i An update to this article is included at the end

Cement and Concrete Composites 111 (2020) 103621

Contents lists available at ScienceDirect
Cement &

Concrete
Composites

Cement and Concrete Composites

&5

ELSEVIER

journal homepage: http://www.elsevier.com/locate/cemconcomp

Check for

Effect of the source concrete with ASR degradation on the mechanical and &
physical properties of coarse recycled aggregate

M. Barreto Santos?, J. de Brito ™, A. Santos Silva“, A. Hawreen >

2 Department of Civil Engineering, School of Technology and Management, Polytechnic of Leiria, Campus 2 - Morro do Lena - Alto do Vieiro, P-4163-2411-901, Leiria,
Portugal

b CERIS, Department of Civil Engineering, Architecture & Georresources, Instituto Superior Técnico, University of Lisbon, Av. Rovisco Pais, 1049-001, Lisbon, Portugal
¢ Department of Materials, National Laboratory for Civil Engineering, Avenida do Brasil, 101, P-1700-066, Lisbon, Portugal

9 Department of Civil Engineering, Technical Engineering College, Erbil Polytechnic University, Kurdistan Region, Erbil, Iraq

ARTICLE INFO ABSTRACT

Keywords: Knowing the aggregates’ properties is fundamental for the correct design and performance prediction of con-

ASR crete. The incorporation of coarse recycled aggregate (CRA) in concrete requires a deep understanding of CRA’s

;:RA degradati capacity and limitations. CRA properties are mainly conditioned by the type of natural aggregates (NA), the
C‘;‘:C:rgg:::s: egradation interstitial transition zone (ITZ), and the adhered mortar’s quality. All these conditions are restricted by the

chemical, physical, and mechanical properties of the source concrete (SC). The potential alkali reactivity of CRA
raises the alkali-silica reaction (ASR) issue when CRA incorporation in concrete is an option. The heterogeneity of
CRA affects the reactive silica and alkali content present in NA and in the adhered mortar, respectively,
depending on the characteristics of the SC. This makes it difficult to analyse the influence of CRA’s heterogeneity
when ASR-effected SC is used.

This work intends to investigate modifications of CRA properties due to ASR level in the SC. For this purpose,
several tests including ASR evaluation, particle size distribution, density and bulk density, water absorption,
shape index, flatness index and fragmentation resistance were performed on NA (fine and coarse) and CRA under
natural and accelerated aging conditions. The results shown that the use of ASR-effected CRA does not change its
mechanical and physical properties. In fact, these properties are more dependent on the corresponding char-
acteristics of NA, ITZ, and the adhered mortar than on the ASR level in the SC.

1. Introduction comparison to CNA, CRA also shows a lower density, and crushing and

abrasion resistance, usually depending on the content and quality of the

Reuse of construction and demolition waste (CDW), to minimize the
demand and exploitation of natural resources, has become a reality. One
of the methods to promote sustainable construction is incorporation of
coarse recycled aggregates (CRA) in concrete.

Knowledge about the advantages and limitations of CRA is essential
for the concrete mix design because CRA, in general, has more variable
characteristics than coarse natural aggregates (CNA). CRA include CNA
and fine natural aggregates (FNA), an interstitial transition zone (ITZ),
and a portion of mortar adhered to them. These three interdependent
constituents influence the properties of CRA and, in a second phase,
change concrete’s properties. In general, CRA presents higher porosity
and water absorption than those of CNA of similar origin [1-3]. In
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adhered mortar [4-6].

Tavakoli and Soroushian [7] reported that the mechanical properties
of CRA are influenced by the mechanical strength of the source concrete
(SC), the ratio between coarse and fine aggregates in SC, the ratio be-
tween CNA maximum size in SC and CRA, the abrasion resistance of
CRA, and the water absorption capacity of CRA.

Hansen and Narud [8] noted that the influence of the adhered mortar
on concrete’s performance increases with the reduction of CRA’s grain
size. Olorunsogo and Padayachee [9] observed that SC crushing creates
cracks and voids in CRA that increase the penetration, diffusion, and
absorption of liquids. Etxeberria [10] states that, if the same type of
crusher and power were used, the amount of adhered mortar depends on
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the aggregate size, the aggregate’s resistant capacity, and the water/-
cement (w/c) ratio of SC. Poon et al. [11] commented that the micro-
structural characteristics of ITZ in CRA is different from those found in
CNA and are influenced by the properties of SC. Juan & Gutiérrez [12]
found that the main constraints of CRA’s quality are the amount of
adhered mortar and the compressive strength of the SC. Rao et al. [5]
reported that the fineness modulus of CRA was lower than that of CNA
and the quantity of fine particles is essentially related to the crushing of
concrete. Duan and Poon [6] indicated that good quality CRA, with a
low adhered mortar and water absorption, can be used to replace CNA to
produce a concrete with similar mechanical properties to concrete with
only CNA.

