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Abstract

Obtaining the mesostructure of concrete from X-ray computed tomography (CT) requires
segmentation of the data into distinct phases, a process complicated by the limited contrast
between aggregates and mortar matrix. This paper explores the possibility to add baryte or
hematite into the concrete mixture to enhance the contrast between cement paste and aggregates
in CT, thus allowing for a semi-automatic segmentation. Raw and segmented CT images of
plain and modified concrete mixtures are obtained and compared to assess the validity of the
proposed approach. Characterization tests are also performed in order to ensure that the concrete
characteristics are not appreciably affected by the presence of the enhancers.
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1. Introduction

Concrete is a complex heterogeneous material composed, at the mesoscale, of a cementitious
matrix, aggregates and pores. It is nowadays widely accepted that a deeper understanding

of its mechanical performance can be gained by modeling its mesostructure explicitly [1-

3]. The latter can be obtained mainly through artificial generation [4—7] or 3D imaging
techniques, such as X-ray computed tomography (CT) [1, 8-12]. While the former is usually
computationally expensive or oversimplified, the latter has become an attractive option in
the past few years.

The CT imaging technique involves the collection of a certain number of X-ray projections,
displaying the attenuation of the scanned sample as grayscale values (GSV). These images
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need to be further post-processed in order to be quantitatively analyzed and/or converted
into data suitable to be used, e.g., in numerical codes (namely, for the generation of
meshes). Three different stages can be identified: (i) 3D volume reconstruction from the
2D projections, (ii) segmentation into the desired number of phases and (iii) detection of
the interfaces between the phases followed by volumetric mesh generation [1]. Herein, we
restrict ourselves to the study of the first two stages, while the final mesh generation for the
numerical analysis is outside the scope of this paper.

The reconstruction step is performed by applying algorithms like the Feldkamp-Davis-
Kress (FDK) algorithm [13] or, less commonly, iterative reconstruction [14] to the set of
projections so as to obtain a volumetric 3D grayscale image (raw image). In this phase, it

is necessary to compensate for possible artifacts, especially those due to beam hardening
(BH) [1, 15-17]. The latter occurs when a polychromatic X-ray beam (i.e., composed of
photons with a certain spectrum of energies) increases its mean energy (namely, it hardens)
while passing through a material because the low-energy photons are absorbed at a higher
rate compared to the high-energy ones. This ultimately leads to a change of the beam energy
with the thickness, which, in turn, affects non-linearly the attenuation (i.e., the capacity of
the material to absorb energy from the X-ray beam) creating a fictitious gradient in the
attenuation images, i.e. the GSV/vary even for a homogeneous material [15]. In particular,
the core of a scanned sample, which is radiated with higher mean energies, appears darker
than the outer part, so it might be hard to distinguish between air voids and solid material.
This specific condition is termed a cupping artifact (from the cup shape that the GSV
profile of a homogeneous material assumes) and can be partially compensated by assuming
a nonlinear relation between logarithmic intensity decrease and thickness [16]. BH is also
responsible for streaking and shadowing artifacts that take place in heterogeneous materials
when particles of very absorptive material are present. These locally harden the X-ray beam
so that both narrow bright stripes (streaking) as well as dark areas (shadowing) might appear
in the neighboring material. Since these two artifacts are localized effects due to the internal
organization of the material, they cannot be easily corrected and they should be avoided as
much as possible by excluding clusters of very absorptive material and by using narrow and
high energy spectra, e.g. by use of thin (usually metallic) filters to cut-off the lowest energies
and pre-harden the X-ray beam [1].

The segmentation step can be performed either manually or (semi-) automatically [18,

19]. In the first case, regions of material are selected and labeled as being part of a

certain phase by the operator, making this approach time-consuming and viable only for
simple geometries and limited sample dimensions (e.g., for 2D imaging) [1, 18]. For 3D
volumes or complex geometries (such as for cementitious composites) an automatic or
semi-automatic (where the operator interaction is mainly related to the input of parameters
for the segmentation algorithm) procedure is needed [1, 9, 18, 20-23]. To this end different
methods are available and can be subdivided into three main families: (i) thresholding,

(ii) gradient-based methods and (iii) pattern detection algorithms [1]. In thresholding, the
various phases are identified by assigning to each of them a certain range of GSV/[24, 25].
This approach, which is the simplest and most versatile, requires phases with significantly
different attenuation coefficients and the absence of artificial gradients in the GSV/(e.g. BH
artifacts). Gradient-based methods [18, 26] rely on the assumption that regions with high

Cem Concr Compos. Author manuscript; available in PMC 2024 October 29.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Carrara et al.

Page 3

GSV gradients correspond to the boundaries between the phases, which can be then filled
(e.g. using local maximum markers and a flooding algorithm) to find their volumes. These
methods require that all regions belonging to a single phase are enclosed in the identified
boundaries and, again, the absence of artificial gradients [24, 25]. Pattern detection identifies
clusters of material matching certain geometrical features (e.g., spheres or ellipsoids).
Although less influenced by the image noise than the other two methods, the applicability of
pattern detection algorithms is limited by the need for the particle geometries to be known
a-priori [1].

