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Abstract

This paper shows results of laboratory study on the effects of nano-SiO; on Portland cement-fly ash systems. It is aimed
to improve performance of fly ash—cement systems, particularly at early age, with the inclusion of nano-SiO;. In order to
observe the effects of nano-SiO, particles on the strength and hydration kinetics of fly ash blended cementitious systems,
binary and ternary systems were prepared by adding 0.25-1.5% nano-SiO, by weight of blended cements. Workability,
setting time, water absorption capacity, fire resistance, compressive strength and isothermal calorimeter tests were conducted
on the cementitious systems. The results indicate that increasing quantity of fly ash increased workability, setting time, water
absorption capacity of cementitious systems, whereas the increasing quantity of nano-SiO» reduced these values. Significant
increment in compressive strength were observed, especially at early ages of fly ash—cement systems with nano-SiO; addition,
compared to fly ash added systems, which may compensate for the decrease in compressive strength caused by fly ash. Nano-
SiO; addition accelerated hydration reactions at early age. By partially eliminating the negative effects of fly ash with

nano-SiO», high rates of fly ash can be used in cementitious systems, thus forming more sustainable systems.
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1 Introduction

Nanotechnology is a promising technology that can be used
in a variety of scientific fields [1]. As a result of the develop-
ment of nanotechnology, various nanomaterials have been
produced recently[2]. The addition of nanoscale particle
has both an environmentally advantages and can enhance
the durability and strength of the cementitious system [3].
Besides, the nanoparticles acting as filler, if the nanoparti-
cles are properly dispersed, it can promote hydration, thereby
improving the microstructure of the cementitious paste [4].

The most commonly used nanoparticles in cementitious
systems were nano-Si0O;, nano-TiO;, nano-Al; O3 and nano-
clay [4-14]. Among various nanomaterials, nano-SiO» (NS)
has been one of the nanoparticles that has attracted a great
attention in research of the cementitious materials. There
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were many studies in the literature on use of NS in the cemen-
titious systems [9, 10, 15-26]. The beneficial impact of NS on
the characteristics of cementitious systems may be explained
in a variety of ways. Firstly, NS is very active due to its
large surface area. Therefore, it can improve the durability
of cementitious materials by forming a denser microstruc-
ture [27]. Secondly, fine particles of NS can fill ultrafine
voids in the microstructure and they illustrate the filling effect
[27]. Besides, NS can produce extra C—S—H gel by reacting
with Portlandite [5]. Liu et. al noted that the inclusion of
NS can accelerates the cement and fly ash hydration at early
stage, and the fly ash pozzolanic reaction can increases [28].
Land and Stephan reported that the ordinary Portland cement
containing NS considerably increased the heat of hydration
in the main period as the NS’s surface area increased, and
C3S hydration is accelerated by the addition of NS [29].
Cement used as the main binder of its concrete is known as
“Portland cement”. During the production of cement, energy
consumption is quite high since high temperatures such as
1400-1500 °C were required. Cement is used extensively
in construction operations all over the world, resulting in
CO; emissions into the atmosphere, which is regarded one of
the most serious environmental issues [30]. Portland cement
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clinker (PCC) production in worldwide is responsible for
nearly 8% of the total CO, emissions released into nature
[31-33]. The usage of mineral additives such as FA and nat-
ural pozzolan in cementitious systems is an effective way to
reduce PCC consumption and consequently reducing CO,
emission released to nature [9]. FA is an industrial waste from
coal consuming thermal power plants. The global generation
of coal ash is expected to be approximately 600 million tons
per year; FA accounting for 75-80% of the total amount of
ash generated. Thus, quantity of FA released to nature is
increasing all around the world and it will become a seri-
ous environmental problem if not used [34]. It is known that
the FA is a by-product material, therefore it is economical
compared to Portland cement. Additionally, the usage FA in
cementitious systems is economical and more sustainable,
when FA replaced with cement, it can increase the durabil-
ity of the cementitious system. However, with the increase
of mineral additives, technical properties such as low early
compressive strength and low strength development rates,
which are weaker than Portland cement, have limited the use
of mineral additives at high rates.

