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Abstract

Alkali-silica reaction (ASR) is a significant cause of degradation of concrete structures that results from
the dissolution of reactive silicate aggregates and the associated formation of damaging, expansive
ASR gels. Despite the prevalence of ASR, so far only lithium-based chemical admixtures have been
successful in consistently mitigating its effects. Herein, it is demonstrated that dissolved calcium nitrate
[Ca(NOs3)2] can mitigate ASR-induced expansion, provoked using sodium borosilicate (NBS) glass as a
model reactive aggregate. The ability of a highly soluble calcium salt to induce elevated concentrations
of [Ca] species results in the rapid formation of surficial barrier films on dissolving aggregate surfaces
that consist of calcium silicate hydrate (C-S-H) and/or calcite precipitates. The presence of such films
hinders aggregate dissolution, resulting in a concurrent reduction in the rate of formation of expansion-
inducing gels. The study highlights new, cost-effective, and presently unutilized pathways based on
soluble alkaline-earth additives for suppressing ASR in concrete.
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1. INTRODUCTION AND BACKGROUND

Formation of expansive gels by alkali-silica reaction (ASR) results in cracking and mechanical property
degradations of concrete [1-3]. Due to ASR’s damaging nature, and a diminishing supply of quality
aggregates [4], reliable mitigation strategies are becoming increasingly important. Current approaches
for mitigating ASR use silica-rich Class F fly ash and lithium-based admixtures [5—12]. These additives
can effectively mitigate ASR damage, but they have several shortcomings including: (i) seasonal
variations in the supply of Class F fly ash in the U.S. [13], (ii) heterogeneity and compositional variability
of available fly ash compositions that result in different levels of ASR suppression from one fly ash to
the other [14], and (iii) the prohibitively high cost of lithium-based admixtures [2]. As local supplies of
non-reactive aggregates continue to dwindle, especially in urban areas, it may become necessary to
utilize marginally reactive aggregates in concrete construction. However, this will only be possible if an
effective, economical, reliable, and simple-to-implement approach is available for ASR mitigation.

Put simply, ASR occurs when reactive aggregates dissolve into the concrete’s pore fluid, releasing
silicon (Si) species at a rate or to an extent sufficient to precipitate hydrous alkali-silica gels [2]. The
terminology “reactive aggregate” is somewhat ambiguous, so a quantitative metric is defined herein as
the surface area-normalized dissolution rate of the aggregate. This choice reflects current understanding
of ASR as a dissolution-precipitation process [2], whereby dissolved silicon forms Si-rich hydrate gels
that cause expansion and damage. Aggregate dissolution is therefore a necessary first step of ASR, so
suppressing the rate or extent of Si-dissolution would suppress the ASR process and its consequences.
Based on this premise, and the noted ability of calcium to hinder silicate dissolution [15-17], this work
demonstrates for the first time that calcium nitrate, an inexpensive and highly soluble calcium salt [18],
inhibits both aggregate dissolution and mortar bar expansion concurrently. It is thereby able to mitigate
ASR even when a highly reactive sodium borosilicate (NBS) glass is used as a model aggregate. Our
observations suggest that calcium nitrate, and perhaps other alkaline earth salts, can form the basis for
a novel, transformative, and cost-effective means of suppressing ASR in concrete systems.

First Book of Proceedings of the 16th ICAAR | Published online in May 2022 359



Calcium nitrate: A chemical admixture to inhibit aggregate dissolution and mitigate expansion caused by alkali-
silica reaction

Tandré Oey; Erika Callagon La Plante; Gabriel Falzone; Yi-Hsuan Hsiao; Akira Wada; Linda Monfardini; Mathieu
Bauchy; Jeffrey W. Bullard; Gaurav Sant

2. MATERIALS AND METHODS

2.1 Materials and Specimen Preparation

An ASTM C150 compliant Type I/ll ordinary portland cement (OPC) was used [19]. The cement’s oxide
equivalent composition measured by X-ray fluorescence (XRF) is reported in Table 2.1. Uncertainties
reported represent the standard deviation of three replicate measurements. Alkali content expressed in
Na20 equivalent was 0.37%, consistent with a low-alkali OPC [19]. The mineralogical composition of
the OPC determined by X-ray diffraction and Rietveld analysis is also reported in Table 2.1.