However, in general, the physical and mechanical properties of CRA
are lower than those of CNA. This is mainly due to the amount, porosity
and strength of the adhered mortar and the effect of SC crushing on
CRA’s properties. The incorporation of CRA in concrete depends on full
knowledge of their properties.

One of the concerns of the scientific community regarding the use of
CRA is its potential reactivity to alkalis to promote alkali-silica reaction
(ASR), one of the most damaging types of concrete degradation. Some
natural aggregates (NA) can be potentially alkali reactive if they have
sufficient amorphous content or disorganized silica constituents to react
under certain humidity conditions with the alkalis of the concrete paste
[13-15].

Nevertheless, references concerning CRA reactivity are frequently
contradictory, regarding the effect of CRA on the occurrence of ASR. In
general, standards regard CRA as a potentially reactive aggregate. Some
studies have observed influence of aggregate crushing on its reactivity
and variations on results caused by the amount of adhered mortar or
water content [16-22].

However, CRA did not always show expansion in accelerated mortar
or concrete expansion tests [10,23-25], which means that CRA is not
always harmful related to ASR, probably due to age reactivity loss,
amount of reactivity on NA used or alkali content. Barreto Santos et al.
[26] confirmed that the use of CRA with non-reactive NA caused no
remarkable expansion in concrete.

CRA is heterogeneous regarding the alkalis and reactive silica con-
tent, and it depends on the type of NA, and the type of SC and its
exposure conditions. The knowledge and limitation of CRA’s reactivity
are very restrictive, compared with CNA, since it is quite difficult to
control the origin of CRA. Several modified expansion tests have been
studied to be an alternative to the mortar-bar and concrete prism tests
used to detect the potential alkali-reactivity of NA, but the mentioned
characteristics of CRA makes this process harder to perform [16,17,
19-22].

ASR’s inhibition is not restricted to removing the risk factor associ-
ated with the use of alkali-reactive aggregates. It is important to know
the properties of CRA and of the reacting mechanism of ASR, and find
ways to minimize the reaction effect, even when reactive aggregates are
used.

In the present work, some SCs were produced with the objective of
strictly controlling some of the uncertain properties of CRA and to know,
in a first step, the effect of ASR on the mechanical and physical prop-
erties of CRA. For this purpose, controlled CRA were used (with alkali-
reactive or non-reactive NA), which were subjected to different artifi-
cial aging regimes to simulate an old or newer structural concrete.

Density, water absorption and resistance to fragmentation are
probably the CRA properties that are more affected by the ASR devel-
opment on SC, mainly due to the adhered mortar. In this paper, these
properties are presented. Changes in the physical and mechanical
properties of CRA caused by the SC’s state are commented. The aggre-
gates were further characterized by particle size distribution, shape and
flatness index, bulk density, the volume of voids and water absorption
capacity over time. Tests were performed using the same procedure in
CRA or CNA, to avoid entropies due to the used method.
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2. Experimental program
2.1. Materials

CRA from a controlled SC was produced with CNA and FNA with
known alkali-reactivity to limit the CRA’s reactivity. The aggregates
were separated according to their reactivity to alkalis. Alkali reactivity
was evaluated by petrography [27] and by mortar and concrete
expansion tests (accelerated mortar-bar test, [28]; concrete prism test
RILEM AAR-3 [29].

Non-reactive SC (SC-nr) was produced with a limestone gravel (non-
reactive coarse natural aggregate - CNA-nr) and a siliceous sand (non-
reactive fine natural aggregate - FNA-nr). Reactive SC (SC-r) was pro-
duced with a reactive siliceous CNA (CNA-r) and a reactive siliceous
FNA (FNA-r). The properties of aggregates are presented in Table 1. CEM
I 42.5R was used in both concrete mix designs (Table 2). Two types of
CNA were used, CNA1 and CNA2, with different size distributions. A
CEM I 42.5R cement type with 0.86% sodium equivalent (NapOeq) Was
used in both mixes (Table 2).

