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Abstract:- In this study the physical and mechanical properties of concrete of Ordinary Portland 

Cement (OPC) containing metakaolin (MK) or redmud (RM) and a combination of MK and RM and 

compatibility between such materials were investigated on different mixture proportions of 

water/binder ratio (w/b) 0.38, 0.36 and 0.33 by replacing 0% to 14% of the mass of cement by MK and 

RM with different proportions of 50:50, 60:40, 70:30 and 80:20. The workability of concrete was 

measured by the slump, compaction factor and Vee-Bee consistometer tests. Substantial reductions in 

the workability were obtained for the mixtures containing MK and RM, with greater reductions being 

experienced as the RM replacement level increased. The cube compressive strength was evaluated at 1, 

7, 14, 28 and 56 days for all w/b ratios. It is found that the maximum compressive strengths are 

obtained with 8% replacement of OPC by MK, 4% replacement of OPC by RM and 10% replacement 

of OPC by MK and RM blend in all w/b ratios. In all the w/b ratios the MK:RM Proportions of 80:20 

achieve higher strength.  
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I. INTRODUCTION 
Ordinary Portland Cement (OPC) is recognized as the major construction material throughout the 

world [1]. Industrial wastes, such as blast furnace slag, fly ash and silica fume are being used as supplementary 

cementitious materials. In addition to this, agricultural wastes such as rice husk ash, wheat straw ash and 

bagasse ash are also being used as pozzolanic materials. When pozzolanic materials are added to cement, the 

silica (SiO2) present in these materials reacts with free lime released by the hydration of cement and forms 

additional silicate hydrate (CSH) as new hydration products [2], which improve the mechanical properties of the 

concrete formulation. 

Metakaolin (MK) is an artificial pozzolana produced by burning selected kaolinite clay within a 

specific temperature range (between 650 
0
C and 800 

0
C). The production process is closely controlled and thus 

higher purity and reactivity can be obtained. MK is basically made up of silica and alumina in an amorphous 

state, that react with calcium hydroxide (CH) produced by Portland cement hydration to form calcium 

hydrosilicate (C-S-H) and calcium hydroaluminosilicate (essentially gehlenite – C2ASH8) [3]. Metakaolin, 

because of its white color, does not darken concrete, making it suitable for color matching and other 

architectural applications. 

Redmud (RM) is a by-product of the Bayer process, which is used for the production of alumina from 

bauxite. For each part of alumina produced by this process, about one part of redmud is generally discarded as a 

waste. India generates over 4 million tones of this by-product annually which is not otherwise put to any use. 

Over the years, many attempts have been made to find a use for redmud, but none have proven to be 

economically satisfactory. These attempts were based mainly on the use of redmud as a partial substitute for 

clay in the production of bricks and other ceramics products [4], [5]. Redmud has a reddish-brown colour and a 

superfine, fine particle-size distribution as it‟s physical characteristics, as well as alkalies, iron oxides and 

hydroxides, aluminium hydroxides, calcium carbonate, titania and silica in its chemical composition. This 

superfine particle characteristic of redmud makes this a promising admixture for mortar and concrete [6].  

The redmud is fairly caustic, with pH of pastes being typically in the range 11-13. Except for the residual NaOH 

left after the final washing in the plant, the components of redmud are usually considered to be relatively inert 

and unreactive[7]. Despite its apparent inertness and obvious lack of reactive silica, the idea of utilizing the 

pozzolanic reaction to bind redmud mixtures seemed to be a feasible and potentially low cost alternative for the 

very simple reason that the redmud is a high pH environment. The admixtures required would be hydrated lime, 
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either with fly ash, bagasse ash, silica fume, granulated blast furnace slag or metakaolin; and all of these are 

readily available, or can be produced. A further possibility for production of cementitious compounds that 

hydrated lime will react with the alumina left in redmud to produce calcium aluminates (CA possibly C5A3). 

These also hydrate to produce cementitious components, in reactions which are fairly well known from the fact 

that they are responsible for the strengths of high alumina cement mortars [8]. The reaction of lime with alumina 

is considered to be a type of pozzolanic reaction as well. 

