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ABSTRACT 
In Brazil, 65% of the power generation projects are thermal plants. In the state of Ceará 
they are responsible for 61% of the energy production, highlighting the thermal plants of 
Pecém I and Pecém II which together have an installed capacity of 1085MW. However, 
the thermal plants have a major environmental liability for its waste generation, among 
which stands out the ashes that result from burning coal. In order to give a more 
suitable destination to this waste, its incorporation into raw materials may generate 
sustainable materials. This article proposes to apply those thermal plants’ ashes in 
mixed mortar of cement and lime, replacing lime by ash from the combustion of coal 
(ACC) in contents of 0%, 25%, 50%, 75% and 100%, analyzing the characteristics in 
fresh state and hardened states, as well as its durability. The results, after a statistical 
analysis using analysis of variance (ANOVA), shows that the replacing is technically 
feasible, as giving a better performance in its consistency, strength and durability. All of 
mortars with ACC have shown an improvement in its characteristics compared to the 
reference mortar.  
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1. INTRODUCTION 

For human development, either in economical, social, technological or industrial 
aspects, power generation is required. Humankind searches for different ways of 
producing them from nature and from technological development. However, there is a 
great concern with the environmental impacts and the sustainability in its use, initiating 
the search for sources of renewable energy.¹ (1).  

Nowadays, Brazil has 4,245 power plants in operation, which generates over 
than 138 million of kW of electricity. Hydroelectric plants are responsible for 61.55% of 
all installed capacity. However, there are 2,769 thermoelectric plants, corresponding to 
65% of the Power plants and 28.57% of the installed capacity. In the coming years, it is 
expected the addition of more than 41 million of kW in its generation capacity, which 
24% of those are related to new thermoelectric plants. In the state of Ceará, the 
thermoelectric plants are responsible for 61.11% of all state’s electrical generation.² (2). 
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Due to this environmental liability, we seek to take advantage of the ash from the 
combustion of coal (ACC), since most of them have pozolanic properties. This type of 
properties is highly valued in cement industries for the production of Ordinary Portland 
Cement with pozzolan, in Brazil called CP II Z, which uses 6% to 14% of pozzolans; and 
Pozolanic Portland, in Brazil called CP IV, which uses 15% to 50%.³ (3). Thus, the 
Power plants seek to verify if their generated ashes have these properties so they can 
be used for that purpose.4  (4). 

In the Brazilian context, mortars are widely used in building construction, which 
their main function is to coat the substrate (bricks or concrete), either on a wall, floor or 
ceiling. Additions in mortars can be made in substitution of the binders, when the added 
material has pozzolanic properties, or instead of the fine aggregate, when the added 
material is an inert material and has sieve distribution compatibility. Depending on its 
reactivity and sieve distribution, it is possible to obtain mortars with high performance 
than those with conventional materials.  

Therefore, the civil construction industry has an important role to the world’s 
sustainability due to its capacity of absorb the waste of different industries and to 
incorporate them into its raw materials. Thus, the development of sustainable materials 
is seen as a solution for the environmental liabilities generated by such industries, and 
when it is possible to use them in widely used materials, as in the case of mortars, there 
is a significant contribution to the sustainability. 

 
2. MATERIALS AND METHODS 
2.1 Materials 

The cement used was the Portland cement – High Early Strength (CP-V-ARI), 
from the manufacturer Mizu, because an objective of this paper is to evaluate the use 
of coal ash, hence it was chosen for being the purest commercially sold cement, 
instead of one with addition. Its characteristics, according to the manufacturer, are 
presented in Table 1. 

Table 1 – Cement’s characteristics 

Characteristics CP-V-ARI 

Specific Mass  3,140 kg/m³ 
Specific Area  4.06 cm²/g 

 
The lime used in the experiment was the hydrated lime (CH-I) manufactured by 

Carbomil S/A. Its specific mass is 2,700 kg/m³, according to the manufacturer.5 (5). 
The fine aggregate used was a fine sand and its characterization are presented in 
Table 2.  

