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A B S T R A C T   

Methodological challenges have long been an obstacle for the understanding of damage in concrete due to the 
alkali-silica reaction (ASR). Time-lapse X-ray tomography could be key to advancements but has not been 
extensively exploited, mainly due to similar electron densities of the different material phases, which leads to 
poor contrast in the tomograms. To address this limitation, we propose the implementation of two comple-
mentary contrast agents, BaSO4 and CsNO3. After optimizing the contents of both agents synergistically for 
mortars, we realize for the first time a quantitative characterization of the spatial-temporal distributions of both 
ASR products and cracks, while differentiating their presence in aggregates and in cement paste. This new 
methodology allowed showing that similar amounts of ASR products were found inside the aggregates and inside 
the cement paste. The transport of products from inner aggregate regions into the cement paste along propa-
gating cracks was followed in 4D.   

1. Introduction 

Since its first recognition, almost eight decades ago [1], the alkali 
silica reaction (ASR) and the respective cracking in concrete have been 
in the focus of extensive research efforts [2–4]. While different ap-
proaches have been proposed to reduce expansion and damage due to 
ASR (e.g. [5–7]), effective mitigation or suppression approaches have 
not yet been established. This is partly due to the lack of a compre-
hensive understanding of the underlying mechanisms of ASR cracking. 
Some of the important features yet to be characterized/fully understood 
include, among others, the initial products’ formation, the secondary 
stage products’ spatial distribution and the corresponding cracking 
mechanisms [8,9]. Another very active research area concerns compu-
tational modelling of ASR damage [10]. The latter is an essential 
methodology for achieving in the future the prediction of the structural 
degradation under various boundary conditions [10–14]. However, due 
to the still limited understanding of the basic ASR cracking mechanisms, 
current numerical simulations have limited predictive power, since they 

are typically based on simplified chemo-mechanical models and on as-
sumptions with limited validation. 

Multi-scale and multi-disciplinary investigations are necessary to 
achieve a better understanding of ASR cracking mechanisms. A variety 
of characterization techniques has been so far exploited to investigate 
various ASR cracking aspects [15,16]. Imaging has been one of the most 
powerful means to directly observe and characterize relevant ASR 
cracking features. Imaging in ASR research has covered a wide range of 
approaches and scales, including, for instance, optical (OM) and electron 
microscopy (EM) [17] and X-ray tomography [18]. OM and EM have 
been used extensively since many decades [19] and have allowed ASR 
cracking characterization within a very broad range of length scales 
(from nm-scale, with transmission electron microscopy [20], TEM, to 
the cm scale with OM [19]). The respective characterizations have been 
not only qualitative, e.g., allowing the identification of typical 
morphological features of cracking patterns. They have also allowed 
achieving semi-quantitative assessments of the overall ASR-induced 
cracking degrees. One of the most important examples of the latter is 
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the cracking feature coded in the value of the Damage Rating Index 
(DRI), which is a weighted average of numbers of different damage 
features, e.g., cracks within coarse aggregates, cracks within the cement 
paste, coarse aggregates affected by ITZ debonding, as identified and 
counted (via OM) within the cells of a rectangular lattice drawn on the 
polished cross-section of a specimen [21–23]. The DRI is a proxy feature 
variable not only of cracking extent. It can also encode in its value 
distinct cracking pattern features, stemming, for example, from different 
cracking mechanisms, and has been shown to correlate well with both 
microscopic (e.g., crack surficial density) and macroscopic (e.g., 
expansion level and/or mechanical properties) scale damage proxy 
variables [24]. Despite the possibility of assessing the damage degree, by 
the DRI, as a function of time, such assessment can concern only distinct 
regions of the same specimen at distinct time points, as OM (as well as 
EM) requires a destructive specimen preparation, thus not allowing 
actual time-lapse characterizations. Conversely, X-ray micro- 
tomography (XMT) allows 3D, fully non-destructive spatial-temporal 
tracking of the ASR cracking evolution inside the same exact region of a 
specimen [25,26]. However, it is more limited in terms of probed length 
scales. In spite of the advantages related with its non-destructiveness, 
only a limited number of published studies, employing either 
laboratory-scale X-ray sources or synchrotron radiation, have relied on 
XMT [18,27–31]. Some of these studies have dealt with glass-alkali so-
lution mixture systems and mortar specimens, distinct specimens 
tomographed at distinct time points (thus no time-lapse studies) 
[18,29]. Only two studies reported results from actual time-lapse 
tomographic investigations [30,31]. Nevertheless, in these two 
studies, either glass particles were used as aggregates in a concrete 
model system [31] or a mortar system was studied [30]. In a more recent 
study, we showcased the application of XMT for the qualitative and 
quantitative characterization of the evolution of both ASR products and 
of respective cracks in specimens containing real-world aggregates from 
the Swiss Alps [25,26]. 

One of the reasons for the still scarce adoption of XMT in ASR 
research is an intrinsic limitation in the application of its standard form. 
The latter relies upon attenuation of an X-ray beam transmitted through 
the investigated specimen. Since the X-ray attenuation is strongly 
determined by the effective local atomic number, Zeff, of a material and 
since aggregate minerals and cementitious phases typically exhibit 
similar Zeff values, concrete’s meso- and microstructure typically exhibit 
little image contrast between their distinct material phases in X-ray 
attenuation tomograms. For example, the identification of any aggregate 
type (even by the human eye) surrounded by the cement paste may be 
extremely challenging [25,32–35]. Some aggregates, e.g., limestone 
ones, may bear larger X-ray attenuation than the cement paste’s. As 
such, their algorithmic identification (segmentation) may be easier. 
Other aggregate types, with a more heterogeneous mineralogy, may 
bear little difference in X-ray attenuation [33–35]. 

Other XMT modalities, relying upon other X-ray/matter interaction 
processes, namely X-ray refraction (X-ray phase contrast imaging, XPCI), 
have been shown to provide higher image contrast between the different 
concrete material phases [36–38]. However, such X-ray imaging mo-
dalities are not yet state-of-the-art and as widespread and accessible 
(especially at the laboratory scale) as X-ray attenuation tomography. 

With no possibility of segmenting the distinct phases without having 
to rely on extremely complicated and (hardware, data and human) 
resources-demanding image processing methods, e.g., those based upon 
machine learning (ML) approaches [39,40], attenuation contrast XMT 
may not always be feasible for the time-lapse characterization of ASR 
(cracking). Such a characterization needs the aggregate segmentation, in 
addition to the cracks and products segmentation [25,26], in order to 
locate the latter either inside aggregates or in the cement paste. The 
latter is a key task if the tomographic analysis is to be used also for 
supporting the formulation and the validation of computational models. 
The aggregate segmentation serves also the additional purpose of 
enabling the generation of more realistic computational spatial domains 

for the computational modelling. A typical example are finite element 
method meshes directly derived from the surfaces of the segmented 
aggregates, instead of representing them, e.g., as idealized spherical 
particles [13,41]. 

The aggregate versus cement paste segmentation problem was 
already successfully addressed for X-ray tomography of concrete in 
general by Carrara et al. [33]. Their approach consisted of adding 
barium sulphate (BaSO4) in powder form to the concrete mix and 
making sure that it became homogeneously distributed throughout the 
cement paste. Due to Ba’s relatively high atomic number (Z = 56), the 
BaSO4 powder strongly attenuates X-rays, thus it increases the average 
tomogram’s voxel value of the cement paste regions well above the 
typical range of the aggregates’ voxel values [33]. Carrara et al. showed, 
via distinct characterizations, the absence of any spurious influence of 
BaSO4 on cement hydration and on the mechanical properties’ evolution 
during concrete hardening [33], mainly because of its extremely small 
solubility in aqueous solutions [42]. 

The ASR products segmentation in X-ray tomograms was already 
addressed in our previous work [1], where we showed that the addition 
of CsNO3 to the concrete mix led to the “labeling” of ASR products with 
Cs+ cations. Such labeling enhances the X-ray attenuation contrast be-
tween the products and the other materials to easily allow the seg-
mentation of the former. 

In the work presented in this article, we propose the combined 
addition of BaSO4 and CsNO3 to the concrete mix to address the two-fold 
X-ray attenuation contrast enhancement problem. This approach allows 
easier segmentation of both the products and of aggregates and cement 
paste, such that a quantitative analysis of cracks and products could be 
achieved. At the same time, with this approach it becomes possible to 
distinguish where they are located within the two distinct material 
phases of the concrete mesostructure (i.e. matrix and aggregates). 

Solving such two-fold problem required addressing two issues. First, 
we needed to assess any eventual spurious influence of BaSO4 addition 
on laboratory-accelerated ASR (cracking). We achieved this goal by 
using distinct characterizations, including XMT and ASR crack feature 
analysis. We characterized the BaSO4 addition only within a concen-
tration range proper for enhancing the attenuation contrast. We propose 
in this article a criterion to determine a concentration sub-range optimal 
for the aggregate segmentation. 

Second, the simultaneous use in concrete of BaSO4 and CsNO3 as X- 
ray attenuation contrast enhancers may result in opposite effects, e.g., in 
the loss of image contrast for (Cs-containing) products within the (Ba- 
containing) cement paste, unless their respective concentrations are 
mutually optimized. That may occur because both Cs (Z = 55) and Ba (Z 
= 56) have high and very close atomic number. Thus they can highly and 
similarly attenuate X-rays. We established, purely based on an image 
contrast-based criterion, an optimal BaSO4 concentration at an optimal 
CsNO3 one, which we had proposed for XMT in our previous study [25]. 

