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Abstract This work deals with the characterization of
fragmentation of recycled concrete aggregate (RCA) by
the Los Angeles test. The standard testing procedure
for the Los Angeles index requires the measurement of
the mass passing 1.6 mm after 500 revolutions of the
drum. Questions arise on the significance of this mea-
sure for RCA as the resistances of the mortar, of the
original aggregate and of their interface simultaneously
affect the measurement result. In order to clarify the
interpretation of such a measure, three aspects were in-
vestigated: the influence of the number of revolutions,
the evolution of the full particle size distribution and
the distribution of mortar in the fractions after the test.
The results suggested that the fracture mechanisms are
similar between recycled and natural aggregates with
some quantitative differences. Recycled concrete aggre-
gate was less resistant to fragmentation and displayed
a non linear evolution of mass passing 1.6 mm with the
number of revolutions. During fracture of RCA, mor-
tar progressively accumulates in smaller fractions, with
coarse fractions asymptotically behaving like natural
aggregates. The analysis of the rate of breakage of the
coarsest fraction appeared to be a richer indicator of
crushability as a function of time and composition than
the amount of the mass passing 1.6 mm: its typical evo-
lution allows estimating a rate of breakage which corre-
lates well with indirect measures of composition (water
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absorption and density). The possible existence of an
asymptote in the rate of breakage of the coarsest frac-
tion suggests that it can be used to estimate at the
same time the resistance of the recycled aggregate and
of its original natural component, and probably give an
estimate of the amount of mortar.

1 Introduction

Recycling and reusing construction and demolition waste
is one of the best methods to improve the environ-
ment (Blengini and Garbarino 2010) by easing land-
fill pressures and reducing demand of extraction. One
major component of the construction and demolition
waste is the concrete debris (Commissariat Général au
Développement Durable 2011; Varela et al 2011). Fur-
ther than lower quality applications like man-made reef,
paving stones or protection of levee (Kawano 1995), the
usual way to recycle concrete debris is the use as nat-
ural aggregate replacement in unbound pavement con-
struction, backfilling or foundation materials (Tam and
Tam 2006). More recently, reuse of recycled concrete
aggregate (RCA) as natural aggregate replacement in
new concrete (Buck 1973) is increasingly considered in
practice (Rao et al 2007).

For suitable use of RCA, their knowledge and tests
should refer to physical (geometry, water absorption,
specific gravity, mechanical resistance to fragmentation,
wear, surface abrasion), chemical (petrography, amount
of chlorides and sulfates) and eventually environmental
(leaching) characteristics (Oikonomou 2005). In partic-
ular for the resistance to fragmentation of RCA, many
recent works suggest the use of the Los Angeles test:
this concerns various applications, like backfilling ma-
terials (Rahman et al 2014), unbound pavement sub-
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base (Arulrajah et al 2014) or base course (Diagne et al
2015), recycled aggregate concrete (Yiu et al 2009; Paine
and Dhir 2010), roller compacted concrete (Courard
et al 2010), asphalt concrete (Pasandin and Pérez 2014).
Recommendation for coarse recycled aggregate resis-
tance to fragmentation categories for the use in concrete
in the European standard EN 206-1 (2000) is based
on the Los Angeles coefficient (LA) as specified in EN
1097-2 (2010) for natural coarse aggregate.

The Los Angeles (LA) test is an empirical mea-
sure of degradation of mineral aggregates of standard
grading. The crushing action is produced by steel balls
which cause impact on aggregates when mixed and ro-
tated in a horizontal drum for a specific number of rev-
olutions. The evolution of the particle size distribution
is measured by the proportion of fine particles (smaller
than 1.6 or 1.7 mm) created during the test. The LA
value corresponds to the percentage of the initial mass
which has passed the 1.6 mm sieve. Extensively used in
USA from decades (Amirkhanian et al 1991) in different
versions, the LA test is in use in all European commu-
nity for characterization of the mechanical behavior of
aggregates (mainly 10/14 mm - i.e. the size range be-
tween 10 and 14 mm - but 4/6.3 mm and 6.3/10 mm are
also accepted) and ballasts (ASTM C131 (2014) and EN
1097-2 (2010) for coarse aggregates, ASTM C535 (2013)
and EN 13450 (2002) for large-size coarse aggregates).
For 10/14 mm aggregates, the LA test is performed on
a b kg feed, with 11 normalized steel balls, for 500 rev-
olutions of the drum.

