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Abstract: this study investigated the effect of supplementary cementitious materials (SCMs) with pozzolanic nature fly-
ash (FA), silica fume (SF), and ground granulated blast furnace slag (GGBFS) on the properties of cement mortar with
pyrogenic silica addition. First, standard reference (SR) samples were prepared using CEM 1 42.5 R-type cement. Pyro-
genic silica was added to cement (0.5% by weight) to prepare another group of reference (PR) mortar samples. Cement in
PR mortars was replaced with FA, SF, and GGBFS up to 10, 20, and 30%. The mortar samples were placed in 40x40x160
mm metal molds using a vibrating table. The following day the samples were removed from the molds and water cured for
7, 28, and 90 days. The results showed that increases in curing times helped improve the mechanical properties of the
mortars. Moreover, the physical properties of PR mortars were affected more positively than the SR mortars. SF-substituted
mortars had highest compressive strength, followed by GGBFS- and FA- substituted mortars. In conclusion, pyrogenic
silica contributed to some extent to early strength, followed by a decrease.

Keywords: pyrogenic silica, mortar, cure, pozzolan, supplementary cementitious materials.

1. Introduction

The cement industry accounts for 5-7% of human-induced CO- emissions (Deja, Uliasz-Bochenczyk, & Mokrzycki, 2010;
Savija, Zhang, & Schlangen, 2020; Yingliang, Jingping, Zhengyu, Zhenbang, & Hui, 2020). One ton of cement is estimated
to produce 0.79 tons of CO,. Using replacement and waste materials in clinkers and raw materials can significantly reduce
CO, emissions caused by cement manufacture (Deja et al., 2010). Therefore, pozzolanic materials have become increasingly
popular in recent years (Kallel, Kallel, & Samet, 2016). Industrial waste materials with pozzolanic properties can be used in
Portland cement clinkers, which is an eco-friendly option (Damtoft, Lukasik, Herfort, Sorrentino, & Gartner, 2008). Granu-
lated blast furnace slag (GBFS) and fly ash (FA) are pozzolans commonly used in Portland cement. Granulated blast furnace
slag was first used in Germany in 1865, while FA was first used at the beginning of the twentieth century (Giergiczny, 2019).
Replacement materials reacting with Ca(OH), (calcium hydroxide) in cement are also known as "supplementary cementitious
materials" (SCMs). Materials containing fine particle that are by-products of silicon metal or silicon metal alloys are called
“silica fume” (Erdogan, 2003), which has high surface area. SCMs used together with silica fume form additional C-S-H in
the medium, which may compensate for the slow reaction (Damtoft et al., 2008). Silica fume (SF) has a specific gravity of
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2.20 to 2.30 and a specific surface area of 150,000 to 250,000 cm?/g. SF is 100 times as thin as cement (Hatungimana,
Taskoprii, ichedef, Sac, & Yazici, 2019).

The most common pozzolan used in SCMs is FA, which is abundant and easy to process (Shaikh, Supit, & Sarker, 2014;
Yingliang et al., 2020). Its use in concrete is commonly 20% - 25% by weight (Shaikh et al., 2014). FA is a thermal power
plant waste used in cement, but it is problematic because it causes differences in compressive strength (Cho, Jung, & Choi,
2019). FA has a spherical shape and a specific gravity of 2.1 to 3.0 (Cho et al., 2019). It is gray to black, depending on the
amount of unburned carbon it contains (Ahmaruzzaman, 2010). It has a particle size of 1 to 150 micrometers (Hatungimana
etal., 2019).

Supplementary cementitious materials are widely used in concrete and cement. For example, blast furnace slag (BFS) and
FA are suitable for partial replacement in Portland cement. They may reduce CO; emissions (Lothenbach, Scrivener, &
Hooton, 2011), but not as much in cement manufacture. They rarely contain enough calcium to be replaced by significant
quantities of limestone. One exception is BFS with around 40% CaO (Damtoft et al., 2008). Slags react pozzolanically with
water because they generally contain 35%-45% CaO. Therefore, they are defined as materials with latent hydraulic properties.
Their only inferiority to cement is that they have slow reaction times (Sekhar & Nayak, 2018). Slags are classified as artificial
pozzolans that are metallurgical waste materials. The chemical composition and property of a slag depend on the method by
which it is manufactured. BFS contains silica, calcium aluminosilicate, and basic compounds (Dorum, Kogak, Yilmaz, &
Ugar, 2009). It is reported that using up to 25% BFS under different curing conditions increases compressive strength (Aldea,
Young, Wang, & Shah, 2000).

