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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.

Keywords: Bauxite residue, Red mud, Fly ash, Synergistic effect, Ternary cementitious mixtures.
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
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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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