Comminution theory (Bond 1952; von Rittinger 1867;
Kick 1885; Wills and Atkinson 1993) is concerned with
the relationship between the energy input and the par-
ticle size made from a given feed size. The energy input
of the Los Angeles test involved in fragmentation can
be roughly estimated from the free-fall height and the
weight of the steel balls and aggregates (Bach 2013). An
increase in the number of steel balls or an increase in
the number of rotations yields an increase of the energy
input. Given that, for the same energy input, the LA
value increases when the feed aggregate has smaller size,
the standard adapts (decreases) the number of balls for
lower size gradings. Also, the test for railway ballast
defined in EN 13450 (2002) uses the same test drum,
12 steel balls, 10 kg of 31.5/50 mm aggregate, and calls
for 1 000 revolutions of the drum. However, even when
adapting the energy input by varying such process pa-
rameters, the LA value can depend on aggregate size
(Panet and Tourenq 1971).

The LA value is sensitive to variations of the shape
of aggregates (Kazi and Al-Molki 1982) but the impact
of variations in petrographic composition on the de-
gree of fragmentation proved significantly stronger than

the impact of shape (Bach 2013). Also, the influence of
the textural characteristics on the engineering proper-
ties appears to be more important than the mineralogy
(Tugrul and Zarif 1999). Indeed, micro crack size dis-
tribution, grain shape and grain size show strong corre-
lations with the mechanical properties (Liu et al 2004).
The behavior is increasingly complex for recycled aggre-
gates, given the variability of their constituents (stone,
mortar, clay brick, ...) and of the composition, the lat-
ter depending on the quality of the original concrete
and on the degree of liberation.

As a general trend, the Los Angeles coefficient de-
creases with the percentage of masonry (Barbudo et al
2012; Cameron et al 2012; Diagne et al 2015). For recy-
cled concrete aggregate, the presence of mortar induces
a higher LA value than for the corresponding original
natural aggregate (Zega et al 2010); then, the higher
the mortar content the higher the LA value (De Juan
and Gutiérrez 2009). The quality of the crushed con-
crete has also significant impact on the Los Angeles
test result. De Juan and Gutiérrez (2009) report a cor-
relation between the strength of the parent concrete
and the LA value of RCA. The greatest fragmenta-
tion in RCA occurs in concretes with a weaker matrix
(Mostafa Tavakoli and Parviz Soroushian 1996; Hansen,
Torben C. and Narud, Henrik 1983; Zega et al 2010).
Mortar content and quality of concrete are however
often two interdependent parameters, because mortar
content in RCA depends on the history of the aggre-
gates, and RCA are produced by crushing and classi-
fication: for example, for a similar crushing procedure
and size of the original natural aggregate, the RCA pro-
duced from the stronger concrete contained a relatively
higher amount of mortar (Belin et al 2014) but with a
better adherence of mortar to natural aggregate (Ak-
barnezhad et al 2013).

(a) (b) (c)

Fig. 1 Principal mechanisms of particle breakage, after King
(2001): (a) chipping and attrition, (b) shattering, (c) cleavage.

During a fragmentation test, several mechanisms
of fracture may be involved (e.g. cleavage, shattering,
chipping and attrition) (King 2001), as exemplified in
Figure 1. The relative importance of each mechanism
depends on the process parameters (e.g. impact en-
ergy), on particle size, on mineralogical texture and
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composition. In view of this, the los Angeles value does
not provide an accurate description for the sample’s re-
sistance to fragmentation.

In order to characterize better the mechanisms tak-
ing place during the process, more information on the
evolution of the particle size distribution (PSD) is needed.
In this perspective, Erichsen (2015) proposed to mea-
sure both LA value and residual LA value (aggregate
still in the initial grading), then to follow the evolution
of the granular size for different number of rotations
of the drum. In order to better understand the indis-
tinct behavior of the original natural aggregate and of
the attached mortar with respect with the mechanical
loading in the Los Angeles testing machine, this paper
presents experiments on natural and recycled concrete
aggregates. The full PSD is measured at different num-
bers of revolutions for different initial gradings. Water
absorption capacity and density are measured at dif-
ferent numbers of revolutions of the drum in order to
correlate the Los Angeles value with an estimation of
the attached mortar content remaining on the recycled
concrete particles. An analysis based on comminution
modeling is developed, allowing to evaluate the break-
age rate and the distribution of progeny particles with
some confidence; the analysis helps to quantify kinetics
of breakage and to understand the main mechanisms
undergoing during the LA test.

2 Materials & Methods
2.1 Materials

The materials used in this work are recycled concrete
aggregates in the range 4/20 mm, supplied by the PN
Recybéton, commercially produced by the “Gonesse Re-
cycling Centre” located in France.

