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Abstract: In this research, chemical durability performances of the alkali-activated slag (AAS), 50% ground granulated
blast furnace slag and 50% fly ash (AFS), ordinary Portland cement (OPC), and geopolymer (GPC) concretes were inves-
tigated thoroughly under 5% sulfuric acid attack. All alkali-activated concrete specimens were produced considering the
minimum binder content of 360 kg/m® and the maximum alkali activator to binder ratio of 0.45 according to the XA3
environment given in EN 206-1 standard for OPC concrete. The visual inspection, weight change and compressive strength
tests were performed to understand the influence of sulfuric acid attack on the resulting performances. Also, scanning
electron microscope (SEM) and energy dispersive X-ray spectrometry (EDS) analyses were performed to examine the
morphological variations in micro-scale. The mechanical performances and durability of alkali-activated concretes were
also compared to the OPC concrete for structural utilization. The results revealed that AFS specimens showed the best
durability, while GPC specimens exhibited the poorest durability. SEM/EDS results pointed out that AFS specimens ex-
hibited denser and less porous microstructure, and the reductions in Al/Si and Ca/Si atomic ratios were observed under 5%
sulfuric acid attack. In contrast, GPC specimens showed less dense and porous microstructure, and high aluminum leaching
was observed. In addition, the wider interconnected macro cracks and high calcium leaching were observed in the AAS
samples under 5% sulfuric acid attack. Finally, the AAS and AFS specimens can be utilized in structural applications,
while GPC specimens should not be used with a minimum binder content proposed by EN 206-1 standard.

Keywords: Geopolymer concrete, alkali activated slag, alkali activated fly ash/slag, alkali-activated concretes, sulfuric
acid attack.

1. Introduction

The waste material utilization in concrete structures becomes significant for a greener environment in the following years.
The production of ordinary Portland cement (OPC) is reported to cause 5-7% of global CO, emissions (Benhelal, Zahedi,
Shamsaei, & Bahadori, 2013), and OPC production is going to increase with a rise in the world population. The partial use of
fly ash, slag, and silica fume is widespread in the concrete industry, and these waste materials are generally used to enhance
the durability performance of the OPC (Imbabi, Carrigan, & McKenna, 2013; Tavasoli, Nili, & Serpoosh, 2018). The utiliza-
tion of waste materials decreases the cement content so that the energy requirement and CO, emission decrease. In addition,
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the disposal of waste materials from the environment becomes necessary to reduce air pollution. Recently, a novel environ-
mentally friendly concrete called alkali-activated concrete (AAC) has emerged as a cementless type of concrete, and fly ash
and ground granulated blast furnace slag have been used as binder materials (Golewski, & Sadowski, 2017). The performance
of AAC generally depends on the chemical composition of the used materials (Cevik, Alzeebaree, Humur, Nig, & Giilsan,
2018), alkaline activator type and ratio (Ma, Awang, & Omar, 2018; Ryu, Lee, Koh, & Chung, 2013), curing temperature and
duration (Nis, & Altindal, 2021; Patil, Chore, & Dodeb, 2014), and binder content (Ibrahim, Johari, Rahman, & Maslehuddin,
2017). In general, fly ash, ground granulated blast furnace slag, and fly ash-ground granulated blast furnace slag incorporated
specimens are called as geopolymer (GPC), alkali-activated slag (AAS), and alkali-activated fly ash and slag (AFS), respec-
tively.

For the geopolimerization process, the alkali activators, i.e. sodium silicate and sodium hydroxide, are required for strength
enhancement. The GPC specimens require elevated temperatures around 70°C (Soutsos, Boyle, Vinai, Hadjierakleous, &
Barnett, 2016; Temuujin, Van Riessen, & Williams, 2009) to have good mechanical strength and durability. In general, GPC
specimens show slower strength development compared to AFS and ASS specimens. The activation of fly ash usually depends
on the calcium oxide, iron oxide, and reactive silica content (Winnefeld, Leemann, Lucuk, Svoboda, & Neuroth, 2010), par-
ticle size distribution, and vitreous phase content (Fernandez-Jiménez, Palomo, & Criado, 2005). It was reported in a study
that the compressive strength of ambient cured AFS pastes (50%FA+50%S) activated with 10M NaOH solution yielded more
than 50 MPa at 28 days, and fly ash/slag ratio was found to be the most significant factor in the strength development (Puertas,
Martinez-Ramirez, Alonso, & Vazquez, 2000). The high compressive strength of the AFS specimens depends on the amor-
phous hydrated alkali-aluminosilicate that comes from fly ash (Palomo, Grutzeck, & Blanco, 1999), and C-S-H gel comes
from slag (Chi & Huang, 2013). The formed reaction products of the AFS specimens are the 3D zeolitic gel-type structure
due to the activation of fly ash and C-S-H with a dreierketten-type structure due to the activation of slag. For the AAS speci-
mens, the rod-like ettringite and C-S-H type gel are responsible for the strength development and localized at the slag particles
(Chi & Huang, 2013).

Researchers focus on the factors affecting the mechanical strength and chemical durability performances of the AAC to
use cementless concrete instead of OPC concrete (Aygormez, 2021; Aygormez & Canpolat, 2021). However, due to the lack
of knowledge about the mechanical and durability performance of the AAC, the standardization of the AAC for structural
utilization has not been completed. Therefore, further studies are required for the utilization of structural concrete elements
under chemical environments, especially for the chemical durability performance of AAC.

The sulfuric acid attack can be hazardous to structural reinforced concrete elements of foundations (sulfuric acid including
groundwater, resulting from the oxidization of pyrite in backfill) or outer structural column and beam elements, walls, stair-
cases, and slabs at chemical plants or superstructures (acid rain) (Bassuoni & Nehdi, 2007). In a previous study, the chemical
durability of the AAC was investigated under seawater, magnesium sulfate, and sulfuric acid environments, and the sulfuric
acid attack was found to be the most hazardous environment (Cevik, Alzeebaree, Humur, Nis, & Gtilsan, 2018). Due to the
exposure of structural elements to acidic environments, the durability performance of the AAC under sulfuric acid attack
should be investigated. Meanwhile, the XA3 environment is classified as a highly aggressive chemical environment by EN
206-1 standard (EN 2061 2013), which gives some precautions, i.e., minimum cement content as 360 kg/m?3 and maximum
water to cement ratio as 0.45, for the utilization of OPC in XA3 environment. Therefore, for the standardization process of
the AAC under highly aggressive chemical environments, the conformity of the XA3 restrictions should also be evaluated.

