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Abstract: The scarcity of fine natural aggregates and the negative environmental impact of their
extraction make it necessary to find new sources of aggregates for the construction industry. The use
of recycled aggregates (RA) derived from waste concrete crushing is a viable option for reducing
non-renewable raw material consumption. The quality of these aggregates is lower than that of
natural aggregates. In particular, the water absorption (WA) of the fine fraction of RA is a topic
of constant debate due to the limitations of the standardized practices for determining it. Several
methods have previously been proposed concerning this. Among these, the electrical conductivity
method has the highest potential for effective WA determination. However, the influence of particle
size and shape on the measurement remains unknown. In this study, the electrical conductivity
method is applied to determine the WA of different particle size ranges in both natural and recycled
aggregates. The results show that the paste content is the main variable that influences the WA of
RA, whereas the size and shape of particles have no discernible influence on the measurements
made using the electrical conductivity method. The present work expands upon previous studies by
demonstrating the universality of the method irrespective of the particle size.

Keywords: water absorption; fine aggregates; saturated surface dry; cone method; electrical conduc-
tivity method

1. Introduction

The construction industry has been identified as one of the most significant worldwide
polluters [1]. To lessen its environmental impact, different strategies have been proposed
and used in various countries. Waste minimization and recovery are unavoidable practices
in the pursuit of sustainability. Every year, 41 billion tons of aggregates are consumed by
the construction industry [2]. To reduce the environmental impact of concrete, several waste
materials have been studied for raw material replacement in concrete production [3-5]. In
this regard, the extraction of natural aggregates far exceeds sustainable levels [3,6,7]. The
indiscriminate extraction of river sand causes a chain reaction that exacerbates the effects
of tsunamis, interferes with fishing and crops, and increases the levels of salinization in the
water [3,8]. Furthermore, numerous studies show that an increase in sand consumption
implies illegal trade, which leads to violence, social conflict, and the deterioration of
habitats [7,9]. The use of FRA may contribute to changing this reality.

In formal markets, because of the need to limit the exploitation of non-renewable
natural resources, the use of recycled aggregates (RA) obtained from crushing waste
concrete as an aggregate to manufacture new concrete is becoming more common in the
ready-mixed concrete industry. This practice has the potential to reduce the industry’s
carbon footprint by up to 23% [10], as well as reduce the volume of waste in landfills.

Different countries’ regulations allow for different percentages of RA to be used in
structural and non-structural concrete [11-14]. The use of the coarse fraction is permitted by

Appl. Sci. 2023, 13,1578, https:/ /doi.org/10.3390/app13031578

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13031578
https://doi.org/10.3390/app13031578
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-0259-7213
https://doi.org/10.3390/app13031578
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13031578?type=check_update&version=1

Appl. Sci. 2023,13,1578

20f13

most of them, but not the use of the fine fraction. This distinction between the two fractions
of RA is most likely due to a lack of agreement on the effects of fine recycled aggregate
(FRA), as opposed to the consensus on the technical feasibility of using coarse recycled
aggregate (CRA) without affecting concrete performance significantly [15-18]. Conflicting
presumptions remain regarding the viability of FRA as an aggregate for concrete production.
Some authors report that concretes containing FRA achieve strength levels comparable to
or even higher than those of the reference concrete [19,20], whereas other researchers report
strength decreases of more than 30% when FRA is used as a partial replacement for natural
fine aggregate (FNA) [21-24]. Similarly, there are significant discrepancies regarding the
influence of FRAs on concrete consistency. While some works report similar consistency
values between reference mixes and those made with FRA [25,26], other studies report up
to a 60% reduction in slump even when the FRA is brought to its saturated surface dry
state (SSD) before use [26,27].

The main properties of recycled aggregates (density, porosity, and strength) differ
from those of natural aggregates due to the presence of hardened cement paste [26-30].
Compared to natural aggregates, this paste reduces density and resistance and increases
the absorption of FRA.

According to recent studies [31,32], the effective w/c ratio of recycled concrete is not
an efficient parameter to correlate with the compressive strength of the concrete in which
the RA is used. Sosa et al. [32] conclude that the total w/c ratio (which includes the water
used to compensate for the greater absorption of the aggregate) has a very good correlation
with compressive strength. These findings could explain the contradictory results regarding
the influence of FRAs on concrete performance. A reliable determination of the absorption
of the aggregates, as well as its water uptake within fresh concrete, is a critical step to avoid
changes in the w/c and, consequently, in concrete performance.

