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ABSTRACT

The article presents the results of examination of the fractal dimension D of macro-pores in concrete. The
concretes were made from coarse basalt aggregate. Fractal examinations showed that the fractal dimension
D of macro-pores in concrete was different, depending on the water-cement ratio W/C. The performed
examination of macro-pores in concretes has shown the existence of a statistically significant correlation
between the fractal dimension Dpc, as determined by the box method, the relative number of pore cross-
sections N, (or the number of pores N) and the total air content A, as well as between the fractal dimension
Dgc, the relative number of pore cross-sections N, and the water-cement ratio W/C.

Keywords: concrete, fractal geometry, stereology.

INTRODUCTION

Pores are an inherent constituent of concretes.
The cause of their formation is different: they either
form during preparation of a concrete mixture or
result from hydration reactions. The influence of pores
on both the mechanical and physical characteristics of
concrete is indisputable. The structural pores discussed
and analyzed in this work are the least wanted kind of
pores. Size, shape, and number of such pores depend
to a large degree on workability and consistency of
the concrete mix. For regular concretes these para-
meters are strictly correlated with water-cement W/C
ratio.

Various methods of determining the air content of
concrete, either of the concrete mix or of the set
concrete, are used. Some of the methods to assess
porosity, in addition to the determination of the total
porosity, enable also the assessment of the size of
pores, their shape and manner of distribution (Gregg
and Sing, 1982; Cook and Hover, 1999; Diamond,
2000; Stroeven and Guo, 2006). A method enabling
the determination of the air content of a fresh,
compacted concrete mix is the pressure method;
however, the porosity determined by this method
constitutes only some part of the total porosity.

The methods enabling the assessment of the
porosity of set concrete include: the mercury intrusion
porosimetry (MIP) method (Cook and Hover, 1999;
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Diamond, 2000), nitrogen (Gregg and Sing, 1982)
and water vapour sorption methods (Daian, 1988), the
stereological measurement method using an image
analyzer, and the method using gallium (Ga intrusion
method) (Tanaka and Kurumisawa, 2002); however,
only in the case of the stereological measurement
method using an image analyzer, the actual distri-
bution of pores within concrete and their shape can be
assessed.

The achievements of today’s science and techno-
logy allow us to take advantage of ever newer tools
and methods of description of the complex structures
which are pores. A parameter that well characterizes
the structure of pores is the fractal dimension D, as
defined by Mandelbrot (1977). The total volume of
pores may be the same for two materials with a
different distribution of pores; a help with different-
tiating such materials can be the fractal dimension,
being dependent on both the number of pores and
their size and shape.

One of the methods of determining the fractal
dimension, D, is the box method, which is a variant
of the cover method. According to this method, the
area to be analyzed is covered with squares of a
certain side s and then the squares intersected by pore
edges are counted. The counting is repeated several
times, while changing the length of the square side s.
The fractal dimension D is determined from the slope
of the straight line in the bi-logarithmic diagram of
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the dependence of logarithm of the number of boxes
N (log N(s)), as counted at a given step s, on the
logarithm of box dimension log (s) — Fig. 1.

First studies confirming the fractal character of
the surface of hydrated cement paste were carried out
by Winslow (1985), and then these studies spread
fairly widely. Presently, in the examination of
concretes, the fractal dimension is used for the
description of the degree of complication of the
surface scratching of cement materials (Carpinteri et
al., 1997; Chiaia et al., 1998; Ringot and Bascoul,
2001, Yan et al., 2002), the characterization of the
fracture surfaces of cement materials (Winslow, 1985;
Carpinteri et al,, 1999; Carpinteri and Spagnoli,
2004; Konkol and Prokopski, 2004; Prokopski and
Konkol, 2005; Carpinteri et al., 2010), the assessment
of the fractal dimension of aggregate grains (Li et al.,
1993), and in the analysis of pores occurring in
cement paste (Lange ef al., 1994; Ji et al., 1997; Hu
and Stroeven, 2003).

,2129

log(N(s))

o ®
6 1}

4,0 45 50 55 6,0

log(s)

6.5 7.0 75 8,0

Fig. 1. Examples of the graphs of dependence of log
N(s) on log (s).

