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Abstract  

Resumo

This paper aims at evaluating the pozzolanic properties of ornamental stone processing waste after heat treatment at 1200 °C (HTOSPW) and 
analyzing the influence on the mechanical strength of concrete produced with HTOSPW addition at the contents of 5% and 10% by mass of Port-
land cement. The HTOSPW shows promising results regarding the pozzolanic activity, revealing chemical and physical characteristics typical of 
pozzolanic materials in addition to being approved in the pozzolanicity tests performed. As for the concretes produced with HTOSPW addition, a 
significant increase in mechanical strength was observed, especially for concretes with a 10% addition.

Keywords: pozzolan, pozzolanic activity, ornamental stone waste, mechanical strength, heat treatment.

O presente trabalho avalia as propriedades pozolânicas do resíduo do beneficiamento de rochas ornamentais tratado termicamente a 1200ºC 
(RBROTT), além de analisar a influência desse material na resistência mecânica de concretos produzidos com 5% e 10% de adição em rela-
ção à massa de cimento. Quanto à atividade pozolânica, o RBROTT se mostrou promissor, tendo apresentado características químicas e físi-
cas típicas de materiais pozolânicos, além de ser aprovado nos ensaios de pozolanicidade realizados.  Quanto aos concretos produzidos com 
adição do RBROTT, observou-se um aumento significativo da resistência mecânica, principalmente para os concretos com 10% de adição. 

Palavras-chave: pozolana, atividade pozolânica, resíduo de rochas ornamentais, resistência mecânica, tratamento térmico.
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1. Introduction

Raw material extraction and its processing generate wastes that 
generally are environmental liabilities. Aiming at solving this issue, 
many studies have presented the incorporation into materials of 
different wastes, which otherwise would be landfilled, giving them 
economical value and applicability in different areas of the civil 
construction sector. Among these wastes, the use of fly ash [1-5] 
and silica fume [6-10] can be highlighted; as these are used con-
sistently worldwide in cementitious matrixes. They are applied as 
pozzolans, which react chemically with alkaline compounds pro-
duced during the hydration of cement, producing calcium silicate 
hydrate. Due to this fact, when applied in adequate proportions, 
pozzolans are capable of improving certain properties of the ce-
mentitious matrix of mortars and concretes.
A material that has been studied by different authors, regarding its 
use in cementitious [11-14], ceramic [15-18] and bituminous [19-
21] matrixes, is the ornamental stone processing waste (OSPW). 
In 2013, the worldwide production of ornamental stones was 123.5 
Mt [22]. From its extraction to trading the amount of waste pro-
duced can be up to 40% of the total volume of stone extracted [17], 
and the amount of waste generated in the processing stage alone 
(cutting and polishing) can be 20 to 25% of the total volume of the 
stone block [17], or even reaching up to 30% [23].  As the OSPW is 
a chemically inert material, when applied to cementitious matrixes, 
it acts producing a pore-filling effect, known as the filler effect. Fur-
thermore, it has a crystalline and inert structure, not able to react 
chemically with the other cement compounds. However, this mate-
rial can have its crystalline structure modified after heat treatment 
in high temperatures, as it is the case of some known pozzolans on 
the market. To this moment, few studies have used heat treatment 
in this waste [24-26]. 
Aiming at improving the material properties, converting it into a 
potential pozzolan, this study performed a heat treatment on the 
OSPW at 1200 ºC, producing the heat treated ornamental stone pro-
cessing waste (HTOSPW). It is expected that the material presents 
an amorphous form and that it reacts with the resulting compounds 
of the cement hydration, in a process known as pozzolanic reaction. 