Table 2.1: The oxide equivalent and mineralogical compositions of the OPC used herein.

Oxide Composition Uncertainty Mineral Phase Composition Uncertainty
Phase (mass %) (mass %) (mass %) (mass %)

CaO 65.75 0.40 CsS 57.8 1.60
SiO2 20.54 0.40 C2S 18.2 1.50
Al203 4.97 0.20 CsAF 9.1 0.50
Fe20s 3.10 0.10 CsA 4.2 0.70
SOs 2.75 0.10 CaCOs3 1.3 0.10
MgO 244 0.10 MgO 1.2 0.40
K20 0.29 0.01 CaSO04 1.0 0.50
Na20 0.18 0.20 CaS04:0.5H20 0.8 0.10
CaS04:2H20 0.5 0.20
CaO 0.5 0.20

A recycled, crushed Type 33 alkali-borosilicate glass (NBS, Vitro Minerals [20]) was used as a model
reactive siliceous aggregate, with a size gradation compliant with ASTM C441 [21, 22]. The oxide
composition of the borosilicate glass as determined by SEM-EDS [23], was (81.4 + 2.2) % SiO2, (12.0
1 2.3) % B203, (4.7 £ 0.2) % Na20, and (1.9 £ 0.2) % AI203, by mass. The specific surface area of the
smallest glass sieve fraction specified by ASTM C441, sieve #50-100 (Table 2.2), is 27.7 + 1.7 m?/kg
as measured by static light scattering (SLS, LS 13320, Beckman Coulter) performed on suspensions of
the glass particles in isopropanol.

Table 2.2: The specific surface area and median particle diameter (d50) of the four size fractions of
NBS glass particles, determined by static light scattering (SLS). The specific surface areas determined
by this method have a coefficient of variation of about 5%.

Sample 1D (SSA. meikg, from SL8) dso (um)
Size 1 (Sieve #50-100) 277 76.4
Size 2 115 47.9
Size 3 210 15.9
Size 4 277 11.8

2.2 Experimental methods

2.2.1 Mortar bar expansion

The expansion of prismatic mortar bars (25 mm x 25 mm x 285 mm) was measured following a modified
ASTM C441 protocol [21]. OPC and NBS glass (ASTM C441-compliant gradation) were mixed with
deionized (DI) water to form mortars with water-cement mass ratio w/c = 0.50 following ASTM C305
[24]. The NBS glass particles, assumed to have a density of 2230 kg/m3, were incorporated at volume
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fractions of ¢pa = 0.15, 0.25, 0.35, 0.45, and 0.55 of the total mortar volume. In select cases, the mortar
bars also contained prescribed volume fractions of ASTM C778 compliant quartz sand with a density of
2650 kg/m3. Three different calcium nitrate dosages, in addition to a control without calcium nitrate, were
dissolved in the mixing water of mortars with ¢a = 0.25 NBS glass. These dosages were 1 mass %, 2
mass %, and 4 mass %, corresponding to 122 mmol/L, 244 mmol/L, and 488 mmol/L calcium nitrate.

Following casting, mortar bar specimens were cured for 24 hours under 100 % relative humidity (RH) at
25+0.1°C,3520.1°C, or45+0.1°C. After 24 hours, specimens were removed from molds and cured
for an additional 24 hours under 100 % RH at the same temperatures. After 48 hours from casting, the
specimens were surface dried and the initial length was measured using a comparator [25]. The
specimens were then cured under saturated (100 % RH) conditions at the same temperatures for either
200 days or until the length exceeded that which could be measured by the comparator. The length
change was measured at intervals of 3 days to 14 days, from early to later ages. At least three replicate
specimens were measured at each time and for each unique mortar bar formulation.

