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Abstract

The investigation of the use of bauxite residue from the Bayer process in association with Portland
cement has grown substantially in recent years, but there are still uncertainties regarding aspects
related to environmental issues and pathologies after the hardening of the cementitious
component. The high alkali content and salinity, resulting from the bauxite digestion with NaOH,
can leave free and soluble ions in the material, that if not fixed by association with cement, can
culminate in efflorescence, leaching, and alkali-silica reaction. The positive effect of the addition
of supplementary cementitious materials in cementitious products with the residue has already
been observed, with improvement of some properties in the ternary system. In addition to
technical issues, logistics must also be considered when choosing raw materials, as the high cost
of long-distance transport can be an impediment to the large-scale use of the residue. Therefore,
in this work fly ash generated in an alumina plant was chosen to combine with its bauxite residue
in compositions formulated with Portland cement from the region, making the aspects related to
the transport economically viable. This work aims to investigate the impact on the fresh and
hardened state properties of pastes with different levels of additions. The results show that fly ash
has a positive effect on pastes, resulting in better mechanical and microstructural properties of
ternary systems in relation to the binary of cement with the residue. The addition of fly ash
improves the flow of the pastes and delays the gain of consistency and agglomeration of particles.
In this way, the combination of these materials can make the cementitious system more eco-
efficient, durable and reduce environmental risk, allocating two industrial residues for large-scale
application, in addition to reducing the consumption of cement in the compositions.
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1. Introduction

Only about 3 % of the bauxite residue generated from the Bayer process (here called only as BR,
to simplify) is successfully used on an industrial scale, most of which in civil construction [1].
According to the International Aluminum Institute [2], BR generation is equivalent to 4 % of
cement production, and due to its chemical and mineralogical characteristics, has potential to be
applied in association to the cement during the production of clinker Portland or in the
compositions of cement components, contributing with the development of a large-scale
application.

Several studies in recent years have shown the possibility of obtaining products suitable for use
in civil construction, with improved microstructural, mechanical, and hygroscopic properties
[3,4]. Pontikes and Angelopoulos [5] presented a review of some applications of bauxite residue
in association with Portland cement, providing a critical point of view on the research conducted
in the last 40 years, pointing out that the main barrier for the transition from the laboratory scale
to the industry is the economic aspect. Ribeiro, Labrincha and Morelli [6] identified that the use
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of BR in cementitious compositions can be beneficial in the corrosion resistance of reinforcement
concrete, due to its high alkalinity and presence of aluminosilicates. Viyasun et al. [7] observed
an increase in compressive, tensile and bending strengths in compositions with 20 and 30 %
replacement of cement by BR. Romano et al. [8], showed that bauxite residue can be used as an
alkaline activator to ground blast furnace slag, producing compositions with zero-Portland
cement. In chemical reaction, Fujii et al. [9] and Romano et al. [10] observed a delay in the cement
reaction, with an increase in the induction and acceleration periods, reducing the formation of the
main hydrated products and increasing the formation of ettringite. Dodoo-Arhin et al. [11]
indicated that up to 5 % of substitution of Portland cement by the BR in compositions of
pavements did not affect the mechanical strength or water absorption. Romano et al. [12] showed
the impact of using BR in microconcrete of Portland cement and did a comparison with other
kinds of ordinary supplementary cementitious materials, concluding that this practice is
technically viable.

Consequently, the use of BR in this sector has the potential to contribute to reducing the energy
spent in the related processes, the use of natural resources, the storage of BR and CO; emissions
[2]. However, the use of BR in cementitious compositions is complex and many other
characteristics still need to be investigated to scale-up its production. The high alkali content and
the high salinity, resulting from the treatment of bauxite with NaOH, can leave free and soluble
ions in the formed material. If they are not treated to try to mitigate these effects, fixing the free
ions, pathological manifestations can occur in the materials in which the residue is reused, such
as efflorescence, leaching and alkali-silica reaction (ASR) [13,14].

The addition of supplementary cementitious materials (SCM) in concrete mixtures is widely
recognized as the most practical way to diminish ASR in cementitious compositions, acting as
mitigating agent to sequester free ions [15]. The most used SCMs are limestone, ground
granulated blast furnace slag and natural pozzolans. Fly ash (FA) can also be used as SCM, being
collected from coal furnace filters of thermoelectric power plants, rich in reactive silica and
alumina, containing little or no CaO. When combining SCM and/or inert material with Portland
cement, it is possible to have a synergistic effect in the binary or ternary systems, with
superposition of physical and chemical effects in the mixture, resulting in better mechanical and
microstructural properties [16].

