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The concrete microstructure was successfully reconstructed using the complementarity of X-ray and neutron
computed tomography (CT). Neither tomogram alone was found to be suitable to properly describe the micro-
structure of concrete under this study. However, by merging the information revealed by the two modalities, and
using image segmentation, noise reduction, and image registration techniques we reconstruct the concrete
microstructure. Void, aggregate, and cement paste phases are successfully captured down to the images' spatial
resolution, even though the aggregate consists of multiple minerals. The coarse-aggregate volume fraction of the

reconstructed microstructure was similar to that of the mixing proportions. Furthermore, image-based finite
element analysis is performed to demonstrate the effects of microstructure on stress concentration and strain

localization.

1. Introduction

The microstructure of concrete is an important characteristic in un-
derstanding material behavior, for example, under loads and environ-
mental effects. The compositions, sizes, shapes, and arrangements of the
various phases of distinct properties, present in concrete, constitute its
microstructure. Owning to the inherent complexity and uncertainty of
phase distinction, the description of the microstructure is challenging,
and therefore various experimental and numerical approaches were
developed to quantify microstructural features of concrete [1-3].

Recent advancements in visualization and volumetric imaging
technologies made it possible to capture the concrete microstructure in
3D by employing X-ray and/or neutron computed tomography (CT). As
X-ray attenuation coefficients mainly depend on the atomic number and
the material density of the material, void spaces in concrete provide high
contrast and therefore can be accurately identified. For example, X-ray
CT images were used to investigate concrete microstructure associated
with voids such as pore structure, microstructure-permeability relations,
cracks under elevated temperature, self-healing process of concrete, and
others (e.g., [4-12]). Unlike X-rays, the attenuation of a neutron beam is
rather sensitive to the hydrogenous components. Then, neutron images
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were used to investigate concrete shrinkage and durability concerning
moisture movement (e.g., [13-19]). Further comprehensive reviews on
X-ray and neutron tomography on cementitious material can be found in
the literature [20,21].

Recently, a few studies have been performed using X-ray and neutron
tomography and took advantage of the complementary nature of these
two imaging modalities [22-29]. The use of the combined X-ray and
neutron tomography in concrete science is very promising as the
different X-ray and neutron attenuation coefficients result in different
contrasts in the corresponding CT images. For example, the contrast
between voids and solid in neutron image can be lower or even inverse
than that in X-ray when voids are saturated with water/fluid [24]
because neutrons are sensitive to hydrogenous components. Because the
density of the cement paste might be similar to the density of aggregates,
it is very challenging to identify aggregate and cement paste in an X-ray
image alone. Then, a region-based segmentation technique was pro-
posed to differentiate cement paste and aggregate in an X-ray CT image,
where the chemical composition of aggregate was 97.3% of SiOz [30].
However, this was a simple mineral composition, that is insufficient to
aid the analyses of polymineral aggregates. The deep learning technique
was employed in the image segmentation of concrete microstructure
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[8,9,31], and the determination of the boundary between aggregates (i.
e., quartz) and pastes was challenging [8,9]. To combine X-ray and
neutron tomography, Tudisco et al. [32] and Roubin et al. [25] pre-
sented image registration techniques. Fedrigo et al. [22] published a
comprehensive method to process bimodal images of a natural multi-
phase system (meteorite) and segmentation of multiple mineral con-
stituents. The use of bimodal images can provide an accurate repre-
sentation of concrete microstructure especially when aggregate consists
of multiple minerals.

The goal of this study was to reconstruct concrete microstructure
with polymineral aggregates. A microstructure reconstruction process of
concrete is presented using the complementarity of X-ray and neutron
CT images in conjunction with image segmentation, noise reduction,
and image registration techniques. Fine aggregate consists of fine
quartz, while coarse aggregates are gabbro rock fragments containing
more mineral phases. This composition results in various attenuation
coefficients among aggregate clasts, and even inside gabbro rock frag-
ments. Based on the presented image processing techniques, the
reconstructed concrete microstructure is validated by comparing cu-
mulative volume fractions. Additionally, the influence of reconstructed
microstructure on the localized stress and strain fields in concrete is
computationally demonstrated using a finite element simulation.

