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Abstract: Structural concrete aggregate can be substituted with sustainable alternatives from construction
and demolition waste, such as reclaimed asphalt pavement (RAP). This contribution assesses the RAP
aggregate production chain and aims to investigate the economic aspect of RAP aggregate, evaluating
the costs associated with its production and comparing them with the ones necessary to produce NA and
recycled concrete aggregate (RCA). This analysis aims to provide additional information on the possible
advantages of RAP aggregate use in order to promote sustainable construction. The evaluation was
developed using a four-step methodology consisting of (i) determining the RAP aggregate production
procedure; (ii) selecting a case study; (iii) defining the mix design; and (iv) performing a cost evaluation
and comparing it to the cost of NA and RCA production. The results of the cost analysis of three concretes
containing different RAP percentages (0%, 30%, and 45%) demonstrated that RAP’s presence led to
more expensive admixtures, with the RAP unit cost being higher than NA (+155.39%). Some strategies
were proposed to diminish RAP’s cost, resulting in a reduction of −39.64% with respect to NA’s cost
and ranging from 45.13% to 67.30% when compared to RCA’s cost.

Keywords: construction and demolition waste; recycled asphalt pavement aggregate; recycled
aggregate; recycled building materials; cost analysis; sustainable construction; residential construction

1. Introduction

The construction industry can play a central role in combating climate change [1,2].
Acting to reduce the impact of the most used construction material, concrete, is a priority
since it contributes 4–8% of global CO2 emissions [3] and to the annual consumption of
natural resources, such as sand and gravel [4], of 32 billion tons, increasing around 5% every
year [5]. It is not surprising that in the last 12 years (Figure 1), the number of publications
concerning the willingness to reduce concrete’s impact has grown exponentially, focusing
on the partial or complete substitution of its components [6], especially aggregates, with
more sustainable alternatives, such as agro-industry waste [7], plastic [8], PVC [9], glass [10],
and construction and demolition waste (C&DW) [11], such as ceramic [12], bricks [13], and
concrete [14].

Within this framework, using reclaimed asphalt pavement (RAP) as a recycled ag-
gregate is particularly interesting. RAP is a by-product derived from the demolition
and milling of existing asphalt pavements during road maintenance [15]. It is made of
natural aggregates covered by a bituminous layer [16], and nowadays, it can be success-
fully recycled to create new asphalt. Scientific studies [17,18] and some UE countries’
experiences [19] have shown the feasibility of incorporating 50–60% or more RAP for new
asphalt production [20,21]. However, since road maintenance interventions occur more
frequently than new road construction and complete recycling is not permitted, there is a
surplus of RAP in developed countries, creating great amounts of readily available material
that can potentially be reused [18].
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Figure 1. Number of articles concerning sustainable concrete studies per year. Time-span 2002–2022. 
Results were obtained using the keyword “sustainable concrete” inside the Web of Science database, 
selecting only the “article”, i.e., scientific paper, items. 
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the EU (9.5 Mt) [21], yet only 20% of that material is reused [19] due to regulatory limits, 
which, depending on the bitumen type, allow only a maximum of 30%, 25%, and 15% of 
RAP to be used in bases, base-binders and binders, and wear courses, respectively [22–
24]. Finding another way to employ RAP can help valorize valuable waste that otherwise 
will be lost. Recently, a decree [25] identifying the end of waste process for transforming 
specific types of C&D waste, including asphalt, into recycled aggregates to be used for 
concrete production, in accordance with EN 12620, has been approved. However, in Italy, 
structural concrete also needs to accomplish the prescriptions of UNI 8520-1, UNI 8520-2, 
and the Italian Building Code (NTC 2018), which only allow a recycled aggregate made 
with old concrete to have a maximum percentage of 30% [26–28]. 

This contradictory situation needs to be solved by updating Italian provisions in or-
der to align the norms with the recent scientific advancements regarding the possibilities 
of using RAP surplus as a natural aggregate substitute for the production of Portland ce-
ment concrete since it could be incorporated into it without any modification to the con-
ventional equipment or procedures [29]. To date, the majority of the studies focusing on 
this topic were aimed principally at studying RAP concrete for pavements, although in 
the last few years, the number of articles dealing with creating RAP structural concrete 
has grown. The majority of the studies focused principally on determining the optimal 
substitution level in order to achieve good mechanical performances. The results showed 
that for increasing levels of RAP, both fresh and hardened properties were negatively af-
fected. 

Regarding the fresh state, with respect to workability, it was noted that the mixes 
remained workable [30]. In general, the slump of RAP concrete was lower than the control 
mix [31], and the mixes containing 100% RAP resulted in high stiffness [32]; however, for 
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Figure 1. Number of articles concerning sustainable concrete studies per year. Time-span 2002–2022.
Results were obtained using the keyword “sustainable concrete” inside the Web of Science database,
selecting only the “article”, i.e., scientific paper, items.

This is important in Italy, which has the second-highest quantity of available RAP in
the EU (9.5 Mt) [21], yet only 20% of that material is reused [19] due to regulatory limits,
which, depending on the bitumen type, allow only a maximum of 30%, 25%, and 15% of
RAP to be used in bases, base-binders and binders, and wear courses, respectively [22–24].
Finding another way to employ RAP can help valorize valuable waste that otherwise will
be lost. Recently, a decree [25] identifying the end of waste process for transforming specific
types of C&D waste, including asphalt, into recycled aggregates to be used for concrete
production, in accordance with EN 12620, has been approved. However, in Italy, structural
concrete also needs to accomplish the prescriptions of UNI 8520-1, UNI 8520-2, and the
Italian Building Code (NTC 2018), which only allow a recycled aggregate made with old
concrete to have a maximum percentage of 30% [26–28].

This contradictory situation needs to be solved by updating Italian provisions in order
to align the norms with the recent scientific advancements regarding the possibilities of
using RAP surplus as a natural aggregate substitute for the production of Portland cement
concrete since it could be incorporated into it without any modification to the conventional
equipment or procedures [29]. To date, the majority of the studies focusing on this topic
were aimed principally at studying RAP concrete for pavements, although in the last few
years, the number of articles dealing with creating RAP structural concrete has grown. The
majority of the studies focused principally on determining the optimal substitution level in
order to achieve good mechanical performances. The results showed that for increasing
levels of RAP, both fresh and hardened properties were negatively affected.

