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Voids in concrete

• Interlayer space in C-S-H (5 to 25 Å)

• Capillary voids (may range from 10 to 50 nm or may be as large as 
3 to 5 μm in low or high water-cement ratio pastes, irregular
in shape)

• Air voids (formed by entrapped air during concrete mixing 
or by entrained air by using special admixtures, usually spherical, 
entrained air voids usually range from 10 to 500 μm)

Depending on the size and their distribution, the voids in the 
hydrated cement paste are considered as capable of adversely 

influencing the strength, promoting ingress of destructive media 
or enhancing the resistance to freeze-thaw damage
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Air voids distribution
The distance between the air voids is important

microstructural parameter

Frost: volume expansion during water-ice phase transition

Pressure release in air voids = frost resistance

The distance between the nearest air voids should be 
small enough not to allow significant pressure increase
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Purpose of research

The investigation is aimed to get a quantitative 
description of voids in specimens 

of air-entrained concrete by means 
of complementary experimental techniques, 

like optical microscopy, x-ray microtomography
and neutron imaging
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Purpose of research
Compare three measuring techniques:

• neutron imaging  Budapest Neutron Centre, 
Hungary

• X-ray microtomography  Yonsei University, Korea

• optical analysis  IPPT PAN, Poland

Parameters of the air-void system: 

(A) the total content of voids, 

(B) the air-void size distribution, 

(C) the void-to-void proximity (the distribution
of the distance between the air voids)
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Concrete mix design

Mix component
Mass content [kg/m3] Density

[kg/dm3]

Volume [liters]

S61 W-P-2 GWB19 S61 W-P-2 GWB19

Portland Cement CEM I 

42.5R
420 360 425 3.1 135.5 116.1 137.1

Water 165 144 166 1 165.0 144.0 166.0

M
in

e
ra

l a
gg

re
ga

te

Quartz sand 0/2 mm 579 551 525 2.65 218.5 207.9 198.1

Amphibolite 2/5 mm 524 2.91 180.1

Amphibolite 5/8 mm 687 2.91 236.1

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

A
d

m
ix

tu
re

s Plasticizer 1.89 1.8 2.89 1.04 1.8 1.7 2.8

Air entraining agent 0.5 0.58 0.77 1.05 0.5 0.6 0.7
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Concrete mix design

Concrete component
Relative volume content

S61 W-P-2 GWB19

Hardened cement paste 0.300 0.260 0.303

Air voids (entrained

and entrapped)
0.066 0.016 0.042

Fine aggregate (quartz 

sand)
0.218 0.208 0.198

Coarse aggregate 0.415 0.516 0.457

The content of concrete components based on mix design data
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Testing methods

• the determination of air void characteristics according to 
European standard EN 480-11 with the use of the 
computerized automatic image analysis system,

• the determination of pore size distribution using mercury 
intrusion porosimetry,

• the determination of the rate of water absorption 
following ASTM C1585 standard to provide a physical 
measure of voids connectivity in concrete,

• the determination of the distance between the air voids
using image analysis.
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Linear traverse method
according to EN 480-11 
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Linear traverse method EN 480-11

Plane cross-section

Air-void

chord

Traverse line

M.A. Glinicki, Trwałość betonu w nawierzchniach drogowych, Instytut Badawczy Dróg i 
Mostów, Warszawa 2011
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Calculation of air void spacing factor L 
according to Powers

R ≤ 4.342 R > 4.342

N

TP
L tot






400
  114,1

3 3/1
 RL



R – paste-air ratio

M.A. Glinicki, Trwałość betonu w nawierzchniach drogowych, Instytut Badawczy Dróg i 
Mostów, Warszawa 2011
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Total air content:

Specific surface: 

Micropores content (<300 µm):

aT

N


4


tot

a

T

T
A

100
 [%]

[%]

[mm-1]

A300

(different stastistical model)

Microstructure parameters according to EN 480-11
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Theoretical basis of A300 calculations

The probability of the intersection of the 
air void with a radius r: 6

,,

104

)5()(



 yyyy

side view (along the 
measuring line)

cross section (perpendicular to 
the measuring line)
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100 mm

Optical microscopy with digital image analysis
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Distance between the air voids using
image analysis
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Nearest-Neighbour Spacing Distribution
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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
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Sample preparation

Extraction of a point pattern for the air voids: 

(a) original scanned image, (b) segmentation and 

coloring of the different phases, (c) scanned air voids, 

(d) segmented aggregate particles, (e) inversion of 

image (c), (f) point pattern of image (e).

