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Abstract

The alkali-silica reaction (ASR) is the source of one of the most deleterious durability issues of the
worldwide concrete infrastructure. It consists of chemical reactions between aggregates and the alkaline
pore solution. The ASR products lead to deformations and cracking and, consequently, extensive struc-
tural damage, causing major safety, economic and environmental issues. Since the first investigations
(eight decades ago), some basic ASR (cracking) mechanisms have been discovered. However, a com-
prehensive understanding has not been achieved yet, due to its complex multiscale nature.

One of the major knowledge gaps stems from lack of characterization of the deformations and crack
propagation at the mesoscale (few um- few cm). Results from systematic non-destructive studies have
been lacking, although they are necessary to track the ASR cracking. That is because the typical petro-
graphic characterization techniques rely upon 2D microscopy (electron and optical), which require de-
structive specimen preparations. X-ray tomography (XT), as a non-destructive technique, has been re-
cently adopted, although, so far only in limited cases, mainly for simplified model systems and exploited
only for qualitative analysis.

During this PhD project, embedded within the framework of the Swiss National Science Foundation
Sinergia project Nr. 171018 ("Alkali-silica reaction in concrete"), a comprehensive study of ASR crack-
ing at the mesoscale was carried out using time-lapse XT and various image analysis approaches. The
study involved mainly specimens undergoing ASR acceleration in the laboratory. Its key goal was to
characterize, for the first time, the spatial-temporal evolution of both ASR products and cracks.

To achieve such goal, several challenges in the application of XT needed to be addressed. The result
was the development of a new, integrated experimental and image analysis framework. One challenge
consisted of enhancing the X-ray attenuation contrast between ASR products and the other material
phases of concrete at the mesoscale, the former being normally undistinguishable from the latter in
standard X-ray tomograms. Overcoming this challenge allowed analyzing both qualitatively and quan-
titatively their spatial-temporal distributions. Another challenge dealt with the contrast enhancement
between aggregates and the cement paste, typically very low but needed to distinguish between prod-
ucts/cracks located either inside or outside aggregates. Finally, the qualitative and quantitative analysis
of the tomographic time series required the implementation of distinct 3D image registration steps, to
enable the time-lapse qualitative comparisons as well as the quantitative analysis. 3D image registration
was additionally exploited both for estimating from the time series the global and local ASR-induced
deformations and for increasing the robustness of the cracks and products detection (segmentation),
compared with what achievable by conventional segmentation approaches.

The overall, new XT-based methodology was extensively validated, concerning any eventual spurious
effect on the natural ASR (cracking) course. It was possible to show its applicability and it delivered
both new information and respective quantitative data about the ASR crack networks, about the extent
of ASR products transport along them and the associated cracking itself as well as about the localized
deformations, which accompany the cracking. The obtained, 3D datasets about products, cracks and
deformations provided a uniquely new integrated knowledge and data base for advancing the basic un-
derstanding of ASR (cracking) and for supporting the formulation and validation of respective compu-
tational models at the concrete mesoscale. In addition, the developed XT-based methodology could be
immediately exploited by the ASR research community for investigations also at other space-time scales
not addressed in this project, e.g., the early stages of products formation and cracking initiation.



Sommario

La reazione tra silice e alcali (in breve, secondo l'acronimo inglese, ASR, per "alkali-silica reaction") ¢
la causa di uno dei maggiori problemi di durabilita dell'infrastruttura in calcestruzzo nel mondo. Questa
reazione coinvolge gli aggregati e la soluzione alcalina presente nei pori del calcestruzzo. La formazione
dei rispettivi prodotti di reazione da luogo a deformazioni e rispettiva fratturazione. Ne consegue tipi-
camente un danneggiamento fino alla scala strutturale che causa problemi significativi, in termini di
sicurezza, economici ¢ di impatto ambientale dell'infrastruttura stessa. Oggigiorno, a circa 80 anni dai
primi studi, alcuni dei meccanismi alla base della ASR e della rispettiva fratturazione nel calcestruzzo
sono ben conosciuti. Tuttavia, non esiste ancora un complessivo quadro di conoscenze in merito a tutti
1 meccanismi, in primis a causa del coinvolgimento di processi a piu scale spaziali, una caratteristica
intrinseca della ASR e della fratturazione che ne consegue.

Una delle piu importanti lacune conoscitive deriva dalla mancanza di caratterizzazione delle deforma-
zioni e della rispettiva fratturazione ad una scala intermedia, definita qui come "mesoscala" e corrispon-
dente approssimativamente all'intervallo tra alcuni micrometri e alcuni centimetri. In aggiunta, finora ¢
sono mancate caratterizzazioni sistematiche e non distruttive, sebbene esse siano strettamente necessarie
per seguire l'evoluzione della fratturazione da ASR. Tale mancanza deriva dal fatto che la caratterizza-
zione tipicamente eseguita si basa su microscopia bi-dimensionale (ad elettroni e ottica), la quale ri-
chiede una preparazione distruttiva dei campioni. La tomografia a raggi X (in breve, secondo 'acronimo
inglese, XT, per "X-ray Tomography"), come metodica di caratterizzazione non distruttiva, ¢ stata solo
recentemente adottata e limitatamente allo studio di sistemi modello e per una caratterizzazione solo
qualitativa.

In questo Dottorato, facente parte del progetto, di tipo Sinergia, No. 171018, intitolato "La reazione
alcali-silice nel calcestruzzo" ¢ finanziato dal Fondo Nazionale Svizzero per la Scienza, la fratturazione
da ASR ¢ stata studiata in modo esteso tramite l'uso di XT sequenziale (cio¢ a piu stadi di evoluzione
dei campioni) e di una varieta di metodiche di analisi delle rispettive immagini. Lo studio ¢ stato effet-
tuato principalmente su campioni soggetti ad accelerazione della ASR in laboratorio. L'obbiettivo cen-
trale dello studio ¢ stato la caratterizzazione, per la prima volta, dell'evoluzione spazio-temporale sia dei
prodotti di reazione che delle rispettive fratture.

Per raggiungere tale obiettivo, una serie di ostacoli nell'applicazione della XT sono stati affrontati ¢
superati. Il superamento di tali ostacoli ha portato allo sviluppo di una nuova metodica, sia sperimentale
che di analisi delle immagini, per la caratterizzazione della ASR e della rispettiva fratturazione. Uno
degli ostacoli ¢ consistito nella necessita di aumentare il contrasto di immagine, basato su assorbimento
dei raggi X, tra i prodotti di reazione e le altre componenti del calcestruzzo. In tomografie a raggi X
tradizionali, tali prodotti di reazione sono tipicamente non distinguibili da altre componenti del calce-
struzzo. Un altro ostacolo da superare ¢ consistito nella necessita di aumentare il contrasto tra gli aggre-
gati e la matrice di pasta di cemento. Tale contrasto ¢ anch'esso molto basso in tomografie standard.
Tuttavia, ¢ strettamente necessario per determinare se prodotti di reazione e fratture individuate si tro-
vino entro aggregati o nella matrice cementizia. Infine, I'analisi sia qualitativa che quantitativa delle
serie temporali di tomografie ha richiesto 1'implementazione di diversi stadi di allineamento tridimen-
sionale delle tomografie, come requisito fondamentale sia per la loro comparazione qualitativa che per
la loro analisi quantitativa. In aggiunta, tale allineamento ¢ stato utilizzato anche per stimare le defor-
mazioni sia globali che locali indotte dalla ASR e per identificare prodotti di reazione e fratture con
maggiore accuratezza in confronto a quanto ottenibile usando approcci tradizionali.

L'intera metodologia di studio basata su XT ¢ stata validata in modo estensivo in merito alla minimiz-
zazione di ogni suo eventuale effetto spurio sulla naturale progressione della ASR e della rispettiva
fratturazione. E stato possibile dimostrare la sua applicabilita allo studio della ASR senza alterazioni

v



rispetto al corso naturale della stessa. Inoltre, ha fornito dati completamente nuovi in merito alla rete di
fratture da ASR, al trasporto dei prodotti di reazione lungo tali fratture e alle rispettive conseguenze
sulla propagazione di tali fratture e in merito alle deformazioni meccaniche che sono correlate a tali
fratture. La base di dati tridimensionali, in merito ai prodotti di reazione, alle fratture e alle deformazioni,
generata in questo Dottorato ¢ un unicum ed una novita di estrema importanza per avanzare le cono-
scenze dei meccanismi alla base della fratturazione da ASR. In aggiunta ¢ di fondamentale supporto alla
formulazione ¢ alla validazione di modelli matematici di tale fratturazione, in particolare alla mesoscala.
In aggiunta, l'intera metodologia tomografica a raggi X sviluppata nel corso del Dottorato puo essere
immediatamente usata dalla comunita di ricerca su ASR per investigare altri meccanismi occorrenti a
scale spazio-temporali diverse da quelle di indagine in questo Dottorato, per esempio la formazione dei
primi prodotti di reazione e il corrispondente inizio della fratturazione.
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Figure 2.9. Athematic illustration of 2D projections acquired form a 3D object, observed at distinct
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Figure 2.10. (a) Back-projection process, showing summing up over all possible orientation angles
(smeared projections) after filtration; (b) examples of the projections at 0° and 90° and of the sum of
their back-projections on a slice; and (c) an example demonstrating the effect of number of projections
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tion and (b) specimen with a baryte content of 2.6 vol.-% (in respect of the total aggregate volume)
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Figure 2.17. Example outputs of various transformations used for registering (a) fixed image and (b)
moving image (with a distinct imaging modality): (c) results of a rigid body registration, (d) results of
a global affine transformation; and (e) results of non-affine registration using a B-spline-based trans-
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imens: (a) and (b) schematic illustration of the gauge (Rig) used for experimentally measuring the length
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zoelectric actuators and sample holder, called "holding set-up 1" throughout the thesis,; and (b) hexapod
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Figure 3.3. Example tomographic slices of one specimen from the experimental campaign described in
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Figure 3.4. Comparison of empty crack segmentation results obtained by the black top-hat (BTH) trans-
form + thresholding and by the temporal subtraction (TS) + thresholding procedures. (a): example ROI
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Figure 3.6. Two examples of separate cracks (also called crack network branches) with rather folded
surface, e.g., concave cracks. The large parallelepiped box highlighted in orange delineate the
tomographed volume. The smaller, light grey box shows a zoom-in view of the respective crack network
branch. The dark grey, parallelepiped box is the branch's bounding box oriented according to the three
eigenvectors of the branch's shape tensor &. Each eigenvector is also rendered as a solid arrow. It is
located at the center of mass of the branch and scaled by half the lateral size of the bounding box along
the same direction. The red arrow refers to the eigenvector associated with the first eigenvalue. The
green arrow to the second eigenvector and the blue one to the third. . . ........................ 76

Figure 3.7. Description of the approach used for measuring/estimating the relative length change of the
specimens by exploiting the results of 3D, global affine registration of the tomograms. (a) Rendering of
the Z-component of the displacement vector field associated with the global affine registration results,
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Ugrr z(X) inside a 3D ROI spanning the entire volume along the Z-axis, with size 0.2 % 0.2 mm? on the
X — Y slices and centered in the middle of each such slice. (c) Schematic illustration of a specimen and
of the axes of the respective Cartesian frame of reference. The indicative location of the volume inves-
tigated by XT is also specified. (d) Horizontal axis: values of uz app(%,t;) averaged over various 2D
ROIs of distinct size located on slices orthogonal to the Z-axis and centered in the center of the slice
itself, as a function of their Z-position (left vertical axis). Vertical axis on the right: size of the 2D X-Y
ROIs over which uz o (X, t;) was averaged. The red line refers to the left vertical axis. The colored,
circular markers refer to the right vertical axis and show the minimum and maximum values of
uz apr (%, t;) along the Z-axis, after averaging it over various 2D, rectangular ROIs. Circles of distinct
colors show minimum and maximum values in correspondence of distinct ROl size. . ............. 79

Figure 4.1. Evolution of the relative change (with respect to the start of the ASR acceleration) in speci-
men length for the specimens cast with the three aggregate types (B, P and U) and with size of (a)
40x40x160 mm’ and (b) 2525 %100 mm’, respectively. The numbers 40 and 25 in the legends indicate
the corresponding cross-sectional size of each specimen. Corresponding evolution of the relative change
in specimen mass for the specimens with size of (c) 40x40x160 mm® and (d) 25x25x100 mm’, respec-
tively. In each plot, the marker indicates the average value from the set of six specimens cast for length
and mass measurements. The error bar indicates the empirical standard deviation from the same set. .

Figure 4.2. Examples of SEM-BSE micrographs of polished and epoxy-impregnated cross-sections from
different specimens cast with B, P and U aggregates (within each column, highlighted with dotted
boxes), acquired at (a) - (c) 50 days, (d) - (f) 150 days and (g) - (i) 500 days of ASR acceleration,
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Figure 4.3. Energy-dispersive X-ray spectroscopy (EDX) analysis results, showing two atomic concen-
tration ratios (alkalis over silicon and calcium over silicon) measured at more than 30 points located
in regions of both crystalline (well inside the aggregates) and amorphous (at the aggregate boundaries
and within the cement paste) ASR products. Each marker indicates the average value over the whole set
of measuring points, while the error bar was defined as the empirical standard deviation of the same
set. In addition to the results for the laboratory-accelerated specimens, cast with the three aggregate
types, similar results are also shown for one of the field-exposed specimens, the BI(C+F) one. . . . .. 92

Figure 4.4. Examples of tomographic slices from ROIs of the B40, P40 and U40 specimens, shown at
three different time points to characterize qualitatively the ASR cracking. The first row shows always
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the slice at the same position from the tomograms of a B40 specimen, acquired at (a) 50 days, (b) 150
days and (c) 500 days, respectively. The second row, insets (d) to (f), shows something similar but for a
P40 specimen. The last row, insets (g) to (i), shows a similar example but for a U40 specimen. . . . . . 93

Figure 4.5. (a)-(c): example of a slice from a ROI of an additional P40-2 specimen, obtained from its
tomograms at three time points different from the ones used for XT on the other specimens, (a) I day,
(b) 150 days, (c) 250 days, respectively, during ASR acceleration. The corresponding slice from the
corresponding binary tomograms of the segmented cracks is superimposed over the respective X-ray
tomogram's slice at (d) 1 day, (e) 150 days and (f) 250 days. The full binary tomograms of the segmented
cracks are rendered in 3D in insets (g) to (i), for the three distinct time points, respectively. In each inset
(g) to (i), the parallelepiped box surrounding the crack network indicates the specimen's tomographed
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Figure 4.6. 3D rendering of the segmented cracks binary tomograms (in dark red) at 500 days since
ASR acceleration start, for the laboratory specimens (a) B40, (b) P40 and (c) U40. In each inset, a small
part of the concrete was also rendered (in grey tones), while the most of it was corner-cut to reveal the
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Figure 4.7. An example of a tomographic slice from each field-exposed specimen: (a) BF-40, (b)
BI(C+NRF)-40 and (c) Bl1(C+F)-40 specimen, respectively. The rectangle in each inset indicates the
smaller ROI which was cut out of the specimen in order to perform X-ray tomography with higher spatial
resolution. Insets (d) to (f) show the same slices as in (a) to (c) but, in addition, overlapped on top of
them, the corresponding slice taken at the same position from the binary tomogram of the segmented
cracks. Such binary tomograms of the segmented crack networks are shown 3D rendered in (g) to (i),
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Figure 4.8. Quantitative comparison of the ASR cracking in different specimens based on the total crack
volume fraction, Voyqcrs, as defined in Eq. (4.1), computed (a) for the laboratory specimens with size
40%x40x160 mm’, and (b) for the laboratory specimens with sizes 25%25x100 mm’. The V.,.qcrs values
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Figure 4.9. Plots of the kernel density estimate (KDE) of the joint probability density function (PDF) of
the two shape feature variables, the elongation E and the flatness F, computed from the shape tensor
analysis of the segmented total crack network and interpreted as a bi-variate random variable, (E;TF).
The statistical sample of such PDF was provided, for each specimen, by the set of values {(E;; F;)}i=1,..c
also plotted and obtained from the shape tensor analysis, where C indicates generically the total number
of disconnected and independent cracks of a specimen at the chosen time point. (a) to (c): B40, P40 and
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500 days. (g) to (i): BF-40, B1(C+NRF)-40 and B1(C+F)-40, respectively. In all of the plots, the max-
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Figure 4.10. (a) and (c): empirical (i.e., from the statistical sample) complementary cumulative distri-
bution function (cCDF) of the bounding box length, L, Gy (L), in logi-logi scales (Zip'f plot). Each
separate crack contributed to one sampled value for L. (b) and (d): similar plots for the total crack
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BI(C+F)-40. (c) and (d): comparison of the the Zip f plots of Gy,(L) and of Gy, ., (Tiocar), respectively,
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Figure 4.11. Visualization of the crack orientation analysis results. The crack orientation was opera-
tively defined as the direction of the eigenvector 1, associated with the first and largest eigenvalue of
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and those on the Y — Z plane are in light blue. (a) to (c): B40, P40 and U40 specimens, respectively, all
at ty =500 days. (d) to (f): b25, p25 and u25, respectively, all at t; = 500 days. (g) to (i): BF-40,

BI(C+NRF)-40 and B1(C+F)-40, respectively. . . ........ ... i 103
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Figure 5.5. Evolution of the relative dimensional change of the specimens cast with the P aggregates,
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label "digital" means the estimate was obtained for the tomographed volume of one specimen of each

XV



type. The label "mechanical” means the estimate was obtained for the whole specimen volume, by ex-
perimental measurements with the gauge described in Section 3.2. (a) Results for the relative change in
size along the Z-axis (i.e., length). The experimentally measured values were obtained, for each mix
type, for six specimens (including the one being the subject of the tomography analysis). The marker
shows the average of the six values. The error bar shows their empirical standard deviation. (b) and (c)
Relative dimensional changes of the tomographed volumes, along the X, Y and Z axes for the P-Ref and
P-Cs specimens, respectively. . . .. ... ... . . e 121

Figure 5.6. The time series of the (a) quasi-static Young's modulus, (b) the flexural and (c) the compres-
sive strength of specimens with and without Cs addition, cast with P aggregates. In each plot, the mark-
ers indicate the average of three values from three distinct specimens, while the error bar indicates the
respective empirical standard deviation. In the case of the Young's modulus, the measurements were
successively performed always on the same specimens, which were the same used also for XT. . . .. 121

Figure 5.7. A slice from a ROI of the P-Cs specimen at four different time points. ASR products can be
observed as very bright regions within cracks and near the aggregate boundaries. The four insets here
are from the tomogram at (a) 1 day, (b) 85 days, (c) 145 days and (d) 250days. . ............. .. 124

Figure 5.8. A slice from another ROI of the P-Cs specimen at four different time points. ASR products
could be observed as filling up an air void a few mm away from the aggregate highlighted by the arrow,
as a crack running through such aggregate evolved and propagating into the cement paste till the air
void itself. The products were transported from such aggregates till the air void via the propagating
cracks. The six insets shown here are from the tomogram at (a) 1 day, (b) 65 days, (c) 85 days, (d) 145
days, (e) 195 days and (f) 250 days. . . .. ... .. . . 125

Figure 5.9. Binary tomograms of the segmented empty cracks (in cyan) and of the ASR products (both
inside and outside cracks, in yellow). Only a small VOI of the P-Cs specimen is shown. Such VOI con-
tained cracks that were nucleated inside a single aggregate and propagated later into the surrounding
cement paste. The insets from (a) to (f) correspond to different time points during the ASR acceleration,
including 1 day, 65, 85, 145, 195 and 250 days, respectively. . . ............................. 126

Figure 5.10. Quantitative assessment of the ASR cracking in the P specimens by the total volume fraction
of ASR-generated cracks (with or without ASR products), Vasg cracks as defined in Eq. (3.6). The total
volume of ASR products (also normalized by the tomogram volume) is also shown by yellow markers . .

Figure 5.11. (a) and (b): empirical (i.e., from the statistical sample) complementary cumulative distri-
bution function (cCDF) of the ASR crack bounding box length, L, G, (L), in logis-log o scales (Zip'f plot),
for the P-ref and the P-Cs specimens, respectively. Each separate crack contributed to one sampled
value for L. (c) and (d): corresponding Zipf's plots but for the ASR crack local thickness, Tyycq;. In each
Zipf's plot, the cCDF is shown at three distinct time points. . . .. ... . 128

Figure 5.12. Visualization of the determinant of the Jacobian matrix (] Taarp (X,t;)) of the transfor-

mation vector field TN_ arr (X, t;) associated with the non-affine registration. This scalar field is used
as a spatial map of the factor by which the volume locally expanded or contracted due to the spatially
heterogeneous components of the ASR-induced displacement vector field. In this figure, only one slice
from the tomographed volume is shown: (a) X-ray tomogram of the P-Ref specimen at the beginning of
the ASR acceleration (at I day),; (b) and (c) slices from the X-ray tomograms at 155 and 250 days,
respectively,; (d) and (e) the same slices as in (b) and (c), plus, overlapped on top of them semi-trans-

parently and rendered according to the indicated color scale, the 2D cross-section, at the same position,
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from | Tyoarp (X, t;), at the same corresponding time points. The scale bars of insets (d) and (e) have
arbitrary units since | Tyoapp 15 @ dimensionless variable. Values greater than 1 represent volumetric

expansion, while values smaller than 1 indicate volumetric contraction. . ..................... 131

Figure 5.13. Similar plots as in Figure 5.12 but for the P-Cs specimen. The chosen time points for the
visualization are 30 days (insets (a) and (e)), 85 days ((b) and (f)), 145 days ((c) and (g)), 250 days ((d)
and (h)). The first time point of visualization is here 30 days, instead of 1 day as in Figure 5.10. At such
age, no ASR cracks could be resolved. Thus, the corresponding registered tomogram was essentially
identical to the one at 1 day, providing a view of the reference cracking state. However, local defor-
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Figure 6.1. (a) to (e): examples of regions of interest (ROIs) on tomographic slices at 150 days of ASR
acceleration, from the specimens cast with the U aggregates and with various BaSOy concentrations.
() to (j): the same slices as in (a) to (e) but, additionally, with the corresponding slices from the binary
tomograms of the segmented aggregates rendered as semi-transparent and in blue and overlaid on top
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Figure 6.3. Full tomogram voxel value histograms for the specimens cast with various BaSO, concen-
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Figure 6.4. (a) Evolution of the relative length change, along the specimen's longitudinal direction (Z-
axis), for the specimens cast with the two aggregate types (blue shades for U, red shades for P) and with
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length change for the tomographed volume of one of the six U reference specimens and computed along
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mens. (e) and (f): similar plots as in (c) and (d) but for the tomographed volume of one of the six speci-
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Figure 6.5. The time series of the quasi-static, compressive Young's modulus of specimens cast with both
types of aggregates, without or with two BaSOy concentrations. The markers indicate mean values while
the error bars size the standard deviation of an ensemble of three specimens (always the same at each
time point), for each specimen batch. . ... ........ ... .. . . . . 149

Figure 6.6. Visualization of the evolution of ASR cracks and associated localized deformations for the
U-Ref specimen. As an example, it is shown here only one small ROI on one slice from its tomographed
volume, at multiple time points. The localized deformations are estimated by the determinant of the
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non-affine registration. Its values larger than 1 indicate local volumetric expansion. Its values smaller
than 1 indicate volumetric shrinkage. (a) X-ray tomogram at 1 day since start of the ASR acceleration.
(b) and (c): slice at the same position as in (a) but from the tomograms at 150 and 250 days, respectively.
(d) and (e): the same slice as in (b) and (c), respectively, and, overlapped on top of them, semi-trans-
parently, the slice at the same position but from | - (X, t;) at the corresponding time points, respec-

tively. The scale bars in (d) and (e) have, by definition of | - (relative volume), no unit. . . . . . .. 151

Figure 6.7. Similar visualization as in Figure 6.6 but for the U-2.5 vol.-% BaSO, specimen. The chosen
time points for the visualization are 35 days (insets (a) and (e)), 55 days ((b) and (f)), 155 days ((c) and
(2)), 250 days ((d) and (h)). The tomograms did not change significantly between 1 day and 35 days.
Thus, the one at 35 days was representative of the reference tomogram at I day. ............... 153

Figure 6.8. A small VOI of the binary tomograms of cracks inside aggregates (cyan) and in the cement
paste (blue) is rendered at distinct time points for the U-2.5 vol.-% BaSOy specimen. Such VOI contained
cracks, which were nucleated in an aggregate and further propagated into the surrounding cement
paste. The insets from (a) to (d) correspond to different time points during the ASR acceleration, includ-
ing 1day, 55, 85 and 250 days, respectively. . . ......... . .. 154

Figure 6.9. Quantitative comparison of the ASR cracking in different specimens based on the estimates
of two variables: (1) the total volume of ASR-induced cracks (filled grey markers for the U-2.5 Vol.%
Ba and P-2.5 Vol.% Ba specimens and empty grey markers for the reference specimens) and those only
in aggregates (lighter blue or red, filled markers, for U and P specimens, respectively) or cement paste
(darker blue or red, filled markers, for U and P containing specimens, respectively), normalized by the
tomogram volume, named as VASR,CMC,(S, j» Jor the (a) U-2.5 Vol.% Ba and U-Ref and (b) P-2.5 Vol.%
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Figure 6.10. Correlation between the ASR cracks total volume fraction, VASR‘CmckS‘tot, and the relative
length changes along the X-, Y- and Z-axis and the relative volume change computed for the to-
mographed volumes of the specimens using the results of the global affine registration. The relative

AL ) : ) .
length changes are the LA—FF'k , with k = X, Y, Z, while the relative volume change was estimated ap-
AFF .k

proximately as Y, —x y ZALLAi'k . (a) U-2.5vol.-% BaSOy specimen and (b) P-2.5 vol.-% BaSOy one. The
©" LAFFk

. .. . ~ AL
dotted line indicates the’y = x line of the (VASR,mks,m; Yie=xy2 7 ) plane.............. 156
" AFF.k

Figure 6.11. (a) and (b) complementary cumulative distribution function (cCDF) of the crack bounding
box length, L, Gy, (L), in logio-logo scale (Zipf's plot), for the specimen cast with U aggregates (with and
without BaSQy) and for the specimen cast with the P aggregates, respectively, at 250 days. (c) and (d)
corresponding Zipf's plot for the crack local thickness, Tiocap - -« -+« v v oo i e 157

Figure 6.12. Plots of the kernel density estimate (KDE) of the joint probability density function (PDF)
of the two shape feature variables, the elongation E and the flatness F, computed from the shape tensor
analysis of the segmented total crack networks and treated as a bi-variate random variable, (E; F). The
statistical sample of such PDF was provided, for each specimen and at each time point, by the set of
values {(E;; F;)}i=1,..c obtained from the shape tensor analysis, where C indicates generically the total
number of disconnected and independent branches of the segmented, total crack network of a specimen
and at a certain time point. (a) and (b) U-Ref specimen, (c) and (d) P-Ref one, (e) and (f) U-2.5vol.%
BaSOy, and (g) and (h) P-2.5vol.% BaSOy specimens, at 1 day and 250 days, respectively. . ... . ... 158
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Figure 6.13. Visualization of the crack orientation analysis results for the reference specimens and those
cast with optimal BaSOy concentration value of 2.5 vol.-%. The crack orientation was operatively de-
fined as the direction of the eigenvector Ul; associated with the first and largest eigenvalue of the shape
tensor G. The segmented total crack network of a specimen corresponded to a set of li's, one for each
independent crack (branch of the network). Each of these vectors are here plotted in green, after rescal-
ing their magnitudes by a factor equal to 0.33, to make their projections on the planes of the Cartesian
frame of reference more visible. The projections of iy on the X — Y plane are in violet, those on the
X — Z plane are in dark blue and those on the Y — Z plane are in light blue. : (a) and (b) U-Ref, (c) and
(d) P-Ref, (e) and (f) U-2.5v0l.% BaSO,and (g) and (h) P-2.5vol.% BaSOy, at 1 day and 250 days,
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Figure 6.14. (a): evolution of the longitudinal relative length change of u specimens, directly measured
by the expansion measurement setup 2, shown in Figure 3.1 (3) and described in Section A4, on 10

specimens (ALE blue markers) and indirectly estimated from the global affine registration results for 3
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the average value, while the error bar was defined as the empirical standard deviation. (b): relative

dimensional changes of the tomographed volumes along the X, Y and Z axes, ALLAi’k, withk=X,Y and
AFF k

Z. The markers show the average of the values from the 3 tomographed specimens while the error bars
the respective empirical standard deviation values. and (c): relative mass change time series of the 10
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Figure 6.15. Time series of the (a) quasi-static (longitudinal, compressive) Young's modulus, (b) flexural
strength, and (c) (longitudinal) compressive strength of the U specimens. In each plot, the markers show
the average and the error bar the empirical standard deviation of an ensemble of values from distinct
specimens, the ensemble size being 3, 3 and 6 for insets (a), (b) and (c), respectively. For the Young's
modulus measurements, the specimens were always the same at each time point. . .. ............ 163

Figure 6.16. Visualization of the determinant of the Jacobian matrix, | Ty arp (%,t;), of the transfor-

mation vector field ?N_ arr (X, t;) associated with the non-affine registration, as computed from the
tomographic time-series of the u, specimen. Only a few time points from the series are shown.
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due to the spatially heterogeneous components of the ASR-induced displacement vector field. (a) to (d):
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Figure 6.17. Binary tomograms of cracks inside aggregates (in purple) and within the cement paste (in
aquamarine), rendered for the u, specimen. Parts of the segmented aggregates are also rendered as
solid, opaque regions in dark grey, at the bottom of the volume. The insets from (a) to (f) correspond to
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Figure 6.18. (a) to (c): 3D rendering of the binary tomogram of the segmented cracks at 404 days, with
distinct colors distinguishing between aggregate (purple) and cement paste (aquamarine) regions, for
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the uq, U, and us specimens, respectively; (d) to (f): cumulative line projections of the total crack net-
work volume shown in insets (a) to (c), respectively, on each of the three orthogonal plane of the Car-
tesian frame of reference, black pixels on such projection planes indicate absence of projection; (g) to
(i): relative length changes time series of the tomographed volume along the X, Y and Z axes as com-

puted from the results of the global affine registration, ALLAi'k, withk =X, Y and Z, for the uq, u, and
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Figure 6.19. (a) Time series of the ASR crack volume fractions, distinguishing between the volume frac-
tion for all the cracks, VASR_CmckS_tot, that for cracks just within the aggregates, AVASR‘CmckS‘agg and
that for those just in the cement paste, VASR,CmckS,Cem(ti), computed for the the tomographed regions
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bar indicates the standard deviation of the three values; (b) the VASR,CmckS’tot time series and the one
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Figure 6.20. (a) to (c): kernel density estimate (KDE) of the joint probability density function (PDF) of
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days, respectively. Each point is the projection on the equatorial plane of the point on the unit sphere
with spherical coordinates (6; @), 6 € [0°360°] and ¢ € [—90°;,90°], representing the first eigen-
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Figure 7.4. Visualization of the evolution of ASR cracks and associated localized deformations for the
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non-affine registration. Its values larger than 1 indicate local volumetric expansion. Its values smaller
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Chapter 1. Introduction and objectives

1.1 Background

Concrete is the most used construction material worldwide [1], owing to its low costs, versatility, dura-
bility in most environments and low specific carbon footprint compared to other construction materials
such as steel, aluminum and wood. Additional advantages are high fire resistance [2] and high construc-
tion speed [3]. Nonetheless, like any other material, it also has durability issues, strongly related with
its environmental boundary conditions. Several chemo-mechanical processes, which can degrade its
mechanical properties and reduce the integrity and service life of structures made of it, involve its inter-
actions with substances stemming from the surrounding environment. For example, the ingress of aque-
ous solutions, e.g., sea or ground or industrial waters, may trigger microstructural changes as a conse-
quence of chemical reactions.

In the sea water case, its chloride ions content may trigger or accelerate corrosion of steel reinforcement
bars (rebar) [4]. The corrosion products growth leads to local expansion, followed by cracking and, in
certain cases, even surface spalling, in addition to the reduction in the rebars' cross-section size and to
the loss of concrete-rebar bonding [5]. In the ground or industrial waters cases, sulfates react with some
of the cement hydrates, leading to the formation of crystalline phases, e.g., ettringite and gypsum. Their
crystal growth and associated stress development are considered among the main causes of the observed
expansion and following cracking, a damage process frequently called sulfate attack [6], [7].

Other chemo-mechanical, deleterious processes are not based upon interactions with foreign substances,
although they may still be modulated by the external environment. This PhD Thesis deals with one of
them, the Alkali-Silica Reaction (ASR) and its associated damage [1], [8]. ASR (damage) is one of the
most deleterious processes which can occur in concrete. It originates from an intrinsic chemical reaction
between certain components of the aggregates (meta-stable silica) and hydroxyl ions and alkalis present
in the concrete pore solution [9], [10]. The ASR products can lead to local expansions and cracking (see
figure 1.1). The damage is twofold: not only the cracking but the deformations themselves may also
impair the stability and functionality of a structure. The progressive cracking can degrade the mechanical
properties and can additionally enhance the ingress of harmful substances, thus supporting other degra-
dation processes, such as rebar corrosion [1].

The occurrence of ASR has been reported from every continent, both in the northern and in the southern
hemispheres [11]. Switzerland is not an exception. One of the most important (Swiss) class of infra-
structures suffering from ASR damage are dams, also due to their continuous contact with water. In
2017, the ASR working group of the Swiss Committee on Dams assessed the structural status and evo-
lution (in terms of deformations) of 119 dams in Switzerland [12]. It found that about 50% of the Swiss
dams were undergoing ASR and had developed permanent deformations. Only 38 dams exhibited just
ASR tendencies, without structurally relevant deformations and changes. It was concluded that the con-
crete expansion had influenced 35% to 45% of the Swiss dams. Repair works have been conducted in a
few cases, such as at the Illsee, Sera and Salanfe dams. Future repairs or replacements are expected.
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Figure 1.1. Schematic illustration of some of the sequential processes constituting ASR: (a) highlight of key ASR
actors, e.g., alkali cations (Na* and K*) and hydroxyl (OH) anions in the pore space solution and certain types
of silica (SiO>) in the aggregates (black regions); (b) reaction between the alkaline pore solution and silica in the
aggregates, (c) cracking, induced by formation of ASR products (in yellow) within the aggregates, and propaga-
tion of cracks into the cement paste (in grey).

In general, alkali-reactive aggregates are found worldwide. Only few countries or regions have not re-
ported ASR problems so far [11]. ASR damage in various structures imposes each year and in several
countries a considerable amount of economic burden on society, due to the respective maintenance or
replacement costs [11].

Since its first recognition in the 1940s by Stanton [13], extensive ASR research efforts have been in-
vested for decades. On one side, methods have been developed for assessing, with laboratory tests,
which aggregate and concrete types are more prone to ASR [11]. These efforts have provided engineers
some pragmatic means to reduce the risk of extensive ASR damage in new concrete structures. However,
they have been limited in scope and success, being also extremely time consuming and expensive. On
the other side, more basic research efforts have increasingly adopted bottom-up, materials science-based
approaches aiming directly at unveiling underlying mechanisms of ASR [14]-[17]. The belief is that
such understanding of ASR chemo-mechanical mechanisms would constitute the basis for developing
(1) laboratory-scale, experimental models able to mimic, within shorter time scales, the long-term per-
formance of ASR-affected concrete structures [18]-[20], (2) optimized mix designs to avoid ASR in
newly built structures and (3) repair approaches and tools to mitigate ASR in older structures [8], [21],
[22].

The understanding of some ASR basic mechanisms has significantly advanced in the last three decades
[8], [10], [23]-[29]. For example, various mechanisms at the basis of ASR (damage) have been investi-
gated. As a consequence, partially predictive models both for laboratory-scale specimens [8], [29]-[33]
and for actual structures have been developed [34]-[36]. This has occurred in parallel to the develop-
ment of effective assessment procedures and experimental model systems to better monitor and charac-
terize the ASR evolution [1], [32], [37]-[39].

Despite the mentioned efforts, the capability to fully explain, predict and avoid or mitigate ASR damage
is far from being achieved [32], [40]-[43]. One of the reasons is that the governing chemo-mechanics is
still characterized by many unknowns. Knowledge gaps still exist at multiple length and time scales and
concerning the couplings between distinct types (i.e., chemical and mechanical) of involved processes

[8].
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ASR chemistry has been extensively studied. It is known that ASR is strongly dependent on several
factors. The major ones include (i) the presence of enough reactive sites within the aggregates, (ii) the
availability of a high concentration of hydroxyls and alkalis in the concrete pore solution, (iii) a source
of soluble calcium and (iv) high moisture availability [8], [44], [45]. By eliminating any of such factors,
ASR is significantly suppressed. In fact, several mitigation approaches consist of trying to exclude at
least one of those factors [1], [18], [46], [47]. The ASR sequence has been typically described as con-
sisting of four steps: (i) dissolution of meta-stable silica in the aggregates; (ii) formation of ASR prod-
ucts sol particles; (iii) formation of a ASR gel; (iv) swelling of the gel, with consequent local stress
build-up within the aggregates, causing, in the long term, their cracking [8]. This paradigmatic descrip-
tion of ASR has been affected by many knowledge gaps and problems. Recent research results have
been calling for its partial or complete revision.

The first area with knowledge gaps concerns the molecular nature of ASR products and its influence on
the consequences of their formation, i.e., the local expansion and consequent cracking of the concrete
micro- and, later on, mesostructure. It has been hypothesized that the ASR products, as gels, would
expand as a consequence of two distinct evolution stages: (i) alkali-silica gel hydration and (ii) its vol-
umetric increase and subsequent movement into the cement paste through the pore space, included
newly created cracks inside the aggregates [1]. During the gel hydration, the difference between the
chemical potential of the gel's solution and the one of the concrete pore solution would lead to water
adsorption, accompanied by swelling, based on osmotic pressure [48]. Such hypothesized expansion
mechanism has been recently challenged. First of all, more precise knowledge is available nowadays
about the molecular nature of ASR products. As such, it is not possible anymore to consider them simply
and rather abstractly as gels which interact with water. Early-age (or primary) products typically form
within grain boundaries or intrinsic nano-/micro-cracks of aggregate minerals [49]. Such products are
indeed often amorphous. However, later-stage (secondary) products within the bulk of aggregates are
typically nano-crystalline [50].

Concerning the latter product types, micro-X-ray diffraction(XRD) and spectroscopic analysis has
shown that they have molecular structure similar to that of a mineral called shlykovite [51]-[55]. The
crystalline structure of different shlykovite variants is of monoclinic type with main structural units of
"TOT blocks", comprising of tetrahedral Si (4- and 8-membered rings of SiOs-tetrahedra) layers (T) and
an octahedral component (O), sandwiched between them [56]. Such layered atomic structures may dif-
fer, e.g., in terms of basal spacing value, depending upon whether the ASR products stemmed from
laboratory-scale specimens or real concrete structures. Independently of such differences and despite
the structurally possible water absorption/adsorption, distinct types of recent measurements showed both
negligible absorption/adsorption capacity compared to common cement hydrates, e.g., calcium-silicate-
hydrates (C-S-H), and the absence of significant dimensional changes even under significant relative
humidity changes ("dry", i.e., = 50% relative humidity, RH, to moist, i.e., *100% RH, conditions) [51],
[571, [58]. In a more recent study by Geng et al. [59], based on in situ 3D micro-XRD , it was shown
that moisture uptake did not result in swelling of crystalline ASR products retrieved from aggregate
cracks. Thus, cumulating evidence points to no role by water adsorption/absorption in swelling of nano-
crystalline products.

Concerning the early-age, amorphous products, less is known about their dimensional stability or
changes upon water uptake. However, some recent experimental evidence supports the hypothesis of
local expansion and consequent cracking due to local stress development upon the first crystallization
stages of such amorphous products. Leemann and Miinch [49] showed some examples of aggregate-
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intrinsic cracks which opened up, likely due to localized crystal growth even before getting fully filled
with ASR products.

The recent results reported above indicate that, despite the understanding of the ASR chemistry has
steadily advanced, there still exists knowledge gaps about how the products' molecular properties influ-
ence the microscopic scale expansion and the associated cracking initiation. These knowledge gaps still
hinder the development of bottom-up solutions to reduce the ASR risk in newly built concrete structures.

The ASR research has made far less progress on characterizing, thus on understanding, expansion and
crack propagation at the mesoscale. By mesoscale, in this PhD thesis the length range from a few mi-
crons to a few centimeters is meant. Such characterization is indispensable in order to bridge between
the sub-micron-scale information about the ASR chemo-mechanics and the macroscopic scale (tens of
cm to m) observations of how concrete laboratory specimens and real world structures deform and crack.

Computational modeling of ASR damage in concrete structures needs such knowledge bridging. Indeed,
most of the modeling work has focused so far on reproducing deformations observed at the macroscopic
scale. It has relied upon either empirical or ad hoc model formulations strongly dependent on parameter
calibration against specific experimental datasets, thus lacking universality [31], [35], [60], [61].

This research gap at the mentioned mesoscale stems, among others, from methodological gaps. Various
studies focusing on characterizing ASR (cracking) at this length scale have already been reported in the
literature. They were mainly based on optical [62], [63], scanning electron [63]-[66] and confocal scan-
ning laser microscopy [67] of polished cross-sections of mortar and concrete specimens. All of these
works were only observational, without quantitative characterization results. They identified various
ASR-induced damage features mainly regarding secondary products, such as the filling of cracks and
air voids by ASR products. The major drawback of the used microscopy techniques is that they do not
allow actual time-lapse, thus consistent, monitoring of the ASR products and of the cracking of the same
exact specimens, due to the intrinsic destructiveness of the respective specimen preparation. Thus,
mesoscale computational modeling of ASR cracking lacks experimental observations, at the same length
scale, which should guide its development and help with validating its results.

To address this limitation, X-ray tomography (XT) has been recently adopted. XT is significantly more
limited than the mentioned microscopy techniques, in terms of spatial resolution achievable for a given
specimen size. However, it offers the advantage of being completely non-destructive, thus enabling true
time-lapse characterizations, in addition to being a 3D imaging technique. So far, only few ASR studies
based upon XT have been published. Some of them have dealt only with mortar specimens [68]-[74]
or model systems, e.g., glass particles-alkali solution mixtures [75]. Most of these studies mainly fo-
cused on rather idealized systems and did not track the ASR cracking using time-lapse XT. The ASR
cracking was monitored in a time-lapse fashion only in two of them [72], [73]. However, in each of
them either a mortar with fine sand (up to 1.18 mm sieve size) [72] or recycled glass fragments [73]
were adopted as aggregates, instead of natural ones. Only two published articles so far reported investi-
gations of ASR cracking in concrete specimens with actual aggregates [76], [77]. All of the X-ray to-
mography results available in the literature mainly concern the detection and characterization of ASR
cracks and of their evolution, when tomographic time series were acquired. The characterization was
prevalently qualitative, with the exception of the results reported in [74], where features of the pore
space (statistics of volume, sphere-normalized surface/volume ratio and aspect ratio) were quantified.
This analysis involved all of the pore space within the mortar specimens (cracks, inherent air voids and
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regions in the sand particles dissolved due to ASR) and only at one time point (not time-lapse). None of
the cited studies reported the characterization of the ASR products and of their evolution.

Systematic time-lapse studies of ASR products and cracks developments at the defined mesoscale would
shed light on the fracture mechanics of concrete affected by ASR and how it affects, by any feedback
loops, the ASR itself. The knowledge base accrued from such studies could then be used both for for-
mulating and for validating mesoscale computational models of ASR damage taking into account the
ASR chemistry, the multi-physics of ASR cracking and their couplings. The formulations of such
mesoscale models could then be used, together with upscaling approaches, for developing macroscale
models of significance for predicting, at the structural engineering level, ASR-induced deformations and
changes of poro-mechanical properties. The latter remains a critical objective of the engineering com-
munity, motivated by the detrimental, socio-economic impacts of ASR damage on existing and future
concrete infrastructure.

1.2 Research objectives

This project was part of a Swiss National Science Foundation (SNF) Sinergia project (Nr. 171018, "Al-
kali-silica reaction in concrete", http://p3.snf.ch/project-171018), which aimed at improving the basic
understanding of the ASR chemo-mechanics, based on multidisciplinary and multiscale approaches. In
this framework, six different sub-projects (see Figure 1.2) implemented techniques from different fields
(chemistry and thermodynamic modelling, molecular structural analysis, 2D microscopy methods, time-
lapse X-ray micro-tomography (XMT) with respective 3D image analysis and computational modelling)
to achieve such general goal.

The main objective of this PhD project (sub-project V of the SNF Sinergia project, Figure 1.2) was to
investigate the spatial-temporal evolutions of both ASR products and cracks and their eventual couplings
at the mentioned mesoscale in concrete, using time-lapse XMT, and to assess their associated defor-
mations and their degrading effects on the mechanical properties. Furthermore, the tomographic results
from this project aimed at providing input for the development and validation of mesoscale computa-
tional models of ASR cracking and of their correspondingly up-scaled models, developed within sub-
project VI at EPFL's Computational Solid Mechanics Laboratory (Figure 1.2).

To achieve the main objective, several challenges needed to be addressed, concerning the application of
time-lapse XT to characterize simultaneously ASR products, respective local deformations and cracks.
Among them, the following technical objectives were set.

" Developing an approach to enhance the X-ray tomographic contrast between ASR prod-
ucts and any other concrete material phase, as the first, needed step towards detecting and
characterizing them with 3D image processing methods. Products are typically undistinguish-
able, in standard X-ray tomograms, from, e.g., cement hydrates or aggregate minerals.

. Developing and implementing an analysis methodology of the tomographic time series
in order to make it possible to compare the tomograms at the distinct time points despite the
deformations induced by ASR. At the same time, estimating, from the differing tomograms,
such deformations, to create an experimental data basis for the validation of corresponding
results from mesoscale simulations.

. Implementing an approach for simplifying the recognition of aggregates in X-ray tomo-
grams, with the end goal of being able to perform quantitative analysis of products and cracks
by distinguishing between their location in the mesostructure, i.e., inside aggregates or within
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the cement paste. Real world aggregates exhibit, in X-ray tomograms, poor image contrast to
the cement paste.

By addressing these challenges and sub-objectives, the project aimed at establishing, for the first time,
an integrated experimental and analysis framework for studying the chemo-mechanics of ASR cracking
at the mentioned concrete mesoscale, with specific optimization for what achievable by time-lapse X-
ray tomography as a technique complementary to the 2D, destructive microscopy methods used so far
more frequently in ASR research.

Il. Characterization of molecular

. Dissolution of various
minerals present in
aggregates

V. Cracking and ASR products
evolutions characterized by
time-lapse X-ray tomography

VI. Multi-scale modeling

Macro-scale

Meso-scale

ASR advancement

m

Il. Characterization of
initial ASR products

IV. Synthesis and
characterization
of various ASR products

VI. Realistic mesoscale

computational modeling based

on tomography-derived
mesostructures

Figure 1.2. Overview scheme representing the various sub-projects of the Swiss National Science Foundation
(SNF) Sinergia project Nr. 171018, dedicated to ASR (damage), and of their interconnections, indicated by ar-
rows. Sub-project V was the one concerning this PhD Thesis, with strong interconnection with sub-project VI, the
latter related with multi-scale computational modeling of ASR cracking. The length scale(s) at which ASR (dam-
age) was investigate in each sub-project is specified by the position on the axis of a corresponding sub-project's
results, in the form of figures. The figures for each sub-project are adapted from: (I) [78]; (II) [79],; (I11I) [80], (IV)
[51]; (V) from the results presented in chapter 4 of this thesis; (VI) [61].
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1.3  Thesis outline

As mentioned in the previous Section, this PhD project aimed at advancing the basic understanding of
some aspects, at the defined mesoscale, of the ASR chemo-mechanics and its associated cracking. This
general goal was addressed by investigating the spatial-temporal evolution of both ASR products and
cracks and their couplings, mainly using time-lapse XT and the respective image analysis. Several other
destructive and non-destructive measurements were also carried out, to assess the associated bulk de-
formations and degradation of the mechanical properties in several specimens. Furthermore, the tomo-
graphic and non-tomographic results of this study aimed at creating a data- and knowledge-base also
useful for the development and validation of mesoscale computational models of ASR cracking.

The objectives of this PhD project mentioned in Section 1.2 were addressed during the course of four
different work packages with four respective specimen sets. One set included specimens belonging to a
testing campaign started well before this PhD project and aiming at monitoring and characterizing ASR
damage development under natural environmental conditions. The rest of the specimens were cast dur-
ing the course of this PhD project, all of which with similar mix designs and identical aggregate types.
By several characterization procedures, identical protocols and settings were implemented (otherwise
explicitly mentioned). For the analysis of the tomographic results, similar workflows were used, to foster
the results comparability across the different work packages.

Different Chapters and respective Appendices have been dedicated to discuss the basics and the imple-
mentation/technical details of different work packages as well as their corresponding outcomes.

The state-of-the-art background knowledge about ASR, its societal and economic impact and different
approaches/methods to characterize it, along with the respective present knowledge gaps and research
needs, are discussed and summarized in Chapter 2. Such a summary is inevitably more focused on as-
pects related with the work performed in this project, although an attempt was made to cover also more
general aspects.

Chapter 3 and its dedicated Appendix (A) focuses on the detailed explanations of the raw materials and
specimen preparation/casting, their boundary conditions for the experimental campaigns, the implemen-
tation of time-lapse XT, the respective image analysis workflows (image registration and segmentation
and statistical analysis of distinct properties computed out of their results) as well as other characteriza-
tion procedures. This Chapter provides all the general details. Other details about the campaign-specific
adaptations of the materials and methods are provided additionally in each Chapter for the respective
campaign.

Chapter 4 and its respective Appendix (B) report the results for the first specimen set. They were ob-
tained from an XT campaign implemented both for laboratory-scale accelerated specimens and for field-
exposed ones. These results include qualitative and quantitative assessments and comparisons of several
features of the crack networks developed under the distinct boundary conditions, the laboratory and the
field ones. This work package aimed at characterizing the propensity to ASR cracking of the chosen
concrete mix designs (containing different alpine aggregate types) and at quantitatively assessing
whether or not and how much/in what such cracking would be representative of that observed in concrete
exposed to natural boundary conditions. The focus of this Chapter was on summarizing key similarities
and differences between the specimens subjected to the two types of boundary conditions.

Chapter 5 and its Appendix (C) deal with results from a second experimental campaign during which a
new XT methodology was developed with the purpose of investigating the coupled evolutions of ASR
products and associated cracking. The methodology relied upon the addition of a source of caesium
(Cs), i.e., CsNOs3, to the concrete mix, acting as an XT contrast agent for ASR products. The experi-
mental campaign addressed in details the question of whether such addition may spuriously alter the
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ASR (cracking) or not and, if yes, in which way and how much. Finally, it allowed achieving a charac-
terization of both the cracks spatial-temporal patterns and the ASR products ones.

Chapter 6 and its Appendix (D) report and discuss the results concerning a third specimen set, cast with
another contrast agent, barium sulfate (BaSQs), added to enhance the detection of the aggregates in the
X-ray tomograms (otherwise often almost undistinguishable from the cement paste). The possibility to
distinguish more easily and reliably between paste and aggregates enabled two key advancements in the
ASR cracking characterization. First, it allowed and allows to sub-classify segmented features (e.g.,
cracks) based upon whether they were/are located within the aggregates or outside them. The latter sub-
classification serves the purpose of analysing the ASR cracking with respect to the concrete mesoscale
material phases (aggregate or paste). Second, the segmented aggregates lead to the partitioning of the
investigated volume into the two mentioned main mesoscale phases, such that a realistic digital domain
can be provided for mesoscale computational models. The optimization of this contrast agent's concen-
tration in concrete specimens containing two aggregate types is presented in this Chapter. Also in this
case, any eventual influence of its addition on the natural ASR (cracking) course was investigated in
details and the results herein reported.

The implementation details and results of a fourth and final experimental campaign are provided in
Chapter 7 and its Appendix (E). Here, the focus was on integrating the two experimental methodologies
described in Chapters 5 and 6. The aim of this attempt was to enable the detection of both aggregates
and ASR products in the X-ray tomograms, at the same time. This allowed and allows to characterize
the spatial-temporal distributions of both ASR products and cracks with the additional possibility of
identifying their location in the concrete mesostructure (i.e., inside or outside the aggregates). This
achievement was possible thanks to the search of an optimal BaSO, concentration given a certain Cs
one.

Finally, in Chapter 8, the significant conclusions, achievements and contributions of this project to ad-
dressing some of the knowledge gaps mentioned in Section 1.1 and goals stated in Section 1.2 are sum-
marized and commented about. An outlook about how the outcomes of this project may impact the ASR
research is also provided, with particular focus on their value for the development and validation of
mesoscale computational modelling of ASR cracking and for the application of the developed XT meth-
odologies and respective analysis workflow to the investigation of ASR cracking at other space-time
scales not covered in this project, e.g., at very early stages and at the microscopic scale, when/where the
first products precipitation and accumulation is accompanied by the initiation of the first cracks.
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Chapter 2. Alkali-silica reaction (ASR) and respective damage in
concrete: basics and state of the art in their characterizations

2.1. ASR chemistry and identified/proposed damage mechanisms

The mechanisms involved in ASR have been extensively discussed in the literature [1]-[7]. Usually, the
ASR (damage) sequence is synthetically described as the following: (I) dissolution of silica inside the
aggregates; (II) nano-colloidal silica sol particles formation; (III) alkali-silica gel formation; (IV) water
uptake by the alkali-silica gel; (V) volume increase of the gel, leading to local stress development and
crack initiation/propagation [7], [8], which is accompanied by movement of the hydrated gel first to-
wards, then throughout the cement paste. Such description has been based upon the key hypothesis of
ASR products being hydrophilic gels characterized by the capability of large expansion upon water
uptake. In what follows, a summary of the state-of-the-art knowledge about these five sequence stages
is provided, along with a summary of key factors affecting it. Then, a survey of some of recently reported
data is presented, focusing on some key results which have challenged some points or aspects of the
standard sequence description summarized above, especially the mentioned key hypothesis.

(I). Silica dissolution inside the aggregates. Silica minerals are key constituents of many rock types,
including those typically used as aggregates in concrete. They mainly consist of tetrahedral SiO; units
(generically called silica). Each unit consists of one Si atom in the tetrahedron center and four oxygen
atoms, two own, the other two from another surrounding unit [9]. These shared oxygen atoms are some-
times called as "bridging oxygens". They are part of what are called siloxane (=Si—O-Si=) bonds and
contribute to the formation of long range chains of the mentioned tetrahedra. The bond angle of the O—
Si—O building block in a single tetrahedron is exactly equal to 109°. On the contrary, the bond angle of
the Si—O-Si blocks, connecting the distinct tetrahedra, can span the range 100° - 170° [10]. This variety
is mirrored into a manifold of possible molecular structures for the chains of tetrahedra, from macro-
crystalline to micro/nano-crystalline or even amorphous ones [11]. In addition to such conformational
variety, the silica chains can also be impure, where H, K, Na and Ca may be connected to the oxygen
atoms. All of these possible difference at the molecular structure level lead to a broadband spectrum of
susceptibility to silica chain dissolution in certain chemical environments.

Here, for simplicity, only dissolution and ASR product formation from pure silica chains is considered.
By exposure to an alkaline aqueous environment, OH~ (hydroxyl) anions decompose the silanol (=Si—
OH-) groups, which constitute the interface between the solid silica chains and water. Thus, the silica
network gets dissolved [12]:

3(= Si- OH)s + 9(0H ) 4q © 3(Si(0H)4)aq (2.1).

The formation of Si(OH)4 implies that three Si—O" groups remain on the solid surface of the of altered
silica chain. The presence of such groups, not explicitly mentioned in Eq. (2.1), contributes to charge
balance the left side of this equation. In addition to Si(OH), dissolution products might also be oligo-
mers with the form Si,O.(OH)p, with 2a+b=4n [13].
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The silica chain solubility increases as temperature increases or the silica crystallinity decreases [14].
Poorly crystalline or even amorphous silica chains are frequently termed metastable and are found in
aggregates with high susceptibility to dissolution in aqueous alkaline environment, i.e., to ASR.

In alkaline environments, Si(OH)4 becomes ionized and gets converted into highly soluble ions [15]:

(Si(0H)4)aq © (H3Si07)aq + H* (2.2)

(Si(OH)y)aq © (HpSi0F )gq + 2H* (2.3).

AtpH > 10 - 11, reactions (2.1), (2.2) and (2.3) advance in the direction of H* production, thus leading
to a pH reduction. Moreover, ion exchange can also happen, which can lower the pH even more:

(Si(OH)4)aq + Nat, & ((OH)3 = Si- 0~ ... Na*)aq + HZ, (2.4).

In Eq. (2.4), the 0~ ... Na™ block denotes a high likelihood that the formed bond is a strong Van der
Waals one.

Some of the noteworthy consequences of the silica chain dissolution on the chemical and microstructural
environment, both of the aggregates and of the concrete specimens, overall are the following ones. The
silica chain dissolution has been shown, for some mineral types, to lead to a substantial increase in the
local aggregate pore volume [6]. In addition, all of the mentioned reactions by which it can take place
imply a local (i.e., in the dissolution region) reduction of the pH. This has an effect on the overall con-
crete environment. Indeed, when the gel formation takes place (from the alkali-silica sol, Eq. (2.4)), as
explained below, Ca?* cations, present in the concrete's pore solution, may replace alkalis being part of
the gel structure, with their consequent release, Eq. (2.5), a process termed "alkali recycling”" [16]. The
decrease in the Ca?* concentration in the pore solution stimulates additional dissolution of the portland-
ite in the cement paste. Thus, it leads to an increase in local pH (Eq. (2.6)):

2((OH)3 = Si-0 ... Na)oq + Ca?* & ((OH)3 = Si-0 ... Ca...0-Si = (OH);) + 2Na* (2.5)

Ca(OH), < Ca®** + 20H- (2.6)

Thus, a negative feedback loop can get established, which supports the continuation of the metastable
silica chain dissolution.

The silica dissolution picture drawn above concerns mainly the key chemical features. Not discussed
here are the kinetic aspects and controls, which influence its rate, thus the entire ASR kinetics. It is just
remarked that some studies have shown that the silica dissolution rate is greatly dependent on the pH
and temperature [7], [17].

(II) and (IIT). Formation of colloidal silica sol particles and their gelation. The silica dissolution
products would stay stably in the solution under two conditions: (1) in the absence of Ca?* cations and
in the absence of pH and temperature changes, which would lead to achieve the super-saturation of
aqueous silica [18]. That would happen because, as shown with Egs. (2. 2) and (2. 3), the dissolved silica
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entities are negatively charged (at such high pH levels) and their mutual electrostatic repulsion would
prevent their aggregation. Under such circumstances, the silica dissolution would simply slow down and
ultimately stop when the silicon molar concentration in the pore solution, [Si],4, would reach its solu-
bility limit [19]. Nevertheless, such situation does not happen in a concrete produced from Portland
cement (PC): its pore solution always contains Ca?* cations. Such cations contribute to link the dis-
solved silica entities together, with consequent formation of poly-metal silicates [20]:

2((0H)3 = Si-07)4q + CaZt & ((OH)3 = Si-0 ... Ca ...0-Si = (OH)3)s0; 2.7).

Equation (2.7) describes a condensation process which creates the first precursors of sol particles. Ac-
cording to laboratory studies dealing with model systems of ASR products synthesized in conditions
mimicking the chemical environment in a typical Portland cement-based concrete's pore solution, the
Ca?* cations might act as a catalyst in the reaction described in eg. (2.7) and might become liberated
afterwards (Eq. (2.8)), forming siloxane bonds [21]:

(=Si-0..Ca..0-Si =) + (H,0) & (= Si-0-Si =) + Ca?*t + 20H™ 2.8
2

As soon as a nucleus of the poly-metal silicates with a critical volume is formed, it can develop, via
further condensation, into a nano-colloidal silica sol particle [22]. By aggregation of several of such
colloidal particles, a continuous and space-filling ASR gel or a more compact macro-scale precipitate
can form [21], [23], [24]. Such gel would be the first form of ASR products.

The proposed formation process for such initial ASR products is based upon the cumulated knowledge
of the involved chemistry and of their chemical environment.

Based on the known chemistry, a significant amount of work has been dedicated to synthesize in the
laboratory gels derived from similar chemical routes as the one described above, thus potentially acting
as surrogate of ASR gels [25], [26].

Some of such synthesized phases have been found to be comprised of colloidal silica particle clusters
surrounded by solution. The particles in such clusters have been characterized as having size of about
10-30 nm and the spacing from each other within the clusters seem to depend on the gel water content
[27]. Such synthesized gels have been described as porous materials with very high surface area [28].
The rheological characterizations of some of such synthesized gels have suggested that ASR gels may
be viscous fluids with a relatively high yield strength (up to 85 kPa) [29].

(IV) and (V). ASR gels water uptake and consequent expansion. Under the assumption that the early
ASR products are highly porous gels, several mechanisms have been proposed concerning their hygro-
scopicity and corresponding dimensional changes. First of all, their molecular structure includes chem-
ical groups, as —OH, -O...Na and -O, which contribute to make their surface strongly hydrophilic, thus
fostering adsorption of water. Different mechanisms have been then proposed which should promote
water ingress into the gels by osmosis [30]. Finally, swelling has been also attributed to electrically
repulsive forces inherently stemming from the structural surface charge of the gel's solid particles [31],
[32].
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The roles of alkalis and calcium: The hydration of Portland cement implies that the concrete pore
solution contains potassium-, sodium- and calcium-hydroxide (KOH, NaOH and Ca(OH),, respec-
tively). Depending on the cement composition, distinct concentrations of K*, Na*, Ca?* and OH ™ ions
can be achieved, i.e., the pore solution can achieve distinct alkalinity levels. Nevertheless, the pore so-
lution is typically a highly alkaline liquid (pH ~ 12.8). In certain aggregate types, some of the minerals,
e.g., micas and feldspars, can also act as additional sources of alkalis [33], [34]. Thus, the concrete pore
solution provides, in general, a favorable chemical environment for ASR. An OH™ concentration above
0.2 M can actively trigger the dissolution of the metastable silicates in any reactive aggregate [35].

The understanding of the role of alkalis and of their concentrations on the formation of ASR products
has gradually improved over time. A special focus of several research efforts has been dedicated to the
role of Ca. Ca?* cations seem to play key roles both in the formation, expansion and physical and
mechanical properties of ASR products.

Under the gel model of such products, it has been shown in several studies that the presence of Ca?* is
crucial to form ASR gels: without Ca?*, the dissolved silica species would remain in the solution with-
out giving place to gelation [36]-[39].

It was believed by some scientists that Ca®* concentration controls the formation of expansive alkali-
silica complex or non-expanssive lime-alkali-silica complex [40]. While others refused the non-expan-
siveness of the lime-alkali-silica complex and instead associated the role of Ca?* concentration to con-
trolling of the relative rates at which the silica ions diffuse in and out of the reactive grains [41]. In a
later study, the idea of exchange between alkalis and Ca?* in silica gel was introduced (leading to non-
swelling lime-alkali-silica complex) and the fact that "alkali recycling" can also take place (further pro-
duction of swelling alkali-silica complex) [5], [40], [42]. The concept of siloxane bond breakdown (ad-
jacent to the silanol groups) was later introduced to cause local lattice stability reduction and thus al-
lowing new bonds with alkalis [8]. The ASR products containing Ca®* are stable in water, whereas
without Ca?™, silica ions can dissolve in water. The Ca®* ions can react with dissolved silica to form
ASR products, a process which would continue till its saturation [43]. The Ca?* and alkalis diffuse from
the pore solution to the aggregate interfaces or cracks, while the silicate ions dissolved from meta-stable
silicate by OH ™, diffuse in opposite direction (out of aggregates) [44], [45]. Therefore, based on the few
aspects (out of several research instances) explained here, the inevitable controlling role of Ca?* and
alkalis availability on the ASR mechanism becomes obvious [8].

The role of moisture. Water is essential for ASR from two perspectives: as a reactive agent and as a
transport agent for other reactive entities [46]. Concrete cast with reactive aggregates typically develops
ASR if exposed to environments with relative humidity (RH) not lower than 80% [47]. However, ex-
ceptions to this rule of thumb have been reported, consisting of observations of ASR cracking occurring
in concrete exposed to drier environments [48]. These results have suggested that the ASR expansion
may not be necessarily and strongly dependent upon continuous water uptake. In certain conditions, the
moisture present since the beginning within the structure itself may suffice to support the expansion of
the ASR products [49]. However, sufficient evidence has also been reported that any moisture increase
can enhance the reaction rate [8].

The common view of ASR products (expansion) challenged by recent results. Both recent and less
recent results reported in the literature suggest the existence of a wider variety of ASR products types
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than just gels. As a consequence, the common view described above about the molecular scale mecha-
nisms of the products' expansion is put into question. In what follows, a selection of such results and
corresponding impacts is summarized.

First of all, optical microscopy and scanning electron microscopy (SEM) studies have shown that ASR
products well within the aggregate interior typically exhibit morphologies characteristic of nano-crys-
talline platelets [S0]-[52]. This is in contrast with products closer to the aggregate boundaries or inside
cracks running though the cement paste, which typically appear, in the same types of images, featureless,
i.e., amorphous [11]. The platelets-like inner products are frequently characterized by nanometer thick-
ness and micron-sized width [S0]-[52]. Their morphology can thus be undoubtedly distinguished from
that of a gel [53]. Additional micro-XRD and various spectroscopic characterizations revealed the sim-
ilarity between such nano-crystalline products and shlykovite, a layered silicate [25], [54]-[56]. Differ-
ences in the basal spacing values have been found for such nano-crystalline products, depending upon
whether they were retrieved from real world-aged structures or they were synthesized in the laboratory
[56]. Despite such differences, the common layered molecular structure has the capability of water ab-
sorption/adsorption. However, during water vapor sorption measurements, these products showed (1)
no systematic and clear evidence of dimensional changes in correspondence of their interaction with
water vapor molecules [57] and (2) smaller moisture adsorption/desorption capacity than the most abun-
dant cement hydrates, i.e., calcium-silicate-hydrates (C-S-H) [58], [59]. The former results were ob-
tained by in situ 3D micro-XRD measurements with synchrotron radiation. What such measurements
showed was the presence of a dimensional change of the crystalline lattice upon a change in environ-
mental relative humidity (RH) between 10% and about 40% for one type of nano-crystalline products
but not for another type. In addition, the crack containing such products exhibited no resolvable dimen-
sional changes, even in correspondence of a RH increase up to 97%. The sorption isotherms results
reported in [58], [59] essentially suggest that the nano-crystalline ASR products should have lesser de-
gree of interaction with water (vapor) than C-S-H, calling into question whether water uptake by the
nano-crystalline products, even when occurring, could really be at the basis of the observed ASR-driven
expansion. Thus, in summary, according to the most recently available data, the nano-crystalline ASR
products typically found in the inner aggregate regions do not seem to strongly deform and expand upon
water vapor uptake. Such results weaken the hypothesized role of expansion upon the products' water
uptake in the ASR damage sequence.

In terms of temporal sequence, evidence has been reported of initial (i.e., early-age) ASR products
within aggregate micro-cracks being mainly amorphous, while the nano-crystalline forms mentioned
before appearing later and in larger cracks, when macroscopic scale expansion has already taken place
[60]. A knowledge gap consists of the behavior of such initial amorphous products upon water uptake,
i.e., whether they may swell or not. If not, another possible candidate as source of initial, localized
aggregate expansion and correspondent crack opening is the evolution of the amorphous products into
the mentioned nano-crystalline ones, with consequent development of local crystallization pressure.
Some examples of opening of original grain boundaries and micro-cracks in aggregates as a consequence
of localized crystal-growth, even before whole micro-crack were filled with products, are reported in
[61]. These results support the hypothesis of product crystallization as a possible source of micro-crack
opening. However, the experimental challenges of directly observing, at sub-micron scale, such crystal-
lization and to measure any eventual crystallization pressure even in a physical model system repre-
sentative enough of what happening in concrete have prevented so far to confirm definitely such hy-
pothesis.
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2.2. Reactive aggregates

The aggregates used for concrete production might be of sedimentary, igneous or metamorphic origin
[62]. Generally, the ASR reactivity of an aggregate type relies on its mineralogy and texture [63]. Un-
derstanding the behavior of an aggregate type when exposed to the chemo-mechanical environment of
a concrete (structure) is fundamental for improving our scientific understanding of ASR, thus for devel-
oping approaches to mitigate it.

There exists well standardized, laboratory tests for assessing the aggregate reactivity, for example the
accelerated mortar bar test (AMBT, ASTM C1260 [64]) or the concrete prism test (CPT, ASTMC1293
[65]). However, they are not effective enough in capturing the impact of the aggregate composition and
texture on the ASR rate. In addition, such tests, which focus mainly on assessing the macroscopic ex-
pansions of specimens cast with the investigated aggregates, do not allow assessing other features of
how ASR develops, for a given aggregate type, e.g., whether it mainly involves or starts at the aggregate
surface or more in internal regions and their inherent micro-cracks and grain boundaries [7], [66], [67].
Therefore, petrographic characterization, typically based upon optical microscopy, has been extensively
used as a complementary method for attaining a primary insight into the ASR reactivity of an aggregate
type.

As mentioned earlier, the silica dissolution kinetics is affected by the silica structure. Well crystallized
(dense) forms of silica, such as quartz, usually are less prone to ASR [68]. The ingress rate of the alkali
hydroxides (thus the ASR likelihood) increases with the decrease of the crystallinity degree of the silica
minerals. As a consequence, cryptocrystalline or deformed and defective quartz exhibits higher propen-
sity to ASR than pure quartz, since the surface area in the microstructure of the former is larger than that
of the latter [47], [68], [69].

Amorphous silica-containing aggregates, e.g., opal and glass, are the most reactive types. The second
most reactive class includes meta-stable, e.g., cristobalite and trydimite, micro-crystalline and other
crystalline forms of silica with lattice defects or residual strains and internal micro-cracks.

It is worth noting that the ASR reactive minerals of an aggregate may occupy only about 1% of its total
volume, typically being found in its interior [70], [71]. Despite this feature, such reactive minerals can
get in contact with the pore solution either via a rather porous matrix of the whole aggregate, like in the
case of chert, or via inherent grain boundaries and micro-cracks in the aggregates. The latter features of
aggregates not only act as conveyors of the pore solution. They also provide a large surface area for the
ASR initiation and advancement [7].

