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RECYCLED COARSE AGGREGATES FROM PELLETIZED UNUSED
CONCRETE FOR A MORE SUSTAINABLE CONCRETE PRODUCTION

ABSTRACT
A significant amount of the concrete produced worldwide is returned unused to production
plants and has the potential to cause serious damage to natural soils and waters.

This study proposes the use of a new pelletization process to convert fresh unused concrete
into an artificial aggregate, which can be reintroduced into the concrete production cycle.
Specifically, the investigation focuses on the properties of two pelletized recycled aggregates
(PRAs) derived from two sources of an unsettled cementitious mixture. This research is based
on the hypothesis that properties of the returned concrete may affect the characteristics of
PRAs.

PRAs were evaluated by particle size distribution, particle density, water absorption,
resistance to fragmentation, and chemical and mineralogical analysis. Test results confirm that
the concrete influences some properties of PRAs, and that PRAs exhibit different properties
to those of conventional aggregate. However, it can be reused in place of natural coarse

aggregate in the production of new concrete.

KEYWORDS:
Unsettled concrete, recycled concrete, pelletization process, recycled aggregate, sustainable

concrete production.



1. INTRODUCTION

Aggregate is one of the basic components of concrete, occupying about 70-80% of its volume
(De Brito and Saikia, 2013). It constitutes the structural skeleton of cementitious composites
and its properties influence the behaviour of fresh and hardened mixtures. Natural
aggregates, which are generally used in its production, are extracted from quarries of igneous,
sedimentary, and metamorphic rock deposits.

The demand for aggregates is rising on a daily basis because concrete is the most widely
used material in the world for civil constructions (Aitcin, 2000; Crow, 2008). This extensive use
has led to a significant depletion of natural resources, so for sustainability reasons there is an
increasing need to reuse wastes to limit the exploitation of natural raw materials as well as to
reduce the impact on the environment. Moreover, the use of construction wastes as an
alternative source for aggregates is becoming popular due to increasing landfill charges (Katz,
2003), and as a consequence of the growing awareness that the supply of raw materials is not
endless. This is why the Directive 2008/98/CE (European Commission, 2008) has imposed an
increase in the use of construction and demolition waste (CDW) to a minimum of 70% by
weight by 2020.

Rao et al. (2007) stated that there are barriers to recycling since it may not be the most
economically attractive solution, and because there is low confidence in recycled materials.
However, research has widely demonstrated that crushed concrete is an excellent source of
material for the production of aggregates to be reused in concrete manufacturing (Evangelista
and De Brito, 2007). The growing need to use increased quantities of sustainable materials is
leading to the identification of new sources and technologies for the supply of aggregates.

The employment of fresh unused concrete is one of these. It comes back to the plants in
quantities ranging from 2% to 10% of the estimated 348 million m3 of ready mixed concrete
produced annually in the US (Obla et al., 2007), and of the more than 2 billion tons produced
per year worldwide (Crow, 2008). Although normal values are around 0.4% to 0.5% (World
Business Council for Sustainable Development Report, 2009), the amount of waste concrete
increases to between 5% and 9% of total production during peak periods. Unused concrete
results from over-ordered concrete, the frequency of which depends on ordering and delivery

practices, and from the leftover concrete in a truck mixer after each delivery (Kazaz et al.,



2016). Nowadays, most of the returned concrete is diverted to landfill sites, while the rest is
used in site paving, casting/breaking/re-using, and washing out (Kim and Goulias, 2014).

Landfill operations are causing several climate-change related environmental issues due to
the production of gases, water pollution, and limited availability of suitable sites. Moreover,
fresh concrete is alkaline so it needs special treatment before being discharged. Site paving of
the production plant area is not the best option from a practical point of view because there
is a limit to the spaces to be paved (Obla et al., 2007). Casting/breaking/re-using means that
fresh concrete is casted into formworks and, after a period of curing, mechanically crushed
into parts of different dimensions. While finer particles are difficult to manage and reuse,
larger ones are suitable for use in the formation of granular bases and subbases for road
pavements. Finally, washing out consists of using water to separate fine and coarse
aggregates, which can then be used again in concrete production (Sealey et al., 2001).

