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Preface to ”Properties and Novel Applications of

Recycled Aggregates”

The aggregates used in construction are the natural resource consumed the most in the world

after air and water. Due to overexploitation, all environmental laws reward the use of recycled

materials to guarantee the reduction of consumption of natural aggregates. The use of reclaimed

aggregates, reused aggregates, and recycled aggregates increases sustainability in construction

activities. Today, they are strategic materials in the manufacturing of green concrete and mortars and

as road construction eco-efficient materials. In addition, the use of recycled aggregates from industrial

or mining byproducts presents great potential in construction activities as recycled aggregates and/or

supplementary cementitious materials. This Special Issue is open to new experiences in construction

materials and/or works made with recycled aggregates.

Fernando Lopez Gayarre

Editor
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Abstract: Coal bottom ash is normally used as aggregate in mortars and concretes. When it is
ground, its characteristics are modified. Therefore, the assessment of its long-term durability must be
realized in depth. In this sense, an accelerated chloride ingress test has been performed on reinforced
mortars made of Portland cement with different amounts of coal bottom ash (CBA) and/or coal fly ash
(CFA). Corrosion potential and corrosion rate were continuously monitored. Cement replacement
with bottom and fly ash had beneficial long-term effects regarding chloride penetration resistance.
Concerning corrosion performance, by far the most dominant influencing parameter was the ash
content. Chloride diffusion coefficient in natural test conditions decreased from 23 × 10−12 m2/s in
cements without coal ashes to 4.5 × 10−12 m2/s in cements with 35% by weight of coal ashes. Moreover,
the time to steel corrosion initiation went from 102 h to about 500 h, respectively. Therefore, this work
presents experimental evidence that confirms the positive effect of both types of coal ashes (CBA and
CFA) with regard to the concrete steel corrosion.

Keywords: steel reinforced concrete; polarization; coal bottom ash; coal fly ash

1. Introduction

Chloride penetration from seawater into concrete in coastal areas and the associated risk for
reinforcement corrosion is recognized as the most important deterioration mechanism for offshore and
coastal reinforced concrete structures worldwide [1,2]. Concrete pore solution provides protection
to the reinforcing steel against corrosion by means of reinforcing steel passivation promoted by its
high alkalinity. In chloride-containing environments, the passive layer is destroyed when the chloride
ion concentration exceeds to a certain threshold value [3] in the vicinity of steel reinforcement and,
therefore, the corrosion began. Then, the reinforced concrete service life can be divided into an initiation
period and a propagation period [4]. The initiation one describes chloride ingress into the concrete and
is ended by the reinforcement depassivation, which is followed by the propagation period beginning.
The chloride amount associated with reinforcement depassivation has been extensively studied [5].

Several chloride threshold values have been proposed because it is affected by several
interconnected parameters. Some of them depend on the type of cement used in the mortar and
concrete, type of steel and steel/paste interface properties. Among them, the first one affects directly on
the pore solution chemistry. Not only the type of cement, but also the concrete quality and concrete
cover thickness influence the time needed to the critical chloride content to be reached at the steel
reinforcement surface [6].

Materials 2019, 12, 1933; doi:10.3390/ma12121933 www.mdpi.com/journal/materials1
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For electrical power generation by coal combustion to become sustainable, the reuse of coal
combustion by-products such as bottom ash and fly ash is necessary. Blended cements made of coal
fly ash present a beneficial effect since it has been acknowledged a more compact microstructure
in mortars and concretes leading to lower chloride permeability [7]. However, a decrease of the
pore solution pH was also found and, therefore, the chloride threshold value could be lower than in
cement-based materials without pozzolanic materials. In any case, coal fly ash is frequently used in
mortars and concretes exposed to chloride environments because the pozzolanic additions have a
significant influence on the chloride ion transportation. This coal fly ash has a pozzolanic reaction
and micro-filler effect, which is beneficial in improving the resistance of concrete against the ingress of
harmful ions [7].

On the other hand, coal bottom ash (CBA) is regarded as a potential replacement for sand in
concrete mixture. CBA can be used for construction purposes as a sand substitute [8,9] and for
industrial purposes as alternative filter media [10] applications, amongst other uses. The amount of
recycled aggregate is increasing in the world [11]. Given that, manufactured CBA sand with different
sizes may be produced in a crushing plant. It is well known that size and particle size distribution will
influence the material characteristics [12–14]. Other types of bottom ashes, from a municipal solid
waste incinerator [15] or circulating fluidized bed combustion (CFBC) [16], are also reported in the
literature. Among the various means of reusing coal bottom ash reported thus far, it is believed that
CBA can be also utilized as a Portland cement constituent [17]. Thus, assessment of cement-based
materials made of CBA mixes regarding corrosion performance must involve characterization of the
penetration resistance against chlorides and the parameters governing the corrosion rate.

The influence of coal fly ash on chloride ingress and resulting reinforcement corrosion in concrete
has been reported in many studies over the last decades [18–20]. Nevertheless, reinforcement corrosion
studies have not been found with regard to coal bottom ash cement-based materials. The influence
of coal fly ash in cement-based materials on the corrosion processes is mainly due to microstructural
changes, lime consumption due to the pozzolanic reaction and binding capacity.

In this work, a standardized setup based on chloride ingress by applying an electrical field was
used to study the initiation stage of chloride induced reinforcement corrosion in several mortar mixes
made of coal bottom ash, coal fly ash and common Portland cement. Corrosion assessment of coal
bottom ash in combination with coal fly ash in reinforced mortars was investigated.

2. Materials and Methods

2.1. Materials, Mix Proportions and Specimen Details

The cement used in this research work was a common Portland cement CEM I 42.5 N according
to the European standard EN 197-1:2011 [21] produced by HOLCIM in Almería, Spain. Coal fly ash
(CFA) Type F according to the American standard ASTM C618-15 [22] and coal bottom ash (CBA) were
obtained from a Spanish power station (Carboneras, Spain). CFA and CBA were generated together in
the same boiler of a coal-fired power plant, and then, chemical composition is expected to be quite
similar. Chemical compositions of the cement, CBA and CFA, determined according to the European
standard EN 196-2:2013 [23], are shown in Table 1.

Table 1. Properties of used cements and ashes: Coal bottom ash and coal fly ash (%).

Compositions SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 P2O5
Soluble

Residue 1
Loss on
Ignition

Cement 19.04 3.85 3.43 57.16 1.54 3.14 0.17 0.07 2.15 3.93
Bottom ash 48.12 25.55 5.86 7.07 1.28 0.15 1.5 0.96 81.24 1.85

Fly ash 46.84 26.66 4.72 5.55 1.33 0.37 1.5 1.03 76.00 3.63
1 Insoluble residue determined by the Na2CO3 method (European standard EN 196-2:2013).
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Siliceous aggregates with a maximum size of 4 mm were used (provided by the IETcc-CSIC,
Madrid, Spain). Distilled water was employed in the mixtures. The steel corrugated bars had a 6 mm
nominal diameter and had been previously cleaned, to ensure a completely rust-free surface, in a 1:1
water-HCl solution containing 3 g/L of hexametilentetramine (corrosion inhibitor), rinsed in acetone,
dried and then weighed. Their ends were covered with a plastic insulating tape leaving an exposed
area in the end (Figure 1).

 
Figure 1. Geometry and embedded rebar and sensors (dimensions in mm).

Coal bottom ash (CBA) and/or coal fly ash (CFA) was used as a partial replacement of cement at 0
wt %, 10 wt %, 25 wt % and 35 wt %. The detailed mix proportions of the mortar specimens are listed
in Table 2. 70 mm × 70 mm × 70 mm size mortar cubes as shown in Figure 1 were cast with one steel
bar inside. The direction of casting was horizontal to the rebars. The water-to-binder ratio for all tested
mortar specimens was 0.50 and the binder-to-sand ratio was 1:3 (by weight). Table 2 shows the mortar
dosage. The casting was done in two layers and the mass was consolidated by vibration. Then, the
specimens were kept at 100% RH for 24 h and then, they were demolded. Later, the specimens were
cured at 25 ◦C and at 100% of relative humidity for 28 days before placing the plastic pond on the top
of the specimen (Figure 1).

Table 2. Mix proportions of coal bottom ash, coal fly ash and cement, CEM I 42.5 N.

Composition 1 CEM I 10CV 10CVF 10CF 25CV 25CVF 25CF 35CV 35CVF 35CF

Cement 100 90 90 90 75 75 75 65 65 65
Fly ash 0 10 8 0 25 20 0 35 28 0

Bottom ash 0 0 2 10 0 5 25 0 7 35
Sand 300 300 300 300 300 300 300 300 300 300
Water 50 50 50 50 50 50 50 50 50 50

1 CEM I is the cement without coal ashes; 10CV: 10% of coal fly ash; 10CVF: 10% of coal fly ash and bottom ash;
10CF: 10% of coal bottom ash;; 25CV: 25% of coal fly ash; 25CVF: 25% of coal fly ash and bottom ash; 25CF: 25% of
coal bottom ash; 35CV: 35% of coal fly ash; 35CVF: 35% of coal fly ash and bottom ash; 35CF: 35% of coal bottom ash.

2.2. Testing Procedure

The testing procedure was based on the method given in the Spanish standard UNE 83992-2 [24].
A pond with a 0.6 M NaCl and 0.4 M CuCl2 solution, which was prepared by dissolving 35.06 g of NaCl
and 68.20 g of CuCl2·2H2O in distilled water, was located on the top of the mortar specimen (Figure 1).
The use of a copper chloride solution was to minimize the pH changes in the exposure solution [25]. A
copper electrode (cathode) was submerged in the chloride solution. The anode (stainless steel mesh)
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was positioned on a water-saturated sponge at the bottom of the specimen. The stainless steel mesh
(anode) and the copper electrode submerged in the chloride solution (cathode) were connected to
the power source [24]. A 12 V difference in voltage was established between the two electrodes and
the electrical current was measured immediately after the connection was made. Both parameters’
working voltage and current were recorded throughout the test. The initial and final values were used
to calculate the initial resistance and the depassivation resistance according to Equations (1) and (2).

Reinitial = V/Iinitial [Ω], (1)

Redepassivation = V/Idepassivation [Ω], (2)

where Re is the electrical resistance, in Ω; V is the voltage applied, in V; Iinitial is the current circulating
in the specimen 5–15 min after connection, in A; Idespassivation is the current circulating in the specimen
shortly before the end of the test, in A.

Chloride ions penetrated the mortar cover from the top to the bottom face in an accelerated
way induced by the electrical field. The corrosion process of the steel bar begins when the chloride
ions reached the reinforcing bar. The test ended when the threshold amount of chlorides around the
embedded reinforcement was achieved. Corrosion was considered to exist when the voltage, referred
to the Ag/AgCl electrode, was less than or equal to −300 mV [24]. The trial was deemed to be over
when two consecutive voltage readings more negative than −300 mV, with respect to the silver/silver
chloride electrode, were recorded. Nevertheless, it has reported values less than −300 mV in other
types of cement-based materials for steel corrosion onset [26].

The time needed for steel depassivation is related to the non-steady state diffusion coefficient,
namely apparent diffusion coefficient, Dap. The depassivation time and the electrical charge, measured
in coulombs, were recorded.

Electrochemical variables such as the corrosion potential (Ecorr) and the polarization resistance
(Rp) were monitored from the beginning until the end of testing in order to assess the long-term
stability of the steel rebar. The corrosion current density (icorr) evolution was determined from Rp

measurements as icorr is inversely proportional to Rp, according to Equation (3).

icorr = B/Rp [μA/cm2], (3)

where icorr is the corrosion current density, in μA/cm2; Rp is the polarization resistance, in kΩ·cm2; B is
the Tafel constant and usually it has a value of 26 mV.

A three-electrode arrangement was used to carry out the polarization resistance, Rp, measurements:
The steel rebar was the working electrode, the stainless steel mesh at the bottom of the specimen
was used as the counter-electrode and a silver/silver chloride electrode was used as the reference
electrode. The reference electrode was positioned in the solution when the current was shut off to
take the measurements. Polarization resistance measurements were performed by applying a linear
sweep with a sweep rate scan of 10 mV/min between −20 to +20 mV from the corrosion potential.
Compensation of the ohmic drop was done at each measurement to remove the influence of the mortar
resistance during the RP measurement [11]. The values were always measured when the voltage
between the external electrodes was shut off. The “off-time” period ranged between 15 min and 4 h.

Finally, the specimens were split up to take mortar samples located around the reinforcing steel
and at the surface in contact with the chloride solution to verify the extent of the corrosion. Then,
the critical chloride concentration and the chloride concentration on the surface were determined by
X-ray fluorescence, XRF, with a Bruker S8 TIGER (Bruker Corporation, Billerica, MA, USA), which is a
WDXRF (wavelength dispersive X-ray fluorescence) spectrometer for elemental analysis. By varying
the angle of incidence from 0◦ to 147.6◦, a single X-ray wavelength was selected. Intensity and voltage
were 80 mA and 100 kV, respectively [27]. A silver nitrate solution was also applied to one of the two
parts of the concrete sample to determine whether the chlorides reached the steel.
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2.3. Calculation of the Non-Steady State (Apparent) Diffusion Coefficient

Diffusion coefficient in natural test conditions was calculated by means of Equation (4).

Dns =
e2

2 × tlag × ϕ
[
cm2/s

]
(4)

where Dns is the diffusion coefficient in natural test conditions, in cm2/s; tlag is the time to steel corrosion
in accelerated test or time lag, in s; e is the cover thickness in the specimen to be tested, in cm; ϕ
is the electrical field acceleration factor, which is calculated according to Equation (5) by using the
normalized electrical field Δφ, in V, following Equation (6).

ϕ =
z × F
R × T

× Δφ = 40 × Δϕ for 22 ◦C (5)

Δφ =
ΔV
L

[V] (6)

Here, L is the distance between electrodes (specimen thickness), in cm; ΔV is the voltage applied,
in V; R is the ideal gas constant, in cal/(mol·K) (1.9872); F is the Faraday constant, in cal/Veq (23,060); T
is temperature, in Kelvin; z is the chloride ion valence (z = 1).

3. Results and Discussion

3.1. Depassivation Time and Non-Steady State Diffusion Coefficient

Table 3 summarizes the parameters recorded during the test and Figure 2 presents the depassivation
time monitored along the time and the calculated non-steady state (apparent) diffusion coefficient. The
depassivation time increases with the percentage of coal ash in the mortar regardless the type of ash.
With 25% and 35% of coal fly ash this effect is more pronounced than with the same content of bottom
ash. Given that, coal fly ash apparently provides a better chloride penetration resistance.

Table 3. Recorded for each mortar mix 1.

Code tlag (h)
Dns (× 10−12

m2/s)

Icorr at tlag

(μA/cm2)

Ecorr

(mV)
Ccritical (% wt
Dry Sample)

Cs (wt % Dry
Sample)

Re,initial

(Ω)
Re,final

(Ω)
Cover

Thickness (cm)

CEM I 102 23.13 1.78 −389 0.19 0.59 1105 1212 3.10
10CV 183 14.61 1.18 −578 0.18 0.97 1432 1660 3.30
10CVF 164 13.47 5.51 −478 0.14 0.53 1423 1863 3.00
10CF 183 12.89 2.65 −384 0.09 0.49 1583 1960 3.10
25CV 455 6.24 1.46 −416 0.03 1.13 3738 3800 3.40
25CVF 420 5.26 1.91 −394 0.09 1.04 3279 4000 3.00
25CF 322 7.81 1.68 −310 0.05 0.77 3053 4633 3.20
35CV 582 4.55 6.94 −326 0.03 0.53 4615 4270 3.60
35CVF 454 4.55 1.43 −342 0.06 1.17 4959 5673 2.90
35CF 567 4.63 1.06 −331 0.03 1.32 3750 7143 3.27

1 tlag is the time lag or the time to steel corrosion in the accelerated test; Dns is the diffusion coefficient in natural
test conditions; Icorr at tlag is the corrosion rate measured at the time lag; Ecorr is the corrosion potential; Ccritical
is the chloride critical concentration for the corrosion onset; Cs is the chloride concentration at the surface of the
specimen; Re,initial is the electrical resistance at the beginning of the test and Re,final is the electrical resistance at the
end of the test.
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(a) (b) 

Figure 2. Time (a) and non-steady state (apparent) diffusion coefficient (b) vs. coal ash content.

The most common method widely used to assess the diffusion coefficient of chloride in
cement-based materials is the measuring of the chloride profile after a time and fitting it in Fick’s
second law of diffusion [14,28]. Such a coefficient could either overestimate or underestimate the time
to initiation of corrosion due to the great influence of the surface chloride concentration on the result,
which changes with time leading to errors in the prediction of the diffusion coefficient of chloride
based on Fick’s second law.

Pore size redistribution by a pozzolanic reaction and higher chloride binding capacity of
ash-cements reduces the non-steady state (apparent) diffusion coefficient in coal bottom ash and
coal fly ash mortars by a factor of 0.44 and 0.37 times that of CEM I mortars in 10% ash replacement
mortars; 0.66 and 0.73 in 25% ash replacement mortars; 0.80 and 0.80 times in 35% ash replacement
mortars, respectively (Figure 2).

3.2. Critical and Surface Chloride Content

The higher the coal ash content in the mortar, the lower the critical chloride content, Ccritical

(Figure 3). Chloride threshold level is affected by several factors [10,29], such as the chloride salt
type [30], supplementary cementitious materials in the cement-based materials [11,31], origin of the
chloride ions [32] and so on. Therefore, a wide range of threshold values has been reported. In
particular, coal fly ash mortar has a lower chloride threshold level than that of the Portland cement
mortar [33]. This fact may be attributed to the decrease of pH of the mortar pore solution due to the
pozzolanic reaction of coal fly ash [34]. Consequently, the chloride amount needed for the passive film
breakdown decreases. On the other hand, coal fly ash can improve the chemical binding ability of
the mortars in some particular circumstances. Thomas [35] and Oh et al. [11] reported a decrease in
the tolerable chloride content. Conversely, Alonso et al. [32] did not report any influence of coal fly
ash content on the chloride threshold. On the other hand, longer depassivation times lead to higher
surface concentrations as shown in Figure 3.
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(a) (b) 

Figure 3. Critical (a) and surface (b) chloride content in the function of the coal ash content after testing.

3.3. Initial and Final Resistance

The high initial and final electrical resistances, Re,initial and Re,final, measured in the bars embedded
in blended mortars is attributed to their lower permeability and higher compactness (Figure 4) [12,13].
As expected, both initial and final resistance, Re,initial and Re,final, increase with time because the
hydration reaction produce a C-S-H gel that fills the pores (Figure 4). Moreover, the pozzolanic reaction
produces more calcium silicates at longer times improving the coal ash mortars performance [16].

(a) (b) 

Figure 4. Electrical resistances measured in the bars embedded in blended mortars: (a) Initial, Re,initial

and (b) final, Re,final.

The initial resistance, Re,initial, results were fitted with the chloride non-steady state (apparent)
diffusion coefficient ones (Figure 5). Then, the chloride apparent diffusion coefficient could be
approximately estimated by means of Equation (7).

7
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Figure 5. Initial and final resistance vs. non-steady state diffusion coefficient.

Dns = (Re,initial (Ω) − 4667)/190. (7)

3.4. Potential Monitoring

The steel potential evolution during the subsequent chloride solution exposure of the rebar is
presented in Figure 6. In the passive state, the potential was generally stable with a tendency to
decrease over time for all mixes. The readings were ranging from −200 to +23 mV Ag/AgCl during the
first two weeks of testing corresponding to a state of passivity [24]. Then, large fluctuations between
−60 and −230 mV Ag/AgCl were found until one month of testing.

Corrosion onset for the steel rebar embedded in the mortar specimen was apparent from a fall in
potential. A reading more negative than −300 mV Ag/AgCl was considered as the corrosion onset
threshold. Therefore, mortar specimens with fly ash showed a longer corrosion initiation period [6].
Given that, the more the coal ash amount, the longer the initiation period, regardless of the type of ash
used, bottom ash or fly ash.

After 100 days, the potential of the reference mortar specimen without ashes, CEM I, became more
negative than −300 mV Ag/AgCl, whereas the potential of the mortar specimens with 10% of ashes,
10CV, 10CVF and 10CF, reached more negative potentials than −300 mV Ag/AgCl after six months.
Moreover, amounts of 35% of coal ash in mortars lead to longer initiation periods that ranged between
14 and 16 months.

Traditionally, corrosion potentials have been used as a complement to corrosion rate measurements
in studies of steel reinforcement corrosion [36–38]. These measurements are merely qualitative, but
are quite useful to detect electrochemical changes on a steel bar when monitored along the time. This
technique is also valid to assess corroding zones by comparison with non-corroding ones in the same
steel bar.
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(a) 

(b) 

Figure 6. Ecorr vs. time. The different lines per plot represent the samples per mix: (a) samples CEM
I, 10CV, 10CVF, 10CF, 25CV, 25CVF, 25CF; (b) samples CEM I, 35CV, 35CVF, 35CF. The dashed line
indicates the Ecorr value for corrosion initiation (Ecorr = −300 mV).

3.5. Corrosion Rate Monitoring

Steel potential monitoring could be not enough to assess the effect of the type and amount of coal
ashes, since it is affected by a factor, which includes polarization by limited diffusion of oxygen among
others [18]. Then, corrosion rate measurements were also undertaken. More stable corrosion rate
readings than potential ones were registered throughout the test (Figure 7). According to reference [11],
if the corrosion rate of steel in mortar becomes more positive than 0.1–0.3 μA/cm2, a significant
corrosion process occurs. Within this research program, corrosion rates over 1 μA/cm2 were found at
the end of the testing period.

As apparent from Figure 7, after 100 days of chloride exposure, stable corrosion initiated in only
CEM I specimen. Later on, after 150 days corrosion initiated in three out of nine blended mortar
specimens with 10% of coal ash independent of ash type. More than 300 days were needed in the rest
of mortar specimens with 25% or 35% coal ash for corrosion onset. Thus, the samples with coal bottom
ash and/or coal fly ash showed longer corrosion initiation periods than the samples without any ash
(CEM I). This indicated that a substitution of coal bottom or fly ash increased corrosion resistance of
steel in mortar. Moreover, the most important parameter influencing the corrosion onset is the amount
of coal ash independent of the type of ash.

9
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(a) 

(b) 

Figure 7. Icorr vs. time. The different lines per plot represent the samples per mix: (a) samples CEM
I, 10CV, 10CVF, 10CF, 25CV, 25CVF, 25CF; (b) samples CEM I, 35CV, 35CVF, 35CF. The dashed line
indicates the Icorr value for corrosion initiation (Icorr = 1 μA/cm2).

Corrosion rate evolution of the steel rebar embedded in mortar specimens was more stable than
the corrosion potential. However, both of them showed the same trend. Therefore, Figure 8 shows
a clear relationship between the corrosion rate and the corrosion potential, particularly at active
corrosion states, regardless the content or type of coal ash. Higher fluctuations were recorded at low
corrosion states. On the other hand, a clear correlation between corrosion rate and resistivity does not
exist in chloride-induced corrosion [39]. The blue dotted line shows the limit of a high corrosion rate
(1 μA/cm2).

Figure 8. Relationship between Icorr and Ecorr during the transition from a passive to an active state.
Data of all the samples are considered before and after depassivation.
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Finally, it can be said that the results obtained from electrochemical tests showed that partial
replacement of either coal bottom ash or coal fly ash has led to a reduction of corrosion rate and,
therefore, an enhancement of corrosion resistance due to the decrease of chloride ions permeability.

3.6. Visual Examination

After splitting the specimens and removing the steel rebar, corrosion was clearly visible in the
cases where the electrochemical measurements had indicated depassivation (Figure 9). It was noticed
the presence of rust spots on the steel. Red rust was found on both the steel and the mortar at the
steel/mortar interface. However, red rust shown in Figure 9 could not show actual corrosion activities.
Some works perform corrosion validation by means of measuring the mass loss of steel in corrosion [40]
and chloride penetration in the mortar [41,42]. Nevertheless, the experimental procedure followed in
this paper has been validated elsewhere [24].

(a) (b) (c) 

(d) (e) (f) 

Figure 9. Cont.
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(g) (h) (i) 

Figure 9. Sample of mortar extracted from the steel/specimen interface: (a) CEM I; (b) 25CV; (c) 35CV;
(d) 10CVF; (e) 25CVF; (f) 35CVF; (g) 10CF; (h) 25CF and (i) 35CF.

4. Conclusions

The main conclusions are summarized as follows:

• Chloride diffusion coefficient in natural test conditions decreased from 23 × 10−12 m2/s in cements
without coal ashes to 4.5 × 10−12 m2/s in cements with 35% by weight of coal ashes. Moreover, the
time to steel corrosion initiation went from 102 h to about 500 h, respectively.

• Coal bottom ash and coal fly ash showed a similar corrosion performance in reinforced mortars.
Both of them have a positive effect on the chloride resistance of the reinforced mortars. However,
the higher coal ash proportion in the mortar, the lower critical chloride content, Ccritical, was found.
This is explained by the lower hydroxyl concentration in blended mortars and, therefore, the
lower Cl−/OH− threshold value than in plain mortars.

• The most important parameter influencing the corrosion onset is the amount of coal ash
independent of the type of ash.

• The results reveal that the experimental procedure used being accelerated appears a promising
method to arrive at the chloride apparent diffusion coefficient, Dap, in mortars and concretes. It
provided reliable information about the quality of the coal bottom ash investigated in this research
program with regard to its durability.
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Abstract: Mining activities in general, and quarrying processes in particular, generate huge amounts
of tailings with a considerable presence of fine particles and with a variable composition of minerals,
which could limit the direct application of those wastes. Under the paradigm of a circular economy,
more effort has to be made to find adequate applications for those secondary raw materials. In this
study, a process was proposed and tests were performed to valorise fine particle product as a raw
material for the building and construction industry. Samples were taken from wastes in several
aggregate production plants, being characterized and processed to remove the clayey components to
obtain the cleanest quartz fraction. Then, different characterization and validation tests were carried
out to analyse the application of these products as raw materials in the building and construction
industry (cement and ceramics). Results showed that with no complex technologies, the tailings can
be considered as a mineral raw material in different applications.

Keywords: waste; aggregates; fines processing

1. Introduction

The decrease in the grade of ore in the mineral deposits, with lower liberation sizes, and the
growing demand for mineral products results in increasing tonnage of processed ore in the mineral
processing plants at a lower grinding size [1,2]. In most of the unit operations, the efficiency of
recovering such fine particles is very low [3]. The quarrying process creates a great amount of tailings
with considerable presence of particles under 100 μm and of a variable mineral composition, along
with other components, such as iron oxides or clayey materials, which could limit the application of
those wastes. Under the paradigm of a circular economy, several researchers have emphasised the
need for rethinking mining wastes and tailings as secondary raw materials [2,4,5].

Following this concept, some authors reported the use of mine tailings on mortars [6–11],
ceramics [12], and other applications [13]. In this study, a process was proposed that can valorise
a product as a raw material to the building and construction industry [14,15]. Samples were taken
from wastes in several quartz aggregate production plants in Asturias (Spain); after mineral sample
characterization, they were processed to remove the clayey component and to obtain the cleanest
quartz fraction. The designed process includes unitary operations requiring low capital and operating
costs, as is the case of hydrocyclone classification. Subsequently, the application of the products in the
cement and ceramics industry was investigated.

Materials 2019, 12, 2047; doi:10.3390/ma12132047 www.mdpi.com/journal/materials15
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2. Materials and Methods

2.1. Characterization Tests

To perform the mineralogical assays, a Bruker XRD model D8 Advance (Billerica, MA, USA) was
used. XRF assays were made in a Bruker XRF S-4 Pioneer Advance Billerica, MA, USA), with sample
preparation in a Claisse perler, model M-4 (Malvern, Worcestershire, UK). Trace element detection
was carried out using inductively coupled plasma atomic emission spectroscopy (ICP-OES), in a
Varian Vista-PRO.

To perform specific gravity measures, a Micromeritics He was used. Particle size distribution
tests were performed in a laser diffraction device, a Beckman Coulter LS 13 320 (Brea, CA, USA).

2.2. Separation Tests

Hydrocyclones are classifying devices that can perform an efficient particle size separation to
remove clayey particles. Furthermore, hydrocyclones are commonly used in mineral processing plants
when there is a need of particle classification under 200 microns. In this study, the hydrocyclone
was run in closed circuit using a Mozley C124 test rig that incorporates a bypass line to control
the flow-rate/pressure to the hydrocyclone. The vortex finder and spigot sizes were 14.3 and 6.4
mm, respectively.

The hydrocyclone feed sample was pulped to about 20% solids, measured using a Marcy gauge.
The hydrocyclone operating pressure was adjusted to 7 kPa to obtain a rightly shaped underflow.
Then, samples of feed, underflow, and overflow slurry were collected.

Batch tests were conducted to examine the required number of cleaning stages (treatments) to get
the underflow product (coarser particles) as clean as possible of clay contents, thereby increasing the
quartz content. The cleaning stages means that the underflow product of a treatment is afterwards
used as feed for the following treatment or cleaning stage.

2.3. Application Tests

The use of the recycled product as a secondary mineral raw material in mortars, white cement,
and ceramics was studied.

To study the application of the final product in mortars, a reference was established as follows:
a series of cast cubes (5 × 5 × 5 cm) were prepared with 75% normalized sand from the Eduardo
Torroja Institute (Madrid, Spain) and 25% Portland cement CEM II/B-V 32.5R (Cementos Tudela Veguin,
Asturias, Spain), the cement/water ratio being 1:0.5. Once we had prepared the mortar, it rested in the
mold for 1 day and afterwards it was introduced in a wet chamber for 28 days. Finally, various groups
of three cast cubes were tested in a 250 ton press with rapid breakage. Compression strength tests were
carried according to the norm UNE-EN 196-1:2018 (www.une.org).

Once the reference was established, the process was repeated, replacing the sand to different
degrees with the recycled product. Table 1 lists the weights used in each case.

Table 1. Mortars prepared replacing sand by cleaned product.

Sand Substitution (%) Normalized Sand (g) Cement (g) Water (g) Cleaned Product (g)

0 700 233 116.5 0
5 665 233 116.5 35
10 630 233 116.5 70
15 595 233 116.5 105
20 560 233 116.5 140

To test the ability of application in white cement production, in which a major importance
parameter is the brightness index, a colorimeter HAC model DR/890 was used to obtain the whiteness
index, according to the norm EN ISO 787-16:1995 (www.une.org).
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Finally, the use of the recycled product in ceramics was validated through characterization of
plastic properties. In this case, the application of the clean product as a raw material in ceramics was
studied, with the economy mainly conditioned by transportation costs. Table 2 shows the specification
of quartz sand to be used in some ceramic materials.

Table 2. Quartz sand specifications.

Material Fe2O3 (%) TiO2 (%) Al2O3 (%) K2O (%) CaO (%) D90 (μm)

Enamel <0.06 <0.06 <0.7 <0.2 <0.2 150
Ingobbio <0.06 <0.06 <0.7 <0.2 <0.2 63–125

Ceramic pastes (porous/gres/porcelain) <0.15 <0.1 3–7 2–5 <0.3 100 μm–6 mm *

* Depending on the preparation process.

It can be envisaged that, in this case, the main problems will come from the Al2O3 and TiO2

contents. The alumina content can be reduced because it is associated with clayey components, but
this cannot be said in the case of titanium oxide. This oxide can be undesirable because it enhances the
color of other oxides in the kiln (Fe, Cr, Mn, Co, Ni, Cu); therefore, an additional cleaning processes
(froth flotation, leaching) will probably be necessary.

To carry out the study in ceramic mixtures, a basis clay material was selected with the composition
shown in Table 3. Mixtures at different compositions were prepared to study the liquid limit, plastic limit,
and plasticity index, following the norm ISO 17892-12:2018 (https://www.iso.org/standard/72017.html)
Additionally, the behaviour under different thermal treatments at 300 ◦C, 600 ◦C, and 900 ◦C was studied.

Table 3. Chemical composition in the basis clay material.

Al2O3 SiO2 Fe2O3 TiO2 CaO MgO Na2O K2O P2O5 LOI

19.05 64.71 3.89 0.84 0.15 0.61 0.18 4.03 0.13 6.42

Dimensional variation with temperature was also studied on cylinder probes with different
compositions, up to 30%. Samples in the form of cast cylinders (37.7 mm diam. and 22.1 mm long)
were prepared, as summarized in Table 4.

Table 4. Samples prepared to the thermal study.

Cast Cylinder Clay (g) Recycled Product (g) Water (g)

1 80 0 30
2 100 0 30
3 95 0 30
4 90 0 32
5 70 0 33
6 95 5 32
7 90 10 31
8 80 20 30
9 70 30 30

Special care was taken in the preparation procedure to avoid air bubble formation within the
mass. The probes were dried at 70 ◦C for 18 h, then weighed and measured. Then, the cylinders were
dried again at 300 ◦C for 18 h, and afterwards, again weighed and measured. This operation was
repeated again for the treatments at 600 ◦C and 900 ◦C.
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3. Results and Discussion

3.1. Material Characterization

The mineralogical analysis results are shown in Figure 1, which demonstrates the presence of
quartz and the presence of clay constituents such as illite and nacrite. Both complex silicates were the
main problem for the direct reuse of this waste and needed to be removed in an earlier treatment.

Figure 1. Mineralogical analysis result.

In Figure 2, the size distribution graph obtained in the test is shown, revealing that the top size in
the feed was 50 microns.

 

Figure 2. Particle size distribution.
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Due to the fineness of the sample, XRF analysis could be performed without further comminution,
and results for major components are shown in Table 5.

Table 5. Major components in the sample (%).

Al2O3 SiO2 Fe2O3 TiO2 CaO MgO Na2O K2O P2O5 LOI

6.49 89.42 0.73 0.67 <0.1 <0.1 0.03 1.10 <0.1 1.54

To carry out the trace elements detection, ICP-OES was performed; the sample was digested with
aqua regia and microwave action. Results are shown in Table 6.

Table 6. ICP-OES trace elements results (mg/kg).

As Ba Sr Sb Co Cr Cu Cd Hg Pb Zn Zr Ni Mn Sn

18 142 15 <10 14 31 22 <10 <10 <10 <10 85 <10 17 <10

To clear up any possible doubt about the environmental aspects of this secondary raw material,
leaching tests were carried out to evaluate the toxicity risk; sub-samples of 10 g were taken and
introduced in 50 mL water during 12 h. The liquid obtained was tested with the spectrometer ICP-OES,
and the results (Table 7) showed that toxicity levels were very low.

Table 7. Leach test results (mg/kg).

As Ba Sr Sb Co Cr Cu Cd Hg Pb Zn Zr Ni Mn Sn Al Fe K

<5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 17 6 27

The aforementioned presence of clay components (illite and nacrite), which are the main problems
for the direct reuse of this waste, suggested the requirement for prior treatment.

3.2. Separation Tests

As can be seen in Table 8, the quartz content increased from 89% to 98% with four hydrocyclone
treatments under the abovementioned operating conditions.

Table 8. Underflow fraction results after 3 treatments.

Product Al2O3 SiO2 Fe2O3 TiO2 CaO MgO K2O P2O5

Feed 6.49 89.42 0.73 0.67 <0.1 <0.1 1.10 <0.1
Underflow, treatment 1 2.19 96.51 0.11 0.48 <0.1 <0.1 0.31 <0.1
Underflow, treatment 2 1.16 96.92 0.07 0.45 <0.1 <0.1 0.15 <0.1
Underflow, treatment 3 0.92 98.05 0.05 0.42 <0.1 <0.1 0.1 <0.1
Underflow, treatment 4 0.89 98.12 0.04 0.41 <0.1 <0.1 <0.1 <0.1

Mean grain size obtained in the underflow and overflow products are shown in Figure 3. The
increasing particle size with the treatments in the underflow products can be explained as follows: in
each treatment, a certain amount of fine product was removed in the overflow, so the re-treatment of
the underflow product meant a slightly coarser feed, which led (with the same conditions) to a slightly
coarser cut size. This effect was attenuated with the number of treatments because in each step, the
finer fraction was removed from the underflow product.
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Figure 3. Variation of mean particle size with treatments.

Results after four cleaning stages show that quartz was concentrated in the underflow product
(coarser particles), while clays were concentrated in the finer fraction, reducing the Al2O3 and Fe2O3

levels in the underflow product with each treatment. Once the treatment procedure was defined,
enough recycled product had been prepared under the same separation conditions to carry out the
mortar tests. Due to the limited capacity of the hydrocyclon test bench (10 kg), the necessary amount
of material was obtained in several batches. In all cases, feed material was adequately homogenized
and sampled before batch separation. The final product obtained was also homogenized and sampled
to ensure sample representativeness.

3.3. Application Tests

3.3.1. Recycled Product in Mortars

Table 9 and Figure 4 show the results obtained in the compression strength tests developed in
each case. The reference value was considered to be 35 MPa, without sand substitution. It must be
noticed that in all cases, the difference in the strength values were lower than 5%.

Table 9. Compression tests results.

Substitution of Recycled Sand (%)

0 5 10 15 20

Compression
tests (Mpa)

35.4 35.1 34.9 34.7 34.6
35.2 35.2 35.1 34.8 34.5
35.3 35.1 35.1 34.9 34.7

Average (Mpa) 35.3 35.1 35.0 34.8 34.6

Variation (%) – 0.5% 0.8% 1.4% 2.0%
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Figure 4. Variation in compression strength due to product addition.

3.3.2. Recycled Product in White Cement Production

Initially, the underflow product from the first hydrocyclone treatment was used; its chemical
composition is shown in Table 8. Due to the high SiO2 content (96.51%), the objective was to study the
effect of replacing the quartz contribution of raw materials with this recycled product. As a result,
it was found that this product was suitable for white clinker production in terms of compressive
strength: strength values registered only a slight decrease and the setting times were only slightly
longer. However, the whiteness level reached was not enough. The L* index of the clean product
reached only 88, whereas the necessary L* additive index in the cement production process is at least 94.
After obtaining this result, further studies where conduction to establish whether more hydrocyclone
treatments could improve the L* index. In Figure 5, the variation of L* index is shown with the number
of treatments, reaching the value 94 in the third treatment, with no sensible improvement in the
fourth one.

 

Figure 5. Variation of whiteness index L* with number of cleaning stages.

3.3.3. Recycled Product in Ceramics

Figure 6 shows the results obtained in the plasticity index, from which it can be concluded that
the mixtures could contain up to 30% recycled product without great variation in the plasticity index.
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Figure 6. Variation of plasticity parameters.

A similar mass variation was obtained in each composition, with the higher relative variation
obtained at 300 ◦C, probably due to the evaporation of water crystallization in the clayey minerals.
The mass loss at 900◦ was probably due to carbide decomposition and organic matter being removed
from the clays. All of these changes are shown in Figures 7 and 8.

 

Figure 7. Mass variation with temperature at different recycled product content.

22



Materials 2019, 12, 2047

 

Figure 8. Mass variation at 900 ◦C.

Regarding dimensional variation, results observed in each temperature range are depicted in
Figure 9. It must be clarified that in the temperature ranges 0–300 ◦C and 600–900 ◦C, shrinkage was
observed, while in the interval 300–600 ◦C, an expansion was recorded.

 
Figure 9. Dimensional variation at 300 ◦C, 300–600 ◦C, and 600–900 ◦C.

As observed in the curves represented in Figure 9, within the 0–10% range of sand substitution
by recycled sand, more differences in the properties were measured; this effect of physical properties
variations within this range was reported by Almeida et al. [10]. It must be noted here that the addition
must be performed carefully to ensure the properties in the mixture; a 10% sand addition reduced the
dimensional variation significantly without the appearance of cracks after thermal treatment, but this
was not the case when the addition was raised until 30%.
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4. Conclusions

• Treatment of quarry tailings with hydrocyclones is an effective methodology to turn a waste into
a by-product. The underflow product can be considered a cleaned quartz fraction, with a wide
range of applications under circular economy principles. In the case of some specific applications,
the recycled product could not meet the necessary standard of purity due to the concentration
of titanium oxides in the underflow product. In that case, further processing steps could be
performed, as is the case with froth flotation.

• Use in mortars and concrete: The recycled product can replace up to 20% of the normalized
sand with a compression strength reduction below 3%. Furthermore, in all cases, the recycled
product substitution had no noticeable impact on the mechanical properties or the setting time in
the cement.

• Use in grey clinker production: In terms of mechanical properties, the recycled product with only
one cleaning stage could be used directly in grey clinker production.

• Use in white cement production: With 3–4 cleaning stages, the recycled product reached the
necessary whiteness level to be a raw material for white cement production.

• Use in ceramics: The addition of up to 10% of recycled product did not have a relevant influence
in the plasticity properties of the ceramic paste relative to the basis clay selected; in this case, an
effect of decreasing the dimensional variation during the process within the kiln was reported,
without the appearance of cracks when the addition level was set to around 10%.
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Abstract: Recycled aggregates (RA) from construction and demolition can be used in permeable
concretes (PC), improving the environment. PCs have a significant porous network, their cement
paste and the interaction between the paste and the RA establishing their strength. Therefore, it is
important to evaluate the porosity in the interfacial transition zones. The porosity of the cement paste,
the aggregate and the interfacial transitional zones (ITZ) of a PC with recycled coarse aggregates
(RCA) and silica fume (SF) is measured by means of image analysis–scanning electron microscope
(IA)-(SEM) and by mapping the chemical elements with an SEM-EDS (energy dispersive spectrometer)
detector microanalysis linked to the SEM and, as a contrast, the mercury intrusion porosimetry
technique (MIP). In the IA process, a “mask” was created for the aggregate and another for the paste,
which determined the porosity percentage (for the anhydrous material and the products of hydration).
The results showed that using SF caused a reduction (32%) in the cement paste porosity in comparison
with the PC with RA. The use of RA in the PC led to a significant increase (190%) in the porosity at
different thicknesses of ITZ compared with the reference PC. Finally, the MIP study shows that the
use of SF caused a decrease in the micropores, mesopores and macropores.

Keywords: porosity; recycled aggregates; permeable concrete; interfacial transition zone;
image analysis; porosimetry mercury intrusion

1. Introduction

PC is a special concrete with a high gap content and high permeable capacity when compared
with conventional concrete [1,2]. This PC offers several environmental benefits, among which are
rainwater runoff control, replenishment of underground water supplies, an improvement in water
quality and a reduction in water and subsoil contamination [3]. Therefore its use is habitual in parks,
reduced traffic areas, tennis courts, etc. [4]. This PC contains interconnected macropores of sizes that
oscillate from 2 to 8 mm and with gap content of between 18% and 35%; therefore, its mechanical
strength is closely linked to the strength of the cementing matrix itself and the interaction of the matrix
with the aggregates that form it. Consequently, it is necessary to determine and study the porosity of
these areas of interest [5].

The use of natural aggregates is currently widespread in the manufacture of PC [6], but few studies
have used RA [7]. As important quantities of construction and demolition waste are contaminating
many ecosystems worldwide, it is imperative to recycle them and produce new building materials,
recycled concrete [8]. The production of RA from construction and demolition waste has been studied
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widely in the last two decades and the studies agree that these aggregates are more heterogeneous,
less dense and more porous than the natural aggregates [9,10]. Those studies which have analyzed the
microstructure of the RA show that there are two ITZ a) between the old natural aggregates and the old
matrix of the cement and b) between the RA and the new cement matrix [11]. The ITZ is considered
by many researchers to be the weak link in the concrete [12,13], in which the normal concrete fails,
significantly compromising both mechanical properties and permeability; this is also characterized by
being an area of high porosity [14]. This differentiated zone can form due to the “wall” effect caused
by the looser packing of the cement granules against the surface of the aggregate, or because of the
accumulation of free water around the surface of the aggregate [15]. Some models of the ITZ have
established that it is a space with ‘uniform’ porosity, located 5–30 μm from the aggregate surface;
in other models, it has been found up to 50 μm from the aggregate [16]. Porosity in the ITZ is one of the
basic factors influencing the strength and durability of concrete; the more porosity in this zone, the less
mechanical strength and the greater the vulnerability to environmental degradation [17]. Additionally,
the porosity in the cementing matrix can be determined as the sum of the volume of the capillary pores,
the ice pores, the macropores formed by the presence of air and macropores caused by compacting [18].
This porosity can also be considered as the spaces not filled by the solid components of the hydrated
cement paste, which depend to a great extent on the ratio of water/cement (w/c) and the degree of
hydration reached by the cement [18].

Nowadays several alternatives that allow a reduction in the porosity percentage in concrete have
been established, such as the inclusion of additives, the setting of low w/c ratios, the inclusion of fibers
or the application of pozzolans [19,20]. Regarding the last alternative, SF is the most used pozzolan for
improving the properties of concrete and reducing the porosity [21] when the ITZ is densified; this can
react with the cement hydration products (calcium hydroxide—CH–) to form calcium silicate hydrate
(CSH), which thereby improves the mechanical strength. Similarly, this SF also acts as a filler which
reduces porosity, as the granule size of this material is between 0.1 and 0.2 μm [22].

Having seen the importance of porosity in the binding matrix of concrete and in its ITZ,
several studies have used various methods to try to establish and calculate the percentage of porosity.
Among them are computerized tomography X-ray scans [23], mercury intrusion porosimetry technique
(MIP) [24,25], mathematical models of finite elements [26] and X-ray microtomography [9]. However,
the IA technique using software is noteworthy, as the treatment of images obtained from IA-SEM is a
non-destructive, precise and low-cost method [27]. This method breaks the image down to a scale of
gray tones to obtain a binary image of the area of interest; it is also applicable when the aggregate
or cement paste is made up of various phases, making it possible to identify the hydration products
such as CSH, CH or ettringite [28]. The IA makes it possible to make a mask—a selection filter—of
the aggregate or the cement paste, allowing these elements to be distinguished, then establishing the
porosity with exactitude [29]. The importance of this technique is reflected in those studies where the
porosity of the ITZ is calculated at different thicknesses of the aggregate [28], quantifying the percentage
of pores and micro-cracks in the concrete [30]. This leads to the identification and quantifying of the
hydration products and the anhydrous materials of the concrete [31,32]. However, the majority of
these studies have focused on conventional concretes and there is no evidence of studies of image
analysis in PCs. Therefore, this study aimed to evaluate and correlate the microporosity of PC made
with RA and SF using MIP and the IA of SEM; this was done through studying the porosity of the
aggregates, the porosity of the cement paste, the percentage of hydration products, the percentage of
anhydrous materials and the percentage of porosity of the ITZ at different zones of the aggregate.

2. Materials and Methods

2.1. Materials

CEMEX® brand composite Portland cement (30R) [33] was used to prepare the PCs.
Local companies supplied the distilled water, the natural coarse aggregate (NCA) and the SF. The RCA
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was obtained by means of grinding waste paving concrete, with a strength of 23 MPa, in a jaw crusher
in the sustainable materials laboratory of the Universidad Autónoma de Sinaloa (UAS), Mexico.