Aggregates are generally categorized as "slow" (also "low"), "normal" (or "intermediate") and "fast" (or
"high") in terms of ASR reactivity, based on their composition/texture as assessed by petrographic anal-
ysis [7], [72]. For example, a certain type of aggregate is considered to have a low reactivity, if above
97% of its components are mineral with known low potential reactivity. On the other hand an aggregate
would be classified as to have a high reactivity if it consists of above 10% crushed greywacke or recycled
demolition waste. It is recommended that if aggregates contain measurable opal or opaline silica, they
should not be classified and used (i.e., reactions are very fast) [72]. A list of common aggregate and
mineral types, with their respective alkali-reactivity class, is provided in Table 2.1. The petrographic
texture of some selected ones are also shown in Figure 2.1. For instance, crushed greywacke (Figure 2.1
(a)), which is a sandstone, is known to have a considerable high ASR reactivity [72]. On the contrary,
granite, exemplified in Figure 2.1 (b), typically has low ASR reactivity. However, there are exceptions
because of textural and mineralogical features. For example, a microgranite (Figure 2.1 (c)), which is a
form of granite, can be more reactive than other granite types due to a higher content of disordered silica.
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In general, shear banding can produce metamorphic variants such as cataclasite (Figure 2.1 (d)), ultra-
cataclasite (Figure 2.1 (e)) and ultramylonite (Figure 2-1 (f)), which tend to have higher proportions of
disordered quartz, thus to be more alkali-reactive [72], [73].

In terms of mineralogy of the rocks, two classes of minerals are considered highly ASR-reactive. They
include metastable and disordered forms of quartz (e.g. opal, chalcedony, tridymite, cristobalite and
alumino-silicate glasses in the matrix of intermediate to acid volcanic rocks) [72]. Natural rocks might
have significantly diverse lithologies and thus ASR-reactive minor components (e.g. disordered or sub-
microscopic forms of quartz) can exist within the aggregates that are classified as non-reactive. For
instance, a granitic rock would be typically classified as an aggregate with a low reactivity, but in dif-
ferent shear zones the granite might have metamorphosed into cataclasite, ultracataclasite and ultramy-
lonite. The main characteristics of these variations is that they all contain highly disordered quartz,
which is ASR-reactive [72]. In general quartzite (metamorphic rock naturally produced from pure quartz
sandstone), chert (fine-grained sedimentary rock composed of microcrystalline or cryptocrystalline
quartz) and flint (sedimentary cryptocrystalline form of the mineral quartz) are the prevalent types of
constituents found in most of the commonly used aggregates (in construction). To facilitate the classifi-
cation of aggregates, a simple approach was proposed by Hunt [74], based on quartzite and chert content
of the aggregates. It consists of characterizing and sorting their grains, as appearing inside aggregates,
in terms of their texture, fabric and grain size, as shown in Table 2.2. According to this approach, ex-
amples of cherty quartzite, diaquartzite and metaquartzite are shown in Figure 2.2(a)-(c), respectively
[72].

Table 2.1. ASR- reactivity of various mineral, natural rocks or artificial aggregates (adapted from Ref. [72]).

Low reactivity Normal reactivity High reactivity
Air-cooled blastfurnace slag Arkose * Chalcedony or chalcedonic silica
Amphibolite ! Breccia Cristobalite

Andesite ! Chert Greywacke (crushed)
Basalt ! Conglomerate Opal or opaline silica
Chalk Flint Tridymite

Diorite and microdiorite Granulite ! Recycled demolition waste
Dolerite ! Greywacke (uncrushed)

Dolomite 2 Gritstone 4

Expanded clay/shale/slate Hornfels !

Feldspar Quartzite 4

Gabbro ! Rhyolite !

Gneiss ! Sandstone and siltstone *

Granite and microgranite ! Tuff T

Limestone 2 Volcanic glass >

Marble 2

Quartz 3

Schist !

Sintered pulverized-fuel ash

Slate

Syenite and microsyenite

Trachyte !

1 Rock type generally not alkali-silica reactive but may occasionally contain reactive forms of silica (possibly including opal,
chalcedony, tridymite, devitrified glass, microcrystalline or cyptocrystalline quartz, submicroscopic or disordered quartz).

2 Silicified limestones, dolomites, and marbles may be reactive due to the presence of disseminated microcrystalline or
cyptocrystalline quartz.

3 Not quartzite, nor microcrystalline or cryptocrystalline quartz. In addition, highly disordered quartz and submicroscopic silica or is
potentially reactive.

4 Sandstones may occasionally contain reactive forms of silica such as microcrystalline or cyptocrystalline quartz, strained or
disordered quartz, opal, chalcedony. Greywacke can be highly alkali reactive (when crushed) and is considered separately from
other sandstones.

5 Volcanic glass may be reactive if the noncrystalline glass has devitrified to become very finely crystalline.

20



Chapter 2: Alkali-silica reaction (ASR) and respective damage in concrete: basics and state of the art in
their characterizations

L S MR

Figure 2.1. (a). Quartz grains appearing (light) in greywacke coarse aggregate, (b) granite, consisting of coarse
crystalline quartz (left), feldspar (right), and biotite mica (yellow); (c) microgranite, comprising of fine crystalline
quartz (grey/white/black), feldspar (grey), muscovite mica (yellow/pink/blue) and biotite mica (brown/green); (d)
granite cataclasite with a porphyritic texture containing porphyroclasts of feldspar (centre) set in a groundmass
largely composed of finely crystalline quartz; (e) ultracataclasite, containing unfoliated groundmass of fine crys-
talline to cryptocrystalline silica, with rare strained porphyroclasts; (f) ultramylonite, comprised of foliated
groundmass of fine crystalline to cryptocrystalline silica, with rare strained porphyroclasts. All insets were
adapted from [72] and show optical, transmission micrographs obtained by cross-polarized light and a geomet-
rical magnification factor of x35.

Table 2.2. Classification of quartzite mineral groups ([75] and [72]).

TEXTURE o
0% £
(Ortho)quartzite Diaquartzite Metaquartzite 59 =
) - - ° BF
E Cherty quartzite Cherty diaquartz Cherty metaquartz 50% g E
= Quartzitic chert Quartzitic diachert Quartzitic metachert 959 < ‘:'\L
Chert Diachert Metachert ° LB
100% © %
Original grain No original grain structure, Interlocking crystals, s
structure visible interlocking crystals visible restructuring ‘S‘
INCREASING MATURITY > ©

Figure 2.2. (a) Cherty quartzite, containing a combination of cryptocrystalline quartz (chert, top-right half) and
interlocking, medium-grained quartz crystals (quartzite, lefi-bottom half); (b) diaquartzite, comprised of medium-
grained quartz interlocking crystals; and (c) metaquartzite, with severely sheared and restructured quartz, includ-
ing submicroscopic quartz. All insets were adapted from [72] and show optical micrographs obtained by cross-
polarized light in a transmission mode, with a 150 times magnification.
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2.3. Field examples of ASR damage

Deleterious effects of ASR on various civil structures have been identified in different countries around
the world. It has always been a challenge for engineers in charge of operation and maintenance of such
structures to assess their safety and performance and to protect them against ASR. Before conducting
repairs on ASR damaged structures, a proper diagnosis of the damage type is necessary [76]. A compre-
hensive field survey is usually the ideal starting point for detecting ASR and its damage extent. ASR
typically manifests itself with typical cracking patterns and moisture and/or ASR products leached out
from those cracks (deposits) [77].

These crack patterns usually correspond to both shrinkage and ASR. During shrinkage, the surface layer
of the concrete undergoes negative volume changes due to the loss of humidity, while in the interior
parts a higher moisture content ASR is more favored. Therefore, the shrinkage cracks become wider and
a different crack pattern can form (depending on other boundary conditions such as different restraints)
[78].

The deposits usually form due to the wetting-drying cycles due to environmental changes. The silicon-
rich pore solution reaches the concrete surface and amorphous silica containing minor amounts of cal-
cium gets precipitated [78]. Furthermore, these deposits can form due to the penetration of considerable
amount of water into the concrete and transporting dissolved ions to the concrete surface [78]. In this
case portlandite and calcium carbonate precipitation (due to reacting with CO;) may occur. Depending
on the composition, the color of deposits might vary. They tend to appear white (if not contaminated by
biological activities or organic materials) when formed by calcite [78].

Some examples of ASR cracking patterns, observable on the surfaces of structures worldwide, are shown
in Figure 2.3. Figure 2.3 (a) shows a reinforced concrete foundation pier and Y-columns (20 years old)
supporting a road overpass in Quebec City, Canada. The whitish stained region on the right hand-side
of the image shows the leached ASR products from the respective cracks. Figure 2.3 (b) shows an ele-
vated freeway structure (not repaired and 40 years old) in Port Elizabeth, South Africa. Figure 2.3 (¢)
shows another example of severe ASR cracking, including surface spalling, by the central abutment of
a double arch railway bridge (not repaired and over 30 years old) in Johannesburg [76].

The first ASR-affected cases in Switzerland, reported in the literature, concerned the "Illsee dam" [78].
In Swiss structures (e.g. dams) the visual signs of significantly developed ASR occur as cracks. How-
ever, the pop-outs at the concrete surface (due to very fast and intense ASR), unlike the cases in some
other countries, do not usually appear in Swiss structures. However, in some cases they might arise due
to freeze-thaw damage [78]. Figure 2.3 (d)-(f) shows three examples of structural ASR damage found
in Switzerland. The deposits (dark rims) caused by ASR can be observed along the crack edges.

The Swiss Committee on Dams released a report in 2017 about concrete swelling in Swiss dams [79],
in which the results of several long-term studies on 11 Swiss dams monitored since their construction
(up to 80 years of monitoring for some cases) was documented. The first deformations due ASR after
construction was observed in different times at distinct dams, ranging from 5 - 27 years, with elongations
of 300 - 400 um/m and elongation rates of 10 - 40 um/m/year. The structural cracks were detected
between 14 - 53 years in distinct dams. The crack width usually were estimated to be 100-1000 um. The
measured vertical displacement in the crest of a dam, over 60 years, showed a cumulated displacement
of about 25 mm. Although such total displacement may not seem significantly high, but at critical loca-
tions in a structure, e.g., close to the gates of the dam, it can impair the functionality (e.g. disabling the
gate operation).
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Figure 2.3. (a) ASR cracks on a road over-pass pier in Canada [76], (b) ASR cracking in an elevated freeway
structure in South Afiica [76], (c) severe ASR damage to a railway arch bridge in Johannesburg [76], (d) ASR
cracks with dark rims having a preferred orientation parallel to the compressive stress at the entrance of a tunnel
in Switzerland [78], (e) ASR cracks on a supporting wall (in Switzerland) 78] and (f) ASR cracks on a supporting
wall at the entrance of a gallery in Switzerland [78].

2.4. Laboratory characterizations of ASR and ASR damage in concrete

2.4.1. ASR acceleration for aggregate reactivity and concrete damage assessment: com-
monly used standardized protocols

In order to assess the potential ASR reactivity of aggregates within shorter times (compared to those
typically needed by real world structures to exhibit the common damage signs mentioned before), vari-
ous laboratory standardized protocols for ASR acceleration and respective concrete damage assessment
have been developed [80]-[86]. One of the most reliable for assessing ASR expansion of concrete is the
already mentioned CPT protocol, consisting of storing the investigated mortar or concrete specimens in
a controlled environment kept at 38 + 2 °C and RH above 95% [65]. The specimens need to be cast with
a Portland cement of Type I and high in total alkali content (quantified by the Na,0,4, which is ex-
pressed as a fraction of the cement mass and should be 0.9 mass-%). NaOH needs to be added to the
mixing water in an amount such that the total alkali content of the mix achieves the value of 1.25 mass-
%. The expansion of the specimens are then regularly measured at specific time points until a specified
age [65].The CPT is commonly used as a reference standardized protocol to calibrate other similar tech-
niques. By the CPT, the ASR reactivity of both fine and coarse (or of combinations thereof) aggregates
can be assessed [87], [88]. Another standardized protocol, the AAR-3 [89], [90], was considered as a
reference. However, it was superseded by other standards, specifically the AAR-2 and AAR-5 [90],
similar to the already mentioned AMBT one, due its long term measurement requirements (12 months)
[63]. An accelerated version of the AAR-3 protocol is the AAR-4.1, which requires storing the speci-
mens at 60 °C and a total testing time of 4 months [63], [90]. These latter acceleration and testing pro-
tocols are characterized by submerging the specimens in a highly alkaline solution rather than just ex-
posing them to high relative humidity, as done during CPT. This restricts the alkali leaching out of the
specimens during ASR acceleration tests.
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2.4.2. Characterizations
2.4.2.1. Petrography by optical microscopy

One of the conventional, yet effective techniques to investigate the ASR reactivity, is assessing thin
sections (sections with a thickness of 100-200 um, cut from resin-impregnated samples) of samples by
a polarized light microscope [91]. The optical microscope allows characterizing the structure at the
mesoscale (few micrometers to few centimeters). Such investigations are often done with two main
purposes. First, to characterize the texture of the aggregates themselves, as shown by some examples in
Figure 2.1 and Figure 2.2. In this case, the thin sections were studied using polarized light, with crossed
polarizers and, inserted, a gypsum plate. Various filters and apertures of a polarized light microscope
help to identify the minerals regarding their texture and optical properties.

The second main application is to study the crack patterns developed in the concrete [78]. In this case,
it is not necessarily needed to use thin section (transmission mode) and polarized light, an optical mi-
croscopy operating in reflection regime can also be used. In any case, it is important to use a fluorescent
dye in the impregnation resin of theses samples, so that the regions with cracks become evident under
the light microscope. The cracks patterns are used to qualitatively or semi-quantitatively indicate the
intensity of ASR in a certain type of aggregate [78].

2.4.2.2. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)

SEM, typically in back-scattered electron (BE) mode, is the other imaging technique frequently used for
directly detecting the presence and evaluating the state of ASR, both in laboratory-based accelerated
cases and for specimens obtained from the field.

As in the case of optical microscopy, SEM's main disadvantage in ASR-related applications consists not
only of the two-dimensionality of the information provided but also in the destructiveness of the respec-
tive specimen preparation. However, SEM has proved to offer several advantages, among which a very
broad spatial resolution range having a high overlap with the range of length scales of interest for char-
acterizing ASR (from sub-pum to mm). Because of such advantage, the SEM characterization of ASR
and ASR cracking has significantly contributed to the observation and understanding of several features
and mechanisms.

SEM allowed observing that ASR products usually start forming as very thin (i.e., with sub- pm thick-
ness) layers within the grain boundaries of different minerals [61]. At this stage, most of the products
usually appear as amorphous, i.e., featureless, in the SEM images, at least at the smallest length scales
resolvable by state-of-the-art electron microscopes. However, later on, when the first cracking already
appeared, SEM observations could point out the existence of both crystalline and amorphous products
[61].

The amorphous products have been often observed by SEM within cracks in the aggregates near the
interfacial transition zone (ITZ), i.e., the cement paste region directly surrounding an aggregate and
typically more porous then other, further away, paste regions. Such products not only typically look
amorphous. They also have similar pixel values as the aggregate minerals. However, their recognition
is supported by some typical features. For example, they frequently look like being accumulated as if
forming a sort of plug inside the crack and close to the aggregate boundary. They are also predominantly
observed close to a crack's boundaries, sometimes in the form of thin lining layers (Figure 2.4 (a) and

(b)).
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The crystalline products are characterized by a platelet-like morphology clearly visible in Figure 2.4 (a).
That is the only feature which allows distinguishing them, in SEM-BSE micrographs, from amorphous
products. They tend to form within cracks located in the interior regions of the aggregates. In most cases,
they fill the cracks only partially (Figure 2-4 (a)).

SEM also allows observing ASR products extruded into ASR cracks propagated from an aggregate into
the cement paste. Such products are typically looking as amorphous [61]. Such products extrusion has
been observed in real world, ASR-affected concrete specimens as well as in lab-accelerated ones, where
ASR cracks running through the cement paste are typically at the scale of tens to hundreds of um in
thickness. See Figure 2-5 (a) for an example. The exception concerns specimens whose ASR is the
fastest accelerated in the lab, e.g., as by the protocols requiring 60 °C or 80 °C. In such cases, the ASR
crack network inside an aggregate tends to be extremely fragmented and composed of narrower
branches, instead of wide ones (Figure 2-5 (b)). Such narrower cracks typically do not propagate into
the cement paste. Thus, in such cases, ASR products are typically observed in SEM-BSE as filling only
the ITZ or the pore space around it [92].

Another key advantage of the SEM characterization consists of the possibility of performing, during the
same imaging session, a local chemical characterization, in terms of elemental composition. This is
possible because scanning electron microscopes are typically equipped also with point-wise X-ray de-
tectors for EDX analysis. Thus, after having been imaged, a specific location of the investigated surface,
e.g., a crack containing products, can be point-wise probed for its elemental (molar) concentration.

aggregate : 1./ . 5 ) ) <

amorphous
“AASR product

crystalline

crystalline “ASR

ASR product product

amorphous

CasSi [-]
Figure 2.4. (a) SEM-BSE image of a crack within an aggregate almost fully filled with ASR products. Most of the
ASR products are observed with a plate-like morphology, which indicates the crystalline microstructure of the
products. Small amounts of amorphous products (with no plate-like features) are shown with white arrows, (b)
SEM-BSE image of a crack (within an aggregate) filled with a combination of amorphous and crystalline ASR
products; and (c) scatter plot of (Na+K)/Si-ratio versus Ca/Si-ratio for both amorphous and crystalline ASR prod-

ucts, obtained by EDX point analysis. All insets were adapted from [92].

EDX analysis of amorphous and crystalline ASR products has shown slight differences in their chemical
compositions. The latter is typically analyzed in terms of Ca and alkali (mainly Na and K) concentra-
tions, normalized by that of Si (the basic elemental species). Usually, the amorphous type has both
greater variation as well as higher average values in the Ca/Si and (Na+K)/Si molar ratios, compared to
the crystalline counterpart (Figure 2.4 (c)). Variations typically occur from one aggregate to another and
also between amorphous products inside the aggregates and those in the cement paste. The products
within the aggregates typically exhibit an average Ca/Si-ratio of about 0.25 and a (Na + K)/Si-ratio of
0.28. The products inside cracks through the cement paste typically show higher Ca/Si-ratio average
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values, e.g., about 0.32, but lower average (Na + K)/Si-ratio values (~ 0.21) [53], [54], [93], [94]. The
higher average Ca/Si-ratio value can be explained by the higher and more direct availability of Ca**
cations in the cement paste, with their consequent easier and faster uptake by the products.
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Figure 2.5. (a) SEM-BSE image of a mortar specimen, accelerated at 40°C, showcasing extensive cracking within
the aggregate and extending into the cement paste (adaptation from [95]); and (b) extremely fragmented ASR
crack network in an aggregate in a mortar specimen, accelerated by ASTM C1260 (ASTM 2014b), at 80°C. In
such cases, crack propagation into the cement paste is less frequently observed (adaptation from [96]).

2.4.2.3. Mechanical and fracture properties characterization

A natural consequence of ASR cracking is the degradation of the mechanical and fracture properties.
Tracking their evolutions may provide useful information on the damage state. Among several labora-
tory characterization techniques, measurements of the quasi-static Young’s modulus, of the tensile and
of the uniaxial compressive strengths have been frequently used [97].

Quasi-static Young’s modulus. In structural engineering, the first important metric for load bearing
capacity of concrete is its compressive strength. Nonetheless, in the case of ASR-damaged concrete, the
usual positive correlations between tensile and compressive strengths and the Young’s modulus do not
hold, meaning, e.g., that a strong decrease in one variable is not always accompanied by a decrease in
the other two. The Young’s modulus typically has a clear sensitivity to ASR damage evolution. Reduc-
tions up to 65% in its value (after the first 28 days of hardening) have been observed [97], [98].

An example of Young's modulus evolution pattern during ASR is shown in Figure 2.6 for mortar spec-
imens cast with a combination of several reactive aggregate types, each with distinct relative amount of
phyllosilicates [77]. Such specimens were subjected to an adaptation of the French standard NF P18-
585, where the change to the standard consisted in casting distinct specimens with distinct alkali contents
for the mixing water and storing the specimens at distinct temperatures between 20° and 60°C. As visible
in Fig. 2.6, independently of the specimen type, the Young's modulus increased up to about 25-28 days,
after which it started to decrease (except for the specimens stored at the lowest temperature of 20°C).
The initial increase was due to cement hydration. The decrease after 25-28 days was attributed to the
ASR cracking , confirmed by SEM analysis of other specimens of the same types and following simul-
taneously the same protocols as those of Fig. 2.6 [77].
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Figure 2.6.Evolution of Young's modulus (reactive aggregate C reported in [77]), characterized at three acceler-
ation temperatures and with two alkaline content levels.

Tensile strength. This fracture property can be measured in three distinct ways (Figure 2.7), namely in
direct (i.e., uniaxial), splitting or flexural mode. The tensile flexural strength is typically larger than the
splitting one, which is larger than the direct one [97]. The tensile strength can be reduced up to 60% due
to severe expansion, with respect to 28 day properties [98]. The direct tensile strength of concrete is
typically not easily measured. The splitting or flexural mode measurements are routinely performed
instead. The splitting test is very sensitive to the orientation of splitting and, as such, it is of limited
value for evaluating the effects of the ASR damage. The flexural test provides a proxy measure of the
actual tensile strength. Such proxy variable, called Modulus of Rupture (MR, expressed in MPa units),
is proportional to the applied load at rupture and expresses the specimen's resistance to fail under bend-
ing. The common standards concerning the measurement of the flexural strength of concrete specimens
are the ASTM C 78 [99] and ASTM C 293 [100].

!
} 1

T ror

l flexural test  split test

direct tensile test

Figure 2.7. Different modes of tensile testing of concrete.

Uniaxial compressive strength. Decreases in this fracture mechanics property up to 40% have been
reported in correspondence of very severe ASR damage [98]. This is a frequently reported result type:
the uniaxial compressive strength starts to decrease only when the ASR cracking starts to be rather
extended. Thus, as an ASR damage indicator, it is not as sensitive and indicative as the quasi-static
Young modulus or the modulus of rupture are. Despite this fact, it is still frequently used because of the
simple, well- established and diffused methods and equipment to measure it [ 101] and because the com-
pressive strength is the fundamental concrete property based on which all other relevant engineering
properties are calculated.
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2.4.2.4. Relative mass and length changes

The relative mass and length changes (with respect to the beginning of testing, e.g., of an acceleration
protocol) are the two most commonly measured variables during the ASR progress monitoring. The
large expansions are usually associated with a high mass gain. The mass gain, in general, can be at-
tributed to the water absorption by ASR products and water penetration into the internal micro-cracks
and cracks, as they emerge due to ASR [102].

Despite being conceptually simple measurements, their implementation for ASR monitoring and char-
acterization is not free of pitfalls. Concerning the length measurement of specimens subjected to the
acceleration protocols requiring temperatures above the room one, temperature differences between the
moment of actual measurement and the remaining storage time may introduce biases or may alter the
specimens themselves. Thus, specific precautions need to be taken and sources of bias in the collected
data need to be considered. When measuring on specimens stored at 40 °C, the minimization of the
measurement time typically helps with reducing data bias from the eventual thermal shrinkage of the
specimens [103]. The same does not hold anymore for specimens stored at higher temperatures, e.g., 60
°C. In such cases, the acceleration protocol typically indicate to move the specimens into an environment
at room temperature 24 hours before the measurement. In addition to a reduction in the total acceleration
time, such prescriptions implies cooling-heating cycles during the overall testing. Such cycles may
cause ASR-unrelated, spurious deformations and associated cracking [103]. The inevitable drying due
to the RH gradient between the specimen's pore space and measurement environment may eventually
also trigger alkali transport, which can affect locally the ASR itself. These processes are among the
drawbacks of the acceleration protocols requiring storage temperatures as high as 60 or 80 °C [103].

Some examples of expansion and mass increase are shown in Figure 2.7 (a) and (b), respectively. The
reported data there concern specimens cast with highly reactive aggregates made of distinct minerals,
including andesite, opal, cristobalite and volcanic glass. Protocols similar to the RILEM AAR-3 (at
38 °C) and the RILEM AAR-4 (at 60 °C) were used for the ASR acceleration. A difference consisted in
the wrapping of the specimens in alkaline solutions-wet cloths, instead of submersion into the solutions
[104].

Figure 2.7 (a) shows the time series for the relative length change, i—s, with qualitative features frequently

observed. For the 60 °C case, % exhibited initially, till 35 days, a higher rate than at lower temperatures.
0

. ... 1AL .
However, it later decreased. At 40 °C, the initial - rate was lower compared at 60°C and remained
0
. . AL
approximately constant till 140 days. Also at 40°C, the T rate decreased later on. However, the cumu-
0

lative expansion exceeded at the end of the campaign that achieved at 60 °C. In the 20 °C case, % ex-
0

hibited initially delay, followed, since 35-50 days, by a linear increase till 140 days. Figure 2.7 (b) re-

AL . .
ports a scatter plot between the N values and the corresponding relative mass change ones. It shows a
0

.. . . . AL
strong, positive correlation between the two variables (at least at times when - Was greater than 0.04%).
0

The linear regression results shown by the dashed lines show weaker correlation at lower temperatures.
This implies that a larger amount of ASR products was probably produced at higher temperatures, lead-
ing to higher cumulative expansion.
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Figure 2.7. (a) Time series of the relative length change at different acceleration temperatures. The markers show
mean values while the error bars show standard deviations, both computed from a set of specimens. The number
of specimens measured at each time point is indicated by the format of each marker: color filled markers corre-
spond to three specimens, the white and black markers denote two and one specimen, respectively. The dashed
lines show regression lines performed considering only data points with expansion values above 0.04%, their
slopes are indicted with values next to each line. Both insets were adapted form [105].

2.4.2.5. Basics of X-ray tomography as applied for ASR (damage) characterization

XT is nowadays used extensively both in Materials Science and Engineering [106]-[109], including in
the field of concrete technology [110], as well as in the Earth and Environmental Sciences [111], [112],
not to mention in the Biomedical Sciences and Engineering, where this 3D imaging technique stems
from and where the strongest drives for new developments still exist [113]-[115].

There exists distinct types of XT. One way of distinguishing among them concerns from which main
interaction processes between X-rays and matter the contrast in an X-ray tomogram (the created 3D
image) stems. In this PhD project, X-ray attenuation contrast imaging (XACI) was used, whose princi-
ples are described below and which is the standard contrast mode. It relies on the transmission of an X-
ray beam through the investigated specimens and its attenuation, in terms of the fraction of incident
photons which actually emerges from the specimen's opposite side after their propagation through it.
There exists other contrast modes for X-ray imaging, among which the two mostly developed are X-ray
phase contrast imaging (XPCI) and X-ray dark-field contrast imaging (XDFCI). While XACI relies on
the particle nature of X-rays as high energy photons, XPCI and XDFCI exploit their wave nature, as
high frequency electromagnetic waves. The contrast in XPCI and XDFCI stems from other X-rays-
matter interaction processes, mainly refraction and small angle scattering (SAS), respectively. Both
XPCI and XDFCI have already found useful applications also in Materials Science and Engineering
[109],[116], [117], including in the porous building materials fields [118]-[125]. However, they require
either more specialized equipment and/or particular X-ray radiation characteristics which are not easily
available for X-rays produced by laboratory-scale sources.

Another way of distinguishing between XT types actually relies upon the type of X-ray sources. In this
PhD project, a laboratory source was used. Contrary to synchrotron radiation in the X-ray energy range,
laboratory X-ray beams for tomography are highly polychromatic, have much lower brilliance/flux and
much lower spatial coherence. The first characteristic makes discrimination between distinct material
phases more difficult and introduces sources of artifacts. The second characteristics reduce the temporal
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resolution of tomographic measurements. The third characteristic makes XPCI and XDFCI more com-
plicated and typically requiring additional X-ray optics equipment and/or acquisition protocols and im-
age formation approaches.

In the following, a brief review is provided about only those basic aspects of attenuation-contrast XT
relevant to its use in this project. The review covers also some types of artifacts and some of the limita-
tions which this project tried to address and to compound and reduce to achieve the set goals.

Basics of attenuation-contrast XT with laboratory sources. A laboratory-scale X-ray source for XT
consists of a small linear accelerator of electrons. The respectively produced electron beam has energy
typically in the range 20 — 300 ke V. It is highly collimated and aimed at a small region (sub-mm to sub-
um) on a crystalline target typically made of high atomic number (Z) materials, e.g., tungsten. The
strong deceleration the electrons experience while entering within the crystalline lattice of the target
leads to the emission of bremsstrahlung radiation, in the form of X-ray photons, whose energy spans the
full range up to the electron beam's incident energy. The emitted X-ray photons are typically contained
within a conic volume whose aperture angle is the larger the smaller the target area irradiated by the
electron beam (also called focal spot). The specimen to be tomographed is then irradiated by such a
conic X-ray beam. Part of the beam is transmitted through the specimen, part not, due to different inter-
action processes. Thus, overall, the X-ray beam's intensity (i.e., number of photons per unit of time and
unit of surface) is attenuated.

Within the photon energy range of 20-200 keV, the most probable photon-matter interaction processes
are photoelectric absorption and Compton scattering. The first process contributes to remove from any
linear trajectory (also called ray) from the source's focal spot to a location on the X-ray detector plane,
past the specimen, a certain amount of photons. The second process alters the original trajectory of
incident photons such that they may not end up on the detector plane anymore or they may be detected
at other locations compared with the one intercepted on the detector's plane by the ray incident on the
specimen.

Inside the specimen, at a generic position ¥ = (x,y, z), its contribution to the X-ray beam attenuation
along the rays passing at that position can be characterized by the local value of a scalar field indicated
as p(%) and called the X-ray mass attenuation coefficient (expressed in units of cm?/g) [126]:

w E) = a(®)f(E) + B fe(E) 29

where f,(E) = # is the photon energy (E) dependency of the photoelectric absorption cross-section

while f.(E) is the photon energy dependency of the Compton scattering one (the so-called Klein—
Nishina function, also monotonically decreasing with energy although slower than f,,(E) for, e.g., E >
50 keV). a(X) and B (X) are characteristic coefficients of the material at location X:

a~ K788 (2-10)

B~ KZ% (2-11)
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where Z indicates the effective atomic number at the location ¥, A is the corresponding atomic mass
. . . Z. .
number, p the local mass density and K; and K, are constants. For many materials, the ratio -, Is practi-

cally constant in space. Therefore, @ depends both on the spatial variations of both Z (thus of chemical
species) and of p, with stronger influence by the former than the latter. On the contrary, f is chiefly
determined by the spatial variation in p [127].

An X-ray attenuation contrast tomogram is essentially a reconstruction of the scalar field p(¥X; E) inside
the volume of the irradiated specimen. For simplicity of presentation, it is hypothesized, in what follows,
that a single photon energy E is used when irradiating the specimen. Equations 2.9-2.11 indicate that
image contrast in such a type of tomogram depends essentially on a complicated contribution of local
mass density and local chemical composition.

The basic tomographic imaging principle consists of the possibility of reconstructing pu(X; E) starting
from measurements of its line projections, B,(x’,z', 6, E) (also known as Radon transform):

R(x',2',0,E) = f, 11 1 oy G EDdl 2.12),

where [ L dl indicates the integration along the ray L connecting the X-ray source's focal spot with

(x'y'.6)
a point of coordinates (x’,z") on the plane of the X-ray detector, when the specimen has a certain ori-
entation angle 8 around the vertical axis Z' of the detector, parallel to the vertical axis Z of the frame of
reference attached to the specimen. Figure 2.8 shows a typical geometrical configuration of a laboratory-
scale instrument for XT (also called tomograph) with the specimen located in between a 2D, pixelated
X-ray detector and the X-ray source. The specimen is held on a stage which can rotate it.

For fixed 8, Eq. (2.12) represents a 2D (projection) image of the specimen. The cartoon in Figure 2.9
schematically shows examples of such 2D projection images. The link between them, at different 8
values in the range [0°; 360°], and p(¥%; E) is provided by the Fourier slice theorem [128]. Such theorem
establishes that, at each vertical position z’ and at each 6, the 1D Fourier transform of B, with respect
to x' is equal to a radial cross-section, at angle 6, of the (2D) Fourier transform of the 2D cross-section
of u(x; E) at vertical height z = z’. The latter 2D cross-section of pu(¥; E) is called a tomographic slice.
A collection of B;'s, for distinct 8 values, allows reconstructing, at each fixed z = z', the Fourier trans-
form of the slice of pu(X; E) at such height z = z'. In principle, by inverse Fourier transform, such slice
can thus be retrieved. A tomogram thus consists of a set of reconstructed slices, each orthogonal to the
Z axis, which is the rotation axis of the specimen, parallel to the vertical axis of the detector.
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Figure 2.8. Laboratory sized XT machine used in this study.
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Figure 2.9. A schematic illustration of 2D projections acquired form a 3D object, observed at distinct rotation
angle 8 of the object, with respect to a vertical axis z of rotation (adapted from [129]).

Any XT measurement consists of two steps: a measurement one, needed to retrieve a collection of line
projections of the specimen at distinct orientations 6; a computational step (know as tomographic re-
construction), during which algorithms are used to retrieve pu(X; E) from the set of line projections.
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A physical model of how the intensity of the X-ray beam, transmitted through the specimen, is distrib-
uted on a plane past it provides a link between a measurable quantity (photon beam intensity /) and the
line projections F;:

1(x',2',6,E) = Io(x', 7', E) - & It o) HEE)! (2.13),

where I(x',z',0, E) is the transmitted X-ray beam intensity at position (x’,z") for orientation 8 of the
specimen and I,(x’, z', E) is the beam's intensity in the absence of the specimen.

Equation (2.13) is also known as Beer-Lambert law. Each 2D scalar field I(x',z',6,E) is typically
called a specimen radiograph. I,(x', z', E) is called a flat field (FF) radiograph, providing the intrinsic
spatial distribution of the vertical cross-section of the X-ray conic beam which illuminates the specimen.
Considering Egs. (2.13) and (2.12) together, it follows that

o _ I(X’,Z’,B,E)
P,(x',z',6,E) = ln(—lo(x,’z,’E)) (2.14).

Thus, any XT measurement step consists in acquiring a set of specimen radiographs at distinct 8's and
at least one FF radiograph. In practice the FF radiograph in Eq. (2.14) is the result of pixel-wise averag-
ing several of them, to increase the signal-to-noise ratio. In addition, a so called dark current (DC) radi-
ograph is subtracted from each specimen radiograph and from the average FF one, being it the average
of several radiographs acquired in the absence of the beam. The latter acquisition step allows to com-
pensate for artifacts eventually arising from malfunctioning pixels of the detector providing a signal
(thus a measured intensity) even in the absence of the beam.

One important concerns the limited validity of the Beer-Lambert law in describing the actual intensity
of the transmitted beam as measurable past the specimen. Equation 2.13 is in principle valid only when
the detector's plane with coordinates (x', z") lies immediately past the specimen. As shown in Fig. 2.8,
this is not the case in standard, laboratory-scale XT measurements. A certain distance between the spec-
imen and the detector always exists. It is actually exploited for taking advantage of the natural geomet-
rical magnification of the projection images which derives from the conical shape of the emitted X-ray
beam. The discrepancy between the physical model described by Eq. (2.13) and the physical reality may
lead to so-called refraction artifacts. However, such artifacts have much less significance and negative
impact when performing XT with laboratory X-rays than with synchrotron radiation, whose much higher
spatial coherence implies that the refracted X-rays propagating from the exit plane of the specimen to
the detector's plane can produce coherent interference patterns. The latter need to be taken into account
in the physical model describing the relationship between I(x’,z', 6, E) and I (x',2',0,E) lest strong
refraction artifacts impede a reliable and meaningful reconstruction of p(x; E).

Basics of tomographic reconstruction. Despite the Fourier slice theorem indicates that a 2D, inverse
Fourier transform suffices for retrieving slices of uw(X; E), actual reconstruction algorithms typically use
other mathematical approaches to achieve such goal. That is commonly the case because of higher com-
putational efficiency of the respective algorithms and/or smaller requirements in terms of data points
and less numerical reconstruction artifacts. Several reconstruction algorithms have been proposed in this
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regard. Hereby, only a few of the most used ones are briefly reviewed, with more elaboration on the
family of filtered back-projection (FBP) ones, used in this PhD project.

Tomographic reconstruction techniques/approaches can be classified in two major groups, "exact" and
"approximate".

An exact approach is based upon or at least inspired by a closed form, analytical solution of the contin-
uous reconstruction inverse problem, where the scalar field to be reconstructed, u(x; E) in this context,
is modelled as a continuous mathematical function. With such approaches, it is in principle possible to
reconstruct u(X; E) as accurately as desired if a certain amount of noise-free line projections data are
acquired. However, the actual numerical implementation of such analytical solutions always require
numerical algorithms working with a space-discretized form of u(x; E), leading to approximate ap-
proaches and solutions. For instance, in the case of XT performed with a (almost) parallel beam, as it is
the case with synchrotron radiation, the Fourier slice theorem provides the foundations for a class of
algorithms working entirely within the Fourier space of the slices and with the respective inverse Fourier
transformation [130], [131]. For cone beam XT, other closed form solutions and respective algorithmic
implementations have been proposed. Three important algorithms are the Grangeat’s formula for the
inversion of the first derivative of the 3D Radon transform [132], the Katsevich’s algorithm [133], [134]
and the FBP approach described below. Due to intrinsic mathematical and computational issues, the
actual algorithms stemming from all of these approaches lead intrinsically to approximate reconstruc-
tions, regardless of the data availability and measurement quality [135].

Another family of tomographic reconstruction approaches, falling under the umbrella name of algebraic
reconstruction techniques (ART), also called iterative reconstruction techniques (IRT), are formulated
mathematically since the start assuming that the scalar field to be reconstructed is spatially discretized
[136]. By making no use of idealized mathematical hypothesis about the object scalar field, these ap-
proaches offer typically more robustness against different sources of artifacts, including paucity of ac-
quired line projections data [136].

Reconstruction by filtered back-projection (FBP). The FBP is one of the most commonly used XT
reconstruction methods. It is comprised of two steps: (i) filtering the line projections and (ii) back-pro-
jecting the corresponding out.

Figure 2. 10 schematically depicts the back-projection process, after the 2D projection images have been
filtered. Distinct FBP implementations are characterized by distinct types of filter kernels. The results
of the back-projection thus depends on the type of filter used. It is also strongly dependent upon the
number of acquired 2D projection images over the 8 range [0°;360°], since the back-projection consists
in a pixel-wise sum of the version of such images smeared out through each slice's plane.
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Figure 2.10. (a) Back-projection process, showing summing up over all possible orientation angles (smeared pro-
Jections) after filtration; (b) examples of the projections at 0° and 90° and of the sum of their back-projections on
a slice; and (c) an example demonstrating the effect of number of projections on the reconstructed slice. Adapted
from [129].

Spatial resolution of X-ray tomograms. The spatial resolution of any image, including 3D ones as
tomograms, can be defined as the minimum distance between two point-like features in the image below
which they cannot be distinguished anymore as separate and point-like. In theory, it is an intrinsic prop-
erty of the imaging system, being related with the characteristics of its total point spread function (PSF),
and also called modulation transfer function (MTF). The latter represents, in the physical space or in the
spatial Fourier domain, the response of the imaging system, i.e., the image, of a point-like specimen.

In the literature and for XT with laboratory sources, it is customary to provide the physical pixel size p
of the 2D X-ray detector and the geometrical magnification factor M resulting from the conic geometry
of the X-ray beam. The latter is defined as

M=% (2.14)

dss
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where dgp is the distance between the X-ray source (S) and the detector (D) while dgg is the distance
between the source and the specimen's (s) rotation axis. The actual size of a pixel in a radiograph is thus

p=2 (2.15)

as a consequence of the geometrical magnification. In cone beam XT, a voxel is typically isotropic (same
size along each dimension) and with lateral size equal to p. This value is what is frequently and errone-
ously reported in the literature as spatial resolution of a tomogram. In reality, the effective spatial reso-
lution, Ry, is lower, meaning, it has a larger value. That occurs because of several effects, some of
which are intrinsic to the tomograph, e.g., minimum noise level of the detector's pixels or focal spot size,
others depend on the type of tomographed specimen. Some of the artifacts described below also con-
tribute to lower the effective spatial resolution. A coarse approximate estimate of the effective spatial
resolution can be provided by the following equation:

[p?+Rs?

where
_ dsp
Rs=fs 2. (2.17).

with f; the source's focal spot size and dg,; the specimen-to-detector distance [137]. The definition of
effective spatial resolution given in Eq. (2.16) takes into account the blur created in the radiographs by
the focal spot size [137]. It considers the effects of only geometrical features of the measurement con-
figuration in quantifying the effective spatial resolution.

Possible artifacts in X-ray tomograms. As mentioned before, laboratory-scale X-ray sources emit
photons with energy spanning the range up to the corresponding voltage of the electron linear accelera-
tor, indicated as Eyy,,. The first consequence of such energy spectrum concerns the simplistic model of
the relation between the measured transmitted intensity and the line projections of u(¥X; E) given by the
Beer-Lambert law expressed in Eq. (2.13). Instead of Eq. (2.13) the following one should be considered
in the model describing the transmitted intensity pattern being a radiograph:

I(,7,0) = [P S(E) - Io(x', 2/, B) - ¢ hw o) EP g (2.18)

where [ OEkVp S(E) -? dE denotes the weighted integration over the photon energy range, from 0 to Eyy,

the source's energy spectrum, indicated by S(E), providing the weighting function. Equation (2.18) is
practically not usable, both from a mathematical point of view (highly ill-posed inverse problem for
determining line projections) and also technically (S(E) would need to be known for each measurement
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settings). Thus, the model expressed by Eq. (2.13) is typically still used but by adopting specific correc-
tions, frequently empirical ones [138]. The use of such corrections leads to artifacts falling in the class
of spectral artifacts, some of which are exemplified in Figure 2.11.

Another source of artifacts, still related with the photon energy spectrum of the incident X-ray beam
but, additionally, with the photon energy statistics of the transmitted beam, is beam hardening. The latter
term refers to a shift of the average photon energy to higher values for the transmitted beam compared
to the incident one. This occurs because, on average, photons with lower energy are more likely to be
photoelectrically absorbed or (Compton) scattered. Along rays passing through thicker regions of a
specimen with spatially constant p(X), e.g., a cylinder filled with water (Figure 2.11 (b)), photoelectric
absorption and Compton scattering events can occur more frequently than along thinner rays. Thus,
along the former rays, the overall transmission is more strongly due to the higher energy photons, which
are absorbed or scattered less per unit length (see Eq. (2.9), energy terms of the two contributors to u(x),
both decreasing with increasing E'). The net result is that attenuation appears smaller in the thicker re-
gions, leading to a spurious radial profile in any slice, with p(¥) decreasing towards the center. This
artifact, sometimes called cupping, can be reduced by filtering out the lower energy part of the incident
beam's spectrum by placing a certain thickness of a high Z material, e.g., Al or Cu, in front of the X-ray
source. In addition or alternatively, the acquired radiographs can be pre-processed according to phe-
nomenological models for compensating for the cupping [139], [140] or reconstruction methods, which
take S(E) into consideration in the image formation model have been also proposed [141].

Figure 2.11. Example slices of tomogram of a water-filled tube (as an object with spatially homogeneous attenu-
ation coefficient): (a) generic spectral artifact in the reconstructed slice, with a distributed, speckle-like patter
[142], and (b) beam hardening artifact, with a radial profile of the attenuation coefficient, higher values appearing
towards the tube boundaries compared to its interior regions, also known as "cupping" [115].

Among several other types of artifacts [143]-[146], the following are acknowledged because of their
universal occurrence in laboratory-scale XT.

Ring artifacts are exemplified in Figure 2.11 (a) and, even better, in Figure 2.12 (a). They appear as
concentric rings in slices. They originate from the previously mentioned biased response of damaged
detector pixels, even in the absence of an incident X-ray beam. When the dark current correction men-
tioned above does not suffice to subtract such spurious component of the pixel's response, each radio-
graph has at the damaged pixel location a constant response. This leads, after reconstruction, to a full
circle with radius equal to the distance of that pixel from the center of the slice, since the attenuation
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coefficient appears being the same along it (the respective projection value is always the same inde-
pendently of 8). One way of reducing such artifacts is at the hardware level, by implementing robust
offset-gain linearity correction based on the acquired dark current images. Another approach consists in
applying specialized filters to the line projection images [147].

Finally, another artifact type is known as X-ray scatter artifact. It results from the presence of regions
inside the specimen with very strong gradients in p values. The end result is the appearance of cupping
or low frequency "shading regions" and/or high p streaks (also called metal artifacts), particularly in
between heavily attenuating regions (Figure 2.12 (b)). These artifacts can be reduced by a minimized
field of view or by the implementation of an anti-scattering hardware grids to be placed in front of the
detector [148]-[151].

(a) Ring Arti (b) X-Ray Scatter & (C)(Bleam—Ha’Faé\r“ng

\

Figure 2.12. Example slices showing common artifacts: (a) Ring artifact, (b) X-ray scatter artifact and (c) Beam
hardening artifact [135].

2.4.2.5.1. Contrast enhancers for XT

When a region of the specimen has p values very close to those of surrounding regions, it is said that
region of interest lacks X-ray attenuation contrast. A contrast agent for such specific feature/region is
defined as a substance that, when added to the specimen, (1) it can localize itself into that region, e.g.,
by chemical binding, and (2) it offsets its p values to enhance the region's attenuation contrast. Such a
substance has usually a very high effective atomic number Z,; relatively to the components of the
surrounding regions, thus increasing the target's region average u value well above that of the other
regions [152].

The use of contrast agents in X-ray imaging has targeted a wide range of applications, starting from
biomedical ones [152], materials engineering ones [153] and earth and environmental ones [154], [155].
In the biomedical realms, typically used contrast agents have been potassium iodide, iodine—potassium
iodide, phosphotungstic acid, phosphomolibdic acid, osmium tetroxide, nanoparticle-based ones (e.g.,
gold, bismuth, tantalum, and gadolinium) [156]. In the materials engineering domains, extremely X-ray
absorbing liquids as mercury have been used [153].

Suspensions of barium sulfate (BaS0,, also called baryte) has been used for imaging-based diagnosis
in certain medical areas [157]. Baryte is a white and inert powder, with high specific gravity and very
low water solubility [158]. Its use as a attenuation contrast agent in medical X-ray imaging has been
mainly motivated by the latter property as well as by the contribution by barium to increase the Z,,

thus the p one, of the region where the suspension cumulates, e.g., in the gastrointestinal tract. Thus, in
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the barite suspension case, no specific chemical binding to certain target components of the specimens
has been principally exploited. Based upon a similar principle, baryte has been proposed as an attenua-
tion contrast agent in XT of concrete [159].

At the mesoscale as defined in this PhD Thesis, concrete has an extremely complex structure. However,
its volumetrically more abundant mesoscale phases, i.e., the cement paste and aggregates, typically have
similar p values. Frequently, the mineralogical variety of aggregates used in concrete leads to have only
parts of the aggregate set with sufficiently different average p value. Thus both the visual and especially
the algorithmic discrimination (also called segmentation in the image analysis and computer vision
fields) of aggregates from the paste remain amongst the most challenging tasks in the analysis of atten-
uation contrast X-ray tomograms. Usual segmentation techniques such as voxel value range selection
(also known as thresholding), gradient detection or pattern recognition have not been always successful
or even applicable at all [160]. One approach to address this problem consists in adding into the concrete
mix an inert contrast agent which would offset significantly the average p value of the cement paste
compared with that of aggregates. This is how baryte powder has been proposed to be used. It has been
shown that its particles can be uniformly distributed throughout the paste, when they are fine enough
(~1 pm). The net result of such a uniform distribution is a sufficient increase in the paste's average p
value above typical values for many aggregate types [159]. Mechanical and isothermal calorimetric
characterizations of the concrete cast with such barite addition showed no considerable alteration of the
cement hydration and of the macroscopic mechanical properties. Figure 2.13 shows one slice from the
X-ray tomogram of a reference specimen (inset (a)) and one slice from that of a specimen where 2.6 %
of the total aggregate volume was substituted by baryte powder (inset (b)) [159]. In terms of mass ratio,
in the case of the 2.6 vol.-% BaSO, mix, the BaSOs-to-cement mass ratio was 0.2, where the respective
water-to-cement and total aggregate-to-cement ones were set to 0.5 and 4.46, respectively. In Figure
2.13 (a), the aggregate-to-paste contrast is clearly insufficient to distinguish between the two phases. On
the contrary, the addition of baryte significantly enhanced their attenuation contrast, as visible in Figure
2.13 (b).

Figure 2.13. Example slices from two concrete specimens: (a) reference specimen, without baryte addition and
(b) specimen with a baryte content of 2.6 vol.-% (in respect of the total aggregate volume) [159].

2.4.2.5.2. Three-dimensional image registration

Three-dimensional (3D) image registration is an image processing technique which does not apply only
to X-ray tomograms and was not originally developed for assessing non-destructively (ASR) damage in
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concrete. However, it can be considered as essential for its time-lapse characterization by XT. For this
reason, it is presented upfront in this Section.

Time-lapse imaging and corresponding image registration are important tools in medical imaging, as, in
several cases, images have to be acquired at distinct times to evaluate changes in a patient's condition
[161]. In some cases, it is possible or needed to acquire, at the same time point, images with different
modalities, for example, by XT and by magnetic resonance imaging (MRI). Images from different mo-
dalities may provide complementary information about different features, thanks to different types of
image contrasts. In either case, the time-lapse single mode or the single time multi-mode (or even a
combination of the two), the acquired images may not be immediately usable because of differences in
the spatial locations of the same or corresponding features within a common frame of reference. That
may occur because of simple specimen misalignment in between two distinct time points or because the
frame of reference cannot be exactly the same, e.g., by multi-modal imaging with distinct instruments.
Finding the spatial relations between pixels/voxels in two images is what enables comparison, both a
qualitatively and quantitatively. In addition, such spatial relations may be one of the targets of the image
analysis because it relates with deformations of features inside the specimens, as it is the case in this
PhD project.

Image registration consists of finding an optimal (according to certain criteria) spatial mapping from
pixels/voxels in one image to pixels/voxels in the other one, the two being, e.g., two points in a time
series of images [162].

Image registration approaches and respective algorithms have been so far developed predominantly in
the biomedical fields [162]-[168]. However, in the materials and mechanical engineering fields, a spe-
cial type of image registration approach, called digital image correlation (DIC), sometimes explicitly
called digital volume correlation (DVC) when applied to 3D images, has become a key methodology to
measure indirectly strains from image time series of evolving specimens [169].

Mathematical formulation and solution of an image registration problem. Basics.

In any image registration problem, two images are considered: a reference image, also called the "fixed
image", Ip(X), and an image, also called "deformed image" or "moving image", I;(X), which is consid-
ered as the modified specimen's one. X indicates a position in space, independently of being in 2D or
3D. In what followed, the 3D case is assumed. Both Iz(X) and I,,(X) are defined on a similar do-
main D c R3.

For simplicity, only scalar valued images (also called single channel images) are considered. As men-
tioned before, the difference between I (X) and Iy (¥) may stem from something as simple as a misa-
lignment of the imaged specimen or something as complex as an actual specimen deformation. In either
case, one key assumption is that any given portion of the specimen located inside a certain voxel of the
fixed image is contained also in the domain of the moving image, eventually just inside a voxel at an-
other spatial position. Such assumption is often called the optical flow hypothesis or equation [170].

Under the optical flow hypothesis, registration tries to find the displacement vector field 7 (X), indicating
where a certain voxel in the domain of the fixed image moved to in the domain of the moving image,
or, also expressed by an equation,

Iy +u@)=Ip(X) (2.19).
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In other words, Eq. (2.19) says that registration finds a mapping between (also called transformation or

warping of, see Figure 2.14) the domains of the two images, T(¥) = % + 7(#), which brings the two
images to being identical to each other, thus correcting for the misalignment/deformation of the speci-

men [161]. T(J?) is typically formulated and parametrized in a certain way, with a finite and secrete set

of unknown parameters 71, thus it is frequently written as T (¥).

T

Figure 2.14. Schematic illustration of the change of a fixed image (left) as a spatial mapping T of its domain to
another one (right), moved image domain. A certain feature indicated by the point p in the fixed image

domain is mapped by T to a distinct point § in the moved image domain as § = T(B). The image regis-

tration processes is in fact about finding T, such that the two images are matched [161].

One important detail for understanding the results reported in Section 4 and its following ones is that,
although the mapping T goes from the fixed image domain to the moved image one, finding it allows
morphing/transforming the moved image as such it gets to match (as well as possible) the fixed one.
Indeed, Eq. (2.19), indicates that a new image can be created by taking the voxel value which the moved
image has at the voxel of position T(¥) = ¥ + % (%) and assign it to the voxel of position . The end goal
of registration can be two-fold:

1. actually transform the moved image as such it matches the fixed one, once the mapping
T(%) is found;

2. compute the displacement vector field #(X) = T(¥) — # to quantify the misalign-
ment/deformation.

The goal of point 1 is typical of cases where only misalignment occurred, e.g., in between two successive
measurements and the two images need to be qualitatively and/or quantitatively compared. The goal of
point 2 is typical of situations where the specimen actually deformed with time and the actual defor-
mation is one target of the analysis.

The correctness of the registration is evaluated by a metric, indicated herein as § and estimating an
"image distance" or degree of image mismatch. Common formulations for § are, e.g., a sum of squared
differences (SSD), a normalized correlation coefficient (CC) or the mutual information (MI) of the two
images [171]. The registration problem can thus be reformulated as an optimization problem where the
global extremum of § (minimum or maximum, depending on its definition), as a function of the map-
ping, i.e., of its parameters 71, is looked for. In the ideal case expressed by Eq. (2.19), the global extre-
mum of §(m; I, I;) could in principle be found. This means that the moved image can be perfectly
aligned/deformed, i.e., registered, to the fixed one. In the real world, the optical flow assumption of Eq.
(2.19) does not hold because, at least, measurement noise and slight different imaging system perfor-
mance at, e.g., two distinct time points contribute to create two distinct voxel values for the same fea-
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ture/region in the specimen, left alone the eventual change in material properties because of, e.g., chem-
ical reactions (as in the ASR case). As a consequence, in practical cases, the registration can only achieve
a value close to the global extremum of §(11).

As any optimization problem, the registration one is typically ill-posed. Thus, a regularization (also
called penalty, ) term is usually introduced to constrain the possible range of 7 values. The objective
(also called cost) function § (i) is thus modified into a new one, C(in) [161]:

where y weighs similarity between the two images against the regularity (sometimes in the form of

smoothness) of the solution 7m(f). Thus, the registration problem can finally be formulated, for exam-
ple, as finding

m = argmin C(m; I, I);) (2.21),
m

then what is looked for is the global minimum of the cost function C.

Any image registration procedure consists of a complicated workflow which goes beyond just the opti-
mization problem synthesized in Eq. (2.21). The workflow has several pre- and post-optimization com-
ponents which are schematically depicted in Figure 2.15 and are shortly described in the following par-
agraphs. The workflow considered here is specifically the one adopted by the 3D image registration
software library ElastiX [172], which has been used in this PhD project via its multi-language applica-
tion programming interface (API), called SimpleElastiX [173], and which is based upon the open source
image processing libraries ITK [174], [175], among the most popularly used in the biomedical sciences.

_______ metric

C optimiser

orm |

transform

Figure 2.15. General procedure of an image registration process [161].

Image definition conventions. Figure 2.16 shows the conventions used in Elastix (thus in SimpleElas-
tix) to define positions of pixels (coordinates), distance between them and size. These are the conven-
tions inherited from the ITK libraries. Similar conventions are used for 3D images.

A circle indicates the center of a pixel/voxel. Its value (as a scalar field) is assumed to exist as a Dirac's
delta function located within the circle. The distance between two pixels is measured between the pixel

42



Chapter 2: Alkali-silica reaction (ASR) and respective damage in concrete: basics and state of the art in
their characterizations

centers and can be different along each dimension (anisotropic pixel size). The image origin is associated
with the coordinates of the first pixel in the image. A pixel, being the rectangular region surrounding the
pixel center, can be viewed as the Voronoi region of the image grid (Figure 2.16 (b)). Linear interpola-
tion of image values in between pixels is performed inside the Delaunay region whose corners are pixel
centers [161]. This is an essential operation in the image registration workflow (see below).
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Figure 2.16. Geometrical conventions in describing an image as data structure in the ITK libraries [161].

Image distance metrics (or cost functions). As mentioned before, distinct definitions of the cost func-
tion §(m) (without the regularization term) have been formulated. The focus here is only on the one
implemented in this project, the mutual Information or MI of the two images. It is quite a general metric
with a proven good performance in many applications, empowering the registration of both mono-modal
and multi-modal image pairs. If Iz (X) and I,;(X) are considered as being realizations of two distinct
random variables (essentially two ergodic stochastic processes), they can be seen as samples from the
two respective statistical ensembles and the respective (marginal) probability density functions (PDFs),
pr(f) and py(m), and their joint PDF, p(f, m), can be estimated from them [176]-[178]. Here the
symbols f and m indicate samples from the two random variables, i.e., generic voxel values from the
two distinct images. The MI of the images/random variables is then defined as [161]

N — (f,m;m)
MI@; Ir, ) = Tmety Erer, P ms M)log, (—ELT ) (222)

where Lg and L, are the regularly spaced sets of voxel values. To be noticed is that Eq. (2.22) considers
the moving image after a certain transformation ?m has been applied to it.

The joint PDF is estimated using B-spline Parzen windows [161],

Gy — 1y D ICD) m  Iu(TwED)
p(f,mi ) = = Teea, o ( ) % ou ( ) (2.23)
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where wr and wy, are fixed and moving B-spline Parzen windows. The scaling constants, o and oy
must equal the voxel value bin widths defined by Ly and L,,. These follow directly from the voxel value
ranges of I (X) and I, (%) and user-defined numbers of histogram bins, |Lg| and |Ly|, respectively. Qg
in Eq. (2.23) indicates the set of voxel positions of the fixed image.

With such a cost function, the registration consists in a maximization problem in respect to the unknown
set of parameters m1.

Image sampler. Based on Eqs. (2.22) and (2.23), to solve the registration problem it is necessary to
consider all the voxels (full sampling) of the fixed image (X¢,eq,()- In practice, such full sampling is
not crucial. A subset of its voxels might be sufficient. Such a subset can be sampled, among others,
randomly on the image lattice, by a specific sampling algorithm [161].

Interpolators. Throughout the optimization procedure, the values of I;; need to be assessed at non-

voxel positions ?771’ (xX), for which voxel value interpolation is required. Distinct interpolation techniques
(with distinct quality and speed) are typically used, including nearest neighbor methods, linear interpo-
lators and n-th order B-splines, in order of increasing accuracy and computational complexity [161].

Transformation. Depending on the registration problem, different parametrized transformation vector
fields ?771’ (X) can be adopted. The main types include rigid body, affine and non-affine transformations
[161].

Rigid body transformations consists of the translation accompanied by a rotation [161]:
T=(X) =R - X—0) +t+¢ (2.24)

where  denotes a translation vector, the R indicates a proper and orthonormal rotation matrix (parame-
terized by the Euler angles) and ¢ stands for center of rotation. During a rigid body registration, the
image is treated as a rigid body, which can translate and rotate but cannot be scaled/stretched. The pa-
rameter vector m includes the three Euler angles (in rad) and the three components of the translation
vector. The center of rotation is often considered as the center of the image [161].

A (global) affine transformation is defined as [161]:
T-(*)=R-G-S-(R—0&)+t+¢ (2.25)

where R, G and § are rotation, shear and scaling matrices, respectively. The total number of parameters
is 12 in this case.

Both a rigid body and a global affine transformations lead to displacement vector fields with constant
first order derivatives, meaning, they lead to constant strain fields. Non-affine transformations are typi-
cally associated with more complicated and highly spatially dependent strain fields. One possible para-
metrization of such type of complicated transformation is by a set of B-spline functions, for example
[161]
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Tr(®) = % + Lieen, B (o) (2.26)

g

where the X}, represent the B-spline control points, 83(X) shows a cubic multi-dimensional B-spline
polynomial [179], p, denotes the B-spline coefficient vectors (the control point displacements), o is the
B-spline control point spacing, and V'3 the set of all control points within the compact support of the B-
spline at X. The control points, X}, are defined on a regular lattice, overlaid on that of the fixed image.
The parameters of such a transformation are the py. Thus, its total number is the triple of the number of
control points. It can easily fall in the 10° range, indicating that the displacement vector field associated
to the transformation of Eq. (2.26) may be capable of capturing extremely localized deformation, at the
cost, though, of making the optimization problem extremely ill-posed. Figure 2.17 shows examples of
the these various transformations in action [161].

7
74
(a) Fixed image (b) moving image (c) Rigid (d) Affine (e) Non-affine

Figure 2.17. Example outputs of various transformations used for registering (a) fixed image and (b) moving
image (with a distinct imaging modality): (c) results of a rigid body registration, (d) results of a global affine
transformation; and (e) results of non-affine registration using a B-spline-based transformation model [161].

Optimizer Iterative approaches are typically used for solving numerically the optimization problem at
the core of the registration workflow. This means that a finite difference evolution equation for the
parameter vector 1 is used [161]:

Msr = My +agd,  with k=012, .. (2-27)

where c_fk indicates the search direction in the parameter vector space at the k-th iteration step and ay, is
a scalar gain factor controlling the step size along the search direction at such step. Figure 2.18 shows a
cartoon which shows an ideal, complicated cost function surface in the parameter surface, the initial
value of the parameter 7 and its evolution through the vector space as such to approach iteratively the
local minimum of the cost function, which in this case was formulated such that the registration problem
would correspond to a minimization one. Iterative optimization approaches frequently used for image
registration span a very broad range, from simpler ones as the quasi-Newton (QN) method, to more
complicated ones, as the Robbins-Monro, passing through traditional and robust ones as gradient descent
(GD) ones and nonlinear conjugate gradient (NCG) descent ones [180]. Amongst them, the GD ap-
proaches are probably the most frequently used. The GD method considers the search direction as the
negative gradient of the cost function [161]:

Myp1 = My — arg (M) (2.28)
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in which the g(imy) = dC/dm evaluated at the current position iy, in the parameter vector space.

Distinct approaches exist also for defining the gain factor values ay, e.g., by a line search. A more
advanced and robust version of the GD is the adaptive stochastic GD, which requires less parameters to
be set and tends to be more robust to the presence of local minima/maxima of the cost function [161],

[181].
® e

start point

solution

Figure 2.18. Schematic illustration of a possible cost function surface (red mesh) with a global minimum (best
solution of a registration problem). The optimization algorithm iteratively moves (arrows) the guess for the pa-
rameter vector m according to certain criteria (e.g., along the direction of the gradient of the cost function but in
the opposite sense) to find the solution [161].

Hierarchical schemes for complexity reduction during registration. Generally, multi-resolution reg-
istration methods can be categorized in two main hierarchical procedures [164]. One procedure is moti-
vated by "transformation complexity" while the other addresses "data complexity". The hierarchical
approaches aim to reduce mentioned complexities [161]. In other words, to tackle the transformation
complexity, the registration can be done in a stepwise manner, starting from rigid body registration, then
doing a global affine registration and finally performing non-affine registration to registrar very fine
(local) details. To overcome data complexity, during each of the registration steps, the processing of the
images can be performed in a multi-resolution manner (going from low resolution to high resolution, to
gradually increase the details).

Regarding data complexity, it is commonly recommended to start the registration not with the original
images but with versions thereof with a lower degree of complexity, such as those obtained by some
kind of smoothing or down-sampling. A set of images with increasing level of smoothing and generated
from the same original image is known as a "scale space" of such image. Smoothed and down-sampled
versions of an image have reduced complexity and (data) size. Such series of images can be thought of
as a pyramid. Various types of pyramids (Gaussian and Laplacian pyramids, spline and wavelet pyra-
mids) and scale spaces (e.g., a morphological scale space) exist, amongst which, the Gaussian pyramid
is the most popular approach [161].

To reduce the transformation complexity, it is possible to start the registration with fewer degrees of
freedom, i.e., with a smaller number of parameters. For instance, the registration can be carried out by

46



Chapter 2: Alkali-silica reaction (ASR) and respective damage in concrete: basics and state of the art in
their characterizations

three successive stages, first according to a rigid body model, then according to an affine one and finally
according to a more general non-affine model. Another approach consists of gradually increasing the
number of degrees of freedom of a transformation model. For example, by a non-affine registration
based upon a B-spline-based parametrization, it can be started with a coarser control points grid, then
gradually repeated with finer grids [161].
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3.1. Summary

In Section 1.3, it has been mentioned that four sets of specimens have been cast and subjected to ASR
acceleration and, in parallel, to time-lapse XT analysis and other characterizations, each set used for
distinct goals. As also mentioned there, one of the sets included specimens not cast during this PhD
project. They were previously cast and used within the framework of a testing campaign aiming at mon-
itoring and characterizing ASR damage development under distinct, real world boundary conditions.
For the specimens cast during the course of this PhD project, similar mix designs and identical aggregate
types have been used. For what concerns all the distinct characterizations, including the XT analysis,
identical or similar analysis workflows and settings/instruments have been developed and adopted for
the four specimen sets. The present chapter is thus dedicated to describe and explain the identical or
similar materials and methodologies (or parts thereof) used, independently of the specimen sets. Thus,
this chapter reports the common material and methodological base for all the four experimental cam-
paigns. Since each campaign required some specific adaptations, e.g., in terms of mix design, the addi-
tional material and methodological features specific of each single campaign are described at the begin-
ning of each corresponding chapter.

The remainder of this Chapter is structured as in the following:

e Section 3.2 provides information about the common materials and the common aspects of the
concrete mix design;

e Section 3.3 explain the characterization techniques and their implementations used in each ex-
perimental campaign, with focus on their common features/settings/approaches;

e Section 3.4 describes the custom 3D image analysis workflows developed in this project for
analyzing in general the time-lapse tomograms acquired in any campaign.

3.2. Common materials and the basic concrete mix design

Two main types of aggregates have been used, originating from two distinct regions in central (canton
Uri, or "U" aggregates) and Southwest (Praz, canton Valais, or "P" aggregates) Switzerland, respec-
tively. Section Al.1 in the Appendix reports their chemical compositions, obtained by standardized X-
ray fluorescence (XRF) analysis, and their mineralogical composition, obtained by powder X-ray dif-
fraction (PXRD) analysis. The particle density of the U aggregates is 2667 kg - m™ while the particle
density of the P aggregates is 2651 kg - m?, both measured according to the EN 1097-6:2000 standard
[1]. While both aggregate types contain, for each mineral type, a similar amount of it, their differences
stem from the minerals distribution and assemblage, i.c., from the mineralogical texture. The texture
characterization was obtained with CP-OM. Section Al.1 of the Appendix reports its results, along with
those of the chemical and mineralogical characterizations mentioned above.

The U aggregates are sedimentary rocks (impure sandstones), mainly constituted of microcrystalline
quartz, including small amounts of amorphous SiO;, feldspar and calcite. Foliations, such as white mica
flakes, are uniformly distributed in the interstitial regions between fine quartz grain boundaries. The
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high specific surface area of their small grains (see Fig. Al (b) and (d) in Appendix A), in addition to
their mineral constituents (see note 4 in Table 2.2), make the U aggregates very reactive [2].

The P aggregates are metamorphic rocks (granitic) which are normally categorized as slow-reacting
aggregates. Therefore, they should be expected to have lower reactivity than the U ones, because the U
aggregates consist of diaquartzite, with a medium-grained quartz interlocking crystals. There are also
several white mica platelets between its grains which facilitate the entrance of alkaline solution to the
grain boundaries.

Unless stated differently in the following Chapters, the specimens cast during the course of this PhD
project were prisms with size of 40 mm (X-axis), 40 mm (Y-axis) and 160 mm (Z-axis), respectively.
Only in some cases, smaller specimens, with size of 25 mm (X-axis), 25 mm (Y-axis) and 100 mm (Z-
axis), were cast. In the following, the Z-axis direction is called the specimen longitudinal direction,
being the direction of largest specimen size. The maximum aggregate sieve size was always 11.25 mm.

Such specimen size and aggregate sieve-size range was chosen in order to achieve a trade-off between
the representativeness of the concrete volume undergoing ASR damage and the spatial resolution
achievable in the X-ray tomograms.

As explained in Section 2.4.2.4, laboratory-scale X-ray tomographs, as the one used in this PhD project,
exploits a conically emitted X-ray beam for the geometrical magnification of the projection images of
the specimen. Equation (2.15) shows that M is inversely proportional to the source-to-specimen distance
dgs. Remembering that the latter distance refers to the source focal spot and the specimen's rotation axis,
the finite specimen size limits from above the possible M values, thus the tomographic spatial resolution
(see Eq. (2.17)), because there is a minimum dgs value that can be achieved just based upon space
constraint. It follows that the specimen size itself limits the effective spatial resolution. Additional con-
straints to increasing M may come from the need for the specimen projection, at any orientation angle
6, to fit completely within the horizontal field of view of the detector plane, in order to avoid tomo-
graphic reconstruction artifacts [3], [4]. Thus, overall, the maximum achievable spatial resolution is
negatively correlated with the maximum lateral specimen size.

With such choice of specimen size, a spatial resolution of tens of microns was achieved, while imaging
specimen regions containing at least several aggregates along each dimension of the volume. The latter
feature is what determines the definition of concrete mesoscale in this PhD project. Such feature means
that the investigated concrete volume was large enough for the ASR-induced stresses (and respective
cracking) to stem from/to interact with a sufficient number of aggregates. In concrete structures, such
interactions, in the presence of many aggregates, strongly drive/affect the cracking patterns. For this
reason, it was important to have parts of such interactions also in the laboratory cast specimens used in
this work, to achieve a minimum of ASR cracking representativeness.

The specimens were cast with a Portland cement of type CEM 142.5 N with an alkali content (expressed
as the Na,O-eq.) of 0.79 mass-% of cement mass. That cement type's chemical composition, measured
by XRF analysis as well, was the following (by mass-%): CaO 63.0, SiO; 20.1, Al,O3 4.6, Fe,O3 3.3,
SOs 3.3, MgO 1.9, K,0 0.96, TiO, 0.37, P,Os 0.24, Na,O 0.16, MnO 0.05, Cr,03 0.01, LOI 2.1. Table
3.1 below provides the basic mix composition which was the starting point for the mix design of each
specimen type in each experimental campaign. NaOH was added in an amount leading to a Na;O-eq. of
1.6 mass-%.
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Table 3.1. Generic mix composition of the specimens in units of kg:m™ (mass per m’ of cast material).

Cement CEM 1 Aggregates Deionized water  NaOH
42.5N
0 -4 mm 4 - 8 mm 8§ -11.25 mm
450 659 412 576 225 4.9

All types of specimens in each experimental campaign were subjected to the same laboratory ASR ac-
celeration protocol. Such protocol was an adaptation of the SIA MB 2042 standard [6], typically used
in Switzerland for assessing the degree of ASR reactivity of a certain concrete mix design. The protocol
consisted of storing the specimens at 100% RH and 60 + 2°C in a climatic chamber for 24 hours imme-
diately after casting. They were then demolded and immersed in an alkaline solution (0.3 M KOH, 0.1
M NaOH) contained in boxes. Such a solution simulates the natural pore solution of concrete [7]. The
boxes were tightly sealed and stored in an oven with a temperature of 40 °C. Thus, the boundary condi-
tions for the specimens were already accelerating the ASR kinetics, still closer to the natural condition
of a field-exposed concrete when compared with those of some of the acceleration protocols described
in Section 2.4.1, typically requiring storage at higher temperatures, e.g., at 60°C for the AAR-4.1 stand-
ard [8].

