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Abstract

Even though a reduction in pollution and CO, emission can be achieved by the utilization of fly ash in
cement-based materials, using a high volume of fly ash results in a reduction at the early age strength
development and also setting time delays. In order to assess hydration mechanism and microstructural
characteristics of high-volume fly ash blended cement mortars, nano-sized calcite was introduced into
the mortars to evaluate the combined effect of fly ash (FA) and nano-sized calcite (NC). For this
Keywords purpose, twelve mixtures in which fly ash to Portland cement ratios and NC (used as minor addition up
Fresh and Hardened  to 5%) percentages were varied as 0.0, 0.25, 0.54, 1.0 and 0.0%, 2.5%, 5%, respectively, were designed.
Properties; Nano-Sized  Consistency, setting times, compressive strength, ultrasonic pulsive velocity and SEM analysis were
Calcite; Fly Ash; SEM  conducted at varied curing ages (which depends on the testing method) in terms of fresh and hardened
properties and micro-structural characteristics. Experimental test results confirmed that fresh and
hardened properties of standard mortars were significantly improved with the combination of both FA
and NC especially at early ages. Even though decrease in early age compressive strength values was
obtained as FA amount was increased, (comparing to control mixture which was 43.2 MPa at 90 days)
higher compressive strength result (45.9 MPa) was obtained at 90-day curing age of mixture including
50% of FA content being utilized by NC of 2.5%.

Nano Boyutlu Kalsit ve Ugucu Kiiliin, Harglarin Hidratasyonu ve
Mikroyapisal Ozellikleri Uzerindeki Kombine Etkileri

Oz

Cimento esasli malzemelerde ugucu kiliin kullanilmasiyla kirlilik ve CO, emisyonunda bir azalma
saglansa da, yuksek hacimde ugucu kil kullaniimasi, erken yas mukavemet gelisiminde bir azalma ile
neticelenmekte ve ayrica priz alma siiresinde gecikmelere neden olur. Yiksek hacimli ugucu kil katkil
¢imento harglarinin hidratasyon mekanizmasi ve mikroyapisal 6zelliklerini degerlendirmek amaciyla,

ugucu kil (UK) ve nano kalsitin (NK) birlesik etkisini incelemek icin harglara nano boyutlu kalsit
. eklenmistir. Bu amagla, ugucu kil/Portland gimentosu orani ve NK ikame orani (% 5'e kadar minor ilave

Taze ve Sertlesmis
. . on o o T L
zellikler: Nano Kalsit; bilesen olarak kullanildi) sirasiyla 0.0, 0.25, 0.54, 1.0 ve %0, %2.5, %5 olarak yer degistirilmis on iki
Ugucu Kill; SEM karisim tasarlanmis. Kivam, priz siireleri, basing dayanimi, ultrasonik ses hizi (UPV) ve SEM analizi test
’ yontemine bagli olarak farklh kir yaslarinda gergeklestiriimistir. Deneysel test sonuglar, standart

Anahtar kelimeler

harglarin taze ve sertlesmis 6zelliklerinin hem UK hem de NK kombinasyonu ile 6zellikle erken yaslarda
onemli Olgtde iyilestigini gdstermistir. UK kullanim orani artisiyla birlikte erken yas basing dayaniminda
azalma gézlemlenmis olmasina ragmen, kontrol karisimina kiyasen (ki 90 gtinliik basing dayanimi 43.2
MPa olarak elde edildi), %50 UK ve %2.5 NK ikame oranl karisgimin 90 gtinlik basing dayanimi daha
yliksek (45.9 MPa olarak) elde edilmistir.
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1. Introduction

Ordinary Portland Cement is one of the most

consumed construction materials whose
production results in high CO, emission, therefore,
it is a CO; intensive process (He et al. 2019). These
are major disadvantages associated with cement
production, such as greenhouse gas emissions and
high energy consumption. Fly ash being widely
employed as a partial-substitute of cement has a
positive effect on the environment which will result
in maintaining landfill area, preserving natural
resources, decreasing CO, emission and energy
saving. Therefore, Fly ash as a by-product could be
further converted to a value-added construction
material by enhancing high volume fly ash-based
greener types of cement (Shwekat and Wu 2018;
Sandanayake et al. 2018; Jamora et al. 2020).
Unfortunately, due to its poor pozzolanic reaction,
delayed hydration process and low early age
strength development are some of the most
important drawbacks of fly ash in the case of
higher volume usages (Zou et al. 2020; Xiao et al.
2017). Therefore, in order to overcome reduced
early age strength development and delay setting
time in the case of higher replacement amount of
cement with fly ash, nano materials are introduced
in high volume fly ash blended cement systems to
induce early age strength and hydration properties

(Liu et al. 2019; Tosti et al. 2020).

