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Abstract

The alkali-silica reaction (ASR) generates a product from which is assumed to absorb water and build
up swelling pressures in aggregates and the cement paste, resulting in expansion and cracking of con-
crete. However, studies showed that ASR products often have a crystalline structure and absorb less
water than expected. In addition, measured swelling pressures are often surprisingly low. Apparently,
the nature of ASR products is not yet sufficiently well understood.

A couple of recent observations showed that ASR products could be considered as colloidal systems,
i.e. as a state of finely divided matter dispersed in a medium. In order to clarify, if and to what extent
ASR products exhibit colloidal properties, 10 ASR products of different composition and water content
have been synthesized at two temperatures (40 and 60 °C) and are currently under investigation. Among
other methods, the ASR products are studied at different ages with the cryo-SEM technique, nano-
particle tracking analysis and by means of an osmotic cell test. First results show that ASR products
contain particles of colloidal size, mainly between 50-600 nm. There is evidence for an ageing process,
resulting in a change of particle size and number as well as in the formation of fractal-like structures.
Most important, the ASR products free of Ca show the DONNAN effect, caused by the colloidal particles
and resulting in osmosis.

Keywords: ASR products; colloidal particles; DONNAN effect; osmosis

1. INTRODUCTION

Recently, silica dissolution rates and properties of synthetic ASR products were determined for the sim-
ulation of ASR induced expansion and damage [1, 2]. During the investigations, the following observa-
tions were made that initiated a subsequent study:

- Measured swelling pressures of ASR products with Ca were surprisingly low (£ 2 MPa)
- The initial water content of the ASR products highly influenced their swelling capacity

- ASR products rich in Si and free of Ca did not pass filters with a pore size of < 200 nm
- ASR products free of Ca showed the TYNDALL effect (light scattering)

The latter two observations are typical for colloidal systems and opened up a new perspective on ASR
products. Nearly 100 years before ASR in concrete was discovered in the 1930s, colloids and particu-
larly silica gels were begun to be studied by BERZELIUS (1833), later more extensively by GRAHAM (1862),
VAN BEMMELEN (1888), ZSIGMONDY (1905) and some others [3]. Based on their work, silica gels can be
understood as colloids, i.e. as systems of dispersed particles with a size of 1 to 1000 nm distributed in
a dispersion medium. Because of the high surface of the particles, surface-related properties dominate
over solid-state properties. Important features of colloids are (1) the continuous BROWNian motion of its
particles, (2) the scattering of light by the particles, known as the TYNDALL effect, (3) the DONNAN effect,
a special form of osmosis, (4) electrophoresis, (5) OSTWALD ripening, the growth of larger particles from
those of smaller size, (6) aggregation and crystallisation [3, 4]. It is the objective of this study to clarify,
if and to what extent ASR products show those properties and whether this could help to better under-
stand their nature and the mechanism of swelling and expansion in concrete.

Investigations on ASR products extracted from concrete are difficult due to their small quantities. The
extraction usually results in contamination with cement paste and/or aggregate constituents. Moreover,
age and water content of the ASR products remain unknown. Hence, it was necessary to synthesize
ASR products in sufficient amounts, of defined composition and to study them at different ages. The
investigations include SEM/cryo-SEM studies, nanoparticle tracking analysis (NTA), 2°Si NMR and XRD
analyses as well as water absorption measurements. For some of them, first results are presented.
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2.

2.1 Synthesis of the ASR products

MATERIALS AND METHODS

Based on about 400 SEM/EDS analyses of ASR products in concrete structures examined earlier and
concrete prisms recently tested with the CS-CPT [2, 5], 4 main compositions were selected for the syn-
thesis of the ASR products (Figure 2.1). One composition rich in alkalis (55-65 wt.% Na20+K:0), one
rich in SiO2 (65 wt.%) and both of them with (10 wt.% CaOQ) and without Ca. Each of those 4 main
compositions was used to prepare ASR products at 40 °C with a low (150 wt.% of the solid ASR product)
and high (450 wt.% of the solid ASR product) water content. For the water content, assumptions had to
be made, because the water content of real ASR products in concrete is unknown. Additionally, two
ASR products were prepared at 60 °C for comparison, resulting in 10 different variants of synthetic ASR
products (Table 2.1). For some of them, first results are presented.