3.2. Characterizations

At distinct time points, different specimens were taken out of the sealed boxes to perform various char-
acterizations and measurements on them. The measurements included mass and dimensional change
(along the specimen longitudinal direction), quasi-static Young's modulus along the longitudinal direc-
tion (EN 12390-13:2013 standard [9]), flexural strength and compressive strength along the longitudinal
direction (both according to the EN 196-1:2016 standard [10]), SEM-BSE, EDX and XT.

The strength measurements were carried out, at any stage of each campaign, on a distinct batch of one
to six specimens. SEM-EDX was carried out on distinct batches of two specimens. The non-destructive
measurements (length and mass changes, quasi-static Young's modulus and XT) were carried out on the
same exact specimens (three in total) all along the duration of a campaign. Length and mass measure-
ments were additionally performed also on a second batch of three other specimens. In the case of de-
structive measurements (SEM-EDX, compressive and flexural strengths), the specimens were randomly
selected from additional batches distinct from those used for the non-destructive measurements.

Insets (a) and (b) in Figure 3.1 show cartoons illustrating the basic setup for the time-lapse measurements
of size along the specimen's longitudinal direction (i.e., of length), L,(¢t;),Vi = 0,1, ..., N;. A mechan-
ical displacement gauge (by Mitutoyo) with a resolution of 1 um was used (see Figure 3.1 (¢)). This tool
is called "expansion measurement set-up1" throughout the thesis. An Invar prism with nominal length
of 160 mm or 100 mm (depending upon the nominal length of the cast specimens) was used for cali-
brating the gauge at each t;. Invar is a Ni-Fe alloy with a considerably low thermal expansion coefficient.
Care was taken to locate the specimen on the gauge such that, at each t;, its pins were always positioned
approximately the same, at the center of the specimen's (X — Y) lateral faces (Figure 3.1 (b)). The whole

. . . AL .
specimen-scale relative change in length, L—Z (t;),Vi=1,..,N;, was then computed to assess the spec-
zZ
imen's global deformation.

Such mechanical gauge was used during the experimental campaigns described in Chapters 4, 5 and 7.
Within the context of the experimental campaign described in Chapter 6, a distinct setup, custom de-
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signed and developed within the context of this PhD project, was used in order to automate such meas-
urements. This tool is called "expansion measurement set-up2" throughout the thesis (see for an example
Figure 3.1 (e)). The developed setup is described in details in Section A4 of the Appendices. A statistical
assessment of the measurement uncertainty and reproducibility of both measurement setups was per-
formed. Its results are reported in Section A4 as well. It is shown there that the custom built setup
allowed measuring AL, with a resolution of 1.1 um. On the other hand, no proper definition of the
statistical uncertainty of the measurements performed with the mechanical gauge could be obtained.

I Motion direction_

| | Adjustable angle
SMH 4089 -3 . s

Optical bread-board

—

- .

ExpEnsIiineEasurement set-upl.. ., T B Expansion measurement set=up2

Figure 3.1. Two methods used for measuring of the relative length changes for various groups of specimens: (a)
and (b) schematic illustration of the gauge (Rig) used for experimentally measuring the length change (dimen-
sional change along the Z-axis) and (c) real mechanical gauges used in this study, referred to as "expansion
measurement set-up 1" throughout the thesis. (d) Schematic illustration of the Rig based on laser, custom designed
and built during this PhD project for the purpose of automating the specimen longitudinal dimensional (relative)
changes, entitled as "expansion measurement set-up2" throughout the thesis. (e) Real rig based on laser, custom
designed and built during this PhD project.

SEM and EDX analyses were used (1) for imaging cracks and ASR products with higher spatial resolu-
tion than what achievable by XT, in order to characterize qualitative features of the ASR damage and
the products' morphology, and (2) for characterizing their chemical composition, respectively. A FEI
Quanta 650 environmental scanning electron microscope, by Thermo Fisher Scientific, equipped with
an EDX detector (Thermo Noran Ultra Dry 60 mm?) and the Pathfinder X-Ray Microanalysis software
(also by Thermo Fisher Scientific), all available at Empa's Electron Microscopy Center
(https://www.empa.ch/web/s299/info), were used for SEM and EDX analysis. The electron beam accel-
eration voltage for both the SEM and the EDX measurements was set to 20 kV.

The attenuation-contrast XT measurements were performed with two distinct X-ray sources for two
distinct specimen size. For the sake of brevity, the XT settings are reported here only for the specimens
with size 40 X 40 X 160 mm3. The corresponding settings for the specimens with size 25 X 25 X
100 mm?3 are provided in Section A2.1. Here, it is only worth mentioning that the ball park estimate
of the effective spatial resolution was approximately 70 um for the 40 X 40 X 160 mm? specimens
while it was improved to the value of about 30 um for the 25 X 25 X 100 mm?3. Such estimates are
based upon Egs. 2.16 and 2.17 considering average values of the geometrical magnification M, of the
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specimen-to-detector and source-to-specimen distances, dgq and dgg, respectively, and the X-ray
sources' focal spot sizes at the used operational settings reported below and in Section A2.1.

Any XT measurement was performed using the EasyTomo XL-Ultra tomograph manufactured by RX
Solutions, Chavanod, France, available at Empa's Center for X-ray Analytics. Such tomograph consists
of a two interchangeable micro-focus X-ray sources and a flat panel X-ray detector. For the measure-
ments on the larger specimens, the used X-ray source was a Hamamatsu L10801 (230 KeV source),
which is a reflection-based source. The emitted X-ray beam geometry is a cone one, with a 30° opening
angle. The X-ray detector (by Varian) consists of a 2D array of amorphous Si pixels (1920 x 1536), each
with physical size p = 127 um, covered with a thin layer of Csl (scintillator for the X-ray photons). The
X-ray source voltage and current were set for all the measurements at about 90 kV and 150 pA, respec-
tively. Thus, the corresponding X-ray photon energy range covered up to about 90 keV.

The source-to-specimen distance, dgs, was about 114 mm and the source-to-detector distance, dgp, was
about 410 mm. Thus, the geometrical magnification M achieved in the radiographs was, according to

Eq. (2.14), M = 3.6. The resulting effective voxel size for the final tomograms was p = p/ M =35

um. At the operation voltage and current values mentioned above, the focal spot size f; of the Hama-
matsu L10801 X-ray source is of the order of 30 um, according to Hamamatsu's specifications. Thus,
according to Egs. (2.16) and (2.17), the effective spatial resolution estimate just based upon geometrical
factors should be about 41 um. Thus, a ball park estimate of an upper bound of the actual effective
spatial resolution was chosen as the double of P, i.e., as mentioned before, 70 pm.

XT was always conducted only for the middle region along the longitudinal direction of each specimen
(see Fig. 3.3 (e) below), covering a volume of interest (VOI) of 40 X 40 X 45 mm3 (in comparison with
the original specimen size of 40 X 40 X 160 mm?3). The rotation axis of the specimen stage was ap-
proximately parallel to the specimens' longitudinal direction. For each tomographic acquisition, 3600
radiographs were acquired over 360° of specimen rotation. Each acquired radiograph was the results of
pixel-wise averaging of 10 radiographs at the same rotation angle. Each single radiograph for the aver-
aging was obtained by exposing the X-ray detector for 227 ms to the X-ray beam. The tomographic
reconstruction was carried out using a GPU-optimized cone beam filtered back-projection algorithm
[11] provided by RX Solutions (XACT software, Ver. 1.1). Each tomogram, as a 3D image, was saved
as a stack of 2D 16 bit unsigned integer TIFF images being the tomographic slices. The slices were
equidistant from each other, i.e., the voxels were isotropic, with inter-slice distance equal to the voxel
sizeP.

Two different set-ups were used to fix the specimens to the rotation stage of the tomograph. An example
of each one of them is illustrated in Figure 3.2. The first set-up shown in Figure 3.2 (a), referred to in
the following as "holding set-up1", was primarily used along with the piezoelectric actuators, for some
measurements. Later, in order to have a more repeatable sample positioning during multiple time-lapse
tomographies, an upgraded version of such sample holder was designed and manufactured, as shown in
Figure 3.2 (b), and referred to as "holding set-up2". Furthermore, in order to have a reasonably correct
repositioning of the specimens already at the tomography time (before rigid body registration), a semi-
automatic repositioning procedure was developed. To do so, instead of piezoelectric actuators (with only
2 degrees of freedom), a hexapod by 6 degrees of freedom was attached to the rotating stage of the
tomograph to position the sample holder (and the specimen gripped with it). The details of the design
and implementation of holding set-up2 are provided in Section A2.2. The implementation of each
method for holding the specimens will be specified in the corresponding following chapters.
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In order to preserve the moisture and reduce the drying of the specimens during tomography, a hollow,
cylindrical Kapton envelope was attached to the both sample holders. An example of such Kapton cyl-
inder is shown for the case of the holding set-up2 in Figure 3.2 (b).

X-ray source

Samplﬂ holder

7‘
xapod
| Sl
Rotating stage of
the'tomograph

Figure 3.2. Two methods used for fixing the specimens to the rotating stage of the tomograph: (a) piezoelectric
actuators and sample holder, called "holding set-up1" throughout the thesis; and (b) hexapod and sample holder,
called "holding set-up2" throughout the thesis.

In summary, the range of spatial resolutions achieved in different conditions in the tomograms are listed
in the table 3.2.

Table 3.2. Summary of spatial resolutions achieved in different conditions in the tomograms.

X-ray source Specimen holder Specimen size Spatial resolution (xm)
Hamamatsu L.10801 holding set-upl 40 % 40 X 160 mm’ =70
(230 KeV) holding set-up2 25 x 25 x 100 mm? ~50
Hamamatsu L10711- holding set-upl 25 X 25 x 100 mm’ ~30
02 (160 KeV) holding set-up2 Diameter 15 mm ~20
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3.3. Analysis of the time-lapse X-ray tomograms

A 3D image analysis workflow was implemented and applied, in each experimental campaign, to the
tomograms of one out of the three tomographed specimens, of each type. The exception is the campaign
described in Chapter 6, where the tomograms of all three specimens of each type were analyzed.

The workflow had a two-fold goal: on the one side, to simplify the qualitative comparison of the tomo-
grams of a given specimen at the distinct time points, by making sure that the volumes would be aligned
to a common frame of reference; on the other side, to go beyond a qualitative, visual comparison by
performing a quantitative analysis which could actually take advantage of the 4D (space + time) infor-
mation available.

In the following the steps of such workflow from a conceptual point of view are listed and described.
The corresponding technical details about its actual software implementation and execution are reported
in the Section A3 of the Appendixes. To be remarked is the fact that the symbol [ ()_C)j, t;) indicates in
what follows the value of a voxel at position X; in the tomogram at the time point ¢; in the series, with i =
0,1, ..., N;. The index j = 1, ... N enumerates the voxels in which the volume is discretized, N being the
total number of voxels. The index i enumerates the time-points in a series, with a total number N; + 1
differing between some of the experimental campaigns. The tomogram at t, was the one at a starting or
reference state of a specimen. In the following, such reference state is meant to be the one exposed to
the ASR acceleration protocol only for one day (when no potential ASR phenomenon, at least resolvable
by XT could be expected). Such one day exposure is required to allow the solution adsorption to the
concrete microstructure. If the reference tomogram was acquired before submerging the specimens into
the alkaline solution (i.e., before exposure to the ASR acceleration protocol), the X-ray attenuation of
the specimen and thus its voxel values could have been different with the tomograms at the other time
points, where the specimens have a higher degree of water saturation in their pores (due to the immersion
in alkaline solution).

() Image enhancement

Each tomogram was first of all enhanced, in terms of noise reduction. For each specimen and at each
time point t; in the series, the X-ray tomogram was firstly subjected to an edge-preserving noise-reduc-
tion step, with the goal of smoothing it without significant blurring of edges, e.g., boundaries between
distinct material phases. A type of anisotropic diffusion filter [12] implemented in the Xlib library of
plugins [13] for Fiji/ImageJ [ 14] developed and maintained at Empa's Concrete and Asphalt Laboratory.
The name of the used plugin is "Anisotropic diffusion". Information about the whole Xlib library is
available at https://imagej.net/plugins/xlib. See Section A3.1 for the detailed settings of the used "Ani-
sotropic diffusion"” plugin.

(II) Correction for specimen misalignments

Distinct time-lapse tomograms of the same specimen almost always exhibit specimen misalignment.
This means that a reference point on the specimen surface, e.g., a corner, may be not located at the same
position of a common and fixed frame of reference in two successive tomograms.

The tomographic measurements were designed and implemented in order to minimize upfront such mis-
alignment. The same specimen holder was always used. Each specimen was positioned with a corner
always at the same position on that holder. The holder itself was custom designed and manufactured in
order to ease such positioning. Despite all these measures, misalignment was still unavoidable. That
occurred and typically occurs because of limitations in the precision with which the same exact specimen
can be mounted on the tomograph's specimen/rotation stage at the successive measurement time points.
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It occurs also because the specimen stage itself can be moved to a nominal position only with a certain
accuracy, which in the tomograph used in this study, is at the scale of few to tens of microns. For these
reasons, the rigid body registration was additionally exploited to further reduce the misalignments be-
tween the time-lapse tomograms.

In each experimental campaign, the fixed, reference image was always the tomogram at the first time
point, {1 (%, to)}j:1 - while the deformed or moved image was the tomogram at a successive time

point, {I (%, ti)}j=1 vV i =1, ... N;. The tomogram obtained as output of the rigid body registration
is indicated by {IRB (%, tl-)}j=1 vV i =1, ... N;. Such 3D image registration was carried out using the

Python application programming interface (API) of the SimpleElastix image registration library [15].
SimpleElastix is an extension of the Elastix C++ image registration library [16]. The latter is based upon
the Insight Segmentation and Registration Toolkit (ITK) library [17], [18]. SimpleElastix integrates
Elastix with SimplelTK, the latter being a set of bindings to the ITK library offered in several program-
ming languages [15].

The 3D rigid body registration used a multi-resolution scheme [16], [19] and an image similarity metric
based on the mutual information of the two populations of voxel values [16], [19], one population cor-
responding to the reference tomogram at time t,, the second to the deformed specimen's tomogram, at
time t;. See Section A3.2 of the Appendixes for the details of the implementation of rigid body regis-
tration in SimpleElastix using its Python interface.

(IIT) Crack segmentation

To achieve the segmentation of empty cracks, a customized approach was used. By empty cracks, it is
meant here cracks with either no ASR products at all or in a very small amount not sufficient to offset
the crack voxel value above the typical values for empty regions.

The approach exploited the fact that ASR cracks were, for the tomogram at time t;, a new feature, com-
pared with the tomogram at t,. If cracks could appear in the hypothetical absence of any deformation of
the specimen, the difference between the tomogram at ¢t and the tomogram at t; should give as a result
a tomogram where every voxel had value close to 0, except where changes appeared, i.e., where cracking
occurred. Segmentation of crack voxels would then be feasible by selecting the voxels in such difference
image with values in a certain interval ( i.e., by the so called thresholding). Since cracking is actually a
consequence of specimen deformation, the simple difference mentioned above is, in this case, not useful.
Regions at time t;, not containing cracks, thus unchanged, were not exactly located at the same positions
as at tg. Such regions have, in the difference tomogram, voxel value very different from zero. This
limitation was addressed by performing 3D, non-rigid image registration between the output of the pro-
cessing step described in step (II) above, att;, Vi = 1, ..., N, and the tomogram at t,.

Such non-rigid registration was performed in two successive steps. The first step consisted of global
affine registration, to compensate for bulk and coarse volumetric changes. The output tomogram of such
step was the input for the second step. The latter consisted of non-affine registration, to try to compensate
for spatially heterogeneous deformations. The finally registered tomogram was then subtracted from the
tomogram at ty. This difference tomogram was then segmented by voxel value thresholding.

The details of all these steps are described in the following sub-sections.

67



Chapter 3. Materials and methodology

3D, global affine registration. The output tomograms of the 3D rigid body registration described at the
step (II) above, {1 re (%, ti)}j:1 v Y i =1,..N;, were subjected to 3D, global affine registration.

Each {IRB(fj,ti)}j_l . Vi=1,..,N;, was registered against the reference tomogram

{1 (%, tO)}j=1,...,N' The affine mapping vector field, #' = Typr (), was modelled as the combination of

a rotation, a shear transformation, isotropic scaling and a translation (Eq. (2.25)):

X =Ty r()=R-G-S-@—-O)+t+¢ (3.1)
where
1 G12 Gl3
G=(Gy,y 1 Gy (3.2),
G31 632 1
S 0 0
Ss= ( 0 S, 0 ) (3.3)
0 0 S,
and

cosa —sina 0\ /cosB 0 sinf\ /1 0 0
R=Rz(a)Ry(,8)Rx(y)<sina cosa 0)( 0 1 0 )(0 cosy —siny) (3.9)

0 0 1/ \=sinf 0 cosB/\0 siny cosy

are 3x3, real-valued matrices with elements independent of X (i.e., global affine transformation) repre-
senting the shear, scaling and rotation transformations, respectively. Eq. (3.4) defines an intrinsic rota-
tion whose Euler angles are a, 8, y around the intrinsic Z, Y and X axes, respectively. The term £ in Eq.
(E3.1) stands for the translation vector (see Eq. (2.25)). Since the input to this global affine registration
step was a tomogram already rigidly registered against the reference tomogram, the matrix R and the

vector £ in Eq. (E3.1) were essentially estimated as the identity matrix and the null vector, respectively,
from the affine registration procedure.

In the following, {I arr (X, ti)}j=1 vV i =1,..., N, indicates the tomogram obtained as output of this

global affine registration. Its algorithmic implementation was done also in this case by using the Python
API of SimpleElastix. As for the rigid body registration, the image similarity metric was based on the
mutual information of the two voxel populations. A multi-resolution scheme was also used. The details
of the software implementation of this registration step are provided in Section A3.3 of the Appendices.

3D, non-affine registration. The tomograms {IAFF(fj,ti)}jzl e Vi=1,..,N;, were registered

against {I (J_C'j,to)}j=1mN according to a non-affine transformation model, X' = fN_ arr(X), para-

metrized by using the multi-dimensional cubic B-spline model described by Eq. (2.26). As a reminder,
such registration allows compensating for spatially varying deformations, thus for the part of the ASR-
induced deformations being spatially heterogeneous, e.g., highly localized. The output of such registra-
tion was the set of tomograms {i(fj, ti)}j=1,...,N’ vVi=1,..,N;.
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The Python API of SimpleElastix was used to program also this type of registration, still using a multi-
resolution scheme and an image similarity metric based upon the mutual information of the two voxel
populations. Also for this registration step, the software details are provided in Section A3.3 of the
Appendices.

Empty crack segmentation. Each tomogram {f (%, ti)}j=1 vV i =1,..,N; (Figure 3.3 (b)), is a ver-
sion of the original one, {I (%, ti)}j:1 N but deformed as such both the misalignment due to the spec-

imen repositioning at each measurement time point ¢; and the deformations induced by ASR are com-
pensated for. Thus, each of them approximately matches the reference tomogram, except at locations
where the ASR cracks appeared between the reference time t, and time ¢;. As mentioned above, the

developed analysis workflow used the voxel-wise difference between {I (a_c'j,to)}jzl N and

{f (%, ti)}j:1 yasa 3D spatial map of a (sort of) "likelihood" for the voxel to be inside a (empty or
filled by a small amount of ASR products) crack (Figure 3.3 (c)).

This approach to identify and select regions were changes happened is a relatively well-stablished
method in quantitative medical diagnosis based on time-lapse X-ray or Magnetic Resonance (MRI) im-
aging. It is usually named as Temporal Subtraction (TS) [20]-[22]. By the choice of a "likelihood" range,
that 3D scalar field of likelihood was converted into a binary one (also called a binary tomogram), coded
using 8-bit unsigned integer numbers and a value of 0 for a voxel outside a crack and of 255 otherwise.

Due to noise and partial volume effects in {I (%, to)}j:1 N and {i (%, ti)}j:1 e each of such binary

tomogram for ASR-related cracks still contained artefacts, in the form of small and rather spherical sets
of connected voxels ("clusters") which did not actually fall within newly formed cracks. These clusters
were algorithmically selected by computing, for each set of connected voxels in the binary tomogram,
a feature variable SD:

SD = sphere (3.5)

Saa

where S, pere 18 the surface area of a sphere with volume equal to the total volume of the voxel set and
Saq 1s its actual boundary surface (3Q) area. SD measures the sphericity degree of the voxel cluster [23].
Clusters with SD values close to 1 are highly spherical. Clusters corresponding to the actual cracks had
SD values much smaller than 1. That should be expected, since cracks are 3D objects with high shape
anisotropy. All the clusters with SD > 0.4 were selected and excluded from the previous binary tomo-
gram, obtaining a new one called, in what follows, as {f BeR crack (%, ti)}j=1,...,1v' This binary tomogram
acted as the final spatial map of the voxels identified as belonging to (empty) ASR crack volume newly
formed at time t; compared with time t,. In order to be able to compute the total volume of cracks,

including what already existed in the tomogram at t,, thus not due to ASR, an additional crack segmen-
tation workflow, consisting of the following steps, was implemented.
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Figure 3.3. Example tomographic slices of one specimen from the experimental campaign described
in Chapter 5. (a) and (b) show the slice, located at the same position, from the reference and deformed
tomograms, respectively. The deformed tomogram of (b) is the one at about 195 days since start of
the ASR acceleration and after the full chain of registrations. (c) and (d) show the results of the two
distinct temporal subtractions, leading to the identifications of regions of empty cracks (inset (c)) and
of pore space filled with ASR products (inset (d)), respectively.

A black top-hat (BTH) transform was applied to {I (55]-, to)}j=1 N It is a mathematical morphology

operator acting on binary as well as grey-level images. When applied to grey-level images (like the
tomograms in this PhD project), it produces a new grey-level image as output, with pixel/voxel value
having the meaning of likelihood that a certain object's area/volume includes, in the input image, that
pixel/voxel. The object has a specific shape and must have on average lower pixel/voxel value than in
its surroundings. Thus, such transform allows mapping out regions (1) containing local minima and (2)
being specifically shaped [24]. By thresholding the transform's output, it is possible to obtain a binary
image segmenting the chosen type of objects out of the original image. The predefined shape of the
object is determined by choosing the structuring element (SE) of the morphological operation used in
the transform (a morphological opening). As SE, a 3D thin disk, with size of Sgry; = 3 voxels was used.
Such choice was motivated by the fact that empty cracks are (1) 3D regions with high shape anisotropy
(i.e., high aspect ratios), in addition to (2) containing local minima of the original grey-level image. The
actual software implementation of such transform was based on the module "Edit New Label Field" (in
the Segmentation tab) of Avizo 3D, an image processing software suite by Thermo Fisher Scientific.

a

Empty, crack
Ae AR
. -

Crack segmentation by BTH | C Crack segmentation by TS

Unwanted clusters
Unwanted clusters

2 mm

Figure 3.4. Comparison of empty crack segmentation results obtained by the black top-hat (BTH)
transform + thresholding and by the temporal subtraction (TS) + thresholding procedures. (a): ex-
ample ROI selected from one slice of a tomogram at a certain time t; for one of the specimens of the
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experimental campaign described in Chapter 5, containing a partially empty crack; (b) the binary
tomogram of empty cracks obtained from the BTH segmentation, superimposed on top of the same
image as in (a) and rendered in semi-transparent red color; (c) binary tomogram of empty cracks

obtained from the TS segmentation, superimposed on top of the subtraction image ({I (%, to)}j:1 .
{i (%, ti)}j:1 N). The comparison of (c) and (b) shows that the empty crack segmentation based

upon the TS-based approached was less affected by artefacts and errors.

The result of the sequence BTH transform — thresholding was a binary tomogram, which was subjected
to the same sphericity-based filtering described above, to exclude clusters of voxels not belonging to
actual cracks. In comparison with the binary tomograms obtained by the registration — temporal sub-
traction — thresholding procedure, those produced by the BTH transform — thresholding contained by
far much more artefacts due to noise and partial volume effect. See Figure 3.4 for a comparison. Due to
this reason, the BTH empty crack segmentation procedure was used only at t;.

The resulting binary tomogram, called {Ifmck (%, to)}j:1 v Was then Boolean-added, by a Boolean

OR operator, to each {TESR crack Xj, ti)}j_1 v Vi= 1, ..., Ng, to obtain at each t; a binary tomogram

of total crack volume (called {Ifmck (%, ti)}j:1 N), independently of whether generated by ASR or

pre-existing it.

It is need to remark again that the latter binary tomograms provide an identifying (or label) map of
voxels contained in empty crack regions. The adjective "empty" is used not with absolute meaning. It
rather means that such segmented crack regions either contained no ASR products at all or contained
them in low enough volume fraction and/or with low enough concentration of bound Cs* ions such that
their X-ray attenuation was extremely small, similar to that of empty air. Crack regions containing ASR
products in large enough volume fraction and with large enough Cs concentration (see Chapter 5) were
characterized by voxel values very large compared with the surrounding. Thus, they were segmented
according with the procedure described at the point (IV) described below and generically defined as
"ASR products regions".

Figure 3.4 above exemplifies some of the advantages brought by the TS-based approach to the segmen-
tation of empty crack. However, in principle, the TS-based approach implies one specific type of disad-
vantage: the tomogram at time t;, Vi = 1, ..., N, gets deformed by the overall image registration work-
flow. As a consequence, each segmented crack may have size (volumetric or linear, e.g., thickness),
shape, orientation and location modified compared the ground truth in the unregistered tomogram at ¢;
itself.

In order to assess how and how much the cracks segmented by the TS-based approach differed from
ground truth, the TS-based approach performance was compared with that of a more conventional ap-
proach, e.g., the BTH-based one, both applied to a set of toy cases with both actual and surrogate cracks
in the tomographic images and in model images. The details of such comparative analysis are fully
reported in Section A3.3 of the Appendices. The overall result was that the overall registration workflow
did not deform a single crack much in terms of shape, orientation and volume, rather it just displaced it
at the scale of a few voxels. Such a result indicates that the TS-based crack segmentation approach does
not seem to introduce any systematic error in the quantification of crack size and orientation, which are
key targets of the analysis in this project. However, it does introduce a systematic spatial displacement
of the cracks in the frame of reference common to all the tomograms of a time series. The latter bias
implies that the TS-based approach should not be used in the cases where the position of the crack in
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respect to the common frame of reference is one of the wanted output from the image analysis, which
was not the case in this project.

(IV) ASR products segmentation

The ASR products were segmented by subtracting the reference tomogram, {1 (%, to)}j:1 N from each
B-spline registered tomogram, {i (%, ti)}j:1 v Y i =1, ..., Ny, the resulting tomogram having large

and positive voxel values only where the products appeared between the times t, and ¢;, given that the
products provided their voxels extremely high values compared to voxels where most of the other ma-
terial phases were contained (at least for specimens cast with the addition of Cs, see Chapter 5). It was
thus possible to choose a range of voxel values (thresholding) to select the products' voxels in such
difference tomogram.

In order to further distinguish between products in cracks from those in other types of pores, e.g., air
voids, the same type of sphericity-based filter was used. Clusters of products' voxels with sphericity SD
(see Eq. (3.5) above) smaller than 0.4 were classified as belonging to cracks, while those with SD larger
than 0.4 were classified as belonging to other pore types. Thus two disjoint binary tomograms were

7B - TB - .
created, called {[ASR prod.— crack (Xj» ti)}j=1,,,,,N and {[ASR prod.— void (Xj» ti)}jzl,...,N’ Vi=1,..,Ng,re-
spectively.
3 TB - 7B -
The union, by a Boolean OR operator, of{IASR prod.— crack (Xj tl-)}jzle and {IASR crack (X, ti)}jzl,...,N
led to the creation of a new binary tomogram, called {ffSR crack—tot (% tl-)}j_1 vV i=1,..,Ngclas-

sifying voxels exhibiting changes to ASR, in comparison to the reference tomogram at t,. The respective
change was due to the appearance of a crack, either containing products with high Cs concentration or
no products or with low Cs concentration.

(V) Aggregate segmentation

In specimens containing BaSQO4 in the cement paste, the aggregates were segmented by manually select-
ing a corresponding range of voxel value (thresholding). As explained in Section 1.2, the main motiva-
tion for segmenting the aggregates was to differentiate between ASR cracks and products in the aggre-
gates and those in the cement paste. This goal was achieved by exploiting the segmented aggregate
binary tomogram as a mask to select only the features spatially overlapping with it. The features falling
outside of the aggregate mask were labeled as belonging to the cement paste. Furthermore, as mentioned
in Section 1.2, the segmented aggregate binary tomograms supported the mesoscale computational mod-
eling of ASR cracking in concrete performed within sub-project VI of the SNF Sinergia project by EP-
FL's Computational Solid Mechanics Laboratory. The support consisted of the fact that such binary
tomograms provided the basis for creating a finite element method mesh of the spatial domain of the
simulation where the aggregates, as one component of the domain (or material phase) had realistic shape
and volume, instead of being represented as idealized spherical regions with distinct radii (a frequently
needed simplification to cope with computational issues [25]).

(VD Quantitative characterization of the crack network

By crack network, it is meant in the following the sets of interconnected clusters of voxels classified by
steps (III) and (IV) as belonging to cracks, either original or ASR-induced and either containing ASR
products with high Cs concentrations or not (labelled as empty). In addition to quantifying the volume
of such crack network several feature variables of the crack network were computed at the distinct time
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points t;, to quantitatively characterize the temporal evolution of the network itself. Such quantitative
analysis complemented the qualitative one obtained by the 3D rendering of the network's binary tomo-
gram.

The following paragraphs introduce the definition of the feature variables used, their meaning and how
their values are reported in the following chapters for the data derived from each experimental campaign.

ASR cracks' or products' volume fraction. In order to quantify the ASR damage density, the volume
fraction of cracks (with and without products) and of ASR products (when possible) were computed. In
the cases where the aggregates were segmented, such volume fraction values were computed twice,
differentiating between cracks and products within the aggregates and within the cement paste. In each
chapter dedicated to certain type of specimen groups, the details of the computed quantities will be
further clarified.

The volume fraction of the ASR cracks (or products) was computed, at any time pointt;, Vi = 1, ..., N,
by normalizing the volume of the crack network (of products) by the total volume of the tomogram

(Vtomogram):

Vi, j(t) =V, j(to)

Vtomogram

vASR,k,j(ti) = -100 [%] (3.6).

In Eq. (3.6), there are two indexes/labels, k and j. k indicates the ASR feature, i.e., either ASR product
or ASR crack. j indicates the location of the feature in either main material phase of the concrete
mesostructure, i.e., aggregates or cement paste. The index j appears only in Chapters 6 and 7, reporting
the results from the experimental campaigns where BaSO4 was used as contrast agents between aggre-
gates and paste, thus, where it was possible to perform the aggregate segmentation. In those Chapters,
when referring to the specimens containing BaSQOs, j has value "Agg" for the features within the aggre-
gates and "Cem" for those within the cement paste. In the other Chapters as well as in Chapters 6 and 7
(when considering reference specimens not containing BaSQOjs) the variable of Eq. (3.6), simply called
1, (t), will refer to the total volume fraction of the features k all over the tomographed volume, without
distinction between aggregate and cement paste volume. Vj ;(£,) in Eq. (3.6) means the total volume of
features k at the reference time point, t, (e.g., original cracks). The difference between the crack net-
work's volume at any time point t; and the original's one, Virgeks,j(ti) — Veracks,j(to), provides the
volume of cracks exclusively generated by ASR. The same difference but for k = products was simply
equivalent to Vp,oqycts,j (ti), since there were no ASR products at o, thus Vyyoaycts, j (t0)=0-

The main rationale for reporting time series of Vj, ; and not directly of Vj ;(£;) — Vj ;(£o) is to provide
values which could be directly comparable with each other independently of the actual size of the to-
mographed volume.

Shape tensor analysis. Each binary tomogram of cracks, with or without ASR products and ASR-
induced or not, { {55z crack—tot (%) ti)}j=1,...,N’ Vi=1,..,N,and {5, (%, tO)}j=1,...,N’ was first of all

subjected to labelling: each set of interconnected, segmented voxels (a cluster) was identified and as-
signed a digital label to identify it as a distinct 3D object. Each cluster was thus treated as a distinct part
(or branch) of the crack network and it is simply called in the following as crack. Each of those binary
tomograms thus provided, at any given time point in the series, including the reference time t, a statis-
tical ensemble of cracks. The labelling was performed with the module "Label Analysis" of the Avizo
3D software.
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The same module of Avizo 3D was used to compute, for each distinct labelled crack, its shape tensor G.

The shape tensor G = {GL- j} of a geometrical, 3D object is an analogue of the moment of inertia

i,j=123
tensor of a physical body [26], [27]. Its elements are defined as

Gij = fQ (xi - xi'CM)(xj - xj,CM) dJ_C), v l,] = 1,2,3 (37)

where 0 means the 3D region occupied by the single crack as a 3D object, X¢py = Vi Jo, XdX is the
Q

crack's center-of-mass (CM) position vector, Vg means the crack volume and the indexes i and j just
enumerates the three Cartesian components of a position vector inside (. In Avizo 3D, G is also called
as "variance-covariance matrix" because it has the form of the covariance matrix of a random vector,
being it in this case the position vector for the points inside Q. The same software module computed the
eigenvalues 1; = A, > A3 and the respective eigenvectors, (l;; tl,; 1i3) of G. The eigenvectors' direc-
tions indicate the principal axes (called in short eigendirections in what follows) of the crack. The
eigendirection associated with the largest eigenvalue is the direction along which the branch is the most
clongated.

A parallelepiped with sides oriented along the three eigendirections and circumscribing the object
(called bounding box in the following) allows characterizing its characteristic sizes, shape and orienta-
tion in space [26]-[30]. The three lateral sizes of such bounding box were used as definitions of length
(L), height (or equivalently called width, H) and thickness (T') of the crack, corresponding to the largest,
mid and smallest size of the parallelepiped box, respectively (L = H > T) [29]. L, H and T were actu-
ally computed, with the aid of the same Avizo 3D module, by using two feature variables associated
with the direction of each eigenvector. These feature variables are called in such module "ExtentMaxi"
and "ExtentMini", where i = 1,2,3 enumerates the eigenvectors. ExtentMaxi is always a positive num-
ber while ExtentMini is always negative. ExtentMaxi is computed as the distance between the crack's
CM and the plane tangent to the crack's boundary surface, on the side pointed at by #;, and orthogonal
to the eigenvector 1i;. ExtentMini is computed similarly as ExtentMaxi but for the plane also tangent to
the crack's boundary surface, also orthogonal to the #i; but on the side in the opposite direction of #;,
thus being assigned a negative value. The final, feature variable ExtentToti = ExtentMaxi — ExtentMini
was computed, it being equal to the size of the bounding box along the i-th direction.

Three crack's boundary box size measures were defined as in the following:

e length L = ExtentTot1
e height (or width) H = ExtentTot2
o thickness T = ExtentTot3.

It has to be noted that L, H and T correspond to the Feret (or caliper) diameters along the directions of
i1, U, and i3, respectively. L and T are not necessarily equal to the maximum and minimum Feret
diameter of a crack, respectively, although they may be close to, depending upon the crack's surface
shape.

Insets (a) in Figure 3.5 show 3D renderings of the segmented, total crack network (with or without ASR
products) of the U-Cs specimen (specimen with Cs-doping) at 250 days. Distinct, disconnected cracks
are rendered with distinct colors. Figure 3.5 (b) to (d) show the 3D renderings of three individual cracks
selected from the population shown in Figure 3.5 (a). These cracks were selected as examples because
they have, from (b) to (d), increasingly complex morphology, e.g., surface folding and fragmentation.
While the large, orange box in each inset indicates the tomographed volume, the small blue box is the
bounding box of the individual crack, as computed by its shape tensor analysis. Such box is oriented

74



Chapter 3. Materials and methodology

along the three eigenvectors of the shape tensor G of the crack. The eigenvectors are rendered as solid
arrows, starting from the center of mass of the crack itself.

Such type of visual analysis allowed validating qualitatively the shape tensor analysis results. The size
of an object along the direction of one eigenvector of G may not necessarily provide useful, quantitative
information about the object itself. The shape tensor analysis, in this regard, may be hindered or biased
just as it happens with other approaches to estimate size and orientation of a 3D object. That is because
the definition of size and orientation is an ill-posed problem for 3D highly convoluted and irregularly
shaped objects, as separated cracks are. Indeed, there is no unique and unequivocal definitions of size
and main orientation of an object with arbitrary shape.
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Figure 3.5. (a) 3D rendering of the segmented, total crack network (containing or not containing ASR products)
of the U-Cs specimen (discussed in chapter 5), at 250 days. Each separated part (branch) of the crack network
is rendered with a distinct color, just for the purpose of distinguishing them. The color assignment to each
branch was random. (b)-(d) Three examples of separated branches of the crack network at 250 days, for the
same specimen. The large parallelepiped box highlighted in orange delineates the tomographed volume. The
smaller grey box shows a zoom-in view of the respective crack branch. The blue, parallelepiped box is the
crack's bounding box oriented according to the three eigenvectors of the crack's shape tensor G. Each eigen-
vector, located at the center of mass of the crack and scaled by half the lateral size of the bounding box along
the same direction, is also rendered as a solid arrow. The red arrow refers to the eigenvector associated with
the first eigenvalue. The green arrow to the second eigenvector and the blue one to the third.

In our specific case, the type of visual analysis mentioned above showed that the directions of the three
eigenvectors of G provided, for most of the cracks, the right information about the directions of maxi-
mum, intermediate and minimum spatial extent of the crack, despite its eventual complex morphology.
Correspondingly, the lateral sizes of the mentioned crack bounding boxes (length L, height A and thick-
ness 7) could be, for a majority of the cracks, meaningfully used for a quantitative assessment of the
crack sizes. That was valid for both the reference and the Cs-doped specimens and for each aggregate
type. The exceptions consisted of cracks with rather folded surface, e.g., concave cracks as those shown
in Figure 3.6. For such cracks, the bounding box thickness 7 achieved values which significantly over-
estimated the scale of an actual crack thickness. In order to avoid the statistics of an indicative crack
thickness being spuriously biased by such overestimated boundary box thickness values, this feature
variable was not adopted as indicative crack thickness. Instead, the statistics of the crack network's local
thickness field, Tjoqq; (X) was analyzed.

Finally it has to be remarked that estimates of crack length and crack height/width more accurate than
the computed L and H would need to take into account the actual curvature field of the 3D object, e.g.,
of its tortuosity [36]. Achieving such more accurate estimates requires more advanced approaches and
respective computational techniques and it still presents several challenges. See for example Section 2.6
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in [36] and [37] for a description of the open problems and respective approaches. The adoption of such
approaches in our work extended beyond the focal points and target of our work, i.e., obtaining mean-
ingful and representative quantitative estimates of crack size even though not the most possible accurate.
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Figure 3.6. Two examples of separate cracks (also called crack network branches) with rather folded surface,
e.g., concave cracks. The large parallelepiped box highlighted in orange delineate the tomographed volume.
The smaller, light grey box shows a zoom-in view of the respective crack network branch. The dark grey,
parallelepiped box is the branch's bounding box oriented according to the three eigenvectors of the branch's
shape tensor G. Each eigenvector is also rendered as a solid arrow. It is located at the center of mass of the
branch and scaled by half the lateral size of the bounding box along the same direction. The red arrow refers

to the eigenvector associated with the first eigenvalue. The green arrow to the second eigenvector and the blue
one to the third.

Ratios of the eigenvalues of G allow a coarse classification of shape, even when the 3D object is very

irregularly shaped. Specifically, two variables (also called shape anisotropy degrees [31]) were used in
this PhD project:

E=1-73 (3.8)
and

—1_ %
F = % (3.9).

E is an elongation parameter while F is a flatness one. Each independent crack was mapped to a point

in the (E; F) 2D plane. The analysis of the distribution of (E; F) points allowed comparing crack shapes
across specimens.
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Finally, the distribution of the direction of the eigenvector of G associated with the first eigenvalue, 4,
was analysed to assess the crack orientations. The direction of 7; was expressed in spherical coordi-
nates, (¢4; 61), and mapped on one hemisphere of a 3D sphere of radius equal to one, for better visual-
ization of the orientation distribution.

Local thickness analysis. At any time point ¢;, a scalar field called local thickness, in short Tjcq; (X),
was computed at any position X inside the region Q of any segmented crack by using the binary tomo-

7B - T
grams {IASR crack—tot(xj' ti)}j=1'"_'Na Vi=1,..,N.

The mathematical definition of Tjy.q;(X) is the one proposed by Hildebrand and Riiegsegger [32].
T10cq1 (%) is there defined as the diameter of the largest sphere which (1) contains X and (2) is contained
within the region Q. The actual computation of Tj,.,;(X) was performed with Avizo 3D's module
"Thickness Map", with its option "Boundary Voxels" set to "included", by which Hildebrand and
Riiegsegger's algorithm was implemented with additional "inclusion" of the voxels belonging to the
boundary of Q.

Ti0ca1(X) provides a spatial distribution of crack thickness. As a thickness metric, it is advantages and
disadvantages:

e its definition is independent from using a specific geometrical model to describe approximately
a 3D object, as done in the shape tensor analysis with the use of the bounding box; as a conse-
quence, a complicated shape of the crack due to, e.g., high curvatures, introduces less bias in
the final estimates of the Tj,qq;(X) values, compared with what happens on the contrary with
the estimates of the bounding box thickness T';

e while each crack can be characterized by a single and unique T value, it has a whole distribution
of Tj,cq1 Values; when the statistics of thickness for the whole crack network needs to be ana-
lyzed, an intermediate analysis step is needed, consisting of computing first statistical metrics
of the distribution of T},.4; values for each single crack, then analyzing the distribution of such
metrics over the whole ensemble of cracks.

(VII) Global and local deformations analysis
Global analysis

The dimensional changes of the tomographed portion of the specimen (also called volume of interest,
VOI, in Figure 3.7 (e)) could be quantified based upon the results of the global affine registration and
compared, for the specimen longitudinal direction (Z-axis), with those obtained by the experimental
measurements with the whole specimen, described in Section 3.2. Such comparison allowed assessing
whether or not the length change of the VOI approximated well that of the whole specimen, thus, in
such a case, signaling whether the VOI was a representative or unrepresentative volume for what con-
cerned the macroscopic dimensional changes.

Since the global affine registration model is based upon the assumption of a linear mapping vector field
(see Eq. 3.1 above), the corresponding displacement vector field, 1z (X), is also linearly dependent on

-

X,

Ugrr(X, ) = #'(6) — % = Tapp(,t) — % = (R(t;) - G(t) - L(t;) — I3) - X + £(t) + (I3 —
R(t)-G(t)-L(t))-¢Vi=1,...N,  (3.10)
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where I3 is the 3x3 identity matrix. Inset (c) in Figure 3.7 shows the plot of u; 4rr(%,t;) inside the
tomographed volume of a specimen at a given time point t;, with i # 0, showing how it depends mainly
on z, as it should be expected based upon the theoretical model expressed by Eq. (3.10). Inset (f) in
Figure 3.7 shows with two distinct vertical axes the changes of three variables. The red line in the plot
is associated with the left vertical axis. It shows on the horizontal axis the values of uz 4rr (X, t;) aver-
aged over various 2D ROlIs, each located on a slice orthogonal to the Z-axis (Figure 3.7 (d)) and centered
in the center of the slice itself. This is the first variable, shown by the red line as a function of the slice's
Z-position (shown on the left vertical axis). Such a plot was repeated for a distinct size of the 2D ROIs
(from 0.175%0.175 mm? to 10.5x10.5 mm?). The results were independent from the ROI size. The ver-
tical axis on the right hand-side shows all those X — Y ROI size values. At each position along such
right vertical axis, the corresponding minimum and maximum values of the averaged uz 4rr (X, t;) (the
other two variables) are plotted with circular markers with distinct colors for the distinct ROI size. Such
double vertical axes plot shows that (1) uz 4rr(X) clearly varied linearly with z, (2) the X-Y-averaged
uz apr (%) is independent of the X — ¥ ROI size and (3) the tomographed portion of the specimen, cen-
tered about its mid, got deformed along the specimen's longitudinal direction from the center off (nega-
tive displacement values below the center, positive ones above).

Based upon such properties of Uz 4rr(X), it was possible to compute

. o .. AL .
the relative change in size of the tomographed volume along the Z direction, % t),vi=1,..,N,
AFF,Z

as the absolute value of the difference between the maximum and the minimum value of uypr z(X)
inside a 3D ROI spanning the entire volume along the Z-axis, with size 0.2 x 0.2 mm? on the X — Y

slices and centered in the middle of each such slice (Figure 3.7 (d)). Another adopted approach to

AL
compute —2EEZ
Larrz

slices, then of computing the minimum and maximum values of the resultant function of z over the

(t;) consisted of first averaging uypp z(X) on 2D, centered ROIs located on X —Y

whole range of Z slices and finally computing the absolute value of their difference. Both approaches

) . AL
led to almost identical final values of —2££Z,
LaFrz

Similar properties characterized uy 4rr(X) and of uy 4rr(X), which resulted to depend mainly on x and

LaFFx

. . . A
y, respectively. As a consequence, it was possible to adopt the same procedure to compute . and
AFF.X

AL . . o . . .
%, i.e., to estimate the longitudinal strains along the X- and Y-axis, respectively, at least for the
AFF)Y

tomographed volume, entirely based upon the results of the global affine registration.
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Figure 3.7. Description of the approach used for measuring/estimating the relative length change of the specimens
by exploiting the results of 3D, global affine registration of the tomograms. (a) Rendering of the Z-component of
the displacement vector field associated with the global affine registration results, Uz pp (X, t;), for a specimen at
a given time point t;, with i # 0. The color scale is in units of number of voxels. The units for the axes of the
Cartesian frame of reference are also number of voxels. (b) The uypp z(X) inside a 3D ROI spanning the entire
volume along the Z-axis, with size 0.2 x 0.2 mm? on the X — Y slices and centered in the middle of each such
slice. (c) Schematic illustration of a specimen and of the axes of the respective Cartesian frame of reference. The
indicative location of the volume investigated by XT is also specified. (d) Horizontal axis: values of Uz app (X, t;)
averaged over various 2D ROIs of distinct size located on slices orthogonal to the Z-axis and centered in the
center of the slice itself, as a function of their Z-position (left vertical axis). Vertical axis on the right: size of the
2D X-Y ROIs over which uz 4pp (X, t;) was averaged. The red line refers to the left vertical axis. The colored,
circular markers refer to the right vertical axis and show the minimum and maximum values of Uz pr (X, t;) along
the Z-axis, after averaging it over various 2D, rectangular ROIs. Circles of distinct colors show minimum and
maximum values in correspondence of distinct ROI size.
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Local analysis

The results of the non-affine registration were exploited to compute 3D scalar fields providing infor-
mation about the spatial distribution of ASR-induced deformations.

One such scalar field is the Euclidean norm (i.e., magnitude) of the displacement vector field associated
with the vector field of the non-affine mapping,

1% () — %Il = || Ty-sarr(F t) = X||, Vi =1, .., N; (3.11).

ltiy—arrll (%, t;)

It provides the spatial map of a sort-of "intensity" or "degree" of the local deformations.
The second scalar field is the determinant of the Jacobian matrix of the mapping vector field

Ty—arr(% t;), in short called the Jacobian of the mapping:

- _ aT’N—AFF - .
Tty ne o) = det (T) #t), Vi=1,..,N, (3.12),
where
OTN-arr1 OTnN-aFr1 O9TN-AFF1
6x1 6x2 a.X'3
OTN_aFF _ | OTN-arF2 OTN-aFr2 OTN-AFF.2 | (3.13)
ax 0x4 0x, x5 :
\aTN—AFF,S OTN-arr3 OTN-AFF3 /
0x4 0x, Ox3

is the Jacobian matrix of the mapping vector field 7,\,_ arF (G, t), x; = x,x, =y and x5 = z.
It is reminded that (see [33])

5 _ OTN_arF T
dx' = ——=—-dx (3.14)
such that
AV (%,t) = J7,_ e (K1) - AV (3.15),

where dVy indicates the volume of an infinitesimal region about the position X at the reference time t,
and dV; indicates the volume of the corresponding region at time t; around the position X' in the to-
mographed volume being the landing position after the non-affine mapping of X.

Equation (3.15) indicates that the Jacobian of the non-affine transformation provides a spatial map of
the ratio between the local volume at time ¢; and the local volume at time ¢, of the same infinitesimal
region after and before the local deformations, respectively [33]. Values larger than 1 indicate a local
volumetric expansion while values smaller than 1 a local contraction. Both U4prr(X,t;) and

OTN_aFF
ox
use of the SimpleElastix image registration library.

(%, t;) were computed as outputs of the respective registration workflows implemented by the
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3.4 Contributions to software and experimental efforts

Some visualizations and plots in different Chapters were performed with software developed by Dr.
Michele Griffa (Empa). All specimens used for OM and SEM were prepared by Boris Ingold (Empa).
The compressive and flexural strength and Young's modulus measurements on some of the specimens
described in Chapter 6 (see Figure 6.15 and Figure D16) were performed by Daniel Képpeli (Empa).

All of the rest of specimen preparation, measurements and 3D image analysis (including workflow im-
plementation) were performed by myself.
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Chapter 4. ASR crack networks: properties, evolution, and com-
parisons between laboratory and field specimens; A benchmark
analysis

4.1. Summary

This Chapter presents the results of a XT campaign involving both laboratory-scale accelerated speci-
mens and field-exposed ones. The XT analysis aimed at qualitatively and quantitatively characterizing
and comparing various features of the crack networks developed under the influence of the distinct
boundary conditions (and respective time scales) within which the two sets of specimens developed
ASR cracks. The rationale at the basis of such campaign was manifold. On the one side, there was the
need to characterize the propensity to ASR cracking of the chosen concrete mix design(s), including the
distinct aggregate types, and to characterize it, in order to create a first benchmark dataset. This was a
first necessary step in the original plan of this PhD project. On the other side, it was important to address
the omnipresent questions of how, how much and with which ASR (cracking) features are specimens
accelerated in the laboratory representative, in comparison with specimens affected by ASR developed
under real world boundary conditions.

Section 4.2 describes those experimental procedures' details specific of and/or additional for this exper-
imental campaign, in comparison with the general procedures explained in Chapter 3. Section 4.3 reports
the most important results from the time-lapse XT measurements on both sets of specimens (laboratory
and field ones), as well as results from other measurement types. Additional results are provided in
Appendix B. In Section 4.4, the key similarities and differences between the two specimen classes are
summarized and their relevance is discussed upon from the point of view of addressing (some of) the
questions mentioned above. Finally, Section 4.5 synthesizes the most important conclusions that can be
drawn from this benchmark experimental campaign.

4.2. Experimental details specific for the benchmark campaign

Concerning ASR (cracking) induced in the laboratory, the benchmark experimental campaign com-
prised of the following steps:

1. casting of concrete specimens containing three distinct aggregate types and with two distinct
size values optimally chosen for achieving, on the one side, sufficient mesoscale representative-
ness (see Section 3.2 for its definition) and, on the other side, spatial resolution sufficient to
detect a significant part of ASR cracking;

2. application of the laboratory ASR acceleration protocol described in Section 3.2;



Chapter 4: ASR crack networks: properties, evolution and com-parisons between laboratory & field spec-
imens; A benchmark analysis

3. during the acceleration, non-destructive measurements, including XT ones, were performed on
the same exact specimens along with other destructive measurements performed on other spec-
1mens;

4. three specimens were cored from field-exposed blocks derived from another project; such
blocks were cast years earlier than this PhD project and according to another mix design; the
cores had size comparable with that of the laboratory-accelerated specimens;

5. XT was performed on such cores;

6. all the tomograms of any specimen were analyzed according to the same workflow having as
target the crack network characterization and the comparison of its features for the distinct spec-
imen types.

The following sub-sections detail these six steps.

4.2.1. Materials and specimens preparation

4.2.1.1. Laboratory-accelerated specimens

Three aggregate types were used to cast three distinct specimen sets. Two of the three were the aggregate
types already mentioned in Section 3.2 (labelled as U, for Uri, and P, for Praz, aggregates). The third
aggregate type used in this experimental campaign originates from Northeast Switzerland, in Brienz
(Canton Bern), thus labelled as "B" aggregates. The same XRF and PXRD analyses mentioned in Sec-
tion 3.2 and detailed in Appendix Al.1 were performed on the B aggregates as well. Compared with the
U and P aggregates, the B ones had lower quartz content (26 mass-% versus about 50 mass-%) but
higher feldspars content (50 mass-% versus 25 and 16 mass-% for U and P aggregates, respectively).

In terms of mineralogical textures, the B aggregates exhibited similar features as the ones described in
Section 3.2 and in Section Al.1 of Appendix A for the P aggregates, thus classifying as metamorphic
rocks as the P ones. Thus, such an aggregate is expected to present a rather slower reaction than the U
one. An example of their mineralogical texture, compared with those of U and P aggregates, is provided
in Figure B1 (in Appendix B), in the form of CP-OP micrographs of thin sections.

The mix design used to cast all the laboratory accelerated specimens is summarized in Table 4.1. See
Section 3.2 for the details about the cement type used and its composition and Na,O-eq value.

Prismatic specimens both with size of 40x40x160 mm?® and of 25x25x100 mm? were cast in number of
30 for each size, in order to look for an optimal trade-off between the specimen volume's mesoscale
representativeness and a sufficient spatial resolution in the tomograms.

By casting specimens of distinct size, special attention was dedicated to assess how and how much the
ASR development differed. It has been reported in the literature that the ASR-induced maximum mac-
roscopic expansion positively correlates with the specimen size, for specimens subjected to acceleration
conditions including high relative humidity and temperature [1]. However, other reported results indi-
cated that such positive correlation may hold only up to a certain specimen size. For instance, by chang-
ing the prism size from 50x50x281 mm?® to 75x75%281 mm?, no significant difference in the macro-
scopic expansion was observed for specimens subjected to ASR acceleration by immersion in a 1M
NaOH solution stored at 60°C [2].
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The specimens with size 40x40x160 mm® and containing B, P and U aggregates are in the following
referred to as "B40", "P40" and "U40", respectively, while those with size 25x25x100 mm? are called
"b25", "p25" and "u25", respectively.

All the cast specimens were subjected to the ASR acceleration protocol detailed in Section 3.2, for a
total of 500 days.

Table 4.1. Mix design of the laboratory-accelerated specimens, in units of kgm™ (mass per m® of cast
material).

Cement CEM Aggregates Deionized NaOH
142.5N water

0-4 mm 4 -8 mm 8§ -11.25 mm

450 659 412 576 225 4.9

4.2.1.2. Field specimens

Three specimens of distinct concrete types and exposed to real world environmental boundary condi-
tions were investigated.

The first specimen was cored out of a concrete wall with an approximate age of 40 years, located along
a mountain road at about 1000 m on the sea level (Briinigpass, in central Switzerland). The exact mix
design for such structure is unknown. What was known is that it was cast with the B aggregate type. In
addition, considering its environmental exposure class (exposure to frost and de-icing salts), it is ex-
pected to have been cast with a water-to-cement ratio (by mass, w/c) < 0.50 and a cement content > 300
kg-m. Such specimen is, in the following, referred to as "BF-40".

The second and third specimens were cast in 2004 within the framework of the PARTNER European
project [3], which aimed at comparing different standards (a RILEM one versus European regional ones)
for assessing ASR propensity of very different aggregates types from distinct regions in Europe with
distinct climates (from Iceland to Greece). The two specimens were those labelled as "B1(C+NRF)-40"
and "B1(C+F)-40" within such project. Their mix designs differed only in the utilized fine aggregate
types . They were concretes cast with a CEM [42.5 R (Norcem) cement with a Na;Oeq of 1.26 mass-%.
The cement content used in the mix was 440 kg-m™ and the w/c was adjusted to 0.50. The B1(C+NRF)-
40 specimen was cast with its fine aggregate fraction made up of non-reactive, natural gravel/sand from
a glacio-fluvial deposit in south-western Norway, originally composed of Precambrian crystalline rocks
(mainly granites and gneisses). On the contrary, the B1(C+F)-40 was cast with a fine fraction consisting
of highly reactive rocks. The latter originated from western Belgium, and were crushed silicified, dark-
grey argillaceous limestone with fossil debris (in short siliceous limestone or SLS). Their main reactive
mineral was crypto-/micro-crystalline quartz (with some fibrous habit) [3]. Such aggregates had already
led to catastrophic ASR damages in several concrete structures such as bridges and water management
ones.
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The original specimens of both types were cast as cubes with size of 300x300x300 mm?®. They were
exposed to the open environment in Valencia (Spain) for 13 years. No mechanical load was applied to
them, such that they could expand freely, as happening for laboratory-accelerated specimens. In 2017,
both specimens were cut (as cylinders with different lengths, Lf;e1q, in the range of ~ 50-70 mm, and
with a diameter of ~ 40 mm) to sample out at locations of interest, mainly from interior parts, to avoid
collecting samples affected by carbonation. These specimens were first tomographed as they were re-
ceived. Later smaller rectangular sub-specimens were carefully cut (with a diamond saw), with sizes of
15%15%Lfie1q mm?® (where Lgie1q was the longitudinal size of the specimen, in the range ~ 20-30 mm).
Two sub-specimens were derived from each specimen and tomographed. Before cutting theses smaller
sub-specimens, the larger cores were first impregnated in the epoxy resin, in order to stabilize them as
much as possible and to avoid introducing any damage propagations due to the cutting stress and vibra-
tions.

4.2.2. Characterizations

4.2.2.1. Laboratory-accelerated specimens

At 18 distinct time points over the course of 500 days, six specimens (always the same ones), for each
aggregate type and of each size, were taken out of the oven used for the ASR acceleration, to measure
their mass and length (size along the specimen longitudinal direction) changes. The SEM-BSE meas-
urements were carried out on all types of lab specimens cast with B, P and U aggregates at 50, 150 and
500 days to identify the morphology of the ASR products. The EDX analysis was also performed on all
of these specimens only at 150 days to assess the chemical composition of the ASR products.

4.2.2.2. X-ray tomography

For the laboratory-acceleration case, time-lapse XT was carried out at three time points (50, 150 and
500 days after ASR acceleration onset) on the same exact specimen (one of the six specimens on which
the length and mass measurements were performed), for each size and each aggregate type. The XT was
not performed earlier than 50 days because relevant expansion was measured for similar test specimens
only after about 40-60 days. Therefore, it was assumed that, given the XT configuration and the conse-
quent spatial resolution, ASR cracks would become resolvable only starting about that time. Neverthe-
less, the XT was performed also at 1 day just for one different specimen cast with P aggregates. The
same specimen was additionally tomographed at 150 and 250 days.

The XT on the B40, P40 and U40 specimens as well as the larger field specimens (40 mm in diameter)
was carried out with the same settings as described in Section 3.2. The b25, p25 and u25 specimens
were also tomographed with the same settings as the larger specimens, except for the source-to-specimen
distance d, which could be reduced from 113.62 mm for the latter to 71.38 mm for the former. As a
consequence, the effective spatial resolution for such small, field-exposed specimens could be raised to
50 pm.

The field-exposed sub-specimens (those with cross-section of size 15x15 mm?), were tomographed with
a different configuration. The second X-ray source available on the tomograph was adopted, a Hama-
matsu L10711-02, which is, contrary to the other source described in Section 3.2, a direct transmission

87



Chapter 4: ASR crack networks: properties, evolution and com-parisons between laboratory & field spec-
imens; A benchmark analysis

micro-focus source. The L10711-02 is equipped with a LaBg filament and a 1 um-thick W target depos-
ited on a 500 nm-thick diamond support. This filament and target combination allows reducing signifi-
cantly the source's focal spot size f;, which, according to Hamamatsu specifications, is in the range of
about 2-3 um at the voltage and current levels it was operated (140 kV and 180 pA). Thus, with this
source, higher spatial resolution for the smaller specimens could be achieved than for the larger speci-
mens tomographed with the other source, at the cost of longer measurement time, since the latter is
characterized by higher X-ray photon flux. The same detector as described in Section 3.2 was used to
tomograph any specimen and each acquisition consisted of 3600 radiographs as well. The effective spa-
tial resolution achieved for the smaller specimens was ~ 0.02 mm.

In order to achieve a preliminary assessment of the specimen size's influence on the resolvable ASR
cracks' size, the larger laboratory-accelerated specimens were carefully cut to smaller size, then to-
mographed again. This means, for example, that, after the last tomography on the B40 specimen, it was
cut to a cross-sectional size of 25x25 mm? (new specimen B40-cut-25). Such sub-specimens were to-
mographed with the same settings as for the 25x25x100 mm?® specimens.

The holding set-up 1 described in Chapter 2 was used for all the specimens.

4.2.2.3. Time-lapse X-ray tomography analysis

Steps (I) and (II) (image enhancement and specimen misalignment correction) of the time-lapse tomo-
grams analysis workflow described in Section 3.3 were applied for any laboratory-accelerated specimen.
The crack network segmentation did not follow the TS-based workflow described in Section 3.3, since
such workflow was developed later than the acquisition and analysis of most of the tomograms in this
experimental campaign. That segmentation was carried out according to the more time consuming work-
flow based on the black top-hat morphological transform (BTH, see Section 3.3, step (III), the sub-
section titled as "Empty crack segmentation"), for any specimen type. Once the cracks were segmented,
they were digitally labelled and some of the quantitative characterizations described in Section 3.3, step
(IV), was applied to the crack networks. Specifically, the following crack network feature variables were
computed.

Only for one specimen the TS-based workflow described in Section 3.3 was implemented. This speci-
men was an additional specimen produced by P aggregates, which was tomographed from one day after
exposure to the ASR acceleration protocol, and at two additional time points, 155 and 250 days. The
results of this specimens are shown in Figure 4.5.

Cracks' volume fraction

The first quantitative characterization and comparison of the ASR cracking in distinct specimen types
was carried out based on the total volume fraction of the segmented cracks, defined as

Verac s(ti)
Vcracks(ti) = m - 100 [%] 4.1).
Equation (4.1) is similar to (3.6) in Section 3.3, with Viomogram indicating the total volume of any
tomogram and V,,.q.xs(t;) the total volume of cracks segmented in the whole tomogram at any time

point t;, Vi = 1, ..., Ni, independently of whether they were located inside aggregates or inside the ce-
ment paste. The only difference between the volume fraction defined in Eq. (4.1) and the one defined in
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Eq. (3.6) is that the latter refers only to ASR-generated cracks, since the volume of segmented cracks at
the reference time point t, is subtracted from the corresponding volume at ¢;. Due to the systematic lack
of tomograms at t in this experimental campaign, both for the laboratory-accelerated and for the field
specimens, the crack volume fraction of Eq. (4.1) includes the contribution of cracks already existing at
to, 1.€., at the ASR acceleration onset (1 day after casting).

The quantitative comparison of V.4, values between the laboratory and the field specimens involved,
for the laboratory specimen, only the value at last time point ty, =500 days.

Local thickness and shape tensor analysis

The local thickness, Tjycq;(X), was computed within the region occupied by each segmented crack at
tn,, for the laboratory specimens. It was also computed for the region of each segmented crack in the
tomograms of the field specimens. See Section 3.3, step (VI) of the image analysis workflow, for its
definition and meaning. By comparing the distribution of Tj,.4; values for crack networks of the two
distinct specimen types, a comparison between them in terms of crack thickness could be performed.

In terms of crack length, the crack networks were compared based upon the definition of crack length L
also provided at step (VI) of the image analysis workflow described in Section 3.3 and based upon the
size of the bounding box along the direction of the eigenvector i, of the shape tensor G (see Eq. (3.7))
associated with its first and largest eigenvalue 4.

The crack orientation was defined as the orientation of %, represented by its spherical coordinates
(¢1; 8,1) on the unit sphere , as defined at step (VI) in Section 3.3. as well. In order to qualitatively
classify and compare the crack shape, the elongation E and the flatness F feature variables, defined by
Egs. (3.8) and (3.9), respectively, were computed based upon the calculation of the eigenvalues of G.
The statistical ensembles of (E; F) values for the laboratory specimens and the field ones were then
compared with each other. An example of the bounding box of an individual crack segmented from one
tomogram of a laboratory specimen is provided by Figure B6 in Appendix B.

4.3. Results

4.3.1. Laboratory-accelerated specimens

4.3.1.1. ASR-induced macroscopic dimensional changes

The relative changes (with respect to the value at t) in specimen length and mass are shown in Figure

4.1, for any specimen type. The specimens cast with the U aggregates achieved the highest level of
expansion, at any time point (Figure 4.1 (a) and (b)). The P aggregates had the lowest maximum tem-
poral expansion. These results were independent of the specimen size. The latter mainly influenced the
range of relative length change values: the larger specimens expanded maximally (in time) between 2
and 3 times more than the smaller ones, depending of the aggregate type.

From a qualitative point of view, the expansion of any specimen type could be described approximately
as piece-wise linear. The specimens cast with the U aggregates exhibited an expansion rate which was
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higher within the first 100 days and similar afterwards, compared with the rate of the two other specimen
types. This expansion patterns was observed independently of the specimen size. It confirmed the ex-
pected "fast-reacting” nature of the U aggregates, given their mineralogical texture [4], [S]. The speci-
mens cast with the two other aggregate types exhibited similar expansion patterns and levels, which
could also be ascribed to their similar mineralogical textures, both belonging to the category of meta-
morphic rocks [5].

The mass increased with a similar trend for any specimen type, the smaller specimens achieving gaining
slightly less mass compared to the larger ones (Figure 4.1 (b) and (a), respectively). The specimens cast
with U aggregates gained the highest mass at almost all time points. The mass increase can be attributed
to the uptake of the alkaline solution the specimens were immersed into.
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Figure 4.1. Evolution of the relative change (with respect to the start of the ASR acceleration) in speci-
men length for the specimens cast with the three aggregate types (B, P and U) and with size of (a)
40x40x160 mm’ and (b) 25%25x100 mm’, respectively. The numbers 40 and 25 in the legends indicate
the corresponding cross-sectional size of each specimen. Corresponding evolution of the relative change
in specimen mass for the specimens with size of (c) 40x40x160 mm’ and (d) 25%25x100 mm’, respec-
tively. In each plot, the marker indicates the average value from the set of six specimens cast for length
and mass measurements. The error bar indicates the empirical standard deviation from the same set.
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4.3.1.2. Chemical and morphological features of the ASR products

Figure 4.2 shows SEM-BSE micrographs of polished cross-sections of epoxy-impregnated specimens
sacrificed at distinct time points for different purposes. At 50 and 150 days, the goal was to characterize
the morphology of ASR products inside cracks. At 500 days, the goal was to gain an overview of the
ASR crack patterns. The micrographs belonging to the same column refer to cross-sections from speci-
mens cast with the same aggregate type, sacrificed at the distinct time points.

The ROIs shown in insets (a) to (f) were in the aggregates' interiors. There, ASR products with typical
platelet-like morphology could be clearly identified within veins with um-scale thickness (Figure 4.2
(a) to (f)), in agreement with what already reported extensively in the literature (see Section 2.4.2.2).
Other ROIs, closer to the aggregates' boundaries, exhibited veins also filled with ASR products but they
were feature-less (amorphous), as also already reported extensively in the literature.

Insets (g) to (i) of Figure 4.2 show the micrographs of ROIs from 500 day-old specimens. At such time,
even wider cracks, only partly filled, could be observed spanning a long distance within aggregates and,
for some of them, continuing as cracks within the cement paste Big chunks of products were also iden-
tifiable in cracks within the cement paste, while others among such cracks were also empty.

It has to be noted that the time at which the micrographs were acquired allowed mainly to observe
(micro-)cracks. Some of them may have originated from grain boundaries which, with time, filled up
with products, opened up and propagated further as cracks. However, there was no possibility to distin-
guish between a crack propagated from a filled grain boundary and a crack evolved from a smaller one
existing already at the beginning of the ASR acceleration. As shown in [6], grain boundaries filled with
ASR products are typically at the hundreds nm-scale and are typically observed at the beginning of the
ASR acceleration, after which they evolve into propagating cracks.

The EDX (point-)analysis results for the formed ASR products are summarized in Figure 4.3, showing
the characterization of their chemical composition in terms of two typical atomic concentration ratios
mentioned in Section 2.4.2.2, i.c., alkalis over Si and Ca over Si, respectively. The point analysis were
carried out on two different cross-sections from each specimen, at 150 days. In addition to the data for la-
boratory specimens cast with any aggregate type, similar results for one of the field specimens, B1(C+F),
are also shown in the same Figure, for easier comparison between specimens subjected to distinct bound-
ary conditions.

Figure 4.3 shows that, for any given specimen type, the ASR products exhibited atomic concentration
ratios values in ranges typically reported in the literature (see Section 2.4.2.2). Products within/from U
and P aggregates exhibited very similar concentrations, in agreement with the XRF and PXRD results
mentioned in Section 3.2 and reported in Section Al.1 of the Appendices, which already indicated very
similar chemical compositions. The specimens cast with the B aggregates exhibited systematically lower
Ca/Si ratio values compared to the other two types of aggregates. When comparing laboratory-acceler-
ated and field-exposed specimens, the products' composition was, for the analysed specimens, quite
similar only in the case of the laboratory specimens cast with the B aggregates. Such a chemical com-
position similarity between some laboratory-accelerated and some field-exposed specimens, including
some from the same exposure site the specimens here analysed came from, was already reported by
Leemann et al. [7]. Via Raman spectroscopy, they additionally showed that laboratory specimens ac-
celerated via the CPT protocol exhibited products with molecular structure similar to that of products
found in the field specimens, mainly consisting of SiO,-tetraedra sheets [7].
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Figure 4.2. Examples of SEM-BSE micrographs of polished and epoxy-impregnated cross-sections from different
specimens cast with B, P and U aggregates (within each column, highlighted with dotted boxes), acquired at (a) -
(c) 50 days, (d) - (f) 150 days and (g) - (i) 500 days of ASR acceleration, respectively.
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Figure 4.3. Energy-dispersive X-ray spectroscopy (EDX) analysis results, showing two atomic concentration ra-
tios (alkalis over silicon and calcium over silicon) measured at more than 30 points located in regions of both
crystalline (well inside the aggregates) and amorphous (at the aggregate boundaries and within the cement paste)
ASR products. Each marker indicates the average value over the whole set of measuring points, while the error
bar was defined as the empirical standard deviation of the same set. In addition to the results for the laboratory-
accelerated specimens, cast with the three aggregate types, similar results are also shown for one of the field-
exposed specimens, the B1(C+F) one.
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4.3.1.3. ASR cracking: time-lapse tomography qualitative analysis

Figure 4.4 provides, for any specimen type and with size 40x40x160 mm?, an example of a 2D tomo-
graphic slices from a ROI at multiple time points. Similar examples but for the corresponding specimens
of size 25%25x100 mm?® are provided in Figure B2 in Appendix B, Section B2.1. As already mentioned
in Section 4.2.2.2, the starting point of each XT time series was at 50 days since starting the ASR accel-
eration protocol. However, in order to evaluate the original state of the aggregates before ASR acceler-
ation, an additional specimen cast with P aggregates was tomographed immediately one day after ASR
acceleration start, then at 150 and 250 days. A slice from the time-lapse tomograms of this specimen is
shown in Figure 4.5, at each of the three time points. It has to be noted that, for any given specimen, a
slice time series shows exactly same ROI. That is because the time-lapse tomograms were registered
using the full registration workflow described in Section 3.3.

