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Alkali-silica reaction (ASR)’s destructiveness is governed by the compositions and properties of ASR products,
while methods of converting these hygroscopic-expansive gel-like products into innocuous phases remain un-
exploited. In this study, the influence of magnesium nitrate on the evolutions of phase, molecular structure,
hydroscopic and mechanical properties of ASR gels with varying Mg/Si ratios from 0.1 to 1.1 was investigated.
The results indicate that the primary phases of ASR products, tobermorite-type calcium silicate hydrate (C-S-H)
and alkali kanemites, can be suppressed into brucite and eventually converted into magnesium-silicate-hydrate

(M-S-H) in the presence of increasing Mg/Si ratios and the consequent decreasing pH. The Si—O-Si bridging
bonds and Si-O symmetric stretching in the QF sites of ASR products can be suppressed. The phase and structure
modifications resulted in a 93.5% reduction in hydroscopic swelling, a 94.7% decrease in strength, and a 152.3%
drop in modulus of elasticity rendering the ASR products less destructive.

1. Introduction

Being known as “concrete cancer”, alkali-silica reaction (ASR) is a
destructive reaction between the amorphous silica from aggregates and
the alkalis from the cement and other sources, which triggers the for-
mation of gel-like products with lower Ca/Si and higher alkali/Si ratios
than the calcium silicate hydrate (C-S-H) from cement hydration [1,2].
X-ray diffraction (XRD) and nuclear magnetic resonance (NMR) data
indicate the layered silicate structure of tobermorite-type C-S-H in ASR
gels, while the basal diffractions and interlayer spacings are similar to
naturally occurring kanemite with interlayer alkali and water molecules
[3]. The unique composition and structure render ASR gels moisture
absorbent and expansive after imbibing moisture to induce internal
stresses and cracks in concrete [4], which provide pathways for external
moisture and aggressive agents and result in the occurrence of multiple
aging mechanisms, such as freeze-thaw damage [5], carbonation [6],
reinforcement corrosion [7], sulfate attack [8], and their combinations.
Although extensive studies have been conducted on ASR gels collected
from existing concrete structures and laboratory concrete specimens
using reactive aggregates, due to the limited quantity of samples and
poor maneuverability of direct in-situ investigations, the hydroscopic
swelling mechanism of ASR gels and their interaction with different

agents remain largely uninvestigated. A recent study by Shi et al. [9]
showed that synthetic ASR gels with an initial Ca/Si ratio of 0.25 and a
(K + Na)/Si ratio of 0.5 exhibit a shlykovite-like layered silicate struc-
ture with Q2 and Q® polymerization sites, which behaves similarly to the
ASR products formed in concrete. However, the ASR gel was found to be
transformed into C-S-H at a Ca/Si ratio beyond 0.5 [10] with increased
mechanical strength, elastic modulus and viscoelastic properties but
decreased swelling potential [11]. The time-dependent crystallization
was also found to induce structure evolution of ASR gels and decreases
in moisture absorption and swelling capability [12,13]. This might be
due to the change in polymerization sites of the silicate chain as the Q3
structure is considered capable of holding moisture governed by the
basal spacing and the type of cations present in it [14].

The deleterious effects of ASR are mainly related to the expansion
and cracking of concrete induced by the significant volume swelling of
ASR gels after absorbing moisture or water. According to Shi et al. [15],
the formation of semi-permeable membrane of ASR products at
aggregate-cement paste interface can act as a plug and allow the ingress
of pore solution into the aggregates but restrict the extrusion of the
low-viscosity ASR gels, thereby generating pressure in concrete. The
reaction rim model by Ichikawa and Miura [16] uncovered that the ASR
products can generate expansive pressure when the aggregate is tightly
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packed with an insoluble and rigid reaction rim, which is a product of
the reaction between alkali silicate and Ca®" from the pore solution that
allows the penetration of alkaline solution but prevents the leakage of
viscous alkali silicate from the aggregate. The physically-based micro--
mechanical model developed by Dunant and Scrivener [17] explained
the mechanism of damage induced by growing gel pockets in the ag-
gregates, where local tensile stress can be generated to initiate failure.
Towards successful mitigation of ASR, understanding the formation of
ASR gels and their conversions into phases with low hygroscopic
expansion or poor mechanical properties (high flowability) becomes
crucial. Conventionally, supplementary cementitious materials (SCMs)
(such as fly ash [18], silica fume [19] and metakaolin [20,21]) and
lithium admixtures have been utilized to suppress ASR in concrete. The
SCMs can consume calcium hydroxide [22,23], reduce porosity [24] and
decrease the pH of pore solutions [25] via pozzolanic reactions, while
lithium can decrease the Ca/Si ratio of ASR gels [26] and react with
amorphous silica in preference to calcium to form a Li-Si phase on the
silica surface thereby acting as a barrier to suppress the alkali-silica and
calcium-silica reactions [27]. However, to achieve effective ASR miti-
gation, high volume incorporation of SCMs in concrete is desired but this
can result in compromised workability [28,29] and mechanical prop-
erties [30,31]. Adverse effects of lithium admixtures on the hydration,
shrinkage and mechanical properties of cement have also been docu-
mented [32]. These complications along with the low availability of
lithium on earth, its increased demand in the battery industry and high
cost gave rise to the need for exploring alternative ASR-mitigating
agents. Aluminum was found to prevent ASR product formation at
high temperatures, and can temporarily prevent silica dissolution by
absorbing on aggregate surfaces [33]. Oey et al. [34] found 0.488
mmol/L of Ca(NOs3); was capable of reducing the early-age ASR
expansion via precipitation of calcite and C-S-H to partially engulf the
reactive surface and prevent silica dissolution. Kaladharan et al. [25]
investigated inorganic and organic salts that are capable of regulating
the pH of concrete and it was found that calcium nitrate and magnesium
nitrate can reduce ASR expansion by 92.7% and 90.9%, respectively.
Compared with calcium, magnesium can react with silica more readily
to prevent the formation of ASR gels [35-37], while compared with
lithium, magnesium salts show superior cost-effectiveness [38] and
abundant availability on Earth [39]. The destabilization of C-S-H in the
presence of magnesium indicates that, with decreased pH, the interlayer
calcium ions in the silicate structure of C-S-H can be substituted with
magnesium ions via a solid-state ion exchange reaction [40,41]. In light
of the similarity between ASR gels and C-S-H, magnesium attack on ASR
gels is considered a potential approach to convert ASR gels into less
destructive phases. In addition, compared with C-S-H, ASR gels contain
a higher alkali content, which is believed favorable to capture
magnesium.

In this study, the influences of magnesium on the structural, physical
and mechanical properties of ASR gels were investigated. Although a
high amount of magnesium might lower pH value of the systems and
potentially destabilize C-S-H in hydrated cement pastes, to gain a
comprehensive understanding of the phase evolution, structural change,
mechanical-hydroscopic property development of ASR gels in the pres-
ence of varying contents of free magnesium, a wide Mg/Si ratio range
from 0 to 1.1 was investigated in the (Na, K)20-CaO-SiO3 systems at a
Ca/Si of 0.3 and a (Na + K)/Si ratio of 1.0. The mineral and chemical
characteristics of ASR gels were analyzed using XRD, Fourier transform
infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA).
The modifications of the atomic structure and chemical bonds were
characterized via Pair distribution function (PDF) and Raman spec-
troscopy. The development of mechanical properties was examined
through compression tests and dynamic mechanical analysis (DMA).
DVS and volumetric swelling tests were conducted to study the dynamic
vapor sorption and swelling behavior. The experimental results were
also correlated to the thermodynamic modeling to attain a compre-
hensive insight into the interaction between magnesium and ASR gels.
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2. Experimental procedures
2.1. Materials

A colloidal silica (SiO3) aqueous solution with a solid concentration
of 49.9% (from Alfa Aesar) was used as the source of amorphous silica
for ASR gel synthesis. The colloidal silica has a particle size of 0.02 pm
and an average surface area of 180 m?/g. Reagent-grade sodium hy-
droxide (NaOH, >99% pure) and potassium hydroxide (KOH, >86 pure)
were used as alkalis sources. Calcium hydroxide (Ca(OH)3, >99% pure)
was used as the calcium source. To investigate the role of magnesium in
modifying ASR gels, magnesium nitrate hexahydrate (Mg(NO3)2-6H20,
>95% pure) with a calcium content lower than 1.5% was used. Mg
(NO3)2-6H20, instead of MgCO3 and Mg(OH),, was used as a source of
magnesium due to its high solubility to provide sufficient Mg?" cations
to the reaction system and the low risk of triggering alkali-carbonate
reaction. To synthesize a solution simulating the real pore solution
from cement that will be used to investigate the swelling behavior of
ASR gels, sodium metasilicate (NaySiO3, >98%), sodium aluminate
(NaAlO3, 99.9%), potassium sulfate (K2SO4, 99.2%), sodium hydroxide
(NaOH, 99%), potassium hydroxide (KOH, >86%) and calcium hy-
droxide (Ca(OH)3, 99%) were used in the proportion as shown in Table 1
[42]. A saturated solution of potassium sulfate (K2SO4, 99%) was used to
trigger the desired relative humidity (RH) of 97% in a sealed container.

2.2. ASR gel synthesis

Previous studies of ASR gels obtained from existing concrete struc-
tures and synthesized in laboratory indicated the ranges of Ca/Si and
(Na + K)/Si ratios of 0.05-0.5 and 0.1-1.2, respectively [11,43,44]. It
was found that the compositions of ASR gels heavily depend on the
location of formation, age, crystallinity and the raw materials of con-
crete. As the ASR gel extends from aggregates to the cement paste, the
Ca/Si ratio was found to increase up to 0.6. It is interesting to see that
increasing Ca/Si ratio up to 1.3 and decreasing (Na + K)/Si ratio to 0.04
can result in the formation of C-S-H [2]. The ASR gels formed in young
concrete structures were found to exhibit high swelling potential due to
the low Ca/Si ratios and the high (Na + K)/Si ratios [13,43,44]. Ac-
cording to these previous findings, the authors investigated the char-
acteristics of synthetic ASR gels with different Ca/Si and (Na + K)/Si
ratios between 0.1-0.5 and 0.3-1, respectively. The results indicated that
the ASR gels with a low (Na + K)/Si ratio showed structural, physical
and mechanical characteristics similar to C-S-H, while the gels with
increased (Na + K)/Si ratios showed higher moisture absorption and
swelling potential. Based on that study, the ASR gel with a Ca/Si ratio of
0.3 and a (Na + K)/Si ratio of 1.0, which shows characteristics close to
the ASR products formed in concrete in terms of swelling and mechan-
ical properties, was investigated in this study as the control group.
Fig. 1a shows the comparison between the control ASR gel in this study
and the previously real and synthetic ASR gels in a CaO-SiO2-NazO +
K50 (M20) ternary phase diagram. As shown in Fig. 1b, magnesium at
varying Mg/Si molar ratios between 0.1 and 1.1 was incorporated to
explore its influence on the phase evolution and property development
of ASR gels. The compositions and nomenclature of the ASR gel groups
are summarized in Table 2.

