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Abstract: Recently, there has been a great effort to incorporate industrial waste into cement-based
materials to reach a more sustainable cement industry. In this regard, the Bayer process of obtaining
alumina from bauxite generates huge amounts of waste called red mud. Few research articles have
pointed out the possibility that red mud has pozzolanic activity. In view of that, the objective of
this research is to analyse the short-term effects in the pore structure, mechanical performance
and durability of mortars which incorporate up to 20% of red mud as a clinker replacement.
As a reference, ordinary Portland cement and fly ash Portland cement mortars were also studied.
The microstructure was characterised through mercury intrusion porosimetry and non-destructive
impedance spectroscopy, which has not previously been used for studying the pore network evolution
of red mud cement-based materials. The possible pozzolanic activity of red mud has been checked
using differential scanning calorimetry. The non-steady state chloride migration coefficient and the
mechanical properties were studied too. According to the results obtained, the addition of red mud
entailed a greater microstructure refinement of the mortar, did not worsen the resistance against
chloride ingress and reduced the compressive strength compared to control binders.

Keywords: sustainability; red mud; microstructure; durability; chloride ingress resistance;
mechanical properties; impedance spectroscopy

1. Introduction

Nowadays, recycling and reusing waste is an important challenge for achieving a more sustainable
environment. Between the different wastes produced by industrial processes, it is important to
highlight red mud, which is a residue generated by the digestion of bauxite minerals with caustic soda
during the production of alumina through the Bayer process. For every tonne of alumina extracted,
approximately 1.6 tons of red mud are produced and it is estimated that more than 66 million tons of
this waste are generated annually worldwide [1,2].

This high amount constitutes a serious environmental problem, especially in areas where this
industry is implanted. In addition to this, it also has a relatively high economic cost (between 1% and
2% of the price of the alumina), because red mud residues must be stored in rafts which require a large
amount of space (it is estimated that there is a surface of 1 km? of rafts every five years for a plant
which produces one million tons of alumina per year) [3]. Furthermore, the removal of red mud by
direct discharge into the sea is also highly polluting, since the toxic metals present in this waste can be
dispersed over long distances. Red mud is generally presented as sludge with a concentration of solids
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between 10% and 30%, and with a highly alkaline pH. In the last few decades, several investigations
have been performed about the possible reuse of red mud in various fields. Among the different
studies, it is interesting to highlight those focused on its use in the treatment of water and soil [4,5],
its use as a catalyst [6] and its application in construction and structural materials [7-10].

The construction sector is a major contaminant industrial sector [11], so the lessening of its CO,
emissions is now a relevant issue of study. One way to reduce those emissions is by substituting clinker
with additions [12-14] and the majority of them are pollutant residues originated from other industrial
processes, such as fly ash, ground granulated blast-furnace slag and silica fume [15-20]. In relation to
the use of red mud in cement-based materials, considering its composition, it is possible that it has
pozzolanic activity and some research has pointed out this possibility [21,22]. Along this line, there are
several dispersed works related to the use of this addition in those materials and some of them have
shown that red mud seems to improve protection against corrosion of reinforcements embedded in
concrete [23-26], as well as the transport properties of cement-based materials [27]. In addition to this,
there are also some recent studies in which the mechanical strengths of cementitious materials with
red mud have been analysed. Some examples are self-compacting concretes [28,29], geopolymers [30]
and lightweight concretes [31].

Regarding the presence of hazardous elements in red mud, there are several studies in which
it has been shown that the presence of red mud is not dangerous for the users of structures or
works made with construction materials with this addition. One of these studies was developed
by Krivenko et al. [10]. In that work, the healthy safe application of red mud in different mixtures
was tested, studying the radiological properties of their constituents and their resulting construction
materials. These authors [10] concluded that from a radiological point of view, all materials with red
mud studied in their research were safe, and they are able to be used. In addition to this, they pointed
out that even a red mud incorporation of 90% by mass would be safe for the particular application of
road construction [10]. In another study, developed by Manfroi et al. [22], an environmental assessment
of cement-based materials with red mud was also performed. These authors [22] pointed out that
mortars with 5% and 10% of red mud would be safe, despite of releasing more heavy metals than
mortar without red mud, and those mortars with red mud even showed lower concentrations of
cadmium compared to the reference mortar. In view of that, these authors suggested that the hydration
products of cement-based materials with red mud could contribute to a fixation of contaminants and
they would be especially good for retention of cadmium contaminants.

