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Motivation

Concrete Microstructure Analysis

e Complexity of microstructure
* Wide range of length scale
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Discretization of complex-geometry mesh
Number of elements increase
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Fluence of Neutron Radiation,rn
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O Motivation

O Image Based Analysis

m Microstructure Reconstruction

m Mesh Generation based on the Image
O Numerical Analysis

m Virtual Element Formulation

m Uniaxial Tension Test

m Aggregate Volume Expansion

O Summary
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Image Preparation

O Concrete Specimen

Mix component Content (kg/m3) Volume (m3)
Portland Cement 425 137.1
Water 166 166.0
Quartz sand [4 &] 0-2 mm 525 198.1
Aggregate o bbro [9F 2] 2-8 mm 1267 448.0
: Plasticizer 2.89 2.8
Admixture Air entraining agent 0.77 0.7
O Computed Tomography
|

Specimen size =20 x 20 x 80 mm
X-ray CT pixel size = 13.8 um
Neutron CT pixel size = 43.0 um

V. Szilagyi, K. Gméling, Z. Kis, |. Harsényi, L. Szentmikl6si (2019). Neutron-based methods for the development of concrete.
Proceedings of the 12t International Symposium on Brittle Matrix Composites, BMC 2019, 183-193

D.F.T. Razakamandimby, & K, Park. (2019). Characterization of air entrained concrete porosity using X-ray computed micro
tomography image analysis. Proceedings of the 12th International Symposium on Brittle Matrix Composites, BMC 2019, 139-146
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Image Segmentation

O X-ray CT (Depend on the material density)

Image Segmentation : Otsu method

Pouartz = 2.67 glcm?
(Howie et al. 1992)

Pc-s—g = 2.604 g/Cm3
(Allen et al. 2007)

Lol

Remove partial volume effect
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Microstructure Reconstruction

« Void =P§§t>e Aogregate Void
Paste
® Aggregate (X-ray only)
e Aggregate (Neutron only)
e Aggregate (X-ray and neutron)

C-S-H (Paste)
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Giray Intensity, fX

H.T. Kim, D.F.T. Razakamandimby, V. Szilagyi, K. Zoltan, L. Szentmiklosi, M.A. Glinicki, and K. Park, 2021 Reconstruction of
concrete microstructure using complementarity of X-ray and neutron tomography, Cement and Concrete Research 148, 106540
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Microstructure Reconstruction

O Aggregate Particle Size

Coarse

Fine

Number of particles

01 02 05 1 2 5 10

Particle size = ﬁz}fg dferet(6;) Particle size (mm)
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O Microstructure O Volume Fraction

B Aggregate[Size>2mm] [ |Paste
Bl A ggregate[Size<2mm] [ |Void

0.8

Volume fraction

X-ray Neutron Assemble Mixing
61 slides (10mm ~70mm)
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Mesh Generation based on the Image

Microstructure Centroidal Voronoi Tessellation (CVT)

Neor = 2497 = 8956

Kim, H. T., & Park, K. 2022. Computed Tomography (CT) Image-based Analysis of Concrete Microstructure using Virtual Element
Method. Composite Structures, 115937.

r"elem
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Virtual Element Formulation

O Governing Equation
fe(u):a(v)dx=j v-tdx VveXK,
Q 0

O Preliminary Space
W(F) ={vy, € H*(F) : Avy, € Py(F) inF, vy, € P;(e) Ve € OF}

O First Projection by Projection Operator -
JHOVc,bi ‘Mg dx = zSiﬁ j mg-mydx = | ¢;m; -nds— jcpidivmidx
E E OE E

O Projection of Displacement

j(HOvh)p dx = jvhp dx Vp € P(E) ﬁ
E E

X—X —
p=Xa;-m; my =1, mz=( C)»m3=(—y yc)
he he

Beirdo da Veiga, L., Brezzi, F., Cangiani, A., Manzini, G., Marini, L. D., & Russo, A, 2013, Basic principles of virtual
element methods. Mathematical Models and Methods in Applied Sciences, 23(1), 199-214.
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Uniaxial Tension Test

~ 1232x1232 pixels

- '@g‘ O Meshes

m VEM mesh : 432, 632, 2,497,
4. 812, and 9,021 elements

B N,.m, IN VEM meshes less than
0.604% of the Reference mesh

O Reference solution

m Pixel-based FEM (Abaqus)
B N,em = 1,494,856

O Material Properties
m Aggregate: E, = 60 GPa ,v, = 0.25
= Paste :E,=20GPa,v,=0.2
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Result

O Macro Elastic Modulus O Total Strain Energy
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Aggregate Volume Expansion
2899726 pixels