The properties of the NCA and RCA are shown in Table 1; these were determined from the ASTM C127
and ASTM C29 [34,35] standards. It should be mentioned that the maximum size of the aggregates was
12.7 mm, obtained after sieving. Of the studied properties, the high absorption of the RCA—more than 3.5
times that of the NCA—is noteworthy. In order to determine the chemical compounds present in the cement
and the SF, an X-ray fluorescence analysis was carried out with a set of ARL 8680 (ThermoFisher Scientific,
Waltham, MA, USA.), using the wave dispersion method according to the ASTM C114 [36] standard
(see Table 2). Both the ASTM C150 cement [33] and the SF (ASTM C1240) [37] showed typical percentages
of compounds. Finally, the physical properties of the Portland cement and the SF are to be found in Table 3,
establishing that both are within the specifications [33,37].

Table 1. Properties of the aggregates.

Properties NCA RCA

Aggregate size (mm) 12.70 12.70
Concrete strength of origin (MPa) - 23.00

Absorption (%) 1.67 6.28
Humidity (%) 1.67 1.80

Density (kg/cm3) 2.65 2.35
Porosity (%) 11.00 16.31

Rebound index (MPa) 33.20 29.90

Table 2. Chemical composition of Portland cement and silica fume.

Oxide (%) SiO2 Al2O3 Fe2O3 CaO SO3 K2O Na2O MgO

Cement 19.94 4.40 2.97 63.5 3.08 0.42 0.12 -
Silica Fume 95.22 0.08 2.37 0.26 0.11 0.56 0.30 0.24

Table 3. Properties of Portland cement and silica fume.

Material Density (kg/m3) Specific Surface (m2/kg) Average Size (μm)

Cement 3150 1400 15–25
Silica Fume 2270 19,600 0.1–0.2

2.2. Design of the Permeable Concrete Mixture

Table 4 shows the components and quantities of the different materials that make up the four
dosages of the PC mixtures to be used in this study. The criteria of the RCA content percentages
have been established with reference to previous similar research [38,39], as well as in the case of SF
(10%) [40,41]. The values shown are those needed to make a beam of 15 × 15 × 50 cm, from which the
study samples will later be taken (see Figure 1).
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Figure 1. General scheme of the test samples. (a) real photo of the specimen beam and (b) areas of
study for analysis of scanning electron microscope (SEM) and mercury intrusion porosimetry (MIP).

The nomenclature used is classified as follows: the first three letters (NCA or RCA) refer to the
origin of the coarse aggregate; the following value shows the percentage of recycled aggregate used
(100% or 50%); finally the last letter indicates the cement used (C = 100% Portland and SF = 90%
Portland + 10% SF). A value of 0.35 was used for the w/c ratio, as is common in this type of study [42,43].
As this was a PC, no fine aggregates (FA) were added to the mixture.

Table 4. Previous concrete mixtures for a specimen of 15 × 15 × 50 cm (0.0113 m3).

Materials NCA 100 C NCA 100 SF RCA 50 C RCA 50 SF

Water (L) 1.9781 1.9781 1.9467 1.9467
NCA (kg) 17.5568 17.5571 8.7785 8.7785
RCA (kg) - - 8.7785 8.7785

Cement (kg) 5.5621 5.0059 5.5621 5.0059
Silica fume (kg) - 0.5562 - 0.5562

The mixing process of the PC followed the methods laid down by previously reported studies [44],
as well as the recommendations for using RCA, such as the need for pre-saturation [4]. When the
mixture was ready, the concrete was poured into metal 15 × 15 × 50 cm beam molds, in accordance with
the ASTMC31 norms [45]. The beams were kept in laboratory conditions for 24 h before being removed
from the molds and immersed in a curing tank (ASTM C192) [46], until being tested or processed.

2.3. Test Methods

2.3.1. Mechanical and Physical Properties of the PC

After 28 days of curing, the PC beams were tested for their flexural strength, in accordance
with ASTM C 348 [47], and then the compressive strength was evaluated (ASTM C-349 [48]).
In addition, the water permeability coefficient was assessed (ASTM D-2434-68 [49]) with a variable
charge permeameter.
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2.3.2. Mercury Intrusion Porosimetry (MIP)

The porosimeter used for the MIP tests was a Micromeritics Autopore IV 9500 (Micromeritics
Corporate Headquarters, Norcross, Atlanta, GA, USA.), with a precision of 33.000 psi (228 MPa) and
pore diameter detection capacity ranging from 0.006 to 175 μm. As there are no specific norms for
concrete, the norms of ASTM D4404 (for soil and rock) [50] were followed in the test, along with the
evidence from previously completed studies [51]. The test age of the specimens was 90 days; they were
extracted from the PC beams (approximate volume 2 cm3) using a Buehler Isomet 4000 precision
saw9500 (Buehler, Lake Bluff, IL, USA.), with a blade cutting thickness of 20 μm. This prevents the
possible formation of microfissures during the extraction process. The test tubes were dried in the
permeameter vacuum chamber for 60 min at 24 ◦C before the inclusion of the mercury (Hg). The Hg
inclusion process was started at low pressure so that the test team could identify the biggest pores;
then the pressure was increased so that the Hg penetrated all the simple pore cavities. Each test took
approximately 7 h

2.3.3. Scanning Electron Microscope (IA-SEM) and Microanalysis of Chemical Elements with an
Energy Dispersive Spectrometer (SEM-EDS)

Small representative samples of the concrete beams were taken (with an exposed face of
approximately 5 cm long by 5 cm wide) in order to obtain the IA-SEM images of each of the
PC variables in the study. These samples were then placed within circular molds and covered with
transparent epoxy resin (EpoFix Resin). They were then put in an oven for 40 min at 40 ◦C (catalyzer),
by which time the resin had hardened and sealed the sample inside. The samples in the resin were
then subjected to progressive smoothing and polishing on their exposed study face until they shone.
The “areas of interest” were then chosen visually, to be studied later in the IA-SEM. As the RCA
used in the PC introduced a different component to the study matrix [52,53], they were located
as (a) ITZ between the new aggregate–old aggregate, (b) ITZ between new paste–old paste and
(c) ITZ between new aggregate–new paste (see Figure 2); they were present in the RCA 50 SF sample.
Once the “areas of interest” had been located, the samples were subjected to drying in an oven at a
low temperature until they had attained a consistent weight; they were then metallized with graphite
powder (obtaining a conductive surface) [54] and placed in a dryer until just before being studied in
the IA-SEM.

 
Figure 2. RCA 50 SF embedded in epoxy resin with a polished surface. (a–c) “areas of interest" for
study in IA-SEM.
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The IA-SEM used a JEOL JSM-6510 microscope (Jeol Ltd., Tokyo, Japan) for each image obtained
from the study. The images were taken with (1) high-resolution detector of secondary electrons
SEI (secondary electron image) for high-resolution images; (2) backscattered electron detector BEI
(backscattered electron image) with lower image resolution but greater contrast for examining the
surface topography. The zooms used for taking the images were: 70× for the general composition of the
matrix, 200× for the areas of interest and 500× for mapping. The mapping involved determining the
chemical composition of the samples by detecting basic elements through microanalysis, which was done
with an energy dispersive spectrometer (EDS) (Inca 200, Oxford Instruments, Abingdon-on-Thames,
UK) connected to an SEM unit. The EDS study required 14 complete scans for each image in BEI mode
to determine the chemical elements present in the samples chosen: Si, Al, Ca, Mg, K, C, Fe and Na
(typical in the chemistry of concrete [55,56]). Figure 3 shows the locations of the chemical elements
present in one of the micrographs.

300 μm300 μm

300 μm 300 μm 300 μm

300 μm 300 μm 300 μm

Si Al Ca

Mg K C

Fe Na

Figure 3. Elemental mapping of the RCA 50 SF sample between the natural coarse aggregate (NCA)
and the new paste.

2.3.4. Image Analysis Using NI Vision Assistant

The image analysis process was carried out using National Instrument’s NI Vision Assistant 2018
software (LabWindows/CVI Version 7.1, Austin Texas, TX, USA.), as this has proven itself to be a
useful image processing tool in industry and among the scientific community [57]. This software’s
full set of processing functions and digital image capture improves project efficiency by reducing the
programming effort and producing better results in less time [58]. Among this software’s functions
are the study of particles, pattern recognition, detection of edges and barely visible colors, calculus of
segmentation and frequency histograms [59]. Image analysis involves examining an image in detail,
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separating the components in order to know their characteristics and qualities and obtain results.
As this software allows separate images of the PC components to be captured, it was possible to analyze
the porosity and calculate the amount of anhydrous material and hydration products contained in the
PC. Using operations integrated into the software (addition, subtraction, erosion, aggregation, etc.)
it was possible to create the SCRIP (batch processing file or command file), which was used in treating
the images, creating the masks for the aggregate and the paste.

Making the Masks

The procedure of carrying out an image analysis is the result of applying complex numerical
algorithms that process the incidences in the pixels of an image. This was performed by the software,
which controlled each numerical operation in an exact, balanced and precise manner for the specific
area of interest of each image.

The applied image analysis procedure began with the calibration of the image’s dimensions and
the relationship between this and its pixels. Then, as the first step in the analysis, the aggregate mask
was made. As this was composed mainly of Si, K, Na and Al (Figure 3), the “operating instructions” of
NI Vision Assistant (addition, subtraction, multiplication and division, etc.) (Figure 4a) were used
to form an outline image. Subsequently, morphological filtering was applied. This is a numerical
process based on the definition of the connectivity of pixels. Each pixel may be connected horizontally,
vertically or diagonally with its neighbors (these morphological filters may be based on a matrix of
pixels with a pre-established structure, e.g., hexagonal, square, etc.). Therefore, in a morphological filter,
it is possible to define several versions in order to surround the pixel to be studied [29]. This means
that the process has sufficient ‘sensitivity’ to allow the applied procedure to adjust better to reality,
thereby preventing any significant alteration to the original image.

In accordance with the result of the operating instructions, the morphological filters applied to the
images were as follows: (a) filtering (noise eradication), (b) opening of objects (eroding and dilating the
image—always with the same structural element and permitting the image to keep its original size),
(c) elimination of small objects (removing those found inside larger ones) and (d) filling and closing
objects (joining and harmonizing elements). The image of the aggregate (aggregate mask, Figure 4b)
was established from the results of this group of filters.

Using the same analysis procedure (operating instructions and morphological filtering), but on
this occasion with the images obtained from SEM-EDS which define the basic compounds of Ca, C,
Fe and Mg (incidences present in the paste), it was possible to obtain the masks that outline the paste,
as shown in Figure 5. Finally, for the samples with RCA three masks were made from the aggregate
and the paste in order to evaluate the porosity in different areas of the ITZ (a) new aggregate–new
paste, (b) old aggregate–new paste and c) old aggregate–old paste.

Figure 4. Preparation of the aggregate mask for the RCA 50 C sample (a) image after the operating
instructions and (b) after the morphological filters.
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Figure 5. Elaboration of the mask of the paste for the sample RCA 50 C (a) image after the operating
instructions and (b) after the morphological filters.

The criterion of segregation or “threshold” was applied to the initial images of the study in order to
know the values of porosity; this allowed sectioning of a specific range of tones in the gray scale—which
can have values of between 0 and 255—while ensuring that this range of values was dependent on the
materials. A histogram was used to determine the range of application (a pixel-frequency graph vs
the value on the grayscale), encompassing the pixels included in the range of values from the initial
(equal to zero) to the decrease in the last of the histogram frequency curves. The range of pixels
from 0 to 75 (threshold) was chosen for the NCA samples; from 0 to 50 was chosen for the elements
with RCA and SF. Therefore, all the image areas containing pixels within these ranges were considered
pores or gaps. Figure 6 shows the final binarized image (segmentation of pixels in only two tones:
black and white) of this process.

Figure 6. The total porosity of the image (a) initial image and (b) segmentation and binarization of
image after application of threshold segregation.

The multiplication operation with the coarse aggregate mask and the paste mask was applied to
the binarized image, thereby obtaining the images that allowed the porosity identified in the aggregate
(Figure 7a) and in the paste (Figure 7b) to be observed and quantified. Additionally, by applying
a threshold (range 225–255) the elements that did not react chemically (anhydrous material) could
be identified; in the (SEM-EDS) mapping of elements, they are shown as white pixels with a single
basic chemical element (Figure 7c). Finally, once the porosity and the anhydrous material had been
identified it was possible to obtain the percentage of hydration products; this is the result of removing
the previous sum of porosity and anhydrous material from the original image.
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Figure 7. (a) Porosity of the aggregate, (b) porosity of the paste and (c) anhydrous material.

After these procedures and the image calibration, the sector in the scope of the ITZ was built
(theoretical ITZ thickness located between the aggregate and paste throughout all areas). To do
so, the sector previously established as the filter mask was used to establish the (theoretical) ITZ
thicknesses of 10, 20, 30, 40 and 50 μm [14,27]. The image process used to achieve this was “dilation of
objects”, applied to the original image of the aggregate mask and establishing the various thicknesses
within the reach of the ITZ as “desired” (measured in pixels). If the pixel measurements were known it
was possible to establish the thickness with the desired distance. Finally, this was overlaid onto the
original binarized image. The results of the previous process that determined the sectors of ITZ can be
seen in Figure 8. These were ultimately used as a mask to establish the percentage (histogram of the
image) of porosity in the ITZ.

Figure 8. Images resulting from the sectors of the ITZ with the porosities determined at different
theoretical thicknesses.

3. Results and Discussion

3.1. Mechanical and Physical Properties of the PC

The results of the tests are shown in Table 5, where it can be seen that the reference concrete
(NCA 100 C) had the best mechanical properties in terms of compression and flexure (21.9 and 4.9 MPa
respectively). It was also observed that the inclusion of RCA in PC causes a reduction in its mechanical
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properties of 31% and 30% (compression and flexure respectively) with regard to NCA 100 C. Finally,
it was established that the PC with SF did not generate increases in the mechanical properties. This may
be because the SF does not react with the CH generated during the cement hydration, as due to the
high porosity of this type of cement they were dissolved in the curing water [60].

The permeability coefficients established that there was a connection between the mechanical
properties studied. This can be explained by the frequent association of permeability and porosity
with the mechanical properties of concrete [61]. The PC (NCA 100 C) showed the lowest permeability
coefficient in comparison with the other variables. This indicates that it has lower porosity and is,
therefore, more capable of attaining better mechanical properties.

Table 5. Properties of PC.

Study Variables Compression Strength (MPa) Flexural Strength (MPa)
Water Permeability

Coefficient (m/s)

NCA 100 C 21.9 4.9 8.9 × 10−03

NCA 100 SF 20.8 4.4 1.1 × 10−02

RCA 50 C 15.5 3.6 1.0 × 10−02

RCA 50 SF 15.1 3.4 1.1 × 10−02

3.2. Mechanical and Physical Properties of the PC

Figure 9a shows the results obtained from the MIP tests in the enrichment phase (positive intrusion).
The curves or isotherms of this graph show that their form is similar in all cases, their path being as
follows: starting with slight increases from a common origin (the theoretical diameter of maximum
pores ϕp max = 500,000 nm, macropores [62,63]), they continue to an abrupt inflexion point, located in
the range of critical pore diameter 60 ≤ ϕpc ≤ 140 nm. Finally, they continue to an accelerated increase
in the intrusion volume, which causes a steep rise until the points of maximum intrusion value are
reached, minimum pore diameter ϕp min in the mesopore zone.

The PC sample—NCA 100 C—establishes the most representative pore samples as 7≤ϕp ≤ 110 nm,
with its inflexion point located in Vp = 0.01 mL/g. This means that a lower amount of Hg is needed
to fill the large diameter (100 ≤ ϕp ≤ 400,000 nm) pores. In contrast, the NCA 100 SF sample shows
fewer pores, which are significant in the size range of 6 ≤ ϕp ≤ 90 nm; the reason being the insertion of
SF, as this is made up of small particles and may be used as a ‘filler’ for pores in the microstructure
of concretes [64]. The RCA 50 C version establishes the highest number of pores of all the samples
analyzed—set at 30 ≤ ϕp ≤ 200 nm—due to the inclusion of the RA; as this material is classified as low
density and high porosity [1] the Hg can pass easily through its porous structure. Finally, it can be seen
that adding SF to a sample of PC with RCA (RCA 50 SF) causes a reduction in the number of pores of
6 ≤ ϕp ≤ 80 nm; the cause is similar to that of the NCA 100 SF, although on this occasion with less
importance (porous RCA).

To sum up, the order of the increase in porosity of PC with NCA was as follows: first NCA 100 SF
and then NCA 100 C; regarding the PC with RA, first RCA 50 SF and finally RCA 50 C. The second
group is affected by the RA with high original porosity. In both groups, the inclusion of SF (filling effect)
is connected to the reduction of porosity.

The extrusion curves in Figure 9b help to interpret the morphology of the “trapped porosity”,
identified when the intrusion–extrusion gaps were compared (a hysteresis phenomenon or the ability
of the material to keep to the initial intrusion curve line as the Hg pressure returns to its initial
state in the test). The difference between both curves established the quantity of Hg retained in the
sample, a consequence of the number of bottleneck pores in the system [65,66]. The extrusion curves
shown in the test samples have similar lines and the same relative positioning on the intrusion curves.
Table 6 shows the values of trapped porosity (Pa) obtained after determining the difference in volumes
between both curves. It can be seen that the samples with RCA have twice as many bottleneck pores
as the NCA samples. This is understandable if we consider that the RCA has open pores which are
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partially blocked by the new CP cement paste and that the use of C or SF is not significant in either
sample group.
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Figure 9. Mercury intrusion porosimetry, (a) intrusion and (b) extrusion.

Tables 6 and 7 show the values of the porous network indicators determined according to the
previously established procedures [51,67,68]: maximum pore radius (rmax), minimum radius (rmin),
critical radius (rc), average radius (rm), total pore area (Atp), intruded and extruded volume (Vi y Ve)
and Pa. Vi = Volume intruded, Ve = Volume extruded.

Table 6. Porous network indicators in Hg extruded stage.

Sample rmax (nm) rmin (nm) rc (nm) rm (nm) Ve (mL/g) Pa (mL/g)

NCA 100 C 6708.05 3.4 273.50 90.918 0.0269 0.0154
NCA 100 SF 6730.10 3.4 121.25 64.522 0.0208 0.0144

RCA 50 C 6702.55 3.4 273.50 90.650 0.0296 0.0299
RCA 50 SF 6637.60 3.4 273.50 150.591 0.0236 0.0246

Table 7. Porous network indicators in Hg intruded stage.

Sample rmax (nm) rmin (nm) rc (nm) rm (nm) Vi (mL/g) Atp (mL/g)

NCA 100 C 244,514.75 3.400 110.700 28.333 0.0424 4.15 × 1002

NCA 100 SF 246,402.35 3.400 57.600 18.522 0.0351 4.26 × 1002

RCA 50 C 242,670.09 3.378 136.691 39.307 0.0595 3.77 × 1002

RCA 50 SF 245,620.64 3.400 137.000 29.588 0.0482 7.41 × 1002

Regarding the rmax in the intrusion stage, the average radius established in the study samples
(244,802 nm) highlights the ability of the PC to cause large pores—up to 40 times bigger than those
noted in the usual recycled concretes [51,69]. However, in the extrusion stage, the average (6695 nm)
is similar to the usual recycled concretes in their intrusion stage. In terms of the varieties studied,
the order of radii variation between them is not considered important (less than 1% in both stages
of the test). In both stages of the test, and all the varieties studied, rmin is considered a constant
(equal to 3.4 nm). This raises two points for consideration: the MIP technique may be able to establish
the network of pores in the micropore zone, and this minimum value probably has more in common
with the limits or parameters of experimental techniques than with the varieties of this research.

The average values attained for the varieties studied in the case of rc were 110.5 and 235.4 nm
(intrusion and extrusion respectively). However, unlike the previous indicators (in the intrusion stage)
the NCA 100 SF sample established an rc some 50% less than that of the NCA 100 C, which shows that
the use of SF is able to shift the rc toward lower rc values (closing the porous network). With regard to
the RCA 50 C and RCA 50 SF versions (intrusion stage), the rc variation between them is not important
(a percentage of 50% SF is not important, the change of effect in rc requires a high percentage of SF to
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be noticeable). Finally, the effect of the type of aggregate establishes that the use of RCA regarding
NCA (intrusion stage) causes the former to establish a greater rc than the latter (about 60% more),
a result of the high porosity of the RCA itself. Concerning the extrusion stage, the previous trends
have the same application, although the values established are greater than in the intrusion stage.

Regarding the indicators of rm, Vi,e, and Atp, the values shown in both stages of the study have,
in percentage terms, similar interpretations to those established for rc; it can be seen that these are the
most appropriate and sensitive for establishing the correlation between the study varieties and the
porous network produced in those PCs.

3.3. Porosity, Anhydrous Material and Hydration Products in Cement Paste by mMeans of IA-SEM

After performing an IA-SEM on the study samples, it was possible to obtain the percentages of
porosity, anhydrous material and hydration products (PH) (see Figure 10). Three specifically different
zones of interest were also evaluated for the RCA 50 C and RCA 50 SF samples: (a) ITZ between the
new aggregate and the new paste, (b) ITZ between the old aggregate and the old paste and (c) ITZ
between the old paste and the new paste.

As for porosity, and by comparing the samples that analyze the ITZ, it can be seen that this is
higher in the samples containing 100% CP (possible paralysis of the hydration process); in the case
of SF it is prolonged with age reducing the porosity, or is favored by the filling effect of pores which
it causes. Among the zones of interest, b) (ITZ between old aggregate and old paste) establishes the
greatest porosity (the variety linked to the less dense and more porous RCA concrete). If the use
of RCA in the PC is eliminated (NCA 100 C and NCA 100 SF), it can be seen that there are minor
variations of porosity between them, with the former being the best (in this case the filling effect of
pores by SF is not favored, as the use of NCA does not include them). With regard to the anhydrous
material and the PH, the use of SF establishes low percentages of anhydrous material and high ones of
PH in the samples that contain RCA (the SF reacts with the CH present in the cement hydration to
form more SCH). The sample RCA 50 SF is in the zone of interest b), the best of all (possibly due to the
prolonged hydration over time of the old concrete from which the RCA originated). For the samples
that use NCA, the use of C in the PC increases the formation of PH (the use of SF does not favor the
creation of more PH, due to the possible effects of a blockage in hydration caused by a lack of pores or
spaces wherein crystals may form).
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Figure 10. Porosity, anhydrous material and pH of the cement paste in the PC.
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3.4. Evaluation of Porosity at Different ITZ Thicknesses by Means of IA of SEM

Figure 11 shows the number of pores (unitary accumulated porosity, μm) determined in the
study samples. It also considers the different theoretically possible thicknesses of the aggregate ITZ
(ITZ of 10, 20, 30, 40 and 50 μm), which allows the transition from the porous network of the PC to be
verified. It can be seen that there is a direct connection in most of the samples between the increase in
the percentage of porosity and the increase in the theoretical ITZ thickness. The theoretical thickness
is 10 μm, which establishes the best percentage of porosity compared with the other thicknesses
evaluated; this confirms that the percentage of porosity of the ITZ decreases as its theoretical thickness
increases. Another way to understand the curves is that the ITZ has finished when the curves of
the samples tend toward a horizontal asymptote, with a constant—or non-increasing—percentage
of porosity equal to that of the paste zone. Significantly, the three evaluated samples which had the
lowest porosity in the ITZ are those with 50% of RCA and SF; this confirms that the use of SF leads to
the filling effect in the ITZ porosity, making it denser and stronger. The RCA 50 C (a) sample shows the
highest percentage of unitary porosity when the theoretical thickness is set at 10 μm (0.0216%/μm);
at 50 μm reaches 0.032%/μm (the SEM image analyzed showed that this sample contained considerable
porosity). This may have been due to the more porous nature of the RCA. Similarly, the effects of using
SF were also observed in the NCA 100 SF, which had lower porosity than the NCA 100 C sample.

Therefore, it can be stated that the use of RCA in making a PC will cause increases in the ITZ
porosity. However, the addition of SF may compensate for this, and achieve a denser cement matrix.
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Figure 11. The porosity of the samples analyzed in the ITZ with several theoretical thicknesses.

Figure 12 shows the percentage of unitary accumulated anhydrous material at different theoretical
ITZ thicknesses in the PC samples studied. The trend shows a direct, rising, connection between
the increase of this parameter and the increase in the theoretical ITZ thickness. It should be noted
that the samples with SF have lower percentages of anhydrous material. The SF can react with the
cement hydration products and form new ones, which show low percentages of non-reacting material.
The RCA 50 C sample (b), has the most anhydrous material: at 10 μm an important concentration of
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0.0062%/μm can be seen, reaching 0.0106%/μm when the theoretical thickness is 50 μm. Additionally,
comparing NCA 100 C and NCA 100 SF, the former is shown to contain a far greater percentage of
anhydrous material at all theoretical ITZ thicknesses than the latter. Therefore, to sum up, it can be
said that the use of SF contributes to the formation of more hydration products in the cement paste;
this material can fill pores, thereby leading to lower percentages of anhydrous material.
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Figure 12. Anhydrous material of the samples analyzed in the IZT with various theoretical thicknesses.

The PH (the result of subtracting the porosity and the anhydrous material from the paste) that can
be detected in the ITZ studied usually has a low value, as porosity dominates in an ITZ. Figure 13 shows
the percentage of unitary pH at different theoretical ITZ thicknesses (%/μm). The RCA 50 C samples
(a and b) have the highest percentage of PH, which corroborates previous paragraphs. This sample
showed low percentages of porosity and anhydrous material. The NCA 100 C has a high amount of
PH and shows a significant increase at theoretical ITZ thicknesses of between 40 and 50 μm.

The samples with SF (NCA 100 SF, RCA 50 SF (a and b)) have the lowest amounts of pH and
correlate the results of the mechanical properties (they are the least resistant). Their mechanical
properties were low compared with the samples made from Portland.
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Figure 13. Hydration products of the samples analyzed in the IZT with various theoretical thicknesses.

4. Conclusions

The physical properties evaluated show that using RA in the PC leads to a reduction in mechanical
properties when compared to the reference PC (32%, 30% and 6% for compression, flexure and
permeability, respectively), as these old aggregates are nearing the end of their life cycle and have less
mechanical strength than natural aggregates. It is also shown that the use of SF in these concretes does
not lead to an improvement in compressive strength, flexural strength or permeability, as they do not
react with the CH crystals (which dissolve due to the high porosity of this concrete).

By means of image analysis with the NI Vision Assistant software, it was possible to prepare
a script to make a mask of the aggregate and the cement paste. This was then used to analyze the
percentage of porosity, the anhydrous material and the hydration products of the ITZ of several PC
samples. This analysis confirmed that the PC with RA increased the porosity by 32% at 50 μm ITZ
thickness between the new aggregate and the new paste. This is due to the RA being less dense,
more porous and higher water-absorbent. It also shows that the use of SF caused an 89% decrease
in porosity, mainly in the reference concrete (at 50 μm ITZ thickness in the new aggregate-new paste
area), acting as a filling material for microporosity. The above information has shown that porosity
increases when there is a thicker ITZ and that the most porous area of the PC is to be found between the
new aggregate and the new paste. This method is an option for analyzing the microporosity of many
materials. The evidence of the image analysis was corroborated by mercury intrusion porosimetry.
The use of RCA in making permeable concrete leads to higher porosity in the cement paste and the ITZ;
but the use of SF in the concrete also helps reduce the porosity, as it fills the gaps in the microstructure.

5. Future Research

To find a correlation of XRD with SEM to locate specific compounds and their relationship with
mechanical behavior.
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To obtain a numerical quantification of the amount of old mortar adhered to the recycled aggregates
and its connection with other mechanical and durability properties.

Regarding the technique of image analysis, there are parameters that will be necessary to calibrate
in the definition of these masks; among the most complex and therefore the most demanding future
study due to its great diversity of application alternatives are morphological filtering and noise filtering.

The use of scripts for image analysis can be used to measure porosities and failure sites (cracking)
for a wide range of materials (ceramic, metallic and polymeric).

Images can be obtained in different layers and at different depths of the sample and develop
scripts so that the material can be considered statistically homogeneous (the results are representative
of the sample volume).
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Featured Application: In this paper waste bottom ash from a thermal power station was treated

with lime and sand. This improves certain material characteristics leading to a potential use in

a subbase in road construction.

Abstract: Industrial waste causes environmental, economic, and social problems. In Morocco, the Jorf
Lasfar Thermal Power Station produces two types of coal ash with enormous quantities: fly ash (FA)
and Bottom ash (BA). FA is recovered in cement while BA is stored in landfills. To reduce the effects
of BA disposal in landfills, several experimental studies have tested the possibility of their recovery
in the road construction, especially as a subbase. In the first phase of this study, the BA underwent
a physicochemical and geotechnical characterization. The results obtained show that the BA should
be treated to improve its mechanical properties. The most commonly used materials are lime and
cement. In the selected low-cost treatment, which is the subject of the second phase of the study,
lime is used to improve the low pozzolanicity of BA while calcarenite sand is used to increase the
compactness. Several mixtures containing BA, lime, and calcarenite sand were prepared. Each of
these mixtures was compacted in modified Proctor molds and then subjected to a series of tests to
study the following characteristics: compressive strength, dry and wet California Bearing Ratio (CBR),
dry density and swelling. The composition of each mixture was based on an experimental design
approach. The results show that the values of the compressive strength, the dry density, and the CBR
index have increased after treatment, potentially leading to a valorization of the treated BA for use in
a subbase.

Keywords: coal bottom ash; lime treatment; modified Proctor; CBR; subbase; road construction

1. Introduction

The fast expansion of infrastructure in developing countries, such as Morocco, increases the
need for raw materials. In addition, the continued production of waste, in particular solid waste,
requires the implementation of a waste storage system. This storage causes several economic, urban,
and environmental problems. Therefore, there have been multiple studies over the possibility of using
these by-products in the field of construction, including road construction [1,2]. In past years, different
types of waste such as coal ash, steel slag and municipal solid waste incinerator ash [1,3,4] and other
more recent waste types such as silicon waste [5] have been investigated in order to test the possibility
of their valorization in civil engineering applications.
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Coal ash, which is a residue of coal combustion in thermal power plants, has been the subject of
several research projects, distinguishing between fly ash and bottom ash [1,2]. Fly Ash (FA) is a fine
residue which is recovered at the level of the electrofilters and then sent to storage hoppers. They have
been used for years as a substitute for cement in the field of construction [6]. On the other hand,
the Bottom Ash (BA) has a sandy appearance [2]. It should be noted that the BA is recovered in a wet
state (after cooling under water) at the bottom of the boiler.

The coal ash characterization work carried out by several researchers has shown the possibility of
their use in the field of infrastructure and construction [1,2]. For instance, the BA has been used as
a substitute for aggregates for the production of the bituminous mix [1]. However, the use of BA in
asphalt mixtures decreases some mechanical properties such as tensile strength. To solve this issue,
lime was used in the mixtures, which was able to significantly improve these mechanical properties [1].
BA has also been used in concrete as a partial substitute for sand [7]. Although, this causes a decrease in
compressive strength. For example, for a concrete containing 10% BA as a sand substitute, the decrease
in compressive strength exceeds 10% compared to conventional concrete. This decrease is attributable
to the higher porosity of the BA, which causes a higher demand for water [2]. To solve this problem,
a super plasticizer was added, which allows the reduction of the water demand and leading to
an increase of the compressive strength [8]. BA was mixed with ordinary Portland cement and even rice
husk ash in [9] to develop self-leveling hybrid mortars. In [10] a mixture of soil, BA, FA, crumb rubber,
cement and water was investigated as flowable backfill material for an underground pipeline. Finally,
geopolymers including BA have been investigated as well [11–13]. The actual performance of the
geopolymer-based materials is strongly dependent on the specific local materials (mix of FA and BA),
processing conditions and used blend.

Jorf Lasfar Energy Company (JLEC) is an energy company located in El Jadida, Morocco.
JLEC consumes 5.4 million tons/year of coal to deliver more than 40% of Morocco’s electricity demands.
This generates a large amount of ash (both FA and BA). FA accounts for 80% of the solid residues
produced, an annual average exceeding 470,000 tons. As for the BA, they constitute 20% of the solid
residues and represent more than 40,000 tons/year [6,14]. The majority of FA is used in Moroccan
cement, while BA is still stored in landfills [6,14]. In addition to the economic burden, in terms of
transport costs and storage of these residues, there is an environmental risk in terms of leaching of
the elements, polluting the water underground. Therefore, an alternative solution to the landfill is
investigated. As shown in [15–17] solidification/stabilization (S/S) can be considered as an effective
action to prevent and minimize the release of contaminants into the environment.

This research focuses on an experimental study of JLEC Bottom Ash to test the possibility of their
reutilization in the foundation layer or subbase of the road. First, the BA has undergone a complete
characterization to determine the following properties: particle size, cleanliness, density, pozzolanic
activity, and both chemical and mineralogical composition. Following the BA characterization results,
it was suggested to treat BA with lime (L) and sand (S). The percentage of lime varies from 1 to 5% of
the total weight of the mixture while that of sand is between 5 and 25%. The water (W) content of the
mixture is between 21 and 22.4%. For each mixture, cylindrical specimens were compacted in a modified
Proctor mold. In order to have reliable and statistically representative results, all the tests are performed
with three repetitions, leading to a total number of test specimens of 192. The material properties
(responses) that were tested are: compressive strength (CS), dry and wet California Bearing Ratio
(CBRd, CBRw), dry density (γ), and swelling (G). For the design of the experiments the Design-Expert
software was used. This makes it possible to define each characteristic output (response Yi) according
to the influencing input factors (Xi).
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2. Materials and Methods

2.1. The Origin of the Materials

The BA is obtained from the JLEC plant EL Jadida, Morocco. They have been water-cooled and,
therefore, they are recovered at the outlet of the boiler in a very humid (submerged) state, comparable
to the moisture state of sea sand at the time of its extraction. Before being transported to the laboratory
by truck (quantity necessary for all our tests), they were left outside the plant for three weeks in order
to reduce their high water content sufficiently. Next, smaller quantities for each test batch were dried
at the road geotechnical laboratory at the Hassania school of public works (Casablanca, Morocco).

To evaluate the pozzolanic reactivity of BA, mortar molds containing cement, sand, and water
were prepared. Next, BA was used as a partial substitute for standardized sand. The compressive
strength (CS) of the specimens containing the BA was compared with those of the conventional
sand-based mortar. The cement used is the CPJ45 produced by the Holcim Lafarge Group in Morocco.
Its chemical composition is given in Section 3.1.

As will be presented in the results, the BA has a porous structure, low compactness, and low
pozzolanic reactivity. These weak characteristics do not allow for their use in a road foundation layer.
To improve their performance, the BA was treated with lime and calcarenite sand. We note that
the choice of these two treatment materials is made, taking into consideration the results of similar
research [1]. They have proven the effectiveness of these two materials in improving the properties
of BA. Lime is used to improve the pozzolanic activity of BA, while calcarenite sand increases its
compactness. The lime used is produced at the Tetouan plant of the Lafarge group in Casablanca
(Morocco). Its chemical composition is marked by a free lime (CaO) content greater than 80% whereas
that of MgO does not exceed 8%. For the sand, we used a granular class 0/3.

2.2. Methodology

This work was carried out in three phases, summarized as follows: the first phase of this study
consists of a complete characterization of the BA. The characterization tests cover density, chemical and
mineralogical composition, cleanliness, granulometric analysis, Proctor test, and wet and dry CBR indices.
The second part describes the experimental program including results obtained for the treatment of the BA
using lime and sand. In this part, we also explain the experimental design, obtained by the Design-Expert
software [18]. Lastly, the third phase of this study consists of the theoretical design of a pavement structure,
with and without BA treated with lime and sand. The design is done according to the classical method
of the 1998 new pavement type structure catalogue [19]. This method takes into consideration: traffic,
climate and geotechnical environment of the El Jadida area in Morocco, which represents the location
envisaged for the future pavement. The used methodology is shown in Figure 1.

Figure 1. Methodology of this study comprising of three phases: characterization, treatment with lime
and sand, and implementation in the theoretical design of a pavement structure.
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2.3. Characterization Methods

To test the possibility of using the BA in a foundation layer, several physicochemical and mechanical
tests were carried out. The BA particles have a very porous shape. Their density is determined by
the technique of the graduated cylinder [20], which consists in introducing a quantity of bottom ash
in a known volume of water. The density is thus obtained by determining the volume occupied
by this mass. The chemical composition of the BA Section 3.1 is obtained using X-ray fluorescence
spectroscopy, while the mineralogical composition Section 3.1 is established using X-ray diffraction.

These two tests were carried out at the chemistry department at the Faculty of Sciences of the
University of Hassan II in Casablanca, Morocco.

Next, the cleanliness of the BA is evaluated by two methods: sand equivalent (SE) method and
methylene blue method according to the standards NF P18-598 [21] and NF P94-068 [22]. The first
test gives us an idea of the rate of the clay part in our sample, the second determines the activity of
this clay part and the degree of its sensitivity to water [23]. For the particle size analysis, the BA of
class 0/20 mm was sieved according to the NF P18-560 standard [24], using 22 sieves from 0.04 up
to 20 mm. The results obtained are compared to those specified by the ASTM standard [25] for BA
used as a sand substitute [23]. In order to investigate the possibility of using BA in a road structure,
the optimal compaction conditions, puncture resistance and swelling have been evaluated. In order
to determine the optimal compaction conditions, the BA is sieved with a sieve of 20 mm and then
subjected to a compaction test in a modified Proctor mold. The puncture resistance is measured twice:
once compacted at natural water content as the dry CBR test (CBRd) and then after immersion for four
days, called the wet CBR or CBR after immersion (CBRw). CBRd characterizes the ability of BA to
withstand traffic flow. The swelling test is used to evaluate the behavior of BA under unfavorable
humidity conditions. The swelling is measured during four days of immersion in order to test the
volume stability of the BA [26]. The experimental protocols describing Proctor, CBR (dry and wet) and
swelling test are detailed in the NF P94-078 standard [27].

Finally, the pozzolanic activity was judged. A material is pozzolanic if it can, in the presence
of moisture, chemically react with calcium hydroxide to form compounds with binding properties.
To evaluate the pozzolanic activity of BA, three series of mortar prisms of dimension 4 × 4 × 16 mm
were prepared in the building materials laboratory of the Hassania School of Public Works (Casablanca,
Morocco), see Figure 2a. The production procedure for mortars is described in the Moroccan standard
NM 10.1.004 [20] for hydraulic binders. The first series is the standard mortar, containing 450 g of
cement, 1350 g of standardized sand and 225 g of water, which gives three mortar prisms. In the second
and third series, part of the normalized sand mass is replaced by BA of size 0/2 mm with percentages
of respectively 25% and 50%. The prepared mixtures are introduced into the mortar molds, which will
be stored in a wet cupboard at a temperature of 20 ◦C. After 24 h, they are demolded, then stored in
a water bath at a constant temperature of 20 ◦C. The samples will be crushed after 7, 15, 28, 60, and 90
days to evaluate their compressive strength (CS).

Two different types of specimens were manufactured:

• Figure 2a: mortar prisms (4 × 4 × 16) containing BA to study their pozzolanic activity (BA is used
as a substitute for normalized sand);

• Figure 2b: compacted test tubes of the BA specimens for the other characterization tests.
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(a) (b) 

Figure 2. (a) Mortar prism (4 × 4 × 16 cm) (b) Compacted test tubes of bottom ash (R = 7 cm, h = 15 cm).

2.4. Treatment of Bottom Ash with Lime and Sand

2.4.1. Overview of the Experimental Approach Adopted for the Treatment of BA

In order to improve the properties of the BA and with the intention of using them as foundation
materials, they were subjected to a lime and sand treatment. The experimental approach adopted
to establish mixing dosages and also to model the results is the design of experiments method [6].
The experimental design consists of selecting and ordering tests to identify the effects of parameters
(factor Xi) on the desired properties (response Yi) of a material. These are statistical methods using
simple mathematical concepts. The implementation of this method involves the following main steps:

1. Identification of the properties to be studied (responses);
2. Identification of the parameters (factors) that influence these responses;
3. Definition of the ranges of variation of each factor, with two levels of extreme variation (±1);
4. Carrying out the experiments planned by the model;
5. Analysis of the results (answers) and mathematical modeling.

2.4.2. Experimental Plan Adopted for the Treatment of BA

The final material studied is a mixture of BA treated with lime and sand. The factors considered
to influence the properties of this mixture are:

• The percentage of BA;
• The water content noted as W;
• The percentage of lime noted as L;
• The percentage of calcarenite sand noted as S.

Other factors can be mentioned, such as the nature of the lime and sand, the compaction energy,
the temperature during implementation, the mixing, and the storage conditions of the specimens.
In this study, all of these were kept constant. In addition, the total solid mass of the mixture satisfies
the following condition, given by Equation (1):

∑
(% BA + % S + % L) = 100% (1)

The responses studied to evaluate the possibility of using the mixture as a foundation layer are:

• Compressive strength at 60 days noted as CS60;
• Dry density noted as γd;
• Swelling noted as G;
• Dry CBR index noted as CBRd;
• The CBR index after immersion noted as CBRw.
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There are several types of experimental design [18]. In this study, we opted for a centered
composite factorial design composed of the following elements:

• A two-level factorial plan (−1, +1);
• An experimental point located in the center of the field of study;
• Experimental points located on the axes of each of the 3 factors. These points belong to the interval

(−α, +α).

The experimental design adopted will make it possible to evaluate the effects of the three factors
at five different levels: −α, −1, 0, 1, and +α. The value of α is calculated as follows: α =NP1/4, with NP
the number of points of the factorial plane. In our study this leads to the following value, Equation (2):

α = 8× 1
4
= (23) × 1

4
= 1.683 (2)

The three main factors Lime (L), Water (W), and Sand (S) are associated with the reduced centered
variables: A, B and C. The levels +α and −α are assigned to the extreme values of A, B and C. The levels
−1, 0, and +1 are obtained by linear interpolation (see Table 1). The relationships between the reduced
centered variables and the real variables are given by Equation (3)–(5):

A =
L− 2, 5
1.485

(3)

B =
W− 22
0.367

(4)

C =
S− 12, 5

7.427
(5)

Table 1. Factor Levels of the Centered Composite Plane.

Factor Levels −α = −1.683 −1 0 +1 +α = +1.683

Lime dosage (%) 0 1.015 2.5 3.985 5
Water dosage (%) 21.4 21.762 22 22.238 22.6
Sand dosage (%) 0 5.073 12.5 19.927 25

To obtain statistically representative results, each test is performed with three replicates.
The number of specimens manufactured is distributed as follows:

• 24 = 23 × 3 tests in the factorial design, in which the factors were adjusted to the −1 and +1 levels.
• 18 = (2 × 3) × 3 axial tests in which the factors were adjusted to the ±α levels, to estimate the

quadratic effect of the different parameters on the responses.
• 6 = 2 × 3 center tests for model verification and determination of the experimental error.

In order to obtain results for CS60, γd, G, CBRd and CBRw this study required (24 + 18 + 6) × 4 =
192 cylindrical specimens, see Figure 2b. All the tests are represented by the matrix included in Table 2.
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Table 2. Matrix of the tests of the composite centered factorial plan adopted for the treatment of bottom
ash (BA).

Tests
Lime Dosage Water Dosage Sand Dosage

A B C

1 −1 −1 −1
2 1 −1 −1
3 −1 1 −1
4 1 1 −1
5 −1 −1 1
6 1 −1 1
7 −1 1 1
8 1 1 1
9 −α 0 0

10 +α 0 0
11 0 −α 0
12 0 +α 0
13 0 0 −α
14 0 0 +α
15 0 0 0
16 0 0 0

3. Results

3.1. Chemical and Mineralogical Characteristics of Bottom Ash

The elemental composition of the studied BA and those found in the literature are given in Table 3.
The results show that the BA mainly consists of silicon dioxide (SiO2), aluminum oxide Al2O3 and
ferric oxide (Fe2O3) with small amounts of calcium oxide, magnesium oxide, and potassium hydroxide.
The sum of the percentages of the elements SiO2, Fe2O3, and Al2O3 exceeds 80% of the total mass,
while the percentage of CaO remains low. Therefore, BA can be classified as a silico-aluminous material
(class F) according to the ASTM 225 standard [25]. This table also shows that the BA used in this study
has a chemical composition that is very close to the BA found in literature [2,28,29]. In Table 1 of
Reference [2] an overview is included showing the chemical analyses from different studies.

Table 3. Elemental composition (%) of bottom ash and used cement.

Chemical Element CaO SiO2 Fe2O3 Al2O3 K2O Na2O P2O5 SO3 MgO Free CaO

(JLEC) BA 1.9 52.1 8.9 23.3 1.9 0.4 0.1 <1 0.9 0.3
BA [28] 4.2 50.5 10.9 27.6 0.8 0.6 0.2 0.1 1.2 -
BA [29] 7.0 46.1 5.8 23.7 1.2 0.7 - - 1.2 -

Cement CPJ45 63.0 17.0 3.0 5.0 1.2 - - 3.3 2.3 -

The mineralogical composition of the BA, determined with X-Ray diffraction, reveals the existence
of two peaks, see Figure 3. The first is quartz and the second is mullite. These two mineralogical
phases are the same as those found for some BA studied in literature [28,29].

53



Materials 2019, 12, 2674

 
Figure 3. Mineralogical composition of bottom ash (BA) using X-ray diffraction.

3.2. Physical Characteristics of Bottom Ash

The visual observation of the BA shows that it has a gray color and a porous texture. Its absolute
density is 1760 kg/m3. This value is low compared to natural aggregates such as silica sand which has
an absolute density of 2600 kg/m3 [28], and BA tested in [9] with an absolute density of 2560 kg/m3,
but very close to the value for BA of 1880 kg/m3 reported in [30]. In Table 2 from Reference [2] values
ranging between 1390 and 2470 kg/m3 are shown. The porous texture is the same as that observed
for BA produced in other countries [2,28]. As discussed in Section 2.3, the cleanliness of the BA is
verified by two tests: the sand equivalent (SE) and the methylene blue. The result of the first test is
SE = 78%, which classifies the BA as clean sand with a low percentage of fine clay, which is ideal
for construction work [19]. The second test yielded a methylene blue value of 0.5. This value is less
than 1.5, which represents the threshold for silty sandy soils in sandy loam soils. It can be deduced
from these two tests that the BA is clean and insensitive to water which encourages their use in the
road domain.