The durability and mechanical performance of cement-based materials is directly related to their
microstructure [32-34], so the analysis of the changes in the pore network of the abovementioned
materials is interesting. However, there have been few studies examining the microstructure of
cementitious materials with red mud [21,22]. Among the different techniques for analysing the
changes in the pore network of those materials, nowadays non-destructive techniques are a relevant
field of research. One of these techniques is the relatively novel impedance spectroscopy, which is
being increasingly used. This technique has recently been applied for cement-based materials which
incorporate different kinds of additions. Some of these additions are well-known and widely used,
such as slag and fly ash [35], and others are relatively new, like waste brick powder [36] and glass
powder [37]. Impedance spectroscopy has also been successfully used for studying how aggressive and
non-optimum environments [14,38] affect the evolution of the microstructure of cement pastes, mortars
and concretes. Nevertheless, it has only been used for studying the development of the corrosion
phenomenon of steel bars inreinforced concrete with red mud [26] and there is no experience related
to the use of impedance spectroscopy for following the changes in the microstructure of mortars with
this addition.

Thus, the main objective of this work is to analyse the short-term effects of the addition of red
mud in the microstructure, mechanical properties and durability of mortars which incorporate several
percentages of this addition (up to 20%) as a clinker replacement. In order to have a reference, mortars
made with Portland cement with fly ash (a more conventional and widely used addition) and mortars
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made using ordinary Portland cement without additions were also studied. The well-known mercury
intrusion porosimetry and the non-destructive impedance spectroscopy technique were used for
characterising the pore network of the specimens. Moreover, differential scanning calorimetry was
performed for checking the possible pozzolanic activity of the red mud. Regarding the durability,
the non-steady state chloride migration coefficient was determined. Finally, in order to assess the
effects of the red mud addition in the mechanical behaviour of the mortars, compressive and flexural
strengths were also studied.

2. Experimental Setup

2.1. Sample Preparation and Curing

In this work, six types of cement mortars have been analysed. On one hand, mortars made with
a commercial ordinary Portland cement, designated CEM 1 42.5 R (CEM I hereafter), according to
the Spanish and European standard UNE-EN 197-1 [39], were prepared. On the other hand, mortars
prepared with a commercial Portland cement with fly ash, CEM 1I/B-V 42.5 R [39] (CEM 1I from now
on), which has a fly ash content from 21% to 35% (by weight), were also studied.

In addition to this, mortars with different contents of red mud were tested. Those mortars were
prepared with ordinary Portland cement, CEM 1 42.5 R [39], which was partially replaced by 5%,
10%, 15% and 20% of red mud. They have been named as RM5, RM10, RM15 and RM20 respectively
hereafter. After drying, the ground red mud was passed through a sieve of 125 um and more than
60% of the material also passed through asieve of 63 um. The red mud was provided by the company
Alcoa, from its factory at San Cibrao, Spain, and its chemical composition can be observed in Table 1.

Table 1. Chemical composition of red mud (weight basis) [40].

Composition Red Mud
Si0, 9%
Al O3 12%
CaO 6%
Fez 03 37%
Na,O 5%
TiO, 20%
H,0 (1000 °C) 11%

All the specimens were prepared with a water to binder ratio of 0.5 and with an aggregate to
cement ratio of 3:1. The particle size distribution of the aggregate used is shown in Table 2. Both kinds
of samples (cylindrical and prismatic) were made. The dimensions of the cylindrical specimens were
15 cm height and 10 cm diameter, whereas the prismatic samples had measurements of 4 cm x 4 cm X
16 cm [41]. Once set, both kinds of specimens were maintained in a chamber at 20 °C and 95% relative
humidity (RH) for the first 24 h. After that time, the samples were de-moulded and the cylindrical ones
were cut to obtain slices of 1 cm and 5 cm height. Lastly, all the specimens were kept under optimum
hardening conditions (20 °C and 100% RH) until the testing ages.

Table 2. Particle size distribution of the aggregate used.

