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Abstract: Low-calcium fly ash-based geopolymer concrete is generally reported to be less vulnerable
to alkali-silica reaction (ASR) than conventional ordinary Portland cement concrete. However, the lack
of understanding of pore solution composition of the low-calcium fly ash-based geopolymer limits the
investigation of the underlying mechanisms for the low ASR-induced expansion in the geopolymer
concrete. This study presents a systematic investigation of the pore solution composition of a
low-calcium fly ash-based geopolymer over a period of one year. The results show that the pore
solution of the fly ash geopolymer is mainly composed of alkali ions, silicates, and aluminosilicates
species. The lower expansion of the geopolymer concrete in the current study is most probably due to
the insufficient alkalinity in the geopolymer pore solution as the hydroxide ions are largely consumed
for the fly ash dissolution.
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1. Introduction

Alkali-silica reaction (ASR) is one of the major durability issues in ordinary Portland cement
(OPC) concrete, which was firstly identified as a cause of concrete deterioration since 1940 [1].
The reaction occurs when the reactive form of silica in aggregates is attacked and dissolved by the
hydroxyl ions in the alkaline pore solution in the OPC matrix. ASR could result in expansion, cracking,
and even disruption of the OPC concrete structures [2,3]. Using sufficient quantities of supplementary
cementitious materials (SCM) is one of the most common means of controlling ASR in OPC concrete [4].
While the appropriate SCM dosage in a concrete to mitigate ASR has to be determined by the ASR
testing case by case [5], as the SCM content required to control ASR varies widely depending on the
nature of the SCM, the aggregates reactivity, the availability of the alkalis within the concrete and
the exposure conditions of the concrete [6]. It should also be cautious that high substitution levels
of OPC with SCM can adversely affect other concrete properties, i.e., strength development, setting,
and freeze–thaw resistance [4].

Fly ash-based geopolymer is a cementitious binder produced by the activation of the fly ash with
low-CaO content (ASTM Class F) by a highly concentrated alkaline solution [7]. It has gained intense
research interests as promising alternative binders to OPC due to their comparable mechanical and
rheological property in the hardened and the fresh states, respectively, but with reduced environmental
footprint and superior durability in contrast to OPC [8,9]. Studies [10–13] on the ASR-behavior of the
low-calcium fly ash-based geopolymer concrete in the presence of reactive aggregates consistently
showed that the ASR-induced expansion in the geopolymer concrete was substantially smaller than that
of the OPC concrete in laboratory investigations, indicating the low-calcium fly ash-based geopolymer
concrete is more resistant to ASR than the conventional OPC concrete.
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The differences in the pore solution composition between fly ash-based geopolymer and OPC
paste could be the potential reasons for the low ASR expansion of the geopolymer concrete since the
pore solution composition directly influences the ASR process and the gel expansion according to
the studies on ASR in OPC system [4,14]. Specifically, it has been shown that sufficient alkalinity
in the pore solution is essential for the reactive silica to be attacked at a certain rate that will lead
to deleterious ASR expansion [4,15]. Moreover, the calcium hydroxides from the hydration of tri-
and di-calcium silicates in OPC act as a large reservoir of hydroxide ions to maintain the pH level
of the pore solution, which ensures the continuation of the ASR in OPC concrete [16]. It has also
been suggested that calcium could facilitate the gelation process [17,18] and modify the physical and
chemical properties of the ASR gel [19,20] in OPC concrete. The shortage of calcium may lead to the
formation of gel with low expansion pressure [19] or even no gel formation [21]. Furthermore, it was
reported that the presence of soluble aluminum in the pore solution of blended OPC concrete was able
to significantly reduce the ASR expansion of the concrete [21–23]. It was suggested that the effects of
aluminum were probably attributed to the incorporation of aluminum into the reactive silica surface,
resulting in a reduction of the silica dissolution rate [22]. Therefore, the variations of the alkali, calcium
and aluminum content in the pore solution of the fly ash-based geopolymer are the critical factors
influencing the ASR resistance of the geopolymer concrete.

