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Abstract: 
Background: Bauxite residue, commonly known as red mud, represents a major environmental challenge due 

to its high alkalinity and large volume of disposal. Its reuse in civil construction is a promising alternative for 

reducing environmental impact and the demand for natural aggregates. The study focuses on the development 

of synthetic aggregates capable of meeting the mechanical and durability requirements for structural 

applications. 

Materials and Methods: The BR used originated from the Hydro Alunorte refinery (Barcarena, Brazil). Three 

synthetic aggregates were produced AGS 70, AGS 80, and AGS 90 containing 70–95% BR, combined with 

silica and clay, and sintered at 1200 °C for 3 h. These aggregates and their corresponding concretes were 

characterized through chemical, physical, and mechanical tests following Brazilian standards (ABNT NBR). 

Results: The synthetic aggregates demonstrated adequate density, abrasion resistance, and mechanical 

strength. Among them, AGS 70 showed the best overall performance, with the lowest water absorption and 

highest compressive strength, similar to conventional concrete. All concretes achieved compressive strength 

above 20 MPa at 28 days, classifying them as structural. Capillary absorption followed the same trend as the 

aggregates, increasing with higher BR content. 

Conclusion: Synthetic aggregates produced from bauxite residue can replace natural coarse aggregates in 

structural concrete. AGS 70, in particular, exhibited satisfactory mechanical and durability performance, 

meeting normative requirements. The reuse of BR in aggregate production represents a sustainable solution for 

waste management and natural resource conservation. 
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I. Introduction 
Regarding the consumption of natural resources, the civil construction industry, which serves as a 

major economic and social driver, is also responsible for approximately 57.5% of global raw material use1. 

Among the materials employed in civil construction, coarse aggregates stand out due to their wide range of 

applications, such as in mortars, dams, pavements, concrete, and more. 

Over the years, there has been a marked increase in the consumption of these aggregates. As an 

example, between 2011 and 2014, China consumed more than the United States did throughout the entire 20th 
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century2. In Brazil, according to2, the consumption of coarse aggregates tends to rise during economically 

favorable periods, which contributes to a slight scarcity of this resource due to high demand. Consequently, the 

limited supply highlights the need to obtain new types of aggregates, aiming also to mitigate the environmental 

degradation caused by the extraction of natural aggregates (e.g., gravel). 

Mining is a sector of great importance for both the economy and social development, and it is closely 

linked to civil construction. Despite its benefits, it generates large quantities of waste, which entail high 

management costs, pose potential risks to humans, and often lack standardized applicability. Within this 

context, the alumina industry stands out due to its main waste product, bauxite residue (BR), commonly known 

as “red mud.” BR is characterized as the residual fraction of the insoluble mineral components of the ore during 

the refining stage of the Bayer process for alumina production3. According to data from ABAL4, it is estimated 

that approximately 14.5 million tons of this residue (drained disposal) are generated annually in Brazil. 

Worldwide, this figure reaches 120 million tons, with an estimated total of 2.7 billion tons currently stored5,6. 

Over the years, with the aim of reuse, many countries have considered BR a viable alternative raw 

material for applications in civil construction6,7,8. This global motivation is mainly linked to the increasing 

generation of BR an environmental liability9 and the continuous depletion of non-renewable raw material 

reserves (e.g., aggregates). 

In the scientific field of civil construction, and increasingly in practice, there are proposals for using 

BR in the production of coarse aggregates through calcination with other materials, also targeting its application 

in concrete. Several authors10,18 have reported that synthetic aggregates often exhibit superior performance 

compared to natural aggregates, both in their intrinsic properties (e.g., abrasion resistance, impact loss, and 

water absorption) and in the properties they impart to the concrete (e.g., compressive/tensile strength, elastic 

modulus, and capillary water absorption). According to12,19, the production of synthetic aggregates aims to 

reduce the high demand for natural aggregates, mainly consumed by the construction industry. The use of these 

new aggregates, given the compositional variability of BR, should be based on prior studies to assess their 

performance in the intended application. As stated in20, one of the major challenges in this field is achieving 

satisfactory performance using the highest possible proportion of BR safely, due to the high alkalinity of this 

residue in its raw state. 