METHODS

The first methods of the porosity determination
were those of sorption and porosimetry. However, the
mercury intrusion porosimetry and sorption methods
not always can be sufficient. They allow the deter-
mination of the characteristics of small-size pores. It
appears reasonable and purposeful to use other
methods enabling a full picture of pores in a given
material to be obtained. By making the analysis of the
distribution of pores in cement materials, Diamond
(2000) has shown that the mercury intrusion porosi-
metry method is not sufficient. He also compared
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results obtained using the mercury intrusion porosi-
metry method and the image analysis method.

The examination of nitrogen sorption consists of
the determination of the specific area by the single-
point or multiple-point method and the determination
of the constants of the Langmuir and BET adsorption
isotherm equation (Gregg and Sing, 1982). The
examination of water vapour sorption, on the other
hand, can be performed by the gravimetric method,
which involves placing specimens in dessicators with
saturated solutions of appropriately selected salts
until the state of thermodynamic equilibrium is
reached (Daian, 1988). It has been found (Daian,
1988), however, that the use of either method may
lead to obtaining different results, and the adopted
model for the course of the phenomenon does not
always reflect the actual one. Good agreement
between the actual and theoretical isotherms was
obtained within the scope of small-size pores. In the
case of larger-size pores, better agreement was
obtained using the mercury intrusion porosimetry
method. The occurred differences might result from
the destruction of the smallest (macro- and micro-)
pores by mercury forced into the specimen (Daian,
1988).

A solution complementing the above-mentioned
methods and, at the same time, the only method
enabling the observation of the pores, can be
stereological measurements using, for example, an
image analyzer (ASTM C 457 - 98). Such measure-
ments are used, among others, for the assessment of
the freeze resistance of building materials, while the
pore characteristics are determined using the linear
traverse method or the punctual method (ASTM C
457 — 98; Aligizaki and Cady, 1999; Elsen, 2001).
The results of extensive comparative studies have
confirmed that the obtained results on overall
porosity may vary, depending on the method applied
(Elsen, 2001).

The proper formation of the freeze-resistant
structure in the design and execution of a construction is
of particular importance during its operation. A
crucial role play the amount of water contained in the
concrete, capable of being frozen, as well as the
volume and distribution of air pores. Assuring the
proper freeze resistance involves the provision of
maximal water-tightness, i.e., an impermeable structure
free from water capable of being frozen, and pro-
ducing an appropriate system of air pores not able to
be completely filled with water, which, at the same
time, will contribute to an improvement in the thermal
properties of the material. This can be achieved through:
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using special treatments (such as the modification of
the hydration process, or aeration), special setting up
of concrete mix composition, using low water-cement
(W/C) ratios, additions and admixtures (such as
plasticizers, silica dusts) and the appropriate mixing
time and consolidation and conditioning method.

A parameter that relates the porosity structure of
aerated concrete to its freeze resistance is the pore

spacing factor, L , defined by Powers (1949) as the
average distance of an arbitrary point in the cement
paste from the edge of the nearest air bubble. Its
value for a concrete of satisfactory freeze resistance
should be below 0.2 mm for severe environmental
conditions, and below 0.25 in the case of moderate
environmental conditions.

This coefficient is defined on the basis of
stereological relationships (ASTM C 457), according
to the expressions below:

The specific surface, a, is the total area of a given
phase related to the unit volume of that phase. This
quantity is regarded as an universal index of particle
dispersion, regardless the shape of the particles. In
practice, two methods of measuring the specific surface
are used, namely: the random secant method in com-
bination with the point-count method and the random
secant method in combination with the linear-traverse
method. For example, in the case of the random secant
method in combination with the linear-traverse method,
the specific surface, a, is determined from Eq. 2 and
Fig. 2 in the following manner (ASTM C 457):

o =— ,where [ =%,

2)

~

where:

