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Abstract

The aim of this study is the investigation of microstructural
effects on cement mortars (CMs) of four different parameters
as cement dosage, water/cement ratio, pozzolanic material
and curing effect. To achieve the purpose of this study,
SEM/EDX, XRD, FTIR and TGA/DTA analysis were
performed. A total of 18 mixtures were produced and
exposed to water curing (WC) and air curing (AC). In the
design of these mixtures, three different cement dosages as
360, 400 and 450 kg/m® and three different water/cement
ratios as 0.40, 0.45 and 0.50 were used. Silica fume (SF) was
preferred to observe the effect on microstructural properties
clearly of pozzolanic material. In addition, super plasticizer
(SP) was utilized in all mixtures and kept constant as 12
kg/m3. The compressive strength, flexural strength and
ultrasonic pulse velocity (UPV) of these mixtures were
determined at 28 and 90 days. Eight mixtures were chosen to
observe the effect of four different parameters in a
microstructural sense. XRD, SEM/EDX, FTIR and
TGA/DTA analyses were applied to these mixtures. It can be
said that microstructural analyses supported the findings
obtained from mechanical tests.

Keywords: Microstructural properties, XRD, TGA/DTA,
FTIR, Cement mortars

1 Introduction

Some of the factors affecting the strength gain of
cementitious composites are cement dosages, water/cement
(w/c) ratio and curing. Moreover, the addition of a
pozzolanic material to cement matrix directly affects the
strength, depending on the amount of active silicon dioxide
(Si0Oy) in its content. In the last two decades, a great deal of
research has been done on the effect of cement dosage [1,2],
w/c ratio [3,4], curing method [5,6] and pozzolanic materials
[7,8] on the strength development of cementitious
composites. According to these researches, while the
increase in cement dosage increased the basic mechanical
properties, the increase in wi/c ratio affected negatively [1-4].
Nevertheless, strength development of concretes subjected to
water curing (WC) was much higher compared to air curing
(AC) [5,6].

Cementitious composites incorporating several types of
concretes and mortars are the most common construction and
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Bu caligmanin amaci, ¢imento dozaji, su/¢imento orani,
puzolanik malzeme ve kiir etkisi olmak tizere dort farkl
parametrenin ¢imento harglar1 (CH) tizerindeki mikroyapisal
etkilerinin arastirilmasidir. Bu amaca ulagsmak igin
SEM/EDX, XRD, FTIR ve TGA/DTA analizleri yapilmustir.
Toplam 18 karigim iiretilmis ve bu karigimlar su kiirii (SK)
ve hava kiirtine (HK) maruz birakilmistir. Bu karigimlarin
tasariminda 360, 400 ve 450 kg/m® olmak iizere ii¢ farkli
¢imento dozaj1 ve 0,40, 0,45 ve 0,50 olmak tizere ii¢ farkli
su/¢imento orani kullanilmistir. Puzolanik malzemenin
mikroyapisal 0Ozellikler {izerindeki etkisini net olarak
gozlemlemek igin silis dumani (SF) tercih edilmistir. Ayrica,
tiim karisimlarda siiper akigkanlastiric1 (SA) kullanilmis ve
12 kg/m® olarak sabit tutulmustur. Bu karisimlarin basing
dayanimi, egilme dayanimi ve ultrasonik titregim hizi (UTH)
degerleri 28 ve 90 giinde belirlenmistir. Mikroyapisal
anlamda dort farkli parametrenin etkisini gézlemlemek i¢in
sekiz karigim se¢ilmistir. Bu karisgimlara XRD, SEM/EDX,
FTIR ve TGA/DTA analizleri uygulanmistir. Mikroyapisal
analizlerin, mekanik testlerden elde edilen bulgular
destekledigi s6ylenebilir.

Anahtar kelimeler: Mikroyapisal
TGA/DTA, FTIR, Cimento harglar

ozellikler, XRD,

building materials used since the manufacture of cement.
The main reason for using cement in these composites is that
it reacts with water and provides strength since it has a
hydraulic binding feature. increment in the strength can be
explained with the Calcium-Silica-Hydrate (C-S-H, C3S;H3)
gels formed by the hydration of dicalcium silicate (C2S) and
tricalcium silicate (CsS), which are the basic components of
cement to provide C-S-H gels. The reaction of C,S and C3S
are shown in Equation 1 and Equation 2, respectively as
follows [9-14].

2C;S+4H—> C3S;Hz+ CH (1)
2C3S+6H—> C3S;H3 + 3CH 2)
In addition to the reactions mentioned above, there may

be different reactions where C-S-H gels are formed
depending on the content of the cementitious composites
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[10]. For example, if a pozzolanic material is present in the
cementitious mixture, a reaction occurs between active silica
and calcium hydroxide (CH) [10]. This reaction, in which C-
S-H gels are obtained, is stated below as Equation 3 [10].

CH+S+H—> C-S-H A3)

These complicated reactions occurring in cementitious
composites directly affect the strength gain of the composites
[14,15]. Therefore, knowing the mineralogical properties of
the mixture and microstructural characteristics of the
obtained composite can clearly reveal the effects of these
reactions on strength development [14,15].