The rationale behind the above modifications of the ASTM C441 method was three-fold. First, the
modifications enabled a quantitative comparison of the effects of reaction temperature on expansion.
Second, it allowed the direct comparison of the effects of different aggregate volume fractions (¢a) on
expansion, including identification of a possible pessimum formulation [26]. Finally, the modifications
made it possible to compare the influences of both temperature and ¢a with and without additions of
calcium nitrate (Ca(NOs3)z, abbreviated as CN where convenient). One benefit of this modified method
is the ability to vary aggregate volume fractions and temperature to maximize the expansion. For
example, a temperature of 45°C and aggregate volume fraction of ¢ = 0.25 produced the maximum
amount of ASR-induced expansion. Consequently, these conditions were used determine how calcium
nitrate performs in so-called a “worst case” ASR scenario.

2.2.2 Dissolution rate determination

To measure dissolution rate, 2.000 £ 0.005 g of NBS glass particles were added to 200 mL of a 10
mmol/L NaOH solution (pH 12) and sealed in high-density polyethylene (HDPE) bottles. While this solid-
to-liquid ratio is in no way reflective of that between the aggregate and pore fluid in a realistic concrete,
it provides a first point of comparison from which such an equivalence may be developed. Solutions
were prepared by dissolving reagent grade NaOH in Milli-Q water (>18 MQ-cm). The selection of the
alkali cation, whether Na+ or K+, is expected to have little, if any, effect on the measured dissolution
rates [3, 15]. Influence of dissolved salts on dissolution rate was tested by adding reagent grade calcium,
aluminium, or lithium nitrate to the reference NaOH solution. The nitrate concentrations tested were (1,
10, 100, or 1000) mmol/L of Ca(NOs3)z, (0.1, 0.5, or 1) mmol/L Al(NOs)s, and 1 mmol/L LiNOs. Reference
experiments were also performed for each of the four different particle sizes in Table 2.2.

The HDPE dissolution bottles were stored at 25 + 0.1 °C, 35 £ 0.1 °C, or 45 + 0.1 °C, and periodically
agitated to limit particle settling, compaction, or cementation. The dissolution progress was measured
by periodically withdrawing a small quantity of solution and measuring the concentrations of Si, Al, Ca,
K, and Na by inductively-coupled-plasma optical emission spectrometry (ICP-OES). Specifically, 6 mL
of the solution was withdrawn after 0, 1, 3, 6, 24, 72, and 168 hours, passed through a 0.2 ym syringe
filter, and diluted by a factor of three with 5% (by volume) nitric acid (0.79 mmol/L HNO3) to stabilize the
solution. Silicon and aluminium (axial view), as well as calcium, potassium, and sodium (radial view)
were measured, with corresponding uncertainties of: £ 0.85 % for Si, £ 0.81 % for Al, + 3.08 % for Ca,
1 1.35 % for K, and + 6.15 % for Na (i.e., as determined by measurements carried out on a known
reference solution). The composition data revealed a nearly linear increase in Si concentration with time
for the first six hours, the slope of which was determined by linear regression, divided by the initial
particle specific surface area, and used to characterize the initial dissolution rate in units of mmol/(m?2-s).

2.2.3 Surface analysis of NBS glass particles

Following 7 days of dissolution, the glass surfaces were vacuum-dried and characterized in terms of
morphology, composition, and possible coverage by precipitates using scanning electron microscopy
paired with energy dispersive spectroscopy (SEM-EDS, Phenom G2). SEM-EDS was conducted by
mounting glass particles on copper tape and sputter-coating them with a few nanometres of gold prior
to backscatter imaging (10 kV) and energy dispersive x-ray spectroscopy for elemental analysis (15 kV).
Morphology and composition of the glass surfaces were assessed to detect surface precipitates.
Sections extracted from the mortar samples were also prepared for SEM analysis, i.e., after 14 days of
aging. These mortar fragments were subjected to solvent exchange in isopropanol to arrest hydration,
after which they were stabilized in an epoxy resin and polished. These surfaces were also sputter-coated
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with gold and analyzed in a manner identical to that described for the particles above, to assess
compositional profiles in the near-surface region for the NBS glass particles.

