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Abstract

Significant research efforts have been dedicated to understanding the evolution of damage produced in
concrete by the alkali silica reaction (ASR), with the final goal of predicting its development in real-world
structures. Nevertheless, the mechanisms for aggregate swelling, followed by its cracking, are still only
partially understood. In this study, we present a non-destructive, time-lapse characterization of ASR-
caused cracking in concrete at the meso-scale using X-ray micro-tomography (XMT). To accelerate
ASR in the laboratory, a specific protocol was executed comprising the immersion of the specimens in
an alkaline solution. The tomographic imaging of the ASR-induced cracking was performed at the
beginning of the ASR acceleration and continued at specific time points later on (12, 20 and 36 weeks).
To make the ASR products visible in the tomograms, caesium was used as a tracer to increase the X-
ray contrast. Finally, 3D image analysis workflows were applied to investigate ASR cracking and identify
ASR products. Our results confirm the usefulness of caesium for X-ray absorption-based "labelling" of
ASR products, without any spurious perturbation of the ASR process. Such labelling allowed observing
an extensive and long range filling up of the pore space by the ASR products. Not only cracks but also
other types of pores were filled by the products, starting from those at the aggregate-cement paste
interfaces. The observed long range transport of products both outside and inside the aggregates
suggests the products having significant viscoelasticity, which still requires characterization, if progress
in understanding and model ASR damage wants to be achieved.

Keywords: Concrete; X-ray tomography; Alkali silica reaction; Time-lapse measurements; image
processing

1. INTRODUCTION

One of the most important durability issues regarding concrete structures is the alkali-silica reaction
(ASR). It can lead, to severe damage for critical infrastructure such as dams and bridges. ASR is caused
by reaction between metastable silica (which exists in most of the aggregates) and a highly alkaline pore
solution [1]. The formation of reaction products gives rise to cracks, first originating within the
aggregates, then propagating into the cement paste. The cracking results from dimensional changes of
the aggregates. The reaction products typically occupy more space than the unreacted silica. In the long
term, ASR cracking usually leads to macroscopic crack patterns observable on the surface of concrete
structures usually several years after construction [2—4]. ASR cracking was first identified seven
decades ago [2]. Since then, it has been widely investigated from a variety of perspectives and by
implementing several characterization tools and methods [1]. However, there are still many unknown
aspects. Some details about the chemo-mechanics of ASR product formation and consequent cracking
have already been reported. However, the exact mechanisms of the initial product formation, the
corresponding, coupled aggregate cracking and the product redistribution are still not fully understood
[5, 6]. Electron and optical microscopy have been extensively used to visualize ASR products and cracks
[1]. However, as for any other destructive characterization technique, they do not allow tracking damage
evolution repeatedly and consistently in the same exact specimens, due to the destructiveness of the
respective specimen preparation. Thus, a statistically representative time-lapse characterization of ASR
damage is unfeasible using such methods. On the contrary, to achieve a better understanding about
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ASR damage, a continuous, non-destructive characterization is extremely important. X-ray micro-
tomography (XMT) can perfectly serve this purpose. XMT has already been used to study in time-lapse
mode the ASR cracking in laboratory-accelerated specimens [7—11]. Standard XMT easily allows for
imaging cracks above the spatial resolution which can be achieved with the used measurement
configuration and specimen size. However, it is limited in identifying ASR products, due to the lack of
image contrast between them and the other concrete components. A similar issue affects also scanning
electron microscopy (SEM). In both standard XTM and SEM, the small differences in mass density and
effective atomic number for products and other phases bear little difference in the interaction response
(photoelectric absorption and electron back-scattering and/or secondary emission, respectively) of the
illuminated specimen with the illuminating radiation beam (X-ray and electron, respectively). This
intrinsic limitation in distinguishing the ASR products from other material phases, just based on contrast,
is specifically significant at the early ASR times. Initial ASR products do not differ yet even in morphology
from the unreactive silica. On the contrary, the secondary ASR products, formed after the initial cracking,
have typical morphological features that make them clearly distinguishable in SEM from other phases,
once they can be spatially resolved [5]. Nonetheless, that does not apply to X-ray imaging, regardless
of the reaction stage. Such non-destructive 3D imaging technique typically cannot achieve enough
spatial resolution to allow distinguishing morphological features of ASR products.