Considering environmental problems and novel material production economically, this paper focuses on the durability of
different environmentally sustainable concretes using minimum binder content and maximum alkaline to binder ratio given
in EN 206-1 standard. Therefore, the possible utilization of environmentally sustainable concretes instead of OPC concretes
is studied. There is no study in the literature regarding the EN 206-1 standard rules applications to environmentally sustainable
concretes. Researchers generally use 500-600 kg/m? binder content in sustainable concrete production, which increases alka-
line material content. Especially, high alkali content and high molarity of alkaline materials can be hazardous to people (itchy
problem, eye contact, i.e.). Therefore, minimum binder and minimum alkaline content use can be significant in the upcoming
years for structural applications. For this purpose, the paper is aimed to research the 5% sulfuric acid resistance of the GPC,
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AAS, and AFS specimens considering the minimum binder content and maximum alkaline-to-binder ratio according to XA3
condition by EN 206-1 standard for the possible utilization of the AAC instead of OPC. In addition, SEM/EDS analyses were
also conducted for the microstructural variations after the acid attack, and the deterioration mechanism of the AAC was
correlated to the atomic ratios of the different AAC binder gels.

2. Materials and methods
2.1. Materials

In the scope of the research, locally available F-type fly ash (FA) conforming to ASTM C618 (ASTM C618-03 2003), and
ground granulated blast furnace slag (GGBFS) were utilized as binder materials for the production of fly ash-based geopoly-
mer (GPC), alkali-activated slag (AAS), and alkali-activated fly ash/slag (AFS) specimens. As a reference, OPC concrete was
also produced with Type | (CEM | 42.5 R) cement for comparison purposes. A mixture of sodium silicate (Na.SiOs) and
sodium hydroxide (NaOH) with a silicate/hydroxide ratio of 2.5 by weight was utilized as an alkaline solution. Commercially
available sodium silicate liquid solution with a density of 1.39 g/cm® and alkaline modulus ratio of 2 (Ms:2, Si0,:24%,
Na,0:12%, and the rest is water) was obtained from a local supplier. The sodium hydroxide powder (purity: 97%-98%) was
diluted in tap water to produce a 14 M NaOH concentration, which was considered the weakest concentration amount of GPC
against chemical exposure (Kumaravel, & Girija, 2013). The natural sand with a specific gravity of 2.65 g/cm?® and water
absorption of 1.5%, and crushed limestone (< 4 mm) with a specific gravity of 2.70 g/cm® and water absorption of 1.2%, were
used as fine aggregates. As coarse aggregates, the No | aggregate with a maximum aggregate grain size of 12 mm, a specific
gravity of 2.71 g/cm?, and water absorption of 0.7%, and the No Il aggregate with a maximum aggregate grain size of 22 mm,
a specific gravity of 2.72 g/cm® and water absorption of 0.6% were utilized. A polycarboxylate ether-based superplasticizer
(Yaprheo Hyper SCC 900) with a density of 1,069 g/cm?® was used to obtain an S4 slump-class concrete. Table 1 summarizes
the X-ray fluorescence (XRF) analysis for the chemical composition of the used binder materials.

Table 1. The chemical compositions of the materials.
Chemical analysis, %  CaO Al20O3 SiO2 Fe203 MgO SO3 Na.0 K20 S.G L.O.l

OPC 64.28 491 20.17 341 1.18 2.84 0.13 0.96 3.14 1.61
Fly ash 1.79 26.37 56.15 6.44 2.35 0.06 1.10 3.80 2.05 2.20
GGBFS 37.92  13.27 37.97 1.16 5.64 0.23 0.84 0.56 2.95 0.01

2.2. Mix design and specimen preparation

Material proportions were determined according to EN 206-1 (EN 206-1 2013) and TS13515 (TS13515 2012) (comple-
mentary Turkish standard for TS EN 206-1) standards. The minimum cement content and the maximum water-to-cement ratio
for OPC specimens are used as 360 kg/m® and 0.45, respectively under the very harsh environmental conditions of XA3. To
evaluate the durability performance of GPC, AFS, and AAS specimens under sulfuric acid attack, the minimum fly ash or
slag amounts of 360 kg/m?® and alkaline solution (Na;SiO; + NaOH) to binder ratio of 0.45 were utilized to represent the
criteria of XA3 environment by EN 206-1 (EN 206-1 2013) standard. The GPC specimens contain 100% fly ash, the AAS
specimens include 100% slag, and the AFS specimens contain 50% fly ash-50% slag labeled as FA100, S100, and FA50S50,
respectively. Table 2 represents the mix proportions of the GPC, alkali-activated fly ash/slag concretes, and OPC concrete.

Table 2. Mix proportions of the GPC, ASS, AFS and OPC specimens.
Mixture proportions (kg/mq)

Ingredients FA100 FA50S50 S100 OPC
Fly Ash 360 180 0 0
Slag 0 180 360 0
OPC 0 0 0 360
No I (5-12 mm) 560 560 560 560
No Il (12-22 mm) 560 560 560 560
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Crushed sand 373 373 373 373
Sand 373 373 373 373
Sodium silicate 115.7 115.7 115.7 0
Sodium hydroxide (14M) 46.3 46.3 46.3
Superplasticizer 6 6 6
Water 25* 31.25* 37.5* 162

* Water amount in order to obtain similar workability as OPC

The mixing method for the AAC specimens is as follows. First, dry materials (coarse and fine aggregates, binder materials)
were added and mixed at 2 min. Then a prepared combination of liquid sodium silicate and 14M sodium hydroxide solution
was added into the mixer with a superplasticizer (SP) for additional mixing of 2 min. The prepared 14M NaOH solution was
directly used, and the direct use of the alkaline solution is available in the literature (Bondar, Lynsdale, Milestone, Hassani,
& Ramezanianpour, 2011; Wongpa, Kiattikomol, Jaturapitakkul, & Chindaprasirt, 2010). In a previous study (Jang, Lee, &
Lee, 2014), it was reported that a polycarboxylate ether-based SP improved the workability of the AAC more than the naph-
thalene-based SP; therefore, a polycarboxylate ether-based SP was utilized in the study. For the AAC specimens, additional
water is added to the mixture and mixed for an additional 2 min to obtain similar workability as OPC with an S4 slump class
according to EN 206-1 (EN 206-1 2013) standard. For the workability improvement and further geopolimerization, water
addition into the AAC can be available in the literature (Albitar, Ali, Visintin, & Drechsler, 2017; Dzunuzovi¢, Komljenovic,
Nikoli¢, & Ivanovi¢, 2017).

After the mixing procedure, specimens were cast into 150x150x150 mm cubic molds in three layers, and the samples were
also compacted on the vibration table for 30 seconds. Next, the specimens were covered with plastic sheets to prevent alkaline
loss during curing and kept in the laboratory environment for three days to obtain the required demolding strength due to the
low-strength development of the fly ash. Then, the specimens were demolded and cured in an oven at 70°C for 48 h to
accelerate the geopolymerization process of FA particles. After oven-curing, AAC specimens were kept in an ambient envi-
ronment at 28 days. In addition, some of the specimens were also left in an ambient environment without oven-curing to
investigate the mechanical strength development of the alkali-activated fly ash/slag concretes in the ambient environment.
Therefore, these specimens (without oven-curing) were not evaluated under acid attack. Meanwhile, OPC specimens were
cured in a water tank for 28 days for comparison.

