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Abstract

Alkali-silica reaction (ASR) can cause expansion and cracking of concrete. The reaction products formed
within the aggregates are difficult to characterize due to the micro-scale volume of the reaction products.
Although ASR has been extensively investigated over the past decades, many aspects are still unclear,
such as the thermodynamic stability of ASR products. Thus, predictions of the occurrence of ASR and
the resulting expansion of concrete are difficult. In this study, the solubility of different synthetic ASR
products is determined at different temperatures (i.e., 20, 40, 60 and 80 °C), based on the experimental
solubility data collected from dissolution of ASR products, synthesized at 80 °C, i.e., K-shlykovite, Na-
shlykovite and ASR-P1. The solubility products of K-shlykovite, Na-shlykovite and ASR-P1 show a
moderate destabilisation with increasing temperature. Application of these solubility products indicated
that low Ca/Si and intermediate alkali concentration favour the formation of ASR products, while a higher
availability of Ca and/or very high alkali concentrations suppress the formation of ASR products.
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1. INTRODUCTION

Alkali-silica reaction (ASR) occurs due to the interaction between reactive silica in concrete aggregates
and alkali hydroxide from the pore solution of the cement. This reaction can result in expansion and
cracking of the concrete, and thus significantly shorten the service life of concrete infrastructure.
Although ASR has been studied over 80 years since it was first reported in 1940 [1], the knowledge
about the factors controlling and limiting ASR is insufficient. The main challenge to understand ASR and
the resulting damage is associated with the difficulties to characterize the ASR products formed in
concrete aggregates, as the size of these reaction products is very small [2]. The lack of knowledge, in
particular of the solubility of ASR products, makes the prediction of the occurrence of ASR impossible.
The availability of experimental solubility data, would allow to use thermodynamic modelling to
understand better under which conditions ASR products are less probable to form.

Thermodynamic models have been developed to describe the solubility of C-S-H depending on Ca/Si,
Al/Si and pH [3,4] and used to predict the composition of hydrated cement. Unfortunately, no
thermodynamic models based on measured solubility data are available for ASR products. First attempts
of applying thermodynamic models to ASR have been made [5,6]. Kim and Olek [5] used estimated
solubilities for two hypothetical ASR products (K2CasSisO17:10.5H20 and Na2CasSisO17-10.5H20) to
describe the sequence of ASR. Guthrie and Carey [6] used magadiite (NaSizO14:4.5H20) as a crystalline
surrogate for an alkali-silicate and okenite (CaSi20s-2H20) as a surrogate for a high calcium-silicate
ASR product. These calculations showed that it is in principle possible to predict the limiting conditions
for formation of ASR products and highlight the need to determine their solubility products.

Recently, crystaline ASR products (K-shlykovite: KCaSisOg(OH)3-2H20;  Na-shlykovite:
NaCaSisOs(OH)s-2.3H20) and nanocrystalline (ASR-P1: Ko.52Ca1.16Si4Os(OH)2.84-1.5H20) ASR products
have been synthesized at 80°C [7]. It was observed that both K- and Na-shlykovite had strong similarity
in chemical composition and molecular structure to the ASR products formed in concrete, which has a
layered silicate structure with its SiO4*" tetrahedron charge balanced by K* and Ca?* in the main layer
and by H* in the interlayer. In particular Raman spectra showed that K-shlykovite was structurally
identical to the ASR products formed in concrete aggregates during concrete prism test at 60 °C [7]. A
silicate sheet structure was also observed for the nanocrystalline ASR-P1, which is stabilised at slightly
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higher Ca concentrations than K-shlykovite [7]. The observed strong similarity between the synthesized
ASR products and those in concrete aggregates supports the use of such synthesized ASR products
for further understanding ASR and to measure the solubility of ASR products.

Different ASR products were synthesized to experimentally determine the solubility of K-shlykovite, Na-
shlykovite and ASR-P1 at 20, 40, 60 and 80°C and to investigate the effect of the initial Ca/Si ratio and
alkali/Si ratio on the stable ASR products using thermodynamic modelling.

