










Table 2. Concrete compositions. Consumption of each raw material per cubic meter. 
Raw material Consumption (kg/m³) 

Ref 5BR 5BRc 5SF 5MK 5LF 5BFS 
Portland cement 263 
Dilution filler 408 396 396 398 398 397 396 
Bauxite residue - 12 - - - - - 
Calcined Bauxite residue - - 12 - - - - 
Silica fume - - - 9 - - - 
Metakaolin - - - - 10 - - 
Limestone filler - - - - - 11 - 
BFS - - - - - - 12 
Medium sand 850 
Coarse sand 380 
Natural sand 335 
Water  201 

 
 
2.4. Hardened Characterizations 
Total porosity: measured according the Archimedes immersion method, based on the dry, wet 
and immersed mass. Initially, the dry mass of each sample was estimated, then the samples were 
completely immersed in water and stays under vacuum for 2.5 hours. After this time, the wet 
and immersed mass were measured. The total porosity was calculated according the eq. 1, 
where is δREL is the relative density of concretes: 
 

Total Porosity (%) = (1-δREL) x 100% (1) 

Mechanical strength: carried out according the Brazilian test, following the standard ABNT 
NBR 7215, using a Universal Test Machine, EMIC - DL 10.000, controlling the load at 490 N/s, 
up to total rupture [14]. 
 
Modulus of elasticity: measured according to Brazilian standard NBR 15630/08 using 
equipment with frequency transducers of 200 kHz, and a circular transversal section with 20 
mm diameter [15]. 
 
Air-permeability: measured according to the vacuum-decay method [16-18]. The apparatus 
employed was a vacuum pump connected to a suction chamber that is in contact with the 
surface of the mortar. When the vacuum pump is turned on a transducer registers the pressure 
variations over time, until the pressure stabilizes. The test starts when the vacuum is turned off 
and the time it takes for the pressure to subside is quantified. The air-permeability (expressed in 
k1 values, in m²) is calculated using the Forchheimer equation (eq. 2), considering two basic 
hypotheses: negligible air-compressibility and using just the linear part of the equation [19]. 

 
(2) 

L is the sample thickness, µ and ρ are, respectively, the fluid viscosity and density, vs is the 
speed of air-percolation and ΔP is the pressure variation, for which vs, µ and ρ are measured or 
calculated. The term µvs/k1 shows the viscous effect of fluid-solid interaction, while the term 
ρvs2/k2 represents the inertial effects. The terms k1 and k2 are thus known as Darcyan and non-
Darcyan permeability constants, in reference to Darcy’s law, a simpler and earlier empirical 
model for permeability description. However, k2 was not used to compare the results in this 
work [19]. 
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Carbonation: after cure for 28 days, the evolution of carbonation with time was monitored under 
controlled temperature (24ºC) and humidity conditions (50%), using two methods: i. spraying 
phenolphthalein, and ii. thermogravimetric analysis [20]. 
 
Shrinkage: after cure for 28 days, the evolution of the drying shrinkage with time was measured 
under controlled temperature (24ºC) and humidity conditions (50%). The mass loss over time, 
which fundamentally corresponds to the loss of capillary water in the mixtures, was also 
evaluated to gain a better understanding of the shrinkage dynamics [21]. 
 
3. Results and Discussion 

 
The results of hardened properties are presented follow, using statistical evaluations to prove the 
significance of data. Figure 2 indicates the results of porosity of microconcretes (total and 
opened) and Table 3 represents the statistical evaluation. 
 
In order to evaluate the significance of the variation of kind of supplementary cementitious 
materials (SCMs), an analysis of variance (one-way Anova) was used to reject or accept the 
hypothesis of equality of average, within and between groups. 
 
In the first part of the table are presented the information of the quantity of samples evaluated 
for each composition, the sum of the results of total porosity, the average, and the variance for 
each case. However, only with these results it is not possible to evaluate if there was statistical 
difference between samples in relation to the respective porosities. 
 
P-value, in the table below, indicates the value of proof, and shows whether the hypothesis of 
equality between the results concerning the variation of SCM in the compositions should be 
accepted or rejected. If this value is greater than the error, i.e. 0.05, the equality must be 
accepted, otherwise should be rejected. In the cases evaluated, the value was much lower than 
the 5% error. 

 
Figure 2. Porosity of microconcretes in function of mineral addition. 
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Table 3. Statistical evaluation. On the left is the result of one-way Anova and, on the right 
Tukey’s test. 

 
 
Another way to conclude whether there is equality is to compare the value of Fcalc with Fcritical: 
the Fcritical limits the rejection region, and means that for greater values of Fcalc the hypothesis of 
equality must be rejected. Therefore, as the value of Fcalc was higher than that of Fcritical in the 
case of total porosity, it is an indicative that the use of different kind of SCM resulted in 
changes of porosity, and the P-value lower than 0.05 confirms the significance of this 
comparative result. 
 
However, this test does not indicate which results are differing from the others. For this, the 
Tukey’s test was used, whose results are in Table 3 on the right, for comparative evaluation of 
the pairs with different SCM, in order to indicate which are different from the others. 
 
So, it was proved that the total porosity obtained in the compositions formulated with BR or 
BRc was similar to that obtained for MK, LF and BFS, but different from the composition with 
silica fume (which was higher than the other ones). 
 
As could be seen in Table 2, the cement consumption was the same for all compositions, but the 
binder consumption didn't, because SF, MK and BFS are considered binders. So, to evaluate if 
this affected the concrete hardened properties the results will be presented following, in function 
of kind of SCM. As the same statistical evaluation was used for accepting or reject the 
hypothesis of equality between the averages, or to show which results are different from the 
others, the tables will not be presents again. Just the explanations will be. 
 
Figure 3 indicates the results of mechanical strength and Figure 4 the relation between the 
binder intensity (BI) and compressive strength for the microconcretes evaluated in this study. 
The results of Brazilian and International works are a compilation did by Damineli [5], and the 
results obtained in this work were compared to evaluate the sustainability of these compositions: 
as higher the BI, higher the amount of binder to obtaining the same performance and 
consequently, lower the concrete eco-efficiency is. 
 
So, it is clear that the composition formulated with silica fume was the only one that presented 
compressive strength statistically different from the others, and higher than the Reference 
(formulated just with Portland cement). This is an expected result, due to its higher pozzolanic 
activity, quickly reacting with the calcium hydroxide formed in the hydration of the cement, and 
filler effect [6,7]. 
 

Group Count Sum Average Variance
  Ref 10 188.73 18.87 2.20
  5BR 10 171.34 17.13 1.26
  5BRc 10 168.81 16.88 0.23
  5SF 10 195.43 19.54 7.73
  5MK 10 183.38 18.34 1.52
  5LF 9 157.96 17.55 0.91
  5BFS 9 154.69 17.19 2.05

  Source of variation SQ gl MQ F calc P-value F crit
  Between groups 60.1 6 10.02 4.37 0.0010 2.25
  In the group 140.0 61 2.30
  Total 200.2 67

One-way Anova

Tukey’s test
Ref 5BR 5BRc 5SF 5MK 5LF 5BFS

Ref 0.168 0.074 0.958 0.986 0.476 0.197
5BR 3.573 1.000 0.015 0.586 0.996 1.000
5BRc 4.092 0.519 0.005 0.356 0.958 0.999
5SF 1.377 4.950 5.469 0.586 0.074 0.018
5MK 1.099 2.475 2.994 2.475 0.9120 0.637
5LF 2.715 0.858 1.377 4.092 1.617 0.998
5BFS 3.463 0.110 0.629 4.840 2.365 0.748
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