To synthesize ASR gels, alkali solution and colloidal silica were
combined with solid calcium source similar to the method proposed by
Gholizadeh-vayghan et al. [11,43]. The advantages of this mixing pro-
cedure over previously used sol-gel process [3,48] and solution method
[9] include the use of a low water-to-solid ratio to better mimic the

Table 1

Mixture proportions for simulated pore solution.
Chemical Ca(OH), NaySiO3 NaAlO, KOH K2SO4 NaOH
Mass (gm/L) 0.1111 0.0256 0.0090 29.4852 9.9737 2.5786
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Fig. 1. Ternary phase diagram for ASR gels (a) CaO-SiO>-Na»0 + K,0 (M50) diagram of previously investigated real ASR gels from concrete structures and synthetic
ASR gels [2,3,9,11,13,14,43-50] and (b) CaO-SiO>-MgO diagram of ASR gels in this study.

Table 2
Compositions of the synthetic ASR gelsGroup No.

Molar ratio

Mixing quantities (g)

Ca/Si Na/Si K/si Mg/Si SiO, solution Ca(OH), NaOH KOH Mg(NO3),.6H20 Hy0
Control 0.3 0.8 0.2 0 64.99 12 17.30 6.05 0 19.6
Gel-Mgl 0.1 13.84 21.8
Gel-Mg3 0.3 41.51 26.1
Gel-Mg5 0.5 69.19 30.5
Gel-Mg7 0.7 96.87 34.8
Gel-Mg9 0.9 124.54 39.2
Gel-Mgl1 1.1 152.22 43.5

actual conditions inside concrete, facile post-synthesis conditioning to
ensure undisturbed gel formation, minimized carbonation, formation of
homogenous gel-like bulk materials instead of powders, and the high
quantity of ASR gels allowing for analytical and mechanical tests. One
limitation that should be noted is that this synthesis method takes a
longer time than some of the previous methods to ensure a high degree
of reaction. Therefore, in this study, the characterization tests were
conducted at two different ages, 7 days and 60 days.

In the synthesis, Ca(OH), powder was cooled in a freezer at —20 °C
and the colloidal silica solution was kept in a refrigerator at 1 °C for over
3 h prior to mixing. NaOH and KOH were mixed in deionized water to
make an alkali solution and cooled at 1 °C for at least 3 h. The cooled Ca
(OH), powder was first mixed with the alkali solution manually until
homogenous, followed by the addition of the colloidal silica solution and
different amounts of Mg(NO3)2.6H20. The entire system with a water
content of 50% by mass (i.e. water to solid ratio of 1, and the chemically
bound water in the reactants were considered) was mixed using a paddle
mixer at low speed (52 rpm) for 1 min followed by mixing at medium
speed (112 rpm) until a homogenous mixture is obtained. In the
following sample preparation steps, the ASR gels were sealed in the
molds and the molds were placed in an air-tight sealed container with
soda lime to avoid carbonation. To determine the effect of magnesium
on pH of the systems, Mg(NO3)2.6H20 was mixed in the NaOH and KOH
solution at the same Mg/(Na + K) ratios as used for ASR gel syntheses.
The solutions were stirred under room temperature for 15 min until a
homogenous solution/mixture was obtained. Since gel-like mixtures
were obtained from some groups, the samples were centrifuged at 4000
rpm for 30 min. The pH values of the collected clear liquid solutions
were measured using a Fischer scientific Accumet AE150 pH meter.

2.3. Specimen preparation

The homogeneously mixed mixtures are cast into plastic cubes of size
25.4 mm by 25.4 mm by 25.4 mm for XRD, PDF, TGA, Raman spec-
troscopy, FTIR, and compression tests. To monitor the volume change,
the ASR gels were cast in perforated cylindrical containers with a

diameter of 31.25 mm and 36 evenly distributed micro-holes in a
diameter of 0.5 mm at the lower side so that the ASR gels could be
subjected to the controlled moisture of 97% RH and pore solution. The
micro-holes were kept sealed using tape during casting and measure-
ment of shrinkage. 15 ml of ASR gels were cast to make sure that the
sample depth is higher than the side micro-holes. The entire cylindrical
containers were kept sealed after casting for 48 h. After hardening, the
empty part of the cylindrical containers was filled with heavy paraffin
oil (Saybolt viscosity of 180-190 at 38 °C). Rubber stoppers with a
centered capillary pipette, having a least count of 0.01 ml, were fitted at
the mouth of the cylinder for sealing. Care was taken to ensure that no
air bubbles in the cylinder or the pipe for accurate measurement of
volume change. When starting the swelling measurement, a permeable
tape was applied around the perforation area to avoid leakage or
extortion of ASR gels during volume expansion. Small disc-shaped
specimens with a diameter of 8 mm and thickness of 5 mm were cast
for DMA tests. All the specimens were sealed in molds to eliminate water
evaporation and conditioned in a sealed container at room temperature
(23+1 °C) with periodically changed soda lime to prevent carbonation.

2.4. Phase and chemical bonds identification

X-ray diffraction was conducted on ground powders of ASR gels after
7 and 60 days from casting using an AXRD powder X-ray diffractometer
with a copper (Cu) X-ray source, current of 20 mA, and voltage of 30
keV. The samples were scanned in stepwise mode between 5° and 65° 26
at a step size of 0.1° with a scanning time of 4 s per step. The diffraction
data were analyzed using the XRDWIN®PD PDAnalysis software com-
bined with the Crystallography Open Database (COD), where the
background removal and peak identification were carried out. Quanti-
fication of the solid phases was performed via the Rietveld refinement
analysis [51] based on an 8th-order polynomial background function
and Pseudo-Voigt peak fitting function with 200 iterations. The crys-
tallographic index files (CIF) of tobermorite (#9005498), calcium hy-
droxide (#1008780), brucite (#1000054) and talc (M-S-H) (#1011152)
were employed. The crystallinity percentage was calculated using an
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in-built function in the PDAnalysis software. TGA was conducted on
10-20 mg of powder specimens using a PerkinElmer TGA4000 after 7
and 60 days from casting. The specimens were heated from 30 °C to
900 °C at a heating rate of 15 °C/min under an N inert atmosphere at a
flow rate of 20 mL/min.

Chemical bond characteristics of ASR gels with and without mag-
nesium were evaluated using Raman spectroscopy and FTIR after 7 and
60 days from casting. The Raman spectra were collected using a Horiba
Multiline Spectrometer (LabRam Evolution model)-confocal Raman
microscope. A laser wavelength of 532 nm and a blaze grating of 600 gr/
mm, corresponding to a 10% laser power of 2.8 mW was used. Prior to
acquiring the spectra, calibration for the selected laser wavelength and
blaze grating was performed using a standard Silicon (Si) wafer. The
position for spectra acquisition was fixed by positioning the laser on the
specimen via a microscope lens having 50 x objective magnification.
The spectra between 70 and 1500 cm ™ * were measured at a resolution of
0.5 cm 1. An acquisition time of 60 s along with 2 accumulations was
done to eliminate irregularities in the spectra. The Raman spectra were
analyzed using LabSpec 6 software for background removal and iden-
tification of peaks. The peak fitting was performed using a Gaussian
function after 50,000 maximum iterations. FTIR spectra of the speci-
mens were collected using the Nicolet IS10 machine from Thermo Fisher
Scientific via attenuated total reflection (ATR) mode between 400 and
4000 cm . Before testing the specimens, the spectrum of the diamond
crystal was collected, and the background was automatically subtracted
while collecting the data. A spectral resolution of 4 cm™! was used to
collect 128 spectra, which were averaged to remove irregularities. The
crystal structure of single-chain and double-chain tobermorite, Na-/K-
kanemite and M-S-H were drawn using Vesta [52] based on the tober-
morite 11 A structures reported by Hamid [53] and Merlino et al. [54],
orthorhombic kanemite reported by Garvie et al. [55], and talc reported
by Gruner [56], respectively.

The pair distribution function (PDF) was used to obtain the distri-
bution of the interatomic distance of the different chemical bonds giving
an in-depth idea of the phase distribution and nanostructure of the Mg-
modified gels at 150 days. PDF is a technique that employs Fourier
transform on the powder XRD pattern to obtain a reduced PDF function
G(r) from the total scattering function S(Q) as shown in Eq. (1). This

Intensity

Intensity

3500

Cement and Concrete Composites 144 (2023) 105283

provides a distribution of the interatomic distances of the ASR gel
regardless of its crystallinity and can be used to identify different bonds
to understand the structure of the ASR gels. It is critical to have a high
momentum transfer (Q), as shown in Eq. (2), to obtain a high-resolution
PDF distribution after Fourier transformation. As shown in Fig. 2a, a
Panalytical Empyrean XRD machine equipped with a Molybdenum (Mo)
X-ray source with a wavelength (1) of 0.70926 A was used for scanning
in a reflection mode from 0.5 to 140° 26 with a step size of 0.007° 20 at
an operating voltage and current of 60 kV and 40 mA, respectively. The
powder samples were scanned in steel sample holders covered by Kap-
ton polyimide tapes to minimize carbonation during the tests (Fig. 2b).
An example of the raw diffraction data obtained from Gel-Mg5 and the
background data for the sample holder and tape that would be sub-
tracted is shown in Fig. 2¢ and d, respectively.

The density number of atoms was fixed at 0.955 A~ and the max Q
range was 16.613 A~! for the Fourier Transform, which was performed
using the PDF Analysis function of HighScore Plus 5.1. The amorphous
number density (pg) of the ASR gels was determined from the reduced
PDF data according to the method proposed by Antipas and Karalis [57]
(see Eq. (4)), in which py is calculated as a ratio of the local minimum of
the reduced PDF (G(r)) and a term 4nr within the range of the first co-
ordination peak and rpy;, (calculated according to Eq. (3)), where r is the
real space coordinate of the local minimum.

2 [Qmar
Gin=7 | elsi@) - sin(@ o M
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2.5. Hydroscopic property characterization

With sealed side micro-holes, the volume shrinkage of the ASR gels
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Fig. 2. (a) Experimental setup of the PDF test, (b) samples in holders covered by tapes, (c) an example of 1-D diffraction data of Gel-Mg5 before background
subtraction and PDF normalization, (d) the background data for the sample holder and tape.
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was continuously monitored from the height change of the paraffin oil in
the capillary pipettes until stable, which was approximately up to 42
days after casting. Then, the sealing tapes over the side micro-holes were
removed and the cylinders were wrapped with permeable tape around
the perforations to ensure the direct contact of the ASR gels with
external conditions but no extrusion of ASR gels from the mini holes. In
this study, the hydroscopic swelling behavior of the ASR gels was
measured under two exposure conditions: (i) 97% relative humidity
(RH) and (ii) direct exposure to cement pore solution. The 97% RH
condition was created using the saturated potassium sulfate solution,
while the exposure to pore solution was developed by immersing the
lower part of the cylinders in a simulated pore solution in separate tanks.
Both of the exposure conditions were run in sealed containers with soda
lime to maintain the desired RH and avoid carbonation.

The dynamic vapor absorption and desorption behavior of the ASR
gels under varying RH was evaluated using DVS Intrinsic II from Surface
Measurement Systems on 10-20 mg of powder specimens after 60 days.
The specimens were first conditioned under 95% RH until equilibrium
and then subject to stepwise drying conditions from 95% to 90%, and
then to 0% RH with a step size of 10%. The absorption process was
measured inversely under increasing RH from 0% back to 95% with the
same step size. RH and mass change of the specimens were recorded at 1-
minute intervals. Equilibrium moisture content for each RH level was
considered to be reached when the mass change became below
0.0015%,/min for a period of 10 min. The temperature for all the tests
was kept constant at 25 °C. By taking the equilibrium mass of the
specimen at each RH, isotherms for a drying-wetting cycle, as well as the
hysteresis between desorption and absorption were determined.