Finally, based upon (1) the optimized protocol for the mentioned 
double contrast enhancement in X-ray tomograms and upon (2) 3D 
image analysis, we could characterize the evolution of the spatial dis-
tribution of ASR products for the first time in 3D, in a fully time-lapse 
fashion and with complete distinction between the location of the 
products within the concrete mesostructure. The description of the 
developed protocol and the results correspondingly obtained from time- 
lapse XMT campaigns are provided in the following sections. 

Section 2 describes all the specimen preparations needed for the 
protocol optimization and the respective XMT settings. It also provides a 
summary of the 3D image analysis workflow and of the other charac-
terization techniques used for achieving such optimization and for 
assessing the presence or the absence of any eventual spurious effects on 
the ASR (cracking) progression. In Section 3, the most important results 
of the distinct time-lapse XMT campaigns are presented, organized in 
two main parts. The first part focuses on the optimization of the BaSO4 
concentration alone and its influence on the ASR (cracking). The second 
part deals with the synergistic addition of CsNO3 and BaSO4. Section 4 
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discusses some features of the achieved tomographic contrast en-
hancements as well as some mechanisms and important features of the 
spatial-temporal distribution of the ASR products and cracks, which 
could only be investigated thanks to such contrast enhancements. 

2. Experimental and data analysis details 

The overall experimental and analysis workflow of this study con-
sisted of four main steps:  

(1) the optimization of the XMT contrast between aggregates and the 
cement paste, by varying the BaSO4 concentration in the mix 
composition, to enable the visualization and the segmentation of 
aggregates in the tomograms;  

(2) the assessment of any BaSO4 spurious influence on the ASR 
(cracking) development; 

(3) the synergistic optimization of the BaSO4 and CsNO3 concentra-
tions in the mix composition to enable the visualization and the 
segmentation of both aggregates and ASR products in the 
tomograms;  

(4) the assessment of any eventual effect of both contrast agents on 
the ASR (cracking) development. 

The implementation of these four steps is explained in the following 
sub-sections. 

2.1. Materials and specimen preparation 

2.1.1. Materials 
Two aggregate types were used, originating from two distinct regions 

in central (canton Uri, or “U” aggregates) and Southwest (Praz, canton 
Valais, or “P” aggregates) Switzerland, respectively. The detailed 
chemical compositions of both aggregates, obtained by standardized X- 
ray fluorescence (XRF) analysis, and their mineralogical compositions, 
obtained by powder X-ray diffraction (PXRD) analysis, are provided in 
[25,32]. Such analysis showed that both aggregate types contain similar 
minerals in similar amounts, with prevalence of quartz (about 50 % by 
mass [32]), making them ASR-prone. The main differences between the 
two aggregate types concern their mineralogical texture, which was 
characterized by cross-polarized optical microscopy (CP-OM) (details 
available in Section 2.1 of [25] and Section S1.1 of [32]). The U ag-
gregates are sedimentary rocks (impure sandstones), containing micro-
crystalline quartz and small amounts of amorphous SiO2, the latter 
mainly in the form of chert fragments and siliceous inclusions found in 
the inter-granular cementing regions [43]. Feldspar and calcite were the 
two other main mineral types found in its grains. The grain size was 
rather uniform, with mostly fine grains [32]. Mica was identified by 
PXRD and CP-OM revealed that it is uniformly distributed in the inter- 
granular regions [44]. Such mica could favor the transport of the alka-
line solution used for ASR acceleration (see below for details). The P 
aggregates are metamorphic (granitic) rocks, with prevalent bimodal 
grain size distribution, with fine, microcrystalline quartz grains alter-
nated to coarser, highly undulated ones [32]. Because of these textural 
differences and of lack of mica in the inter-granular regions, the P ag-
gregates are categorized as slow-reacting, compared with the U ones, as 
confirmed in our previous study [25,32] and in [44]. Despite our overall 
study was performed completely identically on specimens with either U 
or P aggregates, we report herein the details and results obtained for 
those with the U aggregates only. The details and results concerning the 
specimens cast with the P aggregates only are reported in the Supple-
mentary Data [45], given that such specimens underwent the same 
preparation, the same exact acceleration and characterization protocols 
as the U ones did and given the qualitative similarities of the obtained 
results [45]. The main rationale for focusing in this article only on the U 
specimens is that they exemplify a more difficult case study in terms of 
the contrast enhancement need and of its optimization. Indeed, given 

their lower degree of mineralogical heterogeneity, less X-ray attenuation 
contrast between aggregates and cement paste was achieved for the 
specimens cast with the U aggregates, in the absence of contrast agents. 

Any specimen cast with any aggregate type had size of 40 mm (X- 
axis), 40 mm (Y-axis) and 160 mm (Z-axis), respectively. The Z-axis 
direction is henceforth called the specimen longitudinal direction. The 
maximum aggregate sieve size was 11.25 mm. Portland cement of type 
CEM I 42.5 N, with an alkali content (expressed as the Na2O-eq.) of 1.26 
% (of cement mass) was used in the mix. The cement’s chemical 
composition, measured by XRF analysis as well, was the following (by 
mass-%): CaO 63.0, SiO2 20.1, Al2O3 4.6, Fe2O3 3.3, SO3 3.3, MgO 1.9, 
K2O 0.96, TiO2 0.37, P2O5 0.24, Na2O 0.16, MnO 0.05, Cr2O3 0.01, with 
a LOI (loss-on-ignition) of 2.1 (these results are also listed in Table 1). 
Table 2 below provides in its first row the reference specimens mix 
composition (in the absence of any contrast agent), which was the 
starting point for the mix design of each specimen type in each experi-
mental campaign. NaOH was added into the mix (see Table 2) in order to 
accelerate the ASR kinetics further than what achievable with the ac-
celeration protocol described below in Section 2.1.2. The goal was for 
the specimens to achieve, within the total duration of the time-lapse 
tomographic experimental campaigns (up to about 9 months), a large 
enough maximum expansion level, which would be mirrored into wide 
enough cracks to be fully resolved in the tomograms. The choice of the 
amount of NaOH included in the mix and mentioned in Table 2 was 
based upon preliminary tests. Such amount implied the mix was char-
acterized by a Na2Oeq of 1.6 %. 

2.1.2. Specimens 

2.1.2.1. Reference specimens. We define as reference specimens those 
cast in the absence of any contrast agent. They are named hereafter as 
“U-Ref”. They constituted control groups for the assessment of any 
eventual spurious effect of BaSO4 and/or CsNO3. 

2.1.2.2. Specimens with BaSO4. The X-ray attenuation contrast between 
aggregates and the cement paste was optimized by casting distinct 
batches of specimens according with the same reference mix composi-
tion except for replacing a fraction of the aggregate total volume 
(regardless of the sieve size) by an equal volume of BaSO4. Such a 
fraction, expressed in vol.-%, is called hereafter concentration. Different 
concentrations were tested: 0.25, 0.75, 1.5, 2.5 and 3 vol.-%. Table 2 
shows the five mix compositions and the respective specimen labels. 

The BaSO4 powder was uniformly distributed through the cement 
paste, independently of the concentration value within the tested range, 
as assessed by SEM-BSE (see the Suppl. Data [45]). Such result was 
obtained by mixing cement, aggregates and BaSO4 powder together for 
about 5 min, before adding water with dissolved NaOH and further 
mixing for 10 min. Therefore, the paste’s X-ray attenuation was ex-
pected to increase with increasing BaSO4 concentration. 

Table 1 
The oxide composition of the used cement, measured by XRF 
analysis (by mass-%).  

Chemical species Content (mass-%) 

CaO  63.0 
SiO2  20.1 
Al2O3  4.6 
Fe2O3  3.3 
SO3  3.3 
MgO  1.9 
K2O  0.96 
TiO2  0.37 
P2O2  0.24 
Na2O  0.16 
MnO  0.05 
Cr2O3  0.01 
LOI (loss-on-ignition)  2.1  
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2.1.2.3. Specimens with both BaSO4 and CsNO3. An experimental para-
metric analysis with respect to the BaSO4 concentration was performed 
with the goal of maximizing synergistically both the aggregates-to- 
cement paste and the cement paste-to-ASR products tomographic 
contrast. In order to minimize the number of variables and since the 
CsNO3 concentration already implemented in our previous study 
allowed achieving reasonably high X-ray attenuation for the ASR 
products embedding it [25], the latter was kept fixed (30 g per kg of 
cement, resulting in a molar ratio to the alkalis contained in the cement, 
[Cs] / [Na + K], of 0.43). Based upon the results of the experimental 
campaign involving specimens cast only with BaSO4, its concentration 
was set at 0.75, 1.5, 2 and 3 vol.-% for distinct specimen batches, 
respectively. Table 3 provides the details of the mix composition and the 
respective specimen labels. 

