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Abstract

Although alkali silica reaction is the focus of research since decades, many open questions remain. This
paper addresses some of these open questions and focuses on the sequence of reaction and the type
of reaction products formed, including their composition and structure.
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1. INTRODUCTION

Alkali silica reaction (ASR) can lead to considerable damages of concrete structures. Although the
worldwide occurring phenomenon is in the focus of research since decades, many open questions
remain. According to a simplified description, the alkaline pore solution of the concrete dissolves SiO2
from metastable minerals in aggregates, leading to the formation of ASR products. This process goes
together with stress generation in aggregates, eventually leading to crack formation and concrete
damage. In spite of their significant effect on deformation and crack formation of concrete, the volumes
of ASR products formed are relatively small. This poses a major challenge for studying ASR. Firstly, the
sequence of reaction is difficult to follow, in particular in the stage before initial cracking occurs. At this
stage, the size of the ASR products is in the micrometre to sub-micrometre range. Secondly, the typical
methods to characterize bulk samples of hydrates are usually not applicable, as the amounts extractable
from aggregates are in the range of a few micrograms at best. However, detailed knowledge on the
sequence of reaction and an in-depth characterisation of the ASR products are the basis to improve the
understanding of ASR and of the mechanism leading to expansion and stress generation.

In the following, the current knowledge about the sequence of reaction and about the ASR products are
given, relying mainly on published and in some special cases on unpublished data.

2. MATERIALS AND METHODS

The information on materials and methods used is given in the corresponding references. Detailed
information is only given for the data that have not been published previously.

All the elemental ratios given are based on atom-%.

Figure 3.1 is an illustration of the reaction sequence based on the image analysis of an aggregate in a
caesium (Cs)-doped concrete at the age of eight weeks studied in [1]. Figure 3.2A shows the back-
scattering image and Figure 3.2D the segmentation thereof. The other images in the sequence are
illustrations.

Figures 4.6 and 4.7 have been acquired on broken surfaces of a concrete from a bridge (4.6A), a
concrete prism tested at 38 °C (4.6B), a concrete prism tested at 60 °C (11A) and a synthesized powder
sample (4.7B). More information on the specific samples can be found in [2-4]. A scanning electron
microscope (SEM, FEI Quanta 650) at a pressure of 3.0-4.5 x 10 Torr was used with a Everhart-
Thornley detector for secondary (SE)-image acquisition. Settings depended on the particular problem
to be investigated. Therefore, a relatively wide range of acceleration voltage (2-12 kV) and spot size
(1.5-4.5) were used. The samples were carbon coated. Information on the SEM settings for the back-
scattering images and energy-dispersive X-ray spectroscopy is given in the referenced papers. All
composition are given as atom-% or ratios thereof.

For studying the response of amorphous and crystalline ASR products to changes in relative humidity
(RH, see paragraphs 5.3 and 5.4) one aggregate was split along a vein containing ASR products and
stored in an airtight box. Another concrete sample containing an aggregate with a vein filled with
crystalline ASR product was ground and again stored in an airtight box. In both cases, the mass of the
samples was ~ 1 g. They were stored in a container with a volume of 5 ml that additionally contained 1
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g of portlandite wrapped in paper to serve as CO: sink. RH at the time of closing the containers was ~
60 %. Two days later, the two samples were studied in an FEI Quanta 650 using the environmental SEM
mode and a gaseous analytical solid-state, back-scattered electron (GAS) detector. The samples were
installed on a Peltier stage cooled to a temperature of 4 °C. The targeted RH for the start of the
experiment was the crystalline ASR product ~ 50 % in the case of the amorphous product and ~ 40 %
for the crystalline product, respectively. RH was increased up to the saturation point by pressure
adjustments. Pressure was increased at 0.1 mbar/min. After an increase of 1 mbar, the pressure was
kept constant for 15 minutes, then the pressure was increase again stepwise by 1 mbar. After reaching
the saturation point, the pressure was decreased to reach ~ 90 % RH, where it was kept constant for
1.5 hours for the amorphous ASR product. The same was done for the crystalline ASR product, but the
RH was kept at ~ 95 % RH for 1.5 hours. Afterwards, the experiment with the crystalline ASR product
was terminated. The amorphous product was stored at close to 97 % RH in a desiccator flooded with
N2 for 24 h and investigated again. Applied pressure was between 3 and 9 mbar. Images were taken at
the different RH conditions.