This paper reports on a study to evaluate optimum percentage level of MK and RM separately and with 

combinations to the cement replacement. The aim of the work is to determine the compressive strength at all 

stages of curing and for the range of water/binder (w/b) ratios. 

 

II. EXPERIMENTAL PROCEDURES 
A. Materials and Mix Proportion 

The following materials were used: Ordinary Portland Cement (OPC) 53 grade (specific gravity: 3.15, 

Blaine fineness: 320 m
2
/Kg), Metakaolin (MK) (specific gravity: 2.54, Blaine fineness: 15 m

2
 / gm), Redmud 

(RM) (specific gravity: 2.74, Blaine fineness: 10.5 m
2
 / gm), Fine Aggregate (FA) (specific gravity: 2.60, 

fineness modulus: 2.964), Course Aggregate (CA) (specific gravity: 2.82, fineness modulus: 6.73) and 

Sulfonated naphthalene formaldehyde condensate based superplasticizer conplast SP 430 (specific gravity: 

1.220). The chemical composition of Ordinary Portland Cement (OPC), Metakaolin (MK) and Redmud (RM) 

are presented in the Table 1. 

 

 
 

A concrete mix proportion of water/binder ratios 0.38, 0.36 and 0.33 with characteristic target mean 

compressive strength of 40 Mpa, 50 Mpa and 60 MPa is designed without any mineral admixtures. However, 

the use of several trial mixes is important in the design of concrete. Therefore, to get the optimum proportions, 

trial mixes were arrived by replacing 0, 2, 4, 6, 8, 10, 12 and 14  percent of the mass of cement by MK and RM 

in the proportions of 50:50, 60:40, 70:30 and 80:20 respectively. A total of 30 trial mixes of different 

combinations were arrived for each w/b ratio. In all the above combinations, a superplasticizer (SP) was used at 

1% by weight of the binder for obtaining workable concrete. Trial mixes were carried out to achieve the 

required workability range for the different mixture compositions. The cement, metakaolin and redmud were 

thoroughly blended together by hand until a uniform colour was achieved. The superplasticizer, where used, was 

mixed with the water before adding to the dry ingredients. Mixing is done in the room temperature of 25 ± 3
o
C. 

The compositions of the three binder components and mixture details for the concrete with w/b 0.38, 0.36 and 

0.33 are given in Tables 2 - 4. 

 

B. Measurement of Workability 

Workability was measured by the slump, the compaction factor and the Vee-Bee degree tests in 

compliance with BIS: 7320 – 1974, BIS: 5515 – 1983 and BIS: 10510 – 1983 respectively. The slump test is 

simple to carry out and is useful for measuring consistency and detecting variations in uniformity. The 

compacting factor test measures the case by which fresh concrete is compacted. In addition the degree of 

compaction determined by the density ratio in the compacting factor test, gives a relative measure of the void 

content of concrete. The Vee-Bee consistometer test determines the time needed to achieve full compaction of 

the concrete under standard vibration. This test is appropriate, therefore for the concretes with low w/b ratios 

and high admixture contents like metakaolin and redmud examined in this study. The workability measurements 

were carried out immediately after mixing, all three tests being completed within 20 minutes. 

 

C. Specimen Preparation and Curing 

The compressive strength was determined from the average of test results for three standard 150 mm 

cubes prepared in steel moulds. The sampling was carried out in accordance with BIS: 1199 - 1959. Each mould 

was kept in room temperature to preserve the initial moisture condition of the sample, after 24 hours, the 

samples were demoulded and cured in the water at 20 ± 1
o
C, until testing. The compressive strength tests were 

carried out in a 400 Tonne capacity compression testing machine as per BIS: 516-1959. The tests were carried 

out at a uniform stress after the specimen has been centered in the testing machine. 
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Table 2: Mix Proportions, w/b = 0.38 

 
 

Table 3: Mix Proportions, w/b = 0.36 
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III. RESULTS AND DISCUSSIONS 
The mixtures containing metakaolin and redmud with w/b ratio 0.38 and 0.36 exhibit measurable 

slumps in the range 10-70. In w/b ratio 0.33, due to increased percentage of replacement of metakaolin and 

redmud, there is no slump. It is noted that the particles of metakaolin and redmud disperse amongst the cement, 

block the capillary channels, thus little free water can raise to the surface of the fresh concrete because of the 

efficient packing. The increased percentage replacement of binder results in more paste volume, which also 

contributes to a reduction in bleeding. The concretes behaved in a cohesive and mobile manner during the 

compacting factor and Vee-Bee degree tests. It is to be pointed out that all the mixtures used in this work 

exhibited slumps less than 100 mm which is considered as low. The production of high strength concrete is 

usually accompanied by the use of superplasticizers which would result in more flowable concrete. 