When the researches are examined in terms of the
pozzolanic material, usually, the mechanical strength
developed with the increment of the pozzolanic material
amount in the cementitious composites [7,8]. Particularly,
the positive effect of pozzolanic materials with high SiO,
content, such as silica fume (SF), on the flexural strength and
compressive strength was clearly seen [16-18]. SF is an
amorphous (non-crystalline) and non-hazardous by-product
material form silicon and Ferro-silicon alloy industry having
ultra-fine particle size and large surface area which is
suitable for concrete mix [16,19,20]. SF reacts with calcium
hydroxide in the concrete mix to form stable calcium hydro
silicates. According to research carried out by the authors of
[21,22], silica fume does not affect C-S-H densities but does
influence the chemical composition of the phase. At the same
time, C-S-H phase thickening is observed with time. Fine
particles of silica (nanosilica) significantly affect the
acceleration of the hydration processes of clinker phases, as
well as the amount of hydrated phases formed, especially
during the first seven days of hydration [21,23]. Therefore,
as seen in Equation 1 and 2, the amount of CH emerging as
a by-product has also attracted the attention of the
researchers owing to the contribution to the formation of C-
S-H gel as given in Equation 3 [9-14]. Previous studies
revealed that at 10-15% partial replacement of cement with
SF can result in an increasing strength of concrete [18,24-
26]. Benli [16,27] investigated the performance of
mechanical properties of self-compacting mortars mixes
with SF and fly ash and observed that 15% (5% fly ash and
10% SF) replacement of cement produced best compressive
and flexural strengths. [16]. In other research, Duval and
Kadri [28] indicated that partial replacement of SF up to 10%
does not reduce the workability and also up to 20 percent SF
content the maximum strength is obtained. Singh et al. [29]
observed that when 5% and 10% of cement are replaced with
SF, the maximum compressive strength is obtained by
replacing 10% of SF. According to the literature studies, it
can be clearly stated that SF increases the mechanical
performance of concrete. However, investigating the effects
of SF on the increase in strength in two different curing
effects may be a privilege of this study.

In literature studies, important analysis techniques such
as XRD, FTIR and TGA/DTA have been used to
characterize the C-S-H and CH content and to investigate the
potential and actual CaCOs (C) binding for the different
mixtures of cementitious composites [30]. In addition,

SEM/EDX is applied to determine the variations in
microstructures. For example, Weerdt et al. [31] indicated
that the Ca/Si ratio of ordinary Portland cement
incorporating fly ash as pozzolanic material decreased
compared to ordinary Portland cement while Al/Si ratio
increased. Similarly, other literature studies showed that
cement-based materials included the higher Al/Si and lower
Ca/Si ratios in the presence of pozzolanic material after
longer reaction times [31-36]. Moreover, at the end of XRD
analysis performed by Awoyera et al. [37] were determined
CH formed as result of hydration reaction between cement
and water in cementitious materials can be provide for early
strength gain in the cement paste, largely because of fast self-
hydration of the cement. They reported that the reduction of
the CH peaks in the cement matrix after 28 days can be
explained with the pozzolanic reactions performed after the
initial hydration reactions, in the presence of the pozzolanic
material. Akca and Ozyurt [38] used XRD analysis to
determine the quantities of C-S-H, CH and C in concrete
under different curing conditions. Moreover, in the same
research, variations of CH and C content were determined
with TGA/DTA analysis. Researchers observed that the
effects of AC and WC conditions for CH and C contents
changed in samples taken from the center and surface of the
samples [38]. Du and Tan [39] indicated that CH consistently
reduced in the cement matrix with increased pozzolanic
material. Wang et al. [40] reported that mechanical and
durability properties of the concrete incorporating SF
developed and this development can be explained with the
pozzolanic reactivity of SF, which is verified by FTIR at
3640 cm! revealed that chemical reactions between SF and
CH. According to this information obtained from the
literature, it was determined that the C-S-H and CH changes
in cementitious composites with the addition of pozzolanic
material were determined or the curing effects on CH and C
were investigated. However, when different cement dosage
and different water/binder ratio was used, the lack of
scientific studies in the literature on how the CH and C
contents change has been identified. In addition, it is
considered that pozzolanic material behavior under different
curing effect needs to be investigated with XRD, SEM/EDX,
FTIR and TGA/DTA analysis. Therefore, it is very important
to evaluate these parameters mineralogical by XRD analysis
and to reveal their microstructural properties with SEM-
EDX, FTIR and TGA/DTA analysis and to examine them in
terms of hydration reactions.