In addition to technical concerns after hardening of the cementitious component, logistical issues
must also be considered when combining different raw materials. The high cost of transport over
long distances can be an impediment to the large-scale use of the residue [1,2]. Thus, it is
important to evaluate the use of BR in local synergies, making its transport economically viable.

This work aims to investigate the impact of the addition of BR and FA in cement pastes in the
fresh and hardened states. Both additions combined are generated from the same alumina plant,
in the northeast region of Brazil, and the cement is also from the same region. Isothermal
conduction calorimetry in addition to rotational and oscillatory rheometry were used to analyze
the fresh properties and the transition from fluid to solid state; and total porosity, splitting tensile
strength and dynamic modulus of elasticity were employed for the hardened state evaluations at
28 days of curing.

2. Materials

The pastes were formulated with bauxite residue (BR) and fly-ash (FA) from the aluminum plant
in Sao Luis, Maranhdo, northeastern Brazil, dried at 105 °C for 24 h. The BR was ground and
sieved through a 106 um mesh opening and the FA was sieved through the same mesh. All tests
presented here were made with the materials with this preparation. The cement was a Brazilian
Portland cement named according to the national standard [17] as CPIV, commonly found in

374



TRAVAUX 50, Proceedings of the 39" International ICSOBA Conference, 22 - 24 November 2021

northeastern Brazil, with a specified composition of clinker and calcium sulfate, limestone filler
up to 10 % and pozzolanic material from 15 % up to 50 %.

The physical characteristics of the materials are given in Table 1. Real density was determined in
a gas He pycnometer, Micromeritics — AccuPyc Il 1340. The specific surface area was determined
in a Belsorp-Max — Bel Japan equipment according to the BET method, after sample treatment in
a Belprep-vac II equipment at 40 °C and 102 kPa vacuum for 24 h. Particle size distributions,
shown in Figure 1, were evaluated in a Helos — Sympatec laser granulometer, with a detection
range of 0.1 — 350 micra, using deionized water as the dispersing medium.

Table 1. Physical characteristics of raw materials.

Characteristics BR FA  CPIV
Real density (g/cm®) 312 243 293
Specific surface area (m?/g) 17.8 139 1.97
1o (um) 094 7.02 280
dso (um) 473 3481 17.0
doo (um) 16.8 837 495
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Figure 1. Laser granulometry particle size distribution of raw materials (discrete
distribution on the left and cumulative distribution on the right).

Discrete distribution (%)

Cumulative distribution (%)

The particle size distributions of the materials differ from each other and the finer granulometry
of BR demonstrates its potential to act as a filler material, which can also improve the packing of
cementitious pastes. The density of BR is close to that of cement, implying that its addition will
not cause significant changes in the density of the composition. The same does not happen for
FA. The specific surface areas of the additions are significantly larger than that of cement, which
may imply a greater demand for water in these compositions to coat and distance particles to
initiate the flow, affecting the rheological properties, reactivity, and hardened state of the
formulated pastes. However, in this work the evaluations were performed fixing the water-to-
solid content in order to have a fixed parameter to compare the compositions, and the changes on
the fresh state properties were discussed.

Table 2 presents the chemical compositions determined by X-ray fluorescence (XRF) in a
PANalytical spectrometer, Zetium model. CPIV presents conventional contents of their chemical
species, with silica and calcium contents around 40 %. Concerning the BR, its iron, alumina, and
sodium content are considerably higher, and FA has a considerable amount of silica.

The soluble ions in water were quantified by mixing 5 g of the material in 50 ml of deionized
water, applying the recommendations of ASTM C114-18 [18] and the Brazilian standard NBR
13810 [19]. The BR has 0.16 % of Na.O and < 0.01 % of K»O and the FA has 0.12 % and 0.05
% of each oxide, respectively.
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Table 2. Chemical compositions detected in raw materials (XRF — oxide compositions of
dried material).