Top-down and bottom-up synthesis approaches are
two methods being followed in the production of
nanomaterials. The choice of “top-down” and
“bottom-up” production approaches depends on
the suitability and cost of nano material (Sanchez
and Sobolev 2010). In general, particle size of nano
materials in top-down approach are not uniform
and they are cheaper comparing to bottom-up
approach (Sobolev and Gutiérrez 2015). C-S-H
formation is promoted in the presence of Nano
CaCOs (NCC) particles which accelerate hydration
mechanism due to nucleation/seeding effect
(Wang et al. 2018; Wu et al. 2018; Zaitri et al. 2014,
Supit and Shaikh 2014; Sato and Beaudoin 2011). In
addition, NCC reacts with CsS and produces CSH
gels, CH, and calcium carbosilicate hydrates (Pera

et al. 1999; Kakali et al. 2000). NCC also reacts with
aluminate phase which is known as chemical effect
and hemi carboaluminates and
monocarboaluminates are produced where CH is
depleted by hemicarboaluminates (Bonavetti et al.
2001; Voglis et al. 2005). Since aluminate phase in
the normal Portland cement is limited meaning
that relatively lower, contribution of NCC (in terms
of additional hydration products formed as a result
of this

(Thongsanitgarn et al. 2014; Yesilmen et al. 2015).

chemical effect) is also limited
With the additional higher source of aluminate
phase, namely any supplementary cementitious
material as fly ash, additional hydration products
are formed and more contribution has been
obtained in the presence of combined conditions
(ordinary portland cement+nano CaCOs+aluminate
phase) (De Weerdt et al. 2011; Cao et al. 2019;
Damidot et al. 2011; Arora et al. 2016; Ipavec et al.
2011; 2013). The
contribution of NCC in the presence of high-volume

Vance et al. significant
fly ash cement-based material is known as higher
and remarkable early-age performance properties
(Sato and Beaudoin 2011; De Weerdt et al. 2011).
effect of NCC on
mechanism depends on both particle size and

Chemical the hydration

synergic influence with supplementary
cementitious material, namely alumina content.
Surface energy and physical property (morphology)
are significantly altered as particle size decreases
and thus
reactivity of NCC (Thongsanitgarn et al. 2014,
Vance et al. 2013; Shaikh and Supit 2014; Uysal
2012; Kenai et al. 2004; Bosiljikov 2003;

Lertwattanaruk et al. 2018; Sumanta et al. 2014).

resulted in an enhanced chemical

As previously mentioned, the effect of NCC with
and without high volume fly ash content on
blended cement have been investigated however
these experimental studies are still limited and NCC
produced in the bottom up approach is mainly
used in most of them. NCC or nano calcite
produced in top down approach is still limited.
Also, previously mentioned studies have mainly
focused on compressive strength of the cement-
based materials with or without high volume fly as

content. This experimental study focused on
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hydration properties,

ultrasonic pulsive velocity and microstructural

compressive  strength,
characteristics by SEM. In addition to this, all
mixture proportions are chosen in the limit of EN
197-1 and therefore results in this research is more
affirmative to applications.

This experimental research preliminarily aims to
evaluate efficacy and effectiveness of comparingly
cheaper (comparing to nano CaCOs; produced by
bottom up approach) nano-sized calcite (in the
range of minor addition replacement level up to
5%) and high-volume fly ash (up to 50%) on the
improvement and enhancement of fresh and
standardly produced
cement mortars. Both NC and FA were employed

hardened properties of

as a substitution of cement. Consistency, setting
times, compressive strength, ultrasonic pulsive
velocity and scanning electron microscopy (SEM)
characteristics of standard mortars were measured
and analysed.

2. Materials and Method
2.1 Materials

All standard mortars were produced with Normal
Portland Cement (PC) CEM | 42.5 (which was
produced at the laboratory by grinding the clinker
and 5% gypsum up to enough fineness) satisfying
minimum requirements of EN 197-1, Class-F Fly Ash
(FA), CEN Reference Sand with a maximum grain
size of 2 mm satisfying requirements of EN 196-1
and drinkable water. Nano-sized calcite (NC)
obtained from Nigtas Mikronize in Turkey was also
used. Particle size distributions of cementitious
materials and NC are illustrated in Figure 2.1. Both
chemical compositions and physical properties of
PC, FA and NC are presented in Table 2.1. SEM
images (of PC, FA and NC) and TGA/DTA&XRD
results of NC are given in Figure 2.2 and Figure 2.3,
In TGA/DTA analysis, the typical
expected major peak of CaCO; was observed at
about 800 °C [37,38]. Also, in XRD diagram, the
calcite peaks obtained in the XRD diagram has been

respectively.

observed at smaller peaks and therefore this result
in the diagram supports the literature that the

material is a pure calcite (Yesilmen et al. 2015;
Bentz et al. 2015).