Although the effects of the above-mentioned parameters
on the basic mechanical tests such as flexural strength and
compressive strength of cementitious composites were
investigated in previous studies, there is no study evaluating
the results in terms of microstructural and mineralogical
characteristics. For this purpose, the mineralogical and
microstructural properties of CMs, whose compressive and
flexural strengths were investigated with four different
parameters (cement dosages, wi/c ratio, curing and
pozzolanic material), were determined on selected eight
mixtures.
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2 Experimental Study

2.1 Materials

Atotal of 18 CMs developed in this study were composed
of CEM | 425R type (ASTM Type | cement) ordinary
Portland cement. The one of aims in this study was to
determine how the pozzolanic material will exhibit its effect
on strength development in two different curing effects.
Therefore, it was thought that a single usage rate would be
decisive in determining this difference. According to
literature studies, it was determined that SF had a significant
effect on strength development at 10% usage rate.
Consequently, in the 9 CM mixture, SF was used as a
pozzolanic material at a rate of 10%. The SEM images and
physical and chemical properties of cement and SF are
presented in Figure 1 and Table 1, respectively. As seen in
Table 1, silica content of SF was determined as 68.64%. As
it is known, silica content of SF is generally 90% and above.
Therefore, the XRD analyses of both the SF used in this
study and the SF with 91.85% silica content are given in
Figure 2 together with the XRD analysis of the cement.
According to the XRD results, it was determined that the SF
used in this study had similar XRD patterns to SF
incorporating 91.85% silica. Thus, it has been proven that the
material used in this study is SF. However, the peak
differences at 19, 28, 32 and 36 [°260] of the SF used in this
study can be considered as a result of the fact that it contains
less silica and more MgO, Na;O and KO than that of the
other SF. In addition, particle size distribution curves of
materials used in the production of CMs are presented in
Figure 3. Natural sand (0—4 mm) and crushed sand (0—2 mm)
were used in the CMs. Specific gravities of these materials
are 2.67 and 2.63, respectively. The natural sand from river
was utilized to enhance the workability of HPM because of
natural process of attrition tends to possess better shape and
smoother surface texture. It also carries moisture that is
trapped in between the particles. Crushed sand with angular,
rough surface structure and low grain size (0-2 mm) was
used to meet the strength requirement of CM. CMs contained
100% natural aggregates including 70% natural sand and
30% crushed sand by the total aggregate volume. For each
volume concentration, a grading curve was generated to be
used in the final mortar mixture regarding the regions
recommended by TS 706 [41]. Liquid polycarboxylic ether-
based super plasticizer (SP) with specific gravity of 1.07 and
solid content of 40% was utilized to increase workability.

(b)
Figure 1. SEM images of (a) cement and (b) SF

Table 1. The chemical and physical properties of cement and
SF

Chemical Analysis (%) Cement SF
CaO 65.73 1.16
SiO, 18.24 68.64
Al,05 457 1.59
Fe;0; 2.89 1.54
MgO 1.87 9.63
K0 0.79 311
Na,O 0.25 4.00
P.Os 0.08 0.10
Mn304 0.07 0.15
TiO, 0.28

Physical Properties Cement SF
Loss of Ignition 2.50 4.50
Specific Gravity 3.15 2.42
BET Analysis (m%/kg) 431.29 2983.70
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Figure 2. XRD analyses of cement and SF
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Figure 3. SEM images of (a) cement and SF and (b)
natural sand and crushed sand
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2.2 Production procedure and mixing proportions of CMs

A total of 18 CMs were produced and these mixtures
were exposed to WC and AC. In the design of CM mixtures,
three different cement dosages as 360, 400 and 450 kg/m?®
and three different w/c ratios as 0.40, 0.45 and 0.50 were
determined. In addition, SF was preferred to investigate
clearly the effects on microstructural properties of CMs of
pozzolanic material. SP was utilized in all mixtures as 12
kg/m®. Mixing proportions of CMs are given in Table 2.
Codes of CMs were denoted depending on binder amount,
water/binder ratio and SF content, respectively, For example;
CM-360-0.4-10 mixture designed with 360 kg/m® cement
and SF, 0.4 water/binder ratio and 10% SF (10% of binder
content). CM mixtures were produced according to ASTM
C305 [42].

2.3 Test procedures

2.3.1 Fresh and mechanical tests

The fresh properties of CMs were determined with slump
flow diameter test according to ASTM C1437 [43]. Firstly,
CMs were tamped 20 times after fill to half and all of the
mold. Then, the surface of the CMs was levelled with a
trowel. Finally, the table dropped 25 times in the 15 second,
and the slump flow diameters of CMs were determined.

The mechanical behaviours of CMs were determined
with flexural strength, compressive strength and ultrasonic
pulse velocity (UPV) tests. Compressive strengths and
flexural strengths of CMs were determined with respect to
ASTM C349 [44] and ASTM C348 [45] at 28 and 90 days,
respectively. The flexural strength tests of CMs were
performed with three specimens in dimensions of 40x40x160

Table 2 Mixing proportions of CMs (kg/m?%)

mm?3. Compressive strength tests of CMs were carried out on
six specimens using prism pieces broken in flexural strength
tests. The flat surfaces of the broken samples were placed in
a special apparatus. Inside the special apparatus, there were
two square pieces, one at the bottom and the other at the top
of the apparatus, with a side length of 40 mm. The samples
were placed between the parts inside this apparatus. Thus,
sample was made to break into a cube with a length of 40
mm of one side. UPV test, performed on three specimens in
the dimensions of 40x40x160 mm?® was done accordance
with ASTM C597 [46] at 28 and 90 days. UPV values along
with flexural strengths and compressive strengths of CMs
were determined with the average of test results.

