Changes in Concrete Subjected to Neutron Irradiation
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Abstract. Nuclear energy has several difficulties connected to the production or
storage of the radioactive waste. Long-term operation is a process that may pro-
long the serviceability of the power plant by 10, 20 or more years. Nevertheless,
crucial components as the reactor pressure vessel or its surrounding must be
proved before enabling this process.

Fast-neutron radiation can have several effects on the concrete biological shield
around a nuclear reactor. It can cause changes in the lattice structure of some
rock forming minerals, resulting in an increase in volume of several percent and
this may lead to cracks between the hardened cement paste and the coarse ag-
gregate grain. Fast neutron radiation is converted in concrete to thermal neu-
trons which generate secondary gamma radiation and heat whereas gamma gen-
erates heat as well. Heat followed by drying causes additional shrinkage of the
hardened cement paste. All these affects can be observed via digital images
processing after the images have been subjected to segmentation, pre-
processing, registration and normalization of the illumination.

Twelve small holes were drilled in the concrete slab 50 X 50 x 5 cm and the re-
sulting cores of a diameter 4 cm were removed. They were cleaned and pol-
ished then inserted into the LVR-15 Research Nuclear Reactor for one year of
irradiation with exposure to a flux of 6 =~ 7 x 10'! neutrons-cms™.

The samples were measured and photographed using the Vertex measuring sys-
tem before and after irradiation and they were examined to find evidence of any
visual changes. The work on digital image processing began in April 2023 and
the first outcomes should be available at the end of the year 2023.

Keywords: Crack Detection, Crack Evaluation, Digital Image Processing, Con-
crete Testing, Neutron Irradiation.

1 Introduction

Many sources of energy are limited these days, not only in Europe but also in many
other countries all over the world. The price of all types of energy is rising and new
sources are being sought. At this time many operational nuclear power plants face the
problem of lifetime extension. This is called Long Term Operation (LTO) and is a



problem, not only in nuclear power plants, but in all types of power plant. This paper
is targeted towards LTO in nuclear power plants (NPPs) and especially towards the
LTO of the shielding concrete [1]. The concrete biological shield (CBS) surrounds the
active zone of the nuclear reactor, the reactor core. It must shield the surrounding area
from gamma rays [2-7], damp the fast neutrons [8-10] and change them into thermal
neutrons [11]. Finally, it must absorb the thermal neutrons which turn in heat [12-15]
and secondary gamma radiation. This process is termed the biological protection of
the nuclear reactor. Its aim is to protect the personnel in the power plant as well as
those in the surrounding neighborhood.

Recent knowledge about the radiation shieling properties of the CBS is insufficient
and need to be increased. The aim of this paper is to introduce the methodology of
visual inspection of irradiated concrete samples, purposed as a witness specimens or
coming from the accelerated studies of radiation impacts on the concrete properties.
This may help to the understanding to the degradation mechanism and increase the
knowledge necessary for the life-time extension of NPPs. There are not many non-
destructive ways of determination the state of CBS known in the world, e.g. [16, 17],
so here subjected visual inspection can help at least to investigate the irradiated sam-
ples and discover some gaps in the recent knowledge.

2 Biological shield of nuclear reactor

To ensure safe LTO the biological shield needs to be checked, as does the rest of the
NPP. When the operational age of the NPP exceeds its design age, usually 40 years,
the shielding concrete, which tends to be designed for the same operational life, must
still be able to withstand the gamma dose, a pre-determined number of fast neutrons,
the neutron fluence of a particular energetic spectra. This task determines the geome-
try and the composition of the concrete in the reactor pressure vessel (RPV) cavity,
and the CBS wall (Fig. 1).

Fig. 1. Configuration of the RPV cavity and Concrete Biological Shield for a pressurized water
reactor (left) and boiling water reactor (right). [1]



Concrete is a composite material that mainly consists of water, cement and additives,
fine and coarse aggregates, with other admixtures or special fillers. For use as biolog-
ical shielding concrete the exact types and amounts of cement, additives and especial-
ly the coarse aggregates are prescribed.

Neutron flux causes changes in the lattice of some minerals, it causes their volume
increment and this initiates cracking between the hardened cement paste and the
coarse aggregate grain.