The objective of this research is to overcome the disad-
vantages of FA such as low early compressive strength in
cementitious systems by using NS. For this purpose, 0.25,
0.5, 1.0 and 1.5% NS was added to Portland cement-fly
ash systems. The workability, setting time, high tempera-
ture resistance, and water absorption capacity of the prepared
systems were also examined. NS’s effect on hydration of
cementitious systems containing FA was investigated using
isothermal calorimetry. Limited research has been conducted
on cementitious systems containing both high volume and
low volume FA modified by the inclusion of NS for enhanced
properties. With this study, it is aimed to contribute to the
literature. In the future, the negative properties of waste mate-
rials can be suppressed with the use of nanoparticles and more
sustainable systems can be used.

2 Materials and Methods
2.1 Materials

Normal Portland cement (PC) CEM 142,5R was used in this
research. FA was supplied from Catalagzi Thermal Power
Plant. The total SiO; + Al,O3 + Fe, O3 of chemical compo-
sitions of fly ash is more than 70% by mass, and CaO content
is lower than 10%, therefore it is classified as low calcium
F class FA confirming to ASTM C618 [35]. The pozzolanic
activity index of FA used was 66.6% for 3 d, 75.5% for 7 d
and 76.6% for 28 d. The density of FA was determined as
2.13 g/cm>. Chemical compositions of FA and NS were pre-
sented in Table 1. It is seen that the table that NS has purity
more than 99%. Figure 1 presented the XRD pattern of NS.
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Based on the Fig. 1, the crystallinity of NS is low and it
mainly consists of amorphous phase. Clean and potable tap
water from the city water supply system is used in the prepa-
ration of cementitious systems. In this study, 0-3 mm natural
river sand is used to make the system more economical.

2.2 Mix Proportion

A total of 30 mortar mixes were prepared with the same
sand/binder ratio of 3 and the water/binder ratio of 0.55 con-
stant for all samples. Mortar mixtures were prepared with 0,
15, 30, 45, 60 and 75% of cement replacement by FA and O,
0.25, 0.5, 1.0 and 1.5% of cement replacement by NS parti-
cles. Details of the mortar mixture proportions for the binary
and ternary systems were presented in Table 2. The control
sample (PC) was poured just using Portland cement, while
other mixtures were casted by replacing the Portland cement
with FA and NS on a mass-for-mass basis.

2.3 Mix Procedure

Nano particles difficult to disperse uniformly since their large
surface area. In order to obtain well-disperse of NS, water and
NS were mixed together for 3 min in the mixer. Hobart type
mixer was used to mix the materials according to TS EN 196-
1 [36]. To ensure good compaction, it was cast in 2 layers and
a vibrating table was used. The fresh mortars were cast in 50
x 50 x 50 mm of cubic molds. All samples were demolded
after 1 day, all specimens were placed into water tank at 21
4 1 °C until the testing day. Three samples of each mortar
type were prepared for each tests. The average values of test
were used as the result.