2. Image acquisition and preprocessing

Digital images were obtained using X-ray and neutron CT for a
concrete specimen. Based on X-ray and neutron images, three material
phases (void, paste, and aggregate) are preliminarily identified using a
simple image segmentation technique. Scattering and signal noises in
neutron CT images are reduced using filtering processes.

2.1. Specimen preparation and image acquisition

Concrete cube specimens (150 mm x 150 mm x 150 mm) were
prepared using the mix design presented in Table 1. [33]. After nine
months of moist curing, the specimen was cut to obtain a prismatic
specimen with a size of 20 mm x 20 mm x 80 mm. The concrete mix
design was intended for highly-trafficked highway pavement with
exposed aggregates at the surface, to be exploited in a wet-freeze climate
zone. Therefore, the mix was air-entrained to achieve the target air
content of 5%, and aggregate gradation was selected appropriately for
effective macrotexture of pavement [34]. Siliceous natural sand was
used as fine aggregate, less than 2 mm in size. Crushed gabbro rock was
used as a coarse aggregate fraction with the size of from 2 mm to 8 mm.
The mineral composition of sand was mainly quartz. The thin-section
analysis of gabbro aggregate grains revealed mainly plagioclases
(labradorite-bytownite), metamorphosed amphiboles (hornblende), and
rhombic pyroxene [35], as shown in Fig. 1.

Images of the specimen were obtained using X-ray and neutron CT.
X-ray tomography images were taken at the Korea Institute of Civil
Engineering and Building Technology using fan-beam projection. The
distance between the source and specimen was 69.5 mm, and the dis-
tance between the detector and specimen was 916.5 mm with an image

Table 1
Concrete mixing proportions.

Mix component Content (kg/m® Density Volume
Concrete mix) (kg/m>) (dm®)
Portland Cement 425 3.1 137.1
Water 166 1 166.0
Quartz 0-2 mm 525 2.65 198.1
Aggregate  Gabbro 2-8 1267 204 448.0
mm
Plasticizer 2.89 1.04 2.8
Admixture  Air entraining 0.77 1.05 0.7
agent
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Fig. 1. Cross-section of gabbro grain with visible PI plagioclases, Hbl horn-
blende, and Px pyroxene (thin section, XPL, scale bar = 0.5 mm), source [35]

pixel size of 13.8 pm. The thermal neutron tomography images were
taken at the RAD facility of the Centre for Energy Research, Hungary
[36] using cone-beam projection. The distance between the source and
object was 4935 mm, and the distance between the detector and object
was 35 mm with an image pixel size of 43.0 pm. The real spatial reso-
lution of the neutron CT images (taking into account the inherent, the
geometrical and the reconstruction blurs) is around 235 pm. Fig. 2(a)
and (c) show 3D rendering of X-ray and neutron CT images for the
concrete specimen, respectively; Fig. 2(b) and (d) illustrate the hori-
zontal slice (20 mm x 20 mm) of X-ray and neutron CT images at the 14
mm height, respectively. The image sizes of the X-ray and neutron CT
slices are 1500 x 1500 pixels and 510 x 510 pixels, respectively. In the
first step of preprocessing, the originally 12 or 16-bit images were
converted to 8-bit grayscale images (range of 0-255).

2.2. Image segmentation using Otsu-thresholding

A concrete specimen mainly consists of three phases such as void,
paste, and aggregate. The gray intensity histogram of concrete CT im-
ages consists of three overlapping distributions corresponding to these
materials, as schematically illustrated in Fig. 3. Nevertheless, three clear
peaks were observed in the actual gray intensity histogram for the X-ray
CT [Fig. 4(a)] and neutron CT [Fig. 5(a)]. Each peak region is denoted by
“A”, “B”, and “C”.

