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Alkali-silica reaction (ASR) is a major cause for concrete deterioration worldwide. However, the mechanism
leading to cracking has not been identified yet. In this study, the extended Surface Force Apparatus (eSFA) has
been used to determine the surface forces of alkali-silica solutions between two atomically smooth mica surfaces.
The setup imitates the situation present in reactive concrete aggregates with negatively charged silicate surfaces
and negatively charged polynuclear silica in solution. The distance of strong electrostatic repulsion increases

with increasing concentration of dissolved silica, leading to the buildup of pressure up to 6 MPa. When the
precipitation of ASR products in confined conditions is triggered by the addition of CaCly to the alkali-silica
solution, the resulting solidification pressure forces the mica platelets apart and reaches 6-13 MPa. The eSFA
experiments shows that solidification pressure is the mechanism leading to aggregate cracking and expansion of

ASR-affected concrete.

1. Introduction

The alkali-silica-reaction (ASR) is a physio-chemical reaction causing
severe deterioration of concrete structures worldwide [1-3]. ASR was
first identified and described in detail in 1942 [4]. Despite being in the
focus of concrete research since decades, the underlying mechanisms
leading to stress and cracking are still under debate.

In brief, the highly alkaline pore solution present in moist concrete
can lead to SiO, dissolution in reactive aggregate particles and to the
formation of an alkali silica sol within reactive aggregates followed by
the precipitation of ASR products composed of sodium, potassium, cal-
cium, silicon, oxygen and hydrogen [5-12]. This process generates
pressure and eventually leads to crack formation in the concrete.

A major difficulty in studying ASR is the identification of the first
ASR products in the pre-cracking state of the concrete, due to the small
quantities precipitated in pre-existing cavities of the aggregates (with
dimensions from nano- to micrometers) [13,14]. The addition of
caesium to concrete during production and its incorporation in ASR
products increases their back-scattering contrast in the scanning

electron microscope (SEM) allowing an easy product identification, even
in nanometer-sized cavities without altering the reaction [15,16]. As
such, the sequence of reaction can be followed coherently. The first ASR
products are formed within pre-existing voids in the aggregates at a
distance of a few micrometers to tens of micrometers to the interface
with the cement paste (Fig. 1a and b). With ongoing reaction, the pre-
cipitation of ASR products continuously proceeds towards the interior of
the aggregate (Fig. 1c). The progressing precipitation of ASR products
within the aggregates is linked to pressure formation leading to cracking
(Fig. 1d).

There is a gradient in the composition of the ASR products along this
pathway of precipitation, as the Ca/Si-ratio decreases with increasing
distance from the interface with the cement paste. After the initial stages
of the reaction, the Ca/Si-ratio and the (Na + K)/Si-ratio of ASR prod-
ucts are typically in the range of 0.25 [8,18-21]. On the other hand, the
Ca/Si-ratio of the initially formed products at the front of this inward
progressing precipitation (Fig. 1) can be as low as 0.05 [15,22].
Although calcium is a major component in cement hydrates, its solubi-
lity in the alkaline pore solution is relatively low due to the high pH
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values [23]. However, calcium is a governing factor for the precipitation
of ASR products. When added to an alkali-silica solution, calcium leads
to supersaturation and precipitation [24-30]. The importance of cal-
cium is underlined by the lack of typical ASR products and expansion in
mortars and concrete with strongly dissolved reactive aggregates but an
absence of calcium in the form of portlandite in the cement paste
[31,32]. The width of such cracks caused by ASR ranges from a few
micrometers up to dozens of micrometers [7,10,11,33,34]. Wider cracks
typically propagate into the cement paste and provide a pathway for the
highly concentrated alkali-silica solution present in the aggregates to
diffuse into the cement paste where the concentration of the dissolved
SiOs is low [23,35-38]. The abundance of calcium in the cement paste
leads to a fast precipitation of products either close to the interface with
the aggregates or along the newly formed cracks. As ASR products take
up calcium and release alkalis [11,19,39-43], the final products present
in the nearby cement paste are low Ca/Si-ratio types of C-S-H. The
process from cracking of the aggregates, formation of low Ca/Si-ratio C-
S-H along the cracks and stepwise widening of cracks is shown with its
special-temporal evolution in [33,34]. The initial ASR products formed
in the uncracked aggregate particles are usually amorphous [21],
although different crystalline ASR products can be formed along with
amorphous ones in the post-cracking state [13,18,21,44-47]. While
significant progress has been made in the characterization of ASR
products and the effects of ASR on concrete, the mechanisms generating
stress are not clearly identified yet. So far, pressure generation and
expansion have been attributed to two different processes.

e The most often postulated process is water uptake by the ASR
products after their formation, resulting in swelling [48-52]. It has
been proposed that the mechanism for water uptake is osmosis
[53-61]. However, effective expansive stresses from observations on
concrete structures and obtained by swelling gels in the laboratory
are significantly smaller than the ones derived from osmotic theory
[61]. Moreover, it was concluded from various tests restricting or
allowing water uptake by concrete specimens expanding due to ASR,
that both water imbibition by the ASR products and osmosis cannot
be the major cause for expansion [62,63]. In addition, detailed in-
vestigations of synthetic and natural ASR products at different hu-
midity levels have shown that no swelling occurs above 35 % relative
humidity and that the water uptake of ASR products was signifi-
cantly smaller than that of calcium-silicate-hydrate (C-S-H), the main
product of cement hydration [46,47,64]. This makes the swelling of
ASR products by imbibition of water an improbable cause for
macroscopic expansions.

The second proposed process is the generation of pressure by ASR
products directly during their formation within the aggregates.
Generation of pressure has been attributed to different mechanisms.