2. MATERIALS AND METHODS

2.1 Dissolution experiments

K-shlykovite, ASR-P1 and Na-shlykovite were synthesised at 80°C from amorphous SiO2 (hydrophilic
silica, surface area 200 m?/g, from EVONIK industries), CaO (obtained by burning calcium carbonate
for 12 h at 1000 °C) and analytical KOH (= 85% KOH basis) or NaOH (= 99.9% NaOH basis) pellets as
detailed in [7]. In addition to K-shlykovite, ASR-P1 and Na-shlykovite, minor amounts of C-S-H were
also present in the samples before dissolution [7]. In order to determine the solubility, 0.6 g of either K-
shlykovite, ASR-P1 or Na-shlykovite was dissolved in 10 g of MilliQ water at 20, 40, 60 and 80 °C for
one month. Afterwards, the pH and chemical compositions of the filtrate were measured with a Knick
pH meter and by ion chromatography (IC), while the solid phases present after the reaction were
determined by Raman spectroscopy.

2.2 Methods

Thermodynamic modelling was performed using the Gibbs free energy minimization software GEMS
v3.3 [8,9]. GEMS can be used to calculate the thermodynamic equilibrium and predict the compositions
in a system composed of aqueous, solid and gaseous phases at the temperature and pressure of
interest by minimizing the Gibbs free energy of the system. The calculations were carried out using the
PSI/Nagra general thermodynamic database [10] and the Cemdata18 database [11] to calculate the
elemental concentration in solution and the solid phases expected to precipitate at 80 °C. The solubility
data were completed with those for the model ASR products Na-shlykovite, K-shlykovite and ASR-P1,
obtained experimentally in this study. For C-S-H, the CNASH model developed by Myers et al. [12] was
used, completed with an additional K-endmember with a stability 0.5 log units lower than the one of the
Na-endmember as detailed in [13].

Based on the chemical composition of the solid and the measured aqueous concentrations, the solubility
products were calculated:

ite: i : _ (K*}{ca®*}{si0g)" (O~} (50
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where {} denotes the activity of the species calculated by GEMS from the measured concentrations. The
activity of a pure solid phase is equal to 1 by definition. The activity of a dissolved species, {i}, is related
to its molal concentrations [ci] (in mol/kg H20) by the dimensionless activity coefficient, y: {c;} = yi[c;].

The effect of temperature on the solubility was expressed with the so-called 3-term approximation [16]:
A
logK, :AO+72+A3 InT (4)
A, = 0.4343
R

If the entropy (S°), the enthalpy (AsH°) and the heat capacity, C°p, are known, the constants can be
calculated directly; alternatively they can be fitted to the experimental solubility data [17].

0.4343 0.4343
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3. RESULTS AND DISCUSSION

3.1 Solubility products for ASR products

The measured elemental concentrations of the aqueous solutions after one month of dissolution
experiments are shown in Figure 3.1 for the different ASR products. The results show that all samples
have very low calcium concentrations of below 1 mM. The silicon and alkali concentrations increase
with temperature; the measured silicon concentrations are between 30 and 70 mM, while the total alkali
concentrations are approximately 10 mM higher than the Si concentrations. In comparison with the
chemical compositions of the solids, these observations indicate that some additional C-S-H precipitated
during the dissolution of the ASR products. For ASR-P1, in addition to K also a significant amount of Na
was measured in the solution, although only a negligible amount of Na was detected in the solids based
on SEM/EDS analysis in a previous study [13]. It should be noted that a certain amount of Na was
present during the synthesis of ASR-P1 [13], although Na was not incorporated into the solids. As the
samples had not been washed, the Na present at the surface of the solids during drying has been
transferred into these experiments.
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Figure 3.1: Measured elemental concentration of the samples after one month of dissolution.
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Based on the measured concentrations in the dissolution experiments and the chemical compositions
of the solids determined by SEM/EDS in [13], K-shlykovite: KCaSisOs(OH)s-2H20; Na-shlykovite:
NaCaSisOs(OH)3-2.3H20 and nanocrystalline ASR-P1: Kos2Ca1.16Si40s(OH)2.84-1.5H20, the solubility
products at 20, 40, 60 and 80°C were calculated using the thermodynamic software GEMS, as
summarised in Figure 3.2. In all cases, the solubility increased slightly with temperature indicating a
destabilisation of ASR-P1, Na- and K-shlykovite with increasing temperature. The observed increase of
solubility was described by fitting the entropy S, while the heat capacity was estimated for the different
ASR products according to equation (4). As shown in Figure 3.2, this is well able to describe the solubility
of different ASR products as a function of temperature.

