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ABSTRACT  
High-performance cementitious composites (HPC) represent a class of materials known for higher mechanical strength 

compared to traditional ones. Incorporating nanomaterials like metakaolin (MK) and microsilica (MS) can lead to greater 

improvements in mechanical properties. However, these materials, and mainly cement, entail environmental impact as they 

require high-temperature transformation processes. So, even high-strength concretes must address environmental concerns, 

necessitating innovative approaches. The replacement of cement with inert fillers has emerged as a strategy for reducing cement 

content and environmental impact, since their production involves grinding rather than high-temperature processes, resulting in 

lower CO2 emissions. However, their inert nature limits reactivity, compromising the performance. This study seeks to evaluate 

the feasibility of producing HPC by partially replacing cement with quartz fillers (QF). This substitution was accompanied by the 

addition of small quantities of nano-silica to evaluate if losses in rheology and strength, caused by increased filler content, could 

be compensated. It was developed 5 mixtures: M0 (reference); and M1 to M4, with cement replacement by contents of 4 to 

16% of NS and QF. It was measured rheological and mechanical performance. Results show that nano-silica's high 

surface area enhances hydration reactions, contributing to the mechanical performance, and can increase the packing of particles 

due to its very fine particle size distribution, contributing to rheological performance. Nevertheless, these benefits are restricted 

to a maximum content: after the limit where voids between coarser particles are fully filled by NS, it does not contribute to packing 

anymore, but the surface area continues to grow directly proportional to NS increase, with negative impacts on final rheological 

performance. 
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I. INTRODUCTION 

High-performance cementitious composites (HPC) are a class of composites that exhibit mechanical 

resistance capabilities (both in compression and flexion) much higher than traditional cementitious 

composites. Using nanomaterials such as metakaolin (MK) and micro silica (MS), even more expressive 

improvements can be obtained in the mechanical capabilities, durability, and composition of the 

microstructure [1-3]. However, they are all materials with a considerable environmental impact since 

to be reactive, they are subjected to chemical transformation processes that involve high temperatures. 

Cement is calcined at 1400°C and releases around 1 ton of CO2 per ton of clinker; MK is manufactured 

at 800°C, therefore also releasing considerable CO2. MS is a waste from the production process of 

ferrosilicon and silicon metal and thus comes from a production chain that also has high energy 

consumption and releases CO2 [4-5]. 
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Even high-strength concretes must be designed to reduce their environmental impact [4, 6]. The 

replacement of cement by inert fillers has already proven to be a viable technology for reducing the 

cement content, with a concomitant reduction in the environmental impact – its production process does 

not include the use of processes at high temperatures, but only grinding, therefore releasing a much 

lower amount of CO2. These materials are inert precisely because they are not subjected to burning 

processes under extreme temperatures. If this reduces their environmental impact, on the other hand, it 

gives them a low or zero contribution to reactivity, which may reduce the performance of cementitious 

compounds. 

This work aims to analyze the feasibility of producing high-performance cementitious compounds with 

partial replacement of cement by inert fillers, in this case, quartz fillers (QF). To ensure that the 

technical characteristics will be maintained, this replacement will be accompanied by the inclusion of 

small amounts of nano-silica (nSiO2), a nanomaterial capable of compensating the losses in rheology 

and resistance brought by the increase in the filler content [7-9]. The high surface area of nSiO2 

influences the reactivity as it introduces pozzolanic additions on a nanometric scale, which promote the 

acceleration of hydration reactions, generating densification of the matrix and gain in resistance to 

bending and compression [10-12]. Studies on the addition of nSiO2 on durability properties have shown 

an increase in compactness and tightness of the matrix [8, 10]. When used together with MS and MK, 

nSiO2 led to increased mechanical capacities and modifications in the microstructures of mortars with 

different levels of NS addition [11], with higher amounts of Hydrated Calcium Silicates (C-S-H) at 

advanced ages [12-14]. However, NS, at high levels, causes a reduction in the fluidity of the mixture, 

since the high-surface-area causes the water molecules to be adsorbed on the surface of the 

nanomaterial, causing a reduction in the free water available for lubrication of the rest of the particles, 

an issue that can be mitigated through the use of dispersing additives (superplasticizers – SP) [11-12]. 

