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Abstract

Pressure development during alkali-silica reaction (ASR) is attributed to the water uptake of the
reaction products. However, autogenous deformations during their formation could have an effect on
pressure as well. A model system consisting of micro silica, portlandite and NaOH solution is used to
investigate autogenous deformation under unrestrained conditions and pressure development in a cylinder at
constant volume. Portlandite content is systematically vatied. Depending on the portlandite content, the
samples either show autogenous shrinkage or autogenous expansion. The autogenous deformation generally
correlates with the pressure development during the reaction. Comparison with heat flow and pore solution
data from a previous study conducted with the same model system indicates that the pressure increase goes
together with the formation of calcium-silicate-hydrates with a low Ca/Si-ratio and the formation of alkali-

silicate-hydrates.
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1 INTRODUCTION

Although alkali-silica reaction (ASR) is in the focus of concrete research since decades [eg. 1-10], the
reaction is not yet fully understood. Some problems encountered while studying the reaction mechanisms
depend on the heterogeneity and complexity of mortar and concrete, which make the localisation and
characterisation of the reaction products difficult. Expansion and pressure generated by reacting aggregates of
various sizes are usually measured on mortar and concrete, making analysis of the reacting component more
complicated. Therefore, model systems have been used to study specific aspects of ASR [eg. 2,4,11-15].
Generally, the expansion in the alkali-silica reaction is attributed to the water uptake of the reaction products
either by osmosis or by capillary forces. However, there are no data about the autogenous volume changes
caused by the formation of the reaction products and the possible implications for the development of
expansive pressure. If autogenous shrinkage takes place it reduces the pressure generated by the water uptake
of the reaction products. The contrary applies if there is the formation of the reaction products goes along
with autogenous swelling. Even if the expansion of sealed concrete specimens with reactive aggregates would
be tested, transport of moisture from the cement paste to the aggregates would be possible. As such, the local
conditions at the reactions sites would be not autogenous for the silica gel.

In this study, a model system consisting of micro silica, portlandite and alkaline solution is used to
measure the autogenous deformation during alkali-silica reaction. The pressure development caused by the
autogenous deformation is determined by restraining the sample during the reaction to a constant volume.

Furthermore, compressive strength of selected mixtures is determined. The same model system has already
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been used to determine the influence of calcium on silica dissolution and the formation of the reaction
products [15]. Data from this previous study will be used to discuss the results of this paper.

2 MATERIALS AND METHODS

2.1  General

For the discussion of the results of this study data from a previous project are used [15]. In this project the
same model system was investigated using calorimetry, X-ray diffraction, nuclear magnetic resonance, pore

solution analysis and desorption experiments.

2.2 Materials and mixture proportions

The composition of the commercially-available micro silica is given in Table 1. Portlandite (Ca(OH);
> 96.0 mass-%, CaCO3 < 3.0 mass-%) and NaOH (NaOH > 97 mass-%) with a high degree of purity were
used.

The samples for the autogenous shrinkage and pressure measurements had a solid to liquid-ratio
1/1.8. The concentration of NaOH was 1M. Portlandite concentration ranged from 2.5-40 mass-% (see
Table 2). Additional samples were prepared for the pressure measurements. In these samples the amount of
NaOH was kept constant but the amount of liquid was reduced resulting in solutions of higher molarity
(Table 2).

The samples were produced in a vacuum mixer (Renfert Twister evolution). Portlandite and micro
silica were first mix for 1 minute. Than the NaOH solution was added. In the first minute 150 rotations per
minute were used, followed by four minutes of 450 rotations per minute. The mix design of the samples used
for pressure measurements is given in Table 2.

Compressive strength was determined on samples of MS10, MS20 and MS40 mixed with 1M NaOH
(solid/liquid-ratio = 1.0/1.8).

2.3  Methods for assessment and analysis
Autogenous deformation (volumetric measurements)

The autogenous strain was determined using Archimedes' principle. An elastic membrane (condom
made of polyisoprene) preventing moisture loss was used to fill in the test sample which was hung from a
balance in a temperature-controlled buoyancy liquid (silicone oil). Changes in the volume of the sample cause
a change of buoyancy and with it a change in the weight recorded by the balance in intervals of 60 seconds.
The volume changes can be calculated based on the weight changes. The linear length change is calculated by
dividing the volume change by a factor 3, assuming isotropic deformation. The method is described in detail
in [16]. The measurements were started 10 minutes after the production of the slurries. Due to restraints in

measuring time the autogenous shrinkage measurements were ended after 144 hours.

