 

Asphalt Pavement) as replacement of natural aggregates in concrete to study mechanical, 

microstructural and durability performances of RAP-based concrete; (ii) the assessment of the expected 

service life of concrete with increasing RAP content and determination of relevant environmental 

impacts by life cycle analysis (LCA); (iii) draft proposal of an European Assessment Document (EAD) 

aimed at the certification procedures of RAP as aggregate for concrete. 

RAPCON project allowed the analysis of a complete scenario related to the use of RAP as replacement 

of natural aggregates for structural concrete, highlighting the advantages and limitations related to the 

material, environmental and cost impacts and industrialization. 

Keywords: Circular economy, Recycled aggregates, Reclaimed asphalt pavement, Durability, 

Environmental sustainability. 
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1. INTRODUCTION 

Reclaimed Asphalt Pavement (RAP) is defined as milled asphalt road layers from pavement 

maintenance or from reject, surplus or production failures, as detailed in EN 13108-8:2016 

[1]. This material, classified as Construction and Demolition Waste (CDW), is mainly reused 

in asphalt mixes as recycled aggregate and/or binder [2-5]. However, not all the obtained RAP 

can be used in asphalt mixes and other employments should be identified in order to avoid to 

landfill it. For this reason, RAP has been recently proposed as concrete aggregates in view of 

enlarging not only the fields of application, but also the environmental sustainability of 

concrete [6-8]. However, mainly mechanical and microstructural performances were 

investigated highlighting a decrease in mechanical properties by increasing RAP content, due 

to adhesion issues between cementitious binder and RAP [9-11]. Within this context, 

RAPCON (“Recycled asphalt pavement concrete”) project was funded by Cariplo Foundation 

in the framework of “Circular Economy for a Sustainable Future” call with the scope of 

assessing (i) the use of RAP as concrete aggregates by investigating the mechanical and 

microstructural performances, durability and corrosion protection against corrosion of the 

steel rebars; (ii) the environmental and economical sustainability of RAP-based concrete on 

the basis of the expected service life; (iii) the preparation of a draft proposal of an European 

Assessment Documentation (EAD) to launch the certification of RAP as concrete aggregate. 

RAPCON project involved three Italian research institutions, i.e., Politecnico di Milano, 

University of Bologna and the Construction Technologies Institute of the Italian National 

Research Council and was supported by two Italian industrial partners, Amplia Infrastructures 

SpA and Cooperativa Trasporti Imola. Thus, this paper reports some of the RAPCON results 

related to the characterization of different RAP carried out considering all the required 

properties for concrete aggregates. Based on these, a draft version of a European Assessment 

Document (EAD) was prepared. Then, mechanical, microstructural and durability properties 

of some concrete mixes with partial or total RAP replacement were discussed in view of 

structural applications. Lastly, environmental impacts were reported by applying a Life Cycle 

Analysis (LCA) applying a “cradle-to-grave” approach considering a service life of 50 years. 

2. MATERIALS AND METHODS 

2.1. RAP characterization 

RAP samples were kindly sourced by Amplia Infrastructure spa, Italy, from 5 different Italian 

production plants located in Anagni, Frosinone (RAP1), Arezzo (RAP2), Zola Predosa, 

Bologna (RAP3), Magliano Sabina, Rieti (RAP4) and Pontenure, Piacenza (RAP5). RAP 

samples were tested in the “as supplied” condition and several characterizations were 
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performed mainly in accordance with standards for concrete aggregates. However, due to the 

presence of bituminous layer, drying procedure was conducted at 85°C to avoid partial 

melting of bitumen. Details on the characterization procedures related to particle size 

distribution, geometric density, under vacuum water absorption, open porosity by mercury 

intrusion porosimetry, contact angle measurements, dry shrinkage and frost resistance are 

reported elsewhere [12]. Chloride content in RAP was measured using a piezometric titration 

of grinding RAP powders after HNO3 leaching. Fine content was determined by methylene 

blue testing following EN 933-9 [13]. 