The significant role of pore solution in ASR has led to extensive investigations of pore solution
composition in OPC paste and mortar [16], however, the composition of the pore solution in the
low-calcium fly ash-based geopolymer paste has been rarely studied. The lack of understanding of the
pore solution composition of the low-calcium fly ash-based geopolymer limits further investigations
on the underlying mechanisms governing the ASR resistance of the geopolymer concrete.

In previous studies [10–13], the ASR-behavior of the low-calcium fly ash-based geopolymer was
investigated by using the accelerated mortar bar test (AMBT) according to ASTM C1260 [24]. During
the test, mortar bars samples were immersed in 1 mol/L NaOH solution at 80 ◦C. The severe test
condition is applied to accelerate the ASR in OPC mortar bars, while this aggressive condition was
reported to influence the chemical stability of the fly ash geopolymer matrix. The external alkali source
and the elevated temperature that the mortar bars experience in AMBT may continue to activate the
unreacted fly ash within the mortar bars [10] and could also lead to the formation of zeolitic phases in
the storage solution and the mortar specimens [11,12,25], which makes the applicability of this method
to fly ash-based geopolymer mortar questionable. The concrete prism test (CPT), ASTM C1293 [26],
which is currently considered as the most representative ASR test method in laboratory investigations
when compared to structures in actual field conditions [27], may be more suitable to evaluate the
ASR-behavior of the fly ash-based geopolymer concrete as the specimens are not immersed into NaOH
solution and the temperature is closer to ambient temperature.

This study thus strived to systematically investigate the pore solution composition in a low-calcium
fly ash-based geopolymer over a period of one year, which could provide information for the analysis on
the ASR-behavior of the geopolymer concrete. The ASR expansion behavior was evaluated according
to the concrete prism test (CPT), ASTM C1293 [26]. The pore solution of the corresponding fly
ash geopolymer pastes with varied ages was extracted and analyzed to show the variations of the
geopolymer pore solution over one year, based on which, its potential influences on the ASR-behavior
of the low-calcium fly ash-based geopolymer concrete were illustrated.

2. Materials and Methods

2.1. Materials

The class F fly ash with compositions shown in Table 1 was used for geopolymer synthesis. Silica
and alumina constitute 58.6% and 30.4% by mass, respectively, of the fly ash. Activating solution of
sodium hydroxide with concentration of 10 mol/L was prepared by dissolving NaOH pellets (AR grade,
purity ≥ 99%) into deionized water. After full dissolution, the solution was cooled down for 24 h
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to room temperature before geopolymer synthesis. Type I Portland cement with Na2Oeq of 0.66%
(Table 1) was used for the OPC specimens. The alkali-silica reactive aggregates used in this work are
the local sedimentary rocks extracted from Jurong Rock Caverns, Singapore. The main crystal phases
of the rocks are quartz and albite [28].

Table 1. Chemical compositions of the raw materials (% by mass).

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O P2O5 SO3 TiO2

Cement 17.6 3.2 3.1 62.5 3.6 0.4 0.4 0.1 3.6 0.6
Fly ash 58.6 30.4 4.7 1.2 0.8 1.5 - 0.5 0.1 2.0

Reactive aggregates 63.7 13.3 3.8 2.2 0.5 4.1 3.5 0.1 2.1 0.4

2.2. Methods

2.2.1. Concrete Prism Test (CPT)

The OPC concrete prisms with dimensions of 75 mm × 75 mm × 285 mm and a water-to-cement
ratio of 0.45 were prepared in accordance with ASTM C1293. NaOH pellets were dissolved into the
mixing water to increase the alkali content of the OPC to 1.25% Na2Oeq. The fly ash geopolymer
concrete prisms were prepared in the same procedure only except that the cement was replaced by fly
ash and the mixing water was replaced by the 10 mol/L NaOH activating solution. While silicates are
usually contained in alkaline activators to control the composition of fly ash geopolymer, only NaOH
solution is used as the activator in the present work for simplicity. The local ASR reactive aggregates
with fineness modulus of 4.54 and grading shown in Figure 1 were used in both the OPC and the
geopolymer concrete prisms with an aggregate-to-binder ratio of 2.3, by mass.