 The ash from the combustion of coal (ACC) used was from Pecém 
Thermoelectric Complex, consisting of two Power plants, Pecém I, with a capacity of 
720 MW, and Pecém II, with a capacity of 365 MW. The complex is located in the 
municipality of São Gonçalo do Amarante – Ceará – Brazil. The plant generates energy 
from the combustion of coal and generate around 900 tons of coal ash per day. This 
waste is deposited in a specific area as shown in Figure 1. On the right side, is the 



deposit of the bottom ash, and on the left side, the deposit of the ACC, where the darker 
one is from the Pecém II plant and the light one from the Pecém I. 
 

Tabela 2 – Fine aggregate characteristics 

Tests Fine aggregate Standard 

Maximum Characteristc Diameter (mm)  2.36 NM 248 (2003) 
Finess’ Module  2.31 NM 248 (2003) 

Specific mass (kg/dm³)  2,680 NBR 9776 (1987) 
Unitary mass (kg/dm³)  1,500 NM 45 (2003) 
Water absorption (%)  1.0 NM 30 (2003) 

  
Figure 1 – Ashes deposit area 

 
 After the sample collection, the AAC’s were characterized. The physical 
characterization of the morphology was performed by scanning electron microscopy 
(SEM), as shown in Figure 2. The SEM shows that both ashes are composed by 
different grain sizes, and that both have circular shapes. It was also observed that in the 
zoom of 2,000 times, there is a formation of larger grains from the agglomeration of 
smaller grains. Finally, the zoom of 6,000 times evidences that the grains from Pecém I 
ash have larger diameters than those from Pecém II. 

A laser granulometry in both ashes was done with the purpose of verifying their 
grains’ distribution and to verify which one is the finest ash. Figure 3 shows the result of 
the laser granulometry of Pecém I ash and Figure 4 of Pecém II ash. Thus, Table 3 
shows the particle size of the ashes, evidencing that the Pecém II ash is finer than that 
of Pecém I. The coal ashes specific mass were done according the procedures of the 
NBR NM 23 (6), where the results are presented in Table 4.6 

 



 

 
Figure 3 – Laser granulometry - Pecém I ash 

 
Figure 4 – Laser granulometry - Pecém II ash 

 

Figure 2 - SEM ACC Pecém I (right) and Pecém II (left) 



Table 3 – Ashes granulometric data 

Ash D10 D50 D90 Dmax 

Pecém I 1.91 µm 13.19 µm 69 µm 209 µm 
Pecém II 0.631 µm 1.445 µm 2.52 µm 5.012 µm 

 

Table 4 – Ashes’ specific mass 

Ash Specifc mass (kg/m³) 

Pecém I 2330 
Pecém II 2360 

 

For the ashes’ chemical characterization, the x-ray fluorescence was performed 
with the goal to identify the composing oxides of each sample, Table 5 shows the main 
oxides found. Those were analyzed according to NBR 12653 (7) to verify the pozolanic 
activity.7 After this analysis it was verified that the ash from Pecém I does not meet the 
standard’s requirements, such as the criteria that the sum of silicon, aluminum and iron 
oxides that must be greater than or equal to 70%. Pecém I ash owns only 52%, while 
Pecém II ash owns 84%. Another requirement is the concentration of sulfur oxide, that 
must be less than 5%. Again only Pecém II ash meets these criteria. 

Table 5 – Ashes’ x-ray fluorescence 

Oxides ACC Pecém I ACC Pecém II  

CaO 31.06 6.763 
SiO2 29.974 50.443 

Fe2O3 11.055 14.967 
Al2O3 10.967 18.62 
SO3 10.775 1.641 
K2O 1.318 2.272 
TiO2 1.105 1.405 
MgO 1.001 1.235 

 

Thus, the carbonation reaction from the lime was sought to be replaced by the 
pozolanic reaction from the Pecém II ash, which behaves as a binder, in a similar way 
as the lime. If Pecém I ash was used, it would have a filler effect instead a binder effect, 
making it impossible to compare the ashes as a binder, besides the proportions 
between binders and aggregates would change, therefore modifying the mix. Thus, 
Pecém II ash was chosen as a replacement for the lime.  



