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� Experimental studies were carried out with the aim of fine tuning a novel concrete recycling process.
� A novel experimental set-up was built to simulate autogenous milling.
� The influence of type of parent concrete, intensity of the autogenous milling and ADR cut-size point were investigated.
� Mechanical and durability properties of RAC is comparable to those of NAC.
� Special properties of recycled aggregates will make it a favorite input material for prefab industry.
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a b s t r a c t

Enormous amount of Construction and Demolition Waste (CDW) are yearly generated in Europe and the
predominant material constituent is concrete. Despite the urgency of creating a sustainable solution for
End Of Life (EOL) concrete waste treatment, there has not been a large driving force for recycling it into
prime grade materials. The C2CA concrete recycling process aims at a cost effective system approach to
recycle EOL concrete to hardened cement and clean aggregates. This recycling process consists of a com-
bination of smart demolition, gentle grinding of the crushed concrete in an autogenous mill, and a novel
dry classification technology called Advanced Dry Recovery (ADR) to remove the fines. The main factors
in the C2CA process which may influence the properties of Recycled Aggregates (RA) or Recycled
Aggregate Concrete (RAC) include the type of Parent Concrete (PC), the intensity of autogenous milling
(changing the amount of shear and compression inside of a mill) and the ADR cut-size point (usage of
+2 mm or +4 mm RA in the new concrete). This study aims to investigate the influence of implied factors
on the quality of the RA and RAC. To conduct the study, first of all, three types of concrete which are
mostly demanded in the Dutch market were cast as PC and their fresh and hardened properties were
tested. After nearly one year curing, PC samples were recycled independently varying the type of PC
and intensity of the autogenous milling. Experimental variables resulted in the production of eight types
of RA. The physical, mechanical and durability properties of the produced RA were tested and the effect of
the experimental variables on their properties were investigated. According to the results, the type of PC
is a prevailing parameter for the final properties of RA, in comparison with the milling intensity.
Moreover, it is observed that a variation in the milling intensity mostly influences the properties of RA
produced from a lower strength PC. Furthermore, the performance of the RA in the new concrete was
studied. Four types of RAC were produced based on the modified recipe of their corresponding PCs. For
the modification of the recipes, water absorption and density of RA were taken into account while the
amount of applied cement and consistency class was kept similar to the corresponding PC.
Experimental results show that the RAC samples compare favourably with PC. Among various autogenous
milling intensities, milling at medium shear and compression delivers better properties for RA and RAC.
Good performance of RAC with the incorporation of 2–4 mm ADR fines and RA, confirms the possibility of
setting ADR cut-size point on 2 mm.
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1. Introduction crete [6]. They also expressed that higher water absorption capac-
In the coming years, a strong increase of the amount of Con-
struction and Demolition Waste (CDW) is expected in Europe
because of the large number of structures from the 1950s which
are coming close to their end of life [1]. End Of Life (EOL) concrete
is known to be the heaviest component of the CDW. Considering
the fact that public and private sectors have become aware of
the urgency and importance of CDW recycling, the European Com-
mission has taken initiatives towards sustainable treatment and
recycling of CDW. In this regards, a novel concrete-to-concrete
recycling process, (C2CA) is developed within European projects.
The C2CA process aims at a sustainable and cost-effective system
approach for recycling high-volume EOL concrete streams into
prime-grade aggregates and cement [2].

The technologies considered are smart demolition to produce
crushed concrete with low levels of contaminants, followed by
mechanical upgrading of the material on-site into an aggregate
product with sensor-based on-line quality assurance and a
cement-paste concentrate that can be processed into a low-CO2

input material for new cement. In C2CA process, after crushing
and sorting out big contaminants, liberation of the cement paste
is promoted by several minutes of grinding in an autogenous mill
while producing as little as possible new fine silica. A new low-
cost classification technology, called Advanced Dry Recovery
(ADR) is then applied to remove the fines and light contaminants
with an adjustable cut-point of between 1 and 4 mm for mineral
particles [3]. ADR uses kinetic energy to break the bonds that are
formed by moisture and fine particles and is able to classify mate-
rials almost independent of their moisture content. After breaking
up the material into a jet, the fine particles are separated from the
coarse particles. The finer fraction of crushed EOL concrete is prob-
lematic due to the moist mixture of silica aggregates, cement paste
and water (10–15%), contaminated with 0.5–1% of foreign materi-
als such as wood, metal and plastics.

The feasibility of the C2CA concrete recycling process was
examined in a demonstration project involving 20,000 tons of
EOL concrete from two office towers in Groningen, the Netherlands
and delivered very promising results [1]. Fine tuning of this pro-
cess, requires a comprehensive understanding of the effects of var-
ious influencing parameters on the quality of the produced
aggregates. In C2CA process, the main factors which affect the final
properties of RA and RAC include the type of PC, the setting of ADR
cut-size and the intensity of autogenous milling.