2. Materials and experimental program

2.1 Production and characterization of HTOSPW

The HTOSPW was kiln dried at 100 ± 5 ºC for humidity removal; 
thereafter, it was subjected to heat treatment, which consisted in 
gradually heating the waste in a gypsum container (Figure 1) until 
reaching 1200 ºC, remaining at this temperature for 2 h. Due to the 
heat treatment, the waste coalesced into a solid with vitreous ap-
pearance, as can be seen in Figure 1. The temperature of 1200°C 
was determined from the study of Uliana et al. [26], in which the 
temperatures of 1200 ºC, 1300 °C, 1400 °C and 1500 °C were 
used. The authors assessed the temperatures influence in the 
feasibility of applying the heat treatment, in the resulting material 
mineralogy and pozzolanic activity as assessed by the method of 
Luxán [27]. Aiming at meet the fineness criterion for pozzolanic 
material as defined in NBR 12653 [28], the material was milled in 
a vibratory disc mill (Figure 1) for the time required to reach the 

maximum percentage of 20% of material retained on sieve 45 μm. 
After the milling process, the material presented a light grey colour, 
as can be seen in Figure 1.
After the HTOSPW production, it was performed its physical, 
chemical, mineralogical and microstructural characterizations. The 
physical characterization was done according to the procedures 
described in the NBR 15894 [29] and NBR 11579 [30], in order 
to assess the percentage of retained material in the sieves 45μm 
and 75μm, indicating the material fineness. Additionally, in relation 
to the fineness, it was performed the test to determine the Blaine 
specific surface area. Still related to the physical characterization, 
it was determined the grain size distribution of the HTOSPW by 
using the laser particle size analyzer.
The chemical characterization of the HTOSPW was performed by 
the X-ray fluorescence test, whereas the mineralogical and micro-
structural characterizations were assessed by the X-ray diffraction 
and scanning electron microscope (SEM), respectively.
The physical, chemical and mineralogical characterizations are 
fundamental to evaluate if the HTOSPW presents the basic char-
acteristics of a pozzolanic material, characterized by being a fine 
material, with a siliceous or silico-aluminous chemical composition 
presenting the majority of its structure in a vitreous (amorphous) 
form, with its small quantity of crystalline structure in the form of 
quartz and C3A [31]. Nevertheless, it is also necessary to demon-
strate its pozzolanic activity by assessing the waste capacity of 
reacting chemically with the calcium hydroxide - Ca(OH)2.
The first analysis performed to assess the pozzolanic activity of 
the HTOSPW was the test as according to Luxán et al. [27]. Ini-
tially, a conductivity measurement in a solution with only calcium 
hydroxide was carried out. After this initial measurement, the poz-
zolanic material was added to the solution, reacting with the free 
ions, thus, diminishing the electrical conductivity of the solution. 
After the time of 120s, it was performed the second measurement 
of conductivity. From its variation, it is possible to assess the level 
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Figure 1
(a) Gypsum container with OSPW before heat 
treatment, (b) OSPW after heat treatment, 
(c) Vibratory disc mill, (d) Heat treated waste after 
milling (HTOSPW)
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of pozzolanic activity of the material, which depends of its capacity 
in reacting with the free ions. According to the test authors [27], the 
material should be classified in function of the conductivity varia-
tion, as according to Table 1.
As a comparative effect, it was performed the method of Luxán 
[27] in three different materials: OSPW, HTOSPW and metakaolin. 
It was decided to use metakaolin as it is a material of proven poz-
zolanicity, serving as a parameter for comparison. 
NBR 12653 [28] established the minimum performance require-
ments for a material be classified as a pozzolan. The criteria are 
based in the performance of mortars using the potential pozzolanic 
material. The first assessment is done as according to NBR 5751 
[32], which defines the procedures to determine the pozzolan per-
formance when applied to produce a lime mortar – Ca(OH)2. The 
other test is done as according to NBR 5752 [33] test, which de-
fines the procedures to determine the pozzolan performance index 
when applied to produce a cement mortar. 

2.2 Concrete mixtures proportions and production 

The cement used for the production of the mixtures was the high 
early-strength Portland cement (CPV-ARI), since it is the com-
mercially available cement in the market with the lowest per-
centage of additions (addition can interfere with the test results 
if present in high proportion). The physical and chemical char-
acteristics of the cement can be seen in Table 2. Natural white 
quartz sand and granitic coarse aggregate (No.1) were also used 
in the mixtures. Proportioning followed the procedures of the IPT/
EPUSP method of Helene and Terzian [34]. From this method, 
concrete mixtures were produced with 0, 5 and 10% addition of 
HTOSPW by cement mass. Additionally, different water/cement 
(w/c) ratios were used: 0.4 and 0.6. The mixtures proportions can 
be seen in Table 3.
The filler addition in an adequate proportion would be sufficient 

to improve the mechanical strength of the concrete. Soares [35] 
and Dietrich [36] verified that the concrete mixtures produced with 
the addition of OSPW presented an increase in the mechanical 
strength with the content of 5%, whereas with the contents of 10 
and 15%, it was noted a decrease. Conversely, Degen et al. [37] 
showed that the cement replacement by OSPW, without heat treat-
ment, in the contents of 5, 10 and 15% by cement mass reduced 
the mechanical strength of the analysed concretes. Based in these 

