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ARTICLE INFO ABSTRACT
Keywords: Alkali-activated binders made from various waste products can appreciably reduce the emission
Eco-friendly binder of CO, and enhance the waste recycling efficiency, thus making them viable substitutes to or-
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dinary Portland cement (OPC)-based binders. Waste materials including fly ash (FA), palm oil fuel
ash (POFA), and granulated blast furnace slag (GBFS) reveal favorable effects when applied to
alkali-activated mortars (AAMs) that are mainly related to the high contents of silica, alumina,
and calcium. Therefore, fifteen AAM mixes enclosing FA, POFA with high volume of GBFS were
designed. The obtained GBFS/FA/POFA-based AAMs were subjected wet/dry and freeze/thaw
cycles. The impact of various GBFS contents on the microstructures, freeze-thaw cycle, abrasion
resistance, mechanical and durability features of the proposed AAMs were evaluated. The results
showed that presence of Ca can significantly affect the AAMs durability features and long-term
performance. The abrasion resistance of the AAMs was decreased with the decrease of CaO
contents. Furthermore, the abrasion depth of 70% AAMs (0.8 mm) was lower in comparison to the
mix made by replacing 50 wt% of FA with GBFS (1.4 mm). Generally, increase in the GBFS
contents from 50 to 70% could largely impact the AAMs properties under aggressive environ-
mental exposure. The expansion and physical impacts during the freezing-thawing cycles was
argued to destroy the bonds in C-S-H and paste-aggregates, causing the formation of large cracks.
It is asserted that the AAM mixes made from FA, POFA and high volume of GBFS may offer
definitive mechanical, durable, and environmental benefits with their enhanced performance
under aggressive environments.

1. Introduction

Traditional cement production produces significant amounts of carbon dioxide and consumes a great deal of energy [1,2].
Reduction in the emission of CO3 is a major issue for the cement industries worldwide due to the production of vast amount of cement
[3,4]. Many studies showed that geopolymers (GPs) can serve as viable alternatives to OPC, reducing the greenhouse gases emission.
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Thus GPs-based concrete can lower the greenhouse gases emission about 80% lower than OPC and 26-45% lesser compared to OPC
concretes [5-8]. GPs are the generic term that can be applied for the alkaline solid alumina-silicates reaction for the production of
hardened binders made by combining the hydrous alkali-alumina-silicates and/or alkali-alkali earth-alumina-silicates [9]. More
accurately, GPs serve as a promising green building material. The polymerization reactions that take place between
alumina-silicate-rich material and alkali activation result in the production of geopolymer concretes (GPCs). They are obtained from
many sources such as FA, POFA and GBFS. It has great mechanical qualities and durability, which significantly lowers
production-related energy uses and emission of greenhouse gases [10]. FA is a typical precursor cementing component generated as a
spin-off in the power plant [11]. The dissolved silica, aluminum, and other ions are polycondensed and polymerized when an alkaline
media activates them, creating a substance with mechanical qualities similar to Portland cement [12]. Higher fineness and the usage of
activators are typically used to increase FA’s responsiveness [13].

Geopolymerization requires the alumina-silicate oxides to be dissolved in alkali poly-silicate, producing Si-O-Al bonds and semi-
crystalline alumina-silicate structure in 3D with chemical formula Mn [-(Si-02)z-Al-O]ln.wH20 (where M is the alkali metal, z that
can be 1, 2, 3, or more is the extent of polycondensation or polymerization). Geopolymers come in three key forms, namely, poly
(sialate), poly (sialate-siloxo), and poly (sialate-disiloxo) with the corresponding Si to Al ratio of 1, 2, and 3. It was recommended to
use the SiO5 to M0 and SiO2 to Al,O3 molar ratio in the range of 4.0-6.6 and 5.5 to 6.5 for alkali poly (sialate-disiloxo) with the Si to Al
ratio of 3, respectively [14,15]. Other researchers have identified similar ranges for the molar ratios of MO to SiO5 ranged from 0.2 to
0.48, SiO5 to Al;0O3 ranged from 3.3 to 4.5, and HoO to MO ranged from 10 to 25. This displays the need for an optimal molar
proportion of SiO5 to Al,O3, and an effective alkali medium such as Na, K- hydroxide or a NaySiOs solution to activate the alkali.
Typically, NaOH and Na2SiO3 are used to form an alkali solution wherein OH ™ facilitates the feedstock’s dissolution of Si** and AI**.
Meanwhile, Na™ facilitates the crystallization of the GPs. Both high and low quantities of Na+ impact the mixture’s compressive
strength and thus the ratio of NaySiO3 to NaOH is critical in this process. Lower Na* and OH levels prevent full dissolution and
polymerization, whilst higher levels of Nat content leave excess Na+ in the specimen, which weakens the geopolymers structure.
Morsy et al. [16] showed that an increase in the NaOH to NaySiOs ratio from 0.5 to 1.00 can increase the strengths of FA-based GPs.
Natural resources like metakaolin and kaolinite together with other waste materials from diverse industries like FA, waste glass, slag,
and soil waste can be used as the sources of aluminate-silicate precursors for geopolymers production [17]. Subsequently, these can
then be applied to various alkaline dosages during activation procedures and under different curing conditions.

Vast quantities of POFA, or waste materials from palm oil by-products, are generated in a number of agricultural sectors throughout
Thailand, Malaysia, and Indonesia. Furthermore, it is anticipated that increased palm oil tree planting in these areas will cause a steady
increase in POFA production. The creation of POFA requires the burning of oil palm clinkers, shells, and empty fruit bunches. Ac-
cording to a survey conducted in 2007, Thailand and Malaysia produce several million tonnes of POFA annually and this figure is
steadily rising [1]. It is interesting to note that due to its zero commercial value, POFA is generally thrown as landfill into lagoon, which
poses a severe environmental risk. Nonetheless, recent research has demonstrated that high silica content POFA may be advantageous
for sustainable growth of the construction sectors. This advancement has promoted research into the topic, as well as extensive use of
the inexpensive and widely accessible resource material (POFA). Moreover, POFA is a pozzolanic agent, indicating its effective uses as
a binder in GPs or part of replacement for OPC in conventional concretes to increase their strength and durability performance.