2.2 Mixture Proportions, Method and Specimen
Preparation

As a result of high inter-particle attraction of nano-
sized materials (i.e. Van Der Walls forces), they
tend to show a behaviour of agglomeration. For
this reason, uniformly distribution of mineral
additions (nano-calcite) in the matrix was of
primary importance. In order to reduce this
problem and provide an efficient dispersion in the
matrix, (i) ultrasonication that creates a vibration
effect, (ii) the use of surfactant that provides
chemical repulsion between the particles and also
(iii) mechanical grinding method are the most
used methods. Since

effective and widely

mechanical grinding is more suitable for
application, this method was preferred in the
current experimental study. Therefore, before

casting mortars, preparation of cementing
materials was separated into two steps. In the
former step, clinker was intergrinded with gypsum
(5% of clinker, by weight) up to 25 minutes. In the
latter one, depending on the mixture, CEM |
(previously produced in the former step), Fly Ash
and Nano-calcite were grinded together up to an
additional 10 min. In order to elucidate the
combined effects of FA and NC twelve different
mixtures were tailored in accordance with EN 197-
1 and then all of the mixtures were cast and
tested/analysed with a method meeting
requirement of EN 196-1 (for the compressive
strength), EN 196-3 (for consistency, initial and
final setting) and ASTM C597 (for Ultrasonic pulsive
velocity) standards. In the tailored twelve mixtures
FA/PC ratio and NC replacement levels were
chosen as 0.0, 0.25, 0.54, 1.0 and 0.0%, 2.5% and
5.0%, respectively. Proportions of all mixtures are
in Table 2.2.

abbreviated and is shown by a combination of

given Each mixture has been

letters and numbers. An example of abbreviated
label of mixtures is illustrated in Figure 2.4.

Standard mortars incorporating different amount
of cementitious materials and nano-sized particles
were investigated in terms of consistency, intial
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and final setting times, compressive strength, SEM
analysis and ultrasonic pulsive velocity (UPV)
analysis. Standard consistency and setting times
were determined by Vicat test and performed
according to EN 196-3. Compressive strength test
was conducted in accordance with EN 196-1 by
using a compression machine of 2000 kN capacity.
Standard prisms of 4 cmx4 cmx16 cm in
dimension were produced from the standard
cement mortars. The water-cement ratio was kept
constant as 0.50. The specimens were cured at
standard curing conditions until the testing ages of
1, 3, 7, 28 and 90 days. Five selected mixtures

100

in term of
compressive strength were evaluated by using a
scanning electron microscopy (SEM). No additional
samples were prepared for UPV test. UPV test was
applied to prisms

whose test results were better

produced for compressive
strength just before they were tested under
compressive strength for curing ages of 1, 3, 7, 28

and 90 days.
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Figure 2.1. Particle size distributions of binders

Table 2.1. Chemical composition and physical properties of mortar ingredients

Chemical Composition, % PC FA NC
SiO, 20.41 61.07 0.24
Al>03 5.34 19.99 0.21
Fe203 3.10 8.94 0.04
MgO 3.48 1.48 0.55
CaO 61.36 1.95 56.14
SOs 2.57 0.43 0.06
Na2O 0.37 0.91 -
K20 0.94 2.15 -
Loss on ignition 2.15 2.08 42.76
Physical Properties

Specific gravity, gr/cm® 3.24 2.38 2.69
Blaine, cm?/gr 3092 3560 -
BET surface area, m?/kg - - 7.4
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Figure 2.2. SEM images of PC, FA and NC
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Figure 2.3. TGA/TDA curves and XRD diagram of crystal structure of NC
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Figure 2.4. Representative labelling of the mixtures
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Table 2.2. Mixture proportions of standard mortars

N:X Mix ID Ci’;‘pee”t PC FA/PC Water/Binder Sand */ 'i%nder' cBr':L;; Specg:;fﬁ:?‘”ty'
1 NC_0.0_FA/PC_0.0 CEM | 1 0 0.5 3 0 3092 3.24
2 NC_2.5 FA/PC_0.0 CEM | 1 0 0.5 3 2,5 3821 3,22
3 NC_5.0_FA/PC_0.0 CEM I 1 0 0.5 3 5,0 4283 3,18
4 NC_0.0_FA/PC_0.25 CEMI-A/N 1 0.25 0.5 3 0 3567 3,08
5 NC_2.5 FA/PC_0.25 CEMI-A/V 1 0.25 0.5 3 2,5 3958 3,06
6 NC_5.0 FA/PC_0.25 CEMII-A/V 1 0.25 0.5 3 5,0 4786 3,07
7 NC_0.0_FA/PC_0.54 CEMII-B/V 1 0.54 0.5 3 0 3960 2,95
8 NC_2.5 FA/PC_0.54 CEMII-B/V 1 0.54 0.5 3 2,5 4396 2,92
9 NC_5.0 FA/PC_0.54 CEMII-B/V 1 0.54 0.5 3 5,0 4982 2,91
10 NC_0.0_FA/PC_1.0 CEM IV-B 1 1.0 0.5 3 0 4217 2,88
11 NC_2.5 FA/PC_1.0 CEMIV-B 1 1.0 0.5 3 2,5 4720 2,84
12 NC 5.0 FA/PC_1.0 CEMIV-B 1 1.0 0.5 3 5,0 5069 2,83
3. Results and Discussion mixtures including both NC and fly ash.