2.2. Concrete formulation and curing

Both SC-nr and SC-r were produced by a concrete company using the
same procedure and composition, without alkali boosting. Mix design
formulation included 680 kg/m> of FNA, 1220 kg/m> of CNA, and 364
kg/m® of cement. The average compressive strength of SC-nr and SC-r
are 55 MPa and 65 MPa, respectively, at 28 days (Fig. 1). The 10 MPa
difference between the SCs is attributed to the different types of NA
used. Regarding tensile strength, the values at 28 days are similar.

After 6 months of SC production, water curing, cutting into blocks,
and storage in boxes, a group of SC-nr and SC-r were exposed to accel-
erated aging in an environmental chamber (38 + 2 °C and relative hu-
midity > 95%) during 6 months to produce SC-nr-A and SC-r-A,
respectively. The blocks were protected with plastic to minimize the
calcium and alkalis lixiviation. These conditions are based on the rec-
ommendations of RILEM AAR-3 to study ASR using concrete prisms.
Another group of SC-nr and SC-r were naturally aged outdoors during
the same period to produce SC-nr-B and SC-r-B, respectively. After that,
both SC groups were exposed for another 6 months to a natural exposure
environment, stabilizing aging between both concrete mixes.

These two ageing groups were prepared to impose different levels of
ASR development in SC-r and to study their influence on CRA’s prop-
erties. ASR development was confirmed by observation using scanning
electron microscopy with X-ray microanalysis (SEM/EDS).

After ageing, the different SC blocks were crushed and the obtained
CRA were accordingly identified. Thus, the SC exposed to accelerated
aging resulted in producing CRA-nr-A and CRA-r-A, while the natural
aging SC resulted in producing CRA-nr-B and CRA-r-B.

CRA’s particle size distribution and the concrete mix design were
based on RILEM AAR-3 testing method [29]. The concrete mixes have
46% of coarse aggregate, by volume, at mass proportions of 30% of fine
aggregates (0—4 mm), 30% of medium-sized aggregates (4-10 mm), and

Table 1

Natural aggregates base characteristics.
Aggregate Dimension (dmin/Dmax, Type Form ASR

mm) reactivity

CNA-nr2 11/22 Limestone Crushed Non-reactive
CNA-nrl 6/14 Limestone  Crushed  Non-reactive
CNA-r2 10/16 Siliceous Crushed  High-reactive
CNA-r1 4/16 Siliceous Crushed  High-reactive
FNA-nr 0/4 Siliceous Round Non-reactive
FNA-r 0/4 Siliceous Round Low-reactive

Legend: CNA = Coarse natural aggregates; FNA = Fine natural aggregates; nr =
Non-reactive aggregates; r = Reactive aggregates; 1 = Smaller aggregates di-
mensions; 2 = Larger aggregates dimensions.
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Table 2
Cement properties.
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Table 3
Conditioned particle size distribution.