I - average chord length,
T, — traverse length through air,

- N — total number of air voids intersected (number of
L=—L when:L <4342 L (
400 n A chords),
and (1) I; — length of the i-th chord.
_ 3 » 1/3 » The estimators of stereological parameters descri-
L=— 1.4(—+ lj —1|, when=—>4.342 bing the spatial structure of a given material can be
o A A defined in a relatively straightforward way on the flat
cross-sections or projections of this structure. A basis
where: for such a description is the computer-processed and
p — paste content in %, analyzed image. Stereology enables relationships to
A — air content in %, be established between the three-dimensional space
n — void frequency, parameters and the parameters of lower-dimension
o, — pore specific surface. spaces.
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Fig. 2. Schematic diagram for the determination of the specific surface, o, using the secant method in

combination with the linear-traverse method.
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The basic parameters determined by the stereo-
logical methods include:

a) the total air content, 4, defined as the sum of pore
cross-section areas on a flat concrete specimen,
related to the specimen area, A;. This value is

most often given in percents;

b) the pore specific surface, o, described by Rela-

tionship (2) and Fig. 2;

the relative pore number, N,, defined as the ratio
of the number of pores N on the flat specimen
image examined to the area of this image 4, see
Eq. 3 in the following;

average chord length, ! , calculated as the ratio of
the sum of chord lengths to the length of all secants.

d)

Important problems when making the stereo-
logical analysis of pores in concrete are: the method
of specimen preparation, the method of acquiring a
computerized image of appropriate resolution and the
computer image analysis.

Two methods of specimen preparation and
computer image acquisition are compared below. The
analysis of pores in concretes was carried out using
the computer program FRAKTAL Stereolog’ and the
image analyzer Image Pro Plus 4.1 (Zatocha, 2002).
The method of interpreting the locations of pores by
the FRAKTAL Stereolog program is shown in Fig. 3.

Fig. 3 shows variation in the greyscale along the
length of a sample line passed through the real image
of a basalt aggregate concrete specimen. The line at
height 210 separates the places recognized as pores
(above line 210) and the places of occurrence of
cement paste and basalt coarse aggregate grains (below
line 210). The employed method of identifying the
structure elements enables also the recognition of
locations of occurrence of coarse aggregate grains; the
greyscale below 70. A detailed method of preparing the
concrete specimen surface for stereological examination
is described in work Konkol and Prokopski (2004).

A preliminary examination was carried out,
consisting in the analysis of the effect of scanning
resolution (from 100 to 1200 dpi) and the adopted
greyscale tolerance (the lower threshold from 160 to
250). As an optimal solution, a resolution of 400 dpi
and a lower greyscale threshold of 210 was chosen.

The accuracy for the analysis performed on concrete
specimens using the FRAKTAL Stereolog computer

1 Konkol J.: FRAKTAL Stereolog. A computer program.
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program and a scanner (with an image resolution of
400 dpi) was 6.36 um (the magnitude corresponding
to 1 pixel), while it was 2.76 um using the Image Pro
Plus 4.1 image analyzer operating with a stereoscopic
microscope.

Below, examples of results obtained for ordinary
basalt aggregate concrete of W/C = 0.44 (Series 8°)
and of W/C = 0.58 (Series 9%) are presented. A
detailed composition of these concretes, as well as the
relationship between the porosity and the concrete
fracture surface morphology is given in work Konkol
and Prokopski (2004).

PORES

Li 7 ealimage

=~ 1esult ofanalysis

\ f

’ |
N li’ L

550

Fig. 3. Graphic interpretation of places recognized as
aerial pores in basalt aggregate concrete.

Table 1 summarizes stereological analysis results
by giving selected values of parameters characterizing
the structure of pores which have been determined
both by Method 1 using the FRAKTAL Stereolog
computer program and by Method II using the Image
Pro Plus 4.1 image analyzer operating with a
stereoscopic microscope. For the results obtained by
Method I, also the standard deviation of the mean
value is given. In this case, the mean value has been
determined on the basis of 48 observation sites, each
with an area equal to 2047.68 mm’. An observation
area of dimensions of 63.2 mm x32.5 mm was
adopted, making up % of the area marked off on each
specimen after cutting off its edges (Fig. 4). The
limitation of the field subjected to analysis resulted
from cutting off the side edges due to the occurrence
the "wall effect" known in the concrete technology,
that is, a change in the composition (structure) in the
vicinity of the mould walls, associated with change in
the cement paste/ aggregate proportion.

