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1. Introduction

Concrete is used in many parts of nuclear power
plants (NPPs) because of its low cost, high shape
flexibility, and radiation shielding ability. Concretes
structure such as biological shield near the reactor are
exposed to the high level of radiation during life-time.
When the neutron fluence reaches a critical value, the
compressive strength of concrete can rapidly decrease.
Radiation-induced degradation has been demonstrated
in previous researches [1, 2]. The influence of concrete

microstructure on radiation-induced degradation is clear.

Radiation-induced volume expansion (RIVE) of the
aggregate causes radiation damage on the concrete [3].
In this study, a computational framework for the actual
concrete microstructure analysis is proposed to consider
the radiation-induced volume expansion of aggregates.
The framework includes microstructural reconstruction
using X-ray and Neutron CT, and image-based VEM
technique [4, 5]. Then, uniaxial tension text and RIVE
of aggregate are investigated to validate the accuracy
and efficiency of the proposed methodology.

2. Image-based Virtual Element Method

In this section, a computational process for the
concrete microstructure analysis is presented. The
process includes microstructure reconstruction of actual
concrete using X-ray and Neutron CT, and a mesh
generation algorithm using polygonal elements based on
the reconstructed image.

2.1 Concrete microstructure reconstruction using X-ray
and Neutron CT image

The concrete microstructure is reconstructed using
the complementarity of X-ray and Neutron CT. X-rays
are sensitive to the density of matter, and Neutrons to
hydrates. Therefore, X-ray and Neutron CT images of
same concrete cross-section may difference as shown in
Fig. 1. These difference demonstrate as red and green
areas in Fig. 1(c). Aggregates in this area may not be
distinct using only a single type of CT. In this study, X-
ray and neutron CT image for the concrete specimens
are obtained. Next, three material phases (void, paste,
and aggregate) are identified using image segmentation
techniques.  Finally, concrete  microstructure s
reconstructed through noise canceling and image
registration [4].
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Fig. 1. (c) Reconstructed concrete microstructure using the
complementarity of (b) X-ray CT and (c) Neutron CT image.

2.2 Polygonal mesh generation algorithm

The mesh generation algorithm is proposed to
generate a discretized concrete microstructure mesh
with polygonal elements based on the image. Mesh
generation according to the geometrical representation
of concrete microstructure is significantly difficult
because of the complexity of the shape and wide range
of length scales in the particles. Virtual element
technique can be handling the arbitrary shape of
elements such as non-convex shape in one domain, so
the discretization has much more flexibility. The mesh
generation example are demonstrate in Fig. 4. First,
microstructure mesh composed of aggregate and paste is
generated based on the image. Next, to achieve the
desired level of accuracy, a homogeneous mesh has a
certain size of elements is generated. Finally, polygonal
mesh are generated by integrate this two meshes [5].

Fig. 2. Schematics of the polygonal mesh generation with a:
(a) microstructure mesh, (b) homogeneous mesh, and (c)
integration of homogeneous and microstructure mesh.

3. Numerical Examples

The efficiency and accuracy of the presented
framework is validated by the numerical result for the
uniaxial tension and RIVE of aggregate example.
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3.1 Uniaxial tension test

Concrete microstructure is the rectangular domain, as
shown in Fig. 3. Image size is 1,304 pixel x 1,304 pixel.
The uniform displacement of 1.798 um is applied along
the normal to the upper edge under the plain stress
condition. Gabbro aggregate is classified into four types
of rock-forming minerals, which are plagioclase (green),
pyroxene (black), quartz (blue), and hornblende (red),
respectively. The elastic moduli of the aggregate and
paste are selected as 92.0 GPa, 97.9 GPa, 84.1 GPa,
101.5 GPa, and 20 GPa, respectively; the Poisson’s
ratio of the aggregate and paste are 0.282, 0.338, 0.099,
0.264, and 0.2, respectively.
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Fig. 3. Geometry and boundary conditions of the concrete
microstructure under uniaxial tension test.

To demonstrate the convergence of computational
results under mesh refinement, the computational results
with the image-based VEM are compared with the
reference solution. Fig. 4 show the relative error of
computed macroscopic elastic modulus and total strain
energy. Total strain energy error is calculated by H-type
skeleton norm. These results are converges to the
reference solution under the mesh refinement.
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Fig. 4. Relative error of the (a) macro-elastic modulus, and (b)
total strain energy according to the number of elements.

3.2 RIVE of aggregate

The concrete microstructure domain used in the
RIVE of aggregate example is the same as the uniaxial
tensile test previously. Then, the volumetric strain of
aggregate is applied according to the flunece of
neutrons under the plane strain condition. Initial
volumetric strain according to the RIVE is determined

based on the previous research [6]. The number of
elements in the polygon mesh is the most refinement
mesh in the previous example. The numerical results
demonstrate that as the fluence of neutron radiation
increases, the entire volume of concrete increases,
which is matched with the experimental results (Fig 5).
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Fig. 5. Volume change according to the fluence of neutron
radiation on the experimental data and numerical result

4. Conclusion

Image-based VEM using X-ray and Neutron CT is
proposed for actual concrete microstructure analysis
efficiently. It improves the accuracy of concrete
microstructure by using the complementarity of X-ray
and Neutron CT. Based on the mesh generation
algorithm, a polygonal mesh is successfully generated
according to the level of accuracy required by
computational analysis. Concrete  microstructure
analysis under uniaxial tension and RIVE of aggregate
is numerically investigated using the proposed
computational framework. The proposed image-based
VEM provides a result efficiently, and well-math with
the distribution of experimental data.
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