2.3.2 SEM/EDX, XRD, TGA/DTA and FTIR analyses

To observe the effect of the design parameters on the
microstructural analysis of CMs, the eight mixtures were
determined. The morphological, mineralogical and
microstructural performance characteristics of the CM-360-
0.40-0-WC, CM-400-0.40-0-WC, CM-450-0.40-0-WC,
CM-400-0.45-0-WC, CM-400-0.50-0-WC, CM-400-0.40-
10-WC, CM-400-0.40-0-AC and CM-400-0.40-10-AC
mixtures were determined with the aid of SEM/EDX, XRD,
TGA/DTA and FTIR analyses. Morphological properties
expressed shape and structure were investigated with SEM
analysis. Since mineralogical properties indicate the
compounds forming the structure, mineralogical properties
of CMs were determined by EDX, XRD, TGA/DTA and
FTIR analyses. Microstructural properties, on the other hand,
include all these analyses since they express all the factors in
the microstructure.

Mix ID mtj; Em‘lenrt Cement SF Water N:at;’c'ja' Crs‘ﬂ;ed SP
CM-360-0.40-0 0.40 360 360 - 144 1367.6 5773 12
CM-360-0.40-10 0.40 360 324 36 144 1361.1 5746 12
CM-400-0.40-0 0.40 400 400 . 160 1313.9 5547 12
CM-400-0.40-10 0.40 400 360 40 160 1306.7 5516 12
CM-450-0.40-0 0.40 450 450 - 180 12469 526.4 12
CM-450-0.40-10 0.40 450 405 45 180 12388 5230 12
CM-360-0.45-0 0.45 360 360 . 162 13339 563.1 12
CM-360-0.45-10 0.45 360 324 36 162 13275 560.4 12
CM-400-0.45-0 0.45 400 400 . 180 1276.6 5389 12
CM-400-0.45-10 0.45 400 360 40 180 1269.4 535.9 12
CM-450-0.45-0 0.45 450 450 - 202.5 12048 508.6 12
CM-450-0.45-10 0.45 450 405 45 202.5 11967 505.2 12
CM-360-0.50-0 0.50 360 360 . 180 13003 5489 12
CM-360-0.50-10 0.50 360 324 36 180 12938 546.2 12
CM-400-0.50-0 0.50 400 400 . 200 1239.2 523.1 12
CM-400-0.50-10 0.50 400 360 40 200 12320 520.1 12
CM-450-0.50-0 0.50 450 450 - 225 11628 4909 12
CM-450-0.50-10 0.50 450 405 45 225 11547 4875 12
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CM-360-0.40-0-WC, CM-400-0.40-0-WC and CM-450-
0.40-0-WC mixtures have been selected to determine the
differences between different cement dosages. CM-400-
0.40-0-WC, CM-400-0.45-0-WC and CM-400-0.50-0-WC
mixtures have been used to observe the different w/b effect.
CM-400-0.40-0-WC, CM-400-0.40-10-WC, CM-400-0.40-
0-AC and CM-400-0.40-10-AC mixtures have been analysed
to determine the effect of pozzolanic material under different
curing conditions. In addition, CM-400-0.40-0-WC with
CM-400-0.40-0-AC mixtures and CM-400-0.40-10-WC
with CM-400-0.40-10-AC have been compared to observe
the effects of WC and AC. While SEM analysis was
performed, EDX was determined at area determined on the
SEM analysis. The XRD scanning process was applied at
steps of 0.013° and in the range of 10 to 70°. TGA analysis
was performed in the range of 25 °C-1000 °C. 15 mg
powered samples for TGA analysis was heated at nitrogen
atmosphere with scanning rate of 10 °C/min. Typical FTIR
frequency unit analysis was wave numbers (cm™). Analysis
of the individual spectra in FTIR was determined with a
chemical reaction in the specimen. The temperature and
relative humidity in the FTIR analysis were 20 °C and 60%,
respectively.

3 Results and discussions

3.1 Slump flow diameter

The results of slump flow diameters of a total of 18 CMs
were presented in Figure 4. As seen in Figure 4, workability
of CMs increased as a result of decreased aggregate amount
due to increasing cement dosage at the same water/binder
(w/b) ratios. For example, slump flow diameter of CM450-
0.4-0 mixture was higher than that of CM400-0.4-0 and CM-
360-0.4-0. Therefore, it can be said that a reduction in the
aggregate content depending on increase of cement dosage
leads to a reduction in the water content, which decreases the
CMs’ workability. In addition, it is known that as water
increases in the cement based composites, the spacing of the
fine materials grains increase. This increment in grain
spacing of powder materials can improve the workability of
mortar/concrete [47,48]. Therefore, for all CMs, when
considered fixed cement dosages and SF contents, slump
flow diameters of CMs increased with rise of w/b ratio.
Exemplarily, workability of CM-360-0.5-0 was higher than
that of CM-360-0.45-0 and CM-360-0.4-0. In addition, SF,
another parameter of this study, increased partially the
workability of CMs. For instance, slump flow diameters of
CM-450-0.5-10, CM-400-0.5-10 and CM-360-0.5-10
mixtures was measured as 24.4, 20.7 and 17.5 while for CM-
450-0.5-0, CM-400-0.5-0 and CM-360-0.5-0 mixtures, this
values were determined as 22.7, 20.3 and 15.2, respectively.
Incorporation of SF developed results of slump flow
diameter because of its lubrication effect that would release
water entrapped between small particles [15,49]. Moreover,
this development in workability of CMs can be explained
with the spherical micro-structure of SF presented in Figure
1. This spherical microstructure reduced inter-particle
friction as a result of the particles act as small bearings
[15,50,51]. Therefore, it can be said that all these results are

