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Abstract

Accelerated alkali silica reaction (ASR) tests usually incorporate the addition of alkalis to the mixing
water or the immersion of test specimens in alkaline solutions. These measures are taken to increase
the reaction potential and to compensate for alkali leaching. Mainly NaOH and in a few cases KOH are
used for this ASR-enhancing purpose. Lithium on the other hand does not enhance ASR but can be
used to supress ASR, if added in sufficient amounts. The effect of rubidium and caesium on expansion
is not known. In this study the five mentioned alkalis are added to concrete tested with the concrete
prism test to investigate their influence on expansion. The composition of the ASR products formed is
determined with scanning electron microscopy and energy-dispersive X-ray spectroscopy. Additionally,
the effect of the different alkalis on dissolution kinetics is studied.

The effect of the different alkalis on concrete expansion differs. However, these differences cannot be
explained purely based on dissolution kinetics.
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1. INTRODUCTION

The addition of alkalis to the mixing water of mortar and concrete and the use of alkaline soaking
solutions are commonly used for accelerated testing in the field of alkali-silica reaction (ASR) [1-5].
Usually, sodium hydroxide (NaOH) is added to boost the alkali level of mortar or concrete [2-5]. The use
of potassium hydroxide (KOH) is less widespread for this purpose, [1], although cement clinker usually
contains a higher amount of K than Na. On the other hand, alkalis are not only useable to enhance ASR.
The addition of lithium (Li) salts to mortar and concrete is able to suppress expansion and avoid
damages due to ASR [6-12]. The effect of the other alkalis rubidium (Rb) and caesium (Cs) on ASR is
not known. Cs addition has recently been employed as a tracer to follow the ASR sequence down to a
sub-micrometre scale [13].

The goal of this study is to determine the effect of the different alkalis on ASR-induced expansion. Li,
Na, K, Li and Cs are added to concrete in the form of nitrate in order to study their effect on expansion.
Moreover, the microstructure of the concrete and the composition of the ASR products are investigated
using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). Additional
experiments are conducted in order to determine to impact of the different alkalis on SiO2 dissolution
kinetics.

2. MATERIALS AND METHODS

2.1 Materials

A Portland cement (CEM | 42.5 N, see Table 2.1) content of 410 kg/m3 and a water-to-cement-ratio
(w/c) of 0.45 was used for concrete production. The NaO2-equivalent of the cement was 0.79 kg/m?3
resulting in a total alkali content in the reference concrete (C-Ref) of 3.25 kg/m3. The aggregate of alluvial
origin consisted of gneiss and quartzite. 1790 kg/m? of aggregates were added in four different grain
size fractions (0/4 mm: 40 mass-%, 4/8 mm: 15 mass-%, 8/16 mm: 20 mass-%, 16/22 mm: 25 mass-
%). Alkalis (Li, Na, K, Li and Cs) were added in the form of nitrate. The molar ratio of the added alkali
nitrates resulted in a molar ratio of added alkali to alkali present in the cement equal to 0.38. The alkali
nitrates were dissolved in the mixing water before concrete production.
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Table 2.1: Composition of CEM | 42.5 N and microsilica.

Oxides

[mass-%] SIOz A|203 FezO3 Cr203 MnO Ti02 PzOs CaO MgO Kzo Na20 803 LOI sum

CEMI1425 | 20.14 | 456 | 3.25 | 0.013 | 0.05 | 0.368 | 0.24 | 63.0 | 1.9 | 096 | 0.16 |3.25|2.06 | 99.85

microsilica 93.00 | 094 | 0.13 na. | 003 | 0.01 | 005|036 | 0.74 | 1.09 | 0.39 | 0.54 | 2.67 | 99.95

Three prisms (70 x 70 x 280 mm3) were produced with each concrete mixture. The prisms were
demoulded after 24h following the protocol of the concrete prism test (CPT) [5].

Samples from one of the prisms per mixture were taken after 8 weeks. They were cut to appropriate
size for microscopy, dried in an oven for three days at 50 °C, epoxy impregnated, polished and carbon
coated.