Table 1
Pozzolanic activity classification according 
to the method of Luxán

Material classification Conductivity variation – Δc 
(mS/cm)

Non pozzolanic Lower than 0.4
Variable pozzolanicity Between 0.4 and 1.2

Good pozzolanicity Higher than 1.2

Table 2
Chemical and physical composition of OSPW, 
HTOSPW and CP V-ARI cement

Chemical 
composition OSPW* HTOSPW CPV-ARI

SiO2 66.82 67.11 19.42
Al2O3 13.50 23.42 4.87
K2O 3.83 3.36 0.8
CaO 3.44 2.62 63.69
Fe2O3 3.79 1.53 2.93
MgO 0.93 1.5 0.86
TiO2 0.16 0.18 –
SO3 0.06 0.05 3.02
P2O5 – 0.05 –
MnO – 0.03 –
Cr2O3 – 0.01 –
CO2 – – 2.49
Rb2O – 0.01 –
ZrO2 – 0.01 –
CuO – 0.01 –
SrO – 0.01 –
C 1.11 – –

L.O.I. 3.50 0.1 0.78
Physical 

characteristics OSPW HTOSPW CPV–ARI

Density (g/cm3) 2.53 2.45 3.09
Blaine specific surface 

area (cm2/g) 6179 6890 4751

Retained on sieve 
#200 3.08 1.16 –

Retained on sieve 
#325 7.00 9.57 –

Retained on sieve 
#400 – – 2.2

* From Uliana et al. [26]

Table 3
Concrete mixtures

w/c ratio Addition 
content (%) Cement HTOSPW Sand Gravel

Cement 
consumption 

(kg/m3)
0.4

0% 1
– 1.31 2.22 499.20

0.6 – 2.89 3.74 296.03
0.4

5% 1
0.05 1.31 2.22 488.27

0.6 0.05 2.89 3.74 294.09
0.4

10% 1
0.1 1.31 2.22 488.11

0.6 0.1 2.89 3.74 292.82
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studies, it was adopted the addition contents of 5 and 10% of 
HTOSPW by cement mass. The content of 10% addition of OSPW 
without treatment reduced the mechanical strength [35, 36]; thus, 
being pertinent to evaluate the influence at the same addition level 
with the waste after heat treatment.
In the fresh state, the concretes were evaluated by the slump test, 
established by the NBR NM 67 [38]. After this test, 15 cylindrical 
specimens of 100 × 200 mm were prepared for each of the six mix-
tures analysed. The specimens were cured submerged in lime-
saturated water, being tested at 28, 56 and 91 days.

3. Results and discussion

3.1 HTOSPW characterization

Regarding the fineness, the waste presented 9.57% of retained ma-
terial on sieve 45 μm, and 1.16% of retained material on sieve 75 μm. 
NBR 12653 [28] establishes as a fineness criterion for the pozzolans 
the maximum of 20% retained on sieve 45 μm; thus, the HTOSPW 
met the fineness condition. Its Blaine value was 6870 cm2/g, being 
a value higher than the commonly found for fly ash in several stud-