2.3. Test Method

In this study, the chemical immersion test method was utilized to evaluate the sulfuric acid (H2SO4) performance of the
AAC. After production and curing of the specimens as can be seen in Figs. 1.a and 1.b, specimens were put in containers with
enough gaps to satisfy the absorption of solution from all cube surfaces. Meanwhile, the 5% H,SQO4 solution was prepared in
another container with a volume of 10 It. Then, the prepared solution was poured slowly into the containers until the 5%
H>S04 solution is above 3 cm from the top of the specimens, and the caps of the containers were closed to prevent the loss of
solution evaporation, Fig. 1.c. Also, some of the specimens were left in the ambient environment for comparison. The cube
specimens with 150x150x150 mm dimensions were utilized during the chemical tests, and samples were tested at 56. days
(28+28) and 90. days (28+62) after the initial 28 days of the curing regime.

There is no standard or accepted test method available to test the sulfuric acid resistance of specimens. Therefore, samples
were removed from the acid solutions and waited for 24 h for drying as is seen in Fig. 1.d. The surface photos of the sulfuric
acid-exposed specimens were taken for visual inspection. Then, the weights of the specimens were measured to evaluate
weight change due to acid exposure, Fig. 1.e. Finally, compressive strength tests were conducted by the ASTM C39 standard
(ASTM C39/C39M-01 2003) as shown in Fig. 1.f., and the variations in the compressive strength of the specimens were
calculated. The weight change of the samples is also a widely used method in addition to compressive strength test to evaluate
the deterioration of the samples under acid attack (Chang, Song, Munn, & Marosszeky, 2005). Furthermore, scanning electron
microscope (SEM) and energy dispersive X-ray spectrometry (EDS) analyses were also performed to investigate the morpho-
logical variations due to sulfuric acid attack at the microscale level.
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7 - — . p— g
d) Drying after acid exposure e) Weight measurement f) Compressive strength tests
Figure 1. Specimen production, curing, and testing after sulfuric acid exposure.

3. Experimental results and discussion
3.1. Visual inspection results

Fig. 2 illustrates the visual appearance of specimens under 5% sulfuric acid exposure at 56. and 90. days. The degree of
deterioration increased with an increase in acid exposure time. The softening was observed on the specimen surfaces due to
the sulfuric acid attack. The OPC concrete showed significant loss of cement mortar from the surface, indicating the most
severe damage. The GPC specimens also showed serious deterioration by forming severe white deposits on the specimen
surface, and the expansion of the GPC mortar from coarse aggregates was observed. The AAS specimens showed moderate
surface erosion, and spalling occurred at the corner of the cube specimens. The AFS specimens showed the least deterioration
by forming fewer white deposits on the specimen surface, and a negligible amount of surface erosion was observed on the
specimen surface. The AFS specimens showed the best visual durability performance against the 5% sulfuric acid solution.
The highest deterioration on the surfaces of OPC specimens can be attributed to the high CaO amount in the cement phase.
The severe deterioration of GPC specimens due to the low CaO content may be resulted from the increased porosity due to
the unreacted fly ash particles in the GPC matrix.
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Figure 2. Visual appearance of the specimens after 5% sulfuric acid exposure at 56 and 90 days.
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3.2. Weight change results

Table 3 illustrates the average weights, weight loss index (WLI-%), and weight gain index (WGI-%) of the specimens
under ambient and sulfuric acid environments. The weight loss index (WLI) is a relative (%) weight change of the specimens
after a specified acid exposure time with respect to the initial specimen weight. The weight gain index (WGI) is a relative (%)
weight change of the specimens after a specified acid exposure time with respect to the weights of the unexposed specimens
in the same period. Similar parameters for the compressive strength evaluation were used in the previous study (Dzunuzovic,
Komljenovi¢, Nikoli¢, & Ivanovi¢, 2017).

In the scope of the study, weight change index parameters were proposed and used. The results showed that weight loss
was observed for FA100, OPC, and S100 specimens under the ambient environment for two months due to the ongoing
reactions. The weight reduction of alkali-activated concretes in an ambient environment due to the ongoing geopolymerization
reactions was also reported in earlier investigations (Li & Ding, 2003; Li & Ray, 1988). A slight weight gain was observed
for the AFS specimens, indicating the completion of the geopolymerization reactions due to oven curing. In addition, the
highest weight reduction was observed for the GPC specimens, indicating an ongoing geopolimerization process even though
the oven curing method (70°C for 48h). The ongoing geopolymerization reactions in GPC specimens after oven curing was
also reported in the literature (Bakharev, 2005; Palomo, Grutzeck, & Blanco, 1999).

Table 3. Weights, WLI (%) and WGI (%) of the specimens under ambient and acid environments.

Days Weight loss index* (WLI-%) Weight gain index? (WGI-%)
S100 FA50S50 OPC FA100 S100 FA50S50 OPC FA100
28 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
56 (28+28) 99.29 99.83 100.29 99.31 99.04 99.99 100.37 99.72
90 (28+62) 99.6 100.36 99.36 99.12 99.88 99.95 99.63 101.84

Weight loss index (WLI) (%) — Percentage of weight of the specimens under sulfuric acid (W s+y) after a specified acid exposure time
(28+t; t=28, 62 days) with respect to initial weight of the specimens after 28 days (W 2g)) — (Woacid (28+t) / W 28))*100 (%)

2Weight Gain Index (WGI) (%) — Percentage of weight of the specimens after a specified acid exposure time (W s+y) with respect to the
unexposed (reference) specimens in the same period of time — (Woacid (28+t) / Wambient (28+t)) *100 (%)

The specimens exposed to the sulfuric acid solution after 90 (28+62) days showed that WLI-% becomes 99.6 for S100,
100.36 for FA50S50, 99.36 for OPC, and 99.12 for FA100 specimens. WLI-% results showed that the weight loss becomes
in the range of GPC > OPC > AAS > AFS specimens. The weight gain was observed for the FA50S50 specimens since extra
pores occurred in the specimens resulting from the oven-curing at 70°C for 48h. After sulfuric acid exposure, these pores
absorbed the chemical solution, increasing the weight of the specimens. Similar results were also obtained in earlier research
(Attiogbe & Rizkalla, 1988; Mehta & Siddique, 2017; Thokchom, 2014). In addition to WLI-%, WGI-% can also be used to
determine the weight change of the specimens since the weight of the specimens also changes with time for the control
(unexposed) specimens due to the ongoing geopolymerization reactions. Similar to WLI-%, WGI-% results also indicated
that weight loss becomes in the ranges of GPC > OPC > AAS > AFS specimens. However, the weight change results became
smaller or different for this case since the reduction in weight results resulted from the acid exposure and the ongoing hydra-
tion reactions.