All specimen types in each experimental campaign were subjected to 
similar laboratory ASR acceleration protocol. Such protocol was an 
adaptation of the SIA 262-1 standard [46], 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 
20 ◦C in a climatic chamber for 24 h immediately after casting. They 
were then demolded and immersed in an alkaline solution. For the 
specimens not containing CsNO3, the solution was composed of 0.3 M 
KOH and 0.1 M NaOH. For the specimens with both BaSO4 and CsNO3, 
the solution also contained CsNO3, as a supply of Cs+. In order to keep 
the total alkali concentration at 0.4 M for both solution types and, at the 
same time, to maintain the same molar ratio between KOH and NaOH, 
the latter solution consisted of 0.21 M KOH, 0.07 M NaOH and 0.12 
CsNO3. Both solution types simulate, in terms of alkalinity, the natural 
pore solution of concrete [47]. The rationale for adding CsNO3 in the 
solution for the specimens cast with both BaSO4 and CsNO3 was to 
preserve an equilibrium between the alkali concentration in the concrete 
pore solution and the submersion solution, to avoid the diffusion-based 
partial loss of the alkalis (especially of Cs+) from the pore space. The 
submerged specimens were then stored in an oven at 40 ◦C. 

2.2. Characterizations 

From time to time (up to nine times during the whole experimental 
campaigns), the specimens were taken out of the alkaline solution in the 
oven, to be characterized with various methods, after which they were 
returned to the oven. The measurements were performed on three 
specimens of each set (the reference set, the sets cast with BaSO4 and the 
sets cast with BaSO4 and CsNO3, one set for each BaSO4 concentration). 
While the campaigns for the reference specimens and for those cast with 

BaSO4 alone ran in parallel, the campaign for the specimens cast with 
both contrast agents was performed afterwards, since its design relied 
upon the results obtained in the two previous campaigns. In addition to 
XMT, the mass, the size (along the specimen longitudinal direction, 
hereafter also called specimen length or LZ) and the compressive, quasi- 
static Young’s modulus (also along the longitudinal direction) were 
measured, the latter measurement type performed according to the EN 
12390-13:2013 standard [48]. SEM-BSE and EDX analyses were con-
ducted on polished cross-sections prepared at 120 days of ASR acceler-
ation from both reference specimens and those cast with BaSO4 only, all 
selected randomly from additional sets distinct from those used for the 
other mentioned measurements. Details about the latter two analyses 
are provided in the Suppl. Data [45]. SEM-BSE and EDX analyses served 
the purpose of assessing the presence of any eventual morphological and 
chemical composition difference for the ASR products, in the absence 
and in the presence of BaSO4. We did not perform such analyses also on 
the specimens cast with both contrast agents, as we showed already in 
our previous study that the addition of CsNO3 does not seem to alter the 
ASR products, both morphologically and chemically (except for the 
partial substitution of Na+ or K+ by Cs+) [25]. The goal of the other 
measurements, additional to XMT, was to assess any eventual, undesired 
influence of the contrast agents on the macroscopic expansion and me-
chanical properties. 

The length measurements were performed with a mechanical 
displacement gauge (by Mitutoyo) with a resolution of 1 μm. The rela-
tive length change, ΔLZ

LZ
(ti), was then computed to assess the specimen’s 

global deformation. ti indicates any of the nine time points when the 
measurements were performed. 

All the XMT measurements were carried out using the same instru-
ment and with the same settings used in our previous study [25]. The full 
details about such settings are provided in Section S2.1 of the Suppl. 
Data [32] of [25]. We used a laboratory-based X-ray micro- tomography 
scanner manufactured by RX Solutions (Chavanod, France), model 
EasyTomo XL-Ultra. It is equipped with a micro-focus, reflection-based 
X-ray source with a cone beam geometry (by Hamamatsu, model 
L10801) and with a flat panel X-ray detector (by Varian, consisting of 
1920 × 1536, horizontal × vertical, amorphous Si pixels with 127 μm 
lateral size). The source’s voltage and current were set to 90 kV and 150 
μA, respectively. The source-to-specimen distance was 113.63 mm and 
the source-to-detector distance was 410.16 mm, leading to a geometrical 
magnification factor of about 3.6, thus an effective pixel/voxel size of 
35 μm. The effective spatial resolution of the tomograms was estimated 
to be about 70 μm, based upon consideration of the source’s focal spot 
size estimates at the set voltage and current. For each tomography, 3600 

Table 2 
Mix composition of the BaSO4-containing specimens cast with the U aggregates, in units of kg⋅m− 3 (mass per m3 of cast material).  

Specimen label Cement CEM I 42.5 N Aggregates Deionized water NaOH BaSO4 

0–4 mm 4–8 mm 8–11.25 mm 

U − Ref  450  659  412  576  225  4.9  0 
U − 0.25 vol.  % BaSO4  450  656  410  574  225  4.9  7.24 
U − 0.75 vol.  % BaSO4  450  650  406  569  225  4.9  21.40 
U − 1.5 vol.  % BaSO4  450  641  401  561  225  4.9  42.64 
U − 2.5 vol.  % BaSO4  450  630  394  552  225  4.9  70.47 
U − 3 vol.  % BaSO4  450  625  390  547  225  4.9  84.30  

Table 3 
Mix composition of the specimens with U aggregates cast with both CsNO3 and with BaSO4, in units of kg⋅m− 3 (mass per m3 of cast material).  

Specimen label Cement CEM I 42.5 N Aggregates Deionized water NaOH CsNO3 BaSO4 

0–4 mm 4–8 mm 8–11.25 mm 

U − Cs − 0.75 vol.  % BaSO4  450  650  406  569  225  1.8  13.6  21 
U − Cs − 1.5 vol.  % BaSO4  450  641  401  561  225  1.8  13.6  43 
U − Cs − 2 vol.  % BaSO4  450  636  397  556  255  1.8  13.6  57 
U − Cs − 3 vol.  % BaSO4  450  625  390  547  225  1.8  13.6  84  
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radiographs were acquired over 360◦ of specimen rotation. The tomo-
graphic reconstruction was carried out using a GPU-optimized cone 
beam filtered back-projection algorithm [49] provided by RX Solutions 
(XACT software, Ver. 1.1). Only the middle region along the specimen 
longitudinal direction was tomographed, covering a volume of interest 
(VOI) of about 40 × 40 × 45 mm3 (in comparison with the original 
specimen size of 40 × 40 × 160 mm3). 

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

We applied to the tomographic time series of one out of the three 
tomographed specimens, of each set, the same 3D image analysis 
workflow developed in our previous study [25,32]. We summarize in the 
following only the key steps and goals of such workflow, as well as the 
definition of the variables used to characterize the ASR (cracking), 
referring the reader to [25,32] for the actual details. 

The workflow had a twofold goal: on the one side, to simplify the 
qualitative comparison of the tomograms of a given specimen at the 
distinct time points, by making sure that the tomographed regions 
would be aligned to a common frame of reference; on the other side, to 
quantitatively analyze the spatial-temporal distributions of both cracks 

and products. In the following, the symbol I
(

x→j, ti
)

indicates the value 

of a voxel at position x→j in the tomogram at the time point ti in the series, 
with i = 0, 1, …, Nt. The index j = 1, …N enumerates the tomograms’ 
voxels. Where not needed to refer to spatial position within the tomo-
graphed region, x→j is dropped. The index i enumerates the time points in 
a series, with the total number Nt + 1 differing between the experimental 
campaigns. The tomogram at t0 was always acquired at one day of the 
ASR acceleration protocol, when each specimen was assumed to be in 
the reference state. 

2.3.1. Image enhancement 
Each tomogram was first of all enhanced, in terms of noise reduction, 

by being subjected to an edge-preserving noise-reduction step [50]. 

2.3.2. Correction for the specimen misalignments 
Distinct time-lapse tomograms of the same specimen almost always 

exhibit specimen misalignment, mathematically described as a rigid 
body (i.e., translation + rotation) transformation of the reference 
tomogram, I(t0). In order to remove the contributions of such trans-
formation to the differences between the reference tomogram and any 
successive one, I(ti), ∀i = 1, …Nt, rigid body registration was applied, 
obtaining as output a new tomogram IRB(ti), ∀i = 1, …Nt. 

2.3.3. 3D, global affine registration 
Any remaining difference between the position of a feature visible in 

IRB(ti) and its position in the reference tomogram was attributed to the 
ASR expansion and cracking. Correcting for their effects by registering 
IRB(ti) against I(t0) was carried out using a 3D, global affine registration, 
modelled as the combination of a rotation, a shear deformation, an 
isotropic scaling and a translation. This allows on the one side an easier 
qualitative assessment of the ASR-induced changes. On the other side, 
since the registration parameters are independent of the position inside 
the tomographed region, a global transformation is estimated as an 
overall macroscopic ASR-induced displacement vector field, u→AFF( x→, t). 
The output of this registration step is indicated as IAFF(ti). 

The overall macroscopic ASR-induced deformation was computed in 
the form of relative size changes along each axis of the whole tomo-
graphed region, as ΔLAFF,k

LAFF,k
(ti), with k = X, Y and Z. The details about the 

computation implementation can be found in Section S3.6 of [32]. 

2.3.4. 3D, non-affine registration 
The successive and last registration step consisted of registering 

IAFF(ti) against I(t0) according to a non-affine transformation model 

parametrized by using a multi-dimensional cubic B-spline model. This 
step relies on the assumption that ASR-induced displacements does not 
only consist of a simple global affine component, which is linearly 
dependent on x→. It also consists of a component, u→N− AFF( x→, t), which is 
spatially heterogeneous, e.g., highly localized. The output of such 
registration was the set of tomograms ̃I(ti). 