2.2.4 Interrogation of other changes to the cementitious environment

To assess the influence of calcium nitrate additions on other aspects of the cementitious environment,
measurements were made of the zeta potential of the glass particles, a proxy for surface charge (Zeta-
PALS, Brookhaven Instruments Corporation). Suspensions of 0.01 % by mass of NBS glass particles
of size 2 (Table 2.2) in a 10 mmol/L NaOH solution were prepared with and without calcium nitrate
additions (see Section 2.2.1). The measurements were initiated within < 10 minutes after adding the
glass particles. A sequence of ten replicate measurements was acquired, with each measurement
requiring about one minute to perform, from which the mean and standard deviation were calculated;
no appreciable drift was observed across the ten measurements.

In addition to zeta potential measurements, the evolution of concentrations in the cement paste pore
solution was measured. Cylindrical cement paste specimens were prepared for pore solution extractions
at w/c = 0.45 according to ASTM C305, with 1 %, 2 %, or 4 % Ca(NO3)2 (by mass of cement) added to
the mixing water. The specimens were stored at 25 °C and pore solutions were extracted at 1, 3, 7, and
28 days. Sodium, potassium, calcium, and aluminium concentrations in these solutions were measured
by ICP-OES using the same extraction and dilution procedures as described in Section 2.2.2.

3. RESULTS AND DISCUSSION

3.1 Mortar expansion influenced by aggregate reactivity and volume fraction

The ASR-induced expansion strain of mortar bars, as shown in Figure 3.1(a), exhibits two distinct
regimes: (1) an approximately linear increase, which gradually reaches (2) a plateau with little or no
expansion, most evident at higher NBS volume fractions such as ¢a = 0.55. A clearer comparison of the
expansion kinetics for different ¢a is given in Figure 3.1(b) by normalizing the expansion strain by NBS
volume fraction. This normalization causes the linear regimes in Figure 3.1(a) to collapse onto a single
line at times up to 20 days, indicating that the initial rate of expansion is largely dictated by the availability
of reactive NBS surface area (assumed proportional to volume fraction). Additionally, this normalization
more clearly shows that the transition to a plateau happens at earlier times with increasing aggregate
volume fraction.
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Figure 3.1: The (a) as-measured expansion, and (b) volume-fraction-normalized expansion of NBS
glass-containing mortar bars at 25°C, for volume fractions, ¢a, ranging from 0.15 to 0.55.

Further quantitative analysis of the expansion behaviour was undertaken by parametrizing expansion
profiles in terms of: (1) initial expansion rate, Re,i, which is the initial slope of the curves in Figure 3.1(a)
over the first 20 days; and (2) 200 day expansion, &200, i.e., the expansion measured after 200 days, an
arbitrary choice to reflect a “mature” extent of expansion. Figure 3.2(a) shows the “mature” expansion
at 200 days as a function of ¢, suggesting a pessimum aggregate fraction (i.e., that for which the most
expansion occurs), ¢*a, of about 0.35 at 25 °C, or about 0.25 at 45 °C. That is, the strain at 200 days

362 First Book of Proceedings of the 16th ICAAR | Published online in May 2022



Calcium nitrate: A chemical admixture to inhibit aggregate dissolution and mitigate expansion caused by alkali-
silica reaction

Tandré Oey; Erika Callagon La Plante; Gabriel Falzone; Yi-Hsuan Hsiao; Akira Wada; Linda Monfardini; Mathieu
Bauchy; Jeffrey W. Bullard; Gaurav Sant

increases with ¢a for ¢pa < @*a, but decreases at successively higher aggregate fractions. The behaviour
below the pessimum is again consistent with the idea that ASR-induced expansion is proportional to the
reactive aggregate surface area. However, the reverse trend when ¢ > ¢*a indicates that other factors
besides reactive surface area likely affect the expansion at higher volume fractions.