Most studies on blended systems focus on the mechanical or durability properties of FA and BFS. When blending SCMs
with Portland cement, normal cement hydration and SCM hydraulic reactions coincide and affect each other, causing compli-
cations. Most SCMs react more slowly than Portland cement clinker (Lothenbach et al., 2011).

In recent years, a pozzolanic material containing nano silica (NS) particles was widely used in cement and concrete to
improve the durability and mechanical and physical properties of cement-based materials (Bu, Hou, Wang, & Du, 2018). NS
is used to improve the microstructure of cement systems. It reacts with calcium hydroxide in the medium during hydration,
resulting in C-S-H gels (Shaikh et al., 2014). In fact, recent studies about concrete utilized NS (Kong et al., 2013). Many
studies address the effect of NS on cement mortar properties as it has excellent pozzolanic properties. Cement containing
nano silica has a more compact structure and better mechanical properties due to nano-filling, nucleation, and pozzolanic
effect (H. Liu et al., 2020). Nano silica powder or colloidal dispersions help improve the durability and mechanical properties
of cement-based materials.

NS can be even more effective because it has finer particles and higher pozzolanic reactivity than SF (Kong et al., 2013).
Moreover, the addition of precipitated NS helps prevent mortar chloride penetration (Kong et al., 2012) and improves water
penetration resistance of concrete (Givi, Rashid, Aziz, & Salleh, 2011). Therefore, materials manufactured using nanotech-
nology have some unique and new functions (Ma et al., 2020). Small amounts of NS, especially at an early age (28 days),
increase cement paste, mortar, and concrete strength. NS is more durable than SF. Higher strength is associated with cement
hydration, reduced pores, and improved adherence between aggregate and hardened cement. NS + FA also improves the early
strength of concrete (Zhang, Islam, & Peethamparan, 2012). Nanomaterials enhance the durability and early strength of mod-
ified cement-based materials (J. Wang et al., 2020).

Pyrogenic silica (PS) is a type of silica manufactured under combustion conditions with the decomposition of the precursor
at high temperatures following product condensation. PS contains a different type of SiO, mineral (Khavryuchenko,
Khavryuchenko, & Lisnyak, 2011). With low-density particles of micrometric sizes, PS is a high surface area agglomerate of
amorphous silica manufactured through gas combustion. PS and NS have similar properties, but the main difference between
them is that the former has higher surface area and more porous structure than the latter (Tob6n, Mendoza Reales, Restrepo,
Borrachero, & Paya, 2018). PS is used in different applications, including concrete admixtures (Khavryuchenko et al., 2011).
Fumed silica (pyrogenic silica) is synthesized by the pyrolysis of silicon tetrachloride reacting with oxygen in a fire (Ha,
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Weitzmann, & Beck, 2012). Fumed silica is a nano-sized powder that has been heterogeneously manufactured for decades.
Fumed silica is used as a flow control replacement or a filler in many manufacturing processes (Veranth, Ghandehari, &
Grainger, 2010). Fumed silica is composed of finely-dispersed amorphous silicon dioxide. Its surface is covered with highly
reactive silanol groups for chemical reactions (Barthel, Rosch, & Weis, 1996). There is little published research about PS
(Khavryuchenko et al., 2011). NS contains finer particles and thus has higher pozzolanic reaction than PS (Bu et al., 2018).

This study investigated the effect of different proportions of SCMs (FA, SF, and GGBFS) on the physical and mechanical
properties of cement mortars with added pyrogenic silica.

2. Materials and methods

The cement mortars were made of CEM | 42.5 R-type cement and standard sand. Important industrial waste materials (FA,
SF, and GGBFS) were added as substitutes to the cement. The fly ash (FA) was supplied by Tuncbilek Thermal Power Plant
(Kutahya-Turkey) (Giimiis, 2016). The ground granulated blast furnace slag (GGBFS) and silica fume (SF) were supplied by
Bolu Cement Industry Inc. (Bolu, Turkey) and Antalya Eti Electrometallurgy Facility (Antalya, Turkey), respectively. Wacker
HDK® N20 was the processed pyrogenic silica of choice as a nanoscale replacement in all sample groups (Kong et al., 2012).
Table 1 shows the properties of the pyrogenic silica.