Inspiring on the norm EN 1097-2 (2010), the ma-
terials were sieved and recomposed in order to form
four size fractions, corresponding to the size ranges :
4/6.3 mm ; 6.3/10 mm ; 10/14 mm ; 14/20 mm. The
granulometry of the four recomposed samples is given
in Table 1. Two samples of natural aggregates (gneiss,
in size ranges 4/6.3 mm and 10/14 mm ), recomposed
with the same proportions as for recycled aggregates,
were also used for comparison.

2.2 Los Angeles testing machine

In order to measure the crushability of recycled ag-
gregates, a Los Angeles testing machine was used (EN
1097-2 2010). The machine (a photo of which is given in
Fig. 2) consists of a steel drum (inner diameter D=711

3
Size range | 35% fraction | 65% fraction
4/6.3 mm 4/5 mm 5/6.3 mm
6.3/10 mm 6.3/8 mm 8/10 mm
10/14 mm | 12.5/14 mm | 10/12.5 mm
14/20 mm 14/16 mm 16/20 mm

Table 1 Composition of the four recomposed size fractions, in-
spired by the norm EN 1097-2 (2010).

mm, length L=508 mm), rotating between 31 and 33
rpm, and of a fragmentation charge composed of steel
balls with a mass comprised between 400g and 445g,
and a diameter of approximately 47 mm. For all the
tests, 5 kgs of aggregates and 11 steel balls were feeded
at the beginning. The number of revolutions was de-
fined before the test.

It is important to add a comment on the type of stresses

Fig. 2 Picture of the Los Angeles testing machine used in this
work.

which are applied by the grinding media (the steel balls)
to the aggregate particles during the Los Angeles test.
First of all, the drum is rotating rapidly: the Froude
number is Fr = B ~ 0.4, which means that the cen-
trifugal force acting on a particle in contact with the
drum wall is nearly half its weight. The speed of ro-
tation and the presence of a lifter imply a cataracting
motion of the solids in the drum. Moreover, the degree
of filling of the drum is very low (less than 5%). This
means that aggregate particles are stressed (and even-
tually crushed) by the impact of steel balls falling from
the lifter on a shallow layer of aggregates lying on the
wall. On the basis of these considerations, we argue that
the Los Angeles tests should give results similar to the
repetition of a drop weight test (Tavares 2007).
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4
Aggregates sample | WA, 2h (%) | pp (g/cm3)
4/6.3 mm, natural 0.4 2.63
10/14 mm, natural 0.3 2.64
4/6.3 mm, recycled 5.5 2.29
10/14 mm, recycled 4.9 2.28

Table 2 Water absorption and particle density of 4/6.3 and
10/14 samples of feeded materials.

2.3 Water Absorption & particle density

Measurements of water absorption and particle density
were performed in order to obtain an indirect and qual-
itative estimate of the amount of mortar existing in the
recycled aggregates. Mortar is generally porous and less
dense than natural aggregates, therefore an increasing
mortar content in the aggregates yields an increasing
water absorption and a decreasing particle density. Wa-
ter absorption WA and particle density p, were mea-
sured with a water pycnometer following the procedure
defined in the norm EN 1097-6 (2013). Tests were made
with an amount of aggregate samples around 1kg. Dif-
ferent soaking times were used; results presented in this
work were obtained with a soaking time of 2 hours. Wa-
ter absorption is defined as the ratio between the weight
of water absorbed into the particle (with the exclusion
of the quantity trapped at the surface) and the dry
weight of the particle. By means of the same test, the
oven dried particle density was also measured, defined
as the ratio between the dry weight of the particle and
the volume including also the open pores. Values of W A
and p, for 4/6.3 mm and 10/14 mm feed samples are
reported in Tab. 2.

2.4 Granulometry

The particle size distribution of the feeds and of the
products of the fragmentation was measured by sieving.
The materials were in some cases sampled by quarter-
ing before sieving. Dry sieving by hand was performed,
following the norm EN 933-1 (2012), with a sieve open-
ing sequence of [0.5, 1.25, 1.6, 2, 3.15, 4, 5, 6.3, 8, 10,
11.2, 12.5, 14, 16, 20] mm for 10/14 mm samples, and
of [0.5, 0.8, 0.12, 1, 1.25, 1.6, 2, 2.5, 3.15, 4, 5, 5.6, 6.3,
8, 10] mm for 4/6.3 samples.

2.5 Experimental plan

The evaluation of the kinetics of size reduction phenom-
ena occuring during a test in the Los Angeles machine
has been performed in two steps.