3 Sample treatment and measurements

Small concrete cores 50 x 40 mm were bored out of a 500 x 500 x 50 mm concrete
slab. The concrete slab was designed to prove the radiation shielding properties of a
mortar, with or without cracks. The mortar was made of mixed cement CEM II 32.5,
fine silicious aggregate 0 + 2.5 mm and water. The testing methodology and mechani-
cal properties of this concrete exposed to four different levels of mechanical stress
were published during the 13" MBMST conference in Vilnius [18].

The 12 core samples were brushed and polished so that they fit into a special alumi-
num capsule which was inserted into the LVR-15 nuclear research reactor [19] and
were then irradiated by fast neutrons at a fluence of 1.4x10'° neutrons/cm? (Fig. 2).

a)

Fig. 2. The insertion of the samples into the capsules a) and then placement in the LVR-15
research reactor b).

The concrete cores were measured and photographed in the hot cells at the Research
Centre Rez [20] before and after irradiation, in order to record any potential changes
in the matrix due to the neutron fluence (Fig. 3). The measurement was executed by
the 3D measuring Vertex system [21].
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Fig. 3. Measurement of dimensions in the hot cell using the Vertex measuring system a);
relative change of concrete cylinders' diameter da /db after and before the irradiation b).

4 Digital image processing

4.1 Data quality and simulations

Image processing algorithms are highly dependent on the quality of the input images,
to address this we created phantoms (images generated by algorithms) to allow us to
keep all the parameters under control. This way the hypotheses can be tested without
the rejection of the results due to low image quality. In the synthetized dataset (Fig.
4), the noise, compression, visibility of cracks, etc. can be controlled.
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Fig. 4. A sample of the synthetized data. The quality of this dataset was controlled which made
it possible to measure the quality of our input data.

4.2  Segmentation

We assume that cracks in the concrete will be visible in the macroscopic images. The
data required to quantify crack growth is two macroscopic images of the same con-
crete sample. The first image taken prior to irradiation and the second image post
irradiation. If changes are visible in the images, that means the intensity of the corre-
sponding pixels within the two images are different due to crack growth. We assume
that no other changes have occurred in the sample. The goal of automation is to de-
velop an algorithm that will detect the changes that correspond to newly formed
cracks in the pixels of the image. The second requirement is the detection of the
grains, and the cement fillers between the grains, in images taken before and after
irradiation and to compare their edges, size, and number. Using these strong assump-
tions, simple image subtraction can be used, combined with an appropriate threshold,



to identify those segments that have changed between the two images. The properties
of these segments are then quantified: their length and width, area, number, and color
(see below). This quantifies the destruction caused by irradiation.

4.3  Pre-processing

In order for the image subtraction to be effective, it is first necessary to normalize
both images. In practice this means:
1. Image registration (bringing them to the same orientation, size, and projec-
tion).
2. The normalization of the brightness of the images in all parts of the image.
3. Elimination of deviations in the images not caused by cracks (noise, lossy
compression, mechanical damage to the sample).

Ideally, both images should be acquired using the same scanning device, with the
same illumination, from the same position, and with lossless compression used for
storage. This would eliminate points 1 and 2 above, allowing a map of the damage to
be obtained through a simple image subtraction. However, in the real world, for sev-
eral reasons the situation is not be so simple:

a) There may be a non-trivial time delay between the images.

b) The settings of the scanning device may not have been accurately pre-
served/accurately restored.

¢) The position of the sample cannot be sufficiently well fixed in the scanner,
resulting in differences between the positions the images are taken from.

d) A calibrated light source was not used for imaging.

e) The illumination of the sample was not uniform.

f) The image was compressed using lossy compression (JPEG artifacts).

g) The noise profile is different for each image (differences in the environmental
temperature/humidity, the sensor wear/cleanliness, the temperature of the
light source, etc.).

These limitations need to be compensated for within pre-processing — the normaliza-
tion of the images. The choice of suitable algorithms depends on the quality of the
data. Given the early stage of the project, it makes sense to focus on the normalization
of the image illumination and registration. The need for further pre-processing steps
will depend on the initial results.