Table 1. Properties of wacker HDK® N20 processed silica.

Raw material Pyrogen hydrophilic silica
Surface area (m?/g) 175-225
Loss on ignition <15%
Undersize <0.03 %
Tapped density 40 g/L
pH 3.8-4.3

An X-ray diffraction device (Bruker, D 8 Advance) was used for XRD analysis, which detected quartz and mullite minerals
in FA (Figure 1). Similar minerals in FA were reported previously (Mironyuk et al., 2019). GGBFS contained calcium silica
and calcite minerals (Figure 2). However, Figure 3 shows the XRD graph of SF. Table 2 shows the results of the X-ray
fluorescence (XRF) chemical analysis of the pozzolan materials. X-ray fluorescence data suggests a (CaO+MgO)/SiO ratio
higher than 1.0 in GGBFS (J. Liu, Qin, & Yu, 2020). Therefore, the GGBFS in this study met that criterion. Also, it was
observed that the used SF was similar to the SF formed due to silicoferrochrome (SiFeCr) production. SiO; values in related
SF vary between 70 — 85% (Yeginobali, 2011).
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Figure 1. XRD graph of FA.
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Figure 2. XRD graph of GGBFS.
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Figure 3. XRD graph of SF.

The laser particle size distribution (PSD) tests of FA and GGBFS samples were measured using a Malvern laser particle
diameter analyzer. According to results dio, dso, and dgo, values of FA are 9.90, 34.01, and 127 um, respectively. Also, dio,
dso, and dgo, values of GGBFS are 2.52, 12.85, and 35.04 um, respectively. Additionally, it is stated that SF is almost grain
size smaller than 1 pum (Yeginobali, 2011).

Table 2. XRF analysis results.

Oxide (%) SiO2 Al203 Fe20s MgO Na20 K20 SO3 Ca0 LOI  Total
GGBFS 3222 11.67 1.55 4.19 0.48 0.95 222 4264 226 98.18
FA (Giimii, 2016)  55.63 21.34 9.61 4.49 0.16 1.87 0.64 3.09 1.03 97.86
SF 72.21 0.84 0.46 16.25 1.45 2.23 1.03 0.59 235 9741

First, standard reference (SR) samples were prepared using CEM 1 42.5 R-type cement, standard sand, and water, according
to the TS EN 196-1 standard (TS EN 196-1, 2016). Then PS (0.50% by weight of cement) was added in SR mixtures. These
mortars were assigned the code of “PR”. The water/binder ratio was 0.5 in all mixtures.

Secondly, 10% to 30% by weight of cement was replaced by SF, GGBFS, and FA in PR mixtures, respectively. A total of
99 cement mortars (33 series and three samples in each series), including reference samples, were prepared at three curing
times. Figure 4 shows the diagram for the samples.
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Figure 4. Mortar manufacture process.

All mixtures were prepared using a programmable automatic cement mixer (Figure 5a). First, the cement, PS, and standard
sand were dry-mixed for 30 seconds according to the TS EN 196-1 standard (TS EN 196-1, 2016). Afterward, water was
added to the mixture and mixed for a total of 240 seconds. The samples were placed in 40x40x160 mm metal molds using a
vibrating table in the laboratory (Figure 5b). The following day, they were removed from the molds and placed in a water
tank for curing for 7, 28, and 90 days. Table 3 presents the samples and mixing ratios. Abbreviations and percentages are used
to refer to the mortar samples depending on the type of the pozzolanic material (SF for silica fume, GGBFS for ground
granulated blast furnace slag, and FA for fly-ash) and proportion (10%, 20%, and 30%). For example, FA-20 refers to the
20% fly-ash substituted mortars.

Table 3. Samples and mixing ratios.