One of the well-established approaches to identify, with conventional, laboratory-based XMT, a phase
which does not have different enough X-ray photoelectric absorption, compared with its surroundings,
is to add a so called "contrast agent". The chosen agent is typically capable of selectively "binding"
(chemically or in other ways) to the target phase and has high atomic number or mass density [12, 13].
This increases the effective photoelectric absorption of the target. For ASR products, one way of
achieving that is to have a pore solution where part of the alkali ions are of atomic species with high
atomic number. Alkali ions become naturally incorporated in the ASR products but less so in the cement
hydrates [14]. The pore solution of concrete contains sodium and potassium. By adding an alkali with
higher atomic number to the mixing water, it is possible to selectively increase the photoelectric
absorption of the ASR products due to their alkali uptake. Caesium (Cs) is a suitable candidate for this
purpose, due to its higher atomic number compared to sodium and potassium. Furthermore, the
hydrated radius of Cs ions is in the same range as the one of potassium. Potassium is another alkali
metal typically participating in ASR [15]. Recently, Leemann et al. [14] showed, for the first time by SEM,
that Cs ions are actually bound to ASR products and that they significantly increase the electron back-
scatter contrast of the ASR products. Here, we show, for the first time, similar results for 3D images
obtained by XTM. The enhanced contrast of the Cs-containing ASR products allows characterizing the
ASR damage evolution, both in terms of crack network evolution and coupled mass transport of the
products.

2. EXPERIMENTAL METHODOLOGY

2.1 Specimen preparation, ASR acceleration and chemo-mechanical
characterization of ASR products

Two types of concrete specimens were produced, the reference ones (C-Ref), without caesium addition,
and the ones with caesium addition (C-Cs). All specimens were cast using 440 kg/m? of Portland cement
(CEM 142.5 N) and a water-to-cement (mass-)ratio (w/c) of 0.50. The aggregates used came from Praz
(southwest of Switzerland). They are of alluvial origin. They mainly consist of gneiss and quartzite. An
aggregate mass of 1790 kg/m? was used in the mix, with the following grain size distribution: 0-4 mm,
40 mass-%; 4-8 mm, 25 mass-%, 8-11.25 mm, 35 mass-%. For the C-Cs specimens, 1.91 kg of CsNOs3
per 100 kg cement was added in the mixing water. Six prisms with size of 40x40%160 mm? were cast
from both mixtures. The specimens were kept at 100% relative humidity (RH) for 24 h. They were then
unmoulded and immersed in an alkaline solution (0.3 M KOH, 0.1 M NaOH) at a temperature of 40 °C.

Mass and length changes were regularly measured at specific time points. A FEI Quanta 650 scanning
electron microscope, equipped with an energy dispersive X-ray spectroscopy (EDS) detector (Thermo
Noran Ultra Dry 60 mm?2) and with the Pathfinder X-Ray Microanalysis software, was used to study the
microstructure of the ASR-damaged specimens and the chemical composition of the ASR products. An
acceleration voltage of 12 kV for the electron beam was selected for both back-scatter-electron images
and EDS point analysis.
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2.2 Temporal monitoring of ASR damage by X-ray micro-tomography