Figure 1. Grading curve of the reactive aggregates.

After casting, the OPC concrete prisms were cured at 23 ◦C for 24 h and the fly ash geopolymer
concrete prisms were cured at 80 ◦C for the same duration (i.e., 24 h), which is commonly applied for
fly ash-based geopolymer to facilitate the polymerization in the early age due to the relatively low
reactivity of fly ash. All the specimens were cured in an environmental chamber with 98% RH to
prevent moisture loss. After curing for 24 h, the prisms were de-molded and stored over water in a
sealed container. The absorbent material made of polypropylene geotextile was attached to the inner
sides of the container from the top into the water at the bottom. The container was then placed in an
oven at 38 ◦C. The lengths of the specimens were measured routinely for 12 months and the average
expansion readings of three prisms for each type of specimen together with its standard deviation
were reported.
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Optical and electron microscopic analyses were carried out on the prism specimens after the
test. Thin section samples with a thickness of about 20 µm were prepared for optical microscopy
by using a polarized light microscope (Olympus BX51). After that, secondary electron (SE) imaging
and energy-dispersive X-ray spectroscopy (EDX) analysis were conducted on the same sample by
using a field emission scanning electron microscope (FESEM, JEOL JSM-7600F). The specimens were
freeze-dried under vacuum for 72 h and coated with a platinum layer to prevent charging before the
SEM/EDX analysis.

2.2.2. Pore Solution Composition of Low-Calcium Fly Ash-Based Geopolymer

Geopolymer paste specimens with a diameter of 45 mm and a height of 85 mm were prepared for
the pore solution extraction. The paste has the same mix design as the geopolymer concrete used in
the CPT, except that aggregates were omitted in preparing the paste sample. The geopolymer paste
specimens were then stored in the same condition as specified in the CPT. The pore solution of the
geopolymer pastes at different ages was extracted following the method described by Barneyback
and Diamond [29] by using a high-pressure extraction setup which is similar to that described by
Cyr et al. [30]. An additional air circulation system was equipped to the setup to drive the extracted
solution into the collection bottle and the CO2 in the circulating air was removed by aerating it through
1 mol/L NaOH solution in order to minimize carbonation of pore solution during the extraction
process. The extraction was conducted on a 3000 kN servo-hydraulic compression testing machine
(MTS YAW-3000L) with a loading rate of 1.2 kN/s and loaded up to 1200 kN.

Immediately after the extraction, the pore solution was filtered by using a syringe filter with
pore sizes of 0.45 µm to remove particles in the solution. After that, the pH of the solution was
measured using a standard pH meter (Mettler Toledo SevenCompact) and the ion concentrations of Na,
K, Si, Al, and Ca in the solution diluted into 100 times were measured by using inductively coupled
plasma-optical emission spectrometry (ICP-OES, PerkinElmer Optima 8000).

In addition, the solution was analyzed by Fourier transform infrared spectroscopy (FTIR,
PerkinElmer Spectrum) and solution-state nuclear magnetic resonance (NMR, Bruker Avance 400 MHz).
FTIR spectra were obtained from 4000 to 400 cm−1 in attenuated total reflectance (ATR) mode. 29Si NMR
spectra were obtained at 79.49 MHz by using 90◦ pulses of 14.5 µs and 5-s recycle delays with a number
of scans of 256. 27Al spectra were obtained at 104.26 MHz by using 90◦ pulses of 10 µs and 1-s recycle
delays with a number of scans of 64. All the spectra were obtained under the same condition at
ambient temperature on 400 µL of pore solution sample with 10% of 2H2O for NMR locking. Chemical
shifts of 29Si and 27Al were reported in parts per million referenced to tetraethoxysilane and AlCl3
solution, respectively.