@ Gels in concrete structures

o Gels in concrete prisms (CS-CPT);

QO Synthetically prepared gels

20 30 40 50
Na,O + K,0 [wt.%]

60

7
70 80

K,0 [wt.%]
85
80
75
70
65
60
55
50
45
- 40
35
30
25
20
15 Y R v SV A 20
10 90 e Gels in concrete structures
10 5 o Gels in concrete prisms (CS-CPT): 10
0 100 O Synthetically prepared gels
7 >0 7 7 7 7 7 >0
90 100 0O 10 20 30 40 50 60 70 80 90 100

Na,O + K,0 [wt.%]

Na,O [wt.%]

85
80
75
70
65
60
55

Figure 2.1: Composition (SEM/EDS) of ASR products in concrete structures, concrete prisms (CS-CPT)

and as synthetically prepared (Table 2.1), left: K2O distribution, right: Naz20O distribution

Table 2.1: Characteristic values (nominal) of the synthetic ASR products

No. | SiO2 CaO K20 Naz20 H.0* Si Ca K Na T

F | wWt%] | wt%] | wt%] | [wt%] | [wt%] | [mold] | [moll] | [molM] | [moll] | [°C]
2A | 350 50.2 14.8 450 1.29 2.37 1.06 | 40
2C | 350 50.2 14.8 150 3.88 7.11 318 | 40
3A | 350 10.0 425 12.5 450 1.29 0.40 2.01 090 | 40
3C | 350 10.0 425 12.5 150 3.88 1.19 6.02 269 | 40
3D | 35.0 10.0 425 12.5 450 1.29 0.40 2.01 090 | 60
5A | 65.0 27.0 8.0 450 2.40 1.27 057 | 40
5C | 65.0 27.0 8.0 150 7.21 3.82 172 | 40
6A | 65.0 10.0 19.3 5.7 450 2.40 0.40 0.91 0.41 40
6C | 65.0 10.0 19.3 5.7 150 7.21 1.19 2.73 123 | 40
6D | 65.0 10.0 19.3 5.7 450 2.40 0.40 0.91 0.41 60

* related to the dry mass of the solid ASR product

The ASR products were prepared by following the reaction sequence in concrete as close as possible.
The required amounts of KOH (pellets =2 85 %, Merck) and NaOH (granules = 98 %, Merck) were dis-
solved in de-ionized water at 40 and 60 °C respectively in a HDPE bottle (500 ml) while continuously
stirred at 400 min-' for 30 min by using a magnetic stirrer. Afterwards, SiO2 (precipitated silicic acid,
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extra pure heavy = 99 %, surface area 16.8 m?/g, Merck) was added and the resulting slurry was further
mixed continuously with an overhead stirrer at 1200 min-' for 30-150 min until the silica had dissolved
completely. For the ASR products with Ca, the final step was to add a slurry of Ca(OH)2 into the derived
alkali-silica sol while mixing with an overhead stirrer at 2000 min-'. The slurry was prepared before by
mixing the required amount of Ca(OH)2 (powder = 98 %, Merck) into a part of the total de-ionized water
at a ratio of 1:3 at 400 min-* for 30 min by using a magnetic stirrer. Attention was paid to add the Ca(OH):
slurry as quickly (< 1 s) as possible by injection with a syringe into the alkali-silica sol in order to ensure
a uniform distribution of the Ca(OH): prior to gelation. Gelation occurred quickly for the products rich in
SiO2 (6A: approx. 180 s, 6C: approx. 30 s after adding the Ca(OH)z slurry) and turned the sol into a
highly viscous gel that could no longer be mixed. For the products rich in alkalis, the mixing was stopped
30 min after the Ca(OH): slurry was added, but the gelation occurred considerably later (3A: approx. 60
min, 3C: approx. 45 min). All the HDPE bottles were sealed airtight and are kept at 40 and 60 °C re-
spectively until the time of investigation after 1 day and 24, 48 and 72 weeks.

2.2 Scanning electron microscopy (SEM)

For the SEM analysis with energy-dispersive x-ray spectroscopy (EDS), the synthetic ASR products
were prepared in two different ways to maintain their original structure as far as possible.

First, samples were cryogenically frozen in liquid nitrogen (-196 °C). Due to the instant freezing using a
high-pressure (2100 bar) freezing unit (HPM100, Leica), the formation of ice crystals that would interfere
with the SEM analysis is adequately suppressed. The samples are sandwiched-frozen between two
copper shells (d 3 mm) that are subsequently fractured using a high vacuum preparation system
(MEDO020, Leica). Afterwards, the samples are transferred into the pre-cooled SEM (Helios Nanolab G4
UXN, Thermo Fisher Scientific) using a cryo transfer shuttle system (EM VCT500, Leica). During the
examinations, the samples were heated stepwise under high vacuum conditions (1.5-4 kV, 6-100 pA)
from -140 to -70 °C, resulting in the sublimation (transition from solid into gas) of the amorphous ice.