The segmentation of cementitious composites is not trivial because of the limited contrast
between cementitious matrix and aggregates following their very similar composition and
density. This means that the identification of GSV/ranges or gradients for thresholding or
gradient-based methods is not straightforward and usually leads to segmentation errors

that need to be manually corrected by the operator, thus involving a time-consuming
procedure. Moreover, the arbitrary and complex geometry of the aggregates precludes

the adoption of pattern-detection algorithms [1]. While semi-automatic thresholding and
gradient-based methods can successfully identify pores in cementitious materials [9, 27-29],
the segmentation of the cement paste and the aggregates still requires, to date, a massive
operator intervention and remains an open issue.

Another aspect to take into consideration when segmenting CT scan images of cementitious
composites are the dimensions of the aggregates, which span a few orders of magnitude
(e.g., from 50 xm up to 35 mm to 40 mm for concrete). Depending on the dimensions

of the specimen and the desired following analyses, a threshold length #, above which the
heterogeneities are explicitly identified and segmented should be defined. This avoids an
overly detailed segmented volume, which can lead to an excessive computational effort
during the numerical analyses [1, 9].

In the present paper, we explore the possibility to modify the concrete mixture by adding
highly X-ray absorptive minerals to enhance the contrast between the cementitious matrix
and the aggregates, allowing for an easier and semi-automatic segmentation. In particular,
baryte powder and hematite gravel are adopted as contrast enhancers. The raw as well as
segmented images of both normal (i.e., plain concrete) and modified concrete mixtures are
compared to demonstrate the validity of the approach. Also, mechanical and calorimetric
tests are performed in order to ensure that the mechanical properties and hydration processes
of the concrete are not significantly affected by the presence of the enhancer.

The paper is structured as follows: in section 2 the investigated concrete mixtures are
illustrated along with the performed tests and the obtained results. In section 3 grayscale
images (slices) from the CT scans for the various mixtures are presented after the description
of the CT imaging and the 3D reconstruction methods employed. In section 4 the image
post-processing, the segmentation strategy and the obtained results are illustrated for each
tested mixture. A discussion of the results and the conclusions are found in sections 5 and 6,
respectively.
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2. Materials characterization

In this section the mix design and the preparation of the specimens is illustrated, along with
the performed characterization tests.

2.1. Mix design

The mix design of the reference concrete aims at reproducing a standard concrete that

can be found in real applications. It is made with ordinary Portland cement without any
additives and quartzite aggregates with density p, = 2580 kg/m>. The composition, in terms
of water-to-cement ratio w/c, type of cement and content ¢, maximum aggregate size D,
and total aggregate content q, is given in Tab. 1.

As it will be better clarified in sect. 3, the maximum aggregate diameter is limited to 8

mm to allow casting specimens with dimensions ensuring a good resolution during the CT
imaging. Also, the granulometric curve of the aggregates is chosen so as to comply with the
European standards [30] (Fig. 1).

One standard and five modified mixtures are studied. Of the latter, one has the aggregates

in the diameter range of 2 mm to 8 mm replaced by an equivalent volume of crushed
hematite gravel, while the remaining four are cast substituting part of the finest aggregate
fraction, i.e. the fraction with size <250 pm, with an equivalent volume of baryte. In
particular, 0.5-1.0-2.0-2.6 % of the total aggregate content is substituted with an equivalent
volume of baryte powder. The highest amount of baryte used (i.e., 2.6 %) corresponds to the
complete substitution of the aggregate fraction with diameter < 250 4m. Hematite (mineral
form of iron(111) oxide, Fe,0;, density py.,o, = 5260 kg/m3) and baryte (mineral form of

barium sulfate, BaSO,, density ps.so, = 4500 kg/m3) are chosen because of their higher X-ray

attenuation coefficients with respect to the main components of the cementitious matrix and
aggregates (calcium carbonate CaCO; with density pe.co, = 2710 kg/m3 and silicon dioxide
Si0, with density pso, = 2650 kg/m3), as shown in Fig. 2 [31]. The main difference between
baryte and hematite is that the former is mostly chemically inert, while the latter is known
to interfere with the hardening process of concrete [32-35]. Another difference is that baryte
is usually found as a powder, conversely hematite is normally provided as gravel because it
is a harder mineral. The mix design of the investigated mixtures is reported in Tabs. 2 and

3, respectively, for the hematite and the baryte-modified concretes. Tab. 3 reports also the
composition of the control concrete used as the reference.

2.2. Specimen casting and curing

For each concrete mixture, two small cylinders with diameter d = 40 mm and length

I =160 mm are cast to be used for the 3D imaging. For the control and baryte-modified
mixtures, a cube with a total volume of 7.5 L and two cylinders with d = 60 mm

and / = 50 mm are obtained to perform semi-adiabatic calorimetry and ultrasonic tests,
respectively. For the same mixtures, an additional four cylinders with dimensions d = 80 mm
and r = 160 mm are cast to perform compression tests. All the molds containing the mixtures
are compacted using a vibrating table before being sealed and stored under laboratory
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conditions for 24 h. The specimens are then demolded and stored in water saturated with
calcium hydroxide (Ca(OH),). One of the two 40 mm x 160 mm cylinders is removed from
the bath after 14 days, dried for 24 hours and then used to calibrate the parameters of the
CT scanner, as further explained in sect. 3. The other specimens are removed after 28 days,
dried for 24 hours and then the 80 mm x 160 mm cylinders are tested in compression (sect.
2.3.1), while the remaining small cylinders are used for the 3D imaging (sect. 3).