(a) (b)
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o It has been suggested that the doubling of the volume from (dis-
solved) silica in the aggregates to the precipitated ASR products in
confinement causes expansion [65-68]. However, no details about
the driving force of expansion are provided.

o Although scientifically not yet well explored, expansion could be
attributed to crystallization pressure caused by the formation of
ASR products within water containing small pores and narrow
cracks. Crystallization pressure is an accepted mechanism for
expansion of stones and concrete in the case of salt crystallization
and sulfate attack, where it is generally related to the high degree
of oversaturation of the precipitating solid [69-75]. Recent studies
suggest that there is a strong link between confined mineral growth
and occurrence of pressure caused by repulsive forces between
negatively charged solids in the range of several MPa [76,77]. As
silica surfaces become increasingly negatively charged with
increasing pH [78] it can be assumed, that the presence of both
negatively charged silica surface and precipitated ASR products,
which also have negative surface charge at pH values >10 [79]
results in considerable repulsive forces.

o The expansion due to ASR product formation has also been
assigned to electrostatic repulsion caused by overlapping double
layers after the precipitation of amorphous ASR products, for
which a pressure in the range of 2 to 10 MPa was estimated
[80-82]. The thickness of such double layers is below 1 nm and
decreases with increasing ionic strength [83]. Expansive pressure
calculated from surface charges of silica gel exposed to alkaline
solutions indirectly determined by potentiometric titrations indi-
cate that an expansive pressure of about 11 MPa at pH 10 can be
expected [82] as illustrated in Fig. 2. However, the experimental
results have been translated into a model requiring significant
changes in moisture level or a strong moisture gradient in the
concrete in order to cause expansion. None of the two situations is
usually present in ASR affected concrete structures or concrete
exposed to accelerated laboratory tests.

Surface forces play an important role in the development of crys-
tallization pressure and electrostatic repulsion. They are crucial in un-
derstanding the interactions between solid surfaces and their
surrounding environments. Direct force measurement techniques, such
as atomic force microscopy (AFM) [84,85], colloidal probe microscopy
(CPM) [86,871, and the surface forces apparatus (SFA) [88-91], provide
valuable methodologies for the investigation of such surface forces. The
SFA is a sensitive instrument designed to measure surface forces be-
tween two atomically smooth mica surfaces immersed in different lig-
uids confined to micrometer or nanometer dimension. By employing
Multiple Beam Interferometry (MBI) [88], a precise optical measure-
ment technique, the distance between these surfaces can be measured

(©

Fig. 1. Illustrative sequence of ASR with an aggregate particle (dark grey) embedded in the cement paste (light grey) of a concrete: (a) aggregate particle with pre-
existing micro-cracks, (b) precipitation of ASR products (white) starting close to the interface with the cement paste, (c) continuous precipitation towards the interior
of the aggregate particle and (d) cracking of aggregate and adjacent cement paste with the diffusion of alkali-silica solution into the cement paste and its precipitation

along the crack. Based on data from [15] and adapted from [17].
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Fig. 2. Electrostatic repulsion between two negatively charged silica surfaces,
which have been suggested to exert pressures up to 11 MPa at pH 10 [82].

with a resolution around 20 pm [92,93]. Such experimental configura-
tion enables the precise assessment of surface forces occurring at various
separation distances between the mica discs submerged, for example, in
alkaline solutions containing varying concentrations of dissolved SiO».

The experimental design of the SFA enables access to surface forces
at different time scales, facilitating the investigation of dynamic sys-
tems. Additionally, the SFA setup, with its larger contact area compared
to other mentioned direct force measurement techniques, provides a
valuable statistical analysis of the existing surface forces in a 10-20 pm
diameter nano-slit pore. In recent years, notable progress has been made
in hardware and software aspects of the SFA [92,94]. These advance-
ments led to the development of the extended Surface Force Apparatus
(eSFA), which is employed as the major experimental method in this
study.

Due to their possible major role in expansion caused directly by the
precipitation of ASR products, the present paper aims at determining the
surface forces in the presence of (polynuclear) silica dissolved in alkaline
solutions. Hereby, the negatively charged mica platelets used in the
eSFA can be regarded as a proxy for the negatively charged surfaces of
reactive silica in concrete aggregates. Solutions with various concen-
trations of SiO, are investigated with the eSFA for three distinct
scenarios:

Scenario A: Effect of an increasing SiO, concentration in alkaline
solutions.

Scenario B: Effect of precipitated products on the mica surfaces
during repeated surface approaches.

Scenario C: Effect of the precipitation of ASR products caused by the
addition of CaCl, to the alkaline solution.

Situation A mimics the increasing SiOy concentration within a
reactive aggregate particle during dissolution. Situation B mirrors the
continuous growth of products from two opposite crack walls to the
point of closure. The diffusion of calcium from the cement paste into the
reactive aggregate triggering supersaturation and the precipitation of
ASR products is imitated in Scenario C.

Before the eSFA experiments were executed, the mica platelets were
exposed to three different alkaline solutions with a maximum pH 13.4 to
study their stability in the alkaline environment. Subsequently they
were investigated with the scanning electron microscope (SEM) and the
atomic force microscope (AFM) to identify surface defects and their
dissolution limit.
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2. Materials and methods
2.1. Materials

The solutions used for assessing the chemical stability of the mica
platelets were produced based on an alkaline solution, S0.4, with a total
NaOH + KOH concentration of 0.40 M and a pH of 13.4 (Table 1).
Distilled water was added to different batches of solution S0.4 to reach
pH values of 11 and 9, respectively. The pH value was measured with a
Titrando 905 device with the corresponding pH-electrode (Metrohm,
Switzerland). The solutions used for the surface force measurement are
shown in Table 1. The alkaline solutions were produced with NaOH
(Fluka 71,692) and KOH pellets (Sigma Aldrich 221,473) and with
different concentrations of dissolved SiO (Sigma Aldrich 833,340). The
ratio between K and Na is based on the average value for Swiss cements.
KNO3 (Merck 1.05063.1000) was used for producing non-alkaline
reference solutions. The CaCl; solution (Sigma Aldrich 1,003,161,306)
to be added during the experiment exploring scenario C had a concen-
tration of 2.3 mmol/1. This concentration was chosen as it is in the same
range as the calcium concentration in the pore solution of cement pastes
and mortars at an age > 2 weeks with typical values of 1-3 mmol/]
[23,36]. Additionally, it allowed to reach a molar Ca/Si-ratio of 0.14 in
the solution that is in the range of ASR products at an early stage of the
reaction [15-17,21].