Time-lapse XMT was performed at specific time points on specimens of both types. 3 specimens from
each type were used to evaluate the consistency of the results. XMT was carried out using an EasyTomo
XL- Ultra tomograph (RX Solutions, Chavanod, France). Such instrument is based upon a micro-focus,
direct transmission X-ray source and a flat panel X-ray detector. The X-ray source (Hamamatsu L10711-
02) is equipped with a LaBe filament and a 1 ym-thick W target deposited on a 500 nm-thick diamond
support, which allows achieving sub-micron X-ray source focal spot size. The X-ray detector (by Varian)
consists of a 2D array of amorphous Si pixels (1920 x 1536), each with physical size of p = 127 pym,
covered with a thin layer of Csl. The latter, as a scintillator for the X-ray photons, converts them into
visible light photons, which are then detected by the amorphous Si pixels. XMT was performed with 90
kV and 150 pA X-ray source settings (using a 230 kV X-ray source). The specimen-to-source distance
(dss) was set to 113.63 mm and the source-to-detector distance (ds;) was 410.16 mm. A region of
interest (ROI) with size 40x40x50 mm?3 was scanned by XMT. The geometrical magnification, M =

de/dss’ attained in the raw 2D projection images (called “radiographs”) of the specimen on the detector

and due to the X-ray cone beam geometry, was thus approximately 3.6, leading to an effective voxel
size of p = p/M = 35 um for the final tomograms. The number of radiographs acquired during each

tomography measurement was 3600 over 360° of specimen rotation. Each tomogram was reconstructed
from such set of corresponding radiographs with a GPU-optimized cone beam filtered back-projection
algorithm [16] available in RX Solutions’ software (XACT Ver. 1.1). The effective spatial resolution of the
tomograms (defined as approximately twice the effective voxel size) was estimated to be about 70 um.
To enhance the signal-to-noise ratio of the tomograms and enabling a better feature detection in the
concrete structure, a 3D anisotropic diffusion filter was applied to the raw tomograms. This filter is based
on an edge-preserving denoising algorithm [17, 18] which was implemented as an ImagedJ plugin in the
Xlib library [19].

A 3D image analysis protocol was developed and implemented in the Avizo software by ThermoFisher
for identifying ("segmenting") the voxels where cracks and the ASR products were located, respectively.

First of all, the air-filled voxels surrounding the specimens (empty region around the specimen in the
tomograms) were excluded from the analysis. Secondly, all the tomograms obtained, for each given
specimen, at distinct time points were rigidly aligned (rigidly "registered") with respect to the tomogram
at the first point in the time series. The rigid body registration was performed using the Python interface
of the SimpleElastix image registration library [20], which is an extension of SimplelTK (a simplified,
open-source interface to the Insight Segmentation and Registration Toolkit) [21]. A multi-resolution rigid
body registration based on a mutual information image similarity metric was implemented. Such
registration was performed to correct for any human errors in repositioning each specimen on the
tomograph's specimen holder at each successive time point.

