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Abstract 

 

The  co-calcination  of  bauxite  residue  (BR)  with  kaolinitic  clay  for  use  as  a  supplementary 

cementitious  material  (SCM)  has  shown  to  be  a  promising  processing  route  to  enable  the 

incorporation of more than 20 wt.% of BR in cement formulations. Previous research showed 

that, among several other improvements, the co-calcination process leads to a reduction in the 

content of soluble alkali, enhancing workability and maintaining the mechanical performance of 

mortars  up  to  day  28.  Building  upon  previous  results,  this  work  focuses  on  the  strength 

development  of  blended cement  mortars  containing co-calcined  BR  28,  56  and  90  days  after 

mixing. Two different SCMs are included in the investigation: one produced using high-purity 

kaolin and another one produced under the same conditions but using a clay containing 40 wt.% 

kaolin, which is more advantageous from an economic perspective. The cement replacement ratio 

with SCM is 30 wt.%, but further replacement of cement with other mineral admixtures, e.g., 

blast furnace slag, limestone filler, and set regulator, is also explored. The results of this work 

show that the strength development of mortars containing co-calcined BR with kaolin continues 

up to day 90. Moreover, it is demonstrated that the use of lower grade kaolin to produce the SCM 

does not impair mechanical properties when the BR:kaolin weight ratio is maintained. 

 

Keywords: Bauxite Residue, Co-calcination, Cement replacement, Supplementary Cementitious 

Materials, Late strength. 

 

1.  Introduction 

 

One of the challenges in the use of bauxite residue (BR) as a supplementary cementitious material 

(SCM) is the abundance of soluble Na2O in the residue. This often leads to the worsening of 

mortar and concrete properties, e.g., lower final strength and reduced workability [1], although 

higher early strength can be obtained due to the acceleration of early cement hydration by the 

soluble Na2O. Both positive early-age and negative late-age effects of alkalis on the strength of 

cementitious  systems  are  widely  reported,  although  the  mechanisms  behind  the  latter  remain 

under debate [2]. 

 

The deterioration of the strength development in systems containing BR is not a rule, but has been 

sporadically reported in literature. The absence of further strength gain as a function of time 

beyond 7 days was observed in blended cement mortars containing 30 wt% of calcined BR [3], 

while strength loss occurred from day 28 in mortars containing 10 wt.% of cement replacement 

with untreated BR [4]. On the other hand, several studies report continuous strength increase until 

later ages, e.g., 90 days, even when using untreated BR [5] or combinations of untreated BR with 

conventional  SCMs  such  as  silica  fume  [6].  Linking  the  patterns  observed  in  strength 

development in the literature with the content of soluble Na2O in the respective BR is not always 

easy, since data on soluble Na2O is often not reported. 

 

Aiming at making BR a more suitable resource for use as an SCM, several pretreatments have 

been developed to decrease the content of soluble Na2O in BR [5, 7]. The co-calcination of BR 

with kaolinitic clay is one of such promising technologies [3, 5], as it also results in an SCM that 
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has moderate-to-high reactivity. This higher reactivity enables cement substitution rates of up to 

30 wt.% with co-calcined BR, which translates into the incorporation of 15–27 wt.% of bauxite 

residue in the cement formulation [8, 9]. The technically optimized BR incorporation rate will 

depend on intrinsic characteristics of the BR, i.e., content of the reactive desilication product 

(sodalite, cancrinite), and on the content and purity of the kaolinic clay source used in the co-

calcination process. Previous research showed that performance requirements can be fulfilled 

with lower-grade kaolinic clays [8], which naturally increases the potential of the technology 

towards industrial implementation.  

 

Although previous results showed that no strength decrease with age is observed up to day 28 in 

mortars containing co-calcined BR [3], the assessment of the strength development beyond the 

first 28 days is required to evaluate if long term deterioration of the compressive strength will 

occur. This will be investigated here. In addition, the use of other SCMs in combination with co-

calcined BR in blended cement formulations could further increase cement replacement, as long 

as there is no harm to performance. Here, the effect of the incorporation of 10 wt.% blast furnace 

slag on the strength development is investigated, as well as 5 wt.% limestone, and the addition of 

extra sulphate carrier (2 wt.% of anhydrite). Mortar mixes containing co-calcined BR with clays 

with different kaolin grades are produced and the strength development is characterized between 

28 and 90 days. 

 

2. Materials and Methods 

 

2.1 Starting Materials 

 

The BR used was supplied by the MYTILINEOS alumina plant, in Greece. The Portland cement 

used was a CEM I 52.5N provided by Holcim. Their chemical composition is shown in Table 1. 