The methods currently used to recycle fresh concrete are characterized by their complexity,
higher costs, increased working time, and the space required for cumbersome machines, while
they also raise a number of environmental issues. In recent years, the pelletization process
has increasingly been used in the production of aggregates from by-products and wastes (Tang
et al., 2017). For instance, lightweight aggregates can be produced by the agglomeration
technique which converts fly ash into a pelletizing disk either by agitation, granulation or
compaction (Manikandan and Ramamurthy, 2007; Sivakumar et al., 2012) together with a
proportionate quantity of water. Additional procedures during the mixing phase (Harikrishnan
et al.,, 2006) can increase the efficiency of new aggregate formation. The results of tests
performed on fly ash aggregate show values comparable with natural gravel, hence it can be
regarded as a substitute material in new concrete production (Priyadharshini et al., 2011). In
general, pelletization consists of the agglomeration method in which pellets are formed from
finer grains thanks to the use of pelletizing agents and devices, the most usual example of the
latter being a disk pelletizer (Baykal and Déven, 2000).

The paper presents the results of a laboratory investigation into the production of recycled
aggregate from the pelletization of unsettled cementitious mixtures. The innovative feature
is the procedure by which pelletization is carried out. The proposed method includes the
following steps: (a) addition of the pelletizing agent to an unsettled cementitious mixture, (b)

mixing of the material at a constant speed (in a mixer) to produce pellets, (c) discharging of



the pellets, and finally (d) drying of the pellets (Zampini et al., 2016). In real scale applications,
the pelletized agent is simply poured into the truck mixer in a quantity proportional to the
amount of unsettled concrete present in the rotating mixing drum. After an appropriate
mixing time, the pellets are discharged and then left to air. With this procedure, there is no
need for further operations which would increase logistic effort and costs. From an industrial
point of view, this is a key advantage with respect to other recycling procedures for unused
concrete.

The effectiveness of this method was assessed for two different concretes: a conventional
concrete (CC), and high performance self-compacting concrete (HPSCC). They were
characterized to evaluate size distribution, particle density, water absorption, performance
under chemical and mineralogical analysis, and resistance to fragmentation. Test results
highlight that the properties of the concrete are partially transferred to the aggregate.
Although recycled aggregate presents different properties to those of natural aggregate,
pelletized aggregates can certainly be reused in place of natural coarse aggregate for a more

sustainable and cleaner concrete production process.

2. MATERIALS AND METHODS

The recycled aggregates were produced from unsettled cementitious mixtures: a conventional
concrete (CC) and a high performance self-compacting concrete (HPSCC). An assessment of
these concretes was performed to establish if the same process could be used to obtain
recycled aggregates from different concretes, and to determine if the mix-type affected
aggregate properties.

Both concretes contain different quantities of Portland cement (i.e., CEM | 52.5R), which
contains a percentage of clinker above 95%. In the preparation of both concrete mixtures,
only one cement was used so as to avert any side effects resulting from the inclusion of other
binder components, and any misinterpretation of the results. This notwithstanding, the
proposed process has been demonstrated to work successfully with any kind of concrete
irrespective of its composition; in other words, it works with any cement type, any aggregate

type, any admixture type, and with any consistency (Zampini et al., 2016).



Both CC and HPSCC have the same percentage of natural aggregates (fraction 0/4 round,
4/8 crushed and 8/11 crushed). The properties of the raw materials are presented in the

following sections.

2.1. RAW MATERIALS

2.1.1 Cement

The particle size distribution for CEM | 52.5R cement was obtained with the ISO 13320-1 test
method. Figure 1 illustrates the position of the grading curve with respect to the limits
suggested in Mamlouk and Zaniewski (2011), thus highlighting the fineness of the binder
employed in this investigation. Table 1 reports the cement setting time, density, Blaine, and
compressive strength results for cement at 2, 7 and 28 days of curing. They were obtained by
following EN 196-3, EN 196-6, ASTM C604, ASTM D7481, and EN 196-1 respectively. The Blaine
fineness confirms that the cement employed is of a fine-grade, since it is close to the higher
limits of the 3000-4500 cm?/g typical value range.

Mechanical and physical requirements specified by EN 197-1 are met because the
compressive strengths at 2 and 28 days are greater than 30 MPa and 52.5 MPa respectively.
A chemical and mineralogical analysis of cement was performed using the X-ray fluorescence
(XRF) method adhering to the ISO 29581-2 standard, the loss on ignition (LOI) test using the
ASTM C114, and finally the X-ray diffraction (XRD) method took the EN 1744-1 standard into
account.