The granulometric study of the BA (see Figure 4) shows that their particle size distribution (PSD)
is very close to the sand. It also shows that their granulometric curve is located within the ASTM
standard granular limits for BA used as foundation layer [31].

Figure 4. Granulometric curve of JLEC BA.
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3.3. Compaction of Raw Bottom Ash

The Proctor test shows that the maximum density of the BA is 1.26 kN/m3, and is obtained at
a water content of 21.6%. This high value of the Proctor moisture content indicates a high porosity of the
material. Moreover, this value of the optimum Proctor of the BA is very low compared to conventional
materials such as clay and sand whose dry density is respectively between 16 and 21 kN/m3. Hence the
need to treat the BA in order to improve this characteristic.

The CBRd value obtained is 35%, exceeding the min. standard value of 20%. The BA is then
classified in the lift class AR3 [26]. On the other hand, the punching test performed on a BA sample
immersed for four days gives a CBRw value of 58%, which exceeds the CBRd value of 35%. This increase
in lift is significant and should be exploited in the road sector.

Finally, the recorded value of the swelling (G) was zero. This result shows that the BA does not
represent any risk of swelling and promotes its use in the road construction.

3.4. Pozzolanic Activity of BA

The evaluation of the mechanical behavior is performed by determining the compressive strength
of mortar prisms, see Figure 2a, prepared from a mixture of CPJ 45 cement, water and BA as a partial
substitute for the standardized sand. The results show that the compressive strength of the prisms
containing BA is, at any age, adversely influenced by the use of BA, see Figure 5. The decrease in
resistance becomes very important for 50% of BA and especially at a young age. These results are in the
same order of magnitude as those found by other researchers [8,29]. They also found that the decrease
of the compressive strength of mortar prisms containing BA can be explained by the dominant role of
porosity, which is inversely proportional to compressive strength. In fact, the substitution of the most
resistant material (standardized sand) by the weaker and more porous material (BA) increases the
fraction of the pores of the mortar which decreases the compressive strength.

Figure 5. Compressive strength of mortar containing bottom ash.

As shown in Figure 5, an increase of the pozzolanic potential of the BA, especially at 60 and 90
days, becomes apparent. Therefore, during the treatment of the BA, the evolution of the compressive
strength will be studied at 60 days instead of 28 days, because at this age the pozzolanic power of the
BA is important and the compressive strength is significant. The composition of each mortar mixture
and the values of their compressive strength at different ages (one sample per test) are given in Table 4.
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Table 4. Composition of the mortar mixture and compressive strength at different ages.

Type Composition (g) CS (MPa) at Different Ages (days)

Mortar Cement Water Sand BA 7 15 28 60 90
Reference 450 225 1350 0 28.5 34.7 39 43.8 46.4
25% BA 450 225 1012.9 337.5 15.1 19.4 22.8 29.3 29.7
50% BA 450 225 675 675 5 10.3 15.4 19.7 19.8

3.5. Property of the BA-Lime-Sand Mixture

3.5.1. Presentation of Experimental Results on Treated BA

The average results and standard deviation of all tests performed on lime and sand treated BA are
given in Table 5. Each value represents the average of three tests. These results show that in addition
to the specific weight of the BA, mechanical properties such as compressive strength, and the dry and
wet CBR indices are positively influenced by the addition of lime and sand. This result may be due to
the increased compactness thanks to the addition of the sand or the activation of a pozzolanic reaction
after the addition of lime. We also note that, for each treated BA mixture (TBA), CBR values after
submersion (CBRw) are higher than those of dry CBR (CBRd) which represents a lift gain that cannot be
found for conventional materials. This result is very interesting in terms of lift gain and reveals the
importance of the use of BA in the road domain. Moreover, the swelling remains very low, as we wish,
which encourages us to use the treated BA without risk of volume instability. The dry density was
determined from its wet density using Equation (6):

γd =
γw

1 + W
(6)

Table 5. Average results of tests carried out on treated BA.

Test Levels of Factors Average Responses and Standard Deviation

Number
Lime
(%)

Water
(%)

Sand
(%)

CBRd
(%)

CBRw
(%)

γd
(kN/m3)

G
(%)

CS60
(MPa)

1 1 21.6 5 79.0 (6.5) 98.3 (9.0) 11.7 (0.20) 0.06 (0.03) 1.10 (0.09)
2 4 21.6 5 82.9 (9.8) 107.0 (15.8) 11.5 (0.03) 0.15 (0.02) 2.36 (0.08)
3 1 22.4 5 58.6 (1.5) 73.0 (9.0) 11.0 (0.11) 0.03 (0.00) 1.63 (0.03)
4 4 22.4 5 75.2 (6.9) 86.0 (14.3) 11.5 (0.20) 0.13 (0.02) 2.84 (0.02)
5 1 21.6 20 74.0 (3.7) 90.7 (6.6) 11.6 (0.10) 0.12 (0.01) 1.65 (0.07)
6 4 21.6 20 80.4 (5.1) 72.7 (3.1) 11.3 (0.03) 0.14 (0.01) 1.74 (0.00)
7 1 22.4 20 74.5 (5.3) 78.0 (1.6) 11.5 (0.05) 0.04 (0.00) 1.87 (0.05)
8 4 22.4 20 66.3 (8.1) 85.7 (6.6) 11.9 (0.05) 0.11 (0.02) 2.75 (0.08)
9 0 22.0 12.5 68.7 (5.2) 36.3 (5.7) 10.7 (0.12) 0.02 (0.00) 0.43 (0.04)
10 5 22.0 12.5 79.2 (0.5) 83.3 (6.9) 11.8 (0.15) 0.12 (0.02) 2.61 (0.13)
11 2.5 21.4 12.5 66.3 (3.9) 77.3 (13.7) 11.0 (0.13) 0.11 (0.02) 2.02 (0.06)
12 2.5 22.6 12.5 59.4 (4.5) 65.3 (10.3) 11.7 (0.08) 0.02 (0.00) 2.48 (0.14)
13 2.5 22.0 0 70.0 (4.9) 58.3 (6.2) 10.6 (0.09) 0.02 (0.00) 1.97 (0.02)
14 2.5 22.0 25 75.0 (6.1) 59.0 (2.9) 12.1 (0.15) 0.01 (0.00) 1.87 (0.03)
15 2.5 22.0 12.5 62.8 (1.4) 69.0 (11.0) 11.4 (0.02) 0.12 (0.02) 2.08 (0.08)
16 2.5 22.0 12.5 62.5 (0.4) 64.3 (2.5) 11.3 (0.06) 0.12 (0.02) 2.06 (0.04)

3.5.2. Modeling Responses

For each response studied, we proceed to the modeling of the results using the Design-Expert
software. This starts with the analysis of the variance, which allows the determination of the influencing
factors and the elimination of the insignificant factors. Then a model combining each response to
influential factors is developed. From this fact, a mathematical function connecting the response to the
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factors is proposed by the model. The modeling equations for the responses (CBRd, CBRw, γd, G and
CS60) are expressed in terms of the percentages of lime (L), water (W) and sand (S). We thus obtain the
following Equation (7)–(11):

CS60
2 = 1395.96− 21.41× L− 126.8×W + 0.14× S + 1.08× L×W− 0.06× L× S− 0.08× L2 + 2.88×W2 (7)

γd
3 = 12525.76− 2892.09× L− 513.29×W − 442.31× S + 133.3× L×W + 20.66×W × S (8)

CBRd
−0.85 = −0.04 + (13.42× L + 27.28×W + 2.78× S + 0.69× L× S− 0.52× L2− 0.19× S2) × 10−4 (9)

CBRw
2 = 5397.02 + 588.98× L− 2246.85×W (10)

G0.65 = 2.19 + 0.04× L− 0.1×W + 0.02× S− 6.68× 10−4 × S2 (11)

3.5.3. Optimal Predicted Formulations

Taking into account the prerequisites of using BA as a foundation material, the models obtained
make it possible for us to propose two optimal formulations, predicted from the actual test results.

The first optimal formulation is technical and takes into consideration the following requirements:

1. Maximize CS60, CBRw, and CBRd.
2. Minimize swelling (G) and percentages of lime and added sand.

The first optimal formulation is obtained with 2% of lime, 22.4% of water and 5% of sand.
The predicted results for this first formulation are:

• CBRd = 62%
• CBRw = 68%
• Swelling (G) = 0.05%
• CS60 = 2.05 MPa

The second variant is economical. It aims to reduce the cost by minimizing the processing
materials while keeping acceptable mechanical properties and it takes into consideration the following
requirements:

1. Minimize swelling (G)
2. Minimize the cost
3. CS60 > 1.5 MPa

The second optimal formulation is obtained with 0.3% of lime, 22.4% of water and 20% of sand.
The predicted results for the second formulation are:

• CBRd = 74%
• CBRw = 61%
• Swelling (G) = 0.01%
• CS60 = 1.5 MPa

Both optimal formulations are acceptable although the compressive strength is less than 3 MPa.
The CBR-values of both variants are sufficient for the proposed application and it is the major parameter
taken into consideration for the dimensioning of this kind of structure. Moreover, the compressive
strength parameter is studied in our case just to ensure the efficiency of the treatment. Higher
compressive strength values are required for rigid structures (with concrete) which is not the case for
our proposed pavement structure.
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3.6. Use of Treated BA in Road Pavement

Characterization of the BA shows that they have very satisfactory characteristics: their
granulometric curve is located inside the granular limits of BA valued in the roads. They are
also clean and are insensitive to water. Moreover, their treatment with lime and sand has clearly
improved their mechanical properties: compressive strength (CS60), dry and wet CBR indices (CBRd,
CBRw) and dry density γd all reached satisfactory levels after this treatment, while the swelling G
remains very low. These results encourage us to use the BA in the foundation layer of a rural road,
e.g. near the city of El Jadida in Morocco, thus minimizing transportation costs. The design method
adopted is the classic method of the New Pavement Structure Catalog [19]. The parameters taken
into consideration in the design of this route are the traffic which is class TPL3, the climate which is
considered wet for the rural area of El Jadida, and the supporting ground which has a bearing capacity
class of ST1. The conventional pavement structure proposed by the catalog, presented in Figure 6a,
consists of 10 cm AC + 20 cm UGF2 + 20 cm UGB + SC, with:

• AC: Anti-Contamination layer;
• UGF2: Untreated Gravel for Foundation layer type 2;
• UGB: Untreated Gravel for the base layer;
• SC: Superficial Coating.

In the proposed pavement structure, we used the TBA (BA treated with lime and sand) as
a foundation layer material instead of the UGF2. However, taking into account the modest CS of the
TBA, we propose an increase in the thickness of the foundation layer, 30 cm of TBA instead of 20 cm of
UGF2. The new proposed variant, see Figure 6b, consists of 10 cm AC + 30 cm TBA + 20 cm UGB + SC.

 
(a) (b) 

Figure 6. (a) Conventional pavement structure, (b) Pavement structure based on TBA.

4. Conclusions

The results obtained in this study show that, despite their low density, the BA studied has
interesting properties that can be used in order to promote their value in road engineering, particularly
in the foundation layer. The results of this study are summarized as follows:

1. The Jorf Lasfar bottom ash BA is class F. It has a significant pozzolanic power, which favors their
treatment with a hydraulic binder.

2. The lime treatment of the BA significantly improves their properties, which are: the compressive
strength (CS60), the dry density, and the CBR indices. The best mechanical performances are
obtained for a mixture with 4% of lime.

3. The use of calcarenite sand increases the dry density of the treated BA mixture (TBA) compared
to that of the original BA. It is deduced that sand corrects the porous texture of BA by increasing
their compactness. The maximum density is registered for 25% of sand.
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4. According to the performance obtained after the treatment of BA with lime and sand, we propose
their use as a road material in the rural roads of the city of El Jadida in Morocco. In the proposed
pavement structure, we used the TBA as a foundation layer instead of the UGF2 (untreated
granulate for foundation layer type 2). This valorization makes it possible, on the one hand,
to provide a cheaper ecological rural road network and, on the other hand, to find a sustainable
solution for landfilling the BA.

The results of this research constitute a first step forward in the field of valorization of BA in
Moroccan pavements. However, the stakes remain very important if we take into account the millions
of tons of this waste produced worldwide each year. Further research should include an analysis of
leaching from the treated BA mixture and preferably a complete Life Cycle Assessment. If these studies
are positive, the proposed pavement structure, containing BA, should be tested further, under real
traffic conditions, in order to monitor its behavior and ensure its durability.
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Abstract: A circular economy is a current tenet that must be implemented in the field of construction.
That would imply the study of the possibilities of the use of waste generated, for obtaining materials
the used in construction as replacements for the raw material used. One of these possibilities is
the substitution of the cement by slag, which contributes to the reduction of cement consumption,
decreasing CO2 emissions, while solving a waste management problem. In the present paper, different
types of concrete made by cement substitution with different type of slags have been studied in order
to evaluate the properties of these materials. Cement is replaced by slag from different steel mills,
both blast furnace and ladle furnace slag. The percentages of slag substitution by cement are 30%,
40% and 50% by weight. Mechanical, physical and environmental properties have been evaluated.
Compressive and flexural strength have been analysed as the main mechanical properties. As far
as physical properties go, density and porosity tests were be reported and analysed, and from an
environmental point of view, a leachate study was performed. It has been found that some kinds
of slag (blast furnace slag) are very suitable as substitutes for cement, providing properties above
those of the reference concrete, while other types (ladle furnace slag) could be valid for non-structural
applications, contributing in both cases to a circular economy.

Keywords: concrete; slag; valorisation; cement; circular economy

1. Introduction

A circular economy is a currently accepted tenet, in which the traditional linear economy is
transformed into a circular economy, where every activity is conceived as a cycle, where waste materials
are considered as potential new resources, instead of by-products to discard.

In the field of construction, the challenge is to exploit the possibilities of the waste generated in
the building industry as raw materials to be integrated in the same construction cycle.

One of the fields where this strategy is feasible is the incorporation of the slag generated during
the steel production into concrete production. It has been used in many processes in the cement
production and paving industries. It is interesting to focus attention on this problem and to study,
thoroughly, all the possibilities that the steel by-product presents.

The substitution of the cement by slag provides two clear advantages; the first one is the use of a
waste that must be managed in a landfill, and the second one, even more relevant, is the reduction in
cement consumption, so the reduction of CO2 emissions needed for its production.

Nowadays, there is already a lot of research that supports the adequacy of steel slag for the
production of cementitious matrices [1–6]. Additionally, many studies in which aggregates are replaced
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by those types of by-products exist; e.g., blast furnace slag, copper slag, electric arc and fume dust
have been used [2,7–16].

There are also some studies on the substitutions of cement by ground granulated blast furnace slag
(GGBFS) [5,17–20], even getting up to 80% of the cement removed by this type of slag. Khatib et al. [21]
replaced up to 80% of cement by GGBFS making different substitutions. Good results were obtained
in the substitutions up to 60%, since compressive strengths similar to conventional concrete were
obtained. After 28 and 90 days, the strength was increased. Nevertheless, worse results were obtained
when replacing 80% of the slag, and in the first days of setting, the strength of the reference concrete
was not reached.

Less attention has been paid to the substitution of cement by ladle furnace slag (LFS). In previous
works, different types of slag have been studied and compared, with a maximum amount of 25% of
cement replaced [22]. These studies provided promising results.

In this paper, different types of concrete have been elaborated on, in which the cement is replaced
by slag from different steel mills, both blast furnace and ladle furnace slag.

The percentages of slag substitution by cement were 30%, 40% and 50% by weight. The substitution
of cement was made in each mix by types of slag from different factories in Spain. According to
different studies, it is known that the component with the highest influence over the durability of
cementitious mixtures is SiO2. In this work, we will focus on the relationship between the amount of
this component in each slag and the mechanical properties.

Compressive and flexural strength were analysed as the main mechanical properties, making a
comparison between all of them to evaluate which one provides the best characteristics.

Additionally, some of the physical and environmental properties evaluated were included in the
present paper. For physical properties, density and porosity test were reported and analysed. For a
sake of brevity, other tests made are omitted. From an environmental point of view, a leachate study
of the material was carried out, since it was essential, considering that waste material was being put
into service.

The paper is structured as follows. In Sections 2 and 3, the materials studied and the tests
performed have been briefly described. A longer Section 4 is devoted to the results obtained, along
with a broad discussion with a special attention to the analysis of the mechanical properties. Finally,
conclusions are outlined in Section 5.

2. Materials

In this work, a 52.5 R Portland cement (PC) is used; this cement was chosen as it is free of
any additives; that is to say, composed of clinker between 95%–100% and between 0%–5% of minor
components, without other additives that change their composition. The substitutions were made for
the different types of slag that are shown below:

� Slag 1 (GGBFS): Granulated blast furnace slag ground in ball mill.
� Slag 2 (LFS1): Ladle furnace slag (LFS).
� Slag 3 (LFS2): Ladle furnace slag (LFS).

LFS1 and LFS2 are ladle furnace slag with different origins and composition. Slag 1 (GGBFS)
has a particle size <0.063 μm provided by the company, while the LFSs were sieved in the laboratory
to obtain equal granulometry from them. This is an important fact to keep in mind, since it would
be interesting to see what would happen if the LFS slags were also treated in the same way as the
GGBFS, but the companies that provided us with that type of slag did not have the technology to do so.
Therefore, it was decided to carry out the study with screened slags to study its results.

Three different concrete mixes were designed by substituting 30%, 40% and 50% of the weight of
the cement with slag obtained from three different steel mills in Spain.

The most characteristic chemical values of these slags are shown in Table 1. These values were
determined by X-ray fluorescence (XRF). This test was performed with the LFS slags once screened.
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Table 1 shows the major components of the slags studied; the rest of secondary compounds are
described in another paper which used the same slags [22].

Table 1. Cement and slag chemical composition.

Cement and Slag
Origin/Chemical Composition

SiO2 Al2O3 Fe2O3 CaO MgO

% % % % %

PC 16.6 ± 0.5 4.25 ± 0.5 3.02 ± 0.02 67.92 ± 0.5 1.43 ± 0.05

GGBFS 32.3 ± 0.5 10.7 ± 0.5 0.29 ± 0.02 47.14 ± 0.5 7.64 ± 0.05

LFS1 13.7 ± 0.5 9.1 ± 0.5 1.57 ± 0.02 55.18 ± 0.5 16.9 ± 0.05

LFS2 18.8 ± 0.5 12.5 ± 0.5 2.34 ± 0.02 54.9 ± 0.5 6.99 ± 0.05

The main components (CaO, SiO2, Al2O3) of each of the slags are transcribed on a ternary diagram
(Figure 1). Observe how the blast furnace slags are those that have better pozzolanic properties,
by containing a higher percentage of SiO2.

 

Figure 1. Ternary diagram indicating the compositions of Portland cement (PC), ground granulated
blast furnace slag (GGBFS) and ladle furnace slag (LFS) in the system.

The different concrete mixtures were named as follows:

Mix 1 (MPC): Ordinary concrete without slag.
Mix 2 (MGGBFS): Concrete with 30%, 40% or 50% cement replaced with processed slag.
Mix 3 (MLFS1): Concrete with 30%, 40% or 50% cement replaced with unprocessed slag.
Mix 4 (MLFS2): Concrete with 30%, 40% or 50% cement replaced with stainless steel slag.

Table 2 shows the dosages and the percentages of substitution to be made in each mixture.
The W/C (Cement water ratio) (ratio is 0.5; the tests are the continuation of the paper belonging to this
research group, in which only substitutions were made up to 25% [22]. Additional details can be found
in that reference.
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Table 2. Concrete mixture proportion.

Binder Aggregates

Mix
Water
(w/b

Ratio)
Dosage Cement Slag

Additive
(Superpla-
Sticizer)

Dosage
Fine
Sand

0–2 mm

Sand
0–4
mm

Gravel
4–16
mm

MPC

0.5
300

kg/m3

100% 0%

3.9 kg/m3 2033.8
kg/m3 15% 35% 50%

M30GGBFS 70% 30%

M40GGBFS 60% 40%

M50GGBFS 50% 50%

M30LFS1 70% 30%

M40LFS1 60% 40%

M50LFS1 50% 50%

M30LFS2 70% 30%

M40LFS2 60% 40%

M50LFS2 50% 50%

3. Tests’ Descriptions

Concrete mixes defined in the preceding section were subject to different tests. The main objective
of these tests was to evaluate the effects on the mechanical characteristics (flexural and compressive
strength), when cement is replaced by slag.

Concrete was made with the proportions shown in Table 2, where a 30%, 40% and 50% of
the PC was substituted by the different slag according to Table 1, providing the different samples
previously described.

The different mixture proportion was made according to the EN 12390-2 norm [23] for testing
hardened concrete.

3.1. Physical Properties

The densities and porosities of the new materials were studied. They were obtained according to
the EN 12390-7 norm [24].

A cubic specimen of 10 cm of edge were used for this test. Two specimens for each type of concrete
were tested. The determination of the parameters was made for concrete of more than 28 days of age.

The formulation that was used to obtain the parameters is the following:

Density D =
Ps

Psss − Psum
(1)

Porosity P = 100
Psss − Ps

Psss − Psum
(2)

The parameters are obtained in the following way:

• Psum: Weight obtained by the hydrostatic balance (submerged weight), placing the specimen
inside. This test piece must be completely saturated with water

• Psss (saturated surface dry weight): Obtained by drying the surface water with a damp cloth.
• Ps (dry weight): It is obtained by drying the test pieces in the oven and checking every 24 hours

that the mass loss is not less than 0.2%, at a temperature of 105 ± 5 ◦C. As indicated in the
EN_12390-7 [24] standard, to carry out the test, the hydrostatic balance is used, to which a
basket is attached where the test piece is introduced. In that way, one obtains the weight of the
submerged sample.
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3.2. Mechanical Properties

In order to obtain the compressive strength of the concrete specimens, we used cubes with edges
of 10 cm and an automated press with a 2.000 kN capacity. The specimens were made according to the
normative EN 12390-3 [25] and EN 12390-4 [26]; the fresh mixes were vibrated on a vibrating table and
they were cured in a water bath 20 ± 2 ◦C. Then, they were tested at the ages of 1, 7, 28 and 90 days.
For each of the mix proportions (Table 2), three different mixtures were made, and two specimens were
tested at the different concrete ages (see reference [16] for details).

For the flexural strength, tests prismatic specimens were used with dimensions 4 × 4 × 16 cm3,
made of the same kneaded as for the rest of the trial. That parameter was calculated using the uniform
application of centred load. The same type of curing as the compressive test specimens was applied.
This test was performed at 28 and 90 days. The prismatic test specimen was subjected to a bending
moment by applying a load through upper and lower rollers, registering the maximum applied load
calculating the flexural strength by EN-12390-5 [27]

3.3. Leachate

Finally, the mixtures are subjected to leachate tests. The cement substitution percentage chosen
was 30% for every mixture. Additionally, we carried the test out using a 50% slag substitution
percentage for GGBFS, since throughout the research, it showed similar behaviour to conventional
concrete. Specimens were immersed in 1 litre of distilled water for 2 days. The treatment that was
made to the water sample in the laboratory was to sieve the sample with a 0.45 μm filter, and acidify
them to pH < 2. Once that process was done, it was introduced into the spectrometer.

4. Results and Discussion

The results obtained for the physical (density and porosity), mechanical (compressive and flexural)
and environmental (leachate) tests for each of the mixtures and their different substitutions are shown
below, making a comparison between the percentages of loss and gains of strength, and the differences
between the varieties.

4.1. Density

In the differently manufactured mixtures, it was observed (Table 3) that the density varied very
little with respect to the standard mixture, decreasing only in the mixtures made with the slag LFS1;
therefore, this indicates that LFS1 aerates the mixture more. It was significant, and the porosity of the
material also increased significantly. For the mixtures with the other two types of slags, there were
no significant differences; therefore, replacing them in the mixtures would not pose any problem for
this property.

Table 3. Density of the mixtures.

Density (kg/m3)

PC GGBFS LFS1 LFS2

30% 2500 ± 100 2490 ± 100 2450 ± 50 2530 ± 10
40% 2500 ± 100 2490 ± 100 2370 ± 30 2510 ± 10
50% 2500 ± 100 2490 ± 100 2370 ± 40 2510 ± 10

4.2. Porosity

The results of the porosity test are shown in the Table 4 and plotted in Figure 2.
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Table 4. Porosity of the mixtures.

Porosity (%)

PC GGBFS LFS1 LFS2

0% 1.81 ± 0.5 - - -
30% - 1.51 ± 0.2 4.01 ± 0.5 0.91 ± 0.1
40% - 1.27 ± 0.2 6.1 ± 0.5 0.78 ± 0.1
50% - 1.53 ± 0.2 6.60 ± 0.5 -

 

0 % 3 0 % 4 0 % 5 0 %

%
 P

or
os

ity

% Sustitution slag

P O R O S I T Y

GGBFS

LFS1

LFS2

Linear (GGBFS)

Linear (LFS1)

Linear (LFS2)

Figure 2. Porosity.

This property is tightly linked to the durability of the concrete. Taking as reference the PC
mixture, for the mixtures with GGBFS, we see that it is practically constant for all the substitutions,
even decreasing its porosity by 25% in the 50% substitution, with respect to conventional concrete.
Regardless of the percentages of cement substitution, it was observed that the mixtures with slag LFS1
had a high porosity, since its porosity increased significantly. We saw in point Section 4.1, that for the
mixture LFS1, the porosity increased up to 60%, so it was confirmed that this type of slag increases the
incorporation of air into the concrete. On the contrary, it is observed that those made with slag LFS2,
obtained a lower porosity, reaching up to a 43% improvement of results with respect to conventional
concrete; this indicates that the links between particles that occur within the mixture are greater with
this type of slag, without increasing its density by the same percentage; therefore, they provide better
mixing conditions at the time of commissioning.

In short, the GGBFS and LFS2 mixtures’ lower porosity means a better performance in the long
run, as this makes it more difficult for external agents to lead to the deterioration of the material, which
affects the steel frame, in the case of reinforced elements. The opposite occurs with the LFS1 mixtures;
it has a higher porosity, which can lead to the material having a shorter shelf life thanks to external
agents that can damage it.

4.3. Compressive Strength

Results of mixtures for slag substitution.

4.3.1. Slag GGBF

Figure 3 shows the compressive strength over time and how the GGBF slag influences concrete
properties, from 1 day to 90 days of testing. These data are mean values for six samples per test (for the
different concrete age). Results show that the compressive strength in the first days of hardening
was lower than in conventional mixtures, becoming equal after 7 days and even increasing after
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30 days. This is coincident with our previous results [16] and in accordance with the results reported
by Wang [28,29].

 

Figure 3. Compressive strength GGBFS.

Figure 4 shows the percentages of loss or increase in strength at day one and after 90 days. It is
easy to visualize how, at one day there was up to 50% less strength than the conventional mixture.
Nevertheless, after 90 days, it acquired up to 10% more compressive strength in the 30% replacement.

 

Figure 4. Percentage of loss or increase in compressive strength GGBFS.

4.3.2. Slag LFS1

Figure 5 shows the mean values obtained for the samples made with slag LFS1. This average has
been made with six test specimens for each of the four mixtures.
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Figure 5. Compressive strength LFS1.

The results show that in the LFS1 slag there was a lesser strength for day one, but in this case the
compressive strength decreased over time. The loss at 90 days with a 50% substitution of cement was
of almost 70% of PC’s strength, as shown in Figure 6. The loss of strength is maintained at both day
one and after 90 days.

 

Figure 6. Percentage of loss in compressive strength LFS1.

4.3.3. Slag LFS2

Figure 7 shows the mean values for the specimens made of slag LFS2. Again, six specimens per
mixture and age were tested.

 
Figure 7. Compressive strength LFS2.
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With the slag LFS2, it was observed, as in the mixtures with slag LFS1, that there was a decrease
of the strength both on day one, and over time. At 90 days and with a 50% replacement of cement, the
loss was 40% (Figure 8).

 

Figure 8. Percentage of loss in compressive strength LFS2.

The results lead us to think that, for high percentage substitutions, specimens with ladle furnace
slag (LFS) substitutions have a higher strength loss compared with conventional concrete than those
with blast furnace slag (GGBFS) substitutions. Particularly, the mixtures with LFS1 substitutions
showed the worst behaviour at compressive strength tests, obtaining up to a 70% of compressive
strength loss, when the cement substitution percentage was 50%.

4.3.4. Comparison between the Mixtures

In Figure 9, the comparison of compressive strength for 90 day is shown for the different mixtures.
In order to complete the figure, results previously reported with a 25% cement replacement [16] have
also been included in the Figure.

It is observed how GGBFS slag presents an increase in strength; it provides pozzolanic benefits to
the mixture. On the contrary, what occurs in those made with LFS slags has already been observed by
other researchers, like Manso [30,31]. In this figure, it can be seen that the proportion of loss of strength
is not the same in the two cases being the substitution up to 30% of LFS2 admissible for concretes with
minor strength needs.
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Figure 9. Comparison compressive strength to 90 days, for the three different slag.
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We can conclude that the blast furnace slag (GGBFS) is a good substitute for cement in terms
of compressive strength. On the other hand, there is such a loss of strength on the other two ladle
furnace slags (in the best of cases, 23%), that rule out any possibility of using this concrete as structural
material. Nevertheless, they could be acceptable, being able to withstand medium-environmental
pressure for situations in which the strength needs are lesser.

Returning to the ternary diagram in Figure 1, it is clear that a higher amount of SiO2, means better
pozzolanic characteristics in the mixture, and in this case, it was observed that the mixtures with slag
LFS1 were those that obtained the worst compressive strength, a cause not only of the greater porosity,
and therefore greater amount of voids that weaken the mixture, but the slag also contained less SiO2.

4.4. Flexure Strength Tests

A similar study has been made to evaluate the flexure strength. In this case, the results obtained for
all the mixtures are shown in Figures 10 and 11, breaking the test pieces at 28 and 90 days, respectively.

 

Figure 10. Flexure strength test 28 Days.
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Figure 11. Flexure strength test at 90 days.

Following a similar trend to the previous section, the mixtures made with ladle furnace slag (LFS)
obtained worse strength than the mixture without substitution. On the contrary, those made with blast
furnace slag (GGBFS) were equal to and even improved the reference concrete.

72



Materials 2019, 12, 2845

This loss or increase in strength was observed not only at 28 days, but also at 90 days (Figure 10).
It also shows that mixtures with substitutions LFS1 behave worse than LFS2; additionally, showing
clear differences between them. This behaviour is due to the chemical composition of the slag.

The percentages of loss of flexure strength of each one of the cases are shown in Figure 12, where
it is seen how the GGBFS contributes to the material, the same characteristics as the PC, increasing its
strength by 4% with a substitution of 50%.
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4.5. Comparison between 90-Day Flexure and Compressive Strength

The significance of this study is highlighted in the comparison of the gain or loss of the strength
against flexure and compression combined. We will focus on that point in this section.

In Figure 13, the comparison in percentage of the strength, both compressive and flexural, in each
of the mixtures made, highlights that the losses of flexural strength of the mixtures with slag LFS are
much lower than those of compressive strength. This decrease in strength is practically half in most
cases. In the strength of the mixtures with GGBFS does not increase twice as much in the flexural
strength, as would be expected by the previous results, but only half. Apart from substitutions of 50%,
this percentage of 4% is maintained.
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This indicates the feasibility of LFS slag in non-structural elements, valuing a waste as a by-product,
reducing the production of cement that generates a large amount of CO2 into the environment.

In all the investigations where the laws of mechanical behaviour (constitutive models) for materials
are established, outcomes are considered a representative volumetric element of the same. It is assumed
that the material behaves as a continuous medium; that is, it has the same elastic properties at each point.

4.6. Leachate

The results obtained are shown in Table 5.

Table 5. Leachate of the mixtures.

Chemical
Element

PC
GGBFS
(30%)

GGBFS
(50%)

LFS1 (30%) LFS2 (30%)
CFR 40/261.24

(mg/L)

[Mg] μg/L 20.2 ± 1.0 21.3 ± 0.2 28.1 ± 1.0 26.0 ± 1.2 31.3 ± 1.0 -

[Si] μg/L 8.60 ± 0.33 13.1 ± 1.0 13.3 ± 1 9.30 ± 0.40 7.90 ± 0.73 -

[Ti] μg/L <0.100 <0.100 <0.100 <.0,100 <0.100 -

[Crtotal] μg/L 15.6 ± 0.6 1.10 ± 0.05 0.394 ± 0.013 0.673 ± 0.040 0.162 ± 0.023 5

[Mn] μg/L 0.100 ± 0.010 0.180 ± 0.010 0.190 ± 0.04 0.150 ± 0.020 0.101 ± 0.01 -

[Fe] μg/L 18.2 ± 0.7 17.0 ± 0.2 10.6 ± 0.03 1.82 ± 0.03 8.23 ± 0.20 -

[Ni] μg/L 0.270 ± 0.030 0.510 ± 0.020 0.280 ± 0.012 0.150 ± 0.013 0.270 ± 0.021 -

[Cu] μg/L 1.92 ± 0.10 4.3 ± 0.36 8.80 ± 0.033 1.50 ± 0.03 4.00 ± 0.04 -

[Zn] μg/L 6.60 ± 0.20 6.10 ± 0.12 3.90 ± 0.20 2.92 ± 0.10 4.40 ± 0.14 -

[As] μg/L <0.200 <0.200 <0.200 <0.200 <0.200 5

[Cd] μg/L <0.100 <0.100 <0.100 <0.100 <0.100 1

[Sn] μg/L <0.100 <0.100 <0.100 <0.100 <0.100 -

[Pb] μg/L 0.543 ± 0.022 2.02 ± 0.02 0.230 ± 0.010 0.190 ± 0.001 0.333 ± 0.002 -

In general terms, it can be observed how most of the values obtained had a decrease in relation to
conventional concrete. The most significant is to see how the amount of chromium in the mixtures
with slag, compared with the conventional concrete mixture, decreased.

It is significant how one of the most harmful elements in the leachate is chromium, and this
element decreases with respect to the master mix. This is interpreted as the encapsulation of the slag
being diluted into the cementitious matrix absorbing this metal, without generating any environmental
danger when it is used.

There are some values which are slightly above those obtained with the reference concrete (PC);
however, all these leachate ranges fall within the values allowed by the Code of Federal Regulations
(CFR) 40CFR/261.24.

According to those maximum values the encapsulation of the slag in the concrete not only does
not leach contaminant, but also reduces the leachate of one of the more dangerous components that are
measured in the CFR—the Cr, not exceeding the limit of 5 mg/L.

5. Conclusions

According to the results described, we can outline the following conclusions:

→ The results lead us to think that, for high percentage substitutions, specimens with ladle furnace
slag (LFS) substitutions have a higher strength loss compared with conventional concrete than
those with blast furnace slag (GGBFS) substitutions. Particularly, the mixture with LFS1 slag
substitutions showed the worst behaviour in compressive strength tests, obtaining up to a 72% of
compressive strength loss with a cement substitution percentage of 50%.

→ On the other hand, specimens with blast furnace slag substitution showed an increase in
compressive strength of 10% at 90 days. Mixtures using this type of slag substitution showed
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a slower hardening process, with a compressive strength reduction at day one, but gaining a
compressive strength similar to or even above the conventional concrete after 7 days.

→ The chemical characteristics of the slag influence the mixtures and strength. It was observed
in this study, that for essential components such as SiO2, the lower the percentage, the lower
the strength. As it can be seen in the mixes made with LFS1 and LFS2 slags, the lack of that
compound makes them work worse. GGBFSs are the best performers, having twice the amount
of that compound, increasing its strength even with respect to conventional concrete. The good
pozzolanic activity that contributes to those types of cementitious mixtures was verified.

→ Another characteristic result of this investigation is the difference of compressive and flexural
strength among the different mixtures. LFS presents a loss of flexural strength that is the half of
the loss of compressive strength. This suggests that they could be used in other fields of civil
engineering with lower strength requirements.

→ Leaching test confirmed that slag does not cause damage to the environment. The results of
the leaching tests of concrete mixtures with slag are similar to the results of traditional concrete.
Therefore, slag encapsulation into the concrete seems to be a good strategy to manage this
waste product, instead of it being deposited in landfills where it will pollute the environment
by leaching.

As a final conclusion, it is clear that blast furnace slag (GGBFS) is suitable for the production
of a sustainable concrete, and as a substitute for cement, since it has been proven to bring the same
characteristics to the mixture as cement.

For the other two types of mixtures with slag (LFS), a non-structural application would be suitable.
This would put a value on the residue, avoiding the consumption of raw material and reducing the
landfill deposit.

Concrete production with slag is a clear example of circular economics, since the steel manufactured,
necessary to build structures, generates waste that can be incorporated to the same building cycle.
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Abstract: Creating models based on empirical data and their statistical measurements have been
used for a long time in the economic sciences. Increasingly, these methods are used in the technical
sciences, such as construction and geotechnical engineering. This allows for reducing the costs of
geotechnical research at the design stage. This article presents the research carried out on Recycled
Concrete Aggregate (RCA) material with is reclaimed crushed concrete rubble. Permeability tests
were carried out using the constant head method. Tests were conducted on blends of RCA with the
following particle size ranges: 0.02–16 mm, 0.05–16 mm, 0.1–16 mm, and 0.2–16 mm. The gradients
used during the tests were between 0.2 to 0.83, which corresponds to gradients encountered in earth
construction and are below the critical gradient. Directly from the tests, the flux velocity for the
range of tested gradients were calculated based on filtered water volume measurements. The values
of the permeability coefficient (k) were then recalculated. Finally, statistical methods were used
to determine which physical parameters of the tested material affect the permeability coefficient.
The physical parameters selected from the statistical analysis were used to create a model describing
the phenomenon. The model can be used to determine the permeability coefficient for a mixed RCA
material. The article ends with conclusions and proposals concerning the use of models and the limits
of their applicability.

Keywords: statistical analysis; estimation; permeability; constant head method; estimation coefficient
of permeability; recycled concrete aggregate

1. Introduction

The construction industry was one of the most strongly affected industries during the 2008 global
financial crisis in Europe. However, local construction markets have been steadily strengthening since
then, which is visible mainly in the countries of Western and Northern Europe. It is forecasted that
the total growth of Northwestern and Southern Europe markets will average 2.5% per annum for
2018–2022 [1]. For the construction industry in Central and Eastern Europe, which after the economic
crisis is trying to catch up with the rest of Europe, the expected higher market growth is estimated at
an average of 4.4% for 2018–2022 [1,2].

Despite these optimistic forecasts, the industry faces numerous problems. The most important are
the falling profitability of investments and the increase in employee remuneration costs. This is the
reason why it is so important to look for solutions that help reduce the cost of construction projects.
One of the options is to reduce material costs by using recycled materials [2,3].

Aggregates are materials commonly used in civil engineering. Natural aggregates are mainly
used as materials in earth constructions, such as dams, embankments, or other earth structures,
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e.g., road bases; therefore, the demand for this material is very high [4]. Natural aggregates represent
approximately 88% of the demand in the market [4]. Problems with the sustainable development of the
natural aggregates market, and with waste management as well, forces engineers to use anthropogenic
aggregates in earth structures. The mechanical and physical characteristics of recycled aggregates vary
from natural aggregates and need to be further investigated. Better knowledge of their response to
different kind of loadings or the permeability characteristics will allow for wider application of this
kind of material by designers and engineers [5].

2. Literature Review

The proper assessment of soil properties and their parameters is very important in geotechnical
modeling. A well-chosen model allows one to save time and reduce the costs of construction
investment [6]. However, for the model to provide reliable results, several conditions must be met.
The first is to have a large database to assess and recognize the case [7]. Another important requirement
is to determine the appropriate physical parameters that should be included in the model. It is also
important to determine the nature of the function distribution for empirical research. The last stage,
after creating the model, is to determine the parameters of its application. This is due to every model
being created on the basis of empirical research that has the character of partial research [7,8].

The central pillar of statistical inference is the analysis of source data from empirical research,
based on theorems of probability theory. Properly carried out inference leads to the creation of a
model that maps the distribution of empirical data [9,10]. Generalization of the results of statistical
observation to the whole phenomenon is carried out using statistical estimation or verification of the
hypothesis. The model is created after estimation of the study population parameters’ distributions,
based on the observed results. By analyzing the interrelationships between different material properties,
the hypotheses and the correctness of the initial assumptions are verified [10].

Proper planning of laboratory tests is the key to obtaining a reliable model. The selection of the
research sample, followed by statistical analysis, should be based on the knowledge of the phenomenon
and the previous research reports [11,12].

The calculation of the probability assumes randomness of the analyzed sample. Often, especially
in the scientific research process, randomness is disturbed by study restrictions or is even impossible
to achieve due to the limited ability to test the material properties. This is due to measurement errors
during the test, e.g., destruction of the test material. The above-mentioned limitations are strictly
connected with statistical sample construction and can be considered directed or expert. It leads to the
need for representative sample estimation for a given study or phenomenon [13].

The credibility of the model is important from the points of view of the entrepreneur and the
researcher. It limits cost and time expenditure. It is also important to evaluate the parameters for the
possible substitution of laboratory tests on the analytical method of estimation. This article presents a
way to replace laboratory tests of the permeability coefficient by estimating with the use of statistical
tools [14–16].

Reclaimed concrete is widely used in earthworks, especially in road substructures. This allows for
its recycling and the reduction of the number of landfills and concrete debris, which can be reused after
mechanical crushing. It also reduces the need for natural aggregates in earth construction. Crushed
concrete is classified as a material suitable for auxiliary foundations, basic foundations, and cut-off
layers [17,18]. A special form of this kind of material application is used as a filtration layer for the
construction of levees and dams.

Recycled concrete aggregates (RCAs) are obtained as a result of the crushing process, excluding
brick and soft materials, which are then used to obtain residual concrete with a grain size of 0 to
63 mm [19]. RCAs can be used as aggregate for earth construction. They are mainly used in road
engineering, in which their geotechnical parameters (strength and deformation susceptibility) have
already been recognized [19,20].
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The determination of the angle of internal friction (ϕ) for RCAs with gradation sandy gravel (saGr)
has already been studied by Sas et al. [21] and Soból et al. [19], who confirmed the results of the test
presented by O’Mahony [22]. This is important that RCAs are characterized by a complicated structure
and can give the effect of cohesion in non-adhesive soil, which improves the mechanical properties of
RCAs [23]. When utilizing RCAs in road engineering constructions and in designing dams and shafts,
the permeability coefficient is of particular importance. In the case of natural aggregates, in order to
reduce investment costs via replacement of laboratory methods, predictions regarding the hydraulic
conductivity based on porosity or grain size distribution are calculated [24]. This is possible because
natural aggregates are characterized by the presence of rounded grains, composed mainly of quartz
origin with a low roughness. RCA aggregates are rougher and have an irregular shape, which has a
significant impact on the water flow and the surface area [25].

The significant difference when comparing RCAs with natural aggregates is the remains of
hydrated cement on the surface of aggregate grains. As a result, this property leads to a lower specific
density of the grains, differentiation in aggregate quality, and a higher absorption ability [26,27].

The porosity of both types of materials are different. In the case of natural aggregates, it is
about 3%, and for RCA, it is about 15% [28]. On the surface of RCA aggregates, there is a residue of
cement mortar, which affects the ability of the aggregate to absorb water [29,30]. During one day of
carrying, the water absorption by RCA increased by 2.56% [30], which is important for the permeability
parameters of this material.

Recycled aggregates used in earth constructions are usually cheaper than the natural aggregates.
Re-use of construction waste is an environmentally friendly solution. The growing popularity of this
material contributes to a better understanding of the properties of this material. Understanding its
limitations and recommendations regarding its use already at the stage of the design, then improves
the construction works [31].

3. Materials and Methods

3.1. Material

The material used for the tests came from the demolition site of a building and was crushed using
an impact crusher. The class of concrete strength was evaluated based on laboratory tests. The results
of the tests showed that the tested RCA was concrete with a strength of class from C16/20 to C30/35.

The aggregates were 99% composed from broken cement concrete, the rest being of the bulk mass,
e.g., glass and brick (Σ(Rb, Rg, X) ≤ 1% m/m), in accordance with the standard EN 933-11:2009 [32–34],
and contained no asphalt or tar elements.

Recycling concrete aggregate is regarded as an environmental safety material to use in road
pavement and road construction. Maia et al. [35] studied many articles about the chemical analysis of
RCA from the last few years. After a review on leaching tests, the obtained information has shown
that critical compounds of RCAs are chromium, sulfate, antimony, and selenium. The concentration of
these elements should be periodically monitored but the threat of their elevated concentration is very
low due to the fact that these elements exist naturally in soil. Leaching of these elements from RCA
and concentration in the soil are rare and usually does not exceed existing standards of acceptability.
Rodrigues P. et al. [36] more in our research take were notice of supervening and concentration heavy
metals and anion in RCA. She suggested that materials should be tested for heavy metals and anions
before re-use. Using the laboratory leaching method, one can estimate the actual amount of elements
that are eluted into the soil. This allows one to evaluate the ecotoxicity of the material before using
it [36–39]. The norm for other elements, such as cadmium (Cd), mercury (Hg), and lead (Pb), are not
exceeded in RCA material [36,40].

The pH value is of great importance for the intensity of element leaching. The higher the
acidity, the greater the leaching [41]. This is important information from the point of view of
practical application.
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The material was fractioned to the appropriate fractions according to Galvín et al. [39], and then
the RCAs were divided into four blends: 0.02–16 mm, 0.05–16 mm, 0.1–16 mm, and 0.2–16 mm.
Each blend was composed of obtained fractions. The grain gradation curve was adopted with respect
to the Polish technical standard and was placed between the upper and lower grain grading limits.
The resulting mixtures are suitable for earth structures such as dams and embankments [33].

A series of tests were carried out on the obtained blends to determine their physical properties.
According to Eurocode, the tested material was classified on the basis of sieve analysis as sandy
gravel (saGr) [34]. Figure 1 presents the graining curves for the tested blends, where the particle size
distribution from 0 mm to 16 mm is in the standard range for aggregates used as an auxiliary base and
improved substrate in road engineering and in earth structures [33]. The coefficient of curvature (CC)
and coefficient of uniformity (CU) were calculated in order to classify the shape of the grading curve of
tested blends. The CU value was in the range from 15.0 to 17.33 and CC was in the range from 0.42 to
0.64. The soil was therefore classified as medium-graded according to the Eurocode [34]. For the four
blends, the Proctor tests were performed in order to establish the optimum moisture content of the
RCAs. The tests were conducted with the energy density of the compaction equal to 0.59 J/cm3 and the
results are presented in Figure 2.

Figure 1. Grain size distribution curve of each tested RCA blends.
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Figure 2. Results of the Proctor tests for RCA blends with an energy density of compaction Ec equal to
0.59 J/cm3.