In the first phase the amount of material passing
the 1.6 mm sieve was chosen as simple indicator of the

degree of crushing, as in the norm EN 1097-2 (2010).
Six types of aggregates were processed:

— recycled aggregate of size ranges 4/6.3, 6.3/10, 10/14
and 14/20 mm,
— natural aggregates 6.3/10 and 10/14 mm,

for different number of drum revolutions : 50, 100,
200, 300, 500, 750, 1000, 2000, 3000. This step allowed
to test the approach prescribed by the norm (which
was developed for natural aggregates) for the case of
recycled aggregates, and to identify relevant values of
the number of revolutions, and initial size fractions to
be further investigated.

In the second phase of the study the granulometry
was measured before and after the test. Four types of
aggregates were tested:

— recycled aggregate of size ranges 4/6.3, and 10/14
mm,
— natural aggregates 6.3/10 and 10/14 mm,

at 100, 300, 500 1000 and 2000 revolutions. Water ab-
sorption and particle density were measured before the
tests (see Table 2). In addition, for the 10/14 mm recy-
cled aggregates sample, from the products of the frag-
mentation after the given number of revolutions, three
size ranges (4,/6.3 mm, 6,3/10 mm and 10/14 mm) were
extracted ; the water absorption and particle density
measurements were performed on these subclasses in or-
der to evaluate the change in composition by size range
during the fragmentation.

3 Results
3.1 Mass passing 1.6 mm vs number of revolutions

In figure 3 we collect data of the fraction of the ini-
tial mass passing the 1.6 mm sieve at different numbers
of revolutions, for different initial size fractions of re-
cycled aggregates and natural aggregates. Please note
that 4/6.3 mm natural aggregates data are extracted
from the second phase of the study, therefore less points
are available, but the trend is clear.

The mass passing 1.6 mm indicator measures the
production of small fragments. Several informations can
be drawn from the figure. At first, the rate of forma-
tion of fragments less than 1.6 mm is higher for recycled
than for natural aggregates. Then, while for 10/14 mm
natural aggregates this indicator seems to be a linear
function of the number of revolutions up to 2000 rev-
olutions, for recycled materials there is a strong non
linearity, with the slope of the profile clearly decreasing
with the number of revolutions. Both of these aspects
may be related to the presence of mortar in recycled
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Fig. 3 Percentage of initial mass passing the 1.6 mm sieve vs
number of revolutions, for 4 different initial granulometries of
recycled aggregates and for 4/6.3 mm and 10/14 mm natural
aggregate samples.

aggregates, which generally gives a lower resistance to
fragmentation to the aggregates (Zega et al 2010). We
expect mortar to be preferentially broken and therefore
the coarsest fractions to become poor in mortar during
the test: therefore it is not surprising to see that the
resistance to fragmentation increases with the number
of revolutions.

The non linearity is however also related to the fact
that evidently when reaching values near to 100%, the
curve has an asymptote (for natural aggregates too);
s0, given that recycled aggregates are less resistant, the
small fragments are produced at a higher rate and their
amount gets close to the asymptote earlier.

The rate of formation of particles smaller than 1.6
mm depends also on the initial size fraction. The de-
pendence of the mass passing 1.6 mm curve on particle
size is expected (Panet and Tourenq 1971) since the
threshold defining the indicator was kept fixed, while
the size fraction was varied. In order to perform consis-
tent analyses, the ratio of the threshold and of the feed
size should be fixed. This is exemplified in Fig. 4, where
a threshold at 4 mm sieve is considered for the 10/14
mm fractions (data from PSDs discussed in the follow-
ing subsection are used for this purpose). This threshold
was chosen because it gives the same ratio threshold /
lower bound of the initial size fraction as 1.6 mm with
respect to 4/6.3 mm size range. We can see that the
difference between natural aggregates’ curves is clearly
removed, while recycled aggregates curves are inversed
with respect to Fig. 3 (but still display not too large
differences).

100 .

4/6 nat
—— 4/6 rec
—&— 10/14 nat
—— 10/14 rec

80H

401

% mass passing

20

1 i i 1 i
0 500 1000 1500 2000 2500 3000
number of revolutions

Fig. 4 Percentage of initial mass passing a threshold sieve vs
number of revolutions, for 4/6.3 mm and 10/14 mm, natural and
recycled aggregate samples. Threshold sieve is 4 mm for 10/14
mm aggregates and 1.6 mm for 4/6.3 mm aggregates.