3.1 Setting Times

One of the goals of the current experimental
research is to evaluate the hydration mechanism
of blended types of cementitious materials
including varying replacement levels of fly ash
(FA) by using Nano-sized calcite (NC), which is
produced by the top-down method and is much
cheaper than some other nanomaterials such as
Nano CaCOs;, Nano SiO; and Nano Al20s. Average
results found via Vicat Test Method are given in
Figure 3.1. As seen in the Figure, test results
that
expected to increase the water requirement due

showed although nanomaterials are
to their high specific surface area, as the usage
rate of NC increases, the water requirement
needed for standard consistency has decreased
due to the hydrophobic structure of NC (Lu and
Wang 2010; Turgut 2018; Turgut 2019; Demirhan
et al. 2019). Fly ash which is finer than cement
has increased the water demand required for
standard consistency as fly ash replacement level
increased. Combined effects of the nucleation
effect (reaction of NC with C3S) and the chemical
effect (reaction of NC with the aluminate phase in
the binder, namely fly ash and cement) resulted
in more hydration products which promoted
setting times, therefore, relatively shorter initial
and final setting times. In general, the reduction

in setting times was more clearly observed in

Comparing to CEM 1, as the replacement level of
fly ash increased, an increase was observed in
initial and final setting times due to delayed
pozzolanic reactions.
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Figure 3.1. Consistency, Initial and Final Setting Times
3.2 Compressive Strength

Compressive strength values as mechanical
property was obtained for all of the mixtures at
the curing ages of 1, 3, 7, 28 and 90 days in order
to monitor strength development and evolution.
The average results of compressive strength and
strength development are presented in Figure 3.2
and Figure 3.3, respectively. From the Figures, it
was revealed that a pronounced enhancement in
the compressive strength development of the
mortars with/without fly ash was observed at all
of the curing ages especially at the early age due
to the increase in the hydration products formed
in both chemical effect (reaction with the
aluminate phase in binder) and
nucleation/seeding effect (accelerated reaction
with C3S in cement) of Nano-calcite (NC).

It is seen from the Figures that in the first three
mixtures including only normal Portland cement,
a clear strength development was observed
especially at the early ages in the presence of NC
particles and the increment was almost the same
or a slight decrease was observed when the
replacement level of cement with NC was
exceeded 2.5%. In the case of 2.5% replacement
level of NC, 17.4% and 1.41% of strength
development was obtained for the curing ages of
3 and 28 days, respectively while 15.42% and
1.64% development in strength was obtained for
5.0% of NC for the curing ages of 3 and 28 days,
respectively. This shows that 2.5% or may be less
than 2.5% is adequate for the NC since 1%

replacement level of nano CaCOs; is advised by
Supit et al. (2014). Even though NC has no
potential of pozzolanic activity its presence in
cementing environment has an influence on the
hydration kinetics of Cs3S accelerating cement
hydration, promoting C-S-H precipitation,
obtaining less porous and homogeneously refined
microstructure resulting in an early strength
development (Wu et al. 2018; Wu et al. 2016;
Camiletti et al. 2013). Therefore, strength-gain-
accelerating efficacy is attributed to presence of
NC particles acting as a nuclei and seed in order
to promote hydration of cement and to densify
microstructure of matrix at the early ages
(Sanchez and Sobolev 2010; Duval 2002). In the
case of normal Portland cement, the presence of
NC mainly promotes the hydration mechanism
for C5S and also has a little hydration accelerating
effect with aluminate phase of cement resulting
in a slight increase in 90-day strength
development since aluminate phase is limited in
the cement. Though early strength development
of cement-based mortars obtained in the
presence of NC (Vance et al. 2013; Kenai et al.
2004; Bosiljkov 2003; Lertwattanaruk et al. 2018),
high replacement level of NC decreases dosage of
cement and therefore results in lower strength
improvement in the long-term curing ages (Liu et
al. 2012; Ge et al. 2014; Hosan and Shaikh 2020).
Thus, slight decreases observed in the %5 of NC
may be attributed to this mechanism (namely
dilution effect).
depends on the replacement level of NC in the