3. Results and Discussion

3.1. Concrete Prism Test (CPT)

Expansion results of the OPC and fly ash geopolymer concrete (FA) prisms are shown in Figure 2.
The dash line in the figure represents the acceptable expansion limit of 0.04% at one year as prescribed
in ASTM C1293. As can be seen, the OPC concrete prisms showed a rapid expansion within the first two
months and continued expanding afterward with a lower expansion rate. The average expansion of
OPC prisms exceeded the one-year expansion limit in 9 months, reaching 0.06% in one year. While the
fly ash geopolymer prisms showed almost no signs of expansion (0.006%) after 12 months, suggesting
the better resistance of the fly ash-based geopolymer concrete to ASR, which is consistent with the
AMBT results in the published literature [10–13].
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Figure 2. Expansion results of ordinary Portland cement (OPC) and fly ash geopolymer concrete prisms
in concrete prism test (CPT).

In general, numerous microcracks were observed along the aggregate-matrix interfaces and
extended through aggregates in the OPC concrete prism specimens after 1-year CPT. Figure 3a shows
the typical polarized light microscopic images of the OPC concrete prism specimens after 1-year CPT.
As can be seen, a layer of gel-like phase with thickness around 10 µm was observed at the interface
between an aggregate and surrounding OPC paste matrix, and a microcrack (about 10 µm) filled with
gel extending from the interface and cut through several aggregates. The SE image on the same location
(Figure 3b) showed the morphology of the gel-like phase and the average chemical composition
determined by EDX confirmed it is a typical ASR product with (Na2O + K2O)/SiO2 molar ratio of 0.15
and (CaO + MgO)/SiO2 molar ratio of 0.33 [31].

Figure 3. (a) Typical polarized light microscopic image of the microcracks and alkali-silica reaction
(ASR) products formed in the OPC concrete prism specimens after 1-year CPT. (b) Secondary electron
(SE) image on the same location with chemical composition (wt. %) of ASR product (site 1).
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Figure 4 illustrates the typical SE image of aggregate-matrix interface of the fly ash geopolymer
concrete prism specimens after 1-year CPT. Generally, no typical morphology of ASR product was
observed in geopolymer concrete prism specimens and good bonding between the reactive aggregates
and the surrounding geopolymer paste matrix was observed without additional phases at the interface.
Few tiny microcracks (less than 1 µm) were observed in the geopolymer matrix, which were most
likely introduced due to sample preparation.

Figure 4. Typical SE image of aggregate-matrix interface of the fly ash geopolymer concrete prism
specimens after 1-year CPT.

3.2. Pore Solution Composition of Low-Calcium Fly Ash-Based Geopolymer

The pore solution of the fly ash geopolymer paste samples with the same mix design as the fly ash
geopolymer concrete prisms and stored in the same condition as specified in the CPT was extracted
and analyzed. The concentrations of major ions (Na, K, Si, Al, Ca) and the pH value of the pore
solution in the fly ash geopolymer paste at different ages were plotted in Figure 5. The pore solution
results of fresh paste were also obtained from the extraction of the fluid paste immediately after mixing,
indicated as hollow markers in Figure 5.

As can be seen in Figure 5a, the sodium concentration with a high initial value of 9.4 mol/L
immediately after the mixing reduced rapidly within the first day, continued to reduce gradually in
the following 6 months, and stabilized afterward at around 1.6–2.0 mol/L. The reduction of sodium
content was most likely due to the participation of sodium into the geopolymer frameworks and
parts of them were involved to balance the negative charge on the tetrahedral aluminum [32]. Unlike
sodium ions that were mainly from activating solutions, the other ions (K, Si, Al, Ca) in the pore
solution were released from the dissolution of the fly ash. Their concentrations kept increasing initially,
indicating that the dissolution of fly ash was dominant in the first 7 days to provide soluble silicate
and aluminate species into the solution. Then the dissolution rate gradually reduced with time and the
condensation was dominant to form geopolymer gel reducing the soluble species. The concentrations
of the ion species (Na, K, Si, Al, Ca) in the pore solution maintained stable after 6 months, indicating
the completion of the polymerization process and the pore solution was at equilibrium with the
geopolymer binders.