Sieve (mm) Cummulative Passing
4 100%
2 99.97%
1 67.69%
0.5 33.23%
0.25 23.08%
0.125 2.26%

0.063 0.23%
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2.2. Mercury Intrusion Porosimetry

The pore structure of the specimens was studied using the well-known mercury intrusion
porosimetry technique, in spite of its main drawbacks [42,43]. The porosimeter used was a model
Autopore IV 9500 manufactured by Micromeritics Instrument Corp. (Norcross, GA, USA). Before the
test, samples were dried in an oven at 50 °C for 48 h. The analysed parameters were total porosity,
pore size distribution and percentage of Hg retained at the end of the test. The hardening ages studied
were 7, 28, 45, 75 and 90 days. Due to the toxic and pollutant characteristics of the mercury, as well as
the complex management of the contaminated samples after testing, only two measurements were
made for each binder and age.

2.3. Differential Scanning Calorimetry

Differential scanning calorimetry determinations were made on samples to study the evolution of
the amount of portlandite present in the materials. The calorimeter used was a Mettler-Toledo DSC822
(Columbus, OH, USA) at a heating rate of 10 °C/min. The temperature range scanned was from 25 °C
to 650 °C and the heat transmitted per gram of sample was measured. The heat liberated in the peak
corresponding to the decomposition of portlandite was analysed for the mortars with the lowest and
the highest content of red mud (RM5 and RM20 respectively), as well as for the CEM I and CEM II
specimens, at the hardening times of 10, 28, 45 and 75 days.

2.4. Impedance Spectroscopy

The changes in the pore network of the mortars have also been followed with the non-destructive
impedance spectroscopy technique. It has several advantages compared to other classical techniques,
such as the ability to get global data of the microstructure of the samples [44,45]. Recently, several works
have been published [14,38,46] where this non-destructive and global technique has been used for
analysing the evolution of the pore structure of different cement-based materials (pastes, mortars and
concretes) with additions, obtaining very good results. Some of these additions are well-known and
widely used, such as slag and fly ash [35], and others are relatively new, like waste brick powder [36]
and glass powder [37]. Impedance spectroscopy has also been successfully used for studying how
aggressive and non-optimum environments [14,38] affect the evolution of the microstructure of cement
pastes, mortars and concretes. However, there is scarce knowledge about applying this technique for
studying cementitious materials that incorporate red mud to replace clinker [26], although, in view of
the previously mentioned successful studies, impedance spectroscopy could be suitable for following
the microstructure evolution of materials with red mud.

The measurements were performed using an impedance analyser Agilent 4294A manufactured by
Agilent Technologies (Kobe, Japan), which permits capacitance measurements in the range from 10~ !4 F
to 0.1 F, having a highest resolution of 10~1° F. In this study, the interval of frequencies for getting
the impedance spectra was between 100 Hz and 100 MHz. The electrodes used for measuring had a
circular shape (8 cm diameter) and they consisted of a copper piece with the same diameter to which a
flexible graphite sheet was attached. For performing the measurements, contacting and non-contacting
methods were used [44]. In Figure 1, the experimental setup of the impedance measurement of a
mortar sample using the contacting method is shown. The impedance spectra, after Kramers—Kronig
validation [47], were fitted to the two time constants equivalent circuits established by Cabeza et al. [44]
(see Figure 2). These circuits are formed by resistances and capacitances, which give data related to
different characteristics of the microstructure of cement-based materials.
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Figure 1. Experimental setup of the impedance measurement of a mortar sample using the
contacting method.
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Figure 2. (a) Equivalent circuit used for the fitting of the impedance spectra obtained using the

contacting method. (b) Equivalent circuit used for the fitting of the impedance spectra obtained using
the non-contacting method. R = resistance; C = capacitance.

In this study, only the resistance R; and the capacitance C; were analysed. The impedance
resistance R; provides data associated with the percolating pores of the specimen and the capacitance
C, provides data about the pore surface in contact with the electrolyte which fills the pore structure
of the sample. The impedance parameter C, is present in the equivalent circuits of both contacting
and non-contacting methods (see Figure 2), and in this research, only its values obtained with the
non-contacting method have been analysed, due to its better accuracy.

The evolution of the resistance R; and the capacitance C, was studied for the mortars with the
lowest and the highest content of red mud (RM5 and RM20 respectively), as well as for CEM I and
CEM II specimens at the hardening ages of 10, 28, 45 and 75 days. Four different disks of 1 cm thickness
were tested for each one of the abovementioned binders.