Code Cement(g) FA(g) GGBFS(y) SF@ °O@ S&Sd
SR 450 § § : : 1350
PR 450 : : : 225 1350
FA-10 405 45 : i 225 1350
FA-20 360 90 : i 225 1350
FA-30 315 135 : i 225 1350
GGBFS-10 405 i 45 : 225 1350
GGBFS-20 360 : 90 : 225 1350
GGBFS-30 315 : 135 : 225 1350
SF-10 405 : i 45 225 1350
SF-20 360 : : 90 225 1350
SF-30 315 : : 135 225 1350

The samples were water cured in the water tank for 7, 28, and 90 days. Afterwards, their physical properties (water ab-
sorption, apparent porosity and bulk density) were determined according to the principles of Archimedes and the TS EN 772-
4 (TS EN 772-4, 2000) and TS EN 771-1 (TS EN 771-1, 2015) standards. A lab-type cement press was used to determine
mechanical properties (flexural strength and compressive strength) according to the TS EN 196-1 standard (TS EN 196-1,
2016). The average of three samples from each sample group was used in the physical and mechanical tests (Figure 5c¢ and
5d). Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDS) spectroscopy analyses were performed on 90-
day samples to determine their morphological characteristics and components using an SEM device LEO 1430 VP model.
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(d)

Figure 5. The pictures of the production (a. mixer, b. produced samples, c. cured sample, d. specimens subjected to compressive test).
3. Experimental results and analysis

Apparent porosity is an important parameter because it is negatively correlated with cement paste strength (Savija et al.,
2020). The results showed that PS affected the apparent porosity of PR samples very little. This is because nanoparticles
reduce free water, resulting in densely-packed particles in the matrix, while PS fills the pores and reduces porosity (Siang Ng
et al., 2020; Zhu et al., 2018). PS reduced the apparent porosity of 7- and 28-day samples very little. On the other hand, 90-
day samples had slightly higher apparent porosity than SR samples (Figure 6).

The apparent porosity rates varied according to the replacement type because SCMs affect the amount and type of hydrate,
as well as the porosity and durability of cement systems (Lothenbach et al., 2011). Early-age SCM-Portland systems have
high total porosity because the volume of hydrate products in the matrix decreases depending on the replacement ratio
(Lothenbach et al., 2011). High curing times result in hydration products in cement-based mortars reducing porosity rates
(Figure 6).

The highest rate of porosity was caused by FA, followed by GGBFS and SF. The 28- and 90-day pozzolan-substituted
samples had lower porosity in the matrix than SR samples. The higher the FA, the more varied the porosity. Higher rates of
replacement only increased the porosity of 7-day samples (Figure 6a). However, there was no correlation between the replace-
ment ratios and porosity in 28- and 90-day samples (Figures 6b and 6¢). The higher the replacement ratio, the higher the
porosity of 7-day GGBFS samples. The higher the replacement ratio, the lower the porosity of 28-day GGBFS samples. The
28- and 90-day GGBFS samples had lower apparent porosity than SR and PR samples.

BFS can be used to manufacture impervious concrete (Binici, Kaplan, Temiz, & Gorir, 2008) and ternary mixtures of
Portland cement, BFS and limestone (Diaz, lzquierdo, Mejia De Gutiérrez, & Gordillo, 2013), but NS and BFS reduce the
porosity and increase the cement matrix density (M. Liu, Zhou, Zhang, Yang, & Cheng, 2016). All SF sample groups had the
lowest porosity, which decreased with the increase in the replacement ratio. However, SF-20 and SF-30 samples had similar
porosity rates. The 90-day samples had the lowest apparent porosity ranging from 6.8% to 11.1%.
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Figure 6. Apparent porosity rates.

PS affected the absorption rates slightly. Of PS mortars, SF samples had the lowest water absorption rates at all curing
times. The higher the replacement ratio of SF, the better the internal structure (Hatungimana et al., 2019), resulting in reduced
water absorption rates. The higher the replacement of SF, the lower the water absorption rates in 28-day samples. However,
the higher the FA replacement ratio, the higher the water absorption rates due to little pozzolanic reaction (Hatungimana et

al., 2019). This is consistent with our results. However, they also found that longer curing times led to lower water absorption
rates.