High-curing temperatures are necessary in facilitating quick and effective geopolymerization whilst also retaining the required
compressive strengths (CS). This is critical in producing GPs using just FA. For FA-based GPC the values of early compressive strength
(CS) can reach to 5 MPa at 60 °C after three days of curing. This can be a drawback in alkali-activated FA products. However, it seems
that the addition of GBFS to FA can help to develop a GPC that has an acceptable CS upon ambient temperature curing. The waste by-
product GBFS is outsourced from the quenched molten iron slag produced in a blast furnace under water or steam. Then, the amor-
phous and granular by-product is ground after drying to get a fine powder. The slag properties can vary considerably depending on the
raw materials’ chemical composition during the manufacturing of iron. GBFS disply both cementitious and pozzolanic characteristics
because of high CaO and SiO2 contents. Many studies have been conducted that the inclusion GBFS in cement and GPs significantly
improve the strength performance [18,19]. The structures of N-A-S-H gels are created when lower quantities of calcium FA are used.
Thus, CaO found in GBFS facilitates the formation of C-A-S-H and C-S-H gels [20,21]. In turn, this heightens the alkalinity of the
mixture and generates a water deficiency. By encouraging quicker and greater alumina-silicate dissolution, improve alkaline condition
can improve the geopolymerizations and poly-condensation processes at room temperature. Moreover, the CS is can be enhanced by
adding GBFS. Nonetheless, the study revealed that excessive GBFS material accelerates the setup procedure. Geopolymer binders
(GPBs) were used to create the appropriate strength and a workable setting time in this research. Meanwhile, preliminary research
indicates that the amount of GBFS in the mixture should be maintained at 30%. For above 30% of GBFS, the setting time decreases but
the strength increases, making the production of GP feasible at ambient temperature.

Many factors including aggregate content, size, component ratios, porosity, admixtures, and binder types can affect the engineering
attributes of GPs in various ways. There are two categories of these factors like aggregate gradation and GP pastes (GPPs). Nonetheless,
studies examining how they interact and impact the mechanical qualities of previous concrete are scarce. The intricate impact of
binder types and CaO content on geopolymerization requires more research. Additionally, the majority of earlier studies employed
high temperatures to cure the GPs. Nevertheless, it is important to cure GPCs at room temperature before their practical applications
[22]. As far as the researcher is aware, very few studies have examined the impacts that high volume GBFS, FA and POFA have on
characteristics of designed AAMs, especially with POFA. Thus, this study focused on developing a mixed design strategy for creating
high-volume slag GPs using FA and POFA and establishing ambient temperature curing conditions. Based on reaction byproducts,
AAMs surface morphology observations, and mechanical characteristics of manufactured samples, the optimal GBFS concentrations
were determined.
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2. Methodology
2.1. Materials characterization

In this work, NaOH and Na,SiO3 were used as alkali activators, whereas waste raw materials like FA, POFA, and GBFS were utilized
to design the proposed AAMs. Additionally, the fine aggregates used here included river sands. The binder was made without cement
using pure GBFS (obtained from Malaysia) as a constituent as it is. This slag, which has an off-white colour, stands out from other
auxiliary cementitious materials because it possesses both pozzolanic and cementitious characteristics. When water was added, the
reaction occurred, forming GBFS. XRF spectra of GBFS showed that it was mostly consisted of calcium (51.8%), silicate (30.8%), and
alumina (10.9%). AAMs were made using FA and POFA (alumina-silicate components with a low calcium content) which was collected
from a Power Station and palm oil mills (Malaysia). These materials were grey-coloured and met the ASTM C618 standard [23].
Compared to GBFS, FA and POFA included 5.2% and 10.2% calcium, 57.2% and 64.2% silicate, and 28.8% and 4.3% aluminum,
respectively (Table 1). It also complied with these specifications. The median size of particles in FA, POFA and GBFS (Fig. 1) measured
using a particle size analyzer was 10 pm, 8.2 pm and 12.8 pm, respectively. BET surface are of FA and GBFS was calculated to assess the
physical properties and CSs. POFA had larger specific surface area (of 23.1 m2/g) compared to FA (18.1 m?/g) and GBFS (13.6 m?/g).
Fig. 2 displays the appearance of FA (grey), POFA (dark grey) and GBFS (off-white).

XRD profiles (Fig. 2) of FA, POFA and GBFS showed pronounced diffraction peaks at 26 values between 16 and 30°, indicating the
existence of alumina and silica crystallites. However, the presence of additional sharp peaks was due to the existence of crystalline
quartz and mullite phases. In fact, their genuine disorder was verified by the XRD analysis of GBFS that lacked any intense peaks. The
presence of calcium and silica was vital for the development of GBFS. The large amounts of silica and calcium in glassy form that
reacted in the GBFS were beneficial for the synthesis of AAMs. However, the low levels of AloO3 (10.49 wt%) in GBFS had to be
overcome, and thus FA was introduced. SEM pictures of FA, POFA, and GBFS showed that FA was composed of regular spherical grains,
whereas POFA and GBFS were composed of uneven and angular grains, thus in agreement with the previous reports [24].