The crack segmentation started with applying the Black Top Hat (BTH) morphological transform to each
filtered and registered tomogram, followed by a further segmentation of the BTH transform's output and
by a final "image cleaning" post-processing (CPP) step. The BTH transform has been already used for
segmenting crack-like features [22]. It allows for finding local voxel value minima in the tomograms,
corresponding with the centre regions of the pore space, typically characterized by very small voxel
values compared with the surrounding material phases. We used Avizo's implementation of the BTH
transform. Since the output of the BTH transform is a 3D image with a continuous range of voxel values,
indicating a sort of likelihood degree of having a local minimum at the voxel position, only voxels with
value within a certain range (or thresholds) were selected. This resulted in a so called "binary
tomogram", i.e., a tomogram whose voxels have only two possible values: either 255, if the voxel was
classified as belonging to the pore space, or 0, if not. Such a binary tomogram is a 3D spatial map of
segmented pore space (including cracks). A following CPP step was implemented to distinguish
between actual cracks and other pore space regions, e.g., air voids, irregular pore patches, aggregate
dissolution-created small pores. Such pore space regions are typically rather isotropic in shape,
compared with cracks. To exclude them from the binary tomogram, a feature-based operation was
implemented. It consisted in computing the degree of sphericity of each separated pore region and in
excluding those with values larger than a chosen threshold. The degree of sphericity was defined as the
ratio of the surface area of a perfect sphere, with volume equal to the one of the region, to the surface
area of the region itself. Degree of sphericity values close or equal to 1 are associated to very spherical
regions, while crack-like regions are characterized by a sphericity value much less than one [23]. The
resulting binary tomograms thus contained only pore space regions considered as "cracks".
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Similar to the pore space segmentation by the BTH transform, it is possible to segment the voxels
associated with the Cs-doped ASR products by looking for spatial regions in the tomograms where local
maxima are located. Such local maxima search can be performed with a white top hat (WTH) transform.
However, other natural regions with similarly high voxel values coexist within the aggregates. An
example are regions containing minerals with X-ray photoelectric absorption as large as that of Cs-
doped compounds. Due to this coexistence, the sole implementation of a segmentation workflow, similar
to what described before and used for the crack segmentation but starting with a WTH transform, does
not allow to segment only ASR products. Therefore, a more sophisticated procedure was used to
distinguish the ASR products from other features with high X-ray attenuation. This consisted of
performing affine registration of each tomogram to its corresponding time-reference one. Then, the affine
registered tomogram was subtracted from the reference one to obtain a new tomogram in which only
the new features, created at successive time points and by the ASR damage, are visible. Among such
new features there are the ASR products, which could then be segmented by a workflow similar to the
crack segmentation workflow but based upon the WTH transform. The affine registration was carried
out also by using the Python interface of SimpleElastix, still through a multi-resolution scheme and by
using mutual information as image similarity metric.

3. RESULTS

We investigated both types of concrete specimens (C-Ref and C-Cs) from various points of view, to
assess the differences and/or similarities in the ASR evolution mechanisms. One of the most important
aspects was any difference in the mass and length changes, in the absence and in the presence of the
added CsNOs. The ASR products were observed at a length scale of hundreds of nm, by SEM, and their
chemical compositions were compared by EDS analysis. Finally, the ASR crack patterns and ASR
products' spatial-temporal distribution were analysed qualitatively using XMT. After confirming the
existence of similarities between the normal and the Cs-doped ASR products, we exploited their
traceability for improving the understanding of and explaining the ASR (damage) evolution over time. In
the following sections, each of these aspects are discussed.

3.1 Mass and length change

The relative mass and length changes of C-Ref and C-Cs specimens are shown in Figure 3.1. The
relative mass change, Figure 3.1(a), increased continuously with similar trends at early ages of cement
hydration. However, after about 8 weeks, the C-Cs specimens showed a higher mass increase than the
C-Ref ones, reaching a =33% larger value at 36 weeks. The relative length change (Figure 3.1(b))
shows an analogous development as the mass change. However, the length change of concrete C-Cs
started to show higher values than those of concrete C-Ref already at 4 weeks, leading, at 36 weeks,
to values nearly twice as high compared to those of concrete C-Ref.
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Figure 3.1: Time series of relative (a) mass change and (b) length change of concrete C-Cs and C-Ref
specimens. Each marker refers to the sample average value and each error bar refers to the sample
standard deviation, the statistical sample consisting of 10 values from 10 distinct specimens.
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3.2 Morphology and chemical composition of ASR products

In both concrete mixtures, back-scatter electron (BSE) images were acquired after 20 weeks at locations
containing cracks in the interior of aggregates (Figure 3.2). For both types of specimens, it can be
observed in Fig. 3.2 that ASR products with analogous plate-like morphology formed. Additionally, plenty
of amorphous ASR products were also observed, especially in the cement paste of the C-Cs specimens.
The plate-like morphology was recognized only inside aggregates, while the amorphous products
occurred both in aggregates and in cement paste.

ASR product ASR product

Figure 3.2: Back-scatter electron (BSE) images of cracks filled with ASR products and located inside
aggregates of a concrete C-Ref specimen (a) and of a concrete C-Cs one (b), respectively. ASR
products in the concrete C-Cs specimen appear clearly brighter due to the increased BSE-contrast.