For the FA100 specimens, WGI-% was observed to be higher than 100% since weight reduction under the ambient envi-
ronment becomes higher than the weight reduction under sulfuric acid solution, which can be attributed to the chemical solu-
tion absorption of the pores of the GPC specimens. The results showed that WGI-% should be used when determining the
weight change of the specimens since continuous hydration reactions may yield misleading results, especially for the fly ash-
based GPC specimens.
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3.3. Compressive strength test results

Figs. 3 and 4 present the average compressive strengths of the specimens at 28, 56, and 90 days. In addition, some of the
specimens were also left in the ambient environment without heat curing to observe the compressive strength development
for the GPC, AFS, and AAS specimens for 28 days under the ambient environment, and the results were given as 28 NH (no-
heat applied). The compressive strengths of the S100, FA50S50, OPC, and FA100 specimens without heat curing (28NH)
were 74.77 MPa, 54.58 MPa, 49.58 MPa, and 16.1 MPa at 28 days. Meanwhile, the compressive strengths of the oven-cured
S100, FA50S50, OPC, and FA100 specimens at 28 days were 78.34 MPa, 71.61 MPa, 49.58 MPa, and 22.36 MPa at 28 days.
The differences between with/out heat curing for the AAS, AFS and GPC specimens were 5%, 24%, and 28%, respectively
at 28 days. Results indicated that AAS specimens can be used in-situ applications without heat curing even lower slag (360
kg/m?®) amounts.

However, low compressive strength values were obtained for GPC specimens with/out heat curing when low fly ash con-
tent (360 kg/m?®) was used. For the AFS specimens, the inclusion of slag on fly ash-based specimens had a favorable effect of
eliminating heat curing. The compressive strength increase becomes significant even under low slag dosages. OPC specimens
exhibited lower compressive strength values than the AAS (with/out heat curing) and AFS (with heat curing) specimens. Also,
similar compressive strengths were obtained in between AFS specimens without heat curing and OPC specimens. Meanwhile,
OPC specimens showed higher compressive strengths than the GPC specimens (with/out heat curing).
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Figure 3. Compressive strengths of the specimens at ambient environment.
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Figure 4. Compressive strengths of the specimens at 5% sulfuric acid environment.

The compressive strengths of the S100, FA50S50, OPC, and FA100 specimens were 83.32 MPa, 70.36 MPa, 55.55 MPa,
and 23.55 MPa at 56 days, and they were 84.12 MPa, 71.69 MPa, 58.55 MPa, and 24.31 MPa at 90. days, respectively. The
results showed that compressive strengths of the alkali-activated concrete specimens continued to increase with age even after
the heat-curing application, except for the FA50S50 specimens. The results indicated that the compressive strengths of the
GPC and AAS specimens under the ambient environment increased with time despite the initial heat curing at 70°C for 48h.
It was stated in another investigation (Wardhono, Gunasekara, Law, & Setunge, 2017) that the compressive strength increase
was stabilized 56 days later for the AAS specimens even without oven-curing, while compressive strength increase continued
up to 540 days despite initial oven curing of 80°C at 24 h for the GPC specimens. Similar results were also obtained in this
research due to the ongoing geopolimerization process for the GPC specimens.

The compressive strength increase was 5% and 9% at 56. and 90. days for GPC specimens. In contrast, the compressive
strength increase was stabilized for the AAS specimens 56 days later since strength enhancement was 6% and 7% at 56. and
90. days, respectively. For the AFS specimens, compressive strength improvement was almost stabilized for 28 days since no
strength improvement was observed for the later ages. The compressive strength of the acid-exposed specimens decreased
with increasing exposure time. The compressive strengths of the S100 specimens reduced from 78.34 MPa at 28 days to 62.83
MPa at 56 days (28 days of acid exposure) and 45.15 MPa at 90. days (62 days of acid exposure). Similarly, the compressive
strengths of the FA50S50 specimens reduced from 71.61 MPa at 28 days to 56.78 MPa at 56 days and 52.12 MPa at 90. days.
For the OPC specimens, compressive strengths at the ambient environment became 49.58 MPa, while they reduced to 35.04
MPa at 56 days and 29.39 MPa at 90 days at 5% sulfuric acid attack. Finally, the lowest compressive strength of FA100
specimens (22.36 MPa) decreased to 12.64 MPa and 11.32 MPa at 56 and 90 days.

Table 4 illustrates the strength loss index (SLI-%) and strength gain index (SGI-%) of the specimens under ambient and
sulfuric acid environments. The strength loss index (SLI-%) is a relative (%) compressive strength variation of the specimens
after a specified acid exposure time with respect to initial compressive strength. The strength gain index (SGI-%) is a relative
(%) compressive strength variation of the specimens after a specified acid exposure time with respect to the compressive
strengths of the unexposed (reference) specimens in the same period. The strength loss index (SLI1-%) due to sulfuric acid
attack was found to be 80.20 and 57.63 for S100, 79.29 and 72.78 for FA50S50, 70.67 and 59.28 for OPC, and 56.53 and
50.63 for FA100 specimens for 28+28 and 28+62 days, respectively. The SLI-% results increased as GPC (51) > AAS (58) >
OPC (59) > AFS (73) at the end of the acid exposure period. Meanwhile, the strength gain index (SGI-%) due to the acid
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exposure was 75.41 and 53.67 for AAS, 80.70 and 72.70 for AFS, 63.08 and 50.20 for OPC, and 53.67 and 46.57 for GPC
specimens for 28+28 and 28+62 days, respectively. The SGI-% results increased as GPC (47) > OPC (50) > AAS (54) > AFS
(73). The SLI-% and SGI-% results were found similar for the AFS specimens since geopolimerization reactions were almost
completed at 28 days. However, SGI-% results become different than SLI-% results when ongoing hydration reactions take
place. Therefore, SGI-% results were found more accurate, which should be used to evaluate the durability performance of
the specimens instead of SLI-% results. Durability results indicated that the least sulfuric acid resistance was obtained on the
GPC specimens, while AFS specimens showed superior performance under sulfuric acid attack. The compressive strength
reduction due to acid exposure can be attributed to the ratio of the deteriorated cross-section to the sound cross-section since
the acid-deteriorated surface showed weak mechanical properties (Bassuoni, & Nehdi, 2007). The visual inspection results
also confirmed the compressive strength test results that the most sulfuric acid-influenced concrete of GPC showed the lowest
compressive strength. In contrast, the least visually deteriorated AFS concrete exhibited superior mechanical strength. The
least sulfuric acid resistance of GPC can be attributed to the unreacted fly ash particles, cracks in the microstructure, and weak
interfacial zone due to voids as is seen in Figs. 5 and 6.