3.2 PSD vs number of revolutions

The fraction of the initial mass passing a given thresh-
old (e.g. 1.6 mm in EN 1097-2 (2010)) can be used as a
quick indicator for the resistance of the material based
on the production of small fragments. However, during
the fragmentation process, the smallest class receives
fragments from all the higher classes, so this indicator
lumps together a large amount of information which it
may be difficult to interpret. In addition, the non lin-
earity observed for recycled materials is a phenomenon
that cannot be fully understood and characterized with-
out a deeper analysis; it is clear that given this non
linearity the use of a characteristic value of the mass
passing 1.6 mm (for example the value at 500 revolu-
tions) can be criticized for recycled aggregates since its
value will depend on too many parameters (mortar con-
tent and its mechanical behavior, initial granulometry
and behavior of intermediate size grains created during
the loading) and will therefore give an unclear reference
for the material.

For these reasons, in the present study, the full par-
ticle size distribution (PSD) was measured at different
numbers of revolutions, for recycled and natural aggre-
gates, in order to better characterize the evolution of
the sample with time. In Figure 5, we display the cumu-
lative PSDs for natural and recycled aggregates in size
ranges 4/6.3 mm and 10/14 mm. For all materials the
evolution of the PSD is similar, with a slower evolution
for natural aggregates. The coarser aggregates display
larger difference in kinetics between natural and recy-
cled samples, as previously observed with respect to the
amount of fines (Figure 3). The evolution of the PSD
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Fig. 5 Cumulative distributions of particle size for (a) natural 10/14 mm aggregates, (b) recycled 10/14 mm aggregates, (c) natural
4/6.3 mm aggregates, (d) recycled 4/6.3 mm aggregates. For 4/6.3 mm aggregates the test was performed only up to 1000 revolutions.

suggests that crushing events produce a broad distribu-
tion of particle sizes. However, from a qualitative anal-
ysis of the PSDs, it is difficult to discuss about the dif-
ferences between recycled and natural aggregates con-
cerning the size distribution of progeny particles. This
can only be obtained by means of analyses inspired by
comminution theories, as it will be done in Section 4.

3.3 WA and p, vs number of revolutions

Water absorption is an indirect measure of the amount
of mortar existing in the recycled aggregates. In fig-
ure 6 we analyse the water absorption of three differ-
ent (coarse) size classes extracted from an initial 10/14
sample after different numbers of revolutions. The wa-
ter absorption value decreases with the number of revo-
lutions for the three coarse fractions; the smallest classes
display higher water absorption.

This can be explained by the fact that since mortar
is less resistant, broken particles will be richer in mor-
tar, and that the smallest size range will progressively
remove a large part of the mortar of the other classes.
This is confirmed by the fact that, after a given number
of revolutions, the different size fractions reach a value
of water absorption which is in the range displayed by
natural aggregates.

Another indirect measure of mortar content is den-
sity. Mortar is generally less dense than aggregates,
so we expect less dense samples to be richer in mor-
tar. In figure 7, as for the water absorption, we anal-
yse the density of the three size classes extracted from
the initial 10/14 mm sample after different numbers of
revolutions. The density increases with the number of
revolutions for the three coarse fractions; the smaller
classes display lower density. This confirms the picture
suggested by water absorption data: during the process
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Fig. 6 Fragmentation test of an initial 10/14 mm recycled ag-
gregates sample. Water absorption of different size fractions vs
number of revolutions.

mortar is preferentially found in finer classes and coarse
fractions become progressively poor in mortar. Similar
trend was reported in literature for the composition of
recycled concrete aggregate after crushing: the smaller
the particle size, the higher the mortar content (Belin
et al 2014; Zega et al 2010).

2.60

—— 4/6
2.551|—4— 6/10
—o— 10/14

2.50

2.45

2.40

2.35

particle density (kg/l)

2.30

2.25

500 1000 1500 2000
number of revolutions

Fig. 7 Fragmentation test of an initial 10/14 mm recycled ag-
gregates sample. Oven dried particle density of different size frac-
tions vs number of revolutions.

The accumulation of mortar in the finer fractions
and the liberation of natural aggregates is evident also
from a visual inspection of the materials after the test.
As an example, in Figure 8 we display the appearance of
an initial 10/14 mm recycled aggregates sample before
and after 2000 revolutions of the drum; it is evident that
finer fractions are richer in mortar, and that coarser
fractions contain nearly liberated natural aggregates.

Fig. 8 Fragmentation test of an initial 10/14 mm recycled aggre-
gates sample. Pictures of aggregates (a) before and (b) after 2000
revolutions of the drum (top: zoom on a coarse fraction, bottom:
zoom on a finer fraction). Accumulation of mortar in the fines
and liberation of natural aggregates is evident.

The good correlation between water absorption and
density data is shown in figure 9, which combines the
previous figures. This supports the fact that both of
these measurements can be taken as an indicator for the
mortar content. Both measures depend on also other
properties of the material and therefore some reference
point is always needed in order to extract any quanti-
tative information.