Regarding the fresh state, with respect to workability, it was noted that the mixes
remained workable [30]. In general, the slump of RAP concrete was lower than the control
mix [31], and the mixes containing 100% RAP resulted in high stiffness [32]; however, for
reduced RAP content, the admixtures reached the same class as control concrete [32], and
in some cases, even registered a slump increase [33]. The air content experimented with
minimal variation, although slightly higher content was registered for increasing percent-
ages of RAP [32,33], and the increase was more pronounced for fine RAP mixtures [30].
Moreover, high dosages of RAP led to bleeding concretes [32].

The RAP effects on fresh properties also had repercussions on hardened characteristics.
Specifically, with respect to compressive strength, a systematic reduction was observed for
increasing RAP content [29,31,34] in both coarse and fine types [33]. The elastic modulus
measurements showed that when whole RAP was used, the moduli were not substan-
tially different, but for fine RAP, an addition of more than 60% resulted in a significant
decrease [30]. With respect to split tensile strength, the reduction pattern was similar to
that of the compressive strength, although its extent was significantly lower [29,31,33,34].
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RAP’s presence increased the toughness index, albeit the concrete mixture with only fine
RAP exhibited a similar [29] or even higher [33] toughness to the control mixture.

The durability analysis showed that RAP did not increase chloride permeability
and improved freeze–thaw durability, but the coefficient of thermal expansion increased,
although the increase was considered marginal due to the matrix’s high stiffness [34,35].

The results highlighted that fine RAP or whole RAP aggregate substitution had a higher
detrimental effect than only coarse RAP use, both on fresh and hardened properties [36].
The authors were unanimous in individuating RAP as a promising NA substitute candidate
for structural concrete production [34], although they disagreed on the optimum substitu-
tion level, indicating 10% [32], 20% [37], or 35% [34] for maintaining strength properties,
although RAP’s presence within the range of 25 to 50% was found to give satisfactory
performance [34]. Some authors limited the structural application only to RAP coarse
aggregate [29], whereas others considered it acceptable to use RAP for substituting both
coarse and fine aggregate [30].

Another reason for concern with regard to RAP concrete performance is the presence
of the bituminous layer and its effect if subjected to high temperatures. However, it was
demonstrated that exposure to different temperatures (20 ◦C, 200 ◦C, 400 ◦C, and 500 ◦C)
had an effect on RAP concrete comparable to that experienced by the control and other
recycled aggregate mixtures both for cubic and large-scale specimens [38,39]. Finally, the
exposure of cubes and large-scale beams to increasing levels of temperature (25 ◦C, 50 ◦C
and 75 ◦C) demonstrated that all the admixtures, even the control, exhibited a reduction in
compressive and flexural strength, although RAP concrete’s was slightly higher [40].

With the aim of studying and finding the causes of the strength reduction experienced
by RAP concretes, microscopic analyses were conducted. SEM images revealed the pres-
ence of voids between cement paste and RAP aggregates, indicating poor adhesion was
responsible for strength reduction [41]. Moreover, the fine aggregate particles were fully
incorporated within the asphalt matrix, and the presence of micro filler and agglomerated
dust films on the surface of coarse RAP was observed, which were responsible for increased
water absorption and limited strength properties [32,42]. In addition, the bituminous layer
was responsible for RAP concrete’s hydrophobic behavior [22].

Several strategies aimed at reaching better RAP concrete performances were studied.
The addition of mineral admixtures (silica fume, bagasse ash, and fly ash) was ineffective
or even detrimental [33,43], whereas supplementary cementitious materials and superplas-
ticizers appeared particularly effective [33,43,44]. Also, novel abrasion techniques were
investigated and appeared particularly promising [16].

Another factor of particular relevance was comparing coarse RAP concrete’s perfor-
mance with other recycled aggregate concretes.

The comparison of compressive and flexural strength reached by admixtures contain-
ing recycled aggregate made of precast concrete and RAP showed that the results of precast
concrete were better than RAP or natural aggregate ones [31]. When comparing recycled
concrete aggregate (RCA) concrete with RAP concrete, the literature results were almost
unanimous in registering a decrease in compressive strength and modulus of elasticity for
increasing levels of substitution of both aggregates, albeit a higher decrease was registered
for RAP [45]. With respect to the results obtained for large specimens, it was observed that
load–deflection curves of RAP deep beams were completely different than those of NCA
and RCA, and the absorbed energy of NA and RCA deep beams was almost identical, but
for RAP deep beams, the absorbed energy was higher. Moreover, the shear capacity of deep
beams containing RAP was lower than RCA and NA specimens, but the shear failure mode
was similar for all specimens [46].

Several authors also analyzed the behavior of the synergic use of RCA and RAP.
The results showed a decrease in mechanical properties, especially for higher levels of
RAP [35,37], except for ultimate shear capacity, which was similar to NA deep beams [46].
However, through the investigation of large-scale specimens such as beams [37] and
columns [47], it was possible to individuate a RAP–RCA proportion to be used for structural
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concrete made using only recycled aggregate: 80% RCA–20% RAP. This mix was also found
to be a good option to use under elevated temperatures [39].

From the analysis of the previous studies emerges the necessity of a more conspicuous
number of works focusing on the evaluation of RAP aggregate concrete properties [46] and
on the methods necessary to guarantee consistent performance, being the latter strongly af-
fected by the quality of recycled aggregates [45]. Nevertheless, from the previously reported
results, RAP aggregate seems to be a promising candidate for coarse aggregate substitution,
especially if mechanically treated. Even so, when comparing RAP aggregate behaviour
to the performance reached RCA, the first appears to be less competitive [37–40,45–47].
However, RAP aggregate is characterized by a significantly lower environmental impact in
terms of energy consumption and emissions related to its production (Table 1).

Table 1. Environmental impact of natural, RCA and RAP aggregate.

Aggregate Type Energy Consumption [MJ/ton] CO2eq [kg/ton]

NA 28.2 [48]–54 [18] 7.8 [48]–10 [18]
RCA 59.9 [48] 12.9 [48]
RAP 16.5 [18] 1.3–2.3 [49]

This study has therefore the objective of investigating the economic aspect of RAP
aggregate, evaluating the costs associated with its production and comparing it with the
ones necessary to produce NA and RCA. The aim is to provide an additional piece to the
possible advantages deriving from RAP aggregate use, being the economic benefit one
of the most important criteria to choose an option among several alternatives [50], in an
attempt of encouraging a more sustainable construction.