The resulting values reported in Table 2 confirm that the cement used for the investigation
meets all the chemical requirements imposed by EN 197-1. Indeed, LOI is less than 5.0%,
sulphate content is less than 4.0% and chloride content is null. Table 2 indicates the main
components of Portland Cement clinker which are CaO, SiO,, Al,03, and Fe;0s; it also includes
the requirements established by the EN 197-1 standard for SOs, ClI" and LOI, which are all
satisfied. The quantity of belite highlights that the binder used was a common cement whose
clinker was cooked at a temperature of 1450 °C. Using lower temperatures than the
conventional one for cooking clinker results in different quantities of belite (Tantawy et al.,

2014).
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Figure 1. Particle size distribution for CEM | 52.5 R used in the investigation, with limits
reported in Mamlouk and Zaniewski (2011).

Table 1. Physical properties of CEM |1 52.5 R.

Test standard unit value EN 197-1 Requirements
Initial setting time (Vicat) EN 196-3 min 160.0 =45

Final setting time (Vicat) EN 196-3 min 240.0

Specific surface, Blaine EN 196-6 cm?/g  4326.0

Density ASTM C604 g/em3 3.14

Bulk density ASTM D7481  g/cm® 1.00

Compressive strength 2 days (w/b=0.5) EN 196-1 MPa 38.1 >30.0

Compressive strength 7 days (w/b=0.5) EN 196-1 MPa  46.6

Compressive strength 28 days (w/b=0.5) EN 196-1 MPa 62.5 >52.5

Table 2. Chemical analysis by means of X-ray fluorescence, mineralogical analysis by means of
X-ray diffraction, and loss of ignition (LOI) test results of CEM | 52.5 R.

::lna":;al :\;La)ss ::lna":;al Chemical Formula Mass (%)
SiO2 19.17 Alite CasSiOs 70.23
Al>O3 4.79 Belite CazSiO4 3.67
Fe203 2.69 C3A cubic CasAl206 3.13
Cao 64.24 C3A ortho CasAl207 2.62
MgO 1.80  CJAF Cas(Al,Fe3*)20s 9.93
SOs3 2.62 Periclase MgO 0.39
Na:0 0.09 Free lime Cao 0.00
K20 1.04  Portlandite Ca(OH)2 0.03
TiO2 0.32 Quartz/sand SiO2 0.36
P20s 0.16 Limestone CaCoOs 4.42
Mn20s3 0.04  Dolomite CaMg(COs3)2 1.07
(o} 0.00 Gypsum CaS0s (H20)2 1.58

Calcium sulphate hemihydrate CaSO0s (H20)os 1.93

Calcium sulphate CaS0q4 0.65
LOI @ 950°C 2.82




2.1.2 Aggregates

The physical properties of natural aggregates (NA) were evaluated in accordance with EN 933-
1 and 1097-2. Indeed, Figure 2 shows the particle size distribution for all aggregates present
in the composition of CC and HPSCC mixtures, while Table 3 reports all the physical,
geometrical, mechanical, and durability properties for the three classes of aggregate
employed. The results listed in the table serve to underline the suitability of the NA employed
for the production of both conventional and high- performance concrete mixtures.

The EN 12620 standard also requires that aggregates used in the production of concrete
meet certain chemical requirements, focusing attention on the content of chlorides, sulphides
and other constituents, such as the presence of organic material that may modify the setting
and hardening properties of the concrete. The test results from chemical analysis by X-ray
fluorescence, loss on ignition (LOI), and mineralogical analysis as per the X-ray diffraction are
reported in Table 4 and Table 5. The results explain the composition of the natural rock mass

from which NA were extracted.
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Figure 2. Particle size distribution for the three aggregate classes used in the preparation of
CC and HPSCC concretes.



Table 3. Physical, geometrical, and thermal resistance for the 0/4, 4/8, and 8/11 aggregates.

Parameters Standard 0/4round  4/8 crushed 8/11 crushed
Water absorption (%) EN 1097-6 0.9 1 1
Particle Density [kg/m?3] EN 1097-6 2650 2655 2655
Bulk density [kg/m3] EN 1097-3 - 1231.2 1197.5
Shell content, SC (%) EN 933-7 - 0 0

Shell content category EN 12620 - SCio SCio
Flakiness Index, FI (%) EN 933-3 - 12.50 10.89
Flakiness Index category EN 12620 - Flis Flis
Shape Index, SI (%) EN 933-4 - 23.40 15.80
Shape Index category EN 12620 - Slao Sl20
Particles retained at 1.6 mm sieve [g] EN 1097-2 - 3855.1 3760.1
Los Angeles coefficient, LA (%) EN 1097-2 - 23 25