This paper is structured into four sections: 1) this introduction; 2) experimental planning (which 

describes compositions, mixing procedures, and analysis methods); 3) results and discussions (divided 

into rheological and mechanical performance tests); and 4) conclusion. 

II. EXPERIMENTAL PLANNING 

In this study, the following binder materials were used: 1) a Brazilian Portland cement (OPC) CPV-

ARI manufactured by ABNT NBR 16697 [15]; 2) metakaolin (MK) according to ABNT NBR 15894-

1 [16]; 3) 920U micro silica (MS) according to ABNT NBR 15894-1 [16]; and 4) nano-silica (nSiO2) 

in colloidal aqueous solution (solids content 30%). A quartz filler was used, an inert material that was 

included in the composition of the matrix due to its particle size distribution compatible with cement. 

Figure 1 shows the morphology of the materials from micrography performed in a Scanning Electron 

Microscope (SEM), equipment Jeol Jsm-6510. 

   

Figure 1. Surface morphology of base materials using SEM: (a) OPC; (b) MS; (c) MK. 

It is possible to observe the high degree of roughness of the cement and metakaolin; the micro silica 

particles, on the other hand, have a more rounded shape and less roughness, which contributes to the 

mobility of the compositions in the fresh state. The chemical composition, shown in Table 1, obtained 

through the analysis of X-Ray Fluorescence (XRF) brand Oxford Instruments, model X-Supreme 8000, 
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shows the almost absence of CaO and the high content of SiO2 and Al2O3 present in the MS, MK, and 

in NS when compared to OPC. 

Table 1. Chemical Composition of the binder’s materials. 

Chemical composition 
Content (%) 

Portland Cement CPV Micro silica 920U Metakaulim nSiO2 

Calcium Oxide (CaO) 51.94 0.05 0.01 0.03 

Silicon Dioxide (SiO2) 35.77 99.67 62.92 99.89 

Aluminum Oxide (Al2O3) 3.55 0 30.25 0 

Ferric Oxide (Fe2O3) 4.32 0.02 1.62 0.02 

Sulphur Trioxide (SO3) 2.68 0 0.01 0.06 

Magnesium Oxide (MgO) 0.57 0.11 3.79 0 

Potassium Oxide (K2O) 0.57 0.1 0.59 0 

Alkalis (Na2O - eq.*) 0 0.03 0.19 0 

Titanium Dioxide (TiO2) 0.07 0 0.6 0 

 

For structuring the design of the granular skeleton, natural or industrial quartz sand (almost pure SiO2) 

was used, with granulometry varying between 100 and 1200μm. They are characterized and distributed 

as fine (60-200 μm), medium (200-600 μm), and coarse sand (600- 1700 μm), by ABNT NBR 6502 

[17]. 

2.1 Composition of mixtures 

The compositions were planned in such a way as to keep the content of all components constant, except 

for cement, gradually replaced by contents of 4, 8, 12 and 16% of nano-silica and quartz filler (~40% 

of nano silica and ~60% of quartz filler in each replacement). Table 2 presents the combinations of the 

studied compositions. 

Table 2. Composition of micro concrete mixtures. 

Material 

(Kg/m³) 

M0 (Ref) 

(m/m) 

M0 (Ref) 

(kg/m3) 

M1 

(kg/m3) 

M2 

(kg/m3) 

M3 

(kg/m3) 

M4 

(kg/m3) 

Cement 1 593.3 563.6 533.9 504.3 474.6 

Nano silica 
 

0.0 9.4 18.8 26.5 39.9 

Filler quartz 
 

0.0 14.8 29.7 44.5 59.3 

Metakaolin 0.43 255.1 255.1 255.1 255.1 255.1 

Micro silica 0.11 65.9 65.9 65.9 65.9 65.9 

Sand #100 0.73 437.5 437.5 437.5 437.5 437.5 

Sand #50 0.69 413.5 413.5 413.5 413.5 413.5 

Sand #30 0.45 269.7 269.7 269.7 269.7 269.7 

Sand #16 0.33 194.8 194.8 194.8 194.8 194.8 

Water 0.3 274.3 265.4 256.5 247.6 238.7 

SP 0.043 25.8 24.2 23.0 21.7 20.4 

w/b (m/m) 
 

0.30 0.30 0.29 0.29 0.29 

w/c (m/m)   0.46 0.47 0.48 0.49 0.50 

where: w/c = water/cement ratio; w/b = water/binder ratio (all fines excluding filler quartz, which is 

inert); sand#100, sand#50, sand#30, and sand#16 are the sieves (sizes in mesh) where each sand is 

retained, indicating the particle size distribution. 
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The compositions had variations in their compositions with the main objective of reducing the amount 

of cement in contents by 5, 10, 15, and 20% about the reference (593Kg/m³). The water/binder (w/b) 

and superplasticizer ratios were kept fixed. 