The dilution effect directly

matrix. In cementitious systems with low alumina
content (such as mixtures including only normal
Portland cement), only a small proportion of NC
is involved in the reactions (except reactions with
CsS). Therefore, the addition of a larger NC
fraction as a supplementary to the cement
reduces the content of cement clinker and hence
hydration products. In addition to this, with the
same water/binder ratio, since NC particles do
not have binder property or pozzolanic reactivity,
replacement with cement increases the free
water to react with the cement particles, known
as dilution effect.
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As seen in the Figures, regardless of curing age,
increase in the fly ash content in the presence of
NC resulted in higher enhancement rates as a
result of the addition of higher aluminate content
introduced to the system with the replacement of
cement by fly ash amplifies chemical effect of NC
which results in more hydration products at both
early and late ages (De Weerdt et al. 2010;
Aashay et al. 2016). Pozzolanic reactivity of fly
ash has been accelerated by NC at both early and
late ages (Meng et al. 2017) and synergy between
NC and FA improves the formation of the
additional hydration products where increment
of cement replacement level resulted in higher
carbonate consumption thus more hydration
products. The synergy with the pozzolanic
material varies depending on the replacement
level of NC use and the ratio of the pozzolanic
material and/or the aluminate phase in the
pozzolanic material. Depending on all these two
parameters, the alumina phase reacts with NC in
order to form the additional hydration products,
namely hemi-carbonate and mono-carbonate
(which is a substance with special framework
with strong hydrogen bonds between oxygen
atoms and interlayer waters in carbonate groups)
(Moon et al. 2012; De Weerdt et al. 2011).

The development of compressive strength in
blended cement mortars including higher volume
of fly ash in the presence of NC and
predominantly as a result of the chemical effect,
a contribution to the strength development has
been obtained. Compressive strength values of
NC_0.0_FA/PC_0.0 and NC_2.5_FA/PC_1.0 at the
curing age of 90-day were 43.2 MPa and 45.9
MPa, respectively. Therefore, these types of
blended cements including higher amount of fly
ash can significantly reduce the carbon footprint
of cement-based materials as they contain lower
volumes of cement and also show higher
compressive strength values (Nath et al. 2018;
Tosti et al. 2018).

Compressive Strength (MPa)

0
£
30
£
715
0
15
m .
a) o
1 Day 3 Day 7 Day F
1.50 253 s
13.40 29.7 373

3 Day

NC_0.0_FAPC_0.0 a

#NC_2.5 FARC_0.0 433

= NC_5.0_FAPC_0.0 1245 92 .1 434
Curing Age (Day)

NC_0.0_FAPC 0.0 =NC_ 25 FAPC 0.0 =NC_5.0 FAPC_0.0

U Compressive Strength (MPa)
P! '8t

s w 2R B R 8 8

P-

NC_0.0_FAPC_0.25 7.1 192 283 432

=NC_25 FA/PC_0.25 15 256 356 461

=NC_5.0_FA/PC_0.25 109 263 342 462
Curing Age (Day)

NC_0.0_FA/PC_0.25 =NC_25FAPC_0.25 =NC_50 FAPC_0.25

45
40
A
30
10
c) .
1Day 3 Day 7 D: '8 Day
51 14. 1. ns
73

NC_0.0_FA/PC_0.54
=NC_2.5 FAPC_0.54 190
=NC_5.0_FAPC_0.54 82 215

th (MPa)

ay 2
n1 7.
6.5 438
7 46.1
Caring Age (Day)

NC_0.0_ FAPC 054 =NC_ 2.5 FAPC 0.5 =NC_5.0_FAPC 0.54

& 35
£
)
B o
m .
d) -
-
1 Day 3Day Day 28 Day
3.0 922 0.7
5.1 13. 0.2 76

Compressive Strength (MPa)

NC_0.0_FARC_LO 11
ANC_15 FAPC_L0
aNC_5.0 FAPC_L a0 134 188 357

Curing Age (Day)

NC_0.0 FAPC_ L0 =NC_2.5 FAPC_1L0  ®=NC_5.0 FAPC_LO

9 Day
4

46.0
448

90 Day
416
523
526
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Figure 3.3. Strength Development (%) values of 1, 3,
7, 28 and 90-day Mortars

N "H .

3.3 SEM Analysis

In order to elucidate the influence of NC particles
on the hydration mechanism for curing age of
180 days on cement-based mortars with/without
fly ash, scanning electron microscope (SEM)
analysis has been conducted. For this purpose,
mortar specimens including only normal Portland
cement without NC and also specimens with only
a 2.5% of NC, regardless of fly ash content, were
subjected to SEM analysis.

As seen in the Figure 3.4, more ettringite
formation was monitored in NC_2.5_FA/PC_0.0
(where a 25% of NC used) than
NC_0.0_FA/PC_0.0 (only Normal Portland
Cement). It is known that ettringite has been
formed as a result of the reactions conducted
between gypsum (source of calcium sulphate)
and aluminate phases of cement, namely CsA and
C,AF. On the depletion of gypsum, the rest of
aluminate phase (CsA and C4AF) is reacted with
the ettringite and thus monosulphate or hydroxy-
AFm solid solution forms. In the presence of NC
(as a source of CaCOs), NC is reacted with
aluminate phase of cement and/or pozzolanic
materials in order to generate mono- or hemi-
carboaluminates and consequently prevent the
decomposition of ettringite formation. Therefore,
in the presence of NC, the formed ettringite (AFt)
is indirectly stabilized not to be transformed to
monosulfate (AFm) (De Weerdt et al. 2011) and
the ettringite has remained in the cement-based
matrix. In term of ettringite
formation/decomposition, the results of SEM (in
Figure 3.4) are in line with the literature as
mentioned.