Microsilica was used for the dissolution experiments (Table 2.1). The standard alkaline solution
contained 0.08 M NaOH and 0.32 M KOH. Alkalis were added again as nitrates in a concentration of
0.13 M/I. 500 ml of the different alkaline solutions including the alkali nitrates were pre-stored in Nalgene
bottles at 40 °C. Then 0.5 g of microsilica were added to each of them. 5 ml of solution were sampled
after 3h, 1d, 2d, 7d, 14d and 28d and subsequently analysed. First, the experiments were conducted at
60 °C. However, Si concentration reached a level close to silica saturation already after 1d. Therefore,
storing temperature of the samples was decreased to 40 °C.

2.2 Methods

The solutions taken from the bottles containing microsilica were diluted by a factor of 10 with HNOs3
(6.5%) to prevent the precipitation of solid phases. The total concentrations of the elements analysed
were determined using a Dionex DP ICS-3000 ion chromatograph.

The CPT according to the Swiss standard SIA 262-1 [5] was used. The test requires storage of the prims
(70 x 70 x 280 mm?) at 60 °C and 100 % relative humidity (RH) for 20 weeks with measurements every
4 weeks. The limit value of expansion is 0.20 %o.

The microstructure of the concrete was analysed with a scanning electron microscope (SEM) FEI
Quanta 650 using a pressure between 3.0 and 4.0 x 10-% Torr. Chemical analysis was performed by
energy-dispersive X-ray spectroscopy (EDS) with a Thermo Noran Ultra Dry 60 mm?2 detector and
Pathfinder X-Ray Microanalysis Software. An acceleration voltage of 12.0 or 12.5 kV was used for
imaging and EDS point analysis. Between 200-300 EDS point analyses of ASR products formed in
aggregates were conducted per concrete.

3. RESULTS

3.1 Dissolution kinetics

The addition of alkali nitrates has an impact on Si dissolution kinetics. The stable concentrations of the
alkalis during the duration of the dissolution experiment clearly indicates that no precipitation occurs
(data not shown). After 3h the order of Si dissolution of the mixes with alkali nitrate addition stored at 40
°C is the following: Li < Cs < Rb < Na < K (Figures 3.1 and 3.2). The reference without addition shows
about the same Si concentration as the one with KNOs3 addition. Si dissolution after 3h is the same for
the solutions stored at 60 °C (data not shown). However, this changes with ongoing dissolution. When
Si concentration is close to saturation after 7d for the solutions stored at 40 °C, Si concentration is
increasing with decreasing atomic number: Cs < Rb < K < Na< Li. After saturation is reached at 14d,
there are only minor differences between Si concentrations in the different solutions.
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Figure 3.1: Absolute Si concentrations as a function of time in an alkaline solution (0.08 M NaOH and
0.32 M KOH) without addition of nitrates (Ref) and the addition of 0.13 M alkali nitrates.
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Figure 3.2: Deviations of Si concentrations relative to the reference concentration as a function of time
in an alkaline solution (0.08 M NaOH and 0.32 M KOH) without addition of nitrates (Ref) and the
addition of 0.13 M alkali nitrates.

3.2 Concrete Expansion

The concrete mixtures show an expansion between 0.42 and 1.24 %o after 20 weeks (Figure 3.3). As
such, all of them are above the limit value of 0.20 %o defined in [5]. Concrete C-Li shows the lowest
expansion, slightly more than concrete C-Ref. The expansion increases with the atomic number from
concrete C-Li, C-Na C-K to C-Rb reaching the maximum value of 1.24 %.. Concrete C-Cs does not
follow this trend and exhibits a lower expansion of 0.91 %o ranking it just below concrete C-Na.

All concrete mixtures display a mass increase during the test (Figure 3.4). The mass increase does not
show the same ranking order as expansion, although concrete C-Ref shows the smallest mass increase.
The mass of concrete C-Na and C-K increases the most with concrete C-Rb, C-Cs and C-Li showing a
lower mass gain.
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Figure 3.3: Expansion as a function of time of the different concrete mixtures.
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Figure 3.4: Relative mass change as a function of time of the different concrete mixtures.