ies [39–41], nevertheless, inferior to the fineness of the silica fume, 
which can present values higher than 10000 cm2/g [6, 42].
To evaluate the grain size distribution, it was used the laser particle 
size analyzer, obtaining the results presented in Figure 2. From 
this test, it was also obtained the values of D90 and D50, being 
48.99 and 8.17 μm, respectively.  It is possible to compare these 
results with the ones from retained in the sieves. As shown previ-
ously, the retained material in sieve 45 and 75 μm were 9.57 and 
1.16%, respectively. In Figure 2, it is observed that the percentage 
of retained material in the sizes of 45 and 75 μm are 11.83 and 
3.12%, respectively. Thus, it can be concluded that both values, 
from sieve analysis and the laser particle size analyzer, present 
similar results.
As for the particles shape, in Figure 3 it can be observed the im-
age obtained by the SEM, identifying that the HTOSPW present 
the particles of varied dimensions. Furthermore, it is noted that the 
HTOSPW particles do not present a defined form, being angular 
and with sizes varying from 0.2 to 70 μm.
The level of amorphous phase of the HTOSPW was assessed 
through the X-ray diffraction test, with the results presented in 
Figure 4.
It can be seen in Figure 4 the presence of an amorphous halo be-
tween the ranges of 15º and 40º, presenting a mixture of phases, 
that is, a certain degree of amorphism. In this figure, it is also pos-
sible to note the presence of peaks representing the crystalline 
phase of the quartz (SiO2). The quartz crystals were not broken 
at the heat treatment at 1200 ºC due to the fact that the melting 
temperature of this compound is higher than 1600 ºC [43]. Other 
studies have also identified the presence of quartz crystals when 
analysed the X-ray diffraction of other pozzolans, such as metaka-
olin [44] and fly ash [45].
With respect to the chemical composition, the results obtained 
by the X-ray fluorescence test can be seen in Table 2. It is pos-
sible to observe that the HTOSPW is a silico-aluminous material, 
characteristic of pozzolanic materials. Among the silica fume, fly 
ash and metakaolin, which are well-studied pozzolans, the HTO-
SPW presented a chemical composition more similar to that of 
metakaolin [9, 46] and fly ash [47, 48] when compared the con-
tents of silica (SiO2) and alumina (Al2O3). Conversely, the silica 
fume presents a higher content of silica, reaching nearly 95% of 
its chemical composition [8, 9].

Figure 2
Particle size distribution of HTOSPW

Figure 3
SEM image of HTOSPW at 800x magnification

Figure 4
X-ray diffraction of HTOSPW
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In Table 2, it can be observed the chemical composition of the 
OSPW, performed by Uliana et al. [26] and used in the present 
study. Comparing the OSPW with the HTOSPW, it is noted that the 
latter presents a significant increase in the alumina (Al2O3) content, 
due to the heat treatment, indicating a pozzolanic potential higher 
for HTOSPW in comparison to OSPW, since the alumina is highly 
reactive [49].
NBR 12653 [28] establishes as chemical criteria the limits pre-
sented in Table 4. According to the pozzolans classification of this 
standard, the HTOSPW is considered a pozzolan class N. It can 
be noted that the heat treated waste met all the chemical require-
ments, except for the criterion of available alkalis in Na2Oeq, which 
was 47% higher than the maximum allowed. The alkali percentage 
is not directly related to the pozzolanic activity of the material. It is 
associated to the alkali–silica reaction which can be developed by 
the contact with the reactive silica present in the aggregates, being 
necessary to perform tests to demonstrate the real influence of the 
HTOSPW in causing the alkali–silica reaction. It can be verified in 
different studies of other pozzolans that the values for Na2Oeq were 
higher than 1.5% for pozzolans such as fly ash [1-3].
The HTOSPW met all the physical criteria established by the stan-
dard, besides being a silico-aluminous material and presenting an 
amorphous appearance in the X-ray diffraction, which are basic 
characteristics of a pozzolanic material. Nevertheless, this char-
acteristics do not guarantee that the material possess a pozzola-

nic activity. For the pozzolanic activity, the result obtained by the 
method of Luxán [27] is exposed in Figure 5. 
It is possible to state that the heat treatment provided an increase 
in the pozzolanic activity index by the method of Luxán [27], allow-
ing the material to be classified now as of varying pozzolanicity, 
instead of non-pozzolanic as before the heat treatment. Vazzoler 
[50] also performed this test for the HTOSPW, finding the average 
value of 0.55 mS/cm, classifying the HTOSPW as a material of 
varying pozzolanicity, as the one presented in this study. 
Related to the metakaolin, due to be a known pozzolanic material, 
it was expected a higher value of conductivity variation. Kieling [42] 
tested the silica fume, which is also a pozzolanic material, by using 
the method of Luxán [27], and found the variation conductivity to 
be of 0.89 mS/cm. Thus, it can be concluded that the classification 
of the HTOSPW as of varying pozzolanicity (0.4 to 1.2 mS/cm) is a 
substantial result, since pozzolans as the silica fume and metaka-
olin also presented values within this range.
Regarding the HTOSPW performance used for lime mortar pro-
duction, the procedures recommended from NBR 5751 [32] were 
followed, which establishes that the mortar contains normal sand, 
lime, pozzolan and water,  with a minimum compressive strength 
of 6 MPa for the material to be considered as a pozzolan. In Fig-
ure 6 are presented the results obtained, being that the average 
compressive strength was 7.24 MPa, a value 20.67% superior to 
the limit of 6 MPa, classifying the material as a pozzolan. Thus, 