The suggested mortars were prepared using fine aggregates made of river sand with a saturated surface. Based on ASTM C117 [25]
standard guidelines, it was rinsed with water to decrease the presence of silts and pollutants. After removing the moisture, the AAMs
were dried in an oven at 60 °C (24 h) before being scored to match ASTM C33 [26] requirements. Prepared aggregates had fineness
modulus and specific gravity of 2.9 and 2.6, respectively. Pellets of analytical grade NH (98% purity) were added to water and dis-
solved in order to create a solution containing a 4-M concentration. Moreover, NS mix consists of SiO3 (29.5 wt%), NazO (14.70 wt%),
and H»0 (55.80 wt%) was used. After the M NH solution was produced, it was left to cool for 24 h and then it was combined with NS
mixture to make an ultimate alkaline solution with SiO5 to NayO ratio of 1.2. For all alkali solutions, NS to NH ratio was kept constant
at 0.75.

2.2. Mix design preparation

For all the proposed mortar mixtures, the binder to fine aggregate ratio (B:A), alkaline activator solution to binder ratio (S:B) were
correspondingly 1.0 and 0.40. These ratios were established for all the mixtures based on trial mixes and this was critical as there is no
industry standard at present for AAMs. For the preparation of the AAMs, FA, POFA, and GBFS were utilized. FA, POFA, and GBFS were
combined to ascertain the impact of CaO on the geopolymerization reaction and gels formulation. As a source of CaO, the GBFS
concentration was maintained between 50 and 70%. GBFS contents were ranged from 50 to 70% for the replacement of FA and POFA
by GBFS of high volume. Blends with significant volumes of FA, like 50%, were not used in the control mixture in this work. Moreover,
for all the mixtures, the NS: NH ratio, the NH molarity and the alkali solution modulus [SiO2:NaO (Ms)] were fixed. Table 2 presents
the impacts that different GBFS quantities have on CaO levels in AAMs when used as a replacement for FA and POFA. Additionally,
fifteen substitution levels were incorporated and used to determine the effects of CaO on the overall geopolymerization reaction. The
findings revealed that with the rise of GBFS levels, CaO contents were improved (Fig. 3). Additionally, CaO content was raised from
19.2 to 37.8% when FA was replaced by GBFS from 50 to 70%. On the other hand, the levels of SiO5 and Al,O3 decreased when the
GBFS level was increased, although the extent of the reduction varied based on the chemical composition.

Table 1

Chemical compositions of FA, POFA, and GBFS obtained using XRF test.
Materials FA POFA GBFS
SiOy 57.20 64.20 30.8
Al,03 28.81 4.25 10.9
Fe,03 3.67 3.13 0.64
CaO 5.16 10.20 51.8
MgO 1.48 5.90 4.57
K20 0.94 8.64 0.36
Na,0 0.08 0.10 0.45
SOs3 0.10 0.09 0.06
LOI 0.12 1.73 0.22
Si0,: Al,O3 1.98 15.11 2.82
CaO: SiO, 0.09 0.16 1.68

CaO: Al,O3 0.18 2.4 4.75
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Based on guidelines proposed by the ASTM C109 [27], the CS test was conducted on the AAMs after 1, 3, 7, 28, 56, 90, 180 and 360
days. For each age, three samples were evaluated, and the samples were properly positioned after preparation in accordance with the
upper and lower metal bearing plate. AAMs were placed at a fixed loading rate of 2.5 kN/s. The density and CS of AAMs were obtained
automatically depending on their weights and sizes. Following to ASTM C666 (—17 to 5 °C) [28], cubic specimens of size (50 m x 50
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Table 2
Mix design of FA and POFA based AAMs incorporating high volume GBFS.
Group Mix Details of mix designs
GBFS FA POFA Si05:A1,03 Ca0:SiO, Ca0:Al,03
A S1 50 50 0 2.22 0.65 1.43
S2 40 10 2.57 0.65 1.66
S3 30 20 3.04 0.65 1.97
S4 20 30 3.68 0.65 2.39
S5 10 40 4.65 0.65 3.03
S6 0 50 6.25 0.65 4.07
B S7 60 40 0 2.29 0.80 1.83
S8 30 10 2.69 0.80 2.15
S9 20 20 3.25 0.79 2.59
S10 10 30 4.06 0.79 3.23
S11 0 40 5.35 0.79 4.25
C S12 70 30 0 2.38 0.97 2.32
S13 20 10 2.85 0.97 2.77
S14 10 20 3.53 0.96 3.41
S15 0 30 4.57 0.96 4.41

mm Si02 == CaO mmARO:
0:50
10:40
20:30
30:20 50% GBFS
40:10
50:0

0:40
10:30
20:20 60% GBFS
30:10

40:0

FA:POFA

0:30
10:20
20:10

30:0

70% GBFS

— — T
0 10 20 30 40 50
Mass Ratio (%)

Fig. 3. Impact of high volume GBFS incorporating FA and POFA on SiO,, CaO and Al,O3 content.

mm x 50 mm) were cured for 28 days and then utilized to evaluate their resistance against a total of 300 freezing-thawing cycles. As
Method A was better compared to B, the former was utilized in this experiment. After curing the specimens for 28 days they were left to
thaw at ambient condition in order to determine the ultrasonic pulse velocity (UPV) and mass. AAMs were immersed in water and a
timer was used to control the temperature and achieve each freezing-thawing cycle. A qualitative examination was also performed to
determine weight reduction, UPV, and residual compressive strength. In turn, this enabled the effectiveness of AAMs to be assessed.
Additionally, AAMs length changes and dynamic modulus were recorded at every 50 cycles for a total of 300 cycles.

According to IS 1237-1980, the abrasion resistance of proposed alkali-activated mortars were evaluated at 1, 3, and 28 days of
curing age. Mortar specimens with size (50 x 50 x 50) mm were adopted for this purpose. Firstly, the proposed mortar specimen
placed in the machine then the machine rotated at 30 rpm and load of 300 N was applied. The sieved river sand is continuously fed
back into the grinding path so that it remained uniformly distributed in the track corresponding to the width of the test mortar
specimen. The specimens were tested for 1 h and the reading of weight were taken each 15 min. Then the grind depth was calculated
using following formula:

(Wx — Wy) x Vy

I=———— 1
Wy x Ay (1]

Where.