As a model substrate, ruby muscovite mica (further referred to as
mica) was employed in this study. Mica substrates possess the advan-
tageous characteristic of cleavage into atomically smooth sheets,
thereby minimizing the impact of surface roughness on measurements.
Additionally, mica can be cleaved into micrometer-thin sheets that
exhibit adequate transparency for conducting precise eSFA experiments.
A comprehensive overview of the physical and chemical properties of
mica can be found in [95]. The blocks of mica (purchased from S&J
Trading, USA), which were used both for assessing their stability in
alkaline solution and for the surface force measurements, have a typical
size of 10 mm x 10 mm and a thickness in the range of 2-7 pm.

Samples of a concrete doped with CsNO3 were used to help visualize
the different scenarios investigated by eSFA. The concrete was subjected
to an accelerated test protocol (concrete prism test conducted at 60 °C
according to [96]) and investigated at an age of 4 weeks. Specifics of the
mix design and sample preparation are given in [15].

2.2. Methods

2.2.1. Thermodynamic modelling

The Gibbs Energy Minimization software (GEMS-PSI) [97] was used
to calculate the solution composition and the expected pH values. The
built-in GEMS-PSI database [98] was completed with thermodynamic
data describing polynuclear silica species from Felmy et al. [99], which
includes dimers: Siz02(OH)s, Siz03(OH)3 ~, trimers: cyclic Sis0s(OH)3,
linear SisO5(OH)Z™, tetramers: cyclic Si4Og(OH)4~, substituted
Si4Os(OH)4™, cyclic Si406(OH)2™, linear SizO,(OH)¢™ as well as hex-
amers: prismatic SigO$5. It should be noted that potentially also octa-
meric silicates could from [100] and that the thermodynamic data
available describe aqueous silica complexes at high pH values and high
silica concentrations only poorly and often underestimate the silica
solubility at pH values above 12 [99,100]. The formation of quartz and
amorphous SiO; was suppressed during the calculations of solution
composition.

2.2.2. eSFA measurement technique

The extended surfaces force apparatus (eSFA) is an instrument used
in surface science research for the investigation of interactions between
surfaces and thin films [88,92,101]. The main purpose of the eSFA is the
measurement of forces occurring between two curved surfaces that are
submerged in a certain medium. The symmetric probing surface setup
consists of two homogeneous and identically thick sheets of mica,
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Table 1
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Composition of the different solutions and calculated pH values. The Si-complexes in the different solutions are calculated with GEMS (see paragraph 3.1).

Sample Composition pH at 25 °C Si species [%]”
[mol/L] [-1° monomer dimer trimer tetramer hexamer

RO.4 0.40 KNO3 7.0 - - - - -
RO.8 0.80 KNO3 7.0 - - - - -
S0.4 0.08 NaOH +0.32 KOH 13.4 - - - - -
S0.4-0.2 0.08 NaOH +0.32 KOH + 0.2 SiO, 12.9 62 11 9 18 <1
S0.4-0.4 0.08 NaOH +0.32 KOH + 0.4 SiO, 11.2 6 12 14 56 2
50.4-0.6" 0.08 NaOH +0.32 KOH + 0.6 SiO, 10.0 13 15 6 66 <1
S0.8 0.16 NaOH +0.64 KOH 13.7 - - - - -
S0.8-0.4 0.16 NaOH +0.64 KOH + 0.4 SiO, 13.2 92 3 2 <1
S0.8-0.8 0.16 NaOH +0.64 KOH + 0.8 SiO, 10.1 53 6 8 31 2
50.8-1.2" 0.16 NaOH +0.64 KOH + 1.2 SiO, 9.7 6 8 8 67 11

# pH values and aqueous silica speciation SiO, predicted by thermodynamic modelling.
b Formation of amorphous SiO, possible based on thermodynamic calculations, but not observed in the prepared solutions.

decorated by an evaporated thin layer of silver (thickness 40 nm) on the
outer side (Fig. 3). The mica sheets are glued with the silver side down
on silica discs (radius &~ 20 mm) with a thin (= 50 pm) layer of ther-
moplastic resin glue (Shell F1004) and thus support-bent into the cy-
lindrical shape. The cylinder axis are crossed at an angle of 90 and the
lower sample is elastically suspended via a double-cantilever spring,
while the upper sample is fixed to the upper frame. By moving the motor
by the amount M, the distance D between the surfaces can be varied.
During actuator action, the distance D is optically measured using
Multiple Beam Interferometry (MBI), thus allowing to calculate the sum
surface force F = k - (M — D); where k is the spring constant (here k =
1450 + 50 N/ m), M the actuator position and D the optical measured
distance. The measurement of the distance utilizing MBI involves a se-
ries of colored interference fringes transmitted upon white light illu-
mination. The peak-wavelengths of these so-called fringes of equal
chromatic order (FECO) carry the information of optical path in the
interferometer [93]. The data acquisition software (Fast Spectral Cor-
relation FSC V5, written in Labview 21) was used to process the detected
interference spectra in real-time.