Table 4. Compressive strengths (CS), SLI-% and SGI-% of the specimens under ambient and acid environments.

Days Strength Loss Index (SLI-%) Strength Gain Index (SGI-%)
S100 FA50S50 OPC FA100 S100 FA50S50 OPC FA100
28 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
56 (28+28) 80.20 79.29 70.67 56.53 75.41 80.70 63.08 53.67
90 (28+62) 57.63 72.78 59.28 50.63 53.67 72.70 50.20 46.57

IStrength loss index (SLI-%) — Percentage of compressive strength of the specimens under sulfuric acid (o (28+y) after a specified acid
exposure time (28+t; t=28, 62 days) with respect to initial strength of the specimens after 28 days (o (28)) — (Gacid (28+t) / 6(28))*100 (%)

2Strength gain index (SGI-%) — Percentage of compressive strength of the specimens after a specified acid exposure time (o (28+) With
respect to the unexposed (reference) specimens in the same period of time — (Gacid (28+t) / Gambient (28+t))*100 (%)

The low compressive strength and higher deterioration of the heat-cured GPC specimens under sulfuric acid exposure can
be attributed to; i) low fly ash content, ii) alkali activator type and amount, and iii) low CaO content in fly ash particles. In a
study (Ridtirud, Chindaprasirt, & Pimraksa, 2011), the optimum SS/SH ratio on compressive strength of the mortar geopoly-
mer specimen was evaluated, and the compressive strengths were found to be 25 MPa, 28 MPa, 42 MPa, 45 MPa, and 23
MPa for the SS/SH ratio of 1/3, 2/3, 1, 3/2, and 3/1, respectively. A considerable compressive strength reduction was observed
for the fly ash-based geopolymer specimens with an SS/SH ratio of 3, and the optimum ratio for the SS/SH was found to be
1.5. In another study, 100% SS, 75% SS + 25% SH, 50% SS + 50 % SH, 25% SS + 75 % SH, and 100% SH were utilized,
and the compressive strengths were found to be 13 MPa, 32 MPa, 43 MPa, 23 MPa, and 14 MPa, respectively (Ryu, Lee,
Koh, & Chung, 2013). Results showed that alkaline activator content is a significant parameter, and the reduction of com-
pressive strength can be expected when SS/SH ratio becomes higher than 2. The improved compressive strength for the SS/SH
ratio of smaller than 2 may result from the increasing Na content since Na ions take place at the geopolimerization process as
a charge-balancing ion. For the higher SS/SH ratios (>2), both the water escape and formation of 3D aluminosilicate geopol-
ymer networks are hindered, which inhibits the geopolimerization, resulting in a decrease in the mechanical strength due to
increased insoluble sodium silicate content (Gao et al., 2014; Part, Ramli, & Cheah, 2015; Reddy, Dinakar, & Rao, 2018).

The fly ash content (binder amount) is also a significant parameter, influencing the mechanical strength and durability of
specimens. In a study (Wardhono, Gunasekara, Law, & Setunge, 2017), a similar alkaline modulus of 2 and a slightly higher
fly ash content of 409 kg/m® with 15 M NaOH concentration was utilized, and the compressive strengths were found to be
22.4 MPa, 25.1 MPa, 27 MPa, and 33.2 MPa at 28, 56, 90 and 540 days, respectively, slightly higher compressive strength
values than this study. In addition, in the previous work (Cevik, Alzeebaree, Humur, Nis, & Giilsan, 2018), a similar alkaline
modulus of 2, a SS/SH ratio of 2.5, a liquid to binder ratio of 0.45, and 14 M NaOH was utilized. The GPC specimens were
produced with a binder amount of 500 kg/m? (higher than 360 kg/m3), and the average compressive strength was found 45
MPa for 28 days. In the same research, the compressive strength decreased to 32 MPa (28% reduction) after one month of
exposure to sulfuric acid, and this reduction (28% reduction) was found low than the OPC specimens (34% reduction) with a
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water/cement ratio of 0.45. Furthermore, the effect of low calcium content was also examined (Cevik, Alzeebaree, Humur,
Nis, & Giilsan, 2018; Kurtoglu et al., 2018) and found that GPC specimens having low CaO showed lower compressive
strength and less mechanical deterioration. In this study, fly ash content is reduced to 360 kg/m?3 (below the limit value of
XA3 condition for EN 206-1). The findings revealed that the compressive strength of the GPC specimens diminished with
decreasing fly ash content as expected, while deterioration amount increased even though low CaO including GPC specimens.
This can be attributed to a less dense microstructure due to the unreacted fly ash particles, further explained in the microstruc-
tural evaluation part.

The least deterioration was observed on FA50S50 specimens, indicating that sufficient CaO content comes from the slag
particles so that a denser structure (C-S-H) was obtained and a reduction in the compressive strength loss was obtained under
acid attack. The calcium ions inside the slag particles may enter into the fly ash-based geopolymer matrix (Si-O-Al-O) to
form C-(A)-S-H gel structure and contribute to the development of compressive strength of the AFS system. In addition to
the C-S-H type gel structure formation, the finer unreacted slag particles (finer than fly ash) reduce porosity by filling the
pores (Al-Majidi, Lampropoulos, Cundy, & Meikle, 2016) and decrease the acid penetration into the core of the specimens.
As a result, a higher unaffected core region yields higher mechanical strength of the AFS structures.

For the AAS system, higher deterioration was observed due to the higher Ca-rich gel structure. However, the reduction
amount in the compressive strength (or SGI-%) due to the acid attack was found less than OPC specimens, indicating AAS
specimens showed better chemical durability resistance than OPC specimens when low slag content (360 kg/m?) was utilized.
It was also reported in the previous study (Kurtoglu et al., 2018) that AAS specimens with higher slag content (500 kg/mq)
also showed better mechanical and durability performance than the OPC specimens. The highly cross-linked C-A-S-H gel
with a higher bound water content exists in the AAS structures, while the low bound water content of N-A-S-H gel formed in
the GPC structures (Juenger, Winnefeld, Provis, & Ideker, 2011). Due to the more bound water (AAS) and more CaO content,
more filling capacity was observed in AAS specimens, which decreased porosity and improved durability. Also, low-bound
water in the GPC specimens increased porosity and poor durability (Provis, Myers, White, Rose, & Deventer, 2012).