In X-ray tomography, the gray intensity is mainly dependent on the
average atomic number and the density of the material. For example, the
lower gray intensity (darker pixels) corresponds to lighter material, as
the air void in concrete, and thus the peak region of “A” is assigned to the
void [see Fig. 4(a)]. Because the density of the aggregate is generally
higher than that of the paste, the peak regions of “B” and “C” are the
paste and the aggregate, respectively. For each 2D slice image, the
thresholds (6x1, 0x2) of multi-material phases are evaluated by the Otsu
thresholding method with the Gaussian distribution [37]. Based on the
computed thresholds, the regions of the void, paste, and aggregates are
colored by yellow, light gray, and dark gray, respectively, as shown in
Fig. 4(b). Additionally, because of local uncertainty of the data and
material heterogeneity, gray intensity varies within each material phase
(Fig. 3). Thus, gray intensities close to the thresholds may not provide
accurate material phase separation, and those pixels are denoted as
mixed-pixel. When the difference between the gray intensity (Ix) and 6x;
(or Oxz) is equal and less than 3, the corresponding mixed-pixels are
indicated as blue (or red), which are considered as the boundary regions
between void and paste (or between paste and aggregate), as shown in
Fig. 4(b). Furthermore, the density of some regions in aggregate is
similar to cement paste density, and thus these two phases cannot be
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Fig. 2. (a) 3D rendering of X-ray CT image, (b) horizontal slice of X-ray CT
image, (¢) 3D rendering of neutron CT image, and (d) horizontal slice of
neutron CT image for the concrete specimen with the size of 20 mm x 20 mm
x 80 mm.
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distinguished in certain regions if one only uses the gray intensity of X-
ray CT image, [see Fig. 4(b)]. Unfortunately, if one manually shifts the
threshold within the mixed-pixel regions, the complete aggregate region
cannot be identified in this modality.

In neutron tomography, the neutrons are rather sensitive to hy-
drogenous components, and thus the resulting grayscale intensity
contrast is different from the contrast of the X-ray CT image, as expected.
For example, the gray intensity (Iy) histogram of neutron tomography is
illustrated in Fig. 5(a). Because of the relatively large amount of hy-
drogenous components in the cement paste, the gray intensity of cement
pastes is higher than that of the aggregates, and thus the peak region of
“C” belongs to cement paste. Voids providing the lowest gray intensity,
just like in X-ray CT images, and they correspond to the peak region “A”.
The peak region “B” corresponds to aggregates. Similarly, the thresholds
(ON1, On2) of multi-material phases are evaluated, and the segmented
regions of the void, aggregate, and paste are shown in Fig. 5(b). Addi-
tionally, mixed-pixels associated with void-aggregate boundary are
denoted by blue, i.e., |Iy — On1]| < 3, and mixed-pixels associated with
aggregate-paste boundary are indicated by red, i.e., i.e., |Iy — 2| < 3.
Because of the lower spatial resolution in the neutron CT image, only
relatively larger air voids are captured. However, relatively small ag-
gregates (quartz) are well captured in the neutron CT images while they
are not identified in the X-ray CT images. Some parts of coarse aggre-
gates (gabbro) could be classified as cement paste with slightly adjusting
the threshold within the mixed-pixel regions. Additionally, random
small mixed-pixels in the aggregate and thin layer of aggregate are
observed, which may be associated with signal and scattering noise and
partial volume effects, as shown in red and blue boxes in Fig. 5(b),
respectively. These noises are being reduced using filtering processes as
explained in the following subsection.

2.3. Noise and sampling bias

In a neutron CT image, random small voids are observed within
relatively large aggregates with the size of a few pixels when one uses
the thresholds given by the Otsu method, as shown in Fig. 6(a). To
remove the noise, the simple median filtering technique is used with a
filter size of 3 by 3 pixels [38] instead of adjusting the thresholds. Fig. 6
(b) demonstrates that the noise within the aggregate is reduced.

Additionally, the image segmentation of the first attempt falsely
identified a thin aggregate-like layer in-between void and cement paste

Frequency

Gray Intensity

(a)

Frequency

Gray Intensity

(b)