The wavelength calibration of the spectrometer/CCD was conducted
using an Hg (Ar) lamp (ARC MS416, USA). Prior to each measurement,
the CCD's dark noise characteristics were recorded, along with the
acquisition of white light spectrum, ensuring the accuracy and reliability
of the peak-wavelength determination for subsequent experiments.

During the actual experiments the surface forces across various alkali
silica solutions, as outlined in Table 1, were investigated. This was
achieved by insertion of five individual droplets, each approximately
0.1 ml in volume, of the respective alkali silica solutions between two
mica sheets. In order to protect the bottom surface of the experimental
instrument, a thin water film (approximately 10 ml deionized water)
was applied. This water film did not come into direct contact with the
actual experimental system, but was in equilibrium with it via vapor
phase to keep constant relative humidity during the experiments. The

relative humidity in the experimental environment was quantified by a
Sensirion SHT31 (Stafa, Switzerland) humidity and temperature sensor.
For a reference measurement the sensor was positioned at the later
position of the sample surfaces. The real-time relative humidity was
continuously monitored and recorded throughout a 90-min period
subsequent to the vessel closing, resulting in a humidity level of (91 + 5)
%.

Once the surfaces and liquids were introduced, the instrument was
allowed to undergo thermal stabilization for 90-120 min without any
actuator action. The surface separation was continuously monitored to
record instrumental drift at a nominal surface separation distance of D
~ 3 pm. Following this stabilization period, isothermal surface force
cycles (approach-separation) were recorded with a constant actuator
speed of 1 nm/s. All measurements were conducted at a controlled
temperature of (22.00 + 0.02) °C outside the vessel.

2.2.3. Estimation of the contact area in eSFA experiments

The accurate estimation of contact area between surface discs in
eSFA experiments holds significant importance in comprehending the
interfacial forces exhibited by solid surfaces immersed in fluids. In
conventional eSFA experiments, the normalized force (F/R) serves as a
measure for the free energy, aligning with the principles outlined by the
Derjaguin approximation [102]. Based on experimental determination
of the contact area via a 3D scan [103], the pressure at a certain applied
force was calculated using an estimated contact area between the discs.
It is important to acknowledge that the contact area undergoes time-
dependent changes during the experiment, resulting from the
observed solidification effects in the alkali-silica solutions. The 3D
contact scans were conducted for solutions S0.4-0.4 and S0.8-1.2 in
scenario A and for the experiment in scenario C.

The precision (i.e. instrumental noise) of the eSFA in measuring
surface separation is typically +20 pm. To reduce the systematic errors
arising from an inaccurate interferometric definition, a multiple

SRR ENY

Dgjlver Dsi[ver
optically D — 900 Dica Dinica
gap .
measured mechanically D
1,
M controlled g eap
movement

k Npyica Dmica
Dgjlyer Dsilver

40 nm thin silver layer

Fig. 3. Schematic representation of the Surface Forces Apparatus with the corresponding interferometer definition. Left: mechanical loop for force measurement;

Right: Cross-section of thin film interferometer used as surfaces.
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parameter fitting based on a 255-set spectra, recorded at different dis-
tances in dry nitrogen, was employed to extract the accurate uncom-
pressed thickness and refractive index model of mica for each individual
sample set. Typical drift rates of the eSFA (i.e. change of surface sepa-
ration without actuation) after 2 h stabilization is typically <20 pic-
ometer/min. A deeper discussion of further possible systematic and
statistical errors is provided in references [92, 94].

2.2.4. Scanning electron microscopy

The scanning electron micrographs to investigate the mica surface
after contact with alkaline solutions were conducted on a Hitachi S-4800
Scanning Electron Microscope (SEM) operating at accelerating voltages
of 20 kV in the secondary electron mode (SE). The mica sheets were
coated with Au/Pd (7 nm) before analysis.

The concrete was analyzed using a scanning electron microscope
(SEM) FEI Quanta 650 at a pressure of 2.5-4.0 x 107° Torr. Chemical
analysis was performed by energy-dispersive X-ray spectroscopy (EDS)
with a Thermo Noran Ultra Dry 60mm? detector and Pathfinder X-Ray
Microanalysis Software. The acceleration voltage used for imaging and
EDS point analysis was 12.5 kV.

3. Results
3.1. Silica species in solution

Thermodynamic modelling indicated that the kind of Si-complexes
expected in the solution depends both on the Si concentration as well
as on the pH values. Below 300 mM of total Si, monomeric Si-species
(mainly (SiOz(OH)%’) dominate the solution composition, while at
higher Si concentrations highly negatively charged tetrameric Si-species
(mainly cyclic Si4Og(OH)ﬁ_, substituted Si4Og(OH)ﬁ_, and linear
Si407(OH)é’) are dominant, as illustrated in Fig. 4 and summarized in
Table 1. The modelling in Fig. 4 also shows that those negatively
charged Si species lower the hydroxide concentrations and thus the pH
values at higher SiO, additions. At very high SiO, additions, over-
saturation with respect to amorphous SiO, gel was calculated, but not
observed experimentally in (most of) the prepared solutions. This is
probably due to formation of additional, stable polynuclear silica spe-
cies, which are not captured in the used thermodynamic database
[99,100].

SiO, oversaturated

(a) 0.08 NaOH +0.32 KOH
[

- 14
..pH
1 [ s -
totdlS
12
Q
- iy
<01
o
= / 10
(%]
[
9
0.01 8
0 02 04 06 08 1 12

total Si in solution [M]
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3.2. Stability of mica

The mica surfaces exposed to alkaline solutions of pH 9 and 11
studied with SEM show no signs of dissolution and are identical to the
untreated reference sample (Fig. 5). An increase of surface roughness is
however observed in the case of the mica exposed to a highly alkaline
solution of pH 13.4.