I: grind depth, mm

Wx: initial weight of proposed mortar cube before the test, gram.

Wy: final weight of proposed mortar cub after the abrasion test, gram.
Vx: initial volume of proposed mortar cube before the test, mm®.

Ax: The surface area of proposed mortar cube, mm?.
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Fig. 4. CS development of AMMs made at various FA and POFA level with GBFS contents of (a) 70% (b) 60% (c) 50%.

Following ASTM C642, water absorption (WA) test of the proposed AAMs was performed [29]. Then, each mortar cube was cast in
size of (50 x 50 x 50) mm and cured at ambient temperature for 28 days then submerged for 24 h in 27 °C water. Mortar ‘specimens
were hanged to be weighed after being totally submerged in water (Ws). After saturation, the mixes were oven-dried for an extra 24 h
at 105 °C and then weighed (Wd). The values of WA (%) of the mixes were calculated thrice via:

WA (%) = [(Ws = Wa)/Wg] x 100 (2]

3. Results and discussion
3.1. Mechanical characteristics

Fig. 4 illustrates the influence GBFS incorporation in place of FA and POFA on the CS values of AAMs. An increasing content of GBFS
increased the CS performance. AAMs containing high volume of GBFS as substitute to FA (Fig. 4(a—c)) showed an increase in the early
strength from 38.7 to 42.5 MPa at 24 h with the increase of GBFS from 50 to 70%, respectively. Similar trend in the development of CS
of AAMs was observed after 3, 7, 28, 56, 90, 180 and 360 days. The CS values of AAMs were 80.5, 80.7 and 85.1 MPa after 28 days, and
88.7, 90.6 and 94.1 MPa after 360 days for GBFS contents of 50, 60 and 70%, respectively. The CS gain of mixes from the final strength
at high volume of GBFS was 45, 61, 75 and 90% at 1, 3, 7 and 28 days, respectively.

Fig. 4(a—c) shows the influence of increasing GBFS level as replacement to POFA on the CS development of the AAM specimens that
was directly proportional to the increase of GBFS level. The early strength after 24 h was increased with the raising content of GBFS and
reduction of the POFA level. The values of CS were 18.7, 22.9 and 26 MPa for the corresponding GBFS level of 50, 60 and 70%. The
values of CS revealed similar trend at other ages. The values of CS were 55.6, 70.2 and 70.5 MPa after 28 days, and 70.6, 77.3 and 90.1
MPa after 360 days for the mixes designed with the corresponding GBFS level of 50, 60 and 70%. The specimens prepared with high
volume GBFS as replacement of POFA displayed the CS gain from the final CS of 29, 40, 54 and 78% after 1, 3, 7 and 28 days,
respectively.

It is established that the amorphous and granular structures of GBFS composed of SiOj, CaO, and Al;O3 (Fig. 3) had high calcium
oxide (51.8%) content, facilitating the formation of C-S-H gel as major reaction products with CaO to SiO; ratio of 1.68 [30]. This
C-S-H gel could improve the CS of the mortars [30-32]. Kumar et al. [33] demonstrated that the dissolution and precipitation of
C-S-H gel is dominant at the ambient condition because of the alkaline-activation of GBFS. The generation of cementitious C-S-H gels
was mainly responsible for the improvement of setting time and CS of the mixes. Al-Majidi et al. [34] examined the effect of GBFS
content on the CS development of mortars at different curing regime and ages wherein an increase in the GBFS contents was found to
enhance the early ages CS of AAMs. Kumar et al. [35] have examined the effect GBFS content on the AAM matrix and stated that by
increasing the GBFS level, the CS and flexural strength (FS) of the mixes can be improved. The inclusion of GBFS was shown to
accelerate the hydration reaction, thus forming more C-S-H gels [36] and enhancing the strength performance of the mortars.

Three mechanisms were proposed to explain the influence gels formulation by GBFS content. The 1st mechanism involved the
improved CS to a greater rate of C-S-H gel formulation because of the addition of dissolved CaO from GBFS surfaces [33,37].
Furthermore, a higher rate of C-S-H formation due to the existence of CaO may create water shortage in the mortar, increasing its
alkalinity to dissolve the existing Al;03-SiO; at higher rate [20,38]. The 2nd process was related to the alkali activated products
formation of GBFS that are usually predominated by C-A-S-H gels. The presence of aluminum ions can lead stronger polymerization
and considerable cross-linking among C-S-H chains [39]. The creation of N-A-S-H was claimed to be the last mechanism that can
appreciable improve the CS of mortars. Certainly, N-A-S-H gels being a negligible secondary product that coexist in the composition
range of the major C-S-H types gel [40], improving the gels compactness, and reducing the total pore volume thereby improving the
CS values of the mortars [41].

The results (Fig. 4(a, b) and c) clearly displayed that the AAMs made with high volume of GBFS and FA presented better CS than
those prepared with GBFS and POFA. After 28 days, a compressive strength value of 80.5, 80.7 and 85.1 MPa were achieved for AAM
matrix containing GBFS and FA. However, AAM matrix containing GBFS and POFA revealed a compressive strength value of 55.6, 70.2
and 70.5 MPa that was lesser compared to the reported mixes. The effect POFA on early CS can clearly be seen in Fig. 4 (c). The CS gain
of the AAM after 24 h was reduced to 29% and 45% for the blend containing POFA and FA, respectively. Similar trend of CS was
observed after 3, 7, 28, 56 and 90 days and still the strength gain with FA was higher than the one with POFA. The higher ratio of
silicate to aluminium (6.25) was achieved for the matrix with 50% of POFA compared to a ratio of 2.2 for the matrix containing 50% of
FA, which reduced the strength from 80.5 to 55.6 MPa at 28 days. Ranjbar et al. [42] found that an increase in the ratio of SiO5 to Al,O3
produce negative effect on the CS performance of proposed binders. In addition, a decrease in the AloO3 level with the increase of POFA
percentage showed a considerable effect on the formation of C-A-S-H gels, lowering the CS values [43,44] and slowing down the
reaction rate of mortars.