At least eight methods are available in the literature to determine aggregate absorption
capacities [33—41]. Three of these methods were previously compared [42] when determin-
ing the absorption capacity of various FRAs and natural aggregates. Such results showed
that the electrical conductivity method had less dispersion and greater repeatability than
the other alternatives. On this basis, the electrical conductivity method was chosen in
the present work for further analysis. This method was also used by Kim et al. [38], who
reached similar conclusions about its viability.

The electrical conductivity method determines the saturated surface dry (SSD) state
by examining the relationship between electrical conductivity and surface moisture on
fine aggregate particles. When aggregate particles have water on their surfaces, liquid
bridges form and carry electricity. When water is lost, these bridges disappear, and contact
is only possible through solid—solid contact points [43]. Because the current is not well
transported through the solid contact between the particles, as the surface water evaporates,
conductivity decreases up to a threshold point wherein liquid bridges are no longer present.

The conductivity measurement methodology uses a four-point configuration. This
method of measuring electrical conductivity is standardized for soil moisture [44], and it
has been used in several studies to evaluate concrete saturation levels and their relation-
ships with reinforcement corrosion [45,46]. The electrical conductivity method has proven
effective in determining the SSD state of natural sand and the FRA derived from concrete
crushing. However, the potential effect of the particle size range of the material on the test
result remains unknown [47]. In this regard, Zhao et al. [48] measured the water absorption
(WA) of differently sized fractions of several FRAs (Figure 1). They concluded that when
the paper sheet method is compared to the cone method the finest fraction demonstrates a
greater difference than the coarser fraction. Moreover, the authors concluded that the cone
method underestimates the WA of the finest fractions, whereas the paper sheet method [37]
overestimates it. The case for the electrical conductivity method may be similar to the paper
method. Both depend on contact points per mass unit (paper—particle or particle—particle
depending on the case). The potential effects of the particle size must be addressed to
define the reliability of these methods.
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Figure 1. Water absorption capacities of differently sized fracstions of several FRAs [46].

In order to eliminate the impact of incorrect WA determination on the effective w/c
ratio in concretes in which FRAs are used, this study expands upon previous studies on
the electrical conductivity method by investigating the potential influence of particle size.
Only through an efficient determination of the WA of FRCA can the actual influence of
FRA on concrete performance be determined. Previous studies [42] validated the method
based on its reproducibility and repeatability. However, the present additional studies
on the potential influence of particle size and composition further supports the universal
applicability of the method to manufacture FRAs of different sizes. To that end, two types
of FRA and one manufactured FNA with a homogeneous composition were tested, both
of which was sieved into differently sized fractions to determine the absorption capacity
of each fraction separately and compare these to that of the aggregate as a whole. The
relationship between aggregate features and WA was also studied.

2. Materials and Methods

Two concretes were considered, one with a granite aggregate (G) and one with a
quartzite aggregate (Q), both of which were crushed with a jaw crusher and sieved through
a4.75 mm mesh to obtain the fine fraction of the recycled aggregates (RG and RQ). Quartzite
concrete was produced in the laboratory, with a compressive strength of 26 MPa, an
elasticity modulus of 20 GPa, and a sorptivity of 11.89 g-m~2.s~1/2 at 28 days, while the
granite concrete was from an unknown source and only its compressive strength was
determined (35 MPa).

In addition, a manufactured fine aggregate from the crushing of natural quartzite rock
(NQ) was used. Table 1 presents the properties of the studied aggregates. RQ presented
a lower density and a higher content of material finer than 75 um compared to NQ. The
lower density of the FRAs was linked to the presence of cement paste in their particles. The
difference in fines content was linked with the production process. Recycled aggregates
RQ and RG were produced in the laboratory by jaw crushing, and NQ was produced
industrially. Whereas RQ was used in its entirety, NQ and RG were subjected to additional
washing to remove fines. This is the main reason for the different contents of fines in Table 1.
Paste content was determined by selective dissolution of the paste phase with hydrochloric
acid, according to the procedure indicated in ASTM [49]. The fineness modulus was
computed as indicated in ASTM C 136.
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Table 1. Aggregates properties.

Particle Size Distribution, Cumulative Retained Mass over Mesh (%)

Material Finer
Than 75 um (%)

4.75mm  2.36 mm 1.18 mm 600 pm 300 pm 150 pm

ID
Fineness Modulus
Density
Paste Content (%)

NQ 318 258 - 7 27 43 62 83 96 1.5

RQ 316 246 30.4 2 27 48 64 83 92 52

RG 345 249 32.1 0 33 57 72 87 95 27

For the electric method measurement, a “u” shaped device made of PVC was used.
As electrodes, stainless steel plates were placed at each end of the device with two stainless
steel rods in between. The distance between the electrodes was 40 mm. The dimensions of
the device are shown schematically in Figure 2.