The pH value of the pore solution is shown in Figure 5d. As can be seen, the pH value reduced
significantly from 13.8 to 12.6 in only one day and stabilized afterward. This remarkable reduction
in the first day is mainly due to the rapid dissolution of fly ash in the activating solution with high
alkalinity and accelerated in the curing condition at 80 ◦C. The hydroxide ions in the activating solution
were largely consumed in the dissolution process to rapture the Si-O-Si and Si-O-Al bonds in the
fly ash [33].
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Figure 5. The concentrations of (a) Na, Si, (b) Al, K and (c) Ca in the pore solution as a function of time.
(d) The pH of the pore solution as a function of time. Hollow markers are the results of the fresh paste.

Figure 6 shows the infrared spectrum between 2000 and 800 cm−1 for pore solution extracted from
geopolymer paste specimens at ages between 1 day and 1 year. Significant bands at 1637 cm−1 are
associated with the bending vibration of H-O-H in water molecules [34]. Major bands at 993–1003 cm−1

are corresponding to the asymmetric stretching vibration of Si-O-T bonds, where T is tetrahedral
silicon or aluminum [34], indicating the presence of silicon or aluminum tetrahedra in connected units.
The shoulder at 1100 cm−1 is assigned to the asymmetric stretch of Si-O-Si bonds in a relatively pure
silicate phase without the incorporation of aluminum tetrahedra [35]. A slight band shift is observed
from 993 cm−1 gradually to 1003 cm−1 with the increase of the sample age, most probably due to the
reduced amount of aluminum, leading the peak shift to higher wavenumbers [35].

Figure 6. Fourier transform infrared spectra (800–2000 cm−1) of the geopolymer pore solutions at ages
between 1 day and 1 year.
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The vibration band at 1394 cm−1 is associated with the stretching vibration of O-C-O bonds in
the carbonate group [34]. Very weak vibration is observed at 1394 cm−1 only for the pore solution
at 1 and 14 days and no obvious peak is present for the pore solution at other ages. It suggests that
the carbonation on the geopolymer pore solution in the presented curing condition was very limited
and the slight carbonation on the 1-day and 14-day pore solutions most probably occurred during the
extraction process.

Further information on the short-range order of the aluminum and silicon in the pore solution is
given by the solution-state NMR spectroscopy. The 27Al NMR spectra of the geopolymer pore solutions
at ages between 1 day and 1 year are shown in Figure 7. As can be seen, all spectra reveal a broad
and asymmetrical band with a range of 45–80 ppm, indicating all the aluminum were tetrahedrally
coordinated in the solutions [36]. The line-broadening of 27Al NMR spectra is always observed due to
the second-order quadrupolar line shifts [37]. The asymmetrical band indicates it consists of signals at
least from two environments. Thus, a deconvolution of the 27Al NMR spectra was conducted based on
the peak assignments of the qn site aluminum in the previous NMR studies on alkali aluminosilicate
solutions [38,39], where q refers to tetrahedrally coordinated aluminum and the superscripts indicate
the number of bridges to silicon. The spectra were fitted by Gaussian–Lorentzian Sum function with
about 50% Gaussian shape. Throughout the deconvolution process peak positions and widths for each
identified species were maintained constant.

Figure 7. 27Al nuclear magnetic resonance (NMR) spectra of the geopolymer pore solutions at ages
between 1 day and 1 year.