In addition, SEM images in Figure 3.5 showed that
there were unreacted/agglomerated NC particles
and calcium hydroxide (CH) in the mixtures of
NC 2.5 FA/PC_1.0 (Figure 3.5-a) where the
highest volume of fly ash was used and of
NC_0.0_FA/PC_0.0 (Figure 3.5-b), respectively.
These unreacted NC particles may be an evidence
that (i) 2.5% is still too high for replacement level
of NC (this finding was also confirmed by the
results of compressive strength results where
2.5% of NC is adequate for current mixture
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proportions and there was no or a slight increase
when the replacement level of cement with NC
was exceeded 2.5%.) since some researchers
(Yang et al. 2018) has also found that a 1-2 % of
NC is adequate or (ii) may be attributed to
nonuniform dispersion due to agglomeration of
NC particles being exposed to high Wan der Wall
forces. In addition to these, in the SEM images of
mortars after 180 days, it is seen that there was
also unhydrated fly ash particles (Figure 3.5-c)
deposited in the cement-based matrix. Even
though both unreacted NC and fly ash particles
exists in the matrix they are still behaves as a
filler to heal/enhance cement microstructure
being led to a more densified and compacted
morphology. Weerdt et al. (2011) has found that
NC affects both calcium hydroxide and
carboaluminate content where calcium hydroxide
(CH) as a hydration product has been consumed
by the formation of calcium hemicarboaluminate

hydrate (Hc) which is a hydration product of
reaction conducted between aluminate phase
and NC. In addition, they were also noted that
after 7 days and longer a larger peak for Hc is
observed, which gradually decreased later on as
monocarbonate (Mc) has been formed instead
(Ipavec et al. 2011). These findings are in line
with the result of the current experimental study
in which fly ash as a supplementary cementitious
material could not be able to consume CH since
CH has been consumed by calcium
hemicarboaluminate hydrate after 7 days and
longer (De Weerdt et al. 2011) and thus resulting
in unhydrated fly ash particles. In addition to this,
it was also found in the SEM image of Figure 3.5-
d that only the additional hydration product of
Mc has been identified after 180 days and no
calcium hemicarboaluminate hydrate has been
detected which proves the results mentioned
previously.

10pm
- Mag= 5.00 KX EHT =20.00kV SignalA=SE1 WD= 10mm

10pm

Mag= 5.00KX EHT =20.00kV SignalA=SE1 WD= 10mm

a) NC_0.0_FA/PC_0.0

b) NC_2.5_FA/PC_0.0

Figure 3.4. Ettringite formation a) without NC and b) with NC

3.4 Ultrasonic Pulsive Velocity (UPV)

Ultrasonic pulsive velocity (UPV) which is a non-
destructive testing method is used in order to
evaluate  microstructural  characteristics  of
cement-based materials, such as compactness,
quality, homogeneity, uniformity, density,
internal cracks and also porosity (Sumesh et al.
2017; Karagol et al. 2013). UPV test results for
curing ages of 1-, 3-, 7-, 28- and 90-Day are
represented in Figure 3.6. As seen in the Figure
3.6-a3, b and ¢, it is easily seen that using higher
volume of FA as a partial replacement to cement

decreases the UPV values of mixtures. This is
attributed to lower pozzolanic reaction of FA at
the early age (Mohammed et al. 2018) which
leads to decrease in density of microstructure,
thus resulting in more discontinuities, less
improvement in strength and consequently lower
UPV values (Rao et al. 2016). It was also revealed
that regardless of FA and NC replacement levels,
the difference between UPV values at early ages
are very high while this difference decreased in
the later curing ages. Higher UPV values obtained
(where the higher transmission speed of wave
means more compactness and therefore higher
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compressive strength) at the later ages as a result
of increased hydration reactions and products
(Demirhan et al. 2019). This might be because of
the decrease in the pore structure being filled by
NC particles and also due to the formation of C-S-
H gels and the additional hydration products as a
result of pozzolanic reactions and seeding and/or
chemical effects (Zareei et al. 2019). In the
mixtures without FA (Figure 3.6-d), a decrease in

Unreacted and
< sAgglomerated
of NC Particles

* "Unhydrated
. _ Fly Ash

o
/ Particles
B S ;

a3

Mag= 1.00 KX EHT=2000kv SignalA=SE1 WD= 11mm

microstructural density was found as a result of
dilution effect as NC replacement level increased.
Thus, a slight decrease in UPV values was
observed. In addition, there was a slight decrease
in UPV values with the increase in NC
replacement level (Figure 3.6.-d) and thus better
UPV results were observed in mixtures including
a 2.5% of NC.

