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S1. Subproject I: Materials and methods
$1.1. Scratch-tracking method

The scratch tacking method has been used to identify which
minerals in a composite aggregate are most susceptible to
ASR using a reactive Alpine aggregate from Praz in
Switzerland (P aggregate, gneiss/quartzite). Table 1 shows
XRD and XRF results, indicating that P aggregate contains
almost 56 wt. % of quartz (Si0,), 8 wt. % of potassium
(KAISi30s) and 8 wt. % of sodium feldspars (NaAlSi;Og). In a
first step, aggregates with size fraction of 1-2 cm were
impregnated with epoxy and polished. SEM images of the
polished surface were collected from identical locations
before and after 21 and 60 days of dissolution in 0.4M KOH
solution at 38 °C. The extent of dissolution was quantified
based on aligned SEM images of the same areas as further
detailed in [1]. Based on the area occupied by the scratches
before and after dissolution, the increase of the scratch
surface area fraction (ASSAF (%) is calculated [1,2].

$1.2. Solution analysis

The dissolution rates of amorphous silica (synthetic silica
powders), quartz, K-feldspar and Na-feldspar were studied in
the presence of different ions (such as Al (0.1 - 3 mM), Fe, Mg
and Ca (3 mM), Li (10 — 400 mM), Na, K and Cs (400 mM) and
sulfate (50 and 200 mM)) at high pH values in aqueous

solution [2]. The increase of Si concentrations with time was
measured in highly diluted samples (liquid to solid ratio = 500
mL to 0.5 g) at 20, 40 and 60 °C. The concentration of Si
released from the solids was measured using Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) or
lon Chromatography (IC) in small aliquots of the solution, and
the slope of the Si concentration as a function of time was
used to fit the Si release rate as detailed in [2].

S2. Subproject Il: Materials & Method

For the concrete samples produced in the lab and exposed to
accelerated conditions, five batches were prepared with P
aggregate (Table 1). 1770 kg/m? of aggregates were used with
a maximum aggregate size of 22.4 mm. Binder content was
400 kg/m® with a water-to-binder ratio of 0.46. The binder
used and their relative proportions in mass-% are given in
Table 2 and the composition in Table 3.

The samples were cast in moulds of 70x70x281 mm?. After
demolding at 24h, the prisms were stored in water vapour
(WV) at 60°C (T60) according to the Swiss standard SIA 262-1
[3]. After 2 and 4 weeks (PC), and 20 weeks (PC+FA and
PC+LC%) in accelerated conditions, samples from the prisms
were taken, dried for 3 days in air at 40°C, impregnated with
epoxy and polished according to method specified in [4].
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Table 1. Chemical and mineralogical composition of the P aggregate, reproduced from [1]

Technique | Component P
SiO2 68.0
Al;0O3 7.2
CaO 8.9
XRF K20 2.2
(wt. %) MgO 1.9
Fe 03 1.4
Naz0 1.4
SO; 0.1
Quartz: SiO; [ICSD 174] 55.5
Feldspar: Albite: NaAlSizOs [ICSD 87657] 8.2
XRD Feldspar: Microcline: KAISisOg [ICSD 83531] 7.9
(wt. %) Mica: Muscovite: KAl>(AlSiz010)(OH)2 [ICSD 75952] 7.4
7 Calcite: CaCOs [ICSD 73446] 15.2
Dolomite: CaMg(COs). [ICSD 66333] 4.5
Amorphous/non-crystalline 1.3
Table 2. Binder proportions for each concrete mix.
In mass-% Cement Siliceous FA Calcined Clay | Limestone Na20kq.
OPC 100 0 0 0 0.83
FA 70 30 0 0 0.77
Lcé 55 0 30 15 0.57
Lc3t 55 0 30 15 0.80
LC3? 55 0 30 15 1.25

! boosted with NaOH to reach a Na>Oeq of 0.80 mass-%
2 boosted with NaOH to reach a Na,Oeq of 1.25 mass-%

Table 3. XRF results of the raw materials used to produce the concrete in mass-%. LOI: loss of ignition.