In spite of the availability of considerable research aimed at a
better understanding of the properties of RA and their influence
on the performance of RAC, there are limited studies focusing on
the effects of the involved recycling parameters in relation with
the quality of final products [5–8]. Some research included the
effect of parent concrete on the properties of the recycled aggre-
gate concrete. According to Akbarnezhad et al. the PC properties
such as strength and size of Natural Aggregates (NA) can strongly
affect the properties of RA [8]. Kou et al. reported that RA derived
from PC with high strength (80–100 Mpa) can be used to replace
100% with NA [7]. Other researchers claimed that for the same par-
ticle size, aggregates coming from weaker PC have greater dry den-
sity and less attached mortar which would result in a better quality
concrete [8]. Similar to that, Padmini et al. reported that RA pro-
duced from PC with higher strength have higher amount of water
absorption [5]. They also reported that for a given target strength,
with increasing the strength of parent concrete, the strength of
RAC reduces. However, Tavakoli et al. reported that if the compres-
sive strength of the parent concrete is higher than that of the ref-
erence concrete, then the recycled aggregate concrete can also be
made to have higher compressive strength than the control con-
ity of RA, which partly reflects the increased amount of mortar
adhered to original stone, lead to reduced compressive strength
of RAC.

In addition to above mentioned research, few efforts were
found which aimed at increasing the quality of RAC through the
production processes [2,6,8,9]. It is reported that the liberation of
cement from surface of aggregates will improve by using an auto-
genous mill [9,10]. However, the effect of autogenous milling
intensity and its importance for recycling of different types of con-
crete is not yet well understood.

Furthermore, the effect of ADR cut-size on the performance RAC
needs to be investigated. ADR is equipped with an adjustable cut-
size point by which the minimum particle size of the recycled
aggregates can be set on 2 mm or 4 mm. In fact, setting ADR cut-
size on 2 mmmeans that the fraction 2–4 mmwill be also incorpo-
rated for RAC production. Considering the fact that the fraction 0–
4 mm (fines), is a massive by product of the concrete recycling pro-
cess, it would be beneficial to use them partially in the RAC pro-
duction. Evagelista et al. did a comprehensive review on existing
reports related to the utilization of recycled fines in new concrete
[11]. From their review they concluded that although the use of
fines in concrete production is currently considered unacceptable
by a major part of scientific community, some published results
prove that if the problem is approached correctly, it is possible to
make concrete containing recycled fines that affords high perfor-
mance. However, due to large variation in the results of different
researches, it deserves more investigation.

The aim of current study is to enrich the knowledge with
respect to the fine setting of C2CA process to deliver RA and RAC
with high quality and salability potential. The present paper
reports on the findings of an experimental study on the influence
of the above explained parameters ‘‘the type of PC, milling inten-
sity and ADR cut-size point” on the performance of RA or RAC.

2. Materials and methods

2.1. Parent concrete

Three series of commonly used concrete in the Dutch market
were chosen for casting as the Parent Concretes (PCs). To produce
the specimens, ready mix concrete with real applications (see
Table 1) and provided by Mebin in the Netherlands, were used.
The mix proportions for considered types of PC are presented in
Table 2. PCs consists of CEM III B 42,5 NLH and aggregates at three
different grading with maximum sizes of 16 mm (for PC3) and
31,5 mm (for PC1 and PC2) (see Fig. 1). PC1 and PC3 contain just
NA, while PC2 consists of 10 wt.% of 16–32 mm RA in addition to
NA due to the actual industrial usage of RA in the Netherlands.
All specimens were cast in molds and compacted using vibrators
(see Fig. 2). Samples were demolded after 24 h in a controlled lab-
oratory environment and were cured in the standard condition
according to the EN-12390-2. Fresh and hardened properties of
the parent concretes were determined (see Table 3) and the rest
of the specimens were remained into the curing room with the
standard condition (temperature 23 ± 2 �C and relative humidity
of 95%) for a duration of one year. For each type of PC about100
cubes of concrete (15 cm � 15 cm � 15 cm) were casted.

2.2. Concrete recycling procedure

After almost one year curing, PCs were used as the input of the
recycling process. Based on an experimental plan (explained in
Section 2.3) different types PC samples were recycled separately.
For recycling, a lab-scale version of C2CA process was applied.



Table 1
Applications of the utilized parent concrete (PC) according to the descriptions in the EN 206-1.

Parent concrete code Concrete Class Place of utilization Consistency Class Environmental class

PC1 C28/35 D32 Wall S3 XA2
PC2 C20/25 D32 Floor S3 XC1
PC3 C20/25 D16 Wall S3 XC3

Table 2
Mix proportions of Parent Concretes (PCs).

Component PC1 PC2 PC3

Mass (kg) Volume (dm3) Mass (kg) Volume (dm3) Mass (kg) Volume (dm3)

CEM III B 42.5 N LH 337 115 260 89 324 111
Water 173 173 180 180 187 187
NA 4–32 mm 1006 383 833 315 – –
NA 4–16 mm – – – – 998 378
RA 4–32 mm – – 200 79 – –
NS 0–4 mm 823 314 835 316 792 301
NS 0–1 mm – – 16 6 23 9
Total weight of aggregates and sand (kg) 1829 1884 1813
Air content (dm3) 15 15 15
w/c ratio 0.51 0.69 0.58

*NA: Natural Aggregate, RA: Recycled Aggregate, NS: Natural Sand.