The deconvolution results of the pore solution at day 1 is shown in Figure 8 and a summary of
the deconvolution results are presented in Table 2. It shows that all the spectra consist of three bands,
i.e., q4, q3, and q2, indicating the aluminum tetrahedra are bonded with silicones and are present in
aluminosilicate oligomers. The monomeric Al(OH)−4 (q0) is reported as the predominant aluminate
species in the dissolution process. However, no signal of q0 was detected at the chemical shift of
80 ppm [40] in pore solution at all ages, suggesting the monomeric Al(OH)−4 was incorporated into
aluminosilicate oligomers after dissolution within 1 day. It has been reported that Al(OH)−4 monomers
are more readily to combine with long-chain silicate oligomers rather than silicate monomers [41],
which agrees with the observations here that q1 sites were absent and q4 sites were the majority in the
solution at early ages followed by q3 sites (Table 2). The variation of the amounts of the q4 sites Al
(Figure 9) agrees well with the variation of the silicon and aluminum concentration in the pore solutions
discussed earlier (Figure 5), both of which are governed by the kinetics of the dissolution-condensation
in the geopolymerization process. The amounts of the q4 sites Al slightly increased from day 1 to day
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7 due to the aluminum liberated from the dissolved fly ash incorporated into the silicate oligomers.
After that, the condensation of the aluminosilicates dominated, leading to the reduction of the q4 sites.
An equilibrium state was reached within the pore solution after 6 months.

Figure 8. Deconvolution of the 27Al NMR spectra of the pore solution with age of 1 day.

Table 2. 27Al NMR chemical shifts and relative integrated intensities of qn site Al from deconvolution
of the 27Al NMR spectra for pore solution.

Samples
Relative Integrated Peak Intensities, %

q4 (59.7 ppm) q3 (64.7 ppm) q2 (70.3 ppm)

D1 72.0 18.0 10.0
D7 78.5 16.9 4.6
D28 70.4 22.9 6.7
D90 68.5 22.8 8.7

D180 45.6 43.6 10.8
D270 45.0 46.0 9.0
D360 46.2 41.9 11.9

Figure 9. Amount of q2, q3 and q4 sites aluminum present in the pore solution at ages between 1 day
and 1 year.
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29Si NMR spectra of the geopolymer pore solutions at ages between 1 day and 1 year are shown
in Figure 10. All the spectra consist of six distinct bands which can be assigned to Q0, Q1, Q2

∆, Q2

and Q3 sites silicon as indicated in Figure 10 [42], where Q refers to tetrahedrally coordinated silicon,
the superscripts represent the number of siloxane bridges, and the subscript ∆ designates the silicon
in three-membered rings. These are the typical features commonly observed in the spectra of alkali
silicate solutions [42]. The observed line boarding of the peaks is attributed to the high viscosity of
the solution, which makes it difficult to distinguish the separate species within each Q region [43].
Additionally, a broad hump was detected on the shielding side of Q3 band in the spectra of pore
solutions at ages between 1 day and 180 days, which is also observed in the spectra of concentrated
alkali silicate solutions [42], representing polymerized Q4 sites silicon. The asymmetrical shape of the
hump indicates the incorporation of aluminum into the silicates [44,45], which agrees with the 27Al
NMR results. It is observed that the peak of the Q4 band shifted in the direction of increased shielding
from 7 days to 6 months and were less overlapping with the Q3 band, which may be attributed to the
decreasing amount of aluminum in the oligomers, as the 29Si resonance frequency increases when the
neighboring silicon is replaced by aluminum tetrahedra [46]. After 6 months, the Q4 band became
non-obvious indicating most of the aluminosilicate oligomers were condensed into geopolymer binders.
The continuous condensation of the aluminosilicate oligomers observed here could further densify
the microstructure of the geopolymer pastes after hardening, which supports the observations by
other researchers [47,48] that the permeability of the fly ash geopolymer concrete reduced and the
compressive strength increased from 90 d to 360 d. This can be a potential method (i.e., examining the
27Al and 29Si NMR spectra of the geopolymer pore solutions at ages) to determine the maturity of fly
ash-based geopolymer. Further studies are necessary on this topic.