The total Na2O content in the BR is 3.6 wt.%, part of which, i.e., 0.135 wt.%, is readily soluble. 

The latter was taken as the sodium concentration in the leachate after a batch leaching test 

(EN 12457-2) but might not represent the total soluble Na2O in the BR given that the EN 12457-

2 is a one-stage leaching test. 
 

Table 1. Chemical composition of BR and CEM I, measured by X-ray fluorescence (XRF). 

% Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 LOI 

BR (MYT) [3] 3.6 < 1 21.5 8.8 < 0,6 0.2 8.0 5.6 39.6 9.0 

CEM I 52.5N < 0,7 1.3 6.0 20.3 0.6 0.7 60.9 0.2 2.8 1.6 

 

Two kaolinitic clays were used in the co-calcination with BR: a pure kaolin Bole white from 

VWR containing 99 wt.% kaolinite (henceforth named K) and a lower-grade kaolin from 

Amberger Kaolinwerke (henceforth named K(A4)). The K(A4) clay contained 40 wt% kaolinite, 

36 wt% feldspar, 22 wt% quartz, and 2 wt% muscovite/illite, as determined by X-ray diffraction 

(XRD). Reagent grade CaSO4 (anhydrite) was used as the sulphate carrier (set regulator) and 

reagent grade CaCO3 (calcite) as limestone filler. The blast furnace slag is from Ecocem.  

 

2.2 SCM Production 

 

The dried BR and the respective clay (K or K(A4)) were mixed by hand and calcined to produce 

the SCMs used in this study. Calcination was done in a Nabertherm box furnace at 750 °C and a 

dwell time of 1 hour, using a heating and cooling rate of 3 °C/min [3]. Milling was not performed 

on the co-calcined products, since the particle size of the input materials was fine enough and no 

coarsening took place after calcination, as shown in previous work [3]. The raw blends used are 

shown in Table 2. The BR:clay mass ratios varied in order to keep the kaolinite content in the raw 

blends constant (20 wt%). 
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Table 2. Raw blends used in the co-calcination to produce SCMs. 

SCM name Type of clay BR content (wt.%) Clay content (wt.%) 

MYT80/K K - Kaolinite VWR  

(99 wt% kaolinite) 

80 20 

MYT50/K(A4) K(A4) - Kaolin Amberger 

40  

(40 wt% kaolinite) 

50 50 

 

The reactivity of the resulting SCMs was measured using the R3 test (ASTM C1897-20) (Figure 

1). MYT80/K is more reactive than MYT50/K(A4), despite the similar initial kaolinite content in 

the raw blend. The lower reactivity of MYT50/K(A4) is related to the lower fraction of BR in the 

raw blend and to a higher content of inert phases present in the K(A4) clay [8]. The desilication 

product coming from the BR, which is the phase responsible for the BR contribution to cement 

hydration [3, 10], is more abundant in MYT80/K. 

 
Figure 1. Reactivity of the SCMs measured in the R3 test [8]. 

 

2.3 Mortar Preparation and Testing 

 

The effect of different blended cement formulations on strength development was evaluated based 

on the compressive strength of mortars. The blended cement formulations varied according to the 

presence of set regulator (anhydrite: 0 wt.% or 2 wt.%), slag (0 wt.% or 10 wt.%), limestone filler 

(0 wt.% or 5 wt.%), and to the type of co-calcined BR used (MYT80/K or MYT50/K). The 

replacement ratio of CEM I with co-calcined BR (MYT80/K or MYT50/K) was kept fixed at 

30 wt.%. Further replacements with set regulator, slag, and limestone filler were done at the 

expense of CEM I. The detailed mix design of the mortar mixes produced are shown in Table 3. 

Two mortar mixes were used as references: a mix containing 100 wt.% CEM I as the binder, and 

a mix in which 30 wt.% of CEM I was partially replaced by an inert filler that has a similar particle 

size distribution as the SCMs. This inert filler was produced by mixing 60 wt.% Quartz M400 

and 40 wt.% Quartz M800 (both from Sibelco). This was done to produce a reference mix that 

mimics the filler effect originating from the presence of 30 wt.% SCM in the blended cement 

formulations. 
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Table 3. Mix design of mortars. 
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  Blended cement components    

 (g) (g) (g) (g) (g) (g) (g) (g) (g) (mL) (cm) 