 

2.2 Research method 

2.2.1 Preparation of coating mortar 

A reference coating mortar mixture of 1:1:6 (cement: lime: fine aggregate) by 
volume was produced. Such mixture was chosen because it is widely used as a 
coating mortar in Fortaleza’s region. Subsequently, the mortar was produced with the 
ACC replacing lime in the rates of 0% (reference mortar), 25%, 50%, 75% and 100%, 
totaling five different mixtures, as shown in Table 6. 

 
Table 6 – Consumption of materials per m³ of mortar 

Mixture 
Replacing Binding Rate 

(Volume) Consumption of materials per m³ of mortar (kg) 

% Cement % Lime % Ash Cement Lime Ash Sand Water 
T0 50% 50% 0% 257.47       222.81  -    1,327.21     339.81  
T25 50% 37.5% 12.5% 259.35       168.33          49.04    1,336.88     335.00  
T50 50% 25% 25% 261.25       113.04          98.81    1,346.69     330.12  
T75 50% 12.5% 37.5% 261.25         56.52        148.21    1,346.69     330.12  

T100 50% 0% 50% 271.20 -       205.14    1,397.96     304.62  
 

2.2.2 Fresh state characteristic 

The fresh state characteristic were the consistency measured by the test 
performed according to NBR 13276 (8)8. It was established the range of 260mm to 
280mm for consistency, since it was used by other authors, for comparison purposes 
(9).9 To evaluate the loss of workability, the consistency test was repeated after 5 and 
10 minutes of the initial measurement, in order to verify the influence of the ACC on 
this characteristic.  

For the rheology test the Squeeze-flow method was performed. Cylindrical 
specimens with a diameter of 100mm were molded using a PVC ring as a shape for 
each mixture. After one hour, a pressure of 0.02 MPa was applied on the test 
specimens evenly distributed over its area and the deformation of the specimens were 
verified. Thus, the scattering of each specimen was measured, using the average of 
three diametric measures, and it was possible to verify that the higher the scattering, the 
lower viscosity of the mortar, so that it would be consequently more fluid and workable.  
 

2.2.3 Hardened state test 

For each mixture, six prismatic test specimens (4cm x 4cm x 16cm) were casted, 
three of them for each age (7 and 28 days). The specimens were cured inside the 
molds for 24 hours. After that they were stored at a room temperature up to the age of 
the tests. Those specimens were tested for tensile strength in flexion, breaking it in the 
middle and then, each half was tested under compressive strength. 



In parallel, five panels of mortar were performed in a masonry of ceramic bricks: 
one to each mixture. The panels were made on the masonry side, which has the 
highest incidence of solar rays, in order to subject the panels to the worst possible 
situation. Figure 5 shows the panels made with mixtures T0, T25, T50, T75, T100, 
from left to right and from top to bottom, respectively. 

 
Figure 5 – Mortar panels on masonry 

 
 
Over time, the panels showed surface cracks. In order to analyze this behavior, 

after 28 days, the sum of the cracking aperture lengths was performed on each mortar 
panel produced. The test consist of the use of a nylon wire to map the visible surface 
cracks, so that for each panel was obtained a total length corresponding to the 
alignment of all cracks, where it was divided by the panel area, resulting in a crack rate 
(m/m²). Such test contributes to evaluate the mortar durability. Another test made to 
evaluate the mortar durability was the permeability using the pipe method. The 
average of the two absorption values of each panel was calculated. Thus, the lower 
the average absorption rate, better the mortar quality. 