2.2. Preparation of a European Assessment Document (EAD) 

The Construction Products Regulation (CPR) EU 305/2011 [14] sets up the harmonised 

conditions for the marketing of construction products on the EU market. For the innovative 

construction products not covered by a harmonised standard, a possible solution for the CE 

marking is the drafting of a European Assessment Document (EAD), which is a harmonised 

technical specification developed by a Technical Assessment Body. To draft an EAD suitable 

for RAP aggregates the following analyses were made: (i) review of existing standards for 

aggregates [15]; (ii) definition of feasible assessment methods based on the experimental 

campaign. This allowed to define: (a) EAD scope; (b) RAP aggregate essential 

characteristics; (c) test methods for assessing (b); (d) Assessment and Verification of 

Constancy of Performance (AVCP) system for RAP; (e) tasks of the manufacturer and (f) of 

the Notified Body (NB) for guarantying and checking the constancy of performance. 

2.3. Concrete preparation and tests on hardened samples 

To test mechanical, microstructural and durability performances of RAP-based concretes, a 

total of twenty-four mixes was designed in RAPCON project, considering two cement types, 

two w/c ratios, and several substitution percentages of natural aggregate with RAP aggregate 

(RAP1 was selected to produce RAP-based concrete). In this work, only results concerning 

pozzolanic cement type, containing natural pozzolan and fly ash (CEM IV/A (P-V) 42.5N-

SR) will be presented. The two w/c ratios were selected to be representative of concrete 

structures designed to withstand two typical exposure classes for chloride-induced corrosion 

(XS3 or XD3, w/c of 0.45) and carbonation-induced corrosion (XC1, w/c of 0.65). Finally, 

results considering only two different RAP contents will be presented, equal to 40% and 

100%, to be compared to reference mixes with only natural aggregates. A sulphonated 

naphthalene superplasticizer (SP) admixture was employed to improve workability. Concrete 

mix design details of the selected mixes for this work are presented in Table 1. Out of the 

mechanical and microstructural characterization performed, results concerning the 

compressive strength and total open porosity will be presented.  
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Table 1. Mix design of selected concrete mixes prepared in RAPCON project. 

Mix 

code 

Cement 

type 

w/c ratio Aggregate type Cement 

(kg/m3) 

Water 

(kg/m3) 

NAT 

(kg/m3) 

RAP 

(kg/m3) 

SP 

(kg/m3) 

45-N CEM IV 0.45 Natural (NAT) 357 161 1980 - 9.8 

45-R40 CEM IV 0.45 40% RAP 357 161 1153 769 9.5 

45-R CEM IV 0.45 RAP 357 161 - 1826 7.1 

65-N CEM IV 0.65 Natural (NAT) 283 184 1981 - 3.8 

65-R40 CEM IV 0.65 40% RAP 283 184 1154 769 3.7 

65-R CEM IV 0.65 RAP 283 184 - 1827 4.0 

Compressive strength was evaluated on two replicate cubic specimens with 100 mm side 

dimension, and after 7 days of curing. From the same specimens, fragments were derived, 

volume about 1 cm3, to estimate total open porosity by mercury intrusion porosimetry. Out of 

the durability analyses performed, only results concerning resistance to the penetration of 

carbonation will be presented. Cubic specimens, side dimensions 100 mm, were either 

subjected to an accelerated carbonation, in a chamber with 3% CO2, 20°C and 65% R.H., or 

to natural carbonation (outdoor unsheltered), for different exposure times. Carbonation depth 

was then evaluated by spraying phenolphthalein on freshly split surfaces at the end of the 

exposure, and the coefficients of accelerated carbonation (kacc) and natural carbonation (knat) 

were evaluated according to the correlation that considers the average penetration depth 

directly proportional to the square root of time [16]. 