in agreement with conclusions pointed out in previous
studies.
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Figure 4. Slump flow diameters of CMs

3.2 Compressive and flexural strengths and ultrasonic
pulse velocity (UPV)

The compressive strength, flexural strength and UPV test
results of CMs exposed to WC and AC are shown in Figure
5, Figure 6 and Figure 7, respectively. As expected, the
strength characteristics of the samples subjected to WC were
higher than that of AC. However, the compressive strengths
at 90 days of the mixtures exposed to WC were 14.5%-22.1%
higher than the compressive strengths at 28 days. These
values for mixtures exposed to AC were determined as
10.1%-23.8%. Similarly, in study investigating the effect of
SF on the compressive strength of concrete by Duman [52],
was determined that the 90-day compressive strength of the
mixtures was 10.3%-46.2% higher than the 28-day
compressive strength. Compressive strength, flexural
strength and UPV values of CMs changed in parallel to each
other. For constant w/b ratio and constant SF content (CMs
with/without SF), with the increase of cement dosage
improved the mechanical properties of CMs at 28 and 90
days. Exemplarily, for both WC and AC, strength
characteristics of CM-450-0.4-10 were higher than that of
CM-400-0.4-10 and CM-360-0.4-10. The increase in cement
content increased the hydration reaction and the resulting
hydration product. Moreover, the use of more cement
reduced the porosity of CMs. When mixtures having
constant cement and SF (with/without) content was
evaluated, it can be clearly said that the increase in w/b ratio
reduced the strength characteristics and UPV values of CMs
for both WC and AC. For example, compressive strength of
CM-450-0.4-0 was higher than that of CM-450-0.5-0 in the
ratios of 11.9% and 12.3% at 28 and 90 days for WC,
respectively. For AC, these values were calculated as 15%
and 7.7% at 28 and 90 days, respectively. As a result of the
increase in the water content of CMs, hydration products had
greater difficulty to fill the space between the cement grains
[47,48]. This increment in porosity decreased the mechanical
performance and UPV values of CMs [53]. Bentz and Aitcin
[54] and Dowell and Cramer [55] expressed that water to
cement ratio had adverse relation with strength. Some other
investigators stated have that strength characteristic of
concrete developed with reducing water to cement ratio [56-
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60]. In addition, 10% SF content in CMs increased the
flexural and compressive strengths along with UPV values
compared to CMs produced without SF at 28 and 90 days.
For WC, this development changed in the range of 4.4-9.8%
and 5.3-8.4% at 28 and 90 days, respectively. For AC, these
values were in the range of 6.9-12.6% and 5.2-10.0% at 28
and 90 days, respectively. Similar to these results, in the
study conducted by Ozcan [61] using different w/b ratios, the
compressive strength of concrete containing 10% SF
compared to the control concrete was found to be higher in
the ranges of 3.8%-20% at 28 days and 4.3%-22.5% at 90
days for WC. Moreover, at different w/b ratios, the
compressive strength of the mixture containing 10% SF for
AC at 28 and 90 days was higher than that of the control
mixture in the ranges of 10.8%-30.5% and 11.5%-30.2%,
respectively. In addition, Ozcan [61] stated that this strength
improvement continued for both different w/b ratios and
different curing methods in the use of 10% SF at 180 days.
According to these results, the physical and chemical effects
of SF provided a significant improvement in compressive
strength. Strength increase performed under both curing
conditions in the presence of SF can be explained with
pozzolanic characteristic and fineness of SF. The pozzolanic
reactions between CH occurring from hydration of cement
and amorphous SF formed C-S-H (calcium-silicate-hydrate)
gels [15, 51]. In addition, as seen in Table 1, fineness of SF
mineral (2983.70 kg/m®) was much higher than that of
cement (431.29 kg/m®). This micro-fine mineral increased
the packing of solid materials and decreased the porosity by
filling spaces between cement grains [15, 62].