In each level of high volume GBFS (50, 60 and 70%), the influence of POFA as FA substitution on the CS development of AAMs at
early and late ages were assessed (Fig. 4). The impact of POFA replaced to FA on the CS values of mixes designed with 60 and 50% of
GBFS (Fig. 4 (b) and (c)) showed that an increase in the POFA level could lower the early ages CS. FA replacement by 10% POFA in
AAMs containing 60 and 50% GBFS after 90 days has enhanced the compressive strength (88.1 and 84.8 MPa) compared to 86.6 and
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84.4 MPa. Ariffin et al. [45] showed that low level of Al;O3 was responsible for the reduced CS, wherein incomplete geopolymerization
due to higher dissolution of Al;O3 at early age caused such reduction. For 70% GBFS containing AAMs a reduction in the ratio of FA:
POFA from 30:0 to 0:30 have negatively affected the early strength after 1, 3 and 7 days (Fig. 4 (a)). The values of CS for mortars were
42.5, 36.5, 32.7 and 26 MPa for the corresponding POFA contents of 0-10, 20 and 30%. In short, low content of Al;03 was responsible
for the drop of early CS of AAMs [46,47]. After 28 days, the CS values of AAMs were enhanced from 85.1 to 86.5 MPa with the increase
of POFA contents from 0 to 20%, respectively). The rise of POFA level to 30% could reduce the CS to 70.5 MPa.

Fig. 5 shows the influence of the proportions of SiO5 to Al,O3 and CaO to SiO, on the CS development of AAMs made with high
GBFS of high volume wherein the strength of the mixes was affected significantly with increasing ratios. The improved CS was
inversely related to the ratio of SiO; to Al;O3, achieving an optimal value of 55.6 MPa at a ratio of 6.5. The CS of the mortar was
maximum (97 MPa) at 28 days for CaO to SiO5 ratio of 0.97. SiO» to Al,O3 ratios of 2.75 and 3.25 could reduce the corresponding CS of
mortar after 28 days to 86.4 and 85.1 MPa (Fig. 6). It was demonstrated that as the percentage content of silicate increase and calcium
and aluminum level was decreased, the CS of AAMs was reduced.

3.2. XRD analysis

Fig. 7 illustrates the XRD profiles of the designed AAMs composed of high GBFS contents. Three levels of GBFS were replaced of FA
with 50, 60 and 70% specimens were prepared. The results show the dense gels of Gismondine (CaAl;Si;Og-4(H20)) and Zeolite (Na or
K or Ca-AlSi3Og) peaks intensity between 20° and 28° were increased as the GBFS content increase, at 29.9° the intensity of Albite
(NaAlSi3Og) peak also observed increase as the content of GBFS increased. When the GBFS level in the mixes was increased from 50 to
70% the XRD pattern showed new peak at 24° and Gismondine (CaAl,SioOg-4(H20)) peak was replaced with the quartz. With 70%
GBFS, Zeolite peak was replaced by Mullite at 16°. This increase in the GBFS level led to the formation of more dense C-S-H gels. The
presence of Gismondine and Alibte in the AAMs was responsible for the enhancement of strength and surface morphology of the mixes.

Fig. 8 displays the influence of high level GBFS replaced POFA at 50, 60 and 70%. An increasing amount of GBFS has enhanced the
dense gel peaks intensity and reduced the quartz peak intensity. AAMs with increasing content of GBFS (60 and 70%) and decreasing
content of POFA (40 and 30%) revealed new peaks such as Zeolite, Albite and Gismondine beside the dense amorphous N, C-A-S-H gel
that significantly improved the strength performance. This dense gel could improve the AAMs surface structure and the strength from
63.2 to 73.1 and 76.9 MPa.

Fig. 9 shows the XRD pattern of AAMs containing 70% of GBFS and POFA as FA replacement. The gel peaks verified the presence of
calcium in chemical composite such as Albite, and Gismondine for 0 and 10% POFA replaced FA. The Albite peak at 31° for 10% POFA
showed higher intensity and lower width than similar peak at 0% POFA, implying that the dense gels product in 10% POFA was higher
than 0%. This explained the improvement of mortar compressive strength to 97.7 MPa compared to 85.1 MPa recorded with 0% FOFA.
When the content of POFA replaced FA raised to 20% some of the peaks were altered, where Zeolite peak replaced the mullite at 16°,
leading to a reduced strength of alkali-activated specimens from 97.7 to 86.4 MPa.

Fig. 10 shows XRD of binder containing 50% of GBFS and POFA as FA replacement. Six levels of POFA replaced FA mixes were
prepared and examined at 28 days of age. The specimens started with 0% of POFA replaced FA then gradually increased to 10, 20, 30,
40 and 50%. As the content of POFA was increased the quartz peak intensity at 28 and 21° was also improved. The Gismondine peak at
28° for the mix containing 0% of POFA showed the peak of quartz replacement and shift of Gismondine peak to 27.8°. An increase in
the ratio of POFA replaced FA led to a raise in the unreacted SiO; and thus controlled the dense gels product. This in turn lowered the
CS of the mortars from 80.5 to 55.6 MPa with the corresponding increasing POFA level from 0 to 50%.