—&— 4/6

% water absorption

0 ; ; ; ; ; ;
220 225 230 235 2.40 245 2.50 2.55 2.60
particle density (kg/l)

Fig. 9 Fragmentation test of an initial 10/14 mm recycled ag-
gregates sample. Correlation between particle density and water
absorption measurements for different size fractions.

4 Discussion

The previous section allowed to understand the main
features of the processes ongoing in the Los Angeles
testing machine for natural and recycled materials. In
the following, PSD data will be analysed more deeply
in order to get more details on the fragmentation phe-
nomena involved in the test.
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A first comment is needed on the indicator used as
a measure of resistance to fragmentation. In the norm
EN 1097-2 (2010), the value of mass passing 1.6 mm is
used as an indicator of the crushability of aggregates;
however, from the results given in the previous section
we can infer that, when the composition of the mate-
rial is heterogeneous, the interpretation of the so-called
LA value (the fraction of the mass passing 1.6 mm at
500 revolutions) can be tricky. In addition, the optimal
test for recycled aggregates should characterize at the
same time the composite material and the constituents
(mortar, aggregates) in order to understand the resis-
tance of the full system and of its components. The
mass passing 1.6 mm is not very well for this purpose
since it tells us that the crushability changes with time,
but the presence of an asymptote at a large number of
revolutions does not allow an easy determination of the
properties of the aggregates phase.

For this reason, in the following we will propose a
different approach: instead of measuring the evolution
of fines, we will analyse the evolution of the coarse ini-
tial fraction (which is related to the so-called LA resid-
ual value (Erichsen 2015)). According to comminution
theory, breakage can be modeled as a first order process,
the rate of which depends on particle size and composi-
tion. Therefore it is evaluated here if the breakage rate
of the coarsest fraction can be taken as a measure of
crushability, and of its dependence on composition.

In figure 10, the evolution of the initial size fraction
at different numbers of revolutions, derived from the
PSD, is displayed for both natural and recycled 10/14
mm aggregates. Clearly recycled materials break at a
higher rate than natural ones. As it is evident from the
inlet, the evolution of natural aggregates is exponential,
which confirms the supposition of a first order process.
As the slope of the curve in the inlet shows, for recycled
materials the rate of breakage decreases with time, up
to a certain number of revolutions (between 500 and
1000), when it takes a constant value which is compa-
rable to the value of natural aggregates.

It seems therefore that the rate of breakage of the
initial size fraction is an interesting measure of crusha-
bility which may highlight the changes in composition
occurring during the process. In order to get a quantita-
tive estimate of the rate of breakage, however, a simple
analysis based on the evolution of the initial size frac-
tion is not sufficient. An analysis taking into account
also those broken particles which do not fall out of the
initial size range is needed, and this can only be done
if the distribution of the progeny particles after a series
of fracture events is known. Comminution theory pro-
vides a framework for this analysis, which is based on
population balances. Let’s consider a sample of mate-
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Fig. 10 Evolution of the mass fraction of the initial size fraction
during time for two 10/14 mm samples composed respectively of
natural and recycled aggregates. The inlet is in lin-log to appre-
ciate the exponential type of evolution.

rial, divided into N size classes d1 > dy > ... > dn. The
population balance for the batch comminution of class
k is given by:

k
dd% = leuABk,uSu - wkSk, (1)
u—
where wy, is the mass fraction of class k, S is the rate of
breakage (also called selection function) of class k, and
ADBy,,, corresponds to the fraction of fragments pro-
duced by particles of class u which fall into class k.
ABy, ., depends on B(dy; d,,), which is called the break-
age function, and which gives the cumulative size dis-
tribution of fragments produced by the fracture of par-
ticles of class u. By manipulating PSD data (as detailed
in Appendix A) it is possible to obtain an estimate for
the selection function and the breakage function; this
was done to characterize more quantitatively the kinet-
ics of breakage and the repartition of progeny particles.

First, we report on the evolution of the selection
function (that is the specific rate of breakage) with the
number of revolutions for the initial size range.

The result is displayed in Fig. 11; this confirms that
the rate of breakage for 10/14 mm recycled aggregates
is high at the beginning and decreases strongly with
the number of revolutions, attaining a constant value
comparable to natural materials after 1000 revolutions.
The rate of breakage of 4/6.3 mm materials appears
to be slightly lower, with no great difference between
natural and recycled samples; for this size fraction the
rate of breakage does not have a remarkable variation
with the number of revolutions. The decrease of the
rate of breakage with particle size, given the relative
size of steel balls and materials, is compatible with the
literature (King 2001).
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Fig. 11 Estimate of the selection functions vs number of revolu-
tions for natural and recycled aggregates corresponding to intial
size ranges of 4/6.3 mm and 10/14 mm.

