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Pory w betonie

* Przestrzer miedzywarstwowa w C-S-H (5 to 25 A)

* Pory kapilarne (mogg miescic sie w zakresie od 10 do 50 nm lub
mogg byC duzo wieksze od 3 do 5 um w zaczynach o niskim lub
wysokim stosunku wodno-cementowym, nieregularny ksztatt)

* Pory powietrzne (utworzone przez powietrze uwiezione w trakcie
mieszania betonu badz celowo wprowadzone przez zastosowanie
specjalnych domieszek, zwykle kuliste od 10 do 500 pum)

W zaleznosci od wielkosci i rozmieszczenia, pory powietrzne w
zaczynie cementowym sg uwazane za wptywajgce niekorzystnie na
wytrzymatosc materiatu, zwiekszajgc mozliwosci wnikania
szkodliwych substancji, ale jednoczesnie zwiekszajg odpornosc¢ na
uszkodzenia zwigzane z zamrazaniem i rozmrazaniem.



Rozktad porow powietrznych

Odlegtos¢ miedzy pustkami powietrznymi jest waznym
parametrem mikrostrukturalnym

Zamarzanie: zwiekszenie objetosci podczas przejscia fazy
woda-lod

Odlegtos¢ miedzy najblizszymi porami powietrznymi
powinna byc¢ wystarczajgco mata, aby nie pozwoli¢ na
znaczny wzrost cisnienia

.

Uwolnienie cishienia w pustkach powietrznych =
mrozoodpornosc




Cel badan

Badanie ma na celu uzyskanie i
opisu porow powietrznych w
betonu napowietrzonego za

osciowego
orobkach

0DOMOC3

uzupetniajgcych technik

eksperymentalnych: mikroskopia
optyczna, mikrotomografia rentgenowska
| tomografia neutronowa




Cel badan

Porownanie technik badawczych:

« Tomografia neutronowa - Budapest Neutron Centre,
Hungary

« Mikrotomografia rentgenowska = Yonsei University,
Korea

- Mikroskopowa analiza optyczna-> IPPT PAN, Poland

Parametry do porownania:
(A) catkowita zawartosc porow powietrznych,
(B) rozktad wielkosci porow powietrznych,

(C) rozktad odlegtosci miedzy porami powietrznymi
(miedzy srodkami lub miedzy Sciankami)



Przeglad literaturowy pu-X-ray CT

In general, a micro-CT image is composed of a pixel, being the unit of a digital image, with the images
being expressed in 8-bit or 16-bit grayscale. 8-bit images expressed with 256 values, from 0 (black) to 255
(white), were used in this study. The image resolution was 800x800 pixels, with a 29.7 um pixel size.
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Fig. 3. Micro-CT image processing of concrete microstructures. (Note: in the 2" and 4™ images, the white regions represent solid (matrix) while the black region
represents pores. In the 3™ image, the colored regions are pores.) .
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Fig. 4. Description of chord-length distribution: (a) schematic of the chord-length, (b) illustration of chord-length in a spherical sample.

Sang-Yeop Chung, Pawel Sikora, Teresa Rucinska, Dietmar Stephan, Mohamed Abd Elrahman, Comparison of the pore size distributions of
concretes with different airentraining admixture dosages using 2D and 3D imaging approaches, Materials Characterization 162 (2020) 110182



Przeglad literaturowy pu-X-ray CT
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Sang-Yeop Chung, Pawel Sikora, Teresa Rucinska, Dietmar Stephan, Mohamed Abd Elrahman, Comparison of the pore size distributions of
concretes with different airentraining admixture dosages using 2D and 3D imaging approaches, Materials Characterization 162 (2020) 110182
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Fig. 7. Cross section with region of interest (ROI, circles) before (left) and after PR Rl ey valies o B two Ssmple diAtetses (O 0 15 nies)

drying (right). which were measured with the same settings (S1), visualized with the same

Mikro-tomografia rentgenowska jest alternatywna e
metodg umozliwiajgca charakterystyke poréw
powietrznych. Wyniki sg zalezne od
przygotowania prébki oraz konfiguracji pomiaru.
- Suszenie prébek prowadzi do zmniejszenia
gestosci zaczynu cementowego i umozliwia
wykrycie mniejszych poréw (wzrasta kontrast)
- Stosowanie wyzszej rozdzielczoSci zmniejsza
szeroko$¢ strefy przejsciowej miedzy pustkami
a matryca
- Kontrast mozna poprawic¢ przez uzycie
Fig. 15. Examples of the two maximal as well as minimal threshold values for M10

WyzszyCh p rad C,)W Ia m py re ntge n OWS k|EJ (top, black) and M18 (bottom, red). (For interpretation of the references to color in
, . , L. this figure legend, the reader is referred to the web version of this article.)
(rosnie rowniez hatas)

A. Koenig, Analysis of air voids in cementitious materials using micro X-ray computed tomography (mXCT), Construction and Building Materials,
244 (2020) 118313




Przeglad literaturowy p-X-ray CT
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Fig. 17. Air void distribution for mortar and concrete depending on the methodology (ILM vs. uXCT with the two extrema thresholds).