Fig. 1. Grading of the aggregates and sand used in three different parent concrete.
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Fig. 2. Sampling and casting of the parent concretes.

Table 3
Fresh and hardened properties of the Parent Concretes (PCs).

Properties Standard PC1 PC2 PC3

Measured
results

SD Measured
results

SD Measured
results

SD

Fresh Properties
Slump(mm) EN 12350-2 136 n/a 117 n/a 137 n/a
Slump flow (mm) EN 12350-5 467 n/a 500 n/a 470 n/a

Hardened Properties (Mpa)
7-Days compressive strength EN 12390-3 24.7 1.2 14.6 0.2 20.1 0.4
28-Days compressive strength EN 12390-3 45.7 1.3 31.1 0.8 37.5 1.7
91-Days compressive strength EN 12390-3 53.8 4.1 42.0 1.4 47.7 0.1

Durability Properties
RCM (Rapid Chloride Migration) (10–12 m2/s) NT BUILD 492 3.93 1.68 14.37 0.85 5.00 2.36
TEM (Om) CUR C177 180.33 13.01 80.33 1.53 168.00 0.78
Carbonation depth (90 days) (mm) CEN/TS 12390-10 2.95 0.35 3.80 0.28 3.05 0.78
Freeze-thaw resistance total scaled material after 56 cycles (kg/m2) CEN/TS 12390-9 2.98 n/a 9.64 n/a 3.62 n/a

*SD: Standard Deviation.

Fig. 3. The schematic of the Shear-Compression Machine (SCM).
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Firstly, a laboratory jaw crusher with the opening of 20 mm was
used to crush the parent concrete samples.

In the C2CA process, after crushing, EOL concrete is grinded in
an autogenous mill to remove the fragile mortar from the surface
of aggregates. During autogenous milling, the combination of
shearing and compression forces, promotes selective attrition and
delivers a better liberation. Thus, the milling intensity depends
on the mentioned shear and compression forces. In this study,
for grinding the crushed concrete and studying the influence of
the milling intensity in a controlled way, a new experimental
set-up was designed and constructed [9]. The schematic of this
set-up with the name of Shear-Compression Machine (SCM) can
be seen in Fig. 3. The SCM consists of a vertical cylinder for the
application of the compression force. A ring-shaped container is
placed under the vertical cylinder which is connected to an arm.
An electrical engine connected to the arm is applied to move the
container back and forth. The effective surface area of the container
is 0.12 m2, and for each test it can be filled out with approximately
22 kg of crushed PC.



Fig. 4. Schematic of the ADR principle.

Fig. 5. Different steps of the performed recycling process and final produced recycled fractions.
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Fig. 6. Experimental variables to produce different series of RA.

Table 5
Test methods used for determining properties of RA and hardened RAC.

Test Standard

RA
Density SSD [kg/m3] EN 1097-6
Water Absorption [wt.%] EN 1097-6
Resistance to crushing [wt.%] PN-B-06714-40
Resistance to Freezing and Thawing [wt.%] EN 1367-1

RAC
Compressive strength EN 12390-3
Accelerated carbonation CEN/TS 12390-10
Freeze/thaw resistance CEN/TS 12390-9
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In this study, milling of materials in SCM was followed by a
16 mm screen and an ADR with the capacity of 60 tons per hour.
Basically ADR is used to break the bonds that are formed by mois-
ture and fine particles to separate them from coarse particles. The
working principle of ADR is schematically shown in Fig. 4.

In an industrial recycling site, ADR input materials usually con-
tain certain amount of moisture. To simulate the same condition in
the laboratory, the ADR input materials were moisturized artifi-
cially (water was added with the amounts of 5 wt% of ADR input
materials). In ADR after breaking up the material into a jet, the fine
particles are separated from the coarse. ADR separation has the
effect that the aggregate is concentrated into a coarse aggregate
product. Moreover, a fine fraction including the cement paste
and contaminants such as wood, plastics and foams (in real condi-
tions where EOL concrete contains pollutants) is separated in
another stream. Fig. 5 shows different steps of the recycling pro-
cess performed in this study.

2.3. Experimental design

Experiments were designed to investigate the effects of the
milling intensity, PCs types on the properties of the RA Experimen-
tal runs resulted in the production of eight different types of RA
(4–16 mm ADR coarse product). Layout of the experiments can
be seen in Fig. 6. Four types of RA were chosen for RAC production.
In addition one type of RAC with incorporation of +2 mm ADR out-
put was produced to study the effect of the ADR cut-size (RAC5).

Table 4 gives more detailed information about the considered
experimental factors, their variables, coding of the produced RA
and their corresponding RAC. Table 5 shows the list of tests and
corresponding standards for determining the properties of RA, also
fresh and hardened properties of concretes.