Based on these findings, approaches that ensure high consumption rates of BR for the production 

and/or replacement of construction materials21, such as coarse aggregates for concrete, become necessary in 

light of the issues presented. Thus, producing an aggregate that guarantees good physical and mechanical 

properties in structural concrete benefits both the civil construction industry and the alumina industry. The 

present study employed BR (dry-disposal type) from the Hydro Alunorte refinery (Barcarena, Pará, Brazil) to 

produce three types of synthetic coarse aggregates for structural concrete, which were evaluated regarding their 

respective physical and mechanical characteristics. 

 

II. Material And Methods 
Materials 

Primary Materials 

Table 1 presents the primary materials used in this study, along with the corresponding reference for 

their characterization. 

 

Table 1 – Characterization tests of the primary materials used in the research. 
Materials Testing Standard 

Cement          CP 

IV - 32 RS 

Specific mass ABNT NBR 16605 (2017)22 

Setting time ABNT NBR 16607 (2018)23 

Fineness index ABNT NBR 11579 (2012)24 

Sand Silica 

Specific mass ABNT NBR 16916 (2021)25 

Bulk density ABNT NBR 16972 (2021)26 

Particle size distribution 

(granulometry) 
ABNT NBR NM 248 (2003)27 

Bauxite Residue Chemical composition (XRF) ABNT NBR 14656 (2001)28 

Pebble 

Alkali–aggregate reaction (AAR) ABNT NBR 15577 (2018)29 

Specific mass ABNT NBR 16917 (2021)30 

Bulk density ABNT NBR 16972 (2021)26 

Water absorption ABNT NBR 16917 (2021)30 

Particle size distribution 

(granulometry) 
ABNT NBR NM 248 (2003)27 

Shape index ABNT NBR 7809 (2019)31 

Los Angeles abrasion ABNT NBR 16974 (2021)32 

Impact loss DNER-ME NR 399/9933 
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Synthetic Coarse Aggregate 

In the present study, the synthetic coarse aggregates were produced using the primary materials shown 

in figure 1. 

 

Figure 1 – Raw materials used in the composition of the synthetic coarse aggregates (adapted from34). 

 
 

For proper use in the production of the synthetic aggregates, the constituent materials were subjected to 

the respective pre-treatments presented in Table 2. 

 

Table 2 – Pre-treatment of raw materials (natural aggregates and clay). 

Materials Application 
Pre-treatment 

Drying Grinding Sieving 

Clay 

Synthetic 

coarse 

aggregate 

Air-circulating oven at 
105°C for 24 h (MARCONI 

MA 035 model). 

 

Steel ball mill for 30 min to 

disaggregate the particles. 

 

Only the material passing 
through the #150 μm sieve 

was used. 

  
  

Silica 

  
  
  

BR 
  
  
  

Seixo Structural 

concrete 

Oven drying at 100°C for 24 
h. 

 

- 

 

- 

  
  

Sand 
  
  
  

 

The pre-treatment described aimed to achieve a better particle size adjustment of the materials, 

resulting in greater efficiency in the sintering reactions of the aggregates, in addition to preventing the possible 

formation of cracks caused by the use of moist raw materials, which could affect both performance and final 

quality35. 

 

Experimental Program 

Summary of the Experimental Program 

The experimental program of this research followed the sequence shown in Figure 3, comprising five 

sequential stages. 

 

Figure 2 – Simplified flowchart of the experimental program.
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Preliminary Study for Coarse Aggregate Sintering 

Before the proper use of the synthetic aggregates, a preliminary compositional study was carried out 

based on the works of 36,37,38. This study involved 26 calcined pre-mixtures of BR (60–95%), silica (0–30%), 

and clay (0–30%) in different proportions, in order to determine the optimal compositions. 

All samples were subjected to solubilization tests (ABNT NBR 10005:2004)39 and leaching tests 

(ABNT NBR 10006:2004)40 for solid wastes as an initial criterion, to ensure the removal of any residual 

Na(OH) present in the BR. From the proposed mixtures, five were selected that met the initial established 

criteria. 

Based on the performance of these initial samples, three new optimized mixtures were formulated for 

aggregate production (via extrusion), designated as AGS 70, AGS 80, and AGS 90. Table 3 presents the 

parameters adopted in the production of these synthetic coarse aggregates. 