B4gi5,0 days

Figure 4.4. Examples of tomographic slices from ROIs of the B40, P40 and U40 specimens, shown at three differ-
ent time points to characterize qualitatively the ASR cracking. The first row shows always the slice at the same
position from the tomograms of a B40 specimen, acquired at (a) 50 days, (b) 150 days and (c) 500 days, respec-
tively. The second row, insets (d) to (f), shows something similar but for a P40 specimen. The last row, insets (g)
to (i), shows a similar example but for a U40 specimen.
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The visual inspection of the tomographic slices from the tomogram at 1 day of such additional P40
specimen, as shown in Figure 4.5 (a) by one single example, indicated the presence inside the aggregates
of (micro-)cracks, large enough to be resolved, which were inherent features. Such (micro-)cracks as
well as smaller ones, not resolvable in the acquired tomograms, and even smaller inherent aggregate
features, such as mineral grain boundaries (existing at length scale of tens/hundreds of nm), are known
to play a significant role in the initiation and development of ASR cracking [8]. Due to the spatial reso-
lution limitations of the performed XT measurements, the detection of the finer aggregate structural
features, i.e., grain boundaries and sub-um- and um-scale cracks, was not feasible in the experimental
campaigns of this PhD project. This implies that it was not possible to resolve ASR cracking since its
very early stages, when, likely, opening up grain boundaries and micro-cracks and nucleating the first
new micro-cracks. However, it was still possible to observe ASR cracking in action at least when in-
volving the larger inherent cracks with size above the tomographic spatial resolution, as exemplified by
comparing Figure 4.5 (a), (b) and (¢). In Figure 4.5 (b), it can be clearly seen that the inherent crack
highlighted in inset (a) propagated further and its thickness increased with time. Such crack also ad-
vanced through the cement paste and joined another crack evolving within another aggregate.

Not all the resolved and segmented cracks originated from inherent ones with size above the spatial
resolution. Several cracks appeared at certain point in the tomographic series. The lack of higher spatial
resolution did not allow tracing back their origin. However, they typically followed a temporal pattern
as the one described above: since the time point they could be resolved in a tomogram, they were ob-
served propagating further through the aggregate volume, some of them even beyond it, through the
cement paste, increasing both in length and thickness, as clearly showcased by the examples in Figure
4.5 (b) and (c). The 3D rendering of the segmented crack network, shown at distinct time points in
Figure 4.5 (d) — (f), suggest that the cracks were distributed rather homogenously inside the tomographed
volume and their network consisted of a rather dense combination of long and shorter ones.

The crack network's qualitative evolution exhibited by the additional P40 specimen was similarly fol-
lowed by the other specimens, independently of aggregate type and specimen size. However, one key
difference was observed between the specimens cast with the U aggregates and those cast with the two
other aggregate types. While at 50 days very few cracks with thickness just above the tomographic
spatial resolution were detected in specimens cast with the B and P aggregates, independently of the
specimen size, such thin cracks were detected in the U40 (Figure 4.4 (g)) and u25 (Figure B2 (g))
specimens. Such an observation correlates well with the macroscopic length change shown in Figure(a)
and (b). Indeed, regardless of their size, the specimens cast with the U aggregates expanded at a higher
rate at the beginning of the ASR acceleration and reached, at 50 days, larger length change values,
compared with the specimens cast with the B and P aggregates. At 150 days, the specimens with B and
P aggregates exhibited qualitatively a similar cracking extent as at 50 days, with no clear evidence of a
strong dependence on the specimen size, especially for the specimens with the B aggregates. On the
contrary, further crack propagation and widening could be already observed between those two time
points for the specimens with U aggregates. For any specimen type and size, the crack network evolution
between 250 and 500 days was extremely clearly characterized by the appearance of new cracks and the
increase in the length and thickness of those already observed at 250 days. Cracking though the cement
paste was also systematically observed.
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Figure 4.5. (a)-(c): example of a slice from a ROI of an additional P40-2 specimen, obtained from its tomograms
at three time points different from the ones used for XT on the other specimens, (a) I day, (b) 155 days, (c) 250
days, respectively, during ASR acceleration. The corresponding slice from the corresponding binary tomograms
of the segmented cracks is superimposed over the respective X-ray tomogram's slice at (d) 1 day, (e) 150 days and
(f) 250 days. The full binary tomograms of the segmented cracks are rendered in 3D in insets (g) to (i), for the
three distinct time points, respectively. In each inset (g) to (i), the parallelepiped box surrounding the crack net-
work indicates the specimen's tomographed volume.

In order to compare (qualitatively) the cracks spatial distribution, the crack networks segmented in the
tomogram at 500 days were 3D rendered as solid objects. They are shown in in Figure 4.6 for the larger
specimens. Analog 3D renderings but for the smaller specimens are additionally shown in Figure B3 in
the Appendix B.. Regardless of the aggregate type and specimen size, the 3D rendering allowed as-
sessing qualitatively that the cracks were distributed homogenously. The 3D rendering also allowed
confirming, although still only qualitatively, that the specimens with U aggregates developed more ex-
tensively cracks.
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U40-500 days

Figure 4.6. 3D rendering of the segmented cracks binary tomograms (in dark red) at 500 days since ASR acceler-
ation start, for the laboratory specimens (a) B40, (b) P40 and (c) U40. In each inset, a small part of the concrete
was also rendered (in grey tones), while the most of it was corner-cut to reveal the segmented cracks inside it.

4.3.2. Field specimens

4.3.2.1. ASR-induced macroscopic dimensional changes and morphological features of the
ASR products

No data were obviously available for the BF-40 specimens, since it was directly derived from coring out
of an aged structure and not subjected to further ASR acceleration in the laboratory. On the contrary,
the relative length change of the B1(C+NRF)-40 and B1(C+F)-40 specimens were measured within the
context of the EU PARTNER project [3]. Such measurements indicated a continuous expansion with
approximately constant rate. The B1(C+NRF)-40 and B1(C+F)-40 specimens reached the maximum
expansion of 0.352 % and 0.356 %, respectively, after 13 years. The slightly lower final expansion level
of B1(C+F) was attributed to the dissolution of its finer reactive aggregates (the sand particles). It was
hypothesized that the alkalis involved in the finer aggregates' dissolution led to a reduction in alkalinity
of the pore solution. The latter limited the expansion and cracking of the larger aggregates.

SEM-BSE micrographs acquired from the B1 (C+F) specimen showed that most of the ASR products
in the aggregate interior regions were crystalline while those at the aggregate edges and detected in the
cement matrix were amorphous [7], as commonly reported in the literature.

4.3.2.2. ASR cracking: X-ray tomography qualitative analysis

The tomograms of the field-exposed specimens are showcased in three distinct columns in Figure 4.7,
each corresponding to a distinct one. The first row, Figure 4.7 (a)-(c), shows in each inset a slice from
the tomogram. The second row, Figure 4.7 (d)-(f), show again the same slice with, in addition and over-
lapped on top of it, the slice taken at the same position from the binary tomogram of the segmented
crack network, rendered in color, in order to showcase such segmentation results. Finally, the last row,
Figure 4.7 (g)-(1), show the 3D rendering of the whole binary tomogram of the segmented crack network
as well as the 3D rendering of the specimen's tomogram itself, mostly cut away to allow seeing the crack
network inside the volume.
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The visual inspection of the tomographic slices from all the specimens, Figure 4.7 (a)-(f), suggests sim-
ilar ASR crack patterns as already observed for the laboratory-accelerated specimens (compare Figure
4.7 with Figure 4.4). Indeed, cracks were detected both inside the aggregates and in the cement paste.
When comparing the B1 (C+NRF) and B1 (C+F) specimens, Figure 4.7 (b) and (c) respectively, it was
qualitatively observed that the extent of the crack network was slightly smaller in the latter specimen
as well as its crack were slightly thinner. Such a qualitative observation correlates well with the relative
length change results for both specimen types: a smaller expansion was measured for the B1 (C+F)
specimen than for the B1 (C+NRF) one.

The 3D rendered crack network binary tomograms, Figure 4.7 (g)-(i), better allowed comparing the
crack spatial distribution for the different specimens. Similar to what observed in the laboratory speci-
mens case (Figure 4.6), the cracks were distributed homogeneously and consisted of larger and smaller
branches were observed. They looked like having a broad range of curvatures and degrees of fragmen-
tation. As expected, in comparison with the B1 (C+NRF) specimen, a relatively lower crack network
volumetric density can be hypothesized for the B1 (C+F) specimen based upon the comparison of the
3D renderings (Figure 4.7 (h) versus Figure 4.7 (i)).
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Figure 4.7. An example of a tomographic slice from each field-exposed specimen: (a) BF-40, (b) B1(C+NRF)-40
and (c) B1(C+F)-40 specimen, respectively. The rectangle in each inset indicates the smaller ROI which was cut
out of the specimen in order to perform X-ray tomography with higher spatial resolution. Insets (d) to (f) show the
same slices as in (a) to (c) but, in addition, overlapped on top of them, the corresponding slice taken at the same
position from the binary tomogram of the segmented cracks. Such binary tomograms of the segmented crack net-
works are shown 3D rendered in (g) to (i), with part of the specimens also rendered in grey tones and partly not
in order to allow viewing the segmented crack network inside them.

4.3.3. Quantitative comparison of the ASR cracking between laboratory and
field specimens

As the first feature variable of the quantitative tomographic analysis, the time series of the segmented
crack volume fraction, V,,.qcs(ti), Vi = 1, ..., N;, are compared for the distinct specimen types in Fig-
ure 4.8. The evolution of V,4qxs for the laboratory specimens of both size value (40x40x160 mm?® and
25%25x100 mm?) over the five time points up to 500 days are shown in Figure 4.8 (a) and (b), respec-
tively. Their V.,.qcxs at the final point tn, = tr is plotted again in Figure 4.8 (c) along with the Veracks
value for the three field-exposed specimens.

Concerning the laboratory specimens, Figure 4.8 (a) and (b), the total crack volume fraction (Eq. (4.1))
correlated positively with the macroscopic length changes shown in Figure: independently of the spec-
imen size, the specimens with the U aggregates exhibited the highest V,,.;.xs values, at any time point.
The specimens with the B aggregates reached slightly largerT/Cfacks(tf) values just as they achieved a
slightly larger final expansion level, with respect to those with the P aggregates. Given any aggregate
type, the V..q4cks values were smaller for the smaller specimens, at any time point. For example, at the
final time point t;=500 days, the B40, P40 and U40 specimens reached about 0.34%, 0.33% and 0.39%
larger Tlcmcks(tf) values than the b25, p25 and u25 ones did, respectively (see Figure 4.8 (c) for the
comparison).

The V,yqcks value for the BF40 specimen was closer to the Vcracks(tf) value of the B40 specimen than
of the b25 one. The B1(C+NRF)-40 and B1(C+F)-40 specimens exhibited a V,,4cxs value in the same
range as the chcks(tf) values of the larger laboratory specimens. The chcks(tf) value for the
B1(C+NRF)-40 specimen was about 20% higher than that of the B1(C+F)-40 one, confirming what
could be only hypothesized from the qualitative inspection of the 3D renderings of the segmented crack
networks (Figure 4.7, inset (h) versus (1)).
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Figure 4.8. Quantitative comparison of the ASR cracking in different specimens based on the total crack volume
fraction, Vepqers, as defined in Eq. (4.1), computed (a) for the laboratory specimens with size 40x40x160 mm?,
and (b) for the laboratory specimens with sizes 25%25x100 mm>. The V,yqcs values for both the laboratory (at
the final time ty = 500 days) and the field-exposed specimens.

Concerning the crack shape, Figure 4.9 shows the crack elongation versus flatness plane, (E; F), where
each separated crack is mapped onto as a single point and the whole crack network corresponds to a
cloud of points. For the laboratory specimens, only the crack networks at 500 days were considered, in
order to compare them against the field-exposed specimens'. In such plane, acting as a crack shape phase
diagram of sorts, points close to the [1; 1] corner corresponds to 3D objects with shape of a very thin
plate. Pseudo-cylindrical objects would be located closer to the [1; 0] corner, while almost spherical
ones would be found close to the origin of that Cartesian coordinate system. Any point in the middle
would correspond to objects with more complicated and irregular shape.

The cloud of points corresponding to the crack network was interpreted as a statistical ensemble of
sampled values for a corresponding bi-variate random variable (E; IF). Its joint PDF was then estimated
based upon such ensemble, using a kernel density estimate (KDE) approach implemented in the "2D
Kernel Density" module of the software Origin Pro® 2020b (Ver. 9.7.5.184, by OriginLab®, Northamp-
ton, MA; USA). The KDE estimate of the joint PDF of (E; IF) allows locating the regions in the (E; F)
plane with higher occurrence of points than just the 2D scatter plot itself. Each point in the cloud is
colored in Figure 4.9 according to a corresponding scale of values of the PDF.

Figure 4.9 shows that, regardless of the aggregate type, specimen size and boundary conditions, the
majority of cracks were located towards the top-right corner, indicating that they could be approximately
described as curved, thin plates similar to the single examples shown in Figures 3.5 and 3.6.

99



Chapter 4: ASR crack networks: properties, evolution and com-parisons between laboratory & field spec-
imens; A benchmark analysis

7

Density Density Density 3
o s g0 4 o — 4
,b’oo days \eB| 500.0 500 days - 500.0 500 days 500.0
_08] / _. 08 _. 038
:S ,, ‘\ : 3
© \ Sk L)
e 0.6 Elongated but \ 50.00 4 0.6 50.00 W 0.6 50.00
a‘ curved or 5’? o ’
¢ 0.4 distorted ] < 0.4 § 0.4
N / = s000 2
= ool % Y, 5000 W g, X T 02 5.000
= 7.
Sphehtal\ R 0
OPan? o= ol 05000 L 0.5000 0 0.5000
0O 02 04 06 08 1 0O 02 04 06 08 1 0O 02 04 06 038 1
L Elongation, E (a.u.) Elongation, E (a.u.) Elongation, E (a.u.)
’ Density Density Density
2 d B3 I 1y p2s ' il v2s '
500 days 500 days 500 days
o8 y! 500.0 o8 ! 500.0 08 ! R 500.0
3 3 3
ot & B
w 0:6 50.00 4 06 50.00 U6 50.00
a 4 @
g 04 S 04 ¢ 04
S s =]
© © ©
T g2 5000 T 5 5000 = ., 5.000
0
0.5000 0 0.5000 0 0.5000
0O 02 04 06 08 1 0O 02 04 06 08 1 0O 02 04 06 08 1
\ Elongation, E (a.u.) Elongation, E (a.u.) Elongation, E (a.u.)
4 Density Density Density
1{fg sr-a0 ' 1Y B1(c+NRF)-20 Ll sa(c+F)-a0 '
08 ; 500.0 08 500.0 _os 500.0
3 ' 3 3
& = L
w a8 5000 W& o 5000 a6 50.00
a g g
¢ 0.4 3 04 g 04
= 5.000 = 5.000 5
= 0.2/ : = 02 0005y =000
0
T T T T T T 0.5000 B T T T T T T 0.5000 o 0.5000
0O 02 04 06 08 1 0O 02 04 06 08 1 0O 02 04 06 08 1
Elongation, E (a.u.) Elongation, E (a.u.) Elongation, E (a.u.)

Figure 4.9. Plots of the kernel density estimate (KDE) of the joint probability density function (PDF) of the two
shape feature variables, the elongation E and the flatness F, computed from the shape tensor analysis of the seg-
mented total crack network and interpreted as a bi-variate random variable, (E; F). The statistical sample of such

.....

shape tensor analysis, where C indicates generically the total number of disconnected and independent cracks of
a specimen at the chosen time point. (a) to (c): B40, P40 and U40 specimens, respectively, all at t; = 500 days.
(d) to (f): b25, p25 and u25, respectively, all at ty = 500 days. (g) to (i): BF-40, BI(C+NRF)-40 and B1(C+F)-
40, respectively. In all of the plots, the maximum value of the scale for the KDE estimates of the PDF is 3330.

Figure 4.10 (a) and (c) compares the distribution of crack bounding box length, L, values of all speci-
mens, while Figure (4.11) (b) and (d) does the same for the local thickness, T},.4;, Ones. Again, for the
laboratory specimens, only the values at 500 days were considered. The distributions are presented in
the form of a Zipf's plot, which typically shows the statistical ensemble estimate of the complementary
cumulative distribution function (cCDF), Gy (x), of a random variable X, in logio-logio scales [9]-[11].
The main reason for choosing such type of plot is that both L and Tj,.,; displayed, independently of the
specimen type, right-skewed and long-tailed empirical PDFs. For a distribution with such properties,
the Zipf's plot magnifies useful features in the long tail of the PDF. More importantly, it allows assessing
whether the analyzed random variable may be distributed according to a power law PDF model or an-
other type of long tailed PDF, e.g., an exponential or stretched exponential (also called Weibull) or
gamma model [10], [12], [13]. In the case of a power law distribution, the data in the Zipf's plot should
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be approximately located along a line while, in the case of the other long tailed distributions, the distri-
bution should deviate from a line for a slight amount of downward curvature.

The distributions of crack size variables, especially length and thickness, for cracking in brittle materials
have been extensively shown to be rather well described by one of such theoretical PDF models [14].
This is in agreement with the hypothesis that cracking in such materials may belong to a large class of
processes characterized by (1) criticality and (2) (certain degrees of) scale invariance [15], two proper-
ties that lead to such types of distributions [12], [15]. Thus, crack size variables should be expected to
follow qualitatively such types of distributions for cracking unperturbed by spurious damage sources,
e.g., internal blast, superficial impact or fragmentation led by chemical attacks.

The larger laboratory specimens and the field ones exhibited very similar distributions of L values (Fig-
ure 4.10 (a)), with the only exception of the B40 specimen, which had slightly higher fractions of cracks
at intermediate length values (between 5 and 10 mm). The T, distributions (Figure 4.10 (b)) were
also rather similar except for the two field specimens B1(C+F)-40 and B1(C+NRF)-40, which had sig-
nificantly lower fraction for Tj,cq; >0.16 mm. Particularly remarkable is the similarity of the Tjy¢q;
distributions for the B40 and BF-40 specimens, cast with the same aggregate type but subjected to com-
pletely different boundary conditions and aging time periods. The smaller laboratory specimens exhib-
ited L and T}, .4; ranges shifted towards lower values compared with the ranges for the larger respective
specimens. While the aggregate type seemed not to have influenced the L values, it seems it played a
more significant role in the distribution of Tj,.,; values, with the u25 specimen having significantly
higher fractions of thicker cracks compared with the two other specimens of the same size.

Figure 4.11 shows the distribution of %, for a given crack network. Each % is not only graphically
rendered. Its projections on the planes of the Cartesian coordinate systems are also shown, to support
the visualization. Each row in that Figure refers to a different specimen type and, inside a row, each
inset shows the set of 71;'s associated with the crack network at a fixed time point (500 days for the
laboratory specimens).

On average, every laboratory specimen (first and second rows in Figure 4.11), exhibited a rather iso-
tropic distribution of orientations. The B40, b25, U40 and u25 exhibited, compared with the P40 and
p25, a slight preferential crack orientation (i.e., a small orientation anisotropy degree) along the Z axis
and in one of the lateral directions Y or X . For instance, for the U40 specimen, the majority of the cracks
were aligned prevalently along the Z direction and a bit more in the Y direction than in the X one. A
slightly more frequent orientation along a specific direction implies that the direction of largest crack
extent is spatially inclined (fully or partially) along that direction. Given that, according to the shape
analysis results reported above, the majority of cracks had the shape of thin, curved plates, a slight
preferential orientation in one direction implies that the crack thickness could contribute to the macro-
scopic dimensional changes preferentially in a direction orthogonal to the orientation direction. Con-
cerning the field specimens (Figure 4.11 (g)-(i)), no sign of even a slight orientation anisotropy could
be observed.
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Figure 4.10. (a) and (c): empirical (i.e., from the statistical sample) complementary cumulative distribution func-
tion (cCDF) of the bounding box length, L, Gy (L), in logio-logi scales (Zip'f plot). Each separate crack contrib-
uted to one sampled value for L. (b) and (d): similar plots for the total crack network's local thickness, Tiycqai,
G119001 (Tiocar)- Each voxel inside the total crack network provided a sampled value. (a) and (b): comparisons of
the Zip'fplots of G(L) and of Gr,,,,(Tiocar), respectively, between the laboratory specimens, B40, P40 and U40,
and the field ones, BF-40, BI(C+NRF)-40 and B1(C+F)-40. (c¢) and (d): comparison of the the Zip'f plots of
G(L) and of Gy, (Tiocar), respectively, for the b25, p25 and u25 specimens.
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u40

Figure 4.11. Visualization of the crack orientation analysis results. The crack orientation was operatively defined
as the direction of the eigenvector 1l; associated with the first and largest eigenvalue of the shape tensor G. The
segmented total crack network of a specimen corresponded to a set of 1l 's, one for each independent crack. Each
of these vectors are here plotted, after rescaling their magnitudes by a factor equal to 0.33, to make their projec-
tions on the planes of the Cartesian frame of reference more visible. The projections of i, on the X — Y plane are
in violet, those on the X — Z plane are in dark blue and those on the Y — Z plane are in light blue. (a) to (c): B40,
P40 and U40 specimens, respectively, all at t; = 500 days. (d) to (f): b25, p25 and u25, respectively, all at t; =
500 days. (g) to (i): BF-40, BI1(C+NRF)-40 and B1(C+F)-40, respectively.

4.3.4. Specimen size effect on the segmented crack network's features

In order to evaluate the specimen size effect, thus the tomographic spatial resolution, on the crack de-
tection in the tomograms, a VOI of the B40 laboratory specimen at 500 days (labelled in the following
as B40-cut-25), which was already part of the tomographed volume of that specimen, was cut out with
size of 25x25x100 mm? and tomographed again (approximately at the middle of the specimen) at higher
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spatial resolution. Figure 4.12 (a) shows a slice belonging to such VOI before it was cut out, i.e., still
taken from the tomogram of the original B40 specimen. The corresponding region tomographed in the
B40-cut-25 sub-specimen is shown in Figure 4.12 (d). With the increase in spatial resolution, it is clearly
observable that the many features recognizable in both tomograms are clearly better resolved in the B40-
cut-25 tomogram than in the B40 one. The higher spatial resolution implied larger portion of the crack
network could be segmented. This result can be appreciated by comparing Figure 4.12 (b) and (¢), where
the same slices as in (a) and (d) are shown but with the corresponding slices from the respective crack
network binary tomograms overlapped on them and colored. The whole crack network binary tomo-
grams are 3D rendered in Figure 4.12 (¢) and (f), respectively. Both the slices in insets (b) and (e), with
a magnified ROI, and the 3D rendering in insets (c) and (f) show how the increase in the spatial resolu-
tion allowed refining parts of the crack network from the B40 specimen and contributed to add new,
smaller regions to the network. The computed V,,4cks (tf) values for both tomogram confirmed the latter

qualitative observation: approximately 9% more crack volume fraction (Figure 4.13) was detected in
the B40-cut-25 tomogram than in the B40 one.

a | B40-500 days b 'B40-500 days»

25x25 mm2 cross-section digitally
cropped from 40x40x160 mm3
Specimen’s tomogram

d 'Ba0cut-500days  , # i w A E e 'Ba0cut-500days 0 L

N (. ot ey e W » 5 /.'4

25x25 mm2 cross-section physically
cut from40x40x160 mm3
Spgcim'en and tomographed

Figure 4.12. Example tomographic slices from a VOI of (a) the B40 specimen, (b) the corresponding binary tomo-
gram of the segmented cracks overlapped on the same slice as in (a), and (c) the 3D rendering of the binary crack
network. (d) to (f): the corresponding slices as in (a) to (c), respectively, but from the B40-cut-25 specimen, i.e.,
the sub-specimen obtained from B40 after cutting it to the cross-sectional size of 25 %25 mm?, including the same
VOI as shown for the original B40 specimen in insets (a) to (c).

A similar experimental assessment was performed for each field specimen. Slices from the tomograms
of the smaller, cut sub-specimens and from the corresponding crack network binary tomograms are
showcased in Figure B4. The computed V,,.4cxs values for the tomograms of the original specimens and
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of their sub-specimens are shown altogether in Figure 4.13 as well. The relative increase in V,,cxs Was
for all the specimens in the range 12-14%.

The V,qcks Values of the cut sub-specimens were, independently of the specimen type, higher than the
chcks(tf) values of the b25, p25 and u25 specimens, which were tomographed at similar or slightly
smaller spatial resolution. For example, the B40-cut-25 sub-specimen had a chcks(tf) value ~58%

higher than the B25 specimen, even though the two differed exclusively in terms of original specimen
size.
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Figure 4.131. Quantitative comparison of the specimen size effect on the crack network segmentation results, in
terms of crack volume fraction, Vpqcps.. The specimen labels containing "cut" refer to sub-specimens cut out from
the original corresponding specimen, including a region already part of the one tomographed in the original
specimen, such that the crack network could be segmented for the same exact region at two distinct tomographic
spatial resolution levels.

4.4. Discussion

The laboratory specimens, accelerated with the chosen protocol, exhibited, independently of the aggre-
gate type, both a significant propensity to ASR cracking and typical features of it, when compared with
other concrete types also subjected to laboratory acceleration protocols.

At the whole specimen size, the propensity is testified by the levels of expansions achieved, inde-
pendently of the aggregate type, the relative length changes systematically increased over time and
reached to 0.25-0.5% expansion after 500 days (Figure 4.1). At the microscopic scales, the SEM/EDX
analysis of the reaction products, both inside aggregates and inside the cement paste, showed they had
typically observed morphological features (platelet-like structure, sinde the aggregates, amorphous in-
side the cement paste) and typically reported chemical composition (Figures 4.3 and 4.4). At the
mesoscopic scale, time-lapse XT and the respective image analysis allowed observing the evolution of
several cracks, some of which were the continuation of others which were already observed at the first
point in the tomographic time series. It was possible to observe several cracks increasing both in length
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and in thickness. The observation of cracks also inside the cement paste was consistent with what sys-
tematically reported within the literature.

The comparison of all these features and properties between the laboratory and the field-exposed spec-
imens allowed addressing some of the questions mentioned in Section 4.1 and concerning the represent-
ativeness of the laboratory-accelerated ASR cracking when compared with that occurring in the real
world at much longer time scales and under distinct boundary conditions changing seasonally and daily.
Instead of answering such questions only based upon typical petrographic analysis with optical micros-
copy and/or SEM/EDX and upon expansion measurements, the quantitative analysis of X-ray tomo-
grams, specifically of the segmented crack network, allowed addressing those questions in broader terms
and with novel quantifications.

At 500 days of ASR acceleration, the larger laboratory specimens achieved relative length change values
in a not too broad range which included the values of the two types of field specimens for which such
measurement results were also available (the B1(C+NRF) and B1(C+F) specimens). The U40 speci-
men's value was about 47% higher than the field specimens' values. The P40 specimen's value was about
29% lower. The B40 specimen's value was about the same. Results more useful for addressing the rep-
resentativeness questions were provided by the segmented crack network analysis. The crack volume
fraction values for both the larger laboratory specimens and for the field ones (Figure 4.8 (c)) fell all
within the range 1 — 1.7 vol.-%. More interesting, the two specimens cast with the B aggregate type, one
laboratory-accelerated (B40), the other from the field (BF-40), had crack volume fraction values differ-
ing in absolute value of about 4% (the BF-40 value was that much larger than the B40 one) and showed
distributions of crack length and crack thickness rather overlapping with each other (Figure 4.10 (b)).
These quantitative results suggest that the crack networks in the laboratory specimens were character-
ized, at 500 days, already by some features also observable in the field specimens. It has to be reminded
that the latter conclusions can be drawn only for the larger laboratory specimens because they shared
with the field specimens the same horizontal (i.e., X and Y, see Figure 3.7) size, which is the size pa-
rameter constraining the tomographic spatial resolution. A similar level of spatial resolution could not
be exactly achieved for the tomograms of the smaller laboratory specimens and the field-exposed cut-
out sub-specimens, thus making a complete comparison of crack volume fraction and size distribution
not feasible. The latter specimens had lateral size of 15 mm instead of 25 mm.

Concerning the representativeness of the range of values of the crack volume fraction and crack length
and thickness, for both the laboratory and the field specimens, there is lack of comparable data in the
literature, especially obtained from measurements in 3D. An example of literature data is provided in
Table 1 of [16], which reports the percentage of the pore volume (3.5%) due to its regions classified as
cracks in one mortar specimen with a porosity of 12 vol.-% and subjected to ASR acceleration by sub-
mersion in a 1M NaOH solution at 80°C. Such specimens had size of 25%25%28.5 mm® and were to-
mographed at 14 days of ASR acceleration with synchrotron radiation, which allowed achieving much
higher spatial resolution (the voxel size was 9x9x9 um?) than in the tomograms of the smaller laboratory
specimens in this project. Despite the identical lateral specimen size and the higher spatial resolution,
the computed crack volume fraction was 0.42 vol.-% (assuming that their specimen occupied in the X-
Y plane the whole tomogram volume). Such smaller value compared with those reported in Figures 4.9
and 4.13 may be attributed not only to an earlier acceleration time at which the specimen was to-
mographed but also to the spurious perturbation to the ASR cracking process by the higher temperature
(80°C instead of 40°C). Such higher temperature led to extreme aggregate dissolution, including for-
mation of new aggregate pore space in the form of small spherical pores, which constituted about 82%
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of the whole segmented pore space of the specimen (see still Table 1 in [16]). Such dissolution pores
are not observed at all in real world concrete affected by ASR and clearly bias the occurrence of ASR
cracking itself. Thus, X-ray tomography data of crack volume fraction from laboratory specimens ac-
celerated at 80°C cannot be considered representative of real world ASR cracking, contrary to the data
reported in this Chapter, which are likely the first ones to be directly validated against corresponding
values from real world concrete.

The crack length and thickness distributions shown in Figure 4.10 were right-skewed and with long tails
for both the laboratory and the field specimens. Their shapes in the Zipf's plots shown in such Figure
remind of typical distributions of similar feature variables extensively observed and reported in the lit-
erature for crack networks in brittle materials, e.g., rocks [14], [17]. As mentioned in Section 4.3, one
proposed explanation for the widespread observations of such types of distributions for such variables
relates with cracking in such materials sharing many common features with other physical processes
characterized by scale invariance and criticality [13], [14], [18]. A detailed and thorough assessment of
whether the distributions in Figure 4.10 may be better described by a power law model or, e.g., by a
stretched exponential/ Weibull one may allow further characterization of the ASR cracking process based
upon physical models [18]. However, such statistical modelling was considered not feasible since the
range of values for both the crack length and the crack thickness was not broad enough. This is a com-
mon problem in the analysis of crack networks in brittle materials, whose length and thickness typically
span several orders of magnitude but whose detection and analysis is typically confined to only a narrow
range of values, when using a single measurement technique. A fully multi-scale crack segmentation
from images at multiple spatial resolution ranges would be needed for collecting data in a broader
enough range to perform reliable statistical modelling. This is a well-known and debated problem in the
literature [17]. Even in the absence of a conclusive assessment of whether such distribution could be
better modelled by a power law distribution or by a stretched exponential one, the key conclusions that
can be drawn from Figure 4.10, especially its inset (b), is that

(1) the ASR cracking process in all the laboratory specimens was very likely not spuriously per-
turbed by the ASR acceleration, which in other conditions, e.g., at 80°C, may lead to the extreme
aggregate dissolution mentioned above, leading to the formation of additional, respective pores
strongly impairing the cracking process itself [16], [19]-[21] and,

(2) the ASR cracking process in the larger laboratory specimens led additionally to crack size fea-
tures similarly distributed as in the field-exposed specimens, which, as expected, also exhibited
right-skewed, long-tailed distributions for such features.

The crack networks in the laboratory specimens exhibited one geometrical difference compared with
those in the field specimens: their orientations (as defined in this project) tended to be slightly more
frequently along the specimen's longitudinal (i.e., Z-)axis, Figure 4.11. As mentioned in the previous
Section, this implies that crack width increase contributed slightly more to expansion along a direction
orthogonal to such axis. This slight difference may be attributed to the specimens' aspect ratio, which
was 4:1 (Z-axis versus X- or Y-axis), implying a smaller gradient in moisture and alkali contents along
the X- and Y-axis than along the Z-axis. The crack orientation in the field specimens results more iso-
tropically distributed since such specimens were obtained from either larger ones (the case for the two
specimens from the EU PARTNER project) or from an actual concrete structure, in either case from a
larger volume of concrete with much smaller aspect ratio (1:1 in the PARTNER project specimens case),
thus likely less affected by anisotropy of gradients in the moisture and alkali content scalar fields.
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More extensive comparative studies as performed in this experimental campaign would be needed to
validate the observed and quantified similarities between laboratory-accelerated and real world speci-
mens and to assess the statistical robustness and significance of such similarities.

The size of the laboratory specimens played a significant role in the ASR cracking representativeness.
The smaller laboratory specimens achieved slightly smaller crack length and thickness values and sig-
nificantly smaller macroscopic expansion levels and final crack volume fraction values, compared with
the larger laboratory specimens and the field ones.The smaller crack length and thickness values alone
could not explain the smaller crack volume fraction ones. The 3D rendering of the segmented crack
networks confirmed qualitatively that the smaller laboratory specimens (Figure B3) exhibited less ex-
tensive cracking than the larger specimens (Figure 4.6). This difference could be attributed to a less
representative volume of concrete, in terms of ASR expansion and cracking. As mentioned in Section
3.2, cracking in concrete is strongly influenced by the interactions between the developed internal
stresses and the aggregates. A smaller number of aggregates along any direction may inhibit cracking
or alter its patterns. Further investigations would be needed also in this case to assess with sufficient
statistical robustness the effects of specimen size and aspect ratio on the ASR cracking. However, it has
to be remarked that correspondingly derived optimal specimen size and aspect ratio may impose con-
straints on which parts of the crack networks and at which time could be analysed with XT. Larger
specimens may develop more representative ASR crack networks, as the results reported in this Chapter
seem to indicate. However, parts of such more representative crack networks may not be resolved in the
corresponding X-ray tomograms, meaning that earlier ASR stage cracks may not be resolved as well.

This issue points out a key limitation of studying ASR by XT. As mentioned already in Sections 2.4.2.5
and 3.2, independently of the X-ray source type (laboratory scale or an electron synchrotron), the smaller
the specimen size, the higher the tomographic spatial resolution achievable. Thus, when smaller parts
of the ASR crack networks want to be investigated by XT, one is limited to work with either smaller,
thus less representative concrete volume or only with parts thereof obtained from larger volume (typi-
cally with consequent perturbation of the original state of the specimen) or with model systems.

The impact of the specimen size on the spatial resolution level, thus on quantitative features of the
segmented crack network, was assessed by focusing on comparing the crack volume fraction of the same
VOI of a specimen when tomographed in the original specimen and after cutting it to a smaller size
sufficient to include such VOI. The effect of specimen size was examined, by cutting a smaller 80 %
volume reduction. Independently of the aggregate type and boundary conditions (i.e., laboratory accel-
eration or field-exposure), the crack volume fraction of the resolved and segmented cracks increased
between 9 and 14 %. This quantification was used in the part of the project where the ASR cracking
evolution also at earlier stages wanted to be investigated (see Chapter 6) by using the smaller specimen
size, at the cost of slightly reduced cracking representativeness.

4.5. Conclusions

The most important conclusions that could be drawn from the first experimental campaign conducted in
this PhD project and presented in this chapter can be shortlisted are as following ones.
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(a)

(b)

(c)

(d)

(e)

The laboratory-accelerated specimens developed extensive ASR expansion. The ASR products
were characterized, in terms of morphology and chemical composition, by typical properties
repeatedly reported in the literature and also measured for the field-exposed specimens investi-
gated.

Similar cracking patterns were qualitatively observed in the tomograms of the laboratory spec-
imens, regardless of the type of aggregates, at 500 day after ASR acceleration, and in the tomo-
grams of the field-exposed specimens.

The ASR-induced macroscopic expansion and the total crack volume fraction for the laboratory
specimens reached, at 500 days of acceleration, values rather comparable with those for the field
specimens.

Crack shape and size features did not differ much between the laboratory and field specimens,
at least when considering the larger specimen size A slight difference was though observed for
the crack orientation, which was slightly anisotropic in the laboratory specimens compared with
the field ones.

The specimen representativeness, in terms of ASR cracking, turned out to be clearly influenced
by the specimen. The larger specimens (40x40x160 mm?), independently of the aggregate types,
exhibited dimensional and crack network geometric properties more similar to the correspond-
ing ones of the field specimens.

(f) By cutting sub-specimens from the original ones, after having tomographed them, till including

only a smaller volume 80% smaller than the previously tomographed one and by repeating to-
mography at higher spatial resolution the crack volume fraction increased between 9- and 14 %
(depending on the specimen). Such quantitative assessment of the specimen size effect on the
tomographic spatial resolution, thus on the resolution of additional parts of the crack network,
should allow choosing an optimal specimen size depending upon the ASR analysis targets and
depending upon whether more importance wants to be given to the specimen representativeness
in terms of developed ASR cracking or possibility to analyse smaller parts of the crack networks,
eventually at earlier ASR stages.
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Chapter 5. ASR crack networks and ASR products: qualitative and
quantitative analysis of their coupled properties and evolution

5.1. Summary

In this Chapter, a methodology, developed in this PhD project to investigate the coupled evolution of
ASR products and associated cracking, is presented. The methodology is based on XT and the addition
of caesium (Cs) to the concrete mix as a XT contrast agent. See Section 2.4.2.5.1 for the meaning of
contrast agent for attenuation-contrast XT.

The methodoloy allowed and allows achieving a time-lapse visualization and characterization of the
spatial-temporal patterns of not only the ASR cracks but also the ASR products.

In Section 5.2, the additional experimental settings and details specifically used in the methodology and
the associated experimental campaign to test it is summarized. Section 5.3 reports the most significant
results, while additional results are included in the Appendix C. Section 5.4 synthesizes and discusses
the relationships between all of the made observations and quantitative results. Finally, Section 5.5 lists
the most important findings.

5.2. Experimental details specific for the Cs-based experimental campaign

The methodology mentioned above was developed during an experimental campaign consisting of the
following steps:

e concrete specimens, with and without a source of Cs, were cast in either case with two of the
three reactive aggregates mentioned in Chapter 4 and with the larger size of those mentioned
there for achieving cracking representativeness;

o the specimens were subjected to the same ASR acceleration protocol in the laboratory;

e at multiple and successive time points during the acceleration, non-destructive measurements
on the same exact specimens were performed;

e other destructive measurements or measurements that might have perturbed the ASR develop-
ment were performed on separate specimens at different acceleration times.

The following Sub-sections report the details of these steps.
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5.2.1. Materials and experiments

The specimens were prisms with size 40 mm (X-axis), 40 mm (Y-axis) and 160 mm (Z-axis), respec-
tively. Distinct specimens, with and without Cs, were cast with the U and P aggregates described in
details in Section 3.2 and in Appendix Al.1. Table 5.1 provides the mix composition of the reference
specimens, cast without Cs. It is the same mix composition as for the specimens of the experimental
campaign described in Chapter 4 and reported in Table 3.1. The specimens with Cs were cast with an
identical mix design (Table 5.2) except for the addition of CsNOs as the Cs source. In order to keep the
Na»O-eq value of the concrete the same as for the reference specimens, NaOH was added to the mix in
a smaller amount (Table 5.2), because of the additional contribution of CsNOs to the alkalinity of the
pore solution. Such reduction was assumed (and verified by the obtained results shown in Section 5.3)
not to hinder the ASR development, as the added CsNO; counterbalanced the unavoidable drop in the
pore solution alkalinity due to the smaller NaOH content. With the added amount of CsNOs, the alkali
molar ratio of the concrete [Cs]/[Na+K] was 0.43.

Cs was chosen as an optimal tracer of ASR products. Its choice was made in terms of their increased
visibility in X-ray tomograms, when containing Cs. The choice was based upon the results of a prelim-
inary experimental campaign, which is described in full details in Section C2 of the Appendix C. In this
campaign, distinct specimens cast with distinct additional sources of alkali ions (Na*, K", Rb* and Cs")
were investigated. All such ions were expected to (1) get embedded within ASR products and (2) in-
crease their X-ray attenuation coefficient, u, because of their similar or higher atomic number compared
with that of the most abundant atomic species composing ASR products. As expected from the work of
Leemann and Miinch [1], Cs” ions did get incorporated in the ASR products. In the preliminary experi-
mental campaign, including XT measurements it was possible to confirm that the incorporated Cs also
determined the largest increase in X-ray attenuation by the products, as visible in the tomograms, com-
pared with the other alkali ions (see Section 5.3.1 below).

Both the specimens with and those without Cs-doping, independently of the aggregate type, were sub-
jected to the same laboratory ASR acceleration protocol as discussed in Section 3.1. At distinct time
points, the specimens were taken out of the sealed boxes to perform various characterisations and meas-
urements on them. The measured variables included mass and length, quasi-static Young's modulus
along the longitudinal direction, flexural strength and compressive strength along the longitudinal di-
rection, SEM-BSE, EDX and XT. The strength measurements were carried out, at each stage of the
campaign, on a distinct batch of three specimens. SEM-EDX was carried out on distinct batches of two
specimens. The non-destructive measurements (length and mass, quasi-static Young's modulus and XT)
were carried out on the same exact specimens (three in total) all along the campaign. The analysis of the
tomograms was performed only for one of the three specimens. Length and mass measurements were
additionally performed also on a second batch of three other specimens. In the case of destructive meas-
urements (SEM-EDX, compressive and flexural strengths), the specimens were randomly selected from
additional batches distinct from those used for the non-destructive measurements.

All the measurement types were performed on both the Cs-doped specimens, named in the following as
"P-Cs" and "U-Cs" for the two distinct aggregate types, respectively, and the specimens without any
doping, used as reference counterparts and named as "P-Ref" and "U-Ref", respectively. The specimens
subjected to XT were measured only up to 250 days. Within such period, the tomographic time series
consisted of N; = 3, 12 and 8 time points for the P-Ref/U-Ref, P-Cs and U-Cs specimens, respectively.
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SEM and EDX analyses were used for imaging cracks and ASR products with higher spatial resolution
than what achievable by XT, in order to characterize qualitative features of the ASR damage and the
products' morphology and to characterize their chemical composition, respectively. Section C1.2 pro-
vides the details about the latter measurements. The XT measurements were performed according to the
settings described in Section 3.2.

Table 5.1. Mix composition of the reference specimens (cast without CsNO3) in units of kg-m™ (mass
per m® of cast material).

Specimen la- Cement CEM Aggregates Deionized NaOH
bel 142.5N water

0 -4 mm 4 -8 mm 8 -11.25 mm

P-Ref/U-Ref 450 659 412 576 225 4.9

Table 5.2. Mix composition of the Cs-doped specimens in units of kg-m™ (mass per m* of cast material).

Specimen Cement CEM Aggregates Deionized NaOH CsNOs
label 142.5N water

0—-4mm 4-8mm 8 -11.25 mm

P-Cs/U-Cs 450 659 412 576 225 1.8 13.5

5.2.2. Image analysis
The 3D image analysis consisted of all the steps (I) to (VI) presented and detailed in Section 3.3.

ASR cracks and ASR products segmentation. Crack regions, being either empty or filled by ASR
products with very low Cs concentration, were clearly identifiable visually (see Figure 5.7 for some
examples). At the first time point, the original cracks' were segmented using the BTH procedure, while
at all the other time points they were segmented by TS-based methodology. The ASR products were
segmented according to the procedure based on the TS approach, as described in Section 3.3 as well.

Quantitative crack network analysis. In addition to computing the volume (fraction) of the ASR crack
networks (computed for the ASR products as well), other crack feature variables were computed to

" Here and in what follows, the term "original cracks" or "original pores" is used to indicate cracks/pores
not generated by ASR, for example cracks existing intrinsically in the aggregates. Such cracks/pores
are those detected already in the tomograms at the reference time point t, = 1 day, before the start of
the ASR acceleration protocol.

114



Chapter 5: ASR crack networks and ASR products: qualitative and quantitative analysis of their coupled
properties and evolution

quantitatively characterize the crack networks' temporal evolution. Using the shape tensor analysis as
described at step (VI) in Section 3.3, the crack's bounding box length (L) and height (also called width,
H) were computed. In addition, the crack shape and orientation analysis described in Sections 3.3 (point
(VD)) and 4.2.2.3 were also performed, based on the shape tensor calculations.

Local thickness analysis. The segmented crack local thickness scalar field, T}yqq;(X), was computed
based on the procedure explained in Section 3.3. The visualization of Tj,qq; (X) allowed getting qualita-
tive insights into the spatial-temporal distribution of the cracking. The T}, .4; (%) values were assembled
together from all the crack network branches to create a whole statistical ensemble. Then, as already
done for the experimental campaign described in Chapter 4, the statistics of such ensemble and, addi-
tionally, its temporal evolution were analyzed in order to assess quantitative features of the cracking.

Global and local deformations analysis. As mentioned in Section 3.3, the outputs of both the global
affine and of the non-affine registration steps (performed to achieve the ASR crack segmentation), are
distinct displacement vector fields, 1 (¥, t;), at each time point t;, V i = 1, ..., N;. In the case of the affine
registration, such vector field is linearly dependent in X, while the respective field associated with the
non-affine registration can exhibit strong spatial variations. The global affine displacement vector field
was used to compute the bulk, relative size change of the tomographed volume along the axes k = X,Y
or Z, as described at point (VII) in Section 3.3. Among the three of them, the relative size change com-
puted along the Z-axis (thus a relative longitudinal length change) was compared with the experimen-

tally measured one, ALﬂ(ti), obtained via the mechanical length gauge described in Section 3.2 and
Z

shown in Figure 3.1 (¢). Finally, the non-affine registration results were used to map out the local de-
formations and to investigate their eventual correlations with the ASR cracks and reaction products. For
this purpose, both ||U(%,t;)|l, Vi =1, ..., N, and the determinant of the Jacobian matrix of the non-
affine mapping vector field, J - (X, t),,Vi=1,..,N;, were implemented.

5.3. Results

In this Section only the results for the specimens cast with the Praz (P) aggregates are reported, given
the fact that for the specimens cast with the Uri (U) aggregates, overall very strong similarities in their
results. However, such similar results are reported in details in the Appendix C. The most significant
difference among specimens cast with the two aggregate types consisted of a faster ASR reactivity for
the U specimens.

5.3.1. Increase in X-ray attenuation contrast for ASR products labelled with Cs

The increase in X-ray attenuation for producted labelled by Cs was large enough to offset their average
voxel value well above that of any other material phase inside the aggregates or inside the cement paste,
with the exception of some mineral inclusions in the aggregates with high metallic content, which oc-
curred in any case only rarely. Thus, the tomographic (i.e., voxel value) contrast between Cs-labelled
products and any other material phase increased significantly. An example of such a significant contrast
increase is provided by Figures 5.1 and 5.2 (d). Figure 5.1 shows tomographic slices from a P-Ref spec-
imen, with focus on ROIs where a significant accumulation of products was present, e.g., inside air
voids. Despite their accumulation in such regions, the X-ray attenuation contrast between the unlabeled
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products and the surrounding material phases was not very large. Figure 5.2 shows one slice from the
tomograms of the distinct specimens cast with the distinct alkalis during the preliminary experimental
campaign described in Section C2 of Appendix C. With increasing atomic number of the alkalis (from
Na to Cs), the X-ray attenuation contrast between the products embedding them and the surrounding
material phases increased till its maximum achieved in the Cs case.
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Figure 5.1. 2D ROIs selected on slices from the tomogram of a P-Ref specimen, showing the ASR-
induced cracks and air voids filled with ASR products.

Figures 5.2 (a) and (b) show no significant contrast enhancement obtained by using Na- and K-doping.
Rb-doping (Figure 5.2 (¢)) already allowed visualizing more clearly the ASR products. However, only
Cs-doping (Figure 5.2 (d)) allowed achieving extremely high X-ray attenuation contrast levels, needed
not only to make the products recognizable by a human observer but also to make them identifiable by
a segmentation algorithm.
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Figure 5.2. Examples of ROIs from tomograms of four distinct specimens cast with distinct alkali-
doping. Each ROI was selected on a slice from the tomogram of a corresponding specimen. The com-
mon feature of each chosen ROl is the presence of air voids. At the late (20 weeks) stage of the used
ASR acceleration, air voids were typically partially or almost completely filled with ASR products.
The tomograms are ordered from left to right based upon the increasing atomic number of the alkalis
(Na, K, Rb and Cs, respectively). ASR products labelled by Cs™ cations increased their X-ray attenu-
ation to a level above that of any other material phase in the specimens, except for some high den-
sity/high atomic number minerals in the aggregates. Thus, Cs-labelled ASR products were character-
ized on average by the highest X-ray attenuation contrast to any other material phase.

5.3.2. Chemical and morphological features of the ASR products

Figures 5.3 (a) and (b) show SEM-BSE micrographs of ASR products inside cracks from a P-Ref spec-
imen and a P-Cs one, respectively. These micrographs were acquired at 120 days of ASR acceleration
time and, for both specimens, from interior regions of the aggregates, where the ASR products are usu-
ally rather crystalline [2]. The ASR products developed in the P-Cs case presented a significantly higher
image (i.e., pixel value) BSE contrast than the ones formed in the P-Ref case, in agreement with what
already reported in [1]. As already shown in [1] and [2], in the absence of Cs-doping, the ASR products
exhibited similar SEM-BSE pixel value as the surrounding material phases (Figure 5.3 (a)). Therefore,
they could be distinguished only based on their typical morphological features and chemical composi-
tion (when performing additional EDX analysis). For crack regions in the aggregate interior, such fea-
tures consist of the plate-like morphology already mentioned in Section 2.4.2.2 [2]. In the presence of
Cs-doping, the products identification could rely not only on such morphological features but also on
the significantly enhanced BSE-contrast, confirming that Cs was incorporated in the products. The latter
result was confirmed by EDX analysis (see Section C1.2 for the details). Such analysis also showed no
evidence of significant compositional differences in the products, with or without embedded Cs, except
for its presence.
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ASR product
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Figure 5.3. (a) and (b): examples of SEM-BSE micrographs of ASR products precipitated/accumulated inside the
cracks of aggregates from a P-Ref specimen and a P-Cs one, respectively.

Cs-doping also allowed confirming the observation, in SEM-BSE micrographs of distinct specimens at
distinct time points, of a specific spatial-temporal distribution pattern of ASR products, already reported
in [1]. Figure 5.4 exemplifies such pattern for P-Cs specimens. Results for the other specimen types are
available in Section C1.2.

At 14 days, Cs-containing products could be seen at inter-granular quartz regions close to the aggregate
edges and in cracks at the sub-micron and micron scales, in cracked or un-cracked aggregates or in both.
Such products are the initial ASR products [1] and could not be detected by XT, as performed in this
study, due to insufficient spatial resolution. At 80 days, more products could be seen in internal regions
than close to the edges. This is in agreement with the observations reported in [1] of a sort of ASR
reaction/product front moving from the aggregate boundaries towards the inner regions. At 120 days,
such front advanced inside the aggregates, while the cracks were on average wider. Although most of
the cracks within the aggregates themselves were found empty, some large chunks of products could
also be found. They filled part of the cracks in the aggregates (highlighted in the micrograph in Figure
5.4 (c)).
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Figure 5.4. (a) to (c): SEM-BSE micrographs providing examples of the distribution of ASR products and cracks
in the specimens cast with P aggregates and with CsNOs. The micrographs were acquired at 14, 80 and 120
days, respectively. In inset (b), ITZ means Interfacial Transition Zone.
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5.3.3. ASR-induced macroscopic dimensional changes and mechanical properties evolu-
tion

The relative length change evolution, both of the whole specimens (experimentally measured by the
mechanical gauge) and for the tomographed volumes (measured from the global affine registration re-
sults) is shown in Figure 5.5 (a). Corresponding results for the specimens cast with U aggregates can be
found in Section C4.1. All the specimens expanded along the Z-axis approximately in a linear fashion
but with distinct and slightly different rates. Detailed quantitative analysis of such rates can be found in
Section C4.2.

At early age (7 — 14 days), the Cs-doped specimens expanded longitudinally with rates similar to those
of their corresponding reference specimens. However, at about 20 days, the doped specimens started to
exhibit higher expansion rates. The maximum expansion of the doped specimens was at least about 30%
larger than what attained by the corresponding reference specimens. This expansion boosting effect was
also observed for the specimens of the preliminary study by which the doping alkali was chosen and it
was already reported in [1]. The other alkalis had qualitatively a similar effect as Cs did.

As already observed in [1], the main influence of Cs-doping consisted in an increase in ASR kinetics.
This result is supported not only by the observed faster expansion but also by a faster mass increase, due
to the uptake of the alkaline solution in which the specimens are submerged. A faster/higher uptake
correlates well with higher expansion. Cs-doping was accompanied by a faster/higher mass increase,
with a maximum value in time about 25 - 40% higher for the doped specimens than for the reference
ones. The detailed results about the mass evolution are available in Section C4.3 of Appendix C.

The relative length changes of the tomographed volumes differed significantly from the respective
changes measured experimentally for the full specimen volume only up to 21 days. See Section C4.2
for the statistical analysis of the relevance of such differences. After 21 days, the minimum and the
maximum values of the relative difference between the estimated relative length changes were
0.00042% and 0.0325%, respectively, for all specimen types. This result suggests that, after 21 days,
the deformations occurring in the tomographed volume were representative of those at the length scale
of the full specimen, despite the fact that only about 30% of the whole specimen volume was to-
mographed.

Figure 5.5 (b) and (c) compare the relative length changes with the respective relative changes in size
of the tomographed volume along the two other axes, X and Y. For both the reference and the Cs-doped
specimens, the maximum expansion was larger in the lateral directions (X and Y') than in the longitudinal
direction (Z). Similar results for the U specimens are reported in Section C4.1.

This difference is likely due to the aspect ratio of the specimens (1:4). Because of the latter, the near-
surface zone (with higher moisture and alkali content, thus proner to expansion) contributes to a higher
proportion of the size in the X and Y directions than in the Z direction (see also [3], [4]).
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Figure 5.5. Evolution of the relative dimensional change of the specimens cast with the P aggregates, with (blue
shades and filled markers) and without (grey shades and hollow markers) Cs-doping. The label "digital" means
the estimate was obtained for the tomographed volume of one specimen of each type. The label "mechanical”
means the estimate was obtained for the whole specimen volume, by experimental measurements with the gauge
described in Section 3.2. (a) Results for the relative change in size along the Z-axis (i.e., length). The experimen-
tally measured values were obtained, for each mix type, for six specimens (including the one being the subject of
the tomography analysis). The marker shows the average of the six values. The error bar shows their empirical
standard deviation. (b) and (c) Relative dimensional changes of the tomographed volumes, along the X, Y and Z
axes for the P-Ref and P-Cs specimens, respectively.

The time series of the quasi-static Young's modulus and of the flexural and compressive strengths are
shown in Figure 5.6 (a) to (c), respectively. The temporal evolution of each of these mechanical prop-
erties was characterized by an increase up to about 30 to 70 days since the ASR acceleration started,
which is attributable to the ongoing cement hydration. Although ASR cracking was likely already oc-
curring during this time period (see the expansion in Figure 5.5), the positive effect of cement hydration
on the mechanical properties was prevalent in this initial period. While both the flexural and the com-
pressive strength peaked at about 70 days and slightly decreased (flexural strength) or remained approx-
imately constant (compressive strength) afterwards, the Young's modulus peaked earlier (about 30
days), after which it monotonically and strongly decreased.
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Figure 5.6. The time series of the (a) quasi-static Young's modulus, (b) the flexural and (c) the compressive strength
of specimens with and without Cs addition, cast with P aggregates. In each plot, the markers indicate the average
of three values from three distinct specimens, while the error bar indicates the respective empirical standard
deviation. In the case of the Young's modulus, the measurements were successively performed always on the same
specimens, which were the same used also for XT.
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The effect of Cs-doping on the mechanical properties was quite clear. The Young's modulus developed
at early ages rather similarly, up to the peak. After that, the Cs-doped specimens exhibited a much faster
drop than their corresponding reference specimens and achieved a plateau, while the reference speci-
mens' modulus was still decreasing at the end of the measuring campaign. A similar but less remarked
effect of Cs-doping is visible in the evolution of the flexural and compressive strengths (Figure 5.6 (b)
and (c), respectively). In summary, the higher levels of expansion due to Cs-doping were mirrored by
lower values of macroscopic mechanical properties. Similar results for the U specimens are reported in
Section C6.

5.3.4. ASR cracking in the reference specimens: time-lapse XT, qualitative analysis

Due to similar X-ray attenuation, ASR products, aggregates and hydrated cement phases attained very
similar voxel values. Thus, the only visible change due to ASR consisted of the cracks. No ASR products
within the cracks could be as easily resolved as in the SEM-BSE micrographs of Figures 5.3 (b) and 5.4.
XT can only identify ASR cracks with thickness larger than the spatial resolution of the acquired tomo-
gram, which is typically several tens of microns for cm-scale specimens, at least when working with
state-of-the-art laboratory-scale tomographs. However, at the early ASR stages, the ASR products pre-
cipitate and accumulate within aggregate grain boundaries and micro-cracks, which are intrinsic aggre-
gate features with thickness in part below the spatial resolution of the performed XT [1].

Later stage products typically appear within cracks of thickness larger than tens of microns [5], [6] and
can in principle be resolved in X-ray tomograms. However, they bear low image contrast to the other
material phases (see Figure 5.1), e.g., cement hydrates and aggregate minerals. Such low image contrast
stems from similar elemental composition and mass density for products and the other material phases
in the aggregates and cement paste. The lack of X-ray attenuation contrast makes the systematic and
reliable identification of the products extremely difficult, limiting, e.g., the successful application of
image analysis algorithms for quantitative analysis. As a result of the mentioned issues, it has not yet
been possible to take advantage of the non-destructiveness of XT for unequivocally, reliably and sys-
tematically visualizing ASR products.

In all the tomograms of the reference specimens, it was observed that ASR cracks originated always
inside the aggregates, then propagated into the cement paste, as already shown in the literature at mul-
tiple length scales [7], [8]. The cracks also increased, in a step-wise manner, in length and width. Fur-
thermore, the ASR cracks propagated in some cases starting from cracks that were already evident at 1
day. In addition to being locations of stress localization, such original cracks inside aggregates have
been identified, along with grain and sub-grain boundaries, in the literature as loci of enhanced ASR
product precipitation and accumulation [1], [9]. Such regions are also more prone to coalesce with prop-
agating cracks. The spatial resolution in the tomograms (about 70 um) was not sufficient to resolve
actual grain boundaries, which are typically tens of nm in width [1]. Thus, in the tomograms mainly
original cracks were resolved.

At any time point, the cracks were distributed rather homogenously in the inspected volumes. This could
be observed in the binary tomograms of the segmented cracks. The segmented crack networks appeared
to be similar, independently of the aggregate type. The crack networks consisted of rather densely inter-
connected long and short branches. Details about qualitative features of the crack networks as discerned
from 3D rendering of the binary tomograms are available in Section C6.
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5.3.5. ASR cracking in the Cs-doped specimens: time-lapse XT, qualitative analysis

Cs-doping clearly allowed tracing the accumulation of ASR products, thus providing important infor-
mation about the spatial-temporal ASR evolution. This result is exemplified in Figure 5.7 and Figure
5.8 for the analyzed P-Cs specimen.

Figure 5.7 shows a slice parallel to the X — Y plane from a VOI of the P-Cs specimen at four different
time points. ASR products are evident as very bright regions within cracks and near the aggregate bound-
aries, especially after 145 days. The aggregate highlighted in Figure 5.7 (a) contained cracks with size
close to the tomographic spatial resolution already at 1 day (original cracks). At 85 days (Figure 5.7
(b)), the main ASR effect was the filling of pores close to the aggregate boundaries, particularly in the
ITZ. After 145 days, the ASR products were extruded towards/into the cement paste via newly created
cracks or extremely widened grain boundaries (Figure 5.7 (¢)). In addition to filling in the cracks present
in the cement paste on the left-hand side of the central aggregate, the ASR products also filled, at 250
days, the more delaminated ITZ of another adjacent aggregate at its right /bottom side (Figure 5.7 (d)).
At 250 days, it can be also observed that cracks propagated further (top-left corner of Figure 5.7 (d)),
they widened up and formed a continuous crack path by connecting with the other cracks in the cement
paste. The movie MC1 in Section C7 shows the complete time series of one slice from a larger VOI
containing the one used for Figure 5.7.

The extrusion of ASR products from an aggregate (where they were first detected) into the surrounding
cement paste was systematically observed also in other Cs-doped specimens, either along a propagating
crack or into other pores, e.g., in the ITZ. Cracks that were initially filled with ASR products emptied
when the cracks propagated further, while the ASR products were extruded further away in the process.

In some cracks, ASR products were present only on their internal surfaces, while the center was empty.
The cracks appeared to have enlarged, with the ASR products splitting and remaining attached to the
edges. The opening tip of those cracks was instead filled with a considerable amount of ASR products.
See Figure 5.7 (d) and movie MS1 in Section C7.

In some cases, the ITZ, original pores and air voids at a distance from a cracking aggregate became
gradually filled up with ASR products. Figure 5.8 shows an example of this observation for a different
VOI compared with the one of Figure 5.7. See the movie MS2 in Section C7 for the full time series of
which Figure 5.8 is only a subset. Figure 5.8 shows an air void located about 3 mm from an aggregate
that got split by one ASR crack. The crack propagated further into the cement paste and through the air
void. The crack within the aggregate emptied of ASR products and the products were transported along
the crack through the cement paste and accumulated into the air void. The accumulation progressed
steadily, first with the formation of a meniscus at 65 days. Then, the void became filled at 85 days. Later,
at about 145 days, by opening another crack in the cement paste (lower left of the air void) part of the
air void was depleted of the ASR products and the X-ray attenuation of the remaining products within
the void appeared to increase (indicated by the increase in brightness of the voxels within the void),
possibly due to Ca*" ions uptake [10], [11]. At 195 and 250 days, the cracks in the cement paste and
aggregate extensively widened.

The ASR products extrusion into the cement paste (1) was spatially widespread, (2) it happened in a
rather isotropic fashion and not only along the cracks and (3) it led to a widespread filling of pores (not
only air voids) in the cement paste around the cracks.
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Figure 5.7. A slice from a ROI of the P-Cs specimen at four different time points. ASR products can be observed
as very bright regions within cracks and near the aggregate boundaries. The four insets here are from the tomo-
gram at (a) 1 day, (b) 85 days, (c) 145 days and (d) 250 days.
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Figure 5.8. A slice from another ROI of the P-Cs specimen at four different time points. ASR products could be
observed as filling up an air void a few mm away from the aggregate highlighted by the arrow, as a crack
running through such aggregate evolved and propagating into the cement paste till the air void itself. The
products were transported from such aggregates till the air void via the propagating cracks. The six insets
shown here are from the tomogram at (a) I day, (b) 65 days, (c) 85 days, (d) 145 days, (e) 195 days and (f) 250
days.

Figure 5.9 exemplifies such three features by the rendering, at multiple time points, of a small VOI for
two types of binary tomograms: the one of empty cracks and that of ASR products (both inside and
outside cracks). Details about the 3D rendering approach are available in Section C7. The chosen VOI
contained a single large aggregate. Figure 5.9 shows that the ASR cracks started their development from
original cracks/pores in the aggregate (inset (a)) and gradually propagated with time. The cracks inside
the aggregate remained mainly empty, while those in the cement paste became partially or completely
filled with products. This can be appreciated mainly at later times (insets (¢) and (f)): products regions
with the typical features of cracks, e.g., a high degree of shape anisotropy, evolved in distinct parts of
the VOI along any possible direction. The small and isolated regions occupied by the products corre-
sponded to other types of pores, €.g., porous patches or ITZ, mainly in the cement paste. Three air voids
which became completely filled are observable already at early times (inset (b)). No large crack com-
pletely crossed their volumes, as, on the contrary, it happened in the example of Figure 5.8. Rather, they
were in the nearby of crack network branches not propagating towards them. The latter example show-
cases the second feature mentioned above for the products extrusion, i.e., an isotropic distribution of
products through the pore space of the cement paste. Additional qualitative evidence of such and of
other features of the products extrusion, as well as of the crack propagation, is provided in Section C7.
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Figure 5.9. Binary tomograms of the segmented empty cracks (in cyan) and of the ASR products (both inside and
outside cracks, in yellow). Only a small VOI of the P-Cs specimen is shown. Such VOI contained cracks that were
nucleated inside a single aggregate and propagated later into the surrounding cement paste. The insets from (a)
to (f) correspond to different time points during the ASR acceleration, including 1 day, 65, 85, 145, 195 and 250
days, respectively.

5.3.6. ASR crack networks: quantitative analysis

Figure 5.10 shows the time series of ASR cracks total volume fraction values, Vysg cracks(ti), Vi =
1..., N, as defined in Eq. (3.6) with k = ASR cracks and independently of the crack location, inside
aggregates or the cement paste, for both the P-Ref and the P-Cs specimens. It has to be reminded that
contrary to Chapter 4, where the volume fraction could be estimated only for the total amount fo cracks,
either original or ASR- generated, in this Chapter the results refer only to ASR-induced cracks because
of the availability of the tomograms at the reference time t, = 1 day. Figure 5.10 also shows the volume
of ASR products (also normalized by Viomogram) independently of the type of pore space they occupied
(cracks, air-voids, ITZ and porous patches). The comparison of Figure 5.5 with Figure 5.10 shows a
feature which was observed independently of the specimen type: a positive correlation between the nor-
malized volume of ASR-generated cracks and the longitudinal expansion. The P-Cs specimens
achieved, at 250 days, almost double longitudinal expansion compared with the P-Ref (see Figure 5.5).
The tomographed P-Cs specimen exhibited almost three times larger volume of ASR-generated cracks
(see Figure 5.10). Additional details about such positive correlation can be found in Section C8.
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Figure 5.10. Quantitative assessment of the ASR cracking in the P specimens by the total volume fraction of ASR-
generated cracks (with or without ASR products), Vysg cracks, as defined in Eq. (3.6). The total volume of ASR
products (also normalized by the tomogram volume) is also shown by yellow markers.

Figure 5.10 also shows that the total volume of ASR products (inside or outside cracks) evolved syn-
chronously with the total volume of ASR cracks and was at most about 16% smaller than it (at 250
days). With the possibility of distinguishing between products inside and outside cracks, the fraction of
filled ASR crack volume was computed, which achieved a maximum value of 30% for the tomographed
P-Cs specimen. Section C8 reports the full time series of such fraction of filled ASR crack volume.
These results mirror what observable in the 3D renderings of the same type as the one shown in Figure
5.9: a significant accumulation of ASR products outside of the ASR cracks. This is in agreement with
the qualitative observation mentioned before of extensive detection of products in pores other than
cracks, the majority of which located in the cement paste.

Concerning the ASR crack size analysis, of the three size definitions obtained from the shape tensor (&)
analysis, i.e., the bounding box's length L, its height (or width) H and its thickness T, the latter did not
provide meaningful estimates. That is because of the characteristic geometrical features of the crack
network branches as 3D objects. They had high aspect ratios and an indicative shape of thin, curved and
fragmented plates, similarly as for the cracks of the laboratory accelerated and field-exposed specimens
analyzed in Chapter 4 (see specifically Figure 4.10). This feature was independent of (1) the aggregate
type, (2) the presence or absence of Cs-doping and (3) of time. The detailed results the latter statement
is based upon are provided in Section C9.1. As already mentioned at point (VI) in Section 3.3 and in
correspondence of the examples shown in Figure 3.6, such curved shape impaired the meaningfulness
of the T values. On the contrary, L maintained a high degree of representativeness for the maximum size
of a crack. The detailed confirmation of such results, based on the shape tensor analysis, as well as the
qualitative (i.e., visual) and quantitative assessments of the reliability and meaningfulness of the L, H
and T values are provided in Section C9.1 as well. Instead of the T values, the statistics of the computed
local thickness field T),.4; (%) were considered for the quantitative analysis of crack thickness.
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Figure 5.11 shows the distributions of L and of T},.4; (¥) values for the P-Ref (insets (a) and (c)) and P-
Cs (insets (b) and (d)) specimens. Only three time points from the whole time series are shown for both
the P-Ref and the P-Cs specimens, chosen such that they are at similar times as for P-Ref specimen. The
distributions are shown in the form of Zipf's plots, analogously as done in Section 4.3.3, Figure 4.1.
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Figure 5.11. (a) and (b): empirical (i.e., from the statistical sample) complementary cumulative distribution func-
tion (cCDF) of the ASR crack bounding box length, L, G, (L), in logi-logio scales (Zip'f plot), for the P-ref and
the P-Cs specimens, respectively. Each separate crack contributed to one sampled value for L. (c) and (d): corre-
sponding Zipf's plots but for the ASR crack local thickness, Tyycq;- In each Zipf's plot, the cCDF is shown at three
distinct time points.

The first important observation is that, also in this case, right-skewed and long-tailed PDFs were ob-
served for L and Tj,.4;. Additional results, showing long-tailed PDFs for other crack size metrics (H
and the crack network branch volume, V,,.,.x), are reported in Section C9.1. The fact that L and Tj,.4;
exhibited right-skewed and long-tailed distributions at any time during the cracking process and, more
importantly, independently of Cs-doping, indicates the absence of spurious effects on the ASR cracking
by the doping. Similar results for the U specimens are available in Section C9.1. The consequences of
ASR kinetics acceleration by Cs-doping significantly concerned the tails of the distributions of L and
Tiocar- For example, at 250 days, the maximum L values reached about 40 mm for the P-Cs specimen
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(Figure 5.11 (b)) while only about 20 mm for the P-ref one (Figure 5.11 (a)). Similar results obtained
for the U specimens are provided in Section C9.1.

Overall, independently from the absence or the presence of Cs-doping, the ASR cracking was accom-
panied by more significant changes to the overall distribution of Tj,¢4; than to that of L. In Figure 5.11,
clearly detectable temporal changes are indeed observable only at the very end of the right side tail of
the L distribution. On the contrary, cracking brought a more evident shift of the overall T}, ,; distribution
towards larger values. Tj,.4;(X), as a scalar field, showed, at any given time point, a rather homogenous
distribution. Detailed results of the spatial analysis of T;,.q;(¥) are reported in Section C9.2.