2.4. RAC production

ADR coarse products were selected for testing in new concrete
applying the recipe of their corresponding PC (see selected ones
Table 4
Coding of the produced RA and their corresponding RAC.

Parent concrete SCM setting (degree of milling)

Shear:
Duration (min)

Compression:
Force (KN)

Coding

PC1 – – No milling
PC1 7.12 6.30 HS-LC
PC1 5.00 18.60 MS-MC
PC2 7.12 6.30 HS-LC

PC2 5.00 18.60 MS-MC

PC2 5.00 30.90 MS-HC

PC3 7.12 6.30 HS-LC
PC3 5.00 18.60 MS-MC

*S = Shear, *C = Compression, H* = High, *L = Low, *M = Medium.
in Table 4). RA tends to absorb more water in comparison with
NA due to the residue mortar adhered to the original aggregates.
Many researchers attempted to address this issue by increasing
the water and cement content in order to achieve the required
workability at a constant water to cement (w/c) ratio. However,
higher cement content can affect the properties of hardened con-
crete like shrinkage besides being not economical. Considering
these issues, in one of the previous investigations of C2CA, samples
of RAC and Natural Aggregate Concrete (NAC) were made sepa-
rately with the same amount of cement and consistence [2]. After
testing the samples, RAC showed almost 30% higher compressive
strength after 7 days and the results of the freeze-thaw resistance
of RAC fulfilled the F100 class requirement from PN-B 06250 Polish
standard. This requirements are applied for usage of concrete in
severe environmental conditions. Following the mentioned study,
in this research samples of RAC were made according to the origi-
nal recipes of parent concretes keeping the amount of cement and
consistency similar to their corresponding PC. Fresh concrete
mixes were prepared with a laboratory mixer (18 dm3). For con-
crete production dried aggregates were used and the amount of
water required for their saturation was added during the initial
stage of the mixing process. The mixing process was completed
by adding cement, water and admixtures. The amount of water
to cement ratio provided in this study (for both PC and RAC) con-
cern the total amount of water (water needed for aggregates satu-
ration, for cement and added water to the superplasticizer).
Utilized Natural Aggregates (NA), Natural Sand (NS) and cement
in both PC and RAC were always from the same source. In RAC pro-
duction superplasticizer (polynaphthalene sulfonate based liquid
admixture) was dosed to achieve the targeted consistency of S3
(125 ± 25 mm slump). The modified concrete recipes for RAC can
be seen in Table 6 which is comparable to the PC recipes in Table 2.
RAC5 is the only concrete mixture which contains both ADR coarse
RA and ADR 2–4 mm fine fraction. In all RAC series, 100% of NA (4–
16 mm) were replaced with Recycled Aggregates (RA). In RAC5, NS
(2–4 mm) was also replaced with 2–4 mm Recycled Sand (RS). The
amount of water needed for this replacement was adjusted during
fresh mixture preparation and based on the required consistency.
Coding of ADR input
samples

Coding of corresponding
produced RA

Corresponding
produced RAC

PC1-No Milling RA-PC1-No Milling –
PC1-HS-LC RA-PC1-HS-LC –
PC1-MS-MC RA-PC1-MS-MC RAC1
PC2-HS-LC RA-PC2-HS-LC –

PC2-MS-MC RA-PC2-MS-MC RAC2

PC2-MS-HC RA-PC2-MS-HC –

PC3-HS-LC RA-PC3-HS-LC RAC3 and RAC5
PC3-MS-MC RA-PC3-MS-MC RAC4



Table 6
Composition of RAC mixtures in five different series.

Component RAC1 RAC2 RAC3 RAC4 RAC5

Mass
(kg)

Volume
(dm3)

Mass
(kg)

Volume
(dm3)

Mass
(kg)

Volume
(dm3)

Mass
(kg)

Volume
(dm3)

Mass
(kg)

Volume
(dm3)

CEM III B 42.5 N LH 340 116 266 91 328 112 329 112 325 111
Water 164 164 161 161 176 176 172 172 182 182
NA > 31.5 mm 11 4 – – – – – – – –
NA 22.4–31.5 mm 81 31 85 32 – – – – – –
NA 16–22.4 mm 213 81 212 80 29 11 30 11 29 11
NA 4–16 mm – – – – – – – – – –
RA-PC1-MS-MC-ADR 4-16 mm 658 293 – – – – – – – –
RA-PC2-MS-MC->31.5 mm – – 12 5 – – – – – –
RA-PC2-MS-MC-22.4–31.5 mm – – 49 21 – – – – – –
RA-PC2-MS-MC-16–22.4 mm – – 45 20 – – – – – –
RA-PC2-MS-MC-ADR 4-16 mm – – 593 259 – – – – – –
RA-PC3-HS-LC-ADR 4-16 mm – – – – 846 363 – – 841 361
RA-PC3-MS-MC-ADR 4-16 mm – – – – – – 863 365
RS-PC3-HS-LC-ADR 2–4 mm – – – – – – 93 40
NS 0-4 mm 775 295 825 314 842 320 847 322
NS 0–2 mm – – – – – – – – 732 278
Aggregates and sand total 1738 – 1821 – 1717 – 1740 – 1695
Percentage of RA and RS in concrete

composition
37.9% – 38.4% – 49.3% – 49.6% – 55.1% –

Superplasticizer (kg) 2 2 2 2 2 2 2 2 2 2
Air content (dm3) – 15 – 15 – 15 – 15 – 15
w/c ratio 0.48 0.61 0.54 0.52 0.56

*NA: Natural Aggregate, RA: Recycled Aggregate, NS: Natural Sand, RS: Recycled Sand.