The ASR products in the C-Ref specimens, Figure 3.2(a), have almost the same pixel, i.e., BSE
coefficient, value as the surrounding minerals. Thus, they can be recognized mainly due to the typical
plate-like morphology mentioned above. The observed, significant BSE contrast enhancement between
the ASR products and the aggregate in the C-Cs specimen, Figure 3.2(b), indicates that Cs was indeed
incorporated in the ASR products. This is confirmed by EDS analysis. Assessed qualitatively, a larger
relative amount of ASR products seems to be present in the C-Cs specimens compared to their
reference counterparts. The average molar ratio of Ca/Si in the ASR products in concrete C-Cs was
lower (0.21) than the one of the products in concrete C-Ref (0.28), in agreement with what already
observed by Leemann and Mudnch [14].

3.3 X-ray micro-tomography results

In order to assess qualitatively the extent of ASR damage and its evolution in time, XMT was performed
at different time points, until a total time of 36 weeks. At each time point, approximately the same region
was imaged for each specimen.

Figure 3.3 shows a small region of interest (ROI) from a single, selected planar cross-section (also called
tomographic "slice") from the tomograms of a C-Ref specimen, acquired at distinct time points. The
location of the slice in each tomogram is exactly the same. Since the tomograms were rigidly registered,
such slice shows approximately the same 2D plane of that specimen. In addition, the ROI from the larger
whole slice was chosen as such to better illustrate the evolution of a few specific cracks. The blue arrows
superimposed on the slices point to the regions with cracks. The slices from Figure 3.3(a) to Figure
3.3(d) showcase the level of cracking, starting from 4 weeks until 36 weeks, respectively. The reason
for starting XMT for the C-Ref specimens after 4 weeks of ASR acceleration was that, based on previous
experience, cracks with size above the spatial resolution of the performed tomography (approximately
70 ym) usually appeared after 5 or 6 weeks of ASR acceleration. For the C-Cs specimens, XMT was
started exactly from the first day of ASR acceleration, to ensure capturing any possible early age crack
nucleation, since the addition of Cs increases the ASR kinetics. Thus, we expected to be able to resolve
ASR cracks well before the mentioned 4 weeks.

Crack-like pores observed at 4 weeks (Figure 3.3a) in one C-Ref specimen were mainly located within
the aggregates. These pores could be considered either as natural pores, e.g., grain boundaries, or
formed during the aggregate production, e.g., actual cracks. They could indeed be observed as well in
the tomograms of the C-Cs specimens at the first day of ASR acceleration. Thus, their existence
independently of the ASR could be confirmed. After 12 weeks, 20 weeks and 36 weeks (Figures 3.3(b)
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to Figure 3.3(d)) some new pores with crack-like features became visible in the considered C-Ref
specimens as well as in other ones. It is evident in Fig. 3.3 that such cracks gradually increased in length
and/or width. The corresponding expansion values at each of these time points are marked with green
stars on the expansion curves in Figure 3.1(b). The increased expansion positively correlated with the
appearance of such cracks. Due to similar X-ray photoelectric absorption cross-section values, ASR
products, aggregate and hydrated cement phases have similar voxel values in the tomograms. Thus,
the only change due to ASR and observable in the tomograms is the appearance of cracks as features
with much lower voxel values than the solid material phases. No ASR products inside the cracks can be
resolved in the C-Ref tomograms, because of a combination of too low spatial resolution (the crack width
was typically close to the spatial resolution of the tomograms) and the rather small X-ray photoelectric
absorption of the ASR products, compared with that of the aggregates.

Figure 3.3: Region of interest (ROI) on a selected planar cross-section ("slice") from the X-ray
tomograms of one C-Ref specimen, acquired at different time points ((a), 4 weeks, (b), 12 weeks, (c),
20 weeks, (d), 36 weeks). Darker voxels correspond to smaller local electron density, brighter voxels

to larger electron density. The arrows highlight pre-existing, crack-like pores inside the aggregates,
progressively increasing in length and width during the ASR acceleration, as well as crack-like
features newly appearing in the tomograms at a certain time, either completely newly formed or not
resolved at previous times.