Figure 10. 29Si NMR spectra of the geopolymer pore solutions at ages between 1 day and 1 year.

3.3. Relation of the Pore Solution to ASR Resistance of the Fly Ash Geopolymer

It has been reported that sufficient alkalinity in concrete pore solution is required to sustain the
alkali-silica reaction at a certain rate that could lead to significant ASR expansion [15,20]. Several
minimum hydroxide ion concentrations of pore solution have been proposed for deleterious expansion
to occur in OPC concrete [14,27,49–51]. Several researchers [27,49,51] reported a minimum value of
hydroxide ion concentration in pore solution between 0.2 to 0.3 mol/L under which deleterious ASR
expansion is unlikely to occur, while Duchesne and Bérubé [50] proposed a relatively higher threshold
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in hydroxide concentration around 0.65 mol/L and Struble [14] suggested a pH threshold between
13.65 and 13.83.

In the present study, the pH value of the pore solution in the fly ash geopolymer was stabilized
at around 12.5, which is much lower than the thresholds proposed in the previous studies. Thus,
the dissolution rate of the reactive silica in the pore solution here is unlikely to sustain the ASR due to
the insufficient alkalinity of the pore solution, which most likely accounts for the low expansion of the
geopolymer concrete prisms.

The carbonation of the pore solution in geopolymer is usually a concern that leads to the reduction
of the pore solution alkalinity [52], while the infrared spectra in Figure 6 exhibit limited carbonation
of the geopolymer pore solution in the present study, probably because the high humidity of the
storage condition in concrete prism test largely inhibited the carbonation of the pore solution [53].
We thus concluded the rapid reduction of pH initially was mainly attributed to the consumption of the
hydroxide ions for the fly ash dissolution. It should be noted that in a natural condition, carbonation of
the geopolymer pore solution would happen [52] and further reduce its alkalinity, which could make
fly ash geopolymer concrete even less vulnerable to ASR.

Pore solution of OPC concrete was mainly composed of highly concentrated alkali hydroxides
with minor amounts of calcium hydroxides and sulfates [16,54]. In the studies of pore solution in OPC
concrete, the hydroxide ion concentration was generally assumed to be equal to the concentration of
alkali ions due to the electrical neutrality of the solution and other ionic species were insignificant in the
solution compared to alkali ions [16,50]. Thus, concentration of alkali ions is often measured and used
as an indication of the alkalinity of pore solution in OPC concrete. However, this assumption may not
be applicable to the geopolymer pore solution, as both alkali ions and silicates were identified as the
major components in the geopolymer pore solution and the silicates were the major anions balancing
the alkali ions. Thus, high alkali content does not necessarily mean high hydroxide ion content or high
pH value in the geopolymer pore solution. Using the alkali content to represent the pore solution
alkalinity in the geopolymer system could be misleading and result in wrong interpretation of results.

It is known that the pore solution of normal OPC concrete is saturated with calcium hydroxides
and the calcium content in the pore solution was typically ranged from 0.6 to 2.5 mmol/L [55] due
to the low solubility of calcium hydroxides in the alkaline pore solution with pH level typically in
a range of 13.2–13.8 [14]. The majority of calcium hydroxides from cement hydration are present in
solid states in OPC. In the present study, the geopolymer synthesized by using the fly ash with calcium
content of 1.2% is much lower compared to that in cement (62.5%). Despite the dissolution of fly ash
lead to an increase of the calcium content up to 9.2 mmol/L at 7 days, the concentration is still much
below the solubility of calcium hydroxides (~12 mmol/L [56]) in the pore solution with pH of 12.5.
It indicates no soluble calcium source is available to further release calcium into the pore solution.
With the condensation of the geopolymer, the calcium content is continued to reduce to 0.4 mmol/L,
which is negligible when considering the effects of calcium on ASR expansions.