3.3 Composition of reaction products

The ASR products in the uncracked aggregates are mainly present as thin layers in the micrometre and
sub-micrometre scale in pre-existing gaps between adjacent minerals grains. In the case of concrete C-
Li, C-Na and C-K these thin layers can only be confirmed by performing an EDS line scan perpendicular
to adjacent minerals grains confirming the presence of alkalis and calcium and with them the presence
of ASR products. Due to the high atomic number of Rb and in particular Cs, ASR products in concrete
C-Rb and C-Cs are easily identified without EDS-analysis by the increased backscattering contrast
(Figure 3.5). This allows to follow the formation of ASR products and with it the reaction sequence with
a resolution down to a nanometre scale as described in [13]. ASR products start to form in the
aggregates close to the interface to the cement paste. Then they progress as an ingressing front towards
the interior of the aggregates filling pre-existing porosity, mainly the gaps between adjacent mineral
grains. The point of cracking of individual aggregates is not directly linked to the depth the front of ASR
products has reached in the aggregates. In some aggregates, the front of ingressing ASR products has
reached a maximum depth of a few hundred micrometres at the time of cracking. In other aggregates,
ASR products fill all pre-existing porosity of an aggregate without cracks occurring. When aggregates
finally crack, there is an extrusion of ASR products into the cement paste resulting in a plug of ASR
products at the interface to the cement paste. The extruded ASR products and the plug at the interface
to the cement paste are structure-less, while the ASR products starting to fill the cracks after the initial
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cracking often display a platelet morphology (Figure 3.6). In [14] it was shown that the structure-less
products corresponds to an amorphous phase and the second one to a crystalline one. However, this
distinction is not easy to make in some ASR products present in the eight week old concrete, as the size
of the platelets are in the nanometre scale. They are considerably larger in decades-old concrete of
structures [14].
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Figure 3.5: Thin layers of ASR products between adjacent quartz grains in an uncracked aggregate of
concrete C-Cs. The ASR products stand out due to the increased backscattering contrast caused by
the presence of Cs. Horizontal field width (HFW) = 20.7 um.
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Figure 3.6: ASR products (white arrows) in a crack of a gneiss aggregate in concrete C-K with a
platelet morphology. HFW = 25.9 ym.
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The composition of the ASR products formed in the aggregates of the different concrete mixture can be
shown best using atomic ratio plots. Concrete C-Li shows both the lowest Ca/Si-ratio and the lowest
(Na+K)/Si-ratio (Figure 3.7). The highest values of both ratios are displayed by concrete C-K. While
Na/K-ratio of concrete C-Na is clearly increased by the NaNOs addition, concrete C-K shows a value
not significantly lower than the other doped concrete mixtures (Figure 3.8). With a value of 0.25 it
corresponds exactly to the atomic Na/K ratio present in the cement. Concrete C-Ref exhibits even a
slightly lower Na/K-ratio than concrete C-K. Atomic Ca/Si- and Na/K-ratio of concrete C-Rb and C-Cs
are both close to the average of the other concrete mixtures.
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Figure 3.7: Atomic M/Ca-ratio as a function of the atomic Ca/Si-ratio of the ASR products formed in
aggregates of the different concrete mixtures. M is used to denominate alkalis.
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Figure 3.8: Atomic Na/K-ratio as a function of the atomic Ca/Si-ratio of the ASR products formed in
aggregates of the different concrete mixtures.

Single EDS point analysis of concrete C-Li, C-Na and C-K are used to show the impact of alkali addition
to the composition of the ASR products (Figure 3.9 and 3.10). As it is already evident from the mean
values presented in Figures 3.7 and 3.8, alkali addition does influence calcium incorporation of the ASR
products. Concrete C-K clearly has a higher Ca/Si ratio in the ASR products than concrete C-Na.
Concrete C-Li has by far the highest number of points with a very low Ca/Si-ratio. Na addition results in
a high Na/K-ratio in concrete C-Na, while the addition of K lowers the Na/K-ratio of concrete C-K (Figure
3.10).
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Figure 3.9: Atomic (Na+K)/Si-ratio as a function of the atomic Ca/Si-ratio of the ASR products formed
in aggregates of concrete C-Li, C-Na and C-K.
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Figure 3.10: Atomic Na/K-ratio as a function of the atomic Ca/Si-ratio of the ASR products formed in
aggregates of concrete C-Li, C-Na and C-K.