In terms of crack orientation, no influence of Cs-doping and of the aggregate type was observed. All the
specimens showed a slight preferential tendency to be the most elongated along the Z axis. Section C9.1
provides the results of the detailed and quantitative analysis of crack orientation based upon the shape
tensor analysis implemented as explained in Sections 3.3 (point (VI)) and 4.2.2.3. As already noticed
for the laboratory-accelerated specimens of the experimental campaign described in Chapter 4, a slightly
preferential elongation in the Z direction was observed. The detailed results are reported in Figures C36
to C38 in Section C9.1. This feature is in good agreement with the results about the macroscopic expan-
sion along the three axes, as estimated based upon the affine registration procedure. Recalling from
Figure 5.5, insets (b) and (c), it was observed that the expansion along the X and Y axes were larger than
or at least equal to the one along the Z axis. Section C4.1 reports corresponding and similar results for
the U specimens. As already explained in Section 4.4, a slightly preferential crack orientation along the
Z axis implies that the crack thickness increase shown in Figure 5.11 for the P specimens (in Figures
C41 and C42, analogously, for the U specimens) predominantly contributed to expansion along a direc-
tion orthogonal to the Z axis, making it larger along the X and Y axes than along the Z one.

5.3.7. Local deformations analysis

In order to characterize the cracking in the distinct specimens, the determinant of the Jacobian matrix,

J Ty arp (X, t;), associated with the transformation vector field of the final non-affine registration step,

7,\,_ 4rr (%, t;), was visualized at distinct time points t;, Vi = 1, ..., N;. See Eq. (3.12) for its exact defi-
nition. The results for the P specimens are shown here, focusing on features which were commonly
observed also for the U specimens. The results for the U specimens, as well as additional results based
upon the magnitude of the displacement vector field associated with the non-affine deformation are
shown in Section C10.

The J T arp (X, t;) scalar field is shown, at specific time points, in Figure 5.12 and Figure 5.13 for the

P-Ref and P-Cs specimens, respectively. In each of these figures, only one slice from the specimen's
tomographed volume is shown (insets in the first row or first two rows). The slice at the same position
but from the 3D distribution of T arp values is rendered, in the last row, semi-transparently according

to a color scale and overlapped on top of the respective tomogram's slice.

Figures 5.12 (d) and (e¢) showcase some features of the ASR-induced deformations that were observed
as systematically accompanying cracking, independently of the aggregate type. First of all, regions
where newly formed ASR cracks appeared were systematically characterized by local expansion. These
are the yellow to red regions in Figure 5.12 (d) and (e). There, J e achieved values larger than one,

corresponding to local volumetric increase compared with the reference time point t,. With time, the
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local expansion became larger and also covered a larger area around the crack. This was consistently
observed for all the newly formed cracks. An enlargement, far away from the cracks, of zones of high
expansion (marked in red) in the J Ty_app AP Was observed in particular for cracks that opened up (see,

e.g., the cracks pointed at by lines in Figure 5.12 (d) and(e), features (I) and (II)). Regions of local
volumetric contraction (blue/cyan in Figure 5.12 (d) and (e), with J - values smaller than 1) were
systematically observed to evolve, both in spatial extent and in intensity, in between regions of local
volumetric expansion. The observed alternation of expansion zones to contraction ones, with high de-
gree of localization of extreme values (minima and maxima of | fN—AFF)’ is to be expected from cracking

in concrete, because of its high degree of spatial heterogeneity/disorder (both in terms of physical prop-
erties and geometrical/size ones of its distinct material phases) and its brittleness.

In Figure 5.12, another feature is notable: some original cracks or more porous regions at the aggregate
boundaries did not evolve into an opening and lengthening crack, rather they either remained the same
or gradually closed or filled up. See as examples the features labelled as (III) in Figure 5.12. The J -

typically had, in the proximity of such regions, values smaller than or equal to 1 (Figure 5.12 (d) and
(e)), confirming that local volumetric contraction occurred at these locations. According to what ob-
served, ASR cracking did not always nucleate and advance from any resolved original crack or highly
porous region. Rather some of these regions even contracted due to the spatially heterogeneous distri-
bution of deformations accompanying the ASR cracking. These observations cannot however exclude
that ASR cracks may nucleate and propagate preferentially from original cracks or highly porous regions
that are smaller than 70 um, the approximate spatial resolution in these tomograms.

The development of regions of local volumetric expansion exactly where ASR cracks appeared was a
feature systematically observed also for Cs-doped specimens. The evolution of such regions followed
temporal patterns which were similar to those observed for the reference specimens. The first yellow/red
spots (where | Tyoapp > 1) appeared in the Cs-doped specimen already after 30 days (Figure 5.13 (e)).
However, such first expansion hotspots appeared when no ASR crack could be actually resolved in the
corresponding tomograms. These zones of localized expansion might precede ASR cracking or might
indicate that cracks are already present but smaller than the spatial resolution of the tomograms.

With time, the expansion regions increased both in extent, all around the respectively developing ASR
cracks, and in intensity (i.e., J 7N_AFF), see Figure 5.13 (f)-(h). Regions of high local contraction also
appeared around those of local expansion. Thus, from a qualitative point of view, the reference and the
Cs-doped specimens exhibited similar spatial-temporal | Ty_app TAPS. The [minima, maxima] values of
J [ for the Cs-doped specimen and at 250 days, reached higher values ([0.8, 1.12]) compared to
those achieved by the reference specimen ([0.8, 1.09]).
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Figure 5.12. Visualization of the determinant of the Jacobian matrix (Jz, _, .. (%,t,)) of the transformation vector

field ?N_ arr (X, t)) associated with the non-affine registration. This scalar field is used as a spatial map of the
factor by which the volume locally expanded or contracted due to the spatially heterogeneous components of the
ASR-induced displacement vector field. In this figure, only one slice from the tomographed volume is shown: (a)
X-ray tomogram of the P-Ref specimen at the beginning of the ASR acceleration (at 1 day); (b) and (c) slices from
the X-ray tomograms at 155 and 250 days, respectively; (d) and (e) the same slices as in (b) and (c), plus, over-
lapped on top of them semi-transparently and rendered according to the indicated color scale, the 2D cross-
section, at the same position, from [z, (X, t,), at the same corresponding time points. The scale bars of insets

(d) and (e) have arbitrary units since | TrarF is a dimensionless variable. Values greater than 1 represent volu-

metric expansion, while values smaller than 1 indicate volumetric contraction.
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Figure 5.13. Similar plots as in Figure 5.12 but for the P-Cs specimen. The chosen time points for the visualization
are 30 days (insets (a) and (e)), 85 days ((b) and (f)), 145 days ((c) and (g)), 250 days ((d) and (h)). The first time
point of visualization is here 30 days, instead of 1 day as in Figure 5.10. At such age, no ASR cracks could be
resolved. Thus, the corresponding registered tomogram was essentially identical to the one at I day, providing a
view of the reference cracking state. However, local deformations appeared already at 30 days, which motivates
showing the Jz, . (X) scalar field already at such time point.

5.4. Discussion

No significant differences due to the Cs-doping were detected for the cracking (Figure 5.11) and for the
spatial-temporal patterns of the associated local deformations (Figure 5.12 and Figure 5.13), except for
time lags due to the faster ASR kinetics in the presence of Cs. This experimental campaign thus provided
extensive evidence, complementary to that in [1], that Cs-doping can be used for the visualization of
ASR products by, e.g., electron microscopy or XT, without perturbing the ASR (damage) evolution in
laboratory- accelerated specimens.

More importantly, the results presented in this Chapter provide several useful insights into general fea-
tures of ASR and its associated cracking. It has to be remarked that most of the features described and
shown in Section 5.3 were observed not only in the specimens with Praz aggregates, whose results are
reported in Section 5.3, but also in the specimens with the Uri aggregates, whose results are reported
only in the Appendix C. In the following, these features are summarized and contextualized within the
existing knowledge framework about the chemo-mechanics of ASR. With such a summary, some per-
spectives are provided on how the work presented in this Chapter could be extended in the future to
advance the understanding of ASR cracking.

As described in Section 2.1, ASR starts with dissolution of reactive silica in the aggregates. The dis-
solved silica leads to the formation of an alkali-silica sol. When the concentration in the sol reaches
supersaturation ASR products are formed. The silica dissolution does not occur with any preference at
specific locations within the aggregates. However, at the early ages, the formation of ASR products
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occurs first at the periphery of the aggregates, close to the cement paste, where alkali and and Ca** ions
are more available. With time, they progressively precipitate/accumulate from the boundaries to the
interior of the aggregates, forming a so called advancing ASR front [1]. This process, observed both in
SEM-BSE images for the early ASR products (Figure 5.4 (b)) and in those reported by [1], occurs thanks
to the transport of the mentioned ions along grain boundaries and original cracks.

Therefore, the associated early stage cracking is also expected to advance from the boundaries to the
aggregates' inner regions. However, the size of the early stage cracks are much smaller than the spatial
resolution achieved in the tomograms collected during this PhD project, as confirmed by the SEM-BSE
images. Higher spatial resolution (i.e., tens/hundreds nm length scale) XT on Cs-doped specimens may
be extremely useful for actually observing sequentially, on the same exact specimen, the spatial-tem-
poral pattern of the ASR reaction front and the associated early cracking. Until now, the very early
cracking stages have only been observed in 2D, non-time-lapse datasets, i.e., SEM observations on dis-
tinct specimens at distinct times [3].

The XT observations reported in this Chapter suggest that large amounts of ASR products accumulated
preferentially at few specific locations at the aggregate boundaries. For example, large (>70 um) original
cracks or delaminated ITZs were systematically observed to fill up with ASR products (see the examples
of delaminated ITZs in Figure 5.7, top-left corner of the central aggregate). This can be easily understood
considering (1) the higher likelihood of high Ca?" concentration in such regions and (2) the fact that
such regions could act as reservoirs where transported products can accumulate. With ongoing time,
such accumulation can lead to widening of the cracks and their further propagation, even into the cement
paste (see Figure 5.7 (c) and (d) and the associated movie MS1 in Section C7, which shows more time
frames than what shown in Figure 5.7).

In addition, it was observed that, along some cracks, the ASR products were transported at distances of
up to several mm, as reported in Section 5.3.5. Both Figure 5.7 and Figure 5.8 (and the respective movies
MSI1 and MS2 in Section C7, which complement them) show two clear examples of such process, oc-
curring gradually up to a certain point at later times. The ASR products were systematically observed to
accumulate in cement paste cracks, ITZs and natural air voids in the cement paste. Such an accumula-
tion, even at several mm from the aggregate where the products formed, can happen due to the extrusion
of ASR gel (as a less viscous phase) outside of the aggregates. The occurrence of such extrusion and the
corresponding filling of, e.g., air voids, even up to several mm away from ASR-cracking aggregates
have been already inferred before from observations in optical and electron micrographs reported in the
literature [5], [12], [13]. However, to my knowledge, those in this Chapter are the first ever reported
direct, time-lapse and non-destructive in situ 3D observations of such transport process.

Figure 5.8 and the associated movie MS2 in Section C7 provides a clear visual evidence of the described
mm-scale transport and accumulation of real-world ASR products. There, the bottom air void was
reached, after 55 days, by a crack stemming from the aggregate on its top-right side and propagating
through the cement paste. ASR products moved through the evolving crack and gradually accumulated
in the air void (compare the voxel value increase inside the air void between 75 and 250 days, which
stems partly from an increase in volumetric concentration of products). Additional products reached the
air void via the connecting crack and accumulated on top of the older products. Simultaneously, the
average voxel value of the previously accumulated products increased in time and was larger than that
of the newly accumulating products (compare the frame at 150 days with the one at 200 days in the
movie MS2). The latter feature could be explained as an effect of Ca?* ions absorption by the already
accumulated products [14]. Experimental work on synthesized ASR products [15] has confirmed an
hypothesis [10] according to which the products' stiffness may increase as a consequence of Ca*" ions
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absorption. Based upon such results, reported in the literature, and what observable, for example, in
Figure 5.8 and in the respective movie MS2, it can be concluded that the products transport characteris-
tics and its spatial-temporal extent may be strongly influenced by the local supply of Ca?* ions and the
corresponding evolution of the products' mechanical properties. Thus, taking into account couplings
between Ca®" ions transport/uptake and temporal changes in the products' mechanical properties may be
a key and necessary ingredient of computational models of ASR cracking working at the microstructure
and mesostructure length scales. Although there is lack of data about mechanical properties in the liter-
ature, e.g., elastic moduli [6], [16] and viscosity, of ASR products extracted from real world concrete,
the data measured for their laboratory synthesized analogs and reported in [15] constitute a good starting
point for the development of fully chemo-mechanical computational models taking into account reactive
transport of Ca*" ions.

The ASR product transport and accumulation were observed to occurrmore frequently towards the outer
boundary of the aggregates. This could be explained, on the one side, by the tendency of the silica-reach
thick solution and of the alkalis to become inter-dispersed more homogeneously. Due to the presence of
a concentration gradient (more silica-reach solution within the aggregate and more alkalis and Ca*" in
the cement paste), the silica-reach solution moves out and forms stiffer products by Ca** uptake of. on
the contrary, alkalis move inwards (i.e. within the cracks in aggregates) and lead to further silica disso-
lution. On the other side, products formed and accumulated at the aggregate boundaries may be already
stiffer than those formed more inside the aggregate, because of the higher likelihood of Ca*" ions uptake
at the boundaries than inside.

Despite the products accumulation in cracks, both inside and outside the aggregates, aggregate dissolu-
tion and product accumulation continued (Figure 5.7 and Figure 5.8). Further accumulation was fre-
quently accompanied by widening of the cracks and breakdown of the previously formed ASR products.
This was evidently observed both by SEM-BSE (Figure 5.4) and by XT (for example, Figure 5.7 (d))
results, in the form of broken ASR products sticking to the inner surfaces of widened cracks. Thus,
complete crack filling and clogging by products was not frequently observed. Such result is confirmed
quantitatively by the computed ASR crack filling ratio (reported in Section C8, Figure C22), whose
maximum value was 30% for the P-Cs specimen. The new products usually further precipitated/accu-
mulated within the same cracks, which became wider.

The spatial-temporal maps of J - shown in Section 5.3.7 (Figure 5.12 and Figure 5.13) indicate the

existence of spatial correlations between localized deformations, mainly expansion, and cracks. In ad-
dition, as mentioned in Section 5.3.7, localization of expansion before crack appearance (see Figure
5.13) was observed for certain aggregates. The latter feature might indicate the presence of cracks
smaller than the spatial resolution of the tomograms. An increase in both the temporal and the spatial
resolutions of XT might help not only with investigating the ASR reaction front and the associated early
cracking mentioned above. It might also allow investigating the causal relationships between the meas-
ured local deformations and the resolved cracking.

The temporal resolution increase is mainly limited by instrument access. On the contrary, the spatial
resolution increase is more fundamentally limited by the intrinsic, negative correlation with the speci-
men size (higher spatial resolution is achievable only for smaller specimens).

Local tomography [17] may help, for cm-scale specimens as used in this PhD project, to improve the
spatial resolution by a factor of two to three. However, that will not suffice for resolving early stage
products accumulation and respective initial crack propagation. The latter targets could be resolved us-
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ing the approaches presented in this work together with acquiring datasets with tomographic micro-
scopes based upon synchrotron radiation. The latter measurements would be feasible only for extremely
simplified model systems whose realization is extremely challenging and whose representativeness of
ASR in actual concrete would need to be carefully assessed and proven.

5.5. Conclusions

In synthesis, the most significant conclusions that can be drawn from the results reported in this Chapter
are the following ones.

a) ASR cracks were first generated in the aggregates and later propagated into the cement paste.
Along with crack propagation, it was possible to observe, for the first time in a time-lapse man-
ner, the extrusion of ASR products into the cement paste.

b) The extrusion suggests that, at early stages, the ASR products may be a low-viscosity gel which
can move away from the originating aggregate and can accumulate later elsewhere as a more
stiff phase upon uptake of Ca. Progressive accumulation of ASR products within cracks and air
voids in the paste, with following Ca uptake from them, thus their stiffening, was observed in
this work. Successive extrusions of low-viscosity, lower Ca-content products being added in
time were also observed.

¢) The accumulation of ASR products in air voids and cracks in the cement paste or in the ITZ of
aggregates surrounding those from which the products originated was observed systematically.
Significant portions of the ASR-generated crack volume remained at later ages empty of ASR
products.

In the future, the workflow for 3D image analysis and product tracing developed in this PhD project
could be directly implemented with XT characterized by higher spatial resolution, for investigating the
early stages of ASR products formation and respective cracking. This could be done, e.g., by exploiting
local tomography approaches or by using synchrotron radiation-based XT on smaller model systems.
This could help with shedding light on some of the chemo-mechanical coupled phenomena at the basis
of the early ASR cracking.
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6.1. Summary

In this Chapter, the implementation and concentration-optimization of a contrast agent for enhancing
the visibility of natural aggregates in the X-ray tomograms (otherwise almost undistinguishable) within
the cement paste has been explained. Section 6.2 describes the exclusive/additional experimental pro-
cedure (in addition to the general procedure explained in chapter 3), which was carried out for the spe-
cific specimens discussed in this chapter. Section 6.3 illustrates the most important findings and the rest
of the results are framed as Appendix D dedicated to this chapter. Section 6.4 discusses and synthesizes
the important remarks concerning all the observations. Finally, section 6.5 highlights the most important
conclusions.

6.2. Specific experimental and analysis details

The overall experimental and analysis workflow of this part of the PhD project consisted of three major
steps:

(1) optimization of the XT contrast between aggregates and cement paste;

(2) assessment of contrast agent's effects on the ASR (cracking) development;

(3) extensive quantitative analysis of specimens cast with the optimized mix design including the
contrast agent, in order to characterize ASR cracking in respect of the concrete mesostructure.

These three steps are explained in the following sub-sections.

6.2.1. Materials and specimen preparation

6.2.1.1. Specimens for the optimization of the BaSO4 concentration and assessment of its
effects on the ASR (cracking)

Reference specimens

Specimens without BaSO4 and with size 40x40x160 mm? were cast according with the basic mix com-
position reported in Table 3.1 and with the same aggregate sieve size and cement type described in
Section 3.1. Such specimens were cast with the U and P aggregates and are named hereafter as "U-Ref"
and "P-Ref", respectively, as done in Chapter 5. They played the role of reference specimens, not being
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affected by any eventual side effect of BaSO4. All of these reference specimens, as well as those cast
with BaSOs, were subjected to the same ASR acceleration protocol detailed in Section 3.1.

Specimens with BaSO4

The X-ray attenuation contrast between aggregates and the cement paste was optimized by casting sev-
eral distinct batches of specimens 40x40x160 mm? in size and according with the same reference mix
composition of Table 3.1 except for replacing a fraction of the aggregate total volume (regardless of the
sieve size) by an equal volume of BaSQOs. Different concentrations (i.e., fractions of total aggregate
volume replaced) were tested: 0.25, 0.75, 1.5, 2.5 and 3 vol.-%. Table 6.1 shows the mix compositions
and the respective specimen labels.

As mentioned in Section 2.4.2.5.1, BaSOj4 (also known as baryte or barite) is typically available in the
form of a fine, white powder. The average particle size was estimated, by SEM-BSE imaging, to be at
the scale of a few pm. Some examples of SEM-BSE micrographs of the used powder's grain are provided
in Section D1.1 of Appendix D (Figure D1 (a)). The BaSO4 grains could be uniformly distributed
through the cement paste independently of the concentration value, within the tested range, as assessed
by SEM-BSE as well (see Figure D1 (c) and (d) for some examples). Therefore, its X-ray attenuation
was expected to be monotonically increased with increasing concentration. It has to be noticed that the
BaSO; replacement of a volumetric fraction of aggregates implied an increase in the specimen mass,
given BaSOy higher mass density (4480 kg - m™ [1]) compared with that of each aggregate type (2667
kg - m? and 2651 kg - m?, for the U and P aggregates, respectively, see Section 3.2). In correspondence
of the maximum BaSO. concentration of 3 vol.-%, the relative mass increase was 1.44% and 1.46% for
the specimens cast with U and P aggregates, respectively.

Table 6.1. Mix composition of the BaS0, containing specimens in units of kg-m~ (mass per m’ of cast).

Specimen label Cement CEM Aggregates Deionized NaOH  BaSO4
142.5N water

0-4 4-8 8-11.25

mm mm mm
U—-0.25v0l.% BaS0, 450 656 410 574 225 4.9 7
U-0.75vo0l.% BaS0, 450 650 406 569 225 4.9 21
U—-1.5v0l.% BaSO0, 450 641 401 561 225 4.9 43
U—-2.5v0l.% BaS0, 450 630 394 552 225 4.9 70

U—-3vol.%BaS0, 450 625 390 547 225 4.9 84
P —0.25v0l.% BaSO0, 450 656 410 574 225 4.9 7
P —0.75v0l.% BaS0, 450 650 406 569 225 4.9 21
P —1.5v0l.% BaS0, 450 641 401 561 225 4.9 43
P —2.5v0l.% BaS0, 450 630 394 552 225 4.9 70

P —3vol.% BaS0, 450 625 390 547 225 4.9 84
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6.2.1.2. Extensive quantitative analysis of specimens with optimal BaSQ4 concentration

Once an optimal BaSO4 concentration value was chosen (see 6.3.1 for how this choice was achieved), a
new batch of specimens were cast according with the same mix composition shown in Table 6.2, with
the optimal concentration and with both aggregate types and they subjected to the same ASR accelera-
tion protocol described in Section 3.1. The specimens were cast with distinct size values for different
characterization purposes. Those used for XT analysis and for relative mass and length change meas-
urements were cast with size of 25 X 25 X 100 mm3. As shown in Chapter 4, this size may have led to
slightly less representative ASR cracking but it allowed resolving the part of the crack network charac-
terized by smaller size features, e.g., narrower thickness, which implies resolving cracks also at earlier
stages. The specimens for the characterization of the mechanical properties had larger size of 40 x 40 x
160 mm?3, being it a more standardized size for the types of measurements performed, listed in Section
6.2.2.2. Note that, in the following, the specimens cast with size of 25 x 25 X 100 mm? are labelled
with small starting letters of their corresponding aggregate (e.g., u, for Uri aggregates) while those with
size of 40 X 40 X 160 mm3 are denoted with capital letters (e.g., U, still for Uri aggregates). This nam-
ing pattern also applies to the previous groups of the specimens mentioned in section 6.2.1.1. Table 6.2
shows the mix composition and the specimen labels.

Table 6.2. Mix composition of the specimens with optimal BaS0, vol.% in units of kg-m> (mass per m* of cast)

Specimen  Cement CEM Aggregates Deionized NaOH  BaSO4
label 142.5N water

0—-4mm 4-8mm 8 -11.25 mm

Uoru 450 630 394 552 225 4.9 70

Porp 450 630 394 552 225 4.9 70

6.2.2. Characterizations

6.2.2.1. Measurements and analysis for the BaSO4 concentration optimization and for the
assessment of its effects on the ASR (cracking)

At different time points, the specimens described in Section 6.2.1.1, were taken out of the alkaline so-
lution to be characterized with various methods. The non-destructive measurements were repeatedly
performed on average, nine successive time points within the total duration of the experimental cam-
paign and on three specimens of each set (the reference set and the BaSO4 ones). Such measurements,
in addition to XT, also included those of mass and length changes and the quasi-static (compressive)
Young's modulus measured along the specimen longitudinal direction following the standard mentioned
in Section 3.2. The length change measurements were performed with the mechanical displacement
gauge described in Section 3.2 (shown in Figure 3.1 (¢)). The Young's modulus was the only mechanical
parameter measured. The compressional and flexural strengths were not measured in this campaign,
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since, as shown by the results reported in Chapter 5 and Appendix C, they were much less sensitive than
the Young's modulus to the ASR progression, after the first fifty days of ASR acceleration (see Figure
5.6 for the specimens with the P aggregates and Figure C10 for those with U aggregates). The goal of
such measurements, additional to XT, was to assess any eventual, undesired influence of BaSO, on the
expansion and mechanical properties.

The only destructive measurements performed on some of these specimens consisted of SEM and EDX
analysis performed at one time point (150 days and Figure D3 shows EDX point analysis results obtained
at 150 days) on polished cross-sections from parts of two distinct additional specimens. EDX point
analysis was used to characterize the chemical composition of the ASR products, in order to assess
whether the use of BaSO4 could have any effect on the ASR. XT was performed with the basic settings
described in Section 3.2 characterized by maximum X-ray photon energy of 90 keV and an upper bound
of the effective spatial resolution of approximately 70 pum.

6.2.2.2. Measurements and analysis on/of the specimens with optimal BaSO4 concentra-
tion

The experimental campaign described in Section 6.2.1.2 aimed at optimizing the BaSO4 concentration
and included already specimens with what was chosen as its optimal value. However, it was designed
to be neither time resolved nor extensive, because of the need to characterize many specimens, with
distinct BaSO4 concentrations.

The successive experimental campaign, described here, was on the contrary only focused on character-
izing ASR cracking in specimens with the optimal BaSO4 concentration with higher temporal resolution,
especially at the earlier ASR ages, and with a larger number of specimens.

The time-lapse measurements performed on its specimens, described in Section 6.2.1.2, regarded, in
addition to the XT analysis, the mass and length changes of ten specimens with size 25 X 25 X
100 mm?3, for each aggregate type, not including the 3 specimens subjected to XT, the quasi-static
(compressive) Young's modulus (on 3 specimens, for each aggregate type), flexural strength (on 3 spec-
imens, for each aggregate type) and longitudinal compressive strength (on 6 specimens, for each aggre-
gate type), all performed since the start of the ASR acceleration. It is reminded that all the mechanical
characterization measurements were performed on specimens with size 40 X 40 x 160 mm3. The
length change measurements were performed with the expansion measurement setup 2 mentioned in
Section 3.2 and shown in Figure 3.1 (e), relying on an optical approach instead of a purely mechanical
one and allowing a higher degree of measurement automation without sacrificing the measurement res-
olution and repeatability (see Section A4 of the Appendices).

Time-lapse XT was performed with the holding setup 2 described in Section 3.2 and only on the speci-
mens cast with the U aggregates and with size 25 X 25 X 100 mmS3, on a total of 3 different specimens
of the same batch. Due to time and tomograph accessibility constraints, it was not possible to run an
analogous time-lapse XT campaign on specimens cast with the P aggregates.

The original motivation for using 25 X 25 X 100 mm? specimens instead of 40 X 40 X 160 mm? for
such XT study with higher temporal resolution was to be able to resolve cracks at earlier stages than
what was feasible by working with the larger specimens. According to the specimen labelling scheme
mentioned in Section 6.2.1.2, such XT specimens were named as u;, withi = 1,2,3. The XT and the
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relative mass and length change measurements were conducted at 18 distinct time points, within the
total duration of 404 days. Thus, the time-lapse campaign was not only overall longer than the one used
for the BaSO,4 concentration optimization. It was also characterized by a higher density of time points
within the first two month since ASR acceleration start. The mechanical characterization included an
additional time point (i.e., 19 measuring points) at 557 days, in order to assess the mechanical properties
evolution in the very long-term. In the case of the non-destructive measurements (XT and Young's mod-
ulus), the same specimens were measured at every time point, belonging to two distinct and dedicated
batches for the two distinct measurement types, respectively. For XT, the160 kV source was used with
voltage and current set to 98 kV and 100 pA, respectively. The spatial resolution of the tomograms was
estimated to be approximately 35 um.

6.2.3. Analysis of the time-lapse X-ray tomograms

Image enhancement

To minimize the noise in the tomograms without smoothing edges, the same anisotropic diffusion fil-
tering as described at the point (I) in Section 3.3 was used.

Correction for the specimen misalignments

In order to achieve (quantitative and qualitative) comparability between the time-lapse tomograms, the
tomogram at each time point t;, V i = 1, ..., N, was rigidly registered to the reference one (the tomogram
at time ty=1 day). The rigid body registration procedure was the same as described at point (II) in Section
3.3.

Crack segmentation

The cracks were segmented using the TS-based procedure described at point (III) in Section 3.3, with
the exception of the tomogram at the reference time point, for which the segmentation was performed
with the approach relying upon the BTH transform (also described at point (III) in Section 3.3).

For the quantitative analysis of the crack features mentioned below and only for the specimens with
optimal BaSO4 concentrations mentioned in Section 6.2.2.2, the ASR crack segmentation was repeated
with a modification to the TS-based approach, which avoids introducing any small displacement of such
cracks. The results of such segmentation were the ones used for the crack feature analysis of such spec-
imens. The modified TS-based segmentation approach is described in details in Section D2.5 of the
Appendices, along with a comparison of its results against those from the standard TS-based approach
explained in Section 3.3.

Aggregate segmentation
In the specimens containing BaSOs, the aggregates were segmented by manual selection of a corre-
sponding voxel value range ("thresholds selection™).

Global and local deformations analysis
The displacement vector fields, U (X, t;) output from the affine and non-affine registration steps of the
TS-based crack segmentation workflow were used to quantify the global and local deformations induced

by ASR. As mentioned at point (VII) in Section 3.3, the affine registration displacement vector field,

— N . . AL . T
Uyspr (X, t;), was used to compute the relative size changes, LA—FF'k (t;), with k = X, Y and Z indicating
AFFk

the axes of the Cartesian frame of reference The global affine registration-based relative length change,
ALaFF,z

. . AL . . .
p (t;), was compared with the experimentally measured L—Z (t;) values. As mentioned in Section
AFF,z zZ

AL o . . .
3.3, the % (t;) indicates the relative length change only for the specimen's tomographed portion,
AFF,z
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while the ALE (t;) refers to the full specimen. As mentioned already in Section 5.3.3., comparing these
zZ

variables allows evaluating the representativeness of the tomographed region, in terms of the ASR-

induced deformations. In addition to % (t;), the relative length changes computed along X and Y
AFF,z

directions, provided complementary and unique information about the bulk deformations in the lateral
directions, which were not measured experimentally.

Lastly, the non-affine registration displacement vector field, Uy_4rp (X, t;), was used to map the local
deformations. As described at point (VII) in Section 3.3, and shown already in use in Sections 5.3.7 and
C10, two scalar fields were computed based upon Uy_4pr(%,t;), its magnitude (i.e., its Euclidean
norm), ||Uy_4rr|| (%, t;), and the determinant of the Jacobian matrix of the non-affine mapping vector
field, J N (X, t;). It is reminded that J Taoarr (%, t;) maps the local relative volume (volume at t; di-

vided by volume at ¢t;). Its values larger than 1 denote a volumetric expansion while those smaller than
1 correspond to a volumetric shrinkage.

Shape tensor and local thickness analyses

From the shape tensor G,the bounding box length L of each crack was computed and its statistics were
analyzed.

Similar to what was presented in Section 4.3.3, the statistics of the crack shape was analysed based upon
the joint distribution of values of the crack elongation, E, and crack flatness, F, defined by Eqgs. (3.8)
and (3.9), respectively. Their joint distribution was presented in the form of the KDE of their joint PDF,
f;m (E; F), which was obtained via the same software described in Section 4.3.3

The crack orientation analysis was also performed in the form of assessing qualitatively the distribution
of the direction of the first eigenvector of G, ii;, as also shown done in Chapters 4 and 5.

Finally, the crack thickness analysis was based upon the computation of the local crack thickness,
Tlocal(f)-

6.3. Results

6.3.1. BaSO4 concentration optimization

The aggregate-to-cement paste X-ray attenuation contrast enhancement by BaSOj, and its optimization
were investigated by considering the tomograms, at 150 days, of different specimens, each cast with a
different concentration. Examples of ROIs on slices from such tomograms are shown in the first rows
of Figure 6.1 and Figure 6.2 for the specimens with U and P aggregates, respectively. Larger ROIs on
the same slices are additionally reported in Figure D5 and Figure D6, respectively. The aggregate-to-
cement paste contrast was enhanced by increasing, above the value of 0.25 vol.-%, the BaSO4 concen-
tration. Below that value, the contrast remained poor and at similar levels as in the reference specimen
tomograms. A qualitative comparison of X-ray attenuation contrast between aggregates and cement
paste in specimens cast without and with 0.25 vol.-% BaSOs, is provided in Section D1.3. It has to be
underlined that such a BaSO4 concentration value cannot be used as an absolute threshold value, above
which the contrast started to increase, given the limited number of distinct BaSO4 concentration values
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which were tested. However, it can be stated that concentrations smaller than or equal to 0.25 vol.-%
provided no contrast enhancement, while at 0.75 vol.-% the enhancement was already clearly evident.
Thus, a lower bound for the BaSO4 concentration may lay in between those two values, for the purpose
of achieving contrast enhancement. It must be reminded that this result may not apply universally to any
X-ray tomograms, even of the same specimens, rather it may depend upon the X-ray tomograph used
and its measurement settings, especially acceleration voltage and current.

Figure 6.3 (a) and Figure 6.3 (b) show the full tomogram's voxel value distributions of the reference
specimens and of those cast with different BaSO4 concentrations, for the U and P aggregates, respec-
tively. For each specimen type, the tomogram of one specimen at 150 days of ASR acceleration was
used. For both aggregate types, the voxel value distributions remained prevalently unimodal when using
the smallest BaSO.4 concentration, 0.25 vol.-%. This feature indicates little voxel value differences be-
tween aggregates and cement paste, the two main mesoscopic scale phases, volume-wise. Slightly less
unimodal was the distribution for the P aggregate tomograms than for the U ones. This difference is due
to the higher mineralogical heterogeneity in the P case. Despite such higher voxel value heterogeneity,
the segmentation of voxels of the paste or of the aggregates remained extremely challenging also in such
P tomograms, when using approaches relying only on the distribution of voxel values, because of the
high degree of overlapping of the voxel value ranges for paste and aggregates. Figure 6.1(f) and Figure
6.2(f) show, for example, the results of the aggregate segmentation based upon thresholds selection in
the 0.25 vol.-% case. There, the same ROIs from the corresponding segmented aggregate binary tomo-
grams were overlaid on top of those of Figure 6.1 (a) and Figure 6.2 (a) and rendered in semi-transparent
blue and red, respectively. Many regions of the cement paste were included by such segmentation in the
aggregates class, because of sharing the same voxel values.

The aggregate-to-cement paste contrast enhancement by increasing the BaSO4 vol.-% is mirrored into
the voxel value distributions' evolution visible in Figure 6.3 (a) and (b). From being mostly unimodal,
they gradually became multi-modal and with decreasing overlapping of the corresponding peaks. In
each of such distributions corresponding to higher BaSQO4 vol.-% values, the left-most, well-defined
peak corresponded to most of the aggregate voxels, while the right-most peak to the cement paste. With
increasing BaSQOjs vol.-%, the separation of the peaks increased, thus, correspondingly, also the accuracy
of the aggregate segmentation by thresholds selection, as qualitatively evident in Figure 6.1 (f)-(j) and

Figure 6.2 ()-(j).

In order to assess more quantitatively the effect of the BaSO4 concentration increase on the aggregate
segmentation accuracy increase and to choose an optimal value for it, the following approach was con-
sidered. At each BaSO4 concentration, the difference between the mix design's nominal aggregate vol.-
% for the full specimen and the corresponding one obtained from the aggregate segmentation for the
tomographed volume was computed. Figure 6.3(c) shows that, independently of the aggregate type, the
increase in BaSO4 concentration led to higher volume fraction of segmented aggregates, converging
towards the mix design's nominal value. Such value (~ 62 vol.-%) was approached starting from about
1.5 vol.-%. An increase above 2.5 vol.-% provided no significant improvement. Thus, the range between
the 1.5 vol.-%. and 2.5 vol.-% was chosen as the one where an optimal BaSO4 concentration value would
be located, leading to a minimum in the difference between the nominal and computed aggregate frac-
tion. The main reason for not considering values higher than 2.5 vol.-% was that it was observed that
they actually hindered the reliability of the ASR crack segmentation, especially for cracks with thickness
close to the tomographic spatial resolution, due to partial volume effect [2].
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Figure 6.1. (a) to (e): examples of regions of interest (ROIs) on tomographic slices at 150 days of ASR accelera-
tion, from the specimens cast with the U aggregates and with various BaSOy concentrations. (f) to (j): the same
slices as in (a) to (e) but, additionally, with the corresponding slices from the binary tomograms of the segmented
aggregates rendered as semi-transparent and in blue and overlaid on top of the tomographic slices.

Figure 6.2. Similar slices as shown in Figure 6.1 but for the specimens cast with the P aggregates.
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Figure 6.3. Full tomogram voxel value histograms for the specimens cast with various BaSOy concentrations (0.25,
0.75, 1.5, 2.5 and 3 vol.%) and with (a) U and (b) P aggregates, respectively. Each histogram refers to the tomo-
gram of a single specimen at 150 days of ASR acceleration. (c): volume fraction of segmented aggregates calcu-
lated based upon each tomogram whose voxel value histogram is shown in insets (a) and (b). The aggregate
volume fraction was defined as the volume of segmented aggregates divided by the full volume of the tomogram.

6.3.2. Influences of BaSQ4 on the ASR (cracking)

6.3.2.1. Influence on the macroscopic dimensional changes induced by ASR

. . . . oy o . AL
The time series of relative length change (along the specimen longitudinal direction, i.e., Z-axis, L—Z)
zZ

values, measured with the displacement gauge, is shown in Figure 6.4 (a) for specimens cast with the
two aggregate types and either without or with the distinct BaSO4 concentrations.

For any of the two aggregate types, the ASR expansion along the Z-axis proceeded rather similarly,
independently of the BaSOj4 presence or absence in the mix design. At any time point, a different BaSO4

. e . AL oy . . oy
concentration led to distinct values in L—Z However, such variations were with amplitude well within
Z

the data scatter range associated with distinct specimens as the error bars overlapping indicates (Figure
6.4(a)). The specimens which underwent XT exhlblted tlme series which strongly overlapped with

those of the other respective specimens. A similar 1nﬂuence by BaSO4 was also observed for the relative
mass change time series, as seen in Figure 6.4(b).

In addition to the experimental measurements with the displacement gauge mentioned above, such time

series were also obtained directly from the tomographic time series, based on the global affine registra-

. AL . . . .. . .
tion results (LA—FF'k time series, with k = X,Y and Z). Similar features in terms of size changes along

AFF k
the three directions was observed in the specimens with BaSO4 (Figure 6.4(e) and (f)) compared to their

corresponding reference specimens (Figure 6.4(c) and (d)), regardless of the type of aggregates. For
instance, the expansion in one of the lateral directions of the specimens (X- or Y-axis) was larger than
that along the longitudinal (Z-axis) direction). Thus, overall, the addition of BaSO, did not perturb the
ASR-induced expansion.
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Figure 6.4. (a) Evolution of the relative length change, along the specimen's longitudinal direction (Z-axis), for
the specimens cast with the two aggregate types (blue shades for U, red shades for P) and with (filled markers) or
without (hollow markers) BaSO4. The markers indicate mean values while the error bars' size is the standard
deviation of an ensemble of six distinct specimens, for each specimen batch. (b): evolution of the relative mass
change of the same specimens as for (a). (c): evolution of the relative length change for the tomographed volume
of one of the six U reference specimens and computed along each axis from the the global affine registration
results (markers in grey tones). The relative length change along the Z-axis is compared with the corresponding
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experimental values from inset (a) (blue markers). (d): similar plot as in (c) but for the tomographed volume of
one of the six P reference specimens. (e) and (f): similar plots as in (c) and (d) but for the tomographed volume of
one of the six specimens cast with 2.5 vol.-% BaSO,.

The specimens produced with U aggregates expanded faster than those with P aggregates, as already
reported in Section 4.3.1.1 (Figure 4.1) and in Section C4.1 (Figure C8). The former specimens reached
a maximum expansion level almost double the one of the latter, at 250 days. As mentioned already in
Chapters 4 and 5, the higher expansion rates for the specimens cast with U aggregates than for those
cast with P aggregates are attributed to their differences in the mineralogical texture. As sedimentary
rocks, the U aggregates contains higher volume fraction of grain boundaries, which can facilitate silica
dissolution, thus increasing the ASR rates and the corresponding expansion.

ALarF,z
LaFr,z
to assess the representativeness of the tomographed volume's deformations in respect of the whole spec-
imen's ones. Independently of the aggregate type and of the presence of absence of BaSQs, the two time
series were rather overlapped, signalling that, at least along the Z-axis, the expansion of the tomographed

volume occurred rather similarly as for the whole specimen.

In each of insets (¢) to (f) of Figure 6.4, the ALﬂ time series is plotted along with the one in order
Z

6.3.2.2. Influence on the Young's modulus evolution induced by ASR

The Young's modulus evolution for some of the BaSO4 containing specimens and for their correspond-
ing reference specimens is presented in Figure 6.5. The qualitative pattern of the evolution was the same
as already reported in Figure 5.6 and in Figure C10 for specimens cast with and without CsNOs. It was
characterized, for all specimens, by the achievement of a peak value at about 15-20 days, similarly to
what observed for the P and U specimens of the experimental campaign described in Chapter 5 (see
Figure 5.6 (a) and Figure C10 (a), respectively). As already mentioned in Section 5.3.3, such an increase
within the first 20 days could be attributed to the cement paste hardening because of cement hydration.
Even if ASR cracking might have already happened during this period, the microstructure formation
due to cement hydration compensated its degradation effects. After about 20 days, the Young's modulus
started to strongly and monotonically decline. After 150 days, the decrease rate slowed down, except
for the P-ref specimens. The latter was a different feature of the Young's modulus time series, when
compared with the analogous one shown in Figure 5.6 (a). The temporal evolution pattern characterized
all the specimen types. The specimens cast with BaSO4 followed an analogous evolution as their respec-
tive reference ones. At any time point and for any aggregate type, the differences between reference and
BaSO4-doped specimens were at a scale comparable with the data scatter range due to material hetero-
geneity. The P specimens exhibited smaller differences than the U ones, when comparing the results
without and with BaSOs.

As mentioned in Section 6.2.1.1, the replacement by BaSO, of an equivalent volume of aggregates led
to a slight increase in specimen mass, for example a 1.44% and 1.46% mass increase at 3 vol.-% re-
placement, for the U and P aggregates respectively. In addition, since BaSO4 resulted being well dis-
persed throughout the cement paste, as shown both in Figures 6.1 and 6.2 and in Figure D1, there exists
the possibility of a stiffening effect of the cement paste. The Young's modulus time series in Figure 6.5
provide no systematic evidence of such a stiffening by the BaSO4 addition: at any time point and for a
given aggregate type, no systematic increase in Young's modulus was observed in correspondence of
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the increase in BaSO.4 concentration. The range of Young's modulus values, in the absence or in the
presence of BaSOs, was also similar to the range obtained in the experimental campaigns described in
Chapters 4 and 5, except for the an increase of about 4 GPa in the plateau value achieved after about
150 days, which was about 21 GPa for the specimens cast with BaSO4 while it was about 17 GPa for
those without it (compare Figure 6.5 with Figures 5.6 (a) and C10 (a)).
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Figure 6.5. The time series of the quasi-static, compressive Young's modulus of specimens cast with both types of
aggregates, without or with two BaSOy concentrations. The markers indicate mean values while the error bars
size the standard deviation of an ensemble of three specimens (always the same at each time point), for each
specimen batch.

6.3.2.3. Influence on the chemical composition and morphological features of the ASR
products

The analysis of qualitative features of the ASR products by SEM-BSE micrographs showed no evidence
of differences induced by the addition of BaSOj to the concrete mix. Such result was confirmed also in
terms of the products' chemical composition, as analyzed by EDX. Detailed results of both analysis
types are available in Section D1.

6.3.2.4. Influence on the ASR cracking and respective local deformations

Independently of the absence or the presence of BaSO, and of the aggregate type, the ASR cracking and
its associated deformations were characterized by common qualitative features.

First of all, the ASR cracks gradually grew in length and thickness. Second, in many cases, cracks were
observed to grow from regions, which already contained crack-like parts of the pore space, e.g., thin and
short original cracks or delaminations in ITZs. Finally, the coalescence of shorter/narrower cracks led
to the formation of longer/wider ones, giving rise to branching networks which, at the end of the meas-
urement campaign (250 days), typically percolated the whole tomographed volume, at least along one
dimension.
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The first two qualitative features could be easily detected by visual inspection, at successive time points,
of both slices from the registered tomograms and of 3D renderings of the binary tomograms of seg-
mented cracks. Figure 6.6 (a)-(c) and Figure 6.7 (a)-(d) provide examples of such features as visible in
slices from the U-Ref specimen and the U-2.5 vol.-% BaSQOj, one, respectively. Similar examples but for
the corresponding P specimens are available in Section D1.4 of Appendix D. The comparison of Figure
6.6 (a)-(c) with Figure 6.7 (a)-(d) also allows clearly appreciating the advantage of aggregate-to-cement
paste contrast enhancement by the use of BaSOa. In its absence (Figure 6.6 (a)-(c)), the recognition of
when the cracks propagated beyond an aggregate volume into the cement paste was extremely challeng-
ing, even for a human being, let alone for algorithms. On the contrary, that was completely feasible for
the specimen with the optimal BaSO4 concentration (Figure 6.7 (a)-(d)).

3D rendering of the whole crack network binary tomograms, as exemplified in Figure 6.8 for the U-2.5
vol.-% BaSOy specimen, allowed not only tracking the lengthening and widening of the cracks. It also
allowed observing the coalescence of initially independent cracks and the percolation of the resultant
network. The latter is an intrinsic 3D process, thus not observable by the mere slice inspection. Examples
of crack network percolation for the other specimens are additionally available in Section D1.4.

The feasibility of a comprehensive aggregate segmentation, when using BaSQOys, thus of reliably distin-
guishing between aggregate and cement paste regions, also allowed observing that the crack propagation
through the paste played a significant role in the crack network percolation. This feature can be appre-
ciated when observing the crack evolution throughout the paste from 85 days to 250 days in Figure 6.8
(c) and (d), respectively.

Crack growth from/around pre-existing, crack-like pores could be very well observed in the slices as
well as by the 3D rendering of the crack binary tomograms. For example, the delaminations in the ITZs
highlighted in Figure 6.6 (a) were observed to not only to widen, but they also propagated further along
the aggregate boundaries (Figure 6.6 (b) and (¢)). Figure 6.7 (a)-(d) show that a pre-existing crack in
one aggregate (left side of each inset) propagated both upward and downward inside the aggregate and
also into the cement paste (bottom side of the aggregate), in addition to widening up.

Concerning the localized deformations accompanying the ASR cracking, Figure 6.6 (d)-(e) and Figure
6.7 (e)-(h) exemplify the evolution of the determinant of the Jacobian matrix of the non-affine transfor-
mation vector field, J Ty apr (x, t;), for the U-Ref and U-2.5 vol.-% specimens, respectively. Similar
results were obtained for the corresponding P specimens, reported in Section D1.4 (Figures D7 and D10,
respectively).
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Figure 6.6. Visualization of the evolution of ASR cracks and associated localized deformations for the U-Ref spec-
imen. As an example, it is shown here only one small ROI on one slice from its tomographed volume, at multiple
time points. The localized deformations are estimated by the determinant of the Jacobian matrix (] TrarF &, t))

of the transformation vector field ?N_ arr (X, t)) associated with the non-affine registration. Its values larger than
1 indicate local volumetric expansion. Its values smaller than I indicate volumetric shrinkage. (a) X-ray tomogram
at 1 day since start of the ASR acceleration. (b) and (c): slice at the same position as in (a) but from the tomograms
at 150 and 250 days, respectively. (d) and (e): the same slice as in (b) and (c), respectively, and, overlapped on
top of them, semi-transparently, the slice at the same position but from [z, (%,t;) at the corresponding time

points, respectively. The scale bars in (d) and (e) have, by definition of Jz,,_, .. (relative volume), no unit.
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For each specimen, only the slice from J Tyoarp (%, t;) at the same position as the one from the tomogram

is shown at each time point, overlapped semi-transparently and rendered with a color scale on top of the
corresponding tomogram's slice. Such overlapping allows observing the correlations between cracks and
localized deformations. What was systematically observed, independently of the use or not of BaSOs,
was localized volumetric expansion (reddish, "hot" colors in Figure 6.6 (d)-(e¢) and Figure 6.7 (e)-(h),
corresponding to | - values larger than one) which often preceded crack appearance in the tomo-
grams. Over time, as cracking progressed, such localized expansion regions grew both in "intensity"
(maximum value) and in extent around the associated cracks. Regions of local volumetric shrinkage,
corresponding to bluish, "cold" colors in both figures and associated with /7 values smaller than
1, also appeared and evolved in terms of extent and intensity, intercalated between the "hot" zones. Such
a high degree of localization of extreme (minima and maxima) J - values is expectable for cracking
in highly heterogeneous materials as concrete. In addition to common qualitative features, the speci-
mens, with either aggregate type and without or with BaSOs, exhibited similar ranges of volumetric
deformation values, for instance at the latest time point (250 days). The [minima, maxima] values of
] Ty app WETE [0.9, 1.12] and [0.89, 1.09] for the U-Ref and P-Ref specimens, respectively, while they
were [0.9, 1.1] and [0.8, 1.1] for the U-2.5 vol.-% and P-2.5 vol.-% BaSO; ones, respectively.
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Figure 6.7. Similar visualization as in Figure 6.6 but for the U-2.5 vol.-% BaSO, specimen. The chosen time points
for the visualization are 35 days (insets (a) and (e)), 55 days ((b) and (f)), 155 days ((c) and (g)), 250 days ((d)
and (h)). The tomograms did not change significantly between I day and 35 days. Thus, the one at 35 days was
representative of the reference tomogram at 1 day.

153



Chapter 6. Qualitative and quantitative analysis of ASR crack networks and their evolution in the concrete
mesostructure con-text

=N US2'5lvol!%IBakiday,
Prezexisting{cracks)
Z y
| A
6 mm
— O B3 35 0ld
2 < P
m 2 o ’."» .
RN £%)
2 DaleSCe 20
- / ST
Z y / ginglalljoven L. )
kw® e riesc -
S
6 mm m
& d—

@ Cracks in aggregates @ Cracks in Cement matrix

Figure 6.8. A small VOI of the binary tomograms of cracks inside aggregates (cyan) and in the cement paste (blue)
is rendered at distinct time points for the U-2.5 vol.-% BaSOy specimen. Such VOI contained cracks, which were
nucleated in an aggregate and further propagated into the surrounding cement paste. The insets from (a) to (d)
correspond to different time points during the ASR acceleration, including 1 day, 55, 85 and 250 days, respectively.
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6.3.2.5. Influence on quantitative ASR crack features

In order to quantify the bulk cracking extent within the imaged volume of the different specimens (with
or without BaSOy), the time series of ASR-induced cracks volume fraction values, VASR,CmckS, i (&),
Vi=1,..,N;, were computed in the solid phase j (= Aggr or Cem, for aggregates and cement paste,
respectively), as defined in Eq. (3.6). In addition, the two time series were time-wise summed up (j =
tot), to provide the overall ASR cracks volume fraction, independently of whether located inside ag-
gregates or inside the cement paste.

Figure 6.9 (a) and (b) show that, regardless of the aggregate type, the specimens cast with BaSO4
achieved slightly higher V,sg cracks.cor Values. Except for this slight difference, BaSO4 seems not to
have altered the general pattern of the bulk cracking. The specimens with U aggregates exhibited more
cracking than those with P aggregates, as already observed in the experimental campaigns described in
Chapters 4 and 5 (Figure 4.9 and Figure C20). At the last time point (250 days), the value for the U-2.5
vol.-% BaSO4 specimen was about 22% higher than the value for the corresponding P specimen (1.41%
for U-2.5Vol.% BaSO4 and 1.15% for P-2.5V0l.% BaSO,).

A strong positive correlation between ¥/, SR.cracks,tot and the relative volume change of the tomographed
region was observed for each specimen (Figure 6.10 (a) and (b)). The volumetric expansion of the to-
mographed region of each specimen was estimated, at each time point, approximately by summing up

the three relative length changes computed from the results of the global affine registration, i.e., it was

ALgFFk
LarFk

estimated by Y-y y 7 (t;), in analogy with the fact that the trace of the strain tensor provides the

relative volumetric change of a solid. The ASR cracks volume fraction and the relative volume change
were not only positively correlated. They were linearly correlated with a slope almost equal to 1, sug-
gesting that the tomographed region's volume change was mostly due to the ASR cracking itself.

Whether the use of BaSOs affected the volumetric partitioning of cracks between aggregates and the
cement paste could not be assessed because of the intrinsic difficulties in segmenting aggregates in the
reference specimens, especially the U one. What could be only observed, in the specimens with BaSOs,
was a difference due to the aggregate type. In the U-2.5 vol.-% BaSQO4 specimen, more extensive crack-
ing within the aggregates than in the cement paste was measured, especially after 90 days (Figure 6.9
(a)). On the contrary, no significant difference in ASR cracks volume fraction was observed inside and
outside the aggregates for the P-2.5 vol.-% BaSO4 specimen.
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Figure 6.9. Quantitative comparison of the ASR cracking in different specimens based on the estimates of two
variables: (1) the total volume of ASR-induced cracks (filled grey markers for the U-2.5 Vol.% Ba and P-2.5
Vol.% Ba specimens and empty grey markers for the reference specimens) and those only in aggregates (lighter
blue or red, filled markers, for U and P specimens, respectively) or cement paste (darker blue or red, filled mark-
ers, for U and P containing specimens, respectively), normalized by the tomogram volume, named as Vs cracks, I
for the (a) U-2.5 Vol.% Ba and U-Ref and (b) P-2.5 Vol.% Ba and P-Ref specimens.
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Figure 6.10. Correlation between the ASR cracks total volume fraction, Vysg crackstor» and the relative length
changes along the X-, Y- and Z-axis and the relative volume change computed for the tomographed volumes of the

AL
specimens using the results of the global affine registration. The relative length changes are the LA—FF'k , withk =
AFFk

AL
X,Y,Z, while the relative volume change was estimated approximately as Zk=XYZLA—FF'k . (a) U-2.5 vol.-%
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BaSO, specimen and (b) P-2.5 vol.-% BaSO; one.The dotted line indicates the y = x line of the
AL4FF

Larr ik

(VASR,cracks,tut; Zk:X,Y_Z )plane.

The shape tensor analysis was used to obtain a quantitative estimate of the crack bounding box length
L. Its distribution (again the statistical ensemble estimates of the complementary cumulative distribution
functions, G; (L), presented in the form of a Zipf's plot), for the U-2.5 vol.-% BaSOs and P-2.5 vol.-%
BaSO. specimens, along with for the corresponding reference specimens, U-Ref and P-Ref, at 250 days,
is shown in Figure 6.11 (a) and (b), respectively. It is observed that, regardless of the aggregate type, the
overall L distributions and their maximum values are comparable for the BaSO4-containting specimen
and the corresponding reference one.

The local thickness field, Tjycq; (X), analysis results for the same specimens at 250 days are also pre-
sented in insets (c) and (d) of Figure 6.11. These plots are analogous to the plots shown in Figure 6.11
(a) and (b), but the Gr,,_,(Tiocar) shows the statistical ensemble estimate of the cCDF for the local
thicknesses. Similar to the results obtained for the L distributions, Tj,.4; also showed comparable and
comparably distributed values for both the BaSOs-containing specimens and the reference ones.
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Figure 6.11. (a) and (b) complementary cumulative distribution function (cCDF) of the crack bounding box length,
L, Gy (L), in logio-logio scale (Zipf's plot), for the specimen cast with U aggregates (with and without BaSOy) and

for the specimen cast with the P aggregates, respectively, at 250 days. (c) and (d) corresponding Zipf's plot for
the crack local thickness, Tyycqi, -
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The BaSO; addition did not seem to perturb the crack shape, as assessed by the analysis of the joint PDF
of the crack elongation E" and crack flatness F, f(g,) (E; F). Figure 6.12 shows the KDE of f(g,p (E; F)
for the reference specimens and for the U-2.5vol.% BaSO, and P-2.5vo0l.% BaSO4 ones. For each speci-
men, the results are shown only at 1 day and 250 days. At both time points and for all the specimens,
the cracks were predominantly mapped to the top-right corner of the shape phase diagram, meaning that
they had a plate-like. For a clear example of the plate-like morphology of the cracks, the reader is invited
to look at the 3D rendering of the segmented crack network of the U-Ref specimen at 250 days in Figure
D14 (a).

The distribution of the first eigenvector, i, of the shape tensor G of each crack is shown in Figure 6.13
for the reference specimens and the U-2.5vol.% BaSOs, and P-2.5vol.% BaSOs ones, at 1 day and 250
days for each specimen. For any specimen, at the first time point (i.e., when only original cracks could
be present and segmented), the crack orientation distribution was rather uniform, in some cases very
sparse. However, at 250 days, a tendency for preferential orientation towards the Z-axis could be ob-
served for all the specimens except for the P-2.5vol.% BaSOs. The latter is a feature which was already
observed for the U and P specimens of Chapters 4 and 5. The addition of BaSO4 thus seemed not to have
any significant influence on the crack orientation.
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Figure 6.13. Visualization
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analysis results for the ref-
erence specimens and those
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6.3.3. Extensive experimental campaign with optimal BaSQ4 concentration

6.3.3.1. ASR-induced macroscopic dimensional changes and mechanical properties evolu-
tion

ALg
The time series of the longitudinal relative length change £ of the u specimens , measured with the

optical displacement gauge (see the label "u-laser-z dlrectlon”) is shown in Figure 6.14 (a). The reader
is reminded that these were 10 specimens with identical size (25 X 25 x 100 mm?) as for the 3 speci-
mens subjected to XT, the latter being distinct specimens. Up to about 2 months from ASR acceleration
start; these 10 specimens were measured much more frequently than what done in all the other experi-
mental campaigns so far described. During about the first 25 days, a contraction instead of an expansion
was observed, in strong contrast with what observed for the 40 x 40 X 160 mm3 specimens cast with
the same mix design, including the same BaSO4 concentration of 2.5 vol.-% (see Figure 6.4 (a)). This

. . AL . .
result was also in contrast with any other L—Z measurements done on specimens cast with U or any other
zZ

aggregate type, as shown in Chapters 4 and 5. After about 25 days, the specimens exhibited monotonic
expansion, as originally expected. The initial longitudinal contraction characterized also the 3 specimens
undergoing XT, which were measured exactly at the same times, belonged to the same batch of cast
material and followed exactly the same history, except for remaining for longer time outside of the
alkaline solution for acceleration because the XT measurement obviously required longer time than the

length one. For the 3 XT specimens, the relative length change was the one estimated only for the to-
ALgrF,z

FF.Z
time series labelled as "u-affine-Z direction in Figure 6.14 (a) as well). By comparing the two time series

mographed volume and obtained from the results of the global affine registration, i.e., (see the

. . ALz . . AL T ..
in such plot, it can be seen that the —Z time series and the —22Z followed qualitatively a similar evo-
AFF,

Lar F.Z
Larrz
erwise the two being rather the same also in terms of Values. This result indicated that the deformations

inside the tomographed volume were very likely rather representative of those happening in the full

lution, the 2LAFEZ yalues being shghtly smaller than the —Z ones between about 50 and 250 days, oth-

specimen volume. The relative mass change time series evolved monotonically during the whole cam-
paign, with a change of growth rate after 110 days (Figure 6.14 (¢)). Figure 6.14 (b) compares the relative
length changes along all the X, Y and Z directions of the tomographed specimens, as obtained from the
results of the global affine registration of their tomographed volumes. The overall expansion extent in
the two lateral directions (X and Y) was higher compared to the longitudinal (Z-axis) one, similarly to
what observed not only for the larger U specimens with the same BaSO4 concentration but also for
corresponding specimens cast with P aggregates (see Figure 6.4 (e) and (f)).
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Figure 6.14. (a): evolution of the longitudinal relative length change of u specimens, directly measured by the
L

expansion measurement setup 2, shown in Figure 3.1 (3) and described in Section A4, on 10 specimens (AL—Z, blue
z

markers) and indirectly estimated from the global affine registration results for 3 additional specimens for their

L
tomographed volumes /AL AFFZ red-pink markers). Each marker shows the average value, while the error bar was
AFF,Z

defined as the empirical standard deviation. (b): relative dimensional changes of the tomographed volumes along

the X, Y and Z axes, ALLAFF"‘, with k = X, Y and Z. The markers show the average of the values from the 3 to-
AFF .k

mographed specimens while the error bars the respective empirical standard deviation values. and (c): relative

. . . ALz . ..
mass change time series of the 10 specimens whose s shown in inset (a).
Z

The temporal evolution of the mechanical properties followed patterns similar to what already observed
for specimens cast with U and P aggregates. However, the availability of data at later times compared
to what acquired in the experimental campaign described in Chapter 5, provided also some new insight.
The time series of the quasi-static (compressional) Young's modulus, the flexural and the compressive
strengths are shown in Figure 6.15 (a) to (c), respectively, only for the U specimens. Corresponding time
series for the P ones are additionally provided in Section D2.2 (Figure D16) of the Appendices.

For the U specimens as well as for the P ones, both the Young's modulus and the flexural strength were
sensitive proxy variables of ASR cracking. On the contrary, the compressive strength was much less
sensitive to the ASR progression, as already noted in Section 5.3.3 and reported in the literature (see
Section 2.4.2.3).. For all the specimens, the temporal evolution of all three mechanical properties was
characterized by an increase up to about 30 (Young's modulus and flexural strength) to 70 (compressive)
days, again most probably associated with the ongoing cement hydration. After such increase, a mono-
tonic decline followed, except for the compressive strength, which shortly decreased, then remained
approximately constant.

While the P specimens showed a monotonic decrease in Young's modulus and flexural strength till the
very last time point of 557 days, the U specimens seemed to have achieved a minimum at about 224
days, after which, at 404 days (the next time point), they exhibited for those two parameters higher
values. At 557 days, the flexural strength was approximately at the same value, whereas the Young's
modulus exhibited consistently still an increase.
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Figure 6.15. Time series of the (a) quasi-static (longitudinal, compressive) Young's modulus, (b) flexural strength,
and (c) (longitudinal) compressive strength of the U specimens. In each plot, the markers show the average and
the error bar the empirical standard deviation of an ensemble of values from distinct specimens, the ensemble size
being 3, 3 and 6 for insets (a), (b) and (c), respectively. For the Young's modulus measurements, the specimens
were always the same at each time point.

6.3.3.2. Spatial-temporal evolution of ASR cracking

In Figure 6.16, the insets (a) to (d) show a small ROI on a slice taken from the tomograms of one of the
three specimens, u;. Only 4 of the 18 tomograms are considered there, specifically those at 56, 168, 224
and 404 days, respectively. The tomogram at 56 days shown in inset (a) was very similar to those at
preceding time points, suggesting that any ASR crack formed and propagating within this time period
had size below the tomographic spatial resolution. A confirmation of such detail can be obtained by
comparing inset (a) in Figure 6.16 with inset (a) of Figure D16, where the same ROI on the same slice
is shown at additional time points, including at the reference one, ty= 1 day. The ASR cracking which
could be resolved in such tomographic time series and in those for the other two u specimens exhibited
the same qualitative features already observed with lower temporal resolution for the specimens cast
with the U and P aggregates and the same BaSO4 concentration during the experimental campaign for
its optimization, as well as observed also for the corresponding reference specimens in that campaign
and for all the specimens of the experimental campaign described in chapter 5. The cracks were first
observed inside the aggregates volume and in their ITZs. Gradually, they became longer and thicker.
Some of them propagated further into the cement paste. Specifically for the u specimens, the first cracks
were resolved in the tomograms at times between 84 and 112 days.

Insets (e) to (h) in Figure 6.16 show the same slices shown in (a) to (d) with the additional overlapping
on top of them of the corresponding slices of | TN—AFF(J?’ t;), rendered semi-transparently and color

coded. As already shown in Figures 6.6 and 6.7, a spatial correlation between local volumetric expansion
(hot colors in the | Tyonrr field, associated with values greater than 1) and the appearance and evolution

of cracks was often observed. The same visualization as in insets (¢) to (h) but with two additional time
points is provided in Figure D16, which, even more clearly, showcases such correlation. Additional
evidence of the correlation is provided by the 3D rendering of both the segmented cracks and of
] o (X), performed for the u; specimen at four distinct time points and shown in Figure D21. This
is the same type of correlation already observed for the specimens of the Cs-doping experimental cam-
paign (see Figures 5.12 and 5.13). The first zones of local volumetric expansion appeared in all 3 u

specimens between 45 and 56 days. At those times, no cracks could be yet resolved in the tomograms
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of any specimen. Although at times later than 56 days there were slight variations in the hot zones
distribution, most of them consistently increased in extent and intensity. The decay or complete disap-
pearance of a few hot zones was also observed along with the consistent development of local volumetric
contraction zones (cold-colored regions, with | - values <1) was also observed alongside that of

expansion zones. Some of them continuously advanced both in extent as well as in intensity, as already
observed for other specimens in Sections 5.3 and C10. The [average minima + standard deviation, av-
erage maxima =+ standard deviation] values of | T for all 3 specimens and at 440 days, were [0.89

+0.026, 1.12 + 0.046].

Figure 6.16. Visualization of the
determinant of the Jacobian ma-
trix, |7, _pe (% 10, Of the transfor-

mation vector field Ty_apr(%,t;)
associated with the non-affine reg-
istration, as computed from the
tomographic time-series of the u,
specimen. Only a few time points
from the series are shown.
Ty _app (%o ) is used as a spatial
map of the factor by which the vol-
ume locally expanded or shrunk
due to the spatially heterogeneous
components of the ASR-induced
displacement vector field. (a) to
(d): one slice from the specimen's
fully registered X-ray tomogram at
56, 168, 224 and 404 days, respec-
tively. (e) to (h): the same slices as
in (a) to (d) but, in addition, over-
lapped on top of them, the corre-
sponding slices from
J7y_app (%, ti) are rendered semi-
transparently and color-coded ac-
cording to the indicated color
scale. The scale bar of the insets
(e) to (h) has no unit
J7y_app (%o ) values greater than
1 represent volumetric expansion,
values smaller than 1 indicate vol-

umetric shrinkage.
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Among the 3 u specimens, for one of them, u,, original cracks could be resolved within the aggregates
at the reference time point ty=1 day, because of their size being enough above the tomographic spatial
resolution. In such a case, it was possible to observe and assess the role of original cracks as preferential
nucleation sites of the whole crack network. Figure 6.17 showcases such role as observed from the
tomographic volume of u, by the 3D rendering at 6 out of the 18 points of the time series of the crack
network binary tomograms, distinguishing by colors those inside aggregates (in purple) from those in
the cement paste (in aquamarine). The same rendering but at additional time points is provided in Figure
D22. A small region of original crack is shown in Figure 6.17 (a), which refers to the starting state of
the crack network, at 1 day. At 112 days (Figure 6.17 (b)), the original crack region appeared already
significantly more extended. New cracks also appeared in another region of the volume. However, the
most extensive cracking developed around the original crack. With time, the crack network extended
itself in all directions, far from the original region (insets (c) to (e)). The cracks propagated increasingly
not only through aggregate regions but also through the cement paste. At 404 days (Figure 6.17 (f)), the
network almost percolated through the volume. This time-lapse observation in 3D of an example of an
original, mesoscopic scale crack as a preferential region for the onset of ASR cracking supports and
confirms non-time-lapse observations, reported in previous studies and performed with SEM-BSE at
much smaller length scales, of mineral grain boundaries and original micro-cracks acting as well as
preferential regions/features for ASR crack nucleation [3]. Since such structural features are at the scale
of tens/hundreds of nanometers to a few microns, they fell outside the spatial resolution range of these
tomograms (about 35 pm), thus a similar time-lapse tracking of ASR cracks from such smaller features
as the one shown in Figure 6.17 for a larger original crack could not be performed.

a u 1 day b Elz ___,,_;7}71‘2_days

M Cracks in aggregates M Cracks in cement paste

Figure 6.17. Binary tomograms of cracks inside aggregates (in purple) and within the cement paste (in aquama-
rine), rendered for the u, specimen. Parts of the segmented aggregates are also rendered as solid, opaque regions
in dark grey, at the bottom of the volume. The insets from (a) to (f) correspond to different time points during the
ASR acceleration, including 1 day, 112, 140, 168, 224 and 404 days, respectively.

165



Chapter 6. Qualitative and quantitative analysis of ASR crack networks and their evolution in the concrete
mesostructure con-text

Two of the specimens (u, and u3) had cracks propagating with orientation preferentially aligned along
the Z-axis, while the third specimen, u;, had cracks slightly more isotropically oriented. This feature
could be identified already qualitatively by the visual inspection of the 3D rendered binary tomograms
of the segmented cracks, e.g., at 404 days, shown in Figure 6.18 (a) to (c). In order to make the prefer-
ential orientation visually more clear, the cumulative orthogonal projection of the total crack network
on each of the three planes of the Cartesian frame of reference are shown for each specimen, in insets
(d) to (f). The higher proportion of empty (black) regions on the X — Y projection plane than on the
other planes, in insets (e) and (f) compared with inset (d), indicates that the cracks extended preferen-
tially along directions at small angle to the Z-axis.
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Figure 6.18. (a) to (c): 3D rendering of the binary tomogram of the segmented cracks at 404 days, with distinct
colors distinguishing between aggregate (purple) and cement paste (aquamarine) regions, for the uq, u, and
us specimens, respectively; (d) to (f): cumulative line projections of the total crack network volume shown in insets
(a) to (c), respectively, on each of the three orthogonal plane of the Cartesian frame of reference; black pixels on
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such projection planes indicate absence of projection; (g) to (i): relative length changes time series of the to-

mographed volume along the X, Y and Z axes as computed from the results of the global affine registration, ALLAFF'k,
A

FF,k

withk =X, Y and Z, for the u,, u, and us specimens, respectively.

This qualitative difference, captured by the visualizations in insets (a) to (f), is mirrored by the relative
length changes results for the tomographed volumes along all the X, Y and Z directions, as computed

from the affine registration results. Figure 6.18 (g) to (h) unbundles the data already reported in Figure

6.14 (b), where, for each k = X, Y, Z, only the average ““47 % over the 3 specimens is shown. The “ZAZEE
LAFF,k LAFF,k

time series of the u; specimen (Figure 6.18 (g)) were quite similar, independently of the direction along
which they were computed. Whereas, in the u, case (Figure 6.18 (h)), there was a significant difference
between the expansion along the Z-axis and that along the two other ones. The uz specimen exhibited
also also a difference between the expansion along the Z and the two other axes, although smaller than
in the u, case. Correspondingly, the orthogonal, line projection of the segmented crack network onto
the X — Y plane was only for the u; specimen as much plane-filling as the two other orthogonal projec-
tions. This result is a direct consequence of the crack orientation anisotropy degree: smaller expansion
along the Z-axis can result from the thickness of the cracks being more often aligned along a direction
at a certain angle from the Z-axis. The smaller the crack orientation anisotropy degree, the more ran-
domly the crack orientation, thus also the crack thickness direction, with consequent more equal contri-
bution of the crack thickness growth to the expansion in any direction.

6.3.3.3. Quantitative analysis of the ASR crack networks

The temporal evolution of the volume of segmented ASR cracks could be assessed both for the crack
network of the whole tomographed region and separately for the aggregate and the cement paste regions,
given the aggregate segmentation made possible by the use of the BaSOa.