Fig. 3. (a) Schematic histogram of the gray intensity of CT image for a three-phase material, and (b) gray intensity histogram of each material phase.
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Fig. 4. (a) Gray intensity (Ix) histogram of X-ray tomography, and (b) image segmentation result using the Otsu threshold.
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for neutron CT. One notes that the void region provides lower gray in-
tensity, while the cement paste region demonstrates higher gray in-
tensity; the aggregate region leads to intermediate gray intensity [see
Fig. 5(a)]. Because of the partial volume effect (i.e. sampling biases of
the gray intensity values near the edges) and, to some extent, from the
elevated scattering noise in neutron tomography, the region at the
boundary between air and paste results in an intermediate gray intensity
between void and paste, whose value corresponds to the aggregate phase
in this study. For example, the zoom of the original neutron CT image
and the corresponding segmented image are shown in Fig. 7(a) and (b),
respectively. The thin artificial aggregate layer region, identified using
adjacent pixel information, is illustrated in green region in Fig. 7(c). To
remove this artificial aggregate layer in the segmented neutron CT
image, a modified threshold value (6y) is used only for the segmentation
of this artificial layer. The average of the multi-thresholds, i.e., Oy =
(6n1 +6n2)/2, is used to segment the artificial layer into void and paste.

(b)

Fig. 5. (a) Gray intensity (Iy) histogram of neutron tomography, and (b) image segmentation result using the Otsu threshold.

When the gray intensity is lower (or higher) than the average of the
multi-thresholds, the corresponding pixel is considered as void (or
paste), and the corresponding segmentation result is shown in Fig. 7(d).

Fig. 8(a) and (b) show the image segmentation results of X-ray and
neutron tomography. Through the filtering process in the neutron CT
image, the artificial thin layers along the boundary between void and
paste phases are successfully rectified. However, it is very challenging to
differentiate the three phases of the void, aggregate, and paste if one
only uses the gray intensity of either the X-ray or the neutron CT image
for the image segmentation. Although one could manually adjust
thresholds with the mixed-pixel regions, the improvement on the seg-
mentation result is limited, as discussed previously. Furthermore,
because aggregate generally consists of multiple minerals, the image
segmentation of X-ray and neutron CT images is in the practice even
more challenging. It gave the importance of this study, which has ach-
ieved a microstructure reconstruction by making use of the
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(b)

Fig. 6. Median filtering of neutron CT images: (a) original segmentation result using the Otsu threshold, and (b) segmentation result after using the median filtering.

Artificial
aggregate layer

(2) (b)

(©) (d)

Fig. 7. Removing process of the artificial aggregate layers around void phase: (a) original neutron CT image, (b) original segmentation result using the Otsu
threshold, (c) artificial aggregate layers (green pixels) between void phase and paste phase, and (d) segmentation result after removing the artificial layers. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

complementarity of X-ray and neutron tomography.
3. Microstructure reconstruction with image registration

For the concrete microstructure reconstruction, X-ray and neutron
CT images are combined using a feature-based image registration pro-
cess. Because of the different spatial resolutions and orientations of the
X-ray and the neutron CT volumetric datasets, the neutron CT images are
scaled and aligned for each slice to match with the X-ray CT images.
Then, the information contents of these two images are merged to
reconstruct the concrete microstructure.

3.1. Image registration

Because the image size of X-ray CT (13.8 pm/px) is larger than the
size of neutron CT (43.0 pm/px), a neutron CT image is upscaled to have
the same image size. The gray intensity (Iy) of the i-th row and j-th
column pixel (p;, p;) in the upscaled image corresponds to the gray

intensity (Iy) of the original neutron image at the i-th row and j-th col-
umn pixel of (p;, pj) where p; and p; are obtained by rounding up ap; and
ap;, respectively, with the image size ratio (@) of X-ray CT to neutron CT
(@ = 0.321). Because both X-ray and neutron CT images are normal to
the longitudinal direction of the specimen in this study, X-ray and
neutron CT images are selected for the in-plane image registration at a
given height. Then, the segmented neutron CT images are matched to
the segmented X-ray CT image by rigid body translation and rotation
within the plane. For example, the gray intensity of the X-ray CT image
(Ix(xx,yx)) at a point corresponds to the gray intensity of neutron CT
image (In(xy,¥n))- A given point (xx,yx) in the X-ray CT image is map-
ped to a point (xy,yn) in the neutron CT image, given as

xy | | cos@ sind | | xx Uy,
[yN] N [—sinG c056:| |:yx:| + {u‘} @

where 6 is the rotation angle, and u, and uy are the horizontal and
vertical translations. The magnitudes of the rigid body motion (6, uy, uy)
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(a)