MYT50/K(A4)  1350 315  135     225 2 20.58 

MYT50/K(A4) A2 1350 306  135   9  225 2 20.89 

MYT50/K(A4) A2 S10 1350 261  135  45 9  225 2 19.56 

MYT50/K(A4) S10 1350 270  135  45   225 2 20.92 

MYT80/K  1350 315 135      225 2 21.08 

MYT80/K B30 A2 1350 306 135    9  225 2 20.14 

MYT80/K S10 1350 270 135   45   225 2 21.01 

MYT80/K A2 S10 1350 261 135   45 9  225 2 20.79 

MYT80/K B30 A2 L5 1350 283.5 135    9 22.5 225 2 20.01 

Ref 100% CEM I 1350 450       225  / 20.10 

Ref 70% CEM I 30% Q 1350 315   135    225 0.3 20.95 

 

Given the decrease in workability due to the replacement of CEM I with the SCMs, a 

superplasticizer (SP) (Master Glenium 51) was added to the mixes containing SCMs. Only 

sufficient SP was used to reach the same mortar flow as the CEM I reference mortar mix 

(20.10 ± 1 cm slump flow measured according to EN 1015–3). 2 mL of SP was required in all 

cases. The final mortar flows measured in the slump tests are shown in Table 3. The mortars were 

prepared and tested according to the EN 196–1 after 28, 56, and 90 days of curing. Samples were 

cured in a climate chamber at RH > 95 %. The mixes were prepared in duplicates and the results 

reported are averages of 3 samples from two different batches.  

 

2.4 Soluble Na2O 

 

To indicate the content of soluble Na2O, the raw BR and selected mortars underwent leaching 

tests according to EN 12457-2. Mortars were crushed to a particle size < 4 mm and tested 28 days 

after mixing. The leachates were collected and measured by inductively coupled plasma atomic 

emission spectroscopy (ICP-AES). 

 

3. Results and Discussion 

 

The compressive strength results are shown in Figure 2. The effects of curing time, kaolin grade, 

and the presence of mineral additions on the strength development of the mortars are discussed in 

the next sections. 

 

3.1 Effect of Curing Time  

 

Figure 2 shows that there is no decrease in the compressive strength of the mixes until day 90, 

regardless of the kaolin grade in the clay and the presence of set regulator, limestone filler, and 

slag in the blended cement formulations. An apparent decrease in strength is observed between 

days 28 and 56 in the MYT80/K A2 L5 mix, but the difference in average values, i.e., 60.8 MPa 

and 59.6 MPa, respectively, is within experimental errors.   
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The strength is always below that of the 100 % CEM I reference, which is expected given the 

high cement dilutions studied here, i.e., 30-42 wt.% total cement replacement. However, the 

strength is considerably higher than that of the 70 % CEM I 30% Q reference, which shows the 

significant contribution of the co-calcined BR to the strength of mortars. The minimum strength 

reached by the mixes is 50, 52, and 55 MPa at 28, 56, and 90 days, respectively, which 

corresponds to 80 % of the strength of the 100 % CEM I reference at the same ages. 

 

  
Figure 2. Compressive strength of mortars measured 28, 56, and 90 days after mixing. 

Left: containing co-calcined BR with pure kaolin (MYT80/K), Right: containing co-

calcined BR with a clay containing 40 wt.% kaolin (MYT50/K(A4)). The replacement 

ratio of cement with the SCMs (MYT80/K and MYT50/K(A4)) is fixed at 30 wt.%. 

Further replacements with set regulator (A2 – 2 wt.%), blast furnace slag (S10 – 10 wt.%), 

and limestone filler (L5 – 5 wt.%) are done at the expense of CEM I. 

 

3.2 Effect of Blast Furnace Slag 

 

Regardless of the kaolin grade in the clay, the addition of 10 wt.% slag (MYT80/K S10 and 

MYT50/K(A4) S10) leads to lower strengths at day 28, which is a result of the higher CEM I 

dilution and slow reaction of the slag. The contribution of the slag reaction starts to become visible 

at day 56, as the compressive strength reaches that of the mixes without slag (MYT80/K and 

MYT50/K(A4)).  

 

3.3 Effect of Limestone 

 

The synergy of co-calcined BR with limestone filler in cement was previously investigated, but 

the high content of limestone incorporated, i.e., 10 wt.%, overshaded the potential benefits of the 

synergic reaction to the strength of the mixes [11]. The 28-day strength of the mix containing 

10 wt.% limestone filler (MYT80/K A2 L10) was 50 MPa [11]. Lowering the limestone content 

to 5 wt.% (MYT80/K A2 L5) resulted in the increase of the 28-day strength to 60 MPa, close to 

that of 100 % CEM I reference. This is a result of the lower dilution of CEM I, which makes the 

contribution of the synergic reaction with limestone more apparent. Similarly to what takes place 

in LC3 mixes, limestone reacts with the co-calcined BR, producing additional ettringite and 

carbonate-containing AFm phases that contribute to the strength development. The strength is 

maintained in the long term, reaching 62 MPa at day 90.  