The composition of the mixtures was based on the reduction of the environmental impact from the 

replacement of cement by inert fines, and on the optimized distribution of particles (packaging) seeking 

to densify and reduce the porosity of the final material. The inputs were understood primarily through 

their granulometric distributions, so that it could be possible to identify the best arrangement among the 

available materials to obtain the lowest cement consumption and the lowest demand of water for 

manufacture, arriving at compositions in the category of high-performance cementitious matrices 

preserving the characteristics of high fluidity, consistency and high mechanical performance. 

2.2 Execution of mixtures and storage of samples 

To manufacture the pastes, all anhydrous materials were homogenized using a mechanical mixer at 

slow speed (140 RPM), divided into two sets: fine (binders and quartz filler) and coarse inert (sand). 

After homogenization, with only the fines in the mixer, the manufacturing process (Figure 3) was started 

at a slow speed (140 RPM) for 2 minutes, with the addition of 2/3 of the water and dispersing additive 

(commercially known as super-plasticizer). Afterwards, mixing was performed at a higher speed (285 

RPM) for 2 minutes. In the third step, inert materials (pre-homogenized quartz sand) were added at slow 

speed (140 RPM), increasing speed (285 RPM) after insertion, and mixing in this condition for another 

2 minutes. Finally, nano silica (nSiO2) was included at 140 RPM speed and mixed for 3 minutes at 285 

RPM. 

 

Figure 3. Micro concrete manufacturing process chart flow 

The specimens were demolded after 24 hours and then subjected to submerged curing at 55°C for 7 

days. In the case of samples for 28-day tests, they remained in humid curing, but at room temperature, 

until the date of the test. 

In this study, changes in rheological, chemical, and physical properties were studied about the reference 

mix when performing partial replacement of the cement mass by nano-silica (nSiO2) and quartz filler 

(FQ). The experimental procedures carried out are presented below. 

2.3 Rheological characterization 

The evaluation of the rheological behavior of the micro concrete consisted of the mini-slump test, as 

well as the evaluation of the stability (resistance to segregation) performed through visual inspection. 

Its execution took place immediately after the stage of mixing the components for the manufacture of 
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micro concrete, aiming to evaluate the modifications caused by the inclusion of ultrafine (FQ) and 

nanomaterial (nSiO2). See images in Figure 4. 

As it is a self-compacting material, the volume necessary to fill the cone was poured directly into the 

mold without the aid of a spatula, except for composition M4. 

For the execution of the spreading and consistency analyses, part of the total volume produced was used 

to manufacture the specimens. The composition in a fluid state was poured into the conical mold 

immediately at the end of the mixing process, to fill the entire volume of the cone (approx. 2.2 l) [18]. 

Without the aid of a socket, except for the M4 composition, an interval of 30s was waited before the 

cone was lifted, and after 1 minute the scattering measurements were carried out. The evaluation of 

stability and consistency (resistance to segregation) was performed through visual inspection. 

 

Figure 4. Spreading of compositions (a) M0; (b) M1; (c) M2; (d) M3 and (e) M4, respectively 

2.4 Characterization of mechanical performance under bending and compression 

For each mixture studied, 3 prismatic specimens measuring 40x40x160mm were molded. Due to the 

high fluidity of the compositions, there was no need for vibration, just small manual adjustments so that 

the mixture, almost self-compacting, filled the mold. 

The bending tests were performed in a Zwick Z010 press with a capacity of 10KN and a displacement 

rate of 0.50 mm/min, using the BS EN 196-1 [19] standard, which provides for a test with 3 points (2 

sides of support and a superior central one, to carry out the flexion effort). This test was carried out on 

the 3 specimens of each mixture. 