2.4. LCA and cost evaluation: methodology and scenarios 

LCA analysis was carried out using a “cradle-to-grave” approach considering the system 

boundary depicted in Figure 1. SimaPro 9.2 software was applied to calculate the CO2 

emissions of the same concrete mixes used for mechanical and durability characterization (cf. 

par. 2.3). More details on assessing the environmental impacts of RAP-based concrete are 

reported in [17,18]. 

 

Figure 1. Schematic of the considered system boundary in the LCA analysis considering a “cradle-to-grave” 

approach. 
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A service life of 50 years was considered. The service life that can be guaranteed with the 

different concrete mixes were evaluated using as input data the results of the experimental 

tests. Except for 45-N, a service life of 50 years cannot be reached and, hence, maintenance 

would be required to assure the durability requirement. Then, in LCA a functional unit of 1 

m3 was considered for 45-N, whilst it was increased to 1.1 m3 for the other mixes, to account 

or maintenance works that consist of concrete replacement. Cost analysis was intended as the 

evaluation of the production phase costs necessary to produce RAP-based structural concrete. 

This assessment was carried out applying a four-phases-methodology as detailed in [19]. 

3. RESULTS AND DISCUSSION 

3.1. RAP as concrete aggregate 

Table 2 reports the complete characterization of the 5 types of RAP, in light of its 

employment as concrete aggregates. Some features distinctly characterize RAP: the 

hydrophobic surface behaviour due to the presence of bituminous layer, as shown by the 

contact angle measurements between 130 and 135°, while a natural aggregate usually exhibits 

a contact angle value of 40° [20]. 

Table 2. Properties of the tested RAP 

  RAP1 RAP2 RAP3 RAP4 RAP5 

Chloride content (%) < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Maximum diameter  

(DMAX, mm) 
22 21 26 21 22 

Fine content (MBF, g/kg) 3.36±0.07 3.86±0.95 5.01±0.01 5.53±0.92 5.55±0.94 

Geometric 

density 

(g/cm3) 

0.063-4 mm 

fraction 
2.24 2.30 2.23 2.21 2.16 

10 mm 

aggregate 
2.46 2.45 2.37 2.35 2.36 

Under vacuum 

water 

absorption (%) 

0.063-4 mm 

fraction 
0.81 1.32 2.01 1.32 1.70 

10 mm 

aggregate 
0.82 1.34 1.59 1.08 1.39 

Open porosity by Hg intrusion 

(%) 
5.4±1.7 3.3±0.3 6.5±2.0 5.3±0.3 6.1±1.4 

Contact angle (θ, °) 135 135 135 130 130 

Drying shrinkage (S, %) 0.064±0.003 0.096±0.020 0.114±0.002 0.043±0.001 0.054±0.001 

Frost 

resistance  

(F, %) 

In H2O 0.89±0.24 0.93±0.10 1.63±0.13 0.86±0.09 1.95±0.10 

In NaCl sol. 0.88±0.03 0.97±0.17 2.25±0.25 1.20±0.32 3.27±0.72 
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In addition, it was found that RAP exhibited water absorption values comparable to natural 

aggregates (~ 1.5%), as deeper discussed in [12]. These two aspects should be carefully taken 

into account in order to tailor the mix design and avoid workability issues. In terms of 

dimensional stability, i.e., drying shrinkage, and durability, i.e., frost resistance, most of the 

RAP exhibit satisfying values when compared with the requirements in EN 12620 

“Aggregates for concrete” [21]. However, variability in the results was encountered and not 

all the investigated RAP performs at the same level, indicating a strong necessity in applying 

a characterization protocol to RAP when it is used as concrete aggregates. 

3.2. Drafting EAD 

The drafted EAD was written as a deviation from the harmonised standard EN 12620 [21]. 

The EAD scope definition, specifically the individuation of RAP aggregate intended use, i.e., 

“the production of structural and non-structural concrete elements for use in buildings”, 

translated into 17 essential characteristics of RAP aggregate (Table 3, column 2) [15, 21, 22]. 