Fig. 7. The recovery percentage of each size fraction into the three products of ADR for sample PC3-MS-MC.
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After mixing procedure and filling the molds, samples were cured
according to EN 12390-2.

3. Results and discussion

3.1. ADR performance

For each experimental run particle size distributions of ADR
input and outputs were determined. Results of the particle size dis-
tribution analysis of different ADR coarse products showed negligi-
ble variations. The recovery of each size fraction of all ADR
products for sample PC3-MS-MC (as an example) are shown in
Fig. 7. From this figure one can understand how ADR efficiently
separate sticky and wet finer particles and concentrate the coarse
fraction in a separated stream. This process is done purely mechan-
ically and without drying or wet screening of the crushed concrete.

3.2. Properties of RA

Table 7 shows the physical and mechanical properties of pro-
duced RA. The guideline prepared by RILEM recommends recycled
coarse aggregates for concrete production if their water absorption
is between 3% and 10% [12]. According to recommendations of an
international committee, coarse RA having water absorption
capacity more than 7% is not desirable to be used in concrete
[13]. In general, the values obtained for water absorption of RAs
in this study corresponds well with the recommendations.

It is well-known that the properties of RA vary proportionally
with the amount of mortar present in RA. Research shows that
when the mortar content of RA increases, the density of RA drops
and the water absorption raises [14,15]. In the present study, the
variation in the water absorption of RA was utilized to investigate
the importance level of two contributing parameters (milling
intensity and type of PC) during recycling and their effects on the
overall quality of RA. Fig. 8 shows the effect of PC type and milling
intensity on the water absorption of RA. In the figure type of PC is
indicated with its 28 days achieved compressive strength. Accord-
ing to this figure the water absorption of RA decreases with reduc-
tion in parent concrete strength (Compare PC1 and PC2 which have
the same maximum grain size but different strength). This trend is
more obvious for RA coming from milling with higher intensity
(MS-MC). This may be attributed to the fact that the stronger mor-
tar present in the RA produced from parent concrete with higher
strength, results in less mortar being removed during the primary



Fig. 9. The effect of the PC type and milling intensity on oven dried density of RA.

Table 7
Physical and mechanical properties of recycled aggregates.

Properties RA-PC1-No
milling

RA-PC1-
HS-LC

RA-PC1-
MS-MC

RA-PC2-
HS-LC

RA-PC2-
MS-MC

RA-PC2-
MS-HC

RA-PC3-
HS-LC

RA-PC3-
MS-MC

Moisture content [wt.%] 5.7 5.8 5.8 5.6 5.5 5.7 4.6 4.1
Density of grains [kg/m3] 2626 2628 2629 2626 2629 2611 2626 2625
Density of grains dried in an oven [kg/m3] 2265 2256 2249 2266 2290 2262 2330 2358
Density of grains saturated and surface-dried [kg/m3] 2402 2397 2393 2403 2419 2395 2442 2460
Water absorption [wt.%] 6.06 6.26 6.41 6.04 5.62 5.89 4.82 4.30
Freezing-thawing weight loss (8–16 mm) [wt.%] 1.06 0.75 0.91 2.14 3.53 2.32 1.3 1.22
Freezing-thawing weight loss (4–8 mm) [wt.%] 1.86 1.69 1.96 5.40 6.01 7.43 2.54 2.35
Index of aggregate crushing for non-fractioned sample [wt.%] 14.42 14.6 14.43 13.74 13.79 13.16 13.21 13.98
Index of aggregate crushing for 4–8 mm fraction [wt.%] 13.49 13.84 13.38 14.02 13.32 13.31 12.74 13.04
Index of aggregate crushing for 8–16 mm fraction [wt.%] 15.65 15.88 15.86 13.31 14.37 12.95 13.93 13.65
Fines content [wt.%] (wet analysis) 0.63 0.23 0.37 0.29 0.31 0.43 0.40 0.34

Fig. 8. The effect of the PC type and milling intensity on the water absorption of RA.

Fig. 10. The weight loss resulting from the freeze-thaw resistance test of RA in correlatio
PC (red and blue regression lines respectively).
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crushing or by increasing the intensity of milling. Considering
three different milling intensity (HS-LC, MS-MC and no milling)
applied for PC1 which is the strongest utilized PC, it is obvious that
changing the milling intensity has a slight effect on the water
absorption of RA coming from PC1. On the other hand, water
absorption of RA coming from weaker concretes is more influenced
by changing the milling intensity.