Pressure

The setup for the pressure measurements is shown in Figure 1. The main housing was turned upside
down to fill in about 80 g of slurry. The movable piston was inserted. Trapped air could escape through a 2
mm-hole in the piston (not shown in Figure 1) while it was moved down. As soon as the slurry extruded
from the hole, it was sealed with a screw and a sealing ring. The bottom housing was screwed on the main
housing. With it the piston is pressed down applying pressure on the sample. An initial pressure of 0.5 MPa
was applied. Like that not only an expansion could be recorded but shrinkage resulting in a pressure decrease
as well. Then the sample was turned to normal position. During the measurement the volume of the sample

compartment was kept constant. Therefore, any autogenous deformations had to result in a pressure change.



With a set of four pressure cells, two different samples were measured at the same time (two cells per
sample). The measurements were started 20 minutes after production of the slurries. The pressure was usually

measured for two weeks.

Compressive strength and E-modulus
Compressive strength was determined on prisms 25 X 25 X 100 mm?3 according to European standard
EN 1926.

3 RESULTS

Autogenons strain

All samples show shrinkage during the first 12 hours (Figure 2). While samples MS and MS 2.5
continue to shrink after that point in time, the other samples start to expand between 18 and 36 hours.
Sample MS10 shows the highest expansion after 144 hours followed by samples MS20, MS5 and MS40.

Pressure

The pressure of all samples decreases immediately (Figure 3). However, all of them start to expand
after reaching a minimum value of pressure. This reversal takes place after 3.5 and 7.0 hours for the samples
MS, MS2.5, MS5 and MS10. The samples MS20 and MS40 first reach a period of approximately constant
pressure, before the pressure starts to increase considerably after 3 and 7 days respectively. In contrast to the
other samples, these two samples display a pressure decrease after reaching a maximum value at 4.5 and 11
days respectively.

When the amount of alkaline solution is decreased but the amount of NaOH is kept constant, a
pressure increase results in the samples MS10 and MS20 while a decrease is observed in sample MS40 (Figure
4 and Table 3).

Compressive strength and E-modulus

Sample MS40 shows the highest increase of compressive after 7 days and reaches the highest values
after 28 days (Figure 5). The opposite applies to sample MS10 with the values of sample MS 20 lying between
the other two. The gradient of compressive strength increase is larger for all samples between 2 and 7 days

compared to 7 and 28 days.

4 DISCUSSION

The amount of autogenous strain is reflected in the pressure measurements. When the values are
compared after 144 hours, both parameters show the same dependence on portlandite content (Figure 06).
However, to calculate an elastic deformation and assess the degree of relaxation, E-modulus of the samples
would have to be determined. The measurements of compressive strength show that the values increase with
increasing portlandite content and the elastic modulus is expected to follow a similar trend. Therefore, it can
be assumed that the degree of relaxation decreases with increasing portlandite content. As such, similar
autogenous expansion of samples with low and with high portlandite contents would result in higher pressure
for the latter. However, the differences in pressure between the samples seem to be surprisingly small,
especially if the amount of reacted micro silica is taken into account; it increases from sample MS with 11.2
mol-% to sample MS40 with 93.9 mol-% [15].

The increase of pressure with the reduction of alkaline solution and constant amount of alkalis can be
attributed to the lower porosity and therefore higher E-modulus of the samples. Why this applies to the
samples MS10 and MS20 but not to the sample MS40 is not clear.



The total heat flow of the samples increases with increasing portlandite content as the formation of
calcium-silicate hydrates (C-S-H) is the main cause for the heat release [15]. The comparison of pressure and
heat flow change with time shows that the main pressure increase does not go together with the maximum
heat release. (Figures 7 and 8). In sample MS10 pressure starts to increase shortly before the maximum heat
flow is reached. However, the main pressure increase is observed at decreasing heat flow. The pressure
increase in sample MS20 takes place after about 70 hours when heat flow has already decreased to relative
low values.

Additionally, the pressure developed can be compared to the change of pore solution chemistry with
time (Figure 9). The pressure starts to increase shortly after the silicon concentration starts to rise. Silicon
concentration and pressure increase together until the solution gets saturated in silicon and the hydroxide
concentration decreases. This can be translated into the type of reaction products formed. In the period of
decreasing pressure, micro silica is dissolved and C-S-H is formed. As the sample is likely still fluid in the first
phase of the reaction, the pressure decrease could be caused by chemical shrinkage. At a certain point in time,
there is a transition from a slurry to a viscoelastic solid enabling the registration of expansion by a pressure
increase. When portlandite is depleted, the composition of the reaction products should shift from C-S-H
with a relatively high Ca/Si-ratio towards C-S-H with a relatively low Ca/Si-ratio (and possibly high alkali
content) and towards alkali-silicate-hydrates (A-S-H). The formation of A-S-H is indicated as well by the
decrease of the sodium concentration in the pore solution. This state of the reaction goes together with the
pressure increase. The composition of these reaction products is comparable to reaction products in concrete
aggregates; they typically have a low Ca/Si-ratio and relatively high alkali content [17-21]. The pressure in the
samples MS20 and MS40 increases later compared to sample MS10 because it takes longer for calcium
depletion to occur. On the other side, an earlier pressure increase is observed in the samples MS, MS2.5 and
MSS5 as portlandite is absent or present in only small amounts.