Constituents (wt. %) BR FA CPIV
Loss on ignition (LOI) 14 15.9 4.42
SiO 12.2 37.2 38.3
CaO 2.55 12.5 40.3
MgO 0.18 1.00 1.09
Fe203 38.3 8.61 4.26
Al,03 22.1 16.0 6.06
MnO 0.02 0.04 0.51
TiO, 3.49 0.73 0.43
SO - 5.19 3.27
Na.O 5.82 0.89 0.28
K20 0.02 1.42 0.65
P20s 0.06 0.13 0.13

The pozzolanic activity index was evaluated according to the Brazilian standard NBR 15895
[20], in order to determine the calcium consumption of each addition. It is important to emphasize
that, by definition, a pozzolan is a siliceous or siliceous-aluminous material that contains an
amorphous phase capable of reacting with lime in the presence of water, forming calcium silicate
hydrate (C-S-H). In the case of BR, sodium aluminate reacts with Ca(OH)., precipitating calcium
aluminate, not being classified as a pozzolan, in addition to the fact that it has crystalline and
reactive phases. The BR has a consumption of 418 mg Ca(OH)./g of material and the FA 325 mg
Ca(OH)2/g of material.

The mineralogical compositions were determined by X-ray diffraction (XRD) in PANalytical
diffractometer, Empyrean model. Tests were carried out with copper tube radiation, automatic
gap of 0.5°, nickel filter and spinning frequency of 2 s per spin, step of 0.02°, staying at each step
for 300 s, in the range of 5 < 26 < 70. A qualitative analysis was carried out, not quantifying each
phase with Rietveld analysis. Characteristic phases of a cement containing pozzolan (CPIV) were
found, as well as calcite, gypsum and ettringite, illustrating a little pre-hydration of binder. In BR,
hematite and goethite were identified, due to the marked presence of iron (more than 30 %),
sodalite from the treatment of the ore with NaOH, and gibbsite, indicating the aluminum present
in the bauxite mineral. The presence of a mineral with Ti was also found, anatase, and calcite. In
FA, quartz, calcite, hematite, enstatite, mica, muscovite, gypsum, and wollastonite were
identified, in addition to an amorphous halo, indicating a material without a defined crystalline
structure.

Figure 2 shows the thermogravimetric analysis determined in a Netzsch thermobalance, T209 F1
model. The heating rate was maintained at 10 °C/min up to the temperature of 1000 °C, in an
analytical N, atmosphere, flow of 20 ml/min, and the volatized gases purged at a rate of 10
ml/min.
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Figure 2. Thermogravimetric analysis of raw materials (mass loss on the left and its first
derivative on the right).

The presence of portlandite (Ca(OH),) also indicates the pre-hydration of the cement, however
with a low value, not being harmful to the results, which indicates that it may come from the
material production process itself. The mass loss over the temperature of 600 °C is higher than
the LOI shown in Table 2, indicating the presence of calcite in the cement. In BR, it is possible
to see the peaks of the minerals gibbsite, goethite, and calcite, also found in the XRD results. In
FA, gypsum and calcite were also identified.

3. Methods
The pastes were produced with different contents of BR and FA partially replacing the cement,

ranging from 0 to 30 % by volume, and a fixed water/solid ratio of 0.5 wt., as shown in the mix
design of Table 3.

Table 3. Mix design of the pastes.
Replacement

BR FA CPIV
level of cement

Formulation 1D @ @@ (@ (% vol.)

100CPIV 0 0 200 0
90CPIV_10BR 212 0 1788 10
80CPIV_20BR 421 0 1579 20
70CPIV_30BR 627 0 1373 30
90CPIV_10FA 0 169 1831 10
80CPIV_20FA 0 344 1657 20
70CPIV_30CV2 0 525 1476 30
90CPIV_5BR_5FA 10.7 8.34 181.0 10
80CPIV_10BR_10FA 215 16.8 161.8 20
70CPIV_15BR_15FA 325 253 1423 30

To mix the pastes, the powders were homogenized in a plastic container, and then water was
added. A manual premix was carried out for 1 minute. Then, the container was placed in a
Flacktek speed mixer equipment, where it was mixed for 2 minutes at a rotation speed of
1500/minute. For the hardened state properties, cylindrical molds 50 x 20 mm were casted, and
the specimens were placed for curing in a dry chamber, inside a tray with a beaker filled with
water, and sealed with a plastic bag for up to 28 days.
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As the chemical reactions of Portland cement are a series of exothermic reactions, it can be
monitored with isothermal conduction calorimetry. The main processes are well known, in which
clinker phases hydrate in different kinetics, resulting mainly in the formation the hydrated
products C-S-H, portlandite (CH), ettringite (Aft) and monossulfoaluminate (Afm). The
guantification of the released heat flow was quantified in a Calmetrix I-CAL 8000 HPC
isothermal conduction calorimeter, with a controlled temperature of 23 °C for a period of 72 hours.