After performing the durability tests, the panels were tested at 28 days for 
adhesion tensile strength, according to NBR 15258 (10).10 For comparison purposes, 
the same procedure was repeated in six ceramic bricks, which were individually coated 
with each mortar mixture for the adhesion tensile strength test. The goal was to 
evaluate these two methods, verifying that feasibility. 

In order to analyze the significance of the obtained results, the statistical analysis 
were performed through analysis of variance (ANOVA) to verify if the analyzed 
parameters influenced significantly the results obtained. The Duncan’s test was then 
performed to verify if the differences between the parameters analyzed were 
significant.  

 
3. RESULTS 
3.1 Fresh State  
3.1.1 Loss of consistency and amount of water 

Table 10 shows the results of loss of consistency and amount of water.  



Table 7 - Loss of consistency and amount of water. 

MIXTURE 
CONSISTENCY INDEX 260 TO 280mm Amount of 

water / m³ 
mortar (m³) 

Initial 5 min 10 min 
w/b 

Average Average % Average % 
T0 274 272 99,1% 260 95,0% 1,49 339,8 
T25 262 251 95,9% 249 95,0% 1,47 335,0 
T50 264 260 98,5% 260 98,2% 1,45 330,1 
T75 275 275 99,9% 270 98,3% 1,45 330,1 
T100 277 275 99,5% 275 99,5% 1,33 304,6 

 
Initially, it was verified that all mixtures reached the pre-established scattering. 

The repetition of the test over time evidenced the loss of consistency of the mortar, as 
presented in Figure 7. It is also observed that the T25 mixture was the only in which its 
consistency index exited the predetermined range. In addition, it can be seen that as the 
ash of combustion of coal (ACC) content in the blend is increased, a smaller amount of 
water was required for the mortar to achieve the desired consistency, characterizing a 
lubricating effect of the ash in the blend.  

Figure 6 – Loss of consistency evaluation 

 
 
The T100 mixture also stood out to obtain the smaller losses of scattering in 

comparison to the other mixtures and using the smaller amount of water of all. This 
shows that the complete replacement of the lime by ACC improved on this characteristic 
in addition of reduction of the amount of water. This feature suggests that its use has a 
plastic characteristic superior to lime. 

To analyze this result, the two-way analysis of variance (ANOVA) was performed 
to determine the significance of the ash content and the influence of the time analyzed. 
Such analysis showed that both the ash content and the time analyzed for the loss of 
the consistency significantly influence this result. 

 
 



3.1.2 Rheology by the Squeeze-flow method 

The results of the Squeeze-flow test are presented in Figure 8, where the tests 
specimens were tested 60 minutes after its confection, and submitted to a pressure of 
0.02 MPa. 

Figure 7 – Squeeze-flow test results 

 

This result shows that the scattering of all mixtures with the addition of ash was 
greater than the scattering of the reference mixture. Thus, according to Cardoso, et al. 
(2010) the mixture that obtained the greatest scattering will be the most fluid and 
workable. Therefore, the workability of all mixtures increased with the addition of ash, 
even with the reduction of water. Among them, the performance of the mortar with 75% 
of the CCMM, which obtained the highest scattering in the Squeeze-flow test, was 
compatible, with the loss of consistency test, which in the first 10 minutes lost only 1.7% 
of its original spread. The other mixtures with ash presented similar results with each 
other, with a coefficient of variation of only 1.7%, resulting in a satisfactory performance 
for this criterion.  

In order to analyze the result, we used a single-factor ANOVA to determine the 
significance of the ash content, demonstrating that the ash content change has a 
significant influence positively on its results. The Duncan’s test showed no significantly 
differences between the mixtures with 25%, 50% and 100%, although, there was 
significantly differences between this group and the reference, being the lower of all, 
and the 75%, being the higher of all.  
 