2.4 Testing
2.4.1 Tests Performed on Mortars

The workability of the mortars on a mini flow table was
tested for fresh properties in accordance with TS EN 1015-3
[37]. Flow diameter in two directions was measured for each
mortar mixture and workability results were determined as
the average of these values. Determination of water absorp-
tion test were performed on the prepared mortar samples on
the 3rd, 28th and 90th days. For each mixture, the water
absorption capacity was determined using average of three
specimens. In order to observe the strength development,
compressive strengths of all mortar mixtures were deter-
mined at 1, 3, 7, 28 and 90 days according to TS EN 1015-11
[38]. Samples were heated to very high temperatures of
300 °C and 600 °C, at a rate of 5 °C/min and kept at these
temperatures for 60 min in a laboratory furnace to determine
the fire resistance of systems. Compressive strength test was
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Table 1 Chemical composition of cement, fly ash and NS (%)
Si0; Al,O3 Fe, O3 CaO SO3 Na,O K,O MgO P,0s TiO, LOI
Cement 17.33 4.82 3.21 60.93 3.28 0.26 0.54 3.80 4.44
Fly ash 55.60 24.04 7.29 2.72 0.57 1.11 242 1.55 0.70 1.29 2.50
Nano-SiO, 99.49 0.09 0.02 0.12 - 0.03 0.01 - 0.02 0.06 0.10
Fig. 1 XRD of nano-SiO; 40
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performed after the mortar specimens were cooled to ambient
temperature.

2.4.2 Tests Performed on Pastes

Using an automatic Vicat apparatus, setting time of the
cementitious pastes were determined. Hydration kinetics of
binary and ternary systems were investigated by isothermal
calorimetry (TAM Air, TA Instruments). Reaction kinetics
studies were performed on selected pastes. For example,
0.5%, 1% and 1.5% NS additions were investigated in sam-
ples with FA content less than 50%, 1% and 1.5% NS
additions were investigated in samples with FA content of
more than 50%. Pastes prepared with water/binder ratio of
0.4. In order to determine the hydration kinetics of the cemen-
titious pastes, cementitious systems were observed at 25 °C
degrees for 72 h.

3 Results and Discussion

3.1 Workability

Figure 2 demonstrates the results of flow workability testing.
According to Fig. 2, it could be observed that workability
of the mortars increases as the increasing percentage of FA
replacement with the cement. Compared to the control mix-
ture (PC), 2%, 17%, 19%, 31% and 39% increment in flow
values were observed for FA replacement of 15%, 30%, 45%,

2-Theta.degree

60% and 75% by cement, respectively. Higher FA contents
resulted in higher workability. It has been determined that
this finding valid for all mortar mixtures prepared regardless
of whether they contain NS. The fineness of fly ash and spher-
ical grains have positive effects on workability. Besides, as
can be seen from Fig. 2, it could be observed that workabil-
ity decreased as the increasing percentage of NS replacement
with the cement. Compared to the control mixture (PC) 1%,
3%, 5%, 12% reduction in flow values were observed due to
NS replacement of 0.25%, 0.5%, 1.0% and 1.5% by cement,
respectively. Higher NS ratio resulted with lower workability.
These results could be caused by the relatively high surface
area of the NS. Besides, it might be because the surface area
of the powdered materials increases after nanoparticles are
added, which requires more water to wet the binder particles
[22]. According to the data found, the same workability value
as PC could be obtained by adding 1% NS to the sample con-
taining FA30. Additionally, the workability value found by
adding 1.5% NS to the sample containing FA45 is compara-
ble to PC.

3.2 Setting Time

Cement paste is plastic at an early age. After a while, hydra-
tion reactions continue and setting occurs with the formation
of hydration products [39]. The development of setting and
strength was enhanced by C—S-H, a hydration product pro-
duced from cement grains [40]. Table 3 showed the effect
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Table 2 Mix proportions for