 

Table 4: Mix Proportions, w/b = 0.33 

 
 

A. Workability Effects Caused by Metakaolin 

Figure 1 shows the variations in slump, compacting factor and Vee-Bee degree with increasing 

metakaolin contents in concrete. It is seen that for all w/b ratios (0.38, 0.36 and 0.33) the workability parameters 

decrease systematically with the increased replacement level of metakaolin and greater reductions being 

observed for the concretes with higher w/b ratio. For the mixture with w/b ratio 0.33 compared to the Control 

Concrete (CC) shows a drop of nearly 40 mm of slump, decrease the value of compaction factor by nearly 0.1 

and increase in Vee-Bee degree by 25 seconds, when 14 % of ordinary Portland cement is replaced by 

metakaolin. Whereas for w/b ratio 0.38 shows a drop of nearly 50 mm of slump, decrease the value of 

compacting factor by nearly 0.070 and increase in Vee-Bee degree by 22 seconds. The workability reductions 

produced by metakaolin addition in concrete is due to its high specific surface area (15 m
2
/gm), which leads to 

more water being absorbed. There is also a function of high chemical reactivity, which results in greater 

consumption of water during cement hydration. These combined effect results in an increase in water demand. 

Increasing the w/b ratio in concrete resulted in considerable reduction in workability even though a 

superplasticizer was used. 
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Fig.1: Influence of MK on Workability of Concrete (a) Slump Value (b) Compaction Factor  

and (c) Vee-Bee Degree 

 

B. Workability Effects Caused by Redmud 

Figure 2 shows the variations in slump, compacting factor and Vee-Bee degree with increasing redmud 

additions in the concrete.  There is no slump in w/b ratio 0.33, at increased percentage of replacement of RM by 

10%. There is a considerable reduction in the compaction factor value nearly by 0.1 in w/b ratio 0.33, and an 

increased value of the Vee-Bee degree by 38 seconds compared to the control concrete when 14 % of OPC is 

replaced by redmud.  

  

 
Fig. 2: Influence of RM on Workability of Concrete (a) Slump Value (b) Compaction Factor 

and (c) Vee-Bee Degree 

Whereas for w/b ratio 0.38 shows a drop of nearly 60 mm of slump, decrease  the value of compacting 

factor by nearly 0.090 and increase in Vee-Bee degree by 28 seconds. The decrease in slump, compacting factor 
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and increase in Vee-Bee degree may be attributed to the fineness and water absorbing characteristics of redmud. 

The decrease in slump, compacting factor and increase in Vee-Bee degree is more for higher w/b ratios because 

for the same volume of concrete the quantity of redmud is more. 

 

C. Effects of Metakaolin on Cube Compression 

For cube compression testing of concrete, 150mm cubes were employed. All the cubes were tested in 

saturated condition, after wiping out the surface moisture. For each trial mix combination, three cubes were 

tested at the age of 1, 7, 14, 28 and 56 days of curing using 400 Tonne capacity compression testing machine as 

per BIS: 516-1959. The tests were carried out at a uniform stress after the specimen has been centered in the 

testing machine. The variations in the strength of concrete with increasing replacement level of ordinary 

Portland cement by metakaolin at the three w/b ratios are shown in Figure 3. 

The strength of metakaolin concrete increase systematically with an increase in metakaolin level at all 

three w/b ratios and at all curing times. The maximum compressive strengths are obtained for mixes with 8% 

replacement of ordinary Portland cement by metakaolin in all w/b ratios. That is, as the metakaolin content 

increases from 0% the compressive strength gradually increases up to metakaolin content reaches 8% and 

thereafter, it gradually falls off. This is due to the fact that the compressive strength increases in concrete due to 

the pozzolanic reaction and filler effect of the metakaolin. 