The free flow of the pastes was analyzed using a Kantro’s mini-slump test. The paste was inserted
in an acrylic cone of 6 cm high, smaller base of 2 cm and bigger base of 4 cm, placed on a glass
base [21]. The paste was densified to avoid air bubbles, and the excess was removed from de top
of the cone. The mold was rapidly lifted, and the spreading of each axis was recorded as the free
flow, as an average of the four values.

The determination of the rheological parameters of the cementitious compositions was made by
rotational and oscillatory rheometry, in a Mars 60 rheometer, Haake, using a parallel plate
geometry of 35 mm of diameter, | mm gap and temperature control in 23 °C. For rotational
rheometry, two shear cycles with linear control of rate variation were applied. During
acceleration, it varied from 0 to 50 s, with 10 points, and during deceleration, it returned from
45 st to 0, with 9 points. For oscillatory rheometry, the time sweep procedure was used,
performed with constant frequency at 1 Hz and strain also constant at 6.28 rad/s, for 5 hours.

For the hardened state properties at 28 days, the recommendations of the Brazilian technical
standard NBR 7222 [22] were applied to obtain the mechanical strength, getting the splitting
tensile strength, the guidelines of the Brazilian technical standard NBR 15630 [23] were used to
calculate the dynamic modulus of elasticity, and the total porosity was obtained by the immersion
test of Archimedes.

4. Results and Discussion
4.1 Fresh State Properties
The main stages of cement’s chemical reactions are briefly explained below:

1. Initial dissolution, with wetting and neutralization of electrostatic charges: in its constitution,
cement has mainly the phases tricalcium silicate/alite (C3S), dicalcium silicate/belite (C2S),
tricalcium aluminate (C3A), brownmillerite (C4AF), calcium sulfate (CaSQO,) and free lime
(Ca0). With the wetting, ions SO4*, Ca®", OH", K*, Na*, [Al(OH)4]  and H,SiO4* are released
into the solution [24].

2. Induction period, with low dissolution rate and Ca?" concentration below the limit of
saturation: the grain’s surface becomes wet and hydration products start to precipitate. C-S-
H nucleates quickly, but in small amounts, as it needs time to build up and grow in
proportional growth sites on the surface [25]. BR and FA could influence this stage, as they
have a specific surface area larger than that of cement, being able to act as nucleation sites.

3. Acceleration period, accentuating the formation of C-S-H and CH: C-S-H and CH grow
rapidly, through the following chemical equation (1) hydration of alite:

C3S + 5,3H,0 = xCa0.Si0,.yH,0 + Ca(OH); Q)
The ‘x’ and ‘y’ represent the variation on C-S-H structure, due to the cement composition,

wic ratio and hydration conditions, also forming a structure with chemical substituents, such
as AI** and SO4* [26], which could come from BR and FA.
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4. Deceleration period, with depletion of sulfate forming Aft, and later transformation in Afm:
sulfate has been consumed since the beginning of the reaction, but its depletion occurs after
the acceleration period.C-S-H and CH continue to form, but more slowly, slowing down the
overall reaction [4].

Table 4Table shows the results (normalized to cement content) of the main stages of reactions
obtained by isothermal conduction calorimetry.

Table 4. 1sothermal conduction calorimetry results.