blended mixes (%) Blends Different combination Specimen Materials (%)
PC Fly ash Nano-SiO;
Control PC 100 - -
Binary blends PC + NS NS0.25 99.75 - 0.25
NS0.5 99.50 - 0.50
NS1.0 99 - 1.00
NS1.5 98.50 - 1.50
PC + FA FA15 85 15 -
FA30 70 30 -
FA45 55 45 -
FA60 40 60 -
FA75 25 75 -
Ternary blends PC + NS + FA NS0.25-FA15 84.75 15 0.25
NS0.25-FA30 69.75 30 0.25
NS0.25-FA45 54.75 45 0.25
NS0.25-FA60 39.75 60 0.25
NSO0.25-FA75 24.75 75 0.25
NSO0.5-FA15 84.50 15 0.50
NS0.5-FA30 69.50 30 0.50
NSO0.5-FA45 54.50 45 0.50
NS0.5-FA60 39.50 60 0.50
NS0.5-FA75 24.50 75 0.50
NS1.0-FA15 84 15 1.00
NS1.0-FA30 69 30 1.00
NS1.0-FA45 54 45 1.00
NS1.0-FA60 39 60 1.00
NS1.0-FA75 24 75 1.00
NS1.5-FA15 83.50 15 1.50
NS1.5-FA30 68.50 30 1.50
NS1.5-FA45 53.50 45 1.50
NS1.5-FA60 38.50 60 1.50
NS1.5-FA75 23.50 75 1.50
Fig.2 Flow of fresh mortars 300
250 —_ .
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Table 3 Setting time of blended pastes

Mixture notation Initial setting time Final setting time

(min) (min)
PC 170 290
FA15 180 360
FA30 190 370
FA45 190 380
FA60 190 400
FA75 220 460
NSO0.25 160 260
NS0.25-FA15 170 280
NS0.25-FA30 170 300
NSO0.25-FA45 170 320
NS0.25-FA60 180 370
NSO0.25-FA75 190 420
NSO0.5 140 230
NSO0.5-FA15 160 250
NSO0.5-FA30 160 290
NSO0.5-FA45 160 310
NSO0.5-FA60 170 360
NSO0.5-FA75 180 380
NS1 110 210
NS1-FA15 120 220
NS1-FA30 130 250
NS1-FA45 150 280
NS1-FA60 150 290
NS1-FA75 170 360
NS1.5 100 180
NS1.5-FA15 110 210
NS1.5-FA30 120 220
NS1.5-FA45 140 250
NS1.5-FA60 140 270
NS1.5-FA75 160 330

of NS on the initial and final setting times of the cementi-
tious system containing FA. Generally, results showed that as
FA was added to the cementitious system, setting times were
increased. The effect of FA on the setting time depends on the
properties of the FA and the used amount. In the literature, it
has been determined by many researchers that the use of FA
can delay setting times. For instance, Huang et al. and Duran-
Herrera et al. noted that the replacement of FA with cement
increased the setting time of cementitious materials [41, 42].
The addition of the NS resulted in significant reduction in the
initial and final setting periods for all cementitious systems,
as shown in Table 3. As 0.25%, 0.5%, 1.0% and 1.5% NS
were added to the system, the initial setting time was reduced
by 10 min, 30 min, 60 min and 70 min, respectively, when

compared to the control mixture. In terms of final setting time,
compared to the control sample 30 min, 60 min, 80 min and
110 min decrement were found for NS replacement of 0.25%,
0.5%, 1.0% and 1.5% by cement, respectively. According to
these findings, the inclusion of NS has a greater effect on
the final setting time. Moreover, it could be said that as the
quantity of NS in the system increases, the initial and final
setting times decrease.

On the one hand, the initial setting time was comparable
to PC when 0.25% NS was added to the sample containing
FA45,0.5% NS to the sample containing FA60 and 1% NS to
the sample containing FA75. On the other hand, when 0.5%
NS was added to the sample containing FA30 and 1% NS was
added to the specimen containing FA60, it was observed that
the setting time was comparable to PC. Thus, it has been seen
that the problem of setting time in systems containing high
volumes of FA can be overcome by adding NS in very small
amounts. The reason for the reduction in setting time with
the use of nanoparticles is the acceleration of the hydration of
tricalcium silicate and dicalcium silicate and, consequently,
the acceleration of C—S—H gel formation [43].

3.3 Water Absorption Capacity Results

Water absorption of binary and ternary cementitious systems
at 3, 28 and 90 days were presented in Fig. 3. It indicates that
the water absorption of mortars was slightly increased by
adding FA. Karahan and Atig reported that water absorption
values increased with increase of FA content in the system
[44].