The 3 u specimens exhibited similar patterns of total crack volume fraction growth with time, as shown
by the ¥, SR.cracks,tot time series shown in Figure 6.19 (a), (navy blue markers). The time series is shown
only from 112 days, since, as mentioned in the previous Section, the first ASR cracks which could be
resolved appeared between 84 and 112 days, for any specimen. Till about 175 days, the 3 specimens
achieved very similar V, SRcracks,tot Values, after which they exhibited different values but, at any time
point, within 47% (relative range of the three specimens' values). In terms of partition between aggregate
and cement paste regions, the cracks volume were almost equally distributed between the two material
phases till 284 days, after which the crack networks grew, on average, slightly faster within the cement
paste (see the two last time points, 314 and 404 days), as shown by the VASR_CmckS_agg (purple markers)

and by the Vysg cracks.cem (Sky blue markers) time series also shown in Figure 6.19 (a).

A strong linear correlation between the relative volume change of the tomographed region and the total
ASR cracks volume fraction, VASRlcmcksltot, was observed for the two specimens cast with the same
BaSO4 optimal concentration value and with the two aggregate types, respectively, and used in the ex-
perimental campaign for the BaSO4 concentration optimization (see Figure 6.10). Such a linear correla-

tion could be more robustly confirmed from the analysis of the u specimens' tomograms. Figure 6.19

AL )
AFFE the proxy variable of the
Larrk

(b) shows that the time series of VASR_Cmcks_tot and that of Y, _yy 7
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relative volume change of the tomographed region, overlapped on top of each other. This result actually
indicates an almost 1:1 relationship between the two variables, suggesting that the new generated ASR
crack volume could account for a majority of the estimated volumetric change of the tomographed re-
gions of the 3 specimens.

The qualitative observation of crack lengthening and widening with increasing time supported by the
slice time series in Figure 6.18 and by the time series of 3D rending of the crack network in Figure 6.19
could be validated by the analysis of the temporal evolution of the distribution of values for the crack
bounding box length L, shown in Figure 6.19 (c), and for the crack local thickness Tj,cq;, Shown in
Figure 6.19 (d). Both figures showcase the distributions only for the u; specimen and only at 3 time
points, to avoid cluttering the plots. Similar plots for the two other specimens are provided in Figure
D26.

The crack lengthening was, on average, less clear as the crack widening. Every specimen exhibited an
increase in the maximum L value. For example, for the u; specimen, the maximum L value was 8.035
mm at 168 days. It then reached 20.213 mm and 24.510 mm at 224 days and 404 days, respectively. At
the same time points, the other two specimens evolved from 15.747 mm and 13.060 mm at 168 days to
23.548 mm and 24.672 mm, in the case of u, specimen, and 18.522 mm and 28.122 mm in the case of
the ug one, respectively (see Figure 6.19 (c¢) and Figure D26 (b) and (¢) for the corresponding Zipf's
plots). However, a clear and systematic shift of the overall distribution of L towards larger values with
increasing time was not observed for every specimen. Such a shift was, for example, more clear for the
us specimen while being completely absent for the u, one (). The ranges of L values for the three spec-
imens overlapped with each other significantly, especially at the last time point when the tomography
analysis was performed, i.e., at 404 days.

The local thickness distributions were characterized by a more remarked rightward shift with time than
those of L. Such a shift is showcased in Figure 6.19 (d) for the u; specimen, while the corresponding
Zipf's plots for the two other specimens are reported in Figure D26 (e) and (f). The maximum Tjyq;
values at 168 days, 224 days and 404 days for the different specimens were the following: u;, 0.2 mm,
0.269 mm and 0.295 mm; u, : 0.2 mm, 0.2915 mm and 0.296 mm; u3: 0.25 mm, 0.259 mm and 0.282
mm, respectively. Thus, also in the case of T}, 4;, the maximum value consistently increased as the ASR
cracking advanced.
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Figure 6.19. (a) Time series of the ASR crack volume fractions, distinguishing between the volume fraction for all
the cracks, Vysg cracks,cots that for cracks just within the aggregates, T/ASR,Cmcks,agg and that for those just in the
cement paste, VASR,cracks,cem(ti)> computed for the the tomographed regions of the u specimens; each marker
indicates the average value from the three specimens, while the error bar indicates the standard deviation of the
three values; (b) the Vysg cracks.tor time series and the one for the relative volume change of the tomographed

ALgFFk

region, estimated by Y —x vy 7 T for the latter time series, at each time point, the marker also indicates the

AFF
average value from the three specimens while the error bar was computed as the square root of the sum of the

. AL ARk . . . .
variances of each P based on the assumption that each of it was a Gaussian random variable, (c)
AFF,k

empirical (i.e., statistical ensemble) complementary cumulative distribution function, Gy (L), of the crack bounding
box length, L, in logio-logio scales (Zipf's plot) for the u; specimen only and at three time points (168, 224 and
404 days); (d) Zipf's plot for the crack local thicknesses, Tyycq;, also for the uq specimen and at the sametime points
asin (c).

The separated cracks had also in this case the shape of curved and fragmented thin-plates, with a broad
range of curvatures. The 3D rendering in Figure 6.17 and Figure 6.18 of the crack networks provide
only a qualitative indication of such shape type. The shape tensor analysis allowed confirming more
quantitatively such indication. Insets (a) to (¢) in Figure 6.20 show the mapping of each disconnected
crack to a point in the elongation vs flatness, (E; F), plane, for the u; specimen and at three consecutive
time points of 168, 224 and 404 days, respectively. The corresponding results for the two other speci-
mens are additionally provided in Figure D27. At any time point and for all specimens, the majority of

169



Chapter 6. Qualitative and quantitative analysis of ASR crack networks and their evolution in the concrete
mesostructure con-text

the cracks were mapped in a region close to the top-right corner ([1; 1]) of the (E; F) plane. No signifi-
cant difference in shape distribution was observed among the three specimens. Such shape distributions
did not also evolve considerably with time.

The qualitative observation that the cracks in the u; specimen were slightly more isotropically oriented
than those in the other two specimens (see Figure 6.18) found confirmation from the quantitative crack
orientation analysis based upon the shape tensor one. Insets (d) to (f) in Figure 6.20 show a slightly
different presentation of the orientation analysis results, than as shown in Sections 4.3.3, Section C9 and
Section 6.3.2.5. There, the eigenvector ii; of each independent crack is plotted as an arrow (rescaled by
a certain factor), with the head of the arrow essentially identifying a point on a sphere. In Figure 6.20
(d) to (f), the projection of each point on the sphere onto its equatorial plane, corresponding to the X — Y
plane of the specimen's frame of reference, is shown instead. The scales of the two spherical angular
coordinates, O € [0° 360°] and ¢ € [0° 180°], identifying univocally each eigenvector #;, are re-
ported. The distance between each concentric circle in the polar plot corresponds to 10° along the ¢
axis. The plots in Figure 6.22 (d) to (f) refer to the u; specimen at three consecutive time points, 168,
224 and 404 days, respectively. The corresponding plots for the two other specimens are shown in Figure
D28. Any of the three specimens exhibited at any time point cracks oriented along any direction. How-
ever, over time, the density of the points on the equatorial plane increased more towards its center,
indicating a preferential orientation of the cracks along the Z-axis, as showcased in Figure 6.18 (d) to
(f) for the u; specimen. When comparing such plots for the three specimens at 404 days, it is possible
to observe the u; specimen having a higher density of points also at larger radial distances than the two
other specimens (see Figure D28 (c), (f) and (i) for the uq, u, and u; specimens, respectively. Higher
density of points at larger radial distance implies higher fraction of cracks oriented further away from
the Z-axis, i.e., a smaller degree of orientation anisotropy towards the Z-axis, as qualitatively observed
from the 3D rendering in Figure 6.18.
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Figure 6.20. (a) to (c): kernel density estimate (KDE) of the joint probability density function (PDF) of the crack
elongation E and flatness F, for the u, specimen at 168, 224 and 404 days, respectively. (d) to (f): visualization of
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the crack orientation analysis results for the u, specimen at 168, 224 and 404 days, respectively. Each point is the
projection on the equatorial plane of the point on the unit sphere with spherical coordinates (8; @), 6 € [0°;360°]
and @ € [—90°; 90°], representing the first eigenvector U, of the shape tensor G of a crack. The radial distance
of a point from the origin is mapped to the elevation angle @ axis according to the vertical scale, such that the
distance between two successive circles in such polar coordinates framework corresponds to 10° distance on the
@ axis.The X — and Y —axis of the specimen's Cartesian frame of referenceare indicated in (d) to facilitate the
interpretation of the crack orientation.

6.4. Discussion

The first experimental campaign described in this Chapter and dedicated to the optimization of the con-
trast enhancement by BaSO, addressed a substantial and omnipresent issue for the application of stand-
ard XT in concrete science and technology. As mentioned in Section 2.4.2.5.1, the solid material phases
of concrete typically bear little to no X-ray attenuation contrast between each other because of similar
chemical composition and mass density, thus similar X-ray attenuation coefficient values. Thus, their
segmentation is typically very challenging and time consuming. The lack of voxel value contrast in
standard X-ray tomograms can be addressed by using other X-ray image contrast mechanisms and re-
spective imaging modalities already mentioned in Section 2.4.2.5. X-ray phase contrast imaging (XPCI)
has been shown particularly successful in addressing the issue of enhancing the contrast between the
cement paste and aggregates. However, XPCI remains till nowadays expensive to be implemented at
the laboratory scale and still affected by several limitations impacting its use with concrete specimens
at the mesoscale, e.g., its difficult implementation with photon energy above 100 keV. Thus, the possi-
bility of addressing such image contrast issue still when using standard, i.e., attenuation contrast-based,
XT represents a step forward.

The substantial advancement for ASR research brought by the work reported in this Chapter consisted
of identifying a range of BaSO, concentration (above 0.75 vol.-% and less than 3 vol.-%) and an optimal
value (2.5 vol.-%) which simultaneously allowed (1) achieving a reliable segmentation of the aggregates
used (2) without any significant perturbation to the ASR (cracking). The latter feature and result was
extensively assessed both in terms of macroscopic, i.e., specimen scale, expansion and mechanical prop-
erties evolution and in terms of ASR cracking features, including associated local deformations, as well
in terms of ASR products' chemical composition and morphology.

The possibility to segment the cement paste from aggregates empowered and empowers obtaining new
quantitative insight about ASR (cracking). One key type of obtained result consisted, for the specimens
examined, of the observation of ASR cracking being as much extensive inside the aggregates as through-
out the cement paste. Such result was assessed both qualitatively, by the 3D rendering of the segmented
crack networks shown in Figures 6.8, 6.17, 6.18 (a)-(c) and, more extensively, in Figures D20, D21,
D22, D23 and D24, and quantitatively, by the evaluation of the crack volume fractions (see Figure 6.9
and Figure 6.19 (a)). The detection and quantification of such ASR cracking characteristic could not be
casily obtained by, e.g., traditional petrographic analysis, given the intrinsic 3D nature of crack net-
works: many thin sections at different, successive depths of the same region would need to be acquired
and analysed, which would require an extensive effort compared to that of a XT measurement.
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The type of quantitative assessment of ASR cracks inside aggregates and through the cement paste
shown in this Chapter should act as a key information/criterion for the validation of computational mod-
els of ASR cracking, along with the possibility of modelling such process in realistic, mesoscopic scale
geometrical domains obtained from the binary tomograms of the aggregates, the other key value of the
reported work for computational modelling efforts.

The extensive experimental campaign with optimal BaSO4 concentration of 2.5 vol.-% allowed provid-
ing more robust confirmation of certain ASR cracking features already reported in the previous Chap-
ters, as well as it allowed assessing more robustly other ones. The robustness came both from larger
specimen sets, e.g., three for XT analysis and ten specimens for length and mass measurements, as well
as from a higher number of points in the time series, including, for the mechanical properties, at very
late stages (560 days), not explored in all the other experimental campaigns.

One feature of the ASR expansion and associated cracking which could be robustly confirmed is the
anisotropy of expansion and the associated slight anisotropy in crack orientation. The qualitative and
quantitative crack orientation analysis results shown in Figures 6.20 (a)-(f) and Figure 6.20 or Figure
D28 (d),(f) and (i) confirm a slight preferential crack orientation towards the Z-axis, which implies the
crack thickness increase with time preferentially contributed to expansion along directions orthogonal
to the Z-axis. Indeed, most of the specimens exhibited larger relative length changes along the X- or Y-
axis than along the Z one (see Figure 6.4 (¢)-(f) and Figure 6.18 (g)-(i), Figure 5.5 (b)-(c) and Figure C5
(b)-(c)), suggesting that crack widening had a key contribution in the macroscopically measured expan-
sion. As already discussed in Section 4.4, one of the possible sources of the larger expansion orthogo-
nally to the Z-axis may consists of the smaller gradient in moisture and alkali contents along the X- and
Y-axes than along the Z one, given that any specimen used in this PhD project was elongated in that
direction, mostly with an aspect ratio of 4:1 (Z versus X or Y axes). Although this explanation is physi-
cally plausible, a systematic study investigating ASR expansion and cracking in isotropic specimens
(e.g., cubes) would be still required to confidently validate it. Imaging the distribution of moisture and
alkali, e.g., by MRI, along with XT, both performed at the same time points, would allow assessing the
correlation degree between water and alkali content gradients and local deformations and cracking. Such
correlation degree remains to date poorly characterized, despite its relevance for computational model-
ing of ASR (cracking) in real world structures.

Among all the results reported in this Chapter, two of them, not exclusively related with the possibility
of distinguishing cracks as inside aggregates or the cement paste, are particularly noteworthy.

The first one consists of the observed strong linear correlation (almost 1:1 relationship) between the
ASR cracks volume fraction, Vg, cracks tor» and the relative volume change of the tomographed volume

(see Figures 6.10 and Figure 6.19 (b)). Despite the latter was estimated just by a proxy variable,
ALgFFk
Larrk’

Yk=XY.Z and only for the tomographed volume, not for the whole specimen, the strong overlap-

ping between the % and the % time series (see Figures 6.4 (¢)-(f) and 6.14 (a)) strongly support
z AFF,z

the hypothesis of such proxy estimate being indicative of the actual relative volume change for the whole
specimen. If completely confirmed, the almost 1:1 relationship mentioned above would indicate that
crack lengthening and widening may account for the majority of the measured macroscopic expansion,
at least for specimens under free boundary conditions as those investigated in this project.
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The second noteworthy result consists in the observation, in the very long term, of a recovery of the
quasi-static Young modulus and flexural strength of the specimens cast with U aggregates and not for
those cast with the P ones (see Figure 6.15).

Such a recovery could be related, on the one side, with the stiffening of the ASR products mentioned in
Sections 5.4 and 5.5, contributed by the Ca?" uptake. In addition, evidence exists in the literature about
ASR products found in cracks inside decade-old structures having chemical composition rather similar
to C-S-H [4]. Thus, the observed recovery could be thought of as a partial crack healing process. On the
other side, the continuous crack filling by products (see for example Figure C20) could also contribute
to such a partial crack healing process. The reason why such a recovery was not equally observed for
the specimens cast with the P aggregates may reside in their distinct reactivity degree due to their textural
differences. As reported in Chapter 5, a more extensive ASR products accumulation within the cracks
was detected for the specimens cast with the U aggregates than with the P ones (Figure C20). Conse-
quently, a recovery of mechanical properties because of the crack filling by products becoming stiffer
and stiffer should be more likely and expected for the specimens with more extensive crack filling,
although also with more extensive cracking itself. The actual occurrence of a sort of partial crack healing
at late age and its dynamic equilibrium with new cracking would require systematic evaluation and
confirmation in future research works.

6.5. Conclusions

Among the results from the two experimental campaigns addressed by this Chapter and respective con-
clusions which can be drawn, the following ones are especially noteworthy.

a) BaSOQ, added to the concrete mix as an X-ray attenuation contrast agent, did not noticeably
affect the natural ASR behaviour of the specimens, in terms of dimensional changes, mass in-
crease, mechanical properties, morphological and chemical properties of the ASR products,
quantified crack features, based on the comparison with corresponding reference specimens cast
without it.

b) A useful range of BaSO4 concentration for enhancing the X-ray attenuation contrast between
aggregates and the cement paste at the point of making the aggregate segmentation relatively
simple and reliable was 0.75 vol.-% to 3 vol.-% BaSOs, regardless of the aggregate type.

c) Also for the specimens cast with BaSQO., ASR cracks developed in the form of fragmented and
curved, plate-like 3D objects, whose length and thickness steadily increased over time, a typical
cracking pattern observed already for the specimens of the other experimental campaigns de-
scribed in Chapters 4 and 5.

d) The ASR crack volume fraction increased monotonically in time and, when partitioned for
cracks inside aggregates versus cracks within the cement paste, it was observed that, almost at
any time, an equivalent crack volume fraction existed in both material phases of the concrete
mesostructured, an observation uniquely empowered by time-lapse XT and by the implemented
methodology for the aggregate segmentation.

e) The macroscopic expansion could be mostly attributed to ASR crack volume formation, as
evinced from the almost 1:1 relationship between ASR crack volume fraction and relative vol-
ume change of the tomographed regions of the specimens.
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f) A recovery of the Young's modulus and of the flexural strength was observed in specimens cast
with the U aggregates at late time, while they continued decreasing for the corresponding spec-
imens cast with the P aggregates, likely due to their different degrees of crack filling by ASR
products, attributable to their distinct reactivity degrees, and to the stiffening of the products
themselves with ongoing time.
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7.1. Summary

This Chapter reports and describes the results of an experimental campaign which aimed at integrating
together and harmonizing the two experimental methodologies described in Chapters 5 and 6. The prob-
lem to be addressed by such an integration was making both aggregates and ASR products segmentable
in attenuation contrast X-ray tomograms such that ASR cracking could be investigated at the chosen
mesoscale by fully characterizing the products and cracks spatial-temporal distributions with the possi-
bility of discriminating between their location in the concrete mesostructure (i.e., inside aggregates or
within the cement paste). Such problem could not be addressed simply by blindly adopting the optimal

BaSO4 concentration obtained in the first experimental campaign described in Chapter 6

As shown in Chapter 5, the extrusion of ASR products into the cement paste was observed to take place
consistently. When occurring in specimens cast with both CsNO; and BaSOs, the extruded Cs-labelled
ASR products may bear similar X-ray attenuation as the BaSO4-labelled cement paste, thus making the
segmentation of products inside the paste not possible. To avoid this problem, the optimization of the

concentration of either contrast agent needs to be adapted to the presence and concentration of the other.

Section 7.2 describes the experimental and analysis details additional to those of the general procedure
described in Chapter 3) and specifically needed for the investigation target mentioned above. Section
7.3 reports the most important findings from the experimental campaign and respective tomographic
analysis. Additional and complementary results are provided in the Appendix E. Section 7.4 synthesizes
the important results and discusses about what could be learnt about ASR cracking at the chosen
mesoscale with the newly integrated methodologies. The main highlights of this experimental campaign

and of the impact of the methodological integration are provided in the conclusive Section 7.5.
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7.2. Specific materials and methods

The full experimental and analysis workflow mainly consisted of two steps:

1. the simultaneous optimization of the BaSO4and CsNOs concentrations in the concrete mix com-
position to enable the visualization and segmentation in the tomograms of both aggregates and

ASR products;

2. the characterization with the approaches already used in the experimental campaigns described
in the previous Chapters of the evolution of the ASR products and cracks while being able to

take into account and discern their position within the mesostructure.

7.2.1. X-ray attenuation contrast enhancement between aggregates and cement paste and

between the latter and ASR products

An experimental parametric analysis with respect to the BaSO4 concentration was performed with the
goal of maximizing synergistically both the aggregate-to-cement paste and the cement paste-to-ASR
products tomographic contrast. In order to minimize the optimization parameters, and since the CsNO3
concentration already implemented in the previous study (discussed in chapter 6) allowed reasonably
high X-ray attenuation for the ASR products, its concentration was kept fixed and only BaSO4 concen-

tration was adjusted.

The X-ray attenuation contrast between aggregates and the cement paste was optimized by casting spec-
imens according with the same approach described in Chapter 6, i.e., specimens following the reference
mix composition reported in Table 6.1 except for replacing a fraction of the aggregate total volume
(regardless of the sieve-size range) with a corresponding volume fraction of BaSO4. The replacement
volume fractions were 0.75, 1.5, 2 and 3 vol.-%. These concentration values were inspired by the results
obtained from the sets of specimens of the BaSO4 concentration optimization experimental campaign
described in Chapter 6, where also other values were considered. Compared with that experimental
campaign, the investigated BaSO4 concentration range was narrower, starting at 0.75 vol.-%, because it
was observed in the previous campaign that the only smaller value tested, 0.25 vol.-%, was almost inef-
fective in enhancing the aggregate-to-cement paste contrast. The optimal value of 2.5 vol.-% was not
included in this new optimization campaign because in the previous campaign the corresponding con-
trast enhancement was only slightly smaller than what achieved with using 3 vol.-%. Instead, the value
of 2 vol.-%, intermediate to values already explored in the previous campaign, was now investigated,
with the goal of finding an optimal trade-off between contrast enhancement maximization and BaSQO4

content minimization. Indeed, although the results presented in Chapter 6 showed no significant negative
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or spurious influence of BaSQs, at the tested concentrations, on ASR (cracking), its content minimiza-
tion given the achievement of a target contrast enhancement level should always be sought after, since

it is a filler which makes the specimen mix composition depart from the original one.

The ASR products tomographic visibility and segmentability was made possible by adding into the con-
crete mixing water CsNOs in the same amount as done for the experimental campaign described in
Chapter 5, i.e., 30 g per 1 kg of cement, resulting in a molar ratio to the alkalis contained in the cement

([Cs]/[Na+K]) of 0.43.

Specimens with size 40 X 40 X 160 mm?3 were cast only with the U aggregate type, because by being
more reactive it can lead to relatively faster evaluation of ASR cracking behaviour while optimizing the
best BaSO4 concentration. Table 7.1 provides the details of the mix composition and the respective

specimen labels. The same laboratory ASR acceleration protocol described in Section 3.2 was adopted.

Table 7.1. Mix composition of the specimens in units of kg-m™ (mass per m’ of cast)

Specimen label Cement Aggregates Deionized NaOH CsNOs BaSO4
CEM1 water

425N 0-4 4-8 8-11.25

mm mm mm
U-Cs—-0.75v0l.% BaS0, 450 650 406 569 225 1.8 13.6 21
U-Cs—1.5v0l.% BaS0, 450 641 401 561 225 1.8 13.6 43
U—-Cs—2vol.% BaS0, 450 636 397 556 255 1.8 13.6 57
U—-Cs—3vol.% BaS0, 450 625 390 547 225 1.8 13.6 84

7.2.2. ASR characterization by XT and other methods

As done in the other experimental campaigns, the specimens were taken out of the oven at successive
time points to be characterized with various methods. The non-destructive measurements were repeat-
edly performed at eight successive time points within the total duration of the experimental campaign,
all on three distinct specimens, except for the XT which was performed on one specimen of each set

(the reference specimens one, with CsNO; but without BaSO4, and one set for each distinct BaSO4
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concentration). Such measurements, in addition to XT (using the holding setup 1 shown in Figure 3.2
(a)), included mass and length relative changes on three distinct specimens (the latter with the expansion
measurement setup 1 shown in Figure 3.1 (c)), since the start of the ASR acceleration, along with the
quasi-static (compressive) Young's modulus, measured along the specimen longitudinal direction, all

following the same procedures already explained in Section 3.2.

Two important details about the XT measurements are the maximum X-ray photon energy used (90
keV) and the tomograms' effective spatial resolution (approximately 70 um). The former parameter
value indicates the X-ray energy range for which the voxel value contrast between the distinct material
phases was optimized. The same BaSO,; and CsNO3 amounts may not be contrast-optimal for X-ray
tomograms of larger specimens acquired at much higher photon energies, e.g., at several hundreds of
keV. That is because X-ray attenuation decreases nonlinearly with increasing photon energy. The X-ray

source used in this experimental campaign was the one described in Section 3.2.
7.2.3. Analysis of the time-lapse X-ray tomograms

The same workflow described in Section 6.3.2 was applied in this experimental campaign as well to
characterize the ASR cracking in the specimen with the BaSO4 concentration considered as optimal.
The two only differences in the workflow implementation for this experimental campaign were the fol-

lowing;:

(1) given the presence of CsNOs, an additional segmentation task regarded the ASR products,
which were segmented based upon the procedure described at point (IV) in Section 3.3;

(2) where present, BaSOsallowed the segmentation of the aggregates (also in this case by thresholds
selection) and the respective binary tomograms were used as masks to discriminate between
regions both of the segmented products and of the cracks belonging to aggregates and respective
regions belonging to the cement paste. In other words, every sub-region of the segmented entity
(a crack or a products region) falling within such an aggregate mask was labelled as being within
aggregates, while each one falling outside of such a mask was labelled as existing within the
cement paste. The actual implementation of such discrimination consisted of applying to the
binary tomogram of the aggregates and to that of empty cracks (products, respectively) a voxel-
wise Boolean AND operator. The output was a new binary tomogram identifying voxels be-
longing to crack (products) and at the same time to aggregates. The same procedure was fol-
lowed for the cement paste binary tomogram and the empty cracks (products) one. Overall, as
a result, four binary tomograms were obtained, partitioning the empty cracks (products) regions

between those inside aggregates and those inside the cement paste.
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For the cracks (original and ASR ones) segmentation, the same workflow mentioned in Section 6.2.3

was used, exploiting the direct TS-based approach.

7.3. Results

7.3.1. BaSO4 concentration optimization: analysis of the tomographic contrast enhance-

ment

Figure 7.1 shows examples of ROIs on slices from the tomograms at 85 days of five distinct specimens
cast with the chosen, fixed CsNO; concentration but with varying BaSO4 ones. In the absence of BaSO4
(inset (a)) or at a low concentration, e.g., 0.75 vol.-% (inset (b)), the ASR products-cement paste contrast
is high enough to support the products segmentation but the aggregates-paste contrast is not sufficient
for an easy aggregate segmentation. Whereas, at higher BaSO4 concentrations, e.g., 2 or 3 vol.-%, insets
(d) and (e) respectively, the Cs-labelled products were poorly discernible from the cement paste, because

of too similar X-ray attenuation levels by both of them.

In order to quantitatively find an optimal BaSO4 concentration, the contrast-to-noise ratio (CNR)
between aggregates and the cement paste was compared with the CNRs between the ASR products and
aggregates and between the ASR products and the cement paste. The CNR was defined as

CNR;; = [l (7.1)

,O'i2+0'j2

where the indexes i and j are labels indicating the two material phases for which the contrast was com-
puted, e.g., cement paste versus aggregates, y; and o; indicate the average and the standard deviation of
voxel values from a statistical sample for the material phase i. For each material phase, forty locations

were randomly chosen to build up the statistical sample.

Figure 7.2 shows the computed CNR values for the three couples of material phases mentioned before.
A useful trade-off in terms of enough contrast between products and cement paste and between aggre-
gate and cement paste was achieved at 1.5 vol.-% of BaSO4 concentration. The (segmented) aggregate

volume fraction for the 1.5 vol.-%. BaSO, specimen was computed to be ~ 58 vol.-%, which is slightly
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smaller than the nominal aggregate volume fraction as computed from the corresponding mix composi-

tion (~ 62 vol.-%).

U-Cs- 0.vol:% BaSO, U-Cs- 0.75 vol.% BaSO,

ASR products

ASR products

\
\

:

U-Cs-1.5 vol.% BaSO, U-Cs-2,vol.% BaSO,

ASR products

R

.
ASR products

U-Cs=3vol.% BaSO, -

N

ASR products

Figure 7.1. (a)-(e) Examples of ROIs on slices from the tomograms at 85 days of different specimens cast with U
aggregates and distinct BaSOy concentrations but fixed CsNO3 one (except for the specimen of (a), with no
CsNO:3).
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Figure 7.2. The tomographic contrast-to-noise ratio between the ASR products and aggregates (right vertical
axis), the ASR products and the cement paste (left vertical axis) and between the aggregates and the cement paste
(horizontal axis), as computed for the distinct specimens, cast with the distinct BaSOy concentration values and
either without or with CsNOj3 at fixed concentration, from 40 voxel values for each material phase, sampled ran-

domly from their tomograms at 85 days.

7.3.2. Influence of the BaSO4 and CsNOs presence on the ASR-induced macroscopic di-

mensional changes

The BaSO4 addition (at different concentrations) had a very small effect on the expansion along the Z-

axis consisting in slightly higher average % values, starting from about 140 days, compared with the

z

specimens cast with no BaSOs, as observable in Figure 7.3 (a). However, the difference in the average

value at each time point was smaller or of the same magnitude as the error bars. When comparing the

. . .. . . o AL, . . .
specimens cast with distinct BaSO4 concentrations, no systematic variation of the L—Z time series with

z

the increasing BaSO4 concentration could be observed, as it was already the case for the specimens cast
without CsNOs discussed in Chapter 6 (see Figure 6.4 (a)). At any time point, % fluctuated randomly

with BaSO; concentration and with the fluctuation amplitudes were significantly smaller than the range
defined by the computed error bars. The maximum average expansion of the BaSO4-free specimens of
this group, labelled as U-Cs 0 vol.-% Ba in Figure 7.3 (a), was about 13% larger than the one achieved
by the U-Ref specimens of the first experimental campaign described in Chapter 6 (see Figure 6.4 (a)).
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Such expansion boosting effect by the CsNOs presence was already observed in the experimental cam-
paigns described in Chapter 5 (see Figure 5.5 (a) and Figure C5 (a)). There, it was already shown that
the main Cs-doping influence was an increase in the ASR kinetics, which manifested itself as a faster

expansion.

Along the two lateral (i.e., X- and Y-) axis, the expansion was larger than or similar to the one along the
Z-axis, as showcased for one specimen, U-Cs-1.5 vol.% BaSOs, in Figure 7.3 (b), estimated based upon
the results of the affine registration. This result mirrors what already systematically observed in the other
experimental campaigns, including for specimens cast only with BaSOj (see the example in Figure 6.4

(e) for a specimen cast with 2.5 vol.-% BaSO4 and no CsNOs).

The relative mass changes of the same six specimens of Figure 7.3 (a) also did not considerably vary by
different BaSO4 concentrations and in the presence of CsNOs. See Figure E1, in the Appendices for the
additional data. Therefore, the concurrent presence of CsNO3 and BaSO4 seems not to have perturbed,
within the used range of BaSO4 concentrations, the previously observed ASR expansion for specimens

cast with CsNOj3 and the effects of the latter on expansion itself

X 09 X 09 _____

P U-Cs-0 vol.% BaSO, = - - U-Cs-1.5v0l.% BaSO,-digital-X direction o

o 0.8 U-Cs-0.75 vol.% BaSO o 0.8 ©- u-cs-1.5v01.% BaSO,-digital-Y direction

%D 0.74 . ) 7 4 téo 0.7 O- U-Cs-1.5vo0l.% BaSO,-digital-Z direction
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Figure 7.3. (a): evolution of the relative length change, along the specimen longitudinal direction (Z-axis) and

. L . . . .
measured experimentally (AL—Z) of distinct specimens cast with U aggregates, CsNO3 and various BaSOy concen-
zZ

trations. The markers indicate averages while the error bars size is the standard deviation of six values from an

ensemble of six distinct specimens, for each specimen set, i.e., BaSOy4 concentration. (b): comparison between the
. AL . . . . .
experimentally measured L—Z of the six specimens and the relative length change, along any axis of the Cartesian
zZ
frame of reference and of another specimen, cast with 1.5 vol.-% BaSO,, computed from the results of the affine

registration (labelled as dlgltal) ALarrk V k=XY,Z
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7.3.3. Qualitative analysis of the ASR cracking and respective local deformations: in the

presence of both BaSO4 and CsNO3

The chosen BaSO4 concentration of 1.5 vol.-%, as an optimal trade-off value to enhance contrast be-
tween the three couples of material phases mentioned in Section 7.3.1, made the ASR products within
cracks, both inside aggregates and within the cement paste, clearly discernible, especially after 85 days,
as it can be seen in Figure 7.4 (c¢) and (e). One of the aggregates highlighted in Figure 7.4 (a), contained
a relatively large cavity in it as resolved in its tomogram at 1 day (an original crack). At 55 days, shown
in Figure 7.4 (b) the ASR products fill this cavity. As this cavity was located almost in the middle of the
aggregate (almost), the accumulation of the ASR products there, indicates that the different alkalis and
even Ca could easily reach to the interior regions of the U aggregates (as a sedimentary rock) to form a
dense ASR product. Such easier outreach of the ions into the aggregates is also evident in the density of
the accumulated ASR products inside the aggregate cracks in the concrete produced by U aggregates.
Whereas, in the case of P aggregates, the ASR products are usually detected in the edges of the aggre-
gates or in the cement paste. As already observed in Figure D17 and quantified in Figure C20, there is
a significantly higher cracks filling ratio by ASR products in the concrete produced by U aggregates
compared to the one produced by P aggregates. Furthermore, the accumulation of the ASR products in
the cavity (Figure 7.4 (a)) did not lead to propagation of a crack (at least not resolvable) from that
aggregate, probably due to the adequate capacity of the cavity to accommodate the ASR products, sim-

ilar to the air voids in the cement paste.

Crack generation was detected already at 55 days at other regions of the specimen as seen in Figure 7.4
(b), while the ASR products were not visible yet. At 85 days (Figure 7.4 (¢)) the ASR products filled
part of the further propagated cracks. The products were clearly detectable inside the aggregates, within
cracks propagated into the cement matrix and also in the ITZ of some aggregates. At 250 days, further
ASR products were found accumulated within the same regions where they were already observed, in
smaller amounts, at the previous time points. The accumulation of further ASR products went on sys-
tematically hand-in-hand with the crack widening. The extrusion of ASR products from the aggregates
into the cement paste (either along a propagating crack or into other types of pores, e.g., ITZ or air voids)
was a feature systematically observed in several specimens belonging to other experimental campaigns.
Additional examples of cracking features similar to those described here (e.g., products accumulation in
cracks and in other pore types, e.g., air voids, within the cement paste) but from distinct ROIs on other

slices from the tomograms of the same specimen are provided in Figure E2 and Figure E3.
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Figure 7.4. Visualization of the evolution of ASR cracks and associated localized deformations for the U-Cs-1.5
vol.-% BaSOy specimen. As an example, it is shown here only one small ROI on one tomographic slice, at multiple

time points. The localized deformations are estimated by the determinant of the Jacobian matrix (] TN_AFF(D_E, t))

of the transformation vector field ?N_ arr (X, t;) associated with the non-affine registration. Its values larger than
1 indicate local volumetric expansion. Its values smaller than 1 indicate volumetric shrinkage. (a) X-ray tomogram
at 1 day since start of the ASR acceleration. (c) and (e): slices at the same position as in (a) but from the tomograms
at 85 and 250 days, respectively. (b): slice at 55 days. (d) and (f): the same slices as in (b) and (e), respectively.
In (b), (d) and (f), the slice at the same position but from J 7 (X, t;) at the corresponding time points is rendered
according to a color map and overlapped semi-transparently on top of the corresponding tomographic slice. The

color scale bar has, by definition of Jz,,_,..(relative volume), no unit.
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The development of local volumetric expansion regions overlapping with the cracked regions of the U-
Cs-1.5 vol.-% BaSO, specimen was systematically observed, as it was for the specimens of the cam-

paigns described in Chapters 5 and 6. The slice from J Fy_app At the same position and same time as the

tomographic one in Figure 7.4 (c) and (e), is shown in Figure 7.4 (d) and (f), respectively. Except for
the Figure 7.4 (b) which shows both the slice and transparently superimposed / Ty_app AP at 55 days.

At 55 days, several yellow/red zones (i.e., with | Tyoarp > 1) appeared (with no detectable cracks yet)

along with the first visible cracks, with thickness above the tomographic resolution (Figure 7.4 (b)). The
spatial extent and intensity of the expansion zones increased over time in parallel to the lengthening and
widening of the ASR cracks, an evolution pattern already reported in Chapters 5 and 6. This is another
example of spatial correlations between cracks and local expansion zones. As already observed in the
previous Chapters, expansion zones were alternated to local volumetric contraction ones (blue shades).

The [minima, maxima] values of | N for the analyzed specimen, at 250 days, were [0.9, 1.07].

Overall, the simultaneous presence of BaSO4 and CsNO; seemed not to have altered many of the quali-
tative features of the spatial-temporal distributions of cracks and products already observed from the
analysis of the tomographic time series belonging to the experimental campaigns described in the two
previous Chapters. However, they extended the analysis range because of the possibility of locating

cracks and products in either major material phase of the mesostructure (aggregates or cement paste).

A qualitative overview about the spatial distribution and spatial correlations between cracks and prod-
ucts and about their partitioning between cement paste and aggregates could be obtained already by
rendering in 3D the four binary tomograms mentioned in Section 7.2.3. Figure 7.5 showcases such ren-
dering for the tomogram at 250 days. While in inset (a) there, all four binary tomograms are shown
together, each rendered with a distinct color, insets (b) and (c) show separately the binary tomograms of
products and of empty cracks, respectively. These distinctly rendered binary tomograms allowed notic-
ing several qualitative features. From Figure 7.5 (b), it could be already inferred that ASR products
likely existed in almost equal amounts within the aggregates and within the cement paste. Much of the

ASR products within the cement paste were accumulated inside large air voids (Figure 7.5 (b)).
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U-Cs — 1.5 vol.% BaSO,
250 days

U-Cs — 1.5 vol.% BaSO,
250 days

@ Cracks in aggregates @ ASR product in aggregates
@ Cracks in cement paste @ ASR product in cement paste

Figure 7.5. 3D rendered volumes of interest (VOIs) from the binary tomograms of empty cracks either inside
aggregates (cyan) or within the cement paste (blue) and of ASR products in the entire part of the pore space
resolved in the tomograms (e.g., spherical air voids, porous patches and cracks), with distinction between regions
inside (yellow) and outside (orange) of aggregates. The analyzed tomogram was the one of the U-Cs-1.5 vol.-%
BaSOy4 at 250 days. (a): rendering of the VOI of all four types of binary tomograms (ASR products inside and
outside aggregates and empty cracks inside and outside aggregates) together. (b): rendering of the VOI of only
the two ASR products binary tomograms. (c): rendering of the VOI of only the two binary tomograms of empty

cracks.
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When inspecting the rendering similar to the one in Figure 7.5 (a) but for the tomograms at multiple
time points, it was possible to observe that the products were transported rather isotopically throughout
the mesostructure, without any sign of preferential directionality, e.g., along the gravity field. An exam-
ple of such time series of 3D rendering is additionally provided in Figure 7.6. Such an isotropic redis-
tribution of the products was already observed for the two specimens, with U and P aggregates, respec-
tively, of the experimental campaign described in Chapter 5 (see for example Figure 5.9, for the P-Cs
specimen, and Figures C16 and C17 for the U-Cs one). Most of the cracks inside the aggregates were
empty, only a few of them were almost fully filled with products. This feature could be recognized by
comparing the volume rendered in yellow in Figure 7.6 (b) (products inside aggregates) with the one
rendered in cyan in Figure 7.6 (¢). In Figure 7.6 (b), the yellow regions with higher aspect ratio corre-

spond to cracks filled with products. The cracks in the cement paste were only partially filled as well.

The spatial-temporal distribution of both products and cracks could be more extensively characterized,
although still on a qualitative basis, than what was possible with the results presented in Chapter 5,
where the distinction between aggregate and cement paste regions was not possible. Since 55 days (Fig-
ure 7.6 (b)), a significant accumulation of products directly inside or in the vicinity of original pore
space could be observed. At 145 days (Figure 7.6 (¢)), a significant larger amount of products could be
detected and this occurred both inside the aggregates and in the cement paste. Such significant increase
in products accumulation was accompanied by a considerable amount of cracking. Finally, at 250 days
(Figure 7.6 (d)), the overall ASR products volume could be found almost in every region of the to-

mographed volume, as long as the crack network percolated the volume itself.
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Figure 7.6. (a)-(d) combined 3D rendering of the binary tomograms of empty cracks inside aggregates (cyan), of
those within the cement paste (blue), of ASR products in the entire pore space (i.e., in air voids, porous patches
and cracks) inside aggregates (yellow) of ASR products outside of aggregates (orange). The binary tomograms
are those of the U-Cs-1.5 vol.-% BaSOy specimen at 1 day, 55, 145 and 250 days, respectively.

7.3.4. Quantitative analysis of the ASR cracking within aggregates and the cement paste

The aggregate (and consequently) cement paste segmentations allowed quantifying the ASR cracks and
products volume fractions both independently of their location with respect to the mesostructure (as
already achieved in the previously reported experimental campaigns) and with separate reference to

aggregates and cement paste. Thus, distinct time series of volume fractions Vg 1 (&), Vi=1,.., N,
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with the index k = cracks or products while the index j = Agg or Cem or tot (the latter indicating no
mesoscale phase distinction) were computed according to Eq. (3.6). All such time series are shown in

Figure 7.7 (a).

The maximum VASR_Cmck’tot value, achieved at 250 days, was 1.73%, higher than the corresponding
values reached by the U-2.5 vol.-% BaSOs (1.41%, see Figure 6.9 (a)) and U-Ref (1.19%, see Figure
C18 (c)) specimens, respectively. This difference is in agreement with the accelerated ASR kinetics in
the presence of CsNOs, as reported and discussed in Chapter 5. Indeed, the relative length change, meas-

ured experimentally along the specimen longitudinal direction, %, was also larger for the U-Cs-1.5

vol.-% BaSO; (see Figure 7.3 (a)) specimen than for those two other specimens (see Figure 6.4 (a),
Figure C5 (a) and Figure 4.1 (a)). The U-Cs-1.5 vol.-% BaSOs specimen also showed higher
Vasr crack coe value at 250 days than the corresponding specimen in the absence of BaSO4 (about 1.6%,

see Figure C18 (c)). This difference cannot be directly attributed to the BaSO4 presence, since, as shown

AL, .. R . .
by the L—Z time series in Figure 7.3 (a), the BaSO4 presence or absence as well as its concentration

z

seemed not to have altered significantly the longitudinal expansion, which is positively correlated with

Vasr.crack.tor (as shown in Figure C19) both in the absence and in the presence of CsNOs. The U-Cs

specimen investigated by XT in the campaign described in Chapter 5 achieved at 250 days a smaller %

Z

value (about 0.4%, Figure C5 (a)) than the U-Cs-1.5 vol.-% BaSOs specimen (about 0.45%, Figure 7.3
(a)), which agrees with a smaller Vs crack tor Value of the former compared with the value of the latter,
independently of the presence of BaSO,. Larger ASR cracks volume fraction values were estimated

inside aggregates than inside the cement paste, starting from about 35/55 days.

When considering the ASR products, their total volume fraction, VASR’pmductS_tot(ti), was always
smaller than the cracks' one, as already observed for the U-Cs specimen of Chapter 5 (see Figure C18
(¢)). The main difference between the two specimens was that such difference was smaller for the U-Cs

specimen of Chapter 5.

The differentiation between ASR products within the aggregates and within the cement paste showed
that VASR,pmductsl Agg Was slightly higher than, VASR,pmducts,Cem at earlier ages, e.g., up to about 100
days. However, afterwards, slightly more products seemed to have accumulated within the paste than
within aggregates. However, the statistical significance of such difference could not be assessed given

only one specimen was tomographically analyzed.

A strong positive correlation between ¥, SR.cracks,tot and the relative volume change of the tomographed

region of the specimen was observed (Figure 7.7 (b)). The latter variable was estimated as
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AFEk a5 already explained in Section 6.3.2.5. Compared with the results shown in Figures
AFFk

6.10 and Figure 6.25 (b), such a positive correlation between the two variables was not anymore of the

type of a linear relationship or even almost a 1:1 one.
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Figure 7.7. (a) Volume fraction of ASR products or cracks, without or with distinction between aggregates and
cement paste, at distinct time points, Vysp 1. i(t1), plotted for the U-Cs-1.5 vol.-% BaSQOy specimen. The markers in
light and dark grey correspond to the total ASR products and cracks, all over the tomographed volume, respec-
tively. The yellow markers represent the ASR products only inside the aggregates and those in orange refer to the
ASR products in the cement paste, residing in any kind of pore space regions (cracks, air —oids or porous patches).
The cyan and blue markers refer to the cracks, either filled by ASR products or empty, inside the aggregates and
the cement paste, respectively. (b) Correlation between the different volume fiactions, Vysg . j» values and the
relative volume change of the tomographed region of the U-Cs-1.5 vol.-% BaSOq specimen, the latter estimated

by its proxy variable being the sum of relative length changes along the three axes and computed from the results

ALgFFk

of the global affine registration, Y,—xy 7 T :
©" LAFFk

The shape tensor analysis was used to assess quantitatively the distribution of crack length values, in
terms of crack bounding box length, L,, as done already for the tomograms of the other experimental
campaigns. The statistical ensemble estimates of the complementary cumulative distribution func-
tion, G (L), of L is shown in the form of a Zipf's plot in Figure 7.9 (a) for the tomograms at 250 days of
two specimens, the U-Cs-1.5 vol.-% BaSO4 specimen and the U-Ref specimen of the experimental cam-
paign described in Chapter 6 and used there for the optimization of the BaSO4 concentration in the
absence of CsNOs. The distribution of the L values and its maxima are within similar ranges, suggesting
that the presence of both BaSO4 and CsNOs may have not had any spurious effect on the crack length.
Lack of influence of CsNOs alone on the distribution and maxima of L was already shown in Chapter 5

(compare Figure C29 (c) versus (d), for what concerns a U-Ref specimen versus a U-Cs one). It has to
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be remarked that the range of L values for the U-Cs-1.5 vol.-% BaSOs specimen was similar to the one

for the U-Cs specimen (thus cast without BaSQO4) of Chapter 5, as seen from Figure C29 (d).

In terms of local thickness, Tj,cq;, Values, the U-Cs-1.5 vol.-% BaSQO4 exhibited a distribution which
was comparable to the one of the U-Ref specimen of Chapter 6 only at the lower values, while it departed
from it at the higher values, with much larger maximum, as seen in the tails of the distributions (Figure
7.8 (b)). Such a difference in the T, .,; distributions, in the absence and in the presence of CsNO3, was
already observed between the U-Ref and U-Cs specimens of Chapter 5 (compare Figure C39 (c) and
(d)) and, as mentioned in Chapter 5, could be attributed mainly to the accelerated ASR kinetics in the

presence of CsNOs.
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Figure 7.8. (a): complementary cumulative distribution function (cCDF) of the crack bounding box length, L,
G.(L), shown in the form a Zipf's plot, for specimens cast with U aggregates (with and without CsNO3+BaSQy),
at 250 days. (b): cCDF of the crack local thicknesses, Tiocar, Gryyoq;(Tiocar), also shown in the form of a Zipf's

plot, for the two same specimens as in (a) and also at 250 days.

The elongation, E, versus flatness, F, plots at the first and last (250 days) time points of both the same
U-Ref specimen mentioned in Chapter 6 and of the U-Cs-1.5 vol.-% BaSO, specimens (Figure 7.9)
showed that the presence of both CsNOj; and of BaSO4 did not have any kind of significant influence on
the crack shape, which remained prevalently that of a thin, curved plate, as observed for all the speci-

mens of any experimental campaign.
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Figure 7.9. Plots of the kernel density estimate (KDE) of the joint probability density function (PDF) of the two
shape feature variables, the elongation E and the flatness F, computed from the shape tensor analysis of the
segmented total crack network and treated as a bi-variate random variable, (E; F). (a) and (b): U-Ref specimen

from the first experimental campaign described in Chapter 6. (c) and (d): U-Cs-1.5 -vol.% BaSOy specimen.

The 3D distribution of the first eigenvector, i;, of the shape tensor G for the same two specimens as
for the shape analysis of Figure 7.9 and at the first and last time points as well (Figure 7.10) confirmed
that the simultaneous presence of CsNO; and BaSO4 in the mix designed seemed not to have altered the
typical crack orientation features systematically observed across the distinct experimental campaigns
and for distinct specimen types. For both specimens, at the first time point (i.e., in the presence of only
original cracks), a rather uniform and relatively sparse crack orientation distribution could be observed.
However, at the last time point, the crack networks of both specimens exhibited a slight tendency for
being aligned along the Z-axis. As remarked in the previous Chapters, even a slight preferential crack

orientation along the specimen longitudinal direction (the Z-axis), automatically implies that the crack
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thickness increase with time contributed more to the specimen dimensional changes in directions or-
thogonal to that axis than along it, which is exactly what was observed for both specimens (see Figure

6.4 (c) for the U-Ref specimen and Figure 7.3 (b) for the U-Cs-1.5 vol.-% BaSO, one).

Figure 7.10. Visualization of the crack orientation analysis results. The crack orientation was operatively defined
as the direction of the eigenvector U, associated with the first and largest eigenvalue of the shape tensor G. The
segmented total crack network of a specimen corresponded to a set of i, 's, one for each independent crack (branch
of the network). Each of these vectors are here plotted in red, after rescaling their magnitudes by a factor equal
to 0.33, to make their projections on the planes of the Cartesian frame of reference more visible. The projections
of iy on the X — Y plane are in violet, those on the X — Z plane are in dark blue and those on the Y — Z plane are
in light blue. (a) and (b): U-Ref specimen of the first experimental campaign described in Chapter 6, at 1 and 250
days, respectively. (c) and (d): U-Cs-1.5 vol.-% BaSOy specimen, at 1 and 250 days as well, respectively.
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7.4. Discussion

The problem of enhancing simultaneously the voxel value contrast between aggregates and the cement
paste, aggregates and ASR products and, finally, between products and the cement paste was the one
which needed and needs to be addressed in order to achieve the goal of segmenting all the material
phases of interest to fully investigate ASR (cracking) at the concrete mesoscale defined in this PhD
project. Such goal was finally achieved in this project by searching for a trade-off between enhancing
the aggregate-to-cement paste contrast (by BaSQa, Chapter 6) and enhancing the aggregate-to-products
contrast (by CsNOs, Chapter 5) while simultaneously limiting the inevitable reduction in products-to-
cement paste contrast, as shown in Figure 7.2. A key detail of the trade-off which was found and which
corresponds to optimal concentrations of both CsNO; and BaSO4 needs to be again reminded and
strongly remarked: such optimal concentrations of the two distinct contrast agents are valid (1) for the
type of concrete mix design used (meaning, mainly, for the aggregate type used) and (2) for the X-ray
photon energy range of the performed XT measurements. While the latter parameter may find a broad
applicability also for concrete specimens of other mix designs, as long as the specimen size would re-
main similar, the results shown in Figure 7.2 may very likely not be valid anymore for other mix designs
with aggregates having very different X-ray attenuation properties compared with those of the aggre-
gates used in this project. Thus, the key remark concerns the need to find the optimal trade-off specific
for the concrete mix design used, although the contrast agents' concentration values used in the presented

work may provide already some useful initial guesses for the trade-off search.

No qualitative and quantitative major differences were found between the specimen with the optimal
mix design and reference specimens, in terms of whole specimen dimensional changes (Figure 7.3),
spatial-temporal patterns of cracking and correlated local deformations (Figure 7.4), chemical and mor-
phological properties of the ASR products (Section E2 of the Appendices), crack size, shape and orien-
tation (Figures 7.7, 7.8 and 7.9, respectively). The major difference, already observed and remarked in
Chapter 5, consisted of the faster expansion and ASR cracking for the specimen with the contrast agents.
However, they could be essentially ascribed only to the CsNO; presence, confirming similar results
reported in Chapter 5. Thus, the presence of both CsNOj; and BaSO4 seems not to introduce any spurious
perturbation of the ASR (cracking), based upon the results reported herein. Instead, such simultaneous
use of both contrast agents allowed expanding significantly the ASR (cracking) observational and quan-

tification possibilities by XT.

While the spatial-temporal accumulation patterns of ASR products inside aggregate and cement paste

cracks could be characterized qualitatively (i.e., visually) already by using CsNOs only (see Chapter 5),
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the optimal mix design containing both contrast agents opened and opens up new quantitative charac-

terizations.

With the results of this Chapter, it was possible to confirm what already observed in those reported in
Chapter 5: the systematic transport and accumulation of ASR products in the pore space of/surrounded
by the cement paste, including cracks, which originated inside aggregates and later propagated into the
paste, and air voids. However, the possibility of quantifying their volume fractions also separately for
aggregate and paste regions contributed to a major new result: at any time point, the products were
observed to be in almost equal amounts both inside aggregates and within the cement paste (see Figure
7.7 (a)). This result confirmed quantitatively what could be observed only qualitatively by rendering in
3D the binary tomograms of products inside aggregates and paste, at multiple time points (see Figure
7.6). What these results suggest is a continuous accumulation of ASR products within the cement paste,
leading to their presence in such part of the mesostructure as extensively as inside the aggregates, where
products actually originate. Although the presence of products inside pore space of/surrounded by the
cement paste is a very well and since decades known ASR (cracking) feature, as remarked in Section
5.4, the XT methodology developed in this PhD project allowed for the first time a truly quantitative
and non-destructive assessment of how extensive and at which stages such presence occurred. This result
suggests that the ASR products transport investigated and extensively described in Chapter 5 may take
place already at very early ASR stages and likely via ASR cracks formed at multiple length scales,
including those below the spatial resolution limits of the tomograms acquired in this project. Thus, the
need for time-lapse XT at higher spatial resolution, commented about in Section 5.4, acquires even more

importance at the light of the results reported in this Chapter.

The volume fraction results reported in Figure 7.7 (a), both for the products and for the cracks, are also
relevant for the validation of computational models of ASR cracking, as they provide a quantitative
example of how much extensive cracking throughout the cement paste could be, compared with the
cracking inside aggregates. Figure 7.7 (a) shows that the volume fraction of the total crack network
inside aggregates was larger than the corresponding volume fraction inside the cement paste at any time

point and reached a maximum value of 34% at 250 days.

The almost equal partitioning of ASR products volume between aggregates and the cement paste sug-
gests that their transport was rather extensive. The qualitative examples of Chapter 5 (see Figures 5.8,
5.9 and the respective movies mentioned in Section C7) already showed that such transport occurred as
well at the length scale of several mm far away from the originating aggregates. This quantitative and
qualitative evidence of the products transport calls for a better understanding of the temporal evolution
of the viscoelastic properties of the ASR products. As mentioned in Section 5.4, it has been shown that

the Ca*" ions uptake by products does occur, with consequent exchange of alkali ions [1], and typically
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leads to a stiffening of the products themselves, although the latter has been predominantly observed for
laboratory-synthesized products [2]. Since higher stiffness would hinder their transport, it follows to
hypothesize that the products transport may prevalently occur before their extensive uptake of Ca>" ions.
The latter may happen predominantly or earlier for the products which have reached the paste regions
and only much later and much more slowly for products inside the aggregates. Less extensive transport
into the paste regions could on the contrary suggest that significant Ca>" diffusion into the aggregates
occurred, with consequent products stiffening and transport stopping. The latter process has been exten-
sively shown not to take place, based upon the observation of much lower Ca content for products in

inner aggregate regions than in the cement paste [3].

The chemo-mechanical couplings between Ca?* uptake by products in the cement paste regions and their
mechanical properties are still missing in most of computational modelling of ASR cracking. The results
presented in Chapter 5 and in this Chapter strongly call for taking them more in consideration in future
models. Further experimental, multi-scale and multi-disciplinary investigations would still be needed to

better resolve, especially in time, the evolution of the products' viscoelastic properties.

7.5. Conclusions

The key conclusions that can be summarized for the experimental campaign presented in this Chapter

are the following ones:

a) an optimal BaSO, concentration was found for enhancing the aggregate-to-cement paste X-ray
attenuation contrast in the presence of CsNOs, without decreasing too much the same contrast
between the ASR products and the cement paste; such optimal BaSO4 concentration was found
to be 1.5 vol.-% for the types of aggregates used in this project; this may not be as much optimal
in the case of specimens with other aggregate types, however, the proposed procedure presented
herein could be adapted to find a respective optimal value;

b) the addition of both contrast agents (BaSO4 and CsNOs) to the concrete mix did not affect the
natural ASR (cracking) of the specimens, as assessed in terms of morphological and chemical
properties of the ASR products, full specimen-scale dimensional changes and overall ASR
cracking properties;

c) it was confirmed that the presence of CsNOs only accelerated the ASR kinetics, resulting into

slightly higher bulk expansion and higher crack volume fraction values;
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d) the added possibility of distinguishing both cracks and products based upon their location in the

mesostructure, i.e., either inside aggregate or outside them, empowered a quantitative analysis

that showed that the volume of produced products was equipartitioned between aggregate and

cement paste regions, thus providing a quantitative basis to the qualitative observations already

reported in Chapter 5 of extensive ASR products extrusion outside of the aggregates.
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8.1.

Synthesis of key achievements

This project aimed at addressing, by the use of XT, the following, very specific research needs to fill
particular knowledge gaps about ASR (cracking) in concrete (see also section 1.1 for details):

1.

the lack of truly time-lapse experimental data about the spatial-temporal evolution of (I) ASR
products, (II) local deformation and (III) cracks at the concrete mesoscale;

the corresponding lack of data and thus of understanding about the possible couplings between
the spatial-temporal evolutions of ASR products and cracks.

Some important points are mentioned in Section 1.1 about these two knowledge gaps and, especially,
about their relevance:

il.

1il.

a lot of information about ASR cracking features at the mesoscale has been already available in
the literature since years or even decades, thanks to the use of traditional optical and electron
microscopy techniques. One example mentioned in Chapter 5 is the presence of ASR products
inside the pore space outside of aggregates, surrounded by the cement paste, e.g., in the air
voids. However, all of these data are not truly time-lapse because of the intrinsic destructiveness
of the respective specimen preparation, with consequent limitations, both in terms of data rep-
resentativeness (features at distinct time points observed and characterized from distinct speci-
mens) and of data availability (very limited datasets given the need to have a distinct specimen
for the investigation at each distinct time point);

physics- and chemistry-based computational models of ASR (cracking) at the mesoscale re-
quire, for their development and validation, experimental data about the spatial-temporal evo-
lutions mentioned above. Such models are needed in order to realize, by following upscaling
approaches, macroscopic scale models with predictive capabilities about deformations and dam-
age of structural engineering interest. On the contrary, most of the ASR damage modeling work
of the past has been performed at the macroscopic scale and based upon phenomenological
and/or ad hoc approaches. These past approaches cannot be generalized and need to be substi-
tuted by true material-science based models;

XT had been so far adopted to investigate ASR only in limited cases, mainly not in time-lapse
mode and mainly for simplified model systems and in a qualitative manner [1-4]. Standard XT,
i.e., attenuation contrast-based, had several limitations, in particular it did not allow to distin-
guish the ASR products from the other material phases.

This PhD project has achieved several key results on two distinct levels, which are condensed and high-
lighted here in the following, while some of their longer-term impact on ASR (cracking) research as
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well as some of their limitations are summarized and discussed in the next Section. The first level at
which key results/advancements were obtained concerns the XT methodology for the characterization
of the three ASR features mentioned above: products, induced deformations and cracks.

One key methodology advancement consisted in developing and validating experimental protocols to
overcome the intrinsic limitations of standard XT in detecting ASR products or aggregates or both of
them. The use of CsNOs and of BaSQs, added to the concrete mix design for the purpose of contrast
enhancement in distinct image types, was proposed already independently of this PhD project. The use
of CsNO; was proposed for enhancing the electron back-scattering contrast between products and the
other material phases in SEM micrographs [5]. The use of BaSO4 was proposed to enhance the X-ray
attenuation contrast between aggregates and the cement paste in tomograms [6]. The new advancement
brought by this PhD project consisted (1) in optimizing their applications for XT of ASR-affected spec-
imens and (2) assessing, for the first time and extensively, which kind of perturbations they could cause
to the ASR (cracking) itself. The only significant perturbation which was observed came from the ASR
kinetics acceleration caused by CsNOs addition, while no effects were noticed for BaSO4. Thus, this
PhD work could show that (1) the needed X-ray contrast enhancement between products and aggregates
(Chapters 5 and 7), products and cement paste (Chapters 5 and 7) and aggregates and cement paste
(Chapters 6 and 7) can be achieved and (2) it seems to alter only one ASR feature (the time scale), which
can be taken into account in advance in the experiment design, leaving all the other features essentially
unperturbed.

The extensive search for and assessment of any eventual spurious impact of either contrast agents on
ASR (cracking) was possible only because in this project the mentioned XT methodology was actually
developed in parallel to the implementation of a comprehensive and customized 3D image analysis
workflow. The latter allows achieving many targets at once, among which the quantitative characteriza-
tion of several crack features (overall volume fraction, statistics of crack length, thickness, orientation
and shape). Without such quantitative crack features characterizations, it would have not been possible
to assess whether and how much the use of one or of both contrast agents affected the ASR cracking.

The development and implementation of such workflow addressed, among others, the need of compar-
ing, first of all qualitatively, e.g., by visual comparisons, the distinct tomograms acquired at the succes-
sive time points. This was achieved by an image registration methodology that was developed and im-
plemented for this specific purpose. Addressing this need led to the possibility of quantifying and
monitoring both the global and the localized deformations associated with the ASR cracking (point (1)
of the knowledge gaps list mentioned above), via the global affine and non-affine registration steps
described in Section 3.3. The implemented registration workflow methodology also had an outcome not
envisaged at the beginning of the project: the simplification and robustness increase of the crack and
products segmentation based upon the (direct or inverse) temporal subtraction (TS) approach. This out-
come can be also considered as a key, new methodological advancement contributed by this PhD project
and Thesis: although the TS approach to segmentation of objects in tomograms was not new, its appli-
cation to the segmentation of cracks and the quantitative assessment of its robustness and limitations
(Chapter 5 and the respective Appendix C) can be considered as a novelty.

The developed crack segmentation and features analysis workflow enabled the quantitative comparison
of ASR crack networks developed in specimens with distinct mix designs and, more importantly, very
different boundary conditions (free expansion under laboratory-scale ASR acceleration versus free ex-
pansion under outside field exposure, Chapter 4). The availability of digitized models of parts of the
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crack networks (those parts included in the tomograms) and the computation of statistics of a few geo-
metrical and dimensional features significantly extended and complemented more traditional ways of
comparing the ASR behavior of distinct concrete specimens, e.g., by longitudinal expansion measure-
ment. Because of this complementary analysis, several similarities were found between the ASR crack-
ing in the laboratory-accelerated specimens and in the field-exposed ones, even for specimens not cast
with the same exact aggregate type. Thus, it was possible to assess, more in depth than what traditionally
possible, how much the cracking observed in the specimens accelerated with the chosen protocol was
representative of real-world ASR cracking. The methodological advancement was in this case two-fold:
on the one side, it could be concluded that the acceleration protocol led to rather representative ASR
crack networks, for the chosen mix designs; on the other side, it was chosen how the 3D image analysis
workflow helped and could help better comparing such complex 3D objects as crack networks, which
is an essential step towards more reliable comparability of ASR (cracking) degrees across specimens
and specimens’ types.

Overall, this Thesis contributes to expand significantly the applicability of standard, i.e., attenuation
contrast-based, XT to ASR (damage) research. This overall result was extensively confirmed by the
outcomes of the distinct experimental campaigns performed in this project. Such outcomes belong to
the second level of the project's achievements, i.e., filling up the mesoscale ASR (cracking) knowledge
gaps themselves. In the following, a short-list of observations and ASR (cracking) features is provided,
focusing on those which were significantly new, decisively enabled by the developed XT methodology,
and with a strong potential of contributing not only to fill the mentioned knowledge gaps but also to
advance the computational modeling of ASR cracking at the mesoscale.

a) Along with the crack propagation, for the first time in a time-lapse manner, the extrusion of
ASR products into the cement paste was visualized.

b) The extrusion suggests that, at early stages, the ASR products may be a low-viscosity gel which
can move away from the originating aggregate and can accumulate later elsewhere as a stiffer
phase upon uptake of Ca. Progressive accumulation of ASR products within cracks and air voids
surrounded by the cement paste, with following Ca uptake from them, thus their stiffening, was
observed in this work. Successive extrusions of low-viscosity, lower Ca-content products being
added in time were also observed.

¢) The accumulation of ASR products in the air voids and cracks in the cement paste or in the ITZ
of aggregates surrounding those from which the products originated was observed systemati-
cally. Significant portions of the ASR-generated crack volume remained at later ages empty of
ASR products.

d) The volume fraction of the cracks increases monotonically over time and a significant amount
of cracking in the cement paste is observed;

e) The ASR products were systematically observed to be present extensively outside of aggregates.
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8.2. Outlook

As mentioned in the previous Section, the developed XT methodology significantly extended the range
of ASR cracking features, at the mesoscale, which could be observed (some for the first time) and quan-
tified/monitored in time, contributing to fill up some of the knowledge gaps mentioned in Section 1.1.
The immediate relevance of some of the key results for the mesoscale computational modeling of ASR
cracking was also mentioned in the previous Section. More in general, one way some knowledge gaps
will be filled by the work presented in this Thesis is by the planned, open sharing of the actual tomo-
graphic datasets themselves (both the raw tomographic time series and the outputs of the 3D image
analysis workflow). Sharing such datasets will further support both the development and the validation
of more realistic computational models in several ways.

One direct contribution to such support comes from the binary tomograms of the aggregates and of the
parts of the pore space surrounded by the cement paste and not being cracks, e.g., air voids and porous
patches. The binary tomograms of the latter pore types were not directly used in this project. However,
they can be easily obtained from the raw tomograms and from the binary tomograms which were used
in this project (cracks, products and cement paste). The aggregate and pore space binary tomograms
provide realistic geometrical models of the computational domains, at the mesoscale. The creation of
computational meshes from such binary tomograms could complement algorithmically generated con-
crete mesostructure [7], the latter being easier and cheaper to generate but still not reproducing all the
mesoscale geometrical and spatial distribution features.

Furthermore, as mentioned in the previous Section, the quantified volume fractions of ASR products
and cracks, both outside and inside aggregates, provide key data for the validation of the modeling re-
sults.

Finally, the local displacement vector field, Uy_4rp(¥X,t), obtained from the output of the non-rigid
registration could be used for the validation of modeling results as well as an initial (in time) condition
for simulations. In the latter case, the corresponding strain tensor field would need to be computed as
well as a stress tensor field. The latter could be computed from the strain tensor field once assigning to
each mesoscale material phase (visco-)elastic properties obtained, e.g., from direct measurements on
aggregates and on model mortar matrix specimens.

As mentioned already in the previous Section, the correspondingly developed and validated mesoscale
models could then be used, together with upscaling approaches, for developing macroscale ones [§],
essential for predicting at the macroscopic scale the ASR-induced deformations and the mechanical
properties degradation and for structural design-optimization tasks.

Another potential area of significant impact of the work presented in this PhD Thesis concerns a com-
pletely different spatial-temporal scale range than the one investigated in this project. Indeed, the overall
experimental and 3D image analysis methodology could be directly exploited for investigating the for-
mation of ASR products and the associated cracking at (a) much earlier ASR stages (thus at much
smaller length scales than those covered in this project) and (b) with much higher temporal resolution.
This would be an extension of the work performed in this project which could shed light on some of the
chemo-mechanical coupled phenomena at the basis of the early ASR cracking, an area where many basic
knowledge gaps still remain, as described in Section 1.1.
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In this project, the time-lapse 3D information about mesoscale ASR cracking obtained was first of its
kind. However, it was not possible in any datasets to obtain a complete picture about, e.g., the full
propagation of a single ASR crack, because sometimes the tomograms were acquired at points when the
crack propagation had already advanced significantly. Decreasing the sampling time, i.e., performing
XT more frequently would not only be extremely resource-intensive but, at the mesoscale, it may not
necessarily help because of the unpredictability of the evolution of the crack network, covering it already
significant volumetric ranges, thus with the possibility of branching and other complex evolutional mo-
dalities.

Time-lapse XT tomography with much higher temporal and spatial resolution, e.g., performed with syn-
chrotron radiation, applied to very small (mm scale) and very simplified systems may allow to track
down the evolution of analogues of first ASR cracks related with early stage ASR product formation.
What is meant here as a small and simplified model system could be, e.g., a small portion of a single
aggregate surrounded some thin layers of cement paste, fixed inside a customized cell heated up at 40°C
and filled up with the same alkaline solution used in this PhD project. Such model system could then be
tomographed for 2-3 consecutive days, starting from about 14-21 days (based upon the experience made
in this project, including the acquired SEM datasets) since the start of the immersion of the model system
within the cell. Such an investigation with the described model system could be performed also with a
laboratory-scale tomograph, by adopting local tomography approaches, although, obviously, at signifi-
cantly smaller spatial and temporal resolutions.

The XT measurement and analysis methodology proposed in this Thesis would find immediate applica-
bility to the tomographic time-series obtained from such measurements. More challenging would be the
design and implementation of a model system, inside which the first ASR product formation and the
related ASR cracking, at a scale smaller than tens of pm, could be representative of those occurring in
much larger model systems or even actual laboratory-scale specimens, where the chemical environment
of the pore solution and the mechanical boundary conditions would be more complicated.

Despite the mentioned challenges in extending at the microscopic scale and early ASR stages the type
of investigation performed in this project at the mesoscale, the developed methodology proposed in this
Thesis will contribute to enable new investigations about basic chemo-mechanical processes involved
in ASR (cracking), thus to partly fill the knowledge gaps which still do not allow to develop and support,
at the real-world scale, preventive and interventional engineering measures/approaches to reduce ASR's
negative impact on the world-wide concrete infrastructure.
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Dedicated supporting information for chapter 3

A1. Materials characterizations

Al.1 ASR-reactive aggregates: chemical and mineralogical characterizations

Table TA1 provides the chemical composition of both the U and the P aggregates, as obtained by X-ray
fluorescence (XRF) analysis, which was performed by an external, analytics company, on sintered pow-
der according to the standard DIN EN 196-2 [1]. The aggregate powder was obtained by grinding one
kg of aggregates in the sieve size range 0 — 4 mm with a planetary ball-milling machine.The size range
< 63 um was used for analysis. Table TA1 shows that silica (Si0O.) is the predominant chemical species
of both aggregate types. The other minerals had similar content in both types of aggregates.

Mineralogical information about each aggregate type was obtained by powder X-ray diffraction (PXRD)
analysis, which was performed by Dr. Frank Winnefeld of the Empa's Concrete and Asphalt Laboratory
using Cu-Ka X-rays and a Bragg-Brentano geometrical configuration. The scattering angle (26) range
covered by the X-ray detector was [7°; 70°]. The measurement was performed with a Malvern Panalyt-
ical X'Pert Pro MPD diffractometer. The analysis of the PXRD pattern indicated that both the P and the
U aggregates consist of about 50 mass-% quartz. The feldspars (with Na content > K content) in these
aggregates differs slightly, 25 mass-% in U and 16 mass-% in P. Carbonates (with more calcite than
dolomite) are about 14 mass-% in U and 20 mass-% in P aggregates. The remaining mineral phases are
layer silicates such as clinochlore, muscovite and biotite. Nevertheless, the differences in the mineralog-
ical compositions are almost negligible.
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Table TAI. Chemical composition obtained by X-ray fluorescence (XRF) analysis performed according
to the DIN EN 196-2:2013 standard. ¥ LOI: Loss on Ignition. 1 TC: Total Carbon content, measured
according to the I1SO 10694 standard [2]. } TOC: Total Organic Carbon content. & TIC: Total Inorganic
Carbon content, obtained as the difference between the TC and TOC values. ¢ CO:: total CO; content
obtained from the TC value.