Second, samples were prepared by critical point drying. The liquid phase of the samples was exchanged
against acetone by multiple rinsing. The rinsed samples were placed in a pressure chamber at 15 °C
and approx. 50 bar while the chamber was flushed several times with liquid CO2 to remove the acetone
from the samples. Afterwards, the temperature was increased to 35 °C at 100 bar, exceeding the critical
point of CO2 (31 °C at 74 bar), i.e. there is no difference between the liquid and gaseous state of CO2
anymore. By slowly releasing the COz2, the samples largely maintain their original structure since no
capillary forces occur as for normal drying due to passing the liquid/gas phase boundary. Afterwards,
the samples were examined in the SEM (FEI, NOVA™ NanoSEM 230) in high-vacuum mode at 2-5 kV
and 4-130 pA.

2.3 Nanoparticle tracking analysis (NTA)

The ASR products were studied microscopically while exposed to laser light (A = 638 nm, red) in the
NTA device (NANOSIGHT LM10). In order to obtain a particle concentration within the operating condi-
tions, it was necessary to dilute the samples up to a total water content of 1350 % for the ASR products
free of Ca and 5400 % for the ones with Ca. The diluted samples were injected into the laser chamber,
between an aluminium body and a special glass plate. Particles with a size of 10-1000 nm become
visible due to their scattering of the laser light (TYNDALL effect), allowing to track their continuous BROWN-
ian motion. A camera, attached to the microscope, records short (60 s) video sequences of the particle
motion that is automatically tracked and analysed by a software based on the STOKES-EINSTEIN equa-
tion, allowing to estimate the particle size distribution. In order to increase the precision, for every sample
6 video sequences were recorded and the average result was obtained.

2.4 Osmotic cell test (OCT)

The osmotic water absorption of the synthetic ASR products was determined by filling a sample (5 ml)
of the ASR products into a cut PP vial (50 ml) onto a track-etched polycarbonate membrane with a pore
size of 100 nm immersed in de-ionized water. The membrane was placed into the perforated vial cap
that was tightly screwed to the vial. The vial was immersed 5-8 mm upside down in a bath of de-ionized
water at 20 °C, by placing the perforated vial cap on a spacer that allows the water to fully access the
membrane. The sample of the ASR product was applied directly onto the membrane through the cut
bottom of the vial. The filling level of the vial was monitored until no further change occurred.
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3. RESULTS AND DISCUSSION

3.1 Synthesis of the ASR products

Shortly after the synthesis, the ASR products free of Ca (sol) were clear and of low viscosity while all
the ASR products with Ca (gel) appeared opaque/white and were much more viscous (Figure 3.1),
ranging from jelly-like (3A) to crumble-like (6C). In general, the viscosity of the ASR products increased
with a higher silica content, a lower alkali and water content as well as by adding Ca. First, the ASR
products free of Ca appeared clear but already showed the TYNDALL effect when exposed to laser light
what confirms the presence of colloidal particles. Over time, the appearance of the ASR products started
to change. The ones free of Ca and especially those low in water content (150 wt.%) showed an in-
creasing cloudiness and intensified TYNDALL effect (Figure 3.2), while some of the ASR products with

Ca (esp. 3C) started to change their colour from white into light yellow/brown.
3D
5A 5C 6A

Figure 3.1: Appearance of the ASR products (Table 2.1), 1 day after the synthesis

2A 5A 3C

Figure 3.2: ASR products free of Ca after 24 weeks of ageing at 40 °C showing the TYNDALL effect when
exposed to laser light (A = 532 nm)
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3.2 Scanning electron microscopy (SEM)

Most of the ASR products could be studied best when prepared with critical point drying, since the free
solution, even if frozen, disturbs the SEM analysis and is removed by this method. Only for some of the
ASR products with Ca, structural details could be studied better in the frozen state.