The visual inspection of the time series of C-Ref tomograms showed that such cracks originated first
inside the aggregates, then they propagated into the cement paste, ending up being distributed rather
homogenously inside the inspected volume. In order to support the latter conclusion, the cracks in the
full tomogram at 36 weeks of one C-Ref specimen were segmented. Their 3D rendering, shown from
different points of view, is presented in blue in Figure 3.4. The 3D crack network for the chosen C-Ref
specimen and at that time point is shown there as an example of a typical crack network in a quite
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heavily ASR-damaged concrete specimen. The crack network consisted of a rather dense combination
of long and short cracks. Based on visual observation only, it seems that the crack distribution did not
follow a preferred orientation and was homogeneously distributed all over the inspected concrete
volume. The presence of such large cracks in the tomograms correlates very well with the considerable
overall large expansion levels achieved by the specimens up to 36 weeks.

ly

Figure 3.4: 3D rendering of segmented cracks at 36 weeks of ASR acceleration in a C-Ref specimen,
shown from three different points of view (see the orientation of the axes of the frame of reference in
each image).

The information attainable from the tomograms and from the segmented 3D crack networks provides
already some useful understanding about the damage state. However, the actual damage cause, the
ASR products, cannot be located, especially at early ASR stages. Cs-doping permits to follow the
formation of larger volumes of ASR products, adding important information about the spatio-temporal
ASR evolution. Figure 3.5 shows a ROI of a C-Cs specimen's tomographic slice, containing a few
aggregates.

The presence of ASR products within the cracks and near the aggregates' boundaries, especially after
20 weeks, is clearly recognizable. The aggregate highlighted in Figure 3.5(a) seems to have contained
since the beginning very fine crack-like pores, possibly grain boundaries. After 12 weeks (Figure 3.5(b))
the dominant effect of ASR was mainly filling of the pores close to the aggregate boundaries, particularly
the pore space in the Interfacial Transition Zone (ITZ). Subsequently, at 20 weeks, the ASR products
got extruded towards the cement paste via the newly created cracks or expanded grain boundaries,
Figure 3.5(c). In addition to filling in the cracks in the cement paste on the left-hand side of the centre
aggregate, the ASR products also filled the more delaminated ITZ of another adjacent aggregate in its
right-hand/bottom side, Figure 3.5(d). At age of 36 weeks, it can be observed that cracks propagated
even further, widened up and formed a continuous crack path by interconnection with the other cracks
in the cement paste, Figure 3.5(d). The pore space, including the newly created cracks, was filled with
further products. Most of the cracks within the aggregates was emptied of any products. At that time,
there is almost no sign of larger volumes of ASR products inside aggregates.

In order to achieve better insight into the 3D distribution of ASR products along with the cracks, we
performed their 3D segmentation according to what described in Section 2.2. In Figure 3.6, voxels
belonging to the cracks are visualized in blue while the ASR product ones are shown in pink. Figures
3.6(a) to 3.6(c) show the 3D renderings of cracks and of products in a ROI of the tomogram of one single
C-Cs specimen, viewed from different sides. The frame of reference in each inset specifies the
orientation of the volume. By qualitative comparison, the damage density in this C-Cs specimen seems
higher than that of the C-Ref specimen shown in Figure 3.4, considering that both datasets where
acquired at the same ASR acceleration time. This result agrees with a higher mass gain and length
change for the C-Cs specimens. The ASR products tended to fill a large number of pores available next
to the aggregates where they were formed. A considerable amount of small aggregates (sand particles)
or, at least, their cracks were below the resolution limit. Therefore, the ASR products originated from
several of such small particles are visible only when accumulated in pores. The abundance of pores
filled with ASR products led to a relatively crowded ensemble of rendered ASR products. Therefore, for
clearer illustration, the voxel clusters classified as ASR products were not rendered when having volume
below a certain threshold value (0.001 mms3, which corresponds to very small clusters).
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Figure 3.5: Region of interest (ROI) on a selected planar cross-section ("slice") from the X-ray
tomograms of one C-Cs specimen acquired at different time points (noted in each inset). Darker
voxels correspond to smaller local electron density, brighter voxels to larger electron density values.
Some regions containing ASR products appear as very bright, inside or nearby cracks, due to the
incorporation of Cs ions that increased significantly the local electron density.