Uri ("U") Praz ("P")
Chemical species Content (mass-%) Content (mass-%)
Si0» 64.3 67.98
ALO: 8.79 7.16
Ca0 8.66 8.86
Fex0s 2.02 1.38
MgO 2.06 191
K0 2.1 2.17
TiO, 0.346 0.201
Cr:0s 0.006 0.005
MnO 0.048 0.03
P,0s 0.079 0.064
N2:0 1.65 137
SOs 0.39 0.09
LOI® 9.45 8.68
Total 99.89 99.9
TCt 2.14 2.15
TOC: 0.18 0.05
TIC* 1.96 2.1
Co’ 7.18 71
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Regardless of relatively similar compositions, there are major differences between the size distributions
of the minerals (i.e., texture) of the two aggregates (Figure Al). The P aggregates (Figure Al (a) and
(c)) are characterized by elongated, highly undulated quartz grains presumably created by tectonic pro-
cesses [3]. They are metamorphic rocks (granitic) of alluvial origin, mainly consisting of gneiss and
quartzite. A bimodal grain size distribution was observed, consisting of a fine grained matrix of micro-
crystalline quartz and muscovite and coarse, highly undulated quartz grains (Figure A1 (c)). The matrix
consisted of a mixture of mica and micro-crystallized quartz. The U aggregates, on the other hand, were
identified as sedimentary aggregates consisting of several equi-sized quartz grains (Figure A1 (b)).

i\:{Mlcr

Figure Al. Examples of mineral textures of both P and U aggregate types, the main ones used in this
PhD project, characterized by optical microscopy performed with cross-polarized light (CP-OM):
(a) and (c) thin-section image from specimens containing P aggregates, at lower and higher magni-
fications, respectively, (b) and (d) the same for U aggregates.
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A2. Time-lapse X-ray tomography (XT)
A2.1 Experimental settings for the measurements on the 25 X 25 X 100 mm? specimens

The second X-ray source of the same tomograph described in Section 3.2 is a Hamamatsu L10711-02
(160 KeV source). It is a micro-focus source as well but based upon the direct transmission geometrical
configuration. In the tomograph used within this project, this source was equipped with a LaBg filament
and a 1 pm-thick W target deposited on a 500 nm-thick diamond support, which allows achieving sub-
micron focal spot size at certain operational voltage and current values. The emitted X-ray beam geom-
etry is a cone one also in this case but with an opening angle up to 140°, compared with the 30° of the
other source. The X-ray source voltage and current were set to about 100 kV and 50 pA, respectively.
With such settings, the focal spot size f; is estimated to be approximately 2 pm, based upon the manu-
facturer's technical specifications. The source-to-specimen distance, dgs; was about 33 mm and the
source-to-detector distance, dgp, was about 166 mm, leading to a geometrical magnification M == 5.
The resulting effective voxel size for the tomograms was p = p/ M = 25 pm. As already done for the
tomograms of the larger specimens, Egs. (2.16) and (2.17) were used to estimate the effective spatial
resolution only when considering geometrical factors. The result of the estimate using the formula for
Resr in Eq. (2.16) is 25.45 um. Thus, a ball park estimate of the upper bound of the actual effective
spatial resolution is 30 pm.

For these, smaller specimens, XT was conducted as well only for their middle region along the specimen
longitudinal direction, covering a volume of interest (VOI) of 25 X 25 X 30 mm?3. The rest of the XT

settings was the same as for the measurements performed on the larger specimens, described in Section
3.2.

A2.2. Time-lapse X-ray micro-tomography

Specimen holder used for time-lapse X-ray tomography. During the time-lapse tomography meas-
urements, the ASR accelerated specimens had to be manually fixed onto an holder (Figure A2 and A3)
at each measuring time point (usually every 2-4 weeks) over the course of a measurement campaign
(between 250 and 404 days, depending on the campaign). For a truly time-lapse investigation, the same
volume of interest (VOI) should be tomographed at each time point £;, Vi = 1, ... N;, as it was done at
the first (reference) time point t,. Some of the tomographs, like the one used in this project, provide a
specimen holder mounted on a stack of two linear stages controlled by piezoelectric actuators. Corre-
sponding software allows setting at t; the holder's reference position (the one at t,) as well as the same
values for the other settings of the tomograph. These other settings include the spatial positions of the
source and detector, the X-ray beam's properties, the X-ray detector's parameters and tomographic ac-
quisitions settings, e.g., number of radiographs acquired.

Despite the possibility of using at each measurement time the same exact settings, the linear stages, on
which the specimen holder sits and located on top of the rotation stage (Figure A2 (d)), have limited
accuracy in achieving a wanted position, at the scale of tens of pm for the tomograph used in this project.
This implies that, by successive displacements, the errors in position cumulates with time, increasing
the inaccuracy in repositioning the holder at the same nominal location, unless the calibration of such
stages is always repeated between two successive measurements, which was not possible for this project.
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In addition, the specimens are typically fixed to the holder manually and human errors in doing so are
another source of inaccuracy. Furthermore, in the case of specimens undergoing ASR-induced expan-
sion, the VOI can also slightly shift. Overall, these factors contribute to specimen misalignment in be-
tween ty and t;, Vi = 1, ... N;, which needs to be corrected for by rigid-body registration and which
makes the registration itself more challenging (the larger and more complex the misalignment, the more
ill-posed the registration problem).

piezoelectric
actuators

e
M\‘x &0

Sample
holder

Figure A2. (a) Piezoelectric actuators attached to the rotating stage of the tomograph, (b) and (c) sample holder
and (d) sample holder fixed to the piezoelectric actuators, called "holding set-up1" throughout the thesis.
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Figure A3. (a) Hexapod and sample holder to fix the specimens during tomography, called "holding set-up2"
throughout the thesis, (b) and (c) photos of sample holder from different angles, and (c) tomography setting.

To address already experimentally the specimen repositioning issue, in some experimental campaigns,
the stack of two linear stages was replaced by an hexapod (Figure A3 (a) and (d)), a moving platform
with 6 degrees of freedom (DOF, shown in Figure A3 (d)), and a semi-automated repositioning work-
flow was developed and programmed into Python scripts to maximize and speed up restoring the spec-
imen position at each time point ¢; with respect to the reference position at t.

The 6 DOF (3 translations and 3 Euler rotations) of an hexapod allow 3D rigid body positioning of the
specimen, compared with the planar translation allowed by the stack of two linear stages. The hexapod
used was an H-824 6-Axis (by PI, Karlsruhe, Germany) with a repeatability accuracy of +0.1 pm / £2
urad operated by a C-887.52x hexapod motion controller (by PI, Karlsruhe, Germany). The problem of
a single 3D repositioning was broken down into several, iterative simpler steps of specimen's 2D pro-
jection-based position recovery.

As an example of such iterative workflow, consider first the simple case of the specimen being, at t;,
tilted around its Z-axis and translated along its Z-axis. Such rotation + translation misalignment thus
consists overall by a rigid body movement on a plane parallel to the detector's plane. As a consequence,
the specimen's radiograph, acquired at 8, =0°, reveals immediately the misalignment and its type (Fig-
ure A4 (b)) when compared with the radiograph acquired at the same angle at t (assuming that the
specimen was ideally straight, as shown in Figure A4 (a)). The rotation and translation parameters, with
respect to the reference position, can then be computed by a rigid body registration (Figure A4 (c)). See
Section 2.4.5.2 for the definition of a rigid body registration. By moving the specimen according to these
rotation and translation but in inverse direction/with the opposite rotation angle, the specimen can be
repositioned as in the reference case at t.
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Figure A4. Schematic illustration of fundamentals of projection and repositioning of the specimen fto its reference
position, at any given time point: (a) a projection at reference time point, (b) a projection at any time point, where
the sample could be dispositioned due to human or other sources of error, (c) comparing the specimen position
and one of their corresponding projections at a certain angle; (d) and (e) how two 2D projections at 0° and 90°
can tell (reconstruct) the position of specimen in 3D, at reference or any other given time point, respectively.

In general, the actual specimen misalignment does not happen solely on a plane parallel to the detector's.
A general misalignment may consist of movements according to all the six DOF (three translational and
three rotational). In order to correct for a general misalignment, the iterative workflow consisted of
following steps and was supported by the following components.

First of all, the holder was optimally designed to grip the specimen tightly. Furthermore, each specimen
was marked since t in one corner (see Figure A4 (a)-(c)), in order to place it on the holder always,
approximately, at the same position (e.g., with the marker always pointing towards the detector). These
experimental measures already helped in reducing the misalignment. What still remained of it was cor-
rected for by the iterative workflow. The latter, in a general case, consisted first of all of acquiring two
radiographs, one at 8 =0°, the other at 8 =90°, at t; (Figure A4 (d) and (e)). At any following time
point t;, V i = 1, ... N, the iterative procedure consisted of the following steps (see Figure AS).

The first step aimed at finding the optimal orientation of the specimen around the vertical, Z-axis (8, =
0) , where optimal refers to the minimization of the misalignment.
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Figure A5. Workflow of the gradual sample repositioning.

Several radiographs were acquired around 6 =90°, for instance between 70°-110° with increas-
ing steps of 0.5°. Each of them was then registered according to the rigid body model against the
radiograph at 90° acquired at t.

The SimpleElastix Python script to perform such set of rigid body registration was the following:
import SimplelTK as sitk

import pims

elastixImageFilter = sitk.SimpleElastix()

outdir = "C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-(1,1,1,1,1,1)"
elastixImageFilter.LogToConsoleOn()

elastixImageFilter.LogToFileOn()

elastixImageFilter.SetOutputDirectory(outdir)

elastixImageFilter.SetFixedImage(sitk. Readlmage("C:/ElasticFiles/WinPython-64bit-3.4.4.2/Result-
Folder/Hex-21.18.2019/90-(1,1,1,1,1,1)/90.tiff"))

vector = sitk. VectorOfIlmage()
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population = pims.ImageSequence("C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-
21.18.2019/ref/Proj/* tif")

for i in population:
elastixImageFilter.SetMovingImage(sitk. GetImageFromArray(i))
parameterMapVector = sitk. VectorOfParameterMap()

parameterMapVector.append(elastixImageFilter.ReadParameterFile("C:/Elas-
ticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-Pivot290/Parameters_Rigid 2D.txt"))

elastixImageFilter.SetParameterMap(parameterMapVector)
elastixImageFilter. Execute()

# Transform label map using the deformation field from above
elastixImageFilter. GetTransformParameterMap()

vector.push_back(elastixImageFilter. GetResultImage())

The SimpleElastix parameter file for such rigid body registration, containing the settings for the registration al-
gorithm itself, was the following:

(FixedInternallmagePixelType "float")
(FixedImageDimension 2)
(MovinglInternallmagePixelType "float")
(MovinglmageDimension 2)

(Registration "MultiResolutionRegistration")

(Interpolator "LinearInterpolator”)
(Resamplelnterpolator "FinalBSplinelnterpolator")
(Resampler "DefaultResampler”)

(FixedImagePyramid "FixedRecursivelmagePyramid")
(MovingImagePyramid "MovingRecursivelmagePyramid")
(Optimizer "AdaptiveStochasticGradientDescent")

(Transform "EulerTransform")
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(Metric "AdvancedMattesMutuallnformation”)
(AutomaticScalesEstimation "true")
(Automatic Transformlnitialization "true")
(HowToCombineTransforms "Compose”)
(NumberOfHistogramBins 32)
(ErodeMask "false")
(NumberOfResolutions 10)
(MaximumNumberOflterations 1000)
(NumberOfSpatialSamples 10000)
(ImageSampler "RandomCoordinate")
(NewSamplesEverylteration "true”
(BSplinelnterpolationOrder 1)
(FinalBSplinelnterpolationOrder 3)
(DefaultPixelValue 0)

(WriteResultimage "false")
(ResultlmagePixelType "float")

(ResultimageFormat "tif")

The results from each registration were saved into a log-file, which was then used to search which one
of them achieved the best match with the radiograph at & =90° acquired at ty. The best match was
looked for by considering the rigid body registration's objective function, which was also in this case
based upon the mutual information of the two registered images. The registration whose final value of
such objective function was the smallest (due to the definition of the mutual information metric [4], that
we used in our registrations, described in section 3.3 of chapter 3) meant the registration was the most
successful. However, we multiplied this value to a minus (-minima) to achieve a positive value, just to
make the plots more intuitive to the user (Figure A6). This result was assumed to indicate that the radi-
ograph at t; and at the 8 value between 70° and 110° which was the most successfully registered to the
radiograph at 90° at ¢, indicated which 6, = 6 was the closest to the original orientation of the specimen
at ty. An example of the registration's objective function value as a function of the specimen's 6, = 0
value is shown in Figure A6. This example indicates that, among all the radiographs acquired between
about 70° and 110°, the one at 89° could be the most successfully registered. Therefore, by rotating the
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specimen around the Z-axis of -1° (i.e., 6,=-1°, where the minus sign indicates a backward rotation),

the specimen misalignment around such axis could be minimized.

55 import pandas as pd

56
57m = pd.read_csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Automation/2.Complete_Information_main.csv')
58 # get the row of minimum value

59 min_Value = m.loc[m['Metric'].idxmin()]

60 print (min_Value)

61 with open("C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Automation/2.Complete_Information_MinimumMetric.csv', 'w+') as fx:
62 fx.write(str(min_Value))

63
64

65

66 #PLot the curve
67 import matplotlib.pyplot as plt

68 import pandas as pd

69

70 x = pd.read_csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Automation/@.angles.csv', sep=",', header=None, usecols=[@])

71y = pd.read_csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Automation/2.Exacted_Final_Metric_Values_from_History.csv', sep=",', header=None, usecols=[@])
72 plt.plot(x, y, label='Final Exact Metrics from 8-45 dgree’, color='orange’, linestyle='dashed’, linewidth = 1.5, marker='o’, markerfacecolor='blue’, markersize=7)
73 plt.axis(aspect="equal’)

74 plt.xlabel('angle of projection')

75 plt.ylabel('Final Exact Metric')

76 plt.title('Finding the best nf
77 plt.legend()

;g plt.show() 29 Finding the best matching projection angle
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Figure A6. The code developed for automatizing of sample repositioning workflow.

The Python script to perform the search of the global maximum of the registration object function versus

the 6 value of the radiograph at time t; was the following:

#Extract final metric value

filename = "C./ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-

(1,1,1,1,1,1)/1.thetaZ/l. history.log"

with open('C./ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-

(1,1,1,1,1,1)/1.thetaZ/2. Exacted Final Metric Values from_History.csv', 'w+') as fx:

with open(fileName) as inputFile:
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data = inputFile.readlines()
inputFile.close()

for line in data:
if "Final metric value =" in line:

frewrite(line [22::]) #the [22::] skips 22 places (eaither space or character which in this case is
equal to "Final _metric_value =", so that I can save only numbers!!)

print(line)

R R R R R Combine
csv files of the angles and extracted final metric values

import pandas as pd

df1 = pd.read _csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-
(1,1,1,1,1,1)/1.thetaZ/0.angles.csv', header=None)

dr = pd.read _csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-
(1,1,1,1,1,1)/1.thetaZ/2.Exacted Final Metric Values from_ History.csv', header=None)

combined_csv = pd.concat([df1 , df2], axis=1)

combined _csv.to_csv( "2.Complete Information.csv", index="True)

R R R R R R R R R R R
#Rename the index names in the CSV file

import csv

import os

inputFileName = "C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-
(1,1,1,1,1,1)/1.thetaZ/2.Complete Information.csv"

outputFileName = os.path.splitext(inputFileName)[0] + " _main.csv"

with open(inputFileName, newline=") as inFile, open(outputFileName, 'w', newline=") as outfile:
r = csv.reader(inFile)
w = csv.writer(outfile)
next(r, 0) # skip the first row from the reader, the old header

# write new header
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w.writerow(['Index’, 'Angle’, 'Metric'])
# copy the rest
forrowinr:
w.writerow(row)
R R
#Extract minimum metric value
import pandas as pd

m = pd.read_csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-
(1,1,1,1,1,1)/1.thetaZ/2.Complete Information main.csv')

# get the row of minimum value
min_Value = m.loc[/m['"Metric'].idxmin()]
print (min_Value)

with open('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-
(1,1,1,1,1,1)/1.thetaZ/2.Complete Information_MinimumMetric.csv', 'w+') as fx:

fx.write(str(min_Value))
R
#Plot the curve
import matplotlib.pyplot as plt
import pandas as pd

X = pd.read_csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-
(1,1,1,1,1,1)/1.thetaZ/0.angles.csv', sep=",", header=None, usecols=[0])

y = pd.read_csv('C:/ElasticFiles/WinPython-64bit-3.4.4.2/ResultFolder/Hex-21.18.2019/90-
(1,1,1,1,1,1)/1.thetaZ/2.Exacted_Final Metric Values from History.csv', sep=""  header=None,
usecols=[0])

plt.plot(x, -y, label="Final Exact Metrics from 0-45 dgree’, color="red', linestyle="dotted', linewidth =
1.5, marker='o', markerfacecolor="red’, markersize=7)

plt.axis(aspect="equal’)
plt.xlabel('angle of projection’)

pltylabel('Final Exact Metric')
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plt.title("Finding the best matching projection angle')
plt.legend()

plt.show()

The same exact procedure for the first step of the iterative workflow was repeated for a broader range
of 6, = 0 values (90° + 90°), in order to verify whether the global optimal matching was achieved
instead of a local one. The resulting values for the registration objective function are shown in Figure
A7, similarly as in Figure A6. It can be observed that the maximum value found in the range 90° + 20°
was indeed a global maximum.
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Figure A7. Another example of finding maximum 6, amongst a larger range of projection angles.

The second step of the workflow was dedicated to correct for the misalignment around the Y-axis, rep-
resented by the angle of rotation Oy. In this step, only one rigid body registration was performed between
the radiograph acquired at t; at 0° (stage rotation angle around Z-axis) and the radiograph acquired at
to at 0° as well. As a result of the latter rigid registration, the specimen was rotated via the hexapod
around the Y-axis of a certain value for 6y to minimize such type of rotational misalignment. A similar
procedure was performed at the third step to correct for the misalignment around the X-axis by rotation
of an optimal Oy angle, except for the fact that the radiographs of the specimen at 90° were used.

The forth step in the workflow was dedicated to correct for translational misalignments, along the X-,
Y- and Z-axis. For this purpose, two rigid body registrations were performed between two radiographs
acquired at 0° and 90° at t; and the two corresponding radiographs, taken at 0° and 90°, acquired at t.
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In this case, only the translation information from output of the rigid body registration was considered
for simultaneously correcting for all the three misalignments, along the X-, Y- and Z-axes. The horizon-
tal translation suggested by the registration of the radiographs at 0° allowed minimizing the misalign-
ment along the X-axis, the one from the registration of the radiographs at 90° allowed minimizing the
misalignment along the Y-axis and, finally, the Z-displacement suggested by any of the two registrations
was used to minimize the misalignment along the Z-axis. Finally, to control the correctness of the repo-
sitioning, the procedure at step four was repeated. If the specimen was properly repositioned with respect
to its position at ty, the process was dismissed otherwise all the steps had to be repeated from the be-
ginning.

The overall workflow was performed, before each tomography measurement at t;, Vi = 1, ... N¢, only
with two iterations, to reposition the specimen as close as possible to its £y position.

A3. Image processing and analysis of the time-lapse X-ray tomograms

A3.1 Image enhancement

The following values of the parameters of the "Anisotropic diffusion" plugin were used for noise filter-
ing each tomogram, independently of the specimen and time point:

e "Anisotropic diffusion method" = "Tschumperle - Deriche"
e "Max # of complete iterations" = 20

e "Time step" =10

e "Smoothing number per iteration" = 2

e "Al diffusion limiter" = 0.5

e "A2 diffusion limiter" = 0.7

e "A3 diffusion limiter" = 0.9

e "Edge threshold" =5

e "Constrain in case of overflow" = true

A3.2 Correction for specimen misalignments

The parameter text file for the 3D rigid body registration included the following settings:
(FixedInternallmagePixelType "short")

(FixedImageDimension 3)

(MovinglInternallmagePixelType "short")

(MovinglmageDimension 3)

(Registration "MultiResolutionRegistration")

(Interpolator "LinearInterpolator")
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(Resamplelnterpolator "FinalBSplinelnterpolator")
(Resampler "DefaultResampler")
(FixedImagePyramid "FixedRecursivelmagePyramid")
(MovinglmagePyramid "MovingRecursivelmagePyramid")
(Optimizer "AdaptiveStochasticGradientDescent")
(Transform "EulerTransform")

(Metric "AdvancedMattesMutuallnformation")
(AutomaticScalesEstimation "true"

(Automatic Transformlnitialization "true")
(HowToCombineTransforms "Compose")
(NumberOfHistogramBins 64)

(ErodeMask "false")

(NumberOfResolutions 5)
(MaximumNumberOfiterations 1000)
(NumberOfSpatialSamples 20000)

(ImageSampler "RandomCoordinate")
(NewSamplesEverylteration "true")
(BSplinelnterpolationOrder 1)
(FinalBSplinelnterpolationOrder 3)
(DefaultPixelValue )

(WriteResultimage "true")

(ResultlmagePixelType "short")

(ResultlmageFormat "mhd")

The following is the content of the Python script used to perform the 3D rigid body registration using
the SimpleFElastix libraries:
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import SimplelTK as sitk

elastixImageFilter = sitk.SimpleElastix()
elastixImageFilter.LogToConsoleOn()

outDir = "path to output directory"

fixImage = "path to fixed/reference image"

movimage = " path to moving/deformed image "
elastixImageFilter.SetOutputDirectory(outDir)
elastixImageFilter.SetFixedlmage(sitk. Readlmage(fixImage))
elastixImageFilter.SetMovingImage(sitk. Readlmage(movimage))
parameterMapVector = sitk. VectorOfParameterMap()
parameterMapVector.append(elastixImageFilter. ReadParameterFile("path to text parameter file"))
elastixImageFilter.SetOutputDirectory(outDir)

elastixImageFilter. Execute()

elastixImageFilter. GetParameterMap()

transformParameterMap = elastixImageFilter. GetTransformParameterMap()
transformix = sitk.SimpleTransformix()
transformix.SetOutputDirectory(outDir)

transformix.LogToConsoleOn()
transformix.SetTransformParameterMap(elastixImageFilter. Get TransformParameterMap())
transformix. ComputeDeformationFieldOn()
transformix.SetMovinglmage(sitk. Readlmage(movimage))

transformix. Execute()

transformix. GetComputeDeformationField()

resultFloatImage2 = transformix.GetResultlmage()

sitk. WriteImage(resultFloatlmage?2,'Result image.tif’)

elastixImageFilter.SetOutputDirectory(outDir)
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A3.3 Empty crack segmentation

3D, global affine registration. The algorithmic implementation was done also in this case by using the
Python API of SimpleElastix. The parameter text file for the 3D affine registration included the follow-
ing settings:

(FixedInternallmagePixelType "short")
(FixedImageDimension 3)
(MovinglInternallmagePixelType "short")
(MovingImageDimension 3)

(Registration "MultiResolutionRegistration")
(Interpolator "BSplinelnterpolator”)
(Resamplelnterpolator "FinalBSplinelnterpolator")
(Resampler "DefaultResampler”)
(FixedIlmagePyramid "FixedRecursivelmagePyramid")
(MovingImagePyramid "MovingRecursivelmagePyramid")
(Optimizer "AdaptiveStochasticGradientDescent")
(Transform "AffineTransform")

(Metric "AdvancedMattesMutuallnformation")
(AutomaticScalesEstimation "true")

(Automatic Transformlnitialization "true")
(HowToCombineTransforms "Compose")
(NumberOfHistogramBins 64)

(ErodeMask "false")

(NumberOfResolutions 4)
(MaximumNumberOfiterations 1000)
(NumberOfSpatialSamples 20000)

(ImageSampler "RandomCoordinate")

(NewSamplesEverylteration "true")
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(BSplinelnterpolationOrder 1)
(FinalBSplinelnterpolationOrder 3)
(DefaultPixelValue 0)
(WriteResultimage "false")
(ResultlmagePixelType "short")

(ResultlmageFormat "mhd")

The Python script used to perform the 3D global affine registration was the following:
import SimplelTK as sitk

elastixImageFilter = sitk.SimpleElastix()

elastixImageFilter.LogToConsoleOn()

outDir = "path to output directory"

fixImage = "path to fixed/reference image"

movimage = "path to moving/deformed image"
elastixImageFilter.SetOutputDirectory(outDir)
elastixImageFilter.SetFixedlmage(sitk. Readlmage(fixImage))
elastixImageFilter.SetMovingImage(sitk. Readlmage(movimage))
parameterMapVector = sitk. VectorOfParameterMap()
parameterMapVector.append(elastixImageFilter.ReadParameterFile("path to text parameter file"))
elastixImageFilter.SetParameterMap(parameterMapVector)
elastixImageFilter.SetOutputDirectory(outDir)

elastixImageFilter. Execute()

elastixImageFilter. GetParameterMap()

transformParameterMap = elastixImageFilter. GetTransformParameterMap()
transformix = sitk.SimpleTransformix()

transformix.SetOutputDirectory(outDir)
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transformix.LogToConsoleOn()

transformix.SetTransformParameterMap (elastixImageFilter. Get TransformParameterMap())
transformix. ComputeDeformationFieldOn()

transformix. ComputeDeterminantOfSpatialJacobianOn()

transformix.SetMovinglmage(sitk. Readlmage(movimage))

transformix. Execute()

transformix. GetComputeDeformationField()

transformix. GetComputeDeterminantOfSpatialJacobian()

resultFloatImage2 = transformix.GetResultlmage()

sitk. WriteImage(resultFloatlmage2,'Result U0-3 Local Affine 1-17.tif')

elastixImageFilter.SetOutputDirectory(outDir)

3D, non-affine registration. The Python API of SimpleElastix was used to program also this type of
registration. The parameter text file for the 3D affine registration included the following settings:

(FixedImageDimension 3)

(MovingImageDimension 3)

(FixedInternallmagePixelType "short")
(MovinglInternallmagePixelType "short")

(Registration "MultiMetricMultiResolutionRegistration")
(FixedImagePyramid "FixedSmoothinglmagePyramid")
(MovingImagePyramid "MovingSmoothinglmagePyramid")
(Interpolator "BSplinelnterpolator”)

(Metric "AdvancedMattesMutuallnformation" "TransformBendingEnergyPenalty” "TransformRigidi-
tyPenalty")

(MetricOWeight 1)
(MetriclWeight 0.1)

(Metric2Weight 0.4)
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(UseLinearityCondition "true")

(UseJacobianPreconditioning "false")

(Optimizer "AdaptiveStochasticGradientDescent")

(Resamplelnterpolator "FinalBSplinelnterpolator")

(Resampler "DefaultResampler")
(Transform "BSplineTransform")
(ErodeMask "false")
(AutomaticScalesEstimation "true”,

(Automatic Transformlnitialization "true")

(Automatic TransformlnitializationMethod "Origins")

(NumberOfResolutions 3)
(FinalGridSpacinglnVoxels 64.0)
(MaximumNumberOfiterations 700)
(HowToCombineTransforms "Compose")
(UseFastAndLowMemoryVersion "true")
(NumberOfHistogramBins 64)
(FixedKernelBSplineOrder 3)
(MovingKernelBSplineOrder 3)
(ImageSampler "RandomCoordinate")
(UseRandomSampleRegion "false")
(NumberOfSpatialSamples 10000)
(NewSamplesEverylteration "true")
(CheckNumberOfSamples "true")
(MaximumNumberOfSamplingAttempts 5)
(BSplinelnterpolationOrder 1)

(FinalBSplinelnterpolationOrder 3)
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(DefaultPixelValue 0)

(SP_a 2000.0)

(SP_A4 50.0)

(SP_alpha 0.6)

(GetJacobian "false")
(WriteTransformParametersEachlteration "false")
(WriteResultimage "true")
(CompressResultlmage "false")
(WriteResultimageAfterEachResolution "false")
(ShowExactMetricValue "false")
(ResultlmagePixelType "short")

(ResultlmageFormat "mhd")

The Python script for such 3D non-affine registration was the following:
import SimplelTK as sitk

elastixImageFilter = sitk.SimpleElastix()
elastixImageFilter.LogToConsoleOn()

outDir = "path to output directory"

fixImage = "path to fixed/reference image"

movimage = "path to moving/deformed image"
elastixImageFilter.SetOutputDirectory(outDir)
elastixImageFilter.SetFixedImage(sitk. ReadImage(fixImage))
elastixImageFilter.SetMovinglmage(sitk. Readlmage(movimage))
parameterMapVector = sitk. VectorOfParameterMap()
parameterMapVector.append(elastixImageFilter.ReadParameterFile("path to text parameter file"))

elastixImageFilter.SetParameterMap(parameterMapVector)
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elastixImageFilter.SetOutputDirectory(outDir)

elastixImageFilter. Execute()

elastixImageFilter. GetParameterMap()

transformParameterMap = elastixImageFilter. GetTransformParameterMap()
transformix = sitk.SimpleTransformix()
transformix.SetOutputDirectory(outDir)

transformix.LogToConsoleOn()
transformix.SetTransformParameterMap(elastixImageFilter. Get TransformParameterMap())
transformix. ComputeDeformationFieldOn()

transformix. ComputeSpatialJacobianOn()

transformix. ComputeDeterminantOfSpatialJacobianOn()
transformix.SetMovinglmage(sitk. Readlmage(movimage))

transformix. Execute()

transformix. GetComputeDeformationField()

transformix. GetComputeSpatialJacobian()

transformix. GetComputeDeterminantOfSpatialJacobian()

resultFloatImage2 = transformix.GetResultimage()

sitk. Writelmage(resultFloatlmage2,'Result U0-3_BS 1-16.tif)

elastixImageFilter.SetOutputDirectory(outDir)

Empty crack segmentation: Remarks and segmentation results validation.

The chosen and implemented empty ASR crack segmentation workflow has both advantages and disad-

vantages compared with any other workflow not relying on non-rigid registration followed by subtrac-

tion. The tomogram {i (%, ti)}j=1 vV i =1,..., N, output after the B-spline-based registration, does

not contain any more the same exact cracks as in the tomogram after rigid-body registration,

{I re (%, ti)}j_1 pVi= 1, ..., N;. That is an intrinsic consequence of the non-rigid registration itself.

The implemented TS workflow cannot return exactly the same results, especially the orientation of the

cracks, as any other crack segmentation workflow using as input only {IRB %, ti)}],_1 e Vi=

1, ..., N;. However, this limitation does not necessarily imply that this workflow produces less reliable
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results. A segmentation workflow, which uses {I re (%, ti)}jzl,. as the only data and information

N
source for segmentation can also perform worse due, e.g., to image noise and partial volume effects.
Since any segmentation approach has a limited degree of reliability, which is, by itself, difficult to assess
because a ground truth segmentation result is not available [5], what is important is to understand the
differences in errors made by distinct segmentation approaches.

To assess such differences, a test analysis was performed to understand the advantages and disad-
vantages of the TS-based segmentation of empty cracks. For such analysis, we implemented the crack
segmentation workflow based upon the BTH (already used only for segmenting the ASR-pre-existing
cracks in the tomogram at t,, see Section 3.3, sssteeep (III)) for segmenting both ASR-induced and
pre-existing cracks in a tomogram at ¢;, {1 rB (%, ti)}jzl,...,N' Such alternative segmentation workflow

was considered as a benchmark, since it uses as information for the segmentation only the voxel values
of the tomogram to be segmented. The latter is a typical feature of the most frequently used segmentation
algorithms/workflows. The results of crack segmentation based on the BTH-based approach were then
compared with the segmentation results obtained with the TS-based one. There are two important fea-
tures associated with the quality of the crack segmentation: the volume fraction of segmented cracks
(empty crack volume per unit volume of tomogram); second, their shape/orientation. Therefore, the
comparisons were carried out under two distinct conditions to evaluate both features: (1) segmenting
the cracks using both methods applied to exactly the same (non-affinely registered) tomogram; (2) seg-
menting the cracks by applying the BTH approach to the non-registered tomogram (at time t;) and using
the TS approach for the same tomogram but after non-affine registration. Using the first test allows to
quantify the volume fraction of the segmented crack in the exact same tomogram using both techniques.
The second test is useful both for evaluating the volume fraction of the segmented cracks and their
overall shape/orientation change (due to the non-affine registration).

Figure A8 shows two distinct examples of the segmentation results for a specimen cast with U aggre-
gates and with Cs, at the end of the experimental campaign described in Chapter 5 (250 days). Such
results concern the first evaluation procedure. It is observed in such figure that the TS technique resulted
in a more accurate segmentation, especially in the case of finer cracks, compared to the one obtained by
the BTH-based technique. The TS-based approached led to a relative increase of 25 + 1.5 % in the
estimated empty crack volume fraction, compared with the estimate obtained by the BTH-based ap-
proach. This means a remarkable improvement of the segmentation results because, as shown in the two
examples of Figure A8, the BTH-based approach systematically missed some crack regions. Further-
more, the overall TS-based segmentation was carried out faster and was easier to implement. The human
intervention in the TS segmentation is also less than the one of the BTH.
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Figure A8. Two distinct examples of segmentation results from two different regions of a U specimen
cast with additional Cs for ASR products labeling. The non-affinely registered tomogram at 250 days
of such specimen was used. The results were obtained by the BTH-based and by the TS-based ap-
proaches, respectively. (a) and (c): two slices from two distinct regions of the tomogram, with, high-
lighted in the zoom-in insets, some cracks. (b) and (d): comparison of the binary tomograms of the
empty cracks obtained with the two distinct approaches. For each region, each binary tomogram is
superimposed on top of the non-affinely registered tomogram. The binary tomogram obtained by the
TS -based approach is colored in blue, whereas the one obtained by the BTH-based approach is
colored in pink.

Figure A9 shows some results for some small volumes of interest (VOIs) of the tomogram of the same
U specimen cast with Cs as for Figure A8 and at 250 days. The implemented TS approach segmented
crack volumes which were displaced compared with those produced by the reference segmentation
based upon the BTH approach, the latter using only {I re (%, ti)}jzl,...,N' However, no significant

changes in orientation, shape and sizes were observed. This suggests that the mapping vector field

X' = ?N_ arr(X) represented by the B-spline expansion acted locally, in the crack region, mainly as a
translation vector. The translation was typically at the scale of a few voxels. The volume of the seg-
mented cracks, in the chosen VOIs, showed only a subtle difference of 0.7 £ 0.05 % when obtained by
the TS-based approach rather than the BTH-based one.

Such degree of translation in the segmented cracks, compared with where they were actually located,
did not have significant negative impact on the analysis. That is because the analysis targets in this
project did not require determining quantitatively the absolute positions of the crack regions. On the
contrary, the targets included both tracking qualitatively the crack network's spatial-temporal evolution
and quantifying some of their features, such as size, volume, shape and orientation. However, the TS
workflow may not be useful in applications where the exact spatial position of the cracks needs to be
preserved and retrieved.
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= u Empty crack

Crack segmented by TS

Crack segmented by BTH

Figure A9. Evaluation of the effects of non-affine registration on the shape and orientation of ASR-
induced cracks, in 3 small volumes of interest (VOIs) of a U specimen cast with Cs to label the ASR
products and at 250 days. Only one slice from each VOI is shown. (a) One VOI in the reference
tomogram, at to= 1 day. (b) Same VOI as in (a) but from the rigidly registered tomogram at 250 days.
(c) Same VOI as in (a) but from the deformed tomogram at 250 days, obtained after the rigid, affine
and non-affine registrations, respectively. (d) Same VOI as in (a) but from the difference tomogram
which is the result of subtracting the tomogram shown in (c) from the one in (a), as needed for the
TS-based empty crack segmentation. (e) Superimposed results of the crack segmentation over the
image in (d). The binary tomogram shown in semi-transparent yellow corresponds to the result of the
TS segmentation (thresholding from (d)). The binary tomogram in red shows the results obtained with
the BTH-based approached applied directly to the non-registered tomogram shown in (b). The third
(insets (f) to (j)) and fourth (insets (k) to (0)) rows present two other examples from other VOlIs, with
the same order as specified for the first example of insets (a) to (e).
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The reason why the shape and size of the cracks segmented by the TS-based workflow were approxi-
mately preserved, despite the overall tomogram containing them was deformed, lies, on three intrinsic
features of the type of non-rigid registration used (affine + non-affine based on a B-spline expansion):

1. the assumption of "image intensity conservation" (also termed "optical flow equation" [6], see
Section 2.4.5.2), i.e., that a portion (i.e., voxel) of the object gets moved as a consequence of
the deformation but keeps its image (voxel) value at the two time points (Figure A10); written

in equations this means that I (T)real(fj)r t;) = I1(%;, to) (see also Eq. (2.19), where Troa(®) is
the actual mapping vector field which the registration algorithm tries to approximate as accu-
rately as possible;

2. the chosen image similarity metric, whose optimization drives the search for the optimal ap-

proximation of ﬂeal (X), depends only upon the statistics of voxel values and not on other fea-
tures of the tomograms;

3. since the ASR cracks exist in the tomogram at t; but not at ¢y, the regions containing them not
only contribute to violate the assumption at point Nr. 1, impairing locally the registration itself,

but there is also no possible realization of T(J?) which could make their local deformation con-
tribute to increase the image similarity metric; thus, it is as if the registration workflow could
not properly deform locally such regions because it lacks the information for doing so. Figure
Al11 shows, by a very simplified toy case study, this fact. It reports the results of the same crack
segmentation procedure based on the TS approach applied to the case where the only difference
between the reference image (Figure A1l (a)) and the deformed one (Figure A1l (b)) is a new
feature appearing only in the latter and being like a thin dark stripe, simulating an empty crack.
No other difference exist between the reference and the deformed images, i.¢., no kind of defor-
mation at all. Instead, just a part of the reference image, in the form of a thin rectangular stripe,
has been zeroed. It can be observed that the affine + non-affine registration chain preserves all
the features common in both the reference and the deformed image. In addition, it perfectly adds
the new feature of the deformed image to the registration result, without deforming it at all. This
suggests that the mentioned two steps of registration cannot identify any local deformation of
the deformed image which could increase the local matching of the registration result with the
reference image. Therefore, such feature is exactly reproduced into the resulting, registered im-
age without being modified (Figure A11 (¢));

4. the B-spline expansion representation of each vector component of ﬁeal(ic’) can extend (i.e.,
copy) to the crack regions the same expression determined as optimal for its nearest neighbour-
ing regions, leading to a T(%) which locally is just constant (pure translation) across a crack
region. A mapping vector field locally across the crack regions acts as a constant translation
which preserves size, orientation and shape.
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Figure A10. Schematic illustration of the condition expressed by the optical flow equation (see Eq.
(2.19))and of its implications for non-affine image registration: (a) a crack, shown at higher resolution
(middle image) in an actual tomogram (slice thereof shown at the bottom) and a one-dimensional, voxel
value profile from it along a line crossing the crack thickness (top image, schematic cartoon only); (b)
comparing the reference state (time ty) and the state after cracking (deformed image at time t;) in the
same schematic image and (c) comparing the deformed image to its corresponding image after non-
affine (b-spline) registration.
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Figure All. Evaluating the effect of affine + non-affine registrations on a newly emerged feature (a
black, crack-like, stripe in this example) in the deformed image, compared with the reference one, with-
out any actual deformation or other change having occurred to produce the deformed image. (a) Refer-
ence image (a slice from a small ROI from one of the tomograms). (b) Deformed image, obtained from
(a) just by reassigning value = 0 (i.e., black) to some of its pixels, constituting a thin rectangular stripe.
(c) Resulting image after affine + B-spline registration of (b) against (a). (d) Result of subtraction of (c)
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from the reference image shown in (a). (e) and (g) Magnified region in the tip of the crack-like feature
shown in (b) and (d), respectively. (f) and (h) The corresponding profile of the pixel values along the
blue lines shown in figures (e) and (g), respectively, comparing the width of the crack-like feature before
and after the image registration.

Figure A12 summarizes the effects of the different registration steps used in the TS-based crack seg-
mentation procedure on the cracks and their surroundings using a simplified model system. Such model
system consists of an artificially created, 2D reference image (Figure A12 (a)) which was deformed in
a way to simulate (some feature of) the deformations due to ASR cracking, including the crack opening
(Figure A12 (b)). The surrogate cracks in this model system are two wedge-like regions with pixel value
= 0, introduced in the deformed image of Figure A12 (b). Based on the introduction of such surrogate
cracks, the remaining portions of the reference image were displaced, rotated and deformed as to simu-
late (some features of) ASR cracking and expansion.

The affine registration (Figure A12 (c¢)) tries to match the deformed image with the reference one glob-
ally. To do so, it relies only on the similar portions in both images. Therefore, the deformed texture (a
sort-of microstructure), moved in Figure A12 (b) due to the emergence of the two surrogate cracks, has
to be sort-of compressed back in a way such that it falls approximately back into the same region occu-
pied by the frame of the reference image. Nevertheless, the cracks remain intact in the resulting final
image after the registration is done (Figure A12 (c¢)). A similar result also applies when the affine regis-
tration is followed by the B-spline-based non-affine one (Figure A12 (d)). Only similar portions of the
image get involved in the registration, which also tries to correct for the spatially heterogeneous part of
the deformations, not accounted for by the global affine registration. The cracks still remain intact in the
new resulting image (Figure A12 (d)).

The advantages of the TS-based segmentation workflow can be summarized in the two following points.

(1) Compared with the reference segmentation workflow based upon the BTH, the amount of small,
quasi-spherical voxel clusters falsely classified as belonging to crack regions because of, e.g.,
partial volume effects was significantly smaller for the TS-based workflow. Although in both
cases the final ASR crack binary tomogram was obtained after applying the sphericity-based
filter described before, the false positive segmentation rate was still lower with the registration
+ subtraction workflow. This result is clearly expectable, since the subtraction operation intrin-
sically contributes to avoid such false positive segmentation results.

(2) The registration + subtraction workflow could segment regions of cracks with thickness close
to the tomogram's spatial resolution, which were missed by the reference segmentation work-
flow. This result can be ascribed to the stronger and negative influence of partial volume effects
on the reference segmentation workflow, while the registration + subtraction one is more im-
mune to them. The latter feature intrinsically stems from the impossibility for the registration to
deform the {f (%, ti)}j=1,...,N’ Vi=1,..,N, as such to sort-of close the ASR cracks, since they

are features which exist in {I (%, ti)}j=1,...,N but not in {I X, tO)}j=1,...,N and every performed

registration was based only upon the voxel values, as mentioned before. Essentially, an una-
voidable error for the type of image registration used could be exploited in this work to improve
the segmentation results, in terms of crack volume fraction actually segmented. This is a feature
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of image registration already exploited and proposed by Hild ef al. for locating crack regions in
tomograms of concrete specimens undergoing drying shrinkage even when such cracks were
not completely resolved at any point in the tomogram time series [7].

Overall, the TS-based segmentation workflow for ASR-generated empty cracks allowed reducing false
positive segmentation results due to partial volume effects and increasing the crack volume segmented.
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Figure A12. The effects of different registrations (affine and non-affine), used in the TS-based segmen-
tation, as evaluated on a model, 2D case study where a uni-directional expansion occurred as a conse-
quence of the appearance of new, crack-like features. (a) Reference, artificially created, 2D image. (b)
Deformed image, artificially obtained from (a) by inserting two new features, each with the shape of a
triangular wedge and with pixel values = 0, simulating cracks, and by deforming correspondingly the
rest of the image as to simulate the effects of ASR crack opening for such toy case. (c) Resulting image
after affine registration. (d) Resulting image after affine + non-affine registration. (e) Result of sub-
tracting the affine + non-affine registered image (shown in (d)) from the reference image (shown in (a)),
as done in the TS-based crack segmentation procedure for the real tomograms. (f) Binary image of the
segmented model cracks superimposed over the subtracted image after affine + non-affine registration
(shown in (e)) and obtained by the TS-based segmentation method. (g) Binary image of the segmented
model cracks (the wedges) superimposed over the deformed image (shown in (b)), rendered as semi-
transparent in pink and obtained by BTH-based crack segmentation procedure, used in this case as the
reference (ground-truth) segmentation method. (h) Superposition of both types of binary images (shown
in (f) and (g)) over one image to enable an easier comparison. (i) and (j) Magnification of the regions
in (h) containing the segmented model cracks. (k) and (m) Magnified region at the tip of the model crack
shown in (b) and (d), respectively. (I) and (n) Profiles of the pixel values of (k) and (m) along the blue
lines shown in insets (e) and (g), respectively, comparing the model crack's width before and after the
affine + non-affine registration.
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A4. Specimen relative length change measurements: customized setup and
its statistical characterization

The Mitutoyo mechanical displacement gauge mentioned in Section 3.2 and shown in Figure 3.1 (c) was
replaced during the experimental campaign described in Chapter 6 by a commercial optical displacement
gauge installed on a customized rig developed during this project. The mechanical gauge required read-
ing the measured AL, values from digital display, without the possibility to automatically store them on
file. On the contrary, the new rig with the optical gauge allowed fully digitalized data collection, reduc-
ing significantly the overall measurement effort. The new rig was designed and implemented to host
specimens with various size (Figure A13), either with prismatic or cylindrical shape.

40
@‘(\' mm
)

& 25mm

wuw o9t

ww 00t

6 mm

P
o I

Figure A13. Examples of specimen sizes (schematic) that can be measured (length changes) by new laser tool.

ww og

Figure A14 provides an overview of the rig, with its distinct components labelled. The actual displace-
ment gauge is a laser-based optical one manufactured by Micro-Epsilon (Swiss) AG, model Nr.
ILD2300-20. It works based upon the basic principle that the displacement along the direction orthogo-
nal to a surface on which a laser beam is shone at a certain angle (to such orthogonal direction) causes
a lateral shift of the location where the reflected beam is received on a photodetector. By calibration
measurements, the lateral shifts of the reflected beam can be converted into surface orthogonal displace-
ments.

In the rig of Figure A 14, the specimens are placed on customized holders screwed on a tilted breadboard
whose angle of inclination is adjustable. The tilt allows controlling the constant force, due to Earth's
gravitational field, which pushes the specimen against a landing metallic pin (see Figure A15), thus
contributing to holding it stably in place. There are three different specimen holder stations screwed on
the breadboard, designed to host specimens with similar size as shown in Figure A13. The laser beam
spot-size is about 0.5 mm and can be adjusted in order to be focused on the centermost region of the
specimen top surface.
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Calibration
specimen

” Specimen holders

Figure A14. Rig for displacement measurements custom designed and built during this PhD project for the purpose

. . Lo . . ) AL
of automating the specimen longitudinal dimensional (relative) changes, L—Z
Z

Any measurement by the optical displacement gauge requires upfront a reference measurement by which
a zero displacement is defined, corresponding to a reference length. Such measurement is performed
with a calibration specimen (Figure A15(a)). Such a specimen, for each of the three nominal size values
shown in Figure A13, constitutes of an Invar (FeNi36, a nickel—iron alloy) rod of length equal to the
nominal one and embedded in a polyethylene frame with lateral size values equal to those of the cast
specimen. The polyethylene frame acts only as holder of the central Invar rod, in order to place it in the
center region the laser beam should illuminate. Given Invar's very low coefficient of thermal expansion
[8], such central rod acts as a stable reference object with an accurate nominal length. After the reference
measurement, the target specimen is placed on the holder to measure essentially the difference in dis-
tance between the reflecting surface and the laser head, as a consequence of exchanging the reference,
Invar specimen with the actual one (Figure A15(b)). By summing up the value provided by the optical
gauge to the nominal length of the Invar rod, the length of the specimen is estimated. Finally, upon

. . . . . AL .
acquiring time series of such values, the relative length change time series, L—Z (t),vi=1,..,N, can
4

be computed in respect to the reference time point ¢,.
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Figure A15. Schematic illustration of measuring (relative) length change of the specimens with custom designed
and implemented rig based upon an optical, i.e., laser-based, displacement gauge: (a) first, defining a zero dis-
placement measurement with a reference distance between the reflecting surface and the laser head, using a ref-
erence, calibration specimen; (b) following measurement with target specimen.

The optical displacement gauge is equipped with a dedicated, Web-based software interface provided
by the manufacturer, though which the acquired displacement/distance difference values can be stored

. . ALz . . . .
on file, e.g., with CSV format. For computing the L—Z time series, a Matlab function was custom written,
Z

accompanied by a respective graphical user interface (GUI, see Figure A16). Such function reads in the
displacement values from the CSV files (one for each time point) and provides as output the plot of the

ALy .. )
—Z time series.
Lz
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Menu

QEmpa

oD

. acgMode: option flag indicating whether the raw data -
acgMode \\Weblnteﬂace v | definition | from the measurements, saved into .csv files, were
collected via the laser systems software installed on the ¥

- N CSVOrExcel: binary option flag indicating which type -
CSVOrExcel ‘; csv v | definition | (_.csv or xlIsx) of input files, saved by the software which
is running on the laser system and which is accessed via ¥

source_dir: full or relative path of the folder containing -

source_dir [ K:\SNFSinergiaASR\SubProjekt_5\0.MainCast\0.Rest I definition | the distance raw data from the measurements, in the
format of .csv files.These files are converted into ~
dest_dir | K\SNF SinergiaASR\SubProjekt_5\0.MainCast\0.Rest | dest_dir: full or relative path of the folder where the xisx -

definition | files with the distance values, for each specimen and
each measurement session, are located and where the  ~

skiplnitialSamples: number of initial samples acquired -

skipinitialSamples [ 1000 l definition | which should be skipped before considering the actual
samples for computing the average values. Integer v
» plesNr: number of les of each d -

samplesNr [ 6000 I definition | distance which should be considered for computing the
average value. Integer number. v

XAxisLabel: X-axis label of each of the four plots. The X~

xAxisLabel [ SASR\ acceleration\ time\ [days]S ] finiti ble is tially used as the indicator of a distinct
and ive d t acquired at a distinct time point. ¥
n NominLengthCalibrSpec: nominal length of the -
NominLengthCalibrSpec [ 160 I definition | calibration specimen, exp d in mm. Integer or
floating point number. >
i i . relChangeDistUnitFlag: flag to specify whether the =
relChangeDistUnitFlag l 1 | definition | rejative change in distance values are provided in
arbitary units or in % points.Possible values and ~

MeasSessionLabel: 1D array of values of the variable

MeasSessionLabel [ [1,3,7,14,21,50,80,100,130,150,200,240,280,320,350] ] definition | identifying/characterizing each performed measurement
ion. See the ion for the input variabl 4
n SpecLengthExcelFilename: filename (full or relative a
SpecLengthExcelFilename i K:\SNFSinergiaASR\SubProjeld_S\o.MainCast\o.ReslI definition | path) of the Excel file where to write the specimen
absolute length values. Character string. It mustendin ¥
figureFilenameTempl1: late of the figure fil -
figureFilenameTempl1 [ K:\SNFSinergiaASR\SubProjekt_5\0.MainCast\0.Rest I definition | (full or relative path) for the box plot of the relative length
change value, one box at each ement i ~
- - - figureFil Templ2: late of the figure fil -
figureFilenameTempl2 [ K:\SNF SinergiaASR\SubProjekt_5\0.MainCast\0.Rest I definition | (full or relative path) for the range plot (a vertical bar
whose bottom end is located at the minimum value and ¥
- figureFil Templ3: of the figure fi -
figureFilenameTempi3 [ K:\SNFSinergiaASR\SubProjekt_5\0.MainCasf\0.Resu I definition | (full or relative path) for the plot of the average value +/-
1 standard deviation of the relative length changeasa 7 |

- figureFilenameTempld: template of the figure filename ~ ~
figureFilenameTempl4 [ K:\SNFSinergiaASR\SubProjekt_5\0.MainCast\0.Rest I definition | (full or relative path) for the plot of the median value +/-
MAD (median absolute deviation from the median value) ~

[ Plot [

Figure A16. A snapshot of the graphical user interface of the Matlab application custom developed for the auto-
matic reading of the data from the optical displacement gauge and the corresponding plotting of the time series of
relative length change values (link to the GUI).

In order to evaluate the uncertainty level of measurements performed with both displacement gauges,
100 repeated measurements, with specimen repositioning were performed by myself on the 160 mm-
long calibration specimen and on a mortar specimen with a cast size of 40 X 40 X 160 mm3, for both
rigs.
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For any given rig, the following statistical modeling and analysis was performed based upon the set of
100 measured values:

e cach measured value, called (4L,), was assumed to be the average value of a random variable
AL, with fluctuating values due to intrinsic measurement errors; this hypothesis was needed
because, in the case of the optical displacement gauge, the output value was actually the average
of a time series of values collected over a certain acquisition time, while the mechanical gauge
provided one single value for each repositioning;

o the repositioning was assumed to create uncertainty in (4L, ), making it a random variable itself;
its 100 acquired values were its realizations;

e the standardized version of (AL,), called (AL,) = @, was computed, where p is the empir-

ical average value of (4L,) computed from the 100 realizations and ¢ the corresponding empir-
ical standard deviation of the sample;

e the hypothesis of (AL,) being a normalized Gaussian random variable was tested by the Kol-
mogorov-Smirnov (KS) test, in order to decide whether to use or not o as a well-posed definition
of displacement measurement uncertainty.

The KS test quantifies a distance between the empirical cumulative distribution function (CDF) of the
acquired statistical sample of the random variable and the cumulative distribution function of a reference
distribution, in this case a normalized Gaussian. The test's null hypothesis is that the acquired sample
was actually drawn from the reference distribution [9].

The KS test uses as statistic the maximum value of the absolute difference between the two CDFs, the
empirical one and the reference one, evaluated on all sampled values. For a pre-selected confidence
level of 5%, the p-value for each set of 100 measurements was computed. The p-value is the probability,
given the null hypothesis, of observing a value for the KS statistic as large as the one computed from
the acquired statistical sample. The lower the p-value, the greater the statistical significance of the ob-
served difference between the empirical CDF and the reference one [10], thus the less likely that the
measured value were drawn from the reference distribution. The empirical CDF of the standardized
measured values and the CDF of the standardized Gaussian distribution are shown in Figure A17 along
with Y, ¢ and the p-value for each measurement set.

The results shown in Figure A17 indicate that the empirical standard deviation ¢ of the sets measured
with the mechanical gauge could not be adopted as a well-posed definition of measurement uncertainty,
because the KS test's null hypothesis could be fully rejected (the case for the calibration specimen set,
p =0.001) or almost rejected (p = 0.06 for the mortar specimen case). Thus, concerning the mechanical
gauge measurement, no actual estimate of uncertainty could be obtained. On the contrary, the KS test's
null hypothesis could not be rejected for the measurement sets obtained with the custom built rig (p >
0.05), thus the respective o values could be used as a well-posed estimate of measurement uncertainty,
being about 1 pm for the calibration specimen and about 2.5 um for the mortar one.
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Figure A17. Results of the Kolmogorov-Smirnov test for the distribution of displacement values measured repeat-
edly 100 times with each rig, the conventional one based on a mechanical gauge, top row, and the one custom
built in this project, based upon an optical gauge. The left column shows the results for the Invar, 160-mm long
calibration specimen. The right column shows the results for a mortar specimen with cast size of 40 x 40 x 160
mm?. The empirical cumulative distribution function (CDF) of the standardized measured values is shown by the
blue curve, while the red one shows corresponding values of a normalized Gaussian distribution, adopted as the
reference distribution in the Kolmogorov-Smirnov test. The p-values of the hypothesis test is provided in corre-

spondence of a confidence level of 5%.
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Supplementary data/materials for chapter 4

B1. Materials characterizations

B1.1. ASR-reactive aggregates: chemical and mineralogical characterizations

Table TB1. Chemical composition obtained by X-ray fluorescence (XRF) analysis for B aggregates
performed according to the DIN EN 196-2:2013 standard. ¥ LOI: Loss on Ignition.

Brienz ("B")

Chemical species
Content (mass-%)

SiO2 69.1
ALOs3 14.3
CaO 2.9
Fe203 23

MgO 1
K>O 34
NaO 3.7
SO3 0.1
Lor’ 3
Total 99.8
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Figure B1 below shows CP-OM micrographs from the 200 um-thick concrete thin sections containing

B, P and U aggregates (insets (a), (b) and (c), respectively).

Figure Bl. Examples of mineral textures of the three types of aggregates used in laboratory-accelerated speci-
mens, characterized by optical microscopy with cross-polarized light (CP-OM): (a) to (c) thin-section images from

specimens cast with B, P and U aggregates, respectively.
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B2. Time-lapse X-ray tomography
B2.1. Laboratory specimens

Selected ROIs on tomographic slices of the laboratory specimens, b25, p25 and u25, at three distinct

time-points, are shown in Figure B2 (a) — (c), respectively.

p25-50 days

u25-50 days u25-150 days f i u25-500 days

Figure B2. Examples of tomographic slices from ROIs of the b25, p25 and u25 specimens, shown at three different
time points to characterize qualitatively the ASR cracking. The first row shows always the slice at the same position
from the tomograms of the b25 specimen, acquired at (a) 50 days, (b) 150 days and (c) 500 days. The second row,
insets (d) to (f), shows something similar but for the p25 specimen. The last row, insets (g) to (i), shows a similar

example but for the u25 specimen.
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B3. Time-lapse tomography analysis of ASR cracking

B3.1. Laboratory specimens

The fully segmented crack networks are 3D rendered as solid, colored objects in Figure B3 for the
laboratory specimens b25, p25 and u25 at 500 days of ASR acceleration.

" u25-500 days

Figure B3. 3D rendering of the segmented cracks binary tomograms at 500 days since the ASR acceleration
start for the laboratory specimens (a) b25, (b) p25 and (c) u25. In each inset, a small part of the concrete was

also rendered (in grey tones), while the most of it was corner-cut to reveal the segmented cracks inside it.
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Figure B4. Example tomographic slices from a VOI of (a) the BF-

(d) the BI1(C+F)-cut-15 specimen

s, along with (d) to (f) corresponding slices from the binary tomograms of the

segmented cracks superimposed over the same slices and (g) to (i) the 3D rendering of the binary tomograms

of the segmented cracks of each specimen, respectively.
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BS. Shape tensor analysis of the separated cracks

The segmented 3D crack networks were subjected to a 3D connected component labeling procedure to
identify and digitally tag distinct crack branches within the network. Figure B5 shows the 3D rendered
labeled total crack networks of the six laboratory specimens (at 500 days) and of the three field-exposed
specimens. Each individual, disconnected crack is rendered with a different color. Regardless of the

crack network complexity, several cracks could be clearly distinguished.

Figure B6 shows an example of the bounding box of an individual crack selected form the labelled
binary tomogram of the crack network of the P40 specimen. In this figure, the larger blue box represents
the tomographed volume of the specimen, the smaller, orange parallelepiped box encompassing the
crack is the bounding box computed by the shape tensor analysis. The eigenvectors of that individual

crack are rendered as arrows, originating from the center of mass of the crack itself.
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Figure B5. 3D rendering of the segmented and labeled total crack networks of distinct laboratory and field-
exposed specimens. Each separated part of the crack network is rendered with a distinct color, to be individually
distinguished. The color assignment to each branch was random. (a) to (c): B40, P40 and U40 specimens, re-
spectively, all at ty = 500 days. (d) to (f): b25, p25 and u25 specimens, respectively, all at ty = 500 days as
well. (g) to (i): BF-40, B1(C+NRF)-40 and B1(C+F)-40 specimens, respectively.
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Figure B6. A single separated crack segmented from the tomogram at 250 days of the P40 specimen. The large
parallelepiped box in blue delineates the tomographed volume of the specimen. The smaller orange box encom-
passing the crack (also magnified) indicates the bounding box of that crack, oriented along the three eigenvectors
of its shape tensor G. Each eigenvector is rendered as a solid arrow originating from the center of mass of the
crack's region, scaled by half the lateral size of the bounding box along the same direction, distinct colors indi-
cating the distinct eigenvectors. The blue arrow refers to the I*' eigenvector, the purple to the second eigenvector

and the orange to the third one.
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Supplementary data/materials for Chapter 5

C1. Materials characterizations

C1.2. ASR products: chemical and morphological characterizations by SEM-EDX analy-

sis
SEM-BSE and EDX measurements were performed according with the settings detailed in Section 3.2.

Figures C1 (a) to (d) show the EDX analysis results in the form of ternary diagrams. There, Na,Ocq
indicates the sum of atomic percentages of existing alkalis in each system. For the reference specimens,
the alkali are only Na and K, while Cs is included for the doped specimens. Each point in such ternary
diagrams refers to a small region occupied by ASR products, either crystalline regions located well
inside the aggregate volume or amorphous regions at the aggregate boundaries or inside cracks through

the cement paste.

In all ternary diagrams the composition of the ASR products was almost identical regardless of the Cs
addition and of the aggregate type. This result indicates that Cs replaced part of other alkalis in the
products. The only subtle difference between the diagrams is a slight shift towards higher silica in the
Cs-doped specimens. This could be related to the higher rate of SiO, dissolution in presence of Cs* ions,

already reported in [5].

Figure C2 (a) shows the products' composition, in terms of alkali-to-silicon molar ratio and calcium-to-
silicon molar ratio, at different time points during the ASR acceleration and for Cs-doped specimens.
At any time, each molar ratio spanned approximately the same respective range. Such range was similar
to what already reported in the literature [5]. No significant difference in such molar ratios was observed
when comparing products formed in specimens with or without Cs-doping (Figure C2 (b)). Finally, in
the presence of Cs-doping, the contribution of the Cs* ions to the ASR products remained almost the

same at different ages (Figure C2 (c)).
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Figure Cl. EDX analysis results (atomic percentage) presented in the form of ternary diagrams of the ASR
products' composition at more than forty points from both the crystalline (inside the aggregates) and the amor-

phous (boundary regions of the aggregates and in the cement paste) products for the (a) P-Ref, (b) U-Ref, (c)
P-Cs and (d) U-Cs specimens, respectively.
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Figure C2. Evolution of the chemical composition of ASR products formed in the specimens with and without

Cs-doping: example of EDX analysis results. (a) Evolution of the composition of the products in P-Cs speci-

mens, in terms of alkali-to-silicon (K+Na+Cs/Si) molar ratio and calcium-to-silicon (Ca/Si) molar ratio. (b)

Corresponding data as in (a) but at one time point only (84 days) and comparing ASR products formed in P-Cs
and P-Ref specimens. (c) Evolution of the molar ratio of Cs™ to the other alkali ions in the ASR products found

in P-Cs specimens. In each scatter plot, each point refers to a location inside a products region.

The SEM-BSE micrographs for distinct specimens at distinct time points, both without and with Cs-

doping, exemplify the advantages brought by the Cs-doping. In its absence, ASR products inside cracks

could be recognized mainly based upon the characteristic plate-like morphology. The BSE contrast be-

tween products and the aggregates or cement paste material phases was and is too small for an easy and

always unequivocal detection of the products. See Figure C3 and Figure C4. On the contrary, in the

presence of Cs-doping, the BSE contrast itself suffices for unequivocally detecting products and opens

up the possibility to observe characteristic spatial distribution patterns, e.g., the prevalence of products

in regions close to the aggregate boundaries, at earlier ages, followed by their appearance closer to the

center of the aggregates only at later ages (see Figure C4).

Aggregate

Aggregéte ;

; ‘50um’

Aggregate |

U-Ref-.l"ZO days

Figure C3. Examples of SEM-BSE micrographs from reference specimens showing the formation of ASR prod-

ucts inside aggregates and cement paste: (a) P-Ref and (b) U-Ref specimens, products within aggregates; (c) a

wider view showcasing ASR damage in a U-Ref specimen, both inside aggregates and through the cement paste.
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Figure C4. SEM-BSE micrographs providing examples of the distribution of ASR products and cracks in the
specimens with and without Cs, cast with P and U aggregates. For every specimen type, the micrographs were
acquired at 14, 80 and 120 days. Each column refers to a distinct specimen type. SEM-BSE micrographs for
(a) P-Ref, (b) U-Ref, (c) P-Cs and (d) U-Cs specimens, respectively.
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C2. X-ray attenuation contrast of ASR products labelled with alkalis. Testing

experimental campaign.

In order to assess the degree of X-ray attenuation contrast by the ASR products, when labelled by alkali
cations, XT was performed only at the end of a preliminary ASR acceleration experimental campaign.
Such campaign involved only specimens cast with P aggregates. Distinct specimens were cast by adding
to their mix sources of distinct alkalis, specifically Na, K, Rb and Cs. The compound supplying each
alkali element was added to the specimen mix in an amount depending on its atomic number. The spec-
imens were cast and underwent ASR acceleration according to the Swiss standard SIA 2042 [7], devel-
oped for assessing the degree of ASR-induced expansion in concrete. The specimens (prisms with size
of 70 x 70 x 280 mm?) were subjected to different boundary conditions compared with those used for
the time-lapse XT campaign. They were stored in a climatic chamber at 100% RH and at 60 °C, for a
total of 168 days. They were cast with mix design identical to that of the specimens for the XT campaign.
At 112 days of ASR acceleration time, smaller specimens were cut out, with sizes of 20x20x40 mm? by
using a diamond saw, to perform XT and assess which alkali doping led to the highest X-ray attenuation

contrast between the ASR products and the other material phases in the concrete mesostructure.

C3. Effect of the alkali-doping on ASR

The preliminary ASR experimental campaign described in Section C2 included time-lapse measure-
ments of relative length changes and of specimen mass [35]. All types of alkalis boosted up the reference
concrete type's normal ASR expansion. However, the extent of such effect varied with the type of alkalis
used. For instance, Rb and K increased the expansion the most. Na enhanced it slightly less. Cs produced

the least increase.

C4. Dimensional and mass changes during ASR acceleration

C4.1. Dimensional changes

The main difference in the expansion behaviour of the specimens cast with the two aggregate types was
quantitative: the P specimens expanded more slowly than the U ones. Compare the results in Fig. 1 with

those in Figure C5. This result was independent of Cs-doping.
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Figure C5. Similar plot as in Figure 5.5 but for the U-Ref and U-Cs specimens.
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Figure C6. Linear regression analysis (not weighted by error bars) of the experimentally measured relative
length change of the Cs-doped and reference specimens. It was performed to estimate and compare overall
approximate rates of expansion. The coefficient of determination, R 2 values are 0.994, 0.994, 0.974 and 0.977,
for the P-Ref, P-Cs, U-ref and U-Cs specimens, respectively. The markers correspond to the average values of
the relative length change of six distinct specimens, at each time point. The error bar of each marker corre-

sponds to the standard deviation over those six distinct values.

C4.2. Comparison of experimentally measured and global affine registration-based esti-
mates of length changes

. . ALy . .
In order to compare the experimentally measured relative length change values, L—Z, with the respective
4

LarFz

. o A . . .
value obtained by the global affine registration procedure, T , the following operative assumptions
AFF,Z

was made:
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. AL . . . .
1. thesix L—Z values, each from a distinct full specimen, were samples from a random variable with
A

Gaussian distribution with mean value estimated by the average of the six samples, (iﬂ) (re-
Z
ported in Table T2 below), and standard deviation approximated by the empirical standard de-

_ . . . AL
viation of the six samples, oaL, (also reported in Table T2 below); randomness in L—Z values
Lz Z

stemmed not only from measurement errors but also from material heterogeneity;

2. if the tomographed volume, belonging to one of those six specimens and being slightly smaller

than 30% of the total specimen volume, was representative enough of the whole specimen's

volume, in terms of ASR-induced expansion, then the ALLAﬂ value (reported in Table TC3 be-
Z

AFF
low), obtained from its affine registration to the first tomogram of the same volume in the time
series, at the beginning of the ASR acceleration, should be just another sample of the same

random variable as at point 1.

ALgFFz

. . . AL .
Under the assumption at point 2 above, a value should differ from a L—Z one just by randomness
zZ

AFF,Z

DN . . . AL
(null hypothesis) with Gaussian statistics characterized by (L—Z) and oai,. As a consequence of such null
z iz

ALgFFz

hypothesis, the probability of measuring, by the affine registration of tomograms with such size, .
AFF,Z

values differing in absolute value from (ALE) more than 1.96 times ogar, should be smaller than 5%.
z iz
Table TC4 reports, for each specimen type, the absolute value of the difference between (%) and
A

AL . . : : .
—4E2 normalized by oaLy. Such values were computed either at identical or close enough times when

LaFFz Ly

the two variables, % and ALAﬂ, were measured. A value in Table TC4 smaller than 1.96 corresponds

z LarF,z
to a probability smaller than 5% that the difference in the relative length change estimates was only due
to randomness. In such a case, the null hypothesis can be rejected with 95% confidence, which was
assume as confidence level. When that happens, it cannot be stated that the tomographed volume ex-

panded in a way representative of the expansion of the whole specimen volume.

Table TC2: time series of relative length change values obtained by experimental measurements with

the mechanical gauge, ALE. For each specimen type, only the average (Ave.) and the standard deviation
zZ
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(Std.) values computed from the six specimens are reported. Such time series are plotted in Fig. 5.5(a)

and in Figs. C7 and C8 above.

U-Ref P-Ref U-Cs P-Cs
Time Ave. [%] | Std. | Ave.[%] | Std.[%] | Ave.[%] | Std.[%] | Ave.[%] | Std.[%]
[days] [%]
1 0 0 0 0 0 0 0 0
7 0.012 0.004 0.004 0.008 0.016 0.003 0.001 0.006
14 0.014 0.007 0.006 0.009 0.018 0.002 0.011 0.006
21 0.032 0.009 0.011 0.009 0.042 0.012 0.011 0.006
35 0.065 0.013 0.021 0.018 0.086 0.026 0.021 0.007
49 0.083 0.019 0.028 0.021 0.110 0.037 0.053 0.019
70 0.14 0.023 0.045 0.031 0.185 0.043 0.076 0.018
85 0.16 0.027 0.053 0.024 0.202 0.059 0.099 0.026
145 0.267 0.021 0.093 0.029 0.343 0.042 0.168 0.035
195 0.288 0.023 0.105 0.047 0.380 0.040 0.209 0.041
250 0.321 0.028 0.161 0.055 0.424 0.035 0.298 0.039
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Table TC3: time series of relative length change values obtained from the global affine registration of

the tomograms,
LaFF,

ALgFFz

. For each specimen type, only one value is available because only one of the
Z

three tomographed specimens was analyzed. Such time series are plotted in Fig. 5.5 and in Figs. C7

above.
U-Ref P-Ref U-Cs P-Cs
Time [days] | Value [%] | Time [days] | Value [%] | Time [days] | Value [%] | Time [days] | Value [%]
1 0 1 0 1 0 1 0
3 0.001
7 0.010 7 0.018
14 0.012 14 0.021
21 0.03
30 0.031
50 0.048
75 0.119 65 0.067
120 0.235 85 0.13
155 0.254 155 0.069 155 0.344 145 0.2
195 0.369 195 0.24
250 0.329 250 0.199 250 0.451 250 0.285
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Table TC4: absolute value of the difference between the global affine registration-based relative length

change of the tomographed volume and the average value of the experimentally measured relative length

|ALAFF,Z_ ALy |

. .. L L AL
changes, normalized by the standard deviation of the latter, AFRZ CZ L ohere (L—Z) means the aver-
Z

ALz

Lz

. AL . : . o .
age of the six values of L—Z while oaL, is the empirical standard deviation of such six values.
~ ALz

Lz

Time [days] U-Ref P-Ref U-Cs P-Cs
7 1.89 2.96
14 2.80 1.53
21 3.09
50 0.24
85 1.18
150 0.60 0.83 0.01 0.93
195 0.27 0.77
250 0.30 0.69 0.77 0.34
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C4.3. Mass changes
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Figure C5. The relative mass changes of the Cs-doped specimens and their corresponding reference specimens during
the ASR acceleration. For each mix type, the measurements were performed on the same exact six specimens on which

the length was also measured, including among them the specimen being the subject of the tomography analysis. Each

marker shows the average of the six values. Each error bars shows their standard deviation.
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Figure C8. The time series of the (a) quasi-static Young's modulus, (b) the flexural and (c) the compressive
strength of specimens with and without Cs addition, cast with U aggregates. In each plot, the markers indicate
the average of three values from three distinct specimens, while the error bar indicates the respective empirical
standard deviation. In the case of the Young's modulus, the measurements were successively performed always

on the same specimens, which were the same used also for XT.
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C6. Qualitative analysis of ASR cracking by time-lapse tomography.