An economic analysis of the production phases and costs necessary to transform RAP
into suitable structural concrete aggregate was developed. In particular, a methodology
workflow consisting of four steps was used: firstly, the aggregate production procedure
was determined, then a case study was selected and the mix design was defined, finally,
the cost evaluation was performed.

2. Materials and Methods
2.1. Aggregate Production Analysis

In order to achieve a comprehensive understanding of the aggregate production
phases, including the facilities and equipment necessary to transform NA/asphalt-milling
by-products into suitable concrete aggregate, different sources were examined. Specifically
EN standards concerning the performance evaluation of recycled/natural aggregate in
structural concrete; Italian regulation concerning RAP end-of-waste treatment (EoW pro-
cess); Italian regulation concerning the use of recycled aggregate in structural concrete;
literature concerning RAP/NA production and their applications [51–53], and interviews
with the owners of RAP/NA transformation plants.

2.2. Case Study

In order to apply all the aforementioned analyses in a real scenario, a case study was
hypothesized. Therefore, the following aspects were selected: (i) the building, whose
structure construction costs will be analysed; (ii) the aggregate site of origin (a quarry
for NA and a highway for RAP); (iii) the transformation sites location and characteristics
(which, in the case of NA coincided with the extraction quarry); (iv) the concrete plant
location (Figure 2).

The case study is a residential building in the city of Amaro (UD), situated 296 m
above sea level, and characterized by a T1 topographic class and a B soil type according
to [28], and an XC1 exposure class according to EN 206 [54].
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Figure 2. Case study outline.

The building structure is made of reinforced concrete, composed of seven levels and a
6x4 structural grid (Figure 3). The structural design was performed to meet the requirement
of the Italian Building Code [28] and a concrete strength class of C28/35 was chosen.
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Once the dimensions of the structural components and the levels’ height (Table 2), and
the spans (Figure 3) were measured, the concrete volume necessary to erect the building
structure was calculated and reported in Table 3.
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Table 2. Structural components dimensions.

Level Height
[m]

Components Dimensions [cm]

Foundations Beams Columns

−1 0 150 × 60 - -
0 3.70 - 30 × 65 30 × 70
1 6.75 - 30 × 65 30 × 70
2 9.80 - 30 × 60 30 × 65
3 12.85 - 30 × 60 30 × 65
4 15.90 - 30 × 55 30 × 60
5 18.95 - 30 × 55 30 × 60
6 22.00 - 30 × 55 30 × 60

Table 3. Comprehensive concrete volume evaluated for the different structural components of the
case study.

Structural Components Volume [m3]

Beams 186.94
Columns 82.19

Foundations 120.51

Total 389.64

With respect to the sites of aggregate origin, the RAP was considered to proceed from
the ordinary maintenance of the Bologna ring road. Following Italian regulations and
prescriptions [24,55], the wear course thickness was assumed to be 6 cm. On the other
hand, the NA quarry was selected as closest as possible to the building construction site,
the Scarsini Calcestruzzi situated in Tolmezzo (UD) (Figure 2).

Concerning the aggregate transformation site (Figure 4), the Pavimental Spa plant of
Zola Pedrosa (BO) was chosen. As shown in Figure 2, the distance between the RAP site of
origin (Bologna ring road, total length 22.2 km) and the transformation site (Pavimental
in Zola Pedrosa) was evaluated as the mean value among the distance of the Pavimental
location from the closest access point and from the farthest exit point of the ring road,
namely Bologna Casalecchio (12.8 km) and Bologna San Lazzaro (23.8 km). The aggregate
here produced has a Dmax of 14 mm and a bulk density of 1646 kg/m3 [56].
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The NA transformation took place in the same quarry where the raw material was ex-
tracted, coinciding with the aforementioned Scarsini Calcestruzzi plant. The natural aggregate
was characterized by a Dmax of 15 mm and had a bulk density of 2710 kg/m3 [57].

Finally, the concrete plant was selected as closest to the construction site as possible,
this being again the Scarsini Calcestruzzi plant situated in Tolmezzo.
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2.3. Mix Design

After the scenario was built, different mixtures with various aggregates compositions
were considered. In order to determine the mix design, the first step was the definition of
the parameters affecting the quantities of the concrete different components.

The first parameter determined was the exposure class (XC1), derived from the con-
struction site characteristics. Italian standard UNI 11104 [58] was then consulted in order
to: (i) verify if the strength class selected for the building construction (C28/35) was in
line with the strength class minimum value prescribed by the standard for XC1 exposure
class; (ii) set the cement minimum amount (300 kg/m3); (iii) set the maximum admissible
water/cement (w/c) ratio (0.60). The second parameter defined was the consistency class,
which was selected to be S4—Very Wet (slump 160–220 mm). Then the cement type (CEM
II/A-LL 42.5 R) and the maximum aggregate diameter to be used were selected (15 mm).

Once the starting data were fixed (Table 4), and once the concrete volume necessary
to build the case study structure was determined (Table 3), the target mean strength was
evaluated to be 38.5 N/mm2, in accordance with the formula reported in Italian Building
Code [28], valid for the structural works that require the use of less than ≤1500 m3 of concrete:

Rm28 = Rck + 3.5 (1)

where:

Rm28 is the actual compression strength evaluated at 28 days [N/mm2];
Rck is the characteristic compressive strength, which in this case is equal to 35 [N/mm2].

Table 4. Parameters affecting the quantity of each component for concrete production.