3.3 SEM/EDX

The eight samples of 18 mixture exposed to WC and AC
were selected to observe the effect of the design parameters
on the mineralogical and microstructural properties of CMs.
Figure 8 shows the results obtained from the SEM/EDX
scanning. Ca/Si ratios of these eight samples were given in
Table 3. As seen in Figure 8 and Table 3, Ca/Si ratios of CM-
360-0.40-0-WC, CM-400-0.40-0-WC, CM-450-0.40-0-WC,
CM-400-0.45-0-WC, CM-400-0.50-0-WC and CM-400-
0.40-0-AC mixtures were almost equal to each other.
According to this result, different cement dosage and w/b
ratio of CMs exposed to different two curing effect did not
change the Ca/Si ratio in the CMs due to the elemental
contents of the materials forming the matrix for these six
samples were the same. Therefore, it can be said that
increasing or decreasing the cement dosage and w/b ratio in
CM, or curing in water/air of the mixtures may be affected
positively or negatively the reactions in the matrix, but does
not changed the elemental ratios in the total mass. However,
the inclusion of a different material in the cement matrix can
affect chemical reactions or change the ratio of Ca/Si in the
total mass. As stated in the Table 3, Ca/Si ratios of CM-400-
0.4-10-WC and CM-400-0.4-10-AC were lower than that of
CM-400-0.4-0-WC and CM-400-0.4-0-AC, respectively.
This can be explained with higher SiO, content of SF used
instead of cement as seen in Table 1. In addition, the Ca/Si
ratio of the CM-400-0.4-10 mixture containing 10% SF and
exposed to two different curing effect, was very close to each

other. Therefore, it can be said that different curing types
effected chemical reactions but, did not affect the
mineralogical structure of the materials in cement matrix.
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Figure 7. UPV values of CMs

3.4 XRD

The XRD analyses of the selected eight mixtures for 90
days are given in Figure 9. As seen in Figure 9, the peak
(around 29.5 °20) showed the C-S-H and CaCOsz (C)
components is exactly the same. For this reason, the
evaluation of XRD results was made based on the peaks
(around 18.0 and 33.7 °20) showed Ca(OH), (CH) content
instead of C-S-H. The CH contents of CM-360-0.40-0-WC,
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CM-400-0.40-0-WC and CM-450-0.40-0-WC mixtures
given in Figure 8 increased depending on increasing cement
content. This increase can be explained by the formula
presented in Equation (1,2). According to these formulas, the
CH content in the mortar/concrete increases in parallel with
the increase in strength (CsS;Hs). Therefore, it can be said
that the increment in the cement content increased the CH
content of the CMs as well as rising the strength. The effect
of changing w/b ratio on the CH content of cement mortar
was determined with the help of CM-400-0.40-0-WC, CM-
400-0.45-0-WC and CM-400-0.50-0-WC. As seen in Figure
8, the wi/b ratio had no significant effect on the CH content
of the CMs. Two different curing effects on the CH content
of CMs were investigated with CM-400-0.40-0-WC and
CM-400-0.40-0-AC. According to the results, the CH
content of mixture exposed to AC was lower than that of
WC. Similarly, the CH content of CM-400-0.40-10-AC was
lower than that of CM-400-0.40-10-WC. This situation can
be explained by the fact that the reaction in WC can be
developed faster thanks to the water in the environment and
thus the hydration products (C-S-H and CH) are more.
Therefore, both the strength and CH content of the CMs
exposed to WC were higher than AC. It can be said that SF
reduced the CH content of CMs for both curing conditions.
The CH content of CM-400-0.40-10-WC and CM-400-0.40-
10-AC was lower than that of CM-400-0.40-0-WC and CM-
400-0.40-0-AC, respectively. It is known that the chemical
reactions between CH formed as a result of cement hydration
with amorphous SF, form C-S-H gels [15,51]. In addition,
the presence in the cement paste of SF mineral form smaller
CH crystals, accelerates the reactions and induces several
nucleation sites for precipitation of the hydration products
[15,63]. Therefore, SF increased strength characteristics,
also reduced the CH content in cement matrix.

Table 3. Ca/Si ratios, Ca(OH), (CH, %) and CaCOs3 (C, %)
contents of CMs

SEM/EDX TGA/DTA
Mix ID

CalSi Ca(OH), (CH.%) ‘(38?,2)3
CM-360-0.40-0-WC 201 0.60 16.63
CM-400-0.40-0-WC 1.99 0.77 16.01
CM-450-0.40-0-WC 1.99 0.82 16.19
CM-400-0.45-0-WC 1.94 0.74 16.63
CM-400-0.50-0-WC 1.98 0.75 17.74
CM-400-0.40-10-WC 159 0.43 16.34
CM-400-0.40-0-AC 195 050 15.15
CM-400-0.40-10-AC 157 0.26 15.45
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Figure 9. XRD analyses of determined eight mixtures