LA category EN 12620 - LA2s LA2s
micro-Deval coefficient, Moe (%) EN 1097-1 - 15.20 14.97
micro-Deval category EN 12620 - Mbe20 Mpel5
Impact test coefficient, SZ (%) EN 1097-2 - 17.87 18.34
Impact test category EN 12620 - SZ13 SZ2
Freeze and thaw in water, F (%) EN 1367-1 - 0.92 0.90
Freeze and thaw in water category EN 12620 - F1 F1
Freeze and thaw in MgSOa solution, MS (%) EN 1367-2 - 18.21 19.74
Freeze and thaw in MgSQs category EN 12620 - MS2s MS2s
Freeze and thaw in NaCl solution (%) EN 1367-6 - 2.89 2.67

Table 4. Chemical analysis of 8/11 crushed aggregate by means of X-ray fluorescence and loss
of ignition (LOI) test results.

Mineral Name Mass (%) Requirements
SiO2 57.57
Al203 2.73
Fe203 1.03
Ca0 20.27
MgO 0.28
SOs3 0.00 < 0.8 % (ASo,s)
Na20 0.50
K20 0.60
TiO2 0.19
P20s 0.06
Mn203 0.03
LOI @ 950°C 16.7

Table 5. Mineralogical analysis of 8/11 crushed aggregate by means of X-ray diffraction.

Mineral Name Chemical Formula Mass (%)
Calcite CaCOs 29.1
Quartz Si02 59.3
Albite High NaAlSizOs 6.4
Albite Low NaAlSizOs 2.3
Portlandite Ca(OH)2 0.1
Biotite 6A K(Mg,Fe)3(OH,F)2(SizAlO10) 2.7




2.1.3 Superplasticizer
A proprietary Polycarboxylate ether-based (PCE) superplasticizer (CX ISOFLOW 825),

characterized by an active solid content of 30%, was used in the production of HPSCC only.

2.2. CONCRETE DESIGN, PRODUCTION AND PROPERTIES
HPSCC and CC concretes were produced in laboratory according to the job mix formulas shown
in Table 6. Two concretes with the same aggregate distribution ratios but different w/b ratios
and different paste volumes, were prepared for the investigation. The w/b ratios that
characterize the mix design of the two concretes represent the upper and lower limits of
concrete classes. Indeed, Table F1 from the EN 206 standard imposes a maximum w/b of 0.65
for XC1 concretes and 0.45 for XA3 concretes. Consequently, at the design stage, the w/b
equal to 0.65 was adopted for CC to ensure a classical structural concrete, while a value lower
than the limit (w/b=0.3) was used for HPSCC to facilitate analysis of a state of the art concrete
for special applications.

The optimal aggregate volume distribution was defined by taking the A&A theory of
Andreasen and Andersen (1930) into account, according to which the percentage of (P)

passing through a sieve with an opening d [mm)], is given by:

a?-p],
P(d) = -7—>4— (1)

where Dmax is the maximum diameter of the aggregates [mm], Dmin is the minimum diameter
of the aggregates [mm], and q is the dimensionless parameter that varies between 0 and 1.
Dmax Wwas taken equal to 12.5 mm and Dmin equal to 0.063 mm, as per the particle size
distribution of the three aggregate fractions presented in Figure 2. The optimum packing with

the A&A model was reached with g = 0.37 (Mueller et al. 2011).

Table 6. Concrete mix designs used in the production of pelletized aggregate.

Component Unit HPSCC CcC
CEM52.5R kg/m3 600 300
Water binder ratio (w/b) - 0.3 0.65
Superplasticizer % of cement mass 1.5 -
Aggregate 0/4 round % volume of total aggregates 45 45
Aggregate 4/8 crushed % volume of total aggregates 20 20
Aggregate 8/11 crushed % volume of total aggregates 35 35




Additional support for this value of g comes from other works on the fractal analysis on
soils (Bittelli et al., 1999), and on the fractal analysis of concrete (Carpinteri et al., 1999). The
papers mentioned provide results for fractal dimension (D) which are very similar to the
theoretical one (D = 2.73) calculated with the so-called Menger’s Sponge (Carpinteri et al.,
1999; Turk et al., 2010). The q used in the A&A model is the inverse of the fractal dimension

D for a Menger’s sponge-like material:
q=7=>==0366 (2)