Table 4
Chemical requirements established by NBR 12653-15

Properties
Limit values for each class of pozzolanic material

HTOSPW results (%)
N C E

SiO2 + Al2O3 + Fe2O3 ≥ 70 ≥ 70 ≥ 50 92
SO3 ≤ 4 ≤ 5 ≤ 5 0.05

Moisture content ≤ 3 ≤ 3 ≤ 3 0.0
Loss on ignition ≤ 10 ≤ 6 ≤ 6 0.1

Available alkalis in Na2Oeq* ≤ 1.5 ≤ 1.5 ≤ 1.5 2.21
* Na2Oeq = Na2O + 0.658K2O 

Figure 5
Pozzolanic activity test by the method of Luxán

Figure 6
Pozzolanic activity test in lime mortar
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according to this criterion, the OSPW, after heat treatment, can 
be considered a pozzolanic material. Gobbi [51] studies the poz-
zolanic activity with lime for different mineral additions with the aim 
of analyzing the effectiveness of this method, and Uliana et al. [26] 
assessed the pozzolanic activity with lime of the OSPW without 
heat treatment. For comparison purposes, it was built the graph 
presented in Figure 6, which shows the results from Gobbi [51] 
and Uliana et al. [26] together with the ones obtained in this study. 
As occurred in the pozzolanic activity test by the method of Luxán 
[27] (Figure 5), it is possible to observe in Figure 6 an increase 
higher than 100% for the result obtained for HTOSPW when com-
pared to OSPW. By comparing the physical and chemical charac-
teristics of OSPW and HTOSPW presented in Table 2, it can be 
verified that, even after the heat treatment at 1200 ºC, the chemical 
composition remained similar between the materials, and that the 
HTOSPW fineness, after the milling process, was also proximate 
to the OSPW fineness, with Blaine values of 6179cm2/g for the 
latter and 6890cm2/g for the former. Thus, it is noted that the HTO-
SPW capacity of reacting with the calcium hydroxide is not exclu-
sively dependent of the chemical composition and fineness of the 
material. It also depend of its mineralogical structure, which after 
heat treatment presented an amorphous halo, as can be seen in 
Figure 4, different from what occurred with the OSPW without heat 
treatment, which presented the typical characteristic of crystalline 
compounds (non-amorphous) chemically stables and with low re-
activity, confirming the absence of pozzolanic activity [35]. It is con-
cluded that the compressive strength gain of the lime mortar with 
HTOSPW, when compared to the OSPW, is due to the modification 
of the crystalline structure due to the heat treatment, producing a 
more reactive material when compared to the OSPW.
In Figure 6 it is also possible to verify that the HTOSPW was placed 
between two widely studied pozzolans, with proven pozzolanic po-
tential, being the rice husk ash and silica fume. As occurred in the 
method of Luxán [27], the metakaolin presented the best result for 
pozzolanic activity when compared to OSPW and HTOSPW. 

With regard to the performance of the cement mortars, to be con-
sidered a pozzolan, the NBR 12653 [28] recommends that the 
mortar B (which replaces 25% of cement by HTOSPW, by mass) 
attain at least 90% of the strength obtained in mortar A (control 
mixture). Replacing the cement by HTOSPW in 25% content, the 
performance index obtained was 103%, that is, the result present-
ed 13% more than the minimum required to be considered a poz-
zolan (90%). In Figure 7, it can be seen the results obtained for the 
mortars A and B. 
 