While the water absorption ratio was found as 11.4% in
the control sample cured for 3 days in water, this ratio was
found as 9.4% in the samples cured for 90 days. As cur-
ing time increases, water absorption capacity was decreased.
The addition of 0.25%, 0.5%, 1% and 1.5% NS to without
FA samples cured for 3 days, decreased the water absorp-
tion ratio by approximately 1%, 2%, 5%, 6% respectively.
In general NS amount increased, the water absorption rate
decreased slightly. NS is considerably small particle and due
to its size, it can fill the voids in the mortar and may have
reduced the water absorption. Figure 3 also shows that 0.25%,
0.5%, and 1% NS additives had almost no effect on the water
absorption capacity of the 90 days cured Portland cement
samples compared to the control sample. Inclusion of 1.5%
NS reduced the water absorption capacity of Portland cement
by approximately 3% at 90 days. On the other hand, when
0.25,0.5, 1 and 1.5% NS is added to the samples containing
75% FA, the water absorption rates of the systems at the 90th
day are decreased approximately 2, 3, 8 and 10% compared
to the sample containing only 75% FA. The reason why NS
has a greater effect at later ages in systems containing high
volume fly ash may be that NS fills the larger voids in the
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Fig.3 Water absorption capacity
of mortars for different days
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system compared to Portland cement, both with its filling
effect and with the production of extra C—S—H.

3.4 Development of Compressive Strength

Figure 4 demonstrated the relationship between the addi-
tion of NS and the compressive strength of cement systems
containing different ratio of FA at 1, 3, 7, 28 and 90 days.
Regardless of whether or not the mortar contains FA, the
results show that adding NS increases the compressive
strength significantly. Generally, it can be said that the com-
pressive strength for all dosages of the addition of NS has
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higher strength values than the reference cementitious mor-
tars. It can be stated that the inclusion of NS contributes to
the pozzolanic reaction and helps the improvement of com-
pressive strength of the samples. The reason for increment
in the strength of the systems formed by the inclusion of NS
can be that NS decreases the amount of crystalline Ca(OH);
particularly at early ages and accelerates the formation of
C-S-H gel [45]. On the basis of the mechanisms underlying
the NS addition to increase the compressive strength of the
system, there are both the nano-filling effect due to the very
small particle size of NS and the pozzolanic reaction [46].
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Fig. 4 Effects of NS on the 0 FA
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While one-day compressive strength value of the refer-
ence sample produced only with PC was 4.6 MPa, when
1.5% NS was added to the system than corresponding com-
pressive strength increased to 14 MPa. It implies that the
mortar containing just 1.5% NS, it greatly contributes to the
development of compressive strength, particularly at early
age. Specimens cured for 3 days, compressive strength of
the sample containing 1.5% NS was 30 MPa while Port-
land cement mortar developed 15.6 MPa. It indicates that the
incorporation of NS is significantly improved the early age
strength of the system. The reason for the high increment in

the compressive strength of cementitious mortars may be the
rapid consumption of Portlandite, especially at early ages,
due to the high reactivity of NS [22]. For 90 days, the mortar
made with 1.5%NS showed 70.4 MPa compressive strength
while Portland cement mortar had 51.4 MPa. As a result, the
addition of NS not only contributes to the early strength but
also the long term strength. Inclusion of NS can improve the
nucleation of Ca(OH); [25], therefore it can improve devel-
opment of compressive strength.
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On the other hand, with FA replaced with of 15%, 30%,
45%, 60% and 75% by cement and cured for 1 d, the com-
pressive strength values decreased 26%, 48%, 63%, 76%
and 78%, respectively. The lowest compressive strength was
obtained from the 75% FA mortar at all ages. Generally, it
can be stated that the compressive strength of the cemen-
titious samples was reduced by increasing the quantity of
FA. Lower compressive strengths were obtained by replac-
ing more cement with FA. When ordinary Portland cement is
replaced with a high volume of FA, all FA components can-
not be activated by Ca(OH); and many FA particles cannot
react to start a pozzolanic reaction. As a result, the matrix
becomes more porous overall and its compressive strength
decreases [47].