The characterization tests are performed only for the control and baryte modified mixtures
because comparing the hematite concrete with a standard concrete would be meaningless for
two main reasons. As already outlined in sect. 2.1, the iron oxide interacts with the cement
hydration reactions, moreover the coarser aggregates are substituted with a stiffer material
(i.e., the hematite). For both reasons, a different mechanical behavior is to be expected, as
documented in [32-35].

2.3. Experimental characterization

This section illustrates the setups adopted to experimentally characterize the concrete
mixtures along with the obtained results. In particular, compression, semi-adiabatic
calorimetry and ultrasonic tests are performed.

2.3.1. Compression tests—The compressive strength of the control and baryte-
modified samples is determined by testing in compression the 80 mm x 160 mm cylinders.
The scheme of the performed tests is presented in Fig. 3a. Two polytetrafluoroethylene
(PTFE) sheets are placed between the upper and lower faces of the specimens and the
machine plates to limit friction. The tests are performed in displacement control. The applied
displacement rate is kept constant and equal to 0.6 mm/min up to 125 kN and then reduced
to 0.025 mm/min until failure occurs. Fig. 3b shows examples of the load F vs. stroke (i.e.,
actuator displacement) 5 curves.

Tab. 4 and Fig. 4 report the results of the calculated compressive tests, including the
maximum force attained F,., and the compressive strength £, = 4F,../zd”, along with the
average compressive strength 7. ... and the standard deviation ¢ for each baryte content. No
relevant differences are observed among the various mixtures.

The Young’s modulus is also determined during the compression tests. The longitudinal
deformation of three cylinders for each mixture type is monitored by using a digital image
correlation (DIC) technique [36]. For this purpose, on part of the outer surface of the
cylinders a speckle pattern is created. The DIC technique tracks the changes of the speckle
pattern due to the deformation of the sample. The compressive stress o, vs. longitudinal
strain g, curve is obtained by digitally overlying over the speckle pattern a virtual strain
gauge with a length of 35 mm vertically at the center of the specimen height. The Young’s
modulus is then obtained from the slope of a linear regression of the ¢, — g curve in the stress
range between 5 MPa and 20 MPa. The results are presented and compared in Fig. 5. A large
scatter is obtained for all sets of samples, which is due to the sensitivity to the quality of the
speckle pattern along with the limitations in resolution of the DIC. In this case, spray paint is
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used on a curved outer surface, apparently leading to a non-optimal condition. However, no
clear trend of variation can be seen with increasing baryte content.

2.3.2. Semi-adiabatic calorimetry—To investigate the hydration process of the
control and modified mixtures a series of semi-adiabatic calorimetry tests is performed.

A customized setup is developed [37] following the suggestions of EN 196-9 [38] and is
sketched in Fig. 6a. A specimen with a total volume of 7.5 L is cast into a cubic mold, which
is then placed into a thermally insulated cell made of extruded polystyrene hard foam (XPS).
The thickness of the cell walls is 100 mm in order to keep the heat loss to a minimum [39].
During the casting, a temperature transducer is embedded at the center of the specimen to
measure the change in time ¢ of the temperature of the concrete 7,,(t), while another sensor
keeps track of the external environmental temperature T,,(¢) (Fig. 6a).

Because of the presence of heat losses due to the semi-adiabatic conditions, the measured
T..(t) results are influenced by the air temperature and its evolution in time 7..(r). As a
result, T,,(r) represents a lower estimate compared to what is obtained in adiabatic conditions

7). This means that, the time 7, needed in semi-adiabatic conditions to reach a certain

temperature increase is higher than in the adiabatic case, namely 7%(¢) = T.,.(t.) with 1, > .
Hence, to compensate for such a spurious effect and thus permitting a better estimate of
the total heat released during the hydration process q(z.), the time axis should be rescaled to
the effective time «,. This can be done following the procedure illustrated in Appendix A.
The results for all the mixtures are presented in Fig. 6b and demonstrate that the hydration
process is not significantly affected by the presence of the baryte.

2.3.3. Ultrasonic tests—UlItrasonic measurements are also performed during the first
period of hardening of the specimens. For each mixture, two specimens are obtained by
pouring 140 ml of the fresh mixture into a disc-shaped silicon container with a diameter

d = 60 mm and a thickness / = 50 mm, as illustrated in Fig. 7a. Each container is equipped
with 4 vibration absorbers to reduce the background noise, an ultrasonic emitter with a
resonance frequency of 30 kHz, and a receiver placed at two opposite points along the
diameter. The system records every 60 s (i.e., with a frequency of 0.017 Hz) the ultrasonic
pulse runtime 7, and, hence, the ultrasonic pulse velocity v, = d/t, The ultrasonic pulse
velocity can be directly related to the major dynamic elastic properties of concrete, thus,

it measures the advancement of the hardening process, i.e. of the hydration reactions. Note
that the initial part of the curve, i.e. fot r < 3.5 h, does not provide quantitatively meaningful
results because of attenuation and reflection phenomena taking place in the fresh viscous
liquid-like concrete suspension [40-42]. However, it is evident that the curves are in very
good agreement already from the very beginning.