The determinant of the Jacobian matrix, J
T→N− AFF

( x→, ti), of the non- 

affine transformation vector field, T→N− AFF( x→, ti), from which 
u→N− AFF( x→, ti) stems, was implemented for mapping out the local de-
formations. 

2.3.5. Empty crack segmentation 
Each tomogram Ĩ(ti) is a version of the original one, I(ti), but 

deformed so that both the misalignment due to the specimen reposi-
tioning and the ASR-induced deformations are compensated for. Thus, 
each of them approximately matches the reference tomogram, except at 
locations where the ASR cracks appeared between the reference time t0 
and the time ti. We thus took advantage of cracks, as new features in the 
successive tomograms, for segmenting them. We used the voxel-wise 
difference between I(t0) and Ĩ(ti) as a 3D spatial map of a (sort of) 
“likelihood” for the voxel to be inside a crack, empty or filled by a small 
amount of ASR products. This approach to crack segmentation is 
analogue to what is known in the biomedical imaging field as Temporal 
Subtraction (TS) [51–53], used to segment regions where changes 
happened between two time-lapse images of the same anatomical re-
gion. By the choice of a “likelihood” range, the computed likelihood 3D 
scalar field was converted into a binary one (also called a binary 
tomogram), with a value of 0 for a voxel outside a crack and of 255 
otherwise. 

Due to noise and partial volume effects, each of such binary tomo-
grams still contained artefacts, in the form of small and rather spherical 
sets of connected voxels (“clusters”). These clusters were algorithmically 
selected based upon their sphericity degree and excluded from the bi-
nary tomogram. Details about the selection procedure are provided in 
Section S3.3 of [32]. The newly obtained binary tomogram, called in 

what follows as Ĩ
B
ASR crack(ti) acted as the final spatial map of voxels 

belonging to (empty) ASR cracks newly formed at time ti compared with 
time t0. In order to be able to compute the total crack volume, including 
what already existing at t0, thus not due to ASR, a distinct crack seg-
mentation workflow was implemented and applied to the reference 
tomogram. Details about it are provided in Section S3.3 of [32]. 

2.3.6. ASR product segmentation 
The ASR products were segmented only for the specimens cast with 

the CsNO3 addition. Such segmentation was performed by subtracting 
the reference tomogram, I(t0), from each non-affinely registered tomo-
gram, Ĩ(ti), the resulting tomogram having large and positive voxel 
values only where the products appeared between the times t0 and ti, 
given that the products conferred to their voxels extremely high values 
compared to voxels where most of the other material phases were con-
tained. A range of voxel values was then chosen (“threshold selection” or 
“thresholding”) to identify the products’ voxels in such difference 
tomogram. 

In order to further distinguish between products in cracks from those 
in other pore types, e.g., air voids, the same type of sphericity-based 
filter used to remove artefacts from the crack binary tomograms was 
used. Thus two disjoint binary tomograms were created, called 

Ĩ
B
ASR prod.− crack(ti) and Ĩ

B
ASR prod.− voidcrack(ti), respectively. The union of 

Ĩ
B
ASR prod.− crack with ̃I

B
ASR crack led to the creation of a new binary tomogram, 

called ̃I
B
ASR crack− tot, mapping out voxels where ASR cracking occurred. 

2.3.7. Aggregate segmentation 
The presence of BaSO4 allowed the aggregate segmentation simply 
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by thresholding. 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. Overall, as a result, four binary tomograms were ob-
tained, partitioning the empty cracks (or products) regions between 
those inside the aggregates and those inside the cement paste. 

2.3.8. Volume fraction of the ASR cracks and of the products 
The volume fraction of the ASR cracks (or products) was computed at 

each time point by normalizing the total volume of the ASR crack 
network (of products) by the total volume of the tomogram (Vtomogram): 

ṼASR,k,j(ti) =
Vk,j(ti) − Vk,j(t0)

Vtomogram
⋅100 [%] (1) 

In Eq. (1), k indicates the ASR feature, i.e., either products or ASR 
cracks. j indicates the location of the feature, either inside aggregates or 
inside the cement paste. When referring to the specimens cast with 
BaSO4, j has value “Agg” for the features within the aggregates and “Cem” 

for those within the cement paste. Vk, j(t0) in Eq. (1) means the total 
volume of features k at t0 (e.g., original cracks). 

2.3.9. Shape tensor and local thickness analyses 
In order to quantitatively compare ASR crack networks in distinct 

specimen types, our analysis focused on the statistics of two crack 
feature variables: the crack bounding box length, L, and the crack local 
thickness, Tlocal. 

One L value was computed for each “crack”, belonging to the 
segmented crack network. For each distinct crack, L was defined and 
computed as the largest size of the parallelepiped circumscribing the 
crack’s surface (i.e., bounding box) and oriented according with the 
eigenvectors of the crack’s shape tensor G. The details about the shape 
tensor analysis implementation for cracks as 3D solid objects can be 
found in Section 2.2 of [25] and Section S3.5 of [32]. 

The crack local thickness values were computed as the values of a 
scalar field, Tlocal( x→), defined as originally proposed by Hildebrand and 
Rüegsegger [54], one field for each whole crack network, as an ensemble 
of crack thickness values, at any time point. Details about the compu-
tation of Tlocal( x→) from the binary tomogram of each crack network are 
also provided in Section 2.2 of [25] and Section S3.5 of [32]. 

3. Results 

3.1. Aggregates-to-cement paste contrast optimization by BaSO4 

The aggregates-to-cement paste contrast enhancement by BaSO4 
addition and its optimization were investigated by considering the to-
mograms acquired at 150 days of different specimens, each cast with a 
distinct concentration. The first row of Fig. 1 contains examples of small 
ROIs on slices from such tomograms. Larger ROIs on the same slices are 
additionally reported in in the Suppl. Data (S1.4) [45]. As Fig. 1 shows, 
the aggregates-to-cement paste contrast was enhanced by increasing the 
BaSO4 concentration above the value of 0.25 vol.-%. Below that value, 
the contrast remained poor and at similar levels as in the reference 
specimen tomograms. The reader finds an example of a small ROI from 
the measured U-Ref specimen in the Suppl. Data (S1.3) [45]. It has to be 
underlined that such a concentration value cannot be used as an abso-
lute threshold, above which the contrast started to increase, given the 
limited number of distinct concentration values that were tested. 
However, it can be stated that concentrations smaller than or equal to 
0.25 vol.-% provided essentially no contrast enhancement, while at 0.75 
vol.-% the enhancement was evident. 

Fig. 2 (a) shows the voxel value distributions of the tomograms 
whose slices are shown in Fig. 1, in addition to the distribution of the 
corresponding reference specimen tomogram. In that figure, it can be 
seen that the voxel value distribution remained prevalently unimodal 
when using the smallest concentration of 0.25 vol.-%. This feature in-
dicates little voxel value differences between the aggregates and the 
cement paste. As a consequence, aggregate segmentation by thresh-
olding failed, as shown in Fig. 1(f), where the same ROI on the slice at 
the same position as the one in inset (a) but from the correspondingly 
segmented aggregate binary tomogram is overlaid on top of the ROI 
shown in inset (a) and rendered in semi-transparent blue. 

By increasing the BaSO4 concentration, the voxel value distribution 
gradually became multi-modal, with two main peaks, corresponding to 
the aggregates and the cement paste voxel populations, respectively, and 
with decreasing peaks overlap. The leftmost, higher peak corresponds to 
the aggregate voxels population, while the rightmost peak to the cement 
paste. With decreasing peak overlap, the accuracy of the aggregate 
segmentation by thresholding increased correspondingly, as shown in 
Fig. 1 (f)–(j). 

Fig. 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 increasing (from (a) to (e)) BaSO4 concentrations. (f) to (j): the same slices as in (a) to (e) overlaid by the corresponding binary tomograms of the segmented 
aggregates, in semi-transparent blue. 
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In order to quantify how the aggregate segmentation accuracy in-
creases with increasing BaSO4 concentration and to optimize the con-
centration value, the aggregate volume fraction for the tomographed 
region of each specimen was computed and compared with its upper and 
lower bounds. A common upper bound (~62 vol.-%) was computed 
directly from the mix composition, based on the aggregate mass density 
estimate (2667 kg⋅m− 3 for the U type, measured according to the EN 
1097-6:2000 standard) and by ignoring the presence of air voids. A 
lower bound value, in correspondence of each BaSO4 concentration, was 
computed by subtracting from the upper bound the air voids volume 
fraction, estimated from the analysis of the respective tomogram at 150 
days. The air void content estimated from the tomograms varied with 
BaSO4 concentration between 0.52 vol.-% and 0.81 vol.-%. The average 
and standard deviation values of such lower bounds were then 
computed as statistical indicators of position and scatter, respectively. 
Fig. 2(b) shows both the bounds (as horizontal lines) and the value 
computed from the segmentation results, at each BaSO4 concentration. 
The interval delimited by the lower bounds and the upper one was 
[61.23;62] vol.-%. Fig. 2 (b) shows that the increase in BaSO4 concen-
tration led to higher volume fraction of segmented aggregates, 
converging towards the range delimited by the theoretical bounds. Such 
range was approached starting from a concentration of about 1.5 vol.-%. 
The range between 1.5 vol.-% and 2.5 vol.-% was chosen as the one 
where an optimal concentration value would be located. On the one 
side, the increase in concentration from 2.5 vol.-% to 3 vol.-% provided 
only a marginal increase in aggregate volume fraction, albeit the values 
still remained slightly below the theoretical range. That could be 
ascribed to the tomographic spatial resolution, not allowing segmenta-
tion of aggregates smaller than about 70 μm. On the other side, the 3 
vol.-% concentration actually hindered the ASR crack segmentation 
reliability for cracks with thickness close to the spatial resolution, due to 
the partial volume effect [55]. In fact, the higher attenuation by the 
paste implied a reduction in image contrast for the aggregate regions, 
whose voxel values shifted slightly towards lower ranges (see Fig. 2 (a)), 
thus increasing the overlapping of values for aggregate and empty crack 

voxels. 