The aggregate linear combining coefficients in Table 6, used for the concrete mix design
preparation, were computed using the ordinary least square method at each sieve size.
Figure 3 shows the graph obtained from the actual linear combination of the particle size
distribution for each aggregate with the coefficients mentioned in Table 7 versus the
theoretical design curve based on the A&A model, calculated with the coefficients Dmax and g

mentioned above.
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Figure 3. Comparison between the grading curve for aggregates employed in the formation of
both HPSCC and CC, and the theoretical curve derived from the A&A model (Andreasen and
Andersen, 1930).
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The requirements for both fresh and hardened concretes (defined at the design stage) are
shown together with their properties as measured in laboratory tests in Table 7. The slump
test was evaluated in accordance with EN 206-1, the slump flow as per EN 206-9, the air
content as per EN 12350-7 and finally the compressive strength using cubical samples of
150 mm size in accordance with EN 12390. The density values reported in Table 7 were
calculated on samples prior to the measurement of compressive strength, by dividing the mass
of each by its volume. As expected, the two materials showed very different fresh and
hardened properties thus meeting the research aims and covering a large spectrum of

concrete that can be used in the production of pelletized aggregates.

Table 7. Physical and mechanical properties of HPSCC and CC concretes.

Type of Returned Concrete

Condition Design Requirements

HPSCC cC
Slump Class - S4-S5
Slump Flow Class SF1-SF2 -
Fresh Slump [cm] - 17
Slump Flow [cm] 68.0 -
Air Content (%) 1.0 4.1
Compressive Strength Class C60/75 C25/30
1 day 54.9 10.9
Compressive Strength [MPa] 7 day 71.8 27.6
Hardened 28 day 84.0 31.3
1 day 2419.8 2309.9
Density [kg/m?3] 7 day 2418.5 2296.7
28 day 2417.8 2334.1

2.3 PELLETIZATION PROCESS
In the pelletization process, a pelletizing agent was added to the still-fresh concrete mixture.
The procedure, which was carried out in accordance with patents PCT/EP2015/062689 and
PCT/EP2016/062868 (Zampini et al., 2016), used the commercial pelletizing agent called CX
ISOCYCLE 9130 (Claim 3 of PCT/EP2016/062868). In the experiments conducted in support of
the two patents, a time delay of up to 2 hours between the mixing stage and the starting of
the pelletizing process was deemed acceptable since no differences in the physical,
geometrical, and mechanical properties of the PRA were observed.

Fresh concrete was produced by putting the natural aggregates (NA), cement, water and,
in the case of HPSCC, the superplasticizer, in the bowl mix characterized by a speed of 23 rpm.

A mixing time of 10 minutes was chosen to ensure homogenization of all the components

11



(concrete production). In this experiment, concrete production preceded the pelletization
process.

The concrete and the pelletizing agent, in a dosage level of 1.5 kg/m? determined following
a number of preliminary tests conducted in the course of the development of the patents
PCT/EP2015/062689 and PCT/EP2016/062868 (Zampini et al., 2016), were poured into an
electric bowl mixer with a gross capacity of 170 dm3 (Figure 4A). The same 23 rpm mix
preparation speed was adopted for a duration of 4 minutes to facilitate the dispersion of the
pelletizing agent in the concrete (Figure 4B). On completion of this procedure, the pellets were
discharged into a pile and left to dry at a temperature of 20°C for a curing period of 24 hours
with a relative air humidity value of 55% (Figure 4C). After that, the hardened pellet is ready
to be used as recycled aggregate for different applications (Figure 4D). The production method

was identical for the two concretes.

£

(©)
Figure 4. Sequence of images of pelletized recycled aggregate production: (A) inclusion of the
pelletizing agent; (B) mixing at 23 rpm, 4 minutes; (C) curing at 20°C, 55% RH, 24 hours; (D)
final material.
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2.4 TESTING PROGRAM
Aggregate produced by this process was then analysed to derive particle size distribution as
per the EN 933-1 standard. Water absorption test, particle density on a saturated and
surface-dried basis (pssa) apparent particle density (p.), and particle density on an oven-dried
basis (pra) values were evaluated recurring to EN 1097-6. To characterize the aggregate in
terms of density and water absorption the sample was divided into two fractions: 0.063-4 mm,
and 4-31.5 mm. The testing procedure was basically the same for both fractions, with the only
difference being the sample mass which was differentiated as a function of the maximum size
of the aggregates, and the evaluation of the Saturated Surface Dry (SSD) mass. Indeed, for the
finest fraction, the SSD was evaluated with the cone method which established that on
removal of the cone, the aggregate almost collapses leaving just a peak visible. For the coarse
aggregate the SSD condition is defined when all the permeable voids are full of water and the
surface is dry.