2.6. Mechanical property characterization

The mechanical properties of the ASR gels were characterized based
on compression tests on 25.4 mm cubic specimens and DMA tests on
disc-shaped specimens with a diameter of 8 mm and a height of 5 mm.
The compression test was performed at 7 and 60 days after casting in an
Instron loading frame having a 20 kN capacity at a loading rate of 445
N/min until failure. The peak load from this compression test was used
to calculate the compressive strength. At a lower scale, the DMA test was
carried out under a constant temperature of 25 °C using a Q800 DMA
instrument (TA Instruments) with a load resolution of 0.00001 N, strain
resolution of 1 nm/nm, and a loading capacity of 18 N. After applying a
preload of 0.01 N, the specimens were loaded in compression mode at a
loading rate of 3 N/min until 16 N. The obtained stress-strain response
under the low load employed in this DMA test is expected to provide an
indication of the viscoelastic behavior of the ASR gels. Modulus of
elasticity of the ASR gels was determined from the slope of the linear
part of stress-strain curves.

2.7. Thermodynamic modeling

To further understand the phase assemblages of the ASR gels, ther-
modynamic modeling was performed via an open-source geochemical
modeling program called Gibbs Energy Minimization-Selektor software
(GEMS) [58,59] equipped with Cemdata 19 [60] and PSI/Nagra [61,62]
databases. The main reactants, such as water, amorphous silica, Ca
(OH)2, NaOH, KOH and Mg(NOs),, were employed as inputs. The
Debye-Huckel equation employing a common ion size parameter ag of
3.67 A and a common third parameter b, of 0.123 for KOH solution at
25 °C was used for predicting the aqueous electrolyte model [61,63,64].
The ionic activity coefficient of the reaction was determined via an
extended equation proposed by Helgeson [65,66] using the aforemen-
tioned a, and b, as shown in Eq. (5) under a temperature of 25 °C and 1
bar atmospheric pressure. The effect of magnesium on the ASR gel was
studied by increasing the Mg/Si ratio from O to 1.1 at a step size of 0.05.
Each simulation was run up to a degree of reaction of 100%.
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3. Results and discussion
3.1. Structure and phase evolutions

3.1.1. X-ray diffraction

As shown in Fig. 3a, after 7 days, the control group shows a semi-
crystal layered silicate structure with d-spacing of 2.98 A and 1.83 A
at 29.4° and 49.9° 20, respectively, which are characteristic of
tobermorite-type C-S-H. Cong et al. [67] and Hou et al. [3,68] found a
similar broad peak at 29.4° 20 in both ASR gels obtained from concrete
and synthetic ASR gels with Ca/Si ratios ranging between 0.12 and 1.00.
The broad amorphous peaks of Na- and K-kanemites at 29.4° 26 [3,69]
are also observed in the control ASR gel. Therefore, the “ASR phase” is
considered to be composed of tobermorite-type C-S-H and alkali
kanemites, which is in agreement with findings from the ASR gels
collected from existing concrete structures by Hou et al. [3,68] and Cong
et al. [67] and the simulated ASR gels studied by Kirkpatrick et al. [69],
Kim and Olek [70] and Guo et al. [71]. It was found that the sharpness of
the peak increased with Ca/Si ratio, while the alkali incorporation is
responsible for the broadness of the peak at 29.4° 20 due to the forma-
tion of more kanemite [3]. The small peak at 40.99° 20 is indicative of
quartz introduced by silica. One of the reactants, calcium hydroxide,
which typically presents multiple peaks, can only be detected at 34.15°
in the control group and occupied 9.1 wt% of the crystalline phases. The
broad peak of another reactant at 12.18° 20, amorphous silica,
completely disappeared. It should be noted that the diffraction from the
sample holder may also contribute to this broad peak. The less detect-
able calcium hydroxide and amorphous silica indicate the high degree of
reaction in the control ASR gel even at 7 days. In the presence of mag-
nesium, however, an apparent broad peak of amorphous silica can be
observed. A similar trend is also observed from calcium hydroxide, the
peak intensity of which at 50.74° 26 increased and its other peaks at
34.15° and 18.65° were detected in the presence of magnesium. The
changes in the two reactants indicate that the reaction was effectively
suppressed by the addition of magnesium nitrate. This conclusion is
further confirmed by the evolution of the tobermorite-type C-S-H. The
crystalline tobermorite-type C-S-H showed a 1.5% increase for Gel-Mg1
followed by reductions of 2.6% and 12.8% in Gel-Mg3 and Gel-Mg5,
indicating the suppressed formation of this ASR phase. This change is
accompanied by the increased formations of brucite (9.1 wt % and 20.5
wt%) and M-S-H (0.2 wt % and 0.3 wt%) in Gel-Mg3 and Gel-Mg5. The
ASR peak became broader as the Mg/Si ratio increased up to 0.3 indi-
cating a more amorphous nature of the gel. When the Mg/Si ratio was
increased to 0.5, however, the ASR gel’s peak became sharper, which
might be due to the crystallization of the tobermorite-type C-S-H or the
suppression of the amorphous kanemite phases. This assumption is
supported by the development of mechanical properties in Section 3,
where the gel with an Mg/Si ratio of 0.5 yielded the highest strength.
This observation, coupling with the evolutions of intensity change in
calcium hydroxide peaks (the peak at 34.15° 20 increased with the
Mg/Si ratio up to 0.5, while the one at 50.8° 20 increased only when the
Mg/Si molar ratio is greater than 0.7), indicates that the Mg/Si molar
ratio of 0.5 is a critical value, beyond which the reaction kinetics of the
system might change. This is likely due to the fact that, at high Mg/Si
ratios, there is sufficient magnesium to bind alkali ions and neutralize
their pH contributions. It was found that the increase of Mg/Si ratio from
0.3 to 0.5 resulted in a pH drop from ~14 to 9.31. When the Mg/Si ratios
increased to 0.7, 0.9 and 1.1, the pH values of the systems further
decreased to 7.85, 7.47 and 7.25, respectively. As a result of this alkali
neutralization, the intensity of the ASR-related peaks decreased with the
increasing Mg/Si ratio and completely disappeared at an Mg/Si molar
ratio of 0.7 or above, which is in line with the previous studies that ASR
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in concrete can be effectively limited at pH values below 13.3-13.5 [25,
72]. This interesting observation indicates that the formation of ASR
phases can be fully eliminated in the presence of magnesium when a
high Mg/Si ratio is reached due to the decrease in alkalinity. Induced by
the hydrolysis of magnesium, brucite (Mg(OH);) peaks at 18.65°,
37.97°, 58.74° and 62.2° 20 started appearing at an Mg/Si molar ratio of
0.5, and the intensity increased with magnesium dosage. A small
amorphous peak at 59.64° 20 characterizing the formation of M-S-H was
observed in Gel-Mg7 and Gel-Mg9 indicating the reaction between
magnesium and amorphous silica to form M-S-H is preferred over ASR
even at the early age (7 days). The small broad peak at 34.15° in
Gel-Mg5, Gel-Mg7 and Gel-Mg9, overlapping with the peak from cal-
cium hydroxide, is also due to the formation of M-S-H [73,74]. However,
M-S-H is not observed when the Mg/Si ratio reached 1.1, in which a
majority of brucite phase with the raw materials (amorphous silica and
portlandite) were identified suggesting that the reactions among alkalis,
calcium and amorphous silica were effectively suppressed and the
preferential magnesium hydrolysis dominated the early-age phase evo-
lution when a high dosage of magnesium is incorporated.

After 60 days of reaction, the ASR phase peaks of the control and Mg-
modified gels with an Mg/Si molar ratio up to 0.5 exhibited comparable
intensity with that obtained at 7 days, while higher crystallization and
larger crystallite size indicated by the increased sharpness and decreased
full width at half maximum (FWHM) of the peaks were observed
(Fig. 3b). This indicates the rapid reaction rate between the alkalis and
amorphous silica in the investigated ASR gel synthesis approach and
that a high degree of reaction was reached during the first 7 days. As the
reaction further proceeded, the peaks for both calcium hydroxide and
amorphous silica could not be detected from the control ASR gels after
60 days indicating the complete reactions. In the presence of magne-
sium, although with lower peak intensity when compared with that at 7
days, the amorphous silica was still detectable after 60 days. This is
likely due to the change in dissolution kinetics of silica with decreasing
pH [25,75], which is especially the case for systems with a Mg/Si ratio of
0.5 and above. Moreover, the crystalline tobermorite-type C-S-H was
found to decrease by 18.6 wt% as the Mg/Si ratio increased to 0.5. At
higher magnesium dosages, complete elimination of all ASR phases was
observed. Different from the increasing brucite peak intensity with

magnesium dosage at 7 days, after 60 days of reaction, this phase only
remained in Gel-Mgl to Gel-Mg7 and no brucite peak was identified at
higher magnesium dosages. Instead, intensity increases in the M-S-H
peaks were observed suggesting that the reduction or complete disap-
pearance of the brucite is attributed to its conversion into M-S-H over
time. At an Mg/Si ratio beyond 0.5, the amorphous peak at 34.42° 20
due to the formation of M-S-H started to appear and its intensity also
increased with the Mg/Si ratio. This confirms that the incorporation of
free magnesium at an Mg/Si ratio of 0.5 or higher is capable of altering
the reaction kinetics of ASR and converting ASR gels into non-expansive
M-S-H, which is relatively more stable at lower pH values [41]. It is
worth noting that, at high Mg/Si ratios and the consequent decreases in
pH value, C-S-H in concrete can be destabilized [40,41,76]. In this
study, the role of free Mg in suppressing the formation of ASR products,
as well as the conversion of expansive gels to less destructive phases in
the (Na, K)20-CaO-SiO, systems is confirmed. However, further in-
vestigations are needed when incorporating magnesium nitrate into
concrete for ASR mitigation.