3.2. Influences of BaSO4 on ASR cracking 

3.2.1. Macroscopic- and microscopic-scale influences 
The whole specimen-scale ASR-induced expansion along the spec-

imen longitudinal direction proceeded rather similarly, independently 
of the BaSO4 presence or absence in the mix design and independently of 

Fig. 2. (a) Full tomogram voxel value histograms for the specimens cast with various BaSO4 concentrations (0.25, 0.75, 1.5, 2.5 and 3 vol.-%) and with U aggregates. 
Each histogram refers to the tomogram of a single specimen at 150 days of ASR acceleration. (b) Volume fraction of segmented aggregates. The blue dotted horizontal 
line about 62 % indicates the aggregate volume fraction of the full specimen, calculated based upon the mix design by ignoring air voids. The grey dotted horizontal 
line, slightly below the blue one, indicates instead an estimation of the aggregate volume fraction that takes into account the air content of the mortars. The small 
sub-inset in (b) shows an error bar about the dotted grey line, defined as the standard deviation, over the different BaSO4 concentrations, of this lower estimation. At 
each BaSO4 concentration, the lower aggregate volume fraction estimation was computed taking into account the air void volume fraction measured in the respective 
tomograms. Both inset (a) and (b) suggest that only marginal tomographic contrast enhancement was obtained at a BaSO4 concentration above 2.5 vol.-%. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Evolution of the relative specimen length change, ΔLz
Lz

, for the U speci-
mens with (filled markers) or without (hollow marker) 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 set. 
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its concentration. See Fig. 3, where the time series of ΔLZ
LZ 

values, 
measured with the displacement gauge, are provided for each specimen 
set. The differences between the ΔLZ

LZ 
values from the distinct specimens of 

the distinct batches at the multiple time points were analysed statisti-
cally with the repeated measures analysis of variance (RM ANOVA) 
[56]. Such type of ANOVA accounts for the fact that measurements are 
repeated on the same specimens. The standard ANOVA would on the 
contrary consider measurements at each distinct time point as inde-
pendent. The RM ANOVA was implemented by a statistical model 
considering ΔLZ

LZ 
as the actual dependent variable, the distinct specimens 

as the random effect variable and the BaSO4 concentration and time as 
deterministic effects (fixed effect variables), both modelled as factors 
with 6 and 5 levels, respectively. The model also included the interac-
tion of BaSO4 concentration with time. Table 4 summarizes the RM 
ANOVA results for the different specimens. A significance level α = 0.05 
was considered. A significance level α = 0.05 was considered. According 
to this RM ANOVA, the BaSO4 concentration did not have a statistically 
significant effect on the distinct ΔLZ

LZ 
values (p-value of 0.0562) while, as 

expected, time had a highly significant effect (p-value ≪ 0.05). The 
interaction of time and BaSO4 concentration also had a highly statisti-
cally significant effect (p-value ≪ 0.05). Overall, these results suggest 
that it is not possible to reject the null-hypothesis that the differences 
between the distinct ΔLZ

LZ 
time series, at the distinct BaSO4 concentrations, 

may be due just to randomness and not to the distinct BaSO4 concen-
tration values. 

The specimens examined by XMT exhibited ΔLZ
LZ 

time series that 
strongly overlapped with those of the other respective specimens. No 
significant difference was observed between the whole specimen’s 
relative length change, ΔLZ

LZ
, and the relative length change of the 

tomographed region, estimated by ΔLAFF,z
LAFF,z

, both in the absence and in the 
presence of BaSO4. Data showing such result can be found in the Suppl. 
Data (S1.5). These results confirm that the tomographed regions were 
representative of the whole specimens, from the longitudinal expansion 
point of view. 

Still at the macroscopic scale, no significant qualitative differences in 
the evolution of the quasi-static, compressive Young’s modulus were 

observed among specimens with and without BaSO4. Details about these 
results can also be found in the Suppl. Data (S1.5). 

At the microscopic scale, evidence of any eventual spurious influence 
of the BaSO4 concentration was searched for in terms of morphological 
and chemical composition differences of the ASR products. The assess-
ment via the SEM-BSE and EDX analyses showed no evidence of dif-
ferences. In particular, no secondary ettringite formation (potentially 
suggesting a partial dissolution of BaSO4) was evident. These results, 
detailed the Suppl. Data (S1.2), supported the originally hypothesis of 
high chemical stability of BaSO4 in concrete’s chemical environment. 

3.2.2. Influence on the ASR cracking and respective local deformations 
Independently of the absence or the presence of BaSO4 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 that 
already contained defects, e.g., thin and short original cracks or de-
laminations in the ITZs. Finally, the coalescence of shorter/narrower 
cracks led to the formation of longer/wider ones, giving also rise to 
branching networks. At the end of the measurement campaign (250 
days), the crack network typically percolated the whole tomographed 
region, at least along one dimension. 

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 segmented 
cracks. Figs. 4 (a)–(c) and 5 (a)–(c) provide examples of such features as 
visible in slices from the U-Ref specimen and the U-2.5 vol.-% BaSO4 
one, respectively. 

The comparison of Figs. 4 (a)–(c) with 5 (a)–(c) also allows clearly 
appreciating the advantage of aggregate-to-cement paste contrast 
enhancement by the use of BaSO4. In its absence (Fig. 4 (a)–(c)), the 
recognition of when the cracks propagated beyond an aggregate volume 
into the cement paste was extremely challenging, even for the human 
eye, let alone for algorithms. On the contrary, that was completely 
feasible for the specimen with the optimal BaSO4 concentration (Fig. 5 
(a)–(c)). 

Crack growth from/around pre-existing defects could be very well 
observed in the slices as well as by the 3D rendering of the crack binary 
tomograms. We focus here only on the slices, while 3D rendering results 
are shown in the Suppl. Data (S1.5). The ITZ delaminations highlighted 
in Fig. 4 (a) not only widened but also propagated further along the 
aggregate boundaries (Fig. 4 (b) and (c)). Fig. 5 (a)–(c) shows 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, Figs. 4 (d)–(e) and 5 (d)–(f) exemplify the evolution of 
J

T→N− AFF
( x→, ti) for the U-Ref and U-2.5 vol.-% BaSO4 specimens, 

respectively. 
For each specimen, only the slice from J

T→N− AFF
( x→, ti) at the same 

position as the one from the tomogram is shown at each time point, 
overlapped semi-transparently on top of the corresponding tomogram’s 
slice and rendered according with a color scale. Such overlapping allows 
observing the correlations between cracks and localized deformations. 
What was systematically observed, independently of the use or not of 
BaSO4, was localized volumetric expansion (reddish, “hot” colors in 
Figs. 4 (d)–(e) and 5 (d)–(f), corresponding to J

T→N− AFF 
values larger than 

one), which often preceded the appearance in the tomograms of cracks 
wider than the tomographic spatial resolution. 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 contraction, corresponding to bluish, “cold” colors in 
both figures and associated with J

T→N− AFF 
values smaller than 1, also 

appeared and evolved in terms of extent and intensity, intercalated 

Table 4 
Overview of the RM ANOVA results for the time series of macroscopic relative 

length change, 
ΔLz

Lz
, values for specimens cast with distinct BaSO4 concentra-

tions (see Fig. 3). While 
ΔLz

Lz 
was considered as a random variable because of 

distinct specimen realizations, it was assessed whether time and/or BaSO4 

concentration could be responsible for the differences in 
ΔLz

Lz 
values. The null 

hypothesis tested was that differences from the distinct specimen batches were 
due only to randomness (i.e., specimen realization). In each row, the value of the 
F statistic computed from each respective group is reported as the first element 
within each parenthesis, while the second value is the probability (p-value) for 
the F statistic to have a value larger than what computed from the actual data 
under the validity of the null hypothesis. Fixing a significance level α = 0.05, it 
can be seen that the null hypothesis can be rejected (p-value < α) when time or a 
mix of time and BaSO4 concentration are considered as responsible for the 

different 
ΔLz

Lz 
values. When BaSO4 alone is considered as determining the dif-

ferences in values, the null hypothesis cannot be rejected (p-value > α, indicated 
in red), suggesting a statistically insignificant role of such variable for the 

measured differences in 
ΔLz

Lz 
values.  