A. Koenig, Analysis of air voids in cementitious materials using micro X-ray computed tomography (mXCT), Construction and Building Materials,
244 (2020) 118313



Przeglad Ilteraturowy 2D->3D
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Fig. 4. An in-section void. R is the actual radius of the air void, and r is the
apparent radius of the intersection.
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voids obtained from 2D-to-3D unfolding.

betonie, mozliwa jest
rekonstrukcja zaréwno pustych
przestrzeni wewnatrz jak i na
zewnatrz analizowanego ¢
przekroju.

Yu Songa, Robbie M. Damiani, Chuanyue Shea, Daniel I. Castaneda, David A. Lange, A 3D petrographic analysis for concrete freeze-thaw protection, Cement
and Concrete Research 128 (2020) 105952



Concrete mix design

Mass content [kg/m?3] .
Mix component
& S61 W-P-2 GWB19 | Lut)

Portland Cement CEM |

Volume [liters]

S61 W-P-2 GWBI19

360 425 3.1 1355 116.1 137.1

_ 165 144 166 1 165.0 144.0 166.0

Quartz sand 0/2 mm 579 551 525 2.65 218.5 2079 198.1
Amphibolite 2/5 mm 524 2.91 180.1

Amphibolite 5/8 mm 687 291 236.1

Amphibolite 2/8 mm 228 2.9 78.6
Amphibolite 8/16 mm 475 2.9 163.8
Quartzite 16/32 mm 645 2.65 243.4

Gabbro 2/4 mm 326 2.94 110.9

Gabbro 4/8 mm 991 2.94 337.1
@Plasticizer 189 1.8  2.89 1.04 1.8 1.7 2.8

Mineral aggregate

Air entraining agent 0.5 058 0.77 1.05 0.5 0.6 0.7



Concrete mix design

The content of concrete components based on mix design data

Relative volume content

Concrete component

S61 W-P-2 GWB19

Hardened cement paste 0.300 0.260 0.303
Air voids (entrained 0.066 0.016 0.042
and entrapped)

FINE SEETEEate (GUarta s e PR Y 0.198

sand)
Coarse aggregate 0.415 0.516 0.457




Liniowa metoda trawersowa EN 480-11
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M.A. Glinicki, Trwatos¢ betonu w nawierzchniach drogowych, Instytut Badawczy Droég i

Mostéw, Warszawa 2011



Obliczanie wskaznika rozmieszczenia porow
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M.A. Glinicki, Trwatos¢ betonu w nawierzchniach drogowych, Instytut Badawczy Drég i
Mostow, Warszawa 2011



Rozktad porow metoda najblizszych sgsiadow
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T.Murotani, S.Igarashi, H.Koto, Distribution analysis and modeling of air voids in concrete as spatial point processes, Cement and Concrete Research 115, 124-
132, 2019



Analiza obrazu

Algorytm

In a close packed configuration of particles/fibers having a circular cross
section in 2D space there are 6 immediate neighbors surrounding each
particle. In randomly packed systems, coordination number depends on the
visual perception and can be lower or higher. Estimation of particle spacing of
a particle with its neighboring particles is performed as follows:

1. The centroid coordinates of each particle (X,Y) is derived from the result
table of the built-in Analyse Particles plugin.

2. A circle is fit on each particle with the center (X,Y) and radius r.
3. The spacing (wall thickness) between a pair of particles (d) is calculated as:

d= \/(Yz _Y1)2 +(X, - X1)2 —(r+1,)

4. The distances of each particle with all the other particles is stored in an
array and sorted.

5. Results are shown in a new result table, which contain the distance of the
closest neighbor to each particle.

Haeri, M. and Haeri, M., 2015. ImageJ Plugin for Analysis of Porous Scaffolds used in Tissue Engineering. Journal of Open Research Software, 3(1), p.el.



Mikrotomografia rentgenowska
20 x 20 x 80 mm?3
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Figure 1 Prismatic homogeneous samples (a) W-P-2 (b) GWB19 (¢) S61

Original Iimage

Histogram

___ Background

100

1 L
200 250

Particles

Figure 2 Image Processing



Tomografia neutronowa
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Figure 4. Individual porosity determination and visualization of the three samples. a: 561, b: W-P-2,
c: GWB19.

pixel size 1.54 um, 13.8 um and 43 um respectively for 2D microscopy, CT, NT



Tomografia neutronowa
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Figure 9. Two neighboring pores in sample W-P-2
(visualized in VGStudio by presenting only the pores). Values
are added for the irregular shaped magenta pore. The
negative ‘gap parameter’ value (i.e. distance between
surfaces of the circumscribed spheres of the two nearest
voids) is due to that the irregular shaped, concave pore
(with low compactness and sphericity values) has an
unrealistic circumscribed sphere with large radius and centre
coordinates lying outside the shape.