Duration  Reaction Heat at

Total of rate at second

Formulation cumulative induction acceleration  peak *
heat (J/g)  period period (10°  (10°%
(h:min) W/g.h) Wiqg)

Time at Heatat  Time at
second  third peak third peak
peak * *% (10-3 *%
(h:min) W/qg) (h:min)

100CPIV 180.6 1:36 0.29 1.85 10:00 0.76 29:10
90CPIV_10BR 205.8 1:24 0.31 1.98 8:50 151 20:50
80CPIV_20BR 240.1 1:12 0.42 2.18 8:20 2.26 17:00
70CPIV_30BR 257.2 1:12 0.53 2.38 7:35 2.93 14:00
90CPIV_10FA 184.6 1:03 0.30 1.71 8:00 0.83 26:10
80CPIV_20FA 203.0 0:45 0.32 1.90 6:25 111 21:10
70CPIV_30FA 231.6 0:27 0.37 2.15 5:30 1.53 17:20
90CPIV_5BR_5FA 198.2 1:09 0.38 1.85 8:20 1.23 23:00
80CPIV_10BR_10FA  228.1 1:03 0.47 2.00 7:30 1.77 19:00
70CPIV_15BR_15FA  251.6 0:51 0.53 2.13 6:25 2.31 15:20

* referred to the end of acceleration period
** referred to the reaction of ettringite formation

The greater the content of additions, the shorter the induction period, and the greater the reaction
rate. BR and FA alter the hydration Kinetics, acting as nucleation points for crystals to grow,
intensifying the reactions due to the higher specific surface area and alkalinity.

The second peak, referred to the end of acceleration period, forming C-S-H and CH, is also
anticipated and intensified, as well as the third peak (formation of Aft). This also shows the
relation with the filler effect promoted by the additions, i.e., the seeding effect of fillers, as well
as the chemical influence. With high alumina contents coming from BR and FA, phases such as
stratlingite may precipitate and can be intermixed with the hydrated product C-S-H, forming
calcium aluminate silicate hydrate (C-A-S-H) [27]. Consequently, the pH of the medium rises,
shifting the equilibrium and changing the precipitation of the products, accelerating the reactions
promoted by the higher alkalinity.

It’s been reported in the literature [28] that the effect of FA in the early times of hydration is
mainly due to its filer effect, and its chemical contribution starts when the medium has sufficient
alkalinity for its dissolution, consuming CH by the pozzolanic reaction. The extra alkalinity
provided by the BR accelerates this process.

As for the BR, its effect depends on the type (origin) and content of the residue and the type of
cement used [29], as it can delay the induction and acceleration periods [4], have no impact on
the induction period [24] or shorten the induction period and accelerate the hydration [30]. The
residue is able to interact with cement, forming new hydration products with the incorporation of
sodium and aluminium, changing the hydration kinetics [24,31].
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The hardening of cement pastes occurs by coagulation/flocculation, in addition to hydration
reactions, therefore by chemical and physical parameters [9]. The particle size, morphological
distribution, crystallinity, and surface charge are characteristics that have a direct influence on the
chemical reaction and agglomeration. Furthermore, the reactivity and solubility of each raw
material will also influence the gain in consistency. Therefore, it is important to carry out a
combined assessment of the chemical and physical parameters to obtain a better understanding of
the cause-effect of hardening. Agglomeration kinetics and chemical reaction Kinetics are
phenomena that occur in parallel and are directly related [29].

Figure 3 shows the free flow of the pastes, where is very clear that the higher the replacement
content of cement, the lower the flow, that is, lower is the workability of the pastes. The loss of
flowability was also noticed by other works with BR and/or FA, attributed to the high fineness of
the residues, and the possibility of solubilization of ions retained in the gel, such as sodium and
iron [30,32-36]. It is also possible to see an improvement in the flow on ternary compositions
with replacement levels of 20 % and 30 % of cement, demonstrating the synergistic benefits
between the materials in fresh properties.

9‘

Q-U’

Figure 3. Free flow of paste’s formulations.

As the water/solid ratio is constant, there is a tendency of affecting the rheological parameters.
Their evaluation is fundamental for understanding the behavior of pastes in their different
rheological moments required by cementitious compositions, such as mixing, transport,
application, and finishing. From the rotational rheometry test, it is possible to obtain the yield
stress and the apparent viscosity. Yield stress is the minimum stress required for the onset of flow,
being quantified as the shear stress value at the lowest shear rate used during the deceleration
step. Apparent viscosity is obtained at the maximum shear rate. No model was applied to calculate
these parameters, as they can generate errors in the interpretation of results. Thus, it was decided
to adopt the real data, as presented in [37].
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Figure 4. Yield stress (left) and the apparent viscosity (right) of each formulation.
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Figure 4 shows the values of yield stress and apparent viscosity of each binary (CPIV+BR and
CPIV+FA) and ternary (CPIV+BR+FA) systems.