Calcium is believed to playing an important role on ASR expansion in OPC concrete. It has been
reported that calcium could free up alkalis back into pore solution by exchanging the alkalis from ASR
gels, which is known as “alkali recycling” [57,58]. Once the calcium in pore solution is consumed and
incorporated into the gels, further dissolution of solid portlandite could compensate the deficiency
of the calcium as well as hydroxide ions, to maintain the alkalinity in the pore solution. Thus, as the
deficiency of calcium hydroxide acting as a “pH buffer” in geopolymer concrete, it can be reasonably
expected that even though the ASR expansion occurs in the geopolymer concrete with sufficiently high
alkalinity in the pore solution, the reaction cannot be sustained due to the consumption of hydroxide
ions by ASR without compensating by calcium hydroxides.

Moreover, it has been suggested that calcium could facilitate the dissolution of reactive silica by
promoting the gelation of silicates species in the pore solution to form poly-metal-silicates [17,18].
Thus, in addition to the insufficient alkalinity, the deficiency of calcium in the geopolymer pore solution
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could also contribute to the reduction of the dissolution rate of the reactive silica and the gelation
process might also be hindered due to the lack of polyvalent metal ions to link silica ions [59].

It has been reported that the presence of aluminate ions in the OPC pore solution contributed
to mitigating the ASR expansion as the aluminum was incorporated into the silica structure on
the aggregate surfaces, resulting in a reduction of the silica dissolution rate [21–23]. Chappex and
Scrivener [22] showed that only 3.9 mmol/L aluminum in the pore solution was sufficient to significantly
reduce the aggregate deterioration caused by ASR. In the OPC pore solution, which is mainly consisting
of alkali hydroxide, the monomeric Al(OH)−4 should be the dominate aluminate phase [60]. In the
current study, the infrared spectra (Figure 6) suggested the presence of Si-O-Al bonds in the pore
solution and the 27Al NMR spectra (Figure 9) further showed that all the aluminum tetrahedra within the
pore solution were presented as q4, q3 and q2 species in aluminosilicate oligomers. Despite the higher
concentration of the aluminum in the fly ash geopolymer pore solution (Figure 5b), no monomeric
Al(OH)−4 was present in the pore solution as the rapid condensation of the monomeric Al(OH)−4
with silicate species [60]. Further studies are necessary to reveal the influences of the presence of
this type of aluminosilicate species in the pore solution on the ASR expansion of the fly ash-based
geopolymer concrete.

4. Conclusions

This paper evaluated the ASR expansion behavior of the OPC and low-calcium fly ash-based
geopolymer concrete containing alkali-silica reactive aggregates by using the concrete prism test.
Pore solution analyses in terms of ion concentrations, pH, chemical bonds, and short-range order of the
silicon and aluminum were conducted on the fly ash geopolymer paste at different ages up to one year.

The results showed that the pore solution of the low-calcium fly ash-based geopolymer in the
current study was mainly composed of alkali ions, silicates, and aluminosilicates species, which is
different from the pore solution in OPC concrete where high concentration of alkali hydroxides is
the dominating component. Q0-Q4 sites silicon were detected in the geopolymer pore solution and
all the aluminum in the pore solution were tetrahedrally coordinated, mainly present in the form of
aluminosilicate oligomers. The condensation of the soluble species (e.g., aluminosilicate oligomers) in
the pore solution into the geopolymer binder lasted almost for 6 months, after which the pore solution
reached an equilibrium state.

The CPT results suggested much better ASR resistance of the fly ash geopolymer concrete
compared to the OPC concrete. The lower expansion of the geopolymer concrete was most probably
due to the insufficient alkalinity in the geopolymer pore solution in the present study. The pH of
the pore solution reduced dramatically to 12.6 in only one day due to the consumption of hydroxide
ions for the fly ash dissolution. Moreover, the deficiency of calcium and the presence of aluminum in
the geopolymer pore solution might also contribute to enhancing the ASR resistance of geopolymer
concrete. Further studies are necessary for better understanding of these effects on the ASR in the
low-calcium fly ash-based geopolymer concrete.
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