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Image Acquisition

O Concrete Specimen

m Mixing Design

Mix component Density (kg/m3) | Volume (m?3)

Portland Cement [CEM | 42.5 R] 3.1 137.1
Water 1 166.0

Quartz [A1] 0~2 mm 2.65 198.1
Aggregate e abbro [3Fe §H 2~8 mm 2.94 448.0

: Plasticizer 1.04 2.8

Admixture —

Alr entraining agent

m Size

o Specimen : 20 x 20 x 80 mm (Cut)

» Dabrowski, M., Glinicki, M. A., Dziedzic, K., & Antolik, A. (2019).
Validation of sequential pressure method for evaluation of the
content of microvoids in air entrained concrete. Construction
and Building Materials, 227, 116633.

» Jozwiak-Niedzwiedzka, D., Antolik, A., Dziedzic, K., Glinicki, M.
A., & Gibas, K. (2019). Resistance of selected aggregates from
igneous rocks to alkali-silica reaction: verification. Roads and
Bridges-Drogi i Mosty, 18(1), 67-83.
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Image Segmentation

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

Image Segmentation : Otsu method

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

Pc—s—y = 2.604 g/cm3
(Allen et al. 2007)

O Neutron CT (Depend on the hydrogen components)

Image Segmentation : Otsu method
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Microstructure Reconstruction
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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

) . 1
Particle size = EZ}S? dreret (0;)

1. Pure mineral particle

_‘ Quartz [4 ]

2. Particle size = 0~2mm
r dferet (91') g U o

Coarse
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Mesh Generation Based on the Image

Homogeneous Mesh Microstructure Mesh Polygonal Mesh

# of elements = 100 # of elements = 13 # of elements = 100

# of nodes = 202 # of nodes = 210 # of nodes = 464

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

 Talischi, C., Paulino, G. H., Pereira, A., & Menezes, |. F. M. (2012). PolyMesher: A general-purpose mesh generator for polygonal
elements written in Matlab. Structural and Multidisciplinary Optimization, 45(3), 309-328
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Microstructure Mesh Generation

m Microstructure acquisition m Edge Detection

o

200 x 200 pixel , Poly-mineral Edge Type : Combination of Material
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Microstructure Mesh Generation

m Node Positioning (coarsening) = Mesh Generation

e

node space = Characteristic edge length [l, ;] Except void particles
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Polygonal Mesh Generation

O Integration with Microstructure and Homogeneous Mesh

1. Create the intersection nodes

2. Split the edges by new nodes

3. Divided the elements based on the mesh data

« 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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Numerical Examples

17.0016 mm

Domain size : 1232 x 1232 pixels
Radiation : 108 ~ 2 x 10! n/cm?
Plane strain condition

Initial strain : &;,, = [&y/2 &,/2 0]7

ww 9T100°LT

Aggregate Type

. poly-mineral vs homogeneous

Vi
Ahomogeneous = v, a;
omogeneous

HB(Q2) |[AFSH(P) | I A(Px) | A& A (hbl) | ZXH(Homo) | HO|£AE(Pacic)
E(MPa)| 94.73 | 94.90 | 8894 | 141.14 104.93 20.00
v 0.0869 | 0.2786 | 0.3489 | 0.2424 0.2392 0.2000
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Radiation Induced Volume Expansion

Fitting equation : Zubov and lvanov’'S sigmoidal model with linear temperature

b
B 1—e ® characteristic fluence [®, ,n/pm? ]
ev(®,T) = emax “o-o, Latency fluence [®;,n/pm?]
1+e P
O 15 Smax(%)
e A Algz] 17.8
g
£ 01 INESES]=]] 7.0
2
é g M[Px] 2.8
=]
S 005 ZE M HDbI] 1.5
= M [Homo] 6.0

Fluence of neutron radiation (n/cmz)

[1] Le Pape, Y., Alsaid, M. H., & Giorla, A. B. (2018). Rock-forming minerals radiation-induced volumetric expansion—revisiting literature data.

Journal of Advanced Concrete Technology, 16(5), 191-2009.
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Result

5 T T T T T L | T T T T T L |
—4— Poly-mineral aggregate %
—w%—homogeneous aggregate
4 - X i V-V,
X Experiment data Volume change = M
e\i 3
O Nelem
&
% 2 V = Z Ait
) i=1
g
=
§ 1 Nelem
VO - 2 AO,it
0 % =1
X X
_1 L N L L PR L L L L M |
108 10" 10%°

.. 2
Fluence of neutron radiation (n/cm™)
[1] 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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Maximum Principal Strain
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Question and Answer

Thank you
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Rock-forming Minerals on the Aggregate

m Fine Aggregate : Quartz Sand [Quartz = 98%)]
m Coarse Aggregate : Gabbro [Plagioclase, Pyroxene, Olivine, Hornblende]

lgneous
rock : Granite Granodiorite Diorite Gabbro Peridotite
100
— Orthoclase —
S N
vol% of Q;\
) N = B
Minerals Quartz

~q

S

Plagioclase (};"
50

Olivine

+ Allaby, Michael (2013). "gabbro”. A dictionary of geology and earth sciences (Fourth ed.). Oxford: Oxford University Press

» Dgbrowski, M., Glinicki, M. A., Dziedzic, K., & Antolik, A. (2019). Validation of sequential pressure method for evaluation of the
content of microvoids in air entrained concrete. Construction and Building Materials, 227, 116633.
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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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Verification

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.
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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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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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VEM vs FEM

O Macro Elastic Modulus O Total Strain Energy
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O Young’s Modulus