Parameter Value

Exposure class XC1
Strength class C28/35

Consistency class S4
Dmax 15 mm

Max w/c ratio 0.60

In order to study the influence of different RAP substitution percentages, some experi-
mental data concerning the mean compressive strength of different admixtures containing
RAP [59] were analysed to find the percentage of aggregate substitution able to satisfy the
strength requirements, i.e., to reach the target mean strength value evaluated in accordance
with (1). The studies determined the mean compressive strength of sixteen admixtures [59],
produced with two w/c ratios (0.45 and 0.65) (Figure 5). The admixtures produced recur-
ring to 0.65 were discarded since they did not comply with the water-to-cement ratio limits
for XC1 exposure class (see Table 4).
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Figure 5. Mean compressive strength values for two different w/c ratios (0.45 and 0.65) and for in-
creasing percentages of RAP: 0% (N100), 20% (N80R20), 40% (N60R40), 45% (N55R45), 60% (N40R60),
80% (N20R80) and 100% (R100). Adapted from data contained in [59].
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From the analysis of the curve obtained considering different percentages of substi-
tution with a w/c ratio of 0.45, two admixtures were selected considering the following
two RAP percentages: 30% and 45%. The first one (N70R30) was chosen since 30% is
the maximum substitution amount of RA admissible for the case study’s exposure class
(XC1), strength class (C28/35) and recycled aggregate type (Ra—bituminous material)
as prescribed by [58]. The second admixture (N55R45) was selected because, although
the substitution percentage of 45% is not envisaged by Italian regulation, this admixture
was capable to reach the target strength (38.5 N/mm2), demonstrating that Italian codes’
limits are quite conservative when compared to the experimental results. The compressive
strength value of this specific mix was calculated by interpolating the strength values
obtained for a w/c of 0.45 for N60R40 and N40R60.

A clarification has to be done, although the authors are well aware that the used selection
method implies choosing a water-to-cement ratio that, when applied to a traditional concrete
admixture containing NA only, provides a target mean strength higher than the requested one,
this method was followed in order to create three concretes diverging only for one parameter,
making easier to compare the economic impact of the different type of aggregates.

The selection led to the three mix designs reported in Table 5, which were used to
perform the cost analysis. As previously stated, the three admixtures were all characterized
by a water-to-cement ratio of 0.45 and had the following aggregate composition: (i) 100%
natural aggregate (mix N100); (ii) 70% of natural aggregate and 30% of RAP aggregate (mix
N70R30); and (iii) 55% of natural aggregate and 45% of RAP aggregate (mix N55R45).

The cement and the aggregate(s) content within each mix was evaluated following
the densities provided by the manufacturers, namely 3020 kg/m3 [60], 2710 kg/m3 and
1646 kg/m3 [56,57] for cement, natural aggregate and RAP aggregate, respectively.
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Table 5. Characteristic of the three selected concretes.

Mix
Name

Cem.
Type

Rck
[N/mm2]

Target
Strength
[N/mm2]

Consistency
Class w/c Dmax

[mm]

Water
vol.

[L/m3]

Air
vol.

[L/m3]

Cem.
Content
[kg/m3]

Cem.
vol.

[L/m3]

Agg.
Type

Agg.
Content

[%]

Agg.
vol.

[L/m3]

Agg.
Content
[kg/m3]

N100 CEM II
42.5 R

35 38.5 S4 0.45 15 227.5 2.13 505.56 167.40
NA 100 583.85 1582.23
RAP 0 0 0

N70R30 CEM II
42.5 R

35 38.5 S4 0.45 15 227.5 2.13 505.56 167.40
NA 70 408.69 1107.56
RAP 30 175.15 288.30

N55R45 CEM II
42.5 R

35 38.5 S4 0.45 15 227.5 2.13 505.56 167.40
NA 55 321.12 870.22
RAP 45 262.73 432.46
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2.4. Cost Evaluation

In order to evaluate the costs of the use of NA/RAP aggregate, different sources were used.
With respect to RAP’s phases P1 (road maintenance), P2 (EoW process), P4 (aggregate

assessment) and P5 (transport) and to NA’s phases P4 (aggregate assessment) and P5
(transport) market pricelists were consulted, namely: (i) “Public works price lists of Regione
Lombardia”, which is one of the most updated in Italy [61,62]; (ii) ALIG (Engineering and
Geotechnics Laboratories Association) price list [63]; (iii) University of Bari Aldo Moro
price list [64]; and (iv) TFB Laboratory site [65].

Concerning RAP P3 (transformation) and NA’s phases P1 (extraction) and P3 (trans-
formation) costs, the assessment method used by [52,53] was followed.

From [52,53] the machine specifications were also derived, in terms of apparatuses
types, cost and power. A selection of the devices was made for the recycling plant costs
since the apparatuses appearing in the cited papers were referred to RAC production.
Due to the fact that the devices costs, individuated in the previously cited articles, were
expressed in USD and referred to 2018, they were converted into € in accordance with the
exchange rate for 2018 provided by the Bank of Italy [66] and were updated following the
discount rate provided by Istat (Italian national statistical institute) [67].

Therefore, the total cost of each phase was calculated by evaluating the initial investment
costs (machines purchase) and the operational costs (energy cost, wages, maintenance cost).

To calculate the investment cost (CI) of each phase the formula proposed by [52,53]
was used:

CI =
n

∑
i=1

UPi × Ni

l
(2)

where:

UPi is the unit price of apparatus i [€];
Ni is the number of items needed for machine i;
l is the useful life of the plant, hypothesized to be equal to 20 years.

The evaluation of the energy costs (CE) for each phase was calculated as:

CE = PED × Po (3)

where:

Po is the price of crude oil [€/kg], equal to 0.618 €/kg [68];
PED is the primary energy specific demand [kgoe/ton], calculated as it follows:

PED = FED × FPEF (4)

where:

FPEF is the final to primary energy factor, equal to 0.086 for diesel and to 0.29 for electricity [52];
FED is the final energy consumption [kWh/ton], which is equal to the final energy demand
and is calculated in accordance with:

FED =
n

∑
i=1

PixNi

R
(5)

Pi is the effective power of apparatus [kW], obtained by multiplying machine power for
efficiency factor;
R is the production capacity of the plant hypothesized to be 200 ton/h.

Finally, the total cost (CT) of each phase was calculated as follows:

CT =

(
CE +

CI + Ch + Cw

dxhxR

)
(6)

where:



Buildings 2023, 13, 2191 11 of 24

Ch is the sum of the maintenance cost of each apparatus per year, [€/year];
Cw is the sum of the yearly wages, [€/year];
d is the number of plant activated days per year, hypothesized to be 300 days;
h is the number of activated hours per day, hypothesized to be 8 h.

Once the parameters Ci, CE, PED, FED and CT were calculated as previously stated
and applied to the apparatuses whose characteristics were described in [52,53], the total cost
of each phase, namely RAP transformation (P3), NA acquisition (P1) and transformation
(P3), was defined and was then applied to the case study to evaluate the economic impact
of the NA substitution with RAP.