4. DISCUSSION

4.1 SiOzdissolution and concrete expansion

The formation of ASR products is a result of SiO2 dissolution followed by precipitation. It can be expected
that the kinetics of this process govern concrete expansion rate. As the dissolution rates is decisive for
the time until supersaturation is reached and ASR products can form, they can be expected to be
important for the kinetics of concrete expansion. However, there are little data concerning the impact of
different alkalis on this two-step process. Exposed to hydroxide solutions the rate of dissolution has
been observed to increase in the order: Li = Cs < Rb = Na < K [15], in agreement with the observations
in this study. The alkali nitrates added to the standard alkaline solution (0.08 M NaOH, 0.32 M KOH)
affect the dissolution rate at low Si concentrations in the following way: Li < Cs < Rb < Na < Ref = K.
These results do not differ much to the referenced ones except that differences between the different
alkalis seem to be clearer in this study. However, Si concentration decreases with increasing atomic
number of the alkali ions (Li < Na < K < Rb < Cs) at concentrations approaching silica saturation. When
these observations are compared with concrete expansion in this and other studies [6-12] it seems
obvious, that the dissolution kinetics at low Si concentrations match significantly better with the observed
expansion than at high Si concentrations.

The alkali-silicate solution has to precipitate as a solid to cause expansion; its tendency to precipitate
depends on whether the solution is (over)saturated with respect to the solid or it is not. The saturation
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index of an alkali-silicate gel depends strongly on the concentration of calcium [16-18]. When calcium
diffuses from the pore solution into the aggregate supersaturation can be reached and ASR products
form. The gelling time in presence of calcium is also dependent on the type of alkali-silicate solution.
The gelation time decreases in the following order: Cs > Rb > Li > K > Na [19]. However, neither the
order in dissolution kinetics nor the one in gelation time is the same as the order of concrete expansion.
The most notable example in this regard is concrete C-Rb exhibiting the highest expansion in spite of a
relatively slow dissolution and gelation time. Excluding Rb, the effect of the other alkalis on dissolution
rate shows a relation to concrete expansion.

Here, additional aspects have to be considered. The first one is the availability of the alkalis in the
concrete pore solution over time. In the case of LiINO3 between 22-30 % of the added amount is not in
solution any more after two days of hydration [10]. Afterwards, Li concentration decreases more than K
concentration with Na staying at a constant level during the first eight weeks [10]. The rapid reduction
of Li during the first two days clearly shows that the cement hydrates are an important sink for alkalis.
Moreover, Li is preferentially bound in ASR products compared to Na and K [11]. Although, no such
data are available for the other alkalis, the selective binding by cement hydrates is expected to decrease
the concentration of the added alkalis in the pore solution and with it their effect on expansion.

A second aspect is transport. The formation of ASR products ingresses from the surface of the
aggregate to its interior filling pre-existing porosity. Alkalis, hydroxide, calcium and silicon are consumed
by the precipitation of ASR products. In order to sustain the reaction, alkalis, hydroxide, calcium have
to diffuse through already precipitated ASR products to reach the interior of the aggregate. The diffusion
kinetics are likely dependent on the porosity and pore connectivity of the precipitated ASR products.
The different added alkalis may have an effect on these diffusion characteristics. If this applies, ASR
products containing Li may slow down ion diffusion more than for example ASR product containing Rb.
However, this suggestion is purely hypothetical.

4.2 Composition of reaction products

The variations in the composition of the ASR products in the different concrete mixtures are in a similar
range and show overlap. There are still differences that stand out, though. ASR products in concrete C-
Li display the lowest average Ca/Si-ratio and show many points with a very low Ca/Si-ratio. This has
already been reported in [10,20]. Synthesized Li-containing ASR products contain less Qs-sites (SiO2-
tetraedra with three bridging oxygen forming a layer-structure) and seem to be denser than equivalent
products containing Na and K [10]. This may translate a reduced diffusivity of the products leading to a
protective layer on reactive minerals resulting in less dissolution. However, the dose used in concrete
C-Li is relatively low which limits the suppressive effect of ASR from the addition of LiNOs.