After the bending test, each specimen resulted in 2 specimens of 40 x 40 mm to carry out the 

compression tests (6 specimens for each mixture). Compressive strength tests were carried out at 7 and 

28 days, 3 specimens for each age. In this test, a Solotest 100Tf press was used, with a capacity of 100 

tf and an applied load speed of 50 kgf/s. All samples were dried at a temperature of 40°C for 3 hours 

before mechanical characterizations, both bending and compression. 

2.5 Chemical Characterization by Differential Thermogravimetry (TG) 

To understand the chemical changes in the compositions, thermogravimetric analyses (TG/DSC) were 

planned. To ensure that they were representative, without interference from the sand, the pastes (fines, 

water, and dispersant) referring to the previously studied compositions were molded separately, without 

the inclusion of sand. 

The tests were carried out in STA 449 F3 equipment, Netzsch brand. The samples were heated from 40 

to 1000 ºC with a heating rate of 10 ºC/min in a nitrogen atmosphere (N2). At their analysis ages (7 or 

28 days), the samples were frozen, lyophilized, and comminuted to particles with granulometry passing 

through a #200 sieve, and being stored in a desiccator until the test. 
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2.6 Density, Porosity, and Water Absorption 

The analysis of the Void Index and Water Absorption allows the evaluation of properties such as the 

compactness of the matrix and its tightness. A cylindrical 50×100 mm mortar sample was used for 

testing as per the specifications given by ABNT NBR 9778 [20] at 7-day age. For each mixture, the 

average values of water absorption, density, and porosity were evaluated from three samples. These 

parameters were determined by Eq. (1)-(3). Details of measurements of the water absorption, density 

and porosity were given in [21, 22]. 

Density (g/cm3) =  
Wd

Ww−Wssd
                                 (1) 

Porosity (%) =  
Wssd−Wd

Wssd−Ww
× 100                         (2) 

Water Absorption (%) =  
Wssd−Wd

Wd
× 100           (3) 

Where: 

𝑊𝑑: weight of the oven-dried specimen 

𝑊𝑤: weight submerged in water.  

𝑊𝑠𝑠d: saturated with dry-surface weight  

Other studies have employed this method of porosity determination for cementitious composites [21, 

23]. 

2.7 Scanning Electron Microscopy 

After the axial compression analysis, samples of approximately 1 cm² were taken for investigation by 

scanning electron microscopy (SEM), equipment Jeol Jsm-6510. Samples were oven-dried at 45 °C for 

24 hours and coated with 10 nm gold to increase conductivity and improve analysis efficiency. 25 kV 

of accelerating voltage was used. 

III. RESULTS AND DISCUSSIONS 

3.1 Fluidity and Consistency 

When performing the inclusion of ultrafine materials with high surface area in the composition of the 

cementitious matrix, the water available in the system is, in large part, used to cover the surface area of 

these particles, thus reducing the amount available to fill the voids and effectively move the grains, with 

a consequent reduction in their mobility capacity [8, 9, 12]. In the case of the present study, there is also 

the fact that the SP additive content was kept fixed (4.3%) calculated only on the cement content for 

reasons of economy – thus, it is verified in Table 2 that the total additive content (kg/m3) progressively 

decreased between M0 (Ref) and M3, as cement was gradually replaced by increasing levels of QF and 

NS. The water content was kept constant about the total fine content (shown by the water/binder ratio, 

w/b). Therefore, the expectation would be that the fluidity of the systems would gradually decrease due 

to both factors combined (increase of ultrafine content with high surface area and decrease in the total 

superplasticizer content). 

However, on the contrary to these expectations, a comparison between the rheological behavior 

determined by the spreading test of all samples demonstrated that it was possible to replace cement by 

QF and nSiO2 and with a decrease in the total superplasticizer content without significant damage to 

fluidity (see Figure 5), since, for the test setup used, all spreads over 240mm are self-compacting. This 

is generally not seen in simple replacements of cement by fine fillers – the tendency is always that, with 

the maintenance of water content, increase in total surface area, and decrease in SP content, there is a 

rapid and considerable decrease in fluidity. This demonstrates that the addition of nSiO2 in a system 

replacing cement with fillers (in this case, QF) can decisively influence the increase in the degree of 
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particle packing. The increase in packing decreases the volumes of spaces between particles, reducing 

the demand for water needed to fill these spaces. By maintaining the water content, a system with a 

lower volume of spaces between the particles manages to leave more water to separate the particles, 

which would increase the fluidity. In the case of the experiments carried out here, this increase did not 

happen because this excess of water was used to cover the surface area of the particles, which also 

increased. In any case, the use of ultrafine particles from NS was able, through increased packing of the 

paste, to allow more water available to move the grains to compensate for the increase in the surface 

area of the system (and the water demand to cover it) and also the decrease in the SP additive content. 