3.1.2. X-ray pair distribution function

The X-ray PDFs of Mg-modified gels with Mg/Si ratios of 0.1, 0.5 and
1.1 compared with the control ASR gel after 7 days and 150 days are
shown in Figs. 4 and 5, respectively. It was found that each specimen has
a short-ordered amorphous structure that goes out of order beyond a few
interconnected polyhedra (at an interatomic distance of 12 /o\) as evi-
denced by the examination of real ASR gels by Benmore and Monteiro
[77]. The control ASR gel shows peaks in the region of Si-O bonds, Si-Si
and Si-O3 bonds indicating a predominant silicate structure character-
ized by the peaks at interatomic distances (r) of 1.52 Aand 4.5 A, 2.97 [o\,
and 3.75 A, respectively [27,77]. The presence of Ca—0/0-0 bond in the
interlayer of the silicate structure of ASR gel was observed at 2.57 A
indicating the incorporation of calcium endmembers in silicate chains.
The peaks in the higher interatomic distances of 6.45 A and 7.55 A are
comprised of some overlapping peaks from different correlations
including O-O and O-Si bonds and Si-Si or O-O and K-Si bonds,
respectively. The peaks at 4.11 A, 2.6 A and 7.12 A distances are due to
the K-O bond, the Na-O/Ca-O/0-O bonds and the Ca-O bond,
respectively, which are in line with that observed in C-S-H and ASR gels
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[40,77]. 0-O bond at 2.6 A and K-O bond at 2.6 A and 4.11 A signify the
presence of Na-kanemite and K-kanemite [78]. Other overlapping peaks
at higher distances (r) of 6.03 A and 6.7 A disclose the contributions
from O-0, Si-Si, Ca-0 and Ca-Si bonds [79]. As shown in Fig. 4a, after 7
days, the Si-O peaks at 1.52 A and 4.5 A, Si-O, peaks at 3.75 A and Ca-O
peak at 2.57 A in the control group indicate the formation of ASR gel.
The O-H bond at 0.96 A exhibited the highest intensity in the control
ASR gel and it decreased with increasing Mg/Si ratio. This is due to the
extreme hygroscopicity of the ASR phases that can absorb moisture.
Gel-Mg1 showed neither decrease in the peaks of ASR phases, nor in-
crease in the peaks of brucite and M-S-H, which indicates that an Mg/Si
ratio of 0.1 is insufficient to alter the reaction kinetics of ASR. As
depicted in the difference plot (Fig. 4b), with an increase in Mg/Si ratio
beyond 0.1, the peaks caused by the bonds from the ASR product are
found to reduce in intensity, along with increases in the Mg-O bonds at
2.2 Aand 4.1 A, Mg-Mg bonds at 3.13 A, 5.36 A, 8.21 A and 9.42 A and
Mg-Si bond at 4.9 A signifying the formation of brucite and M-S-H.
Brucite, a precursor to M-S-H, is mainly characterized by the Mg-O bond
peak at 2.2 A and the secondary Mg-O pair at 4.1 A [80], which shares a
similar distance with the peak of K-O bonds in the control group. The
M-S-H has a structure where magnesium is bound to the oxygen in the
surrounding silicon and hydroxyl groups [81], and hence the increased
Mg-O peak at 2.2 A with magnesium dosage indicates the formation of
additional M-S-H.

After 150 days, the reaction is assumed to have been almost
completed and all the peaks show increased intensity from the 7-day
specimens due to the formation of additional reaction products
(Fig. 5a). The peaks due to the Ca-O, Na-O, K-O, Si-O and Si-O5 cor-
relations of the control ASR gel displayed higher intensity than the Mg-
modified gels indicating the presence of a greater quantity of layered
silicate structure containing calcium, sodium, and potassium. The

decreases in these atom-atom correlations in the Mg-modified ASR gels
with increasing Mg/Si ratio might be due to the formation of a more
disordered structure as signified by the loss of coherence around 12 A
atomic distance in the presence of magnesium. A similar structure
evolution was also observed in a previous study on M-S-H gels [81], in
which a short coherence length close to 12 A was obtained from the
amorphous M-S-H, while a coherence length greater than 20 A was
observed from the crystalline talc and antigorite. The prominent peak at
0.96 A due to the O-H bond in water exhibited an increase in intensity in
the gels with high magnesium dosage which is opposite to the trend at 7
days. This agrees with the observations from DVS (Section 3.2), which
shows that the specimens with high magnesium contents have a greater
capability of absorbing moisture due to the hygroscopic behavior of
magnesium nitrate [82] and the Q3 silica polymerization in M-S-H [41].
The intensity of Mg-Mg bonds at 3.13 A, 5.36 A, 8.21 A, 9.42 A and
11.06 A, Mg-O bonds at 2.2 A and 4.1 A, and Mg-Si bonds at 4.9 A were
found to increase with the Mg/Si ratio signifying the formation of more
magnesium-related products, in place of ASR products, implying suc-
cessful modification of the ASR phase. In line with the XRD data,
Gel-Mg5 shows the highest peak intensity of the Mg—O pair at 4.1 A.
Fig. 5b shows the PDF difference between the Mg-modified ASR gels and
the control group. Gel-Mg1 shows very little difference from the control
group indicating that the magnesium content is not enough to cause
major modification in the reaction kinetics and phase evolution, which
is in agreement with the XRD results. As the Mg/Si ratio increases, the
bonds related to the magnesium products, such as the Mg-Mg bonds
(3.134,5.36 A,8.21 A, 9.42 A and 11.06 A), Mg-O bonds (2.2 A and 4.1
A) and Mg-Si bonds (4.9 A and 5.6 10\), show positive differences indi-
cating the formation of M-S-H. The bonds of the ASR phases including
Si-O (1.52 A and 4.5 A), Si-0, (3.75 A), Si-Si (6.03 A), Si-K (6.45 A),
and Na-0/Ca-0O/0-O (2.6 A) display a negative difference in PDF
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intensity suggesting the suppression of ASR and the conversion of ASR
phases.

An example of the calculation of amorphous number density for Gel-
Mg11 after 150 days is shown in Fig. 6a. After determining the useable G
(r) range between i, and the first positive coordination peak at 0.96 A,
the amorphous number density was calculated as the ratio of G(r) and
4ar at the local minima within the useable G(r) range. The evolution of
amorphous number density of the control and Mg-modified ASR gels
after 7 days and 150 days is shown in Fig. 6b. The control ASR gel
exhibited a reduction in amorphous density from 7 days to 150 days,
which is expected as the crystallization of the ASR gel proceeded over
time. Gel-Mg1 showed an 8.2% lower 7-day amorphous number density
than the control ASR gel, which might be caused by the increased for-
mation of tobermorite and crystallinity in the presence of low magne-
sium dosage. As the Mg/Si ratio increased, Gel-Mg5 showed a further
reduced amorphous number density by 14.1% indicating a less dense
atomic structure of the amorphous phases, which might be due to the
phase crystallization of the amorphous ASR phases as evidenced by the
XRD and FTIR results. At a high magnesium dosage, Gel-Mg11 showed a
slightly higher amorphousness than Gel-Mg5 but it was still lower than
the control group. Different from the groups with a low Mg/Si ratio, the
decreased density of amorphous phases in Gel-Mg11 might be due to the
formation of brucite. After 150 days, the amorphousness of Gel-Mg1 and
Gel-Mg5 may increase by a small amount (~1.4%) from the 7-day
specimens, which may be because of the formation of small amounts
of amorphous kanemite and M-S-H after 150 days of reaction. Gel-Mg11,
however, showed a significant increase of 17.7% in the amorphous
number density when compared to the control ASR gel, and a 25.6% rise
from its 7-day specimen, which might be due to the conversion of brucite
into M-S-H with a more densified atomic structure. The inflection of the
amorphous number density at both 7 and 150 days indicates a change in
reaction kinetics when the Mg/Si ratio reaches or exceeds 0.5.

3.1.3. Raman spectroscopy

The functional groups in the ASR gels with varying amounts of
magnesium after 7 and 60 days of reaction in a sealed condition at 23
+1 °C assessed by Raman spectroscopy are shown in Fig. 7. The sum-
mary of all the peaks and their respective assignments has been sum-
marized in Table 3. The control ASR gel, which is considered to be
composed of tobermorite-type C-S-H and kanemite, shows the charac-
teristic peaks 490 em™! (peak #6), 550 em™! (peak #7), 600 em ™! (peak
#8) and 665 cm ! (peak #9) due to the symmetric bending vibration of
SiOy4 tetrahedra, Si-O-Si stretching of Q3 tetrahedra, Si-O-Si stretching
and Si-O-Si symmetric bending of Q? sites, respectively, after 7-days
(Fig. 7a). The Si-O vibrational bands at 925 cm ! (peak #11) and
1015c¢m ™! (peak #12) and a small band at 1065 em! (peak #14) in the
high-frequency zone [83] indicate the existence of tobermorite-type
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C-S-H, while the presence of kanemite is evidenced by Si-O symmet-
ric stretching of the Q2 and Q3 units at 1015 cm~! and 1065 cm_l,
respectively [84]. Although the Si-O-Si linkages in 400-800 cm ™! were
still detected from Gel-Mgl, Gel, Mg-3, and Gel-Mg5, an Mg/Si ratio
over 0.3 resulted in the disappearance of peak #6 indicating the elimi-
nation of the symmetric bending vibration of SiO4 tetrahedra.

Fig. 8a-d shows the structural prototypes of single-chain tobermor-
ite, double-chain tobermorite, kanemite, and M-S-H. In tobermorite, the
silicate tetrahedron chains formed with “pairing” tetrahedra can be
either connected by interlayer coordinated calcium cations (zeolitic
content) (Fig. 8a) or cross-linked by a third bridging tetrahedron (Q3
sites) [91] (Fig. 8b), while the kanemite consists of corrugated sheet-like
layers of HOSiO3~OH groups bridged by Si-O-Si Q® units with alkali (Na
or K) atoms coordinated to six water molecules [55,78]. The polymeri-
zation sites in the silica chains can be denoted by Q", where Q is a silica
tetrahedron and ‘n’ refers to the number of bridging oxygens. Q', Q% and
Q3 are silica polymerizations with one, two and three bridging oxygens,
respectively. The C-S-H gels formed in hydrated Portland cement are
composed of low-order polymerized silicates such as Q" and Q, which is
normally represented by the tobermorite structure shown in Fig. 8a,
while ASR gels display highly polymerized layered structures with a
significant amount of Q% and Q* silicate polyhedra in addition to Q! and
Q2 sites [10,67]. Although the tobermorite structure shown in Fig. 8b is
also commonly used to represent the C-S-H formed in hydrated Port-
land cement, it possesses Q> polymerization sites with Si-O-Si bridging
bonds (Fig. 8e), which is considered to resemble the tobermorite-type
C-S-H formed in ASR. The highly disordered Q> structure with sub-
stantial Si-O-Si linkages containing alkali (Na or K) and —~OH groups as
endmembers also exists in kanemite (Fig. 8f). Due to this unique struc-
ture, Q% polymerization site is considered responsible for moisture ab-
sorption in its interlayer spaces of the sheet-like silicate structure, which
triggers volume swelling [69]. On the other hand, Q? and Q! are
lower-order polymerization sites that can be observed in jennite-like
C-S-H gels with less moisture absorption [83], or on the edge and
corners of the sheet-like layered silicate structure in ASR phases [92]. It
is worth noting that M-S-H also contains Q3 sites [73,93] in terms of Si-O
symmetric stretching in its disordered silicate structure (Fig. 8g). With
increasing Mg/Si ratios, the deconvoluted area of the low-frequency
peaks at 520-560 cm ™}, 590-600 cm™! and 650-700 cm ™! decreased
indicating the repressed bridging Si-O-Si bonds and the formation of a
compact structure in the presence of magnesium due to its smaller
atomic radius and higher bond strength [89,94]. A similar role of
magnesium in modifying the Q® polymerization sites was also observed
from nuclear magnetic resonance (NMR) in previous studies involving
the interaction of magnesium and alkali cations in the vicinity of silicate
structures [95,96]. When the Mg/Si ratio reached 0.7, the low-frequency
peak (#7) between 520 cm ! and 560 cm™! for the Si-O-Si bridging

b
Control _ | Mg-modified U 7-day
ASR gel ASR gels B 150-day
T
0 0.1 0.5 1.1
Mg/Si

Fig. 6. (a) Sample calculation of amorphous number density and (b) variation of amorphous number density with time in control and Mg-modified ASR gels.
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Fig. 7. Raman spectra of the control ASR gel and Mg-modified gels after (a) 7 and (b) 60 days with detailed peaks for chemical bonds, and the variation of the nitrate
peak intensity after (c¢) 7 and (d) 60 days.

Table 3
Summary of Raman peak position assignments for ASR gels.