The increase in replacement ratios slightly increased the water absorption of 7-day GGBFS and FA samples. Of all samples,
FA samples had the highest water absorption rates (Figure 7a). In all sample groups, the samples cured for a long time had
lower water absorption rates than those cured for a short time (Figure 7c). All pozzolan-substituted samples had lower water
absorption rates than PR and SR samples. FA and SF samples had the highest and lowest water absorption rates at all curing
times, respectively. This result shows that the replacement ratios changed the water absorption rates. All 90-day pozzolan-

substituted samples had water absorption rates of 4.1% to 5.1%, while SR and PR samples had water absorption rates of 5.1%
and 5.2%, respectively.

Revista de la Construccién 2022, 21(1) 118-134. https://doi.org/10.7764/RDLC.21.1.118 www.revistadelaconstruccion.uc.cl
Pontificia Universidad Catélica de Chile



https://doi.org/10.7764/RDLC.21.1.118
http://www.revistadelaconstruccion.uc.cl/

Revista de la Construccién 2022, 21(1) 118-134
125 of 134

ComTm 10% SR 20%  EmRREE 30% b EEEEE 10% WA 20%; CmmmEd 30%

7 days days R

9 SR ----PR 9 SR PR

8 8 1
S 7 S 7
g 6 g 6
= B
E 5 § 5
= 4 = 4
) z
< 3 = 3
< 3

1 1

0 v 0 1 .

FA GGBFS SF FA GGBFS SF
Sample groups Sample groups
@) (b)
€ odays 10% = 20% 30%

SR ----MmR
9

‘Water absorption (%)
[ SO O R L I © ) W | oo

[ R

FA GGBFS SF
Sample groups

(©

Figure 7. Water absorption rates by weight.

The curing times changed the bulk density of SR and PR samples. Compared to 7- and 28-day SR samples, the bulk density
of 7- and 28-day PR samples increased, but the bulk density of 90-day samples decreased. PS is a good pozzolanic material
because it has small particles with high packing ability (Bu et al., 2018). Therefore, we can state that PS contributes to bulk
density in the early stages. It is also reported that PS helps improve density (Kong et al., 2012).

The higher the replacement ratios, the lower the bulk density of 7-day FA and GGBFS samples. However, the replacement
ratios did not affect the bulk density of SF samples. Higher replacement ratios led to higher bulk density of 28-day GGBFS
and SF samples. What is more, 28-day SF-20 samples had higher bulk density than 28-day GGBFS-20 samples. Of 90-day
mortars, SF-20 samples had the highest bulk density (2184.70 kg/m?®) at all curing times and for all material groups. An
increasing trend was observed in SF-substituted samples up to 20% substitution and a decreasing trend was seen for 30%
substitution samples. SF samples had the highest bulk density rates at all curing times. This may be because SF fills the voids
between hydrated cement particles formed by free water, resulting in a denser porous microstructure in cement (Hatungimana
et al., 2019). Our results corroborate this. Higher replacement ratios resulted in lower bulk density in FA samples but not in
SF and GGBFS samples. FA samples had bulk density of 2054.3 kg/m? to 2129.1 kg/m3. GGBFS samples had bulk density
of 2116.5 kg/m® to 2150.5 kg/m?®. SF samples had bulk density of 2151.2 kg/m? to 2184.7 kg/m? (Figure 8).
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Figure 8. Bulk density rates.

Flexural strength is an important mechanical property in building materials. There was a positive correlation between
curing times and flexural strength, but not in all sample groups (Figure 9). Of SR mortars, 28-day samples had the highest
flexural strength. The 7- and 28-day PS samples had higher flexural strength than SR samples, whereas 90-day PS samples
had lower flexural strength than SR samples. It is reported that 7-day PS samples have higher flexural and compressive
strength than control samples (Bu et al., 2018). Therefore, the increase in curing time increased the flexural strength of PS
samples to a certain point, after which it decreased the flexural strength.