3.2 Test results of the mixtures

With regard to the concrete fresh state, it can be observed in Fig-
ure 8 that the HTOSPW addition provided a reduction of slump 
value. This is due to the fact that the HTOSPW is a very fine mate-
rial, which would require an increase of water consumption or the 
use of admixture to retain the same slump of the control mixture. 
Neville and Brooks [52] state that the very fine particles require 
more water due to its high specific surface area. Mehta and Mon-
teiro [31] affirm that, for a determined concrete workability, the use 
of materials with high specific surface area (fine materials), as the 
rice husk ash and silica fume, the demand for water increases in 
the mixture. 
In Figure 8, it is observed that the concrete with w/c ratio of 0.4 was 
the most affected by the addition, causing a reduction of 28.57% 
in the slump value for the concrete with 5% addition and 54.29% 
for the concrete with 10% addition; whereas the slump for the mix-
tures with w/c of 0.6, the reductions were 15.25 and 38.90% for the 
content additions of 5 and 10%, respectively. This was expected, 
since the concrete with w/c of 0.4 had a higher quantity in mass of 
waste addition, since the addition was done in relation to the ce-
ment mass. In Table 3, it is verified that the concretes with w/c of 
0.4 presented a cement consumption approximately 70% higher 
than those with w/c of 0.6; thus, receiving a greater quantity of 
HTOSPW addition. 

Figure 7
Pozzolanic activity test in cement mortar

Figure 8
Slump of different types of mixes
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Regarding the compressive strength test, Figure 9 presents the 
average results of the analysed concrete mixtures.
In Figure 9 is possible to note that all the variables (addition, w/c 
ratio and age) apparently influenced the compressive strength 
of the mixtures. To assess the real influence of these variables, 
the results were submitted to the Analysis of Variance (ANO-
VA), which can be seen in Table 5. From this analysis, it can be 
concluded that all the variables indeed had an impact on the 
compressive strength of concretes, as well as the interaction 
between the variables. 
For the present study, the most important analysis is the influence 
of HTOSPW addition content on the concrete mechanical strength. 
In Figure 10, it is possible to observe the interaction between the 
w/c ratio and the addition content on compressive strength. 
It is possible to conclude, from Figure 10, that in both w/c ratios 
studied (0.4 and 0.6), the HTOSPW addition provided an increase 
in the concrete compressive strength. Nevertheless, it is verified 
that the concretes with w/c of 0.6 presented a higher increase of 
strength due to the addition, presenting gains of 17.19 and 25.29% 
for the addition contents of 5 and 10%, respectively, whereas the 

Figure 9
Compressive strength test results

Table 5
Analysis of variance of the compressive strength test results

Factors SS DF MS F p-value Results
w/c 4374.8 1 4374.8 1860.8 0.000000 Significant
age 311.9 2 156.0 66.3 0.000000 Significant

% addition 749.6 2 374.8 159.4 0.000000 Significant
w/c – age 31.3 2 15.7 6.7 0.002316 Significant

w/c – % addition 178.1 2 89.1 37.9 0.000000 Significant
age – % addition 55.4 4 13.9 5.9 0.000405 Significant