3. REACTION SEQUENCE

In order for ASR products to be formed, SiO2 has to be dissolved first. The kinetics of SiOz dissolution
in an alkaline environment depends mainly on the degree of crystallinity. Amorphous SiOz2, as present
in chert or volcanite, is the most reactive phase and a perfectly crystalline quartz the least reactive one.
The process of dissolution under varying boundary conditions is described in various papers [5-13] and
summarized in [14]. The influence of specific ions on SiO: dissolution in the alkaline environment
representative for the pore solution of concrete is targeted in [15]. It can be assumed that SiO:
dissolution in the aggregates occurs wherever the existing porosity allows contact of reactive minerals
with the pore solution of the concrete. However, the formation of ASR products starts in inherent, pre-
existing porosity of the aggregate directly adjacent to the cement paste [16-21]. In Swiss aggregates,
this inherent porosity is typically in the range of 0.5-1.0 volume-% (determined according to EN 1097-6,
unpublished data). The first ASR products are difficult to observe in the SEM, as they are present mostly
in the micrometre and sub-micrometre range, making an analysis by EDS difficult. An accurate analysis
of these products is only possible by cutting lamellas with a focused ion beam (FIB) and subsequent
analysis in a transmission electron microscope (TEM) as performed in [22, 23]. This approach not only
allows the chemical analysis of ASR products. Selected area electron diffraction (SAED) permits to
distinguish between amorphous and crystalline phases. In addition to the difficulties in the chemical
analysis of these initial ASR products formed in the pre-cracking state, their backscattering contrast is
in the same range as the one of quartz, not allowing to visually distinguish them from the aggregate.
However, this situation can be changed using Cs as a tracer [21]. CsNOs can be added to the mixing
water of concrete. As an earth alkali, it is bound in the ASR products. Due to its higher atomic number
compared to Si, Na, K, Ca and O, it significantly enhances backscattering contrast and makes ASR
products easily recognisable in the SEM (Figure 3.1). As such, it allows to follow the sequence of
reaction with a resolution down to the sub-micrometre scale.
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Figure 3.1: Thin layers of ASR products with a thickness well below one micrometre are located
between adjacent quartz grains in an uncracked aggregate of a Cs-doped concrete. The ASR
products stand out due to the increased backscattering contrast caused by the presence of Cs.
Horizontal field width (HFW) = 20.7 ym. Image from [1].

In the Cs-doped concrete, the reaction sequence (described in more detail in [21]) can be observed as
follows. ASR products start to form close to the interface with the cement paste in the pre-existing
porosity of the aggregate. ASR product formation continuously progress towards the interior of the
aggregate as a front. The formation of these small volumes of products is obviously linked to the
generation of stress, as the majority of aggregates showing their formation crack. However, the point of
cracking shows no direct relation to the depth the front has reached in aggregates. Some aggregates
crack, although the front has progressed only to a depth of a few hundred micrometres. Some
aggregates have not cracked yet, in spite of the fact that the front has reached their centre. If a reactive
aggregate cracks and when it cracks is likely dependent on its mechanical properties.

When cracks start to extend from aggregate to paste, there is an immediate extrusion or diffusion of
ASR products into the cement paste. Here, two different situations are observed. In the first, the
aggregate develops multiple cracks that do not proceed into the cement paste. In this situation, the ASR
products only advance into the porosity of the cement paste adjacent to the aggregates. In the second
situation, the aggregates form a major crack running into the cement paste. Here, the ASR products and
highly concentrated alkali-silica sol/gel are extruded into the crack reaching distances from the
aggregate of several millimetres. In both cases, relatively little ASR product remains in the areas of the
aggregates connected to the formed cracks. Typically, the cracks in the aggregates are empty and ASR
product only remains in the crack close to the interface with the cement paste forming a plug. An
illustration of this sequence of reaction is shown in Figure 3.2.
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Figure 3.2: lllustration of the reaction sequence based on a quartzite aggregate in an eight week-old
Cs-doped concrete (A). It shows the aggregate before reaction with the pre-existing porosity in black
(B), the ongoing reaction with the ingress of ASR products (C-E) and the point of cracking with the
immediate extrusion of ASR products into the cement paste along the newly formed crack (red arrows)
and the depletion of ASR products in the regions of the aggregate connected with the crack (F).