(b)

Fig. 8. Image segmentation results obtained from (a) X-ray CT image, and (b) neutron CT image after reducing noise and removing artificial aggregate layer.

are determined by minimizing the differences of reference (or feature)
points, given as

, cos6  sind | ; Uy i
aﬁlﬁv ZH [ —sinf cos@]PX + {uy} -Py

where Py and P are the ith reference points in the neutron and X-ray CT
images, respectively. In this study, the reference points are selected as
the centroids of the three largest voids in each image within the spec-
imen domain for the alignment. The size of the void is determined by
checking adjacent pixels of void pixels and assigning a unique index for
each void.

Fig. 9 presents the combined X-ray and neutron CT images with the
checkerboard pattern. The reference points are indicated as yellow cross
markers. Within the 4 by 4 cells, the cells in either the odd row and even
column or the even row and odd column are the image patches of X-ray

(2

Fig. 9. Combined X-ray and neutron tomography with the checker-
board pattern.

tomography; the cells in either the odd row and column or the even row
and column are the image patches of neutron tomography. A good
agreement is observed among adjacent image patches if one looks at the
boundary between the aggregate and cement paste.

3.2. Microstructure reconstruction process

The concrete microstructure reconstruction process is explained in
Algorithm 1. For a given height of the specimen, X-ray and neutron CT
images are selected. Then, to reduce signal noise in neutron CT images,
median filtering is employed. Next, the gray scale images are segmented
using the Otsu threshold, and the artificial aggregate layer is rectified for
the segmented neutron CT image. The segmented neutron CT image is
scaled to match the pixel size of the segmented X-ray CT image. Then,
they are aligned through considering rigid body rotation and trans-
lation, which completes the image segmentation and registration
processes.

After the image segmentation and registration of the X-ray and
neutron tomograms, material phases of the void, aggregate, and paste
are determined by merging X-ray and neutron CT images with the
following procedure. The set of void pixels (Pyoiq) is identified on the
basis of the void pixels of the X-ray CT image (Pyoid,x); i-€., Pvoid = Pyoid,x
as it can identify the difference between void phase and solid phase with
higher resolution and contrast, as discussed previously. For the deter-
mination of the aggregate pixel set (P,g), a potential aggregate region
(Pyge) is defined first as the union of the aggregate pixel set of X-ray
tomography (Pagg x) and the aggregate pixel set of neutron tomography
(PaggN), i.e., T’agg = Py x UP,gen (this latter might contain voids as
well). Then, the difference between the potential aggregate region (P,,)
and the set of void pixels (Pyoiq) is the set of aggregate pixel, i.e., P,y =

P,gs — Pyoiq. Finally, the pixel set of paste is the complement of the void
and aggregate sets. Based on the jointly evaluated X-ray and neutron CT
images, Fig. 10(a), (b), and (c) illustrate the reconstructed concrete
microstructure at vertical positions of 20 mm, 40 mm, and 60 mm,
respectively, relative to the bottom of the specimen. The void, paste, and
aggregate regions are colored in yellow, light gray, and dark gray,
respectively. Additionally, the 3D concrete microstructure can be ob-
tained from tacking 2D reconstructed concrete microstructure images.
For example, 3D rendering of segmented concrete microstructures ob-
tained from X-ray CT, neutron CT, and combined CT is illustrated in
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(a) (b)

Fig. 11(a), (b), and (c), respectively. The domain size is 10 mm x 10 mm
x 15 mm, and the aggregate and void phases are denoted by blue and
yellow, respectively.

Algorithm 1. Process of concrete microstructure reconstruction.

1. Select X-ray and neutron CT images for a given height
2. Use the median filtering of neutron CT image to reduce signal noise
3. Segment the images using the Otsu method
4. Remove the artificial aggregate layer in the neutron segmented image
5. Scale the segmented images to match the pixel size
6. Register the segmented images within the transverse plane (rotation and
translation)
7. Identify the material phases of void, aggregate, and paste

4. Analysis of concrete microstructure

Based on the reconstructed concrete microstructure, the volume
fraction of aggregates is computed to validate the presented image
segmentation and registration process, and the aggregate phase is
investigated using the two modalities of X-ray and neutron CT. Then, the
finite element analysis is performed to demonstrate the effects of con-
crete microstructure on local stress and strain fields.