3.3. Scenario A: increasing SiO2 concentration

The solutions S0.4 (0.4 M KOH + NaOH) and S0.8 (0.8 M KOH +
NaOH) show similarly shaped onset of repulsive forces in the eSFA ex-
periments like the two reference solutions with KNOgs, however, with the
strong repulsion occurring already at a slightly larger distance (Fig. 6).
An increase in the concentration of dissolved Si in the solution S0.4-0.2,
S0.4-0.4 and S0.4-0.6 leads to a corresponding increase of surface
forces as shown by the increasing distance at which we record repulsion,
even though a lower pH value is expected (see Table 1). Moreover, the
shape of the curves changes from a sharp increase of repulsion at
decreasing distance to a more continuous increase in those solutions,
where polynuclear Si408(OH)ﬁ’ dominates (S0.4-0.4 and S0.4-0.6).
The same can be observed for solutions S0.8. However, solution
S0.8-1.2 shows a sharp increase again resembling the curve shape of the
solutions without dissolved SiO,, albeit at a larger surface separation.
This could indicate the formation of an additional solid phase (possibly
amorphous SiOy) at the surface of the mica during the experiment.

In a variation of the experiment, the concentration of the solution
was changed outside the slit pore (i.e. under continued repulsive
confinement). Starting with solution S0.4-04 the distance is decreased
until the motor reaches its maximal available load. After stopping the
motor, an external load of approximately 5 mN is applied and the sy-
ringe portal is opened. One droplet (~ 0.1 ml) of solution S0.4-0.6 is
added to the ~ 0.5 ml of solution S0.4-04 increasing the concentration
of dissolved SiO5 from 0.40 to ~ 0.43 mmol SiO5 in the meniscus around
the contact area. After this increase of concentration in the droplet, the
instrument is sealed and stabilized again; the thickness of the confined
film increases against the externally applied compressive load after a
short delay of 1-2 min and grows to a value of approximately 17 nm
within 12 min to reach 22 nm thickness (Fig. 7), illustrating again that
increasing silica concentrations increase surface forces. Due to the
relatively soft spring (k = 1450 N/m) that presses the surfaces together,

(b) 0.16 NaOH + 0.64 KOH

SiO, oversaturated

H e 14
........ p
P P N
------- 13
= tetramer
S 12
=
® =%
% / 11
£0.1 /
— /
. / 10
9
0.01 8

0 0.2 0.4 0.6 0.8 1

total Si in solution [M]

1.2

Fig. 4. Calculated Si-speciation and OH™ concentration in 0.4 (a) and 0.8 M (b) alkali (Na + K) hydroxide solution based on the thermodynamic data for polynuclear

silica species from Felmy et al. [99].
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(a) reference, untreated

(¢)S04,pH=11
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(b)S 0.4, pH=9

(d)S04,pH=134

Fig. 5. SEM images of (a) reference sample without treatment, (b) mica in S 0.4 (pH = 9), (¢) mica in S 0.4 (pH = 11), (d) mica in S 0.4 (pH = 13.4). Before SEM

measurements, the samples were immersed in each solution for 2 h.

(@)
35
S — = 0.4KNO3
304! 5 MPa — S 0.4
;; —— 50402
E 251, — 50404
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351~
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2511 — 50808
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] [
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Fig. 6. Measured force/radius as a function of separation distance for the KNOj3 reference and solutions S0.4 (a) and S0.8 (b), as specified in Table 1, measured after
2 h. The arrows indicate reference locations in the curves where we quantitatively estimated confinement pressures for solutions S0.4-0.4 and S0.8-12 utilizing the
experimentally measured contact area (i.e. contact model independent approach).

the nominal increase of external force is only 31puN.

3.4. Scenario B: buildup of precipitated products observed upon repeated
approaches

Solution S0.8-1.2 shows a sharp increase of surface forces when
closing the slit pore, which is in contrast to the other solutions (Fig. 6).
This may indicate the occurrence of solid surface precipitation (see
paragraph 4.2), which was then further explored by repeated ap-
proaches of the mica surfaces. During the first approach, 1 h after
insertion, the strong repulsion occurs at a distance of D(F = 5mN/m) =
15 nm (Fig. 8). Subsequently, the mica surfaces are separated to a dis-
tance of ~ 1 pm. Repeated approach separation cycles are performed.
The distance of strong repulsion is continuously increasing up to ~ 42
nm in the last approach (Fig. 8). In all approaches the curve shape is the

same with a sharp increase of repulsion.

3.5. Scenario C: effect of ASR product precipitation enforced by CaCly
addition

In order to induce precipitation of the alkali-silica solution and to
measure its effect to the surface forces, the following procedure is
implemented. A first surface approach is performed using one droplet
(~ 0.1 ml) of solution S04-04. The external load is increased to the
instrumental maximum of L ~ 10 mN. Under load, five droplets (~ 0.5
ml) of CaCl; solution with a concentration of 2.3 mmol/] are carefully
added to the S 0.4-0.4 solution in form of a growing droplet meniscus
between the muscovite mica sheets. After addition and short equilibra-
tion, the molar Ca/Si-ratio in the solution is in the range of 0.14. Shortly
after droplet manipulation and resuming eSFA distance measurements, a
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Fig. 7. Distance measurement as a function of time after increasing the SiO,
concentration of solution S$0.4-0.4 by adding solution S0.4-0.6
under confinement.

film thickness of ~ 6.5 nm is recorded (Fig. 9). The film thickness then
continuously increases by an additional 16 + 2 nm over the next 15 h up
to ~ 23 nm, indicating the continued formation of a solid product.
Again, the external load is constantly maintained on the slit pore. The
film thickness eventually equilibrates. The same experiment is per-
formed with a droplet of distilled water serving as a null reference of the
reaction. Notably, in presence of water there is no film thickness
expansion observed. Rather, the film thickness shows small isothermal
fluctuations within an amplitude of +2 nm over a total duration of over
16 h.