This evaluation was conducted starting from the characteristics of the case study
(distances, building site features and structure geometry) and from the results obtained from
the mix design calculation, necessary to evaluate the quantities of the concrete components
for the different recipes selected.

The economic assessment was conducted only on the aggregate since the cement and
water costs along with the concrete-making cost are intended to be coincident in the three
admixtures (see Table 5).

Furthermore, each RAP aggregate transformation phase unit cost (€/m3) was weighted
with respect to the total cost and the different variables were then discussed, in order to
highlight possible bottlenecks or critical steps responsible for the final price of this product.
Finally, several considerations were made in order to transform RAP aggregate into a
competitive alternative to the traditional one.

3. Results
3.1. Aggregate Production Analysis

The consultation of these sources allowed individuating similar macro-processing
phases for both aggregate types (Figure 6). These phases will be addressed in detail in the
Section 3.1.1–Section 3.1.4.
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3.1.1. Phase 1: Material Acquisition

The bituminous conglomerate waste derives from road maintenance/demolition
operations. In this contribution, it was hypothesized to use only the material deriving
from road maintenance of the wearing course of the selected highway (Section 2.2). As
NA the quarry aggregate production was considered. Therefore, the acquisition phase was
found to be quite similar for the two aggregates and composed of six and five operations
for RAP and NA respectively (Figure 7). Specifically, the first operation (P1.R.O1/N.O1)
concerns raw material obtainment, i.e., asphalt milling for RAP and quarry extraction for
NA; operations 2 and 3 are the same for the two aggregates and coincide with the loading
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of raw material onto trucks (P1.R.O2/N.O2) and its transport to the transformation plant
(P1.R.O3/N.O3); the payment of the recycling fees interests only RAP (P1.R.O4/); whereas
the two conclusive operations, equal for the two aggregates, coincide with unloading the
material (P1.R.O5/N.O4) and its stockpiling within the plant (P1.R.O6/N.O5).
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3.1.2. Phase 2: EoW Process

The End of Waste (EoW) process phase applies only to RAP aggregate production. The
prescriptions of the Italian regulation were analysed, namely, the Ministerial Decree n.69
published on the 28th of March 2018 [69] which specifies the EoW specific criteria for the milled
asphalt and the consequent tests to be performed in order to complete the EoW procedure:

• P2.R.O1: Check of waste entering the recycling plant to verify the absence of other
materials;

• P2.R.O2: Test aimed at searching for asbestos, one sample every 3000 m3 of material;
• P2.R.O3: Test aimed at searching for polycyclic aromatic hydrocarbons PAH, one sam-

ple every 3000 m3 of material;
• P2.R.O4: Leaching test according to the methods described in Annex 3 of the 5 February

1998 Ministerial Decree published by the Ministry of the Environment, one sample
every 3000 m3 of material;

• P2.R.O5: Determination of particle size distribution according to EN 933-1;
• P2.R.O6: Petrographic description according to the procedures of EN 932-3.

3.1.3. Phase 3: By-Product/Raw Material Transformation

After the EoW process is completed, the RAP is transformed into aggregate through a
sequence of six operations, whereas the transformation of the mined material is completed
recurring to seven operations (Figure 8). As noted for P1, also the operations composing the
transformation phase (P3) are quite similar for the two aggregate types. The first operation
(P3.R.O1/N.O1) concerns the loading or raw material (RAP or NA); this is followed by the
raw material crushing which is performed in three stages for NA (P3.N.O2, P3.N.O3 and
P3.N.O4) and only in one for RAP (P3.R.O2); after the size reduction is completed both
aggregates are screened (P3.R.O5/N.O5); the impurities are then removed recurring to soft
product separation (P3.R.O4) and dust collection in RAP case (P3.R.O5), and to washing
(P3.N.O6) for NA. Finally, the aggregate is stockpiled (P3.R.O6/N.O7).
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3.1.4. Phase 4: Aggregate Essential Characteristics Assessment

After the transformation phase, the aggregate has to be tested in order to assess the
essential characteristics prescribed by the harmonised standard EN 12620 (Aggregates for
concrete), specifically the ones listed in Annex ZA [70]. The mandatory tests for obtaining
the CE mark for the prescribed use are the ones described in Table A1 of Appendix A.

Depending on the aggregate type, natural aggregate or recycled aggregate (RA), the
tests to be performed were selected and marked with an “X”.

3.1.5. Phase 5: Transport

Phase 5 is composed of four operations, which are the same for the two types of
aggregates (Figure 9), and include the material loading (P5.R.O1/N.O1) on trucks which
will transport (P5.R.O2/N.O2) the aggregate to the concrete plant, where it is unloaded
(P5.R.O3/N.O3) and stockpiled (P5.R.O4/N.O4) awaiting to be used in concrete manufac-
turing process.
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3.2. Cost Evaluation
3.2.1. Total Costs

Table 6 reports the cost analysis obtained for the three selected mixes. It may be
observed that the RAP aggregate use led to an increase in the total cost. Specifically, an
increment of 18,998.20 € (+98.16%) and 28,497.30 € (+147.25%) was experienced for the
mixes containing 30% and 45% of RAP, respectively.

Table 6. Total cost of the aggregate for the three studied admixtures.