Cs is not only able to increase the backscattering contrast in the SEM, but increases as well the X-ray
attenuation due to its high atomic number. Using X-ray micro-tomography (XMT), it is possible to
observe not only the crack formation but as well the formation of ASR products [24]. As XTM is non-
destructive, it allows to follow the progress of ASR on the same samples, time-resolved and in 3D.

After cracking, the practically empty cracks in the aggregates start to fill with ASR products. This filling
starts from the typical plug of amorphous ASR products close to the interface to the cement paste.
However, crystalline ASR products are formed predominately at this stage. A representative example is
shown in Figure 3.3.
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aggregate

Figure 3.3: Typical spatial distribution of amorphous and crystalline ASR product filling a crack
extending from the aggregate into the cement paste. Laboratory produced concrete tested with the
concrete prism test (CPT) at 38 °C.

This situation is not only typical for slow reacting types of aggregates like sandstone, gneiss, granite or
quartzite. It occurs as well in the case of fast reacting aggregates like chert (Figure 3.4). The plug
close to the interface and the products extruded into the cement paste consist of amorphous ASR
products and the ones formed in the aggregate after initial cracking are predominantly crystalline.

chert
crystalline ASR | ASR product
product low Ca-/Si-ratio C-S-H
amorphous ASR Jennite
product

Figure 3.4: Cracked chert particle containing amorphous and crystalline ASR products (A) with a
location showing crystalline ASR products enlarged for better visibility (B). Phase map based on
element maps showing chert, ASR products, extruded amorphous ASR products converted to low
Ca/Si-ratio calcium-silicate-hydrate (C-S-H) and the matrix of regular C-S-H ("jennite"). 14 year old
concrete from an exposure site. Clustering performed according to the method published in [25].
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4. REACTION PRODUCTS

4.1 Composition

The initial ASR products formed are amorphous [4, 21]. At an early stage of the reaction, their
composition varies with their location in the aggregates and it evolves with time. The ASR products
present at the head of the ingressing reaction front with greater distance to the cement paste display a
lower Ca/Si-ratio than the ones closer the periphery of the aggregate [21]. However, when the reaction
front has reached the centre of the aggregates, these differences are balanced by the Ca uptake of the
products with initially low Ca/Si-ratio. As a result, the mean Ca/Si-ratio of the ASR products at an early
stage is lower than at a later stage. This can be seen in Figure 4.1, where the number of points with low
Ca/Si-ratio decreases going from 4 (not shown) to 8 to 24 weeks. The corresponding mean values of
the Ca/Si-ratio are 0.12, 0.18 and 0.21, respectively. However, it is interesting to note that there seems
to be an upper limit of the Ca/Si-ratio at a value of ~ 0.35. This could indicate that the Ca uptake of the
amorphous ASR products reaches a stable level in the chemical environment present inside of
aggregates. Only at the interface with the cement paste a higher Ca uptake is possible, as described
later. On the other hand, the ASR products with a very low Ca/Si-ratio (approximately < 0.05) may be
simply an artefact of sample preparation. In the parts of the aggregate not yet reached by the inward
diffusion of Ca, an alkali-silicate sol at or close to saturation can be expected to be present. When the
sample is dried prior to epoxy impregnation, the loss of water leads to supersaturation and the
precipitation of alkali-silicate-hydrates. These precipitates are measured with EDS later and are included
in Figure 4.1, although at least some of them may not have formed without sample drying.
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Figure 4.1: (Na+K+Cs)/Si-ratio as a function of Ca/Si ratio of amorphous ASR products formed in
aggregates of a Cs-doped concrete tested with the CPT at 60 °C at the age of 8 and 24 weeks. The
red rectangle indicates ASR products with a Ca/Si-ratio < 0.05 that may have precipitated due to
sample drying prior to epoxy impregnation.