Unreacted

CH \ )
Particles

2pm -
" Mag= 1000 KX EHT=2000kV SignalA=SE! WD= 11mm

Mag= 1000KX EHT=2000kv SignalA=SE1 WD= 10mm

c)

d)

Figure 3.5. SEM images of a) unreacted and/or agglomerated NC particles, b) unreacted CH particles, c) unreacted Fly

Ash particles and d) Mc products detected in mixtures including both of NC and Fly Ash

In all mixtures given in the Figure 3.6. d-g,
especially at the 3-day curing age, an increase in
hydration products was observed as a result of
combined effects of the nucleation effect
(promoted reactions of CsS in the presence of NC)
and the chemical effect (reactions occurring
between total aluminate phases and NC).
Therefore, due to the increase in microstructural
density, an increase in UPV value was obtained.
In addition to this, it is also seen that (Figure 3.6.
e-g) as the FA replacement level increased due to
including higher aluminate phase (comparing to
ordinary normal Portland cement) (See Table 1),

the UPV values increased as a result of both
nucleation and chemical effects. The highest
contribution to the microstructure was observed
in mixtures coded as FA/PC=0.25 while a slight
decrease was also obtained with the increase in
FA replacement level. Even though decrease in
early age UPV values was obtained as FA amount
was increased, (comparing to 0.0 coded mixtures
of without FA) almost the same UPV results were
obtained at later curing ages of mixtures
including the highest FA content (50% of FA)
(Figure 3.6. e-g).
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Combined effect of nucleation and chemical

effects resulted in almost the same
microstructural property in NC_2.5 FA/PC_1.0
(50%  Cement+50% FA) comparing to
NC_0.0_FA/PC_0.0 (100% Cement).

Microstructural quality of cement-based material
could be classified as excellent, good, doubtful,
poor and very poor for UPV values more than 4.5
km/sec., 3.5-4.5 km/sec., 3.0-3.5 km/sec., 2.0-3.0
km/sec. and less than 2.0 km/sec., respectively
(Belaribi et al. 2016). Regardless of the FA

1-Day 3-Day 7-Day 28-Day 90-Day

3.39 3.94 4.10 4.19 4.30

3.02 3.80 3.98 4.13 4.29

2.83 3.67 3.84 4.08 4.24

2.66 3.40 3.70 4.02 4.20
Curing Age (Day)

4.50
4.00
3.50
3.00

NC_0.0

(a) 2.50
2.00
1.50

1.00

UPV (km/sec.)

0.50
0.00

uNC_0.0_FA/PC_0.0

uNC_0.0_FA/PC_0.25

= NC_0.0_FA/PC_0.54
NC_0.0_FA/PC_1.0

#NC_0.0_FA/PC 0.0 =NC_0.0_FA/PC_0.25 =NC_0.0_ FA/PC_054 ~NC_0.0_FA/PC_1.0

1-Day 3-Day
3.43 4.09
3.30 4.06
3.16 3.83
2.88 3.64

NC_5.0
(c)

UPV (km/sec.)

0.50
0.00

5 NC_5.0_FA/PC_0.0
NC_5.0_FA/PC_025
NC_5.0_FA/PC_0.54
NC_5.0_FA/PC_1.0

uNC_5.0_ FA/PC_0.0

1-Day 3Day 7-Day 28-Day
3.39 3.94 4.10 4.19
3.49 413 420 426
3.43 4.00 411 420
Curing Age (Day)

NC_5.0_FA/PC_0.25

FA/PC_0.0
(d)

UPV (kmy/sec.)

0.00
90-Day

4.30
4.37
4.31

#NC_0.0_FA/PC_0.0
= NC_2.5 FA/PC_0.0
NC_5.0_FA/PC_0.0

=NC_0.0 FA/PC_ 00 =NC_2.5 FA/PC 0.0 =NC_5.0_FA/PC_0.0

utilization rate, the UPV value of all mixtures was
observed over 4 km/sec. at the curing age of 28-
day in the presence of NC. Malhotra (1976)
suggested that cement-based material has a good
durability when its UPV value is in the interval of
3.66—4.58 km/sec. In the current experimental
research, since the UPV values were higher than
4 km/sec. all mixtures could be classified as a
durable mortar (Mohseni et al. 2015), namely,
they could be considered as “good”.

1-Day 3.Day 7-Day 28 -Day 90-Day

3.49 4.13 4.22 4.26 4.37

3.18 3.97 417 4.22 437

3.01 375 3.05 4.21 431

2.78 3.61 3.86 4.22 4.28
Curing Age (Day)

NC_ 25
(b)

UPV (km/sec.)