This strategy seems, therefore, to be of fundamental importance for the strategy of replacing the cement 

content by fillers without significant losses in the rheological behavior. 

 

Figure 5. Scattering and total SP content of compositions studied 

However, it has been noted that there is a limit to this strategy. After a certain point, the increase in the 

ultrafine content becomes no longer so important for the increase in particle packing, but it continues 

to increase proportionally to the surface area of the system. This causes a rapid loss of fluidity, as seen 

in composition M4. Figure 6 shows that, for high levels of cement replacement by ultra fines, especially 

NS (M4), there was a sharp drop in fluidity compared to the reference composition (M0). Similar effects 

have already been reported in the literature [24, 25]. 

   

(a) M0 - scattering 335mm                       (b) M4 - scattering 120mm 

Figure 6. Consistency of micro concrete 
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The pozzolanic effect of materials based on amorphous silica, associated with their nano sizes, leads to 

the rapid formation of ettringite, the crystalline phase responsible for the resistance of cementitious 

materials at shortages. This effect is potentiated due to the nano dimension of the NS, already occurring 

in the first minutes after its inclusion in the matrix system and, therefore, liable to influence the 

rheological behavior of the mixture already at the initial stage [26-30]. 

3.2 Mechanical resistance to compression and bending 

In general, mixtures containing the replacement of cement by inert fines, such as the QF used in the 

present research, result in hardened compounds with lower compressive strength, when the water 

content is maintained. Figure 7. a presents the results of resistance to flexion and compression at 7 days 

of age, and the cement content of the mixtures studied. 

 

Figure 7. a) Mechanical performance (compression and bending) of mixtures compared to cement content; b) 

Water absorption and void index of compositions. 

Considering the variation of the results, also expressed in Figure 7. a through the bars of dispersion of 

the results, it is observed that there was no significant change in resistance, both to compression and to 

flexion. This demonstrates that, regarding the most important parameter in the hardened state of 

cementitious materials – mechanical strength – the inclusion of nSiO2 at reduced levels made it possible 

to reduce the cement content and include fillers in the composition without losing mechanical 

performance. 

This would even be relatively easy to do if there had been a reduction in the total water content of the 

mixtures, with the consequent maintenance of resistance but a decrease in fluidity, or the SP additive 

content had been increased, which would also make it possible to increase fluidity with less water 

content and therefore strength maintained. However, in the present experiment, these were not the 

dosing assumptions. On the other hand, emphasis was placed on maintaining the water content, reducing 

the cement content, increasing the filler content, and decreasing the SP additive content (since this 

followed its dosage about the cement content, which, as seen progressively decreased). All the 

alternatives adopted would arrive, under normal conditions, at compounds with lower fluidity (since it 

was used the same water content but materials with a higher surface area and lower SP content) and 

lower mechanical resistance (since it was used the same water content but the cement amount was 

reduced by replacing it with partly inert materials, with an increase in the effective water/cement ratio). 

In the case of fluidity, as previously discussed, the packing brought about by the ultrafine grains of the 

nSiO2 was able to compensate for the increase in the surface area of the system, as it generated a smaller 

volume of voids between the particles to be filled by water, allowing the fluidity to remain even without 

increasing the water content and even with a decrease in the SP additive content. In the case of 
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mechanical strength, the addition of nSiO2 managed, in turn, to compensate for the lack of contribution 

to strength from QF (which is inert and therefore does not react to generate hydrated compounds) 

through its pozzolanic properties, with high reactivity due to the high surface area, which exposes a 

large area to enable hydration reactions. Therefore, in a joint analysis of fluidity and resistance, which 

is the most common and necessary in cementitious products, the nSiO2 inserted up to the point where 

it contributed to the packing, made it possible to obtain mixtures with a decrease in the cement content. 