There are differences in the composition of amorphous and crystalline ASR products formed in
aggregates as an in-depth analysis has shown [4]. Although the mean values for Ca/Si-ratio and
(Na/K)/Ca-ratio are very similar (Figure 4.2), the Ca/Si-ratio of the amorphous products varies more.
Additionally, they exhibit a higher Na/K-ratio than the crystalline ones (Figure 4.3). These data are based
on the concrete tested with the CPT at 38 and 60 °C using two different types of aggregates. A
corresponding analysis of concrete from structures with several hundreds of EDS point analysis has not
been conducted yet.

A possible reason for the differences in the Na/K-ratio between amorphous and crystalline ASR products
could be the kinetics of gelation and formation of crystalline products as discussed in [4]. In the presence
of Ca, a Na-silicate sol gels faster than a K-silicate sol [26]. The preference for Na in gelation is shown
as well by the gels synthesized in [4]. On the other hand, crystalline ASR products synthesized at 40 °C
seem to form faster in a K-system than in a Na-system [27]. This applies to concrete without boosting.
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Boosting with either NaOH and KOH significantly affects the composition of the products formed [28,
29].

The amorphous ASR products extruded into the cement paste take up Ca and release alkalis. This
process has been described in various papers [18, 19, 30-35]. Due to this alteration, they are not
representative anymore for the ASR products that have caused expansion and cracking.
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Figure 4.2: (Na+K)/Si-ratio as a function of Ca/Si-ratio of crystalline and amorphous ASR-products
formed in aggregates of a concrete tested at 38 °C. Data redrawn from [4].
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Figure 4.3: Na+K-ratio as a function of Ca/Si-ratio of crystalline and amorphous ASR-products formed
in aggregates of a concrete tested at 38 °C. Data redrawn from [4].

4.2 Structure

So far, little is known about the structure of amorphous ASR products. A few attempts have been made
to gain structural information from samples collected from the concrete surface of a dam applying
several different methods [36-38]. However, as these samples are not directly collected from the interior
of aggregates and are possibly altered by their contact to the cement paste and by carbonation, they
are likely not representative of the initial ASR product leading to cracking of aggregates. The acquisition
of Raman spectra in the transition from crystalline to amorphous ASR products and at the edge of
aggregates has shown that amorphous ASR product seem to have bands attributable to Q2 sites (Si-
tetrahedra with two bridging oxygen atoms typical for a chain structure) and Q2 sites (Si-tetrahedra with
three bridging oxygen atoms typical for a layer structure) [39, 40]. However, these spectra represent a
mixture of crystalline and amorphous ASR products. Following the vein of ASR products further into the
cement paste, the intensity of the Q?-band increases and the one of the Q3-band decreases [39, 40].
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The spectra pf the extruded ASR products approach the ones typical for low Ca/Si-ratio C-S-H [3, 41].
This is in agreement with their Ca uptake measured by EDS. In a recent study, Raman spectra of
amorphous ASR products present in aggregates at a distance to the interface > 100 ym were
successfully acquired [4]. Due to their distance to the interface, they can be regarded as representative
for the initial ASR product leading to aggregate cracking. They exhibit distinct bands of Q2 and Q3 sites
in the bending vibration range (~658 and ~606 cm-!, respectively) with a weak band of Q2 sites and
strong one of Q3 sites in the stretching vibration range (~1020-1030 and ~1078 cm-', respectively) as
shown in Figure 4.4. Synthesized amorphous ASR products with similar Ca/Si- and (Na+K)/Si-ratio
exhibit very similar Raman spectra (Figure 4.4). Nuclear magnetic resonance (NMR) performed on the

synthesized products confirms the designation of the bands [4].
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Figure 4.4: Raman spectra with band designations to Q', Q? and Q3 sites of amorphous ASR products
formed in aggregates ("Nat") and synthesized ASR products ("Syn"). The numbers given with the
sample name refer to the Ca/Si-ratio of the products. Figure redrawn from [4].

Relatively large amounts of crystalline ASR products are formed in a second stage of the reaction after
the initial cracking of the aggregates. It is not entirely clear, if they can already form before cracking. At
least, they are usually only observable in the SEM afterwards. Most of the time, they are tightly packed
in veins of aggregates. When observed in the SEM, the orientation of shrinkage cracks caused by drying
during sample preparation seems to indicate that the crystalline ASR products form stacks of platelets
(Figure 4.5). When their growth is not restricted by a limitation of space, they are able to display their

idiomorphic form as platelets (Figure 4.6).
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Figure 4.5: Tightly packed crystalline ASR products in the vein of an aggregate. Sample from CPT at
38 °C. HFW =59.2 ym.