Dependent variable Independent, deterministic effects 

ΔLz

Lz 

Time BaSO4 concentration 
(3370.068; <2 ⋅ 10− 16)   

(2.541;0.0562) 
(5.139;1.26 ⋅ 10− 12)  
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between the “hot” zones. 
Such a high degree of localization of extreme (minima and maxima) 

J
T→N− AFF 

values is expected for cracking in highly heterogeneous mate-
rials as concrete. In addition to these common qualitative features, the 
specimens, without or with BaSO4, exhibited similar ranges of volu-
metric deformation values. For instance, at the latest time point (250 
days), the [minima, maxima] values of J

T→N− AFF 
were [0.9, 1.12] for the 

U-Ref specimen, while they were [0.9, 1.1] for the U-2.5 vol.-% BaSO4 
one. 

3.2.3. Influence on quantitative ASR crack features 
In order to quantify the bulk cracking extent within the tomographed 

region of the different specimens (with or without BaSO4), the time 
series of ASR-induced cracks volume fraction values, ṼASR,cracks,j(ti), ∀i =

Fig. 4. Visualization of the evolution of ASR cracks and associated localized deformations for the U-Ref specimen. As an example, only one small ROI on one slice is 
shown at multiple time points. The localized deformations are estimated by the determinant of the Jacobian matrix (J

T→N− AFF
( x→, ti)) of the transformation vector field 

T→N− AFF( x→, ti) associated with the non-affine registration. Values >1 indicate local volumetric expansion, while values <1 indicate volumetric contraction. (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 J

T→N− AFF
( x→, ti) at the 

corresponding time points, respectively. The scale bars in (d) and (e) have, by definition of J
T→N− AFF

(relative volume), no unit. 
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Fig. 5. Similar visualization as in Fig. 4 but for the U-2.5 vol.-% BaSO4 specimen. The chosen time points for the visualization are 35 days (insets (a) and (b)), 145 
days ((c) and (d)), 250 days ((e) and (f)). 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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1, …, Nt, were computed in the solid phase j (=Aggr or Cem, for aggre-
gates and cement paste, respectively), as defined in Eq. (1). In addition, 
the two time series were time-wise summed up (j = tot), to provide the 
overall ASR cracks volume fraction, independently of whether the cracks 
are located inside aggregates or inside the cement paste. 

Fig. 6 shows that the specimens cast with BaSO4 achieved slightly 
higher ṼASR,cracks,tot values. Except for this slight difference, BaSO4 seems 
not to have altered the general pattern of the bulk cracking. Whether the 
use of BaSO4 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. 

A strong positive correlation between ṼASR,cracks,tot and the relative 
volume change of the tomographed region was observed for each 
specimen (Fig. 7(a)). The volumetric expansion of the tomographed 
region of each specimen was estimated, at each time point, by summing 
up the three relative size changes computed from the results of the 
global affine registration, i.e., it was estimated by 

∑

k=X,Y,Z

ΔLAFF,k
LAFF,k

(ti), in 

analogy with the fact that the trace of the infinitesimal strain tensor 
provides the relative volumetric change of a solid [57]. The ASR cracks 
volume fraction and the relative volume change were linearly correlated 
with a slope almost equal to 1, suggesting that the tomographed region’s 
volume change was mostly due to the ASR cracking itself. This key 
feature was observed with or without BaSO4 (Fig. 7(b)). 

3.3. BaSO4 and CsNO3 concentration optimization and influence of both 
contrast agents on the macroscopic dimensional changes 

Fig. 8 shows examples of ROIs on slices from the tomograms at 85 
days of five distinct specimens cast with the chosen, fixed CsNO3 con-
centration but with varying BaSO4 concentrations. 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 allow for the 
products segmentation but the aggregates-paste contrast is not sufficient 
for an easy aggregate segmentation. On the contrary, 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. 

In order to quantitatively find an optimal BaSO4 concentration, we 

relied upon computing one feature variable for the tomograms obtained 
at 85 days for the specimens with distinct BaSO4 concentrations, the 
contrast-to-noise ratio (CNR), defined as. 

CNRi,j =

⃒
⃒μi − μj

⃒
⃒

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σi

2 + σj
2

√ , (2)  

where the indexes i and j are labels indicating two distinct material 
phases, for which the image contrast needed to be estimated, and μi and 
σi indicate the average and the standard deviation of voxel values from a 
statistical sample for the material phase i. For each material phase, lo-
cations were randomly chosen to build up the statistical sample. For 
each of the mentioned tomograms, the CNR was computed for three 
distinct couples of mesoscale material phases: aggregates vs cement 
paste, ASR products vs aggregates and ASR products vs cement paste. 
Then, the evolution of the three CNR values with increasing BaSO4 
concentration was analysed, in order to find a trade-off in terms of 
achieving high values for all three. 

Fig. 9 shows the CNR values for the three couples of material phases. 
The trade-off, in terms of enough contrast between products and cement 
paste as well as between aggregates and cement paste, was found at 1.5 
vol.-% of BaSO4 concentration. In the corresponding tomogram, the 
aggregate segmentation led to an aggregate volume fraction of about 58 
vol.-%, slightly smaller than the range delimited by the upper and lower 
estimations reported in Section 3.1. 

3.4. ASR cracking analysis based upon both contrast agents 

The simultaneous presence of both BaSO4 and CsNO3 was not ex-
pected to introduce significant and spurious changes to the ASR-induced 
expansion and correlated cracking, based upon the results presented in 
our previous work, where only CsNO3 was used [25], and those pre-
sented in Section 3.2. From the ASR expansion viewpoint, this expec-
tation was confirmed by the specimen length measurements, which 
showed, at any time point, even a lower level of random data scatter in 
ΔLz
Lz 

with increasing BaSO4 concentration and in the presence of CsNO3 

than what reported in its absence (Fig. 3). As already reported and 
characterized in details in our previous work [25], the CsNO3 presence 
just led to an increase in ASR kinetics, thus also in expansion. This effect 
was independent of the BaSO4 concentration. Details about the ΔLz

Lz 
time 

series can be found in the Suppl. Data (S2.1). 
In the following, we focus on the analysis of qualitative and quan-

titative features of the ASR cracking in the specimen cast with CsNO3 
and with the optimal BaSO4 concentration of 1.5 vol.-%, to assess (1) 
whether the presence of both contrast agents introduced any significant 
difference in those features and (2) what such agents contributed to, in 
terms of new ASR (cracking) characterization. 

3.4.1. Qualitative analysis of the ASR cracking and of the respective local 
deformations 

The optimal BaSO4 concentration 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 Fig. 10 (c) and 
(e). One of the aggregates highlighted in Fig. 10 (a) contained a rela-
tively large original crack, resolved in its tomogram at 1 day. At 55 days 
(Fig. 10 (b)), the ASR products filled this original crack. As it was located 
almost in the middle of that aggregate, the ASR products accumulation 
there suggests that the alkalis and Ca2+ from the cement paste’s pore 
solution could easily reach the aggregates’ interior regions. The ASR 
products accumulation in that original crack did not lead to that crack’s 
propagation (at least at a scale above the tomographic spatial resolu-
tion). Possibly, this original crack was large enough to accommodate the 
ASR products, similar to what typically observed with air voids in the 
cement paste. 

Crack propagation was instead detected already at 55 days at other 

Fig. 6. 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 U-2.5 Vol% BaSO4 and empty grey markers for 
the reference) and those only in aggregates (lighter blue, filled markers) or 
cement paste (darker blue, filled markers), normalized by the tomogram vol-
ume, named as ṼASR,cracks,j. 
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regions, as visible in Fig. 10 (b), even though the ASR products were not 
visible yet. At 85 days (Fig. 10 (c)), ASR products filled part of further 
propagated cracks. The products were clearly detectable inside the ag-
gregates, within cracks propagated into the cement matrix and also in 
the ITZ of some aggregates. At 250 days, further ASR products grew in 
the same regions where they were already observed, in smaller amounts, 
at previous time points and the cracks widened. 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 
observed in several specimens belonging to other experimental cam-
paigns, as already systematically reported in our previous work [25]. 
Additional examples can be found in the Suppl. Data (S2.2). 

A development of local volumetric expansion regions overlapping 
with the cracked regions, similar to that already described in [25] and in 
Section 3.2.2, was systematically observed also in this case. The slice 
from the J

T→N− AFF
( x→) field, at the same position and same time as the 

tomographic one in Fig. 10 (c) and (e), is shown in Fig. 10 (d) and (f), 
respectively. At 55 days, several yellow/red zones (i.e., with J

T→N− AFF
>

1) appeared (with no detectable cracks in some regions), along with the 
first visible cracks in some regions (Fig. 10 (b)). The spatial extent and 
intensity of such expansion zones increased over time in parallel to the 
lengthening and widening of the ASR cracks, an evolution pattern 
already reported in [25]. This is another example of spatial correlations 
between cracks and local expansion zones. The expansion zones alter-
nated with local volumetric contraction ones (blue shades). The 
[minima, maxima] values of J

T→N− AFF
, for the analysed specimen, at 250 

days, were [0.9, 1.07]. 
Overall, the simultaneous presence of BaSO4 and CsNO3 did not alter 

the qualitative features of the spatial-temporal distributions of cracks 
and products compared to the reference specimens. However, both 
contrast agents significantly 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). 