Moreover, following the approach proposed in [43], it is possible to have a direct estimation
of the dynamic elastic modulus of the concrete E, ;.. Assuming a dynamic Poisson’s ratio
vus.. = 0.30 for all the mixtures, and considering a direct transmission of the ultrasonic waves
[43], one has
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By averaging the calculated values of E,s. within the horizontal asymptotic branch of the
curve (i.e., when most of the hydration process has been developed), an estimate of the final
dynamic elastic modulus E,,, can be obtained. Here, it is assumed that the asymptote is
reached after 48 h of hydration, a value in good agreement with the observed results (Fig.
7b) and also supported by the calorimetry curves (Fig. 6b).

Fig. 7b compares the obtained v, vs. ¢ curves, while in Fig. 8 the values of E,, for all the
mixtures are shown. Both figures confirm the negligible influence of the baryte presence on
the hardening process of the concrete.

3. Experimental 3D imaging

The 40 mm x 160 mm cylinders of the control, the baryte-modified and the hematite
concrete are placed into a CT scanner to obtain their 3D mesostructure. In particular, as
already outlined in sect. 2.2, for each mixture the first cylinder (14 d of hydration) is

used to calibrate the settings of the CT scanner (a General Electric v | tome | x st) s0 as
to maximize the contrast of all specimens with a single set of parameters. The obtained
settings are summarized in Tab. 5 and adopted for all the images analyzed here, if not
differently specified. Note that, although the adoption of a single set of parameters does
not allow to optimize the contrast of a single sample, it permits an easier comparison of
the results, especially in terms of GSV histograms. To analyze the influence of this choice
on the segmentation procedure, in sect. 3.1 another CT image of the plain concrete mix is
obtained by tailoring the CT scan settings for that specific sample.

3.1. CT attenuation images and 3D reconstruction

From the X-ray projections of a sample, the volumetric image is obtained by applying a 3D
reconstruction algorithm (Fig. 12). Here, the software Octopus [44]2 is used since it allows
for flexible BH correction.

Fig. 9 shows unprocessed slices of the studied specimens. For the baryte-modified mixtures
(Figs. 9b—e) an apparently brighter outer ring is present and increasingly evident as more
baryte is added to the mixture. This is not due to BH but, rather, to a wall packing effect
similar to the one responsible for the formation of the interfacial transition zone in concrete
[45]. This leads to a lack of coarse aggregates replaced by baryte-rich cementitious matrix
close to the inner surface of the mold used to cast the specimens. For the control concrete,

1certain commercial products are identified in this paper to specify the materials used and the procedures employed. In no case does
such identification imply endorsement or recommendation by NIST or the Technische Universitat Braunschweig, nor does it indicate
that the products are necessarily the best available for the purpose

Certain commercial products are identied in this paper to specify the materials used and the procedures employed. In no case does
such identication imply endorsement or recommendation by NIST or the Technische Universitét Braunschweig, nor does it indicate
that the products are necessarily the best available for the purpose.
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the contrast is clearly insufficient to distinguish between bulk matrix and aggregates (Fig.
9a). However, adding baryte even in low concentration clearly improves the contrast, as
observable already in Fig. 9b. Increasing the content of baryte leads to a continuous
improvement of the contrast (Fig. 9b—e), so that for the specimen with 2.6 % of baryte,
all aggregates within the size range of interest are easily identifiable (Fig. 9¢).

This qualitative observation can be quantitatively appreciated in Fig. 10, where the GSV
histograms are reported. Here the X-ray attenuation values for each image are independently
rescaled so as to be mapped in a GSV'range between 0 (minimum attenuation) and 255
(maximum attenuation), for an 8 bit image depth such as in this case. Such procedure

leads to minor differences in the location of the air peaks in Fig. 10. Ideally, these curves
should have a number of peaks equal to the number of phases present (including the air
surrounding the specimen). Sometimes, the peaks are not very sharp and look more like
plateaus, hence, they are here termed pseudo-peaks. This happens when the composition of
a phase is not homogeneous but varies, leading the GSV/to vary in a well-defined range,

but not overlapping with those related to the other phases. The curve related to the control
mixture (red curve in Fig. 10) presents two separate peaks, the first one, ranging between

0 and 30 GSV is related to the voids and the air that can thus be easily separated. The
second, which ranges mainly between 30 and 75 GSV; collects the aggregates and the matrix
without a clear separation between the two. Hence, even a manual segmentation is hardly
feasible under such conditions. Conversely, for the modified mixture with a baryte content
of 2.6 % (yellow curve in Fig. 10), the histogram is more spread along the GSV axis and

can be easily separated into three distinct regions. The first one is related to air/voids (GSV
between 0 and 50), the second to the aggregates (GSV between 50 and 95) and the third one
to the bulk matrix (pseudo-peak for GSV mainly between 95 and 165). The latter is shifted
towards higher GSV/values due to the higher X-ray attenuation of baryte. The histograms
with an intermediate baryte content present a transitional behavior. The mixtures with 0.5

% and 1.0 % of baryte (blue and green curves in Fig. 10) do not exhibit a clear separation
between aggregates and bulk matrix, although a limited effect of the baryte is visible. On the
other hand, a clear, although limited in extension, third pseudo-peak can be distinguished for
the mixture with 2.0 % of baryte (gray curve in Fig. 10).