Results of the Proctor tests indicated that the RCA blends had an optimum moisture contents
between 9.4% and 10.2% (9.44%, 9.6%, 10.2%, and 9.6%, respectively, for blends I, II, III, and IV).
The maximum dry density ρd max was between 1.92 and 1.94 g/cm3. The RCAs were compacted in the
optimum moisture content in a permeability mold to achieve the maximum dry density. These kinds
of conditions represent the state in which the subbase soils would be in. The quality of soil samples
in permeability tests was measured with the use of the compaction index IS, which is the quotient
of the soil dry density in the permeability mold ρd,m to the maximum dry density for tested blend
ρd,max (IS = ρd,m/ρd,max). The RCAs sample quality was qualified based on this quotient. In this study,
the samples had an IS parameter in the range of 0.98 to 1.01. Samples below an IS equal to 0.98 were
excluded from this study.

3.2. Permeability Test

In poor and very poor permeability soils, filtration can only be initiated after a certain hydraulic
gradient (i0) has occurred. This means that the graph v = f(i) does not come out at the beginning of the
hydraulic gradient axis, and even in the initial period, shows curvature caused by a gradual increase in
permeability. This filtration is called pre-linear filtration (Figure 3). In order to initiate the movement
of the pore water, the threshold stress (τ0) must be overcome by the tangential stress (τ) [42–44].

In this study, the constant head method test was used to estimate the RCAs’ permeability
characteristics. The method is characterized by simplicity and unchanging test conditions, and the
constant head method alone is one of the most reliable techniques for measuring permeability in
non-cohesive soil [45].

The permeameter construction (Figure 4) consists of internal and external cylinders made of
stainless steel. Dimensions of the inner cylinder were: height h = 0.17 m, diameter d = 0.205 m, and the
dimensions of the outer cylinder were h = 0.27 m and d = 0.19 m. Cylinders were connected by a
permeability cylinder with a perforated bottom, also made of stainless steel, where the sample was
placed. Then, after installing the sample, a perforated cover was placed on top. The permeability
cylinder was attached to the inner cylinder by means of four screws and a rubber ring to ensure that
there was no unexpected water leakage from the external cylinder. The principle of operation of this
device is based on communication vessels that allow the flow of water from the external cylinder to
the inner cylinder through the soil sample. The hydraulic gradient was simply determined by the
difference between the outer and inner table heights. In practice, the internal water table is stationary
and the hydraulic gradient is caused by the variable height of the external water table. The tests were
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carried out when both the internal and external water table were in a fixed position. Measurements of
outflow water were repeated five times for each test point [31,45,46].

Figure 3. Pre-linear and linear filtration process.

Figure 4. The permeameter scheme.

3.3. Estimation Theory

The theory of estimation concerns the inference of the correct probability distribution of the general
population on the basis of independent variables from the tested sample. Using the knowledge about
the distribution of classes in the test sample, an inference is made to the general sample. Parametric
estimation occurs when the elements of the class of possible distributions of the general population
differ only in the values of parameters. Non-parametric estimation is used in more complex cases
when the differences in elements of the class of possible distributions of the general population concern
not only the values of parameters, but also the form of the distribution function [47,48].

There are two parts of the theory of estimation: point estimation and interval estimation. The point
estimation finds the function sampling and its value is taken as the best estimate of the value of the
parameter for the overall sample. The interval estimation on the basis of the sample determines a
numerical interval, which contains the value of a parameter of the general population, taking into
account the assumed probability [48].
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An estimator, with the general form given in Equation (1), is a statistic that serves to estimate
the value of the distribution parameter with a function in the sample. It can be used to estimate an
unknown parameter in a population.

Q̂k = f (X1, X2, X3 . . . , Xn) (1)

In the theory of estimation, there are three main features, which should be met by any good
estimator to be useful for the created model. It should be unbiased, consistent, and effective [47,49].
The unbiased estimator is characterized by the realization of a random variable X comprising an
N-elemental sample, which meets the condition:

E(Q̂k) = qk (2)

where: Q̂k is an estimator, and qk is a parameter for a random variable X.
Estimators meeting this relationship are called unloaded estimators and the load of the estimator

ΔQ̂k = E(Q̂k) − qk is equal to zero.
The estimator is consistent if an unlimited increase in the sample size occurs. The estimation Q̂k

of the parameter qk strives for a true value with a probability of one.

P
(
Q̂k → qk

)
= 1 for N→∞ (3)

The effective estimator shall be that which shows a smaller dispersion of the values obtained from
all possible samples. The measure of spread is, therefore, the variance, and the smaller the variance,
the better the unloaded estimator [49,50].

4. Test Results

The aim was to create a model that allows for determining the permeability coefficient, k, based
on the physical parameters of the tested material. Analytical methods using statistical tools are widely
used in scientific research, saving time and money. In this case, Statistica®(version 13, TIBCO Software
Palo Alto, CA 94304 USA) was used as a statistical analysis tool. Preparation of the model was preceded
by the collection of an appropriate database. The research hypotheses were formulated and preceded
by an in-depth analysis of the phenomenon with the reference of parameters to each other. It is good
practice to divide the sample into control groups and research groups, which allows for independent
verification of the model.

In the case of the studied phenomenon of permeability, the soil and test properties taken into
account in the further analysis were grain size, gradient, porosity, specific density, and optimum
moisture content. The values of gradients taken in this study were 0.2, 0.3, 0.4, 0.5, 0.58, 0.67, 0.75,
and 0.83. The distribution of uniformity for the hydraulic gradients and granulometric compositions of
the tested samples should also be emphasized. There were 20 independent tests for each granulometric
compositions and for each gradient. The total sample was N = 640.

Initially, a preliminary statistical analysis of the conducted tests was carried out, in which
the following descriptive statistics were evaluated for the parameters: mean, standard deviation,
and standard error (Table 1).
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Table 1. Average test against a fixed reference value.

Variable Description Mean
Standard
Deviation

Standard
Error

Test t

k Coefficient of permeability 0.000120 0.000078 0.000003 38.958
v Flux velocity 0.000072 0.000061 0.000002 29.890
ρ Specific density 1.931437 0.019769 0.000781 2471.586
n Porosity 0.374610 0.083305 0.003293 113.762
e Void ratio 0.611371 0.190529 0.007531 81.177
w Moisture content 0.105425 0.009157 0.000362 291.260
d5 Particle size when passing 5% 0.230000 0.018723 0.000740 310.774
d10 Particle size when passing 10% 0.287500 0.013001 0.000514 559.457
d30 Particle size when passing 30% 0.837500 0.086200 0.003407 245.793
d60 Particle size when passing 60% 4.675000 0.334739 0.013232 353.318
d90 Particle size when passing 90% 9.350000 0.753915 0.029801 313.747

Then a correlation analysis of the coefficient of permeability in terms of all physical parameters
was carried out. Correlation results are presented in Table 2.

Table 2. Correlation table for coefficient of permeability k (m/s).

Variable Value of Correlation for Coefficient of Permeability k (m/s)

i * 0.504794
ρ −0.754960
n −0.112145
e −0.137592
w −0.737912
d5 0.772737
d10 0.569209
d30 −0.140365
d60 0.408963
d90 0.701564

* i—Hydraulic gradient.

The parameters with the highest degree of correlation are marked in Table 2 in yellow. Correlations
of material physical properties with the coefficient of permeability were the highest for granulometric
coefficients, d5 and d90, specific density ρd, and optimal water content w. All analyzed correlation
coefficients were statistically significant with p < 0.05.

The next stage was to examine the distribution of the flow velocity in relation to the hydraulic
gradient for different blends included in the study. This was a dependence characteristic of the studied
phenomenon. After examining the characteristics of the flow velocity distribution in relation to the
gradient, it was found that the dynamics of the flow velocity changed with the gradient. For gradients
above 0.3, it was linear. With gradients from 0.2 to 0.3, dynamics were slowed down and the changes
had a pre-linear character (Figure 5), which means pre-linear filtration. Such a procedure allows for
formulating a hypothesis on the possible need to create not only one common model to determine
the permeability coefficient at any gradient but to separate equations into two phases of flow velocity.
This had a significant impact on the determination of models for the permeability coefficient, and in
particular, on the determination of independent variables.

The best convergence effect of the expected value in relation to the tested one was obtained using
the non-linear estimation method. A series of tests were carried out based on previously selected
parameters (variables) that were best correlated with the permeability coefficient. In the case of the
attribute pairs with a high correlation coefficient (above R2 = 0.6), having a similar influence on the
permeability coefficient, one of the attributes was omitted. This was to improve the reliability of the
regression model and to ensure the stability of the parameter estimation of this model.
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Figure 5. Results of average velocities of flow to a given gradient for different grain sizes.

The highest variance coefficient with R2 = 0.615, was obtained using the following:

k = (ρd × (−0.00122)) − ((−0.0022955) × (d5 × d90)
0.09942 (4)

The assessment of fixed parameters for the model is included in Table 3.

Table 3. Evaluation of fixed parameters for model 1.

Independent Variable’s Label Independent Variable’s Value Standard Error

a1 −0.001220 0.000231
b1 −0.002296 0.000464
c1 0.099420 0.029056

To verify the hypothesis of the effect significance for the two phases of flux velocity in relation
to the hydraulic gradient, further statistical analysis was performed. An analysis of the normality
of the residue distribution (Figure 6a) and the distribution of the observed values in relation to the
predicted ones (Figure 6b) were prepared. Both analyses supported the belief that it is reasonable to
adjust the model to include both pre-linear and linear phases. In order to maintain the universality of
the designated model, it was decided to adjust only the independent variables to it, while retaining the
dependent variables used in model 1 (ρd, d5, d90).

(a) (b) 

Figure 6. Normality diagram of residuals (a) and values observed against predicted (b).
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For the pre—linear phase (gradients of 0.2–0.3), after the determination of independent variables,
the explained variance was obtained at the level of R2 = 0.622. The values of the independent variables,
together with the description of their standard errors, are described in Table 4.

Table 4. Evaluation of fixed parameters for model 2.

Independent Variable’s Label Independent Variable’s Value Standard Error

a2 0.001734 0.000319
b2 −0.002594 0.000455
c2 −0.000040 0.000030

The new formula (Equation (5)) is characterized by a better matching of observed values in relation
to the calculated values (Figure 7a,b), but also by a better distribution of residual values.

k = 0.00173 +
(
ρd

0.0259
)
−
(
(d5 × d90)

0.00004
)

(5)

(a) (b) 

Figure 7. Normality diagram of residuals (a) and values observed against predictions (b).

A further step was to determine the independent variables for gradients 0.4–0.83 for the linear phase,
where the explained variance was R2 = 0.883. Table 5 shows the determined independent variables,
which also contains parameter values together with standard errors for the determined variables.

Table 5. Evaluation of fixed parameters for model 3.

Independent Variable’s Label Independent Variable’s Value Standard Error

a2 −0.001169 0.000150
b2 0.00165 0.000256
c2 −0.163 0.058118
d2 0.00185 0.000307

The correctness of the model (Equation (6)) was supported by the diagram of the normality of
residuals distribution (Figure 8a) and the distribution of observed values in relation to predicted values
(Figure 8b).

k = (−0.001169× ρd) +

(
0.00165× d5

d90−0.163

)
+ 0.00185 (6)
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(a) (b) 

Figure 8. Normality diagram of residuals (a) and values observed against predicted (b).

5. Result Discussion and Conclusions

Determination of new independent variables and the application of pre-linear and linear phases
allowed for estimating the calculated flow velocity results. This was not ensured by the first solution but
fulfilled the assumptions of the hypothesis presented in the article. At the same time, the importance of
accounting for the division into phases when determining the flow velocity was confirmed. This is best
illustrated in Figure 9a, which shows the residual normality distributions for all models. By dividing
the phases, a significantly better result of the explained variance for the linear phase was achieved.
A better matched model for the pre-linear phase was also found, resulting in an increased accuracy
of the resulting model. This is illustrated in Figure 9b, which compares the values observed and
calculated for all models.

(a) (b) 

Figure 9. Normality diagram of residuals (model 1—blue color, model 2—red color, and model 3—green
color) (a) and values observed against predictions (model 1—blue color, model 2—green color, and
model 3—orange color) (b).

The parameters considered when creating the models were used to create the limits of applicability
of the model by means of basic descriptive statistics. For each parameter (variable) used, the mean,
standard deviation, and minimum and maximum value were calculated. The results are presented in
Table 6.
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Table 6. Parameters of applicability of the formula.

Variable Mean (m/s) Std. Dev. Minimum (m/s) Maximum (m/s)

k 0.000120 0.000078 0.000004 0.00031
ρd 1.931438 0.019769 1.895000 1.95600
d5 0.230000 0.018723 0.200000 0.25000
d90 9.350000 0.753915 8.600000 10.20000

The presented data defines the limits of applicability of the designated models. The conclusions
are summarized below:

• The RCA material tested for blends with 0.02–16 mm, 0.05–16 mm, 0.1–16 mm, and 0.2–16 mm grains
was characterized by good permeability from 3.1 × 10−4 to 4 × 10−6 m/s. Reported coefficients of
permeability by Azram and Cameron [51] of RCAs with gradation in the range of 0–20 mm with 6 to
7% fine particles (d< 0.0063 mm) were in the range of 2× 10−7 to 2 × 10−8 m/s. Arulrajach et al. [52],
based on constant head test experiments, estimated the coefficient of permeability in range of
2.04 × 10−3 to 3.3 × 10−8 m/s, which indicates the existence of non-Darcian flow. Tests performed
by McCulloch et al. [53] were conducted for RCAs with 4% fines and with fractions of 0–50 mm.
The reported coefficients of permeability were in the range of 1 × 10−4 to 3 × 10−4 m/s. Tests on
RCAs with poorly graded RCAs with fractions of 6–12 mm and with no fine content have proven
a high water permeability of such material with a coefficient of permeability of approximately
1 × 10−3 m/s [53]. Tests performed on an RCA blend with gradation of 0−50 mm and with 5%
fine contents have shown that the coefficient of permeability calculated based on a constant head
permeability test is equal to 1.06 × 10−6 m/s [54]. As can be seen, the coefficient of permeability
value strongly depends on the fines content. Test results presented in this article corresponds with
the test results presented by other studies.

• The specific density, optimal moisture content, and particle sizes d5 and d90 had a significant
influence on the determination of the permeability coefficient.

• Regarding RCAs, a relationship between the flow velocity and the hydraulic gradient showed the
existence of two phases, namely pre-linear and linear.

• Models created for individual phases gave greater confidence in determining the permeability
coefficient.

• The models were created on the basis of the same set of variables, which facilitated their application
and implementation in practice.

• Each of the models was examined in terms of the discrepancy with the observed value in relation
to the forecasted results.

• For each of the models, the limits of its applicability were estimated.

The solutions presented here indicate the possibility that their use in calculating the flow rate was
particularly advantageous due to the lack of such characteristics for this type of materials. To properly
design a geotechnical structure, it is important to have information about geotechnical parameters and
the solution presented here provides the basis to receive them.
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Abstract: Currently it is necessary to find alternatives towards a sustainable construction, in order to
optimize the management of natural resources. Thus, using recycled fine aggregate (RFA) is a viable
recycling option for the production of new cementitious materials. In addition, the use of polymeric
microfibers would cause an increase in the properties of these materials. In this work, mortars
were studied with 25% of RFA and an addition of polyacrylonitrile PAN microfibers of 0.05% in
cement weight. The microfibers were obtained by the electrospinning method, which had an average
diameter of 1.024 μm and were separated by means of a homogenizer to be added to the mortar.
Cementing materials under study were evaluated for compressive strength, flexural strength, total
porosity, effective porosity and capillary absorption, resistance to water penetration, sorptivity and
carbonation. The results showed that using 25% of RFA causes decreases mechanical properties and
durability, but adding PAN microfibers in 0.05% caused an increase of 2.9% and 30.8% of compressive
strength and flexural strength respectively (with respect to the reference sample); a decrease in total
porosity of 5.8% and effective porosity of 7.4%; and significant decreases in capillary absorption
(approximately 23.3%), resistance to water penetration (25%) and carbonation (14.3% after 28 days
of exposure). The results showed that the use of PAN microfibers in recycled mortars allowed it to
increase the mechanical properties (because they increase the tensile strength), helped to fill pores
or cavities and this causes them to be mortars with greater durability. Therefore, the use of PAN
microfibers as a reinforcement in recycled cementitious materials would be a viable option to increase
their applications.

Keywords: recycled aggregate; polyacrylonitrile microfibers; electrospinning; durability; carbonation

1. Introduction

Construction industry is characterized by a significant demand of energy and raw materials
such as clay, wood, metal, water, petrous materials, etc. [1]. In the construction sector, the aggregate
is the predominant material from the volume point of view, substituting the natural fine aggregate
(NFA) with recycled fine aggregates (RFA) contributes to the sustainability and conservation of natural
resources [2–4]. Growing environmental concerns and landfill shortages, overexploitation of rivers and
hills ecosystems, increased transportation, and rising landfill costs are the driving forces that promote

Materials 2019, 12, 3849; doi:10.3390/ma12233849 www.mdpi.com/journal/materials95
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the recycling of concrete demolition waste to be used in a new substitute material [5–7]. Mortar made
with recycled aggregates is no longer just a field of research, it is already a practical reality and it has
been used for some years in several countries [8]. The amount of construction and demolition waste
deposited in landfills differs from one country to another, in Hong Kong, approximately 20 million
tons of waste were produced in 2004, only 12% of the waste was disposed of in landfills and 88% was
used as filling material. The generation of construction and demolition waste in the European Union
(EU) reached 850 million tons in 2008, which represents 31% of total waste generation in the EU [9].
The countries that recycle more construction material in the European Union are Holland, Denmark
and Belgium, generating and using waste of 90%, 81% and 87%, respectively [10]. In most research, it is
mentioned that the use of a certain percentage of recycled coarse aggregate (RCA) does not damage the
durability and the resistance of the cementitious materials, but the use of recycled fine aggregate (RFA)
is restricted or even prohibited due to its unsatisfactory properties [11,12]. However, several studies
suggest that its use is not very unfavorable and that results similar to the ones obtained with natural
fine aggregates with low substitutions can be obtained [13]. According to some studies, replacing less
than 20%–30% RFA does not cause a significant decrease in the physical and mechanical properties of
the mortar [14,15]. Therefore, to contribute to sustainability, it is necessary to reuse these materials and
to develop new mortars with less effects on the resistance and durability properties of the structures
made with cementitious materials.

Mechanical properties represent the capacity of mortar to support stress [16] and they are related
to the durability properties, which are indicators of the deterioration suffered by mortar due to some
external effect, and it depends on the ability of a fluid to penetrate the microstructure of mortar allowing
the introduction of molecules (carbon dioxide and chloride ions) that react and destroy the chemical
stability [11]. In order to improve these properties, diverse researchers use additives (superplasticizers,
accelerators, etc.), pozzolans (silica fume, fly ash, granulated slag, etc.), nanoparticles (silica, titanium,
calcium carbonate, etc.), pieces of polymeric materials (rubber, PET bottles, polypropylene, etc.) and
fibers of different nature (fiberglass, steel fibers, polymer fibers, etc.) [17–26]. In the last decades, fiber
reinforced mortar has been used in applications such as pavements, coatings, repair of hydraulic
structures patches, thin sheets, prefabrications, projected mortar, reinforcement of slabs, wall cladding,
bridge decks, earthquakes, resistant structures, etc. [27]. Currently, it is well established that fiber
incorporation improves the engineering performance of cementitious materials including a better
resistance to cracking, an increase on ductility and toughness, as well as an improvement on fatigue
and impact resistance [28]. Steel fibers are very expensive and produce corrosion [29], glass fibers
are very fragile and do not transmit elasticity to the mortar, [30], therefore, polymer fibers are the
best option, they are produced at a low cost, they have high elastic properties and they are easy to
place in the mortar mixture, improving its dispersion [31], in addition to being the least studied in
the construction engineering area. Some of the fibers used as reinforcement of cementitious materials
are polypropylene fibers [32], polyethylene terephthalate (PET) fibers [33], polyvinyl alcohol (PVA)
fibers [34], among others, but few studies have been done with polyacrylonitrile (PAN) reinforcing
fibers [35]. PAN is a polymer widely used in the industry, and has been widely used for the synthesis
of microfibers because it has good mechanical properties, easy spinning, chemical stability and high
durability [36]. A very efficient method to synthesize PAN microfibers is electrospinning, it is a simple
procedure and microfibers are obtained without defects and with diameters ranging from nanometer
to micrometer [37,38]. This research studies the effect of the addition of PAN fibers at 0.05% (in cement
weight) in the mechanical properties and in the durability in mortars made with 25% of recycled fine
aggregates (replacing the natural aggregate), evaluating the resistance to compression, to bending and
to water penetration, total porosity, effective porosity, resistance to, capillary absorption, sorptivity and
carbonation, since the mechanical properties and durability are the most important measures to be
taken into account to observe the useful life of mortar for future applications.
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2. Materials and Methods

2.1. Materials

For the preparation of mortars, Portland Cement type III (30R) Cemex® brand (Monterrey, México)
was used, which achieves a compressive strength of 30 MPa at 28 days (NMX-C-061) [39], distilled
water, NFA and RFA was used, which was obtained by crushing waste concrete by means of a ball mill.
To obtain PAN microfibers, PAN (Sigma-Aldrich, Estado de México, México) with a molecular weight
of 150,000 g/mol−1 and dimethylformamide (DMF) of 99.85% purity was used. Figure 1 shows the
granulometric curves of the aggregates, following ASTM C-33 [40]. In Table 1, the properties of the
materials used in the manufacture of the mortars are shown.
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Figure 1. Granulometry of NFA and RFA following the ASTM C-33 standard.

Table 1. Properties of the materials used.

Properties NFA RFA PAN Microfibers Cement

Diameter range (μm) - - 0.6–1.3 -
Average microfiber diameter (μm) - - 1.024

Modulus of elasticity (GPa) - - 2.5 -
Hardness (GPa) - - 0.48 -

PAN Molecular weight (g/mol) - - 150,000 -
PAN concentration (% by weight of DMF) - - 12 -

Specific gravity (kg/m3) 2.56 2.15 - 3.150
Moisture (%) 6.15 3.04 - -

Water absorption (%) 4.16 13.63 - -
Fineness modulus 2.88 3.04 - -

Type Natural Recycled Polymeric 30R

2.2. Production of Recycled Fine Aggregate

The concrete of origin used for the production of the RFA was obtained from a quality control
laboratory of a concrete company, which had been assigned to a road paving project with an average
resistance of 23 MPa, the test cylinders were stored and free from contaminants. It was necessary to
screen the material by means of mechanical crushing using a jaw crusher Maneklal Global Exports
model JS-0804 (Los Mochis, México) to minimize the size of the samples. This process was carried out
several times until an approximate size of 3 cm was obtained. The last step was to place the pieces of
crushed concrete in a ball mill with a Falcon engine model 7518081PA56C (Culiacán, México) with
8–12 mm steel balls for 30 min until obtaining fine material with a maximum size of 0.6 cm, this fine
aggregate was subjected to two washing times to eliminate possible contaminating materials. All the
material was sieved to comply with the granulometry following the ASTM C-33 standard [40].
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2.3. Production of PAN Microfiber by Electrospinning

The details of the electrospinning equipment can be observed in the Chinchillas et al. 2019
investigation. The electrospinning parameters were: 17 cm separation between the tip of the needle
and the collector plate, 16 kV applied voltage and 1 mL/h flow. The polymeric solution of PAN, was
elaborated by adding 12% in PAN weight and 88% of DMF in a vial and stirring for 12 h in room
temperature, until a completely homogeneous solution was achieved. This solution was put into a
3 mL syringe and installed in the infusion pump of equipment, the process was started and the fibers
were deposited in an aluminum container.

Dispersion of Microfibers in Aqueous Medium

To separate the PAN microfibers, a Branson ultrasonic tip model 450A (Chihuahua, México) was
used for the homogenization process. First, the water from each mixture was put into a 1000 mL vial.
Then 0.05% of the fibers were added and the ultrasound tip was placed into the vial for 3 hours with
an amplitude of 45% to 50% until dispersion was achieved.

2.4. Design of Mortar Mix

In Table 2, the four mortar mixtures are described, showing the amount of materials needed to
make the specimens, each mixture corresponds to a mortar volume of 0.000256 m3. A water/cement
ratio (w/c) of 0.58 was used, after verifying that it was the ideal ratio to obtain a mortar with a plastic
consistency, the method used is described in ASTM C1437 [41] (by this procedure, it is possible to obtain
a percentage of the workability of the mixture and know if it has a dry, plastic or wet workability [42]).
The aggregate/cement ratio (ag/c) used was 2.75, following ASTM C109 [43]. It is worth mentioning
that the RFA was previously saturated with water to avoid the absorption of mixing water [44].

The nomenclature used in the mixtures is classified as follows: the first three letters correspond to
the origin of the fine aggregate (RFA and NFA), in the case of the RFA it refers to the mixture with a 25%
replacement and the mixture with NFA refers to the 100% of natural aggregate used. The samples with
the acronym PAN, refer to the addition of microfibers of PAN in 0.05% with respect to the weight of
the cement.

Table 2. Mixture design.

Mixtures
% of
RFA

% of
NFA

% of
Microfibers

Water
(l)

Cement
(kg)

NFA
(kg)

RFA
(kg)

PAN
Microfibers

(kg)

Mix Flow
(%)

RFA 25 75 0 2.847 4.908 10.124 3.374 - 116.6
RFA/PAN 25 75 0.05 2.847 4.908 10.124 3.374 0.00245 115.7

NFA - 100 0 2.847 4.908 13.499 - - 117.2
NFA/PAN - 100 0.05 2.847 4.908 13.499 - 0.00245 115.5

2.5. Preparation of Specimens and Test Procedures

The morphology and average size of PAN microfibers were observed by scanning electron
microscope (SEM), FEI Nova Nano-SEM brand (Chihuahua, México) at 5 kV and at a working distance
of 10 mm. The vibration of the polymer bonds was analyzed by infrared spectroscopy (FT-IR) Bruker
Alpha II brand (Los Mochis, México) in a range of 4000–500 cm−1. The thermogravimetric analysis and
differential calorimetry scanning (TGA/DSC) was carried out by using SDT Q600 TA INSTRUMENTS
(Los Mochis, México), from 0 to 700 ◦C with a heating rate of 10 ◦C/min in nitrogen environment.

Table 3 shows the summary of the tests, the shapes and sizes of the specimens, the curing time,
and the norms followed in this research. In all the tests, three specimens were made for each group of
samples, and the mixing procedure was following the ASTM C192 standard [45]. For durability tests, it
was necessary to cut the cylinders using a Schneider cutter model 55-CO210 (Los Mochis, México) and
in accelerated carbonation test, the penetration of CO2 was measured through a 1% phenolphthalein
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solution in water and alcohol and the parameters of the carbonation chamber were 4% of CO2, 56%
relative humidity and a temperature of 25 ◦C.

Table 3. Tests, shape and size of the specimens, curing time and standards applied.

Test
Form of the

Specimen (type)
Dimensions of the

Specimen (cm)
Curing Time

(days)
Standard/Reference

Flexural strength Prisms 4 × 4 × 16 28 ASTM C 348 [46]

Compressive strength Post-test pieces of
mortar bending 4 × 4 28 ASTM C 349 [47]

Total porosity Cubes 5 × 5 28 [48]

Effective porosity Cylinders 7.5 in diameter and
8 in height 28 ASTM C 1585 [49]

Resistance to water
penetration and capillary

absorption
Cubes 4 × 4 - [35]

Accelerated carbonation Cylinders 7.5 in diameter and
2 in height 7, 15 and 28 [50]

3. Results and Discussion

3.1. Microfibers of PAN by Electrospinning

Figure 2 shows the characterizations that were made to the PAN microfibers obtained by
electrospinning and the results after separation by means of the homogenization process. The FT-IR
study was carried out in order to know the purity of PAN microfibers, when analyzing the vibration
of the polymer links. With this study it is possible to determine if there is a certain amount of the
solvent used in the manufacture of microfibers, or if there is any vibration of contaminating molecules.
At 3445 and 2940 cm−1, the vibrations of the bonds O–H and C–H respectively are observed, due to
water absorption [51]. The stretching vibrations of C≡N, C–C and C–H representative of the PAN
were observed at 2442, 1630 and 1450 cm−1 [52,53]. These results confirm that the structure of the
microfibers is PAN. You could also observe some bands at approximately 1368, 1256 and 1088 cm−1,
which are characteristic of DMF, a solvent used in the synthesis of PAN microfibers [54,55]. On the
other hand, the thermogravimetric analysis is shown in Figure 2b. PAN microfibers showed a total
weight loss of 87.3% at 700 ◦C. The chemical decomposition of the polymer begins at approximately
250 ◦C, and an exothermic peak is observed at 288 ◦C in the DSC analysis [56]. This confirms that
changes in molecular structure occur due to degradation of the material [57]. On the other hand,
through SEM images, it is possible to observe the morphology of the microfibers and using “ImageJ”
software (version number: 1.51, Wayne Rasband, National Institutes of Health, Bethesda, MD, USA),
it is possible to calculate the average diameter. In Figure 2c, PAN microfibers are continuous, and
smooth and defect-free morphology is shown, confirming that the parameters used for its fabrication
were adequate. The diameters obtained were from 600 nm to 1.3 μm, presenting an average diameter
of 1.024 μm (Figure 2d). Recent research has reported PAN microfibers with 1 μm diameter, using
the same parameters [58]. Microfibers obtained by electrospinning are separated from each other, but
continuous, i.e., it is not possible to control the length after the electrospinning process. So, it is not
possible to incorporate them into the cement mortar, which is why a separation and cutting process
through a homogenization process is needed. In Figure 2e,f, the cut and separated microfibers can
be observed where no change in the microfiber shape is watched, but they are no longer continuous
microfibers, now they are shorter (approximate sizes of 15–30 μm), comparable to some studies
reported in literature, where microfibers within micrometer scale length are used in cementitious
materials [59]. These results confirm that the homogenization process is useful for the separation and
cutting of electro-spun microfibers.
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Figure 2. Characterization and separation of PAN microfibers: (a) FT-IR, (b) TGA/differential calorimetry
scanning (DSC), (c) SEM, (d) average diameter and (e,f) microfibers after separation.

3.2. Mortar

3.2.1. Compressive and Flexural Strength

The use of recycled aggregates for the manufacture of mortars causes a decrease in their mechanical
properties, generating materials with low density and high porosity [60]. Figure 3a shows the results
of compressive strength. It can be seen that the mixture with RFA reached a compressive strength
of 17.2 MPa, it is the sample with lower mechanical properties of the study, this is attributed to the
use of recycled materials (high porosity) [7]. On the other hand, the incorporation of PAN microfibers
in recycled mortars caused a slight increase of 2.9%, since microfibers help to withstand internal
stresses in cementitious materials [61]. In addition, the NFA mortars reached a value of 17.9 MPa,
a result similar to other mortar works with the same ratio w/c = 0.58) [62]. By incorporating PAN
microfibers into natural mortars, it increased by 11% compared to the RFA sample. Similar results are
observed in Figure 3b (flexural strength), where the RFA mixture was the one that reached a lower
value (1.3 MPa). As well as using 0.05% of PAN microfibers in recycled and natural mortars caused an
increase of 30.8% and 53.8% respectively. It should be noted that the flexural strength results are more
outstanding than the compressive strength, because microfibers have a greater effect on tensile stresses,
which are more abundant in flexion [63]. These results confirm that the use of recycled aggregates in
the manufacture of mortars causes decreases in mechanical properties due to their high porosity and
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confirms that the addition of PAN microfibers in small percentages (0.05%) causes significant increases
in the mechanical properties of mortars, due to the ability of microfibers to withstand stresses, retain
crack propagation and decrease their porosity [64].
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Figure 3. Mechanical properties of mortars: (a) compressive strength and (b) flexural strength.

3.2.2. Total and Effective Porosity

Total porosity refers to all the pores found throughout the mortar structure and the effective
porosity to the interconnected pores in the cement matrix [65]. Figure 4 shows the result of the total
porosity and the effective porosity of the mortars evaluated in this investigation. As expected, the RFA
mixtures were the ones that reached the highest values, 25.9% and 21.7% of total porosity and effective
porosity respectively. This is due to the fact that the recycled aggregate contains old high-porosity
paste in its structure [66]. It was also observed that adding PAN microfibers in the mortar with recycled
aggregate (RFA/PAN) caused a decrease in its porosities of 5.8% and 7.4% for total and effective porosity
respectively (referring to the RFA mortar). On the other hand, the NFA mixture had similar values
to other investigations for mortars with this ratio w/c = 0.58 [48,67]. Finally, the NFA/PAN mortars
had a total porosity of 21.4% and an effective porosity of 18.7%, comparing this sample with RFA,
the addition of microfibers caused a decrease of 17.4% and 13.8% respectively. As it is known, the use of
recycled aggregates causes the cementitious materials to increase their porosities (due to the nature of
the aggregate), but the outstanding thing is that with the use of PAN microfibers the mortars decreased
their porosities, this is attributed to the ability of the fibers to fill cavities or function as a barrier,
preventing the penetration of water into the structure of the material [31].
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3.2.3. Capillary Absorption and Resistance to Water Penetration

The absorption and resistance to water penetration are important indicators of the durability of
hardened mortar. Reducing water absorption and increasing its resistance to water penetration greatly
improve the long-term performance and the useful life of mortar in aggressive environments [68].
Figure 5a shows the results of the resistance to water penetration, and Figure 5b the capillary absorption
of the mixtures. It is observed that the RFA mortar had a lower resistance to water penetration and
a greater capillary absorption compared to other samples. This is because this type of aggregate
contains old mortar adhered to its structure, being a highly porous and very absorbent material [69].
However, it is also observed that adding PAN microfibers to the RFA and NFA caused an increase
in resistance to water penetration and a decrease in capillary absorption. This is because microfibers
serve as a filler material or as a barrier between the cementitious matrix and the aggregates present
in mortar [70]. These results show that the addition of PAN microfibers helped to provide a denser
cementitious matrix and consequently increased its durability.
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3.2.4. Sorptivity

Sorptivity is a property of the materials that measures the tendency of a porous material to absorb
and transmit water through capillarity [71,72]. Figure 6 shows the results of the absorption capacity of
the mortars studied, highlighting that the samples with recycled aggregates were those that had higher
absorption values due to the high water retention capacity of the recycled aggregate and its porous
structure [73]. It can also be seen that the use of PAN microfibers causes a decrease in the specificity of
sorptivity of cementitious materials. This result, in addition to those shown above, demonstrates that
PAN microfibers were effectively preventing the flow of water in the mortar microstructure helping to
reduce its porosity.
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3.2.5. Carbonation

Carbonation is one of the most important studies of durability in cementitious materials and is
caused by the reaction that occurs in CO2 and moisture inside the pores of cementitious materials [74].

The results of CO2 penetration in mortars made with RFA and PAN microfibers are shown
in Figure 7. In which a clear trend was observed and it matched with the results shown above. At
7 days of exposure, the RFA mixture was the one with the highest CO2 penetration (2.1 mm), due to its
porous nature, on the other hand, the RFA/PAN mixture slightly decreased the penetration of CO2 to
2 mm, because PAN microfibers cause a lower porosity reflecting a lower carbonation. On the other
hand, the NFA mixture had a CO2 penetration of 1.82 mm and by adding PAN microfibers helped
reduce carbonation to 1.75 mm. The same trend was observable in the results at 15 and 28 days of
exposure, demonstrating that PAN microfibers helped to counteract the decreases that were generated
with the use of RFA in mortars [75].
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Figure 7. Carbonation results at different days of exposure (7, 15 and 28 days).

4. Conclusions

The formation of cementitious materials with the use of recycled aggregates opens up a world
of possibilities and applications towards sustainable construction. The use of RFA in cementitious
materials caused a decrease in the mechanical and durability properties of mortars, due to the large
amount of old adhered paste, its high porosity, its high absorption and because it is less resistant
than NFAs. However, this research showed an alternative to counteract this problem. The use of
PAN microfibers caused an increase in the mechanical properties of compression and flexural strength
of 2.9% and 30.8% respectively, it also caused a porosity decrease by 5.8% and 7.4% with respect
to the total and effective porosity. By decreasing the porosity of the mortars with the use of PAN
microfibers, the capillary absorption decreased by 23.3% and the resistance to water penetration
increased by 25%. Finally, carbonation decreased 14.3%. It should be noted that PAN microfibers have
not been reported in the literature as a reinforcement of recycled mortars. These results were due to
the fact that PAN microfibers provide mortar with tensile strength, help fill cavities or pores within
the mortar microstructure and prevent the spread of cracks. Therefore, the use of PAN microfibers as
a reinforcement for recycled mortars opens up a world of possibilities for use in future constructions
and could be an alternative for sustainable construction.
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Abstract: This paper develops a 3D base force element method (BFEM) based on the potential energy
principle. According to the BFEM, the stiffness matrix and node displacement of any eight-node
hexahedral element are derived as a uniform expression. Moreover, this expression is explicitly
expressed without a Gaussian integral. A 3D random numerical model of recycled aggregate concrete
(RAC) is established. The randomness of aggregate was obtained by using the Monte Carlo random
method. The effects of the recycled aggregate substitution and adhered mortar percentage on the elastic
modulus and compressive strength are explored under uniaxial compression loading. In addition,
the failure pattern is also studied. The obtained data show that the 3D BFEM is an efficient method to
explore the failure mechanism of heterogeneous materials. The 3D random RAC model is feasible
for characterizing the mesostructure of RAC. Both the substitution of recycled aggregate and the
percentage of adhering mortar have a non-negligible influence on the mechanical properties of RAC.
As the weak points in the specimen, the old interfacial transition zone (ITZ) and adhered mortar are
the major factors that lead to the weakened properties of RAC. The first crack always appears in
these weak zones, and then, due to the increase and transfer of stress, approximately two-to-three
continuous cracks are formed in the 45◦direction of the specimen.

Keywords: 3D BFEM; recycled aggregate concrete; numerical simulation; failure pattern

1. Introduction

In the last several years, recycled aggregate concrete (RAC) has become a popularly used
construction material that can effectively alleviate the shortage of natural resources. As a kind of green
building material, RAC has attracted many researchers to explore its mechanical performance [1–5].
Compared to natural aggregate concrete (NAC), RAC has a highly heterogeneous internal composite,
and its mechanical behavior is related to the mesostructure of its components. The literature has revealed
that the substitution of recycled aggregate, water/cement ratio, aggregate content, the percentage of
adhered mortar, air content, etc. play a significant role in the mechanical properties of RAC [6,7].
At the mesostructural level, the component of RAC identified to be a five-phase system including
recycled aggregate, adhered mortar, new cement mortar, an old interfacial transition zone (ITZ), and a
new ITZ. There are two ways to explore the mechanical properties of engineering materials, namely
macroscopic experimental tests and mesoscopic numerical simulations. Since the concept of the finite
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element method (FEM) was proposed by Clough in the 1960s [8], FEM has become an effective and
accurate approach for assisting macroscopic experiments [9–13]. In addition, this method reduces the
consumption of natural resources, time, and testing costs.

At the mesoscopic level, lots of work about the modelling of aggregate have been conducted by
many researchers. For the simulation of concrete, a numerical concrete concept was proposed by Zaitsev
and Wittmann, and three random 2D structures including spherical geometry, polygons and arbitrary
polygonal were first generated based on meso-mechanics [14,15]. Subsequently, different mesoscale
structures were proposed to simulate the concrete fracture process according to the FEM. For instance,
Peng et al. [16] established a model of a circular aggregate model to explore the mechanical properties
of concrete according to the Walraven formula [17] and the Monte Carlo random sampling principle.
Additionally, based on the Monte Carlo random sampling principle, a particle model was established
to represent the fragile aggregates by Bazant et al. [18]. Wang et al. [7] proposed a convex aggregate to
model crushed stone based on a round aggregate. Wriggers et al. [19] and Chen et al. [20] proposed
a 3D geometrical model for NAC according to the random mesostructure of natural aggregates in
a specimen.

These natural aggregate models have provided effective reference methods to simulate recycled
aggregate. Some researchers conducted a series of numerical research studies, and some conclusions
have been obtained about RAC. Xiao et al. [11] designed a nine recycled aggregate model to study
the effect of the relative elastic modulus of ITZs of cement mortar on the damage crack of RAC
under uniaxial compression and tensile loading; the obtained data showed that the relative elastic
modulus had a major effect on the stress–strain curves and RAC strength. Sun et al. [21] presented a
3D FEM model to research the effect of recycled aggregate substitution on shear strength by using
the ABAQUS/Standard module software. The data showed that the shear stress was reduced by
up to 13.8% by ranging the substitution from 0% to 100%. Chen et al. [22] designed four levels of
recycled aggregate substitution to explore the damage mechanism of RAC under uniaxial compression
loading. The data showed that the compressive strength reduced as the replacement ratio increased.
Jayasuriya et al. [23] presented four different adhered mortar percentages to analyze the effect of
adhering mortar on compressive strength, and their numerical data showed that the compressive
strength was reduced up to 9% as changing the adhering mortar from 2% to 50%. Wang et al. [7]
established two types of aggregate shapes to explore the effect of recycled aggregate replacement ratios
on mechanical properties, and their simulation results demonstrated that the elastic modulus reduced
by up to 16%~25%, and the compressive strength reduced by up to 12%~15% as the replacement ratios
increased from 0% to 100%. Due to the exceedingly complicated stiffness matrix and multiple degrees
of freedom per each element in the 3D level, a structure and mesh topology was rarely generated [19].
Most numerical simulations of RAC mechanical properties have been concentrated on the 2D level and
scaled up by a thickness of the fictitious slice, and only a little consideration has been focused on 3D
models of RAC.

As mentioned previously, the FEM has been proven to be an efficient approach to explore the
mechanical properties of materials. In recent years, according to the potential energy principle, a new
FEM concept and a new 2D FEM method were presented by Gao [24] and Peng et al. [25], named
base force and the base force element method (BFEM), respectively. Based on the BFEM, the element
stiffness matrix is conveyed by an explicit tensor formulation for an element with an arbitrary shape in
any coordinate system. Moreover, the Gaussian integrals are not used in the calculations and deriving
processes of the element stiffness matrix.

For this paper, the 2D BFEM was developed into a 3D BFEM. In addition, a hexahedron element
was established. A 3D numerical RAC model was established according to the 3D Fuller grading
curve and the Monte Carlo random sampling method. The recycled aggregate was assumed to be
a spherical particle. Several numerical models of RAC with five substitutions of recycled aggregate
and six different percentages of adhered mortar were designed. These 3D RAC models were subjected
to uniaxial compression loading that was controlled by displacement. The effects of the recycled
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aggregate replacement ratio and the adhered mortar content on the compressive strength and elastic
modulus were investigated. Additionally, the failure pattern of a 3D RAC model was also calculated.

2. Basic Formula of 3D Base Force Theory

For a 3D region of a solid medium in the Lagrangian coordinate system, xi(i = 1, 2, 3) denotes the
coordinate axes, and P, Q denote the initial/after position vector. The base vectors of material points
can be defined as:

Pi =
∂P
∂xi , Qi =

∂Q
∂xi (1)

The displacement gradient can be expressed by the base vectors, as follows:

ui =
∂u
∂xi = Pi −Qi =

∂P
∂xi −

∂Q
∂xi (2)

To express the stress state of the point Q, assuming a current configuration of this solid medium
in the Cartesian coordinate system xi, define a parallel hexahedron element and let dx1, dx2, dx3 denote
the element edges, as illustrated in

The force applied on the front surface of the element is marked as dTi, so let:

Ti =
1

dxi+1dxi−1
dTi dxi → 0 (3)

In Equation (3), the indexes are promised 3 + 1 = 1 and 1 − 1 = 3, where Ti(i = 1, 2, 3) is the base
force acting on the point Q in the 3D coordinate system xi. Figure 1.

dT

dx

dT

dT

dx

dx

Q

Q

QQ

σ

Figure 1. Base forces.

To describe Ti(i = 1, 2, 3), define an arbitrary plane with normal n. The plane and coordinate axes
xi intersect at dx1, dx2, dx3, as shown in Figure 2. According to the equilibrium condition, the stress
vector that acts on the surface can be obtained as:

σndS =
1
2

dx1dx2dx3
( 1

dx1
T1 +

1
dx2 T2 +

1
dx3 T3

)
(4)

Let VQ denote the current base volume of xi system, and

VQ = (Q1, Q2, Q3) = Q1 · (Q2 ×Q3). (5)

Then,

σn =
1

VQ
Ti ∂n
∂xi (6)
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Figure 2. Forces on a tetrahedron.

The key point to note here is that:

∂n
∂xi = Qi · n = ni (7)

Equation (6) can be derived as:

σn =
ni

VQ
Ti (8)

Then, for a small deformation case, the strain ε can be obtained as:

ε =
1
2

(
ui ⊗Pi + Pi ⊗ ui

)
(9)

The relationship between the base forces and the various stress tensors can be obtained according
to the base force.

As for the Cauchy stress, σ is:

σ =
1

VQ
Ti ⊗Qi (10)

As for the Piola stress, τ is:

τ =
1

VP
Ti ⊗Pi (11)

As for the Kirchhoff stress, Σ is:

Σ = Pi ⊗Qi 1
VP

Ti ⊗Pi (12)

The equilibrium equation is the balance of the stress, inertial force and volume forces of the
structure. For static problems, the equilibrium equation can be expressed by the base force, as follows:

∂

∂xi Ti + ρ0VPf = 0, (13)

and the geometric equation can be obtained according to the displacement gradient:

ε =
1
2

(
ui ·P j + Pi · u j

)
Pi ⊗P j (14)

Similarly, based on the base force, the physical equation is:

Ti = ρ0VP
∂W
∂Qi

(15)
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in which W is the strain energy of the element.

3. BFEM Model of Hexahedron Element

Following the BFEM, a hexahedron element considering boundary conditions can be presented,
as depicted in Figure 3. A, B, . . . , G are the vertices of the element, uIj(I = A, B, . . .G; j = x, y, z) denote
the component of the displacement of the point I on the coordinate axes J, and α, β,γ . . . are the six
areas of the model.

Figure 3. A hexahedron element.

The hexahedron elements contact each other through the faces in the model. A relationship can be
established between the displacements of the points and the displacements of the faces. Take any plane
in the hexahedron as a typical face and let it be represented by α, as depicted in Figure 4. Connect the
centroid point and the midpoint of the four sides; therefore, the quadrilateral is divided into four parts.
Let Sα express the area of α and SαI(I = A, B, C . . .) denote the area of the separated part.

A

D

C

B

Bα

Cα
o Aα

Dα

Figure 4. A typical face.