Cement Chemical analysis Mechanical and physical analysis Particle size Cumulative composition (Passing Partial composition
type material) (Retained material)
CEM Loss on 2.77% Days Dmax Dmin (%) % (%
42.5R ignition mass) volume)
Si0, 19.31% 2d 7d 28d
Al,03 5.43% Compression 28.0 40.3 50.2 815 20 100.0 0.0 0.0
20 16 86.5 13.5 8.9
strength (MPa) 16 14 78.7 7.8 5.1
) . . .
Fe,03 2.99% E{/&[}:gal strength 5.2 6.7 7.6 14 125 79.3 6.4 49
CaOtotal  63.62%  Density — 3.13 g/cm® 3'5 6130 gg'g ;28'3 ?1
MgO 1.64% Expansibility = 1.5 g/cm® . : :
8 6.3 44.2 8.0 5.3
505 280% 6.3 4 30.0 14.2 9.3
K20 1.11% Setting time = 145 min. : T t " 70(')/ 4.60/
CaO free 1.57% Residue in the sieve 90 pm = 1.1% ota: ° °
Nay0 0.13%
NagOeq 0.86% . . . . - .
CEM Loss on 1.66% Days particle density and water absorption [34]; water absorption evolution
52.5R ignition over time [35]; bulk density and voids [36]; shape index [37]; flakiness
Si0, 17.68% 2d 7d 28d index [38]; fragmentation resistance [39].
Al,03 5.28% Compression 38 48 -
strength (MPa) . .
Fe,03 3.22% Flexural strength 5.9 7.3 - 3. Results and discussion
(MPa)
CaOtotal  64.90%  Density = 3.10 g/cm® Table 4 summarizes the results of the geometric, physical and me-
MgOo 2.08%  Expansibility = 1.0 g/em® chanical characterizations of NA used in the SC and RA. The geometric
0 . . . . . .
$0; 3.08% L . characterization was made by particle size analysis, shape index (SI),
K,0 0.93% Setting time = 130 min. d flaki ind h hvsical . included bulk d .
Ca0 free 2.69% Residue in the sieve 90 pm = —% and flakiness index (FI). The physical properties included bulk density
Na,O 0.13% (p), void volume (v), apparent density (p,), oven dry density (p,q) and
Naz0eq 0.74% saturated surface dry density (pssq). The water absorption at 24 h
(WA,4), and the percentage of water absorption of the aggregates with
respect to their potential for absorbing over 5 min (%WAsp,) were also
20 assessed. The fragmentation test according to the Los Angeles method
64.81 (LA) was performed for mechanical characterization.
60 54.96 )
3.1. ASR evaluation
50 4
=
%‘ 40 A petrographic analysis shows that CNA-nr is a sedimentary
£ u SC-nr carbonated rock. No forms of reactive silica minerals or potentially al-
§ 30 1 . kali suppliers were identified. CNA-r is composed of different types of
s -r e . - - - - -
“ o siliceous rocks (Fig. 2), including quartzite, mylonite and gneiss.
Deformed quartz grains and chert (reactive silica suppliers) and biotite,
10 4 135 a6 muscovite, chlorite and plagioclase (alkali supplier) are the main
0 _ constituents.

Compression strength Tensile strength

Fig. 1. Compressive and tensile strength of the source concrete.

40% of coarser aggregates (10-20 mm). An intermediate distribution of
sizes 4-10 mm and 10-20 mm was taken by following a reference curve
(limited by the overall percentages indicated by RILEM), using the graph
of the Faury reference curves method as a base [30], with an aperture
between sieves equal to the fifth root of the size of the aggregate. Each
different type of aggregate, natural or recycled, was individually sieved
in the dpyin/Dmax Sizes given in Table 3, resulting in a conditioned par-
ticle size distribution. The apertures of the sieves are those of the base
series plus series 2, provided in NP EN 12620 [31]. CNA and CRA thus
had a matched particle size distribution, allowing their comparison.

2.3. Testing methods

The alkali-reactivity of NA was evaluated by petrographic analysis
according to LNEC E415 [27] and by the accelerated mortar-bar test
(AMBT) according to ASTM C1260 [28]. The reactivity of SC mixes was
evaluated by the concrete prism test (CPT) as per the RILEM AAR-3
test-method (RILEM TC 106-AAR), without wrapping the prisms [32].

The mechanical and physical properties of aggregates (NA and RA)
were characterized by the following tests: particle size distribution [33];

AMBT confirms the reactivity of CNA-r, with an expansion average of
0.30 and 0.51% in CNA-r1 and 0.26 and 0.37% in CNA-r2, respectively
at 14 and 28 days (Fig. 3). According to the expansion limits proposed in
ASTM C 1260 (0.10% at 14 days), FNA-r and FNA-nr are both considered
non-reactive to alkalis.

As mentioned before, the reactivity of concrete mixes was evaluated
by CPT according to the RILEM AAR-3 test-method, without wrapping
the prisms. SC was produced without any alkali boosting, as recom-
mended in RILEM AAR-3 to achieve 5.5 kg of NaZOeq/m3 of concrete.
This change in alkali content of concrete has slowed down ASR’s
expansion.

The expansion results obtained in RILEM AAR-3 test confirm the
results obtained by following ASTM C1260. After one year, SC-r reached
a maximum expansion of 0.052%, which classifies it as potentially
reactive. SC-nr showed a maximum expansion of 0.010% and was
classified as non-reactive.