As with the assessment of NA properties (Table 3), the geometrical, physical, chemical,
mechanical, and durability requirements of PRA were checked to ensure compliance with to

EN 12620 on aggregate classification for concrete production.

3. RESULTS AND DISCUSSION

Figure 5 shows that both concretes perform in a similar way, yielding a pelletized material that
can be classified as coarse aggregate, seeing as the percentage of material passing at a4 mm
mesh sieve is around 10%. PRA derived from HPSCC show a lower curve than that for the PRA
from CC, which means that the first PRA is coarser than the second one.

The pellet creation process was the same in both cases. The only thing that changed was
the mix design of the two concretes. It should be noted that, referring to a m3 of mix, HPSCC
has a higher paste volume than CC: 380.08 I/m3 for HPSCC and 290.54 I/m3 for CC. So, for
HPSCC, the quantity of paste that enwraps the natural aggregate during the pelletization
process is greater than that for CC. Similarly, the aggregate volume in CC is higher with respect

to HPSCC, so the surface to cover is greater as well.

13
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Figure 5. Particle size distribution of the PRA derived from CC and HPSCC concretes and
comparison with the original grading distribution of aggregates used in CC and HPSCC
production.

For the purpose of making a detailed comparison of the particle size distribution values for
the two aggregates, three diameters corresponding to 10, 50 and 90% of the material passing
have been considered here (i.e., D1g, Dso, and Dgg respectively). Furthermore, to understand if
the aggregate can be considered monogranular the analysis is based on the dimensionless
parameter Dgo/D1o. Granular materials may be considered monogranular when
2 < Dgo/D10< 10. A monogranular particle size distribution means that it includes a small
quantity of fractions, assuming a very vertical profile. In this case the definition of the fraction
to be replaced in the composition of a concrete mix is identified by Dsp parameter. Table 8
exhibits results for pelletized recycled aggregates coming from CC and HPSCC: both aggregates
can be classed as monogranular, so fractions of natural aggregate can be replaced by PRA in

the production of a new concrete mix.

Table 8. Size parameters of the pelletized recycled aggregate (PRA) obtained from CC and
HPSCC concretes.

Origin of aggregate D1o Dso Doo Dgo/D1o
PRA - HPSCC 5.60 10.63 23.15 4.14
PRA-CC 3.22 8.96 13.48 4.19
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Table 9 shows the density and water absorption test results. It is worth noting that the
densities of the two fractions differ from the density values of natural aggregates, expressed
in Table 3. Indeed, pelletized recycled aggregates never reach the density of aggregates
directly extracted from the rock mass. Moreover, water absorption values are always greater
than the typical values for natural aggregates. More detailed examination reveals that the
highest values are achieved by the coarser fraction. Water absorption is an indirect parameter
for the porous rate of aggregates. This means that the composition of PRA is characterized by
more voids than the natural one, in both fractions analysed. On the other hand, it should be
pointed out that the standard test, based on the SSD state concept, assumes the use of natural
material, so it could provide unexpected results in the case of artificial aggregates. Consonant
with the above comments, the bulk density value reported in Table 10 is also slightly lower
than those exhibited by the original NA (Table 3).

In contrast, significant changes in the geometric properties of PRAs are evident when
compared to those of the original NA (Table 3). These changes are a result of the cement paste
adhering to grains and, thereby, producing almost perfectly rounded particles, as clearly
illustrated in Figure 4. The results in Table 10 indicate that PRAs fall into the first class for both
flakiness (Fl1s) and shape (Slis) indexes for all size fractions.

The mechanical properties as per the Los Angeles and Impact tests suggest that PRAs are
more sensitive to degradation actions than the NA from which they derive. The comparison
between LA categories (Table 10 vs. Table 3) indicates that the LA»s category of original
aggregates has been replaced with categories ranging from LAzo to LA4o in the case of PRAs.
The surface of PRA is made of hardened paste which is less resistant to erosion and
degradation than the core which consists of the original aggregate. When struck, small
particles of paste separate from the tougher core and increase the fine produced during the
tests. This also explains the results on Impact tests with SZ classes that change from SZ1s-SZ5,
(Table 3) to SZ3; — SZ36 (Table 10).

The different degradation process reproduced with the micro-Deval test leads to better
results than for the two previous testing methods. The results of PRA-HPSCC indicate that the
two Mpe classes of original aggregates (Mpe20 for 4/8 and Mpel5 for 8/11 size fractions) are
essentially maintained (Mpe20), while only PRA-CC exhibits a greater sensitivity to abrasion

(Mpg25). These results suggest that PRAs are less sensitive to abrasion than to fragmentation.
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Table 9. Density and water absorption test results for the pelletized recycled aggregate (PRA)
obtained from CC and HPSCC concretes.