(©)

Fig. 10. Reconstructed concrete microstructure using the combined X-ray and neutron tomography at the sample height of (a) 20 mm, (b) 40 mm, and (c) 60 mm.

4.1. Volume fraction

To validate the reconstructed microstructure using complementarity
of X-ray and neutron tomography, the volume fraction of aggregate in
the reconstructed microstructure is compared with the volume fraction
in the concrete mixing proportions. The volume fraction of quartz and
gabbro aggregates in the mixing proportion were 0.21 and 0.47,
respectively. The size of quartz aggregate was less than 2 mm; while the
size of gabbro aggregate was between 2 mm and 8 mm. Similarly, in the
reconstructed concrete microstructure, aggregate is first classified based
on its size. When the aggregate size is less (or greater) than 2 mm, the
corresponding aggregate is shown in blue (or dark gray) to classify it as
quartz (or gabbro), respectively [Fig. 12(a)]. In this study, the mean
Feret diameter of each aggregate particle in a slice is assumed as the size
of the corresponding (fine or coarse) aggregate. Fig. 12(b) demonstrates
the cumulative volume fraction of constituent materials (coarse aggre-
gate, fine aggregate, paste, and void) calculated separately for selected
slices along with the specimen height. In this study, 31 cases are
analyzed in between 10 mm and 70 mm with uniform spacing. The
average volume fraction of larger aggregate is 0.43, which agrees well
with the concrete mixing proportion. The average volume fraction of the
fine aggregate, however, is just 0.077, which is considerably smaller
than the fraction obtained from the mixing proportion. This is because of

(a) (b)

Fig. 11. Segmented aggregate and void phases obtained from (a) X-ray CT, (b) neutron CT, and (c) combined CT.

©
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Fig. 12. (a) Concrete microstructure where aggregate size less (or greater) than 2 mm is in blue (or dark gray), and (b) the cumulative volume fraction of coarse
aggregate, fine aggregate, paste, and void along with the specimen height. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

the lower spatial resolution of neutron CT images. Although X-ray CT
provided high resolution in this study, quartz was not differenced from
cement paste, as discussed previously. The void volume fraction of the
reconstructed microstructure, 0.0204, is also lower than the volume
fraction given by the mixing proportion, 0.0420, because the minimum
void size captured in X-ray CT was approximately 30-40 pm in this
study, i.e. smaller voids were not detected.

Additionally, microstructure obtained from either X-ray or neutron
tomography is shown in Fig. 13(a) and (b), respectively, for comparison.
Then, the cumulative volume fractions of coarse aggregate, fine aggre-
gate, paste, and void are computed using the three cases of micro-
structure, i.e., (1) microstructure from X-ray and neutron tomography
(e.g., Fig. 12(a)), (2) microstructure from X-ray tomography (e.g.,
Fig. 13(a)), and (3) microstructure from neutron tomography (e.g.,

Fig. 13(b)). Then, the average cumulative volume fractions are
compared with concrete mixing proportions (see Fig. 14). The com-
parison confirms that concrete microstructure using the combined X-ray
and neutron tomography well reproduces coarse aggregate (gabbro)
with multiple minerals.

4.2. Aggregate phase

Because the aggregate phase is identified using the combined X-ray
and neutron CT images, aggregate regions, and the corresponding gray
intensities are shown in three colors according to the combination of
segmentation results (see Fig. 15). The dark gray region is where both
segmentation results of X-ray and neutron tomography are in the
aggregate phase. The red (or green) region is where the segmentation of

(@)

(b)

Fig. 13. Concrete microstructure obtained from the (a) X-ray CT image, and (b) neutron CT image.
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Fig. 14. Average cumulative volume fraction of coarse aggregate, fine aggre-
gate, paste, and void obtained from X-ray CT, neutron CT, the combined X-ray
and neutron CT, and mixing proportions.