@ Empty Cracks @ ASR product in cracks or air voids

Figure 3.6: (a-d) 3D rendering of segmented empty cracks (in cyan) along with the ASR products (in
orange), at 36 weeks and from the tomogram of one C-Cs specimen, shown from four different points
of view, denoted in the insets. (e) Zooming in one of the 3D renderings, focusing on a continuous,
crack passing through several aggregates and the cement paste.
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As aresult, a pattern in the spatial distribution of ASR products could be inferred. Indeed, such products
were usually located either within or in the nearby of the cracks or filling spherical pores (small and large
air voids). They were overall very uniformly distributed all over the inspected volumes (Figure 3.6).
Figure 3.6(e) focuses exclusively on one of the continuous cracks, which passed through two large
aggregates and ran into the cement paste. Three slices from the actual tomogram, mutually orthogonal
to each other, are also shown. They are meant to serve as guidelines to distinguish the locations of
aggregates and cement paste. It can be observed that cracks inside the aggregates were mainly empty,
while those in the cement matrix were partially filled. In this specific example, it is also observed that
most of the ASR products settled inside a large air void located along the large and continuous crack.

4. DISCUSSION

X-ray micro-tomography (XMT) and respective 3D image analysis provided a unique possibility to non-
destructively monitor the evolution of the microstructure in ASR-affected concrete. It did not allow
resolving features/processes existing/occurring below tens of um (which could be resolved, on the
contrary, by electron microscopy), e.g., primary crack initiation. However, it enables actual time-lapse
tracking of ASR cracks larger than a certain size (70 um, in this work) and their development inside the
exact same region of the same specimens. In the C-Ref concrete specimens, with no ASR product
"labeling" by Cs ions, only cracks were observed. At the early ASR acceleration times, some inherent
(pre-existing) pores with crack-like features could be resolved in the tomograms. They were mainly
located in the aggregates. From the electron microscopy investigation of Leemann and Miinch [14],
inherent pores have been identified as being mainly grain boundaries. These pores of the C-Ref
specimens evolved into larger cracks. Furthermore, some of them propagated into the cement paste
and, in some cases, contributed to the nucleation of new cracks in other encountering aggregates.
Although the observations from the C-Ref specimens provided valuable information about the cracks'
spatial and temporal evolution, it is not possible to clearly understand the ASR mechanisms, having only
those data. On the contrary, the time series of tomograms of the C-Cs specimens provided an exclusive
insight about ASR. At the beginning of the acceleration (1 day-old specimens), similar pre-existing pores
as in the C-Ref specimens were also observed in the aggregates. At the early acceleration times, the
ASR products accumulated mainly at the ITZ and inside other adjacent pores in the cement paste, next
to the aggregates. The observed precipitation of ASR products in such pores suggests that ASR started
in some aggregates, including small sand particles. The ASR products were also observed to fill some
of the pre-existing crack-like pores at the aggregate boundaries ("delaminated* ITZ). Regardless of the
presence or absence of ASR products, the emergence of any new cracks in fine or coarse aggregates
was not observed at the early times. This can be due to the spatial resolution limits of the performed
XMT. The study by Leemann and Minch [14], where Cs-doping was used for visualize ASR products
by SEM, provided valuable hints about the sequence of the processes. In that study, it was observed,
at the initial ASR stages, that ASR products started to fill pre-existing pores in the aggregates, advancing
as a front from the surface of the aggregates towards their interior. When, at the point of cracking,
aggregates formed multiple small cracks, ASR products extruded into the ITZ porosity in the cement
paste. Only when one major crack formed instead of multiple small ones, it continued into the cement
paste and filled with extruded ASR products. Our time-lapse tomography results cannot confirm the
formation of the multiple small cracks observed by Leemann and Miinch [14]. However, it clearly shows
the formation of major cracks extending into the cement paste at the later stages of ASR. Still, by our
data, it was possible to directly observe, at such stages, that the accumulation of products inside cracks
proceeded together with further propagation. This kind of extrusion suggests two important features of
ASR damage in concrete. Firstly, the long-range extrusion calls for the existence of large stresses inside
the aggregates. Secondly, the ASR products seem to possess a viscoelastic behavior leading to their
squeezing into the pore space of the cement matrix (cracks included). At later stages, the cracks
broadened and propagated even more inside the aggregates, from one side, and into the paste, in the
other. Part of the ASR products covered the crack walls inside the aggregates, in addition to those
present in the cement matrix. This spatio-temporal pattern was already observed at smaller length
scales by Leemann and Minch [14]. Our results not only confirm their results based upon actual time-
lapse and fully non-destructive measurements. They also confirm its existence also at larger length
scales.