To better understand the decrease in mature expansion strain (&200) with increasing ¢a for ¢a < ¢p*a, the
NBS glass was partially replaced by inert quartz sand while leaving the total ¢pa of aggregate unchanged.
For example, the data shown as solid points in Figure 3.2 were obtained with ¢ = 0.55 = 0.15 NBS
glass + 0.40 quartz sand. Replacing glass with quartz sand is expected to effectively reduce reactive
surface area while leaving mortar stiffness broadly unchanged (N.B.: The NBS-glass and quartz sand
feature stiffness values that are similar to each other, i.e., around 82 GPa for NBS-glass and 86 GPa
for quartz, respectively [27, 28]). The early expansion rate of these quartz-substituted mortars (Figure
3.2(b)) was similar to that of their ¢pa = 0.15 NBS glass-containing counterparts, though their expansion
slowed more rapidly over time and reached a plateau similar to that of the ¢pa = 0.55 NBS glass mortars
(Figure 3.2(a)). This suggests that, while parameters such as the initial expansion rate (Re,) may better
reflect the chemical effects of the aggregate (e.g., reactive surface area), the plateau behaviour and the
mature extent of expansion (&200) are more strongly influenced by the mechanical stiffness. This is
indicated by the reduction in expansion with increasing aggregate dosage beyond the pessimum, i.e.,
as the composite becomes stiffer, and appears to be insensitive to whether the aggregate is reactive
(NBS) or not (quartz). Therefore, and to avoid the complexities of the pessimum effect and its variation
with reaction temperature, here forward consideration will only be given to systems that feature an
aggregate dosage at or below the pessimum (i.e., ¢a < 0.25). This also justifies the reasons for using a
modified ASTM C441 protocol, since the test method as formulated is implemented at 38°C and
incorporates NBS glass at ¢pa = 0.55, i.e., in excess of the pessimum aggregate dosage for this material.

o
©

> 0.015
= NBS Glass [ ks "Pessimum” NBS Glass K
‘s 0.7 o 25¢C [ 3 at45°C o 25°C
a ., 'Pessimum" o 35c [ & 0.012 l o 35°C |-
= 0.6 .. at 45°C o a5°c [ < o o 45cC|
&0.54 . "Pessimum" [ 3 oM
L YO at25°C & 0.009 L -
c N © (g <
8 0.4 " - 2 7 .0
c < i x . i e
2 03- g @9 N < 0.006 - Lo o 0 n
i.] © 3., i $ 1.6 -
a 1 Filled Symbols: i - u% 0.003 i(j Filled Symbols: B
S 0.1 P totar = 0.55 R B = P totar = 0.55
N 1 (Added Quartz) T E= [ ] (Added Quartz)
0 — T  0.000 ——TT
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
NBS Glass Volume Fraction (¢,, unitless) NBS Glass Volume Fraction (¢,, unitless)
(a) (b)

Figure 3.2: (a) The 200 d expansion data, €200, plotted as a function of NBS glass volume fraction. A
linear fit to strain for ¢a > ¢*a is also shown. (b) The initial expansion rate of NBS glass mortar bars,
Re,i, plotted as a function of the NBS glass volume fraction. The linear regressions suggest
proportionality between ¢a and expansion rate for ¢a < ¢*a. Data for quartz-substituted systems
(¢pa,total = 0.55 = 0.15 NBS glass + 0.40 quartz sand) are shown as solid symbols for comparison.