120 mm
120 mm
40 mm . 40 mm__ 40 mm S
3
U O -
—0—® &
w

Figure 2. Scheme and photo of the device.

For the calibration of the device, a solution of a known conductivity (0.01M KCl) was
used to determine the cell geometrical constant. Voltage and current were measured with
multimeters, while an electrical potential was applied using a (12 & 1) V AC power source
connected to external electrodes on the sides of the device.

Each aggregate was divided into two subsamples; one was evaluated as a whole,
whereas the other was divided into five differently sized fractions to evaluate each particle
size range separately, as follows: 4.75-2.36 mm, 2.36-1.18 mm, 1.18-0.6 mm, 0.6-0.3 mm,
and 0.3-0.15 mm. Each fraction was labeled with letters that indicated the type of aggregate
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(N: natural; R: recycled; Q: quarzitic; G: granite) and numbers that indicated the evaluated
fraction (4.75-2.36, 2.36-1.18, 1.18-0.6, 0.6-0.3, and 0.3-0.15). The whole sample of each
aggregate was identified only with letters (no numbers).

Prior to the test, the samples were immersed in water for 24 hours, as required by most
standard procedures (ASTM C 128, UNE 1097, and IFSTTAR N°78 [37]) and recommended
procedures [35,36,39-41]. After immersion, the samples were placed inside the device in
two layers; the first layer was tampered 10 times and the second one 15 times using the
same tamper as indicated for the cone method (as described in ASTM C 127, UNE 1097,
and IRAM 1520). The conductivity of the mass of aggregate was determined from the
potential and corresponding current measurements using Equation (1), starting from a
certain surface wet state and repeated for increasingly dry states. Each time, approximately
200 g of sample was collected afterwards from the center of the device and weighted before
and after drying it out in an oven at (105 % 5) °C to compute the moisture content of the
sample. The procedure was repeated until the sample was too dry to detect currents above
the sensitivity of the multimeter (1 pA).

|VAY
Y 1
C=c 1
With:
C = conductivity
I = current

V = potential difference
Cc = cell constant

Then, the relationship between moisture content and corresponding conductivity
values was plotted in a semi-logarithmic graph. Two branches (wet on the right and dry on
the left) were identified for each aggregate, each one represented by a separate straight line.
To achieve enough points to define each of the straight lines, at least three measurement
sequences were used for each type of sample. The sorting of data points between one or
the other branch was decided in order to assure the maximum value of R? for both of the
straight lines. The intersection of both lines corresponds to the SSD state of the aggregate,
and the corresponding moisture value is, therefore, the WA of the sample [44].

3. Results

Figures 3-5 show the moisture-conductivity relationship for each of the five sized
fractions as well as whole samples for NQ, RQ, and RG. The plots are presented with a
logarithmic scale in the vertical axis for better appreciation. The volume of data secured
that all of the branches were determined by the linear regression of more than six data
pairs. The two branches are easily distinguished for each sample. A good correlation
between conductivity and moisture was obtained for both the dry and wet branches of all
of the samples. The frequency histograms for the R? values of each branch and cumulative
values are shown in Figure 6. A very good correlation was obtained in almost all branches.
This reflects a significant description of the variation in the condition of free water in the
sample, depending on the moisture content in relation with the internal porosity of the
particles. The intersection of both branches defines the moisture content corresponding
to the saturated-surface dry condition, i.e., the water absorption capacity of the granular
skeleton. When the moisture content is lower than this intersection value, an insufficient
volume of water remains on the surface of the particles to build up the menisci that favor
electrical conductivity. However, as moisture content increases, the increase in conductivity
is very fast. With moisture contents above the intersection value, larger bridges of water
are available to conduct electrical current. As the volume increases proportionally to the
increase in the volume of free water, the evolution of conductivity is not as fast as for the
other branch.
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Figure 3. Moisture contents versus conductivity plots, including the SSD state of NQ samples.