The accelerated ageing for six months was effective in the ASR
development of SC-r-A, as further confirmed by SEM/EDS analysis
(Fig. 4). On the other hand, the development of ASR in SC-r-B appears to
be at an early stage (Fig. 5). As expected, SC-nr did not present any signs
of deleterious ASR products (Figs. 6 and 7).
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Table 4
Characterization of the source aggregates and conditioned mixtures.
Aggregates Aumin/Dimax pa [kg/ pssa [kg/ pra [kg/ p [kg/ v[%] WAy, %WAsm SI FI LA
[mm] m’] m’] m® m’] [%] [%] [%] [%] [%]
Source aggregates CNA-nr2 11/22 2720 2700 2680 1460 45.4 0.46 75 - - 27
CNA-nrl 6/14 2720 2700 2680 1490 44.4 0.48 75 - - 28
CNA-r2 10/16 2680 2650 2630 1410 45.8 0.62 75 - - 19
CNA-rl 4/16 2670 2630 2610 1400 46.6 0.76 75 - - 24
FNA-nr 0/4 2640 2630 2620 1450 44.7 0.26 50 - - -
FNA-r 0/4 2650 2640 2630 1430 45.8 0.26 50 - - -
Conditioned CNA-nr 4/20 2720 2700 2680 1510 43.6 0.50 75 17 135 -
mixture CNA-r 4/20 2670 2640 2620 1440 44.9 0.63 75 21 13.4 -
CRA-nr- 4/20 2680 2540 2460 1320 46.2 3.26 80 24 13.7 41
A
CRA-T-A 4/20 2650 2520 2440 1360 44.4 3.20 80 16 13.7 31
CRA-nr- 4/20 2680 2550 2470 - - 3.10 80 - - 36
B
CRA-r-B 4/20 2660 2530 2450 1350 45.1 3.15 80 - - 30

Legend: CNA = Coarse natural aggregates; FNA = Fine natural aggregates; CRA = Coarse recycled aggregates; nr = Non-reactive aggregates; r = Reactive aggregates; 1
= Smaller aggregates dimensions; 2 = Larger aggregates dimensions; A = Aggregates exposed to accelerated aging; B= Aggregates under natural aging; p, = Apparent
density; p,q = Oven dry density; pssg = Saturated surface dry density; p = Bulk density; v = Void volume (v); WA,, = Water absorption at 24 h; WAs,, = Water
absorption with respect to the potential to absorb over 5 min; SI = Shape index; FI = Flakiness index (FI); LA = Fragmentation resistance.

Fig. 2. Image of the CNA-r sample under polarized light microscope, showing
fragments of quartzite (Qtz), milonites (MIn) and gneisses (Gn).
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Fig. 3. Expansion test results CNA according to ASTM C 1260.

3.2. Particle size distribution

At the beginning of the CRA crushing process, several sieve analyses
were performed to determine which jaw aperture (measured perpen-
dicular to the jaw faces) was more effective to maximize the amount of
intended coarse aggregates (4-20 mm range), which was found to be 5
mm. It is interesting to note that, for the same jaw opening, the grain size
curves resulting from crushing the two SCs (SC-r and SC-nr), with
different types of NA and tensile strength, were very similar (Fig. 8). The
particle size distribution is uniform with the decrease of the jaw open-
ing, resulting in a maximum difference of about 30% of material passed
in the 16 mm sieve, between the jaw openings of 5 mm and 15 mm.

It was found that the same jaw opening of the crusher did not cause
significant changes in the particle size distribution of CRA to:

- Different compressive strengths of SC (~10 MPa);
- Different CNA and FNA use, in the SCs tested;
- Different particle size distribution of the SCs tested.

Fig. 9 shows the original particle size distribution of each NA and the
conditioned particle size distribution according to Table 3. A sample of
each CRA and CNA has a conditioned particle size distribution to allow
comparison.

3.3. Density and water absorption

Fig. 10 shows apparent density (p,), oven dry density (p;q), and
saturated surface dry density (pssq). The results are indicated according
to the particle size distribution and the type of aggregate .

It is observed that CNA with original particle size distribution have
pssd between 2630 and 2700 kg/m°>. CNA with conditioned particle size
distribution have values consistent with the applied mixture. Regardless
of the SC type and ageing, CRA shows a decrease in pgsq, when compared
to that of CNA with the same conditioned particle size distribution. This
decrease is more evident in p, and p,q. This difference is expected and is
mainly due to the adhered mortar of CRA, which gives it a higher
porosity and a lower density.

As mentioned, CRA is more porous than CNA. According to some
authors [1-3], RA can absorb 3%-12% of water, depending on the size
(fine or coarse) and SC properties. CNA and FNA had significantly lower
water absorption values.