Figure 3.3(a) compares how the initial expansion rates depend on temperature, ¢a, and calcium nitrate
(CN) admixture dosage. The reference condition for this comparison is established at 45°C, ¢a = 0.25,
and 0 % CN, which produces the highest rate and extent of expansion. As expected, the rate and extent
of expansion is reduced by decreasing either the temperature or the aggregate volume fraction (i.e.,
surface area), or increasing the calcium nitrate dose. The effect of adding a modest amount of calcium
nitrate (2 mass %) is to suppress the expansion rate similarly to either a 10 °C temperature reduction or
a 10 % decrease in ¢pa. Further increasing the dosage of CN produces even greater suppression of the
expansion rate, more effective than even a 20 °C reduction in temperature. Figure 3.3(b) suggests that
systems differing only in their CN dosage might converge to approximately equal expansion strain at
late ages. That is, adding CN might only delay the ASR expansion and damage, by suppressing the
initial reaction rates, rather than preventing ASR entirely. The efficacy of calcium nitrate in suppressing
early-age ASR expansion rates may also possibly be caused by acceleration of early-age cement
hydration and strength gain. However, this possibility can be rejected as CN’s effect on increasing
properties such as mortar stiffness and strength is effectively negligible for the dosages considered [29].
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Even so, expansion data alone cannot conclusively reveal whether calcium nitrate acts by slowing the
reaction rate per unit area or rather by reducing the total reactive surface area of the aggregates.
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Figure 3.3: (a) A comparison between the initial expansion rates of cementitious mortar bars over the
first 20 days for conditions encompassing: different NBS glass volume fractions (¢a), reaction
temperature, and calcium nitrate (CN) dosage. (b) A comparison between expansion profiles for the
reference mortar bar and its Ca(NO3)2 containing counterparts, showing the progressive inhibition of
expansion rate with increasing additive dosage.

3.2 Kinetics of dissolution of NBS glass in alkaline solutions

Since ASR is provoked by the presence of reactive aggregates [2], to offer a quantitative basis of
discussion it is meaningful to assess the surface area-normalized reactivity of aggregates (i.e., NBS in
the current case). This allows one to understand how the dosage of calcium nitrate (Ca(NOs)2, CN)
affects dissolution rates, and in turn suppresses ASR-induced expansion.

Figure 3.4(a) shows representative silicon release profiles as a function of time at each temperature of
interest in the absence of CN (in pH 12 NaOH). At early times < 6 hours, the concentration of solubilized
silicon increased near-linearly, as typical for far-from-equilibrium dissolution [30-32]. After around 24
hours of dissolution, the silicon concentration in solution plateaued, as did the release of other elements
(not shown). The plateau in dissolution for the reference system was not associated with the formation
of precipitates nor saturation with respect to silicon (see Section 3.4). Aside from these two expected
causes, an alternate explanation for the plateau may be the alteration of the NBS glass particle surfaces
[33-37]. Despite the high pH, which is expected to limit the formation of altered layers on glass [37],
SEM-EDS compositional profiles at NBS-glass particle surfaces confirmed the presence of Na- and Ca-
enriched and Si-depleted regions (i.e., relative to the bulk NBS glass). While this provides an indication
that the mechanisms controlling dissolution of Si change over time, specifics as to the stability and
permeability of altered surface layers are lacking, requiring further work to elucidate how they may affect
dissolution kinetics of glass, and other materials, in the context of ASR.

Significant reductions in dissolution rate are observed when either calcium (nitrate) or aluminium (nitrate)
are present (Figure 3.4(b)), even at concentrations as low as 1 mmol/L [38]. Most mature concrete pore
solutions contain similar concentrations of Ca and Al, suggesting that silicate glass dissolution may be
inherently slower in cementitious environments, compared to that in pristine NaOH solutions (due to
background abundance of Ca and Al resulting from OPC hydration). Calcium nitrate also produces a
progressive reduction in dissolution rate with further increasing dosage (Figure 3.4(b)), up to about 100
mmol/L. For practical concrete applications such as set acceleration, CN is added to the mixing water
at concentrations between 100 mmol/L and 500 mmol/L, so current usage of CN in industry, e.g., for set
acceleration, is expected to be sufficient to achieve the dissolution suppression CN can likely provide.
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Figure 3.4: (a) Representative silicon release as a function of time and temperature, for the dissolution

of NBS glass (Size 3, d50 = 15.9 ym) in a pH 12 (10 mmol/L NaOH) solution. (b) The dissolution rates

of NBS glass (Size 3, d50 = 15.9 ym) in a pH 12 (10 mmol/L NaOH) solution dosed with Al, Ca, and Li
nitrate salts, as a function of salt concentration.