Limestone | Calcined clay | Fly Ash PC
SiO2 0.11 49.74 50.54 20.45
Al;03 0.00 41.78 24.70 4.39
Fe203 0.04 2.30 9.29 3.01
Ca0 54.96 0.20 5.07 64.48
MgO 0.20 0.10 2.88 1.66
SO3 0.03 0.00 0.71 2.83
Na20 0.06 0.30 1.05 0.24
K20 0.01 0.10 4.10 0.89
TiO2 0.01 3.40 0.95 0.34
P20s 0.00 0.09 0.00 0.28
MnO 0.00 0.02 0.00 0.06
Others | 0.00 0.00 0.00 0.10
LOI 42.60 1.85 0.71 1.30
Na0 eq | 0.06 0.37 3.75 0.83
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Samples from the field (PC concrete) were also taken and
prepared in the same way. Using a SEM, various area of
interest were localized, according to the following criteria:

- Located in the aggregate, a minimum of 100 um away
from the cement-aggregate interface

- Located between adjacent quartz grains

The area of interest, cracks containing ASR product, were
then cut with a FIB and later analyzed in a TEM in STEM mode
and additionally performing selected area electron diffraction
(SAED) according to [4].

S3. Subproject Ill: Materials and methods
$3.1. Materials

In subproject lll, samples from both ASR-damaged concrete
(field samples) and laboratory-synthesis were studied. Details
can be found in our published work [5-7]. In brief, Mels1, ES1
and ES2 are from naturally damaged concrete in Mels
(Switzerland), Valencia (Spain) and Milan (Italy), respectively.
‘N1’ was obtained from a concrete subjected to the
Norwegian 38 °C prism test for two years. For 3D tomographic
XRD study, a sub-volume containing an ASR product vein was
extracted from ES1 using focused ion beam (FIB). Reference
minerals mountainite and shlykovite were obtained from a
Russian mineralogy research group. SKC and SNC are
shlykovite-type samples synthesized by subproject IV at 80 °C
for three months [8]. A calcium-silicate-hydrates (C-S-H)
sample with significant K uptake was also studied, denoted as
K_CSH.

S3.2. Methods

2D Micro-XAS study was conducted at the PHOENIX beamline
of the Swiss Light Source (SLS) using settings given in [5]. The
XAS at Ca, K and Na K-edge were obtained at the locations of
interest and analyzed using the Athena package.

3D tomographic micro-XRD study was conducted at the
microXAS beamline of the SLS with details given in [9]. The
sample was subjected to R.H. varied from 10% (dry), 38%
(ambient) to 97% (wet). At each R.H. the XRD scan was
conducted at every 1.6° angle over a full rotation angle of
180°. The full rotation was conducted at several consecutive
vertical positions of the sample. Reconstructions were
conducted with both florescence signal and intensities of
selected XRD peaks, using the Astra Toolbox library based on
simultaneous iterative reconstruction technique (SIRT) [10].

S4. Subproject IV: Materials and methods
$4.1. Materials

Various types of ASR products were synthesized at 20, 40, 60,
and 80°C by mixing amorphous silica (hydrophilic silica (SiO>),
surface area 200 m?/g, from EVONIK industries) with freshly
burnt CaO (obtained by burning calcium carbonate for 12 h at
1000 °C) and NaOH and/or KOH pellets at designated
portions. Samples with different K/Na ratios (0, 1.0, 2.3, and
6.1) and Na/K ratio of O were prepared with a constant molar
(K + Na)/Si ratio of 0.5 and Ca/Si ratio of 0.25 as reported in
previous studies [8, 11-15].

S4.2. Methods

The synthetic ASR products are characterized using various
laboratory techniques, such as SEM/EDX, TGA, XRD, FTIR,
NMR, Raman and DVS [8, 11-15]. For comparison, ASR
products formed in concrete were also characterized.
However, due to the small amounts of ASR products formed
in concrete aggregates, these ASR products are mainly
characterized at micro-scale using SEM/EDX and Raman
spectroscopy. In a few cases, where sufficient amounts (a few
mg) of ASR products were sampled from ASR-affected
concretes, the ASR products are also characterized with
capillary XRD and DVS methods. These data are compared
with those of synthetic ASR products to confirm the
representativeness of ASR products synthesized in the
laboratory [16,17].