The ASR product 2A (Figure 3.3), rich in alkalis and free of Ca, appeared homogenous and structureless
after 1 day when frozen but a coarsening and the development of fractal-like structures was evident
after 12 weeks [6, 7]. After some more time (24 weeks), filament-like structures became evident after
sublimation with a thickness of 20-100 nm and a length of 300-1000 nm (Figure 3.4). The ASR product
5C (Figure 3.5), rich in Si and free of Ca, showed a matrix of particles after critical point drying with a
size of 60-500 nm and irregular shape.

The ASR product 3A, rich in alkalis and with Ca, showed particles with a size of 50-150 nm in nearly
spherical shape, embedded in a dense matrix (Figure 3.6). The ASR product 6C (Figure 3.7), rich in
silica and with Ca, showed a fine pored sponge-like structure with embedded platelet-like phases of ym-
size that resemble the platelets known from rosette type ASR products. A sponge-like structure was
evident in all ASR products with Ca and could be identified best in the frozen state, after the sublimation
of the amorphous ice. For ASR product 6A, the pore size of the sponge-like structure was between 30-
150 nm (Figure 3.8).

Overall, the ASR products free of Ca contain particles of colloidal size and not necessarily of spherical
shape. Mainly due to their small size, the composition of the particles could only be determined roughly
by EDS analysis but they all showed Na, K and Si as expected. The ASR products with Ca showed a
sponge-like structure of different fineness (depending on the water content) and embedded particles of
colloidal size as well as larger platelet-like phases containing more Si than the surroundings.

:.zow :v ;i‘o nA 47;‘;1‘5: ?}mm ;i‘n E;;E 525 nm ;:‘:;pm }71\:1‘7 <%:nukvtu\’l ;;[;A 1?guuux ii;mm TE:ZJ BSE 8.99nm :76um
Figure 3.3: ASR product 2A (cryogenically frozen), structureless after 1 day (left) and with fractal-like
structures after 12 weeks of ageing at 40 °C (right), [6]

/3.0 mm TLD BSE 0.07 8.29 ym

Figure 3.4: ASR product 2A (cryogenically frozen, after sublimation to -80 °C) showing a matrix of fila-
ment-like particles after 24 weeks of ageing at 40 °C
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WD
1.9 mm

Figure 3.5: ASR product 5C (critical point drying) showing a matrix of partlcles W|th a size of 60 500 nm
after 24 weeks of ageing at 40 °C

Hv | w det _eurr ——500 nm —
2.00 kV ¢

Flgure 3.6: ASR product Gel 3A (crltlcal pomt drying) showing partlcles W|th a size of 50- 150 nm in a
dense matrix after 24 weeks of ageing at 40 °C
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Figure 3.7: ASR product 6C (critical point drying) showing platelet-like phases of um-size and rich in Si
after 24 weeks of ageing at 40 °C

3 2.50 kV 13 pA 150 000 x 3.3 mm TLD SE 0.0° 2.76 ym

Figure 3.8: ASR product 6A (cryogenically frozen, after sublimation to -110 °C) showing a sponge-like
structure with a pore size of 30-150 nm after 24 weeks of ageing at 40 °C

3.3 Nanoparticle tracking analysis (NTA)

The NTA for the ASR products free of Ca clearly showed particles with a size between 50-600 nm in
continuous BRoOwNian motion (Figure 3.9). In general, the particle concentration increase with the Si
concentration in the ASR products (Figure 3.10, left), although inaccuracies due to dilution and probably
agglomeration effects may reduce the quality of the correlation. The ageing of the ASR products is still
in progress, but first result indicate that larger particles are formed from those of smaller size (OSTWALD
ripening) in the ASR products free of Ca after storage at 40 °C for 24 weeks (Figure 3.10, right).

For the ASR products with Ca, blurry and irregular shapes instead of clearly defined particles appeared
in the microscope. Mixing (5 min at 500 min-') and ultrasonic bath treatment (15 min at 35 kHz) does
not result in re-dispersion. Hence, the NTA cannot be applied for those ASR products. Obviously, the
addition of Ca resulted in a largely and irreversible aggregation of the colloidal particles in the former
silica sol.