Ca0:SiO2

0.70

0.65

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Si02:A1203

Fig. 5. Influence of SiO, to Al;03 and CaO to SiO ratios variation on the CS of mixes.
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Fig. 6. SiO,, Al;03 and CaO contents dependent changes in the CS of AAMs.
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Fig. 7. XRD profiles of AAMs composed of 50, 60 and 70% GBFS at 28 days of curing.

3.2.1. Scanning electronic microscopy (SEM)

Three levels of high volume GBFS specimens were prepared for comparing the microstructures of AAMs containing FA. Fig. 11
presents the SEM results for 50, 60 and 70% GBFS at 28 days. As seen in the SEM images the dense gel was increased with increasing
content of GBFS. Generally, with the increase of GBFS level more C-S-H gel was produced, enhancing the microstructures of the
specimens [5]. Fig. 11 (a) shows the SEM image of AAM containing 70% GBFS. Most of the sample surface appeared due to the ex-
istence of little amount of partially-reacted and unreacted grains. Fig. 11 (b) and (c) illustrates the microstructure of AAM with 60 and
50% of GBFS, respectively. These grains were increased with the decrease of GBFS content and showed a less compact and highly
porous surface than the one having 70% of GBFS content.

Fig. 12 displays the SEM micrographs of mortars containing 70% of GBFS. The results of SEM showed that the substitution of FA by
10% of POFA has enhanced the microstructure of alkali-activated matrix wherein the surface revealed more compactness and less
porosity than the mixes containing 0 and 20% of POFA. Mortar made 20% of POFA showed more particles that were reacted partially
or not reacted at all. These particles were rarely observed on the AAMs surface at low amount of POFA as shown in Fig. 12 (a) and (b).
On [8], the authors reported that the CS and surface morphology of design mortar significantly depends majorly on the SiO, to Al;03
ratio. It was further acknowledged that Si to Al ratio above 3.50 can negatively influence the CS performance of mortars [48].

3.3. FTIR spectra

Fig. 13 shows the FTIR spectrum of the designed mixes containing high volume GBFS. Table 3 illustrates the FTIR band locations
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Fig. 9. XRD profiles of AAMs composed of 70% of GBFS at different POFA content as FA replacement.
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Fig. 11. Impact of high level GBFS on the surface morphology of FA incorporated AAMs (a) 70% GBFS (b) 60% GBFS (c) 50% GBFS.

and bond vibration. The results of GBFS replaced FA at 50, 60 and 70% indicted to the bands of 50% GBFS at 755.3, 871.5 and 945.6
cm ! were decreased to 743.7, 865.6 and 945.1 cm ™! with 60% and 730.1, 865.1 and 944.4 cm ™! with 70% of GBFS containing mixes,
respectively. The reduction in bands frequency was related to the increase of GPMs CS from 80.5 to 80.7-85.1 MPa. Furthermore,
creation of AlO4, C-S-H and C-N-A-S-H showed inverse relation to the band wavenumber. The bands at lower wavenumber implied
the dissolution more silica thereby forming higher amount of Al04, C-S-H and C-N-A-S-H [49]. Mortars made with the replacement of
POFA by GBFS at 50, 60 and 70% showed a decrease in the band frequency with the increase of GBFS contents. This observation was
attributed to the creation of more C-S-H and C-N-A-S-H gels. The low strength of AAMs made with POFA and without FA inclusion was
explained using FTIR analysis. With increasing POFA level the amount of Al was reduced, allowing the dissolution of silicate and lead
which in turn lowered AlO4, C-S-H and C-N-A-S-H products as evidenced from the band position of POFA added mixes (Table 2) than
FA-incorporated ones. For mixes containing 50% of GBFS, the effects of POFA substituted FA was also evaluated using FTIR spectral
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Fig. 12. SEM images of 70% of GBFS based AAMs incorporating various level of POFA as FA replacement (a) 0% POFA (b) 10% POFA (c)
20% POFA.

analysis. The band position of Si-O-Al was improved with the raise of POFA contents. In addition, the proposed mortar CS was reduced
from 80.5 to 65.1 to 55.6 MPa at 0, 30 and 50% POFA content.

3.4. Freezing-thawing resistance

The residual CS, internal frost damages, and surface scaling of the proposed mortars were examined as a function of high volume
GBFS in the mixes wherein the mixes were subjected to freezing and thawing (300 cycles) at 28 days. The influence of high volume
GBFS (50, 60 and 70%) in place of FA for the AMMs durability was evaluated (Figs. 14-16). The residual CS of the mixes were
enhanced from 48.6 to 69.6 MPa with the increase GBFS level from 50 to 70% (Fig. 14). The values of internal frost damages were
increased with the increase of cycles number, the reduction in internal damage was decreased with raise GBFS level as shown in

12



G.F. Huseien et al.

Table 3

Effect of high level of GBFS on ternary

100

90 -

=
S
1

60 -

Fig.

% Transmittance
@
=
1

GBFS:FA:POFA
70:30:0
70:0:30
—— 60:40:0
70:0:40
50:50:0
50:0:50
50:20:30

1 J 1
500 1000

1500 2000 2500 3000

‘Wavenumbers (cm-1)

blended alkali-activated” FTIR results.