Concrete type PRA - HPSCC PRA - CC
Fractions 0.063 -4 mm 4-31.6 mm 0.063 - 4 mm 4-31.6 mm
pssd [kg/m3] 2262 2250 2141 2364

pa [kg/m?3] 2346 2445 2195 2554

prd [kg/m3) 2199 2115 2095 2241
Water absorption (%) 2.8 6.4 2.2 5.5

Notes: pssd = saturated surface dry particle density; pa = apparent particle density; pra = oven-dry particle density

The differences in toughness and porosity levels between the surface and the core of PRAs
help to explain the slight difference observed in the case of the durability test under thermal
actions independently of test conditions (in water as well as in MgS04 and NaCl solutions).

Table 10 also indicates that the LA test results for PRA from HPSCC are better than those
for PRA from CC for the same fraction. This is due to the fact that the paste for HPSCC is
characterized by a lower w/b than that of CC, so the PRA coming from HPSCC will be harder
to break. Moreover, the LA value for smaller fractions is less than that for coarser ones, for
the PRA from both CC and HPSCC.

In conclusion, when comparing the mechanical, physical and durability properties of NA
and PRA, it is possible to state that the slightly higher values exhibited by PRA can be attributed
to its non-homogeneous structure consisting of a hardened paste surrounding a core of
natural aggregate; under the degrading action of mechanical and durability tests the paste
separates from the core thus resulting in a slightly higher quantity of fine particles when
compared to the original NA. Moreover, this phenomenon can be linked to the size effect on
strength behaviour of a material that changes as a function of geometry (Carpinteri et al.,
1999).

However, it is important to state that values are always within the current limits accepted
in concrete production. This means that PRA can be used in new concrete in accordance with

EN 206.
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Table 10. Physical, geometrical, mechanical and durability test results for the pelletized
recycled aggregate (PRA) obtained from CC and HPSCC concretes.

Concrete type Standard PRA - HPSCC PRA -CC
Fractions 10-12.5-14 4-63-8 10-12.5-14 4-6.3-8
Bulk density [kg/m3] EN 1097-3 1150.2 1183.4 1212.7 1248.6
Shell content, SC (%) EN 933-7 0 0 0 0
Shell content category EN 12620 SCio SCio SCio SCio
Flakiness Index, FI (%) EN 933-3 0.00 0.00 0.00 0.00
Flakiness Index category EN 12620 Flis Flis Flis Flis
Shape Index, SI (%) EN 933-4 0.00 0.00 0.00 0.00
Shape Index category EN 12620 Slis Slis Slis Slis
Particles retained at 1.6 mm [g] EN 1097-2 3332.9 3729.2 3051.4 3343.1
Los Angeles coefficient, LA (%) EN 1097-2 33.34 25.42 38.97 33.14
Los Angeles category EN 12620 LAss LA3o0 LAso LAss
Microdeval coefficient, Mot (%) EN 1097-1 17.52 15.36 21.32 20.17
Microdeval category EN 12620 Mpe20 Mpe20 Mbe25 Mbe25
Impact test coefficient, SZ (%) EN 1097-2 20.64 19.78 24.37 21.63
Impact test category EN12620 SZ2 SZ2 SZ36 SZ7
Freeze and thaw in water, F (%) EN 1367-1 1.10 0.95 2.31 1.7
Freeze and thaw in water category EN 12620 F2 F1 Fa F2
Freeze and thaw in MgSOa solution, MS (%) EN 1367-2 24.74 21.29 28.71 26.18%
Freeze and thaw in MgSQ4 category EN 12620 MSas MSas MSss MSss
Freeze and thaw in NaCl solution (%) EN 1367-6 3.24 3.87 5.67 6.43

Table 11 and Table 12 show the results from an XRD and XRF analysis of both aggregates.
From a chemical analysis it was possible to evaluate the LOI which indicates the loss in mass
of a combustion residue after heating it to 950°C. At this temperature, all the water inside the
sample evaporates; indeed, for CC, in which the w/b is higher, a higher LOI value was
observed. From a mineralogical analysis, the presence of the main original minerals forming
the natural aggregates (Calcite, Quartz) may be clearly observed. Albite and biotite, already
present in small percentages (of mass) in the natural aggregates, have both experienced an
increase in volume thanks to the cement hydration reaction. All other newly detected minerals

are simply the by-products of the cement hydration reaction.
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Table 11. Chemical analysis of PRA-CC and PRA-HPSCC aggregate by means of X-ray
fluorescence and loss of ignition (LOI) test results.