2.5. Forced Migration Test

The chloride migration test was performed on water-saturated mortar samples, following the NT
Build 492 standard [48]. The non-steady-state chloride migration coefficient Dnrp was the result of this
test. For each binder, at 7, 28, 45, 75 and 90 days, three different cylindrical specimens of 5 cm height
and10 cm diameter were tested.
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2.6. Mechanical Strength Test

The flexural and compressive strengths were determined according to the Spanish and European
standard UNE-EN 196-1 [41]. In order to check the average effects on the mechanical behaviour of
the addition of red mud, the abovementioned strengths were only studied in the RM10 and RM15
specimens, which were compared to those obtained for CEM I and CEM II samples. The test was
performed at 7, 28, 45, 75 and 90 days. At those ages, three different 4 cm X 4 cm X 16 cm samples
were trialled for each one of the previously mentioned binders.

3. Results and Discussion

3.1. Mercury Intrusion Porosimetry

The total porosity results for CEM I, CEM II, RM5, RM10, RM15 and RM20 mortars can be
observed in Figure 3. At seven days of age, RM10 and RM15 mortars showed lower total porosities
compared to CEM I and CEM II. On the other hand, at that hardening age, this porosity is higher for
the RM5 and RM20 specimens than for mortars prepared with CEM I and CEM 11 The total porosity
of the RM5 samples decreased with time, whereas it kept approximately constant for the rest of the
mortars with different contents of red mud. After 90 hardening days, all the studied mortars showed

similar values of total porosity, with the exception of RM20 specimens, whose porosity was between
2% and 3% higher.

20 —=—CEM| —e—CEMII
] —4—RM5 —v—RM10
184 —+—RM15 RM20
o\o 4
= 16+
= ]
O 144
Qo ]
Q
© 12
O 4
= 10-
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0 20 40 60 80 100

Hardening age, days

Figure 3. Results of total porosity for mortars prepared with contents of 5% (RM5), 10% (RM10),
15% (RM15) and 20% (RM20) of red mud, compared to those obtained for ordinary Portland cement
(CEM I) and Portland cement with fly ash (CEM II) mortars.

The pore size distributions obtained for the studied samples are shown in Figures 4 and 5. As can
be observed in both figures, the pore network of the mortars with red mud addition is more refined
than those obtained for CEM I and CEM II samples, which suggests the result that the red mud samples
generally showed higher volumes of pores with diameters lower than 100 nm (addition of volumes of
ranges <10 nm and 10-100 nm), compared to CEM I and CEM II specimens. In addition to this, it is
important to note the relatively high volume of pores with sizes included in the ranges <10 nm and
10-100 nm observed for mortars with red mud, which increased with hardening time. Furthermore,
the microstructure of the mortars became more refined with increases in red mud content. These
results could be related to the possible pozzolanic activity of the red mud [21,22], or due to the fact
that the fine particles of red mud may act as filler [22,23], occupying part of the existing pores and
producing a reduction of the pore sections. On the other hand, a slight increase in the volume of the
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largest pore range has been observed in binders RM5 and RM20 compared to the reference mortars.
Finally, the fluctuation of the intrusion volume for CEM I and CEM II samples at 45 days and 75 days
could be due to a more efficient compacting of the samples.

I >0.1 mm [ 10 um-0.1 mm
0.10 - py 1-10 ym 0 100 nm—1 pm
JI 10-100 nm [_]<10 nm

28d

o

o
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1
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Figure 4. Pore size distributions obtained for CEM I, CEM II, RM5 and RM10 mortars.
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Figure 5. Pore size distributions noted for mortars with 15% (RM15) and 20% (RM20) red mud content.
Pore size distributions of CEM I and CEM II mortars have also been included in order to facilitate the
comparison between the abovementioned red mud mortars and those made using commercial cements.

The percentages of mercury retained in the studied samples after testing are shown in Figure 6.
At early hardening ages, the red mud mortars showed greater percentages of Hg retained compared
to CEM I and CEM II specimens. This would suggest that the addition of red mud would entail an
increase of the tortuosity of the pore network of the mortars. However, at 90 days, the Hg retained
values were very similar for all the tested mortars, although it was slightly higher for those with a 5%
red mud content.
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Figure 6. Evolution of Hg retained once porosimetry testing was completed for the studied mortars.