However, the inclusion of NS resulted in improvement
in the compressive strength of the samples. Besides, NS
increased the early age compressive strength of the samples
by accelerating the hydration process. For instance, Port-
land cement mortar had 4.6 MPa for 1 day, mortar with 30%
FA incorporating 0.5% NS had 4.0 MPa. These values were
close to each other. For 3 days cured specimens, 1% NS
incorporation the 30% FA mortar had 17.2 MPa, while PC
had 15.6 MPa. If early strength development was required
both NS and by-product FA could be used together. By using
fly ash in the system causes lower CO, emissions release
to the nature and contributes the sustainability. Besides, its
contribution to the early strength, NS also has a very pos-
itive impact on the long term strength. For example, with
the addition of 1.5% NS to Portland cement, 37% increment
in strength was observed in the specimens that were cured
90 days compared to the control sample. With the inclusion
of 1.5% NS to the samples containing 15% FA, which were
cured for 90 d, a 22% increment in compressive strength was
observed compared to the specimens without NS addition.

3.5 High Temperature Resistance

The produced samples were exposed to elevated tempera-
ture of 300 and 600 °C for certain duration. The average
high temperature resistance test results for mortars including
FA and NS for 90 days cured in water, exposed to 300 °C
and 600 °C high temperature were shown in Fig. 5. The
compressive strengths of the specimens on the 90th day
were taken as reference. After exposure to 300 °C, samples
with FA contents of 15, 45, 60% and containing 1% and
1.5% NS showed increment in compressive strength. For
instance, mortars containing 60% FA and adding 1% and
1.5% NS increased compressive strength by 23% and 30%,
respectively, after exposure to 300 °C. Besides, the highest
fire resistance observed in the 60% FA sample containing
1.5% NS. Exposure of mortar samples to high temperatures,
increases the reaction of NS in some mixtures, resulting in
the formation of extra C—S—H and consequently increased
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strength [48]. Besides, the reason for this increase might be
due to the compatibility of the amount of FA and NS added
to the system. Pozzolanic effect of FA and NS were also a
positive factor.

On the other hand, samples exhibited different behavior
in high temperature resistance strength at 600 °C. The com-
pressive strength of all samples was dramatically reduced
when exposed to 600 °C. With the addition of both 45%
and 60% FA, the residual strength after exposing to ele-
vated temperature was more positively affected than others.
Generally, the highest decrease occurred in mortar prepared
with just PC and FA. It was clearly seen that the use of NS
increases the resistance to high temperatures. Furthermore,
it has been observed that very high temperatures have detri-
mental effect on compressive strength. Additionally, when
the binder products in the cementitious paste were exposed
to such high temperatures, they can dehydrate and cause a
decrease in strength [48]. However, samples including NS
showed a higher resistance to fire after exposure to 600 °C,
the compressive strength of samples containing 1.5% NS and
60% FA is almost comparable to the compressive strength
before high temperature application, probably due to the fill-
ing effect of NS and the higher C—S—H content of samples
containing NS.