1
3500

T T T
4000

4500

13. Effect of high level of GBFS on FTIR spectra of AAMs.

Heliyon 9 (2023) e17672

Mix Fc (MPa) FTIR band position (em™) and assignment

GBFS:FA:POFA Si/Al Ca/Si Al-O Si-O AlO4 C-S-H C-(N)-A-S-H
70:30:0 2.38 0.97 85.09 651.6 683.5 730.1 865.1 944.4
70:0:30 4.57 0.96 70.53 668.9 690.4 795.1 870.4 954.4
60:40:0 2.29 0.80 80.68 664.9 690.1 743.2 865.6 945.1
60:0:40 5.35 0.79 70.22 665.4 691.5 796.9 871.5 955.6
50:50:0 2.22 0.65 80.46 671.7 690.9 755.3 871.7 945.6
50:20:30 3.68 0.65 65.14 663.7 691.5 777.2 871.9 956.1
50:0:50 6.25 0.65 55.64 652.5 691.9 805.7 872.1 956.9

ultrasonic pulse velocity in Fig. 15 Residual weight and surface scaling of alkali-activated specimens trend to decrease with increasing
GBFS content and recorded residual weight 98.6, 99.2 and 99.4% with 50, 60 and 70% GBFS respectively as depicted in Fig. 16. The
high durability of high volume GBFS replaced FA can clearly observe from residual weight results and surface deterioration was shown
in Fig. 17. With the increase of GBFS level, the porosities of AAMs were lowered with the refinement of pores GBFS content,
contributing to the lowering of ice development [50]. Meanwhile, the pores the mixes became more disjointed and reduced the
capillary transports of exterior liquid into the pores of mortars during the freezing-thawing cycles. Consequently, less ice was grown
that is proposed to be the main scaling process governed by the cryogenic suction of surface liquids under the freezing stage [51].
The effects of high level GBFS as substitute to POFA of 50, 60 and 70% on the residual CS and surface scaling features of the mixes
evaluated as shown in Figs. 18-20, respectively. The results showed inverse relation between loss of strength and GBFS content,
wherein the loss of strength was reduced with the increase of GBFS level. The residual CS of mortars was 20.1, 34.1 and 36.2 MPa at 50,
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Fig. 14. GBFS contents dependent residual CS of AAMs.
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Fig. 16. GBFS contents dependent residual weight of AAMs.

60 and 70% of GBFS contents (Fig. 18). The results of internal frost damage and lose weight are decreased with increasing GBFS
content as shown in Fig. 19. Fig. 20 depicts the level of deterioration of the specimens wherein the damage was decreased with the
increase of GBFS content.

The impact of various POFA level as FA replacement on the residual CS of the mortars containing 70% of GBFS was evaluated
(Fig. 21). The replacement of FA by 10% POFA was observed to enhance the strength and durability properties of the AAMs as
explained before. Lower contents of voids could contribute to an increase in the resistance of specimens to freeze/thaw cycles. Increase
of POFA content higher than 10% led to more porous structure of the mortar with lower resistance. An increase in the POFA level could
lower the residual CS of AAMs to 36.1 MPa for 30% of POFA compared to 69.7 MPa for 0% of POFA after 300 cycles. Similar trend of
was observed with residual weight results, where the weight loss was increased with raising POFA level more than 10% as presented in
Fig. 22.

Figs. 23 and 24 show the impact of POFA as FA substitution on the residual CS and weight for 50% of GBFS containing specimens. It
was observed that the loss strength and weight was directly proportional to the POFA content. When the POFA level was increased to
50% the strength of the mortar was reduced to 20.1 with loss weight above 5% after 300 cycles than 48.6 MPa and loss of weight was
below 98% for mortar made with 0% of POFA. When the freeze/thaw cycles and POFA level were increased, the damage was mostly
observed on the mortars surface and edge (Fig. 25). Furthermore, the higher deterioration was observed for AAMs containing 50%
POFA.

3.5. Abrasion resistance (AR)

Fig. 26(a—c) displays the influence of high GBFS level on the abrasion resistance (AR) of AAMs. The AR of mortars showed direct
proportionality with the curing age and GBFS content. All the designed mixes revealed higher AR at 28 days than at 1, 3 and 7 days. In
addition, the AR values were affected by the variation of GBFS contents, wherein the grinding depths of AAMs were decreased from
1.07 to 0.68 then 0.66 with increasing GBFS content from 50 to 60 and 70% respectively at 28 days. The impact of POFA as FA
substitution in the mortars made with 70, 60 and 50% of GBFS was evaluated as shown in Fig. 27 a, b and c respectively. The results

14
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Fig. 17. GBFS contents dependent surface texture weight of AAMs when exposed to 300 freeze/thaw cycles.
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Fig. 18. Impact of high GBFS contents on residual CS of AAMs.
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Fig. 19. Impact of GBFS contents on the residual weight of proposed mortars.

indicted to as POFA replaced of FA level increased the abrasion resistance decrease and the grind depth increased from 1.07, 0.68 and
0.66 mm to 1.7, 0.88 and 0.86 mm at 50, 60 and 70% of GBFS specimens. The highest abrasion resistance value was obtained with
alkali-activated mixture content 70% of GBFS, 20% of FA and 10% of POFA and recorded value of grind depth 0.61 mm at 28 days. As
the strength of the AAMs was enhanced with the increase of GBFS content, the porosity was dropped to low values, improving the AR of
the mortars with the increase of GBFS content. The AR in directly proportional with strength value and reduction porosity [52].
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Fig. 20. Impact of high GBFS contents as substitute of POFA on the residual weight of AAMs.
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Fig. 21. Residual CS of AAMs containing 70% of GBFS and POFA as FA replacement.
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Fig. 22. Residual weight of AAMs containing 70% of GBFS and POFA as FA replacement.
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Fig. 23. Impact of POFA as FA replacement on residual CS of AAMs containing 50% of GBFS.
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Fig. 24. Residual weight of proposed mortars made with GBFS and POFA of 50% as replacement of FA when exposed to freezing-thawing cycles.
3.6. Resistance of mortars to wet-dry cycles