It is hypothesized that in the process of deformation, the shape and line segments are always kept
flat and straight, respectively. Hence, the deformation of the centroid can be obtained as:

uα =
1

Sα
(SαAuA + SαBuB + · · ·) (16)

3.1. Strain Tensor

Assume that the volume VQ of the hexahedron element is small complete and the actual strain ε
can be replaced by the average strain ε. In addition, the average strain ε can be obtained as:

ε =
1
V

∫
V
εdV (17)
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Then, by substituting Equation (9) into Equation (17), one can obtain:

ε =
1

2V

∫
V
(uα ⊗Pα + Pα ⊗ uα)dV (18)

According to Gauss theorem, Equation (18) can be replaced by:

ε =
1

2V

(
uI ⊗mI + mI ⊗ uI

)
(19)

Equation (19) implies the summation rule, so mI is:

mI = SaInα + SβInβ + SγInγ + . . . (20)

The expressions of the hexahedron element are:

mI = SαInα + SβInβ + SγInγ
= SαI

(
nαxex + nαyey + nαzez

)
+ SβI

(
nβxex + nβyey + nβzez

)
+SγI

(
nγxex + nγyey + nγzez

)
=
(
SαInαx + SβInβx + SγInγx

)
ex +

(
SαInαy + SβInβy + SγInγy

)
ey

+
(
SαInαz + SβInβz + SγInγz

)
ez

(21)

Then, by substituting Equation (21) into Equation (19) and by letting x, y, z represent the Cartesian
coordinate system, the following can be obtained:

ε = 1
2V

n∑
I=1

(
2uIxmI

xex ⊗ ex + 2uIymI
yey ⊗ ey

+2uIzmI
zez ⊗ ez +

(
uIxmI

y + uIymI
x

)
ey ⊗ ex

+
(
uIxmI

y + uIymI
x

)
ex ⊗ ey +

(
uIxmI

z + uIzmI
x

)
ex ⊗ ez

+
(
uIxmI

z + uIzmI
x

)
ez ⊗ ex +

(
uIymI

z + uIzmI
y

)
ey ⊗ ez

+
(
uIymI

z + uIzmI
y

)
ez ⊗ ey

)
(22)

or
εx = 1

V

n∑
I=1

(
uIxmI

x

)
εy = 1

V

n∑
I=1

(
uIymI

y

)

εz =
1
V

n∑
I=1

(
uIzmI

z

)
γxz =

1
V

n∑
I=1

(
uIxmI

z + uIzmI
x

)

γxy = 1
V

n∑
I=1

(
uIxmI

y + uIymI
x

)
γyz =

1
V

n∑
I=1

(
uIymI

z + uIzmI
y

)
(23)

3.2. Stiffness Matrix

As the linear elastic material, the strain energy expression of the element can be obtained as:

WD =
VE

2(1 + ν)

[
ν

1− 2ν
(ε : U)2 + ε : ε

]
(24)

In this formula, V denotes the hexahedron volume, E expresses the elastic modulus, ν expresses
the Poisson’s ratio, and U denotes the unit tensor.

Then, by substituting Equation (19) into Equation (24), the strain energy can be obtained as:

WD =
E

4V(1 + ν)

[ 2ν
1− 2ν

(
uI ×mI

)2
+
(
uI · uJ

)
mIJ +

(
uI ·mJ

)(
uJ ·mI

)]
(25)
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Based on Equation (25), the force applying to the node I(A, B, . . .G) on the element can be expressed
as:

fI =
∂WD

∂uI = KIJ · uJ (26)

Then, the stiffness matrix K of the can be obtained as:

KIJ =
E

2V(1 + ν)

[ 2ν
1− 2ν

mI ⊗mJ + mIJU + mJ ⊗mI
]

(27)

Here, mI = mI
iei = mI

xex + mI
yey + mI

zez, and mIJ = mI ·mJ.
By transforming Equation (27) into a Descartes coordinate system (x, y, z), the stiffness matrix K

can be described to be:

KIJ = E
2V(1+ν)

[
ex ⊗ ex

(
2ν

1−2νm
I
xmJ

x + mI
xmJ

x + mI
ymJ

y + mI
zmJ

z + mI
xmJ

x

)
+ex ⊗ ey

(
2ν

1−2νm
I
xmJ

y + mI
ymJ

x

)
+ ey ⊗ ex

(
2ν

1−2νm
I
ymJ

x + mI
xmJ

y

)
+ex ⊗ ez

(
2ν

1−2νm
I
xmJ

z + mI
zmJ

x

)
+ ez ⊗ ex

(
2ν

1−2νm
I
zmJ

x + mI
xmJ

z

)
+ey ⊗ ez

(
2ν

1−2νm
I
ymJ

z + mI
zmJ

y

)
+ ez ⊗ ey

(
2ν

1−2νm
I
zmJ

y + mI
ymJ

z

)
+ey ⊗ ey

(
2ν

1−2νm
I
ymJ

y + mI
xmJ

x + mI
ymJ

y + mI
zmJ

z + mI
ymJ

y

)
+ez ⊗ ez

(
2ν

1−2νm
I
zmJ

z + mI
xmJ

x + mI
ymJ

y + mI
zmJ

z + mI
zmJ

z

)]
(28)

or

KIJ = E
2V(1+ν)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
2−2ν
1−2νm

I
xmJ

x + mI
ymJ

y + mI
zmJ

z
2ν

1−2νm
I
xmJ

y + mI
ymJ

x
2ν

1−2νm
I
xmJ

z + mI
zmJ

x
2ν

1−2νm
I
ymJ

x + mI
xmJ

y
2−2ν
1−2νm

I
ymJ

y + mI
xmJ

x + mI
zmJ

z
2ν

1−2νm
I
ymJ

z + mI
zmJ

y
2ν

1−2νm
I
zmJ

x + mI
xmJ

z
2ν

1−2νm
I
zmJ

y + mI
ymJ

z
2−2ν
1−2νm

I
zmJ

z + mI
xmJ

x + mI
ymJ

y

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (29)

in which mI
i can be calculated:

mI
x = 1

4 S
(
nαx + nβx + nγx

)
mI

y = 1
4 S
(
nαy + nβy + nγy

)
mI

z =
1
4 S
(
nαz + nβz + nγz

) (30)

where (I, J = 1, 2, 3 . . . , 8) are the nodes of an element, and nIJ(I = α, β,γ; J = x, y, z) is the normal
vector component of the air I about coordinate axes J.

4. Random Model of RAC

4.1. Aggregate Number

When considering the actual specimen of RAC, the aggregates are randomly distributed inside
the test piece. Therefore, to obtain a more realistic mesostructure of RAC, the Fuller grading curve was
adopted to calculate the amount of aggregate in the specimen.

By assuming that the aggregate shape is spherical, the simple equation is as follows:

P = 100
(

d
Dmax

)n
(31)

where P denotes the cumulative distribution of the aggregate that was filtered through the diameter
of sieve pore, d denotes the diameter of sieve pore, Dmax denotes the maximum size of aggregate, n
denotes the index, and, in this paper, n = 0.5.

The volume of all aggregates in the grading interval [dc, dc+1] is defined as:

Vi = 0.5×V × (Pci − Pci+1) (32)

where V is the specimen volume.
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Then, the numbers of random spherical coarse aggregate particles with different diameters can be
calculated:

Ni = Vi/
(
πD3

i /6
)

(33)

where Di represents the sizes of the spherical coarse aggregate particles.
According to Equations (31)–(33), the amount of random spherical coarse aggregates with different

radii can be calculated. The amount of recycled aggregate (RA) and natural aggregate (NA) with
different replacement ratios are displayed in Table 1.

Table 1. The amount of the aggregate.

Replacement Ratio

Aggregate Radius (mm)

7.5 12.5 17.5

RA NA RA NA RA NA

0% 0 468 0 77 0 23
15% 70 398 12 65 3 20
30% 140 328 23 54 7 16
50% 234 234 38 39 11 12

100% 468 0 77 0 23 0

4.2. Placing Algorithm

Following to Monte Carlo random method, three independent random numbers Rn, En, Fn between
0 and 1 were generated to calculate the xn, yn, zn position of the aggregate particles.

It should be noted that the placing algorithm should satisfy the following conditions: the named
boundary condition and overlapping condition:

(1) The aggregate particles must be completely located in the specimen.
(2) The aggregate particles must not overlap with each other.
(3) The distance between centers of any two adjacent aggregate particles must be larger than that of

1.20 (da + db), where da and db are the radii of the two adjacent aggregates.

The placement process used can be summarized as follows:
Step 1: Generate three random numbers to get the particles coordinate.
Step 2: Check the boundary condition and the overlapping condition; if they do not meet the

requirements, go back to Step 1.
Step 3: Place the aggregate into the specimen.
Step 4: Repeat the above steps for each aggregate.
The obtained aggregate coordinates are depicted in Figure 5.

Figure 5. The aggregate coordinates scatter plot.
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4.3. Numerical Model of RAC

The numerical models of RAC are displayed in Figure 6. Here, the dimension was 100× 100× 100 mm,
and the replacement ratio was 50%. It should be mentioned that the dark blue aggregates and purple
aggregates represent the natural and recycled aggregates, respectively.

 

Figure 6. 3D Random aggregate model of recycled aggregate concrete (RAC). (a) The radius is 8.75 mm;
(b) the radius is 6.25 mm; and (c) the radius is 3.75 mm; (d) All aggregates.

As can be observed in Figure 6, the aggregates had a good distribution and did not overlap with
one another. In addition, four slices were extracted from the model to verify the accuracy of the placing
algorithm. Here, the mesh size was 0.8 × 0.8 mm, as detailed in Figure 7a. Meanwhile, the five-phase
system is also indicated in Figure 7b.

 
Figure 7. Slices and five-phase in the model. (a) Four slices in the model. (b) Five-phase system.
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4.4. Mechanical Parameters

It is well accepted that the concrete is regarded as a quasi-brittle material, and lots of damage
constitutive models have been presented [26–28]. In this work, the failure mechanical behavior of the
five-phase system was described by a bilinear failure model [7].

According to the experiment results of [29–32] and numerical results of [7,23,33], it has been
accepted that the mechanical properties of ITZs are weaker than those of the corresponding cement
mortars. In addition, their elastic modulus is randomly distributed as 0.5–0.85 times that of cement
mortar. Therefore, for this paper, the elastic modulus of the ITZs was selected as 0.55 times of the
corresponding cement mortars, as noted in Table 2.

Table 2. Mechanical properties of the five-phase system.

Mechanical Properties
Five Phases

Natural Aggregate Old ITZ Adhered Mortar New ITZ New Cement Mortar

Elastic modulus/GPa 75 13.75 25 16.50 30
Poisson’s ratio 0.16 0.20 0.22 0.20 0.22

Tensile strength/MPa 10.0 2.0 2.5 2.0 3.0

5. Simulation of Uniaxial Compressive Test

For this section, several RAC models were applied to the uniaxial compression loading. All nodes
of the bottom elements and the nodes of the mid-bottom elements were restrained in the vertical
direction and horizontal direction, respectively. In addition, the displacement loading was applied to
the nodes of the top elements at 0.005 mm/step. These models were used to explore the influences of
recycled aggregate substitution and the adhered mortar percent on the elastic modulus, the compressive
strength, and the crack pattern. Therefore, (1) five different substitutions of recycled aggregate (0%,
15%, 30%, 50%, and 100%) were established for these models, and the adhered mortar was chosen as
40%; (2) another RAC model with one recycled aggregate was established, and six levels of adhered
mortar percentage (0%, 5%, 10%, 30%, 40%, and 50%) of the recycled aggregate were designed; and (3)
the RAC model with one aggregate was cut off to display the occurrence and development of cracks
inside the specimen, with the percentage of the adhered mortar being 40%.

5.1. Effect of Aggregate Substitution

It is well known that the substitution of recycled aggregate is a major factor that affects mechanical
properties. When increasing the substitution portion of natural aggregates by the recycled aggregate,
both the elastic modulus and compressive strength decrease [28]. The obtained data are shown
in Table 3.

Table 3. Effect of substitution on the mechanical properties of RAC.

Mechanical Properties
Replacement Ratio

0% 15% 30% 50% 100%

Elastic modulus/GPa 25.56 24.29 22.36 22.06 21.34
Compressive stress/MPa 28.09 26.08 25.23 25.19 25.06

As can be seen from Table 3, when the substitution was less than 30%, despite the reduction in
the elastic modulus and compressive strength, only slight differences were obtained. However, when
the substitution was increased from 0% to 100%, both the modulus of elasticity and the compressive
strength showed reductions of up to 15.6% and 10.8%, respectively.

These phenomena can be attributed to the increasing substitution of recycled aggregate, which
resulted in an increase in the mortar adhering to recycled aggregate and the old ITZ between them.
These two increased phases were considered to be the weak phase in the specimen and had lower
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mechanical properties. Therefore, as the substitution increased, the elastic modulus of the specimen
decreased. These observed data coincide with other results in the literature [9,34–37].

5.2. Effect of Adhered Mortar Percentage

Due to how waste concrete is dealt with, it is inevitable that some adhered mortar will remain
around the surface of the aggregate. The physical property of the recycled aggregate depends on the
percent and property of the adhering mortar. Previous studies have shown that the adhered mortar is
a major factor that weakens the mechanical properties of RAC [36,38,39].

In this section, it should be mentioned that only one recycled aggregate was placed to test the
effect of adhered mortar on the mechanical properties of RAC. This design avoided the influences
of aggregate grading and aggregate distribution on its properties. Therefore, it was meaningless to
use this model to investigate the values of the mechanical properties of RAC. Consequently, only the
relative values of compressive strength and modulus of elasticity are given, as listed in Table 4.

Table 4. Effect of the percent of adhering mortar on the mechanical properties of RAC.

Mechanical Properties
Percentage of Adhered Mortar

0% 5% 10% 30% 40% 50%

Elastic modulus/GPa 1 0.96 0.93 0.86 0.84 0.82
Compressive
stress/MPa 1 0.97 0.95 0.92 0.91 0.88

Note: 0% corresponds to natural aggregate concrete.

As listed in Table 4, with the increasing percentage of adhered mortar, both the modulus of elasticity
and compressive strength decreased. This was the same effect as that of the substitution—when the
percent of the adhering mortar was less than 10%, the value of the mechanical properties showed a
slight reduction. As the percentage of the adhered mortar increased from 0% to 50%, the compressive
strength and elastic modulus decreased by 12% and 18%, respectively. These results can be attributed
to the lower mechanical properties of the adhered mortar than that of the new cement mortar and
aggregate. Consequently, this weak phase weakened the compressive strength and elastic modulus
of RAC.

5.3. Failure Mechanism

As follows experimental and numerical works [7,9,40–42], the first cracks always appeared in
old and new ITZs and then propagated into the old and new cement mortar, resulting in several
continuous cracks.

Due to the limitation of the technology, it was difficult to view the failure pattern during the
macroscopic experiment loading, especially that of the damage process of internal materials. To explore
the damage mechanism of RAC, the crack pattern of a 3D model with one aggregate was created,
as illustrated in Figure 8.

From Figure 8, one can see that the first crack was formed in the old ITZ zones and then appeared
in the new ITZ and adhered mortar. As the loading increased, several isolated cracks appeared in
the cement mortar, and approximately two-to-three continuous cracks were formed in the specimen.
As displayed in Figure 8g,h, the continuous cracks were inclined in the direction of 45◦, and the
materials in the middle of the specimen appeared to fall off. In addition, due to the restraining action
on the bottom and top of the specimen, there was no failure crack in these zones. These phenomena
can be attributed to the inferior properties of the ITZ and adhering mortar materials to other media.
In a five-phase system, the mechanical properties of ITZs are the weakest, so cracks always appeared in
these areas. Then, the stress of the adhered mortar adjacent to the damaged ITZs increased, and several
isolated cracks were formed. When increasing the loading, a plurality of cracks was formed in the new
cement mortar near the damaged ITZ and the adhered mortar. Finally, two-to-three continuous cracks
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were distributed in the specimen. These results showed a good agreement with other numerical and
experimental data [13,22,40–43].

Figure 8. Failure pattern of RAC. (a) Initial model; (b) Elastic deformation; (c) First crack; (d~f) Crack
propagation; (g,h) Continuous cracks.

6. Conclusions

This paper developed a new finite element method named the 3D base force element method
(BFEM) that can be applied to analyze the damage behavior of materials. According to the 3D BFEM,
the stiffness matrix and node displacement of a hexahedron element were derived. A 3D model
of recycled aggregate concrete (RAC) with sphere aggregates was established. These models were
applied to the uniaxial compression loading that was controlled by displacement loading. The effects
of the replacement ratio of the recycled aggregate and the percentage of adhering mortar on the
elastic modulus and compressive strength were explored. Additionally, the failure pattern was also
displayed. According to the research and data described in this work, several conclusions can be
reached as follows.

(1) The 3D BFEM can be used to explore the failure mechanism of heterogeneous materials.
The stiffness matrix and the node displacement of a hexahedron element can be derived as an explicit
expression and without the use of Gaussian integration.

(2) The 3D placing algorithm of the RAC numerical model is feasible to characterize the random
structure of an aggregate in a specimen. The mesostructure and the mechanical behavior of RAC can
be characterized by this numerical model.

(3) The replacement ratio of recycled aggregate has a major influence on mechanical
properties. When increasing substitution, both the elastic modulus and compressive strength reduce.
The substitution should be controlled below 30% in civil engineering.

(4) The percentage of the adhering mortar around the surface of the recycled aggregate has a
negative influence on mechanical properties. The modulus of elastic and compressive strength decrease
as the percentage increases. The waste concrete should be treated in a reasonable and inexpensive
manner to advance the quality and performance of the recycled aggregate.

(5) The weak mechanical properties of an old ITZ and adhered mortar are major factors that cause
the mechanical property degradation of RAC than that of NAC. In addition, these two phases have a
significant influence on the failure mechanism of RAC.
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Abstract: In the last 15 years, new types of display technologies have increasingly replaced cathode
ray tube (CRT) screens, which has led to an increase in landfill of old discarded CRT televisions,
which present a great environmental challenge throughout the world due to their high lead content.
In addition, environmental awareness has led to greater use of recycled aggregates to reduce the
exploitation of existing reserves. This document aims to study the feasibility of incorporating CRT
glass waste with recycled aggregate (RA) in combinations for use in civil engineering, more specifically
in road bases and sub-bases. For the mechanical and environmental assessment of all of the samples
and materials, the following procedures have been performed: the compliance batch test of UNE-EN
12457-4:2004 for RA, CRT, and mixtures; the Percolation Test according CEN/TS 14405 for the mixtures,
CRT, and RA; Modified Proctor and load capacity (the California Bearing Ratio, or CBR) in all mixtures
without cement addition, and finally, compressive strength of the material treated with cement
at different ages of curing. The analysis of the mechanical and environmental properties through
different techniques of lixiviation was positive, showing the ability to use CRT for certain dosage
percentages mixed with recycled aggregates.

Keywords: cathode ray tube glass; recycled aggregates; civil infrastructures; recycled aggregates;
cement-treated materials

1. Introduction

The use of recycled aggregates in road construction has been studied in recent years, and this type
of application should be a priority in the future [1]. It is possible to apply several types of recycled
aggregates in low-intensity traffic roads (liR). A conventional liR is built applying a course layer of
concrete or asphalt on the top of other layers, such as the base, sub-base, and subgrade.

Traditionally, natural materials such as crushed rock, selected gravel, and stabilised materials are
used in the base and sub-base of the road. In the last decade, several studies have been carried out
to investigate the possibility of using recycled concrete aggregates (RCA) [2–4] and mixed recycled
aggregates (MRA) in bases and sub-bases to provide a viable option for the use of recycled materials
from construction and demolition waste (CDW) [5].

The application of recycled aggregates in road construction can be done by means of bound or
unbound layers [6,7]. Currently, mixed recycled aggregates (MRA), which include different constituents
of particles (concrete, ceramic, asphalt, masonry, natural, etc.), is the most common RA produced in
different countries such as Spain, Portugal, Italy, etc. [8]. Some authors have studied the possibility of
using these materials in applications with higher added value, such as the construction of unbound
granular structural layers [5,9,10], and in cement-treated layers [11,12]. The main problem of the MRA
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is that they can have high amounts of sulphates, which cause dimensional changes due to the formation
of ettringite [13].

Different authors have studied the mechanical behaviour of the RCA and MRA, and they
demonstrated that cement-treated recycled materials presented an acceptable mechanical resistance up
to 7 and 28 days when applying a 100% replacement rate of conventional materials (soil or gravel) by
MRA or RCA [7].

Real-scale trials in which RCA and MRA were applied in cement-treated applications in roads
have been conducted [12,14] in Malaga, Spain. In these studies, it was demonstrated that the behaviour
of sections where RCA and MRA treated with cement were applied presented similar properties as
those where conventional materials were used. In the work of Agrela et al. [12], it was observed that by
applying a 100% replacement of natural aggregate (NA) by MRA with 3% of cement, an appropriate
mechanical and deformational behaviour was achieved in the long term.

Another industrial waste that could be used in the sub-base of road layers are the residues from
cathode ray tube televisions and screens (CRT waste). Although these types of residues are decreasing
every year, there are still thousands of tons of CRT equipment still to be recycled. It is estimated that
around the world, only about 26% of CRT waste is recycled, and the remaining 59% is deposited in
landfills without recovery [15].

The main composition of CRT waste media consists of barium, strontium, and lead silicate [16,17].
These waste are also rich in silica, which makes their use as a building material interesting; however,
other experiences demonstrate that too high content of silicates can degrade the mechanical strength [18].
Different investigations have been carried out for the second life cycle of CRT waste in the field of
construction. Hui and Sun [19] studied the properties of CRT waste as a replacement for the fine
natural aggregate for the manufacture of mortars. Ling et al. [20] used CRT waste cement mortar for
X-ray radiation-shielding applications. Romero et al. [21] studied the mechanical properties of concrete
manufactured with different CRT waste protocols as a substitute for natural aggregates, and Abdallah
and Fan [22] studied the characteristics of concrete with waste glass.

The main problem of CRT waste is its lead content, and its contamination potential has been
studied by different authors. Ling and Poon [23] observed that the back of the CRT equipment had a
higher lead content than the front, so its use in construction applications could cause problems with
respect to the environment and can cause public health problems. However, recycled aggregate (RA),
particularly MRA, the sulphate content of the recycled aggregates (mostly gypsum), is one of the
important quality properties for recycling and classification.

This aims of this study is to investigate the possibilities of applying MRA with CRT waste in
a combined manner, including a reduced percentage of CRT to avoid the possibility of the leaching
of contaminant elements. To this end, several studies will be carried out on mixtures of MRA and
CRT waste in different proportions, studying both their mechanical behaviour and the potential
contamination that they could present. It is applied to different mixtures using mainly the CRT waste
coming from the front of the equipment with very small quantities from the back of the equipment,
which could be more polluting.

2. Materials

Cement: The cement used in this study was CEM II/B-L 32.5 N (referred to as CEM-II). The main
properties of the cement are shown in Table 1. This cement is the most commonly used material in this
type of application due to its medium hydration heat and high resistance to chemical attack.

Table 1. Properties of the cement.

Cement SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Loss on Ignition (975 ◦C)

CEM II (%) 26.24 8.7 3.36 54.06 1.34 3.32 1.44 1.3
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Mixed Recycled Aggregates (MRA): These came from the CDW treatment of the Aristerra S.L.
plant, located in Malaga (Spain). The composition of the MRA, determined according to the standards
UNE-EN 13242 [24] and UNE-EN 933-11 [25], must exceed 70% by weight in concrete, concrete products,
mortars, pieces for the manufacture of concrete masonry, aggregates, and natural stones, as well as
materials treated with hydraulic binders. It cannot exceed 2% by weight of glass. The rest consisted of
ceramic masonry materials made of clay (bricks and tiles) or calcium silicate.

Recycled asphalt pavement (RAP): This material comes from the treatment and crushing of asphalt
pavements, and it is usually used in the construction of agglomerate layers of new roads. Sometimes,
they are waste that arrives at the RCD treatment plants, and they are mixed to obtain MRA. This
material also comes from the plant Aristerra S.L.

Cathode ray tube glass (CRT): The material coming from the recycling of electronic devices was
received in the construction engineering laboratory of the University of Córdoba from landfill. The
blocks of this waste were large, so it was decided to crush it prior to testing. The CRT is divided in two
types. One side is coming from the front part where the image is displayed, called p-CRTF (processed
front CRT), and on the other side is obtained from the rear part composed by the hood or cathode ray
tube, and it is called p-CRTR (processed rear CRT). Figure 1 shows both parts from which come these
CRT types.

Figure 1. Left, front part cathode ray tube (CRTF); right, rear part (CRTR).

MRAa: A mixture of MRA and processed RAP was prepared in the laboratory by mixing 75%
MRA and 25% RAP in dry weight. The mixture was called MRAa.

Figure 2 shows the particle size distribution of the materials. It was observed that the RAP
contains a particle size distribution with a lower percentage of fine particles compared to the rest of the
materials analysed. This is due to its crushing process. The rest of the materials presented a continuous
particle size distribution.

In Table 2, the data of the physical and chemical properties of the materials tested in the laboratory
are shown. The MRA presented a lower density of saturated surface and a greater absorption of water
due to the content of ceramic particles [12,26]. The coarse fraction of the p-CRT presents a near-zero
absorption. The sulphate content in all materials does not exceed the Spanish regulations. CRTs are
made with two different glass formulations, one for the front, p-CRTF (panel) and one for the rear,
p-CRTR (funnel). p-CRTR contains lead silicate glass with a composition of SiO2 51.20 wt%, PbO 23.14
wt%, and other oxides 25.66 wt% p-CRTF contains barium–strontium silicate glass with SiO2 58.13
wt%, BaO 10.50 wt%, SrO 9.46 wt%, and other oxides 21.91 wt%.
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Figure 2. Particle size distribution.

Table 2. Physical and chemical properties of recycled aggregates and glass waste electrical. MRA:
mixed recycled aggregates, RAP: recycled asphalt pavement, MRAa: mixture of 75% MRA and 25%
processed RAP, p-CRTR: cathode ray tube with lead silicate glass and a composition of SiO2 51.20 wt%,
PbO 23.14 wt%, and other oxides 25.66 wt%. p-CRTF: cathode ray tube with barium–strontium silicate
glass and a composition of SiO2 58.13 wt%, BaO 10.50 wt%, SrO 9.46 wt%, and other oxides 21.91 wt%.

Properties MRA RAP MRAa p-CRTR p-CRTF Test Method

Acid-soluble
sulphate (%SO3) 0.7 0.3 0.39 0.05 0.03 UNE-EN 1744-1 [27]

Organic
material (%) 1.37 1.13 1.21 - - UNE 103204 [28]

Oxide content
(%) - - - - - -

SiO2 53.12 - 50.75 51.2 58.13 UNE 196-2 [29]
Al2O3 13.15 - 10.6 4.15 2.71 -
TiO2 1.74 - 0.98 0.1 0.5 -
CaO 10.12 - 16.56 3.56 2.4 -
MgO 5.15 - 2.28 2.45 0.80 -
Na2O 2.8 - 1.97 7.3 8.10 -
K2O 1.7 - 2.31 8.1 7.30 -

Fe2O3 8.4 - 3.55 - 0.10 -
BaO - - - - 10.50 -
SrO - - - - 9.46 -
PbO - - - 23.14 - -

Other <4% - <11% -

Density (kg/m3) - - - - - UNE-EN 1097-6 [30]
0–4 mm 2.01 2.42 2.24 2.2 2.25 -

4–31.5 mm 2.08 2.26 2.12 2.49 2.51 -

Water
absorption (%) - - - - - UNE-EN 1097-6 [30]

0–4 mm 10.27 5.1 9.41 6.27 5.76 -
4–31.5 mm 8.31 2.36 7.75 0.25 0.21 -

Plasticity Non-plastic Non-plastic Non-plastic Non-plastic Non-plastic UNE-EN-ISO
17892-12 [31]

Los Angeles 36 32 35 - - UNE-EN 1097-2 [32]

Friability ratio 27 21 24 31 33 UNE 146404 [33]
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A classification test for the constituents of coarse recycled aggregates was carried out in accordance
with the UNE-EN 933-11: 2009 [25] standard. Manual separation of the recycled aggregate components
was carried out on particles of over 4 mm in size to obtain the results shown in Table 3.

Table 3. Composition.

Concrete (Rc) Natural Aggregates (Rc) Ceramic (Rb) Bituminous (Ra) Glass (Rg) Other (X)

MRA (%) 27.68 37.28 21.16 13.67 0.04 0.17
RAP (%) - - - 100 - -

MRAa (%) 22.61 31.31 19.73 26.72 0.03 0.11
p-CRT (%) - - - - 100 -

X-ray diffractometry was used to study both types of p-CRT. Figure 3 shows the XRD pattern of
the samples analysed. The pattern obtained in both materials shows a mostly crystalline material. The
p-CRTF shows mainly high contents of Cd, Mg, Si, and Ni; however, the p-CRTR is mainly formed by
Pb and Si, which are elements present in both preliminary raw materials.

Figure 3. (a) X-ray diffractogram of p-CRTF; (b) X-ray diffractogram of p-CRTR.
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Mixtures of Recycled Materials and p-CRT Studied

Different mixtures were made to study the possibility of use as a granular material and as
cement-treated granular material (CTGM).

The p-CRT used for the study was a combination of the front and back. The proportion used was
2/3 p-CRTF and 1/3 p-CRTR. The percentage of p-CRT that was added to the mixtures was 10% dry
mass. Table 4 shows the mixtures and proportions used in the study.

Table 4. Dosages of the mixtures.

Mixtures
Materials (kg)

MRA RAP p-CRT

MRA 1000 - -
MRAa 750 250 -

MRA + p-CRT 900 - 100
MRAa + p-CRT 675 225 100

3. Classification of Materials as a Function of their Pollutant Potential

3.1. Compliance Test UNE EN 12457-4:2004 [34]

Compliance testing was conducted to check whether the five materials satisfied European
regulations. To classify these materials according to the EU Landfill Directive, not only heavy metals,
but also inorganic anions were measured (sulphate, chloride, and fluoride). The UNE-EN 12457-4 [34]
procedure consists of a two-step batch leaching test and is performed on materials with particle-size
dimensions below 10 mm. The solid/liquid ratio is 1:10. The batch reactor is continuously stirred
(10–12 rpm) for 24 h at a controlled temperature value equal to 20 ± 5 ◦C. At the end of the 24 h,
the samples are left to decant and the pH, conductivity, and temperature are measured. The solution is
filtered using a membrane filter (0.45 μm), and a sub-sample of the leachate was taken for each material.

Directive 2033/33/CE establishes the limits to be admitted to landfill in three categories (inert,
non-hazardous, and hazardous waste) based on the concentration of heavy metals obtained in the
UNE 12457-4 [34] compliance test. The measured concentrations in the leachate (mg/kg) are shown in
Table 5 (data in bold indicate that the value exceeds the limit for inert waste).

Table 5. Leachate concentrations (mg/kg) obtained by the compliance test UNE EN 12457-4.

Element
MRA

MRA +
p-CRT

p-CRTF p-CRTR p-CRT
MRAa +
p-CRT

Limit Values
(mg/kg)

Inert

Non
Hazardous

(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Cr 0.52496 0.43146 0.03208 0.00524 0.02291 0.470579 <0.5 0.5–10
Ni 0.00817 0.010147 0.00635 0.02166 0.01133 0.016748 <0.4 0.4–10
Cu 0.06137 0.036868 0.01116 0.09846 0.04015 0.036969 <2 2–50
Zn 0.04186 0.053005 0.16044 0.40719 0.24241 0.031649 <4 4–50
As 0.01705 0.019116 0.00822 0.00518 0.00074 0.020214 <0.5 0.5–2
Se 0.00143 0.01233 0.00275 0.00491 0.00394 0.010007 <0.1 0.1–0.5
Mo 0.07182 0.032939 0.02103 0.00604 0.01519 0.036853 <0.5 0.5–10
Cd 0.00016 0.00001 0.00000 0.00000 0.00000 0.00000 <0.04 0.04–1
Sb 0.04046 0.041975 0.28803 0.24131 0.26973 0.042393 <0.06 0.06–0.7
Ba 0.16046 0.288945 16.4451 8.26438 13.6741 0.281764 <20 20–100
Hg 0.00018 0.000921 0.00001 0.00000 0.00000 0.001562 <0.01 0.01–0.2
Pb 0.00048 0.00374 0.48885 2.47351 1.5493 0.00001 <0.5 0.5–10
Cl− 21.5 50 300 40 197 18.5 800 15000
F− <2 <2 <2 <2 <2 <2 10 150

SO4
− 1150 1280 127 138 129 1240 1500 20000

Comparing the measured concentrations of species released with the European environmental
criteria at liquid-to-solid ratio of 10 L/kg (see Table 5), the calculated admission values for the MRA
and p-CRT showed some critical parameters for their use: Cr and Pb.
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The MRA was classified as non-hazardous waste due to the fact that the limit of inert waste was
exceeded for Cr, according to other studies [35,36]. The presence of Cr was due to the content of
ceramic particles.

The p-CRT contains 20–25% of PbO and is classified as hazardous waste [37]. Its content of Pb
in leaching is a very important factor for its application as a construction material because it can
represent a threat to the environment and human health. The tested sample of p-CRTR is classified as a
non-hazardous waste. The mixture of MRA with p-CRT is classified as an inert material, its use being
adapted from the environmental point of view.

3.2. Percolation Test CEN/TS 14405 [38]

The Column Leach Test describes a procedure for determining the leachability of inorganic
components from solid, earthy, and stony materials and wastes as a function of the value of L/S.
The method involves passing demineralised water upwards through a vertical column of particulate
material (4 mm or smaller). Seven consecutive leachate fractions are collected, corresponding to a
liquid-to-solid ratio range of 0.1 L/kg (v/m).

After the basic characterisation of the release of pollutants by the compliance test by which the
most conflicting elements are identified, the percolation test was carried out according to the procedure
CEN/TS 14405 [38] to evaluate the release of components with a liquid/solid ratio = 0.1 [39].

Table 6 shows the leachate concentrations obtained according to the percolation test. It is observed
that mixtures with p-CRT behave as an inert material, corroborating the data obtained in the compliance
test. Only p-CRTR exceeds the limits of an inert material.

Table 6. Release obtained according the percolation test CEN/TS 14405.

Element
RMA

RMA
p-CRTF p-CRTR p-CRT

RMAa
Limit Values Directive

2003/33/EC (mg/L)
+ +

p-CRT p-CRT

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) Inert
Non

Hazardous

Cr 0.0052 0.0412 0.0087 0.0023 0.0065 0.0513 <0.1 0.1–2.5
Ni 0.0006 0.0052 0.0043 0.0020 0.0035 0.0057 <0.12 0.12–3
Cu 0.0010 0.0144 0.0219 0.0047 0.0160 0.0176 <0.6 0.6–30
Zn 0.0016 0.0079 0.0142 0.0160 0.0146 0.0097 <1.2 1.2–15
As 0.0006 0.0043 0.0030 0.0027 0.0028 0.0072 <0.06 0.06–0.3
Se 0.0016 0.0057 0.0011 0.0014 0.0012 0.0090 <0.04 0.04–0.2
Mo 0.0210 0.0811 0.0044 0.0038 0.0042 0.0820 <0.2 0.2–3.5
Cd 0.0001 0.0001 0.0000 0.0000 0.0000 0.0001 <0.02 0.02–0.3
Sb 0.0016 0.0077 0.0116 0.040 0.0208 0.0047 <0.1 0.1–0.15
Ba 0.0557 0.0615 0.2327 0.7725 0.4085 0.0972 <4 4–20
Hg <0.0001 <0.0001 0.0001 0.0000 0.0001 0.0000 <0.002 0.002–0.03
Pb 0.0004 0.0018 0.0908 0.1608 0.1130 0.0028 <0.15 0.15–3

Theoretically, the Pb results of the percolation leaching test of MRA + p-CRT samples should be
0.0118 mg/L, but the results have a much lower value, which suggests that recycled aggregates absorb
part of the contaminating power of p-CRT glass.

4. Experimental Methods and Results

4.1. Modified Proctor (UNE 103501:1994) [40]

The Modified Proctor test is a laboratory geotechnical testing method used to determine the soil
compaction properties, specifically, to determine the optimal water content at which soil can reach its
maximum dry density.

Modified Proctor has a real importance in the construction industry. The structures need a resistant
base to lean on, and a poorly compacted soil could mean the collapse of a well-designed structure.
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In some cases, such as on roads with little traffic or rural areas, the soil constitutes the rolling layer,
so the importance of compaction becomes evident.

As shown in Figure 4, all materials have curves that are not very sensitive to changes in moisture
content. Arulrajah et al. [41] reported that the materials with flat compaction curves can tolerate a
greater amount of variation in moisture content without compromising much of the density obtained
from compaction.

Figure 4. Moisture–density relationship.

The material with the highest humidity and the lowest density is the MRA (Table 7), due to its
content of ceramic particles. This content of particles increases the porosity and therefore produces a
lower density of the material and a greater absorption. The mixtures of MRA and MRAa with p-CRT
increase the maximum dry density.

Table 7. Dry density and optimum moisture results.

MRA MRA + p-CRT MRAa MRAa + p-CRT

Dry density (g/cm3) 1.92 1.94 1.97 2.05
Moisture (%) 13.29 13.19 11.1 11.01

4.2. California Bearing Ratio (CBR)

The California Bearing Ratio (CBR) test is a strength test that compares the bearing capacity of a
material with that of a well-graded crushed stone (thus, a high-quality crushed stone material should
have a CBR of 100%). It is primarily intended for, but not limited to, evaluating the strength of cohesive
materials having maximum particle sizes less than 20 mm according to UNE 103502-95 [42].

The CBR test involves comparing the application of one ratio of force per unit area required to
penetrate a soil mass with a standard circular piston at the rate of 1.25 mm/min to that required for the
corresponding penetration of a standard material.

Das [43] said that the bearing capacity of the soil is the capacity that the material has to support
loads applied on it, without the failure that occurs by cutting or a large deformation.

The loads that a structural layer of a road transmits to the ground produce tensions and
deformations on it. The deformation will depend on the tension and the physical–mechanical
properties of the terrain. In pavements, the transmitted load is mobile, experiencing cycles of loading
and unloading, where a part of the deformed land is recovered, and another part is not. It should
be noted that the CBR test indicates the quality of support that a soil will have. Authors such as
Crespo [44] classify the soil based only on the CBR index.
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The CBR test was performed on the compacted samples at the optimum moisture content,
for which the Modified Proctor compaction test was used. CBR tests were carried out in both unsoaked
and 4-day soaked conditions, and the results are summarised in Figure 5.

Figure 5. California Bearing Ratio (CBR) values (unsoaked and 4-day soaked).

According to other studies [45], in an unsoaked condition, the materials showed the highest CBR
value. The CBR value decreased with the p-CRT content in both conditions. One possible reason was
the lower intrinsic resistance to the crushed p-CRT particles.

4.3. Vibrating Hammer Times

The materials were compacted in a CBR mould using a vibrating hammer in accordance with
NLT-310/90 [46]. They were filled in three layers, each layer formed with a thickness of one-third of
the length of the mould to produce the density/time plot. The compaction value required for each
sample must be greater than 98%, according to the modified Proctor reference value. Three samples
were manufactured using different vibration times of 5, 12, and 20 s.

The compaction value required for each specimen must be greater than 98%, according to the
modified Proctor reference value. The compaction times of the vibrating hammer were different in all
the mixtures. Materials not mixed with p-CRT showed high compaction times. Figure 6 shows the
time required to obtain a vibration hammer of 98% Proctor density. Vibrating hammer compaction
times range from 17 to 19 s.

Figure 6. Vibrating hammer times.
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4.4. Compressive Strength

The purpose of this test is the determination of the simple compressive strength of the materials
treated with hydraulic binders. This test has been carried out according the methodology indicated by
NLT-305/90 [46].

The simple compressive strength in mixtures treated with cement is an indicator of the degree of
reaction of the soil with cement and water and the rate of hardening with respect to time. The values
obtained depend on many factors: the content and type of cement, type of soil, the applied energy of
compaction, the efficiency achieved in the mixing, amount of organic matter, size and shape of the
test specimen, etc. Particularly, due to the morphology and low water absorption shown by the CRT,
the interaction between the particles and the cement does not materialize as with a natural or recycled
aggregate, obtaining a loss of resistance in the mixtures that incorporate CRT.

In the case of pavement structures, there are compressive strength values suggested according
to the type of pavement and type of layer to be built. In Spain, the regulation requires a minimum
resistance of 2.5 MPa to 7 days, with a cement percentage not lower than 3%.

Figure 7 shows the results obtained in all the CTGM mixtures produced at 7, 28, and 90 days.
Dashed lines indicating the minimum compressive strength that must be obtained after 7 days (2.5 MPa),
as well as the maximum resistance to 28 days (4.5 MPa) in accordance with the Spanish technical
specifications, are also shown.

Figure 7. Compressive strength results with 3% cement.

It is observed that all the mixtures exceed the required limit at 7 days. The highest values of
compression resistance were obtained in the MRA mixtures, with similar results obtained by other
authors [13].

Figure 8 shows the evolution of the strength. At 28 days, compression strength values of
approximately 90% were obtained in comparison with the resistance values obtained at 90 days. At
7 days, the results were approximately 80% compared to the results measured at 90 days. The addition
of p-CRT decreases the resistance in both mixtures. If we compare the MRA with MRA + p-CRT
and MRAa with MRAa+ p-CRT, there is a decrease in resistance at 28 days of 12.97% and 14.58%,
respectively. The compressive strength of all the mixtures exceeds the minimum value of 2.5 MPa,
corroborating the use of p-CRT in mixtures treated with cement.
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Figure 8. Compressive strength evolution.

5. Conclusions

This paper provides the results of research on cathode ray tube glass in combination with mixed
recycled aggregates (p-CRT and MRA) with different compositions to be used as sub-bases and bases
of roads pavements, obtaining the following conclusions:

• Regarding the physical and chemical properties of the materials, the mixed recycled aggregates
presented a lower density and greater absorption of water due to its content of ceramic particles
(21.16% of ceramic particles). Los Angeles abrasion testing indicates a good quality of all aggregates
in accordance with current regulations (>40).

• Potential contamination by leaching was studied by means of two different methods, compliance
testing (UNE-12457-4) [34] and percolation testing (CEN/TS-14405) [38]. The compliance test data
revealed a potential contaminant in the funnel (p-CRTR) of the analysed samples, due to the high
content of Pb, confirming that they are an inappropriate material for the application as an isolated
aggregate in any civil engineering application.

The present study indirectly demonstrates the neutralised capacity of mixed recycled aggregates
from an environmental point of view, reducing the concentration of heavy metals when mixed with
cathode ray tube glass (see Table 5).

The results show that the use of cathode ray tube glass as an aggregate, at 10%, not only had
satisfactory levels of compressive strength and bearing capacity, but also does not exceed the limits
established by the directive, all mixtures being classified as inert.

The viability of using cathode ray tube glass and mixed recycled aggregates as an aggregate for
the production of structural road layers (base and sub-base) has been demonstrated.

Therefore, the present work proposes a solution that implies an environmental benefit for these
agents in addition to verifying the samples (as unbound aggregates and as cement-treated granular
materials mixtures) with potential to be applied as building materials during their second life cycle.
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Abstract: The use of construction and demolition wastes (C&DW) is a trending future option for
the sustainability of construction. In this context, a number of works deal with the use of recycled
concrete aggregates to produce concrete for structural and non-structural purposes. Nowadays, an
important number of C&DW management plants in the European Union (EU) and other countries
have developed robust protocols to obtain high-quality coarse recycled aggregates that comply with
different European standards in order to be used to produce new concrete. The development of
self-compacting concrete (SCC) is another way to boost the sustainability of construction, due to the
important reduction of energy employed. Using recycled aggregates is a relatively recent scientific
area, however, studies on this material in the manufacture of self-compacting concrete have proven
the feasibility thereof for conventional structural elements as well as high-performance and complex
structural elements, densely reinforced structures, difficult-to-access formwork and difficult-to-vibrate
elements. This paper presents an original study on the use of coarse recycled concrete aggregate
(CRA) to obtain self-compacting concrete. Concrete with substitution ratios of 20%, 50% and 100%
are compared with a control concrete. The purpose of this comparison is to check the influence of
CRA on fresh SCC as well as its physical and mechanical properties. The parameters studied are
material characterization, self-compactability, compressive strength, and tensile and flexural strength
of the resulting concrete. The results conclude that it is feasible to use CRA for SCC production with
minimal losses in the characteristics.

Keywords: self-compacting concrete; coarse recycled aggregate; sustainable concrete; construction
and demolition waste management plant

1. Introduction

The construction sector has seen an exponential growth in recent decades throughout the European
Union (EU). This growth has led to an increase in the production of construction and demolition waste
(C&DW). The developed countries are a major consumer and generator of waste. According to the
European Statistics Office, Eurostat, every EU citizen produces an average of 2000 kg of waste per
year (not including waste from mining, if mining waste were included, this figure would be 5000
kg/person/year) [1].

More than a third of all waste generated in the EU comes from the construction sector considering
that, after water, aggregates are the raw material most heavily-consumed by man and it is mainly used
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in concrete, which means the valorisation of this type of waste needs to be promoted. This would
reduce the extraction of natural aggregates and eliminate difficult-to-manage waste [2,3].

Government agencies, the scientific community and the population, in general, are becoming
increasingly aware of the depletion of natural resources and advocating sustainable development,
which leads to the need of recycling waste so that resources can be part of a circular economy and can
be sustained from generation to generation. Everyone is aware of the need for combining economic
development with sustainability and environmental protection.

It is in this context that new applications and developments for C&DW have been studied. The
production of concrete with recycled aggregates has been one of the most often studied applications. It
is true that some reliable studies currently support the use of C&DW in conventional concrete [4–10]. In
addition, some studies have been published in recent years on the use of this waste in self-compacting
concrete (SCC) [11–27].

In these studies, on the one hand, a reference (or control SCC) concrete mix with natural aggregates
is designed and, on the other hand, different mixes of SCC with various incorporation ratios of coarse
recycled concrete aggregate (CRA) are tested to compare with the control SCC. Most of the studies
only replace the coarse fraction of the aggregate and only some of them replace the sand fine fraction.
We have selected the studies in which the recycled aggregates come from old concrete structures as in
our case, discarding other normally using ceramic materials.

Grdic et al. [28] designed three types of mixes with the incorporation of 0%, 50% and 100% of CRA.
The type of cement used was CEM/II/B-M 42.5N maintaining a constant quantity of 409.6 kg/m3. The
water absorption of the recycled aggregate was 5.08%, and the SP ratio was kept constant (0.7% relative
to the weight of cement) and the water content was adjusted, increasing with the substitution ratio.