The results indicate that the ASR-P1, Na- and K-shlykovite, i.e. the high-temperature ASR products
investigated in this study, are expected to be stable between 20 and 80°C, but that they become
somewhat less stable at higher temperature. However, it should be noted that at 20 and 40°C different
ASR products have been observed to precipitate than at 60°C and above, as recently reported in [14].
No low temperature ASR products have been observed to form during the dissolution experiments
reported here, indicating a kinetic hindrance in the formation of the different solids at 40°C and below.
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Figure 3.2: Solubility products for the K-shlykovite, ASR-P1 and Na-shlykovite calculated based on
measured aqueous concentrations after dissolution experiments.

3.2 Calculation of the formation conditions of ASR products

Based on the derived thermodynamic data for K-shlykovite, ASR-P1 and Na-shlykovite at different
temperatures, "favourable" formation conditions of ASR products can be predicted. Figure 3.3 shows
the modelled reaction sequences at either different initial Ca/Si or K/Si ratios at 60 °C using the data
derived in Figure 3.2. The results show that the amount of ASR products formed first increases and then
decreases with increasing initial Ca/Si ratio, when the initial K/Si ratio is fixed at 0.5. This means that
the presence of a certain amount of calcium is necessary to form ASR products. However, above Ca/Si
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= 0.2 some C-S-H is formed, while the amount of ASR products is reduced at higher Ca/Si, indicating
that too much calcium can destabilize the ASR products to C-S-H.

Figure 3.3b) shows the effect of K at an initial Ca/Si ratio of 0.3. The amount of ASR products formed
increases in the presence of more K but decreases at K/Si above 0.2. This suggests that although the
presence of some K (or Na) to essential to form ASR products, too much alkalis can supress the
formation of ASR products. This agrees well with the observation that very high alkali contents tend to
reduce the ASR expansion in concrete samples [18] and in NaOH-activated slag mortars [19].

In both calculations, either at fixed initial K/Si ratio of 0.5 or at Ca/Si ratio = 0.3, a maximum amount of
ASR products is predicted. Similar calculations had also been conducted for Na- and K-samples at 80 °C
[13,15], which showed comparable results as those shown in Figure 3.3.
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Figure 3.3: ASR sequence predicted at 60 °C. a) Effect of initial K/Si or Na/Si ratio on the formation of
ASR products at a constant initial Ca/Si ratio of 0.3. b) Effect of Ca/Si ratio on formation of ASR
products at a constant initial K/Si ratio of 0.5 using the thermodynamic data derived in this study.

4. CONCLUSIONS

In this study, the solubility products of the ASR products synthesized at 80°C (i.e. K-shlykovite, ASR-P1
and Na-shlykovite) have been measured between 20 and 80°C. Based on these solubility products, the
"favourable" formation conditions of ASR products were calculated to be at Ca/Si of 0.2 and K/Si =0.2.
A higher availability of both K and/or Ca leads to the stabilisation of C-S-H instead of ASR products. The
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results confirm also that ASR products can coexist with C-S-H and that the formation of the different
ASR products depends on the availability of Ca and alkali ions.

It is expected that the further development of thermodynamic data for ASR products (not only for the
ASR products formed at high temperature, but also for those ASR products observed at 40 ° and below),
will contribute to better understand of the formation conditions of ASR products in concrete.
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