The yield stress and the apparent viscosity increased with the increase of the mineral addition’s
contents, also seeing by [30]. In the case of pastes, where only small particles are present, the
suspension is suffering superficial forces of attraction and repulsion and Brownian force, in
addition to the hydrodynamic force generated by the flow under shear stress. There is a natural
tendency for agglomeration due to the attraction between the charges of ions released into solution
by raw materials. For there to be deagglomeration and flow, it is necessary that the repulsive
forces dominate the attractive ones.

By incorporating BR and FA in the cementitious paste, which have higher specific surface area
than cement, the agglomeration tendency is increased, due to the approximation of particles,
increasing the collision between them and intensifying the ionic forces, which makes it difficult
for the mixture to flow properly. The proper fluidity will happen when water fill the porosity of
the system and keep the solid particles separated, avoiding the particles collision. The higher
specific surface area of the additions requires more water to cover its particle’s surface, reducing
the free water to lubricate the solid particles. As a result, the internal friction of particles increase
and the workability decreases [38].
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Figure 5. Evolution of G over time of each formulation.

During the oscillatory rheometry test, applying a constant strain and frequency within the linear
viscoelastic region, it is possible to monitor the changes in the viscoelasticity over time without
breaking the microstructure. This change is correlated with the consistency gain over time, and it
is represented by the storage modulus (G’), which expresses the elastic response of the material
during the transition from fluid to elastic behavior during the hardening. Figure 5 shows the
evolution of G' over time of each formulation, where the binary systems are shown above
(CPIV+BR on the left and CPIV+FA on the right) and the ternary (CPIV+BR+FA) below.
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The intensification of G' in the reference composition (LO0CPIV) starts at 4h15min, indicating an
increase in particle agglomeration forces. The composition 90CPIV_10FA has a similar behavior,
but with consistency gain occurring a little earlier, at 3h45min, and more slowly, with a lower
stiffening rate, characterized by a smaller slope on the graphic. Therefore, it can be said that the
addition of 10 % fly ash did not change considerably the consolidation of the paste.

The same does not occur for the other compositions with additions, in which it is possible to
observe a different behavior from the reference sample, with an increase in consistency since the
early ages of hardening. In addition, as the replacement content of cement increases, the
consistency gain is more accentuated, represented by the increase in the slope of the line
(rigidification rate). This happens due to increases in the specific surface area and surface charge
of the particles, resulting in approximation and intensification of the agglomeration forces, and
coagulation and flocculation over the time. In this way, the average distance between the particles
and their mobility are reduced and the tendency to agglomeration is increased. With the
intensification of chemical reactions and formation of hydrated products, these agglomerates
become stable, and the bond strength was intensified [39,40].

4.2 Hardened State Properties
The results of total porosity, splitting tensile strength and dynamic modulus of elasticity of each

formulation at 28 days are shown in Figure 6. The values of the reference composition (100CP1V)
are shown as a dashed line on the graphs.
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Figure 6. Total porosity, splitting tensile strength and dynamic modulus of elasticity of
each formulation at 28 days.

The addition of BR can increase the total porosity of the composition. Despite the fineness of BR,
which could fill in the pores of the material, the changes in the hydrated products can deteriorate
the pore structure, coarsening it [30,38]. The addition of FA reduced the total porosity of the
compositions and could improve this property in the ternary system. The addition of fine particles
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of FA causes segmentation of large pores, increases nucleation sites for precipitation of hydration
products, and consumes CH, resulting in pore refinement [41]. The inclusion of materials with
different specific surface areas and particle sizes distributions enabled the formation of a more
compact matrix when more cement was replaced, filling voids and reducing the pores.

To assess the significance of the variation in the additions contents used, a statistical analysis
One-way Anova was performed to accept or reject the hypothesis of equality of means, and the
Tukey test to verify whether there was a statistical difference between samples with respect to
properties in the hardened state of each system individually (CPIV+BR, CPIV+FA and
CPIV+BR+FA). For total porosity, the statistical analysis for the system CPIV+BR is shown in
Table 5 as an example.

Table 5. Statistical analysis for the system CPIV+BR.