From the known external force and the 3D geometry of the so formed
contact area, one can readily estimate the generated pressure. Fig. 10
depicts the initial and final contact geometries, revealing considerable
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deviations from a round contact in the lateral X and Y directions. The
contact area was defined at a film thickness cutoff of 0.5 nm and an
additional one of 1 nm above the smallest value (Fig. 10). With the
known external load, the pressure can now be estimated in a contact
model-independent fashion. The difference in the initial pressure and
the pressure at the end of the experiment corresponds to a value of
approximately 6-13 MPa at the point where the distance stabilizes after
about 15 h.

3.6. Consequences for reactive concrete aggregates

Similarly to the experiments discussed above, also the formation of
ASR products in concrete occurs in different situations within narrow
pores in aggregate particles as illustrated in Fig. 11. The locations cho-
sen for imaging and analysis of the concrete are exemplary for the sit-
uation of reactive but uncracked aggregate particles. Analysis of pores in
the reactive quartzite, which was used as aggregate in this concrete,
reveals that the cavities are mainly narrow gaps between adjacent
quartz grains. In the first micrometers to tens of micrometers distance
from the surface of the aggregate particles in contact with the cement
paste, a low Ca/Si-ratio C-S-H is present in the pores of the aggregates,
while further towards the interior of the particle, ASR product is present
(Fig. 11). At this early stage of the reaction, the ASR products can extend
a few hundred pm to a few mm into the reactive aggregates. However,
they are expected to display a gradient in their composition with a
decreasing calcium content with increasing distance from the surface of
the aggregate. As the alkali content of the ASR products shows little
variation [17,21] and the SiO; content is influenced by the quartz pre-
sent in the interaction volume of the electron beam during EDS analysis,
the calcium content is expressed as the molar Ca/(Na + K + Cs)-ratio in
Fig. 12. The ASR products reaching the furthest into the aggregate
display a Ca/(Na + K + Cs)-ratio of ~ 0.4. This typically corresponds to
molar Ca/Si-ratio of ~ 0.10 [16]. It can be expected that alkaline pore
solution containing negatively charged (polynuclear) silica species dis-
solved from reactive SiO; is present in the pores not filled with ASR
products. The locations corresponding to the different scenarios
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Fig. 8. Time-evolution of the measured force/radius as a function of separation distance for solution S0.8-1.2.
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Fig. 9. Optically measured distance after insertion of CaCl, (blue line) or
reference deionized water (orange line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

investigated by eSFA are indicated in Fig. 12.

The way cavities in aggregate particles are filled is evident in the case
of relatively wide cracks (Fig. 13): ASR products grow from the mineral
surfaces into the cavity until it is filled with products. This situation is
representative for the filling of any type and size of pore or crack and is
represented in scenario B in the eSFA measurements. However, there the
precipitation is caused under confinement by the approaching mica
surfaces. In the aggregate particles the surface of ASR products facing
each other approach due to their ongoing precipitation. The surface
roughness of the ASR products shown in Fig. 12 is in the range of a few
hundred nm and as such considerably larger than the film thickness
obtained by surface approach in the eSFA measurements, i.e. sharp in-
crease of repulsive forces (Fig. 8). Because of these various differences,
the situation as present in aggregate particles and shown in Figs. 12 and
13 was labelled with scenario B'.
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4. Discussion
4.1. Stability of mica

No defects of the mica surface are observable with SEM and AFM
after an exposure to alkaline solutions up to pH 11 (Fig. 5). Conse-
quently, alterations of the mica surface and possible effects on the
measurements with the solutions S0.4-0.4, S04-0.6, S0.8-0.8 and
S0.8-1.2 can be excluded. On the other hand, the measurements with
solutions S0.4 and S0.8 with a pH > 13, and possibly the ones with
S04-0.2 and S0.8-0.4, may be affected by surface alterations of the mica
caused by dissolution. When the results obtained with the two reference
solutions 0.4 KNO3 and 0.8 KNO3 are compared to the one of S0.4 and
S0.8, the measured surface forces differ. A strong repulsion is observed
at a slightly greater distance in the case of solutions S0.4 and S0.8, which
is attributed to the higher pH values and thus increased negatively
charged mica surfaces. The differences may also partially be influenced
by the increased surface roughness of the mica. A dissolution of mica
would cause a smaller apparent film thickness, such that the effect of
mica dissolution must thus be minor or negligible compared to the
impact of pH and caused by the negatively charged dissolved silica
species at pH 13.4.

4.2. Scenario A: increasing SiO2 concentration

The increase of the SiO, concentration goes together with an increase
in the proportion of negatively charged polynuclear silica (Table 1,
Fig. 4). As a result, the distance between the mica surfaces where strong
repulsion occurs is increasing with increasing concentration of (poly-
nuclear) silica. The shape of the force curves with a “soft” continuous
increase, in contrast to the steep increase of the reference solutions,
suggests that there is a structural rearranging of polynuclear silica
during the approach of the mica surfaces. This clearly underlines that
the solutions are in a non-equilibrium condition during the approaches
and gelation may occur. A steep increase of pressure similar to the
reference solutions without SiO» is only observed in the case of solution
S0.8-1.2. This strongly suggest the precipitation of a solid, most prob-
ably amorphous silica or an alkali-silicate-hydrate, on the surface of the
mica. Here, it can be considered that S0.8-1.2 is saturated with respect
to amorphous silica as indicated by thermodynamic modelling (Table 1,
Fig. 4), as discussed further in Section 4.3.