For assessing RAP aggregate performances, some testing methods were selected from EN 

12620 [21], whereas others were defined as deviating in some aspects from it (Table 3, 

column 3) by taking into account the experience gained with the experimental activities (cfr. 

par. 2.1). The individuated AVCP systems were “2+” and “4” [23], respectively for RAP 

aggregates for uses with or without high safety requirements. According to both the AVCP 

systems, the manufacturer has to carry out the factory production control (FPC) (Table 3, 

columns 5-7); in addition, for system 2+ a NB (third party) has to perform an initial 

inspection of the manufacturing plant and FPC along with a continuous surveillance of the 

FPC. 

Table 3. List of essential characteristics of RAP aggregate and minimum frequency of FPC. 

  ASSESSMENT FPC 

N. Ess. characteristic -  

Subject/type of FPC 

Assessment 

method 

Performance 

expression  

Criteria Min. 

samples 

n. 

Min. 

frequency of 

control 

1 Aggr. size EN12620§4.2 Level d/D - - - 

2 Grading Ad hoc Level Gxx 

According to 

control plan 

(ACP) 

1 1/week 

3 Shape of coarse aggr. EN12620§4.4 Level Flxx Slxx ACP 1 1/month 

4 Particle density Ad hoc Level ρrd ACP 1 1/month 

5 
Fines content and 

quality 
Ad hoc Level fxx, MB ACP 1 1/week 

6 
Resistance to 

fragmentation 
EN12620§5.2 Level LAxx ACP 1 2/year 
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7 
Constituents of 

coarse recycled aggr. 
EN12620§5.8 Level Categ. ACP 1 1/month 

8 
Acid soluble 

chlorides content 
EN12620§6.2 Level %C ACP 1 2/year 

9 Acid soluble sulfates EN12620§6.3.1 Level ASxx ACP 1 2/year 

10 Total sulfur EN12620§6.3.2 Level Sxx - - - 

11 

Water-soluble sulfate 

content of recycled 

aggr. 

EN12620§6.3.3 Level SSxx ACP 1 1/month 

12 
Influence on initial 

setting time of cement 
EN12620§6.4.1 Level Axx ACP 1 2/year 

13 Drying shrinkage Ad hoc Level S [%] ACP 1 1/5 year 

14 Water absorption Ad hoc Level WA24 ACP 1 1/month 

15 

Content, emission, 

release of dangerous 

substances 

Ad hoc Level  ACP 1 

4/year, or 

1/5000t disc.  

prod. 

16 

Freeze/thaw 

resistance of coarse 

aggr. 

Ad hoc Level Fxx ACP 1 1/2 year 

17 
Alkali-silica 

reactivity 
EN12620§5.7.3 Level  ACP 1 1/year 

- 
Petrographic 

description (*) 
EN12620§8.1 - ACP 1 1 per 3 years 

(*) Only for FPC. 

3.3. Mechanical, microstructural and durability performances of RAP concrete 

Figure 2a reports the correlation between compressive strength and total open porosity. It can 

be noted that, with respect to reference concrete mixtures, the partial and total replacement of 

natural aggregate with RAP aggregate had a clear effect in increasing total open porosity and, 

at the same time, decreasing compressive strength. This effect was more evident for mixtures 

with 100% RAP aggregate, which overall showed the highest values of total open porosity 

and lowest values of compressive strength, suggesting that RAP content is one of the main 

variables affecting both parameters. This behaviour was attributed to the bituminous layer 

included in RAP aggregate, that constitutes a weak and porous interfacial transition zone with 

the cement paste. A higher concrete porosity is usually associated to a lowered concrete 

durability. Among all the performed durability tests, Figure 2b shows the values of the natural 

carbonation coefficient as a function of the accelerated one. The carbonation coefficient 

quantifies the rate at which carbonation penetrates from the environment towards rebar depth, 

therefore the higher the carbonation coefficient, the lower the resistance to the penetration of 

carbonation in concrete, and the lower the performance from a durability point of view (under 

that specific exposure). It can be noted that values around 3 and 6 mm/year0.5 were recorded 
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for reference concretes, with w/c of 0.45 and 0.65 respectively. RAP concretes showed only a 

slight increase in the carbonation coefficient, for 40% RAP content, which became a neat 

increase for 100% RAP content. However, in this case the mix design variable that seemed to 

mostly affect the carbonation coefficient was the w/c ratio, rather than RAP content. 