Aggregate Type N100 R30N70 R45N55

NA 19,353.60 € 13,547.52 € 10,644.48 €
RAP 0 € 24,804.28 € 37,206.42 €

TOT 19,353.60 € 38,351.80 € 47,850.90 €

The analysis of the different manufacturing phases’ impact on the different admix-
ture total cost (Figure 10) revealed that the cost percentage increase experimented by the
concretes containing RAP was not spread evenly among the different production phases,
and additionally, some of them experienced a reduction. In fact, R30N70 and R45N55
transformation (P3) and the aggregate assessment (P4) phases’ cost experienced a reduction
when compared to the one necessary for N100. Specifically for P3, this reduction was equal
to 782.22 € (−12.57%) and to 1173.33 € (−18.86%) for R30N70 and R45N55, whereas for P4
was equal to 64.54 € (−9.54%) for R30N70 and 96.81 € (−14.31%) for R45N55. On the other
hand, a comprehensive increase in the cost of aggregate acquisition (P1) and the transport
(P5) phases was caused by the RAP aggregate presence. In P1, the increase was equal to
13,616.01 € (+177.92%) and 20,424.02 € (+266.88%) for R30N70 and R45N55, respectively.
P5 growth was equal to 6,218.71 € (+129.49%) for R30N70 and 9328.06 € (+194.24%) for
R45N55. Finally, concerning the EoW process phase (P2), although present only in the
admixtures containing RAP, it has to be noted that it led to a slight cost increase equal to
10.24 € and 15.36 € for R30N70 and R45N55, respectively.
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A different weight repartition for each phase in every admixture was therefore evi-
denced (Figure 11). P1 passed from accounting for 39.54% in N100 to 55.46% for R30N70
and to 58.68% for R45N55. P2 increased from 0.00% for N100 to 0.03% for both R30N70 and
R45N55. P3 influence was reduced, moving from 32.15% for N100 to 14.18% and 10.55% in
R30N70 and R45N55, respectively. P4 also experienced a reduction moving from 3.50% to
1.60% and 1.21% for N100, R30N70 and R45N55, respectively. P5 influence increased from
24.81% for N100 to 28.74% for R30N70 and 29.53% for R45N55.
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By breaking down the impact on the different production phases with respect to the
aggregate type (Figure 12) it was possible to highlight the role of the aggregate within the
framework of the single productive phase. P2 was not reported in the aforementioned
figure since it only refers to the RAP aggregate and has a minimum impact on the total cost.
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Figure 12. Cost of the single manufacturing phases (P1. Acquisition, P3. Transformation, P4.
Aggregate assessment and P5. Transport) divided for aggregate type and percentages of substitution.

From this analysis emerged that in R30N70 and R45N55 the impact of RAP aggregate
acquisition with respect to the entire P1 is 74.81% and 85.01%, despite RAP content being
only 30% and 45% respectively. Concerning P3, the RAP impact was 19.93% for R30N70 and
32.22% for R45N55. Also in P4, a reduction was registered with RAP accounting for 22.62%
in R30N70 and for 35.82% in R45N55. Finally, in P5 the impact of RAP is also predominant,
accounting for 69.50% and for 81.31% of P5 cost for R30N70 and for R45N55 respectively.
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3.2.2. Unit Costs

The unit costs of RAP and NA were respectively equal to 217.27 €/m3 and 85.07 €/m3,
resulting in a RAP aggregate cost 155.39% higher than the NA one.

The different phases’ impact on the final cost of the two aggregate types was remark-
ably different (Figure 13).
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Figure 13. RAP aggregate e NA unit cost divided for production phases.

In the NA case, the major costs were experienced in the acquisition phase (P1), account-
ing for 39.54% of the total cost. This was followed, in order of impact, by transformation
(32.15%), transport (24.81%) and aggregate assessment (3.50%).

For RAP aggregate, the phase with the highest impact on the final cost was the
transport to concrete plant (51.65%), followed by acquisition (40.03%), transformation
(7.31%), aggregate assessment (0.93%) and EoW process (0.07%).

From the comparison of the acquisition phase, it appears obvious that the RAP one
is considerably more expensive than the NA one, displaying an increment of 53.34 €/m3

(+158.55%).
With respect to the transformation phase, the one necessary to manufacture RAP is

more competitive, showing a reduction of 11.46 €/m3 (−41.91%). This is due to the RAP
nature, being formed by previously crushed aggregate covered by a bituminous layer. This
leads to a reduction of the crushing operations (from three, in NA case, to one, in RAP
aggregate case) necessary to produce the aggregate and therefore to a reduction in energy
consumption and the associated costs.

The comparison among aggregate assessment costs shows that the one calculated
for RAP aggregate is lower, and this difference is equal to 0.95 €/m3 (−31.80%). The
RAP evaluation phase’s cost remains cheaper even if we sum to the aforementioned value
the EoW process cost, although in this case, the difference would be equal to 0.80 €/m3

(−26.75%). However, it has to be highlighted that the RAP evaluation’s lower value is
due to the assumption that RAP aggregate considered in this contribution would have
a reduced range of applications (buildings and civil engineering works), whereas NA is
supposed to be used for a wider range of applications (buildings, civil engineering works
and roads construction). Therefore, if we extend the use of RAP to roads construction,
RAP’s P4 would be more expensive than the NA one, since the recycled aggregate needs
to be assessed with a wider number of tests. Specifically, the difference would be equal to
0.56 €/m3 (+18.66%), excluding the EoW process cost.

Concerning transport, the calculated increase was equal to 91.12 €/m3 (+431.64%).
From this first analysis, it was evident that at the state of the art, RAP aggregate is not

a feasible solution from an economic point of view, therefore the authors decided to break
down the operations composing the cost of the critical phases (P1 and P5) to individuate the
reason behind the cost increase and to propose solutions aimed at reducing P1 and P5 costs.

P1 total cost is the sum of six different operations (Figure 7): (i) P1.R.O1, asphalt milling;
(ii) P1.R.O2, material loading; (iii) P1.R.O3, transport to recycling plant; (iv) P1.R.O4, fees to
be paid for to the recycling plant; (v) P1.R.O5, unloading; and P1.R.O6, stockpiling. The sum
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of operations P1.R.O1, P1.R.O2, P1.R.O3, P1.R.O5 and P1.R.O6 is accountable for 45.33 €/m3,
equal to 52.12% of the entire P1.R, whereas P1.R.O4 has a cost of 41.64 €/m3 (47.88%).

P5 total cost is the sum of four operations (Figure 9): (i) P5.R.O1, material loading,
accountable for 2.64 €/m3 (2.35%); (ii) P5.R.O2, transport to concrete plant, responsible
for 106.45 €/m3 (94.85%) along with (iii) P5.R.O3, unloading and (iv) P5.R.O4, stockpiling,
accounting for 3.14 €/m3 (2.80%).

In order to reduce the unit cost of RAP aggregate, different solutions were envisaged
acting on the P1 and P5 critical operations (Figure 14).
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The first possibility could be the elimination of the recycling plant fees (RAP.b). This
would, in fact, lead to a RAP aggregate total cost of 175.63 €/m3 (−19.17%), which, although
significantly lower than RAP’s original cost, remains not competitive being +106.44% higher
than NA cost.