Figure 4.6: Crystalline ASR products formed in a bridge (A) and in the CPT at 38 °C (B) and
synthesized at 40 °C (C, [27]). Vertical field width (VFW) = 10.4 (A), 20.7 um (B) and 5.2 ym (C).

Crystalline ASR products present in field-exposed concrete of various mix designs have similar structure
as indicated by Raman microscopy [39-41]. The Raman spectra are dominated by a band attributable
to Q2 sites with a secondary band attributable to Q2 sites, both in the bending and in the stretching
vibration range (Figure 4.7). This is clearly indicative for a layer silicate. Moreover, the Raman spectra
of crystalline products formed in the CPT at 38 °C are identical to the ones formed in concrete structures.
However, crystalline ASR products formed in the CPT at 60 °C display a different spectrum [3,4,39,41].
Here, the recent advances in the synthesis of crystalline ASR products prove to be decisive for further
advances in the knowledge about ASR [3, 27]. The Raman spectra of crystalline ASR products
synthesized at 20 and 40 °C are identical to the ones formed in field-exposed concrete, while the ones
of crystalline ASR products synthesized at 80 °C are identical to the ones formed in the CPT at 60 °C
and the accelerated mortar bar test at 80 °C [4, 28, 40]. This clearly shows that the type of product
formed is dependent on temperature. The mineral formed at higher temperature is the mineral
shlykovite. The synthesis resulted in pure Na- and pure K-shlykovite depending on the types of boosting
alkalis [3]. Formation of K-shlykovite has been identified in field-exposed concrete from an outdoor
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exposure site in Valencia/Spain [42, 43], where it is likely that the concrete reaches temperatures above
60 °C due to solar radiation. The only other occurrence may have been in a Naval dry dock in Charleston
SC, where a phase with a d-value of 13.2 A was reported [43].

Although Raman microscopy is a powerful tool to acquire information on the structure of hydrates and
minerals, X-ray diffraction (XRD) can provide more information on crystalline phases. The challenge is
to extract sufficient amounts of ASR products to enable XRD. Crystalline ASR products have been
analysed by XRD in various studies [44-55]. Some of the results are in general agreement to each other,
while others disagree. In two recent studies, three different crystalline phases were identified in field-
exposed concrete, named according to their d-spacing as 10.8 (Figure 4.6B and 4.6C), 12.3 (Figure
4.6A) and 13.4 A phases [43, 56]. Here again, the synthesized crystalline ASR products are essential
for a further classification [3, 27]. The 13.4 A phase is identified as K-shlykovite [43]. It confirms the
results of Raman microscopy that indicated this phase in concrete exposed at the site in Valencia, Spain.
The 10.8 A phase matches the XRD pattern of crystalline ASR product synthesized at 40 °C (Figure
4.6C) and the 12.3 A phase the one synthesized at 20 °C. It has to been noted that the 10.8 and the
12.3 A phases display identical Raman spectra indicating a limitation of the method. Some studies have
reported one or two of the three phase. However, no connection between crystal structure and
temperature was established [44, 45, 48, 54]. First attempts have been made to resolve the structure of
the 10.8 and 12.3 A phases based on the XRD data [27, 53, 54].
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Figure 4.7: Raman spectra with band designation to Q', Q2 and Q3 sites of crystalline ASR products
formed in aggregates of a bridge (d-spacing of 12.3 C), synthesized at 40 °C (d-spacing of 10.8 A),

formed in an aggregate in the CPT at 60 °C (d-spacing of 13.4 A) and synthesized at 80 °C (d-spacing
of 13.4 A). Data adapted from [3, 4, 27, 39].
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5. POSSIBLE MECHANISMS OF EXPANSION

5.1 General comment

Different hypotheses on the mechanisms of expansion in ASR-affected concrete have been proposed.
The major ones are summarized in [57] and more recent ones are mentioned in [14]. It is clear from
microstructural observations that the stress is generated within the aggregates, rather than in the cement
paste. In principle, possible reasons for stress generation by ASR products can be divided into swelling
by water imbibition in general, osmotic swelling, crystallization pressure and mass accumulation in the
aggregate or any combination thereof. There are no recent results that would allow to identify the
mechanism of expansion. Therefore, it seems inappropriate to come up with further speculations.
However, three different aspects of ASR based on experimental data will be discussed in the following.
They may help to advance the understanding on the mechanisms expansion.