Comparison between Figs. 8 and 9 shows an inverse relation
between the water absorption and density of RA. In Fig. 9 it is clear
that RA coming from PC1 with higher compressive strength, has
lower density and density varies slightly by changing the milling
intensity. This is another confirmation to the fact that milling
intensity changes the mortar content for concretes with weaker
strength more effectively. Results also showed that crushing of
the PC to a maximum size close to that of their NA may result in
some improvement in the density of RA (see PC3 with maximum
NA grain size of 16 mm close to 20 mm opening size of the
crusher). The smaller difference between the size of the NA in PC
and the space between the jaws of the crusher leads to the produc-
tion of less amount of RA which contains more than one grain of
NA adhered together and surrounding by mortar [8].

Crushing index is a parameter used to measure resistance of
aggregate to fragmentation. Crushing index of various samples in
Table 7 is another prove for existing a stronger mortar attached
to RA coming from a stronger PC. Because of the adhered mortar,
sometimes RA could result in higher crushing index. For good qual-
ity coarse aggregates according to the requirements of PN-B-
06714-40, the crushing index should be less than 16% which corre-
sponds well with the results of this study (see Table 7). According
to this table, the crushing index of RA coming from PC1 is just
n with the compressive strength and freeze-thaw resistance of their corresponding



Table 8
Fresh properties of RACs and PCs.

Fresh properties of concretes Water/Cement ratio-Workability-Consistency

RAC PC

Concrete
code

Code of utilized RA Water absorption
of RA (4–16 mm)

W/C Slump
[mm]

Slump class
according to EN 206-1

W/C-Correspondent
PC

Slump [mm]-
Correspondent PC

Slump class
according to EN 206-1

RAC1 RA-PC1-MS-MC 6.41 0.48 130 S3 0.51 – PC1 136 – PC1 S3
RAC2 RA-PC2-MS-MC 5.62 0.61 125 S3 0.69 – PC2 117 – PC2 S3
RAC3 RA-PC3-HS-LC 4.82 0.54 135 S3 0.58 – PC3 137 – PC3 S3
RAC4 RA-PC3-MS-MC 4.30 0.52 150 S3 0.58 – PC3 137 – PC3 S3
RAC5 RA-PC3-HS-LC 4.30 0.56 140 S3 0.58 – PC3 137 – PC3 S3

*The addition of fines 2–4 mm in RAC5, slightly increased the water demand of the concrete mixture (Compare RAC3 to RAC5).

Fig. 11. Comparison between compressive strength of RAC ( ) and PC ( ) in different ages.
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slightly higher than that coming from PC2 and PC3. Taking into
account that RA coming from PC1 have relatively higher water
absorption, one would expect also higher amount of crushing
index due to the existence of more attached mortar. Thus, it can
be concluded that the mortar attached to RA coming from PC1, is
very strong and cannot be removed easily even by applying the
crushing resistance test.

Considering Table 7 the influence of the type of PC can be
observed also on the durability of RA. A comparison between com-
pressive strength of PC and freeze-thaw resistance of RA, showed



Fig. 12. Correlation between extra achieved compressive strength of RACs at 7 days with carbonation depth and compressive strength.

Table 9
Comparison between carbonation depth of RAC and PC.

Average carbonation depth [mm]

RAC code RAC – 56 Days RAC – 90 Days PC – 90 Days PC Code

RAC1 1.02 1.18 2.95 PC1
RAC2 6.58 6.99 3.8 PC2
RAC3 3.99 4.31 3.1 PC3
RAC4 3.79 4.09
RAC5 4.20 4.63
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in general an inverse relationship (see Fig. 10-red data points). On
the other hand, according to Fig. 10, the correlation between
freeze-thaw resistance of RA and freeze-thaw resistance of PC indi-
cates a strong influence of the type of PC on the freeze-thaw resis-
tivity of RA (see blue data points in Fig. 10).

In general, the results of the experiments on the produced recy-
cled aggregates, indicate the qualification of all types of studied RA
for RAC production. According to the Polish national standard for
the crushing resistance, all types of RA are ranked as ‘‘good”. Dura-
bility differences are clearly visible for RA obtained from different
PC. RA with the source of PC1 and PC3 presented really good
freeze-thaw resistance (category F1 and F2 respectively) in contrast
to RA coming from PC2 which showed weaker durability properties
(Category F4). The relationship between the RA properties and con-
sidered recycling parameters, strongly suggests that the type of the
PC is a prevailing parameter for the final properties of RA, in com-
parison with the milling intensity.
Fig. 13. Correlation between water absorption and compressive strength and water
absorption and carbonation depth of RAC samples.
3.3. Performance of RAC

3.3.1. Fresh and hardened concrete mechanical properties
Fresh concrete properties for RAC and PC can be compared in

Table 8. Considering this table, it is clear that the same consistency
class (S3) was achieved for all concrete mixtures. In comparison
with the previous study of C2CA [2], in this study slightly lower
w/c ratio was achieved during RAC production compared to their
original PC. Changing the type of cement (CEM III instead of CEM
I that was used in the previous study) also using a more modified
admixture in this study could be the cause of this difference.
Changing the milling intensity and ADR cut-size alters the amount
of w/c ratio slightly (Compare RAC3 with RAC4 for the milling
intensity and RAC3 with RAC5 for ADR cut-size point).