3.4. Scanning electron microscopy (SEM) results

Figs. 5 and 6 show the SEM images of the AAS, AFS, OPC, and GPC specimens under ambient and sulfuric acid environ-
ments, respectively, at 90 days. AAS micrographs illustrated well-distributed paste with less embedded unreacted slag grains
(irregular-shaped), indicating denser and homogeneous microstructure. Most of the slag grains have been dissolved by the
alkali activators, forming a C-S-H gel with the silica from the alkali activators at 90 days, as shown in Fig. 5.a. However,
wider interconnected macro cracks were observed in the AAS microstructure as shown in Fig. 5.a due to the water evaporation
and self-desiccation during oven curing (Wardhono, Gunasekara, Law, & Setunge, 2017) and shrinkage of the reaction prod-
ucts (Lee, Jang, & Lee, 2014). AFS micrographs at 90 days showed a denser and homogenous binding phase with a low
amount of unreacted fly ash and slag particles, as is seen in Fig. 5.b. The microstructure of fly ash consists of spherical vitreous
particles of different sizes, while the microstructure of slag consists of irregular-shaped and sharped-edged with rough surface,
Fig. 5.b. The continuous binding paste of AFS specimens seems similar to AAS micrographs, which indicates that C-S-H
type gel is predominant in the AFS microstructure (Ismail et al., 2014). Fewer amount of cavities and narrower micro cracks
were observed in the microstructure of the AFS specimens (Fig. 5.b), decreasing porosity and harmful ion permeability.

The 90-day cured fly ash-based GPC micrographs show large quantities of unreacted spherical fly ash particles with dif-
ferent particle sizes with smooth texture, indicating the incomplete geopolimerization process. The heterogeneously distrib-
uted cavities also exist in the binding paste, resulting in a more porous microstructure, as illustrated in Fig. 5.d. In addition,
the GPC microstructure includes great numbers of voids and microcracks, which would spread further and form a porous
microstructure (Mehta & Siddique, 2017). In an earlier investigation, it was reported that unreacted fly ash particles do not
fill the voids. Instead, they improve the strength with time via improving bonding strength due to the complex reaction among
the surfaces of the fly ash particles (Kumar, Kumar, & Mehrotra, 2007). Meanwhile, the OPC microstructure is illustrated in
Fig. 5.c. The OPC micrographs indicated no signs of unreacted particles, cracks, voids, and well-distributed paste with hy-
dration gel products, resulting in a denser and homogeneous microstructure.
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The microstructures of the specimens indicated that GPC specimens look porous due to poor adhesion of the unreacted
spherical fly ash particles (Fig. 5.d). Meanwhile, the microstructure of AAS specimens appears to be homogeneous and denser,
but they have wider interconnected self-desiccation cracks (Fig. 5.a). Therefore, both microstructures seem inherently weak.
Meanwhile, for the AFS specimens, the binder phase appears to be denser and homogenous and lacks the self-desiccation
cracks as in the case of the AAS specimens. It can be attributed to the addition of aluminum comes from FA particles, which
caused stronger and non-granular gel that does not shrink as in the case of AAS (Soutsos, Boyle, Vinai, Hadjierakleous, &
Barnett, 2016). For this reason, the AFS microstructure seems to be the best microstructure and showed the best performance
against sulfuric acid attacks.

) N
’ﬁ/‘?‘jx 2

Mag 800 X WD = 11.5 mm Signal A = SE2 Mag 800 X
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EHT = 15.00 kV WD =115mm Signal A = SE2 Mag X H EHT = 15.00 kV WD = 8.0 mm Signal A = SE2

c) OPC specimen under ambient environment d) FA100 specimen under ambient environment
Figure 5. SEM micrographs of the specimens under ambient environment at 90. days.
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Figure 6. SEM micrographs of the specimens under 5% sulfuric acid environment at 90. days.

For the sulfuric acid-exposed specimens, the microstructure of the acid-exposed GPC specimens was found similar to the
unexposed specimens, Fig. 6.d. A similar observation was also reported in the earlier study (Zhang, Yao, Yang, & Zhang,
2018). In general, the main deterioration mechanism is the reaction products between calcium and sulfuric acid, resulting in
lower compressive strength values as in the AAS and AFS specimens. However, due to the low calcium content in the GPC
specimens, the formation of reaction products was lower than AFS and AAS specimens.

For the GPC specimens, the main deterioration mechanism can be attributed to the deterioration of strong Al-O and Si-O
bonds due to the penetration of harmful sulfate ions inside the geopolymeric binders and/or the loss of adhesion and disinte-
gration between geopolymeric binders and aggregates (Mehta & Siddique, 2017). With slag incorporation, AFS and AAS
microstructures become denser, and no or limited cracks were observed in the corroded layers. It may be attributed to the
existence of calcium-based reaction products, which cause the formation of harmful calcium sulfates, as shown in Figs. 6.a -
6.c. The EDS results also confirm that sulfur products emerge at the corroded microstructures, which can fill the micro cracks.
The occurrence of gypsum was expected in SEM micrographs after sulfuric acid exposure; however, it was not clearly ob-
served. A similar observation was also reported in another study that gypsum was not observed in SEM micrographs but it
was found in the XRD results (Zhang, Yao, Yang, & Zhang, 2018). In the same study, limited microcracks in the corroded
microstructure are attributed to the reduced capillary stress, resulting from the immersion condition of specimens in the sul-
furic acid (Zhang, Yao, Yang, & Zhang, 2018).
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3.5. Energy-dispersive X-ray Spectroscopy (EDS) Results

Table 5 summarizes the EDS results of the alkali-activated concretes for the gel binder regions (unreacted fly ash and slag
particle results excluded) for the different studies in the literature. In this study, the average atom ratios of the gel binder for
the GPC specimens, AFS specimens, and AAS specimens were also given in Table 5. For the uncorroded GPC specimens,
N-A-S-H type gel was formed with a low Ca/Si ratio. The Al/Si, Na/Si, and Na/Al ratios were 0.46, 0.16, and 0.35, respec-
tively, for the geopolymer binder gel. After sulfuric acid exposure, Al/Si atomic ratio significantly decreased from 0.46 to
0.30, while Na/Al atomic ratio slightly reduced from 0.35 to 0.29 and Na/Si atomic ratio slightly increased from 0.16 to 0.20
for corroded GPC specimens. The sulfur amounts increased from 0.99% to 13.96% after exposure to the sulfuric acid attack.

For the uncorroded alkali-activated fly ash/slag-based (AFS) specimens, C-N-A-S-H type gel was formed with a Ca/Si
ratio of 0.7. The increase in the calcium content after the incorporation of slag was also reported in the literature (Marjanovic,
Komljenovi¢, Bas€arevi¢, Nikoli¢, & Petrovi¢, 2015; Zhang, Yao, Yang, & Zhang, 2018). The Al/Si, Na/Si, and Na/Al ratios
were 0.36, 0.42, and 1.15, respectively, for the AFS binder gel. After sulfuric acid exposure, Al/Si, Na/Al and Na/Si atomic
ratios of corroded specimens slightly decreased from 0.36 to 0.29, 1.15 to 0.9, and 0.42 to 0.39, respectively. Due to the
sulfuric acid attack, the sulfur compounds increased from 1.48% for uncorroded specimens to 15.39% for corroded specimens.