On the other end of the scale in regard to the Ca/Si-ratio is concrete C-K displaying both the highest
mean values and the highest individual values. These values and the ones in concrete C-Rb and C-Cs
match the ones present in ASR products formed in concrete structures [21-25], while the values of
concrete C-Li and C-Na are relatively low. The Ca/Si-ratio may reflect the capability of the specific
products to take up Ca or may be related to the advance of ASR. ASR products in a concrete with a
more advanced ASR can be expected to display a higher Ca-Si-ratio compared to the situation in a less
advanced reaction [13]. However, based on the identical age of the concrete and the achieved
expansion after 8 weeks this seems not to be the case. Therefore, a more likely reason for the observed
differences in the Ca/Si-ratio could be the radius of the hydrated alkalis. The radii of hydrated K, Rb and
Cs ions are nearly identical, while the ones of Na and especially Li are larger approaching the one of
Ca [26]. Consequently, Na and even more so Li could function in a similar way like Ca in the structure
of the ASR products and as such limiting Ca incorporation.

The M/Si-ratio of the ASR products do not show a relation to expansion. It has to be noted that the M/Si-
ratio cannot be determined correctly in concrete C-Li, because Li is not detectable with conventional
EDS detectors. However, its presence in ASR products of Li-doped concrete has been confirmed by
time-of-flight secondary ion mass spectrometry [10,11].

The Na/K-ratio of the ASR products reveals an interesting characteristic. While the addition of NaNOs3
clearly leads to an increased Na/K-ratio of 0.59, the KNO3 addition does not result in significantly lower
value with 0.25 compared to concrete C-Li, C-Rb and C-Cs. This is an effect of the cement composition.
The Na/K ratio of the cement is 0.25. With the addition of NaNOs, the Na/K-ratio of the concrete's alkali
content is changed to 0.73 and in the case of the KNO3 addition to 0.17. Consequently, the larger change
in the Na/K-ratio of concrete C-Na is not an effect of preferential binding. The larger Na/K-ratio of the
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ASR products in concrete C-Rb and C-Cs could indicate that Rb and Cs may replace some K. These
three alkali have nearly identical radii in the hydrated state [26] making a certain replaceability feasible.

There is no indication in the composition of the ASR products, why there is a correlation between
expansion and atomic number of the alkalis (with the exclusion of Cs).

5. CONCLUSIONS

Concrete was doped with Li, Na, K, Rb and Cs in the form of nitrate. Its expansion was measured with
the CPT at 60 °C and the composition of the ASR products formed in aggregates was determined by
SEM-EDS after a reaction time of 8 weeks. Additionally, the impact of the different alkalis on SiO:
dissolution kinetics was studied. Based on the results the following conclusions can be drawn:

e The different alkalis have an effect on SiO2 dissolution kinetics. However, these differences are
relatively small and do not agree with the differences in concrete expansion.

¢ Concrete expansion may not only depend on SiO:2 dissolution kinetics but as well on other factors
like gelation time in the presence of Ca or differences in the density and diffusivity of the formed ASR
products affecting ion transport to the ingressing reaction front.

e ASR products in concrete C-Li and C-Na contain less Ca than in the other concrete. This is possibly
caused by larger ion radii of these alkalis, which could limit Ca uptake.

e The relatively low K content of the ASR products in concrete C-Rb and C-Cs indicates that these two
alkalis can substitute part of K with a very similar hydrated ion radius.

¢ Rb and Cs addition increase the backscattering contrast of the ASR products making it possible to
follow the sequence of reaction without applying EDS analysis. The formation of ASR products starts
close to the surface of the aggregates and ingresses as a front towards the interior of the aggregates
leading to the eventual cracking of the aggregate.

The data base should be broadened with concrete expansion obtained in the CPT at 38 °C. At this
temperature SiO:2 dissolution is decreased and the effect of the different alkalis on expansion may be
confirmed or may have to be re-evaluated.
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