These results can be transferred to the situation present in reactive
concrete aggregates where the alkaline pore solution leads to the
dissolution of SiO,. The repulsive forces between the aqueous negatively
charged (polynuclear) silica species themselves and their interaction
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Fig. 10. 3D scans of the contact area (a) immediately after the approach in S 0.4-0.4 and insertion of CaCl, and (b) at the end of the measurement (after 16 h). The
experimentally determined contact area (dotted line), for 0.5 nm (black) and 1 nm (grey) above the experimentally measured contact values, is used for the

calculation of the pressure.
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fracture plane of aggregate particles will only be present at locations
where the minimum distance between negatively-charged silicate sur-
faces falls below 30 nm (Fig. 6). Based on microstructural observations
(Fig. 11, [15]), these conditions can be expected to be met only by a
certain area percentage of the cross-section. As a result, the calculated
pressure of 5-6 MPa exerted by the negatively charged polynuclear
silica is redistributed accordingly. For example, if the criteria of a dis-
tance <30 nm is only met by the cavities in 50 area-% of a potential
fracture plane in aggregate particles, the average pressure is reduced by
a factor of 2. The percentage of pores <30 nm is aggregate-specific and
can exhibit large variations between different rock types [104-107].

quartzite cement paste g

4.3. Scenario B: effect of precipitated products during repeated
approaches

T The increasing distance of strong repulsion during the repeated ap-
e proaches in the eSFA indicates that a layer of solid with increasing
thickness is forming on the mica surfaces. The identical shape of the

Fig. 11. Interface between an uncracked quartzite particle and the cement

paste. Low Ca/Si-ratio C-S-H partly fills the cavities between adjacent quartz curves during consecutive approaches indicates that very similar surface
grains close to the interface (white arrows) and whitish ASR products con- forces are present. The precipitation of the solid in the solution S0.8-1.2
taining caesium completely fill the gaps towards the interior of the quartzite saturated with amorphous SiO is likely spontaneous and not necessarily
particle representing scenario C (starting at the location of the dotted black linked to the approaches. This is indicated by the differences in the

arrows). The width of the original cavities between adjacent quartz grains
resolved with the used magnification ranges from 20 to 350 nm. Concrete
doped with CsNOs.

with the negatively charged surfaces of the silicate minerals in the
aggregate cause electrostatic repulsion and thus pressure. This pressure
increases with increasing SiO; concentration caused by continuous SiO5
dissolution.

The difference between the situation in the eSFA measurements and
the situation within the reactive aggregate particles in concrete are the
varying parameters. In the eSFA measurements the distance between the
negatively charged mica surfaces and the SiO, concentrations are var-
ied, while only the SiO; concentration is changing within the aggregate
particles. Here, the growth of the formed film against a constant
compressive load in the experiment where SiOy concentration was
increased provides a direct link to the situation in reactive aggregate
particles. The fact that the mica platelets are pushed apart due to the

increase of SiO5 concentration clearly shows that a comparable increase g | w s a1 | HAW — e p—
in the pore solution of aggregate particles leads to the generation of R e e
positive pressure. In the pre-cracking state, the pressure exerted by the Fig. 13. ASR products starting to fill a relatively wide crack in a quartzite
negatively charged silica species in the cross-section or potential particle by growing from opposite crack walls, representing scenario B'.
scenario A scenario C L 1.4
(repulsive forces of Si- (solidification pressure due to &
polymers) precipitation of ASR products) ol 1.2
~~
>< >8> | @
. QB0
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Fig. 12. Atomic Ca/(Na + K + Cs)-ratio of products formed in the gaps between adjacent quartz grains in the uncracked aggregate particle shown in Fig. 11 as a
function of the distance to the interface with the cement paste. The dotted black arrow indicates the transition point between low Ca/Si-ratio C-S-H and ASR
products. The locations where scenarios A, B’ and C apply are indicated.
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results with solution S0.8-1.2 in scenario A and in scenario B. The time
between insertion of the solution and the approach in scenario A was
two hours and in scenario B only one hour. The higher distance of strong
repulsion in scenario A compared to scenario B indicates that a thicker
layer of solid has formed after two hours compared to one hour.

In reactive aggregate particles, the gaps between adjacent silicate
minerals differ from a few nm to several pm. Additionally, there are
pores of varying shape and size. After cracking, crack width can increase
to tens of pm. In such different types of cavities, ASR products typically
precipitate on the surface of the minerals bordering the cavities
(Fig. 13). As precipitation continuously progresses, the distance between
products precipitated on the opposing sides of the cavities is decreasing
until they reach the distance of repulsion (~ 30 nm). When the distance
of repulsion is reached, the pressure between the negatively charged
dissolved silica species and the negatively charged precipitated products
is generated in the same way as shown in scenario A. In regard to the
surface forces at play during this process, the thickness of the two layers
seem to have a negligible influence, as indicated by the eSFA measure-
ments. The precipitated products eventually start to grow together. In
the case of intergrowth, scenario C comes into effect.

4.4. Scenario C: effect of ASR product precipitation enforced by CaCly
addition

The addition of the Ca to an alkali-silica solution leads to supersat-
uration and precipitation of a solid ASR product [26-29,108]. This ap-
plies as well to solution S0.4-0.4 after the addition of CaCly. The molar
Ca/Si-ratio in the solution after the addition of the CaCl, is approxi-
mately 0.14. If the precipitated product exhibits a similar Ca/Si-ratio, it
is in the range of amorphous ASR products formed in concrete
[16,17,21]. Synthesized ASR products with a similar Ca/Si-ratio are
dominated by Q3-sites (Si-tetrahedra with three bridging oxygen atoms
typical for a layered Si structure) and to a lesser amount by Q?-sites (Si-
tetrahedra with two bridging oxygen atoms typical for a chain like Si
structure) [21].