Peak Peak position Assignment Reference

# (em™)

1 279 Mg-O in-plane vibrations from brucite [85]

2 320-330 Lattice vibrations of Ca-O lattice from [83,86]
portlandite

3 379 Si-O-Si bending from M-S-H 871

4 443 Mg-O symmetric out-of-plane vibrations [85]
from brucite

5 450 Internal deformation of SiO4 tetrahedra [83,86]

6 490 Symmetric bending vibration of SiO4 [88]
tetrahedra

7 550 Si-O-Si bridging bond of Q® tetrahedra [88]

8 600 Si—0-Si stretching of Q? [9,83,86,

88]
9 665 Si-0O-Si symmetric bending of Q* [9,83,86,
88]

10 728 Mg-O in-plane vibrations [85]

11 925 Asymmetric stretching of Q1 [89]

12 1010-1015 Symmetric and asymmetric stretching of [9,83,86]
Q? sites for SiO4 and Si-O-Ca (OH),
respectively

13 1051 Symmetric out-of-plane vibration of NO3 [90]

14 1063 Si-O symmetric stretching of Q3 [9,83,86]
tetrahedra

15 1350 Hydroxylated species such as —-OH from [88]
brucite

16 1450 Hydroxylated species such as ~OH from [88]

calcium hydroxide

bond of Q° tetrahedra disappeared, which agrees well with the XRD
data. The high-frequency Q? characteristic peak at 1010-1015 cm™!
(peak #12) displayed a decrease in its deconvoluted area with the
magnesium dosage and disappeared at an Mg/Si ratio of 0.7 or higher
indicating the suppressed formation of ASR phases (tobermorite-type
C-S-H and kanemite). A high-frequency shoulder at 1065 cm™! (peak
#14) due to the formation of Si-O symmetrical stretching bands in Q®
polymerization sites in M-S-H [41,73,93] was observed at the high
Mg/Si ratios of 0.9 and 1.1. The peaks at 276 cm ™! (peak #1), 443 cm™!
(peak #4), 728 em ! (peak #10) and 1350 em! (peak #15) responsible
for the Mg-O bond and —OH functional group in brucite, respectively,
are observed to exhibit increases in area with Mg/Si ratio indicating the
formation of brucite. The areas of peak #2 (320-330 cm™!) and peak
#16 (1425 cm ™) due to the Ca—O bonds and —OH functional group in
calcium hydroxide also increase with Mg/Si ratio, which indicates the
positive role of magnesium in preventing calcium hydroxide consump-
tion in ASR.

After 60 days, the control group showed increases in the peak areas
between 500 cm ! and 800 cm™? (peaks #6, #7, #8 and #9) indicating
further formation of the Si-O-Si bridging bonds in ASR products with
ongoing reactions. In addition to the enhanced peak at 1015 cm™}, a
new peak at 1065 cm ™! (peak #15), which was exhibited by Gel-Mg9
and Gel-Mgll only at 7 days, was observed from the control ASR
group. Since there is no magnesium in this control group, the appear-
ance of peak #14 is considered due to the Si-O symmetric stretching of
Q3 tetrahedra in mature ASR phases due to the high degree of poly-
merization. The Si-O-Si linkages and Si-O symmetric stretching of the
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Fig. 8. Structural phototypes of (a) single-chain tobermorite 11 A structure, (b) double-chain tobermorite 11 A structure, (c) alkali kanamite, (d) M-S-H (talc), and
Si-O-Si bridging bonds of Q® tetrahedra in (e) double-chain tobermorite and (f) kanemite, and (g) Si-O symmetric stretching of Q® sites in M-S-H.

ASR phase (tobermorite-type C-S-H and kanemite) were reduced in the
specimens with Mg/Si ratios greater than 0.5 (Fig. 7b), which is more
remarkable than the findings at 7 days. This reduction in ASR-related
peaks is most likely due to the preferential formation of brucite and
M-S-H in the presence of magnesium as indicated by peaks #10 and #15,
and #3 and #14, respectively. The presence of peak #16 in Mg-modified
ASR gel reveals the remaining calcium hydroxide even after 60 days,
which is usually consumed in ASR (see the control group). A shoulder at
1065 cm ™! due to the Q® tetrahedra (peak #14), which was completely
eliminated in the groups with intermediate Mg/Si ratios, reappeared at
Mg/Si ratios of 0.9 and 1.1 indicating the formation of M-S-H. It is
interesting to see that, compared with the 7-day spectra, the brucite-
related peaks (peak #10) at 728 em~ ! and peak #15 at 1350 cm’l)
showed decreases in relative area after 60 days indicating its conversion
into M-S-H over time, which is supported by the appearances of the peak
at ~379 cm™! and 1065 cm™! due to Si-O-Si bending and symmetric

stretching of Q3 sites. Fig. 7c and d show the resized Raman patterns of
the gels at 7 and 60 days, respectively, from where the variation in the
intensity of the major peak due to NO3 can be identified. As expected,
the relative intensity of the NO3 peak (peak #13) was proportional to
the dosage of magnesium nitrate, and the peak intensity decreased with
time. As supported by the TGA results shown below, this might be due to
the combination of NO3 with the alkali cations, such as sodium (Na), to
form sodium nitrate. This alkali consumption mechanism may be
another reason for the suppressed ASR phase formation.

3.1.4. Fourier transform infrared spectroscopy

FTIR spectra of the control ASR gel and Mg-modified gels after 7 and
60 days are shown in Fig. 9. The 7-day FTIR spectra of the control ASR
gel showed a distinct peak in 700-600 cm ™! due to the Si-O-Si bending
vibrations and a compound peak in the region of 1150-950 cm ™" for
Si-O symmetric/anti-symmetric stretching vibration for the coexisted
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Q2 and Q3 sites in ASR phases [9] (Fig. 9a). In line with the XRD and
Raman results, the control ASR gel shows vibrational bands at ~905
em ! and ~966 cm ! signifying the presence of Q? sites, and a band at
~1100 em™! signifying the presence of Q2 polymerization sites in both
tobermorite-type C-S-H and kanemite [84,97]. The Si-O-Si bending
vibration peak in 700-600 cm ™! showed decreased intensity with the
increasing magnesium dosage, and this peak became undetectable when
the Mg/Si ratio reached 0.5, which was replaced by a new peak at
around 550 cm™! caused by Si-O-Mg symmetric stretching in M-S-H
[98]. The compound peak between 1150 and 950 cm™! gradually
changed to a single sharp peak centered around 970 cm ™! in the pres-
ence of magnesium suggesting a dominant Q? silicate structure con-
verted from Q® bonds, which is supported by the Raman spectra (Section
3.1.3), which is favorable to mitigate the hygroscopic and expansive
behavior of the ASR phases. When the Mg/Si molar ratio is beyond 0.7,
the peak of the Q? site at ~970 cm™! decreases. The presence of the
symmetric stretching vibrations of Q% and Q* sites in Si-O in M-S-H and
the amorphous silica, i.e., the peak at 1070 cm~! and 1200 em ™},
respectively, were observed in the gels with an Mg/Si ratio of 0.3 or
higher, the intensity of which increased with the magnesium content.
This indicates the suppressed ASR rate. The peak centered around 1325
cm ! showed an increase in intensity with the magnesium content as
this is caused by the N-O stretching bonds in sodium nitrate [99], the
formation of which was confirmed by the TGA results below. The peak at
828 cm™! from the NO3 functional group [100] of magnesium nitrate
was observed in the gels with high Mg/Si ratios of 0.5 or higher. The
small peak at ~1400 cm™! in the control ASR gel may be attributed to
the CO%’ functional group formed due to carbonation [101]. The peak at
1650 cm ™! is due to the H-O-H bound group in silicates.

In the presence of magnesium, an intensity increase in the peak at
1650 cm ! was observed in the Mg-modified groups up to an Mg/Si ratio
of 0.5, exceeding which the peak intensity decreased. This bound water
reduction in the gels with high Mg/Si ratios (>0.5) might be due to the
suppressed formation of tobermorite-type C-S-H and kanemite as evi-
denced by the decreased peaks in the 800-1200 cm ™! range. The broad
band in 3800-2400 cm ™! is attributed to the stretching of ~OH bonds in
water, which is found to become sharper in the magnesium-modified
gels than in the control ASR gel indicating that strong hydrogen-
bonded interlayer water was changed to loosely bound or surface
water [9]. This observation is further verified by the TGA and DVS re-
sults discussed in subsequent Sections 3.1.5 and 3.2.1. The formation of
brucite and mitigated consumption of calcium hydroxide are manifested
by a sharp peak of non-hydrogen-bonded or weakly-hydrogen-bonded
hydroxyl groups in portlandite and brucite at 3691 cm™!, which
showed increased intensity with the Mg/Si ratio.

As shown in Fig. 9b, after 60 days of reaction, the control group
showed enhanced compound peak of Q? and Q® polymerization sites
(1150-950 cm™!) along with intensity increases from the Si-O-Si
stretching vibration peak (700-600 cm ™) and Si-O bonds peak (905
em ™! and 970 cm 1) indicating increased formation of tobermorite-type
C-S-H and kanemite as the reaction proceeded, which is in line with
XRD and Raman results. Gel-Mgl showed a similar compound peak
between 1130 and 950 cm ™! indicating the low ASR mitigation effi-
ciency at a low Mg/Si ratio. As the Mg/Si ratio increased to 0.5, the ASR-
related peaks were progressively replaced by a single sharp peak at
~970 cm™! signifying the elimination of kanemite and the presence of
Q? from tobermorite-type C-S—H only. A possible reason for this is the
reduction of pH due to the addition of magnesium [41], which led to the
preferential combination of calcium with the dissolved silica. When the
Mg/Si ratio exceeded 0.5, this Q2 polymerization peak in
tobermorite-type C-S-H gradually disappeared as M-S-H dominated the
reaction products. Compared with the prominent peaks at 700-600 cm ™
and 1150-950 cm™! of the control group, significant reductions in these
two peaks’ intensity with increasing Mg/Si ratio were observed. Another
significant change lies in the appearance of the amorphous silica peak
due to the suppressed ASR rate in low Mg/Si ratios (up to 0.7) and its
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disappearance when the Mg/Si ratio reaches 1.1, which might be due to
the consumption of silica in the formation of M-S-H as indicated by the
increased peak at ~550 cm ™. The sharp peak at 3691 cm ™! that was
observed at 7 days disappeared in the spectra after 60 days suggesting
the consumption of portlandite or brucite in the formation of M-S-H,
which is in agreement with the XRD data. Peak intensity of N-O
increased in the groups with high Mg/Si ratios due to the formation of
sodium nitrate from the combination of free sodium and nitrate, which
became available due to the suppressed ASR, along with the presence of
residual Mg(NOg3)s. A slight increase in the intensity of the broad peak
between 2400 and 3800 cm ™' was observed from Gel-Mg9 and
Gel-Mg11 indicating that a high magnesium nitrate dosage might be
responsible for increased moisture absorption, which is in agreement
with the presence of the nitrate peaks at 1350 cm™! and 828 cm ™2