3.3 Dissolution suppression by calcium goes beyond surface area reductions

The initial dissolution rates of the NBS glass are clearly seen to depend on temperature (Figure 3.4(a)).
To quantify this temperature dependence, an effective activation energy of dissolution was calculated
from the dissolution rates as a function of temperature:

Ta = Toq€xp(—Eqq/RT) (€Y)

where, 1, 4 is @ pre-exponential factor (mmol/(m?2-s)), E, 4 is the apparent activation energy of
dissolution (J/mol), R is the gas constant (8.314 J/(mol-K)), and T is the temperature (K) [39].

This calculation produces an apparent activation energy of a reaction process comprising multiple
dissolution steps such as network hydrolysis, surface diffusion, and bulk mass transport of dissolved
species, without any distinctions made for these elementary reactions [30, 39, 40]. This apparent
activation energy, which is expectedly similar for all size fractions of glass tested (those in Table 2.2), is
Eaa =32 % 1.6 kd/mol (Figure 3.5(a)). Although the dissolution rate of NBS glass should increase with
pH in the basic regime, the effective activation energy should be pH-independent because nucleophilic
attack of the silanol groups by OH- ions remains the dominant mechanism of dissolution [15, 30, 39].
Therefore, although the solution pH in which dissolution was evaluated, pH 12, is slightly lower than that
of typical cementitious pore solutions [3], the activation energy is expected to be similar even as the pH
increases. The reference effective activation energy is, however, expected to be lower than that
applicable to NBS glass dissolution in realistic cementitious environments, in which low concentrations
of calcium and aluminium present in the pore solution would reduce silicate dissolution rates [15-17,
41-44]. Activation energy increases substantially in the presence of even low concentrations of
dissolved Ca or Al (Figure 3.5(a)). This implicates a fundamental change in the rate limiting step of
dissolution by calcium, and not simply an effect related to a reduction in reactive surface area (e.g., by
precipitate formation). It may suggest that this dissolution suppression by increases in activation energy,
produced by low concentrations of either Ca or Al species, may be due to any of several effects, such
as (1) their influence on near-surface transport of dissolved species [45]; (2) ion adsorption on reactive
surface sites [41]; or (3) the formation of altered surface layers [16, 46].
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Figure 3.5: (a) The activation energy (Ea, kJ/mol) of NBS glass dissolution in selected solution
compositions from 25 °C < T <45 °C, compared against the activation energy of mortar bar expansion
over that same temperature range. (b) Representative SEM images of NBS glass surfaces exposed to
pH 12 NaOH solutions for 7 days with 1 mmol/L or 100 mmol/L calcium nitrate. The surface coverage
of precipitates forming on the NBS-glass surfaces increases dramatically with CN concentration, thus
implicating the role of surficial barrier formation in dissolution inhibition. The image for 100 mmol/L CN

has been republished with permission from (15).

Although the experiments performed here cannot distinguish the many individual elementary reactions
that participate in ASR, it is still possible to link ASR-induced expansion with dissolution using apparent
activation energy. Similar to the activation energy calculation discussed for the dissolution process, the
temperature dependence of mortar bar expansion rates with NBS aggregate (Section 3.1) was also
analysed using Equation 1 to obtain an apparent activation energy expansion of about 50 kJ/mol. This
value is quite close to the activation energy of dissolution of NBS in the presence of low concentrations
of calcium or aluminium, i.e., that expected to dictate aggregate reactivity in most mature cementitious
systems (e.g., Figure 3.6(a)), which is also about 50 kd/mol (Figure 3.5(a)). The near-equality of the two
activation energies therefore is either a surprising coincidence or, more likely, indirect evidence that the
rate of the dissolution process largely controls the overall rate of ASR-induced expansion. The beneficial
effects conveyed by calcium nitrate, therefore, are likely not observed in typical OPC-based systems
because the initial Ca-concentrations in those systems are not high enough to induce the formation of
the surface precipitates (Figure 3.5(b)), which appear to be pre-requisite to reducing reactive surface
area and thereby suppressing the silicate dissolution rate sufficiently to mitigate ASR.