X-ray (or neutron) CT images results in the aggregate phase, respec-
tively. One notes that the relatively small-sized aggregates are mostly
identified by neutron tomography, in spite it has a lower resolution. This
is because the mineral of fine aggregates was generally quartz in this
study. Concerning the X-ray modality, the density of quartz (2.648 g/
cmg, [39]) is very similar to the density of C-S-H (2.604 g/cm3, [400),
thus no measurable contrast is expected. Concerning the neutron mo-
dality, the significant difference in the hydrogen content of quartz and C-
S-H results in strong contrast. For relatively larger aggregates, only small

Cement and Concrete Research 148 (2021) 106540

parts of coarse aggregate (dark gray regions in Fig. 15) are classified as
aggregate by both X-ray and neutron CT images. The other parts of
coarse aggregate (red and green regions in Fig. 15) are identified by
either X-ray or neutron CT. This is because coarse aggregate is gabbro,
which consists of multiple minerals; thus, the attenuation coefficient
within coarse aggregate changes.

Because of the different mineral phases in aggregate, the segmenta-
tion is successful only by the combination of the results from the two
modalities, as shown in Fig. 15. Identification of quartz (SiO3) and
plagioclase feldspar (NaAlSi3Og-CaAl,SioOg) is difficult by X-rays due to
their similarly low densities to C-S-H paste. However, both quartz and
plagioclase show low neutron attenuation values compared to C-S-H due
to the hydrogen content of hydrated cement paste, which results in clear
differentiation by neutron CT. Identification of higher density minerals,
i.e. hornblende ((Ca,Na),_3(Mg,Fe,Al)s(Al,Si)gO22(0OH,F),) and rhombic
pyroxene ((Mg,Fe)2SizOg) is successful by X-ray CT. However, due to its
hydrogen content, hornblende has a neutron attenuation coefficient
similar to the C-S-H paste, which makes the differentiation difficult. The
bimodal aspect in imaging can help the segmentation of these and also
similar common rock-forming minerals in the case of variable aggregate
types of multi-phase composition.

4.3. Finite element analysis of microstructure

Concrete with microstructure is analyzed using the finite element
method. The three cases of concrete microstructure are employed: (1)
microstructure using both X-ray and neutron CT images [e.g., Fig. 12
(a)], (2) microstructure using X-ray CT image [e.g., Fig. 13(a)], and (3)
microstructure using neutron CT image [e.g., Fig. 13(b)]. Seven
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Fig. 15. Complementarity of X-ray and neutron tomography: (a) example of concrete microstructure, and (b) corresponding gray intensities of X-ray and

neutron images.
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horizontal slices of concrete microstructure are employed from 10 mm
to 70 mm height; and additional microstructures are obtained through
rotating them 90°, which leads to 14 concrete microstructures for each
case. The microstructures are directly used for finite element analysis. A
square domain of 18.5 x 18.5 mm (1340 x 1340 pixels) is selected, and
each pixel corresponds to a four-node rectangular element. The uniaxial
tensile displacement of 1.85 pm is applied along the vertical direction. A
material type (i.e., aggregate or paste) is directly assigned to each
element. For the void region, the corresponding elements (or pixels) are
removed from the analysis because the stiffness of the void is zero. The
numbers of nodes and elements are 1,775,539 and 1,781,355, respec-
tively, when the void region is based on X-ray tomography. For the case
of neutron tomography, the numbers of nodes and elements are
1,789,108 and 1,785,842, respectively. The elastic modulus and Pois-
son's ratio of aggregate are selected as 60 GPa and 0.25, respectively. For
the cement paste, the elastic modulus is 20 GPa, and the Poisson's ratio is
0.2. The plane strain condition is assumed.