3.1.5. Thermogravimetric analysis

Fig. 10 shows the TGA and DTG curves of the control ASR gel and
Mg-modified gels at the ages of 7 and 60 days. The initial weight drop
between 30 and 105 °C is attributed to the free or loosely bound water in
the gel specimens, while the broad weight loss between 105 °C and
250 °Crepresents the bound or interlayer water from tobermorite [102].
As shown in Fig. 10a and c, after 7 days, the free and bound water in the
Mg-modified gels was found to be significantly higher when compared
to the control group. Separately, the free water amount in the
Mg-modified gels is greater than that of the control ASR gel except for
group Gel-Mg11, and the difference increased with Mg/Si ratio up to 0.5
and then proceeded to decrease. The group with the highest Mg/Si ratio
(Gel-Mg11) showed less free water than the control group. On the
contrary, the bound interlayer water decreased with an increase in
Mg/Si ratio up to 0.5 followed by an increase at higher magnesium
dosages, which indicates that more hydrates were formed in the pres-
ence of additional magnesium nitrate. Combined with the XRD and FTIR
data, this is due to the formation of M-S-H, which exhibits a better water
binding capability than tobermorite-type C-S-H [87]. The control ASR
gel shows a distinct weight loss between 235 °C and 325 °C due to the
thermal decomposition of the ~OH group of ASR products [9] such as
tobermorite (~225 °C) [103] and kanemite (~260 °C) [69], which
changed to a broad weight drop for Gel-Mgl and is absent in the
Mg-modified gels with higher Mg/Si ratios indicating the elimination of
the ASR-related phases (kanemite and tobermorite-type C-S-H). This
agrees with the observations from the XRD, FTIR, and Raman spectra.
The Mg-modified ASR gel displayed new multiple weight drops between
380 °C and 800 °C attributed to the loss of hydroxyl groups in brucite
(380-450 °C), the dehydroxylation of the Si-OH groups in M-S-H
(450-600 °C), and the inner and surface Mg-OH groups in M-S-H
(600-800 °C) [81,104]. In the modified gels with an Mg/Si ratio of 0.5,
the formation of brucite was detected, which increases with the Mg/Si
ratio (Fig. 10a and c). This is also observed from the 7-day XRD and FTIR
data. The formation of M-S-H was not observed until the Mg/Si ratio
reached or beyond 0.5 followed by an increase with the magnesium
content. This indicates that M-S-H only forms when the amount of
precursor and the dissolution of amorphous silica reach certain
threshold values. The specimens with Mg/Si ratios below 0.5 did not
have enough magnesium to neutralize the alkali ions and lower the pH
and hence, ASR products were still formed. This might also be due to the
fact that lowering of pH can cause destabilization of tobermorite, similar
to the phenomenon observed in C-S-H [41,76], where magnesium is
preferentially reacted with silica over calcium to form M-S-H. Calcium
hydroxide (portlandite), the raw material with thermal deposition be-
tween 400 and 550 °C, is observed in the specimens with a high Mg/Si
dosage of 1.1. This again reveals that the reaction of alkalis, calcium and
silica was mitigated by the high dosage of magnesium nitrate. Another
interesting observation is the increase in the amount of residual calcium
hydroxide with the formation of brucite. This suggests that the reactions
involving calcium hydroxide in the investigated systems can be sup-
pressed in the presence of magnesium, which might explain the
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Fig. 10. (a, b) TGA and (c, d) DTG curves of the control and Mg-modified ASR gels after (a, ¢) 7 days and (b, d) 60 days.

M-S-H-dominated reaction products with mitigated formations of ASR
gel. A new weight drop between 720 °C and 790 °C was observed in the
Mg-modified gels. This weight loss is likely due to the decomposition of
sodium nitrate as a result of the combination of NO3 from magnesium
nitrate and Na* from sodium hydroxide. As expected, the amount of this
newly formed sodium nitrate phase increased with the content of
magnesium nitrate up to an Mg/Si ratio of 0.3, beyond which its weight
drop overlapped with M-S-H, and the calculation of the individual phase
becomes quite difficult. Agreeing well with the Raman spectra (Fig. 8),
the formation of sodium nitrate helps to bind alkali metals that are
supposed to be a part of the expansive ASR phase, which serves as
another mitigation mechanism of ASR gel’s formation.

After 60 days, as shown in Fig. 10b and d, the decreased weight loss
between 30 °C and 250 °C suggests less free and loosely bound water in
the systems as the reaction proceeded. The decomposition of the -OH
group in the ASR products was found to shift to a slightly higher tem-
perature indicating the increased crystallization of the ASR phase over
time. The weight loss between 235 °C and 325 °C due to the loss of -OH
groups from tobermorite and kanemite increased over time indicating
the ongoing reactions. In the same trend observed at 7 days, the amount
of free water of the Mg-modified gels was greater than the control group
at 60 days, which increased with the magnesium content up to an Mg/Si
ratio of 0.5, beyond which less free water was detected. No clear
discernible relation between the Mg/Si ratio and the quantity of bound
water was observed, while more bound water was obtained in the Mg-
modified gels than in the control group due to the formation of water-
containing products such as brucite and M-S-H. After 60 days, the
multiple weight losses between 450 and 800 °C increased in Gel-Mg7,
Gel-Mg9, and Gel-Mg11 and the individual weight losses became more
discernible. This indicates the increased quantity and crystallinity of M-
S-H in the gels with Mg/Si ratios higher than 0.5. The quantities of so-
dium nitrate did not change appreciably from 7 to 60 days. Critically,
the weight loss due to the ASR phase between 235 °C and 325 °C is still
not observed in the gels containing magnesium. Although there is no
new product formed when compared to the 7-day results, brucite dis-
appeared after 60 days indicating the consumption of this hydroxide
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precursor in the formation of M-S-H, which is consistent with the find-
ings from XRD analysis.

3.2. Hydroscopic properties

3.2.1. Dynamic vapor sorption

Fig. 11 shows the dynamic vapor desorption and absorption behavior
of the control and selected Mg-modified gels after 120 days of curing. As
shown in Fig. 11a, the control group exhibited overall desorption and
absorption of 125.74% and 124.6%, respectively, the majority of which
occurred at high RH beyond 70%. 62.5%, 29.2% and 12% moisture
absorptions were obtained at 95%, 90% and 80% RH, respectively. As a
result, the time that is needed to reach the mass equilibrium at these
critical RH steps was extended. The absorption at 80% and 90% RH took
300 min and 766 min, respectively, and a longer equilibrium process
was observed at the final step (95% RH). This indicates that the control
ASR gel is capable of absorbing large quantities of moisture and explains
the significant volume expansion and cracking behavior in ASR-affected
concrete structures. Compared with the control ASR gel, the Mg-
modified gels showed increases in both the overall weight drops and
gains during moisture desorption and absorption stages with the
increasing dosage of magnesium nitrate. It should be noted that this
enhanced moisture sorption behavior might be caused by the presence of
nitrate and the formation of Q? sites in M-S-H. Magnesium nitrate is
known as a hygroscopic salt that can absorb 39% moisture of its own
weight in humid conditions [105-107] since anions like nitrates can
form a strong hydrogen bond with water and bridge the nitrate oxygen
creating a stable arrangement. Another possible byproduct formed is
sodium nitrate, which is also a highly hygroscopic salt with high solu-
bility in water and may be responsible for the enhanced moisture ab-
sorption of the Mg-modified gels [108]. Moreover, the main
magnesium-bearing product, M-S-H, is dominated by Q>type layered
silicate structures [109] similar to clays, which are capable of absorbing
moisture in the interlayer spaces [81]. As a result, the groups with Mg/Si
ratios of 0.1, 0.5 and 1.1 showed 48.5%, 106.7% and 174% greater
overall moisture desorption, respectively, than the control group. It
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should be noted that, for the control group, 104.4% moisture loss was
obtained between 70% and 95% RH, while the Mg-modified gels with
Mg/Si ratios of 0.1, 0.5 and 1.1 showed 31.4%, 81.7% and 124.04%
greater moisture loss than the control group in the same RH range. In
Gel-Mg1 with a low magnesium nitrate dosage of 0.1, the decreased ASR
phase resulted in the reduced moisture amount. By adding more mag-
nesium nitrate up to an Mg/Si ratio of 0.5, the moisture increased due to
the moisture-binding behavior of nitrate. However, when the Mg/Si
ratio is higher than 0.5, a considerable moisture reduction was observed
due to the suppressed formation of ASR phases. Hence, coupling with the
phase evolutions as discussed above, it can be inferred that, although the
addition of nitrate and formation of M-S-H increased the overall mois-
ture amount, the formation of the ASR phase, in particular the Q3
polymerization sites in tobermorite and kanemite, governed the mois-
ture desorption at high RH. Similar to the desorption behavior, the ab-
sorption behavior shows an overall increase with the dosage of
magnesium nitrate. The groups with Mg/Si ratios of 0.1, 0.5 and 1.1
showed 47.7%, 109.6% and 183.7% higher overall moisture absorption
capability than the control ASR gel. Again, it is interesting to observe
that 83.2% of the control group’s moisture absorption occurred in the
RH range from 70% to 95%, whereas the groups with the Mg/Si ratios of
0.1 and 0.5 showed 81.9% and 82.3% higher absorption, respectively, in
the same RH range. The group with the highest Mg/Si ratio showed a
78.9% increase, which is significantly lower than that of lower Mg/Si
ratios. This is due to the reduction in the amount of ASR phase when
Mg/Si ratio is greater than 0.5. In ASR gel, the moisture absorption
serves as a driving force for its volume swelling behavior, while in
Mg-modified gels, the moisture uptake was enhanced mainly due to the
hygroscopic nature of the added magnesium nitrate. It is hypothesized
that, although with high moisture absorption, the suppressed formation
of the ASR phase will help to mitigate the swelling potential of the
Mg-modified gels. This hypothesis has been answered and is shown
below in Section 3.2.2.

Fig. 11b to e shows the isotherms in both desorption and absorption
stages as functions of RH for the control ASR gel and Mg-gels. The slope
of the isotherms shows the rate of sorption in terms of mass change at
varying RH. As indicated by Fig. 11a, the majority of the moisture
desorption and absorption occurred in an RH range between 70% and
95%. The sorption increases with an increase in Mg/Si ratio for all RH
ranges between 70% and 95% RH. Again, the enhanced moisture ab-
sorption and desorption in the gels with magnesium is mainly induced
by the incorporated nitrate, while the increasing rate decreased at high
Mg/Si ratios attributed to the suppressed formation of ASR products.
This has been confirmed by the swelling test results (Section 3.2.3) that
the increased moisture uptake of the Mg-modified ASR gels did not
result in increased swelling, instead, decreased hygroscopic expansion
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in both 97% RH and cement pore solution was obtained. In an upcoming
study, the vapor sorption capacity of nitrates under varying RH will be
quantified, so that the real moisture absorption of ASR gels can be
normalized. The control ASR gel, Gel-Mg1, and Gel-Mg5 showed a Type
III isotherm without inflection point (Point B) indicating the monolayer
of moisture (Fig. 11b, c and d). This implies that the adsorbate-adsorbate
interaction in the control and low magnesium ASR gels mainly occurred
on the surface [110,111]. Gel-Mgl1, however, displayed a Type II
isotherm [110,111], which indicates a typical adsorption behavior of
nonporous or macroporous adsorbents comprising monolayer (before
the point B) and multilayer (beyond the point B) adsorption (Fig. 11e).
Both the control and Mg-modified ASR gels show a Type H3 hysteresis
behavior, which is characteristic of slit-shaped pore structures. This is
different from cement or C-S-H, which typically show a Type H2(b)
hysteresis due to the complex ink bottle-like pores with pore-neck
blocking [112]. Another important observation lies in the magnitudes
of hysteresis between the desorption and absorption isotherms.
Although low hysteresis was observed in all the selected groups, it
increased with Mg/Si ratio up to 0.5 followed by a reduction with a
further increase in magnesium dosage. In conjunction with the XRD and
FTIR results, this might be due to the fact that, with increasing mag-
nesium dosage, the formation of kanemite was suppressed leaving only
Q2 sites in tobermorite-type C-S-H in gels with an Mg/Si ratio of up to
0.5, followed by the formation of a Q®-dominated M-S-H at higher
magnesium contents that changed the pore structure and capillary
condensation behavior in the system.