Safiuddin et al. [22] designed five types of mixes with substitutions of 0%, 30%, 50%, 70% and
100% of CNA with CRA. They employed CEM Type I, with a weight per m3 of 342 kg/m3. The W/C
ratio and the content of SP are constant in all the mixes, 0.60 W/C and 1.50% respectively. The water
absorption of the recycled aggregate used was 1.32%.

Tuyan et al. [29] design four types of mixes with substitutions of 0%, 20%, 40% and 60% of CNA
with CRA. The cement was class C with a content of 315 kg/m3. Three W/C ratios are used, 0.43, 0.48
and 0.53. The SP content was adjusted in relation to the percentage of replacement from 0.95% to 1.97%
of the cement weight. The water absorption of the recycled aggregate was 4.80%.

Modani et al. [30] studied six types of mixes with substitutions of 0%, 20%, 40%, 60%, 80% and
100% employing a Grade 53 cement with 348 kg/m3. The W/C ratio was 0.53. The SP was adjusted in
relation to the replacement ratio from 1.3% to 1.58% of the cement weight. The water absorption of the
recycled aggregate used was 5.64%.

Pereira de Oliveira et al. [21] designed four types of mixes with substitutions of 0%, 20%, 40%
and 100% of CNA with CRA employing two types of recycled aggregates, using CEM I 42.5-R at 284.9
kg/m3. The W/C ratio was 0.56 and 0.57. The SP was adjusted in relation to the replacement ratio from
1.19% to 2.10% of the cement weight. The water absorption of the two used recycled aggregates was
4.10% and 4.05%.

As a general rule, a number of studies specify that the addition of recycled aggregates in small
proportions (≤20%) in substitution of natural aggregates in concrete does not lower the performance of
the resulting concrete. These studies have made it possible for these types of recycled materials to
be included in standards and/or recommendations throughout the world. At a national level, Annex
15 “Recommendations for using recycled concrete” of the Spanish Structural Concrete Instruction
EHE-08 [31] sets forth a few guidelines for its use: a) by limiting the content of coarse recycled aggregate
(CRA) to 20% of the total weight of coarse aggregates, the final properties of recycled aggregates
concrete are hardly affected and it allows experimental studies for substitution at higher ratios, b) not
allowing the use of fine recycled aggregates irrespective of their nature, c) excluding the use of mixed
recycled aggregates.
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SCC is a high-performance concrete, the main characteristic of which is its fluid and viscous
consistency allowing it to flow through densely reinforced structural elements without the addition of
outside energy for compaction. Its composition is characterized by a high cement and fine particle
content, a lower proportion of coarse aggregate and the use of next-generation additives [32].

The materials used to produce SCC are the same as for conventional concrete yet with some
type of admixture, such as superplasticizer (SP) or viscosity modifiers, which are essential to avoid
segregation and exudation of the mix. Special attention must be paid to the choice of materials in
order to guarantee uniformity and consistency. This is complicated when using recycled aggregates
for substitution purposes considering their great heterogeneity [32].

Some authors and studies recommend the use of Portland cement Type II (with a clinker content
between 65% and 94%) for use in concrete with recycled aggregates to prevent the generation of
alkali-aggregate reactions [33]. Other authors also recommend cement with a strength of no less than
42.5 MPa so that this characteristic is not a limiting factor. Moreover, the use of a sulphate-resistant
cement seems interesting due to the possibility, according to some authors, of a reaction between
the hydrated tricalcium aluminate of the hardened concrete and external sulphates, which leads to
the formation of sulfoaluminate along with an increase in volume. Using sulphate-resistant cement
would minimize this effect [10]. A number of studies ratify the higher absorption capacity of recycled
aggregates at around 10% extra water and this is a premise to be considered. This higher demand for
water is compensated by the use of superplasticizers [22,33–37].

Annex 17 “Recommendations for the use of SCC” of the Spanish Structural Concrete Instruction
EHE-08 [31] provides a few guidelines: a) the maximum size of the aggregate shall be limited to 25 mm,
b) the essential use of superplasticizers and/or viscosity modifiers in this type of concrete to guarantee
self-compactability, c) it must comply with the project specifications, i.e., structural, operational and
environmental requirements, d) the total fine particle content must be 450–600 kg/m3, the cement
content 250–500 kg/m3, and the paste volume above 350 litres/m3.

The use of recycled sand is not allowed by the Spanish Instruction for Structural Concrete [31] even
though some studies show that substitutions of up to 10% do not produce any significant variations
in the characteristics of concrete [15,17,19]. Currently, Instruction EHE-08 allows the partial addition
(<20% weight) of coarse recycled concrete aggregates as replacement of natural aggregates.

The aim of this research study is to characterize recycled aggregates and design the optimal and
feasible content to produce SCC by substituting coarse aggregate fractions with recycled aggregates
at 20%, 50% and 100%. The purpose of this comparison is to examine the influence of CRA on SCC
concerning the fresh and physical and mechanical properties. Four types of concrete mixes were
produced for this study (CC or control concrete, Mix 20, Mix 50, Mix 100). The characterization of the
materials in the mix was studied, compactability tests were performed on the fresh state as well as
tests in the hardened state: compressive, tensile and flexural strength.

The use of recycled aggregates in the production of self-compacting concrete has been gradually
increasing due to the economic and environmental advantages derived from the fusion of the two
techniques. On the one hand, there are the advantages of SCC: optimal compaction without vibration,
fluidity, complex or specially reinforced works, increase in the quality of the finish in exposed concrete,
and greater adherence. On the other, there are the advantages of recycled aggregates: less demand for
extraction of natural aggregates from quarries, reduction of the pollution produced by C&DW, savings
in transport costs, low energy consumption, less investment as a good quality material is produced at
a low cost, and resources are optimised. However, information on the quality of SCC with RCA is still
scarce. This study (as well as other similar ones) provides very useful information for the practical
use in concrete production. One of the main novelties of our study is the use of real coarse recycled
aggregates, obtained from a C&DW management plant, with standard treatment, unlike some other
studies that use a specific recycled aggregate obtained from only one specific demolition, construction
or maintaining work.
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2. Materials and Methods

2.1. Materials

This research focused on the study of the mechanical and rheological properties of SCC produced
with coarse recycled aggregates from crushed concrete elements designed as per the Okamura
recommendations [38] as well as the minimum requirements of Instruction EHE-08 [31].

The characteristics of the materials used in its production were carefully studied in the design of
SCC as this has an immense impact on the behaviour of the mix. Figure 1 shows the study sequence.

 
Figure 1. Research sequence.

2.1.1. Paste

The paste for the concrete mixes was made with Portland CEM Type III/A 42.5 N/SR cement, which
complies with the physical, chemical and mechanical requirements established in European standard
EN 197-1:2013 [39]. The cement used, CEM type III, is cement with blast furnace slag addition. The
content of clinker is 54% (EN-197 indicates that it must be 35–65%) and that of slag is 41% (the standard
establishes 36–65% by weight), and it may contain up to a maximum of 5% of minor components,
usually with gypsum as a setting regulator. Table 1 provides its chemical composition.

Table 1. Portland cement characteristics.

Chemical Composition Value (wt.%) Limit (wt.%) [39]

Clinker (SiO2, Fe2O3, Al2O3, CaO, MgO and SO3) 54 35–64
Blast-furnace slag 41 36–65

Minor components 5 ≤5
LOI (Loss on ignition) 1.5 ≤5

Physical Characteristics

Le Chatelier (mm) 0.1 ≤5
Setting time initial (min) 210 ≥60
Setting time final (min) 260 ≥60

Mechanical Characteristics

Compressive strength (MPa) 2 days 20.1 ≥13.5
Compressive strength (MPa) 28 days 56.6 ≤42.5 and ≤62.5

Natural lime filler from a commercial plant was used as an addition. The chemical composition is
shown in Table 2 and the particle size in Figure 2.
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Table 2. Chemical composition: natural lime filler, coarse natural and fine natural aggregates

Chemical Composition Filler Value (wt.%) CNA 1 Value (wt.%) FNA 2 Value (wt.%)

SiO2 6% 98.09% 95.31%
Al2O3 1.2% 1.17% 2.24%
Fe2O3 0.69% 0.27% 1.06%
CaO 52.5% 0.05% 0.16%
MgO 1.4% - -
K2O - 0.14% 0.38%
TiO2 - - 0.17%
MnO - - 0.05%
CuO - - 0.03%
ZrO2 - - 0.03%

LOI (Loss on ignition) 38.21% 0.28% 0.57%
1 CNA = coarse natural aggregates, 2 FNA = fine natural aggregates.

Figure 2. Particle size distribution of natural lime filler, natural sand, coarse natural aggregate (CNA)
and coarse recycled aggregate (CRA).

2.1.2. Aggregates

Three aggregates were used to produce concrete: 0–4 mm fine siliceous aggregate, 4–12.5
mm natural siliceous river gravel and 4–12.5 mm recycled aggregate from concrete elements. The
characteristics of the aggregates used are specified below. Figure 3 shows the appearance of natural
and recycled coarse aggregates. The fineness module is 5.35 for CNA, 4.7 for CRA, and for natural
sand. The mean diameters are 5.91 mm for natural sand, 11.20 mm for CRA and 12.27 for CNA.

  (a)         (b) 
Figure 3. (a) Coarse natural aggregates, (b) Coarse recycled aggregates.
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Composition and Characterization of the Recycled Aggregates

The recycled aggregates were supplied by C&DW recycling plant. The physical and chemical
characteristics established by EHE-08 were used to check the degree of compliance of the results
with the acceptable limits (Table 3). Figure 4 shows the macroscopic composition of the aggregates,
which are mostly made of concrete, stone, low content of ceramic material and a residual quantity of
gypsum EN 933-11:2009 [40]. As concerns the morphology, it is irregular in shape with sharp edges
and surface roughness.

Table 3. Composition and physical and mechanical characterization of the recycled aggregates.

Parameter Standard Value Limit EHE-08 [31]

Composition (%)

EN 933-1:2012 [41]

Fl (floating particles) (%) 0 ≤1
X (gypsum and impurities) (%) 0.04 ≤1

Rc (concrete) (%) 70.7 -
Ru (natural stone) (%) 27 -

Rb (bricks and tiles) (%) 2.3 ≤5
Ra (bituminous mat.) (%) 0 ≤1

Rg (glass) (%) 0 ≤1

Flakiness index (%) EN 933-3:2012 [42] 5.7 ≤35

Density and absorption

EN 1097-6:2014 [43]
Pa (apparent density) (Mg/m3) 2.52 -

Pod (oven-dry density) (Mg/m3) 1.94 -
Pssd (saturated surface dry density) (Mg/m3) 2.17 -

WA24 (%) 4.8 ≤5

Los Angeles coefficient (%) EN 1097-2:2010 [44] 36 ≤40

Figure 4. Coarse recycled aggregates composition according to EN 933-11:2009 [40].

The absorption of aggregate is slightly lower than the EHE-08 limit. This type of aggregate often
shows high absorption values, but this specific aggregate is not affected by a higher absorption capacity
due to the small quantity of ceramic material and attached mortar. Therefore, in principle, it does not
need to be offset with a larger quantity of mixing water. Figure 2 shows the size distribution of the
coarse recycled aggregates as per EN 933-3:2012 [42].

Composition and Characterization of the Natural Coarse and Fine Aggregates

The natural siliceous river coarse aggregate was supplied by a local company. It has a grain size
of 4-12.5 mm. Table 4 shows its characteristics.
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Table 4. Physical and mechanical characterization of the coarse natural aggregates.

Parameter Standard Value Limit EHE-08 [31]

Flakiness index (%) EN 933-3:2012 [42] 3.6 ≤ 35

Density and absorption

EN 1097-6:2014 [43]
Pa (apparent density) (Mg/m3) 3.01 -
Prd (oven-dry density) (Mg/m3) 2.66 -

Pssd (saturated surface dry density) (Mg/m3) 2.78 -
WA24 (%) 4.3 ≤ 5

Los Angeles coefficient (%) EN 1097-2:2010 [44] 34 ≤ 40

The quantitative analysis of the chemical composition of the natural coarse aggregates was carried
out by means of X-ray fluorescence (XRF). Table 2 shows the results of the analysis, confirming the
siliceous nature of the aggregates. Concerning the morphology, a visual inspection indicated it is more
regular in shape with rounded edges and a smoother, more polished and impermeable surface than
the recycled aggregate. Figure 2 shows the coarse natural aggregates size distribution.

The fine natural aggregates also have a siliceous nature with a grain size of 0-4 mm. The grain
size curve is described in Figure 2. The quantitative analysis of the chemical composition of the fine
natural aggregates is also carried out by X-ray fluorescence (XRF). Table 2 shows the results of the
siliceous nature of this aggregate.

2.1.3. Superplasticizer Additive

A third generation commercially available superplasticizer (SP), an aqueous-based modified
polycarboxylate was used.

2.1.4. Water

Finally, the mixing water used came from the city of León drinking water supply. It meets the
standards established in EHE-08.

2.2. Compositions

SCC was designed considering the instructions found in EHE-08 [31] and following Okamura
method’s procedures [32], modified as proposed by other authors. A cement content of 400 kg/m3 and
a W/C ratio of 0.47 were used as indicated by the standard.

Concrete was mixed in a vertical axis planetary concrete mixer. Once mixing ended, the mix was
poured into different moulds, according to the proposed test and then submerged in a curing chamber
for 28 days.

A reference concrete or control mix was designed as well as mixes substituting 20%, 50% and
100% of coarse natural aggregates with coarse recycled aggregates (Table 5).

Table 5. Proportion of natural and recycled aggregates in the mixes.

Mixes Coarse Natural Aggregate (%) Coarse Recycled Aggregate (%)

CC 1 100% 0%
Mix 20 2 80% 20%
Mix 50 3 50% 50%
Mix 100 4 0% 100%

1 CC = control concrete, 2 Mix 20 = mix 20% coarse recycled aggregates, 3 Mix 50 = mix 50% coarse recycled
aggregates, 4 Mix 100 =mix 100% coarse recycled aggregates.

The amounts of materials used in the mix are shown in Table 6.
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Table 6. Mix proportion (kg/m3).

Content (m3) CC 1 Mix 20 2 Mix 50 3 Mix 100 4

Cement (kg) 400 400 400 400
Lime filler (kg) 58 58 58 58

Water (kg) 190 190 190 190
Natural sand (kg) 904 904 904 904

Coarse natural aggregate (kg) 700 560 350 0
Coarse recycled aggregate (kg) 0 140 350 700

Superplasticizer (% weight of cement) 0.8 1 1.2 1.35
W/C ratio 0.47 0.47 0.47 0.47

1 CC = control concrete, 2 Mix 20 = mix 20% coarse recycled aggregates, 3 Mix 50 = mix 50% coarse recycled
aggregates, 4 Mix 100 =mix 100% coarse recycled aggregates.

The base mix was modified by increasing the superplasticizer volume (SP:CC = 0.8%, Mix20 = 1%,
Mix 50 = 1.2% and Mix 100 = 1.35%) to achieve the self-compactability parameters, finally determining
an optimal quantity of admixture of 0.8% with respect to the weight of cement for the control concrete.
The W/C ratio was maintained in the mixes, for comparability purposes.

Different batches have been done to test the rheological and mechanical characteristics of the
mixes. Four different batches per mix (CC, Mix20, Mix50 and Mix100) were produced (1) for J-ring test,
(2) for compressive strength, (3) for flexural strength, and (4) for tensile strength tests. The number of
samples per batch was at least three, to ensure enough representativeness of the results.

2.3. Mixing Protocol

The concrete mixing procedure used for all samples was based on standard EN 12390-2:2009 [45],
following the steps shown in Figure 5.

 
Figure 5. Mixing protocol.

Firstly, the mixer was moistened with water to prevent accumulation. The coarse natural and/or
recycled aggregates were added from largest to smallest and later sand was added and then mixed for
10 s. The cement and filler were added and mixed for three minutes, slowly pouring in the mixing
water with half of the superplasticizer, with time beginning upon completely pouring in the mixing
water. The mix was left to stand for three minutes and was then mixed for another two minutes. The
rest of the superplasticizer was poured homogeneously during no more than the first 10 s. The mixing
was completed and testing began with fresh concrete.

To determine the self-compacting parameters prescribed, a flow test was done as per EN
12350-8:2011 [46], as well as a flow test using the J-ring test as per EN 12350-12:2011 [47] Both tests
were performed immediately after mixing was finished.

Compressive strength was determined in the hardened state as per EN 12390-3:2009 [48] at 7, 14
and 28 days with cylindrical samples (300 × 150 mm).

Tensile and flexural strength were determined in the hardened state as per EN 12390-6:2010 [49]
and EN 12390-5:2009 [50] respectively at 28 days old samples, 300 × 150 mm cylindrical samples were
used for tensile strength and 100 × 100 × 400 mm prismatic samples for flexural strength.

144



Materials 2020, 13, 868

3. Results and Discussion

3.1. Assessment of Coarse Recycled Aggregate

It is a concrete-sourced material that comes from C&DW of concrete elements with little rock,
ceramic and gypsum impurities. As can be observed, the grain size of the recycled aggregates as
well as of the natural aggregates is 4.5–12 mm, which exceeds the minimum size requirements for
aggregates established by the Spanish code EHE-08. Although the minimum size of 4 mm is limiting,
the grain size is believed to favour the self-compactability and workability of concrete adequate for
these applications. Other studies often use grain sizes closer to 8–16 mm [11].

3.2. Composition

The amount of cement and W/C ratio limit values established by EHE-08 were complied with.
According to the conclusions of other experimental studies [15,19], the adequate composition is
somewhat enhanced and different from the one obtained by the strict use of the Okamura method [51].
Many of the tests consulted use cement contents ranging from 285 kg/m3 to 440 kg/m3 and compensating
this range of values with more or less fine particles [11,19,26]. Other authors use 52.5 cement since its
greater fineness helps with the workability and flow.

In the mixes proposed herein, the W/C ratio was maintained at 0.47 and no extra mixing water
was added even though other authors correct this ratio as the proportion of recycled aggregates is
increased, with up to 10% extra mixing water [21]. Other authors also use other valid techniques such
as pre-saturating the aggregates [52]. Although the recycled aggregates used show a water absorption
below the limits established by the standard, as shown in Table 3, it continues to be higher than the
absorption of natural aggregate and, as has been proved, it was necessary to increase the percentage of
superplasticizer based on the ratio of recycled aggregates. Other tests by other authors also consider
this extra superplasticizer proportional to the increase in recycled aggregates [11,18].

3.3. Self-Compactability

The mixes were repeated twice, and the slump flow was measured with the J-Ring test (Figure 6).
The Japanese ring flow test, J-Ring, assesses the blocking resistance of SCC through reinforcement
bars under free-flow conditions. Moreover, any segregation, exudation and a higher concentration of
the coarse aggregates in the central area can be observed. The standards in effect for this test are EN
12350-8:2011 [46] and EN 12350-12:2011 [47]. All mixes comply with the reference values shown in
Table 7, self-compactability criteria.

 

Figure 6. Japanese Ring test.
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Table 7. Self-compactability of the samples designed.

Mix
Flow J-Ring

T500 (s) 1 Limit EHE-08 [31] SF (mm) 2 Limit EHE-08 [31] PJ (mm) 3

CC 4
4

≤8
≤8

600
600

550 ≤ SF ≤ 850
550 ≤ SF ≤ 850

14
14

Mix 20 5 ≤8 590 550 ≤ SF ≤ 850 15
5 ≤8 580 550 ≤ SF ≤ 850 10.25

Mix 50 5 ≤8 770 550 ≤ SF ≤ 850 11
5 ≤8 780 550 ≤ SF ≤ 850 5.3

Mix 100 4 ≤8 730 550 ≤ SF ≤ 850 5.6
4 ≤8 770 550 ≤ SF ≤ 850 5.5

1 T500 = Time until the concrete reaches the 500 mm circle. 2 SF = flow, 3 PJ = passage capacity calculated using the
blocking scale.

The slump flow time T500 results of the concrete designed with different CRA contents are shown
in Table 7. The T500 slump flow time varies between 4 and 5 s (Figure 7). Figure 8 shows a comparison
between slump flow and substitution of coarse aggregates. As per EHE-08 [31], EFNARC [53] and
other standards and guides, it should be within ranges of 2 to 5 s. Therefore, the times achieved
are within the acceptable ranges and recycled aggregates SCC meets the requirements of the various
standards (Figure 9).

Figure 7. Flow time T500 test results.

Figure 8. Slump flow test results.
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Figure 9. Passage capacity test results.

In terms of slump flow, a higher ratio of CRA leads to a larger final diameter and smaller passage
capacity. The effect of CRA on the T500 slump flow time of the SCC should have been obvious for the
50% and 100% mixes, but they did not become more viscous with the increase in the percentage of
superplasticizer. Visually, Mix 20 and Mix 50 reflected a good distribution of coarse aggregate and an
absence of segregation and bleeding (Figure 6).

Generally, slump flow decreases with the CRA incorporation ratio since more water is absorbed
as the ratio increases. Some authors, such as Safiuddin et al. [22], Tuyan et al. [29] and Modani and
Mohitkar [30], have found that the slump flow increases for relatively small CRA incorporation ratios
(20–40%) and the slump flow decreases for higher ratios (70–100%) because the fine aggregates content
tend to increase due to the fracture during mixing and the resulting higher water absorption. However,
according to Pereira-de-Oliveira el al. [21], slump flow increases with CRA’s incorporation ratio given
the gradual increase of SP content. This theory matches our results (Figures 10 and 11).

Figure 10. Slump flow time test results.

Figure 11. Slump flow and superplasticizer content.

Minimal variation was observed in the content of SP in the mixes at just 0.1% (relative to the
weight of cement), which greatly influences the self-compactability of the mix. Readjusting the content
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of SP in some of the mixes could be considered: e.g., adjusting Mix 20 to 1.05–1.10% of SP and mix 100
to 1.325% of SP would be appropriate.

Figure 12 shows the flow time (T500) and the passage capacity (mm) of the different mixes in
order to classify the self-compactability of concrete.

Figure 12. PJ and T500 results.

The classification obtained for concrete as per the criteria found in EHE-08, Annex 17 [31] and
standard EN 12350-8:2011 [46] would be as follows:

- Based on the flow class: Class AC-E1,
- Based on the viscosity class: AC-V1,
- Based on the blocking resistance class: AC-RB2.

In general, class AC-E1 is the most adequate for most structural elements normally built, although
it would be better to use a more fluid concrete such as type AC-E3 with 750 mm ≤ SF ≤ 850 mm for
densely reinforced structures and formwork that is difficult to access or demands a long horizontal
pouring displacement [31].

3.4. Compressive Strength

The compressive strength test was determined as per standard EN-12390-3 [48]. The results are
shown in Figure 13. In terms of compressive strength, the recycled aggregates studied herein led to a
noticeable difference. The compressive strength of Mix 20 and Mix 50 is higher than that of CC. For
Mix 20 it is 55.58 MPa, which is 20% higher than that of CC (46.36 MPa). The average value for Mix
50 is 18% higher than for CC and Mix 100′s is 5% lower than CC. This nonconformity may be due
to the fact that the recycled aggregates in the composition, as shown in Table 3, have a high content
of concrete that may positively influence the mechanical behaviour. A well-known effect is that the
compressive strength decreases as the W/C ratio grows. In this study, the W/C ratio remains constant
for all mixes, but the content of SP increases with the incorporation of CRA. This may explain why the
compressive strength drops for Mix 100.
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Figure 13. 28-day compressive strength results.

Grdic et al. [28] concluded that compressive strength decreases slightly as replacement increases
(3.88% for 50% CRA and 8.55% for 100% CRA). The explanation for this reduction in strength can be
found in the microstructure, i.e., the irregular composition of the CRA (formed by natural aggregate
and cement paste) which provokes this slightly reduction.

Tuyan et al. [29] found that compressive strength increases as the W/C ratio decreases. Compressive
strength increases slightly in mixes containing up to 40% CRA, about 5% with respect to the control mix.
For higher replacement ratios (60%), compressive strength decreases. This is due to the microstructure,
pores and cracks formed in the interfacial transition zones (ITZ) between the CRA and the paste slightly
weakening the overall structure of the SCC.

The study of Modani et al. [30] concluded that, as the percentage of CRA increases, compressive
strength decreases. This reduction is justified by the mortar and impurities adhering to CRA, creating
areas of weakness in the SCC. For the 40% CRA mix, the loss was 5.80% compared to the control
concrete. The mix containing the highest amount of CRA did not maintain the gain in strength over
time due to the presence of unhydrated cement in CRA.

Pereira de Oliveira et al. [21] established that the replacement of CRA does not significantly
influence the mechanical behaviour of the SCC, and finds a 5% difference between the control SCC and
the 100% replacement mix.

The comparison with previous studies showed that, for a 20% substitution ratio, our results
share the same trend and range of Tuyan et al. (a) [29] and Pereira de Oliveira et al. [21], with
values between 54 MPa and 56 MPa. The trend line is very similar in all studies, i.e., up to 40–50%
substitution, the compressive strength slightly increases relative to the control concrete and, for higher
values of substitution, the compressive strength decreases. Figure 14 shows the comparison of our
study with the results obtained by other authors. For total substitution (100%), our results match the
figures obtained by Modani et al. [30]. Most of the authors studied [22,28–30] generally conclude that
compressive strength slightly decreases with the CRA incorporation ratio. Some authors [21] conclude
that compressive strength does not vary significantly with the incorporation of CRA because of the
high volume of paste involved.
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Figure 14. 28-day compressive strength results overview.

With these compressive strength values, it is perfectly possible to reach fck of 40 MPa, coherent
with the W/C ratio and the amount of cement used.

3.5. Tensile Strength

In terms of splitting tensile strength, the results of all mixes are shown in Figure 15. Tensile
strength was determined in the hardened state as per EN 12390-6:2010 [49] at 28 days, 300 × 150 mm
cylindrical samples were used.

Figure 15. 28-day tensile strength test results.

Tensile strength decreases with the replacement of CNA with CRA, as expected. For an increase
in RCA content, the tensile strength decreased by 12.71%, 31.25% and 30.60% in the mixes with CRA
ratios of 20%, 50% and 100% respectively.

Tuyan et al. [29] concluded that the tensile strength of CRA mixes is slightly lower than that of the
control mix. This loss is attributed to the ITZ between the CRA and the old bonded mortar paste and
to the characteristics of the recycled aggregates. The strength loss goes from 8.8% to 16%.

Modani et al. [30] concluded that, as the percentage of CRA increases, the tensile strength decreases.
The fracture surface occurs in the ITZ between the CRA and the CNA.

Concerning this parameter, our work matches previous results of other authors for substitution
ratios between 20% and 50%, keeping the same trend. There is hardly a difference of ±1 MPa between
them. Equally, for a 100% substitution, our results are in line with results obtained by Modani et al. [30].
Figure 16 shows the comparative results.
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Figure 16. 28-day splitting tensile strength test results overview.

Other authors had similar test results and concluded that tensile strength decreases as the CRA
incorporation ratio increases, which can be justified by the lower strength and greater porosity of CRA
compared with CNA [21,27,29,30] (Figure 16). In our study, it is observed than the increase of CRA up
to 20% led to a slight decrease of 13%, and the incorporation of 50% and 100% of CRA led to a similar
effect with a decrease of 30%.

3.6. Flexural Strength

The results obtained for flexural strength for all mixes are shown graphically in Figure 17. Flexural
strength was determined in the hardened state as per EN 12390-5:2009 [50] at 28 days, 100 × 100 × 400
mm prismatic samples were used.

Figure 17. 28-day flexural strength test results.

In terms of flexural strength, the recycled aggregates studied herein did not lead to a notable
difference relative to CC. The values are almost constant, and hardly suffer a variation of 4%.

Grdic et al. [28] concluded that flexural strength decreases with the increase of CRA. This reduction
is due to the microstructural changes in the SCC. The reduction is 2.49% at SCC 50% CRA and 13.95%
at SCC 100% CRA. The rest of the studies do not perform flexural tests.

Generally, authors found that flexural strength decreases as the replacement ratio increases, which
is explained by the old mortar adhered to CRA [28] (Figure 18). In this case, the CRA used in the plant
maintains its characteristics almost constant, has been washed and prepared and does not contain
attached particles of mortar or gypsum, which explains this minimal variation in flexural strength.
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Figure 18. 28-day flexural strength test overview.

Figure 18 shows a comparison between the study of Grdic et al. [28] and our work. For substitution
ratios up to 50%, the results obtained are very similar, but for higher ratios, the results are very far apart.
While our tests remain practically the same (even slightly higher than CC for a 100% substitution),
the study of Grdic et al. [28] shows a strong decrease. As discussed above, this is probably due to the
attached mortar in the recycled aggregates.

4. Conclusions

The following conclusions have been drawn from the development and results of this
research study:

• It is feasible to achieve an SCC with recycled aggregates. SCC was produced with this C&DW as
aggregate in the proportions recommended by EHE-08 of 20% substitution and above 50% and
100% with minimal loss in the properties. The SP content needs to be increased as RCA content
increases, so CC concrete contains 0.8% of the weight cement, Mix 20 contains 1%, Mix 50 contains
1.2%, and Mix 100 contains 1.35%,

• The aggregates studied showed characteristics within the limits established by EHE-08 for recycled
aggregates, a large quantity of concrete (71%) and natural stone (27%) in composition and a low
proportion of ceramic, which means absorption is not penalized and it is within the limits allowed
by the standard,

• The consistency of recycled aggregate mixes is not significantly affected by adding coarse
recycled aggregates and it shows adequate workability. The slump flow increases with the CRA
incorporation ratio due to the gradual increase in SP content,

• The compressive strength is excellent and coherent with the composition used when producing
concrete and is completely feasible for use in structural elements. The compressive strength
increases with the CRA incorporation ratio. Mix 20 has 20% more strength than CC and Mix
50 about 18%. Only the total replacement mix, Mix 100, suffered a small drop in compressive
strength, 5% less than the CC,

• Tensile strength decreases with the replacement of CNA with CRA by 12.71%, 31.25% and 30.60%
in the mixes with CRA ratios 20%, 50% and 100% respectively. Regarding flexural strength,
recycled aggregates concrete mixes did not show a notable difference with respect to CC. The
values are almost constant, and hardly suffer a variation of 4%,

• The good self-compactability, mechanical resistance and durability results obtained should be
an incentive to reconsider the use of this type of waste as recycled aggregates in concrete, which
would also help make the construction process more sustainable.

The following could be considered as future lines of research for this study:
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• Readjusting the percentage of SP in some of the mixes, especially in Mix 20,
• Partial or total replacement of FRA (fine recycled aggregates) in the mixes,
• Microscopy and durability studies of the resulting concrete.

The results of this research show that coarse recycled aggregates may be considered feasible and
workable for use in SCC as appropriate mechanical properties can be achieved with contents that are
completely satisfactory for structural purposes. Their use would be a significant contribution to the
sustainability of the construction sector.
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Abstract: Previous literature indicates a decrease in the mechanical properties of various concrete
types that contain recycled aggregates (RA), due to their porosity and to their interface of transition
zone (ITZ). However, other components of the RA concrete microstructure have not yet been explored,
such as the modification of the new paste (NP) with respect to a reference concrete. This paper
deals with the microstructure of the new paste of self-compacting concrete (SCC) for different levels
of RA. The water to binder ratio (w/b) was kept constant for all concrete mixtures, and equal to
0.5. The SCC mixtures were prepared with percentages of coarse RA of 0%, 30%, 50% and 100%.
Mercury intrusion porosimetry test (MIP) and scanning electron microscope (SEM) observations were
conducted on the new paste of each concrete. The results indicated that the porosity of the new paste
presents a significant variation for replacement percentages of 50% and 100% with respect to NP0
and NP30. However, RA contributed to the refinement of the pore structure of the new paste. The
amount of macrospores the diameter of which is in the 50–10,000 nm range was reduced to 20% for
NP50 and NP100, while it was about 30% for NP0 and NP30, attributed to the water released by RA.
Compressive strength loss for SCC50 and SCC100 concretes are both influenced by porosity of RA,
and by the NP porosity. The latter is similar for these two concretes with the 26% increase compared
to a reference concrete.

Keywords: recycled aggregate; self-compacting concrete; mercury intrusion porosimetry; SEM
observation; new paste; compressive strength

1. Introduction

In the context of sustainable development, recycling of concrete waste is carried out with the main
purpose of protecting the environment through the reduction of generated greenhouse gases and the
preservation of natural resources. The reuse of concrete from demolition as aggregates in new concrete
compositions reduces overheads and eases costs associated to waste management. Thus, this approach
promotes the protection of natural resources, which are becoming increasingly difficult to obtain.
Recycling of demolition waste has then witnessed a rather significant development. The European
Directive on waste (2008/98/EC) [1] has fixed thresholds of waste from deconstruction/demolition to be
implemented in new concretes at 70% by 2020.

Using recycled aggregates (RA) in self-compacting concrete (SCC) improves the ecological impact
of concrete, since their microstructure properties are greater than normal vibrated concrete [2–4]. The
use of the fine content in SCC refines the microstructure and hence the pore network of the material,
which improves SCC mixtures’ durability compared to that of ordinary vibrated concrete [2]. In fact,
the replacement of natural aggregates with RA can affect the other properties of SCCs. Some research
has been carried out for a constant volume of binder in order to evaluate the effect of the replacement
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rate of RA and to quantify their effects on different properties [5–9]. Sasanipour et al. [5] showed that
the replacement of 25% of coarse aggregates had no significant effect on the durability properties of
self-compacting concrete including electrical resistivity and chloride ion resistance. However, the
use of silica fume improved the durability performance of SCC-containing recycled aggregates [6].
Pereira-de-Oliveira et al. [7] concluded it is viable to replace natural coarse aggregates by recycled
coarse aggregates in SCCs. Their results showed that the recycled coarse aggregate incorporation did
not significantly affect the water permeability, while water capillarity coefficient is slightly decreased
when 100% of coarse RA is used. In addition, the water penetration depth is reduced when increasing
the amount of RA in SCC. Kou et al. [8] found that the properties of the SCCs made from river
sand and crushed recycled aggregates showed only slight differences with respect to a reference
concrete. However, Omrane et al. [9] showed the RA content should be limited to 50% to achieve good
performance and to fulfil all the recommended conditions of SCCs.

Few investigations have been conducted on the microstructure of SCCs made with RA. Unlike
studies on conventional concrete, which showed the performance of recycled aggregate concrete is
mainly due to the porosity caused by the old paste in RA [10–12], this porosity leads to a weak interfacial
zone between the new paste and the old one [13]. Hence, this low bond is attributed to both porosity
and to the high absorption capacity of the RA [14]. It is clear, therefore, that the microstructure of the
recycled aggregate concrete (RAC) is different from conventional one, since RA contain a proportion
of old cement paste. In order to understand the behavior of RAC, it is necessary to study its porosity
and its pore distribution, not only in the interface of transition zone (ITZ) between an RA and the new
paste, but also in the bulk new paste. The most widely used method to determine the pore structure is
mercury intrusion porosimetry (MIP) [15–19]. However, MIP has limitations in measuring actual pore
size distributions and detecting pore diameters below 3 nm and above 375 μm, because pores are too
small or too isolated to be filled by mercury. Nonetheless, MIP still has a great capacity to estimate total
porosity and a characteristic pore size [19]. Some authors have investigated the microstructure of RAC
with this technique [20–25]. Results show that the substitution of natural aggregates (NA) with RA
increased porosity. Shicong et al. [20] showed that RA modify tailings pore size distribution with higher
intrusion volumes in pores which diameters larger than 0.01 μm in RAC compared to natural aggregate
concrete (NAC). The conclusion was that the porous old paste adhered to RA. Similar findings were
observed by Uchikawa et al. [21]. Previous literature [22–25] also indicated that the replacement of RA
correlates with the total volume and pore size. In addition, it demonstrated that the influence of RA
was more important at lower ages, and that its effect was reduced while increasing the curing duration.
Major quantitative changes were observed with the increase in pore volume for those with a radius
below 30 nm. Gonzalez-Corominas et al. [24] used MIP to investigate the influence of steam curing on
the pore structure of concrete containing different qualities of RA. Their results showed the effectiveness
of steam curing in the refinement of pore structure. Furthermore, although the lowest quality RA had a
coarser pore size distribution, the highest reductions—especially with respect to the capillary pores
(10 μm–0.01 μm)—were observed in this material. This observation is explained by the internal curing
effect of porous aggregates that enlarges binder hydration. The use of silica fume [25] caused a 32%
reduction in the cement paste porosity with respect to reference concrete. However, the representational
value of the sample for the MIP test in the case of (RAC) was not taken into account [20–25].

The different components of an RAC (RA, new paste and NA) each generally occupy a significant
volume, in the range of tens of cubic centimeters. On the other hand, MIP does need a small volume
of the sample for testing (a few cm3), raising the question of RAC sample representativity of a RAC
sample with respect to the real mix. Therefore, the current porosity will be fully identified using other
techniques. Hence, it is necessary to propose a new approach to study the microstructure of RAC by
MIP test. A suitable sampling method, especially considering the lower volume of coarse aggregate in
SCC compared to conventional concrete, might ease the sampling of the new paste. Accordingly, this
work proposes a sampling method to study the microstructure of the new paste (NP) of self-compacting
concrete (SCC) for different levels of recycled aggregates (RA). The binder content was kept constant
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for all concrete mixtures, with a water to binder ratio (w/b) of 0.5. SCC mixtures were prepared with
0%, 30%, 50% and 100% of coarse RA. The pore distribution of the new paste was evaluated by MIP test,
and its anhydrous content was quantified by SEM images analysis. Additionally, the contribution of
the porosity of NP and RA to the decrease in compressive strength was investigated and demonstrated.

2. Materials and Methods

2.1. Materials

The type of cement used in all mixtures was CEM I/42.5 N with a real density of 3.16 g/cm3 and a
blaine specific surface of 3150 g/cm2. A limestone filler (LF) was used with a real density of 2.70 g/cm3

and a blaine specific surface of 4200 g/cm2. The chemical composition of both materials is provided in
Table 1. A superplasticizer (SIKA VISCOCRETE TEMPO 12) enhanced the workability of SCC.

Table 1. Chemical composition of cement and limestone filler (LF).

Compound (%) SiO2 CaO MgO Fe2O3 Al2O3 SO3 K2O Na2O LOI

Cement 21.8 64.7 1.62 6.37 3.88 0.42 0.33 0.22 0.66
LF 5.19 49.35 1.29 1.29 1.50 0.06 0.27 0.12 40.93

To obtain an SCC, the volume of the aggregates and their maximum size has been reduced to
mitigate friction and to avoid blockages in confined areas. The maximum diameter of the coarse
aggregates was fixed in our study at 15 mm. In this study, siliceous sand and crushed limestone sand
were used as the fine natural aggregates. Natural coarse aggregates were made of crushed limestone
aggregates and recycled coarse aggregates were obtained from construction and demolition waste
(CDW). The grading curves of aggregates are presented in Figure 1.

Figure 1. Grading curves of different types of aggregates.

The main properties of the aggregates are displayed in Table 2, where Dr is the relative density of
the particles, A is the water absorption, and LA is the Los Angeles fragmentation coefficient. These
properties were measured according to the NF-EN-1097-6 standard [26]. The porosity P was determined
according to the NF P 18-459 standard [27,28].
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Table 2. Properties of the aggregates.

Aggregate Size (mm) Dr (g/cm3) A (%) P (%) LA (%)

Siliceous sand Sm (0/1) 2.60 1 - -
Crushed limestone sand Sc (0/3) 2.68 1.8 - -

Natural coarse aggregates NA (3/8) 2.66 1.4 - -
Natural coarse aggregates NA (8/15) 2.64 1.3 - 21
Recycled coarse aggregates RA (3/8) 2.35 6.1 18.7 -
Recycled coarse aggregates RA (8/15) 2.42 4.8 16.4 33

2.2. RA Pre-Saturation Process

In order to achieve equal consistency, and due to the higher water rate absorption of RA, the
mixing of water had to be adjusted. This adjustment was achieved by using RA under the saturated
surface dry (SSD) condition. If the aggregates are fully saturated, the surface moisture would increase
the effective w/c ratio, the aim being that RA would have the same water absorption coefficient as
NA. Thus, for each fraction of RA (3/8) and (8/15), the amount of water pre-saturation (M W.pre-sat) is
defined as the difference between the water absorbed by RA and NA, and is calculated as follows:

% Wpre-sat =% abs (RA) −% abs (NA) (1)

M W.pre-sat =% Wpre-sat x M (2)

With M the mass of RA during mixing
Despite the very rapid evolution of water absorption of the RA in the first five minutes, a pre-

saturation time for 24 h was chosen. This is consistent with the relevant literature, in which it is indicated
that absorption lasts for hours after its initial quick step [29,30]. This guaranteed that no water was
absorbed after mixing, when pre-saturation is carried out for 5 min. Before each mix, the aggregates
were placed in a large plastic bottle for 24 h and the pre-saturation water was added residually. Great
care was taken when rolling the bottle to avoid any air entrance and to ensure all the aggregates were
impregnated. This operation was conducted for a period of 30–45 min. The bottle method was also
adopted in the case of recycled sand [31], and the aggregates were left in their dedicated flask.

2.3. Design of Concrete Mixes

The mixing method used to design the compositions of the SCC is based on a composition of one
with limestone fillers. The amount of components required for making one cubic meter of concrete was
constant. They consisted in a paste volume of 37.5% (375 L/m3), a water to binder ratio w/b ratio of 0.5
and a gravels/sand (G/S) ratio close to one. SCC-RA mixes were designed by replacing a volume of NA
with RA. Four mixes were prepared with 0%, 30%, 50% and 100% recycled aggregates respectively
labelled to SCC0, SCC30, SCC50 and SCC100 respectively. The mix designs of the concrete are shown
in Table 3.

Table 3. Mix composition of the concretes, per cubic meter.

Mixture(kg/m3) SCC0 SCC30 SCC50 SCC100

Cement 382 382 382 382
LF 65 65 65 65

Sm (0/1) 578 578 578 578
Sc (0/3) 253 253 253 253

NA (3/8) 335 235 168 0
NA (8/15) 495 347 248 0
RA (3/8) 0 89 147 296

RA (8/15) 0 136 227 454
Effective water 224 224 224 224
w/b (C + LF) 0.5 0.5 0.5 0.5

Superplasticizer (%) 2.67 2.67 2.67 2.67
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All SCC mixes showed a slump flow in the 700 mm-range and a good resistance to segregation.
For each composition, cylindrical specimens of 16 × 32 cm were casted in steel molds, and cured
in water at 20 ± 2 ◦C. The compressive strength of these concrete cylinders was measured on three
samples according to NF EN 12390-3 [32] with a hydraulic press capacity of 2400 kN.

2.4. MIP Tests

Mercury intrusion porosimetry (MIP) is one of the main methods for investigating the mesoporous
structure (pore radius between 2 and 50 nm) and the macro-porous nature (apertures greater than
50 nm) of cementitious materials. Its effectiveness is based on the principle that to fill a non-wetting
fluid into a pore of diameter d, a pressure P inversely proportional to this diameter must be applied.
This pressure is given by the Washburn Equation (3):

P =
−4 γcosθ

d
(3)

Here, the surface tension γ of mercury is of 485 N/m, and the contact angle θ between mercury and
the pore wall of 141.3◦. MIP tests were conducted on an AutoPore IV 9500 V1.09, from Micrometrics
Instrument Corporation, under a maximum pressure of 413 MPa to reach pores with a radius of 3.6 nm.

RA concretes (SCC30 and SCC50) are considered as multiphase composites in which the new
paste (NP) is joined into coarse NA and coarse RA. The new paste consists of the binder and the
sand, and represents 69% v/v of concrete. SCC0 consists in NP and coarse NA, while SCC100 in NP
and coarse RA. As the common phase between the different concretes is the new paste, the study
and the comparison between mixes focused on its microstructure. Each concrete type was sampled
(approximate volume 2 cm3), as shown in Figure 2, and extracted from 16 × 5 cm discs. The tested NP
samples extracted from SCC0, SCC30, SCC50 and SCC100 were respectively labelled NP0, NP30, NP50
and NP100.

  
(a) (b) 

  

(c) (d) 

Figure 2. Samples of new pastes before MIP tests (a) NP0, (b) NP30, (c) NP50 and (d) NP100.

161



Materials 2020, 13, 2114

These samples were first introduced into the liquid nitrogen for 5 min in order to stop the
hydration. They were then lyophilized in an alpha freeze-dryer 1–4 Ld for 48 h to extract the liquid
water by sublimation. The samples were stored in a desiccator until testing. This technique has proven
to be the most appropriate one to limit microstructural damage [33].

2.5. SEM Observations

The study focused on the anhydrous content for the new paste (NP0, NP30, NP50 and NP100) of
each concrete type. The study of the concrete microstructure of all RA-SCC samples was performed
using a scanning electron microscope (SEM), Quanta 400 from FEI Company. Their observation
was carried out through electron backscattered imaging (BSE) to identify the different phases of the
microstructure. Before initiating SEM observation, to remove the free water, small samples of size
35 × 35 × 10 mm were dried under vacuum with silica gel at 45 ◦C for 14 days. The dry samples
were then impregnated with epoxy resin; then, the samples were polished in various steps to create a
smooth plane surface for SEM imaging. Because our samples were not conductive, we had to add a
very thin gold metallic coat. Obtained BSE images were processed with the Stream Motion software
to distinguish the different phases of the samples using a toll dedicated to contrast the grey levels.
Images of NP were taken at random spots, with an analysis over a 10,000 μm2− square on images with
a magnification of 800 times, as illustrated in Figure 3. As shown in a previous study [34], the porosity
appears red, the anhydrous are blue, and the hydrated cement gel appears green (see Figure 3). It took
approximately 30 images to cover new paste on three samples of each type of concrete.

 
Figure 3. Example of SEM image analysis with a magnification of 800 on a NP0 sample.

3. Results

3.1. Compression Strengths

Figure 4 shows the compressive strengths of SCC as a function of their RA content. The results
obtained have good repeatability with a standard deviation almost constant. A 90-day compressive
strength decrease can be seen with the increase in the RA content.

This result is widely accepted and consistent with the literature [8,35]. Some authors attribute this
compressive strength decrease to a high total porosity of RCA concrete [22], while others to the high
porosity in the ITZ [36,37]. Strengths losses are then linked to the presence of old paste, without taking
into account the modifications of the NP microstructure. The presence of the old paste leads to high
porosity and, consequently, the compressive strength decreases. However, and as will be demonstrated
later in this study, the microstructure of the NP is affected by the presence of RA once a replacement
threshold is reached. This is why a specific study of the NP microstructure based on the MIP test
was undertaken.
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Figure 4. Compressive strengths results at 90 days.