An example of the extended analysis range consists of the achieved 
qualitative overview of the spatial distribution of and spatial correla-
tions between cracks and products and of their partitioning between the 
cement paste and aggregates. Such overview could be already obtained 
by rendering in 3D the respective four binary tomograms. 

When inspecting the time series of such tomograms, it was possible 

to observe that the products were transported rather isotropically 
throughout the mesostructure, without any sign of preferential direc-
tionality, e.g., along the gravity field. An example of such time series of 
3D rendering is provided in Fig. 11. Most of the cracks inside the ag-
gregates were empty, only a few of them were almost completely filled 
with products. This feature could be recognized by comparing the vol-
umes rendered in yellow (products inside aggregates) with the ones 
rendered in cyan (products inside the cement paste) across two succes-
sive time points (55 days and 145 days, Fig. 11 (b) and (c), respectively). 
In Fig. 11 (b), the yellow regions with higher aspect ratio correspond to 
cracks filled with products and they did not evolve significantly between 
those two time points. However, empty cracks increased significantly, 
both inside aggregates (volumes in cyan) and inside the paste (volumes 
in blue), the latter indicating that also a significant amount of cracks in 
the cement paste were only partially filled. Since 55 days (Fig. 11 (b)), a 
significant accumulation of products directly inside or in the vicinity of 
original pore space could be observed. At 145 days (Fig. 11 (c)), a 
significantly larger amount of products could be detected and this 
occurred both inside the aggregates and in the cement paste. Such sig-
nificant increase in products accumulation was accompanied by a 
considerable amount of cracking. Finally, at 250 days (Fig. 11 (d)), the 
overall ASR products’ volume could be found almost in every region of 
the field of view and the crack network percolated the region itself. 

3.4.2. Quantitative analysis of the ASR cracking within aggregates and the 
cement paste 

The aggregate and cement paste segmentations allowed also quan-
tifying the ASR cracks and products volume fractions, both indepen-
dently of their location with respect to the mesostructure (as already 
achieved in [25]) and with separate reference to aggregates and cement 
paste regions (which is only feasible with the combination of contrast 
agents described in this article). Thus, distinct time series of volume 
fractions ṼASR,k,j(ti), ∀i = 1, …, Nt, 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. (1). All such time 
series are shown in Fig. 12 (a). 

The maximum ṼASR,cracks,tot value, achieved at 250 days, was 1.73 %, 
higher than the corresponding values reached by the U-2.5 vol.-% BaSO4 
(1.41 %, see Fig. 6 (a)) and U-Ref (1.19 %) specimens, respectively. This 

Fig. 7. (a) Correlation between the ASR cracks total volume fraction, ṼASR,cracks,tot, and the relative volume change computed for the tomographed regions of the U 
specimens containing BaSO4. The relative volume change was estimated approximately as 

∑

k=X,Y,Z

ΔLAFF,k
LAFF,k

, where ΔLAFF,k
LAFF,k 

with k = X, Y, Z, is the relative size change of the 

region as estimated from the results of the global affine registration. The dotted line indicates the y = x line of the 

(

ṼASR,cracks,tot;
∑

k=X,Y,Z

ΔLAFF,k
LAFF,k

)

plane. (b) Similar 

graph to what shown in inset (a), but for U-Ref specimen. 
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Fig. 8. (a)–(e) Examples of ROIs on slices from the tomograms at 85 days of different specimens cast with U aggregates and distinct BaSO4 concentrations but fixed 
CsNO3 concentration. 
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difference is in agreement with the accelerated ASR kinetics in the 
presence of CsNO3, as reported in [25]. Indeed, the relative length 
change, measured experimentally along the specimen longitudinal di-
rection, ΔLz

Lz
, was also larger for the U-Cs-1.5 vol.-% BaSO4 (see Section 

S2.2) specimen than for those two other specimens (see Fig. 3 (a)). The 
U-Cs-1.5 vol.-% BaSO4 specimen also showed higher ṼASR,cracks,tot value 
at 250 days than the corresponding specimen in the absence of BaSO4 
(about 1.6 % [25]). This difference can be attributed to variability be-
tween specimens, while BaSO4 addition did not have any statistically 
significant influence on length change and tis on cracking (see Section 
3.2). The U-Cs specimen investigated by XMT in the campaign described 
in [25] achieved at 250 days a smaller ΔLz

Lz 
value (about 0.4 %) than the 

U-Cs-1.5 vol.-% BaSO4 specimen (about 0.45 %, Section S2.2), which 
agrees with a smaller ṼASR,cracks,tot value of the former compared with the 
value of the latter, independently of the presence of BaSO4. Larger ASR 
cracks volume fraction values were found inside aggregates than inside 
the cement paste, starting from about 35–55 days. 

When considering the ASR products, their total volume fraction, 
ṼASR,products,tot(ti), was always smaller than the cracks’ one, as already 
observed for the U-Cs specimen of [25]. The main difference between 
the two specimen sets was that such difference was smaller for the U-Cs 
specimen of [25]. 

The differentiation between ASR products within the aggregates and 
within the cement paste showed that ṼASR,products,Agg was slightly higher 
than, ṼASR,products,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 that only one specimen was 
investigated. 

A strong positive correlation between ṼASR,cracks,tot and the relative 
volume change of the tomographed region of the specimen was observed 
(Fig. 12 (b)). The latter variable was estimated as 

∑

k=X,Y,Z

ΔLAFF,k
LAFF,k

. 

The shape tensor analysis was used to assess quantitatively the dis-
tribution of crack length values, in terms of crack bounding box length, 
L. The statistical ensemble estimates of the complementary cumulative 
distribution function, GL(L), of L is shown in the form of a Log10-Log10 

(also known as Zipf’s) plot in Fig. 13 (a) for the tomograms at 250 days 
of two specimens, the U-Cs-1.5 vol.-% BaSO4 specimen and the U-Ref 
specimen. The distribution of the L values and its maxima are within 
similar ranges, suggesting that the presence of both BaSO4 and CsNO3 
may have not had any spurious effect on the crack length. The lack of 
influence of CsNO3 alone on the distribution and maxima of L was 
already reported in [25]. It has to be remarked that the range of L values 
for the U-Cs-1.5 vol.-% BaSO4 specimen was similar to the one for the U- 
Cs specimen of [25] cast without BaSO4. 

In terms of local thickness, Tlocal, values, the U-Cs-1.5 vol.-% BaSO4 
exhibited a distribution which was comparable to the one of the U-Ref 
specimen only at the lower values, while it slightly departed from it at 
the higher values, with larger maximum, as seen in the tails of the dis-
tributions (Fig. 13 (b)). 

The presence of BaSO4 and CsNO3 seemed also not to have affected 
the statistics of crack shape and crack orientation, as assessed also by the 
shape tensor analysis. Details about such results are available in Section 
S2.3. 

4. Discussion 

A range of BaSO4 concentrations (above 0.75 vol.-% and <3 vol.-%) 
and an optimal value (2.5 vol.-%) were identified within the experi-
mental campaign aimed at optimizing the X-ray tomogram contrast 
enhancement between aggregates and cement paste. The key advance-
ment, here, for ASR research consisted of finding optimal concentrations 
of two contrast agents, BaSO4 and CsNO3, that 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., at the 
specimen scale, properties evolution and in terms of ASR cracking fea-
tures, including associated local deformations, as well as in terms of ASR 
products’ chemical composition and morphology. 

The possibility to reliably and automatically segment the cement 
paste from the aggregates empowers obtaining new quantitative insight 
about ASR (cracking). One key result was that the volume of ASR cracks 
was as large inside the aggregates as throughout the cement paste (about 
0.015 % - 0.25 % less in the paste). This result was already evident in the 
3D rendering of the segmented crack networks (Fig. 11) and was 
quantified by the evaluation of the crack volume fractions (see Fig. 6 for 
the specimen cast only with BaSO4 and Fig. 12 (a) for the one cast with 
both BaSO4 and CsNO3). 

The existence of a small difference in crack vol.-% between paste and 
aggregates regions had been already reported in the literature [58], 
however, only qualitatively and based on 2D observations. The results of 
this study provide the first quantitative estimates of crack vol.-% inside 
the two mesoscale material phases. The detection and quantification of 
such ASR cracking characteristic could not be easily obtained by, e.g., 
traditional petrographic analysis, given the intrinsic 3D nature of crack 
networks: many thin sections at different, successive depths of the same 
region would need to be acquired and analysed. This would require a 
more extensive and expensive effort compared to that of the developed 
XMT analysis workflow. Additionally, the specimen preparation for such 
petrographic analysis and/or for 2D microscopy, e.g., SEM, may cause 
the formation of artificial cracks. 

Such quantitative assessment of ASR cracks inside aggregates and 
through the cement paste should act as a key information/criterion for 
the validation of computational models of ASR cracking, along with the 
possibility of modelling such process in realistic, mesoscopic scale 
geometrical domains obtained from the binary tomograms of the ag-
gregates. The latter is another key added value of the work reported in 
this article. 