Accelerated carbonation results were consistent with natural carbonation ones, and the linear 

correlation between kacc and knat did not seem to be affected by the partial or total replacement 

of aggregates with RAP. This is important for the durability design, since usually accelerated 

procedures and exposures are employed to predict the long-term behaviour of concrete. 

  
(a) (b) 

Figure 2. (a) Total open porosity as a function of compressive strength and (b) natural and accelerated 

carbonation coefficients, for the reference and RAP concrete mixes. 

3.4. LCA & cost evaluation 

Considering a service life of 50 years and thus the necessity in maintenance procedures that 

consists in concrete replacement for all the investigated mixes except for 45-N, Table 3 

reports the outcomes of the LCA analysis in terms of Global Warming Potential (GWP, kg 

CO2 eq.). In this analysis, both construction work and demolition phases were not considered, 

for simplicity’s sake, as it was supposed the same procedures for all the investigated mixes. It 

was found that in the case of a w/c ratio of 0.45, a slight increase equal to 2.5% was measured 

in terms of CO2 emissions when concrete with 40% RAP was compared to the reference 

sample (45-N). This is due to the concrete cover replacement and the consequently 10% 

increase in concrete production, that was taken into account in the definition of the FU for the 

LCA analysis. However, a complete replacement of natural aggregates with RAP (45-R) 

induces a reduction in CO2 emissions of around 8%. Considering the mixes designed with a 

w/c = 0.65, a continuous decreasing CO2 emissions trend was recorded by increasing RAP 

content. In this case a total aggregate replacement (65-RAP) leads to a CO2 emission decrease 
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of 18%, as shown in Table 3. Comparing the obtained results, it is clear that other parameters 

influence the environmental impacts of concrete, i.e., the w/c ratios. 

Table 3. CO2 emissions related to the LCA analysis for the considered concrete mixes and a total service life of 

50 years. 

Impact category 45-N 45-R40 45-R 65-N 65-R40  65-R 

FU (m3) 1.0 1.1 1.1 1.1 1.1 1.1 

Global warming (GWP, kg CO2 eq) 285 292 263 248 227 202 

Related to the cost analysis for RAP as concrete aggregates in RAPCON project this assessment was 

carried out by considering the aggregate production analysis both in the case of natural aggregates and 

RAP and a case study was supposed as the construction of a residential building in Italy. The 

detailed discussion is reported in [19]. The main results indicate that RAP is currently not 

competitive as concrete aggregates for structural engineering in Italy (+155% compared to 

natural aggregates), and it is mainly due to the RAP production phases. In particular, RAP 

acquisition, end of waste process and transportation are the RAP production phases that 

contribute to the currently less competitiveness in comparison to natural aggregate 

production. 

4. CONCLUSIONS 

The main outcomes of this study can be summarized as follows: 

• the complete RAP characterization and the development of harmonised technical 

specifications, i.e., European Assessment Document (EAD) are fundamental steps to 

assess the suitability of the selected RAP for concrete aggregates; 

• increasing the RAP replacement leads to a decrease in the mechanical performances of 

RAP-based concrete due to an increase in open porosity. It was found that related to 

carbonation, RAP replacement does not impact on the durability performance, while 

w/c ratio seems to be the main parameter ruling carbonation coefficients; 

• environmental impact and cost assessment are strongly influenced by the design of the 

mix design, such as the w/c ratios and RAP content and the legislative and 

geographical context that strongly impact the RAP production, and thus the costs. 

As final consideration. RAPCON project was a valuable experience to face and investigate 

pros and cons for one of the strategies proposed in Scientific Community to enlarge the 

durability of concrete in view of structural applications. 
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