As already outlined in sect. 3, the adoption of a fixed set of parameters facilitates the
comparison among the results but can lead to an underestimation of the contrast between

the phases. To investigate whether it is possible to improve the image quality of the control
concrete mix by tuning the CT scan setting, a further scan of the plain concrete mix is
performed and the results are shown in Fig. 11. Here, a X-ray source voltage and current of
respectively 130 kV and 270 LA and 1000 images are used. These parameters are obtained
by optimizing the image quality so as to obtain the maximum contrast possible between
aggregates and cement paste. Fig. 11a shows that the attenuation image obtained has a better
contrast compared to Fig. 9a and now the biggest aggregates can be identified although not
very clearly. Fig. 11b compares the GSV histograms of the optimized and control images.
Although the optimized image shows a more detailed variation of the curve, it has, as for the
control image, only two peaks with the first related to the air void and the second for both
aggregates and cement paste. Hence, even after an optimization of the CT scan parameters it
is not possible to successfully segment the image based only on the GSV.
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In the hematite concrete, the aggregates appear much brighter compared to the bulk matrix
(Fig. 9f and dashed light blue curve in Fig. 10), as opposed to the baryte-modified concrete
where they are darker. This is an expected effect since, in this case, the contrast enhancer
is not added to the bulk matrix but, rather, is constituted by the aggregates themselves.

As for the baryte-modified mixtures, the distinction between aggregates and bulk paste is
easy, however, the introduction of the hematite leads to some inconveniences. Firstly, it
requires the substitution of a large portion of the aggregates to be effective (namely, the
entire fraction of aggregates with diameter above the explicit description threshold #,),
hence leading to different mechanical properties of the concrete. Secondly, the high X-ray
attenuation of hematite can lead to artifacts in the CT scans.

4. Image post-processing and segmentation

To segment the 3D volumetric images into the desired number of phases the flowchart
illustrated in Fig. 12 is followed. The segmentation procedure, based on the thresholding
method and performed using the software Avizo [46]3, is kept as simple as possible and

it is composed of well known algorithms that require only limited operator interventions

(for more information about the algorithms see [18]). This choice is made in order to better
emphasize the contrast-enhancing effect of the baryte. Moreover, the adopted method is not
tailored to a specific geometry or material, it is very general and versatile. Of course, more
advanced segmentation methods are available and would be more successful in isolating
objects than the thresholding method used here, especially if a fine tuning of the CT scan
parameters is performed as for Fig. 11a. However, the main factor enabling a satisfactory
segmentation is the contrast between the phases, which is method-wise differently measured.
The thresholding method is chosen to demonstrate that, through the addition of a contrast
enhancer, it is possible to obtain good results even with the simplest segmentation algorithm.

Before segmenting the various material phases, a non-local means filter is applied to reduce
the image noise (Fig. 12). Then, a standard thresholding method labels voids and aggregates.
The thresholds are obtained starting form the saddle points between the peaks in the GSV
histogram and then they are slightly adjusted comparing the preview of the segmented
image with the original image. To isolate the single particles of both phases and remove
irrelevant small features, an erosion algorithm is used. Once an identification number is
assigned to each particle, they are filtered by volumetric size, and those smaller than the
explicit description threshold are discarded (i.e., they are homogenized into the binding
matrix phase). A threshold value #, =2 mm is chosen here. For the aggregate phase only, a
further flood-fill step is needed in order to remove non realistic holes inside a single particle
due to the occurrence of clusters of low absorbing material. Following the erosion process,
the particles appear at this point smaller and with nonsmooth edges. To compensate for these
two distortions a dilation algorithm and a bilateral smoothing filter are finally applied. The
single particles are then recombined in a volume equal to the original one. The segmentation

3Certain commercial products are identified in this paper to specify the materials used and the procedures employed. In no case does
such identification imply endorsement or recommendation by NIST or the Technische Universitat Braunschweig, nor does it indicate
that the products are necessarily the best available for the purpose
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of the cementitious matrix can be thus obtained by subtraction as the volume not occupied
by voids or aggregates.

Fig. 13 shows the same image sections illustrated in Fig. 9 for the specimens with a baryte
contents of 1.0-2.0-2.6 % after the thresholding process along with the GSV histograms
with marked limit values used. In the specimen with 1.0 % of baryte, only the larger
aggregates are correctly segmented, while there are large regions where the segmentation
procedure failed in assigning the correct label (Fig. 13a). Adding 2.0 % of baryte, improves
the results but, still, many errors are present (Fig. 13b), while with 2.6 % of baryte in the
mixture excellent results in the segmentation are achieved (Fig. 13c). For the specimens with
a baryte content lower than 1.0 %, the adopted segmentation procedure is unable to deliver
meaningful results and, hence, they are not shown here. The achieved improvement of the
contrast between aggregates and cement matrix is likely to facilitate the segmentation also
with more sophisticated segmentation methods.