In the reference samples of the alkali-activated slag (AAS) specimens, C-A-S-H type gel formed with a Ca/Si ratio of 1.05.
The highest calcium content was found in AAS specimens due to the high slag content. The Al/Si, Na/Si, and Na/Al ratios
were 0.30, 1.57, and 2.35, respectively, for the AAS binder gel. For the acid-corroded AAS specimens, Al/Si, Ca/Si, and
Na/Si atomic ratios slightly decreased from 0.30 to 0.26, 1.05 to 0.92, and 1.57 to 1.42, while Na/Al atomic ratio significantly
increased from 2.35 to 4.75. A similar increase in the Na/Al atomic ratio after the sulfuric acid attack was also reported in the
earlier study (Zhang, Yao, Yang, & Zhang, 2018). This was attributed to the leaching of the alkali ions from the interior
binder, and the accumulation of the pore solution resulted from the blocking effect of the formed gypsum. In general, the C-
A-S-H decalcifies when the sulfate attack continues, decreasing the Ca/Si ratio. In this study, decalcification also occurred
only in the AAS binder after two months of exposure to the 5% sulfuric acid attack. Decalcification was also reported in the
previous study (Allahverdi & Skvara, 2005).

The sulfur compound was also found to be highest in AAS specimens, which was increased from 1.61% for uncorroded
specimens to 17.19% for corroded specimens. In an earlier investigation, sulfur compounds were found to be maximum at
higher calcium incorporating specimens (%30 OPC in addition to fly ash-based GPC) after the sulfuric acid attack (Mehta &
Siddique, 2017). A similar finding was also found in this study that the highest sulfur content can be attributed to the reaction
between sulfuric acid and high calcium in AAS specimens. The reduction in Na/Al ratio lowers the geopolymerization reac-
tions so that thermal cracks decrease for the slow geopolymer reactions. In GPC specimens, fewer micro cracks are observed
than the AAS specimens due to the lower Na/Al atomic ratio of fly ash particles.

Table 5. EDS results of the alkali-activated concretes for the gel binder regions.

Slag content (%) Layer Na/Al Al/Si Ca/Si Na/Si Sulfur (%)

Corroded 0.29 0.30 0.06 0.20 13.96

0 (FA100)
Uncorroded 0.35 0.46 0.04 0.16 0.99
Corroded 0.90 0.29 0.74 0.39 15.39

50 (FA50S50)

Uncorroded 1.15 0.36 0.71 0.42 1.48
Corroded 4.75 0.26 0.92 1.42 17.19

100 (S100)
Uncorroded 2.35 0.30 1.05 157 161

SEM/EDS analysis results also showed that the atomic ratios of the Na/Al, Al/Si, Ca/Si, and Na/Si were similar to the
literature findings given in Table 6. It is indicated that the highest Ca/Si ratio was observed in AAS specimens, while the
highest Al/Si ratio was observed in GPC specimens. The Na/Si atomic ratio was found to be higher for the AAS specimens
than the AFS and GPC specimens, respectively. The SEM/EDS results pointed out that the Al/Si atomic ratio was found to
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be decreased after the sulfuric acid attack for AAS, AFS, and GPC binder gel, which can be attributed to aluminum leaching
from gel structure as a result of proton attack on the Si-O-Al network (Allahverdi & Skvara, 2001). However, the highest
decrease in Al/Si atomic ratio was observed in GPC specimens, which can be an indicator of the highest deterioration of the
Si-O-Al network due to the sulfuric acid attack. After slag incorporation, the decrease in Al/Si atomic ratio was found smaller
for AFS and AAS specimens, which indicates that a dense matrix prevents the aluminum loss from gel structure after the acid
attack (Zhang, Yao, Yang, & Zhang, 2018). For the ASS specimens, the high degradation under acid attack can be attributed
to the loss of aluminum and decalcification (the highest decrease in the Ca/Si ratio). The least deterioration of the AFS spec-
imens can be attributed to the least decrease in Al/Si and Ca/Si atomic ratios.

Table 6. EDS results of different alkali-activated materials in the literature.

a) Alkali activated fly ash and slag materials under 3% sulfuric acid solutions (Zhang, Yao, Yang, & Zhang, 2018).

Slag content (%) Layer Na/Al Al/Si Ca/Si
0 Corroded 0.26 0.24 0.02
Uncorroded 0.28 0.68 0.03 After 28 days of ambient cur-
Corroded 0.61 0.2 0.3 ing, specimens were left to
30 28 days under 3% sulfuric
Uncorroded 0.79 0.36 0.37 acid attack.
Corroded 0.6 0.25 0.85 Alkali Solution: NazSiOs +
70 10 M NaOH
Uncorroded 1.82 0.31 0.85
100 Corroded 6.18 0.25 0.93
Uncorroded 3.2 0.26 1.02

b) Alkali activated fly ash and slag based materials under ambient environment (Lee, Jang, & Lee, 2014).

Slag content (%) Layer Na/Si Al/Si Ca/Si Curing: 60°C at 24 h. Speci-
mens were tested after 28
10 Uncorroded 0.37 0.33 0.26 days. Alkaline
20 Uncorroded 0.29 0.35 0.46 solution: Sodium Silicate
powder
30 Uncorroded 0.26 0.36 0.53

c) Alkali activated fly ash and slag based materials under ambient environment (Soutsos, Boyle, Vinai, Hadjierakleous, & Barnett,
2016).

Slag content (%) Layer Na/Si Al/Si Ca/Si Curing: 70°C at 28 days.
Specimens were tested at 28
0 Uncorroded 0.05-0.11 1.42-1.51 0.04-0.06 days.
50 Uncorroded 0.25-0.47 1.18-1.68 0.50-0.92 Alkaline SO:\‘:“(;’E Na;SiOs +
a
100 Uncorroded 1.47-2.11 0.30-0.41 0.99-1.46

d) Alkali activated fly ash materials under ambient environment (Wardhono, Gunasekara, Law, & Setunge, 2017).