3.2 Hardened state 

3.2.1 Tensile strength in flexion  

A graphic was plotted, as presented in Figure 9, with the results of the test for 
both ages. Based on it, it can be seen that, after 28 days, all ash mixtures obtained a 
higher strength than the reference mixtures, and the highest strength was mixtures with 
75% ash. The reference mixtures and mixtures with 25% and 50% of ash obtained 
similar results, both in their initial strength at seven days; however, mixtures with ashes 
obtained greater strength gains at 28 days when compared to the reference trait. The 
100% ash mixture, which obtained the highest initial strength at seven days, showed a 



small increase of its strength at 28 days, being exceeded by the mixture with 75%, 
which obtained a 100% increase of its initial strength. Thus, analyzing this question, all 
the mixtures obtained satisfactory performance, when compared to the reference, being 
the mixtures with the ash content equal or above 75% the most outstanding. 

 
Figure 8 - Tensile strength in flexion test results 

 
To analyze this result, we used variance analysis (ANOVA) to determine the 

significance of the ash content and the influence of the time analyzed, demonstrating 
that the change in ash content significantly influences its strength for both ages 
positively. The Duncan’s test showed there were only significantly differences with the 
mixtures with ash content above 75%, and at 28 days, there are no significantly 
differences between the mixtures of 75% and 100%. 
 

3.2.2 Compression strength  

A graphic was plotted, as presented in Figure 10, with the results of the test for 
both ages. Based on it, it can be seen that, its result was compatible with that of the 
tensile strength in flexion test. In the same way as in the previous test, the mixture that 
obtained the highest strength was the mixture T75. Thus, the same observations 
obtained in the tensile strength in flexion test apply to the compression strength test. 

 
Figure 9 - Compression strength test results 

 



To analyze this result, we used variance analysis (ANOVA) to determine the 
significance of the ash content and the influence of the time analyzed, demonstrating 
that the change in ash content significantly influences its strength for both ages 
positively. The Duncan’s test showed there were only significantly differences with the 
mixtures with ash content above 50% at 28 days, being the mixtures with 75% and 
100% of ash content the most outstanding, with no significantly differences between 
them. 
 

3.2.3 Adhesion tensile strength  

The tensile strength test is the most important test for the hardened state as the 
main purpose of the coating mortar is to adhere to the substrate. For each mixture, 18 
specimens were made, 12 in the panels on the masonry and 6 in the individual coated 
ceramic bricks. With the exception of the T75 mixture, due to a lack of material, only 
four coated ceramic bricks were made, totaling 16 specimens. 

Thus, a graph was plotted, shown in Figure 11, showing that all the mixtures 
obtained strength above the limit (in red) pre-established by NBR 13749 (11), and the 
T75 mixture was the one with the highest strength obtained. It can be noted that the T50 
mixture obtained the worst result in the test, being 8.4% smaller than the reference 
result, even though it exceeded the limit of the standard. In a similar way to the other 
tests in the hardened state, the mixture that obtained the highest strength was the one 
with 75% of ACC.  

 
Figure 10 – Tensile strength test result 

 

In order to analyze this result, a sequence of analyzes of variance (ANOVA) was 
used to determine the significance of the ash content and the influence positively of the 
test site, where the ash content change had a significant influence on its results. 
However, the test site for the same mixture, either in the panel or in the ceramic brick 
did not significantly influence the average result after the statistical treatment. The 
Duncan’s test showed that only the mixture of 75% had a positively significantly 
difference with the reference mixture. 

 
 



3.2.4 Comparison of adhesion tensile strength test results on mortar panels and 
ceramic bricks 

With the eight highest results for each mixture, there was verify which were from 
the panels and which were from the bricks, thus, there was plotted a graph, as 
presented in Figure 12, evidencing that the individual results, both in the panels as in 
the bricks, followed the same shape as the graph on Figure 11. In addition, the test 
site showed no significant contribution for its results. 

Figure 11 – Comparison of the average tensile strength with the test site 
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However, the analysis of all results verified that the samples in the panels 

showed a higher variability, as presented in Table 8. It can be noticed that the variation 
between the higher result in both panel and brick was small, if compared with the 
variation of the lowest result. 