w/c – age – % addition 78.7 4 19.7 8.4 0.000016 Significant

Figure 10
Influence of the interaction between w/c ratio 
and addition content on the compressive strength
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mixtures with w/c of 0.4 presented an improvement of 3.58 and 
6.27%, in relation to the control mixture.
One of the pozzolanic activity effects is the pore refinement of the 
concretes through the reaction of the pozzolan with the alkaline 
compounds of the paste. Probably, the concretes with w/c of 0.6 
presented a higher strength increase due to being more porous 
when compared to the mixtures with w/c of 0.4; the latter being 
already with an increased level of pore refinement.
The influence of the interaction between the addition content and the 
age on the concrete compressive strength can be seen in Figure 11.
It is verified that at the age of 28 days, the concretes with 5 and 
10% addition presented a compressive strength superior to the 
control mixture, presenting the increase of 13.79 and 18.36%, re-
spectively. According to Mehta and Monteiro [31], cements contain-
ing pozzolans present a delayed increase of compressive strength 
if compared to the cements containing just clinker and gypsum, 
showing an increase due to the pozzolan only after 7 days. Thus, 
at 28 days it was expected a significant effect of the addition on 
the compressive strength. The strength increase at 28 days occurs 
because the C3S (alite) has already developed most of it hydration 
reaction at this age; being this compound the main responsible for 
the compressive strength gain of concrete in the first four weeks 
and for the formation of Ca(OH)2 [52]. Thereby, besides contribut-
ing to the compressive strength increase by producing the calcium 
silicate hydrate (C-S-H), the alite also contributes to the formation 
of enough Ca(OH)2 to react with the pozzolan (HTOSPW), produc-
ing more C-S-H, thus, causing a strength increase.
At 56 days, the addition content of 5% provided a gain in compressive 
strength of 8.9%, whereas the 10% content caused a 10.83% increase 
when compared to the control mixture. At this age, it was expected a 
higher increase in compressive strength for both addition contents; 
however, in fact, similar strength results to the ones verified at 28 days 
were observed. It is possible that in this time interval (28-56 days) most 
of the C3S hydration process has already occurred; thus, not producing 
additional Ca(OH)2 to react with the remaining HTOSPW, explaining the 
low compressive strength increase from 28 to 56 days.

At 91 days, it is verified that the 5% addition provided a 5.30% 
compressive strength gain, whereas the 10% addition caused a 
13.64% increase when compared to the control mixture. It is noted 
in Figure 11 that the compressive strength gain with 10% addition 
between the 56 and 91 days interval was superior to that between 
28 and 56 days. This is possibly justified because the C2S (be-
lite) – the cement compound most responsible for the compressive 
strength gain after 4 weeks hydration [52] -  provided a new quan-
tity of Ca(OH)2, capable of combining with the remaining HTOSPW 
and forming more C-S-H. This effect was more prominent for the 
10% addition since it has a greater quantity of HTOSPW, whereas 
the 5% addition must have reacted almost completely with the C3S 
within the first four weeks.
Lastly, it can be noted in Figure 12 the isolated influence of addi-
tion content on compressive strength of concretes. This represents 
a global analysis, that is, each data point in this graph represents 
an average of the concrete results, for all ages and w/c ratios 
considered. It can be observed that the 5% addition provided an 
increase of compressive strength of 9.15%, whereas the 10% con-
tent caused a 14.18% gain. Therefore, it is concluded that both ad-
dition contents were beneficial for the concrete mixtures, providing 
a significant increase in compressive strength, caused probably by 
the pozzolanic activity of the HTOSPW, which by reacting with the 
cement hydration compounds – mainly the Ca(OH)2 – formed C-
S-H, providing a pore refinement; thus, improving the mechanical 
properties of the concrete. 

4. Conclusions

n The HTOSPW was characterized as a fine material, silico-alu-
minous and presenting amorphous phase in its atomic struc-
ture, characteristic of pozzolanic materials. The HTOSPW met 
the criteria of pozzolanic material for the method of Luxán [27] 
and the physical requirement of the NBR 12653 [28]. Regard-
ing the chemical requirements established by the NBR 12653 
[28], the only criterion not fulfilled was the maximum limit of 
Na2Oeq, which do not have a direct relation to the pozzolanic 
activity of the material, being related to the possible alkali-silica 

Figure 11
Influence of the interaction between age and 
addition content on the compressive strength

Figure 12
Isolated effect of the HTOSPW addition 
content influence on compressive strength
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reaction that the pozzolan can develop; being that some com-
mercial pozzolans also did not met this criterion, as the fly ash 
[1-3]. Thus, it can be concluded that the HTOSPW is a pozzo-
lanic material, requiring future studies to assess the alkali-silica 
reaction that it may possibly develop.

n Regarding the production of concretes using the HTOSPW, in 
the fresh state, a fluidity reduction was observed with the in-
crease of addition content – an expected trend in concretes 
which have the addition of fine materials. At the hardened state, 
it was possible to verify a significant increase in compressive 
strength due to the addition content, that is, both contents (5 
and 10%) were beneficial for the compressive strength of the 
analyzed mixtures. As the highest content of 10% provided 
an increase of strength compared to the others, it is possible 
that increased addition contents also provide a compressive 
strength gain; thus, future studies may evaluate the increase of 
addition, or the cement partial replacement by HTOSPW.
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