Table 2 presents a summary of the obtained results. The range of variation in the
absorption values of the differently sized fractions, and in the whole-size range of NQ, was
(3.2-3.8)%, while the standard deviation was 0.30. The corresponding range of values for
RQ was (6.2-6.4)% if the value for the size range 0.3-0.15 of 9.2% was excluded, which is
around 3 percentage points higher than the rest of the fractions. A similar situation can be
described for RG with the range of values (7.7-8.6)%, and an exceptionally high value of
10.8% for the size range 0.3-0.15. The increase in the WA value for the finest sized fraction
of RA was also reported by [28] and associated with its high paste content. The increase in
paste content with fineness can be explained by the difference in hardness between natural
aggregates and cement paste. When concrete is crushed, the cement paste is released in
finer particles more easily than natural aggregate [50]. Thus, the concentration of cement
paste in the finest fraction is natural. The lack of significant variation in the other sized
fractions of the recycled aggregates, and the homogeneous values for all size ranges of NQ,
indicate that the WA results mostly reflect the proportion of cement paste present in each
sized fraction rather than an effect of the particle size range.

The weighted averages of WA values (considering the proportion of each sized fraction
in the whole sample) correlate well with the experimental measurements of the whole sam-
ple. This confirms the consistency of the results. For the weighted average computations,
the WA of the fraction under 0.15 mm was considered equal to that of the 0.3-0.15 fraction,
but, given its small proportion, any effect of this assumption on the weighted average value
would be very small.
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Figure 4. Moisture contents versus conductivity plots, including the SSD state of RQ samples.
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Table 3 displays the slope between the branches of the variously sized fractions of all
aggregates, along with the standard deviations. Because many more menisci should form
in wet samples with finer particle sizes, more significant changes in the finest fractions’
slope may be expected [47]. However, from the slope, no clear trend in the slope shift was
observed. While for RA the slope reduced for the finest fraction in comparison with the
larger fractions, for NQ the fractions 0.6-0.3 and 0.3-0.15 showed the same slope as those
in the larger fraction. These results showed no clear influence of the particle size on the
change in slope, but more research is needed in this regard for a conclusive outcome.

Table 2. Water absorption results for electrical method.

Water Absorption (%)

Size Range (mm)

NQ RQ RG

4.75-2.36 3.6 6.2 6.9
2.36-1.18 3.2 6.4 7.7
1.18-0.6 3.8 6.2 8.6
0.6-0.3 3.2 6.2 7.8
0.3-0.15 3.8 9.2 10.8
Weighted average 3.6 6.8 8.0
0.0-4.75 3.2 6.6 8.3

Table 3. Slopes between wet and dry branches.

NQ NQ RG

Size Fraction (mm)
Dry Wet Dry Wet Dry Wet
0.0-4.75 0.487 0.0059 0.537 0.2108 0.507 0.097
4.75-2.36 0.543 0.050 0.614 0.070 0.744 0.073
2.36-1.18 0.504 0.026 0.718 0.073 0.570 0.052
1.18-0.6 0.411 0.026 0.609 0.060 0.596 0.051
0.6-0.3 0.411 0.020 0.365 0.064 0.434 0.027
Standard deviation 0.501 0.033 0.628 0.078 0.899 0.111

4. Discussion

There are many different factors that contribute to the challenge of estimating the
amount of water that can be absorbed by FRAs. Particles with sizes ranging from 50
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to 4000 um can have extremely varied characteristics in terms of their composition and
shape. Both of these aspects can vary very significantly in such a wide range of sizes. The
recycled aggregates that come from the waste concrete are materials that have more than
one phase. Even if these materials could be processed and released of any impurities that
may have been introduced during the process of recycling (e.g., soil, gypsum, wood, bricks,
and asphalt), they would still be a combination of hydrated cement paste and natural
rocks. Because the hydrated cement paste phase is the phase that causes an increase in the
material’s porosity and absorption capacity, we need to concentrate on that phase whenever
we are conducting any kind of analysis regarding the representativeness of an experimental
method for determining the water absorption capacity.

The cement paste and the natural rocks do not differ only in porosity but also in
strength. This is important to consider as the recycling process involves the crushing of
the waste concrete and the division of the material into smaller particles by splitting it
through the weakest planes. The mechanical effort of crushing is also combined with the
self-abrasion between particles that clash with each other during rotatory processing.

The soft cement paste particles would be more easily crushed, abrased, and con-
centrated in finer fractions. Such a difference in composition requires an account of the
sensitivity of the conductivity method to the increase in paste content. To link both parame-
ters, for the case of RG, the paste content according to ASTM C 1084 was determined for
each sized fraction. The results are shown in Figure 7. Although the R? value is not excel-
lent, a trend to increase the WA with the increase in paste content is suggested. The lack of
adjustment is likely a consequence of other variables also affecting the WA value measured.