In view of the mercury intrusion porosimetry results, it could be pointed out that the use of red
mud as a cement addition produces an improvement of the pore network of the mortars, especially
in relation to its higher refinement. The presence of a high volume of pores with small diameters in
red mud mortars could be interpreted as being due to the pozzolanic activity of these muds [21,22].
This would mean that the particles of red mud could be capable of reacting with the clinker hydration
products, forming calcium silicate hydrate (CSH) phases [22,27], which would progressively fill the
pores and produce a more compact microstructure.

Finally, the fact that it has not been noted a fall of total porosity from seven days to 90 days for
mortars with 20% of red mud, being its values the highest of all the studied samples, could be due to
the relative great content of red mud of these mortars. As a consequence of this greater percentage of
red mud, a higher hardening time could be expected in order to note noticeable effects of red mud
pozzolanic reactions in total porosity [22,27], as suggested by the abovementioned obtained results.

3.2. Differential Scanning Calorimetry

To check the possible reactivity of the red mud, differential scanning calorimetry measurements
were made. This is a commonly used technique to study the pozzolanic activity of some new
materials [49]. For that purpose, the mortars with the lowest and the highest content of red mud (RM5
and RM20 respectively) were tested, as well as the CEM I and CEM II mortars, which were taken as a
reference for comparison. In this work, the heat per gram of sample released in the decomposition
of the portlandite was studied, whose results for the abovementioned mortars are shown in Figure 7.
As it can be observed, the heat for the cements with red mud is the lowest at every age, and it decreases
with time.

This evolution of the portlandite peak and the decreasing amount of heat released for samples
prepared with red mud would indicate the presence of less portlandite. This could be produced by
the possible pozzolanic reaction of the red mud with the portlandite formed in the clinker hydration,
according to other studies [22,27]. The possibility of carbonation was rejected, because samples did not
present carbonation, which was checked using the phenolphthalein test. Following this, the results of
the differential scanning calorimetry corroborated the pozzolanic activity of the red mud. In addition
to this, they would be in line with the mercury intrusion porosimetry tests discussed previously.
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Figure 7. Evolution with hardening time of the heat liberated in the peak corresponding to the
decomposition of portlandite.

3.3. Impedance Spectroscopy

The results of resistance Ry and capacitance C, are depicted in Figures 8 and 9, respectively. As it
has already been discussed in previous works [44,50], the resistance R; is related to the amount and
diameter of the percolating pores of the specimen and the C; capacitance is proportional to the surface
of its pores (solid—electrolyte contact surface). Therefore, with these parameters, it is possible to study
the evolution of the potential pozzolanic reactions of the red mud, as performed in several works for
cement-based materials which incorporate other additions, such as fly ash [51], brick powder [36] and
glass powder [37]. In order to obtain information about the pozzolanic activity of red mud, only the
mortars with the lowest and the highest percentages of red mud (RM5 and RM20) were analysed using
impedance spectroscopy. Their results were compared to CEM I and CEM II mortars.

107 e GEMI
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Figure 8. Results of impedance spectroscopy resistance Ry for CEM I, CEM II, RM5 and RM20 mortars.



Appl. Sci. 2019, 9, 984 100f 16

1004
—a— CEM |
'-('5_ 804 —*—CEMII
= —a— RM5
(@) RM20
© 60 -
&)
[
S
i) 40+
©
o
©
@) 204
0 T T T T T T T T
0 20 40 60 80

Hardening age, days
Figure 9. Results of impedance spectroscopy capacitance C, for CEM I, CEM II, RM5 and RM20 mortars.

Regarding the resistance R; (see Figure 8), this parameter remained practically constant for CEM
I specimens, while it increased with time for the mortars with red mud and fly ash. Nonetheless,
the rising rate of this resistance was greater for the samples with red mud, and as a consequence,
the Ry values were higher for those mortars in comparison with CEM I and CEM II, mainly from 45
hardening days. The rise of the R; with age and its higher values noted for the red mud mortars
would agree with the mercury intrusion porosimetry results, especially with their important pore
refinement noted, which has been explained in relation to the development of pozzolanic reactions of
this addition [22,27].