Reference specimens

Figure C9 and Figure C10 showcase the crack network segmentation results for the reference specimens.
They serve the double goal of (1) showing the quality of the segmentation results and of (2) illustrating
some typical features of the cracking evolution in such specimens. For each aggregate type, a small ROI
of the respective tomograms at three time points was selected as representative, because containing
several evolving cracks. At times 155 and 250 days, the tomograms after the final non-affine registration
were used. This choice allowed easier analysis of the temporal evolution, since the main difference

between the tomograms is due to the evolving cracks.

The first row in each figure shows, at any time point, a specific 2D digital cross-section (X — Y slice)
from the chosen ROI. The position of the cross-section is the same at every time point. The second row
shows the same slices as in the first one. However, overlapped on top of them and rendered in solid,
blue/purple color, are the corresponding slices from the respective crack network binary tomograms.
The overlapping helps with assessing the quality of the segmentation. It provides a qualitative idea about
whether the majority of the cracks are segmented, which ones are typically not and to which degree
single cracks are segmented (in terms of length and width). The segmented, full crack network is shown
in the third row as a 3D solid volume rendering, for any time point. The parallelepiped box containing
it indicates the tomographed volume of the specimen. Note that the point of view of the rendering of the
3D scene is the same at any time point, such that it is easier to track the cracking and to compare the
crack network at successive time points. The last row shows the rendered crack network at the last time
point (250 days) overlapped on top of the 3D rendering of the respective, non-affine registered tomo-

gram, made semi-transparent. Such rendering is shown twice, from two distinct points of view.

On the one hand, the time series of a single slice shows that several parts of the crack network evolved
both in length and in width and, in several cases, starting from cracks already existing at 1 day, i.e.,
before the ASR acceleration started. On the other hand, the time series of 3D renderings of the full crack
network shows that the cracks were rather homogeneously distributed inside the tomographed volume.
The latter is a feature to be expected since (1) ASR cracking mainly starts inside aggregates and (2) the
specimens had stress-free boundary conditions. The 3D rendering of the segmented crack network at
time = 250 days also shows that the chosen U-Ref specimen clearly achieved a larger crack volume
fraction (total crack volume divided by tomogram volume) than the chosen P-Ref one. Such result was
confirmed for all the specimens by the quantitative analysis of their crack networks (see Figure 5.8 and

Figure C18).
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More details of the ASR cracks are visible in Figure C11, which shows zoom-in ROIs from the X — Y
slices shown in insets (a) — (¢) of Figure C9 and Figure C10. Such figure is organized exactly as insets
(a) — (f) of Figure C9 and Figure C10. In addition to provide a better view of some details of the cracks,
the quality level of the crack segmentation can be better appreciated in Figure C11 (d) — (f) and (j) to
(1), for the P-Ref and U-ref specimens respectively.

Examples of cracks which appeared to be filled with ASR products are pointed at in Figure C9 (b),
Figure C10 (b) and Figure C11 (b) and (h). These examples show the very small X-ray attenuation
contrast between the natural products and the other material phases of the aggregate and in the cement
paste. Such small contrast and the limited tomographic spatial resolution (in comparison to the thinnest
cracks at early and intermediate times) made it challenging, even for the human eye, to detect the prod-

ucts inside the cracks, let alone their systematic segmentation by algorithms.

Figure C12 shows the binary tomograms of the segmented cracks at the three time points of Figure C9
and Figure C10 and for the same specimens. Such binary tomograms are rendered with distinct colors
and superimposed on top of each other in the order 250, 150 and 1 days. Its insets (a) and (c¢) show 2D
ROIs from a slice while (b) and (d) show the 3D rendering.
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Figure C9. Temporal evolution of the crack network in the P-Ref specimen. (a)-(c): 2D cross-section (X —Y
slice) from a small ROI of the tomogram at I day, 155 days and 250 days, respectively. The position of the slice
and of the ROl is the same at any time point. The tomograms at 155 and 250 days are those obtained as output
from the final non-affine registration. (d)-(f): the same slice as in (a)-(c) and, overlapped on top of it and in
blue/purple color, the corresponding slice from the corresponding crack binary tomogram. (g)-(i): 3D render-
ing of the crack binary tomogram for the full tomographed volume of the specimen. (j) and (1): 3D rendering in
semi-transparent grey tones of the non-affine registered tomogram at time = 250 days and, overlapped on top
of it, the correspondingly segmented crack network, also shown independently in (k) and (m), respectively. Two

distinct points of views for rendering the 3D scene.

264



Appendix C

; % Propagation and
e : ~: widening of the cracks
" ITZ filled with ASR i
products

Figure C10. Temporal evolution of the crack network in the U-Ref specimen. (a)-(c): 2D cross-section (X —Y
slice) from a small ROI of the tomogram at 1 day, 155 days and 250 days, respectively. The position of the slice
and of the ROI is the same at any time point. The tomograms at 155 and 250 days are those obtained as output
from the final non-affine registration. (d)-(f): the same slice as in (a)-(c) and, overlapped on top of it and in
blue/purple color, the corresponding slice from the corresponding crack binary tomogram. (g)-(i): 3D render-
ing of the crack binary tomogram for the full "tomographed" volume of the specimen. (j) and (I): 3D rendering
in semi-transparent grey tones of the non-affine registered tomogram at time = 250 days and, overlapped on
top of it, the correspondingly segmented crack network, also shown separately in (k) and (m), respectively. Two

distinct points of views for rendering the 3D scene.
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Figure Cl1. Smaller region of interest (ROI) from the slices shown in Figure C9 and Figure CI10 in insets (a)-

(f), summarized in a single image to facilitate the visibility and the comparison.
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Figure C12. Visualization of the time evolution of crack networks. Examples from the reference specimens. Top
row: P-Ref specimen. Bottom row: U-Ref specimen. Left column: in each row, 2D digital cross-section taken
from a ROI fixed at the three distinct time points (color coded). The binary tomograms were overlapped in
order of decreasing time. Right column: 3D rendering of the overlapped crack network binary tomograms of

the two reference specimens, at the same three time points as in insets (a) and (c), respectively.
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C7. Qualitative analysis of ASR cracking by time-lapse tomography.
Cs-doped specimens

P-Cs specimen
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Movie MS1: last frame of a movie simply consisting of the sequence of a (X — Y) slice taken from the
same ROI of the tomograms of the P-Cs specimen. All the tomograms in the time series of this speci-
men were used to create the movie. The positions of the ROI and of its slice were always the same, at
each time point. At times > 1 day, the "non-affinely" registered tomograms were used to allow full
sequential comparability of the slice at the distinct time points. The ROI used for this movie contained
the one used for Figure 5.7. The blue line in each frame points to the main aggregate of interest,
which is the same aggregate as in the center of the slices shown in Figure 5.7. The slice shown in this
movie was not at the same exact position as the one used for Figure 5.7. The movie file is MS1.avi, in
the uncompressed AVI format (readable by Microsoft Windows Media Player or any other media
player, e.g., VLC), or MSI1.mov, in the MPEG4-compressed format (readable by QuickTimeX or
Quicktime Pro on Apple's computers) and is available at https://doi.org/10.5281/zenodo.4813591.
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Movie MS2: last frame of a movie simply consisting of the sequence of a (Z —Y) slice taken from a
ROI of the tomograms of the P-Cs specimen, the ROI being different as the one considered in Movie
MS1 but containing the ROI of the slice shown in Figure 5.8. All the tomograms in the time series of
this specimen were used to create the movie. The positions of the ROI and of its slice were always the
same, at each time point. At times > 1 day, the "non-affinely" registered tomograms were used to
allow full sequential comparability of the slice at the distinct time points. The blue line in each frame
of the movie points to the main aggregate of interest. The movie file is MS2.avi, in the uncompressed
AVI format (readable by Microsoft Windows Media Player or any other media player, e.g., VLC), or
MS2.mov, in the MPEG4-compressed format (readable by QuickTimeX or Quicktime Pro on Apple's
computers) and is available at https://doi.org/10.5281/zenodo.4813591.
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C

Figure C13. An additional example of tomographic time series showing the corner of three mutually orthogonal
2D cross-sections ("ortho-slices") from another ROI of the P-Cs specimen. The specific time points at which
the images are provided include: (a) 1 day, (b) 65, (c) 85, (d) 145, (e) 195 and (f) 250 days. The light cyan
arrow refers to an air void which gets filled with ASR products. The blue arrow showcases an ITZ, being filled
with ASR products. The orange arrow points to part of an aggregate with a pre-existing crack which started to
open up before other regions in this ROIL The purple arrow refers to the tip of the same aggregate, as the one
pointed at by the orange arrow, observed in another ortho-slice. It helps to visualize the fact that this aggregate
first widened due to small products at its edges. Then, such products acted like a "jack” which pushed the pieces
of that aggregate apart. The opened crack then got filled with further ASR products. The pink arrow shows the
ASR products being extruded from another aggregate to the ITZ of its neighbouring aggregate. The yellow

arrow also shows similar phenomena as those highlighted by the pink arrow but in the ITZ of another aggregate.

Figure C14 below shows, for the P-Cs specimen, a time series of two binary tomograms (only parts

thereof) rendered in 3D as solid, colored volumes and overlapped on top of each other. The empty crack

binary tomogram, {T [ (%, tl-)}],_1 e is rendered in cyan. The ASR product one, i.e., the union
B - 7B - . .
of {I%g prod.— crack (%), ti)}j=1,...,1v and of {Ifsz prod.— void (Xj ti)}j=1 s rendered in yellow. What

is shown in yellow corresponds to the part of the segmented pore space filled with products, including

also the parts of the crack network which are filled.

Not the full binary tomograms are rendered in such figure. For each binary tomogram, each voxel cluster
with volume smaller than 10™3 mm? was excluded from the rendering. Such exclusion allowed for re-
ducing the clutter of 3D objects in the rendered scene while focusing on the most relevant and largest

portions of both the crack network and of the ASR products. The insets (g) and (h) show the same
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rendering as in inset (f), except for (1) using a different point of view and (2) rendering only the regions

filled with ASR products (inset (h)).

The visual comparison of the crack networks rendered in Figure C9 and in Figure C14 provides already
qualitative evidence of larger crack volume fraction (crack volume per tomogram volume) in the chosen
P-Cs specimen compared with the chosen P-Ref one. Notice that, in the case of the P-Cs specimen, the
cracks filled with ASR products are colored in yellow and are those 3D objects with high aspect ratio.

Such qualitative result is generalized and quantitatively confirmed by the data reported in Figure 5.10.

A general, qualitative feature of the segmented ASR products in the P-Cs specimen is that they could
be observed as being distributed in a very uniform way in the tomographed volume, in some cases even
far away from the aggregates or the cracks inside them or propagated inside the cement paste. Their
extrusion from the aggregates into the cement paste, via opening and propagating cracks, may have not
been the only reason for their presence even far away from the cracks themselves. They may have ac-
cumulated as well inside aggregate particles with size smaller than or close to the spatial resolution of

the tomograms, thus not directly identifiable by visual inspection.

Figure C14. (a)-(f): 3D rendering of the segmented empty crack network ({ffSR crack (%), ti)}j=1 v i cyan)
and of the segmented ASR products (both inside cracks, {ffSR prod.— crack ()_c’j,ti)}jzl v and outside them,

{ijSR prod.— void (Xj» ti)}j—1 v in yellow) for the tomographed part of the P-Cs specimen. Distinct insets refer

to distinct time points: (a) 1 day, (b) 65 days; (c) 85 days; (d) 145 days, (e) 195 days; (f) 250 days. (g) Same as
in (f) except for a distinct point of view. (h) Same as in (g) but showing only the ASR products.
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U-Cs specimen

Cracking and ASR product extrusion occurred in the U-Cs specimens with similar features and patterns

as in the P-Cs specimen.

Figure C15 is the analogue of Figure 5.7 and Figure 5.8 but refers to a small ROI from the U-Cs speci-
men. It shows few, minor differences compared with the P-Cs specimen. They mainly concerned (1) the

ASR product distribution, (2) its quantity and (3) the fraction of ASR-affected aggregates.

For the U-Cs specimens, the observation of ASR products in the aggregate interior regions was more
frequent than for the P-Cs specimens, especially at later ASR acceleration times. This was at least the
case at a length scales above the tomograms' spatial resolution used in this study. See Figure C15 (¢)
and (d) for examples. This in general indicates the higher propensity of the U aggregates to ASR. It

might be associated with their mineral texture.

Since resolvable ASR product accumulation inside aggregate cracks (in addition to paste cracks and air
voids) happened more frequently for the U aggregates than for the P ones, a considerable portion of
regions containing ASR products had an elongated, crack-like morphology in the U-Cs specimen. On
the contrary, the regions containing ASR products in the P-Cs specimen had mainly a rather isotropic
shape. Compare Figure C14 with Figure C16, for some examples. Such difference points at a higher

crack filling ratio by ASR products in the U-Cs specimen than in the P-Cs one.

Figure C17 shows, for the U-Cs specimen, more details of the ASR crack propagation and products
extrusion by focusing on a single, small ROI containing a single aggregate, just as similarly visualized

in Figure 5.9 for the P-Cs specimen.
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Figure C15. A slice from a ROI of the U-Cs specimen at four different time points. ASR products can be observed
as very bright regions within cracks and near the aggregate boundaries. The four slices shown here are from

the tomograms at (a) 1 day, (b) 75 days, (c) 155 days and (d) 250 days, respectively.
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Figure C16. Same as in Figure S 26 but for the tomographed part of the U-Cs specimen. In inset (h), instead of
showing only the rendering of the segmented ASR products, also the empty crack network is shown, in addition

to the rendering, in semi-transparent grey tones, of the fully registered tomogram at 250 days.
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Figure C17. A small ROI of the binary tomograms of empty cracks (in cyan) and of ASR products (both inside
and outside cracks, in yellow) is rendered for the U-Cs specimen. Such ROI contained cracks which were nu-
cleated in an aggregate and further propagated into the surrounding cement paste. The insets from (a) to (f)
correspond to different time points during the ASR acceleration, including 1 day, 75, 120, 155, 195 and 250

days, respectively.
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C8. Quantitative analysis of ASR cracking by time-lapse tomography.

Volume fractions.

The left column of Figure C18 shows the time series of the normalized volume of ASR-generated cracks,
Vasr cracks> as well as the normalized volume of ASR products (inside and outside cracks). The normal-
ization of both volumes was performed by the tomogram's volume, Vi gram- In addition to the time

series for the P specimens, already shown in Figure 5.10, those of the U specimens are also shown.

The right column of Figure C18 shows the time series of the volume of ASR-generated cracks normal-
ized by the volume of cracks detected at the reference time t, = 1 day, when the ASR acceleration

started. Such normalized volume is defined as

AVtot,Crack (t) — Vtot,cracks(ti) - Vtot,cracks(to) ) Vi= 1’2, " Nt (EC 1)

l
Vto tcrack Vto tcracks (to)

While the V4gp cracks time series in the left column allow comparing the ASR crack volume evolution
independently of the tomographed volume's size, those in the right column allow comparing its evolu-

tion independently of the amount of cracks existing before the ASR acceleration started.

The results shown in Figure C18 and those shown in Figure 5.5 and Figure C5 suggest the existence of
a positive correlation between the 1D expansion and the volume of ASR-generated cracks. For example,
the U-Ref specimens expanded, along any direction, more than the P-Ref ones (compare Figure 1 with
Figure C5). The U-Ref tomographed volume exhibited a larger ASR cracks volume than that of the P-
Ref volume (compare Figure C18 (c) with Figure C18 (a)). The same pattern is found when the com-
paring is performed between the Cs-doped specimens or, for any aggregate type, it is performed between
specimens without and with Cs-doping. Such positive correlation is more appreciable by the scatter plot
in Figure C19, showing the relative length change, as measured by the mechanical gauge, of the to-

mographed specimen versus its tomographed volume's Vsg cracks-

The U-Cs specimen exhibited at almost any time point larger values of the normalized volume of ASR
products than the P-Cs one. As already observed in Figure C14, in the case of the P-Cs specimen, the
majority of the ASR products were located in the air voids or in (low aspect ratio) aggregate pores.

Whereas, in the cases of the U-Cs specimen (Figure C16), the products accumulated not only in the low

275



Appendix C

aspect ratio pores, but also inside cracks in aggregates and in the paste. In order to quantify such differ-
ence, the ratio between the volume of ASR products inside cracks and the total volume of cracks (empty
or filled) was computed (ASR cracks filling ratio, see Figure C20). At 250 days, the U-Cs specimen
had about 80% of its crack network filled with products, while the P-Cs specimen achieved 30%. The
crack filling was quite slow at the beginning, for both aggregate types (Figure C20). Only at 120 days,
the specimens with the two aggregate types started to exhibit a significant difference in cracks filling
ratio. After 195 days the cracks filling ratio rate seemed to decline. That may have mirrored the preva-
lence, from that point on, of product accumulation in the air voids (or in other parts of the pore space)

rather than only within the ASR cracks.
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Figure C18. Quantitative comparison of the ASR cracking in different specimens based on the estimates of two
variables: (1) the total volume of ASR-induced cracks (with or without ASR products), normalized by the tomo-
gram volume (named as Vysp cracks) for the (a) P-Cs and (c) U-Cs specimens, respectively. the total volume
fraction of ASR products in each specimen is also shown as yellow markers in each corresponding plot, (2) the

total volume of ASR-generated cracks normalized by the volume of cracks at the reference time ty= 1 day, i.e.,

L . . AV,
cracks existing before the start of the ASR acceleration (the latter variable named as Vt#m"k) for the (b) P-
tot,crack

Cs and (d) U-Cs specimens, respectively.
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Figure C19. Scatter plot of the ASR-generated crack volume (normalized by the tomogram volume,
Vusr eracks: See Eq.(3.6)) and the whole-specimen relative length change measured with the mechanical gauge
(see Figure 5.5 and Figure C5 for the P and U specimens, respectively). Empty markers refer to the specimens
without Cs-doping. Solid markers refer to the specimens with Cs-doping. For each specimen type, the relative
length change values are the average of experimentally measured values of relative length changes for six
specimens (including the one being the subject of the tomography analysis) of each mix type. The error bars

show their standard deviations.
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Figure C20. Time series of the ASR cracks filling ratio, defined as the volume of ASR products classified as
belonging to cracks divided by the volume of the total crack network (i.e., ASR cracks containing or not prod-

ucts).
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C9. Quantitative analysis of ASR cracking by time-lapse tomography: Crack

network features.

(C9.1. Shape tensor analysis of the separated cracks.

Validation and meaningfulness. Insets (a)-(c) in Figure C21 show 3D renderings of the segmented,
total crack network (with or without ASR products) of the U-Cs specimen at three distinct time points
(120, 155 and 250 days in insets (a), (b) and (c), respectively). Distinct, disconnected branches of the
network (simply termed as separate cracks) are rendered with distinct colors. With time, the color of a
branch may change as it becomes connected with other branches and becomes part of a new, distinct

crack.

Such 3D renderings provide a qualitative idea about the complex evolution of the overall crack network,
characterized by a dynamic reorganization of the relative locations of its distinct and separate branches.
Despite such complexity, it is evident that several branches of the network can be clearly distinguished.
This feature means that (1) the segmentation captured a significant part of the resolvable crack volume
and (2) the crack network labelling managed to recognize as distinct parts the different branches of the

network.

Figure C22, Figure C23 (a) to (¢) and Figure C24 are analogous to Figure C21 (a) to (c). They refer to
the U-Ref, P-Cs and P-Ref specimens, respectively.

The comparison of Figure C22 with Figure S 36 clearly provides qualitative evidence of less cracking
in the P-Ref specimen (Figure C24) than in the U-Ref one (Figure C22). The comparison of Figure C21
(a)-(c) with Figure C23 (a)-(c) suggests a higher "fragmentation degree" of the crack network in the P-

Cs specimen compared with the U-Cs one.

The shape tensor analysis, performed at each time point for the segmented crack network of each spec-
imen, allowed validating or not qualitative observations like the previous one, which relied only upon

visual inspection of the 3D rendering of the labelled crack network.

Figure C21 (d) to (f) shows the 3D renderings of three separate cracks, respectively. They belong to the
U-Cs specimen at 250 days. These cracks were selected as examples because they have, from (d) to (f),
increasingly complex morphology, e.g., surface folding and fragmentation. While the large, orange box
in each inset indicates the tomographed volume, the small blue box is the bounding box of the individual

crack, as computed by its shape tensor analysis. Such box is oriented along the three eigenvectors of the
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shape tensor G of the crack. The eigenvectors are rendered as solid arrows, starting from the center of

mass of the crack itself.

Such type of visual analysis allowed validating qualitatively the shape tensor analysis results. The size
of an object along the direction of one eigenvector of G may not necessarily provide useful, quantitative
information about the object itself. The shape tensor analysis, in this regard, may be hindered or biased
just as it happens with other approaches to estimate size and orientation of a 3D object. That is because
the definition of size and orientation is an ill-posed problem for 3D highly convoluted and irregularly
shaped objects, as separated cracks are. Indeed, there is no unique and unequivocal definitions of size

and main orientation of an object with arbitrary shape.

In the specific case of this study, the type of visual analysis mentioned above showed that the directions
of the three eigenvectors of G provided, for most of the cracks, the right information about the directions
of maximum, intermediate and minimum spatial extent of the crack, despite its eventual complex mor-
phology. Figure C21 (d)-(f), for the U-Cs specimen, and the analogous Figure C23 (d)-(f), for the P-Cs
specimen, showcase this result. Correspondingly, the lateral sizes of the mentioned crack bounding
boxes (length L, height A and thickness T) could be, for a majority of the cracks, meaningfully used for
a quantitative assessment of the crack sizes. That was valid for both the reference and the Cs-doped
specimens and for each aggregate type. The exceptions consisted of cracks with rather folded surface,
e.g., concave cracks as those shown in Figure C25. For such cracks, the bounding box thickness T
achieved values which significantly overestimated the scale of an actual crack thickness. In order to
avoid the statistics of an indicative crack thickness being spuriously biased by such overestimated
boundary box thickness values, this feature variable was not adopted as indicative crack thickness. In-

stead, the statistics of the crack network's local thickness field, T;,qq;(X) were analyzed.

Finally it has to be remarked that estimates of crack length and crack height/width more accurate than
the computed L and H would need to take into account the actual curvature field of the 3D object, e.g.,
of its tortuosity [36]. Achieving such more accurate estimates requires more advanced approaches and
respective computational techniques and it still presents several challenges. See for example Section 2.6
in [36] and [37] for a description of the open problems and respective approaches. The adoption of such
approaches in this work extended beyond the focal points and target of this work, i.e., obtaining mean-

ingful and representative quantitative estimates of crack size even though not the most possible accurate.
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Figure C21. 3D rendering of the segmented, total crack network (containing or not containing ASR products)
of the U-Cs specimen, at 155 days, 195 days and 250 days, insets (a), (b) and (c), respectively. In each of insets
(a)-(c), each separated part (branch) of the crack network is rendered with a distinct color, just for the purpose
of distinguishing them. The color assignment to each branch was random, i.e., did not remain consistent in time,
due to the evolution, e.g., merging or splitting, of the crack network branches. Insets (d)-(f) show three examples
of separated branches of the crack network at 250 days, for the same specimen. The large parallelepiped box
highlighted in orange delineates the tomographed volume. The smaller grey box shows a zoom-in view of the
respective crack branch. The blue, parallelepiped box is the crack's bounding box oriented according to the
three eigenvectors of the crack's shape tensor G. Each eigenvector, located at the center of mass of the crack
and scaled by half the lateral size of the bounding box along the same direction, is also rendered as a solid
arrow. The red arrow refers to the eigenvector associated with the first eigenvalue. The green arrow to the

second eigenvector and the blue one to the third.
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Figure C22. Similar 3D renderings as in Figure C21 (a) — (c) but for the U-Ref specimen.
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Figure C23. Similar 3D renderings as in Figure C21 but for the P-Cs specimen at three points of its tomographic

time series.
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Figure C24. Similar figure as Figure C23 but for the P-Ref specimen.

Crack size analysis results. Figure C25 to Figure C29 show the statistical ensemble estimate of the
complementary cumulative distribution function (cCDF) of the bounding box length, L, the bounding
box height/width, H, and of the separate crack volume, V4., in insets (a) to (c), respectively. Each

cCDF is plotted in logo-logio scales, i.e., it is shown in the form of a Zipf's plot, as done in Figure 5.11

in Chapter 5.

281



Appendix C

Figure C29 and Figure C39 show similar plots as in Figure 5.11 except for adding the corresponding
plots for the U specimens. Figure C29 shows the cCDFs of L. Figure C39 shows those of T},q1-

One remarkable feature shown in the plots of Figure C29 and Figure C39 is that, when comparing the
c¢CDFs at 250 days for the specimens with distinct aggregate types but same mixing (with or without
Cs-doping), no dramatic difference in the ranges of L and, more importantly, of T, .4; values is observ-

able. This feature, combined with the results shown in Figure C18, could provide an explanation for the

difference in the macroscopic scale expansion observable in Figure 5.1 and Figure C5.
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Figure C25. Empirical (i.e., statistical ensemble) complementary cumulative distribution function of (a) the

bounding box length, L, G, (L), (b) the bounding box height (also called width), H, Gy (H), (c) the crack network

branch (also called separate crack) volume, V,,qc.. Each complementary cumulative distribution function is

plotted in logo-log o scales (Zip'f plot). Each separate crack contributed to one sampled value for each variable.
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Figure C26. Similar plots as in Figure C25 but for the P-Cs specimen.
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Figure C27. Similar plots as in Figure C25 but for the U-Ref specimen.
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Figure C28. Similar plots as in Figure C25 but for the U-Cs specimen.
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Figure C29. Empirical (i.e., statistical ensemble) complementary cumulative distribution function of the bound-

ing box length, L, G (L), in logp-logio scales (Zip'f plot). Each separate crack contributed to one sampled value
for L.

Crack shape analysis results. The 3D rendering of the segmented, total crack networks presented
in Figure C21 to Figure C24 show that their distinct separate cracks had a broad range of curvatures and
degrees of fragmentation. The shape tensor analysis allowed confirming such visual observation. For a
given specimen and a given time point, let C be the total number of independent, disconnected branches
of the segmented total crack network (separate cracks, containing or not ASR products). Each of them
can be mapped to a point in the (E; F) shape feature space. Notice that, by the E and F definitions
themselves, only the [0; 1] X [0; 1] region of such space can be populated by points. Those points close
to the (0; 0) corner correspond to rather spherical separate cracks, while those close to the (1; 1) corner
correspond to plate-like cracks. A segmented, total crack network can be thought of corresponding to a

statistical sample {(E;; F;)};=1 ¢ of a bi-variate random variable, (E; F).
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The plots in Figure C30 to Figure C32 show the kernel density estimate (KDE) of the joint probability
density function (PDF) of (E; F), f(g;r) (E; F). The KDE of fg,r)(E; F) was obtained, for each specimen
and at each time point, applying the "2D Kernel Density" function of the OriginPro 2020b (v9.7.5.184)
software package (OriginLab®, Northampton, MA, USA). The chosen parameters for such function in-
cluded: the "Bivariate Kernel Density Estimation" as the method of density estimation, 32 number of
Grid Points in X/Y, no point were used for the displaying, the Grid Range of [-0.05,1.05] for both X and
Y and 300 "Interpolate Density Points".

At any time point and for any specimen, the majority of the cracks were mapped to the top-right corner
of the region [0; 1] X [0; 1] in the (E; F) plane (see from Figure C30 to Figure C32). No relevant dif-
ference in "shape distribution" could be observed between specimens with distinct aggregate types, with
or without Cs-doping, at the beginning of the experimental campaign. The evolution in time also did not
seem to alter substantially the shape distribution much. The Cs-doping also did not change much the
shape distribution, in comparison with the cases in its absence. Despite the broad degree of curvature
and fragmentation, the fact that the separate cracks are predominantly shaped like irregular plates al-
lowed using the shape tensor analysis also for obtaining representative estimates of crack sizes and for

a coarse assessment of the overall orientation of the distinct branches of the crack network.
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Figure C30. Plot of the kernel density estimate (KDE) of the joint probability density function (PDF) of the two
shape feature variables, the elongation E and the flatness F, computed from the shape tensor analysis of the
segmented total crack network and treated as a bi-variate random variable, (E; F). The statistical sample of
such PDF was provided, for each specimen and at each time point, by the set of values {(E;; F;)};=1,.. ¢ obtained
from the shape tensor analysis, where C indicates generically the total number of disconnected and independent
branches of the segmented, total crack network of a specimen and at a certain time point. (a) to (c): P-Ref

specimen, at I day, 155 and 250 days, respectively. (d) to (f): U-Ref specimen, at I day, 155 and 250 days.
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Figure C31. Same plots as in Figure C30 but only for the P-Cs specimen: at (a) 1 day (b) 65 days, (c) 85 days,
(d) 145 days, (e) 195 days and (f) 250 days.
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Figure C32. Same plots as in Figure C31 but for the U-Cs specimen.
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Crack orientation analysis results. The direction of the first eigenvector of G, #i;, was chosen to
define the feature variable "crack orientation". Only a qualitative analysis of the crack orientation of any
specimen at any given time point was performed. It was based on plotting the 1i; of each separate crack.
Given that the eigenvectors of G are unit vectors, the visualization corresponds to mapping the #i4's as
points on a unit sphere. The higher the density of points in a portion of such sphere, corresponding to a
certain range of spherical coordinate angles (¢; 8), the larger the number of separate cracks whose di-

rection of largest extent (i.e., the 11, direction) falls in that angular range.

Figure C33 to Figure C35 show the plots of the full {i; vectors, after rescaling their magnitudes by a
factor equal to 0.33 (in order to ensure the visibility of their projectionsonthe X —Y,Y —Zand X — Z
planes). In all the figures, it can be noticed that, by increasing time, the density of vectors increased
more considerably within a cone with symmetry axis approximately equal to the Z axis. No specific
region of the sphere was completely empty of points/vectors. This feature indicates lack of strong ori-
entation anisotropy. However, the higher densification towards the positive Z direction was a feature
charactering every specimen, independently of the aggregate type and of the absence or the presence of
Cs-doping. It suggests that Cs-doping brought no evident perturbation of the crack networks, in terms

of crack orientation.
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Figure C33. Visualization of the crack orientation analysis results for the reference specimens. The "crack

orientation" was operatively defined as the direction of the eigenvector 1l; associated with the first and largest
eigenvalue of the shape tensor G. The segmented total crack network of a specimen corresponded to a set of
1, 's, one for each independent crack (branch of the network). Each of these vectors are here plotted in red,
after rescaling their magnitudes by a factor equal to 0.33, to make their projections on the planes of the Carte-
sian frame of reference more visible. The projections of ti; on the X — Y plane are in violet, those on the X — Z
plane are in dark blue and those on the Y — Z plane are in light blue. (a)-(c): distribution of the Ui, eigenvectors
for the P-Ref specimen at 1 day, 155 and 250 days, respectively. (d)-(f): distribution of the i, eigenvectors for
the U-Ref specimen at 1 day, 155 and 250 days, respectively.
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P-Cs- 145 days ™~ ~ P-Cs- 195 days ™~ ~ P-Cs- 250 days ™~

Figure C34. Similar figure as Figure C33 but for the P-Cs specimens at 6 of the 12 time points of measurement.
(a)-(f): P-Cs specimen at 1 day, 65, 85, 145, 195 and 250 days, respectively.
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U-Cs- 155 days ~*~ U-Cs- 195 days ~<~

Figure C35. Similar figure as Figure C34 but for the U-Cs specimens.

C9.2. Crack local thickness analysis

Figure C36 and Figure C37 show 3D renderings of the local thickness scalar field, T;,qq; (%), computed
for the segmented total crack networks of all the specimens and at certain time points. Figure C36 con-
tains results for the two reference specimens. Figure C37 shows results for the two Cs-doped specimens.
Tiocai(X), by definition, has value equal to 0 outside the segmented total crack network regions. Thus,
in Figure C36 and Figure C37, the reader can essentially see 3D renderings of the total crack networks,
similar to those in Figure C21 (a)-(c), Figure C22 (a)-(c), Figure C23 (a)-(c) and Figure C24 (a)-(c).
However, the difference consists of the fact that each voxel of a network is rendered with a color which
is mapped to the value of T}, .,; at that voxel's position. The color scale in each inset of Figure C36 and
Figure C37 is always the same and is mapped to the same range of T},.4; values. The complementary
cumulative distribution function of Tj,.4;, computed for any specimen (with and without Cs-doping)
and (for the Cs-doped specimens) at additional time points, compared with what shown in Figure C39,

is shown in Figure C38.
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The 3D renderings in Figure C36 and Figure C37 confirm visually what observable in Figure 5.11 and
in Figure C38 and Figure C39: a gradual temporal shift of the T},.,; value distributions (especially their
right-hand side tails) towards larger values. No significant differences in the spatial-temporal Tj,.q;

distributions of the reference specimens could be noticed.
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Figure C36. 3D rendering of the local thickness scalar field, Tjyq;(X), computed for the segmented total crack
network. (a)-(c): P-Ref specimen at 1 day, 155 and 250 days. (d)-(f): U-Ref specimen at 1 day, 155 and 250
days.
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Figure C37. Same figure as Fig. S 49 but for the P-Cs specimen, insets (a) - (b), at 1 day, 145 and 250 days,
respectively, and for the U-Cs one, insets (d)-(f), at 1 day, 155 and 250 days, respectively.
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Figure C38. Empirical (i.e., statistical ensemble) complementary cumulative distribution function of the total

crack network's local thickness, Tipeqi(X), Gty (Tiocar), in logio-logio scales (Zip'f plot) (a) P-Ref, (b) P-Cs,

(c) U-Ref and (d) U-Cs specimens, respectively, at various time points specified on the corresponding plots.
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Figure C39. Similar to Figure C38, but comparing only three time points for each specimen.

C10. Quantitative analysis of ASR cracking by time-lapse tomography.
Local deformations analysis

In this Section, further visualizations are reported, both of 2D cross-sections and of smaller sub-volumes,
of the two scalar fields, ||uy_rr|l(X, t;) and ] - (%, t;), which was used as 3D maps of where and
how the displacement vector due to the ASR deformations was spatially heterogeneous. Both scalar

fields, are derived from the displacement vector field, Uy _4rr (X, t;), generated by the non-affine regis-

tration procedure.
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It is reminded that such displacement vector field is not the total one due to the ASR deformations.
Rather, it is only its component having a spatial dependence, the other component being the one com-
puted from the global affine registration procedure. It should also be noted that the total displacement
vector field due to the ASR deformations is not simply the sum of the two fields just mentioned, rather
a more complicated nonlinear function of the two. However, from a qualitative point of view, the global
affine field captures the overall, bulk effect of the ASR deformations, while the non-affine one describes

their local details.

The visualizations in this Section aim at providing examples additional to those shown in Section 5.3.7,
concerning the most relevant features of the ASR-induced local deformations. These examples also aim
at showing that such features were observed in both the specimens with the P aggregates and in those
with the U ones and were essentially independent from the presence or absence of the Cs-doping, except

for the different timing at which they appeared.
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P-Ref and U-Ref specimens
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Figure C40. Visualization of the magnitude of the displacement vector field, ||tiy_arr || (X, t;), associated with the

transformation vector field, ?N_ arr (X, t)), of the non-affine registration, for the P-Ref specimen. The scalar field
|iy—arrll (X, t;) is used as spatial map of the "degree of local heterogeneity” of the ASR deformation. In this
figure, only one 2D cross-section from the "tomographed" volume is shown. (a) X-ray tomogram of the P-Ref
specimen at the beginning of the ASR acceleration (1 day) and shown only at the position of the chosen 2D cross-
section ("slice”). (b) and (c): slice from the X-ray tomograms at 155 and 250 days, respectively. (d) and (e): the
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same slices as in (b) and (c), respectively, plus, overlapped on top of them semi-transparently and rendered ac-
cording to the indicated color scale, the 2D cross-section, at the same position, from ||Uy_apr||(X, t;), at 155 and

250 days, respectively. The color scale bars of insets (d) and (e) are in units of mm.
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Figure C41. 3D Visualization of the two scalar fields computed from the displacement vector field,
Uy_arr (X, t;), associated with the non-affine transformation vector field, Ty_arr (%, t,), obtained from the non-
affine registration and used as indicators of the spatially heterogeneous component of the overall displacement
due to the ASR deformations. Case of the P-Ref specimen. Each scalar field is shown on the boundary surfaces
of a parallelepiped ROI smaller than the "tomographed” volume of the specimen and it is color-coded. (a) and
(b): the scalar field is the magnitude of Uy_ 45 (X, t)), [[Uy-arell(X, t)). (c) and (d): the scalar field is the de-
terminant of the Jacobian matrix of Ty_arr (X, 1), JZ 5 arr (X,t)). (a) and (c) refer to the time point t,= 155

days. (b) and (d) refer to t,= 250 days. In insets (a) and (b) the unit for the color scale bars is mm. The color
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scale bars of (c) and (d) have no unit because of the meaning of | Ty AFF(J_E, t;) of a volumetric ratio. Values

greater than 1 represent volumetric expansion while smaller than 1 indicate volumetric contraction.
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Figure C42. Similar visualization of ||Uy_4rr || (X, t;) as in Figure C40 but for the U-Ref specimen. (a): tomo-
graphic slice at 1 day. (b) and (c): the same tomographic slices at 155 and 250 days, respectively. (d) and (e):
the same tomographic slices as in (b) and (c) plus, overlapped on top of them semi-transparently and according
to the color scale indicated below, the values of ||Uy_arr||(X,t;) on the same plane as the one of the tomo-

graphic slice and at the respective time points. In (d) and (e) the unit for the color scale bars is mm.
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Figure C43. Similar plots as in Figure 5.12 but for the U-Ref specimen. Features (I) and (Il) refer to the
enlargement (opening) of cracks (zones of high expansion, appearing in red in the | Ty_app MAP far away
from the cracks). Feature labelled by (I1l) indicate original crack or more porous regions at the aggre-
gate boundaries that did not evolve into an opening and lengthening crack, rather they either remained

the same or gradually got closed or filled up.
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Figure C44. Similar figure as Figure C41 but for the U-Ref specimen. In insets (b) and (d), in addition to the

visualization of the two scalar fields, the same small 3R ROI but extracted from the binary tomogram of the

segmented total crack network is rendered in dark red solid color in order to show where the crack network

was inside such ROI, in comparison with the spatial distribution of the two scalar fields indicating spatially

heterogeneous deformations.
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P-Cs and U-Cs specimens
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Figure C45. Similar visualization of |Uy_arr||(X, ;) as in Figure C40 or Figure C42 but for the P-Cs specimen at 7 different time points (1day, 30, 65, 85, 145, 195 and 250 days).
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Figure C46. Visualization of the magnitude of Uy _ apr (%, t;), [Un—arr || (%, t;), computed from the displacement
vector field, Uy_app (%, t;), associated with the non-affine transformation vector field, Ty_arr (%, t;), obtained
from the non-affine registration and used as indicator of the spatially heterogeneous component of the overall
displacement due to the ASR deformations. Case of the P-Cs specimen. The scalar field is shown on the bound-
ary surfaces of a parallelepiped ROI smaller than the tomographed volume of the specimen and it is color-

coded. The insets (a) to (f) show ||Uy_arr || (%, t;) at 6 different time points when the specimen was tomographed,

including 1 day 30, 65, 85, 145, 195 and 250 days. In all the insets the unit for the color scale bar is mm.
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Figure C47. Visualization of the determinant of the Jacobian matrix of TN_ arr (), ] T_aFF (X, t,). This scalar field is used as spatial map of the factor by which the volume locally expanded

1.02
I

or contracted. In this figure, only one 2D cross-section from the tomographed volume is shown. This figure is an extended version of Figure 5.13. (a) X-ray tomogram of the P-Cs specimen at
the beginning of the ASR acceleration (1 day), shown only at the position of the chosen 2D cross-section ("slice"). (b) to (g): slices from the X-ray tomograms at 30, 65, 85, 145, 195 and 250

days, respectively. (h) to (m): the same slices as in (b) to (g), respectively, plus, overlapped on top of them semi-transparently and rendered according to the indicated color scale, the slice, at

the same position, from |z, (%, t,), at the same corresponding time points. The color scale bar of insets (h) to (m) has no unit. | Ty_app Values greater than I represent volumetric expansion,

values smaller than 1 mean volumetric contraction.
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Figure C48. 3D Visualization of the determinant of the Jacobian matrix of Ty _ pr (%, t;), | Tyarp (%, t;), computed
from the displacement vector field, Uy_arr(X,t;), associated with the non-affine transformation vector field,

7,,,_ arr (X, t;), obtained from the non-affine registration and used as indicator of the spatially heterogeneous com-
ponent of the overall displacement due to the ASR deformations. Case of the P-Cs specimen. The scalar field is
shown on the boundary surfaces of a parallelepiped ROI smaller than the tomographed volume of the specimen
and it is color-coded. (a) to (f): time points of 30, 65, 85, 145, 195 and 250 days, respectively. The scale bars of

all insets have no unit. |z, _ . values greater than 1 correspond to volumetric expansion, values smaller than 1

to volumetric contraction.
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Figure C49. Similar figure as Figure C45 but for the U-Cs specimen.
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Figure C50. Similar figure as Figure C46 but for the U-Cs specimen.
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Figure C51. Similar figure as Figure C50 but showing this time the whole Uy_4pr (%, t;) vector field itself for
the P-Cs specimen. Uy _pr (X, t;) is represented by conic glyphs rendered at some voxel positions. The size and

color of the glyphs represent the corresponding ||Uy_arr || (X, t;) values. In all insets, the unit for the color scale
bar is mm.
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Figure C52. Similar figure as Figure C47Error! Reference source not found. but for the U-Cs specimen.
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Figure C53. Similar figure as Figure C48 but for the U-Cs specimen.
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Supplementary data for Chapter 6

D1. Optimization of the BaSQ4 concentration and assessment of its effects on
the ASR (cracking)

D1.1. SEM/EDX analysis of raw materials and of ASR products

SEM-BSE was used both to assess the size range of the BaSO, grains and to characterize qualitatively
their spatial distribution in the concrete specimens cast with it.

Figure D1 shows SEM-BSE micrographs of both the BaSO4 powder's grains compared against the
cement ones, insets (a) and (b), respectively. Insets (c) and (d) show ROIs in the cement paste of one
U-3 vol.%Ba specimen at 40 days from casting (i.e., 39 days of ASR acceleration). The BaSOj4 grains
had larger BSE pixel value than any other material phase because of their larger electron density, com-
pared with the un-hydrated cement grains, which are by themselves denser than the cement hydrates.
From insets (c) and (d), it is possible to assess that the BaSO4 grains (the brightest, small spots) were
homogeneously dispersed throughout the cement paste and seemed not to have interacted at all with the
hydrating cement, as expectable based upon what already reported in the literature [1].

314



Appendix D

ement particles

Figure D1. An example of SEM-BSE micrographs of (a) the used BaSO4 powder, (b) the used cement powder, for
comparison, (c) the cross-section of a specimen cast with 3 vol.-% of BaSOy at 40 days from casting, and (d) a
region of interest of inset (c) to highlight the spatial distribution of the BaSOy grains across the cement paste.

SEM-BSE was also exploited to analyse the morphology of the ASR products formed in specimens cast
with and without BaSOs. Figure D2 shows in some of such micrographs ASR products inside cracks in
specimens at 120 days, cast both without and with BaSOy at a concentration of 2.5 vol.-%. All micro-
graphs were acquired for aggregate interior regions, where the ASR products are expected to be rather
crystalline, with a plate-like morphology. Regardless of the BaSO4 absence or presence, the ASR prod-
ucts exhibited analogous morphology and BSE contrast inside the aggregates. This result suggests that
no significant perturbation of ASR took place because of the presence of BaSOj4 in the cement paste, in
agreement with the available knowledge from the literature about its very low solubility in aqueous
environments [2].
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Figure D2. SEM-BSE micrographs providing examples of the distribution of ASR products inside cracks of
specimens containing both aggregate types and either without or with BaSOy. For every specimen type, the
micrographs were acquired at 120 days. Micrographs for (a) U-Ref, (b) P-Ref, (c) U-2.5 vol.-% BaSOy, (d) P-
2.5 vol.-% BaSOy, respectively.

The EDX point analysis of ASR products in different regions of distinct specimens, without and with
BaS04, confirmed their similarity in terms of chemical composition. Figure D3 shows ternary diagrams,
obtained by such EDX analysis. As it is observed in such ternary diagrams, the ASR products composi-
tions remained almost identical regardless of aggregate type and of the presence or not of BaSO4. No
sign of Ba" or SO4- incorporation into the ASR products was detected, providing additional evidence of
the BaSO4 chemical stability in the concrete aqueous environment.
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Figure D3. EDX analysis results showing the equivalent sodium oxide ternary diagrams for ASR products lo-
cated at more than 30 points and both of crystalline type (i.e., inside the aggregates) and of amorphous type (at
the aggregate boundary regions and in the cement paste). The investigated specimens were cast with both ag-
gregate types and without or with two BaSOy concentrations. (a) U-Ref, (b) P-Ref, (c) U-0.25 vol.-% BaSOy,,
(d) P-0.25 vol.-% BaSOg, (e) U-2.5 vol.-% BaSOy, (f) P-2.5 vol.-% BaSO, specimens, respectively.
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D1.2. Time-lapse XT
Reference specimens

Selected ROIs on slices from the tomograms of two U-Ref and P-Ref specimens are shown in Figure
D4 (a) and (b), respectively. These two ROIs are shown in order to convey, for each aggregate type, an
example of level of X-ray attenuation contrast between aggregates and the cement paste which could be
achieved in the absence of BaSOsa. It can be seen that the contrast was extremely low for almost all the
U aggregates while it was a bit higher for some but not all the P ones. The latter feature can be explained
based upon the higher mineralogical heterogeneity of the P aggregates compared with that of the U
aggregates.

Figure D4. A ROI example on a tomographic slice from (a) one U-Ref specimen and (b) one P-Ref specimen.
These tomograms, for both specimens, were acquired at 1 day since the ASR acceleration start.

D1.3. Influence of BaSO4 addition

By comparing Figure D4 (a) with Figures D5 (a) to (e), it is possible to observe that the addition of
BaSO; to the mix did not provide any enhancement of the X-ray attenuation contrast in the tomograms
of the U specimens when its concentration was smaller than or equal to 0.25 vol.-%. The same result
was obtained for the tomograms of the P specimens, as evident when comparing Figure D4 (b) with
Figures D6 (a) to (e).
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0.25 Vol.% Ba 0.75 Vol.% Ba 1.5 Vol.% Ba 2.5 Vol.% Ba 3 Vol.% Ba

Figure D5. (a) to (e): examples of ROIs on tomographic slices at 150 days of ASR acceleration, from specimens
cast with the U aggregates and with various BaSOy concentrations. These ROIs are containing also the ones shown
in Figure 6.1 in Chapter 6. (f) to (j): the same slices as in (a) to (e) but, additionally, with the corresponding slices
from the binary tomograms of the segmented aggregates rendered as semi-transparent, in blue and overlaid on top
of the tomographic slices.

0.25 Vol.% Ba 0.75 Vol.% Ba 1.5 Vol.% Ba 2.5 Vol.% Ba 3 Vol.% Ba
d T ; & g b 5 2 ¢ RS 9 SR r

Figure D6. Similar figure as Figure D5 but for the specimens cast with the P aggregates.
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D1.4. Local deformations induced by ASR cracking as assessed by time-lapse XT analysis
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Figure D7. Visualization of the evolution of ASR cracks and associated localized deformations for the P-Ref
specimen, by considering one slice from its tomographed volume, at multiple time points. The localized defor-
mations are estimated by the determinant of the Jacobian matrix (Jz,,_, . (%,t,)) of the transformation vector

field TN_ arr (X, t;) associated with the non-affine registration. Its values larger than 1 indicate local volumetric
expansion. Its values smaller than 1 indicate volumetric shrinkage. (a) X-ray tomogram at 1 day since start of
the ASR acceleration. (b) and (c): slice at the same position as in (a) but from the tomograms at 150 and 250
days, respectively. (d) and (e): the same slice as in (b) and (c), respectively, and, overlapped on top of them in
a semi-transparent way, the slice at the same position but from | Tr_arF (X, t,) at the corresponding time points,

respectively. The scale bars in (d) and (e) have, by definition of | TrarF (relative volume), no unit.
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Cracks in the reference specimens were segmented following the same TS-based procedure described
at point (III) in Section 3.3. Figure D8 and Figure D9 showcase the segmented, full crack networks, as
solid objects rendered in 3D, at three distinct time points, for the U-Ref and P-Ref specimens, respec-
tively. The parallelepiped box encompassing the crack networks, indicates the tomographed volume of
the specimens. The rendering views are exactly the same in all the rendered binary tomograms. The

cracks seemed to be rather homogeneously distributed inside the tomographed volume. As time evolved,

a larger crack volume fraction was achieved by both specimens.

lday.

3

a U-Ref-
// 'y “' ‘ ::"‘r,

Figure D8. Temporal evolution of the crack network in the U-Ref specimen. (a)-(c): 3D rendering of the crack

binary tomogram for the full tomographed volume of the specimen, at 1, 150 and 250 days, respectively
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Figure D9. The same images as shown in Figure D8, but for the P-Ref specimen.
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Figure D10. Similar visualization as in Figure 6.7 for the P-2.5 vol.-% BaSO4 specimen. The chosen time points for the visualization are 35 days (insets (a) and (e)), 85 days ((b)
and (f)), 145 days ((c) and (g)), 250 days ((d) and (h)). The tomograms did not change significantly between 1 day and 35 days. Thus, the one at 35 days was representative of the
reference tomogram at 1 day.
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The cracks in the specimens cast with BaSO4 were segmented also by following the same TS-based
procedure described in Section 3.3. In addition to their segmentation, the availability of an additional
label for each voxel, i.e., whether it belonged to aggregates or not, allowed classifying crack voxels also
based upon whether they were inside aggregates or outside them.

Figure D11 and Figure D12 show the time series of binary tomograms of cracks distinguishing by color
their parts belonging to aggregate regions from their parts within the cement paste, for the U-2.5vol%
Ba and the P-2.5vol.% Ba specimens, respectively.
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Figure D11. A small ROI of the segmented cracks binary tomograms, distinguishing between cracks inside
aggregates (in cyan) and those within the cement paste (in blue), rendered for the U-2.5 vol.-% BaSOy specimen.
Such ROI contained cracks, which were nucleated in an aggregate and further propagated into the surrounding
cement paste. The insets from (a) to (d) correspond to different time points during the ASR acceleration, includ-
ing 1, 55, 85 and 250 days, respectively.

323



Appendix D

B} 2602 m y

Pre-existing Fe' WY \ % s
cracks inside . iggsPropaggtions
aggregates = 2% a

¥

At .%: -

T 5% cem et h LY

mm_ % Sematrix \

c PG aEs

@ Cracks in aggregates @ Cracks in Cement matrix

Figure D12. Similar visualization as shown in Figure D11 but for the P-2.5 vol.-% BaSOy specimen and at ((a)
to (d)) 1, 85, 200 and 250 days, respectively
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Figure D13. Similar visualization as in Figure D12 but for a distinct ROL

D1.5. Shape tensor analysis of the separated cracks

Figure D14 (a) shows the 3D rendering of the segmented, total crack network of the U-Ref specimen at
250 days. Distinct, disconnected cracks are rendered with different colors. Despite a great complexity,
several cracks could be clearly distinguished, which indicates that the crack network labelling managed
to recognize the distinct cracks.
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As mentioned in Section 6.3.25, the shape tensor analysis was carried out at distinct time points on the
segmented cracks of each tomographed specimen, to quantitatively characterize their shape and orien-
tation. Figure D14 (b) shows the 3D rendering of a single crack extracted from the labelled binary tomo-
gram of the total crack network rendered in inset (a), to serve as an example for the shape of an isolated
ASR crack and its shape tensor. The three eigenvectors of the crack are also rendered as solid arrows,
starting from the center of mass of the crack itself.
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Figure D14. (a): 3D rendering of the segmented, total crack network of the U-Ref specimen, at 250 days. Each
separated part (branch) of the crack network is rendered with a distinct color, just for the purpose of distin-
guishing them. The color assignment to each branch was random. (b) A single separated crack from the net-
works shown in (a). The large parallelepiped box highlighted in orange delineates the tomographed volume.
The smaller grey box shows a zoom-in view of the respective crack. The blue, parallelepiped box is the crack's
bounding box oriented according to the three eigenvectors of the crack's shape tensor G. Each eigenvector,
located at the center of mass of the crack and scaled by half the lateral size of the bounding box along the same
direction, is also rendered as a solid arrow. The red arrow refers to the eigenvector associated with the I1*
eigenvalue. The green arrow to the second eigenvector and the blue one to the third.

D2. Extensive quantitative analysis of specimens with optimal BaSO4 concen-
tration

D2.1. Mass and length evolution
Relative length and mass change measurement results

The relative length and mass changes of the specimens with size 25 X 25 X 100 mm3, cast with both
aggregate types, U and P, are compared in insets (a) and (b) of Figure D15, respectively. It is observed
for both specimen types that the relative length changes increased faster for the specimens cast with the
U aggregates (labelled as u in inset (a)) after the initial shrinkage period, i.e., after about 56 days. The
mass gain was only slightly higher/comparable for the u specimens after 110 days. As observed in chap-
ter 5, the ASR-reactivity of U aggregates are higher than the P ones.
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Figure D151. Comparison of the time series of the relative (a) length and (b) mass changes of the u and p speci-
mens. The relative length changes were measured by the expansion measurement setup 2 shown in Figure 3.1 (e)
and described in details in Section A4 of the Appendices. At each time point, the same 10 specimens were measured
upon. In each plot, each marker shows the average of the 10 values, while the error bar was defined as the
empirical standard deviation of such ensemble of sampled values.

D2.2. Mechanical properties

The time series of the three mechanical properties (quasi-static compressional Young's modulus, along
the specimen longitudinal direction, flexural and compressive strengths, the latter also along the longi-
tudinal direction) are shown in Figure D16 (a) to (c), respectively, for specimens cast with both aggre-
gate types (U and P, labelled correspondingly). It is reminded here that, contrary to the u specimens,
used for the time-lapse XT measurements and with size 25 x 25 X 100 mmS3, the specimens for these
mechanical properties measurements had size 40 X 40 X 160 mm3.

It can be observed that, regardless of slightly higher mechanical properties at the peaks, the specimens
cast with the U aggregates (U) exhibited a faster, post peak decline, compared with those cast with the
P aggregates (P). This faster decline can be attributed to the higher ASR reactivity of the U aggregates,
mirrored in the faster expansion shown in Figure D15, and the associated more extensive cracking
(shown already in Figure 4.8 (a) and Figures C18 (a) and (c), in terms of ASR cracks volume fraction,
7 SRcracks,tot)- Of special remark is the fact that while the Young's modulus and flexural strength con-
tinued decreasing in the P specimens case, a recovery of the same properties was observed after about
244 days for the U specimens. The compressive strength for both types of specimens remained after 244
days almost steady.
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Figure D162. Comparison of the time series of the (a) quasi-static, compressional Young's modulus measured
along the specimen longitudinal direction, (b) the flexural strength, and (c) the longitudinal compressive strength
of the U and P specimens. In each plot, the markers show the average while the error bar the empirical standard
deviation of an ensemble of values from distinct specimens, the ensemble size being 3, 3 and 6 for insets (a), (b)
and (c), respectively. For the Young's modulus measurements, the specimens were always the same at each time
point.

As discussed in Section 6.4, the apparent recovery, at very late stages, in Young's modulus and flexural
strength of the U specimens could be associated with, on the one side, the significant accumulation of
ASR products within the cracks of these specimens. On the other side, the increasing stiffening of the
ASR products with increasing Ca®" ions uptake, discussed already in Section 5.4, may also contribute
to the observed recovery.

In Chapter 5, it was observed that more ASR products accumulated within cracks in the specimens cast
with U aggregates than it happened in those cast with the P aggregates. Compare, for example, Figure
C18 (a) versus (c), for a quantitative example. An additional qualitative example of such difference due
to the aggregate type is provided in Figure D17, where the segmented crack networks and the ASR
products of the two specimens belonging to the experimental campaign described in Chapter 5 are ren-
dered in 3D with distinct two distinct colors. It is reminded that those two specimens were cast with
similar mix design as the u specimens, except for the absence of BaSO4 and the presence of CsNOs.
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a Cs-doped U specimens (U-Cs) b Cs-doped P specimens (P-Cs)
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Figure D17. 3D rendering of the segmented empty crack network (in aquamarine) and of the segmented ASR
products (both inside cracks and in other types of pores, in orange), for specimens cast with CsNOs and with (a)
the U aggregates or with (b) the P aggregates.
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D2.3. Time-lapse XT
Cracks and local deformations

This Subsection provides additional/complementary visualizations both of tomographic slices from the VOIs of the registered tomograms and of the two scalar
fields used to map out the local deformations as estimated from the non-affine registration, namely magnitude of the displacement vector field computed from the
non-affine registration results, ||Uy_ 45|l (%, t;), and the determinant of the Jacobian matrix of the non-affine transformation field, J o (X, t;). The visualization

of these two scalar fields includes both single slices as well as their visualization on the lateral faces of the tomographed volume.

0.97 1 1.02 1.04 1.1
s

Figure D18. Visualization of the determinant of the Jacobian matrix, |7, _, (%, t,), of the transformation vector field ?N_ arr (X, t)) associated with the non-affine registration, as

computed from the tomographic time-series of the u, specimen. Only a few time points from the series are shown. ]?N_AFF (}, tl-) is used as a spatial map of the factor by which the

volume locally expanded or shrunk due to the spatially heterogeneous components of the ASR-induced displacement vector field. This Figure is identical to Figure 6.18, except for
considering two additional time points from the tomographic series. (a) to (f): a ROI of one slice from the fully registered X-ray tomogram , shown at 1 day, 112 days, 168 days,
224 days, 284 days and 404 days, respectively. (g) to (1): the same slices as in (a) to (f), except for the one in (g) being the slice from the tomogram at 56 days instead of at 1 day,
to showcase that the two tomograms were essentially identical; in addition, the corresponding slices from |z, AFF(J_C’, t;) are overlapped on top of the tomographic slices and
rendered semi-transparently and color coded with the same color map used in Figure 6.18. The scale bar of the insets (e) to (h) has no unit. |z, (%, t,) values greater than 1
represent volumetric expansion, values smaller than 1 indicate volumetric shrinkage.
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Figure D19. Visualization of the localized deformations in the u, specimen, using different approaches. (a) to (c):
3D visualization of ||[Uy_arr || (%, t;) at 3 distinct time points, 56, 168 and 224 days, respectively. Inset (d) shows
|ip—arrll (X, t;)) at 224 days superimposed on top of the semi-transparent 3D rendering in the same grey scale as
in (c) of the tomographed volume. (e) to (g): 3D visualization of the determinant of the Jacobian matrix,

JZ 5 apr (X, t;), of the non-affine transformation function, Ty_apr (%, t;), shown at the same 3 time points as for the

visualizations in the other insets. (h): same visualization as in (g) but for J7y_ AFF(J_E, t;) instead for

[ty —arr |l (X, t).

331



Appendix D

D2.4. Additional visualizations of the segmented cracks

This part is dedicated to further examples of the cracking in the three distinct u specimens, at eight
distinct time points.

Figure D20. Binary tomograms of cracks in aggregates (purple) and in cement paste (aquamarine), rendered for
the u, specimen. The insets from (a) to (h) correspond to different time points during the ASR acceleration, in-
cluding 56, 140, 168, 196, 224, 254, 314 and 404 days, respectively. A small part of the segmented aggregates has
been rendered in dark grey, visible at the bottom of each volume.
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Figure D21. An example of spatial correlation between regions of local maximum for the volumetric expansion
and regions of cracking, using the case of the u, specimen. (a) to (d): 3D rendering of the segmented cracks binary
tomograms of cracks, with a color distinct between cracks inside aggregates (in purple) and cracks within the
cement paste (in aquamarine). The insets correspond to different time points during the ASR acceleration, includ-
ing 56, 168, 224 and 404 days, respectively. (e) to (h): 3D rendering on the lateral surfaces of the tomographed
region of the determinant of the Jacobian matrix, |7, AFF(J_E, t;), of the non-affine transformation vector field

(7 v—arr (X, 1)), , shown at the corresponding time points. It can be noted that some regions characterized by local
maxima of Jz,,_ .. (%, t;), with values well above I (meaning local volumetric expansion) were also regions where
cracks propagated. As an example, consider the front bottom corner of the parallelepiped indicating the to-

mographed region, where cracks were visible at 168 days and, at the same time, local volumetric expansion con-
centrated there.
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Figure D23. Same figure as Figure D22 but for the u; specimen.
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Figure D24. 3D rendering of the segmented cracks binary tomograms, with distinction between cracks inside
aggregates (in purple) and within the cement paste (in aquamarine), shown only at 254 days and from three dis-
tinct viewpoints, indicated by the axes in each inset.: (a) to (c) for the u, specimen, (d) to (f) for the u, specimen
and (g) to (i) for the us specimen.

D2.5. Quantitative analysis of ASR cracking
ASR cracks segmentation by an inverse temporal subtraction approach

It is remarked at point (III) in Section 3.3 that the empty crack segmentation based upon the TS-based
approach is affected by a systematic error consisting of a displacement of a few voxels for the segmented
cracks compared with their actual positions in a tomogram. A detailed analysis and characterization of
such systematic error is reported in Section A3.3 of the Appendices, where it is also shown, by use of
case studies from the actual tomograms or artificially created model images and cracks, that other crack
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features, e.g., size and orientation, are not perturbed by the segmentation procedure. In Section 3.3, it is
thus mentioned that the segmentation's systematic error is not relevant unless the position of the crack
network in the frame of reference of the tomographed volume needs to be preserved as much as possible
because of specific meaning to the analysis, which was not the case for this PhD project. However, a
modification of the TS-based approach was tested and adopted in the experimental campaign with the
u specimens, in order to avoid the mentioned systematic error completely.

The modification simply consisted of using, at each time point ¢;, Vi = 1, ..., N;, the respectively ac-
quired tomogram as the reference one for the image registration while the tomogram at the reference
time point t, as the one to be registered to match the newly defined reference tomogram. The registration
and subtraction steps described at point (III) in Section 3.3 were then still followed exactly in the same
way, except with the new definition of the reference and deformed tomograms. Given this only change,
this alternative way of implementing the TS-based segmentation procedure is here labelled as inverse
TS-based segmentation (inverse TS, in short), while the one described in Section 3.3 is labelled direct
TS.

Since the tomogram to be deformed by the three distinct and successive registration types is the tomo-
gram at ty, the subtraction from its registered version of the original tomogram at t; bears no deformation
at all of the ASR crack regions. However, it has to be remarked that original cracks, existing already at
to may be deformed, for the same reasons mentioned in Section 3.3 for the ASR cracks. Thus, the inverse
TS approach allows segmenting ASR cracks without introducing any displacement. However, it may
not allow removing completely, by subtraction, the contribution of the original cracks, existing already
at t,, to the final region of segmented ASR cracks.

In order to evaluate and compare the performances of the inverse TS versus the direct TS approaches,
the ASR empty crack segmentation was performed at any time point with both of them on the tomograms
of all the u specimens. The total ASR crack volume fraction, Vysg cracks,cor» Was computed correspond-
ingly for all specimens. For one specimen only(u3) and at one one time point only (168 days) several
crack features were evaluated and compared.

The segmented crack network of the u; specimen at 168 days was chosen as an example for the quali-
tative comparison of the segmentation results. Figure D25 (a) shows the 3D rendering of the cracks
segmented by the direct TS approach. Figure D25 (b) shows the 3D rendering of the cracks segmented
by the inverse TS approach. The visual inspection of both 3D rendered networks highlighted no easily
noticeable difference. When superimposing the two networks, as shown in Figure D25 (c), it was pos-
sible to notice some displacement and/or misalignment of one with respect to the other, at some loca-
tions. Such displacements/misalignments were at the scale of a few voxels, as visible on a single slice
and for a small ROI in Figure D25 (d).

In order to achieve a more informative and meaningful comparison, the shape tensor analysis of both
crack networks was performed for the mentioned specimen at the mentioned time point and the size,
shape and orientation features were analyzed. No significant difference between the two crack networks
was found in terms of distribution of both crack local thickness (Tj,.4;) values (see Figure D25 (e)) and
crack bounding box length (L) ones (see Figure D25 (f)). Differences in the crack orientation distribu-
tions, visualized with the same approach described in Section 6.3.3.3, are clearly observable in Figure
D25 (h) and Figure D25 (e). However, it can be noticed by the comparison of those two polar coordinates
plots that the density of points in corresponding regions was approximately the same, despite the absence
of points located at the same exact positions. This result indicates that the two crack networks differed
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on average only slightly in crack orientation. Finally, the KDE of the joint PDFs of the two shape feature
variable, (E; F) also exhibited very small differences, as it can be seen by comparing Figure D25 (j)
with Figure D25 (k).

In summary, no major differences were found for the two crack networks of the u3 specimen at 168
days obtained by the two distinct TS-based segmentation approaches, respectively. Since the inverse TS
approach leads to no deformation at all of ASR cracks but only of original cracks at t, and since such
original cracks were typically in a rather small amount in any tomogram, such approach was adopted
instead of the direct TS one for the quantitative crack network analysis for the three u specimens. How-
ever, very similar results of such analysis would have been expected, had the direct TS approach been
used. The latter approach would be preferable in the cases where the tomogram at t, would show an
extensive presence of original cracks, whose deformation by the registration might introduce a not too
small systematic error in the segmentation results.
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Figure D25. Comparison of the crack networks segmented with the direct and inverse TS approaches for the uz specimen at 168 days. (a) to (c): binary tomograms of the total
crack network, rendered in 3D with distinct colors and obtained (a) by the direct TS approach and (b) by the inverse TS one; the two rendered networks are shown overlapped on
top of each other in (c) to ease their visual comparison. (d): a small ROI on one slice from the volume shown in (c) is provided here, to showcase the difference between the two
segmented crack networks. (e): comparison of the empirical complementary cumulative distribution functions, Gr,, . (Tiocar), 0f the crack local thickness, Tipcqi, Shown in the form
of Zipf's plots (f): same as in (e) but for the crack bounding box length, L. (g): time series of the ASR total crack volume fraction ( VASR,CTackS_tot) computed for both crack networks
of all three u specimens. The markers indicate the average value from the three specimens while the error bar was calculated as the respective empirical standard deviation. (h)
and (i): comparison of the crack orientation distributions for the two crack networks of the us specimen at 168 days, visualized by the polar coordinates of the projections of the
1, eigenvector on the equatorial plane of the respective unitary sphere on which they lie. (j) and (k): comparison of the kernel density estimates (KDEs) of the joint probability
density functions (PDFs) for the crack elongation E and flatness F.
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Crack thickness and bounding box length

Insets (a) to (c¢) in Figure D26 present the evolution of the crack bounding box length distribution for the three u specimens. The insets (d) to (f) in Figure D26
show the evolution of the distribution of crack local thickness values , Tjycq; for the same specimens.
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Figure D26. (a) to (c): empirical (i.e., statistical ensemble) complementary cumulative distribution function, Gy (L), of the crack bounding box length, L, in logs-log o scales (Zipf's
plot), for the u,, u, and u; specimens, respectively, at three time points (168, 224 and 404 days). (d)-(f) corresponding Zipf's plots for the crack local thickness, Tjpcq;-
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Crack shape and orientation

Figure D27 shows the shape phase diagrams (elongation versus flatness maps, (E; F)) of all the three
tomographed u specimens, at three distinct time points. Figure D28 shows the crack orientation distri-

butions of the three u specimens, at three distinct time point.
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Figure D27. The kernel density estimate (KDE) plots of the joint probability density function (PDF) for the elon-
gation E and the flatness F, computed from the shape tensor analysis of the segmented total crack network and

treated as a bi-variate random variable, (E; F). (a) to (c): u, specimen, at 168, 224 and 404 days, respectively.
(d) to (f): u, specimen, at 168, 224 and 404 days, respectively. (g) to (i): u, specimen, at 168, 224 and 404 days,

respectively.
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Figure D28. Visualization of the crack orientation analysis results for (a)-(c) the u, specimen, (d)-(f) the u, spec-
imen and (g)-(i) the us specimen, respectively. Each column refers to a distinct time point, 168, 224 and 404 days,
respectively. Instead of visualizing by an arrow the first eigenvector Uy of a crack's shape tensor, it was first
represented as a point on the unit sphere, with spherical coordinates (0; @), 0 € [0°; 360°] and ¢ € [—90°;90°].
Then, such a point was projected on the shown equatorial plane, which corresponds to the X — Y plane of the
Cartesian frame of reference of the specimen. The radial distance of a point from the origin is mapped to the
elevation angle @ axis according to the vertical scale, such that the distance between two successive circles in
such polar coordinates framework corresponds to 10° distance on the @ axis.
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Supplementary data for Chapter 7

E1. Relative mass changes
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Figure E1. Evolution of the relative mass change of distinct specimens cast with U aggregates, CsNO3 and various
BaSOy concentrations. The markers indicate averages while the error bars size is the standard deviation of six
values from an ensemble of six distinct specimens, for each specimen set.
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E2. Time-lapse XT

Figure E2 and Figure E3 provide two examples of selected ROI slices from the tomogram of the U-Cs-
1.5vol.% Ba specimen, at four distinct time points specified on each slice.
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Figure E2. Temporal evolution of the crack network in the U-Cs-1.5 vol.-% BaSQOy specimen. (a)-(d): on one (X —
Y) slice of the tomograms at 1, 85, 145 and 250 days, respectively. The position of the slice and of the ROI on it is
the same at any time point.
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Figure E3. Similar figure as E4 but considering another ROI on a distinct slice of the tomograms of the U-Cs-1.5
vol.-% BaSOy. The dynamic range of the visualization of the slices was different from the one in Figure E2 to better
highlight certain features.
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