3.4 Surface barriers form rapidly but require higher Ca concentrations

Despite the expected changes to silicate dissolution mechanism induced by the presence of calcium,
geochemical analysis of the solution composition data over the course of dissolution, i.e., using
PHREEQC [47, 48] and GEMS [49, 50], reveals that when CN is added at concentrations in excess of
10 mmol/L the solution rapidly (= 1 h) becomes supersaturated with respect to calcite and calcium
silicate hydrate (C-S-H) for pH > 12, with the latter expected to precipitate in larger amounts. In light of
this, the influence on glass dissolution of calcium nitrate and similar alkaline earth salts is likely
associated with two factors. The first, already touched upon earlier, is the interactions of calcium ions
with the glass surface [16], which increases the effective activation energy of the dissolution process.
However, the supersaturation of the solution with respect to calcite and C-S-H for higher concentrations
suggests that a second and concurrent effect is the formation of calcium-bearing precipitates on reacting
particle surfaces [15-17], which can form a diffusion barrier and partially passivate the surface by
reducing its exposed reactive area. Realistic cementitious systems have solutions that evolve in
composition over time, especially at early times before the solution approaches equilibrium with respect
to the precipitated solids. In those systems, additives such as calcium nitrate can increase the calcium
concentration at early ages, but at later ages the calcium concentration will still be effectively constrained
by chemical equilibrium considerations, as suggested by the pore solution data shown in Figure 3.6(a).
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Figure 3.6: (a) The concentration of Ca-species in extracted cementitious pore solution as a function
of time for both Ca(NO3)2-dosed and calcium nitrate free systems, and (b) The zeta potential of calcite
and NBS-glass particles in contact with pH 12 (10 mmol/L NaOH) solutions containing different
concentrations of calcium (and aluminium) nitrate. The shaded grey region shows the zeta potential
that is measured under additive-free conditions (the width of the grey region shows the standard
deviation of replicate measurements).

Therefore, the dissolution and expansion suppression produced by calcium nitrate is expected to be
caused primarily by the early formation of stable, calcium-containing precipitates on the glass surfaces
which then persist on those surfaces over time. The rapid, early formation of such precipitate films, as
directly observed by SEM-EDS analysis following dissolution experiments (Figure 3.5(b)), was also
confirmed by measuring zeta potential. Zeta potential is the electric potential at the shear boundary
between static and flowing solution at the surface of moving particles, which is used here as a proxy for
particle surface charge. Figure 3.6(b) indicates significant changes in zeta potential upon addition of
calcium nitrate additive, suggesting precipitation of calcite on their surfaces. All the zeta potential
measurements were made within the first 10 minutes after introducing the particles to the solution,
indicating that surface precipitates form relatively quickly, consistent with geochemical analyses.

4. SUMMARY AND CONCLUSIONS

Using a highly reactive sodium borosilicate (NBS) glass as a model ASR-reactive aggregate, this study
has shown, for the first time, that calcium nitrate additions effectively inhibit aggregate dissolution and,
in turn, mortar bar expansion. These processes are shown to be closely related, as highlighted by their
nearly identical apparent activation energies. This suggests that the aggregate dissolution process
dictates the progress of ASR. Furthermore, this work suggests that any chemical additive capable of
inhibiting reactive silicate dissolution, i.e., regardless of its operating mechanism, can serve as a viable
ASR mitigation method. For example, high dosages of soluble alkaline-earth salts could promote the
precipitation of C-S-H or calcite to partially cover and passivate the dissolving aggregate surface, as
shown herein. ASR inhibitors could also in the future be quantitatively evaluated by measuring their
influence on aggregate dissolution rates, although this would require the development of a cost-effective
standard test method for such measurement. This work also highlights the need for further study of how
surface alterations affect chemical reaction rates, which is important to distinguish how intrinsic reactivity
reductions versus physical coverage are important in affecting ASR reaction rates. Surface reactivity
changes are indeed important, as suggested in this study, but physical surface coverage is perhaps
even more important for reducing the rate and extent of aggregate dissolution during ASR. This latter
aspect especially dictates why ASR mitigation can be achieved by the use of soluble alkaline-earth salts.
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