Second Book of Proceedings of the 16th ICAAR | Published online in May 2022 253



About the colloidal nature of ASR products
Colin Giebson

1 .0X108 T T T T T T T T T

8.0x107

6.0x107 1

4.0x107

Concentration [particles/ml]

2.0x107 1

0.0
0 100 200 300 400 500 600 700 800 900 1000

Particle size [nm]

Figure 3.9: NTA image with clearly defined particles (scale bar not available) in ASR product 5C (left)
and particle size distribution for the ASR products free of Ca after 24 weeks of ageing at 40 °C (right)
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Figure 3.10: Correlation between Si concentration and total particle concentration in the the ASR prod-
ucts (left) and particle size distribution in ASR product 5C after 1 day and 24 weeks (right)

3.4 Osmotic cell test (OCT)

In the OCT, all the ASR products free of Ca showed an increase of the filling level within a few hours up
to 320 vol.%, while the ASR products with Ca did not change their volume over a period of several days
(Figure 3.11). A comparison between the highest volume increase and the total Si concentration of the
ASR products free of Ca (Table 2.1) showed a strong correlation (Figure 3.12).

5C:7.5h '6A: 0 min 6A: 1d 6A: 21 d

5C: 0 min 5C:1'h

Figure 3.11: Osmotic cell test for ASR product 5C, free of Ca (left) after 0 min, 1 h and 7.5 h (from left
to right) and ASR product 6A, with Ca (right) after 0 min, 1 day and 21 days (from left to right)
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Figure 3.12: Volume increase in the osmotic cell tests for the ASR products free of Ca (left) and com-
parison between the highest volume increase and the Si concentration in the ASR products (right)

Classic osmosis occurs when a membrane between a solution and its pure solvent is permeable only
to the solvent, often water. Because the chemical potential of the water in the solution is less than that
of the pure water, the pure water will pass through the membrane into the solution in order to equilibrate
the chemical potentials by diluting the solution. A pressure applied to the solution that precisely prevents
the pure water from flowing though the membrane is called the osmotic pressure and can be calculated
using the VAN'T HOFF equation for ideal (diluted) solutions or based on the activity of the water for non-
ideal (concentrated) solutions [8].

The situation is more complex, if there is a solution of certain composition on both sides of the membrane
and/or if the membrane is not only permeable to water but to some of the dissolved ions. This results in
an unequal distribution of the ions on both sides of the membrane, since the ions unable to permeate
are forced to stay on one side of the membrane while simultaneously, the solutions on both sides of the
membrane remain electrically neutral. Because the resulting total concentration is higher on the side
with the ions unable to permeate, osmosis occurs and water flows to this side. This effect was described
by DONNAN in 1911 and was applied later to colloids, for which the colloidal particles are the ones unable
to pass the membrane [3, 9]. The resulting osmotic pressure in such systems is the difference between
the osmotic pressures for the solutions of either side of the membrane [3, 4, 9].

For the osmotic cell tests in this study, the membrane is permeable to water, all the ions (Na*, K*, Ca?*,
OH-, monomeric silica) as well as particles of a size < 100 nm but impermeable to particles > 100 nm.
A volume increase occurred only for the ASR products free of Ca, since they contain freely movable
particles of that size (= 100 nm) as shown before (SEM, NTA). The use of a membrane with a pore size
of 1000 nm instead of 100 nm did not result in a volume increase for the very same ASR products. The
higher the Si concentration in the ASR products, the higher the volume increase, because the osmotic
pressure depends on the number of the osmotically active compounds what are the colloidal alkali-silica
particles in this case, based on the DONNAN effect.

After reaching the maximum volume, the filling level in the osmotic cells decreased gradually for all the
ASR products free of Ca (Figure 3.12). During the osmotic cell tests, the formation of fine fractal-like
clusters occurred, probably caused by aggregation of colloidal particles what would lower the osmotic
activity and possibly resulted in the backflow of solution.

3.5 Transfer of the results to ASR in concrete

The mechanism of expansion caused by ASR was explained first 1944 by HANSEN based on the osmotic
pressure hypothesis [10]. However, the existence of a semi-permeable membrane in concrete, as re-
quired for osmosis, was often questioned. The absorption theory, which explains the swelling of the ASR
product due to water imbibition, was more widely accepted later on. Based on the first preliminary results
in this study, however, it is likely that colloidal alkali-silica particles are unable to pass pores in aggregate
grains and the cement paste that are smaller than themselves, representing a mechanism of semi-
permeability that results in osmosis. This mechanism, if transferred to concrete, could extend the un-
derstanding of the ASR approximately as follows (Figure 3.13):
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Figure 3.13: Simplified transfer of the colloidal effects of ASR products free of Ca to ASR in concrete

a) First, the concentration gradient between the pore solution in the cement paste and in an alkali-
reactive aggregate grain result in diffusion of the ions (mainly K*, Na*, OH") into the grain in
order to reach an equilibrium.