The deterioration of the wet-dry resistance for AAMs made with high volume of GBFS is shown in Fig. 27. The strength loss of AAMs
showed a reciprocal relation to GBFS content. The strength loss value was decreased from 7.7 to 6.9 and 6.8% with raised GBFS level
from 50 to 60 and 70%. The weight loss values also affected by GBFS content and the values were decreased with increasing GBFS
content. In 70% of GBFS specimens, it was found the values of strength and weight loss in directly proportional with content of POFA
replaced FA, the strength loss amount was raised from 6.8 to 6.8, 7.1 and 15.9% with raising POFA content from 0 to 10, 20 and 30% as
shown in Fig. 27 (a). Weight loss of mixes was increased from 0.3 to 1.1% with the corresponding rise of POFA contents from 0 to 30%
(Fig. 27 (b)). Fig. 27(a-b) illustrates the strength and weight loss of mortars as function of increasing POFA level as substitute to FA in
the mortars made with 60 and 50% of GBFS. Mortars containing high volume of GBFS showed the low porosity and high density
structures wherein both internal and external damages were lowered, indicating high resistance against the deterioration in wet/dry
cycles.

3.7. Water absorption

Fig. 28 shows the water absorption (WA) of high volume GBFS containing AAMs at 28 days. The WA values were decreased with
increasing GBFS level replaced of FA or POFA. Water absorption of properties of the proposed mortar was affected significantly by the
GBFS to FA ratios wherein the WA values were 7.8, 7.2 and 7.1 for 50, 60 and 70% of GBFS content, respectively. The recorded water
absorption values for GBFS replaced POFA with 50, 60 and 70% were 10.4, 9.2 and 8.5%, respectively. In addition, the designed mixes
containing high amount of POFA showed enhanced WA than FA containing specimens. The effect of FA replacement by POFA at every
GBFS level of high volume was studied. At 50% of GBFS, the POFA replaced FA containing AAMs revealed increasing water absorption
values. Substitution of FA by POFA at 0, 10, 20, 30, 40 and 50% revealed water absorption of 7.8, 8.7, 9.2, 10.1, 10.3 and 10.4. Similar
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Fig. 25. Surface structures of AAMs made with 50% of GBFS.

trend was found with POFA replaced of FA at 60% GBFS. For 70% GBFS level, POFA replaced FA with 10% caused a reduction in the
water absorption from 7.1 to 6.8%. However, as the increase level of POFA replaced FA more than 10% has effect to increase the water
absorption and recorded values 7.4 and 8.5% corresponding to 20 and 30% of POFA level. This observation was ascribed to the
formation of more dense C-A-S-H gel with the increase of GBFS, leading to the development of more uniform CS with low WA as
explained in section 3.1.

The relationship between WA and CS for the proposed mortars is shown in Fig. 29. The values of WA were significantly dropped,
improving the CS of the AAMs. The linear regression technique was used to determine the correlation between the experimentally
measured results with R? = 0.74 following Eq. (3) with signified good confidence for the relation.

WA =0.0979fc + 15.612 (R* =0.7439) [3]
where WA is the water absorption of AAM specimens and fc is the cube compressive strength.
4. Conclusions

Influence of high volume GBFS (50, 60 and 70%) together with FA and POFA inclusion on the performance of AAMs were
determined. GBFS contents dependent strength, abrasion, water absorption, microstructures performance, freeze/thaw resistance, and
wet-dry resistance of the proposed AAMs were analyzed. It was concluded that.

i. The compressive strength development of ternary blended based alkali-activated mortar was significantly influenced by high
volume GBFS level, where the highest values of strength was observed with higher level GBFS content in the alkali-activated
matrix.

ii. AAMs containing FA and POFA produced negative impact on the strength values at early age. The gain of strength for the
specimen at 28 days was influenced negatively by the increase of POFA content.

iii. The designed AAMs achieved a gain in the strength between 81 and 94% after 28 days as compared to those after 360 days.

iv. In-depth microstructures analyses using diffractometry, microscopy, and spectroscopy confirmed an appreciable strength
improvement of AAMs at high volume of GBFS and low concentration of alkali-solution activation. With the increase of GBFS
level more dense C-S-H, C-A-S-H and N-A-S-H gels were formed that considerably improved the strength performance and
durability of the alkali-activated matrix. The increment in gels formulation led to improve the surface morphology of proposed
mortar with reduction in pores and non-reactive particles.
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Fig. 26. High GBFS contents dependent measured grinding depths of AAMs (a) 70% GBFS (b) 60% GBFS (c) 50% GBFS.
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Fig. 27. Effect of high volume GBFS on the AAMs resistance against the deterioration under wet/dry cycles (a) strength loss (b) weight loss.

FA:POFA

0:50 |58

10:40

20:30

30:20 50% GBFS
40:10

50:0

0:40

10:30

20:20 60% GBFS
T

40:0

0:30
10:20
20:10

30:0

70% GBFS

T T T T T T T T T
0 2 4 6 8 10 12
‘Water Absorption (%)

Fig. 28. High GBFS contents dependent WA of AAMs.
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WA = -0.0979fc + 15.612 ®
7=0.7439

Fig. 29. Correlation of WA and CS of FA-POFA based AAMs incorporating high volume GBFS.

v. Inclusion of GBFS at high volume in the mortars could significantly improve the resistance against freeze/thaw and wet/dry
cycles. This increase of GBFS in the mortars reduced the number of pores, enhancing its performance against aggressive en-
vironments. The specimens prepared with 70% of GBFS achieved the highest performance compared to other samples.

vi. It’s found the abrasion resistance of alkali-activated specimens enhanced with raising GBFS content in ternary blended of alkali-

activated from 50%, 60% and 70%.

vii. The increment in gels formulation with increasing GBFS led to improve the specimens’ surface morphology and reduce the

water abrasion percentage.

viii. The reduction in water abrasion capacity of the AAMs led to an improvement in their resistance against abrasion forces, freeze/

thaw and wet-dry cycles.
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