3.5 TGA/DTA

The results obtained from the TGA and DTA analysis
should be considered to better understand the pozzolanic
reactions and hydration kinetics of the CMs [64]. The
portlandite content in CMs could be determined thinking the
theoretical mass losses from the mass losses calculated from
the TGA charts (Figure 10) between approximately peaks
corresponding to 400 °C-460 °C temperatures (initial-final)
in the DTA charts (Figure 10) [65] Therefore, the weight
corresponding to 460 °C was subtracted from the weight
corresponding to 400 °C in the TGA diagrams and the CH
contents given in Table 3 of the mixtures were determined.
Note that, when CH in cement matrix is decomposed to H,O
and CaO (burnt lime), the theoretical mass loss by the
evaporation of the water was calculated [65]. It is an
important curiosity issue how the content of CH has changed
with increasing cement dosage, varying w/b ratios and
different curing conditions. In addition, the change of CH
content for both different curing effect in the cement paste
over time, was utilized to quantify the chemical reaction of
SF [66]. TGA/DTA analysis could be utilized to identify the
hydration degree of cement via CH decomposition [66].
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Table 3 and the sharpness of DTA peaks in the range of
400-460 °C in Figure 10 (a, b, c) indicated that the CH
content of CM-450-0.40-0-WC mixture were higher than
that of CM-400-0.40-0-WC. The lowest CH content between
these three mixtures was obtained from the CM-360-0.40-0-
WC mixture. According to these results and the mechanical
test results, based on the increased cement dosage, the CH
contents of CMs increased, as well as the strengths. This can
be explained by the hydration reaction of C3S and C.S
presented in Equation (1) and Equation (2). As seen in
Equation (1) and Equation (2), the increase in the amount of

(h)
Figure 8. SEM images EDX results of a) CM-360-0.40-0-WC, b) CM-400-0.40-0-WC, c¢) CM-450-0.40-0-WC, d) CM-400-
0.45-0-WC, e) CM-400-0.50-0-WC, f) CM-400-0.40-10-WC, g) CM-400-0.40-0-AC, h) CM-400-0.40-10-AC

CsS and C,S reacted in cement matrix has been increased the
CH content together with the C-S-H gel formed as a result of
the reaction.

Graphical representations of CM-400-0.40-0-WC, CM-
400-0.45-0-WC and CM-400-0.50-0-WC mixtures preferred
to evaluate the effect of w/b ratio were shown in Figure 10
(b,d,e) and calculated CH contents of these three CMs were
listed in Table 3. The CH contents of these three mixtures
were very close to each other. Therefore, it can be said that
no affecting the CH content in CMs of the increase/decrease
in the w/b ratio. However, it was described in the section of
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mechanical properties that the increased w/b ratio reduced
strength characteristics. Therefore, this decrease can be
attributed to porosity caused by increased water content and
was not related to the content of CH. The effects of WC and
AC on the CH contents of CMs were investigated with CM-
400-0.40-0-WC and CM-400-0.40-0-AC mixtures given
TGA/DTA curves in Figure 10 (b,g). Table 3 indicated that
CH contents of these two samples were 0.77% and 0.50%,
respectively. Similarly, when CM-400-0.40-10-WC and
CM-400-0.40-10-AC (Figure 10 (f,h)) mixtures containing
SF are also compared to each other in terms of CH contents,
it was observed that CM subjected to the AC had a lower CH
content. The lower CH content amount of CM exposed to
AC can be attributed to much more hydration products
formed the faster hydration reaction result in the WC. When
Equation (1) and Equation (2) was considered, it can be said
that there is more C-S-H gels of CM-400-0.40-0-WC, due to
included more CH as a result of increased hydration product.
Thus, the higher mechanical performances of CMs exposed
to WC can be explained micro structurally more effectively.
In addition, the weight loss because of CH decomposition of
hydration products by TGA/DTA analysis was utilized to
measure the amount of pozzolanic reaction [66]. The CH
content of the CM-400-0.40-10-WC shown in Figure 10 (b,f)
was much lower than that of the CM-400-0.40-0-WC.
Similarly, the CH content of the CM-400-0.40-10-AC shown
in Figure 10 (g, h) is much lower than that of the CM-400-
0.40-0-AC. When the TGA/DTA analysis were evaluated, it
can be seen that CH in CM-400-0.40-0-WC and CM-400-
0.40-0-WC was 0.77% and 0.50% while CH in CMs
incorporating 10% SF was 0.43% and 0.26%, respectively.
Presence in the lower amount of CH in CMs incorporating
SF can be the result of chemically bonding of the CH thanks
to much more silica content (%68.64 given in Table 1) in
chemical composition of SF [15].

It is known that decarbonation of carbonates in
mortar/concrete began after 600 °C [51,68]. DTA peaks of a
mortar/concrete sample for approximate 700 °C present
CaCOs (C) decarbonation [69-72]. After 800 °C, weight loss
of mortar/concrete slows down and also, most of the
components in mortar/concrete become decomposed [67].
TGA/DTA curves given in Figure 10 have been confirmed
the information above. The C contents of CMs were
determined with the mass losses calculated from the TGA
graphics approximately in the range of 600 °C-800 °C
(initial-final) temperatures of the corresponding to peaks in
the DTA graphics. Therefore, the weight corresponding to
600 °C was subtracted from the weight corresponding to 800
°C in the TGA diagrams and the C contents given in Table 3
of the mixtures were determined. When the values given in
Table 3 for Figure 10 (a,b,c) were examined, it can be said
that the cement dosage did not have a significant effect on
carbonation. XRD and TGA/DTA analyses showed that the
CH content of CMs changed in parallel with the cement
content in the matrix. Therefore, the C content of CMs not
being parallel to the cement dosage can be attributed to the
C ensuing from C-S-H carbonation in the cement paste. The
values given in Table 3 for Figure 10 (b,d,e) showed that the
C content of the CMs increased with rising w/b ratio. In the