The problem of enhancing simultaneously the voxel value contrast 
between aggregates and cement paste, aggregates and ASR products 
and, finally, between products and cement paste was the one which 
needed to be addressed in order to achieve the goal of segmenting all the 

Fig. 9. The contrast-to-noise (CNR) ratio between the ASR products and ag-
gregates (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 distinct specimens, cast with distinct BaSO4 concentra-
tion values and with CsNO3 at fixed concentration. The three CNR values were 
computed, for each couple of mesoscale material phases, from small ensembles 
consisting of 40 voxels for each material phase, sampled randomly from the 
tomograms at 85 days. 
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Fig. 10. Visualization of the evolution of ASR cracks (left column) and associated localized deformations (right column) for the U-Cs-1.5 vol.-% BaSO4 specimen. One 
small ROI on one tomographic slice is shown at multiple time points. The visualizations are exactly of the same type as those shown in Figs. 4 and 5. 
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material phases of interest to fully investigate ASR (cracking) at the 
concrete mesoscale. Such goal was achieved in this work essentially by 
searching for a trade-off between enhancing the aggregate-to-cement 
paste contrast (by adding BaSO4) and enhancing the aggregate-to- 
products contrast (by adding CsNO3), while simultaneously limiting 
the inevitable reduction in the products-to-cement paste contrast, as 
shown in Fig. 9. A key detail of the found trade-off needs to be remarked: 
the optimal concentrations of the two distinct contrast agents are valid 
(1) for the type of concrete mix design used (i.e., for the aggregate type 
used) and (2) for the X-ray photon energy range of the performed XMT 
measurements. While the latter parameter may find a broad applica-
bility also for concrete specimens of other mix designs, as long as the 
specimen size would remain similar, the results shown in Fig. 9 may not 
necessarily be valid for other mix designs with aggregates having very 
different X-ray attenuation properties compared with those of the 

aggregates used in this work. Thus, the remark concerns the need to find 
an optimal trade-off specific for the concrete mix design used. However, 
the contrast agents’ concentration values used in the presented work 
will provide a starting point for this search. 

No qualitative and quantitative major differences were found be-
tween the specimen with the optimal mix design and reference speci-
mens, in terms of whole specimen dimensional changes (see the Suppl. 
Data, S2.1), spatial-temporal patterns of cracking and correlated local 
deformations (Fig. 10), chemical and morphological properties of the 
ASR products (see the Suppl. Data,S1.2), and crack network features, e. 
g., size (Fig. 13). The major difference, already observed and remarked 
in [25], consisted of the faster expansion and ASR cracking for the 
specimen with the contrast agents. However, they could be essentially 
ascribed only to the CsNO3 presence, confirming similar results reported 
in [25]. Thus, the presence of both CsNO3 and BaSO4 seems not to 

Fig. 11. (a)–(d) combined 3D rendering of the binary tomograms of empty cracks inside aggregates (cyan), of empty cracks 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) and of ASR products outside the aggregates (orange). The 
binary tomograms are those of the U-Cs-1.5 vol.-% BaSO4 specimen at 1 day, 55, 145 and 250 days, respectively. 
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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 quantification possibilities by XMT. 

While the spatial-temporal patterns of ASR products accumulation 
inside aggregate and cement paste cracks could be characterized qual-
itatively (i.e., visually) already by using CsNO3 alone [25], the optimal 
mix design containing both contrast agents opens up new quantitative 
characterizations. 

First of all, with the results obtained from specimens containing both 
CsNO3 and BaSO4, it was possible to confirm what already observed in 
the results reported in [25] and concerning specimens cast only with 
CsNO3: the systematic transport and accumulation of ASR products, 
originally formed in the aggregates, into pores located in the adjacent 
cement paste. These include cracks, which originated inside aggregates 
and later propagated into the paste, and air voids. However, the possi-
bility of quantifying their volume fractions also separately for aggregate 
and paste regions contributed to a major new result: at any time point, 
almost equal amounts of products were found both inside aggregates 

and within the cement paste (see Fig. 12 (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 Fig. 11). These results suggest 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 
ASR products within the cement paste is well known, the XMT meth-
odology developed in this work and in [25] 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 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 acquired tomograms. Thus, the 
need for time-lapse XMT at higher spatial resolution appears essential to 
study these phenomena. 

The volume fraction results reported in Fig. 12 (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 

Fig. 12. (a) Volume fraction of ASR products or cracks, without or with distinction between being inside aggregates or inside cement paste or inside the whole field 
of view, at distinct time points, ṼASR,k,j(ti), plotted for the U-Cs-1.5 vol.-% BaSO4 specimen. The markers in light and dark grey correspond to the total ASR products 
and cracks, all over the field of view volume, respectively. 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 voids 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 fractions, ṼASR,k,j, 
values and the relative volume change of the field of view of the U-Cs-1.5 vol.-% BaSO4 specimen, the latter estimated by its proxy variable being the sum of relative 
length changes along the three axes and computed from the results of the global affine registration, 

∑

k=X,Y,Z

ΔLAFF,k
LAFF,k

. 

Fig. 13. (a): complementary cumulative distribution function (cCDF) of the crack bounding box length, L, GL(L), shown in the form a Zipf’s plot (i.e., with loga-
rithmic scales on both axes), for specimens cast with U aggregates (with and without CsNO3 + BaSO4), at 250 days. (b): cCDF of the crack local thicknesses, Tlocal, 
GTlocal

(Tlocal), also shown in the form of a Zipf’s plot, for the two same specimens as in (a) and also at 250 days. 
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example of how much extensive cracking throughout the cement paste 
could be, compared with the cracking inside aggregates. Fig. 12 (a) 
shows that the volume fraction of the total crack network inside ag-
gregates was larger than the corresponding volume fraction inside the 
cement paste at any time point. The absolute relative difference between 
the latter and the former reached a maximum value of 34 % at 250 days 
(i.e., the paste value was 34 % smaller than the corresponding value for 
the aggregates). 

The equipartition of the ASR products’ volume between aggregates 
and the cement paste suggests that their transport was rather extensive. 
The qualitative examples reported in [25] already showed that such 
transport occurred in some cases even at the length scale of several mm 
far away from the originating aggregates. This quantitative and quali-
tative evidence of the products transport calls for a better understanding 
of the temporal evolution of the viscoelastic properties of the ASR 
products. As mentioned earlier, it has been shown that the Ca2+ ions 
uptake by products does occur, with consequent exchange of alkali ions 
[3], and typically leads to a stiffening of the products themselves, 
although the latter has been predominantly observed for laboratory- 
synthesized products [59]. Since higher stiffness would hinder their 
transport, it follows to hypothesize that the products transport may 
prevalently occur before their extensive uptake of Ca2+ 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 towards/into 
the paste regions could on the contrary suggest that significant Ca2+

diffusion into the aggregates occurred, with consequent products stiff-
ening and hindrance to transport. 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 [60]. 

The chemo-mechanical couplings between Ca2+ 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 [25] and in this study strongly call for including them in 
future models. Further experimental, multi-scale and multi-disciplinary 
investigations are needed to better resolve, especially in time, the evo-
lution of the products’ viscoelastic properties. 

5. Conclusions 

We show in this work how BaSO4 and CsNO3 can be added to the mix 
design of concrete with the purpose of a twofold contrast enhancement 
of laboratory-scale X-ray tomography for investigating ASR cracking in 
concrete. Both substances act as X-ray contrast agents between distinct 
materials phases of the concrete mesostructure. As already shown in 
[33], BaSO4, homogeneously dispersed inside the cement paste, allows 
increasing the X-ray attenuation contrast between the paste itself and 
the aggregates, enabling aggregate segmentation. As shown in our pre-
vious work [25], CsNO3 can contribute to increase the contrast between 
ASR products, where Cs+ ions gets incorporated, and any other material 
phase in the concrete. Here, we showed for the first time how both 
contrast agents can be optimally combined for both contrast enhance-
ments, with consequent extension of the applicability of X-ray attenu-
ation tomography to time-lapse and fully non-destructive 
characterizations of ASR cracking and its correlated mesoscale 
deformations. 

We provide extensive evidence of the absence of any spurious effects 
on the ASR cracking in the presence of both agents in the mix. Such 
evidence concerns the macroscopic, ASR-induced dimensional changes 
and mechanical properties, the morphological and chemical properties 
of the ASR products, quantitative geometrical features of the ASR crack 
networks and qualitative properties of the spatial-temporal distribution 
of displacement vector fields at the mesoscale. 

We report results from 4D (3D + time) tomographic experimental 
campaigns conducted for specimens subjected to a laboratory-scale ASR 

acceleration protocol, employing the developed optimal mix designs 
containing the two contrast agents. We have shown how the developed 
experimental methodology, combined with 3D image analysis, allowed 
shedding light on features of ASR cracking, which could only be char-
acterized qualitatively before and with severe limitations. For example, 
it was possible not only to visualize in 4D the transport of ASR products 
from inner aggregate regions into the cement paste along propagating 
cracks. We could also show that a similar amount of ASR products is 
found at any time inside the aggregates and inside the cement paste. 

The proposed experimental and 3D image analysis methodology 
brings the applicability of X-ray tomography to a new level, such that it 
opens up new possibilities for quantitative characterizations of ASR 
cracking. This enables, on the one side, advancing the knowledge of ASR 
and the associated cracking. On the other side, the 4D quantitative data 
generated in this work provide new bases for the formulation and vali-
dation of corresponding computational models, especially those at the 
concrete mesoscale. 
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