S5. Subproject V: Materials, methods and

multimedia results

S5.1. Materials

The results reported in this work were obtained for
40x40x160 mm? concrete specimens cast with the U
aggregate. It is mainly constituted of micro-crystalline quartz,
including small amounts of amorphous SiO, (mainly in the
form of detrital chert fragments and siliceous inclusions in the
cementing intergranular regions), feldspar and calcite [18].
The maximum aggregate sieve size was 11.2 mm. 1647 kg/m?
of aggregates and 450 kg/m3 of PC (Table 3) at a w/c of 0.50
were used for concrete production [19]. Inert BaSO,4 [20] was
added in the amount of 43 kg/m?. Additionally, 13.6 kg/m? of
CsNOs; was added. Cs is incorporated into the ASR products
[21]. It increased their X-ray attenuation well above that of
the other material phases [19]. The cast specimens were
immersed into an alkaline solution (0.3 M KOH, 0.1 M NaOH)
and stored in an oven at 40 °C, except at the measurement
times.

S5.2. Methods

We performed XT using a lab-based, cone-beam micro-focus
tomograph, operated at a maximum photon energy of 90
keV. The spatial resolution of the tomograms (~ two times the
voxel size) was 70 um. The segmentation of the aggregates
from the paste was achieved by simple voxel value range
selection (thresholding), thanks to the BaSOj;-enhanced
contrast between paste and aggregates. The binary
tomograms of segmented aggregates and paste allowed
quantifying features of cracks and products, while
differentiating between their presence in each solid phase.

A customized workflow was developed and implemented to
minimize human choices in the more challenging
segmentation of cracks and products. Such workflow relied
on an approach known as Temporal Subtraction (TS),
frequently used in the biomedical imaging community [22]
but less exploited in the porous materials one. Details of such
approach are available in [19].

We used several algorithms/approaches to characterize
quantitatively the products and the cracks, with the novelty
of contextualizing the characterization (inside aggregates or
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paste). The details of all the image analysis workflows are
provided in [19].

$5.3. Qualitative analysis of ASR products
accumulation and cracking using time-lapse
X-ray tomography

Cracks progression
ELL f\_xrtﬁ.\ . -
products extrusion s

Movie MS1. This movie shows the time series of the same region of
interest (ROI) extracted from the time-lapse tomograms of a
specimen cast with Uri aggregates and with BaSOs and CsNOs as
contrast enhancers. Only a 2D cross-section ("slice") from the ROl is
shown, at the same position at any time point. The last frame of the
movie is shown above. The time series of the "non-affinely"
registered tomograms was used for producing this movie. This
allowed full sequential comparability of the slice at distinct time
points, since the misalignment and specimen deformations were
corrected for. The time points (from 1 day to 250 days) at which the
slices were selected are specified over each corresponding slice. The
ROI considered in this movie corresponds to the same one used for
Figure 15 in the main article. The movie file is called Movie_MS1.avi
and is available at https://doi.org/10.5281/zenod0.5913693.

S6. Subproject VI: Methods

$6.1. Meso-scale

Tomography data of concrete specimens provided by the
colleagues from EMPA is used to set up three-dimensional
finite-element model. Intact laboratory specimens of
concrete are transformed into finite element models and
later used to advance ASR (see Error! Reference source not
found.1). ASR-sites were modelled by pairs of opposite
direction point loads applied at the interfaces between solid
finite elements, which represent pressure of expanding ASR
products.

Figure 1. Irregular finite element mesh created from tomography data
provided by Subproject V.

$6.2. Macro-scale

In order to obtain the solution at the macroscopic scale, one
has to resolve stresses at each integration point. For this
purpose, the deformation gradients F are collected at the
macro-scale and imposed at the meso-scale in the form of
boundary conditions. The deformation applied at the RVE
together with the internal pressure from the ASR pockets
forces the meso-scale problem to evolve. This evolution
manifests as purely elastic deformations or crack initiation
and growth. Stresses homogenized over an RVE, &, are
passed to the macro-scale where they are integrated into the
internal force vector. If convergence is achieved, the
simulation proceeds to the next loading step. If not, the
macroscopic displacement field is recomputed with the help
of the macroscopic stiffness matrix. The latter is built from the
homogenized stiffness tensors of meso-scale RVEs, C. More
details can be found in [23].
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