Table 8 - Comparison of the results of the tensile strength test 

Tensile strength Coefficient of variation 
Mixture Panel Brick 

Highest Lowest Highest Lowest Panel Brick 
0% 0,34 0,05 0,50 0,26 53% 26% 

25% 0,40 0,05 0,48 0,22 56% 30% 
50% 0,30 0,09 0,36 0,21 39% 19% 
75% 0,51 0,09 0,72 0,30 52% 41% 
100% 0,36 0,01 0,47 0,28 73% 16% 

 

3.3 Durability 

3.3.1 Sum of the cracking aperture lengths 

Figure 13 shows the results of the test verifying that all mixture with ACC addition 
showed a reduction of the cracking aperture rate. Therefore, for this criterion, the 



mixtures that presented a better result were the ones with 50% and 100% of ash 
content, reducing its rate by 90% and 87% respectively. While the mixture with 75%, 
which was the most outstanding in the hardened state test, resulted in a reduction of 
53% of the reference rate. 

 
Figure 12 – Cracking aperture rate 

 
 

3.3.2 Permeability by the pipe method 

The results of the permeability test by the pipe method are presented in the 
graph in Figure 14, showing that the coating mortar practically kept its average 
permeability rate from the reference mixture to the 25% mixture. The reduction showed 
more expressive by the contents equal or above 50%, with an average reduction of 
26% of the reference absorption rate.  

 
Figure 13 - Average permeability rate 

 

CONCLUSIONS 

It can be concluded that the use of ash from the combustion of coal (ACC) in 
coating mortar is relevant. In addition, the use of the ACC form the Pecém II power 



plant in mortars is technically feasible for both fresh and hardened state as well as 
their durability. 

With respect of the fresh state, the replacement of lime by the ACC showed a 
lower water requirement for the mix to obtain the established consistency, in addition 
to obtain a lower losses of this criterion in the first 10 minutes. The rheology test of the 
mortars showed a similar result for all mortars with ACC, demonstrating a better 
workability when compared to the reference mixture. 

The analysis of variance (ANOVA) showed that all test performed in the fresh 
state the percentage of ACC incorporated in the mortar influences significantly 
positively in the results. So the optimum replacement content found was 75% to 100%. 
Where the mixture with 100% had a lower loss of workability in the first 10 minutes, 
however the rheology after one hour showed that the mixture of 75% remained more 
workable. 

With respect of the hardened state, the tensile strength in flexion and 
compressive strength, either in the age of seven or 28 days; resulted in similar results. 
The replacement of lime by the ACC showed no significantly differences up to the 
content of 50%, being the increasing only significantly for the content of 75% and 
100%. However, at 28 days, the results of these criteria showed no significantly 
difference for the contents above 75%.  

In the tensile strength test, all mixtures after statistical treatment showed higher 
results than required by the standard NBR 15278.¹¹ Therefore, the replacement is 
feasible. The mixture that had the most outstanding result was the one with 75% of 
ACC. In addition, the comparison between the results in the panel and in the bricks 
showed that the ones in the brick was more consistent and had a lower variation than 
those in the panel. Thus, due to the lower variability, it is advisable to use the ceramic 
bricks for these tests instead of the mortar panels, since what is being evaluated is the 
influence of a specific material on the mixture.   

With respect of the durability tests, they showed similar results for both criteria. 
The mixtures that stood out in these terms were the one with 50% and 100%, which 
had similar performance. The mixture with 75%, which stood out in both fresh and 
hardened state properties, had a satisfactory performance compared to the reference 
mixture, being so approved in this criterion. 

Thus, addition of the ACC in coating mortar do in fact improves significantly all 
the characteristics analyzed. Therefore, it is concluded that its substitution is feasible 
and the optimum utilization content is above 75% of the Pecém II ash. Thus, it is 
advisable the replace 100% of the lime with the ACC of Pecém II, since it gives 
satisfactory durability and strength results. 
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