Fig. 11 shows the water absorption of the aggregates at 24 h (WAy4).
There is a good correspondence between the values of water absorption
indicated for CRA. WA24 of CRA was three times higher than that of
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200um c) Full Scale 4775 cts Cursor. -0.100 ke (0 cts) kev] d)

Fig. 4. SEM/EDS analysis of SC-r-A: a) General aspect of interface with ASR gel; b) Detail of marked zone a); ¢) Quartz interface with ASR gel; d) EDS spectrum of
ASR gel.

Fig. 6. SEM/EDS analysis of SC-nr-B: a) Interface with portlandite crystals (arrows); b) Detail of a).

CNA. Accelerated ageing caused a slightly higher water absorption development on the water absorption of CRA.

(3.26%) than with natural ageing (3.10%); although consistent, it was In CRA-nr and CNA-t, there was a tendency towards the increase of
insignificant and achieved a maximum difference of only 0.16% in CRA- the water absorption with the decrease of the aggregates’ density with
nr-A. ASR of SC did not significantly affect the water absorption of the the incorporation of different types of SC’s aging (Fig. 12). It should be
resulting CRA-r-A. Therefore, there was no noticeable influence of ASR noted that, although the trend exists, the differences in values are small.
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Fig. 8. Original particle size distribution of CRA sourced from SC-nr-B and SC-r-B.
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Fig. 9. Original particle size distribution of NA and conditioned particle size distribution used as a reference.

The aggregates’ water absorption regarding their potential to absorb
over 5 min (WAsp) was also assessed. Water absorption over time is
considered important when CRA’s water absorption control is a concern
to keep the effective w/c ratio of concrete mixes constant. Time of ab-
sorption depends on the mixing time of concrete. The analysis of the
water absorption evolution over time was carried out based on the
Ferreira et al. [35] method, using a hydrostatic weight balance. The
pycnometer method was also used to compare methods.

Methods comparison was performed using CRA-nr-A and CRA-r-A
(Fig. 13). In the first minutes, there were no significant differences

between the water absorption evolutions of the aggregates according to
the methods used. After 16 min, the pycnometer method presented
lower values of water absorption relative to the potential absorption.
There were no significant differences between the water absorption
evolutions of CRA. CRA absorbed 75-80% of their potential water ab-
sorption, at 5 min as shown in the shading in Fig. 13.

The stronger shake of the pycnometer may have minimized the
number of air bubbles between the particles, accelerating water ab-
sorption in the first few minutes. The use of the metal mesh basket did
not prevent the loss of some fine particles aggregated to the CRA, which
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Fig. 11. Water absorption of CNA and CRA.
2550 absorption (Fig. 14). The water absorption of FNA was slower, only
A about 50% of the potential absorption. The water absorption values of
T —— - CNA and FNA were very low (<0.8%). However, the water absorption
§ speed over time in CNA was similar to that of CRA.
& 2540
©~ A CRA-nr-B
8E 2535 .
g ES B CRA-nr-A 3.4. Bulk density
27 2530 + CRA--B
£ L S CRA-r-A Fig. 15 shows the results of bulk density (pb) and the volume of voids
é;% 2525 (v) of CRA, CNA and FNA. The results confirmed the lower bulk density
2520 of CRA than CNA. The bulk densities of CNA and CRA were 1400-1510
305 310 315 320 325 330 kg/m> and 1320-1360 kg/m>, respectively. The void volume did not

Water absorption (%)

Fig. 12. Relation between the saturated surface dry density of CRA and their
capacity of water absorption, according to the type of SC aging.

may have also changed the water absorption values relative to their
potential absorption, due to the mass loss of the sample. However, both
methods appeared to be effective in determining the water absorption
evolution of aggregates over time.

CNA absorbed between 70% and 75% of their potential water

show any clear trend between CNA and CRA, which was remarkable
because it is more dependent on the particle size distribution and par-
ticle adjustment than on physical characteristics. The volume of voids of
all type of aggregates was between 44% and 47%.

There was a decrease in the bulk density of CNA with the original
particle size distribution when compared to that of CNA with condi-
tioned particle size distributions. This was evidenced by the higher void
volume of CNA with the original distribution. CRA, regardless of the SC
type or aging, presented a decrease in bulk density when compared to
that of CNA with corresponding conditioned particle size distribution.
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Fig. 13. Water absorption evolution of CRA up to 30 min. The inset graph shows the absorption evolution up to 24 h.
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Fig. 14. Water absorption evolution of CNA and FNA up to 30 min.