 

Table 3 – Composition, temperature, and sintering time of the optimized samples for the production of 

synthetic coarse aggregates. 

Sample 
BR                     

(%) 

Silica                

(%) 

Clay               

(%) 

Temperature 

(°C) 
Time (h) 

AGS 70 70 - 75 20 - 25 5 1200 3 

AGS 80 80 - 85 10 - 15 5 1200 3 

AGS 90 90 - 95 0 - 5 5 1200 3 

 

The optimized coarse aggregates are, to date, still in the patenting process by UFPA. Therefore, as a 

protective measure, the information regarding the BR and silica contents (the most relevant components) is 

presented in the form of interval ranges. Similarly, the production process and other technical details are 

presented in summarized form in this study. 

 

Production of Synthetic Coarse Aggregates 

The synthetic coarse BR aggregates were produced according to the manufacturing process shown in 

Figure 4, and their final appearance is illustrated in Figure 5. 

 

Figure 3 – Flowchart of the production process of synthetic coarse aggregates. 

 
 

Figure 4 – Samples of optimized synthetic coarse aggregates. 
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The produced samples exhibited an elongated–lamellar shape with irregular grains. Their surface was 

moderately rough, with pronounced texture in parts of the grains, and a characteristic maximum particle size 

(DMC) of approximately 19 mm. The synthetic aggregates were subjected to the same physical mechanical 

characterization tests applied to the natural aggregate (pebble), as previously described in Table 1. 

Mix Design and Concrete Production 

For the mix design of the concretes used in this research, the method developed by the Instituto de 

Pesquisas Tecnológicas da Escola Politécnica de São Paulo – IPT/EPUSP41 was adopted for structural 

concretes, following the parameters summarized in Table 4. The final mix design variables obtained are 

presented in Table 5. 

 

Table 4 – Initial mix design parameters adopted. 
Unit ratio – kg/kg 

(cement:aggregates) 

1 α                 

(%) 

2 Ratio                 

a/c 

Slump                  

(mm) 

AGS 

content (%) 

1  :  5,0 51 ≤ ≤ 0,65 100 ± 20 100 

¹ Mortar content of the concrete. 

² For exposure class I, according to ABNT NBR 6118:201442 

 

Table 5 – Características finais de dosagem. 

Concrete 
Single Mix Design (cement : 

aggregates) 

α 

(%) 
Water a/c 

Coarse Aggregate (%) Slump 

(mm) 3 natural sintético 

REF 1 :  5,0 51 0,55 100 0 

≈ 90 
AGS 70 1 :  5,0 55 0,65 0 100 

AGS 80 1 :  5,0 59 0,65 0 100 

AGS 90 1 :  5,0 61 0,65 0 100 

3 Rolled pebbles. 

 

Due to the differences in water absorption exhibited by the synthetic coarse aggregates, the concretes 

required different amounts of mortar to meet the initial parameters established in the mix design. 

During the consistency tests, workability, segregation, and cohesion were also taken into account 

because of the intended application of the concrete (columns, beams, and slabs). Alongside the concretes with 

synthetic aggregates, conventional concrete using rolled pebbles (REF) as coarse aggregate was also produced 

for reference purposes. 

 

Figure 6- illustrates the appearance of the concretes during the mixing procedure. 

 
 

III. Result And Discussion 
Material Characterization 

Primary Materials 

Tables 6, 7, and 8 show the results of the characterization of the primary materials. 

 

Table 6 – Chemical composition of raw bauxite (RB) used in the production of synthetic aggregates 

Compound; Loss on ignition 
Compound Al₂O₃ SiO₂ Fe₂O₃ TiO₂ Na₂O CaO LOI 4 

% 21,27 17,72 34,31 6,89 9,25 1,22 8,11 
4 Loss on ignition 

 

Table 7 – Characterization of Portland cement 

Type Specific gravity (g/cm³) Fineness index (%) 
Setting time (hour: minute) 

Start End 
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CP IV - 32 RS 2,83 3,17 2:56 5:31 

 

Table 8 – Characterization of natural fine aggregate (sand) 

Sample 
Specific gravity 

(g/cm³) 
Bulk density 

(g/cm³) 
Fineness modulus 

Maximum characteristic 
diameter (mm) 

Areia 2,33 1,68 1,86 1,18 

Synthetic coarse aggregate 

 

The characterization results of the coarse aggregates are shown in Figures 6, 7, and 8. 