By using the mass variation of size fractions between
the feed and the products at 100 revolutions, we can
estimate also the breakage function. In particular, the
breakage function is defined as the cumulative distri-
bution of progeny particles for a given feed, and is ex-
pressed as a function of the ratio between the progeny
particle size and the parent particle size. Due to its def-
inition, the breakage function gives information on the
repartition of fragments and can therefore help to char-
acterize the mechanisms of fracture. Breakage function
estimates for natural and recycled, 4/6.3 mm and 10/14
mm aggregates are shown in Fig. 12. First, the quali-
tative shape of the curves is the same for all materials:
data are very well fitted by the classic double Schumann
equation:

B = K () +a-10 () )

This behavior implies that during all the tests frac-
ture is associated with a bimodal distribution of progeny

particles: this is usually related to small fragments formed

near the points of application of compressive forces and
large fragments produced by tensile stresses. This pic-
ture corresponds to a cleavage mechanism (see Fig. 1c).

From present data, we can say that the qualitative
features of fracture during the tests are the same for
the recycled and natural aggregates. There are however
quantitative differences: comparing the breakage func-
tion for the different materials, at first we notice that
different feed particle sizes do not normalize to the same
curve. This is not surprising, but could also be an arti-
fact of the estimation procedure. Then, contrary to the
selection functions, the largest difference is found be-
tween 4/6.3 mm natural and recycled aggregates, while

the progenies of natural and recycled 10/14 mm aggre-
gates do not differ so much.

These results allow to better interpret the mass pass-
ing 1.6 mm data: in Fig. 3 we did not see a strong dif-
ference between recycled 10/14 mm and 4/6.3 mm re-
cycled aggregates. From figure 12 we can estimate that
for short times the fracture of a slightly polydisperse
10/14 mm size fraction of recycled aggregates produces
9.5% of particles lower than 1.6 mm, while this value is
of 29% for a 4/6.3 mm recycled sample. On the other
hand the recycled 10/14 mm sample display a strong
difference in rate of breakage with their counterpart at
the beginning of the test. The two effects balance each
other yielding very close evolutions of the mass passing
1.6 mm. For natural materials breakage rates are simi-
lar, so the difference in the selection functions, coupled
with the fact that the threshold is kept fixed, are re-
sponsible for the difference in the evolution of the mass
passing 1.6 mm.
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Fig. 12 Estimate of the breakage functions vs number of revolu-
tions for natural and recycled aggregates corresponding to intial
size classes of 4/6.3 mm and 10/14 mm. Estimates are based on
data at 100 revolutions; the solid lines are fit according to Schu-
mann’s formula, Eq. 10 .

It is clear that information from both the rate of
breakage and the distribution of progeny particles, which
can be extracted from PSDs analyses performed at sev-
eral times, allows to characterize the fragmentation of
recycled concrete aggregates. However, if the focus is
on the resistance, the evolution of the coarsest frac-
tion alone can be considered as a good indicator of the
crushability of the material; the selection function (and
even the rescaled selection function which does not need
full PSD measurements) gives us information about the
resistance of the aggregates during the whole process,
with the possibility of estimating the resistance of nat-
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ural components contained in recycled materials if lib-
eration occurs.

In this perspective, in Fig. 13 the selection function
for recycled 10/14 mm aggregates is compared to wa-
ter absorption and density measurements on the coarse
fraction. We can see that there is a very good correla-
tion among the three measurements: this supports the
idea that the breakage rate of the coarsest fraction can
be taken as a measure of the crushability and its depen-
dence on composition. It is therefore very interesting to
couple breakage rate measurements with water absorp-
tion and particle density data. In this study it was not
possible to perform water absorption and particle den-
sity measurements on the products of the fragmentation
of 4/6.3 mm size fractions. Since the rate of breakage
did not vary a lot for those materials, in future works
it will be interesting to understand the reason with the
required detail by performing a full characterization of
the liberation of aggregates.
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Fig. 13 Water absorption and specific mass vs breakage rate for
the 10/14 mm fraction, for a 10/14 mm samples composed of
recycled aggregates, at different numbers of revolutions.

5 Conclusions

In order to clarify the significance of Los Angeles test
when being used with recycled concrete aggregates, three
aspects were investigated: the influence of the number
of revolutions, the evolution of the full particle size dis-
tribution (PSD) and the distribution of mortar in the
fractions after the test.