This discrepancy is expected and is mainly due to the adhered mortar of
CRA.

3.5. Shape and flakiness index

The shape index (SI) relates the length and thickness of the particles.
As shown in Table 4, CNA-r have the most elongated particles. The
opposite behaviour can be seen for CRA. Fonseca et al. [40] obtained SI
of 24% in CRA produced from SC with 40 MPa. Silva et al. [41] observed
that the type of crusher used and the number of successive crushing
influence the shape and size of the aggregates.

CRA of the present study were produced with the same crusher, using
the same jaw opening and only one primary crushing. The lower me-
chanical strength of SC-nr seems to justify the formation of more

elongated particles. The SI of CNA used in SC did not have a significant
influence on the SI of the produced CRA.

The test to determine the flakiness index (FI) consists of passing a set
of aggregate size fractions through a defined group of corresponding bar
sieves, thus evaluating the more or less flattened shape of the particles.
In Table 4, the FI results of the conditioned particle size distribution
aggregates are presented. Fig. 16 shows the individual FI of each fraction
(FTLy).

The results suggest the analysed aggregates have a quite similar FI,
between 13% and 14%. However, FI; presented significant differences.
For example, there is a 10% difference in 5/6.3 dimension between
CNA-nr and CNA-r, with flakiness particles in this CNA-r dimension. The
opposite behaviour was observed in the 4/5 range, with CNA-nr having
a higher FI. CRA-r and CRA-nr had closer FI; values.
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Fig. 16. Flakiness index of CNA and CRA.

The results show that there is not a clear difference between FI of
CNA and CRA. However, with some dispersion, the trend lines of Fig. 16
show that particle flakiness decreases with grain size reduction.

3.6. Fragmentation resistance

The Los Angeles coefficient (LA) allows analysing the resistance to
fragmentation of the aggregates and indirectly predicting their me-
chanical strength. According to NP EN 1097-2 [39], for each type of
aggregate, a sample with 35% of the material with 12.5/14 size and 65%
of the material with 10/12.5 size were considered.

In this study, the LA coefficient values of CNA are between 19% and
28% (Fig. 17). These values increased in the case of CRA to 30-41%.
There is still a slight decrease in CRA from SC with accelerated aging.
Between CRA and CNA, the decrease in LA coefficient is consistent, with
an average reduction of 42%.

The lower resistance to fragmentation of RA compared to NA,
reached in the study, is in agreement with similar studies referred in the
literature. Hansen and Narud [8] reported that LA abrasion loss values of
RA were 20-50% higher than those of NA. Tabsh and Abdelfatah [4]

[38]
(%

Los Angeles coefficient (%)
3%
S

10

CRA-nr-A

Non-reactive aggregates Reactive aggregates

Fig. 17. Fragmentation resistance of CNA and CRA.
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obtained an average increase of 30% in LA coefficient of RA compared to
that of NA, associated with the mechanical strength of the SC. In the
same study, a reduction of 37% in LA was observed when RA of older
and lower quality SC was used. As mentioned in the introduction, Juan
& Gutiérrez [12] suggested the limitation of RA use from SC with at least
25 MPa of compressive strength and a maximum limit of 44% of adhered
mortar to obtain good quality RA.

4. Conclusions

The properties of CRA, with focus on those considered to be the most
conditioned in the future by the development of ASR in SC, were studied
in this paper. The main conclusions of the results analysis are the
following:

e The density and water absorption of CRA were slightly influenced by
the type of SC, the type of CNA and FNA used in SC, and the type of
SC ageing.

e The individual flakiness index of CRA and CNA significantly
increased with the reduction of their particles size, although these
had a reduced overall flakiness index.

e There was some elongation of the CRA-nr particles relative to CRA-r,
probably due to the 10 MPa lower mechanical strength of SC-nr.

e The fragmentation resistance had a general decrease in the LA co-
efficient of CRA when compared to CNA.

e The adhered mortar appeared to be the reason for the values ach-
ieved in CRA’s properties, since SC were produced with the same
composition, differing only in the type of NA used;

e ASR development in SC did not have a marked influence on CRA’s
properties.
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