Fig. 11 shows the compressive strength of different RAC, with
the standard deviations resulting from the tests done in triple. Con-
sidering the figure, it is clear that RAC samples achieved higher
compressive strength especially at early ages in comparison with
their corresponding PC.

In this study, concrete production using recycled aggregates
and with the application of superplasticiser besides CEM III B (tar-
geting the same consistency range and cement as parent concrete),
resulted in slightly lower w/c ratio for RAC series. In addition, the
achieved extra compressive strength of RAC at early age suggests
the effect of other involved parameters on this phenomenon.

In order to reach this good result for RAC, it is important to
establish the right water/cement ratio in the interfacial transition
zone between recycled aggregate and new cement [6,21,22]. In
the fresh concrete mix made with recycled aggregates, high poros-
ity and water absorption capacity of these aggregates, coupled
with its low initial water content, rendered the aggregate to take
up a large amount of water during the initial mixing stage and low-
ered the initial water/cement ratio in the interfacial transition zone
at early hydration. Additionally, in comparison with natural aggre-
gates, recycled aggregates are usually partially carbonated on the
surface (old mortar or cement paste) that can increase growing
of new hydration products in the initial time of hydration [2]. To
that end, and considering the fact that RA inherit the same proper-
ties as their PC, we checked the compressive strength (which is
correlated to the water permeability of concrete) and the carbona-
tion resistance of parent concrete in correlation with the achieved
extra compressive strength in RAC samples in Fig. 12. Considering
different concrete trials carried out during C2CA process develop-
ment [1,2], it is concluded that making RAC based on a modified
recipe tuned to the RA is a key step. We applied a consistency test
to determine the correct amount of water for RAC. In the industry,



Fig. 14. Correlation between compressive strength and carbonation depth and
compressive strength and w/c ratio of RAC samples.

Table 10
Water absorption of RAC samples.

RAC code Average water absorption [wt%] Standard deviation

RAC1 4.5 0.4
RAC2 6.2 0.2
RAC3 5.9 0.2
RAC4 5.1 0.1
RAC5 5.9 0.2
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aggregates are usually saturated with water due to exposure to
rain and snow, which increases uncertainty over the actual mois-
ture content of aggregates. Thus, the moisture content of recycled
aggregates should be controlled carefully and mix designs should
be adapted. Investigations show that using a modified recipe for
RAC based on the utilization of the same amount of cement and
consistence creates faster setting time. Due to this unique proper-
ties, the recycled aggregates are particularly suitable to be used in
the prefab elements production.
Fig. 15. The impact of concrete r

Table 11
Scaled materials from RAC samples after freeze-thaw cycles and comparison between the

RAC code Scaled material [kg/m2]

7 cycles 14 cycles 28 cycles 42

RAC1 0.53 0.09 0.17 0.1
RAC2 0.44 0.29 0.30 0.1
RAC3 0.23 0.25 0.12 0.0
RAC4 0.21 0.18 0.15 0.0
RAC5 0.32 0.29 0.17 0.0
3.3.2. Durability properties of RAC
For evaluating the durability of RAC with respect to the consid-

ered recycling variables, carbonation depth, water absorption and
freeze-thaw resistance tests were carried out. Table 9 shows the
depth of carbonation in RAC and PC samples, under controlled
exposure conditions.

Considering the carbonation test results, first of all RAC1 pre-
sented a better carbonation resistance in comparison with other
samples. The lower w/c ratio in RAC1, enhances durability due to
a much denser matrix. The use of superplasticizer improves the
carbonation performance of concrete, since it leads to a reduction
of the effective w/c ratio, which results in a decrease of porosity
and CO2 permeability [16]. Pedro et al. reported that the carbona-
tion depth increases with decrease of the concrete’s target strength
[17]. It corresponds well with the observations in this study (see
Figs. 13 and 14). It is also known that the permeability of concrete
is a crucial factor affecting the carbonation resistance [18]. The rate
of most kinds of concrete deterioration depends on concrete per-
meability. This is because water absorption is indirectly related
to permeability of hardened concrete, and penetration of water
into concrete is required for most deterioration mechanisms to
be effective [19]. Table 10 shows the water absorption of RAC sam-
ples. From this table it is clear that RAC2 has the highest amount of
water absorption due to low compressive strength and its mix
design. A good correlation between carbonation depth, water
absorption, compressive strength and w/c ratio of concrete sam-
ples, indicates that regardless of the effect of RA, concrete mix
design is a crucial factor. On the other hand, results of carbonation
test show that even contributing both RA and RS (see sample
RAC5), has minor detrimental effect on the RAC and the influence
of concrete mix design on the carbonation resistance is more dom-
inant (Compare RAC2 and RAC5 in Fig. 15). All types of evaluated
RAC in this study fulfil the water absorption criteria expressed in
standards EN 1338, EN 1339 and EN1340 (water absorption less
than 6.5 %), while just RAC1 satisfies well the Polish standard
PN-B 06250 which requires water absorption of less than 5% for
concrete used in weather/environmental dangerous situations.