AlfSi Curing: 80°C at 24 h. Speci-

Slag content (%) Layer 28 56 20 180 360 540  mens were tested at 28 days
days days days days days days and 540 days. Alkaline solu-

0 Uncorroded 023 024  0.26 0.27 0.28 029  tion:Na;SiOs +15 M NaOH

e) Alkali activated fly ash and OPC under 2% sulfuric acid and ambient environment (Mehta, & Siddique, 2017).
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Na/Al Al/Si Ca/Si Sulfur (%)
OPC content (%) Layer
28 90 28 90 28 90 28 90
Corroded 176 1.82 0.53 0.48 0.15 0.15 9.52 9.86
0 Uncorroded 1.52 1.59 0.44 0.41 0.12 0.10 1.27 1.33
Corroded 153 156 0.85 0.86 0.37 0.49 13.59 16.79
10 Uncorroded 1.52 1.49 0.45 0.42 0.23 0.23 1.75 1.02
Corroded 193 182 0.63 0.66 0.76 0.83 18.63 20.35
20 Uncorroded 1.36 1.48 0.39 0.38 0.37 0.41 1.64 1.53
Corroded 183  1.97 0.49 0.45 0.82 0.78 21.47 23.19
% Uncorroded 1.47 1.58 0.31 0.31 0.56 0.63 1.39 1.14

Curing: 80°C at 24 h. Specimens were tested at 28 days. Alkaline solution: Na>SiO3+10M NaOH (SS/SH:2.5)

f) AAS materials under 5% sodium sulfate and ambient environment (Komljenovi¢, Bas€arevi¢, Marjanovi¢, & Nikoli¢, 2013)

Ca/Si Al/Si
Concrete Layer
28 28+30 28+60  28+90 28 28+30  28+60 28+90
AAS Corroded - 0.7 0.77 0.82 - 0.2 0.26 0.31
Uncorroded 0.84 0.83 0.8 0.77 0.14 0.19 0.22 0.25

Curing: 20£2 °C; 90+5 RH. Specimens were tested at 28 d. Alkali solution: Na>SiO3+10M NaOH (SS/SH:2.5)

g) Alkali activated fly ash and slag blends under ambient environment (Marjanovi¢, Komljenovi¢, Baséarevi¢, Nikoli¢, & Petrovié,
2015).

Slag content (%) Layer Na/Si Al/Si Ca/Si
0 0.31 035(0.19-057)  012(0.05024)  Curing: 95°C at 24 h. Alka-
25 0.31 0.4(0.19-057)  0.13(0.05-0.24) line solution:
50 Uncorroded 0.37 0.25(0.17-0.63)  0.32(0.21-0.46) NazSiOs+NaOH
75 0.29 0.2 (0.15-0.29) 0.4 (0.24-0.52)
100 0.52 0.13(0.11-0.16)  0.67 (0.56-0.87)

4. Conclusions and comments

Geopolymer (100%FA-GPC), alkali-activated fly ash/slag (50%FA+50%S-AFS), and alkali-activated slag (100%S-AAS)
concretes can become an environmental solution to ordinary Portland cement (OPC) concrete. For the alkaline solution, so-
dium silicate and 14 M sodium hydroxide were utilized with a sodium silicate-to-hydroxide ratio of 2.5. The oven-curing was
applied for the alkali-activated concretes at 70°C for 48h. The mechanical performance and durability of these concretes were
investigated under the 5% sulfuric acid attack, and the microstructural variations were analyzed using SEM/EDS analysis.
The following results were obtained in the scope of the research;

1. Visual inspection results indicated that the highest surface deterioration was observed on GPC specimens, while the
least surface deterioration was observed on AFS specimens after the 5% sulfuric acid attack. The surface deterioration of the
AAS specimen was found less than the degradation of the OPC specimens.

2. Weight loss index (WLI-%) and weight gain index (WGI-%) parameters were proposed and utilized for the weight
change results of the specimens after the sulfuric acid attack. The WLI-% and WGI-% yielded weight change results that
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became in the range of GPC > OPC > AAS > AFS. However, the variation in weight becomes smaller in the case of WGI-%,
since WGI-% also considers the weight loss due to ongoing geopolymerization reactions in addition to weight loss from acid
exposure. Therefore, WGI-% yields more accurate results than WLI-%, especially for ambient cured specimens and GPC
specimens.

3. The compressive strength difference between ambient and oven-cured was found negligible for AAS specimens,
while the difference was found significant for AFS and GPC specimens. However, the compressive strength values became
around 75 MPa, 55 MPa, 50 MPa, and 16 MPa for AAS, AFS, OPC, and GPC specimens, respectively. Results indicated that
AAS and AFS specimens can be utilized in structural applications without heat curing even low binder dosages (360 kg/m®),
while GPC specimens should not be used without heat curing under low fly ash dosages (360 kg/m?). Results pointed out that
the incorporation of 50% slag was found beneficial to eliminate heat curing.

4. Strength loss index (SLI-%) and strength gain index (SGI-%) parameters were utilized for the compressive strength
change after the sulfuric acid attack. The SGI-% results were found different than the SLI-% results due to ongoing geopoly-
merization reactions. Therefore, SGI-% results were found to be more accurate, which should be used to evaluate the durability
of the specimens under chemical exposure. The GPC specimens showed the poorest performance (53% loss), while AFS
specimens exhibited superior performance (27% loss) under sulfuric acid attack. Results also indicated that AFS and AAS
specimens performed better acid resistance than OPC concrete, while GPC specimens exhibited the poorest acid resistance.
5. SEM/EDS results of the GPC specimens revealed that due to the high amount of unreacted fly ash particles, hetero-
geneously distributed cavities, and a great number of void and microcracks, GPC specimens showed less dense, porous and
permeable microstructure when low fly ash content was utilized (360 kg/m?®). In addition, the highest reduction in Al/Si atomic
ratio was observed in GPC specimens after the acid attack, which can be a result of aluminum leaching due to the proton
attack on the Si-O-Al network. Therefore, GPC specimens may exhibit the worst performance against sulfuric acid attacks.
6. SEMI/EDS results of the AAS specimens indicated that denser and homogeneous microstructures with reacted slag
grains were observed in the AAS specimens. However, wider interconnected macro cracks were observed in the microstruc-
ture, which can be attributed to the water evaporation and self-desiccation during heat-curing and shrinkage of the reaction
products. In addition to the permeable microstructure, the slight decrease in the Al/Si atomic ratio (loss of aluminum) and
high reduction in the Ca/Si atomic ratio (decalcification) can be reasons for the compressive strength loss after the sulfuric
acid attack.

7. SEM/EDS results of the AFS specimens showed that the binder phase appears to be denser and homogenous and
lacks the self-desiccation cracks as in the AAS specimens. It can be attributed to the extra aluminum from FA particles, which
caused stronger and non-granular gel that does not shrink as AAS. AFS microstructure includes fewer cavities and narrower
micro cracks with a low amount of unreacted slag and fly ash particles. Therefore, a less porous microstructure is available
for AAS and GPC microstructures. In addition, less reduction in Al/Si and Ca/Si atomic ratios were observed after the sulfuric
acid attack. Therefore, AFS specimens showed superior performance against sulfuric acid attacks.
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