SUMMARY

Group Count Sum Average Variance

100CPIV 3 138.48 46.16 0.72

90CPIV_10BR 3 140.82 46.94 0.00

80CPIV_20BR 3 141.06 47.02 0.81

70CPIV_30BR 3 144.88 48.29 0.23

ANOVA

Source of variation SQ gl MQ F P-value  F critical
Between groups 7.02 3 2.34 5.32 0.03 4.07
Within groups 3.52 8 0.44

Total 10.54 11
TUKEY’S TEST

Compositions 100CPIV 90CPIV_10BR | 80CPIV_20BR | 70CPIV_30BR
100CPIV 0.515 0.437 0.018
90CPIV_10BR 2.028 0.999 0.135
80CPIV_20BR 2.242 0.214 0.166
70CPIV_30BR 5.562 3.534 3.320

The “summary” presents the values of porosity of the specimens, the “Anova” indicates whether
the hypothesis of equality between the results should be accepted or rejected (if F > F critical, and
P-value < 0.05, then there is significance), and the “Tukey’s test” compares the variables ‘two-
by-two’, meaning that when the cell is colored, its value is different from the group showed in the
first column on the left. The results show that there are significant changes on the total porosity
of 70CPIV_30BR and the reference composition (L00CPIV). For the other systems (CPIV+FA
and CPIV+BR+FA) it was also confirmed by Anova that there were changes in the porosity
promoted by the use of additions, and the application of Tukey’s test, shown in Table 6, pointed
out which compositions were different.

In case of splitting tensile strength, there is a tendency of decreasing this property with the
increase in the replacement level of cement, because there is low amount of cement to guarantee
the resistance. This was observed for every system (binary or ternary).

The third graph in Figure 6 shows a correlation between the total porosity and the splitting tensile
strength, demonstrating that the higher the total porosity, the lower the mechanical strength. When
compositions are produced using the same raw materials and proportioning, the mechanical
strength and modulus of elasticity have a great correlation with total porosity. However, in this
work, as different contents and types of mineral additions were used, the R*> was lower than
expected.
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Table 6. Total porosity’s Tukey's test for the systems CPIV+FA and CPIV+BR+FA.

SYSTEM CPIV+FA

Compositions 100CPIV 90CPIV_10FA | 80CPIV_20FA | 70CPIV_30FA
100CPIV 0.999 0.999 0.733
90CPIV_10FA 0.194 0.993 0.805
80CPIV_20FA 0.178 0.372 0.663
70CPIV_30FA 1.470 1.275 1.648
SYSTEM CPIV+BR+FA

90CPIV_5BR_ | 80CPIV_10BR | 70CPIV_15BR
Compositions 100CPIV 5FA _10FA _15FA
100CPIV 0.115 0.690 0.796
90CPIV_5BR_5FA 3.692 0.024 0.032
80CPIV_10BR_10FA 1.579 5.271 0.997
70CPIV_15BR_15FA 1.299 4.991 0.280

The statistical analysis of splitting tensile strength shows significance only for the systems
CPIV+BR and CPIV +FA, whose Tukey’s tests are shown in Table 7.

Table 7. Splitting tensile strength’s Tukey's test for the systems CPIV+BR and CPIV+FA.

SYSTEM CPIV+BR

Compositions 100CPIV 90CPIV_10BR | 80CPIV_20BR | 70CPIV_30BR
100CPIV 0.588 0.140 0.003
90CPIV_10BR 1.838 0.659 0.015
80CPIV_20BR 3.496 1.659 0.073
70CPIV_30BR 7.641 5.803 4.145

SYSTEM CPIV+FA

Compositions 100CPIV 90CPIV_10FA | 80CPIV_20FA | 70CPIV_30FA
100CPIV 0.024 0.625 0.844
90CPIV_10FA 5.264 0.137 0.076
80CPIV_20FA 1.744 3.520 0.975
70CPIV_30FA 1.158 4.105 0.585

Therefore, comparing with the reference suspension, it can be said that:

- the addition of greater quantities of the BR reduces the mechanical strength of
cementitious compositions;

- the addition of FA improves the mechanical strength in minor quantities (up to 10 %) and
don’t alter this property in greater amounts;

- the combination of FA and BR has a positive effect on cementitious compositions,
improving the mechanical strength of ternary systems in relation to the binary of cement
and BR, but still lower than using FA on the binary systems. In this case, replacement of
10 % resulted in mechanical performance of around 25 % higher than for the reference,
but did not impact in changes statistically significant for replacements higher than 20 %.