4.4  Registration

There are a number of algorithms available for image registration. In general, there
are two categories to choose from semi-automatic registration and automatic registra-
tion. At this stage, we are opting for semi-automatic registration, which requires input
from the operator. This approach is more robust and will alert us to the validity or
otherwise of the assumptions mentioned above.



Registration proceeds in three steps:
i. The operator selects several grains that correspond to each other in the images
that have sufficient contrast.

ii. A segmentation algorithm finds the edges of the grains and calculates the posi-
tion of their centroids (which should correspond in the images; minor inaccu-
racies due to differences in the sample before and after irradiation can be
eliminated by selecting a larger number of grains).

iii. The centroid positions are unified using an appropriate global transformation
(rigid, perspective, spherical).

4.5 Normalization of illumination

Uniform illumination across images is crucial for grain and crack segmentation, not
only when using a naive subtraction algorithm. A lack of normalization of the images
then requires the use of custom parameters to allow the segmentation of each image,
and even with valid settings, discrepancies in the outputs can be expected. Therefore,
this is a fundamental step in the pre-processing of images. With the data we have
acquired, only relative normalization can be performed, as there are no reference im-
ages available of the sensor without illumination and a reference white surface. We
assume that the scanner settings maximize the size of the sample, the sharpness of the
image, and the contrast of the displayed grains, and thus the transformation of the
brightness from one image to another will not reduce its clarity. With these input con-
ditions, histogram equalization [22, pages 142-167] would be a suitable algorithm for
illumination normalization, where the brightness values of one image are spread ac-
cording to the histogram of the brightness values of the second image. We only con-
sider and work on the part of the image that includes our sample (Fig. 5).

a) b) ©)

Fig. 5. Normalization of illumination: reference image to which the illumination will be
matched a); original image, will have its illumination normalized b); the modified version of
the middle image intended to match the illumination of the reference image c).



If there is non-uniform illumination of the sample, the procedure must be applied to
the images, after registration, with a local floating window [23]. The size of the win-
dow can be determined experimentally (the quickest solution) or estimated from the
entire set of images that have the same pattern of illumination.

4.6  Evaluation of segmented cracks

The image of the differences has an appropriate threshold applied which allow a bina-
ry mask of the cracks to be obtained. This mask is then divided into connected regions
- the cracks. For each crack, we perform skeletonization using the medial axis [24],
from which we can measure the distance to the edge of the crack. Each crack is char-
acterized using the following parameters:
1. The number of pixels that make up the crack - area
2. The distance between the mutually most distant pixels in the crack's skeleton
- length
3. The maximum distance from the edge of the crack to the medial axis - max-
imum width
4. The average distance from the edge of the crack to the medial axis - width
5. The number of segments in the skeleton and their length - complexity of the
crack. In addition, we also determine the number of cracks in the sample.

The descriptors, area, length, maximum width, width, and number of segments in the
skeleton, show characteristics that continue to increase. The number of cracks in the
sample increases until the cracks start to merge, after which the number decreases.
The length of the skeleton segments also increases, but only until the number of
branches in the skeleton and the width of the crack start to increase, after which it
decreases.

Individual samples are characterized using these descriptors, and the evaluation is left
to the operator.

5 Conclusions

Due to neutron irradiation, changes take place in the lattice of rock forming minerals,
e.g., quartz (SiO,) which have an atomic bond which is sensitive to neutron or gamma
radiation. This leads to changes in the phase of the mineral, e.g., quartz-a = amor-
phous quartz, and thus to the so called RIVE (Radiation-Induced Volumetric Expan-
sion).

RIVE in concrete is exhibited by cracking around the coarse aggregates. This is
caused by the difference between the shrinkage of the hardened cement paste (HPC)
and the potential swelling of rock.

The growth of the rock, HCP shrinkage, or boundary cracking can be observed via
digital image processing.



This article adumbrates the methodology for the segmentation, pre-processing, reg-
istration and normalization of these images.

Project CANUT II, which is intended to unravel this particular problem, started in
February 2023. It is expected to end in June 2026. “Hopefully”, cracking, RIVE or
shrinkage will take place in the observed concrete samples. To date no macroscopic
or visual changes have been found, but the digital image processing has just started.
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