5.2 lon movement

An important aspect in ASR is the diffusion of ions and molecules. The sequence of reaction in the pre-
cracking state of the aggregates discussed before gives some important information. Formation of ASR
products start in the aggregate close to the interface with the cement paste [16-21]. This is due to the
gradients in pH, dissolved silica, alkalis and calcium present there, as shown by reactive-transport
calculations [20]. As described before, ASR products move as a front towards the interior of the
aggregates. Here, a slightly adapted extraction from [21] is cited (number of references adjusted to fit
the ones of the current paper):

Consequently, sodium, potassium, caesium and calcium have to diffuse from the cement paste to
the head of the reaction front by passing the already-formed ASR products. Such diffusion must be
driven by a concentration gradient of these ions between the cement paste and the aggregate
generated by ASR product formation. Alkali and calcium are bound in similar quantities within the
ASR products formed in concrete aggregates [2,17,18,30,31,33]. However, the calcium
concentration in the pore solution of the cement paste is considerably lower compared to the one of
the alkalis [58,59]. Consequently, the availability of calcium in reacting aggregates is restricted
compared to the more abundant alkalis and calcium has to diffuse from the cement paste into the
aggregates. Moreover, if a saturated alkali-silica solution is present in aggregates, the inward
diffusion of calcium ions leads to supersaturation of this solution with respect to alkali silicates and
the precipitation of ASR products as shown experimentally and by thermodynamic modelling [60].
Therefore, it can be stated that the limiting factor for the formation of the ASR products at the
ingressing front is the inward diffusion of calcium leading to supersaturation. This is supported by the
low Ca/Si-ratio of the ASR products as it is observed directly at the head of the ingressing front.

These observations make it clear that ion transport along narrow gaps and pores (nanometre to a few
micrometres scale at the most) plays an essential role in ASR. Moreover, it has to be taken into account
that the surfaces of aggregate minerals and of the already precipitated ASR products are charged
impacting both cation and anion diffusion. Reactive transport modelling may help to better understand
these complex interactions in the future. The importance of transport along charged surfaces is
underlined by the observation that in pre-existing cracks of aggregates with a width of several
micrometres and more, C-S-H and not ASR products are formed.

5.3 Swelling of amorphous ASR products

Volume changes of amorphous ASR products have been studied at varying RH in an ESEM. The
information on these experiments are given in paragraph 2. A location in the split aggregate showing
both amorphous and crystalline ASR products was chosen for analysis (Figure 5.1A). The amorphous
ASR product forms a layer with a thickness of about 10 ym on the crack flank of the aggregate exhibiting
shrinkage cracks. Obviously, the storage in the airtight container after extracting the sample still led to
drying causing these shrinkage cracks. With increasing RH, the crack width showed small changes.
This is most evident after the water condensation point was reached and RH was decreased back to
~ 90 % (Figure 5.1B). Comparing Figure 5.1A and 5.1B, it is clear in some locations that the amorphous
ASR product has been swelling leading to a decrease of crack width. An analysis of the dimensions of
the slabs of amorphous ASR product confined by cracks indicates a swelling in X-Y-direction of about
1.2 %. However, the cracks did not close. Because it was not clear, whether the amorphous ASR
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products had time to equilibrate with the RH of the chamber during the experiment, they where stored
at 97 % RH for two weeks in N2 atmosphere afterwards. However, the crack width did not change
anymore as subsequent analysis showed. The drying of the amorphous ASR product seems to lead to
shrinkage irreversible by rewetting. Anyway, the potential for water uptake of the amorphous ASR
products seems to be limited: synthetic amorphous ASR product can have a lower water vapour sorption
capacity than synthetic C-S-H [3].