The increase in replacement ratios caused no change in the flexural strength of 7-day FA samples. However, the increase
in replacement ratios led to a change in the flexural strength of 7-day GGBFS and SF samples. The 7-day PR samples had
almost the same flexural strength as 7-day SF samples. The 28-day SR and PR samples had similar flexural strength values.
The 28-day FA and GGBFS samples also had similar flexural strength values. Of 28-day mortars, SF samples had the lowest
flexural strength. There was no linear relationship between replacement ratios and flexural strength in 7- and 28-day pozzolan-
substituted samples. However, the higher the replacement ratios, the higher the flexural strength of 90-day pozzolan substi-
tuted samples, especially GGBFS-30. The high lime content of blast furnace slag allows for semi-hydraulic reactions, even in
the absence of Portland cement (Skibsted & Snellings, 2019). The higher the replacement ratios, the higher the flexural
strength values of GGBFS and SF samples. The 7-, 28-, and 90-day samples had flexural strength of 6.8 MPa to 9.6 MPa, 7.9
MPa to 10.3 MPa, and 7.8 MPa — 10.2 MPa, respectively (Figure 9).
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Figure 9. Flexural strength values.

Nano-silica, with similar properties to pyrogenic silica, has accelerating effects because it rapidly consumes the calcium
ions in the paste (Kong et al., 2013). PS accelerates the setting times of low-reactive cement, providing significant contribu-
tions to early strength (Bost, Regnier, & Horgnies, 2016). The 28-day PR samples had higher compressive strength than 28-
day SR samples. PS affects the hydration reaction of cement to a certain extent and the cross-linking of hydration products
(Li, Wang, & Wu, 2020). However, PS triggers Ca(OH), consumption, and therefore, has a more significant effect on concrete
strength than on cement strength (Zhu et al., 2018). Thus, PS may have a limited impact on the compressive strength of cement
mortars (Figure 10). Studies about the effects of hanoparticles on cement composites do not specify the amount of nanoparti-
cles that should be used to improve the properties of cementitious materials with fly-ash (Siang Ng et al., 2020). They also
argue that PS has no significant effect on cement compressive strength at low temperatures (Bu et al., 2018). The 90-day FA
samples had lower compressive strength than SR and PR samples (Figure 10c), while 7- and 28-day FA samples had lower
compressive strength than SR samples (Figures 10a and 10b).
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Figure 10. Compressive strength values.

High rates of fly ash substitution result in low compressive strength in conventional Portland cement. FA also causes
prolonged hydration because it reacts slowly at room temperature. Therefore, it takes FA at least seven days to react effectively
(Yingliang et al., 2020). Even FA from the same power plant has variable effects on samples (T. Wang, Ishida, Gu, & Luan,
2020). In light of this information, FA samples had lower compressive strength than GGBFS and SF samples at all curing
times. It is reported that it takes FA at least 60 and 28 days, respectively, to improve the compressive and flexural strength of
mortars (Siang Ng et al., 2020). In another study, it was stated that lower compressive strength values were obtained in fly
ash-substituted samples compared to silica fume-substituted and reference samples (Hatungimana et al., 2019). In the samples
with 25% fly ash substitution, the 28-day compressive strength values of the fly ash mortars with different chemical contents
varied between 41.1 and 51.5 MPa (Cho et al., 2019), and it was observed that they were compatible with the values obtained
in this study. We also found that 90-day FA samples had compressive strength of 34.7 MPa to 49.2 MPa (Figure 10). The 7-
day FA-20 and -30 samples had lower compressive strength values than SR samples. In the literature, it was determined that
7-day FA-5 cement samples had slightly higher, but 28-day FA-5 cement samples had slightly lower compressive strength
values than reference samples (Mironyuk et al., 2019). In the 7-, 28-, and 90-day samples with up to 45% of FA replacement,
lower compressive strength values were found compared to reference samples at all curing times (Elmrabet, El Harfi, & El
Youbi, 2019), which is consistent with our results. At this point, the pozzolanic activity of FA used in cement systems depends
significantly on its chemical composition (Cho et al., 2019).

The greatest difference between flexural and compressive strength was observed in SF samples, which had the highest
compressive strength at all replacement ratios. SF substitution leads to extra C-S-H products in the cement matrix, resulting
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in increased compressive strength (Hatungimana et al., 2019), which is consistent with our results. Compared to SR and PR
samples, 7-day SF samples had significantly different compressive strength values, while 28- and 90-day SF samples had
slightly higher compressive strength values than reference samples. Higher SF replacement ratios led to higher compressive
strength in samples subjected to the same curing times. The 90-day SF-30 samples had the highest compressive strength (66.5
MPa) (Figure 10c).