To quantitatively appreciate the improvements in the segmentation process, in Fig. 14

we compare with solid line curves the volumetric particle size distributions obtained
experimentally (sect. 2.1) and reconstructed from the 3D images. For the latter, the same
process and thresholds illustrated in Fig. 12 are used to identify the connected aggregates
components, i.e. the single particles. However, in this case a lower threshold Z, = 0.75 mm
is used so as to include as many particles as possible. The equivalent diameter of each
single particle is then obtained as the diameter of the sphere with same volume. To allow

a proper comparison, the experimental curve is rescaled accounting only for the aggregates
with size larger than 0.75 mm. Also, to study the influence of the thresholding process, the
reconstructed particle size distributions are calculated also applying a perturbation in the
upper threshold for the aggregates of +3 GSV. The shaded area in Fig. 14 represents the area
included in these two perturbed curves. The reconstructed particle size distribution curves
for the mixtures with 1.0 % and 2.0 % of baryte are very different than the experimental
one (Fig. 14) and they contain mostly large aggregates. Such a mismatch is due to the

still low contrast between aggregates and cementitious matrix that leads to label part of the
matrix as aggregates and vice-versa (Figs. 13a,b). This fact ultimately leads to an extensively
connected net of aggregates that cannot be separated with an erosion-dilation process and,
hence, to the identification of few large particles. The inaccuracy of the reconstructed
particle size distribution remains significant even when the thresholds for the segmentation
are changed, meaning that the highlighted drawbacks are independent on their choice. On
the contrary, the volumetric particle size distribution for the mixture with 2.6 % of baryte
better approximates the experimental one and it shows different particle sizes. In this case,
when the thresholds for the segmentation are perturbed, the effect on the particle size
distribution is limited and all the curves are similar to the experimental one.

Concerning the hematite concrete (Fig. 13d), the adopted segmentation procedure leads to
good results, however, in some cases the presence of fictitious voids close to the interface
between the aggregates and the bulk paste are present because of the BH shadowing effect.
In such cases, better results can be obtained by correcting the shadowing effect locally and
manually where needed [15].
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5. Discussion

The obtained results show that the adoption of hematite minerals as aggregates, although
effective in enhancing the contrast between the phases, presents some drawbacks. Firstly,

it is very intrusive, since it requires the complete substitution of the coarser (i.e., with a

size > ¢,) aggregates to be effective. Also, the hematite reacts with the cement hydration
products and has very different mechanical properties compared to commonly employed
aggregates, leading to a different material compared to standard concrete [32—35]. This
material is termed heavy concrete and is used mostly in radiation shielding. Moreover, due
to the very high X-ray attenuation of hematite, the presence of CT imaging artifacts, such as
streaking and shadowing, is more prominent and leads to a decrease of the image quality.

In contrast, the more effective and less invasive way to enhance the X-ray contrast between
the aggregates and the bulk paste in ordinary concrete is to substitute a limited part of the
finer aggregate fraction with baryte powder. The diameter range of the fraction of aggregates
to be substituted needs to be lower than the size threshold chosen in the numerical model
and the amount of baryte utilized should be calibrated so as to determine the minimum
amount that allows an easy and reliable segmentation. For the concrete mixture studied

here, the optimum lies in the range 2.0 % to 2.6 %, a fairly limited amount so that the
influence on the density is negligible. The characterization of the modified concretes and the
comparison with a standard mixture highlights how the addition of such a limited amount

of baryte does not appreciably influence the mechanical parameters of the concrete nor the
hydration process. This aspect is very important when, e.g., mechanical tests are performed
inside a CT scanner because it ensures that the processes (i.e., damage, cracking onset and
propagation) taking place in the modified concrete are comparable to those of the standard
concrete. In particular, the average values of the compressive strength (Fig. 4) and of the
dynamic elastic modulus (Fig. 8) for the baryte-modified mixtures are similar to those of

the standard concrete, with variations well within the standard deviation of the latter values.
Comparing the average Young’s modulus, a similar or lower standard deviation is obtained
for the baryte-modified concrete compared to the control mixture and, while no precise
quantitative data can be obtained from the results, there is no evidence of a trend of variation
by increasing the amount of baryte in the mixture. Furthermore, the values of the dynamic
modulus (Fig. 8) are comparable to the ones obtained in the static case. In particular, the
dynamic values are, as expected, slightly higher than the static ones [43, 47]. Concerning
the development of the hydration process, both semi-adiabatic calorimetry (Fig. 6b) and

the speed of sound vs. time curves are almost identical for all samples, confirming the
chemically inert nature of baryte.

The proposed method can be used as a starting point to obtain finite element geometries of
real concrete mesostructures. Starting from the segmented image, it is possible to detect the
interfaces between the various phases by using, for example, a marching cubes approach.
Then, a surface is obtained by triangulating the detected interfaces and a surface mesh
similar to the one illustrated in Figure 15 for a portion of the 2.6 % baryte-modified
specimen can be obtained. In this specific case, 3.1 million and 2.3 million nodes are
needed respectively to mesh the external surfaces of the cementitious matrix and of the
aggregates. After an optimization of the geometry, the volumes enclosed by the surfaces can
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be then filled with standard tetrahedral finite elements and the mesh can then be imported
to numerical codes. Moreover, the proposed technique can be straightforwardly extended to
scales other than the mesoscale, e.g. the microscale. Apart form the CT scan resolution, the
only limiting criterion is that there should be a clear scale separation between the length
scale of the enhancer particles and the smallest feature one wants to explicitly identify,

as defined by the threshold dimension #.. This means that the dimension ¢, should be

large enough compared to the enhancer particle dimensions so as not to visualize the latter
singularly but, rather, to capture their homogenized effect on the matrix. These further steps
and the related difficulties are, however, outside of the scope of the present paper.