 

The addition of 5 wt.% limestone as a third binder component in the ternary blended cement 

seems to be more advantageous for performance than the addition of 10 wt.% slag, particularly at 

day 28 (and presumably at earlier age). However, ongoing research shows that the presence of 
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this content of limestone filler in the formulation has an important effect on the environmental 

compatibility of the blended cement, i.e., its ability to immobilize contaminants within the 

cementitious matrix. This aspect is under investigation and will be the subject of a future 

publication. 

 

3.4 Effect of Set Regulator  

 

The compressive strength of the binary mixes containing 2 wt.% extra anhydrite (MYT80/K A2 

and MYT50/K(A4) A2) is 2–4 MPa higher than in the mixes without sulphate addition 

(MYT80/K and MYT50/K(A4)). This is achieved because the provision of additional anhydrite 

increases the sulphate availability for reactions with the reactive alumina provided by the SCM, 

thereby promoting the formation of strength-giving sulphoaluminate hydration products. In the 

ternary mixes containing slag, the addition of anhydrite enhances the strength gain before day 28, 

compensating for the slow reaction of the slag (see results of MYT50/K(A4) S10 and 

MYT50/K(A4) A2 S10).  

 

3.5 Effect of Kaolin Grade 

 

Despite the higher reactivity of the SCM co-calcined using K, overall, slightly higher strength 

results were obtained in the mixes produced from K(A4). This can be better visualized in Figure 

3. An exception is the mix containing slag and extra sulphate (blue in Figure 3). 

 
Figure 3. Comparison between the strength of MYT50/K(A4) mixes (continuous lines) and 

MYT80/K mixes (dashed lines). Data from Figure 1. 

 

The overall higher late age strength of mortars containing the SCM co-calcined with K(A4) can 

be related to the lower content of soluble Na2O in MYT50/K(A4). To evaluate that, the sodium 

concentration in the leachates of the binary 28-day mortars was measured. As shown in Table 4, 

the sodium leaching from the MYT80/K mortar is considerably higher than from MYT50/K(A4). 

This is because, for a BR of certain origin, the content of remaining soluble Na2O in the SCM 

depends on the BR:clay ratio of the raw blend. The use of lower-grade kaolinitic clays requires a 

larger fraction of clay in the raw blend to achieve the desired SCM reactivity. This leads to higher 

BR dilution and has a beneficial effect on the compressive strength of mortars at later ages. 
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Table 4. Sodium concentrations measured in the leachates of 28-day mortars subject to 

batch leaching tests (EN 12457-2). 

Mortar code Na (µg/L) 

MYT80/K 120 000 

MYT50/K(A4) 76 000 

 

The higher content of soluble Na2O in the SCM can be beneficial in ternary blends containing 

slag because the slag reaction can be enhanced by higher alkalinity. Such chemical activation 

strategy has been applied to fly ash using raw BR [12]. Here, a positive effect of slag activation 

on strength seems to be observed only in the ternary mix containing extra sulfate (MYT80/K A2 

S10). Contrary to what was expected based on this reasoning, in the mortars without extra sulfate 

(MYT80/K S10 and MYT50/K(A4) S10), higher strength was observed for the lower alkalinity 

mix (MYT50/K(A4) S10). This suggests that the effect of alkali activation is more complex than 

anticipated and might be related to the content of the sulphate carrier, although further 

investigations are needed to assess this hypothesis. 

 

Based on the results of this study, looking at soluble Na2O can help explain the late-age strength 

development of mixes containing BR. Nevertheless, more detailed investigations of hydration and 

microstructure are needed to clarify what is behind the mortar-level observations reported here, 

especially when it comes to the ternary mixes and the reactions with the set regulator. 

 

4. Conclusions 

 

This study assessed the strength development of mortars containing co-calcined BR with 

kaolinitic clay for up to 90 days. In addition to co-calcined BR, the blended cement formulations 

also incorporate anhydrite, limestone filler or slag, resulting in cement replacement ratios between 

30 wt.% and 42 wt.%. The results showed that no strength deterioration occurred within the 

studied timeframe. The addition of extra sulphate carrier was beneficial both in the binary blends 

and in ternary blends containing slag. In the latter, the extra sulphate addition compensated for 

the slow reaction of the slag at early age. Moreover, despite the lower reactivity of the SCM 

produced from lower grade clay, those mortars reached higher late-age strength. This can be 

explained based on the content of soluble Na2O in the SCM, which is dependent BR:clay ratio in 

the raw blend. 
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