 

 
Fig. 3: Influence of MK on Cube Strength of Concrete (a) w/b Ratio 0.38, (b) w/b Ratio 0.36 

and (c) w/b Ratio 0.33 

 

In the pozzolanic reaction, the metakaolin reacts with calcium hydroxide (which is a hydration product 

of cement) and produces more C-S-H gel. C-S-H gel is the source of strength of hardened concrete, as it is the 

binder which binds the aggregate together. If the metakaolin percentage in the concrete is increased gradually, it 

reaches a point called an optimum point, where its content is exactly what is required for reacting with the 

calcium hydroxide present. Excess metakaolin added beyond this limit will remain in free form as there won‟t 

be any calcium hydroxide to react with. Free metakaolin in concrete does not act as a binder, and hence will 

cause a reduction in strength. The 7 days to 28 days compressive strength ratio of 10 % replacement for w/b 

ratio 0.38, 0.36 and 0.33 are 0.727, 0.766 and 0.773 respectively; whereas for the control concrete of same w/b 

ratios are 0.669, 0.719 and 0.743. It is noted that this compressive strength ratio is increased with increase in 

w/b ratio. Also the rate of increase in compressive strength is higher compared with the controlled concrete. 
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D. Effects of Redmud on Cube Compression 

Figure 4 shows the influence of the level of ordinary Portland cement replacement by redmud on the 

compressive strength of concrete at ages 1, 7, 14, 28 and 56 days for the three w/b ratios employed. As might be 

expected, systematic reductions in strength are observed at all ages as the w/b ratio is increased.  It is evident 

from these figures that the strength increases up to 4 %replacement of redmud in all three w/b ratios. However 

beyond 4 % the strength starts decreasing for all mixes. The increase in strength may be due to the fact that the 

cement replacement of around 4 % increases the finer particles in the mix, which increase its density by filling 

the voids and hence the compressive strength. Another reason for increase in strength may be due to extra 

availability of Al2O3, SiO2 and TiO2 whose presence up to certain percentage increases the strength of concrete 

by combining with other constituents of cement during the progress of hydration. The 7 days to 28 days 

compressive strength ratio of 4% replacement for w/b ratio 0.38, 0.36 and 0.33 are 0.758, 0.788 and 0.823 

respectively: whereas for the control concrete of same w/b ratios are 0.669, 0.719 and 0.743. It is noted that this 

ratio is increased with increase in w/b ratio; also the 7 day strengths of redmud replacements are high compared 

to the concrete replacement of metakaolin. This is due to the presence of alumina contents resulting in the early 

strength development. 

 
Fig. 4: Influence of RM on Cube Strength of Concrete (a) w/b Ratio 0.38, (b) w/b Ratio 0.36  

and (c) w/b Ratio 0.33 

 

E. Effects of Metakaolin and Redmud Blend on Cube Compression 

Figure 5 shows, for the three w/b ratios of 1, 7, 14, 28 and 56 day strengths of concrete containing 

various metakaolin and redmud blends as partial ordinary Portland cement replacement. The graph represents 

different total percentage of replacement levels (6%, 8%, 10% and 12%) with the different metakaolin:redmud 

(MK:RM) proportions (50:50, 60:40, 70:30 and 80:20). In general the strength increases with metakaolin 

content of the blend increases and the strength decreases as RM content of the blend increases. In all the w/b 

ratios at 10% of total replacement, where a maximum in strength occurs at 80% metakaolin and 20% redmud. 

This is discussed previously, possibly associated with acceleration of the hydration reactions.  