For the dynamic modulus of elasticity, statistically relevant changes were observed for all the
systems, whose Tukey’s tests are shown in Table 8 For the system CPIV+BR, the replacement
level of 30 % resulted in a product with lower modulus of elasticity comparing to all the others.
For the binary system with FA, the higher replacement level had different rigidity from the
reference and 10 % of addition. And as for the ternary system, only 80CPIV_10BR_10FA was
different from the reference.
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Table 8. Dynamic modulus of elasticity’s Tukey's test for the systems CPIV+BR and

CPIV+FA.

SYSTEM CPIV+BR
Compositions 100CPIV 90CPIV_10BR | 80CPIV_20BR | 70CPIV_30BR
100CPIV 0.346 0.269 0.001
90CPIV_10BR 2.525 0.023 0.000
80CPIV_20BR 2.809 5.334 0.008
70CPIV_30BR 9.263 11.790 6.454
SYSTEM CPIV+FA
Compositions 100CPIV 90CPIV_10FA | 80CPIV_20FA | 70CPIV_30FA
100CPIV 0.258 0.213 0.028
90CPIV_10FA 2.854 0.013 0.002
80CPIV_20FA 3.062 5.916 0.500
70CPIV_30FA 5.129 7.983 2.067
SYSTEM
CPIV+BR+FA

90CPIV_5BR_ | 80CPIV_10BR | 70CPIV_15BR
Compositions 100CPIV 5FA _10FA _15FA
100CPIV 0.650 0.030 0.099
90CPIV_5BR 5FA 1.683 0.157 0.466
80CPIV_10BR_10FA 5.063 3.380 0.824
70CPIV_15BR_15FA 3.843 2.160 1.220

5. Conclusion

This paper evaluated the effect on the fresh and hardened states properties of cement compositions
made with fly ash and bauxite residue, to find out if they have a synergistic effect, improving the
properties of the formed materials.

It was shown that both additions alter the hydration kinetics of cement pastes, acting as nucleation
points for crystals to grow because of its higher specific surface area and alkalinity, intensifying
the reactions and formation of hydration products. Although it has not been presented in this work,
it is reported in the literature that FA intensifies the consumption of CH at advanced hydration
times [28] and, in the case of BR, the impact will depend on the type and amount of residue used,
which alter the hydration kinetics in different ways. In this work, the presence of the additions
shortened the induction period, and accelerated and intensified the formation of the hydrated
products.

The higher specific surface area of BR and FA and its chemical aspects, led to a tendency of
agglomeration, due to the increased collision between the particles and intensification of ionic
forces. Consequently, the yield stress and apparent viscosity increased with the increase of the
addition’s contents, making it difficult for the mixture to flow properly. Despite that, it was
possible to see an improvement in the flow on ternary compositions with replacement levels of
20 % and 30 % of cement, demonstrating the synergistic benefits between the materials.

During the transition from fluid to elastic behavior in consolidation, the addition of 10 % FA did
not change the hardening in relation to the reference sample (100 % cement). On the other hand,
for the other formulations, the consistency increased right in the first moments of hydration, and,
as the replacement content of cement increased, the consistency gain was more accentuated. This
effect is also due to the increase in the specific surface area and surface charge of the particles,
resulting in approximation and intensification of the agglomeration forces. In this way, the
average distance between the particles and their mobility are reduced and the tendency of
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agglomeration is increased. As the BR has more fine particles than the cement, while the FA has
coarser, the first dominated the effects in the ternary systems.

For the hardened state properties, there was a tendency of decreasing the splitting tensile strength
and modulus of elasticity with the increase in the replacement level of cement. The combination
of FA had a positive effect on cementitious compositions, improving the mechanical strength and
reducing the total porosity of the compositions of ternary systems in relation to the binary of
cement and BR.

The inclusion of materials with different specific surface areas and particle sizes, enabled the
formation of a more packed matrix when more cement was replaced, resulting in better
mechanical and microstructural properties. Therefore, when FA was added to the system with BR
and CPIV, the different granulometry enable a pore refinement in the matrix, improving the
properties, as the voids were better filled and reduced.
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