The freeze-thaw resistance test was carried out on PC and RAC
samples and the results are shown in Table 11. From the results it
ecipe on carbonation depth.

total scaled materials from PC and RAC after the freeze-thaw test.

cycles 56 cycles Total scaled material

RAC PC PC code

1 0.05 0.95 2.978 PC1
9 0.11 1.33 9.644 PC2
8 0.06 0.74 3.616 PC3
6 0.05 0.65
4 0.03 0.85



Fig. 16. Effect of different recycling parameters independent of other variables on the durability of RAC.

Fig. 17. Effect of different recycling parameters independent of other variables on the achieved extra compressive strength at 7 days.
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is clear that in all cases RAC behaved better than PC. Although in
some research it is reported that there is no significant difference
in frost resistance of RAC and concrete made of NA, in many cases
recycled mixes tested exhibited better durability than concrete
made with virgin materials [20]. It corresponds well with the
achieved results in this study. The difference in the freeze-thaw
behaviour of the RAC and PC samples can be related to the differ-
ences in their compressive strength [1]. The freeze-thaw resistance
test on RAC samples indicate that they can be classified as good
according to the criteria from EN 1338.

4. Summary and conclusions

A new process for recycling of concrete to concrete (identified
as the C2CA process) has been developed. This process aims at a
cost effective system approach for recycling of EOL concrete into
high-grade aggregates and low-CO2 raw material for the cement
production. In this process selective demolition, autogenous
milling and ADR as key technologies to deliver cleaner recycled
aggregate are applied. Among various liberation routes, autoge-
nous milling, offers low complexity (mobile) and low-cost technol-
ogy to remove the fragile mortar from the surface of aggregates.
After milling, ADR efficiently separates the moist material into fine
and coarse fractions.

This paper investigates the effect of various recycling factors
involved in the C2CA process on the quality of the produced RA
and RAC. The aim is to get more insight towards fine tuning of this
process. Concrete recycling experiments were conducted varying
the milling intensity (Using an innovative experimental set-up),
type of parent concrete and ADR cut-size.

Fig. 16(A to I) summarizes the effect of mentioned parameters
on durability properties of RAC. In this figure it is tried to show
the effect of one experimental variable at a time, while keeping
other variables constant. Considering the water absorption of
RAC (Fig. 16-A, D and G), it is clear that changing the milling inten-
sity and type of PC have an influence. In general increasing the
milling intensity and PC compressive strength will lead to a reduc-
tion in RAC water absorption (see Fig. 16-A, B and C). On the other
hand, carbonation and freeze-thaw resistance are affected by all
three involved parameters in the recycling process. In general
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increasing both the milling intensity and compressive strength of
PC have positive effect on durability properties of RAC. Considering
the effect of ADR cut-size point, it is observed that the addition of
recycled fines 2–4 mm slightly reduces both freeze-thaw resis-
tance and resistance to carbonation (see Fig. 16-E and F). However,
the influence of ADR cut-size on the water absorption of RAC is
neutral (see Fig. 16-D).

Fig. 17(A to C) shows the influence of different recycling vari-
ables on the achieved compressive strength of RAC compared to
PC at 7 days. From the figure it is clear that milling intensity and
ADR cut-size have a moderate influence on the achieved strength.
By increasing the milling intensity from HS-LC to MS-MC the
achieved strength raises (see Fig. 17-A). On the other hand, using
2–4 mm recycled sand has an inverse effect on the achieved
strength (see Fig. 17-B). The addition of ADR ‘‘fine” fractions
slightly increased water demand of RAC5 (from 0,54 for RAC3 to
0,56 for RAC5). It probably resulted in slight reduction of initial
compressive strength of RAC5. Before running the experiments it
was assumed that the addition of the old hydrated mortar existing
in ADR fines could cause a faster crystallization/hydration of the
cement phases resulting in higher increment of the early compres-
sive strength [4]. However, the results show that the water
demand of the fines (higher w/c ratio of RAC5) prevents observing
the mentioned effects. Increasing in the strength of PC, leads to a
reduction in the achieved early strength (see Fig. 17-C).

In general, among various milling intensities, and assuming the
existence of mixed types of concrete in CDW, milling at medium
shear and medium compression appears to improve the quality
of RA and the durability performance of RAC. Using ADR cut-size
of 2 mm delivered favourable results. However, in order to elimi-
nate the adverse effect of contaminants that are mostly concen-
trated in ADR fines, more study is required.

Modified recipe for RAC based on the utilization of the same
amount of cement and consistency as parent concrete creates fas-
ter setting time. Moreover, mechanical and durability properties of
RAC produced in this way is comparable to those of NAC. Taking
the advantage of the nowadays demand for the fast track work in
construction industry and saving time for the prefab elements pro-
duction, the aforesaid property of RAC would be a key to improve
the social consciousness towards application of this valuable
material.
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