Material Properties

Elastic modulus
O
(e

o0
(e

-
e

v
¢

Poisson ratio
o
[\®]
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Result

Concrete volume change

<]
4t ] V-V,
Volume change =
< Vo
w
=2 Nelem
=
= V= Z Ait
U
W i=1
&
=
5 Nelem
= V0= Z AO,it
i=1
11
|
_1 L L PR S S S | L L PR S S |
1018 1019 194¢

Fluence of neutron radiation (n/cmz)
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Result

Concrete volume change

12 R R —— _
—o—Pure Quartz ., Poly Mineral Aggregate
—v—Pure Plagioclase

10 fl_a—pisria Pyr?)xene Pure Quartz Aggregate

%, . [FT1Me Hanbience Pure Plagioclase Aggregate

v O [—*—Poly Mineral i

e Pure Pyroxene Aggregate

£ !

o ? Pure Hornblende Aggregate

s

5 4

>

2 L
O — - L AT WEAE AT B L
1018 1019 1020

Fluence of neutron radiation (n/cmz)

[1] Le Pape, Y., Giorla, A., & Sanahuja, J. (2016). Combined effects of temperature and irradiation on concrete damage. Journal of Advanced Concrete
Technology, 14(3), 70-86.
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Numerical Examples

17.0016 mm

Domain size : 1232 x 1232 pixels
Temperature : 25, 100, 200
Radiation : 10 ~ 2 x 102! n/cm?

Plane strain condition

Initial strain : &;,, = [ey/2 &y/2 0]T

s T 0| A E
H38(@Qz) | AEH(PI) 2| & (Px) ZTE A (hbl) (Pao)
E(MPa)| 94.73 94.90 88.94 141.14 20.00
v 0.0869 0.2786 0.3489 0.2424 0.2000
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Radiation Induced Volume Expansion

Fitting equation : Zubov and Ivanov’'S sigmoidal model with linear temperature... [1]

D
o7 1—e ®c characteristic fluence [®, ,n/pm? ] o _—
ev(®,T) = &max “o-o, Latency fluence [®;,n/pm?] i = a4l T+ Db
1+e P
Quartz Plagioclase Pyroxenes Hornblendes
Emax(%0) 17.8 7.0 2.8 1.5
0.3 T T T
£l T25] —=—e  [T=100] —=—z [T=200]
015 | 025 | e, T=25] e T=100] 5z [T=200] ||
. _ e o T=25] —A—e  [T=100] —a—e  [T=200]
.;« ; 02 &y [T=25] —@ e 4 [T=100] —@—& .\ [T=200]|]
< <
@ 0.1 @
2 2 0151
‘q"é 51
= g 0.1
S 0.05F =
0.05
0 3 = % " x 0 N . ] PR |
1019 1020 1021 1018 1019 1020 1021
Fluence of neutron radiation (n/cm?‘) Fluence of neutron radiation (n/cmz)

[1] Le Pape, Y., Alsaid, M. H., & Giorla, A. B. (2018). Rock-forming minerals radiation-induced volumetric expansion—revisiting literature data.
Journal of Advanced Concrete Technology, 16(5), 191-2009.
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Result : Concrete Volume Change

Concrete volume change

5 ' ————v—r—r—r—ry . S — H:10,40,7O
=]
4t {  Temperature = 25
S Poly mineral Aggregate
>
= V-V,
= Volume change = ‘ 0|
. "
= Nelem
O
> V = z Ait
i=1
" a Nelem
_1 L L PR S S S | L s il
1018 1019 1020 Vo = Z Vo,it
=1

Fluence of neutron radiation (n/cmz)
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Result : Effects on the Temperature

Concrete volume change

4.5

Temperature=25 H =40

Gl Temperature=100 |

|——Temperature=200 Temperature = 25, 100, 200

Ll
L

Poly mineral Aggregate

— MJ
L N S ¥ I ¥

Volume change (%)

[

o
wi

0 Y|
1018 1020

Fluence of neutron radiation (n/cm

%
[1] Le Pape, Y., Giorla, A., & Sanahuja, J. (2016). Combined effects of temperature and irradiation on concrete damage. Journal of Advanced Concrete

Technology, 14(3), 70-86.

Computational & Experimental
Mechanics Group

November 6, 2023 Hyeongtae Kim (shapel729@yonsei .ac.kr)



Result : Effects on the Mineral Component

Concrete volume change

12

—o—Pure Quartz
—v—Pure Plagioclase
—2—Pure Pyroxene

—0—Pure Hornblende
1—¢—Poly Mineral

10

Volume change (%)

1018 1019 1020

Fluence of neutron radiation (n/cm

H =40

Temperature = 25

Poly Mineral Aggregate
Pure Quartz Aggregate
Pure Plagioclase Aggregate
Pure Pyroxene Aggregate

Pure Hornblende Aggregate

[1] Le Pape, Y., Giorla, A., & Sanahuja, J. (2016). Combined effects of temperature and irradiation on concrete damage. Journal of Advanced Concrete

Technology, 14(3), 70-86.
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Result . Effects on the homogenization

Maximum principal strain (Scale factor = 5)

H=40 , Temperature =25 , Radiation =75 x 10%° n/cm?

Homogenization

Poly-mineral 0.08
10.05
N~
& &
o0 ™
- N~ ] O
™~ —
‘: 1
'QA ,q>‘
1-0.05
A 4 2 FEa -
> -0.1
L, = 17.3587 < L. = 17.4300 >
g = —0.0291~0.0517 g = —0.1124~0.1075
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Result . Effects on the homogenization

Concrete volume change  H =40 , Temperature = 25
5 ——

—4— Poly-mineral aggregate
| —¥— Homogenization aggregate

W
T

Volume change (%)
(\©]

1_
0
X x
INE 1019 1020

Fluence of neutron radiation (n/cmz)

Volume change = 1
2 Ao,
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