The precipitation of the ASR products is linked to the direct gener-
ation of pressure that pushes the mica platelets apart in the eSFA (Fig. 9).
In concrete aggregates, it is sustained by the diffusion of alkalis, calcium
and silica to the precipitation sites (Figs. 11-13) and the pressure is
generated by the electrostatic repulsion between the negatively charged
precipitate, the negatively charged (polynuclear) silica in solution and
the negatively charged aggregate surfaces, as illustrated in Fig. 14. The
pressure generated by the precipitation of the non-crystalline ASR
product can be described as a solidification pressure observed as
repulsive forces. Consequently, pressure generation is not related to
water absorption of ASR products.

The asymptotic stabilization of the distance between the mica
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surfaces in scenario C after 15 h (Fig. 9) indicates that the system is close
to equilibrium conditions. If it is considered that the force transmission
across precipitated ASR products exhibits a certain degree of heteroge-
neity, one can still estimate average pressure and peak pressure within
the established contact area (Fig. 10). In this context, the punctual
pressure in the contact area may exceed the indicated range of 6-13 MP
for the average pressure. In any case, the solidification pressure of
approximately 6-13 MPa calculated in the eSFA experiment based on
the measured force and the contact areas determined by 3D scanning is
equal or higher than the one exerted by polynuclear silica in solution
(5-6 MPa, Fig. 6). Moreover, there is another significant difference be-
tween them. The precipitating ASR products fill cavities in reactive
aggregate particles that are far wider than the ones <30 nm required for
pressure generation by polynuclear silica in solution (scenario A). As
such, the generation of pressure is not limited to a specific cavity width.
Based on this consideration the pressure caused by the negatively
charged polynuclear silica has to be regarded as subsidiary to the so-
lidification pressure between ASR product and the surrounding solid
providing confinement, particularly in wider pores within concrete
aggregates.

Due to the ongoing precipitation of ASR products towards the inte-
rior of the aggregate particles, the percentage of filled cavities in their
cross-section or potential fracture planes is increasing. This process goes
along with a continuous increase of solidification pressure that reaches
its maximum when the cavities in the entire cross-section are filled.
However, aggregate particles may crack before this stage is reached as
described in [15].

In order to establish the link between the pressure exerted by ASR
products and the consequences for the generation of cracks in aggregates
and concrete, the experimental results have to be embedded into a
poromechanical framework considering various effects like creep,
shrinkage, cement paste elasticity, restraint and anisotropies
[68,109-121].

5. Conclusions

The surface forces between mica platelets in alkaline solutions con-
taining various concentrations of dissolved SiOy have been studied with
an extended surface force apparatus (eSFA). Three scenarios (A-C) have
been investigated and the obtained results have been projected on the
situation present in reactive concrete aggregate particles. Based on the
results the following conclusions can be drawn:

e Scenario A: Increasing the concentration of dissolved SiO; in highly
alkaline solutions leads to a considerable increase of the repulsive
forces between the negatively charged polynuclear silica in solution
and the negatively charged mica surfaces. The resulting pressure can

& Si-0 tetrahedra
© potassium

O calcium

Fig. 14. Schematic illustration of the electrostatic repulsion in scenario C with the precipitation of ASR products between the mica surfaces after adding CaCl,.
Alkalis, calcium and dissolved silica diffusing to the precipitating ASR products (black arrows) lead to the formation of more ASR products. The solidification pressure
(F) between the ASR product, the negatively charged silica in solution and the negatively charged surrounding silicates widens the gap. The structure of the shown
amorphous ASR product is based on K-shlykovite [64]. Sodium and hydoxide are not shown for reasons of simplification.
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reach maximally up to 6 MPa, when the distance between the mica
surfaces is <30 nm. As such, it can be expected that ongoing SiOy
dissolution and increasing concentration of negatively charged
polynuclear silica in reactive aggregate particles leads to comparable
pressure in pores <30 nm.

Scenario B: The precipitation of solid alkali-silicate-hydrates on the
mica surfaces using a highly concentrated alkali-silica solution is
confirmed by the increasing distance of strong repulsion during
repeated approaches. The constant shape of the force curves in-
dicates comparable repulsive surface forces with increasing thick-
ness of the surface layers. Accordingly, the closing of cavities in
aggregate particles by the growth of ASR products from the opposing
mineral surfaces leads to the generation of repulsive forces by the
negatively charged solids when the distance falls below approxi-
mately 30 nm.

Scenario C: Forced precipitation of ASR products by adding CaCl; to
alkali-silica solution in confined conditions leads to the formation of
solid ASR products and the generation of pressure in the range of
6-13 MPa. The pressure generated by the electrostatic repulsion
between the negatively charged precipitate, the negatively charged
(polynuclear) silica in solution and the negatively charged mica
surfaces can be regarded as solidification pressure. As such, pressure
generation is not linked to water absorption of the ASR products.
In concrete, the precipitation of ASR products towards the interior of
aggregate particles increases the percentage of filled cavities in their
cross-section or potential fracture planes. This process goes together
with a continuous increase of the solidification pressure that may
lead to the cracking of aggregate particles at any point of the pro-
gressing precipitation.

The mechanism leading to the cracking of aggregate particles and
concrete due to ASR is identified as solidification pressure exerted by
precipitating negatively charged ASR products and to a lesser extent
to the pressure exerted by dissolved polynuclear silica before the
point of precipitation is reached.
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