Another strategy to reduce RAP aggregate production cost could be that the operator
in charge of RAP’s EoW and transformation phases could also be the one performing the
asphalt milling (RAP.c) (“same operator” strategy). The cost of this operation was in fact
evaluated from a market list, which implies that the used value was comprehensive of the
asphalt-milling operator’s profit. However, if we assess the cost of asphalt milling as stated
in paragraph 2.4, by considering the initial investment costs (machines purchase) and the
operational costs (energy cost, wages, maintenance cost) of the milling apparatus [71], the
unit cost of this operation would be 12.18 €/m3. Using this solution could lead to a RAP
unit cost of 184.12 €. Furthermore, combining the elimination of the recycling fees with the
same operator strategy would lead to a unit cost of 142.47 € (RAP.d).
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Unfortunately, acting only on P1 appeared to be insufficient to reach economic com-
petitiveness, therefore also P5 was analysed critically.

Transport operation (P5.R.O2) cost derives from two price list voices: (a) transport
within a maximum distance of 45 km, having a unit cost of 15 €/m3 (14.40% of P5.R.O2 cost),
and (b) transport for distances superior to 45 km, accounting for a cost of 0.34 € m3/km,
which is equal to 91.12 €/m3 (85.60% of P5.R.O2 cost) since the distance to overcome in the
present study is 268 km.

The considerable transport distance appears to be problematic; unfortunately, the authors
were forced to choose the Zola Pedrosa Pavimental transformation plant because the conver-
sion of RAP into recycled aggregate nowadays is not a common practice in Italy and, therefore,
this plant was the closest to the construction site. However, if recycling RAP into aggregate
practice will become more common, it can be hypothesised the possibility of finding transfor-
mation plants widely distributed across the country, and therefore closer to the construction
site. Reducing the transport cost would lead to a unit cost of 126.15 €/m3 (RAP.e).

As it was in the P1 case, also acting only on P5 appears to be insufficient to reach
economic competitiveness. Therefore, different combinations of the strategies envisaged
for P1 and the one envisaged for P5 were experimented leading to the following results:

1. RAP.f: obtained combining no fees with reduced distance strategy; this would lead to
a unit cost of 84.51 €/m3, inducing a reduction of −61.10%;

2. RAP.g: obtained combining the same operator with reduced distance strategy; this
would imply a unit cost of 93.00 €/m3 reducing RAP unit cost by −57.20%;

3. RAP.h: obtained by combining no fees and the same operator with a reduced distance
strategy; this would lead to a unit cost of 51.35 €/m3, causing a reduction of −76.36%.

Therefore, strategies RAP.f and RAP.h are actually capable of making RAP a more com-
petitive material (Figure 15). Specifically, RAP.f’s cost is slightly cheaper than NA (−0.56%),
whereas the unit cost reduction for RAP.h will be significant being equal to −39.64%.
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Figure 15. Unit cost comparison of NA, RAP, RAP.b, RAP.c, RAP.d, RAP.e, RAP.f, RAP.g and RAP.h
strategies (Figure 14).
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In addition, even if the presence of the RAP aggregate production plant will not be as
common to fall within the distance of 45 km, it has to be noted that the difference between the
total unit cost of NA and RAP.h would guarantee 99 extra km, meaning that within a distance
of 144 km, the RAP aggregate cost would be lower or equal than the NA cost (Figure 16).
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Figure 16. Relationship between RAP cost and transport distance and comparison with the cost
threshold coinciding with NA evaluated cost.

4. Discussion

At the current state, RAP aggregate for structural production in Italy is not a competi-
tive option in terms of cost, being +155.39% higher than NA aggregate one, although the
transformation and assessment phases necessary for RAP aggregate production appear to
be cheaper than the ones for NA processing. However, operating on the phases account-
able for RAP’s high price, namely acquisition (P1.R) and transport (P5.R) can actually be
effective in reducing RAP cost.

Moreover, acting synergistically on the more expensive operations (i.e., asphalt milling
(P1.R.O1) responsible for 52.12% of P1.R and recycling fees payment (P1.R.O4), accountable
for 47.88% of acquisition cost and on transport to the concrete plant operation (94.85% of the
total cost) is the distance between the construction site and the RAP transformation plant)
was demonstrated efficacious in granting this material economic competitiveness, resulting
in a RAP aggregate unit cost equal to 51.35 €/m3 (−39.64% with respect to NA cost).

From the previous results, it seems evident that the achievement of RAP economic
competitiveness is subjected to changes that have to comprehend policies and the produc-
tive chain. In fact, on the one hand, is impellent from the government to reduce or even
abolish recycling plant fees since the elimination of this obstacle could encourage recycling
practices. On the other hand, the creation of a cohesive and well-distributed productive
chain, characterized by an adequate number of asphalt recycling plants and in which the
operator in charge of the recycling process will also be in charge of the asphalt milling
process, could lead to a cost cut along with a transportation distance reduction.

With that said, one important aspect that needs to be highlighted is that, when com-
pared to RCA cost, which is 10.0% [72] to 84.6% [73] higher than NA cost, raging therefore
from 93.58 to 157.05 €/m3, RAP appears as the best recycled aggregate option from an
economic point of view, being characterized by a cost 45.13–67.30% lower than RCA one.

Despite the competitiveness that could be reached with one of the aforementioned
productive solutions (RAP.h), the authors feel the urge to highlight one interesting phe-
nomenon that can actually affect RAP aggregate commercialization and its use. In fact,
as has been noted for other types of recycled aggregates, professionals and construction
stakeholders tend to have a mistrust of using these types of products. In order to overcome
this problem, one possible solution could be to state government incentives promoting the
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use of recycled construction material. With respect to this topic, it is really interesting to re-
port the results of the survey conducted by Katerusha [74], although the discussed recycled
aggregate was derived from old concrete (RAC). Katerusha stated that the stakeholders
would be willing to pay 83.3–100% of the conventional aggregate cost for RAC (around
150 €/m3 in Germany, where the survey was conducted) but that they would be more
motivated in using this type of product if the government would provide a reimbursement
per m3 of recycled aggregate (being 12 €/m3 the optimal value, according to the survey).
Using this form of compensation could actually make also solution RAP.f more appealing
to the stakeholders, making the cost of the latter equal to 77.75 €/m3, which is 91.39% of
the NA cost (an 8% reduction was applied).