3.6 Hydration Kinetics

The quantity of heat generated during setting and hardening
is known as hydration heat [21]. Figure 6 showed the effects
of various doses of both NS and FA on the reaction rate and
corresponding cumulative heat of reaction curves of cemen-
titious pastes within 72 h. The data based on Fig. 6 show
that, in general, the height of the rate peaks increased with
the addition of NS, i.e. maximum rate of hydration increased.
The reason for the increment in maximum hydration rate with
increasing NS content is that NS has very high surface area
and great activity. As a result of these properties, it can pro-
vide many nucleating site, which means that NS can activate
both cement and FA [18]. The nucleation effect is one of the
common mechanisms for growth the hydration of PC with
the fine additives [49]. It was found that the hydration rate
increased as the addition dose increased up to 1.5%, indicat-
ing that NS can support the hydration process of PC.
According to Fig. 6, maximum hydration heat increased
with the increase of NS ratio in the cementitious paste. The
Ist peak of the heat of hydration indicates C3S hydration and
formation of C—S—H phase and Ca(OH),. With the inclusion
of NS, the hydration rate of C3S also increases [29]. Further-
more, according to the literature, it has been observed that the
surfaces of NS are highly reactive and their high surface areas
lead to the acceleration of hydration reactions of C3S [50].
Generally, it is seen that the addition of nanoparticles dur-
ing the first 17 h accelerates the cement hydration. Besides,
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Fig.5 a Relative compressive
strength for samples exposed to
300 °C, b Relative compressive
strength for samples exposed to
600 °C
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1st and 2nd peaks of the binary and ternary pastes shifted to
left as a result of the addition of NS. Furthermore, the size
of the 2nd peak of the fly ash cement pastes containing NS
increased. Consequently, it was observed that the hydration
of the cementitious system accelerated with the increase of
NS content up to 1.5%. The higher the addition dose, the
higher the hydration rate was within testing period of 72 h,
indicating that NS can support the hydration process of PC.
From cumulative rate of hydration curves, as FA addition
increased, cumulative heat of hydration decreases gradually
due to dilution of PC content. When NS particles were added
to cementitious materials, even in very small dosages, they
both consume Ca(OH); and act as nucleation sites, thus it
can improve the hydration process [51].

4 Conclusions

The following conclusion can be made from the results:
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Workability of mortar increased by increasing replace-

ment of FA with cement. However, the inclusion of
nano-SiO; has reduced the workability of the system due
to their high surface area.

As the amount of FA increased in mixture, setting time
of the system was increased, and as the amount of NS
increased; setting time of the system was decreased. This
was attributed to the NS’s high surface area.

In general, as the amount of FA increases, the water
absorption rate increases slightly, while as the amount of
NS increases, the water absorption rate decreases slightly.
The compressive strength decreased with increment
amount of FA and while the compressive strength
increased with increasing amount of NS. This situation
was clearly observed from the samples cured at 1 d and
3 d. From these results, it was seen that the low early
strength of FA, could be compensated by the using NS.

As the NS content of the cement paste increases, the reac-
tion rate reaches its maximum speed earlier. From the
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Fig.6 Effects of NS on the rate of hydration curves of pastes and cumulative heat of hydration of pastes. a without FA, b containing 15% FA,
¢ containing 30% FA, d containing 45% FA, e containing 60% FA, f containing 75% FA

isothermal calorimetry test results, increment in the used 6. From an economic point of view, it has been noted that
dosage of NS provided peak formation earlier than NS- the cost is much higher to achieve similar compres-
free samples. Addition of NS accelerate rate of hydration sive strength with PC. However, it is thought that in the
in all samples for the first 17 h. After that, it is gener- coming years, with the increase in the demand for nan-
ally seen that not containing NS samples exhibit a higher otechnology, more nanomaterials will be produced and
rate of hydration than NS-containing samples, and then thus the price of nanomaterials will decrease.

all samples are continue at approximately the same rate. 7. Inour world, where sustainability is gaining more impor-

NS supports the duration of hydration. Rate of hydration
decreased as FA ratio increased in all mixtures. In gen-
eral, as the amount of FA used in cement paste increased,
the total heat of hydration decreased.

@ Springer

tance every year, it is expected that the use of PC will be
restricted due to its high carbon footprint, and thus more
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mineral additives will be preferred. The use of nanoparti-
cles can be an effective option to compensate the negative
effects of using mineral additives such as fly ash.
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