3.2. Influence of Recycled Aggregates (RA) on the Porous Structure of the New Paste (NP)

Figure 5 shows the cumulative intrusion volume as a function of pore diameter for various the
tested NP. The greater the RA percentage, the larger the total mercury intrusion. Two groups of pore
size distributions can be distinguished. The first one for NP0 and NP30 evolves similarly with a total
introduced pore volume of 0.069 mL/g, while a second one for NP50 and N100 pastes present a total
introduced pore volume of 0.09 mL/g. In both groups, a slope change is observed for pore diameter of
100 nm.

Differential intrusion curves of the NP in Figure 6 provide extended information on pore structure.
Generally, in cured cement paste, two different pore diameters are considered. The pore diameter
corresponding to the first peak occurs when the mercury intrusion is through a porous network
connected to the surface of the sample. It is defined as the critical pore diameter (Dc) of the capillary
pores that varies from 10 nm to 10,000 nm [38]. The second peak is related to gel pores, and according to
study [39], its value is less than 10 nm, while some other authors are providing a value in the 20–40 nm
range [40].

In the present study, NP0 and NP30 have a pore diameter distribution spread all over the whole
measured range. No clear visible peaks in the capillary pores were observed besides the ones at 5 and
4.35 nm. A less rounded peak at the capillary pores for NP0 and NP30 is attributed to a large pore size
distribution for this material phase, as stated by [38]. It is possible that these peaks correspond to an
intrusion in the material phase with a distinct network of smaller pores. A less pronounced peak in
these pastes, therefore, corresponded to a more or less connected pore path.

For NP50 and NP100 pastes, a sharp peak is visible around 50–60 nm. It is associated with the
minimum diameter of an interconnected capillary network, called the critical diameter. This diameter
is determined from the inflection point of the curves in Figure 5, and summarized in Table 4. Other
peaks could also be observed for the range of mesopores, at 11 nm for the NP100, and at 4.60 nm for
both NP50 and NP100 related to gel pores.
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Table 4. Porosity, total intruded mercury volume and critical pore size of NP and RA.

Porosity (%) Mercury Volume (mL/g) Dc(nm)

NP0 14.99 0.0693 -
NP30 14.80 0.0691 -
NP50 18.75 0.093 40.24

NP100 18.92 0.094 33.80
RA 17.26 0.084 21.19

Figure 5. Cumulative intruded pore volume of new pastes (NP).

Figure 6. Pore size distribution for the different new pastes (NP).

Figure 7 shows the total mercury intrusion pore volume for several pore size ranges. NP50 and
NP100 pastes, despite their high total porosity, have a finer pore distribution than NP0 and NP30 pastes
in the pore aperture below 50 nm. By means of the wet RA, a water movement between the new paste
and the RA is created, which disturbs the hydration of the new paste and initiates two hypotheses.
In the first, moisture contained in the pores of the paste is gradually released to allow a continuous
hydration [41,42], which leads to the refinement of the pore structure [24]. In the second, RA absorbs
mixing water, reducing the w/c ratio in the NP. This observation made it necessary to implement
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further investigations. For this, SEM observations were carried out to examine the microstructure of
the new paste.

Figure 7. The pore percentage of new pastes (NP) for different pore diameter ranges.

3.3. Influence of Recycled Aggregates (RA) on the Anhydrous Content of the New Paste (NP)

The SEM observations conducted on the NP of each SCC enables us to evaluate anhydrous content.
The content of the anhydrous grains (white elements in Figure 8) in the new paste change from one
concrete to the next. Image analysis evaluations show that the anhydrous content in the new paste
decreases with an increasing RA replacement percentage. The anhydrous content was 5.75% for NP0
and 5.04% for NP30, while it was 3.63 % for NP50 and 1.21% for NP100. This validates the first
hypothesis, which is that the water absorbed by the RA during the pre-saturation process can migrate
into the new paste, which generates less anhydrous and macrospores for high RA-substitution rate.
Cement hydration continues due to the availability of additional water, as has already been observed
by Djerbi [29].

 

(a) (b) 

Figure 8. Cont.
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(c) (d) 

Figure 8. SEM images of new pastes (a) NP0, (b) NP30, (c) NP50 and (d) NP100.

Figure 7 shows that the percentage of macrospores of sizes between 50 and 10,000 nm is nearly
30% for both NP0 and NP30, respectively, and only 20% for NP50 and NP100. This phenomenon
has made it possible to generate a finer pore distribution in the existing mesopore network. It can be
seen that the percentage of pores in the 10–50 nm range is of the order of 51% for NP50 and NP100,
compared to only 34% and 32%, respectively, for NP0 and NP30. Within the 3–10 nm pore radius
range, the NP0 and NP30 develop higher gel pore rates than the other two pastes. This explains the
convergence of the peaks towards the areas of the small pores and the disappearance of that at the level
of the capillary pores. Therefore, as the hydration moves forward, the hydrates formed fill the pores
and lead to the movement of the first peak towards a finer pore diameter [43]. The comparison between
the porosity of RA and NP from Table 4 shows that RA has a total porosity 15% greater than that of
NP0 and NP30. For high substitution rates, it shows a decrease of about 9% for NP50 and NP100.

3.4. Contribution of the Porosity of NP and RA to the Decrease in Compressive Strength

In order to study the effect of the porosity of each component of concrete, it is important to relate
the porosity to the volume of each component present in the concrete. The volume of the coarse
aggregates (>3 mm) is 31% in the total volume of concrete (see Table 3). An estimate of the porosity
of the coarse RA evaluated by MIP test for each substitution rate is 30% for RA30-SCC30, 50% for
RA50-SCC50, and 100% for RA100-SCC100. The volume of the NP is 69%, also taking into account the
sand fraction (see Table 3). Figure 9 shows the contribution of the porosity of RA and that of NP for
each concrete type in the decrease in compressive strength (Rc). The reduction in compressive strength
between SCC0 and SCC30 can be attributed to RA porosity. While the reduction in the compressive
strength between SCC30 and SCC50 is due to NP porosity increase and RA porosity of about 26% and
66%, respectively; this increase in porosity causes a decrease in Rc of about 8%. On the other hand, the
decrease in Rc of 16% between SCC50 and SCC100 is only generated by the increase in RA porosity by
a factor of 2.

166



Materials 2020, 13, 2114

Figure 9. Relationship between porosity of RAC component and compressive strength.

4. Conclusions

The modification of the microstructure of the new paste (NP) of self-compacting concrete (SCC)
for different levels of recycled aggregate (RA) at 90 days compared that to the reference concrete has
been explored. The results obtained from this work can be summarized as follows:

• The microstructural characterization of self compacting concretes (SCC) containing recycled
aggregates (RA) with the proposed sampling method enables us to evaluate the pore network of
their different components as RA and NP.

• The replacement of coarse aggregates by RA at 30% does not affect the new paste of SCC. The pore
size distribution of NP30 is similar to the reference concrete NP0 with a total introduced pore volume
of 0.069 mL/g. While NP50 and N100 pastes present a total introduced pore volume of 0.09 mL/g.

• The porosity of the new paste presents a significant variation for 50% and 100% replacement in
RA with respect to NP0 and NP30. NP50 and NP100 exhibit higher refinement of the porous
structure. The number of macrospores of a diameter between 50 and 10,000 nm is reduced by 20%
for NP50 and NP100 in comparison to NP0 and NP30, of which the reduction is about 30%. This
is attributed to the release of water absorbed by the RA during the pre-saturation process that
allows continuous hydration.

• The anhydrous rates in the NP decrease with increasing RA replacement percentage. The
anhydrous content was 5.75% for NP0 and 5.04% for NP30, while it was 3.63% for NP50 and
1.21% for NP100. This validates the hypothesis that the water absorbed by RA during the
pre-saturation process can migrate into the NP, generating less anhydrous and macrospores for
high rate substitution of RA.

• The compressive strength loss for RA concretes SSC50 and SCC100 is influenced not only by the
porous old paste of RA, but also by the porosity of the new paste. The paste is similar for these
two concretes and shows an increase of 26% compared to the reference concrete.

• Further works will be conducted to study the microstructure evolution between 28 days and 90 days.
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Abstract: Recycling is an important habit to avoid waste. This paper evaluates the performance of
masonry mortar, elaborated by replacing natural sand with recycled fine aggregate (RFA) obtained
from mortar. Five families of mixtures were prepared with different replacement proportions: 20%,
40%, 60%, and 100%. A 1:4 volumetric cement-to-aggregate ratio was used for all mixtures by
experimentally adjusting the amount of water to achieve the same consistency of 175 ± 5 mm.
The effects of the following procedures were analyzed: (1) the use of a deconstruction technique
to collect the RFA, (2) pre-wetting of the aggregates, and (3) the use of a commercial plasticizer.
Experimental results show that it is possible to use this type of recycled fine aggregate as a substitute
for natural sand by up to 60% in the manufacture of masonry mortar without significantly affecting
its properties.

Keywords: construction and demolition waste; recycled fine aggregate; mortars; sustainable
construction; recycled aggregates

1. Introduction

A guideline for developing new construction materials is to improve material performance,
optimize supplies and reduce manufacturing costs. Therefore, it is necessary to develop new
techniques and take advantage of materials which are considered waste in this and other industries.
For decades, the amount of construction and demolition waste (CDW) has been increasing globally,
becoming one of the main agents of environmental pollution.

Using the CDW produced during the demolition of concrete structures as a substitute for thick
and fine aggregates in masonry mortar mixtures reduces the amount of pollutant waste released to
the environment, compensates for the lack of stone aggregates, and represents an innovation in the
development of construction materials [1–3]. Recycled aggregates (RA) which are used in replacement
of natural gravel, are known as recycled thick aggregates (RTA), whereas RA used to replace sand
are called recycled fine aggregates (RFA). RFA may be classified into two types: those obtained from
concrete, and those obtained from other materials, such as mortar or ceramic.

The use of RA, especially RFAs obtained from mortar elements, has some drawbacks, most of
them associated with the nature of these materials, such as their porosity, their high-water absorption
potential, and the possibility of containing pollutants. For these reasons, CDW is not recycled as it should
be, which causes its accumulation in landfills, generating pollution. This research presents two possible
alternatives for the reuse of mortar RFA as a substitute for sand in new mixtures. The analysis was
divided into two stages: first, the characteristics of RAs obtained by a “deconstruction” procedure were
compared against those obtained through a conventional demolition. In the second stage, two possible
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scenarios were analyzed: (i) pre-wetting the RFA before mixing, and (ii) using a commercial plasticizer
to reduce the amount of water in the mixture. The performance of mortars made with RFA was
compared against a conventional mortar mixture (cement, natural sand, and water).

Currently, several researchers support the use of RTA obtained from the demolition of concrete
elements as a partial substitute for natural gravel in the preparation of concrete mixtures [4–6]. However,
they do not recommend the replacement of natural sand by RFA, because they consider this substitution
detrimental to the mechanical properties and durability of concrete [4,7]. Notwithstanding, some
researchers, such as Pereira et al. [8], Mefteh et al. [9], Evangelista and de Brito [10], and Cartuxo et al. [11]
believe that natural sand can be replaced by RFA in a proportion of up to 20% without significantly
affecting the mechanical properties of the concrete. Using RFA as a substitute for natural sand in
masonry mortar mixes is the best option, because it has fewer structural requirements than concrete.
RFA obtained from concrete elements have been studied by researchers such as Braga et al. [12],
Neno et al. [13], Saiz-Martínez et al. [14] and Ng and Engelsen [15], who have proven their viability as a
partial substitute for natural sand. However, research on the use of RFA obtained from mortar elements
is scarce, due to the inferior physical, mechanical and chemical characteristics of this type of material,
such as its high-water absorption potential, porosity, and susceptibility to contain contaminants [16,17].
This has resulted in the accumulation of debris from the demolition of prefabricated mortar elements
in sanitary landfills and clandestine landfills, in the over overexploitation of river or quarry sandbanks,
and in the increase of energy consumption and CO2 emissions as a consequence of crushing rocks to
produce fine aggregates [11]. Silva et al. [18] showed that incorporating 10% ceramic RFA improves
most of the mortar´s properties. In the research conducted by Jiménez et al. [19], natural sand was
replaced by RFA composed by 54% ceramic and 40% masonry mortar. Experimental results showed that
replacing natural sand with this type of RFA in a proportion of 40% does not significantly affect mortar
properties in fresh and hardened state. On the other hand, Silva et al. [20] demonstrated the technical
feasibility of recycling RFA resulting from the demolition of bricks or red clay tiles. They concluded
that mortars made with replacement ratios of at least 20% generally show a better performance than
conventional mortar, giving emphasis to aspects such as flexural and compressive strengths.

Recycled mortar properties depend on RFA quality, the substitution rate of natural sand, cement
content, and water-cement (W/C) ratio. Among these factors, RFA quality is perhaps the most
important. It is known that RAs usually contain a certain number of sulfates, chlorides, and other
contaminants [21]. These impurities are, for the most part, the product of a lack of demolition planning.
Since the reuse of demolition rubble is not considered from the beginning, it is deposited outdoors,
or in places where it may be contaminated, allowing its mixture with other materials. Researchers
such as Rahal [22], Cachim [23], and Debieb et al. [24] (just to mention a few), have studied the effect
of the presence of these impurities on the behavior of concrete which has been manufactured with
replacement of natural aggregates by RA. The content of impurities and contaminants in RA can be
greatly reduced by means of selective demolition techniques [25,26]. Kumbhar et al. [27], as well as
Coelho and de Brito [28], describe deconstruction techniques for obtaining good quality CDW.

Water absorption potential is a determining factor in RFA quality. This is because, in the RA,
mortar is attached to the natural aggregate [29,30]. The implication of this RA characteristic is the
W/C reduction ratio in the cement paste, which results in poor workability, a greater number of
pores, less compression resistance, as well as drying contractions [31,32]. Therefore, to guarantee the
workability of the cement paste there are two possible solutions: the incorporation of plasticizers in
the mixture [7,11,33,34] or pre-wetting RAs before mixing [9,35–37]. Pereira et al. [8] conducted one
of the first studies on the effect of superplasticizers on the properties of fresh and hardened concrete
made with concrete RFA. Together with Cartuxo et al. [11] and Barbudo et al. [38], they showed
that in mixtures in which sand is replaced by RFA, the use of plasticizers improves the mechanical
characteristics of concrete. Zega and Maio [39] concluded that using a water-reducing additive
produces recycled concrete with adequate performance, which follows the specifications established
by different international construction standards.
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Studies such as those directed by González et al. [35], Mefteh et al. [9], and Cuenca-Moyano et al. [40],
have reported the benefits of pre-wetting RAs before making concrete mixtures. In all of these
cases, humidity levels below 100% of absorption capacity were recommended. Researchers like
Cabral et al. [41] and Zhao et al. [42] point out that the best results are obtained with humidities lesser
than or equal to 80% of absorption capacity.

The main objective of this research was to separately analyze the influence of pre-wetting RFAs
and using commercial plasticizers during the creation of new masonry mortars with partial substitution
of natural sand by RFA obtained from mortar elements. It is intended that the results of this research
contribute to an increase in the reuse of this type of RAs.

2. Materials and Methods

2.1. Obtaining Recycled Aggregates

The RFAs used in this research were obtained from the renovation of the second floor of the “K”
building of the Academic Division of Information Technology and Systems, at the Universidad Juárez
Autónoma de Tabasco (UJAT, Cunduacán, Tabasco, Mexico). This two-story building is 18 years old.
As part of the renovation, two separation walls made of prefabricated mortar elements (mortar blocks)
were demolished. Since the first objective of this research was to determine the effect of using demolition
strategies in obtaining the RAs, the demolition of one of the walls was planned and coordinated with
the builder. Demolition of the second wall proceeded according to the original plan of the builder
(conventional demolition). Therefore, two types of RA were obtained: the RFA*, obtained through a
deconstruction process, and the RFA, produced through a conventional demolition.

The proposed deconstruction plan was simple and consisted of five steps: (1) estimation of the
CDW volume to be obtained, (2) location of the rubble storage site, (3) removal of surface materials
other than mortar (wood, metals, plastics, crystals, etc.) prior to demolition, (4) manual demolition
followed by handling and separation of the remaining waste, and (5) crushing and storage. Because the
ground floor of the building was empty due to the renovation work, it was used as a CDW warehouse.
Before starting with the demolition of the walls, the window glass was removed, and the largest
possible amount of paint was removed with a wire brush and spatulas. After the demolition process of
the walls, the rubble was moved to the storage point (the ground floor of the building). Once all of
the debris was deposited on the ground floor, personnel with safety equipment removed materials
such as cables and some electrical devices that remained among the debris. The next step was to
crush the rubble, thus obtaining the RFA*. For grinding, a Los Angeles abrasion machine was used.
Subsequently, the debris was screened by means of an sieve number 4 (4.75 mm) and stored separately
on the ground floor of the building, protecting it from the weather.

The demolition of the second separation wall produced the RFA. The conventional demolition
process used by the builder was one that is commonly carried out in this type of remodeling, which
consists of three stages: (1) removal of elements contemplated for reuse in the project (in this case
none), (2) demolishing of the wall of prefabricated elements using hand tools, and (3) storage of all
debris in an area away from the construction zone, to be later transferred to an authorized dumping
area. For research purposes, debris from the separation wall was collected before being transferred to
the municipal landfill. As in the previous case, before crushing and sieving with the number 4 sieve,
materials other than mortar were removed as much as possible. The RFA obtained from this process
was stored in a container in front of the building that was being renovated.

2.2. Characterization of the Materials

All the RAs used in this research were characterized according to the UNE-EN 13139 [43] standard
on mortar aggregates. Natural sand (NS) obtained from a riverbank was used as a reference element.
The properties that were analyzed, as well as their reference standard, are shown in Table 1. Table 2 and
Figure 1 show the particle size distribution of the sand and recycled aggregates. It was observed that in
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general, the granulometry of the aggregates obtained from prefabricated mortar pieces (RFA* and RFA)
are similar.

The cement that was used is of the PCC 30R type Cemex® brand (Monterrey, México), referring to
a Portland cement compound of resistant class 30 with rapid resistance (3 days). This cement meets the
international requirements of ASTM C150 / C150M-09 [44] and ASTM C595 / C595M-19 [45]. Table 3
shows its chemical characteristics.

Figure 1. Particle size distribution of the sand and recycled aggregates.

Table 1. Standards used in the characterization of natural sand and recycled aggregates.

Fine
Content (%)

Sand
Equivalent

(%)

Dry Sample
Density
(gr/cm3)

Water
Absorption

(%)

Acid
Soluble

Sulphates
(% SO3)

Water
Soluble

Chlorides
(% Cl)

Total
Sulphurs
(% SO3)

UNE-EN
933-1 [46]

UNE-EN
933-8 [47]

UNE-EN
1097-6 [48]

UNE-EN
1097-6 [48]

UNE-EN
1744-1 [49]

UNE-EN
1744-1 [49]

UNE-EN
1744-1 [49]

Table 2. Particle size distribution.

Sieve Size (mm) 4 2 1 0.5 0.25 0.125 0.063

Percent passing(%)
NS 100 94 79 50 19 7.3 3.2

RFA* 100 75 41 22 13 8.4 5.2
RFA 100 81 38 20 11 6.5 2.6

Table 3. Chemical composition of cement (%) given by the fabricant, Cemex®.

Composition CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3

% 63 22 6 2.5 2.6 0.6 0.3 2.0

2.3. Mixes

All mixtures were prepared with the same proportion and content of cement. A conventional
mortar mixture (cement, natural sand, and water) was developed as a reference parameter. For the
first phase of this investigation, two families of mixtures were prepared with the gradual replacement
of NS with RA: RFA* was used in one and RFA in the other. For the second phase, two more types
of mixtures were made. In all of them, the RFA* was taken as a substitute for sand. In one of them,
the RFA* was subjected to pre-wetting before mixing (RFA* + h) and in the other, the RFA* was used
with its natural moisture, but a commercial plasticizer was added to the mixture (RFA* + P) (Table 4).
As a result of the above, five families of mortar were defined: NS, RFA*, RFA, RFA* + h, and RFA* + P.

Four replacement ratios were defined: 20%, 40%, 60%, and 100%. The replacement was carried out
as a percentage of dry weight [19,50]. In total, 19 mixtures were made. Table 4 shows the nomenclature
which was used.
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Table 4. Nomenclature for mortar mixes in which RA was used as a substitute of NS.

Replacement Ratio (%)
First Phase Second Phase

RFA* RFA RFA* + h RFA* + P

0 — — RFA* + h0 RFA* + P0
20 RFA*20 RFA20 RFA* + h20 RFA* + P20
40 RFA*40 RFA40 RFA* + h40 RFA* + P40
60 RFA*60 RFA60 RFA* + h60 RFA* + P60

100 RFA*100 RFA100 RFA* + h100 RFA* + P100

The plasticizer which was used was Sikament 500, which is a medium-range water reducing
liquid additive that does not contain chlorides. It complies with ASTM-C-494 Type D [51] and with
ASTM-C-1017 Type II [52]. Its density is 1.20 ± 0.05 kg/L.

Mortar dosages were implemented according to the characteristics which were obtained for the
materials. The following criteria were established:

• All the RAs that were used were smaller than 4 mm in particle diameter.
• The cement-aggregate ratio used in all mixtures was 1: 4.
• The amount of water was adjusted experimentally to achieve a consistency of 175 ± 5 mm in

the mixtures.
• Pre-wetting of the aggregates was performed only in one type of mixture (RFA* + h). The rest of

the aggregates were used with their natural humidity (2.3 ± 0.2). Pre-wetting was performed to
reach 80% of the total absorption capacity of the RA, guaranteeing the presence of water in the
aggregate and decreasing the migration of water from the mixture to the RA [5,41]. The procedure
used to achieve the aforementioned wetting was based on that described by Fonseca et al. [53]:
the aggregate was immersed in water for five minutes and then allowed to drain before its use.

The plasticizer was used in a proportion of 1% of cement weight. This value was recommended
by the manufacturer. Table 5 shows mixture proportions used in this research. This table shows that
according to the literature that was consulted [9,13,42], mortars containing RA need a larger amount of
water to achieve project consistency.

The mixtures were made in a standard mixer, placing the cement and fine aggregate first,
then mixing for a minute. Then, during the next 20 s, water was added while the mixer was still mixing
the cement and aggregate. The mixing of these materials was continued for three minutes at a speed of
140 rpm. This procedure was followed for all mixtures to which no plasticizer was added. For the
latter, we relied on the procedure described by Jiménez et al. [19]: water and additive were first placed
in the mixer´s container, then mixed at low speed (140 rpm) for two minutes, after which cement and
aggregate were slowly added. All these materials were mixed at low speed for three minutes.

Table 5. Mortar mixture proportions.

Mortar Type NS/RA NS (gr) RA (gr) CEM (gr) Water (gr)
Consistency
Index (mm)

W/C

AN 100/0 2307 0 332 285 176 0.86
RFA*20 80/20 1845 462 332 304 172 0.92
RFA*40 60/40 1384 923 332 328 171 0.99
RFA*60 40/60 923 1384 332 352 177 1.06
RFA*100 0/100 0 2307 332 371 174 1.12
RFA 20 80/20 1845 462 332 309 177 0.93
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Table 5. Cont.

Mortar Type NS/RA NS (gr) RA (gr) CEM (gr) Water (gr)
Consistency
Index (mm)

W/C

RFA 40 60/40 1384 923 332 337 180 1.02
RFA 60 40/60 923 1384 332 358 173 1.08
RFA 100 0/100 0 2307 332 386 175 1.16

RFA* + h0 100/0 2307 0 332 276 170 0.83
RFA* + h20 80/20 1845 462 332 293 174 0.88
RFA* + h40 60/40 1384 923 332 315 179 0.95
RFA* + h60 40/60 923 1384 332 330 171 0.99
RFA* + h100 0/100 0 2307 332 356 176 1.07
RFA* + P0 100/0 2307 0 332 249 180 0.75
RFA* + P20 80/20 1845 462 332 255 173 0.77
RFA* + P40 60/40 1384 923 332 271 171 0.82
RFA* + P60 40/60 923 1384 332 293 172 0.88
RFA* + P100 0/100 0 2307 332 318 170 0.96

2.4. Rehearsal Program

Assessing the properties of the mortar in its fresh state is an important aspect, because its
characteristics in this state have a great impact on the performance of the hardened mortar. To evaluate
the properties of fresh mortar, bulk density and air content tests were used. Whereas to characterize
hardened mortar, dry bulk density, compressive strength, adhesive strength, and water absorption
coefficient due to capillary action were tested. Table 6 shows the standards used during the tests.

Table 6. Standards used in mortar characterization.

Test Standard
Curing Time

(Days)

Properties of fresh mortar
Bulk density of the fresh mortar UNE-EN 1015-6 [54] —

Entrained air UNE-EN 1015-7 [55] —
Properties of hardened mortar

Dry bulk density UNE-EN 1015-10 [56] 28
Compressive strength UNE-EN 1015-11 [57] 28

Adhesive strength UNE-EN 1015-12 [58] 28
Water absorption coefficient due to capillary action UNE-EN 1015-18 [59] 28

3. Results and Discussion

3.1. Deconstruction Process Effect

Table 7 shows the results of the characterization of natural sand and recycled aggregates.
The percentage of fine content refers to particles smaller than 0.063 mm. The sand equivalence values
for recycled aggregates are similar to those of natural sand. According to the background literature
review, recycled aggregates have a lower dry density than natural sand (NS). As expected, the water
absorption value in all recycled aggregates is high with respect to that of NS [29,30]. The absorption of
RFA is slightly higher than that exhibited by RFA*, probably due to the impurities that the first of these
aggregates possesses.

All recycled aggregates meet with the specifications of the UNE-EN 13139 [43] standard for mortar
aggregates. The quantity of sulfates (≤0.8), chlorides (≤0.15), and total sulfur (≤1) meet with the limits
established by the UNE-EN 1744-1 standard [49]. Due to the characteristics of the processes through
which the RAs were recovered, the presence of other contaminants that could change the properties of
the mortars was not observed. However, it can be observed that although the total sulfate, chloride,
and sulfur values satisfy the established quality standards, the contents of these substances in the
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RAs obtained through a conventional demolition (RFA) are a bit higher than those obtained through
a deconstruction process (RFA*). This shows the benefit of planning a demolition according to the
recycling of CDW.

Table 7. Natural sand and recycled aggregate characterization.

Aggregate
Fine

Content
(%)

Sand
Equivalent

(%)

Dry
Sample
Density
(gr/cm3)

Water
Absorption

(%)

Acid
Soluble

Sulphates
(% SO3)

Water
Soluble

chlorides
(% Cl)

Total
Sulphurs
(% SO3)

NS 9.12 95 2.65 0.28 <0.010 <0.010 <0.010
RFA* 4.12 84 2.1 6.76 0.0027 0.041 0.0027
RFA 6.56 86 1.98 7.22 0.0039 0.054 0.0039

3.2. Fresh Mortar

3.2.1. Bulk Density of Fresh Mortar

Figure 2 shows the changes in bulk density of fresh mortar with respect to the percentages of
substitution of natural sand (NS) with RA, as well as its corresponding W/C ratio.

It can be seen that relative to the control sample (NS), the density of mortars with RA decreases as
the replacement ratio increases. This is a result of the low density of the RA and its high absorption [11].
The latter characteristic makes it necessary to increase the amount of water in the mixture to achieve
project consistency (175 ± 5 mm). This increases the W/C ratio, thereby decreasing the density of the
mixture. These results match those observed by other researchers [20,60]. The comparison of density
values obtained for the families of RFA* and RFA mixtures, shows that the latter exhibit lower density
for the same replacement ratios, as a consequence of their greater absorption.

On the other hand, the samples that used RFA* and underwent a pre-wetting process (RFA* + h),
as well as those made with the commercial additive (RFA* + P), showed the highest densities for each
of the replacement proportions. This increase in density is due to the fact that in these samples, the
volume of free water was reduced in the mixture, allowing a larger quantity of solid particles in the
mortar paste and therefore decreasing the W/C ratio.

Figure 2. Bulk density of fresh mortar and W/C ratio.

3.2.2. Air Content in Fresh Mortar

Air content in mortar mixtures is an important parameter because it influences aspects such as
durability and compressive strength. In spite of this, there are no specified limits for the amount of air
in mortar mixtures. However, some researchers suggest that acceptable air contents are in the range of
5% to 20%, which was adopted as a reference in this work [40]. Figure 3 shows the variation of air
content in fresh mortar with respect to the percentages of substitution of natural sand (NS) for RA,
as well as its corresponding W/C ratio.

It is observed that the air content of the mortars manufactured with RFA* and RFA is greater than
that of the control mixture, and also increases as the replacement ratio and the W/C ratio increase.
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In general, both families of mixtures show similar behavior, however, mixtures of the RFA family
exhibit a slightly higher air content, due to their higher W/C ratio. On the other hand, the mixtures
of the RFA* + w and RFA* + P families proved to have the lowest air content values, because they
reduce the amount of water in the cement paste. Mixtures of the RFA* + P family showed the lowest
air content values, all of them within the recommended ranges.

Figures 2 and 3 clearly show the influence of the W/C ratio on the bulk density and on the air
content of fresh mortar, respectively [19,40,61].

Figure 3. Air content of fresh mortar and W/C ratio.

3.3. Hardened Mortar

3.3.1. Dry Bulk Density

The bulk density of the hardened mortar at an age of 28 days and the W/C ratio for all mortar
families are shown in Figure 4. As happens in the fresh state, it is observed that as the replacement
percentage and the W/C ratio increase and density decreases, which is consistent with what was
observed by other researchers [40]. It is noted that the control mortar (NS) develops a greater density
than that of mortars of the RFA* and RFA families. An analysis among the latter makes it clear that
mortars manufactured with aggregates obtained by a deconstruction process exhibit a higher dry bulk
density, confirming the trends shown by the bulk density in the fresh state. Again, the best results were
shown by mortars of the RFA* + h and RFA* + P families. The mixtures that incorporated commercial
plasticizer exhibited the highest dry bulk densities for each percentage of substitution, in agreement
with the observations of Pereira et al. [8] and Cartuxo et al. [11]. This is because these mixtures have
the lowest values of W/C ratio and air content.

Figure 4. Dry bulk density and W/C ratio.

3.3.2. Compressive Strength

Regarding the characteristics of mortar in the hardened state, compressive strength is the most
important because it largely determines durability. Figure 5 shows the compressive strength at 28 days
and the W/C ratio for all mortar families.

Continuing with the trend of previously analyzed properties, compressive strength decreases as
the percentage of sand substitution by RA increases, as can be seen in Figure 5. This is in agreement
with observations by Cuenca-Moyano et al. [40] and Zhao et al. [42]. The decrease in the compressive
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strength of all mixtures as the percentage of substitution increases is due to the increase in the W/C ratio
required to maintain workability. Examining the compressive strengths of the RFA* and RFA mixture
families, it can be observed that the former reach slightly higher values. These results confirm the
importance of obtaining RA through a deconstruction process. The mixtures made with pre-wetting
of the aggregates (RFA* + h) exhibited a greater resistance for each substitution level than the RFA*
and RFA families, which is indicative of the importance of pre-wetting the aggregate before making
the mortar mixtures. The highest resistances were obtained for mixtures added with commercial
plasticizer. This is because this family of mixtures required less water during its manufacture, so the
W/C ratio was lower. In Figure 5, it can be seen that the control mixture meets the minimum resistance
indicated for M5 mortar (5 MPa). The RFA* and RFA mixtures did not meet this requirement. On the
other hand, of the pre-moistened mixtures, only those with substitution percentages ranging from
60% to 100% were below the 5 MPa resistance. On the other hand, it can be seen that in mixtures
with commercial plasticizer added, only those with a 100% substitution do not meet the minimum
resistance value for the type of mortar used.

According to these results, it is possible to replace up to 40% of NS with RFA*, with 80% pre-wetting
without affecting the compressive strength of the mortar. If commercial plasticizer is used, up to 60%
of NS can be replaced with good results.

Figure 5. Compressive strength of the mortar at 28 days and W/C ratio.

3.3.3. Adhesive Strength

Adhesive strength is a fundamental property of masonry mortars. The characterization of this
property was performed using the European standard UNE-EN 1015-12 [58]. Figure 6 shows the results
obtained for each of the families of mixtures. In general, the same trend is observed as for the other
properties studied so far: the adhesive strength is affected as the replacement ratio and the W/C ratio
increase. These observations are consistent with those made by Amorim et al. [62] and Silva et al. [18].
Comparing with mixtures to which no plasticizer was added, it is noted that similar behaviors exist for
the same replacement rates. The highest adhesive strength values were obtained for mixtures added
with commercial plasticizer.

Figure 6. Mortar adhesion and W/C ratio.

One aspect to highlight is the fact that all mixtures with a 20% substitution percentage exhibit values
similar to those of the reference mortar (NS). This seems to indicate that for this substitution percentage,
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there is no negative effect due to the incorporation of RA. On the other hand, Ledesma et al. [1],
Neno et al. [13], Braga et al. [12], and Jiménez et al. [19] pointed out that using recycled fine concrete as
a substitute for sand in a proportion between 10% and 20% increases adhesiveness with respect to
mortar made with natural sand.

3.3.4. Water Absorption Due to Capillary Action

Water absorption due to capillarity is an important indicator of mortar durability. It is known that
high absorption values are related to less durability. If the mortar has high water absorption, it will
allow the appearance of humidity, as well as water carried particles and substances detrimental to
mortar durability. Water absorption due to capillary action depends on mortar structure. The more
compact it is, the smaller the pore network is. Consequently, denser mortars will have less water
absorption [63].

Figure 7 shows water absorption values due to capillary action and water-cement ratio (W/C) for
all the mixtures under observation. It is observed that mortar water absorption values increase as the
W/C ratio and the NS replacement proportion by recycled aggregate increase [32,63]. As previously
mentioned, if the amount of recycled aggregate is greater, the volume of water required will also be
greater to maintain the consistency of the project (175 ± 5 mm), which increases the W/C ratio and
consequently, mortars are created with a higher pore network that allows better water absorption.

RFA* + h and RFA* + P mixture families are shown to have the lowest absorption values due
to their low water consumption. These mixtures exhibit a water consumption similar to the control
mixture for substitution percentages of 20% and 60%, respectively. The mix made with the commercial
additive and 20% RFA (RFA* + P20) exhibits less water absorption than the conventional mortar mix.

Figure 7. Water absorption values and W/C ratio.

4. Conclusions

In this research, the use of RA obtained from mortar elements as a substitute for natural sand
in the preparation of masonry mortars was evaluated, as a proposal of a new field of application for
these RAs. Two types of recycled aggregates were used in this research: RFA* and RFA. However,
mixtures developed using aggregates obtained through a process specifically planned to recover debris
for its use as a substitute for sand (RFA*) developed higher bulk density, adhesive strength, and
compressive strength for each substitution percentage than those made with aggregates obtained
through conventional demolition (RFA). The deconstruction technique used in this study is simple
and competitive in terms of cost, since the RA was obtained directly on-site and transport costs
were reduced.

The experimental results show that the bulk densities in the fresh and hardened state, as well as
the compressive and adhesive strengths of the mortars, all exhibit the same tendency: they decrease
in an almost linear way with the rate of replacement of NS by RA. Regarding the air content and
water absorption due to capillary action in the mixtures, it is clear that they increase as the content
of RA and the W/C ratio increase. The main agent that causes these behaviors is the high absorption
potential of the RAs. As the number of RA increases, it is necessary to add more water to the mixture
to achieve project consistency. This is detrimental to the quality of the mortar. It is then concluded that
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the properties of the recycled mortar are closely linked to the substitution ratio of NS by RA and the
W/C ratio.

The pre-wetting of RA at 80% of its absorption capacity before mixing prevents excessive water
absorption by the cement paste. Therefore, mixtures that were made with this procedure (RFA* + h)
showed an improvement of the analyzed properties, relative to mortar made with RA at natural
moisture. The mixtures that were added to by a commercial plasticizer (RFA* + P), which required a
smaller amount of water to achieve project consistency than the rest of the mixtures. This brought
a considerable improvement of mortar properties, both in fresh and hardened states. Consequently,
mortars with the greatest density, greatest strength, best adhesive strength and lowest absorption
capacity were those added with plasticizer, followed by those made with pre-wetting of the aggregates.
It was observed that, for the first of these two mixtures, a 60% substitution value produces very similar
results to those obtained with the reference mortar, so this percentage was established as optimum.
Concerning mortars with pre-wetting of the aggregate, the optimum replacement percentage was 40%.
As it was demonstrated, these two techniques contribute to reducing the W/C ratio and improving the
compacity and the mechanic properties of mortar, also avoiding the appearance of cracks produced by
high quantities of free water.

Due to the fact that mortar mixtures made with both techniques have characteristics similar to
those of conventional mortars (with their respective optimum percentage of substitution), it is probable
that both kinds of mortars have a similar maintenance cost. However, more detailed studies about this
topic are needed.

The experimental results show that it is possible to reuse RAs coming from prefabricated mortar
elements if adequate debris recovery techniques are established and are used in combination with
procedures that reduce the amount of water required in the mixtures.

The use of this type of materials in conventional applications of masonry mortar (indoors and
outdoors) will be very important in the near future, since this practice is closely related to sustainability
of construction technology.
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Abstract: This research work analyses the influence of the use of by-products from a fluorite mine
to replace the fine fraction of natural aggregates, on the properties of Ultra-High-Performance
Fibre-Reinforced Concrete (UHPFRC). Replacing natural aggregates for different kinds of wastes
is becoming common in concrete manufacturing and there are a number of studies into the use of
waste from the construction sector in UHPFRC. However, there is very little work concerning the
use of waste from the mining industry. Furthermore, most of the existing studies focus on granite
wastes. So, using mining sand waste is an innovative alternative to replace natural aggregates in
the manufacture of UHPFRC. The substitutions in this study are of 50%, 70% and 100% by volume
of 0–0.5 mm natural silica sand. The results obtained show that the variations in the properties
of consistency, compressive strength, modulus of elasticity and tensile strength, among others,
are acceptable for substitutions of up to 70%. Therefore, fluorite mining sand waste is proved to be
a viable alternative in the manufacturing of UHPFRC.

Keywords: mining waste; ultra-high performance fibres reinforced concrete; compressive strength;
flexural strength

1. Introduction

In 1973, the overexploitation of natural resources and environmental degradation due to the
waste generated in industry, mining, etc. motivated the European Union to launch its Environment
Action Program. This program is currently in its seventh edition. The latest resolutions, passed in
2013, prioritize increasingly efficient use of resources to make the European Union an intelligent,
sustainable and inclusive economy. Construction is one of the most affected sectors, so the use of waste
as a resource is currently a priority in the research lines of many institutions in this sector, particularly
in relation to the manufacturing of concrete.

Ultra High Performance Concrete (UHPC) emerged in the early 1990s, when P. Richard [1]
developed a new type of concrete that offered a compressive strength of over 200 MPa, a bending
strength above 40 MPa, and some ductility. In 2002 the first recommendations for the structural use of
these concretes ware published in France [2]. In 2005, noteworthy research work was carried out in
Germany, building the groundwork for the basic knowledge needed to develop a reliable, economically
feasible UHPC [3]. UHPC has been developed further in recent decades and is valued for its high
mechanical strength and very low porosity.

The incorporation of short steel fibres in these concretes improves the performance of the structures
against flexotraction, controls and reduces cracking. These concretes are called Ultra-High-Performance
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Fibre-Reinforced Concrete (UHPFRC). Abbas et al. [4] reported that the incorporation of short steel
fibres, increases the load against the first crack and the maximum load, as well as making it possible
to double or triple the tensile strength of UHPC. Although the Association Française de Génie Civil
considers UHPC as that having a compressive strength higher than 150 MPa [2], it is very common to
classify concrete with a compressive strength of over 100MPa as UHPC. In this regard, F. Canovas
qualifies concrete as having very-high strength when it has a compressive strength higher than 90 MPa
and as having ultra-high strength when its compressive strength is higher than 125 MPa at 28 days [5].

Ecologically, however, UHPC has problems in terms of sustainability, since it uses very fine
fractions of natural aggregates, especially silica sands, which require significant energy for grinding.
Therefore, there is a need to find and supply alternative materials to avoid or reduce their use. The use
of recycled materials or construction by-products as a total or partial substitution of natural aggregates
in the search for a more sustainable UHPC is currently being researched. Ambily el al. [6] study
the use of copper slags as an alternative to the finest aggregate in UHPC. With 100% substitution
of the fine aggregate, variations in flexural strength are negligible, and despite the slight reported
loss of compressive strength, the final values are above 150 MPa. Zhu et al. [7] and Zhao et al. [8]
use iron tailings as an alternative to natural aggregate. They observed that up to 40% substitution,
the mechanical properties of the UHPC were coMParable to those of the control concrete. In addition,
Zhao et al. [8] showed that if the maximum size of the iron tailings was under 1.20 mm, a substitution
of 60% is viable.

Glass waste is another type of material that can be used to substitute aggregates. Yang et al. [9]
and Soliman and Tagnit-Hamou [10] have shown that using recycled glass to replace the natural
sand gives promising mechanical properties in UHPC. For a ratio of 50% substitution, the slump and
the compressive strength are coMParable to the control UHPC mix [10]. Following this same line of
research, Zegardlo et al. [11] have shown that ceramic waste is another alternative to natural aggregate
in the manufacture of UHPC. The results show that the compressive strength improves by 24% and the
tensile strength rises to 34%.

The abovementioned studies focus on the use of waste from the construction sector. However,
there are only a few studies that focus on incorporating waste from the extractive industry in the
manufacture of concrete, specifically HPC and UHPC. The studies in which granite cutting waste is
used as a substitution for fine aggregate in UHPC is relevant in this area. Sarbjeet et al. [12] showed that
a substitution of 40% of the aggregate had a positive iMPact on the flexural strength while for a ratio of
70% the results were coMParable to those of the control concrete. López Boadella et al. [13] observed
an increase in flexural strength and tensile strength by substituting 35% of micronized quartz with fine
granite cutting waste. Similar results were provided by Kala [14] who found that the incorporation of
granite fines as a partial replacement for sand has a positive effect on the properties of HPC in relation
to compressive strength, flexural strength and tensile strength.

Mining, which is one of the greatest waste-generating activities [15,16] is the focus of this
research. This a study of the feasibility of the utilization of by-products from a fluorite (CaF2) mine as
a replacement for natural aggregates in the manufacture of UHPFRC. This silica sand comes from the
mine’s washing installations. Once treated and washed, it could be used in the manufacture of UHPC.
However, it cannot be used in conventional concrete due to the high percentage of fines. To the best
of the authors’ knowledge, there are no previous studies on the use of this type residue. The studies
than come close are those already mentioned, which refer to granite fines. So, the main objective
of this research is the innovative use of this by-product as a substitute for natural aggregates in the
manufacture of UHPFRC.
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2. Experimental Study

2.1. Description of the Materials Used

Type I 42.5 R/SR Ordinary Portland Cement (OPC, Lafarge-Holcim, Madrid, Spain) was used.
As additions for the mix, two materials were used: densified silica fume (Elkem Microsilica®940, Elkem,
Barcelona, Spain) with a 0.15 μm average particle size and micronized quartz with a maximum particle
size of 40 μm. The steel fibres (Arcelor Mittal, Asturias, Spain) used in the research had a diameter of
0.2 mm and a length of 13 mm. As natural aggregates, two types of siliceous sands (Sílices La Cuesta,
Asturias, Spain) with granulometric fractions 0–0.5 mm and 0.5–1.6 mm were used. In order to achieve
optimum workability, a polyxycarboxylate superplasticizer was used. (Sika ViscoCrete-225 Powder,
Sika, Madrid, Spain). Finally, as a substitute for the finest fraction of the sand, waste mining sand
(WMS) (Minersa, Ribadesella, Spain), which is generated in the process of obtaining fluoride or fluorite
spar in fluorite mines, was used (Figure 1a,b).

Figure 1. Obtaining residual mine sand.

Table 1 shows a summary of the main properties of all the materials used. The greatest amount of
fine particles present in the WMS is in the sand equivalent test.

Table 1. Properties of the materials.

Properties
Aggregate
0–0.5 mm

Aggregate
0.5–1.6 mm

Micronized
Quartz

Silica Fume
Waste Mining

Sand

Bulk density (kg/m3) 2616 2616 2609 2300 2717
Sand equivalent 97 97 - - 28
Absorption 24 h 0.28% 0.53% - - -
Humidity (%) 0% 0% < 0.2% < 3.00% 0%

The chemical composition of the WMS is determined by X-ray fluorescence. The results obtained
are shown in Table 2, where L.O.I stands for Loss on Ignition. The second most significant component
is CaO, at 10%. The percentages of Al2O3 and Fe2O3 are approximately 1.5%, higher than those of the
0–0.5 mm silica sand.

Table 2. Chemical analysis (%) of the waste mining sand and the natural sand it replaces.

Material SiO2 CaO Fe2O3 Al2O3 MgO K2O Na2O TiO2 P2O5 MnO L.O.I

Waste mining sand 71.65 10.8 1.66 1.5 1.21 0.57 0.13 0.11 0.03 0.01 8.82
Aggregate 0–0.5 mm 99.34 < 0.1 < 0.13 0.30 < 0.1 < 0.1 < 0.03 < 0.1 < 0.1 - 0.23
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Figure 2 shows the particles size distribution of the materials used. A difference between the
granulometry of the 0–0.3 mm WMS, and the fraction of 0–0.5 mm silica sand which it substitutes, can be
seen. The granulometric distribution of silica fume is a consequence of its densification. Its maximum
particle size is 0.15 μm.

Figure 2. Grading curves of the materials.

2.2. Mix Design

To develop this research, the starting point was a self-coMPacting reference concrete with
a compressive strength of more than 117 MPa. From this control mix, the experimental program
was developed with replacements of 50%, 70% and 100% of 0–0.5 mm of silica sand for the same
volume of WMS. Substitutions below 50% were not done as the results obtained for these percentages
were satisfactory.

Table 3 shows the proportions of each of the UHPFRC mixes manufactured.

Table 3. Dosages of Ultra High Performance Fibre Reinforced Concrete (UHPFRC) (kg/m3).

Material Control 50% WMS 70% WMS 100% WMS

Cement 800 800 800 800
Sand 0–0.5 mm 302 151 91 -

Waste mining sand - 161 225 321
Sand 0.5–1.6 mm 565 565 565 565

Micronized quartz 225 225 225 225
Silica fume 175 175 175 175

Water 175 175 175 175
Superplasticizer 10 10 10 10

Steel fibres 160 160 160 160

Figure 3 shows the grading curves of the total aggregate of the different UHPFRC mixes.
As the percentage of substitution of the finest fraction of the sand for WMS increases, the percentage of
particles with a size between 50 μm and 300 μm increases. This increase generates grading curves with
a more continuous progression, given that the depression that occurs in the range between 50 μm and
1 mm for the control concrete is corrected. Because of this, the curves resulting from the use of mine
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sand are more similar to the ideal packing curve proposed by authors such as Andreasen or Funk and
Dinger [17].