A good indication of the effectiveness of the various blend compositions is to compare them with the 

strengths of the control concretes at the same ages. In all the replacement levels and of different MK:RM 

proportions the variations of the strengths are very small, the 12 % replacement level shows similar values of the 

control concrete. Beyond the 10% replacement levels there are remarkable reductions in the strength; it shows 

that 10% replacement is acting as the optimum replacement level which gave higher strengths. In the w/b ratio 

0.38, at the 10% replacement level the compressive strength of MK:RM proportion 50:50 and 80: 20 are 7.1% 

and 7.5%  higher than the control concrete, the w/b ratio 0.36, at the 10% replacement level the compressive 

strength of MK:RM proportion 50:50 and 80:20 are 8.6% and 9.1% higher than the control concrete and In the 

w/b ratio 0.33, at the 10% replacement level the compressive strength of MK:RM proportion 50:50 and   80:20 
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are 6.2% and 6.7%  higher than the control concrete . It was noted that a small increase in compressive strength 

is only due to the pozzolanic effect of metakaolin alone; the redmud particles are acting as a filler materials in 

concrete, and this phenomena was same for all the mixes in three w/b ratio. 

 
Fig. 5: Influence of MK-RM blend Compositions on Cube Strength of Concrete (a) w/b Ratio 0.38,  

(b) w/b Ratio 0.36 and (c) w/b Ratio 0.33 

 

IV. CONCLUSIONS 
The following conclusions may be drawn from the work presented in this paper. 

i. From the present study, the optimum percentage of replacement of metakaolin with ordinary Portland 

cement for highest compressive strength in concrete at all curing time for all the w/b ratios used (0.38, 

0.36 and 0.33) is 8%. 

ii. Due to its high pozzolanic reactivity, metakaolin resulted in a higher rate of compressive strength 

development upto 28 days curing thereafter the strength development decreased. 

iii. For w/b ratios 0.38, 0.36 and 0.33 the percentage increase in strength at 28 days curing period at 8% 

replacement of metakaolin by ordinary Portland cement compared with controlled concrete are 10.35%, 

17.83% and 20.37%, whereas at 56 days curing period the corresponding values are 10.17%, 17.62% and 

19.69% 

iv. The workability in terms of slump of concrete with metakaolin at 8% replacement compared with 

controlled concrete is reduced by 45.71%, 56.9% and 70% of w/b ratios 0.38, 0.36 and 0.33.  

v. The workability reduction caused by metakaolin is attributed to its high chemical activity and high 

specific surface area, resulting in increased water uptake and hence greater water requirement. 

vi. The optimum replacement of redmud with ordinary Portland cement for highest compressive strength of 

concrete at 28 days curing for all the w/b ratios used (0.38, 0.36 and 0.33) is 4%. 

vii. The percentage increase of early compressive strength of concrete (7 day curing period) with redmud at 

4% replacement compared with controlled concrete is 16.86%, 12.00% and 12.17% for w/b ratio of 0.38, 

0.36 and 0.33, whereas at 28 days curing the percentage increased by 3.11%, 2.09% and 1.18%. 
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viii. In the early age strength development, the pozzolanic action developed due to extra availability of Al2O3, 

SiO2 and TiO2. The 28 day compressive strength beyond 4% replacement level is decreased in all w/b 

ratios. 

ix. The workability in terms of slump of concrete with redmud at 4% replacement compared with controlled 

concrete of w/b ratios 0.38, 0.36 and 0.33 is reduced by 27.69%, 38.88% and 54.05%. 

x. The workability of concrete with redmud is severely reduced with the increase in replacement of redmud 

content. For the higher grade of concrete with the higher replacement levels the slump is nearly zero. The 

decrease in slump, compaction factor and increase in Vee-Bee degree by RM replacement is attributed to 

the fineness and high water absorbing characteristics of redmud particles. 

xi. In the strength development of metakaolin and redmud blends as partial replacement of ordinary Portland 

cement, the strength increases with increase in metakaolin content of the blend and the strength decreases 

with increase in redmud content of blend. In all the w/b ratios of MK:RM proportion 80:20 achieves the 

greatest strength. For all the replacement levels and for different MK:RM proportions, the strength 

variations are insignificant. 

xii. In all the w/b ratios with all MK:RM proportions replacement, the small increase in compressive strength 

is due to pozzolanic and acceleration of hydration reactions of MK alone. 

The results presented in this paper are the basis for the selection of OPC-MK-RM blended cements for concrete 

in order to satisfy workability and strength criteria. Durability properties are also important in deciding the 

overall long term performance of concrete. The durability characteristics of these materials are presently being 

assessed in a separate study. 
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