. Mass (%) .
Mineral Name PRA - HPSCC PRA - CC Requirements
SiO2 42.19 42.20
Al03 9.93 4.28
Fe203 1.47 1.20
Cao 31.30 28.16
MgO 1.00 0.68
SOs3 0.69 0.30 <0.8 % (ASog)
Na20 0.61 0.87
K20 0.96 1.04
TiO2 0.16 0.14
P20s 0.09 0.07
Mn203 0.04 0.05
LOI @ 950°C 17.50 20.80

Table 12. Mineralogical analysis of PRA-HPSCC and PRA-CC aggregate by means of X-ray
diffraction.

. . Mass (%)
Mineral Name Chemical Formula PRA - HPSCC PRA - CC
Calcite CaCOs 23.9 33.8
Quartz SiO2 34.1 40.8
Albite High NaAlSizOs 10.3 7.7
Albite Low NaAlISizOs 5.1 4.1
Portlandite Ca(OH)2 2.4 2.4
Biotite 6A K(Mg,Fe)3(OH,F)2(SisAlO10) 4.4 5.8
C2S_mumme CazSi0g 53 1.9
CsS monoclinic (NISHI) CasSiOs 9.0 0.2
Brownmillerite Caz(Al,Fe)20s 4.8 2.2
Chamosite Fex+3Mgi.sAlFes+o.sSisAl012(OH)e 0.8 1.0

4. CONCLUSIONS

The present work provided an assessment of the pelletization process for producing pelletized
recycled aggregate (PRA) from unsettled cementitious mixtures. By adding 1.5 kg/m3 of a
specific pelletizing agent to fresh concrete aggregates, the pelletization process can be
completed in just 4 minutes, and the PRA can be used after a 24 h curing period of drying. This
one-step process can certainly be replicated in the field albeit allowing for a possible variation
in mixing times and pelletizing agent dosage levels which may depend on the particular

machine used.
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In this study, aggregates were formed from two different concretes to analyse the
degree to which the starting material affects the properties of the final aggregate produced.
The experimental work has led to the following conclusions:

e pelletization as per the methodology presented here can be successfully applied to

a range of concretes from conventional ones (CC) to high performance
self-compacting (HPSCC) ones;

e PRA particles are round and possess completely different shape and flakiness index
values compared to the original NA;

e PRA produced from CC and HPSCC have similar, although slightly lower, physical,
mechanical and durability properties (i.e., they are less tough) in comparison to the
original natural aggregates (NA);

e nevertheless, both the recycled aggregates (PRA-CC and PRA-HPSCC) comply with
the regulations governing the use of aggregates in concrete as per the European
standard (EN 12620);

e whilethe properties of the PRAs obtained from both CC and HPSCC are quite similar,
the values for HPSCC are slightly superior than those for CC in terms of mechanical,

thermal, and weathering properties.

Although the pelletization process used to produce the PRA in this investigation was
replicated in the laboratory only, it can be easily applied in the field using concrete mixer
trucks. To adapt the procedure for application in the field, it is important to be aware of the
technical characteristics of the machines. The most influential parameters are inclination and
speed of the spiral blade. The laboratory investigation was conducted by keeping the slope
fixed if the mix was equal to that of a typical concrete mixer truck (around 20°), so no
correction had to be applied to this parameter. In contrast, for the duration of the pelletization
process in the field, it is necessary to introduce a conversion factor. Thus, considering that the
lab mixer frequency of rotation is equal to 23 rev/min and that of the concrete mixer truck is
around 14-16 rev/min, a conversion factor of 23/15=1.53 is needed to adjust the procedure
for field applications. Hence, the mixing time in the field should be increased by around 50%

(i.e., 6 min) with respect to the 4 min adopted in the lab.
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The results in Table 10 would suggest that PRAs are sufficiently tough and durable for use
in new concrete mixtures for conventional applications. On the basis of the quality
classification test carried out in this investigation, there is no a priori contraindication to the
use of PRA in high performance concrete formulations, albeit operational decisions should
dictate whether it is used together with NA or as a substitute.

As a result, new investigation steps should include the introduction of PRA, as a partial
substitute for natural aggregate, into a new concrete matrix. Laboratory tests on these
concretes should be developed to determine whether PRA can modify the fresh, hardened

and durability properties of the final concrete.
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