The evolution of the mass passing 1.6 mm with
the number of revolutions showed that recycled con-
crete aggregate was less resistant to fragmentation com-
pared with natural aggregate and presented a non linear

evolution of the indicator with respect to the number
of revolutions. However, a more complete analysis of
the evolution of the PSD with the number of revolu-
tions suggested that the fracture mechanisms are of the
same nature between recycled and natural aggregates.
The different behavior during fracture of RCA consisted
in mortar which progressively accumulates in smaller
fractions, with coarse fractions asymptotically behav-
ing like natural aggregates. This was proved by water
absorption and particle density measurements, coupled
to the PSD evaluation. This liberation behavior was
confirmed by analysis based on comminution modeling
which allowed to estimate, for the initial size fraction,
the rate of breakage (also called selection function) and
the distribution of progeny particles (also called break-
age function).

The analysis of the rate of breakage of the coarsest
fraction appeared to be a richer indicator of crushability
as a function of time and composition than the amount
of mass passing 1.6 mm: its typical evolution allows es-
timating a rate of breakage which correlates well with
indirect measures of composition (water absorption and
density). The possible existence of an asymptote in the
rate of breakage of the coarsest fraction suggests that
the selection function can be used to estimate at the
same time the resistance of the recycled aggregate and
of its original natural component, and probably give an
estimate of the amount of mortar. Then, the estimation
of the breakage function for the initial size fraction al-
lowed to better understand fracture mechanisms, and to
prove that the same type of fracture occurs for recycled
and natural aggregates, though with some quantitative
differences.
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A Determination of the selection and the
breakage function of the initial coarse class

In this appendix we will review the basics of comminution theory
which allow us to get a coarse estimate for the rate of breakage
and the breakage function for our materials. Consider a sample
of material, divided into N size classes d; > d2 > ... > dn. The
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population balance for the batch comminution of class & is given
by:

k
dw
Ttk = ZquBk,uSu — WSk, (3)

u=1
where wy is the mass fraction of class k, Sy is the rate of
breakage (also called selection function) of class k, and ABy, ,,
corresponds to the fraction of fragments produced by particles of
class u which fall into class k. The latter can be calculated from:
ABk,u :B(dk—ﬁdu)_B(dk;du)v (4)
where B(dy;du), abbreviated into By, in the following, is the
breakage function giving the cumulative size distribution of frag-
ments produced by fracture of a particle of class u. Typically the
shape of B is considered as size independent, i.e. B(dg;dy) =
B(dy/dy). The selection function is typically a function of par-
ticle size, and is often considered to be independent of wy. If
we consider a batch process in which all the material is at the
beginning in class 1, for this class we have:
dd% = w1 S1(ABy 1 — 1), (5)
which means that the loss of material in class 1 corresponds to
the fraction of broken particles of this class which have passed the
boundary of the class. We can define an effective rate of breakage
for the first class S7 = —S1(AB1,1 — 1), which can be calculated
as:
. _ dlogwy ()
! dt
Now, for homogeneous materials S7 is typically a constant;
for heterogeneous materials the composition of each size class may
vary during the process, modifying the rate of breakage. Eq. 6
can be used in that case to estimate an instantaneous value of the
effective rate of breakage. If all the material is at the beginning in
the coarsest class, it is possible to estimate the breakage function
if data are available for short times. In such a case
dwyg£1

U ~w1S1ABy, 1. (7)
Therefore, considering Eq. 5, we obtain:
dwy£1 _ ABy 1 . (8)
dwi l¢so AB11-—1

‘We can define an effective selection function for the coarsest class,

which can be calculated from data as:
N-1

N—-1
B AB; Aw;
B* k,1 _ i,1 _ _ 2 : wiq (9)
i=k

k.1 - I—ABLl l—ABLl A’wl.

i=
Given that B1 1 =1, 1—-AB;1,1 = B2,1. We can therefore obtain
an estimate for qul by means of Eq. 9 (which can be applied for
short times, after 100 drum revolutions in our study). In order to
estimate the original breakage and selection function we can for
example proceed by curve fitting. A typical shape for By, ,, is the
double Schumann equation:
d\™ d\"™
B(dy; du) :K(—) F(1-K) (7) . (10)
dy dy
Therefore the effective breakage function for class 1 can be fitted
by
m n
()00 (%) "
m n °
K(#)"+0-10(3)
The fitting parameters can be used to estimate Bz 1 and there-
fore obtain the original breakage and selection functions for the
coarsest class by means of:

By,1 = By 1B2,1, (12)
_ S
Ba1’

*
k,1

S1 (13)