GWB19 ’ - .
Larger void v e .

Nearest neighbour
Gap =-0.55 mm

Compactness = 0.12
Sphericity = 0.57

V<0.01 mm3
A =0.10 mm2

r=0.14 mm

(x,y,2) = (0.49; -8.02; -10.92)

S61
Largest irregular void

Gap=-7.43 mn

Compactness = 0.06
Sphericity = 0.28
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A=497.11 mm2
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Figure 10. Two neighboring pores in sample S61 (visualized in VGStudio by presenting
only the pores). The negative ‘gap parameter’ value (i.e. distance between surfaces of the
circumscribed spheres of the two nearest voids) is due to that the large, irregular shaped,
concave pore (with low compactness and sphericity values) indicated with magenta has an
unrealistic circumscribed sphere with large radius. Almost all the surrounding small pores
(in blue) have negative ‘gap parameter’ values.

Figure 11. Two neighboring pores in sample GWB19 (visualized in
VGStudio by presenting only the pores). The negative ‘gap parameter
value (i.e. distance between surfaces of the circumscribed spheres of

the two nearest voids) is due to that the large pore (with medium

compactness and sphericity values) indicated with magenta has a
circumscribed sphere with large radius. The nearest neighboring small
pore (in blue, with low compactness and sphericity values) is located

inside the circumscribed sphere of the large pore.
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Problemy z dopasowaniem sferycznym
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Fig. 5. Particle No. 34, a: maximum particle projection, outline, b: 3D view, c: particle dimensions, L, I, S, d: particle projection, Wadell's roundness, circumscribed
and inscribed circles, e: Sphere with same area (inner sphere) and same volume as particle (outer sphere), f: largest inscribed and smallest circumscribed sphere, this
study.

¢
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Figure 2. Particle size descrptors: (a) equivalent circular area diameter, (b) equivalent circular
perimeter diameter, (¢) length and width,

Figure An example of different sphere-based 3D (Maroof et al. 2020) and circle-based 2D (Li et al. 2007)
approximations of an irregular shape
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sci porow S61
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Rozktad wielko
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Fig. 4 Chord length distribution of S61concrete (calculations for diameter above 6 pum)



iadami (6 um) S61
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iadami (30 um) S61
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Odlegtosci miedzy najblizszymi sgsiadami (200 um) S61
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Odlegtosci miedzy najblizszymi sgsiadami (6 um) WP
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iadami (30 um) WP
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Odlegtosci miedzy najblizszymi sgsiadami (200 um) WP
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Odlegtosci miedzy najblizszymi sgsiadami (6 um) GWB
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iadami (30 um) GWB
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Odlegtosci miedzy najblizszymi sgsiadami (200 um) GWB
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Rozktad powierzchni porow
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Metoda trawersowa vs analiza obrazu

Pory powyzej 6 um

s | we | ows

Metoda Analiza Metoda Analiza Metoda Analiza
trawersowa obrazu trawersowa obrazu trawersowa obrazu

A %] 656 7.68 1.60 168 418 6.79
L,y [mm] 019 018 026 026 017 0.17
cay [miml . 023 - 031 ~ 022
Aggo [%] 1.89 238 079 103 228 247

A3, (model) [%]

o 2.29 - 1.16 - 2.26




Analiza obrazu 2D vs CT (Korea)

Pory powyzej 30 um




Analiza obrazu 2D vs NT (Budapeszt)

Pory powyzej 200 um

5995 3.65 0.922 0.10 4909 1.31

L,, [mm] 0.857 0.810 1.329 1.412 1.009 1.024

L
0.886 1.340 1329 1.715 1.043  1.456
A,y [%] 0.694 - 0274 - 0.599 -
A

0.789 - 0.380 - 0.726 -




Podsumowanie

Koniecznos¢ zastosowania wspolnej metodologii do wszystkich
trzech zestawdw danych (mikroskopia optyczna 2D, tomografia
rentgenowska 3D i tomografia neutronowa 3D), aby uzyska¢
bardziej porownywalne wyniki.

Propozycja Budapesztu: zastosowanie wtyczki FlJI 3DRoiManager
-> a moze stworzenie wtasnej wtyczki do FlJI/Image) ???

Analiza 2D zestawu zdjec uzyskanych przy pomocy tomografii ???

Ustalenie tych samych progdéw wielkosci poréw do analizy
POrownawczej

W obliczeniach CT (Korea) wykorzystano to samo progowanie
(225- 255) -> wyniki rozbiezne (wptyw rozdzielczosci i kontrastu)

W literaturze brak danych na temat stosowania tomografii
neutronowej do charakterystyki porow



Dziekuje za uwage!

Praca zostata przygotowana jako rezultat badan
finansowanych przez Narodowe Centrum Badan i Rozwoju w
ramach Projektu Nr V4-Korea/2/2018