Notem - 9,002

o2efe
GRS TR

O Material Properties

m Aggregate  E,=-316x10""%r, +60.42 v, = 0.25

5.78{1 !
& = D. —
va J0.9997 + (1 = 0.9997)exp[1.36 x 10~15(1 — 0.9997)1,,]

m Paste
E, = —0.15 x 10~ %7, + 22.25 v, = 0.2

SV,p = —

1
3.1]1 -
{ J0.9979 + (1 — 0.9979)exp[2.588 x 10~16(1 — 0.9979)rn]}

Jing, Y., & Xi, Y. (2017). Theoretical Modeling of the Effects of Neutron Irradiation on Properties of Concrete. Journal of Engineering
Mechanics, 143(12), 04017137. https://doi.org/10.1061/(asce)em.1943-7889.0001360
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Irradiation Effect on the Material

Elastic modulus Volume change
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1
E=ar,+b €0 = Pmax

- JA+ (1= Dexp[B(L — A)ry]

Jing, Y., & Xi, Y. (2017). Theoretical modeling of the effects of neutron irradiation on properties of concrete. Journal of Engineering
Mechanics, 143(12), 04017137.
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Result

O Volume Change

4 T T T T T T T T T T
O Experimental data
3 | |=—%F==Numerical result -
O O
2+ - -

Volume change (%)

Flunece of neutron radiation (n/cmz) x 10

Elleuch, L. F., Dubois, F., & Rappeneau, J. (1972). Effects of neutron radiation on special concretes and their components. ACI
Special Publication, 43, 1071-1108.
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Question and Answer

Thank you
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Irradiation effects on the Concrete
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* Field, K. G., Remec, I., & Pape, Y. Le Pape., 2015. Nuclear Engineering and Design, 282, 126-143.
« K. Park, H.T. Kim, T.H. Kwon, and E. Choi, 2016, Nuclear Engineering and Design 310, 15-26
- Pignatelli, I., Kumar, A., Field, K.G., Wang, B., Yu, Y., Le Pape, Y., Bauchy, M. and Sant, G., 2016. Scientific Reports, 6, 20155

- Maruyama, I., Kontani, O., Takizawa, M., Sawada, S., Ishikawao, S., Yasukouchi, J., ... Igari, T. 2017. Journal of Advanced
Concrete Technology, 15(9), 440-523.
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3D Concrete Microstructure

X-ray CT Neutron CT Assemble

H.T. Kim, D.F.T. Razakamandimby, V. Szilagyi, K. Zoltan, L. Szentmiklosi, M.A. Glinicki, and K. Park, 2021
Reconstruction of concrete microstructure using complementarity of X-ray and neutron tomography,
Cement and Concrete Research 148, 106540
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Combined x-ray & neutron image
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Morphological Filtering
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Mesh Generation

‘ cé 3? . | ) 0
5, . .
[

Non-simply connected elements
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L2 Projection Operator

O Projection of Displacement

f(Hi’vh)pl dx = f”hm dx Vp, € Pi(E)
E E

Np,

2 X—X Y—Yc Z—Zc
— m- = 1 m- = il 2 M2 = —— My =

a=1

O Projection of Strain

j(HoVVh) pOdX—vah Po dx VP, € [Po(E)]?

E

o= Sem ™l

a=1
jﬂg(Vvh) "Podx = j UpPo dX — JvhdiV(po) dx
E OE E
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Construction of Stiffness Matrix

O Element Stiffness Matrix

K =Kg.+ Kg

d
_ 0 =
KE,C=JBTCde B—Z[HOV¢]a®Ba
E a=1

10 0] 100 0] 100 0]

o 00 000 010 000

01 1 010 100 000

000 001 010

1001 000! 1100

KE,S — RE,S 03¢ Iy

KE,S = (In - P1O)TA(In - P10)

K. Park, H. Chi, and G.H. Paulino, 2020, Numerical recipes on virtual element method for elasto-dynamic
explicit time integration, International Journal for Numerical Methods in Engineering 121, 1-31
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Mesh Generation based on the Image

Grid on the domain

e

Centroidal Voronoi Tessellation(CVT)

Microstructure —>

Kim, H. T., & Park, K. 2022. Computed Tomography (CT) Image-based Analysis of Concrete Microstructure using Virtual Element
Method. Composite Structures, 115937.
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VEM vs FEM

O Macro Elastic Modulus O Total Strain Energy
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Aggregate Volume Expansion

O Horizontal stress field
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Aggregate Volume Expansion

O Strain error : H-type skeletal norm error
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