The formation of C-S-H results mainly in Q1,Q2-sites while the formation of A-S-H mainly results in
Qs-sites [12,15]. Garcia [22] observed an increase of porosity during the formation of Qs-sites in a system
with amorphous SiO» and alkaline solutions. Consequently, it can be expected that the observed pressure
increase goes together with the formation of Qs-sites. However, the composition of the reaction products
during the entire reaction has to be confirmed by data from nuclear magnetic resonance measurements
(NMR).

All samples MS to MS40 show about the same amount of Qs-sites [15]. If mainly the formation of C-
S-H with a low Ca/Si-tatio and A-S-H containing a high amount of Qs-sites is responsible for the pressure
increase, the relatively small difference in pressure of the different samples (after 14 days) seems reasonable.
The differences in pressure are then mainly caused by the differences in their elastic properties, as discussed
above.

The observed deformations and pressure changes apply to autogenous conditions. In an open system
where a transport of water to the reaction site is possible, the differences in volume and pressure between the

studied samples may change significantly.

5 CONCLUSIONS
A model system with micro silica, portlandite and alkaline solution was used to measure autogenous
strain and pressure development under restrained conditions. The results were compared with the ones of a

previous study in which the same model system was used.

e Autogenous deformations result in pressure changes shown by the same dependence of these two

parameters on portlandite content after a reaction time of 144 hours.



e The amount of reacted micro silica and amount of C-S-H formed at the end of the reaction have no
major influence on the resulting pressure. Their effect on pressure is likely based on the E-modulus that
can be expected to increase with increasing portlandite content.

e Pressure starts to develop after the main hydration occurred, as shown by the comparison with heat flow.

e Pore solution composition indicates that the pressure increases after the system is depleted in calcium.
Therefore, the pressute increase seems to go together with the formation of C-S-H with low Ca/Si-ratio
and A-S-H.

e NMR measurements are needed to verify the hypothesis of pressure increase as a result of the formation

of Qs-sites typical for A-S-H.
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TABLE 1: Composition of MS (L.O.I. = loss on ignition).
SiO; | ALOs | Fe;O3 | CaO | MgO | SOs3 | KoO | NaxO | TiO; | MnOs | P2Os | Cl F | StO | LO.L
92.8 | 0.94 0.13 | 036 | 0.74 | 0.54 | 1.09 | 039 | 0.01 0.03 0.05 | 0.12 | 0.07 | 0.01 | 2.66

TABLE 2: Mixtures for pressure measurements.

parts of NaOH solution per part of solid
. . MS MS 2.5 MS5 MS10 MS20 MS40
and molarity of the solution
1.8p 1.0M x! x! x! x1.2 x1.2 x1:2
1.4p 1.3M - - - X X X
1.1p 1.65M - - - X X X

I: samples used for measurements of autogenous shrinkage
2 : samples used for measurement of compressive strength

TABLE 3: Pressure after 14 days.

parts of NaOH solution per patt of solid and molarity of pressure [MPa]
the NaOH solution MS [ MS | MS5 | MS10 | MS20 | MS40




2.5
1.8p 1.0M 0.31 0.41 0.42 0.55 0.47 0.62
1.4p 1.3M - - - 0.63 0.78 0.37
1.1p 1.65M - - - 0.69 0.84 0.40
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FIGURE 1: Pressure cell (height of sample compartment given in millimeters).
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FIGURE 2: Autogenous strain of MS, MS2.5, MS5, MS10, MS20 and MS 40 as

a function of time.
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FIGURE 4: Pressure as a function of time of MS10 in NaOH.
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(IM) = 1:1.8).
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FIGURE 7: Heat flow and pressure as a function of time of MS10 in 1M NaOH
(mass-ratio solid:liquid = 1:1.8).
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FIGURE 8: Heat flow and pressure as a function of time of MS10 in 1M NaOH

(mass-ratio solid:liquid = 1:1.8).
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FIGURE 9: Composition of the pore solution and pressure as a function of time
(MS10 in 1M NaOH, mass-ratio solid:liquid = 1:1.8).