Concerning the milling depth, another consideration has to be done. In the hypoth-
esized scenario, the milling depth was equal to 6 cm, i.e., the wearing course; however,
milling machines are capable to dismantle superior depth. Specifically, the one selected
within this study can reach an excavation depth of 33 cm. Increasing the milling depth
could potentially raise RAP competitiveness, although, of course, the mechanical character-
istic of this new aggregate will need to be evaluated again in order to see if the ultimate
compressive strength would accomplish the individuated targeted strength.

With respect to the cost assessment method used in Section 2.4, it has to be noted
that, although the aforementioned method was already validated by [52,53], further work
could be done in order to perform a more refined economic assessment by contacting the
two plants selected, and asking for the specifications and numbers of the apparatuses
present. However, it has to be taken into account that the performed study had the aim
to evidence the overall costs and the impact of the different phases, an objective that was
anyway pursued with the presented method without invalidating the results.

Another reflection regarding RAP aggregate production concerns the essential charac-
teristics assessment tests in Italy. The authors would like to highlight the fact that finding
construction material laboratories capable of performing some of the tests necessary to control
the recycled aggregate quality (i.e., T.15, T.18 and T.21 in Table A1) was extremely difficult, in
fact, for T.15 and T.21, it was necessary to consult a laboratory situated in Switzerland.

5. Conclusions

The goal of this study was to assess the economic impact of RAP aggregate production
and compared it with the NA one, in order to individuate eventual critical phases/activities
or bottlenecks.

From the case study analysis, it has emerged that:

• Currently RAP aggregate for structural production in Italy is not a competitive option
in terms of cost, being +155.39% higher than NA aggregate one;

• The higher cost is caused by three RAP aggregate production phases: namely acquisi-
tion (P1.R), End of Waste process (P2.R) and transport (P5.R);

• On the other hand, two RAP production phases, transformation (P3.R) and assess-
ment (P4.R) are characterized by a positive cost reduction when confronted with the
corresponding NA ones. The reductions are equal to −41.91% for the transformation
phase and −31.80% for the assessment phase;

In order to find a strategy capable of reducing the expenses derived from the critical
phases identified, the different operations composing P1.R and P5.R were addressed. The
findings highlighted that:

• With respect to acquisition (P1.R) two operations were accountable for the high price,
namely asphalt milling (P1.R.O1) and recycling fees payment (P1.R.O4);

• Concerning transport (P5.R) the accountant for the high cost was the transport to the
concrete plant operation due to the long distance between the construction site and
the RAP transformation plant.

In order to enhance RAP aggregate competitiveness, different solutions were proposed.
The results showed that:
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• Acting solely on one of the operations responsible for RAP aggregate high cost is not
sufficient in order to grant this material competitiveness;

• The only possibility of having an appreciable cost reduction is acting contemporarily
on the three critical operations. This would lead to a competitive RAP aggregate unit
cost, implying a cost reduction of −39.64% with respect to NA cost and of 45.13%-
67.30% reduction with respect to RCA one.
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Appendix A

Table A1. Essential characteristics of the aggregates to be used for the preparation of concrete for use
in buildings, roads and other civil engineering works according to EN 12620 [70].

N. Characteristic Standard NA RA

T.1 Particle size EN 933-1 X X
T.2 Grading EN 933-1 X X
T.3 Shape of coarse aggregate EN 933-3 X X
T.4 Particle density and water absorption EN 1097-6 X X
T.5 Shell content of coarse aggregate EN 933-7 X - 1

T.6 Fines content EN 933-1 X X
T.7 Fines quality: methylene blue EN 933-9 X X
T.8 Resistance to fragmentation of coarse aggregate EN 1097-2 X - 2

T.9 Resistance to wear of coarse aggregate EN 1097-1 X - 2

T.10 Resistance to polishing EN 1097-8 X - 2

T.11 Resistance to surface abrasion EN 1097-8 X - 2

T.12 Resistance to abrasion from studded tyres EN 1097-9 X - 2

T.13 Constituent of coarse recycled aggregates prEN 933-11 - X
T.14 Water-soluble chlorides content EN 1744-1 X X
T.15 Acid-soluble chlorides content (recycled aggregates) EN 1744-5 - X
T.16 Acid-soluble sulphates content EN 1744-1 X X
T.17 Total sulphur content EN 1744-1 X X
T.18 Water-soluble sulphate content of recycled aggregate EN 1744-1 - X

T.19 Constituents of natural aggregate which alter the rate of setting and hardening
of concrete EN 1744-6 X - 3

T.20 Influence on initial and final setting time of cement EN 1744-1 X - 4

T.21 Influence on initial and final setting time of cement (recycled aggregates) EN 1744-6 - X
T.22 Carbonate content of fine aggregate for concrete pavement surface course EN 1744-1 X - 2

T.23 Volume stability—drying shrinkage EN 1367-4 X X
T.24 Constituents which affect the volume stability of air cooled blast furnace slag 1744-1 - 5 - 5

T.25 Freeze/thaw resistance of coarse aggregate EN 1367-1 X X
T.26 Freeze/thaw resistance of coarse aggregate EN 1367-6 X X
T.27 Alkali-silica reactivity UNI 8520-22 6 X X
T.28 Dangerous substances 7 - -

1 Even if the standard does not limit this test only to the natural aggregate, the authors assumed it was non-necessary
for the analysis of RAP aggregate since the aggregate contained in the recycled bituminous conglomerate supposedly
has already been checked for the shell content before its use for the asphalt production. 2 These tests were omitted
from the cost evaluation, since RAP aggregate is supposed to be used for building and civil engineering applications
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in structural concrete only. 3 The authors think that it is safe to suppose that the eventual presence of organic
matter had already been evaluated on the aggregate before the production of the asphalt from which RAP
aggregate was derived. 4 This test cost was omitted from the RAP aggregate assessment since its aim is to find
organic matter who could lead to different setting times. 5 This test was omitted from the two aggregate types’
assessment process since it is only applicable for furnace slag aggregates. 6 This parameter has to be assessed
in accordance with the provision valid in the place of use, which in Italy coincides with standard UNI 8520-22.
7 This parameter has to be assessed in accordance with the provision valid in the place of use, which in Italy is
regulated by Annex 3 of the MD 5 February 1998, which was previously described in Phase 2. Therefore, the
authors decided to avoid repeating the test on RAP aggregate. Concerning NA, it has to be highlighted that, as it
is specified in EN 12620, it is extremely rare that natural aggregate derives from a contaminated source, therefore
the authors decided to avoid performing these tests.
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