In relation to the evolution of capacitance C; (see Figure 9), this parameter hardly changed with
time for CEM I samples, and it rose for the rest of studied mortars. These results are consistent with
those noted for resistance Rj, already described and discussed. The increase of capacitance would
also mean the formation of new solids, which would consist of new cementing phases such as CSH
gels, produced due to the development of fly ash [52,53] and red mud pozzolanic reactions [22,27].
These new solid phases would form rough structures on the existing surface of the pores, increasing
the solid—electrolyte interphase, and as a consequence the C; values, which would justify the results
of this parameter noted for red mud and fly ash mortars. This interpretation is also in line with the
progressive increase with time of the proportion of smaller pores (microstructure refinement) showed
by mercury intrusion porosimetry for these types of analysed mortars.

3.4. Forced Migration Test

In order to assess the influence of the addition of red mud in the durability of the mortars,
the non-steady-state chloride migration coefficient Dnrp has been determined. The changes with time
of this parameter for the analysed mortars can be observed in Figure 10.

The mortars with red mud showed similar or even lower chloride migration coefficients overall
than those observed for CEM I and CEM II specimens at the majority of studied ages. At seven
hardening days, the coefficient DNp was higher for CEM II and RM5 mortars than for the rest of
the analysed specimens. However, as shown in Figure 10, this coefficient showed a clear decreasing
tendency for all the studied mortars overall. It is interesting to note that at 45 hardening days,
the majority of samples with red mud presented smaller Dytp coefficients in comparison with CEM I,
with the exception of RM5 specimens, whose chloride migration coefficient was practically equal to
that noted for CEM I samples, but lower than that corresponding to CEM II. Lastly, after 90 hardening
days, the Dnrp coefficient values for all the red mud mortars showed practically no differences with
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the Dntp value obtained for CEM I, although they were greater than the migration coefficient observed
for CEM 1II samples.
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Figure 10. Results of the non-steady-state chloride migration coefficient for the studied mortars.

The results for the chloride migration coefficient are generally in agreement with the results of the
microstructural study. The refinement of the pore network observed for the red mud mortars would
mean that it would be more difficult for chlorides and other aggressive substances to ingress through
these materials. It is very significant that despite replacing clinker with red mud, the value of the
chloride migration coefficient had similar values for all the samples tested after 90 days. The cement
that contained fly ash gave lower values for the migration coefficient, which would mean that it
would be more resistant to chloride ingress [54,55], which can be partly attributed to the high chloride
binding capacity of fly ash [56]. Despite reports that red mud also has a slight chloride binding
capacity [23,27], it seems that this addition is not as efficient as fly ash. However, it provides the same
behaviour related to chloride ingress resistance than the ordinary Portland cement, at least in the
short-term, with an added value from an environmental point of view produced by the reutilization
of a pollutant. Regarding the environmental benefits of using cement-based materials with red mud,
the environmental assessment performed by Nikbin et al. [31] showed that when red mud content
increases from 0% to 25%, CO;-equivalent, as a measure of global warming potential, decreases from
556.8 Kg m 3 to 409.9 Kg m~3, implying that cement-based material sustainability increases with an
increase of red mud content. Furthermore, those authors [31] also pointed out that with an increase in
red mud content from 0% to 25%, the reduction in the quantities of CO, NOy, Pb and SO, is about 32.5%,
31.8%, 17.1% and 22.4% respectively. Finally, the relatively good behaviour of red mud regarding the
resistance to chloride ingress observed here will be in line with other investigations [23-27], in which
it has been shown that red mud has good performance in relation to the protection against corrosion
of steel reinforcements embedded in concrete.

3.5. Mechanical Strength Test

The results of both compressive and flexural strengths are shown in Figures 11 and 12, respectively.
As described in the experimental setup section, for checking the average effects on the mechanical
properties of the addition of red mud, the abovementioned strengths were only studied in the RM10
and RM15 specimens, which were compared to those obtained for CEM I and CEM II mortars.
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Figure 11. Results of compressive strength for CEM I, CEM II, RM10 and RM15 mortars.
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Figure 12. Results of flexural strength for CEM I, CEM II, RM10 and RM15 mortars.