Moreover, its replacement by inert fillers without resulting losses of mechanical performance and 

fluidity, was also observed. 

Figure 7. b shows the water absorption and the voids index [20] of the manufactured compositions. 

There was a trend towards a decrease in the void content and water absorption in the progression from 

M0 to M3, demonstrating that the maintenance of resistance even with a decrease in the cement content 

and an increase in the inert fine content was due to an increase in the packing of the materials. This 

higher packing, in the case where the water content is maintained, ends up generating denser pastes, 

with a higher concentration of solids and lower void content and therefore lower final porosity. In this 

way, the previous statement is proved that the use of NS in combination with QF made it possible to 

obtain materials with higher packing, which is responsible for maintaining the resistance in systems 

with the replacement of cement. It should always be remembered that this occurs up to the limit at which 

the increase in surface area brought about becomes much more influential than packing, as this packing 

stops increasing when enough fines are already available to fill all the voids between the coarser 

particles. This is seen in M4, as previously discussed, and it is also the factor responsible for bringing 

higher water absorption and void ratio to this composition, with a reversal of the trend observed up to 

M3. 

The reduction in absorption and the void index indicates a dense and compact arrangement between the 

constituent particles, having as a binding element a high resistance matrix, which is a product of both 

the granular skeleton optimization technique and the use of SCMs that produce additional hydration 

compounds. The Interfacial Transition Zone (ITZ) is the intermediate region between coarse and fine 

particles, being responsible for a large part of the mechanical capacity since it is, in general, the zone 

with the highest concentration of voids (and therefore the lowest resistance) of mortars and concretes 

[31]. With the use of nanomaterials such as nSiO2, this region, which is conventionally porous and 

fragile, presents increased densification already in the early ages of the hydration process, with 

increased adhesion of the matrix to the aggregate due to the better use of CH and, consequently, of Ca 
+2 available [12, 32]. A similar effect is expected when using QF in the composition, and for this 

material, the increase in compactness comes from its nucleating effect, when occupying interstices left 

by larger particles [12, 32-34]. 

Figure 8 presents SEM images of samples produced under thermal curing at 7 days of age. It is observed 

the existence of products with morphologies correlated to the hydrated phases reported in the literature: 

C-S-H, portlandite (CH), and hydrated calcium monosulphoaluminate (AFm), as well as phase-like 

ettringite (AFt) [2, 35]. The higher density suggested in the absorption and voids analyses can be seen 

qualitatively in the SEM images. The use of high proportions of supplementary materials (SCMs) 

allowed to fill spaces previously inaccessible to larger particles. In Figure 8. (a)-(b), referring to samples 

M0 and M1, respectively, it is possible to observe a microstructure filled with C-S-H gel. In Figure 8. 

c, monosulphoaluminate phases (Afm) can be seen as, a product of the conversion of ettringite (Aft), 

indicating, as suggested by [12], that the use of supplementary materials (MK, MS, and NS) together 

with submerged curing at elevated temperature causes the AFt to be converted into (AFm) and C-S-H 

gel since it occurs the acceleration of the initial period of hydrate formation [27-29]. In general, when 

carrying out the mechanical characterization, the rupture of all samples occurred not in the paste but in 

the aggregates, which can be partially explained by the denser transition zone observed in the SEM 

figures and already commented on. 
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(a) M0                                                         (b) M1 

         

(c) M2                                                                (d) M3 

 

(e) M4 

Figure 8. SEM images of the fractured surface of compositions (a) M0; (b) M1; (c) M2; (d) M3; (e) M4. 

Sample M4 (Figure 8. e) presented non-hydrated supplementary materials, which may be directly 

related to the lack of adequate mixing of the same due to its rheological characteristics, and the lack of 

water available for the reaction since, as already seen, the high surface area of the system made a good 

part of the available water to be adsorbed on the particles. Thus, less water was available to react and 

to move the particles. For this reason, M4 also presented a larger volume of large pores, as shown in 

Figure 8. e and Figure 9, data that corroborates with those obtained in the analysis of water absorption 

and voids index. In M4, the maximum quantity of nSiO2 was achieved and surpassed. 
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Figure 9. SEM micrography of the M4 matrix. 