3.2.2. Autogenous shrinkage in sealed condition

One of the most harmful properties of ASR gel is its swelling behavior
after imbibing moisture or pore solution in concrete. In this study,
shrinkage behavior was observed from the ASR gels before exposure to
moisture or water. Fig. 12 shows the volume change of the control and
Mg-modified ASR gels during their curing in sealed condition up to 42
days after casting. It should be noted that the measurements of Gel-Mg9
and Gel-Mgl1 were started at later ages (7 days and 25 days, respec-
tively) due to the retarded reaction and solidification in the presence of
high Mg/Si ratios, which made it unfeasible to measure the volume
change of the liquid-like gels. The combination of the raw chemicals to
form different products and their self-desiccation as the reaction pro-
ceeded are responsible for the initial shrinkage behavior. A high rate of
shrinkage was obtained after mixing and then it gradually decreased and
became constant after around 6 weeks. The control ASR gel showed a
maximum volumetric shrinkage of 0.67%. Gel-Mgl showed a higher
shrinkage than the control ASR gel at an early age and then they became
comparable at later ages, whereas the addition of more magnesium
resulted in decreased shrinkage. This might be due to the evolution of
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Fig. 12. Volumetric shrinkage behavior of the control and Mg-modified
ASR gels.

ASR products and the Mg-rich products (brucite and M-S-H) in the
systems. At low Mg/Si ratios, the formation of ASR products was not
effectively mitigated, and no sufficient M-S-H was formed, whereas the
formation of M-S-H at higher Mg/Si ratio might offset the volume
change. The maximum shrinkage of the ASR gel decreased by approxi-
mately 45% in Gel-Mg5 and Gel-Mg7, while Gel-Mg9 and Gel-Mgl1
showed approximately 50% lower shrinkage than the control group.
The decreased shrinkage in the gels with Mg/Si ratios greater than 0.1
might be a result of the mitigated ASR rate and the less volume change
triggered by the phase conversion of ASR products into M-S-H gel in the
presence of magnesium.

3.2.3. Hygroscopic swelling behavior under two conditions

In this study, after the shrinkage reached a constant value, the hy-
groscopic swelling behavior of the ASR gels was investigated in two
exposure conditions: 97% RH and a simulated cement pore solution.
Fig. 13a shows the volumetric change of the control and Mg-modified
ASR gels exposed to 97% RH. The highest swelling was obtained from
the control ASR gel, which yielded an expansion of 0.53% after 120
days. Decreased swelling was observed in the presence of magnesium.
Gel-Mgl, Gel-Mg5 and Gel-Mg9 exhibited comparable volume change
and all the three groups reached a final expansion at around 0. The Mg/
Si dosage of 0.9 was found to reduce the swelling by about 65.6% along
with inferior mechanical properties. This provides a promising indica-
tion of the positive role of magnesium nitrate in suppressing the swelling
potential of ASR gels. It is interesting to see that there is no swelling
behavior observed from Gel-Mgl1. Instead, a continuous shrinkage was

4.0 T
3.5+ a —A— Control 7
—X%— Gel-Mg1
3.04 ——Gel-Mg5 7
Gel-Mg9
2.5+ —&— Gel-Mg11
2.0 R

Swelling (%)

T T
1000 1500

Time (hours)

T
0 500

)

2000

Swelling (%

Cement and Concrete Composites 144 (2023) 105283

obtained. This might be due to a couple of reasons: (i) the continuous
phase conversion from ASR products to M-S-H in the presence of the
high Mg/Si ratio (1.1) and (ii) minor undetectable leakage of the
paraffin oil from the container perforations. The inverse correlation
between the swelling behavior and the moisture absorption capability
obtained from the Mg-modified ASR gels provides further evidence that
the increased moisture absorption is due to the existence of the hygro-
scopic nitrate and the Q-dominated structure of M-S-H. It also confirms
that the enhanced moisture uptake in the Mg-modified ASR gels is not
detrimental as the nitrate salts do not yield significant volume change as
exhibited by the Q® polymerization sites in ASR products. Therefore, the
elimination of Q® polymerization sites in the ASR products might be the
primary reason for the decreased swelling capability.

Fig. 13b shows the volume expansion of the control and Mg-modified
ASR gels in contact with a simulated cement pore solution. It was
observed that the swelling of all the groups in the presence of pore so-
lution is higher than that obtained from the 97% RH condition. This
might be due to the exchange of ions taking place between the ASR gels
and the pore solution, which can penetrate through the permeable tape
more efficiently than the moisture at 97% RH to fuel the volumetric
swelling. One of the possible reasons for swelling is the ion exchange
between the pore solution and ASR gel often resulting in alkali recycling,
in which calcium from the pore solution replaces the alkali in the ASR
gel maintaining the high alkalinity of the solution, which in turn pro-
motes the formation of additional ASR phases. This is also related to
another swelling mechanism due to the osmotic pressure triggered by
the difference in vapor pressure of the gel pore solution and that of the
concrete pore solution [113]. However, further studies are needed to
uncover the exact mechanism of interaction between the ASR gel and
pore solutions. After 120 days, a volume swelling of 3.1% was observed
from the control ASR gel. The groups with magnesium showed lower
swelling than the control group, while the reduction in swelling is
inversely proportional to the Mg/Si ratio. Gel-Mg1 showed the lowest
swelling, which is 93.5% lower than the control group. This might be
due to the suppressed formation of ASR products, the absence of M-S-H
at low Mg/Si ratio of 0.1, as well as the lower moisture absorption ca-
pacity than the high-Mg groups. Gel-Mg5 and Gel-Mg7 exhibited com-
parable swelling, which is 78.3% lower than the control group. With
higher Mg/Si ratios, Gel-Mg9 and Gel-Mgl1 showed 50% and 26.1%
lower swelling than the control group. Although the reductions of
swelling from the Mg-modified ASR gels are still promising, the
increased formation of M-S-H with Mg/Si ratio might give rise to greater
Q3 layers as observed in Raman and FTIR. The higher amount of Q® sites
implies more interlayer spaces. Alkali cations present in the
Mg-modified and ASR gel may be responsible for the swelling by
absorbing OH™ ions from the simulated pore solution in a mechanism
similar to that of swelling clays [14]. Since strength is also a major
governing factor on the destructiveness of ASR gel, the coupling of de-
creases in both strength (more flowable) and volume swelling potential
would be considered ideal mitigation. Among the groups, Gel-Mg7
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Fig. 13. Volumetric swelling of the control and Mg-modified ASR gels conditioned in (a) 97% RH; and (b) simulated pore solution after 42 days.
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shows almost 79% reductions in pore solution-induced swelling, a
negligible compressive strength (see Section 3.3), and a low modulus of
elasticity, which may indicate an Mg/Si ratio of 0.7 to be an effective
dosage of magnesium-based admixture for successful mitigation of the
virulent features of ASR gels.

3.3. Mechanical properties

The most destructive behavior of ASR gel in concrete is exerting
internal stress on the surrounding aggregates and the hardened cement
paste during its hygroscopic swelling. At the gel level, with the same
extent of volume expansion, a gel with higher stiffness and compressive
strength can generate higher stress and more destruction. Therefore, in
addition to the moisture absorption and swelling behavior, the de-
velopments of strength and elastic modulus of the gels were also
investigated in this study. It is expected that, by taking both the hy-
groscopicity determined in Section 3.2 and the mechanical properties
determined in this section into account, an overall evaluation of the gels’
destructiveness can be obtained.

3.3.1. Compressive strength

The assessment of compressive strength of the control and Mg-
modified ASR gels was performed at 7 and 60 days. After 7 days, as
shown in Fig. 14a, the control ASR gels yielded a strength of 0.35 MPa. A
strength loss was observed from the gels with the addition of magnesium
nitrate, while the strength increased with the Mg/Si up to 0.5, exceeding
which a significant drop in strength was obtained. As a result, all the Mg-
modified ASR gels investigated in this study showed lower strength than
the control group except for group Gel-Mg5. Gel-Mgl and Gel-Mg3
showed 51.4% and 27% lower compressive strength than the control
group, respectively, despite the higher crystallinity. This may be due to
the formation of brucite and the suppressed formation of tobermorite-
type C-S-H in the presence of low magnesium content, as indicated by
thermodynamic simulations and the XRD data. The gradual increase of
the Q? sites from Gel-Mg1 to Gel-Mg5 indicating increased tobermorite-
type C-S-H, as evidenced by the Raman and FTIR results, is in line with
the evolution of compressive strength. The high strength of Gel-Mg5,
which is 137.9% higher than that of the control group, might be
attributed to the absence of amorphous kanemite, as indicated by the
XRD and FTIR data. Gel-Mg7 showed a significant decrease in 7-day
compressive strength, which is 91% and 96% lower than that of the
control ASR gel and Gel-Mg5, respectively. The significant strength
change from Gel-Mg5 to Gel-Mg7 might be due to the change in reaction
kinetics, which led to the reduction of tobermorite quantity along with
diminished crystallinity and the formation of brucite. Due to the domi-
nant content of brucite and the suppressed formations of the ASR phase,
although with higher crystallinity than the gels with lower Mg/Si ratios,
Gel-Mg9 and Gel-Mgl11 showed negligible 7-day strength and the low
stiffness made it unfeasible to demold these two groups. Combining with
the results from XRD, FTIR and Raman analyses, this provides an
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indication that, in the presence of a high dosage of magnesium, the ASR
was eliminated, and the gelation process was effectively retarded mak-
ing the products extremely soft and flowable.

As shown in Fig. 14b, although with the same trend as obtained from
7 days, increases were observed from the 60-day strength, in particular
the control ASR and the gels with low Mg/Si ratios. As the reaction and
crystallization proceeded, the control ASR gel showed a 36.4% increase
in strength from 7 to 60 days. Gel-Mg5 showed a 70.9% higher strength
when compared with the control group and all other Mg-modified gels
yielded lower strength. While Gel-Mg1 and Gel-Mg3 showed 100% and
33.3% higher strength than 7 days, their 60-day strength is still 47.3%
and 34.5% lower than the control group, respectively. From the Raman
spectra (Fig. 7b) and FTIR spectra (Fig. 9b) at the same age, Q2 Si-O site,
a component of tobermorite-type C-S-H was found to decrease from
control to Gel-Mg1 and then increase from Gel-Mg1 to Gel-Mg5 followed
by complete suppression at higher magnesium dosages. Since tober-
morite is considered the basic skeleton of ASR gels [3,68,116], these
findings in polymerization can explain, at least in part, the changes in
compressive strength. With the complete phase conversion from ASR
products to M-S-H, extremely low strength was still obtained from the
gels with Mg/Si ratios higher than 0.5. Gel-Mg7 and Gel-Mg9 yielded
comparable 60-day strength, which is 94.1% and 94.7% lower than that
of the control group. This indicates that an Mg/Si ratio of 0.7 or greater
is required to convert ASR gel to weak gels incapable of causing damage
to the surrounding concrete.