XRD and TGA/DTA analysis, it was determined that the
water content did not have a significant effect on the CH
content. The increased C with increment in water content
may be the result of the carbonation of C-S-H. When the
CM-400-0.40-0-WC and CM400-0.40-10-WC (Figure
10(b,f)) were compared, it can be said that SF was slightly
increased carbonation. Similarly, when Figure 10 (g) and
Figure 10 (h) were compared, the partial increment for
carbonation of CM containing SF was observed. Considering
that the mixtures incorporating SF have less CH content, it
can also be thought to increase the carbonation caused by C-
S-H due to increased C-S-H in the cement matrix. Effects of
WC and AC cures on carbonation of CMs were evaluated via
CM-400-0.40-0-WC and CM-400-0.40-0-AC or CM-400-
0.40-10-WC and CM-400-0.40-10-AC. According to XRD
and TGA/DTA analyses, CH content of the mixtures
subjected to AC was lower than that of other mixtures. In
addition, the lower strength characteristics of the mixtures
subjected to AC can be explained by the fact that less C-S-H
formed as a result of slowing hydration due to the absence of
water in the environment. Therefore, the degree of
carbonation for AC was lower due to the mixtures exposed
to AC contained less CH and C-S-H.

3.6 FTIR

FTIR spectrum can be thought as a graphic of
transmittance and/or infrared light absorbance as a function
of wavelength and/or frequency. When infrared light passes
through the sample, all of functional group ensures the
spectra to resonate at the characteristic absorption
frequencies. The chart results define chemical reaction
between the molecules [73]. It is known that, approximate
3643 cm* wave number in FTIR spectra represents the CH
redient of mortar/concrete. Therefore, as seen in Figure 11,
3600-3700 cm™ wavelength range of FTIR spectra was
presented to investigate CH changes of the eight mixtures
[74]. FTIR spectra showed that CH changes of the mixes
supported the results obtained from XRD and TGA/DTA
analyses. In accordance with the formula given in Equation
1 and Equation 2, the increased amount of cement increased
the CH content in cement matrix. The CH content of CM-
450-0.40-0-WC was higher than that of CM-400-0.40-0-WC
and CM-360-0.40-0-WC, respectively. According to FTIR
spectra of CM400-0.40-0-WC, CM-400-0.45-0-WC and
CM400-0.50-0-WC, increased water content for constant
cement dosage did not have a significant effect on the
quantity of CH. When the pozzolanic material was used in
CM, FTIR spectra were in agreement with TGA/DTA curves
and XRD patterns. Namely, CH peak in the FTIR spectrum
of the CM-400-0.40-0-WC and CM-400-0.40-10-WC with
hydration reactions accelerated thanks to water curing was
higher than that of CM-400-0.40-0-AC and CM-400-0.40-
10-AC, respectively. The CH peaks of the CM-400-0.40-0-
WC and CM-400-0.40-0-AC mixtures were sharper than that
of the CM-400-0.40-10-WC and CM-400-0.40-10-AC
mixtures, respectively. FTIR spectrum clearly indicated that,
the increased amount of SF in CM reduced the CH content
by the pozzolanic reaction.
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Figure 10. TGA and DTA results of a) CM-360-0.40-0-WC, b) CM-400-0.40-0-WC, c) CM-450-0.40-0-WC, d) CM-400-
0.45-0-WC, e) CM-400-0.50-0-WC, f) CM-400-0.40-10-WC, g) CM-400-0.40-0-AC, h) CM-400-0.40-10-AC
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Figure 11. FTIR analyses of determined eight mixtures

4 Conclusions

The following findings from this study were obtained.
The workability of CMs increased with the increment of
cement dosage, w/b ratio and SF content. The mechanical
properties of CMs improved due to acceleration the
hydration reactions with increased cement content. However
SEM/EDX indicated that Ca/Si ratio did not change
significantly. XRD, FTIR and TGA/DTA analysis indicated
that the CH content in the matrix changed in compatible with
the improvement in strength with increased cement dosages.
In addition, TGA/DTA showed that the cement dosage did
not have an important influence on C variation.

The strength characteristics of CMs decreased as a result
of increased porosity with the increment of w/b ratio.
However, SEM/EDX analysis indicated that Ca/Si ratio
almost keep steady. According to XRD, TGA/DTA and
FTIR analyses, the w/b ratio had no important influence on
the CH content of the CMs. Moreover, TGA/DTA showed
that the C contents of the CMs increased with increment of
w/b ratio.

XRD, TGA/DTA and FTIR demonstrated that the CH
content of mixture exposed to WC was higher than that of
AC In addition the degree of carbonation in the WC was
higher than that of AC.

The CH contents of CMs incorporating SF were higher
than that of CMs without SF. Therefore, SF increased
strength characteristics. TGA/DTA analysis demonstrated
that SF was slightly increased the carbonation.
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