The compressive strengths of red mud and CEM II mortars at seven days were similar (see
Figure 11), although they were smaller than those observed for CEM I. At 28 days, the compressive
strength noticeably increased for RM10 and CEM II mortars, showing the highest strengths of all the
studied mortars at that hardening age. This rise was also observed for RM15 samples, although their
compressive strength increase rate was lower. Nevertheless, since then, the compressive strength of
red mud specimens started to decrease, while those for CEM I and CEM II mortars increased. After 90
hardening days, the highest compressive strength values corresponded to the CEM Il mortars followed
by CEM I, whereas the lowest values of this parameter were observed for the RM15 specimens.

In view of the compressive strength results, it is important to point out that the value of this
parameter for RM10 mortars was approximately 45 MPa at 28 days. This value is greater than the
minimum value required by the Spanish and European standard UNE-EN 197-1 [39] for cements with
strength class 42.5. However, due to the decrease of this parameter observed from that age, the RM10
mortars would not achieve this requirement at greater hardening times. On the other hand, the value
of this strength for RM15 mortars was approximately 39 MPa at 28 days, so they would not fulfil
the previously explained requirement for strength class 42.5 cements. In spite of that, this RM15
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mortar could be classified as strength class 32.5 [39], because it far exceeded the minimum strength
value required for that class at 28 days and greater hardening ages, despite a slight decrease of this
parameter overtime.

Regarding the flexural strength (see Figure 12), the values of this parameter showed scarce
differences up to 45 days for CEM II and red mud mortars, all of which were higher than those
obtained for CEM I. Nevertheless, after 90 hardening days, the greatest flexural strength corresponded
to CEM Il specimens. At that age, this parameter was relatively similar for CEM I and red mud mortars.

In view of the mechanical properties results previously described, it can be pointed out
that the addition of red mud produced the development of lower compressive strengths after 90
hardening days in the mortars, compared to those made with commercial cements without red mud.
This result would be in line with other studies, in which red mud has been studied in cementitious
materials. Senff et al. [57] reported lower mechanical strength in mortars when red mud level increases.
Manfroi et al. [22] also observed a decrease of compressive strength when the red mud content in
mortars is high, pointing out that the most appropriate substitution is up to 5% of red mud from a
mechanical properties point of view. Finally, Nikbin et al. [31] studied red mud lightweight concretes
and they concluded that by increasing the red mud content, the compressive strength decreased,
providing the result that the 28-day compressive strength of the specimen containing 25% red mud was
about 29.5% lower than that of the reference concrete. However, as has been explained, the mortars
with 10% and 15% of red mud content would achieve the requirements for cements with strength
class 32.5 [39], and according to the results obtained, it is likely that for percentages of replacement of
clinker by red mud lower than 10%, the requirements for strength cement class 42.5 [39] would also be
fulfilled. From the point of view of flexural strength, the red mud mortars seemed to have an adequate
behaviour, especially compared to CEM L

4. Conclusions

The main conclusions that can be obtained in view of the results already described and discussed
can be summed up as follows:

e  The addition of red mud produced a higher microstructure refinement of the mortars compared to
those made with cements type I (ordinary Portland cement) and type II (Portland cement with fly
ash), as shown by the higher number of pores with smaller diameters noted for red mud binders.

e  The progressive pore refinement with hardening time observed for red mud mortars, as well as the
reduction of the heat per gram corresponding to the peak of the decomposition of the portlandite
in samples that were not carbonated, suggest that red mud can have pozzolanic activity.

e The impedance spectroscopy results agree with mercury intrusion porosimetry and differential
scanning calorimetry results about the possible pozzolanic activity of red mud. The increase with
time of resistance R; and capacitance C;, for red mud mortars could indicate the creation of new
solid phases as products of the pozzolanic reactions between the red mud particles and the clinker
hydration products.

e  After 90 hardening days, the non-steady state chloride migration coefficients obtained for all the
red mud mortars showed practically no differences in comparison with those noted for CEM
I. Therefore, the use of up to 20% red mud as clinker replacement is as efficient as ordinary
Portland cement without additions regarding chloride ingress resistance, with the advantage of
the contribution to sustainability.

e  The addition of red mud produced lower compressive strengths after 90 hardening days in the
mortars compared to those made with CEM I and CEM II. Nevertheless, the analysed mortars
with the addition of red mud would achieve the requirements for strength cement class 32.5
according to Spanish and European standard UNE-EN 197-1 from 28 hardening days.
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