=NC_2.5_FA/PC_0.0

=NC_2.5 FA/PC_0.25
NC_2.5_FA/PC_0.54
NC_2.5_FA/PC_1.0

uNC_2.5 FA/PC_0.0 wNC_2.5 FA/PC_0.25 NC_2.5_FA/PC_1.0

NC_2.5 FA/PC_0.54

7-Day 28-Day 90-Day

4.11 420 431

40 427 4.45

4.01 431 434

3.85 420 431
Curing Age (Day)

NC_5.0_FA/PC_054 NC_5.0_FA/PC_1.0

450
4.00
3.50
FA/PC_0.25 30
(e) 7 2.50
& 200
<
= 150
~
= Lo
0.50
0.00
1-Day 3-Day 7-Day 28-Day 90-Day
=NC_0.0_FA/PC_025 3.02 3.80 3.98 410 4.29
uNC_2.5 FA/PC_025 318 3.97 4.17 422 4.41
NC_5.0_FA/PC_0.25 330 4.06 422 427 4.45
Curing Age (Day)

ENC_0.0_FA/PC 025 uNC_2.5 FA/PC 025 1 NC_5.0_FA/PC_0.25
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4.50

4.00

3.50
FA/PC_0.54 300
()] . 2.50

2.00

S 150

1.00

0.50

0.00

UPV (kmy/sec.)

1-Day 3-Day 7-Day 28 Day 90-Day

5 NC_0.0_FA/PC_0.54 2.83 3.67 3.84 4.08 4.24
NC_2.5 FA/PC_0.54 3.01 3.75 3.95 421 4.31
NC_5.0_FA/PC_0.54 3.16 3.83 4.01 431 434

Curing Age (Day)

uNC_0.0 FA/PC_0.54 NC_2.5 FA/PC_0.54 NC_5.0_FA/PC_0.54

UPV (km/sec.)

3.50
FA/PC_1.0 300
(9) 250
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0.00 -] v . v ] v )] v

uNC_0.0_FA/PC_1.0 2.66 3.40 3.70 4.02 4.22

NC_2.5 FA/PC_1.0 2.78 3.61 3.86 4.22 4.32
NC_5.0_ FA/PC_1.0 2.88 3.64 3.85 4.20 4.31

Curing Age (Day)

=NC_0.0 FA/PC_ 10 =NC_2.5 FA/PC_1.0  =NC_5.0_FA/PC_1.0

Figure 3.6. 1-, 3, 7-, 28- and 90-Day UPV results

4. Conclusion

Influence of nano-sized calcite produced by top-
down approach and high-volume fly ash (up to
50%) on the fresh and hardened properties of
standardly produced cement mortars and also
microstructural characteristics were investigated
in this research. Based on the findings and
discussions  given before, the following
conclusions can be drawn:

v Different mechanisms [nucleation (seeding)
effect, dilution effect and chemical effect]
were observed in the presence of nano-sized
calcite with and/or without fly ash.

v Even though surface area to volume ratio is
very high in nano-sized materials which
results in higher water requirement, increase
in NC replacement level resulted in lower
degree of wetness since NC shows a
hydrophobic property. In addition, the higher
volume of fly ash the higher standard
consistency value.

v' Regardless of fly ash content, as a result of
both seeding and chemical effects, hydration
was promoted and thus shorter setting times
were observed. Higher volume of fly ash lead
to more delayed setting times because of
slow pozzolanic reactivity. Moreover,
reduction in setting times was clearer in the
mixtures where NC and FA used together.

v" Increase in fly ash content showed a lower
strength development due to delayed
pozzolanic reactivity. Regardless of fly ash,
enhancement was monitored at both early

and later curing ages of mixtures and this
strength-gain-accelerating  efficacy = was
attributed to presence of NC particles which
was acted as a nuclei in order to promote
hydration of cement and to densify
microstructure of matrix at the early ages

For the mixtures including only normal
Portland cement increase in NC amount
showed a dilution effect, namely, the same or
a slight decrease in compressive strength.
Compressive strength values of
NC_0.0_FA/PC_0.0 (including 100% cement)
and NC_2.5 FA/PC_1.0 (including 50%
cement) at curing age of 90 days were 43.2
MPa and 45.9 MPa, respectively, where a
significant reduction in the carbon footprint
of cement is obtained.

In general, a 2.5% replacement level of NC
showed better results in terms of
contribution and economy.

Tailored blended cements composed of
higher fly ash content (up to 50%
replacement level) can significantly reduce
the carbon footprint of cement-based
materials.

In SEM images, more ettringite formation
was observed in the mixtures including NC
and ettringite was indirectly stabilized not to
be transformed to monosulfate since the
aluminate phase has been consumed by NC.
Since CH has been consumed by calcium
hemicarboaluminate hydrate (Hc)
unhydrated fly ash particles (which were not
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able to take place in pozzolanic reaction)
were detected in some mixtures.

v' UPV values were decreased in higher fly ash
contents while UPV values were increased
with the increase in the curing age.

v" UPV results of NC_0.0_FA/PC_0.0 (including
100% cement) and NC_2.5 FA/PC 1.0
(including 50% cement) had almost the same
value in common.
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