To investigate the effect of concrete microstructure on strain locali-
zation and stress concentration, the areas where the vertical strain is
higher than 0.0002 and where the vertical stress is greater than 5 MPa
are calculated for the three cases of 14 concrete microstructures. The
corresponding area ratios to the total cross-section area are plotted in
Fig. 16. The combined CT case generally provides a larger area of strain
localization and stress concentration than the other two cases. The
averaged area percentage of strain localization and stress concentration
are summarized in Table 2 according to material phases for the com-
bined CT, X-ray CT, and neutron CT cases. High strain localization is
mostly observed in cement paste because aggregates provide higher
stiffness than cement paste. For example, the computational results of
the vertical stress and strain fields are illustrated in Figs. 17 and 18,
respectively. The stress concentration is observed around voids. The
strain on cement past is generally higher than that on aggregate because
aggregates provide higher stiffness than cement paste, as expected.
However, because of the different concrete microstructures, the
computed local stress and strain are different from each other. For
instance, the combined CT case provides relatively higher stress and
strain in cement paste than the X-ray (or neutron) CT case, as illustrated
in the box region of Figs. 17 and 18. This is because the combined CT
case captures both voids and aggregates, while the X-ray (or neutron) CT
case is limited to reconstruct the aggregate (or void) phase. Thus,
computed local stress and strain are significantly affected by the local
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Table 2
Average area percentage where the vertical strain is greater than 0.0002 (strain
localization) and the vertical stress is higher than 5 MPa (stress concentration).

Strain localization Stress concentration

Aggregate Paste Total Aggregate Paste Total

Combined CT  0.010 2,426 2437  6.024 0.781  6.805

X-ray CT 0.000 0.842  0.842  0.841 0.323  1.165

Neutron CT 0.006 1177  1.182  3.342 0.316  3.658
microstructure.

Additionally, the macroscopic material behavior also changes ac-
cording to the microstructure. The computed elastic moduli are plotted
in Fig. 19 for each concrete microstructure. The averaged elastic moduli
are 32.4 GPa, 25.2 GPa, and 30.0 GPa for the combined, X-ray, and
neutron CT cases, respectively. The elastic moduli are computed using
the reaction forces on the displacement boundary. Because the aggre-
gate volume fraction of the combined CT case is the highest, the
resulting elastic modulus is also the highest in the analysis, as expected.
In summary, the microstructure of concrete significantly affects material
behaviors in both micro- and macro-scales.

5. Conclusion

For the investigation of concrete microstructure, the joint analysis
and segmentation of X-ray and neutron tomography data are presented,
and the complementary characteristics of their contrast mechanisms are
utilized. Based on the gray intensities of each CT image, three phases of
air void, aggregate, and paste are initially identified using image seg-
mentation and noise reduction techniques. In neutron CT images, arti-
ficial aggregate-like layers are observed between the voids and the paste
due to sampling bias and scattering noise, and these artifact layers are
successfully eliminated. Based on feature-based image registration, X-
ray and neutron CT images are fused, and concrete microstructure is
successfully reconstructed, at least down to the image resolution.

The coarse aggregate volume fraction of concrete microstructure
agrees well with that of the mixing design. However, if one only uses
either X-ray or neutron tomography, the representation of concrete
microstructure is limited because the coarse aggregate used in this study
consists of multiple minerals. Additionally, fine aggregate is quartz,
which provides very similar gray intensity with cement paste in X-ray
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Fig. 16. Ratios of critical region associated with (a) strain localization, and (b) stress concentration.
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Fig. 17. Vertical stress field using the concrete microstructure obtained from the (a) combined X-ray and neutron CT, (b) X-ray CT, and (c) neutron CT under the

uniaxial tension.
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Fig. 18. Vertical strain field using the concrete microstructure obtained from the (a) combined X-ray and neutron CT, (b) X-ray CT, and (c) neutron CT under the

uniaxial tension.
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Fig. 19. Computational results of macroscopic elastic modulus.

tomography, and thus the fine aggregate is mostly identified based on
the neutron tomogram in this study. Because of the large difference
between the densities of the void phase and solid phase, voids are

11

identified using X-ray tomography, thanks to its high resolution and
contrast. In neutron tomography, due to the lower spatial resolution of
CT images, only relatively larger voids were observable. Furthermore,
the effects of concrete microstructure on material behavior are demon-
strated using finite element analysis. The microstructural differences
revealed by the image reconstruction techniques significantly affect
elastic modulus, stress concentration, and strain localization.

In summary, concrete microstructure obtained separately from
either X-ray or neutron tomography may be of limited use for concrete
that contains multiple minerals, if one just simply uses the gray intensity
of one modality images for the image segmentation. Thus, further
careful image processing techniques (e.g., the complementarity of X-ray
and neutron tomography) should be employed for the accurate repre-
sentation of 3D concrete microstructure.
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