Figure 3. Grading curves of UHPFRC.

2.3. Development of the Experimental Program

The mix procedure is as follows: first the two parts of silica sand and/or the WMS are introduced
in the mixer, followed by the micronized quartz, the silica fume and finally the cement. They are
mixed for 30 s and then the whole amount of water is poured in. Mixing continues for 2 min more,
after which the superplasticizer additive and the steel fibres are added. The whole mixing process
ends after 25 min.

Nine specimens were manufactured for each mix, according to the specifications of standard
UNE-EN 12390-1 [18]: three Ø15 × 30 cm cylindrical specimens, three 10 × 10 × 10 cm cubic specimens
and three 10 × 10 × 40 cm prismatic specimens. The specimens were cured in a humid chamber at
a temperature of 20 ± 2 ◦C and a relative humidity of 95% for 28 days following the specifications of
the UNE-EN 12390-2 standard [19].

The following properties were measured: the consistency of fresh UHPFRC according to the NF P
18-470 standard [20], the density of hardened UHPFRC following the UNE-EN 12390-7 standard [21],
the modulus of elasticity (UNE- EN 12390-13) [22], compressive strength (UNE-EN 12390-3) [23],
flexural strength (NF P 18-470) [20] and tensile strength (NF P standard 18-470) [20].

Table 4 shows a summary of the results obtained in this study. All values, except slump, correspond
to the average value of the three results obtained in each of the tests performed.

Table 4. Results of the experimental program.

Properties Control
Difference (%)

50% WMS 70% WMS 100% WMS

Slump (cm) 25.0 16.0% 4.0% 20.0%
Density (kg/m3) 2410.0 −1.2% −1.7% −2.1%

Compressive strength (MPa) 117.2 9.9% 11.8% 11.2%
Modulus of elasticity (GPa) 45.2 −3.5% −5.8% −6.4%

Flexural strength (MPa) 23.0 −7.0% −3.5% −17.4%
Tensile strength (MPa) 8.7 9.2% −1.1% −20.7%
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3. Analysis of Results

3.1. Consistency of Fresh UHPFRC

Figure 4 shows the results obtained. In the three mixes there is an increase in the consistency of
fresh UHPFRC, of between 4% and 25%. This improvement may be related with the variation in the
granulometry of WMS (0–0.3 mm), in relation to the fraction of substituted silica sand (0–0.5 mm).
It may also be related to the variation experienced by the grading curve of the mixtures in the range
0.1–0.5 mm when introducing the mine sand, since a more continuous distribution of the particle size
is observed. This will improve packaging and reduce water requirements [24].

Figure 4. Slump of UHPFRC.

Differences between these results and those obtained by other authors can be explained by the
characteristics of the type of waste used. Soliman and Tagnit-Hamou [10] observed an improvement in
slump flow by incorporating glass powder, with slightly larger average particle diameter, as partial or
total substitution of quartz sand. Similar results were obtained by Pyo et al. [25] when substituting the
finest silica sand with waste generated in a tungsten mine. For substitutions of 50% and 100% there is
an improvement in the flow of fresh concrete greater than 30%. However, Kou [26] and Zhao et al. [8]
observe a decrease in flowability in their tests when using other types of waste. Kou [26] shows a loss
in the flowability of UHPFRC when discarded fly ash is incorporated as a substitution for silica sand.
Kou attributes this loss of flowability to a greater amount of fines present in fly ash. Zhao et al. [8]
observed that substituting 100% of the natural aggregate with iron ore tailings produced a significant
decrease in the flowability of the UHPC due to the more angular and irregular shape of the tailings.

3.2. Density of the Hardened UHPFRC

Figure 5 shows the values obtained for the different substitution percentages. As the percentage
of WMS increases, there is a minimal density reduction, around 2% for a 100% substitution.
These variations in density are so slight as to be within the range of variability of the results
obtained, as shown in the error bars in Figure 5. Therefore, the use of WMS has a negligible influence
on the density of hardened UHPFRC.
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Figure 5. Density of UHPFRC.

3.3. Compressive Strength

There is an increase in strength for all degrees of substitution, as shown in Figure 6. This may be
due to the difference between the maximum aggregate size of silica sand (0.5 mm) and that of sand
from the fluorite mine (0.3 mm) since, especially in cement-rich concrete. The smaller the maximum
particle size, the greater the compressive strength of the concrete [27–29].

Figure 6. Compressive strength of UHPFRC.

These increases in the compressive strength of concrete are in line with the results obtained by
Zegardlo, [11] who obtained an increase in strength of 24.7% when using ceramic waste as an alternative
to natural aggregate. He attributes this improvement to the formation of mechanical hooks in the
interfacial transition zone (ITZ), which generate better adhesion with the cement paste and greater
strength. Similar results were obtained by Zhu [7] who observed an increase in compressive strength
by incorporating 0–1.20 mm iron ore tailings to substitute 0–4.75 mm siliceous sands, independently of
the percentage of substitution. However, other authors obtain less favourable results, depending on
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the waste used: Soliman and Tagnit-Hamou report a loss of compressive strength of 15% for a 100%
substitution in their study using glass waste as an alternative to quartz sand [10].

4. Elasticity Modulus

Figure 7 displays the effect of WMS on the elasticity modulus of the UHPFRC. A slight and
progressive decrease in the modulus of elasticity values can be seen as the substitution percentage
increases. However, this difference is small, not exceeding 6%.

Figure 7. Modulus of Elasticity of UHPFRC.

This low influence on the modulus of elasticity is also reflected in the results obtained by
Alsalman [30], when substituting sand with fly ash. According to the author, this may be due to an
excess of fly ash, which makes it impossible for 100% of these particles to be hydrated. This counteracts
the positive effect of hydrated ash.

Gonzalez-Corominas and Etxeberria [31] also observed a decrease in the modulus of elasticity
(around 5%), although their study refers to low substitution percentages (less than 30%) and uses
ceramic waste to manufacture high performance concrete (HPC). They relate this reduction to the
lower density of the concrete derived from using ceramic waste.

4.1. Flexural Strength

The results regarding flexural strength, shown in Figure 8, are stable up to 70% substitution,
when they rise slightly. In general, the trend is declining and drops to 17% for a substitution of 100%.
For lower percentages the variation is smaller, less than 7%. The variability of the results may be due
to the randomness of the distribution of steel fibres.

The explanation may be in the inferior quality of mine sand, since it has 10% CaO, as opposed to
the natural sand it substitutes, which is almost 100% SiO2. This could counteract the advantageous
results produced by the improvement in the grading curve for high percentage substitutions, because
of the lower mechanical resistance of the mine sand. In general, the result is similar to that obtained
by Zhao et al. [8] and Zhu et al. [7] who use iron ore tailings as an alternative to natural aggregate.
The concrete loses 18% of its flexural strength when 100% of the natural aggregate is substituted,
while for the rest of the percentages the variations are very small. These results are also similar to those
obtained by Taha [32], who uses glass waste as an alternative to natural aggregate in UHPC without
fibres, although the results of flexural strength are not coMParable due to the lack of fibres. However,
the results obtained by this author show a decrease in flexural strength of 21%, when 100% of the fine
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aggregate is substituted. Taha considers that this loss of strength may be a consequence of small cracks
present in the particles of the glass waste, or the presence of organic materials, which can degrade over
time, creating hollows in the microstructure of the concrete.

Figure 8. Flexural strength of UHPFRC.

4.2. Tensile Strength

In order to determinate the tensile strength of UHPFRC the stress-strain curves from the flexural
tests have been taken as the starting point as seen in Figure 9.

Figure 9. Stress–strain curves and key points.

From the curve obtained, the key points [33] necessary to determine the tensile behaviour were
determined, using the following points:

Point 1 is the intersection of the curve test with a line of a slope equal to 0.75 of the slope of the
elastic zone of the curve.

Point 2 is the intersection of the curve test with a line of a slope equal to 0.40 of the slope of the
elastic zone of the curve.
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Point 3 is the point of the ascending zone of the curve, with 97% of the highest stress.
Based on these points, the tensile strength of the UHPFRC can be obtained by the following

equations [33]:
E = 2.40 h m (1)

ft =
σ75

1, 63

(
σ75

σ40

)0.19

(2)

εt,u =
ft
E

(
7.65

δloc
δ75
− 10.53

)
(3)

εt, el = ft/E (4)

α = εt,u/εt,el (5)

ft,u = α−0.18
(
2.46

σloc
σ75
− 1.76

)
ft (6)

Where the pair of values (σ75, δ75), (σ40, δ40), and (σloc, δloc) correspond respectively with points 1,
2 and 3 in the curve of Figure 9. Equation (1) represents the value of elasticity modulus (E) in function
of the slope (m) of the elastic region of the stress-strain curve and the thickness (h) of the specimen in
mm. Equation (2) refers to the crack resistance (ft) of the matrix reinforced with fibres, Equation (3)
calculates the peak deformation (εt,u), Equations (4) and (5) refers to the standardised parameters εt,el
and α, and Equation (6) represents the value of the ultimate tensile strength (ft,u) in function of the
parameters previously defined.

The resulting tensile strengths can be seen in Table 4 and Figure 10. An initial increase in tensile
strength values is followed by a decrease for high substitution percentages. For a 50% substitution,
an increase in resistance of 9.5 MPa is achieved, which represents an increase of 9%, whereas for a 100%
substitution, there is a loss of 20%. For a substitution of 70%, there is hardly any variation with respect
to the control UHPFRC. As the error bars show, a high variability of the experimental results obtained
for each substitution percentage is clear. This variation may be due to the random distribution of the
fibres in the UHPFRC.

Figure 10. Tensile strength of UHPFRC.

The tensile strength results are similar to those of flexural strength, with an improvement for low
substitution percentages followed by a drop that reaches 20% for a 100% substitution. The possible
explanation, as in flexural strength, is the inferior quality of the mine sand used. The result obtained
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is similar to that of Taha [32] when analysing the influence of substituting glass waste for sand in
the UHPC without fibres, although pointing out that the absence of fibres is an important factor.
This author observes very little variation for 50% substitution, while for 100%, he reports a loss of
tensile strength of 5%. As mentioned in the previous section, Taha considers that this loss may be due
to small cracks present in the particles of the glass waste.

5. Conclusions

In this research, two main findings have been identified, which could explain the results obtained
in the laboratory tests. The first is that the grading curve of the mixtures shows a more continuous
distribution of the particle size, which improves packaging and reduce water requirements. The second
is that the quality of mining sand is slightly inferior given that it contains 10% CaO as opposed
to the natural sand it substitutes, which is almost 100% SiO2. The overall consequence is that the
improvement in packaging leads to an improvement in mechanical properties up approximately 70%
of replacement, at which point the lower quality of waste mining sand counteracts the advantages of
the better packaging.

In view of the results obtained in this work, it can be established that waste sand from fluorite
mines (WMS) is a viable alternative as a partial substitution of silica sand in the manufacturing of
Ultra High Performance Fibre Reinforced Concrete (UHPFRC). The most relevant conclusions are
the following:

The incorporation of WMS improves the consistency of fresh UHPFRC due, probably, to its smaller
particle size generating a lubrication effect of the mixture.

The density of UHPFRC with WMS is very similar to the density of the control concrete.
The variations are very small, less than 2.5%, for any percentage of substitution.

The improved consistency of fresh UHPFRC with WMS and its smaller particle size favours
the coMPactness of the concrete and causes an increase in compressive strength around 11% for all
substitution percentages.

There is a slight decrease in the modulus of elasticity, which does not reach 6% for a 100%
substitution with WMS, so the influence of using this type of waste on the modulus of elasticity of
UHPFRC is negligible.

The results of flexural strength and tensile strength obtained show high variability for each
substitution percentage. This may be a consequence of an inefficient distribution of the short steel
fibres present in these concretes. However, the variations are small up to 70% substitution. Only for
substitutions of 100% is there a significant loss in flexural strength and tensile strength, which reach
values of 17% and 20%, respectively.

It can be held that the use of up to 70% of waste mine sand as a substitute for natural sand is a
totally feasible option for manufacturing UHPFRC, given that it has a minimal effect on any of its
mechanical properties. However, for a ratio of 100% of substitution there is a drop of over 15% in
tensile and flexural strengths, making the use of this substitution percentage inadvisable.
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Abstract: The application of recycled aggregates (RA) from construction and demolition waste and
crushed concrete blocks is a very important challenge for the coming years from the environmental
point of view, in order to reduce the exploitation of natural resources. In Spain, the use of these
recycled materials in the construction of road bases and sub-bases is growing significantly. However,
presently, there are few studies focused on the properties and behavior of RA in civil works such as
road sections or seaport platforms. In this work, two types of RA were studied and used in a complete
real-scale application. Firstly, recycled concrete aggregates (RCA) were applied in the granular base
layer under bituminous superficial layers, and secondly mixed recycled aggregates (MRA) which
contain a mix of ceramic, asphalt, and concrete particles were applied in the granular subbase layer,
under the base layer made with RCA. Both RA were applied in a port loading platform in Huelva,
applying a 100% recycling rate. This civil engineering work complied with the technical requirements
of the current Spanish legislation required for the use of conventional aggregates. The environmental
benefits of this work have been very relevant, and it should encourage the application of MRA and
RCA in civil engineering works such as port platforms in a much more extended way. This is the first
and documented real-scale application of RA to completely build the base and sub-base of a platform
in the Huelva Port, Spain, replacing 100% of natural aggregates with recycled ones.

Keywords: seaport loading platform; recycled aggregates; civil infrastructures; structural granular
layers; construction and demolition waste

1. Introduction

Several studies have demonstrated the feasibility of using recycled aggregates (RA) from
construction and demolition waste (CDW) in structural road layers over last two decades [1,2].
Therefore, in recent years, the use of recycled aggregates in road and concrete applications has
advanced considerably [3–8]. Although research focused on RA started in the 1990s, there are not
enough specific technical regulations to promote the use of these types of aggregates [9]. This is
why in Spain the Structural Concrete Instructions EHE-08 [10] are used for concrete construction,
and the General Technical Specifications for Construction of Roads and Bridges [11] are used for road
construction. Based on the proportions of the components of RA, De Brito, Agrela, and Silva (2019) [12],
proposed a new classification of these that can be divided into:

- Recycled concrete aggregates (RCA): recycled aggregates which contain concrete particles larger
than 85% or 90% of total dry mass. It would be possible to divide this category in two types, I and

Materials 2020, 13, 2651; doi:10.3390/ma13112651 www.mdpi.com/journal/materials199



Materials 2020, 13, 2651

II (Table 1), because there are some samples of RCA with more water absorption capacity and
other different values in their properties.

- Mixed recycled aggregates (MRA): in this category there are three types, and only types I and II can
be used in road layers (Table 1). These MRA-I and MRA-II are products obtained in the treatment
of CDW, containing ceramic particles (Rb) between 15% and 40%.

Table 1. Classification of RA proposed for international application in road sections [12].

Types of RA
Proposed

Composition *
Minimum

Density (SSD)
Water Absorption

Capacity (%)
Los Angeles

Value (%)
Water-Soluble
Sulphate (%)

Proposed Uses
in Road Layers

Rc+Ru
(%)

Rb
(%)

Ra
(%)

Others
(%)

RCA-I >90 <10 <5 <1 <0.7 <6 <35 <0.7
Concrete pavement, cement

treated, or unbound
granular subbases

RCA-II >85 <15 <10 <3 <0.8 <8 <37 <0.8 Cement-treated or unbound
granular subbases

MRA-I >70 <30 <5 <5 <0.8 <8 <40 <0.8 Unbound granular subbases
or capping of esplanades

MRA-II >60 <40 <5 <8 <1.0 <12 <45 <1.0 Capping of esplanades
or subgrades

* Rc: concrete and products thereof; Ru: unbound NA; Rb: ceramic bricks and tiles, calcium silicate masonry units;
Ra: bituminous materials.

Other types are included in this proposal, MRA-III and RAA, but Table 1 only includes the most
feasible RA to be used in road pavements, bases, sub-bases, and capping of esplanades, and additionally,
showing the different applications of RA on roads.

An important value is that obtained with the Los Angeles Abrasion Test, which consists of
producing an abrasive action by using standard steel balls that, when mixed with aggregates and rotate
in a drum during a specific number of revolutions, also cause impact on aggregates. The percentage of
wear of the aggregates due to friction with steel balls is determined and is known as the Los Angeles
abrasion value, it is the difference in size before and after abrasion. The lower the percentage, the better
the abrasion performance of the material.

RCA are the most widely used in granular unbound road layers. This material meets the requirements
establish by the PG-3, usually showing the same characteristics as a natural aggregate [13].

Vegas et al. (2011) [14] conducted a pre-normative study to determine the physical, chemical,
and mineralogical properties of MRA for their use in structural and unbound road layers. This study
concluded that MRA with variable contents of concrete and ceramic particles could produce pozzolanic
reactions, increasing the long-term mechanical properties of the structural road layer.

In recent years, RA have been applied in different studies for use on low-traffic roads and
paths. MRA are generally used in road layers with reduced structural requirements, such as rural
or pedestrian paths [13] and RCA are used in more demanding applications, such as on roads with
a higher traffic volume [2]. Commonly, the different types of RA are partially applied. However,
it is necessary to use these recycled materials in complete applications, in which all the conventional
aggregates applied in structural layers can be replaced by RA to produce a significant reduction
in environmental impact, maintaining the appropriate mechanical behavior and bearing capacity with
respect to the conventional layers.

In this work, RCA and MRA have been applied in structural layers of seaport platforms.
The RA have been applied over the entire surface of two layers the structural section. The design
of port pavements is carried out according to their use and future activity, establishing the different
calculation loads, their intensity of use and the type of existing subgrade. Specifically, in Spain,
the recommendations in ROM 4.1-94 [15] and Standard 6.1-IC [16] are used for the design of
port pavements.

In this work, two layers of 0.25 m of natural aggregates form of quarries were replaced by recycled
aggregates for the port sub-base platform construction. Mechanical behavior, leaching properties,
equivalent module, and deflections were studied to demonstrate the feasibility of using these materials
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in this type of application, which reduces the consumption of natural resources or raw materials,
decreasing the ecological footprint.

2. Research Design

The current research aims to study and evaluate the physical, chemical, and mechanical behavior
of recycled concrete aggregates (RA) for their use in a complete real-scale application in structural layers
on a loading platform at the port “Ciudad de Palos” in Huelva. This platform is located in the area
known as the outer harbor, on the left bank of the Ria Huelva (Huelva, Spain) and has an unpaved
surface area of 28,500 m2. An area of 8200 m2 was chosen to develop this research (Figure 1).

Figure 1. General view of the test area.

This study was divided into several stages, which are described below (Figure 2) in the chronological
order that was followed during the research.

- Task 1. Study of MRA and RCA properties. In this initial phase, recycled aggregates (RCA and
MRA) produced at the treatment plant were evaluated, studying the process of treatment applied
at the recycling plant, the fines particles content, physic-chemical properties, or the potential
contamination by leaching of the recycled aggregates. At the end of this phase, a solution was
proposed to be applied in the real-scale application.

- Task 2. Mechanical behaviour of MRA and RCA was studied in order to establish the possibilities
of using these recycled aggregates in the real-scale application. In this part of the research,
compaction and bearing capacity were determined.

- Task 3. Execution of the loading platform at the Port of Huelva, specified in Figure 1, applying
MRA and RCA in the base and sub-base structural layers of the platform.

- Task 4. Quality control of the execution processes, verifying that the specifications previously
established and corroborated by laboratory tests were met. In this phase, density and water
absorption in both granular structural layers of the loading platform were determined to confirm
the correct application of MRA and RCA.

- Task 5. Medium- and long-term auscultation tests, using the application of an impact deflectometer.
This study was carried out in the entire area of the loading platform, which was divided into
14 streets with a width of 5 m, numbered and delimited by measuring equipment. This allowed
the study of the area of a longitudinal direction, obtaining an equivalent stretch of 1750 m in length.

- Task 6. Final evaluation of the application. After the execution of the application, and with
a defined frequency, the basic parameters were evaluated.
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Figure 2. Research design.

This study has been developed in accordance with the technical specifications regulated by current
legislation, PG3 and ROM-4.1/94, for both quality control of the materials, design and appropriate
execution of the loading platform.

3. Recycled Materials

In this work, two types of recycled aggregates (RCA and MRA) were studied to be used as
sub-base and base layers in the port loading platform.

Due to the appropriate mechanical properties of the recycled aggregates for their use in road
layers compared to artificial gravel (artificial gravel (AG) is an aggregate of granular particles formed
by stone material, it originates from the fragmentation of artificially crushed rocks), the authority of
the Port of Huelva decided to modify a part of the structural section of the loading platform called
“Ciudad de Palos”. Two layers of AG were replaced by MRA and RCA. To carry out this replacement,
characterization studies were initially performed on both RA, and the mechanical behavior was
analyzed, comparing their results with AG (conventional materials in road construction).

On the one hand, mixed recycled aggregates (MRA) obtained from the treatment of construction
and demolition waste (CDW) with variable contents of ceramic particles (Rb), in this case less than 30%
were studied. The MRA used was composed of other different elements, including asphalt, particles
with adhered mortar, natural aggregates, glass, gypsum, and other impurities. This material was used
to make the sub-base in the loading platform section, and was classified as MRA-II, because the content
of gypsum and other elements were reduced to less than 5%. It is very important to make an adequate
selection at source of the CDW to achieve very low contents of different particles, concrete (Rc+Ru),
ceramic (Rb), or even asphalt (Ra).

On the other hand, recycled concrete aggregates (RCA) were used and were composed of more
than 85% particles of concrete and natural aggregates. This material was used to build the base of
the loading platform. In this case it was classified as RCA-II, due to the content of natural aggregates
and particles with adhered mortar, which are greater than 85% but less than 90% required to achieve
the RCA-I type. It was possible to observe that gypsum particles and others such as plastic, glass, etc.,
presented less than 1%, resulting a suitable material with few impurities.
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Both materials were obtained from different treatment processes at a recycling plant located
in Huelva, Spain according to EN: 13242: 2003 (Aggregates for unbound and hydraulically bound
materials for use in civil engineering).

Table 2 shows the results of the composition of recycled aggregates according to EN 933-11.
In addition, they were classified in accordance with Table 1, proposed by de De Brito, Agrela, and Silva
(2019) [12].

Table 2. Constituents of recycled aggregates according to EN 933-11

Rc (%) Ru (%) Rb (%) Ra (%) Gypsum Others (%) Classification

MRA
25.2 46.9

25.6 4.6 0.8 0.7 MRA-I72.1

RCA
21.02 67.56

8.3 2.6 0.2 0.3 RCA-II88.58

The application of RCA and MRA on structural layers of the roads or port loading platforms
could mean an improvement in its mechanical properties in the medium and long term [17]. Other
authors demonstrated the self-cementation capacity of RCA because the non-hydrated cement particles
existing in the old concrete particles, when entering in contact with water in their second cycle of life,
could activate different chemical reactions of hydration, contributing to an improvement in the bearing
capacity of the esplanade [18,19].

Table 3 shows the information concerning the properties tested in the laboratory according to
the standards indicated.

Table 3. Physical and geometric properties of recycled aggregates

Properties RCA MRA Required Limits—PG3 Test Method

Water-soluble sulphate content (SO3%) 0.22 0.53 0.7 EN 1744-1
Acid-soluble sulphate content (SO3%) 0.3 0.72 0.8 EN 1744-1

Total sulphate content (SO3%) 0.55 0.88 2.5 EN 1744-1
Density-SSD (kg/dm3) EN 1097-6

0–4 mm 2.65 2.37 >2200
4–31.5 mm 2.42 2.30 >2200

Water absorption (%) EN 1097-6
0–4 mm 3.31 9.09

4–31.5 mm 5.59 10.79

Plasticity Non-plastic Non-plastic Non-plastic EN ISO
17892-12

Particle size distribution (mm) Percent passing (%) EN 933-2
40 mm 100 100

31.5 mm 91 93
20 mm 76 80
8 mm 59 60
4 mm 49 48
2 mm 40 40

0.5 mm 23 12
0.25 mm 14 3
0.063 mm 6 1

Flakiness index 15.3 12.4 <35 EN 933-3
Los Angeles coefficient 35.2 38 <40 EN 1097-2

Crushed and broken surfaces (%) 98.6 97.7 >40 EN 933-5
Sand equivalent 42 45 – EN 933-8

PG-3 requires a maximum content of water-soluble sulfates for recycled aggregates from concrete
demolitions (limit value 0.7%), with the results that both MRA and RCA do not exceed this value.
As for the results of the tests of sand equivalent and slab index of both samples (RCA and MRA),
the requirements established by the Spanish standard PG-3 [11] for fill of graded crushed aggregate
are fulfilled.
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The values of water absorption are slightly higher in the MRA samples with respect to RCA,
which has been taken into account in the process of compaction of the layers.

On the other hand, the results obtained from the Los Angeles coefficient in both samples are
slightly higher than the limit value of 35 that establishes the regulation for natural arid, being greater
than the limit for recycled aggregates (<40).

The particle size distribution curves of both materials, RCA and MRA, are represented in Figure 3
together with the corresponding particle size distribution envelope of the artificial axes ZA-0/20
(granular mixtures) as indicated in PG-3 [11]. It can be seen that these curves present a particle size
distribution within limits.

Figure 3. Particles’ size distribution curves compared with the particle size distribution limits.

Based on the results obtained, RCA present better chemical and physical properties than MRA
as it is usual. In general, both RA have properties similar to AG named in the Spanish standard
as ZA-0/20.

4. Laboratory Tests and Results

4.1. Proctor Test/Moisture–Density Relationship

Two different types of tests were performed to identify the relationship between density and
humidity of the different levels. For the subgrade we considered the standard Proctor test (PN), while
for the subbase and base we used the modified Proctor test (PM).

The subgrade was constructed with selected soil, being necessary to obtain in situ 100% or more
of dry density standard Proctor determined in laboratory according to UNE 103500:1994. The data for
optimum moisture and maximum dry density were 5.5% and 1.79 ton/m3 respectively.

The modified Proctor (MP) was performed according to UNE 103501:1994. This test is similar to
the standard Proctor but in this case five layers of the soil were compacted in the modified Proctor
mold, applying a higher compaction energy.

The data for maximum dry density and optimum moisture are shown in Figure 4.
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Figure 4. Moisture—dry density ratio.

The maximum density and optimum moisture content obtained for the layer built with RCA
were 2.08 ton/m3 and 10.2% respectively. The MRA series presented a lower density than the RCA
(2.04 ton/m3 and optimum humidity of 10.5%) samples mainly because the MRA showed a lower value
of saturated dry surface density with respect to the RCA as shown in Table 2, according to Poon and
Chan (2006) [1].

The high porosity found in MRA, especially in the mortar and ceramic materials, is the reason
why the optimum moisture content of compaction is slightly higher than in the RCA series.

4.2. California Bearing Ratio (CBR)

The CBR method measures the shear strength of a soil or aggregate compacted in a laboratory
under controlled conditions of density and moisture and is used to evaluate the bearing capacity of
the soil as subgrade, subbase, and base of a port and a road pavements as well as land classification.
The CBR value was determined according to EN 13286-47: 2012, and this test depends on moisture,
density, and overload conditions.

Table 4 shows the results obtained in CBR tests for the three materials studied.

Table 4. Results of experimental tests performed in the laboratory

Properties Subgrade MRA RCA Test Method

Modified Proctor UNE-103501
Maximun dry density (kg/dm3) – 2.04 2.08
Optimum moisture content (%) – 10.80 9.77

Normal Proctor UNE 103500
Maximun dry density (kg/dm3) 1.79 – –
Optimum moisture content (%) 5.5 – –

C.B.R. index 28 50 74 EN 13286-47

From the obtained values, the subgrade is classified as an E3 type (very good) with selected soils
with CBR > 20.

The values obtained from the CBR index for both materials (RCA and MRA) are considered
suitable for granular layers of pavements.
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4.3. Triaxial Test

From this test method, resistant parameters of fine-grained soils and aggregates are obtained
as well as the stress–strain ratio through the determination of confined compressive strength and
shear stress.

The sample is first hydrostatically loaded until the confinement pressure is reached, then an axial
load is applied which increases progressively until the sample breaks. The containment pressure is
kept constant.

In this case, the triaxial tests have been carried out according to EN ISO 17892-9:2018, with four
cycles of loading and unloading and a confining pressure of 55 KPa for all the cases, which have
allowed for determination of the resistance and the deformation parameters of RCA and MRA.

For the MRA sample, the loading–unloading steps are carried out with maximum and minimum
values of load deviation of 290 and 25 KPa respectively, corresponding to 75% and 6% of the maximum
deviation of breakage (383 KPa) previously determined with other test samples.

In the same way, we proceed with the RCA samples, being the maximum and minimum values of
load deviation of 483 and 30 KPa, corresponding to 67% and 4% of the maximum deviation of breakage
(721 KPa). These results obtained for the MRA and RCA are shown in Figure 5.

Figure 5. Strain–stress curves.

Table 5 shows the secant deformation modules obtained for the MRA and RCA samples. It can be
seen that the deformation modules remain practically constant from the second load cycle, there being
a ratio of 5 and 4 respectively with the first load stage.

Table 5. Results of experimental triaxial tests

Load Stage

MRA RCA

Secant Modulus of Deformation
(MPa) (100–200 KPa)

Secant Modulus of Deformation
(MPa) (150–300 KPa)

1st 24.4 48.1
2st 122.6 193.9
3st 117.8 208.3
4st 126.6 214.3

On the other hand, greater resistance and rigidity was observed in the RCA samples with respect
to the MRA.
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4.4. Leaching Test EN 12457-4:2004

An assessment procedure was carried out for heavy metals and inorganic anions present in RCA
and MRA in accordance with the EU Landfill Directive. The test procedure consisted of a compliance
test by leaching 90 g of dry sample in deionized water with a liquid/solid ratio of 10 (L/S = 10).
The two materials (RCA and MRA) were classified according to the limits set by the Landfill Directive
2003/33/EC.

All samples were classified as inert, as can be seen in Table 6 compared to the legal limits.

Table 6. Leachate concentrations (mg/kg) for RCA and RMA by EN 12457-4

L/S = 10
RCA MRA Limit Values Directive 2003/33/EC

(mg/kg) (mg/kg) Inert (mg/kg)

Cr 0.134 0.248 0.50
Ni 0.003 0.007 0.40
Cu 0.015 0.044 2.00
Zn 0.001 0.028 4.00
As 0.000 0.002 0.50
Se 0.000 0.008 0.10
Mo 0.056 0.112 0.50
Cd 0.000 0.000 0.04
Sb 0.000 0.021 0.06
Ba 0.076 0.185 20.00
Hg 0.000 0.000 0.01
Pb 0.000 0.000 0.50

Sulfates 398.0 863.0 1000

RCA and MRA showed very low values of heavy metals and sulfates in the leaching test.
The low sulfate content, which is not usual in recycled aggregates, is due to a selection at the source
in the treatment plant that reduces very substantially the gypsum content in the recycled aggregate.

5. Real-Scale Application, Test Program, and Results

5.1. Description of the Sections

A surface semiflexible was designed, formed by granular layers and bituminous materials.
Granular layers are composed of a layer of 25 cm of mixed recycled aggregate (MRA) and 25 cm

of recycled concrete aggregate (RCA).
The bituminous layer have a total thickness of 20 cm composed of a bituminous base 8 cm

(AC basis G 22), an intermediate layer of 8 cm (AC bin 22 S) and a surface layer of 4 cm (AC 16 surf S)
(Figure 6).

Figure 6. Cross sections of the port pavement.
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5.2. Compaction of Layers

Nuclear density equipment was used to determine the density and moisture content of the soil
in situ, according to ASTM D-6938. This test method is a rapid non-destructive technique that is used
as acceptance tests of compacted soil layers as long as the material under test is homogeneous.

Multiple measurements of density and moisture content were taken in surface of subgrade and
granular layers (10 in subgrade, 40 in MRA, and 21 in RCA) to perform a statistical analysis of
the results.

The mean and standard deviation (SD) values of each level are included in Table 7.

Table 7. In situ assessments of density and moisture

Properties Subgrade MRA RCA

Density (kg/dm3)
Mean 1.79 2.08 2.12

SD 20 50 60
Compaction (%)

Mean 100.0 101.7 102.1
SD 1.11 2.59 2.95

Moisture content (%)

Mean 5.81 10.75 10.30
SD 1.75 0.95 0.80

5.3. Deflection Measurements

Impact deflectometer testing is a method used to evaluate the support capacity of the subgrade,
granular, and bituminous layers. The test involves the application of a dynamic load on a damper
system that transmits to circular plate resting on the surface, allowing measurements of the deflections
produced on its surface through several sensors aligned with the plate and adequate computer
equipment according to ASTM D4694 [19].

The Dynatest HWD 8081 impact deflectometer was used for the development of the work
according to General Technical Specifications for High-Performance Dynamic Monitoring Test [20].
This equipment records the vertical deflection of the surface under the point of application of the load
and in six other points located at 30, 45, 60, 90, 120, and 150 cm respectively.

For the development of the work the study area has been divided into streets of 5 m wide,
obtaining an equivalent length of 1750 m. Deflection measures have been taken every 10 m in all
the layers that have been defined in Section 5.1 as long as it has been possible to measure them, taking
into account the coordination of the equipment (deflectometers). At all test points, a previous impact
of settlement has been made before the test impacts.

In Figure 7 a full aerial image of the experimental platform is presented, and Universal Transverse
Mercator (UTM) coordinates at end and start of lanes are shown.

Deflection correction coefficients have been applied for the humidity of the subgrade and
pavement temperature, according to the corrections established in Regulation 6.3-IC of the Ministry of
Development and Standard NLT-338/07.

The tests were carried out on the finished surfaces (compacted and refined) of the subgrade,
granular, and bituminous layers. Six months after completion of the work, in November 2014, a new
measurement of the deflections on the tread layer was made to study its evolution.

Once the measurement work was completed, the results of the deflections in all its layers were
achieved over a length of 710 m. Figures 8 and 9 represent these measurements, and in Table 7 the mean
values and standard deviation are included for each loading platform layer.
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Figure 7. Lanes of the experimental platform.

Figure 8. Deflection measurement.

Figure 9. Deflection measurement in the asphalt concrete layers.
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It can be seen that there is an improvement in the evolution of asphalt surface behavior: the mean
deflection obtained in November is 23.5% less than compared to May, as well as an increase in uniformity
as can be inferred from the standard deviation values.

According to the standard 6.3 IC: Rehabilitation of pavements, the completely finished pavement
meets the requirements of homogeneous section and uniform behavior, obtaining an average value of
deflections of 0.169 mm and a sample standard deviation of 0.045. On the other hand, the characteristic
deflection obtained is 0.258 mm, which is equivalent to a 97.5% probability that the deflection will not
be exceeded in the study section.

5.4. Equivalent and Inverse Modulus

Two different methodologies have been used to evaluating the structural capacities of the pavement
from the deflections measured on the surface of the different layers: the equivalent modulus and
modulus obtained by inverse calculation method.

On the one hand, the equivalent module Ev, which is obtained from the measurement of deflection
that has been made of each layer and it represents an equivalent module value of all existing layers
below the analyzed layer.

The bearing capacities of the various layers have been evaluated by the parameters of deflections
and surface modules obtained with the first geophone according to the formulation proposed by
Brown (1996).

Ev =
2pa
(
1− v2

)
d

(1)

where:

Eυ: Equivalent modulus of the entire pavement system beneath the load plate
a: Radius of the FWD plate, 225 mm on granular layers and 150 mm on asphalt concrete.
pa: Pressure of FWD impact load under the load plate, 246.KPa on granular layers and 693.21 KPa on
asphalt concrete.
d: Deflection at 0 mm of center of the FWD plate.
υ: Poisson’s ratio.

The results of equivalent modulus in different layers were included in Table 8. The relative
standard deviation (RSD) has been considered to compare the variability of the results between
the different layers and dates (Figures 10–12).

On the other hand, inverse calculation method is a backcalculation procedure commonly used to
estimate the pavement layer moduli based on the non-destructive with impact deflectometer tests.

An elastic multilayer software called BISAR [21] was used. Theories of Burmister (1945) [22],
and Acum and Fox (1951) [23], and a solution to determine stress and strain of Schiffman (1962) [24]
are used in the algorithm of this software. Theoretical deflection was calculated for each layer and
section using theoretical elastic modulus shown on Table 9.
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Figure 10. Boxplots showing deflection measurement in different layers.

Figure 11. Boxplots showing evolution of the equivalent modulus in different layers.

Figure 12. Boxplot of moduli back calculation FWD tests, 2014.

There is a significant evolution of the equivalent modulus on the completely finished asphalt
surface: the mean of equivalent modulus obtained in November is 27.1% higher than those determined
in May, as well as an increase in uniformity as can be inferred from the relative standard deviation.

Pavement instruction of Andalusia [11] shows a correlation between CBR and modulus, so
subgrade moduli was determined from the values of the CBR tests of the existing soil. According to
Huang (1993) [25] asphalt concrete have a 0.33 and granular layers and subgrade a 0.35 Poisson ratio.
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Elastic moduli of the four layers shown were obtained using Evercalc [26]. The software
recalculates the modules by an iterative process comparing the average data with the theoretical data.
The process will run until it finds convergence with a limited error.

Table 9 shows the values of the modules obtained from the indirect calculation method and
the results of some statistical parameters.

According to the results offered in Table 9, a decrease in the values obtained from the elastic
modulus in the subgrade can be seen. A higher amount of rain registered in the area before
the November test could be the reason for the decrease in the bearing capacity of this level. On the other
hand, an increase of the elastic moduli of the MRA and RCA layers was observed (6.7% and 17.3%
respectively), probably due to the cementation of some cement compounds existing in the materials of
these layers. The elastic modulus of the asphalt layer has not changed significantly, although there is
a slight increase in uniformity as can be seen in RSD values.

For all of the above, it can be concluded that the improvement of the equivalent modulus observed
in the month of November was due to the increase in the bearing capacity of the MRA layer and
especially the RCA layer.

Finally, it is necessary to emphasize the good bearing capacity that was obtained with the RCA
and MRA layers. Effectively, RCA mean moduli (652 MPa) are greater than crushed stone moduli
obtained from natural aggregates (500 MPa) and MRA mean moduli (380 MPa) are greater than natural
selected soil (250 MPa) (Spanish general technical specifications for road construction, 2004).

6. Life Cycle Assessment

A study of the environmental impact caused by the production of each of the aggregates used
in this study (MRA and RCA) was carried out by means of a life cycle assessment (LCA).

The aim was to check the environmental impact caused by the use of recycled aggregates instead
of the methodology used in a traditional construction system. A comparative analysis of the production
system used to produce MRA, RCA, and AG was carried out.

The environmental impact caused by the production process of each aggregate was quantified
according to ISO 14040 (2006) and ISO 14044 (2006).

The LCA analysis was performed using the SimaPro® 8.0.2 software application and processed
using the CML-IA method [27]. The evaluation methodology EN 15804 + A1 (CEN 2013) was used for
the study, as it is the most suitable methodology in relation to sustainability for building products
and services.

The boundaries considered in each of the production systems of the three types of aggregates
analyzed are shown in Figure 13. The infrastructures and production systems of the quarry and
the RCA and MRA recycling plants have been considered. The equipment and machinery necessary
for production are known.

The life cycle impact assessment methodology combines 11 impact categories. These impact
categories are: abiotic depletion of elements, abiotic depletion of fossil fuels, global warming, ozone
layer depletion, human toxicity, fresh water aquatic ecotox, marine aquatic ecotoxicity, terrestrial
ecotoxicity, photochemical oxidation, acidification, and eutrophication.

According to the different aggregates production processes shown in Figure 13, an inventory phase
was carried out in which inputs (energy and raw material) and outputs (products, co-products, wastes,
and emissions) of the particular production system of each aggregate were considered. The Ecoinvent
database v.3.01 (allocation) [28] was used as secondary data for generic materials, energy, and transport.

Table 10 shows the characteristics of the equipment used in aggregate production.
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Figure 13. System boundaries for production of artificial gravel (AG), production of concrete and mix
CDW recycled aggregate (RCA) and (MRA).
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Table 10. Specifications of AG, RCA, and MRA production equipment

Process Equipment Amount Power (kW) Production (t/h) Distance (km)

AG

Handling Shovel loader 2 – 32.318 –

Transport Lorry 28 t 1 – – 0.3

Handling Conveyor belt, 10 m 3 8 108.53 –

Conveyor belt, 25 m 2 20 166.91 –

Screening Vibrating screen 3 18.5 225 –

Crushing Impact mill 1 122.06 400 –

Jaw crusher 1 203.12 400 –

RCA

Handling Shovel loader 1 – 32.318 –

Crushing Impact mill 1 75 250 –

Handling Conveyor belt, 5 m 2 4 112.1 –

Overband 1 3.68 114.4 –

Screening Vibrating screen 1 22.08 250 –

MRA

Handling Shovel loader 1 – 32.318 –

Screening Vibrating screen 3 22.08 250 –

Vibrating plate 1 3 80 –

Crushing Jaw crusher 1 160 325 –

Impact mill 1 75 250 –

Handling

Conveyor belt, 5 m 3 4 112.2 –

Conveyor belt, 10 m 1 7.36 112.2 –

Overband 2 3.68 114.4 –

Blower 1 14 144.74 –

Through the LCA, a comparison of the environmental impact caused in the production of
the different aggregates was carried out. The results of the characterization for the production of 1 t of
aggregates are shown in Table 11. In addition, the results of variation compared to the highest value
in each of the impact indicators are shown (Figure 14).

Table 11. Characterization results of AG, RCA, and MRA (per 1 t)

Impact Category Units AG MRA (Δ%) RCA (Δ%)

Abiotic depletion kg Sb eq. 2.32 × 10−6 8.63 × 10−7 −62.9 6.85 × 10−7 −70.5
Abiotic depletion (fossil fuels) MJ 23.9 13.9 −41.6 11.1 −53.3
Global warming (GWP100a) kg CO2 eq. 2.02 1.19 −41.1 0.938 −53.6
Ozone layer depletion (ODP) kg CFC-11 eq. 1.99 × 10−7 1.08 × 10−7 −45.9 8.79 × 10−8 −55.8

Human toxicity kg 1,4-DB eq. 0.761 0.451 −40.7 0.345 −54.7
Fresh water aquatic ecotoxicity kg 1,4-DB eq. 0.677 0.404 −40.2 0.302 −55.3

Marine aquatic ecotoxicity kg 1,4-DB eq. 2.58 × 103 1.54 × 103 −40.3 1.14 × 103 −55.8
Terrestrial ecotoxicity kg 1,4-DB eq. 5.13 × 10−3 3.09 × 10−3 −39.6 2.32 × 10−3 −54.7

Photochemical oxidation kg C2H4 eq. 4.43 × 10−4 2.53 × 10−4 −42.9 1.96 × 10−4 −55.7
Acidification kg SO2 eq. 1.24 × 10−2 6.95 × 10−3 −43.8 5.49 × 10−3 −55.6

Eutrophication kg PO4 eq. 3.82 × 10−3 2.24 × 10−3 −41.4 1.76 × 10−3 −53.9

215



Materials 2020, 13, 2651

Figure 14. Comparative graph of aggregates production impact assessment.

AG production resulted in a greater impact in all categories evaluated. MRA production reduced
impacts such as global warming or ozone layer depletion by 41.1% and 45.9% respectively with respect
to AG production. This reduction was even greater in the production of RCA, where values for these
same indicators were obtained of 53.6% and 55.8%.

The increase in the environmental impact caused by the production of AG with respect to recycled
aggregates could be due mainly to the greater number of processes involved in their production, to
the processes of extraction and consumption of natural resources.

This analysis shows the improved environmental impact caused by the production of recycled
aggregates [29,30].

To determine the environmental loads derived from the real construction of the seaport loading
platform by applying MRA and RCA in the base and sub-base section (Figure 6), the CO2 emissions
generated in the construction of the 8200 m2 were analyzed (Table 12). The study was carried out
by applying 25 cm of MRA and 25 cm of RCA compared to a traditional construction that would
correspond to 50 cm of AG applied to the entire surface of the port’s platform.

Table 12. CO2 emissions generated by construction of 8200 m2 port loading platform with RCA and
MRA compared to traditional construction using AG

Impact Category Units Traditional Construction 50 cm (AG)
25 cm of Mixed Recycled Aggregate

(MRA) and 25 cm of Recycled
Concrete Aggregate (RCA)

(Δ%)

Global warming
(GWP100a) kg CO2 eq. 1.92 × 104 9.11 × 103 −52.6%
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The highest value for CO2 emissions was for AG application in the construction of the port’s loading
platform. A traditional construction would generate 19.19 tons of CO2. However, the application
of RMA and RCA in the project section reduced CO2 emissions by 52.6%. This demonstrates
the environmental benefit generated by using recycled aggregates in construction, which cause less
impact, both in production and in its later implementation.

7. Conclusions

This paper provides the results of research on two recycled materials (MRA and RCA) with
different composition to be used as subbases and bases of port pavements, obtaining the following
conclusions:

- The recycled materials analyzed, although they have somewhat lower densities than natural
materials, especially the higher content of ceramic material (MRA), present physical, chemical,
and mechanical properties very suitable for use as a subbase and bases for port platforms.

- The process of compaction of the layers with recycled materials requires pre-wetting and a more
demanding control than with the use of natural materials.

- An important factor for using recycled aggregates is the content of acid-soluble sulfates.
A percentage lower than 1% in SO3 is recommended for layers without cement treatment.

- Regarding environmental issues, the leaching test classifies the RCA and MRA as inert materials.
- The layers of subbase and base with recycled materials investigated do not significantly improve

the equivalent modulus of the subgrade when it has good properties (subgrade type E3), instead
they contribute to providing homogeneity in their behavior against the deflectometer impact test.

- The recycled materials that have been used as a subbase layer (MRA) and base (RCA) have not
only provided proper mechanical and deformational capabilities for use in the port pavement,
but also an improvement in their properties over time.

- The production of MRA and RCA applied at the base and sub-base of the loading dock generates
lower impacts than the production of AG as a result of the lower number of processes required
for their treatment and production.

- The application of recycled materials (MRA and RCA) as base and sub-base layers, in addition
to providing appropriate technical characteristics, leads to a large reduction in CO2 emissions
in relation to the application of AG in these layers.

Therefore, it can be concluded that it is possible to use recycled aggregates in the construction
of subbases and base layers of port pavement, providing an important environmental benefit, since
it reduces the consumption of natural resources or raw materials, decreasing the ecological footprint.
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