6. Conclusions

In the present paper, the possibility to substitute minerals in the concrete mixture to improve
the X-ray contrast between aggregates and cementitious matrix is studied. Two approaches
are investigated: the first is based on the complete substitution of the coarser aggregates
(size between 2 mm and 8 mm here) with hematite gravel, while the second involves the
substitution of a limited amount of fine aggregates (size < 250 xm) with an equivalent
volume of baryte powder. Here, four different baryte contents, namely 0.5-1.0-2.0-2.6 %
of the total aggregate volume, are studied. Compression, semi-adiabatic calorimetric and
ultrasonic tests of all the baryte-modified mixtures are performed and the results compared
to those of a standard concrete. Also, computed tomography images are obtained and
segmented using a simple and reliable thresholding procedure. After analyzing the results,
the following conclusions can be drawn

. the addition of baryte powder and the adoption of hematite gravel in the
concrete mixture are both effective in enhancing the contrast between aggregates
and cementitious matrix, thus delivering better input data for the subsequent
segmentation phase;

. substituting the whole volume of the aggregates with hematite gravel is very
intrusive and drastically changes the concrete composition. Moreover, hematite
produces more artifacts in X-ray tomography and, being composed of iron oxide,
is likely to interfere with the hardening process of the concrete;

. baryte powder is, conversely, very effective already in a limited amount. For
the mixture used here, a volumetric substitution of 2.6 % of the total aggregate
content is sufficient to largely facilitate the image segmentation;

. baryte does not appreciably influence the mechanical parameters of the concrete
nor the development of the hydration process.
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Appendix A.: Calculation of the heat production during hydration

This can be done using a maturity function that accounts for the influence of the temperature
on the hydration of the concrete. Here, the approach proposed in [39, 48] is adopted, which
reads

eqaf 1 1
dt,= k(T )dt  with  k(T,,) = eﬁ(m T2+ T ),
(A1)

where k(T) is the Arrhenius function for a reference datum temperature of 293 °K (20 °C), e,
is the apparent activation energy related to the hydration reactions that here is assumed equal
to 33.25 kJ/mol and R = 8.314 J/(mol K) is the universal gas constant.

In adiabatic conditions, the total heat of hydration 0,,.(¢) at the time , i.e. the total heat
released by the hydration reactions, can be calculated as [39]

O = pe 0V (T 0) = Ty,

(A2)

where p is the density of the concrete, V. is the tested volume, T, is the initial temperature of
the specimen, and c,(?) is the heat capacity of the concrete obtained accounting for the degree
of hydration of the concrete as [49]

c(Cec+wle ¢ )+ ac..—0.23a(t)c (¢ — Cebw)

c.= 5

(A3)

where ¢, a and w/c are reported in Tab. 1 and p = 2300 kg/m? is measured according

to [50]. Further, a(na(t) is the degree of hydration whose calibration is presented

later on in this section, c.. = 0.85 kI/(Kg K), c.., = 4.18 kJ/(Kg K), c., = 0.85 kJ/(Kg K)
and c.,, =22 kJ/(Kg K) are respectively the specific heat capacities of cement, water,
aggregates and bound water, as suggested in [49].

Assuming the absence of any other heat source except the hydration reactions, the total heat
of hydration at the time z, in semi-adiabatic test Q,,(z.) = Q,W(z) is assumed to be composed
of three terms [39]: (i) the heat released from the cell to the environment Q,(z.), (ii) the heat
causing a temperature increase of the specimen Q,(z.) and, (iii) the heat stored in the testing
device Q,(t.). The latter contribution is here neglected because of the very low heat capacity
of the XPS foam (about 1.5 J/(g K)). The total heat of hydration is then obtained as [38, 39]

Onylte) = Os(te) + Qute) -
(A4
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Combining Egs. A.2 and A.4, the rise in temperature in a semi-adiabatic test equivalent to
the adiabatic case AT“(r,) = T%(t) - T, is

Onalt) _ 0Ot) 0.(t.)
pelt)Ve — peft)Ve  pelt)V.

AT() = = AT\(t,) + AT (1),

(A5)

where AT (t,) = T.(t.) — To and AT(t.) = T%(r) — T..(z.) are respectively the temperature
differences related to Q,(z,) and Q,(z,).

Combining Egs. A.2—A.5, the heat related to the temperature increase of the specimen can
be calculated as [38, 39]

0,(t) = pet)V(Tiulte) — To),
(A.6)

The heat loss to the environment can be calculated as

o) = f B(Tin(7) = Tur(7))dx,
0

(A7)

where g is the global heat transfer coefficient of the cell obtained performing a cooling test
of each fully hydrated specimen (i.e., a(z.) = 1) [39]. Such a test consists of warming up the
the cell and the specimen to the maximum temperature recorded during the hydration test
T, Then, the system is allowed to cool down while recording the inner and air temperature,
T:'(r) and T5/'(¢). Because the specimen is fully hydrated, the component Q,,.(z.) in Eq. A.4
vanishes and, hence, the recorded decrease of the temperature of the specimen is only due to
the heat losses as

lE
TS0 — Th = — ﬁ f (T 2) - TS (0))de
\le)V ¢ Jo

(A8)
The coeffcient g is obtained by fitting Eq. A.8 to the measured data.
Once g is known, the hydration degree «(z,) can be defined as [48]
alt) = S,
(A.9)
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where AT,,, is the theoretical maximum rise in temperature virtually reached during
hydration [48]. This parameter is calibrated by fitting the obtained AT:/(z,) from Eq. A.5
to the model [48]

AT (1) = AT, e 11+ 111,

(A.10)

where 1, ¢;; and AT,,, are parameters to be fitted. Such a procedure is applied only to the
initial hours of hydration, so as that «(z,) can be assumed approximately constant and equal
to zero.