 

Figure 6 – Reactive potential of the coarse aggregates, obtained from the AAR (Alkali-Aggregate Reaction) 

analysis 

 
 

According to the results shown in Figure 6, regarding reactive potential, the synthetic coarse 

aggregates met the criteria established by ABNT NBR 15577:201829, not triggering the alkali-aggregate 

reaction (AAR). The samples remained below the regulatory maximum expansion limit, thus characterizing 

them as innocuous. 

Analyzing the AAR results together with the composition of the synthetic aggregates, it can also be 

observed that, although innocuous, they showed a slight increasing trend with higher RB content and lower 

silica content. 

According to studies by43, some caution is necessary when exposing RB to cementitious matrices, as 

the residue has a high alkali content (e.g., Na – sodium), which may favor the alkali-silica reaction (ASR). The 

same author also points out that mitigation of the reaction is linked to a minimum level of pozzolanic addition 

in Portland cement, which may or may not be sufficient, depending on the reactivity level of the aggregate 

analyzed. 

Authors44, 45 state that for ASR to occur, a sufficient silica content is required to react, along with an 

adequate amount of reactive aggregates in the cementitious matrix. According to these authors, these factors are 

not directly proportional or linear with respect to the occurrence of the phenomenon. 

 

Figure 7 – Physico-mechanical characterization of the coarse aggregates. Intrinsic variables 
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Based on the results of the coarse aggregate characterization (Figure 7), first considering abrasion 

resistance and mass loss under impact, it can be observed that all synthetic aggregates met the respective 

normative specifications. Notably, sample AGS 70 exhibited the highest abrasion resistance, losing the least 

mass during the test. According to12, these two mechanical properties in the synthetic aggregates are directly 

related to the compositional silica content, as the properties of this mineral confer higher hardness and 

mechanical strength to the aggregate. Regarding the influence of the residue, studies by3 indicate an 

improvement in the mechanical properties of calcined RB mixtures at 50–70% content in the production of 

ceramic materials for construction applications. 

Focusing on water absorption of the aggregates, sample AGS 70 showed the lowest results among the 

synthetics and was comparable to the natural aggregate (rolled pebble). On the other hand, AGS 80, and 

especially AGS 90, which exceeded the recommended limits (DIN 4226:200246; WBTC No.12/200247), 

exhibited higher water absorption compared to the others. It is evident that the absorption of the aggregates was 

influenced by variations in RB and silica content. According to48,49, increasing the silica content in the 

composition thickens the vitreous layer in the aggregates, thereby reducing porosity and, consequently, water 

absorption. 

Regarding the specific gravities of the aggregates, excluding AGS 90, all were above 2.0 g/cm³, 

placing them in the normal-density aggregate category. The silica present in the aggregate composition, as 

previously mentioned, contributes to pore closure and, consequently, also increases the density of the material. 

 

Figure 8 – Physico-mechanical characterization of the coarse aggregates. Granulometric variables 

 
 

According to the granulometric data presented in Figure 8, the shape index of the aggregates classified 

them as elongated-lamellar according to ABNT NBR 7809:201931. Based on the uniformity coefficient of the 

aggregates, with the slight exception of AGS 70, they exhibited non-uniform granulometry (preferable for 

concrete according to13. 

The fineness modulus of the aggregates showed very similar values, consistent with the referenced 

technical specifications. It is worth noting that due to the shaping process (extrusion) used in the production of 

the synthetic aggregates, all of them assumed a maximum characteristic diameter of 19 mm. 
 

Physico-mechanical characterization of concrete 

Mechanical Properties 

The graphs in Figures 9 and 10 show the averages of the results obtained in the mechanical 

characterization tests of the concretes. 
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Figure 9 – Mechanical characterization of the concretes 

 
 

According to the results presented in Figure 9, the axial compressive strength of the concretes at 28 

days (Fck,28) met the regulatory specification of ABNT NBR 6118:201442, remaining above 20 MPa. Based on 

this, the concretes were classified as structural according to the cited standard. Notably, the concrete with AGS 

70 achieved the highest compressive strength, alongside the concrete with natural coarse aggregate (REF). 