The qualitative comparison of 3D crack networks of C-Ref and C-Cs shows a similar spatial distribution
of the cracks. This observation suggests the representativeness and the reliability of using Cs-doped
concrete for ASR investigations. Furthermore, the expansion curves of the C-Cs specimens exhibit a
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similar trend to the one observed for the C-Ref ones. However, the ASR kinetics is higher for the C-Cs
specimens. The resolved cracks exhibit an isotropic orientation all over the specimens, in agreement
with the free expansion boundary conditions of the used specimens [24]. Another important
characteristic of the resolved ASR cracks in both types of specimens is their homogeneous spatial
distribution. Under such free expansion boundary conditions, ASR cracking seems to take place across
the full cross-section of a specimen. At very late ASR acceleration times, e.g., 36 weeks, we observed
fully inter-connected networks of cracks. Such high level of interconnectedness, when achieved also by
ASR-affected concrete in a real-world structure, may lead to very large increases in permeability, thus
further reducing the material's durability.

5. CONCLUSIONS

We performed time-lapse X-ray micro-tomography (XMT) on two sets of concrete specimens cast with
highly ASR-reactive aggregates. In one set, CsNO3 was added to the mix design in order to increase
the image contrast of ASR products to the other material phases, as compared to standard XMT 3D
images (tomograms), thus to enhance their identification. In contrast to SEM, XMT is fully non-
destructive. As such, it can complement SEM investigations by providing 3D information on the spatial-
temporal evolution of both ASR cracks and ASR products. Our results provide for the first time a unique
insight not only into the evolution of ASR cracks in concrete but also into the transport of the ASR
products.

The most important highlights of this study are:

a) Cs, which gets incorporated into ASR products [14], increases their X-ray attenuation above the
values of the aggregates and of the cement paste;

b) due to this increase in X-ray attenuation, ASR products can be identified and segmented in X-ray
tomograms;

c) concrete specimens cast with Cs show very similar macroscopic and microscopic ASR damage
patterns, except for faster kinetics; thus, specimens cast with Cs addition can be used in laboratory-
accelerated ASR studies in a reliable and representative way for investigating ASR damage progression;

d) the analysis of the time series of X-ray tomograms shows that cracks may be first generated inside
the aggregates and only afterwards may further propagate into the cement paste. Such further
propagation is accompanied by the simultaneous extrusion of ASR products;

The combination of XTM and Cs doping offers an exceptional opportunity to investigate the ASR
mechanisms (within the spatial resolution range of XTM).

In this article, only a preliminary and qualitative analysis of the results was presented. Ongoing work
focuses on the quantitative analysis of the tomographic time series of segmented cracks and ASR
products in order to improve the understanding of ASR and the related cracking in concrete.
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