Once the 0,,.(t.) is obtained, the heat release rate in adiabatic conditions per unit mass of
cement in the mixture ¢(z,) is given by

do(t,)
cdt, ’

q(t) =

(A11)
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Fig. 1:

Adopted granulometric curve of the aggregates and comparison with the two reference
curves A and B suggested in [30].
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Fig. 2:
Attenuation coefficients [31] of the major components of concrete (Si0, and CaCO),

hematite (Fe,0,) and baryte (BaSO,).
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Fig. 3:
(a) Scheme of the compression tests. (b) Illustrative load-actuator displacement curves.
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Fig. 4:
Compressive strength of concrete modified with baryte.
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Fig. 5:
Elastic modulus of concrete modified with baryte.
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Fig. 6:
Semi-adiabatic calorimetric tests: (a) scheme of the setup and (b) obtained results.
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Fig. 7:
Ultrasonic tests: (a) scheme of the setup and (b) obtained results.
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Fig. 8:
Measured dynamic elastic moduli.
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Fig. 9:
CT attenuation images of the specimens: control concrete (a), modified concrete with a
baryte content of 0.5 % (b), 1.0 % (c), 2.0 % (d), 2.6 % (e) and hematite concrete (f).
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Graylevel histograms with indication of the (pseudo-) peaks related to the various phases.
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Fig. 11:

(b)

Results obtained for the control mix optimizing the CT scan parameters for the analyzed
sample (X-ray source voltage and current of 130 kV and 270 A and 1000 images are used).
(a) CT attenuation images and (b) GSV histogram compared to the one obtained with the

settings in Tab. 5.
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Fig. 12:

Flowchart used for the post-processing and segmentation phases.
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Fig. 13:
Results of the segmentation procedure: modified concrete with a baryte content of 1.0 % (a),

2.0 % (b), 2.6 % (c) and hematite concrete (d).

Cem Concr Compos. Author manuscript; available in PMC 2024 October 29.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Carrara et al.

100 _e——»
*
/
/
~ /
X 80 /
/
5 o
. ;
= 60 14 f
-.6 / |
£ / |
© 40 ! —— Baryte 1.0%
g /* | Baryte 2.0%
— /
g 20 / Baryte 2.6%
»
> ; | —e*- Measured
0 - . Y
o

Diameter [mm]
Fig. 14:

Comparison between the volumetric particle size distribution curves experimentally
measured (sect. 2.1) and reconstructed from the segmented 3D CT images.
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(@) (b)

Surfaces including the aggregate particles and the bulk matrix of the specimen with a baryte
content of 2.6 %: (a) aggregates and matrix, (b) bulk matrix and (c) aggregate particles.
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Tab. 1:
Composition of the adopted concrete.
Cement Aggregates
wic [-] Dmax [mm]
type [-] content - ¢ [kg/md] content - a [kg/m3]
0.50 CEM1425N 370 8 1700
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Tab. 2:
Mix design of the concrete modified with hematite.
Ratio by mass
Sample  Cement Water Aggregates [mm] 0-2 Hematite
Hematite 1 : 0.50 : 1.88 : 5.65
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Mix design of the reference concrete and of the concretes modified with baryte.

Tab. 3:

Ratio by mass

Sample Aggregates [mm]
Cement Water Baryte
<0.25 0.25-8
0.0 % (control) 1 0.50 0.12 4.46 0.00
0.5% 1 0.50 0.10 4.46 0.04
1.0% 1 0.50 0.07 4.46 0.08
2.0% 1 0.50 0.03 4.46 0.16
2.6% 1 0.50 0.00 4.46 0.20
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Result of the compression tests on the mixtures modified with baryte.

Tab. 4:

Average St. dev.

%Baryte  F,. [kN]  f.[MPa]
fc.al!g [Mpa] O- [%]
150.1 29.6
150.1 29.5
0.0 % (control)

171.2 331 315 7.32
170.2 33.9
139.7 27.8
154.4 30.7

0.5%
161.4 321 30.5 6.14
157.0 31.2
147.0 294
183.6 36.4

1.0%
175.5 33.8 335 8.86
190.8 34.4
173.3 34.4
165.5 325

20%
171.8 331 35.0 9.78
206.1 40.0
149.8 29.8
141.3 28.1

2.6 %
158.2 315 30.1 4.96
143.6 31.0
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Tab. 5:

Parameters used during the CT imaging.

Voltage [kV] Current [uA] Number of images Image average Exposure [ms]  Voxel size [um]

Filter

190 190 720 12 500 41

0.1mm Cu
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