12
®

Z10 - R =055
E/ ° i o
S 8 o o s
-‘6-4 ..... .o
5 6 " Rz2=097
=
5 47
e
= 2

0 \ \ |

25 30 35 40 45

Paste content (%)
Figure 7. Link between paste content and WA for RG.

For the same volume of solids, more angular shapes, more surface roughness, and
a higher content of fines would allow for more solid—solid contact points. This would
increase the number of menisci formed by surface water, and would potentially affect the
conductivity of the granular skeleton [45].

No difference due to composition or particle size was observed among all the tested
samples and sub-samples in terms of the linearity of wet and dry branches. This can be
interpreted as the fact that the same phenomena are governing the correlation between
electrical conductivity and moisture content in the granular skeletons. In other words,
any change in particle shape, particle size, or composition does not translate into changes
in the building up of conductive bridges as the moisture content increases. The main
difference among the samples was in the slope values of the branches, which define
the intersection point corresponding to the shift in the driving phenomenon to increase



Appl. Sci. 2023,13,1578

10 0f 13

conductivity. However, no consistent effects of the particle size and the type of sample were
observed, and additional research is necessary to determine the main aspects governing
the slope values of the branches. Therefore, the method seems very suitable for the entire
range of particle sizes analyzed in the present study. No fraction was misrepresented in the
absorption values obtained for the entire sample, but it contributes to the general value as
a function of its internal porosity and proportion present in the whole sample.

Although there was no explicit result confirming that the electrical conductivity
method is independent from the particle size range, there are many strong indications in
that direction. We can use the example of NQ, for which we cannot expect differences in
composition due to the particle size. As the electrical conductivity of the skeleton was
dominated by the presence of liquid bridges between particles, the limited variations in
the WA for different particle size ranges of NQ suggest that contact points do not have
significant relevance on the outcome of the experiment. In FRA samples, higher WA values
were obtained for the finest fractions, but, as this cannot be explained by the particle size,
it seems more logical to associate it with a higher paste content in these fractions [29],
as shown in Figure 7. Finally, the lack of particle geometry influence on the WA value
determined by the electrical method is also suggested by the similar slope obtained for dry
and wet branches for the various particle size ranges.

More research is still needed to describe the phenomenological connection between the
moisture content and the electrical conductivity of the granular skeleton. From a qualitative
point of view, the method is well supported and allows us to apply it for practical purposes.
However, a quantitative description would bring additional light on aspects related to
transition across different saturation states.

5. Conclusions

From the measurement of water absorption by the electrical conductivity method on
three different fine aggregates (two recycled and one manufactured), measured on sieved
fractions with both different particle size ranges and as a whole, the following conclusions
are drawn.

The water absorption measured in the aggregate as a whole and the weighted average
WA value, considering the combination of variously sized fractions, are similar, which
demonstrates the consistency of values to assess the variable particle size ranges.

A good correlation between conductivity and moisture content was obtained for each
sized sample analyzed. A sudden change occurs in accordance with the expected transition
from the dominant internal moisture to the dominant external moisture. We can confirm
that the method shows good potential to measure the WA of fine aggregates, irrespective of
the particle size range within the studied size range of 4.75 mm-0.15 mm, and it is a more
advantageous approach than the traditional cone method that earlier proved unsuitable for
manufactured sands.

The WA of NQ did not show significant variations in WA with the particle size, which
connects with the homogeneous composition of the sand because of its natural origin. In
contrast, the WA of RG and RQ showed significant increases in the fractions 0.30-0.15 mm
as a result of their higher paste content (i.e., higher porosity).

The lack of a clear trend regarding the slopes of dry and wet branches also indicates
that geometry and particle size have no significant influence on the outcome of the electrical
conductivity method.

Different studies have concluded the potential of the electrical conductivity method to
achieve an effective determination of WA, but uncertainties about the influence of different
variables such as the shape and size of the particles on the measured WA remained. When
applying other methods, these variables cause inaccurate values of WA, and, thus, the
effectiveness of these methods has been widely questioned. In this research, the lack
of a clear influence of the particle size and shape on the WA measured by the electrical
conductivity method has been proven, with the paste content being the main variable that
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influenced the WA value. The method consistently showed good performance to achieve
WA not only for RA but also for other manufactured sands.

Further research is still needed to support the results of this study; for example, an
interlaboratory test among several laboratories can establish accurate levels of the repro-
ducibility of the electrical conductivity method as an intermediate step for standardizing the
procedure. A reliable WA determination method is imperative to allow a sound assessment
of the actual impact of fine recycled aggregates on concrete performance.
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