Regarding splitting tensile strength and static modulus of elasticity, the concretes except for AGS 90 

showed very similar values with low variability, despite the different mortar contents. 

 

Figure 10 – Development of axial compressive strength of the concretes over time 

 
 

Analyzing the mechanical performance of the concretes over time (Figure 10), it can be observed that 

the initial development of compressive strength for REF, AGS 80, and AGS 90 (at 3 and 7 days) was similar, 

while AGS 70 was and remained superior from the beginning. At 28 days, AGS 70 and REF showed very 

similar results, whereas the concretes with AGS 80 and AGS 90 exhibited somewhat lower but close values at 

the same final age. 

Studies by12, focusing on the production of concretes with synthetic RB aggregates, indicate that the 

increase in axial compressive strength when using such aggregates (e.g., AGS 70) is attributed to their lower 

abrasion wear. The improvement in the mechanical properties of the concrete when using synthetic RB 

aggregates is also linked to the higher silica content in the composition of these aggregates12. 

 

Water absorption by capillarity 

In the determination of water absorption by capillarity, the concretes showed the average results 

presented in the graphs of Figures 11 and 12. 
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Figure 11 – Capillary water absorption of the concretes over time 

 
 

As shown in Figure 11, the final capillary absorption of the concretes exhibited a distinct and 

increasing behavior, starting with REF, followed by AGS 70, AGS 80, and AGS 90 in sequence. 

Within the first 24 hours of testing, differences in absorption were already noticeable. The concrete 

with AGS 70 showed the lowest absorption among the synthetics, approaching that of the concrete with natural 

aggregate, despite differences in mortar content. It is noteworthy that the capillary absorption of the concretes 

maintained a certain individual proportionality with the water absorption of the coarse aggregates. 

 

Figure 12 – Capillary rise of water within the concretes 

 
 

Regarding the capillary rise of water within the specimens (Figure 12), it exhibited the same behavior 

as capillary absorption, showing a linear increasing trend starting with REF, followed by AGS 70, 80, and 90, 

respectively. As expected, the concrete with AGS 70 showed the lowest capillary rise among those containing 

synthetic aggregates. 

As previously evidenced in the characterization of the coarse aggregates, which had different water 

absorptions due to their compositional silica content, this factor may have significantly influenced the 

differences in capillary absorption of the concretes and their respective mortar contents. According to50, 51, the 

lamelo-angular shape and minor variations in the shape index of the aggregates can also affect the rheology of 

the concretes, which in turn impacts their porosity differences. 

 

IV. Conclusion 
Based on the results obtained and their respective discussions, it can be concluded that the analyzed 

synthetic BR aggregates met the technical and normative specifications for use in structural concrete, 

contributing satisfactory physical and mechanical properties for this purpose. Other specific conclusions could 

be drawn from the results, such as: 

• The synthetic aggregates were found to be non-reactive in the potential reactivity tests, thus not favoring the 

álcali aggregate reaction (AAR); 
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• The intrinsic characteristics of the synthetic aggregates (AGS 70 and AGS 80) showed satisfactory results, 

meeting the specifications for use in structural concrete, with only AGS 90 as an exception due to its higher 

water absorption; 

• The rheology of the concretes exhibited distinct behavior due to the different absorption capacities of the 

coarse aggregates, requiring adjustments in the mortar content to achieve adequate consistency, workability, and 

cohesion according to their intended structural applications (e.g., columns, slabs, and beams); 

• The axial compressive strength (at 28 days) met the requirements of ABNT NBR 6118 (2014) [41], exceeding 

20 MPa, thereby classifying the concretes as structural for exposure class I environments. The concrete 

containing AGS 70 demonstrated the best mechanical performance among those produced with synthetic 

aggregates; 

• The capillary water absorption of the concretes followed a similar linear increasing trend to that of the 

synthetic coarse aggregates. The concrete containing AGS 70 presented the best physical performance, showing 

the lowest capillary absorption. 
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