Obviously, it is challenging to study the swelling of amorphous ASR products formed in concrete
aggregates experimentally. In some studies, synthesized amorphous ASR products have been used for
this purpose, as discussed in the following.
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Figure 5.1: Crystalline ASR product and cracked amorphous ASR product lining a crack wall inside an
aggregate in the ESEM at ~50 (A) and ~90 (B) % RH. Figure 5.1A shows the sample at the beginning
of the experiment before adsorption and Figure 5.1B was made on the desorption path after reaching
the point of water condensation. The white arrows indicate locations with differences in crack width.
HFW =138 pm.

In [61] the water vapour sorption of Ca-free and Ca-containing (Ca/Si-ratio of 0.03-0.32) Na- and K-
based (alkali/Si-ratio of 0.29-0.40) amorphous ASR products were determined. Based on the water
vapour sorption, the swelling pressure was calculated. The Ca-free product sorb substantial amounts of
water vapour going from 60 to 97 % RH (up to 200 mass-%). Consequently, they show a swelling
pressure according to the calculations performed. However, the products liquefied at 97 % RH. The Ca-
containing products sorbed less water vapour and remained solid at 97% RH. However, the calculations
did not indicate the occurrence of a swelling pressure.
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In [62], free swelling and swelling pressure were determined on synthesized Na-silicates (Na/Si-ratio of
0.27-0.53) with two out of ten samples containing Ca (Ca/Si-ratio of 0.17 and 0.18). Unfortunately, [62]
does not state whether the gel samples were conditioned at a certain RH before the start of the
experiments. Both free swelling and swelling pressure were recorded due to water uptake of the
samples. However, the amount of free swelling was not related to swelling pressure. Moreover, the
swelling occurred due to uptake of water. If amorphous ASR products swell in concrete, it would be due
to the uptake of alkaline pore solution and not water. Therefore, it seems that these experiments are not
directly related to the chemical environment present in concrete.

The swelling behaviour of synthesized ASR products with a wide range of compositions (Ca/Si-ratio of
0.27-0.53, alkali/Si-ratio between 0.25-1.15) was analysed in [63]. A disc of gel in a cylinder with a disc
of cement paste at the top and the bottom were placed in distilled water allowing capillary suction and
diffusion by the cement paste discs. Free swelling was measured and a reverse swelling pressure was
calculated. Unfortunately, it is not clear what the composition of the solution is that reaches the gel discs
through the cement paste discs. If the ionic strength in the pore solution of the gel discs is higher than
the one of the solution in the cement paste discs, osmotic swelling occurs. This seems to be the cause
of swelling observed in these experiments. However, the relation between the concentration of ions in
the solution present in ASR-affected aggregates and the surrounding cement paste is the opposite. The
ion concentration in the pore solution of the cement paste is higher than in the solution present in the
aggregate. This concentration gradient causes the diffusion of ions into the aggregate and is the pre-
requisite for an on-going ASR.

These studies show that some amorphous ASR products are able to swell. However, it is not clear if
this applies as well to the specific chemical boundary conditions present in concrete aggregates.
Additionally, if ASR products are in contact with a liquid in concrete, it would be pore solution and not
water. Therefore, any experiments exposing ASR products to water seem to be questionable. In any
case, water uptake of ASR products in concrete can be expected to occur by vapour sorption.
Experiments should take this into account. Moreover, the typical range of internal RH of concrete [64]
and the one relevant for ASR have to be considered as well. The threshold of RH for ASR to occur is
between 80 and 90 % [65-66]. In concrete structures, RH is fluctuating due to exposure to rain and
changes in temperature, although this effect is usually restricted to the outermost centimetres of the
concrete [67]. As a result, adsorption and desorption of water vapour and a possible volume change of
amorphous ASR products can be expected. However, it is not clear if his process can cause expansion
and stress. In the CPT, the RH is constant in the range of 93.5-96 % [68]. Obviously, fluctuations in RH
are no prerequisite for concrete expansion.

It seems questionable, if bulk experiments on synthetic ASR products are able to simulate the processes
taking place in reactive aggregates, as they so far are no able to take into account the complex ion
transport along charged surfaces pointed out in paragraph 5.2.