GGBFS, which exhibits erratic behavior in cement mortar, was used as an SCM in Portland cement in recent years (Gao,
Meng, Yang, Tang, & Lv, 2019). Therefore, it was reported that the glassy content of BFS affects compressive strength due
to its latent hydraulic feature, but that the glassy content of 88% or greater had no significant impact on compressive strength
(J. Liu etal., 2020). NS-3 cement mortars were found to have higher compressive strength than BFS-40 and untreated samples
(M. Liu et al., 2016). Our results showed that PS and GGBFS mortars yielded variable outcomes. The 7-day GGBFS samples
and 28-day GGBFS-10 and -20 samples had higher compressive strength values than PR mortars. The 7-day GGBFS-10 and
-30 samples and all 28-day GGBFS samples had higher compressive strength values than SR mortars. Studies reported that
7- and 28-day BFS-20 and -30 mortars had lower compressive strength values than reference samples (Dorum et al., 2009;
Yingliang et al., 2020).

Therefore, our results suggest that PS and GGBFS samples had a better reaction increasing at all curing times. The 28-day
samples had a compressive strength of 37.7 MPa to 60.2 MPa. The 90-day samples had a compressive strength of 44.8 MPa
to 66.5 MPa. Of 90-day mortars, the higher the replacement ratio, the lower the compressive strength in FA samples, while
higher replacement ratio led to higher compressive strength in GGBFS and SF samples. GGBFS-20 and -30 samples and all
SF samples had higher compressive strength than SR and PR samples (Figure 10c). However, it was reported that PS substi-
tution up to 10% affected the compressive strength of 7- and 28-day cement mortars less than NS (Tobon et al., 2018).

Mag= 5.00KX
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Figure 11. SEM analyses of mortars.

The SEM images indicated no major morphological difference (Figures 11 and 12). When the surface morphology of the
samples was examined, it was observed that the pozzolans substituted for cement decreased the pore (Pr) sizes compared to
the reference samples. While the pore size was ~ 5 um in the reference samples, the size of the open pores decreasedto  ~
1.4 pym with the replacement additives made to the cement. However, no significant cracks were observed in the surface
morphology.
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Spatial EDS analysis was performed on 90-day samples. SEM-EDS analysis of some samples is given in Figure 13. The
analysis results obtained from the samples are given in Table 4. It was determined that the pozzolans increased Al.Os values

in the material compared to the reference samples. At the same time, depending on the MgO content in the SF, MgO content
was determined in the SF samples in SEM-EDS analysis.

Table 4. SEM-EDS analysis results.
Oxide (%) SR FA-10 FA-20 FA-30 GGBFS-10 GGBFS-20 GGBFS-30  SF-10  SF-20  SF-30

SiO2 57.26 54.64 37.94 50.54 38.11 43.73 38.18 38.87 48.67 66.32
Al20s 291 10.19 5.76 6.01 3.65 4.23 4.72 6.05 6.41 3.09
CaO 39.83 3517 56.30 43.46 58.24 52.04 57.11 53.17 4178 28.22
MgO - - - - - - - 1.90 3.15 2.37
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Figure 13. SEM-EDS analyses of mortars (a. FA-30, b. GGBFS-30, c. SF-30).

This study investigated the effect of three pozzolanic materials (FA, SF, and GGBFS) on pyrogenic siliceous mortar prop-
erties. According to the results:

1. Inthe early stages (7- and 28- day), PS samples had slightly lower apparent porosity and water absorption. Therefore,

PS contributed to bulk density in the early stages;

2. While FA samples had the highest porosity and water absorption in all sample groups, SF samples had the lowest
porosity and water absorption rates. The relative values tend to decrease with increasing SF ratio. However, SF
samples had the highest bulk density in all sample groups;
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3. The positive contribution of PS to the flexural strengths decreased with increasing curing time. In addition, despite
the increase in the replacement ratios, variable results were obtained for the flexural strengths. Increasing substitution
rates increased the strengths only in GGBFS specimens cured for 90 days;

4. FA samples had the lowest compressive strength values with increasing replacement ratio in the sample groups.
However, the highest compressive strength values were obtained in SF samples;

5. SF reacted better than GGBFS and FA and had higher compressive strength than reference mortars at replacement
ratios and curing times;

6. Asaresult, PS contributed to early strength, followed by a decrease.
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