The thermogravimetry (TG) analyses of the samples present important data about the chemical phases 

formed and present. During the test, there is mass loss at different temperatures. Mass losses in the 

temperature range between 150 and 300ºC are related to chemically combined water (C-S-H, AFt, 

AFm) [6, 18, 20]; between 400ºC and 550ºC, the decomposition of calcium hydroxide (Portlandite – 

CH) occurs; between 600ºC and 1000ºC, carbon dioxide (CO2) is released. More specifically, in the 

initial interval the decompositions of C-S-H (115ºC to 125ºC), gypsum (145ºC to 165ºC), and hydrated 

aluminate, ettringite (135ºC to 140ºC), and calcium monosulphoaluminate hydrated phases (185ºC to 

200ºC) are reported [35, 36]. 

Figure 10 presents the main hydrated compounds found in thermal analysis. 

 

Figure 10. TG analysis of mixtures studied. 

The analysis of the TG curves demonstrates a progressive increase in the levels of CSH formed 

(measured by the mass loss of CSH combined water, which occurs at temperatures between 40 and 

300ºC) as the replacement of cement by QF and nSiO2 increased, a factor that has a direct influence on 

maintaining mechanical strength even with cement reduction (discussed before). On the other hand, the 
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portlandite contents (measured by the mass loss of portlandite combined water, which occurs at 

temperatures from 400 to 550ºC) remained practically unchanged regardless of the value of cement 

replacement by QF and nSiO2. As is widely known, portlandite forms an important alkaline reserve for 

maintaining a high pH in the matrix in the long term, which is especially important for reinforced 

cementitious materials. This demonstrates that the replacement of cement by QF and nSiO2 proposed 

can maintain conditions that guarantee the long-term durability of reinforced cementitious materials – 

an extremely important factor since one of the obstacles encountered with the replacement of cement 

by fillers is precisely the decrease of alkaline reserve to ensure durability for reinforced components. 

If this is considered concomitantly with the increase in environmental benefits (due to the progressive 

decrease in cement content) and maintenance of the rheological and mechanical properties already 

discussed, it can be concluded that the strategy has a promising future in the search for compositions 

with reduced cement content and adequate – or equivalent – performance in terms of application, 

resistance, and durability. 

IV. CONCLUSION 

Since cement is one of the world's largest emitters of CO2, the search for construction components with 

lower content of this material is a natural and one-way path in the search for a more sustainable world. 

In this sense, research on the replacement of cement by fines, especially inert (filler) has been widely 

carried out, since these fines do not use processes of high energy consumption in their production and, 

therefore, release much lower CO2 content. 

The present work sought to replace cement with quartz filler (inert) to contribute to this line of research. 

To compensate for the losses in rheological, mechanical, and durability performance caused by the 

inclusion of the fillers, which are inert and therefore do not chemically react, small amounts of nano-

silica (nSiO2) were concomitantly added. It was possible to verify that: 

1) The nano-silica, due to its nanometric dimensions, increased the packing density of the cementitious 

matrix, reducing the volume of voids between grains and in the transition zone; 

2) This increased packing allowed obtaining rheological characteristics (fluidity) of the same order of 

magnitude as the reference composition, even bringing an increase in the surface area of the system 

(finer materials have a greater surface area). This proved to be valid up to the limit in which the increase 

in packing was effective in reducing the voids to the point of compensating for the increase in surface 

area (the decrease in voids leaves more free water to effectively move the grains and give fluidity, while 

the increase in of surface area removes free water from the system by its adsorption to the surface of 

the particles). The increase in packing has a limit given by the volume of voids between coarser grains 

that can be filled by finer grains, while the increase in the surface area always increases proportionally 

to the increase of fines in the system; 

3) The mechanical resistance to bending and compression of the compositions with lower cement 

content was maintained, since, on the one hand, the inert fines did not contribute to the resistance 

because they do not react, on the other hand, the nano-silica brought great potential for reactivity 

because it is an amorphous material and also with high surface area available for reactions; 

4) Water absorption tests and SEM were able to contribute to the presented analyses; 

5) Thermogravimetry tests showed that, in addition to an increase in CSH levels in the pastes with a 

decrease in cement content, there was also maintenance of portlandite levels, which is of fundamental 

importance for the durability of reinforced cementitious materials. 
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