5.4 Moisture stability of crystalline ASR products

So far, few data on the volume change of crystalline ASR products due to water vapour sorption exist.
However, the drying of concrete samples and subsequent epoxy impregnation must cause a shrinkage
of the crystalline ASR products present in aggregates with the formation of small cracks, as it can easily
be seen in Figure 4.5. Additionally, this can be observed in the same experiment in the ESEM, as already
described for amorphous ASR product (see paragraph 5.3). An increase of RH from 40 to 95 % leads
to a decrease of crack width (Figure 5.2).

In a recent paper [43], the water vapour sorption of crystalline ASR products was determined (Figure
5.3). The samples sorbed 15-22 mass-% of water from 70 and 98 % RH. However, such a value can be
reached solely by surface sorption without water uptake in the interlayer. Such a water uptake in the
interlayer would cause an increase in d-value and would be the proof for the swelling of crystalline ASR
products comparable to specific clays [69-73]. For the experiment, the three different crystalline ASR
products formed in concrete exposed to natural environment were conditioned at 50 % RH before the
first XRD measurement and at 100 % RH before the second measurement conducted in sealed
capillaries. As it can be seen in Figure 5.4, there is no change in d-values between dry and moist state.
These results were confirmed by [56] that showed no changes in d-value at RH values relevant for ASR
by synchrotron-based in-situ 3D micro-XRD experiments. Additionally, synthesized crystalline ASR
products (10.8 and 13.4 A phase, see paragraph 4.2) show no increase in d-value upon water sorption
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as well [3,27]. Consequently, swelling of crystalline ASR products due to water uptake in the interlayer
is no cause for stress generation. This does not exclude that crystalline ASR products can contribute to
stress generation by crystallisation pressure or as a contributor to mass accumulation in aggregates.
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Figure 5.2: Ground concrete sample showing a vein in an aggregate filled with crystalline ASR
product in the ESEM at ~ 40 (A) and ~ 95 (B) % RH. Figure 5.2A shows the sample at the beginning
of the experiment before adsorption and Figure 5.2B was made on the desorption path after reaching
the point of water condensation. The white arrows indicate locations with differences in crack width.

HFW =25.9 uym.
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Figure 5.3: Dynamic vapour sorption (desorption) of crystalline ASR products formed in aggregates.
Concrete from a bridge. Data from [43].
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Figure 5.4: The d-spacing of the 10.8, 12.3 and 13.4 A phases pre-conditioned at 50 ("dry") and 100 %
RH ("moist") measured in a sealed capillary. The ellipses indicate the relevant reflections. Data from
[43].

6. SUMMARY

The formation of amorphous ASR products starts in aggregates close to the interface with the cement
paste followed by a continuous ingress towards the interior of the aggregates.
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At the point of cracking, there is an immediate extrusion of ASR product into the cement paste, which
leaves the majority of the cracks in aggregates empty.

After initial cracking, mostly crystalline ASR products start to fill the empty cracks in the aggregates
again moving as a front from the edge of the aggregates inward.

The chemical composition of amorphous and crystalline ASR products is very similar in a mature state
with values in atomic ratios of 0.20-0.35 for Ca/Si and 0.15-0.35 for (Na+K)/Si. The amorphous ASR
products display a higher Na/K than the crystalline ones in non-boosted concrete.

The structure of the amorphous ASR product leading to the initial cracking of aggregates contains Q3
sites (layers of SiO2 tetrahedra) and Q? sites (chains of SiO:2 tetrahedra).

The crystalline ASR product formed in concrete displays a layer-silicate structure. Raman microscopy
allows to distinguish between two different types and XRD between three different types with d-values
of 10.8, 12.3 and 13.4 A. The 13.4 A phase is formed at high temperatures > 60 °C and corresponds to
shlykovite. As shown by synthesis, the other two phases form at 20 (12.3 A) and 40 °C (10.8 A),
respectively.

Mimicking the swelling of amorphous ASR products in laboratory conditions is challenging. However,
the microstructural evidence clearly indicates that amorphous products are the cause of initial aggregate
cracking.

XRD analysis of d-values in dry and moist conditions shows that none of the three identified types of

crystalline ASR product sorb water in the interlayer between 50 and 100 % RH, excluding this
mechanism as a reason of swelling and stress generation.

The mechanism for stress generation by ASR products remains unclear.
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