3.3.2. Modulus of elasticity

Due to the differences in synthesis protocol, chemical composition,
and age of ASR gels, as well as the different testing procedure, the MOE
values of the ASR gels investigated in this study is lower than that in
previous works where the stiffness of highly crystalline ASR phases,
either synthetic or formed in concrete, were tested via micro-/nano-
indentation [2,117,118]. As shown in Fig. 15, it is interesting to observe
that the influence of magnesium on the MOE of ASR gel is quite different
from that observed from compressive strength. Fig. 15a shows the
selected stress-strain curves of the control and Mg-modified ASR gels
under compression. Due to the insufficient contact between the loading
plate and top surface of the specimens and volume compaction, the gel
specimens showed strains without significant increases with stress
nonlinearly in the initial stage. After reaching a stress of approximately
0.01-0.05 MPa, a linear elastic behavior was observed. Based on the
linear part of the stress-strain curve, the control ASR gel displayed an
MOE of 5.78 MPa (Fig. 15b). By incorporating magnesium, significant
increases in MOE were obtained. The highest MOE was yielded by the
gel with the lowest magnesium content (Gel-Mgl), which is 220.7%
higher than the control ASR gel. With increasing Mg/Si ratio, the MOE of
the Mg-modified gels gradually decreased but Gel-Mg3 was still 174.9%
stiffer than the control ASR gel. The higher MOE of the Mg-modified gels
(Gel-Mg1, Gel-Mg3 and Gel-Mg5) than the control ASR gel may be due
to the increased tobermorite content as evidenced by XRD, Raman and
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Fig. 14. Development of compressive strength in Mg-modified ASR gel after (a) 7 days and (b) 60 days.
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Fig. 15. (a) Stress-strain curves under compression and (b) variation of modulus of elasticity of the control and Mg-modified ASR gels after 60 days.

FTIR. A further investigation to uncover the change in MOE is needed. A
special case is Gel-Mg5, which not only yielded 70.9% higher strength
but also 14.3% higher MOE than the control group making it a poten-
tially destructive group. The gels became less stiff than the control ASR
gel at an Mg/Si ratio of 0.7 or higher. Gel-Mg7 and Gel-Mg9 yielded
average MOEs of 2.1 MPa and 0.33 MPa, respectively, which are 103.1%
% and 152.3% less stiff than the control ASR gel. At an extremely high
Mg/Si ratio of 1.1, the gel is too soft to be demolded, so the
micro-mechanical test was not conducted. It is worth noting that a gel
with lower strength and stiffness is more capable of flowing into pores
and cracks of concrete from its site of origin during swelling and hence
the internal stress can be effectively suppressed or released. Coupling
with the developments of compressive strength and phase evolution, this
result further suggests that an Mg/Si ratio of at least 0.7 is necessary to
achieve successful conversion of ASR gel into an uninjurious substance
with inferior mechanical properties incapable of exerting destructive
internal stress in concrete.

3.4. Thermodynamic modeling

Fig. 16 shows the solid phase assemblage of the ASR gels with
varying Mg/Si ratios from O to 1.1. The synthetic gel in this study is a
solid solution consisting of tobermorite (TobCa, Cy.g3SH; g3) and alkali
kanemites, such as sodium silicate hydrate (NaSH, No.5S0.2Ho.45) and
potassium silicate hydrate (KSH, Ko.5S0.2Ho.45), and silica hydrate (SH,
SiOoH,0) modeled as “ECSH-1” phases in GEMS. In addition to tober-
morite, the NaSH and KSH phases in the GEMS simulation are compa-
rable to the alkali kanemites as identified in XRD, Raman, FTIR and TGA
results. At the 100% degree of reaction, the content of tobermorite
increased with magnesium at Mg/Si ratios reaching a peak value of
39.4% at an Mg/Si ratio of 0.43. Then, a considerable decrease in
tobermorite with further increasing Mg/Si ratio was observed. This is in
line with the increased tobermorite content and compressive strength up
to an Mg/Si ratio of 0.5 obtained from the XRD refinement and strength
tests. The consistency between the modeling and experimental data also
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Fig. 16. (a) Phase assemblage of the ASR gels with varying Mg/Si ratios obtained from thermodynamic modeling, (b) correlation between the contents of tober-
morite determined by XRD refinement and that predicted by thermodynamic modeling, (c) correlation between the contents of M-S-H obtained from XRD refinement
and thermodynamic modeling, and (d) correlation between the simulated tobermorite contents and compressive strength of the ASR gels.
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lies in the evolution of NaSH, KSH, and SH, which showed dramatic
decreases with increasing magnesium dosage. It was found that the total
weight of tobermorite, NaSH, KSH, and SH (or “ASR phase”) exhibited a
linear drop with Mg/Si ratio and decreased to 13.4% at an Mg/Si ratio of
0.7, and then disappeared when the Mg/Si ratio reached 0.8. On the
contrary, the quantity of M-S-H increased steadily with Mg/Si ratio, and
it became the only phase that can be predicted in the system with Mg/Si
ratios higher than 0.8. These observations are in agreement with the
developments of the characteristic XRD peaks and TGA weight losses for
M-S-H as discussed above indicating that the consumption of the
amorphoussilica to form M-S-H at high magnesium dosages results in its
unavailability to combine with calcium, sodium, and potassium might
be the primary reason for the mitigated formation of ASR phases, which
is considered similar to the destabilization of C-S-H [41]. This also
explains the gel-like consistency, poor mechanical properties, and the
infeasibility of demolding the gels with high Mg/Si ratios.

Fig. 16b shows the correlation between the thermodynamic
modeling and the Rietveld refinement analyses for the contents of
tobermorite in the investigated systems. Although the thermodynamic
modeling via GEMS was conducted based on an assumption of 100%
degree of reaction and it did not account for the change in crystallinity of
the products, positive correlations were still obtained. The change in
tobermorite-type C-S-H between 0.1 and 0.43 Mg/Si ratio is insignifi-
cant and the reductions of NaSH and KSH indicate the overall suppres-
sion of ASR phases. Beyond the Mg/Si ratio of 0.5, there exists a change
in reaction kinetics, where tobermorite was converted into M-S-H, and
this continued the positive correlation between the modeling and
refinement data as both of them identified this change. Due to the
assumption of a 100% reaction degree, which is higher than the real
degree of reaction of the systems at 60 days, more ASR products were
predicted than the XRD results, especially for the control group and the
gels with low Mg/Si ratios. The positive correlations obtained from the
decreased contents of the ASR products are further evidenced by the
evolution of M-S-H as displayed in Fig. 16c. Again, due to the 100%
degree of reaction assumed in thermodynamic modeling, more amor-
phous M-S-H was predicted from all the Mg-modified ASR gels in GEMS
than the 60-day XRD refinement data that emphasized crystalline pha-
ses, while a positive correlation between the experimental and modeling
results was still obtained confirming the contribution of magnesium in
the phase conversion of ASR gel systems. When the Mg/Si ratio is higher
than 0.5, both the XRD refinement and thermodynamic modeling
showed rapid increases in M-S-H, which dominated the reaction prod-
ucts with further increased Mg/Si ratios. As illustrated in Fig. 16d, the
experimental compressive strength of the ASR gels is positively corre-
lated with the content of tobermorite obtained from the GEMS simula-
tion. This is expected since the Q?-based structure in tobermorite-type
C-S-H is primarily responsible for the development of strength [117,
118]. At Mg/Si ratios beyond 0.5, the positive correlation still existed as
both the tobermorite content and the sample strength decreased due to
suppressed ASR. The strength decreased to almost zero after the com-
plete conversion of tobermorite into M-S-H at Mg/Si ratios of 0.9 and
1.1. The thermodynamic modeling in conjunction with the experimental
results from phase evolution, swelling, hygroscopic and mechanical tests
indicates that an optimum dosage of magnesium nitrate-based admix-
ture to eliminate the destructive feature of ASR gels should be consid-
ered to start at an Mg/Si ratio of 0.7.

4. Conclusions

In this study, the role of magnesium nitrate in modifying the struc-
ture, phase evolution, and hydroscopic and mechanical properties of
ASR gels has been investigated at varying Mg/Si ratios from 0.1 to 1.1.
The structural and chemical characterizations were performed based on
a synergistic interaction of XRD, TGA, Raman spectroscopy, and FTIR.
Dynamic vapor absorption and desorption, autogenous shrinkage, and
hygroscopic swelling behavior exposed to 97% RH and cement pore
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solution were studied to evaluate the hydroscopic properties of ASR gels
with different dosages of magnesium. The influence of magnesium on
the mechanical properties of ASR gels was also investigated in terms of
compressive strength and elastic modulus. Thermodynamic modeling
was used to simulate the phase assemblage of the reaction products at
different Mg/Si ratios. Based on the experimental and modeling results,
the following conclusions can be drawn from this study.

i) The ASR products composed of a semi-crystal layered silicate

structure similar to tobermorite-type C-S-H and Na-/K-kanemite

with Si-O and Si-O,, Na-O, K-O, and Ca-O/0O-0 atomic bonds
were detected. With increasing Mg/Si ratios, the pH of the system
was found to decrease, the formation of the ASR phases and
atomic bonds was suppressed, and a significant phase conversion
into brucite at early age and eventually into M-S-H with Mg-Mg,

Mg-O, and Mg-Si pairs was observed.

Both the Si-O-Si bridging bonds and Si—O symmetric stretching

of the Q° polymorization sites in tobermorite-type C-S-H and

alkali kanemite were effectively mitigated in the presence of
magnesium. At an Mg/Si ratio of 0.7 and higher, the formation of

Si-O stretching in Q® sites of M-S-H and a possible product of

sodium nitrate was also confirmed.

iii) ASR gel exhibited high moisture absorption capacity, while, due
to the existence of hydroscopic NO3 and the Q? silicate poly-
merization in M-S-H, the moisture-binding was increased in the
Mg-modified ASR gels. The evolution of hysteresis indicates the
change of pore structure and capillary condensation behavior in
the systems containing magnesium due to phase conversion.

iv) Due to the reaction and self-desiccation, considerable shrinkage
behavior was observed from ASR gels in a sealed condition. In the
presence of magnesium, however, the shrinkage was decreased
gradually by up to 50% indicating the mitigated ASR rate and the
less volume change triggered by the phase conversion of ASR
products into M-S-H gel.
Under 97% RH, the ASR gel yielded an expansion of 0.53% after
120 days, which was fully suppressed in the Mg-modified ASR
gels. When exposed to cement pore solution, the 120-day swelling
of the ASR gel was increased to 3.1%, while it was decreased by
up to 93.5% in the presence of magnesium. These results indicate
that the enhanced moisture uptake in the Mg-modified ASR gels is
not detrimental, while the mitigated formation of the ASR phases
with Si-O-Si bridging bonds plays an essential role in decreasing
hygroscopic expansion.

vi) The compressive strength was found to increase with magnesium
dosage up to an Mg/Si ratio of 0.5, beyond which it became
extremely weak. Although higher MOE was obtained from low-
magnesium ASR gels, it decreased with the Mg/Si ratio and
became 103.1% lower than the control ASR gel at an Mg/Si ratio
of 0.7, and negligible stiffness was obtained at higher Mg/Si ra-
tios. These observations indicate that the ASR gels become more
flowable in the presence of magnesium.

vii) Thermodynamic modeling confirmed the detected gradual phase
conversion from ASR products into M-S-H with increasing Mg/Si
ratios. The well-matched correlations between the modeling data
and the experimental results indicate that an Mg/Si ratio of 0.7 or
higher is necessary to achieve successful conversion of ASR gel
into an uninjurious substance incapable of exerting destructive
internal stress in concrete.
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