Anne Sophie Dequiedt, Michel Coster, Liliane Chermant, Jean-Louis Chermant, Distances between air-voids in concrete by automatic methods, 
Cement and Concrete Composites, 23, 2–3, 2001, 247-254

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
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Image acquisition

10 cm

76.48 mm

1
5

.8
3

 m
m
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ImageJ
Algorithm
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:

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.

)()()( 21

2

12

2

12 rrXXYYd 

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.e1.
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ImageJ – results of analysis
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Image Pro Plus

225 - 255

Area, PerArea, Center-X, Center-Y, Diameter
(min, max), Radius (min, max)

Manual 
spliting

Auto Split: You can also use the Auto Split 
command to instruct Image-Pro Plus to analyze 
all existing outlines and automatically split any 
clustered objects it finds. Of course, not all 
clustered objects can be separated with Auto 
Split; in general, circular objects with minimal 
overlap work best. 
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Results
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Mercury intrusion porosimetry
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Mercury intrusion porosimetry
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Water absorption

y = 0,00065x + 0,01581
R² = 0,999

y = 0,00063x + 0,01168
R² = 0,999
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The example plot of the absorption I versus square root of time for W-P2 concrete
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Capillary pores vs water absorption

y = 0.9083x - 28.63
R² = 0.9782

0

5

10

15

20

25

30

35

40

0 20 40 60 80

In
it

ia
l r

at
e

 o
f 

w
at

e
r 

ab
so

rp
ti

o
n

 
[*

1
0

-4
m

m
/s

-1
/2

Percent of capillary pores for diameter 0.1-1 [%]

28/42



RADCON meeting, 25-26 September, 2019, Warsaw, Poland 

EN 480-11 procedure

WP-2
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EN 480-11 procedure

Air void

characteristics

Concrete type

S61 W-P-2 GWB19

A [%] 6.56 1.60 4.18

α [mm-1] 20.26 30.43 33.29

L [mm] 0.19 0.26 0.17

A300 [%] 1.89 0.79 2.28
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Image binarization

15.83 x 76.48 mmWP-2-1
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Image binarization

GWB19-1 15.83 x 76.48 mm
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Image binarization

S61-1 15.83 x 76.48 mm

33/42



RADCON meeting, 25-26 September, 2019, Warsaw, Poland 

Air voids distribution
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Air voids distribution
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Air voids distribution
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Air voids distribution
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Air voids distribution (image analysis)
WP-2_1 S61_1 GWB19-1

ImageJ Image Pro ImageJ Image Pro ImageJ Image Pro

Total air content [%] 1.75 1.70 7.65 6.95 9.01 7.03

Average distance between air 
void nearest neighbour [mm]

0.229 0.219 0.158 0.129 0.164 0.144

Average distance between 
center (x, y) of air void nearest 

neighbour [mm]
- 0.324 - 0.191 0.216

Average minor diameter of air 
void [mm]

0.053 0.048 0.058 0.052 0.059 0.054

Average major diameter of air 
void [mm]

0.069 0.069 0.081 0.082 0.079 0.081

Average diameter of air void
[mm]

0.061 0.058 0.069 0.064 0.069 0.065

A300 [%] 1.12 1.10 2.47 2.53 2.70 2.55

Numer of air voids 3123 3123 6644 6590 7250 7273
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Air voids distribution (image analysis)

Air void

characteristics

S61_1 WP-2_1 GWB19_1

Traverse

method
ImageJ

Image 
Pro

Traverse

method
ImageJ

Image 

Pro

Traverse

method
ImageJ

Image 

Pro

A [%] 6.56 7.65 6.95 1.60 1.75 1.70 4.18 9.01 7.03

L [mm] 0.19 0.16 0.13 0.26 0.23 0.22 0.17 0.16 0.22

A300 [%] 1.89 2.47 2.53 0.79 1.12 1.10 2.28 2.70 2.55
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Further work (problems to be solved)

• Image processing – morphological filters

• Merging of air voids – problems with automatic 
spliting

• Setting shape parameters for automatic removal of 
cracks, non-air voids objects

• Comparing 2D-image with 3D-techniques –
distances between centroids (x, y) instead of 
distances between air voids…?
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Conclusions
• Quite good agreement of results obtained by linear

traverse method (EN 480-11) and surface analysis using
image analysis was observed: 
• Total air content
• Content of micropores
• Avarage distance between air voids (L) (void

separation)

• 2D image analysis allows for a more accurate results
of air voids distribution and evaluation of homogenity

• Image processing requires more detailed study

• Comparing the distance between pore centers may be 
more suitable for further comparison with 3D techniques
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Thank you for your
attention!

The research was founded by Polish National Centre for Research and 
Development (Project V4-Korea/2/2018, RADCON)
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