b) Inthe aggregate grain, OH- ions start to dissolve silica by breaking up siloxane (Si-O-Si) bonds.
OH- ions are consumed and silica species (HwSixOy?*") are released, resulting in concentration
gradients between the solutions in the aggregate grain and the cement paste.

c) At the beginning of the silica dissolution, the low silica concentration in the solution of the grain
results in monomeric silica species as H2SiO4?- that are still able to diffuse out of the grain. In
the opposite direction, new OH- ions diffuse into the grain.

d) The further dissolution of the silica results in a gradual increase of the silica concentration in the
solution of the grain, leading to more complex, polymeric silica species and finally colloidal par-
ticles start to form. Over time, number and size of the colloidal particles increase.
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e) Atsome point, number and size of the colloidal particles reach a state that prevent most of them
from leaving the grain and/or diffusing through the cement paste (DONNAN effect). Since the
pore size (diameter) of mature cement pastes is mainly in the range of 3-100 nm, especially
particles = 100 nm are unable to move through the cement paste.

f) In order to maintain the solution electrically neutral, positively charged ions have to enter the
grain in order to balance the negatively charged colloidal silica particles, what results in the
accumulation of alkalis. Since alkalis are available in much larger quantity in the concrete pore
solution than Ca, at first the ASR products are free or poor in Ca.

g) Besides the concentration gradients, an electrochemical potential difference (DONNAN potential)
develops between the solution in the aggregate grain and in the cement paste. Individually,
however, both solutions are charge balanced (DONNAN equilibrium). The colloidal alkali-silica
product is unable to leave the grain and/or move through the cement paste.

h) Because now, the chemical potential of the water in the grain (ASR products) is less than that
of the surrounding water in the cement paste (pore solution), water flows osmaotically driven into
the grain (dilution flow). Consequently, a hydrostatic pressure develops, possibly able to crack
the grain and/or the cement paste at some point.

A strong indication that the DONNAN effect is of relevance in concrete is the accumulation of alkalis
opposite to diffusion flow, which results in a much higher alkali concentration in the ASR products than
in the concrete pore solution. Whether the hydrostatic pressure would be high enough to cause cracking
in concrete, requires verification. In general, the osmotic pressure for colloids is smaller than for true
solutions, because the number of the osmotically active colloidal particles is low compared to dissolved
ions [3, 4]. However, the colloidal particles are physically unable to pass any pores with a size smaller
than their own. Therefore, the DONNAN effect is not necessarily restricted to the ITZ as simplified illus-
trated in Figure 3.13 but may also occur within the aggregate grain, the hardened cement paste or both.
Hence, a multitude of osmotic cells would be possible to form in and around alkali-reactive aggregate
grains, which in total could lead to critical pressures.

Once the ASR products free or poor in Ca get in contact with larger amounts of Ca, as in the cement
paste (portlandite) or high volumes of pore solution, gelation occurs. The colloidal particles start to ag-
gregate irreversibly (coagulation) and are no longer osmotically active, forming Ca-containing ASR prod-
ucts, obviously less or non-expansive and possibly transformed into thermodynamically more stable
crystalline products over time as often found in concrete [11]. If ASR products with less Ca (< 10 wt.%
CaO0) or water (< 150 wt.%) show a different swelling behaviour or at which amount of Ca or water the
aggregation starts respectively needs to be clarified.

4. CONCLUSIONS

Based on a number of earlier observations, it appeared that ASR products could be considered as
colloidal systems. In order to clarify, if and to what extent ASR products exhibit colloidal properties, 10
ASR products of different composition, water content and prepared at different temperatures have been
synthesized and are currently under investigation. First and preliminary results show that:

e ASR products free of Ca contain freely movable colloidal particles with a size of 50-600 nm.

e The colloidal particles are unable to pass pores with a size smaller than their own, representing
a mechanism of semi-permeability (DONNAN effect) that results in osmosis.

e With increasing Si concentration in the ASR product, the particle concentration and the osmotic
effect increases.

e Over time, there is a process of ageing, resulting in the decrease of the particle concentration,
the increase of the particle size and in aggregation as the formation of fractal-like structures.

e By adding Ca (10 wt.% CaO), the colloidal particles coagulate irreversibly and form larger clus-
ters of sponge-like structures with embedded particles of colloidal size as well as larger, platelet-
like phases.

e  Currently, the studied ASR products with Ca (10 wt.% CaQ) do not show osmotic swelling.
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