2 The designation adopted based on reference (Konkol and
Prokopski, 2004).
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Both compared methods showed a variation in Concreting direction
porosity, depending on the water-cement ratio. The
concrete of a lower W/C, amounting to 0.44, was @
more porous that the concrete with the ratio W/C = Observation area

0.58. In the case of the concrete with W/C = 0.58,
comparable values of porosity, as determined by both
methods, were obtained; for the concreted with W/C
= 0.44, on the other hand, a greater value was
obtained using Method 1. The difference might result
from the number of specimens (images) examined
and on the method of determining the value of total
air content, A. The total air content, as examined by
Method I, was determined on the basis of the plani-
metred pore areas, while the determination of the
total air content in Method II was achieved based on
the fraction of chords relative to the total length of
measurement lines. The area on which measurements
were made, for Method I was about 14 times as large
as for Method II. Using Method I, greater values of
the relative pore number, N,, and the average pore
chord, /, were also obtained. At the same time, the
relative pore number was determined differently for
both methods, as in the case of the total air content 4.
Using Method II, larger values were only obtained for
the pore specific surface, o.

63.2 mm
150 mm

|

‘ 80 mm

Fig. 4. Method of separating fields for examination.

Table 1. Results of the stereological analysis.

No Stereological parameter Specimen Results of analysis
' Description Unit wric Method I Method I1
. 0.44 6.38+£0.36 4.29
1 Total tent, A 9
ora i comtett a 0.58 3.53£0.18 3.49
. 1 0.44 4.41+0.41 10.74
2 Pore specific surface, o mm 0.58 5371092 1187
. 2 0.44 %) 6921.02
3 Observation area, A, mm 0.58 98592 726151
. 2 0.44 0.083 £ 0.001 0.055
4 Relative pore number, N/A, mm 0.58 0.073 £ 0.001 0.049
= 0.44 0.91 £0.004 0.372
: Average chord length, / mm 0.58 | 0.77+0.007 0.337
0.44 25.81" 25.8
0
6 |Cement paste content of concrete, p %o 0.58 38320 383
— 0.44 — 0.47
7 Pore spacing factor, L mm 058 ~ 056
. 0.44 — 0.50
0
8 Micropore content, 434 Z 0.58 — 0.65
") 48 areas, each with an area of 32.5 x 63.2 mm’.
" results calculated on the basis of concrete composition.
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RESULTS

Two concrete mixes of a constant ratio of cement
to sand (1:1.76) and sand to basalt (1:1.8), and two
water-cement ratios (0.44 and 0.58), were prepared.
The composition of the concrete mixes are given in
Table 2. The total air content 4 was determined by
stereological methods using computer program
FRAKTAL Stereolog, whereas the fractal dimension
Dgc was computed using software application
FRAKTAL Wymiar2D’). The images subjected to
stereological and fractal analyses were sectioned off
from the concrete specimen surfaces formed by
cutting bars used in fracture toughness tests
performed according to Mode I of fracture (tension at
bending), in confor-mance to the guidelines of the
RILEM draft reco-mmendations (RILEM Report 89-
FMT). From the specimen surface with 80x150 mm
dimensions, in order to eliminate the errors resulting
from the ,,wall effect”, an area of 64.8x126.7 mm
was chosen for analysis.

Prepared surfaces were scanned at resolution of
400 dpi, resulting in a bitmap of 1021x1997 pix’.
Then the specimen surface image (Fig. 5) was
converted to a binary image, in which the black
elements were pores (Fig. 6). The stereological
analysis was performed in FRAKTAL Stereolog
program applying basic morphological and punctual
transformations. The applied procedure allowed pores
of sizes from 6 pix* (0.0242 mm®) to be detected. The
description of successive steps in image preparation
and performed computation are listed as a flow chart

(Fig. 7).

In this analysis, pixels of a grayscale value from
210 to 255 (Step 1 of analysis) were deemed pores; in
a grayscale image, the pixel of a value of 0 is black in
colour, and the pixel of a value of 255 is white in
colour. In Step 2 of analysis the grayscale (original)
image was converted to a binary image (with black
pores in the white background). The operation of
pouring the pores (Step 6) involved the removal of

Table 2. Composition of concrete mixes.

the noise inside the pores while the aim of noise
elimination (Step 7) was to remove the noise in the
form of isolated pixels and to smooth out the pore
edges. This was accomplished by performing the
operation of reconstruction with single erosion.

[zaeme|oR | ze(f s ~@a=au=r[0a|s 5|6

[om FEEBRL22)n% fneo BEEOOS X AN 0B

FRAKTRAL Stercolog D:\Nouka\ARTYKULY\ROK 2006\PB.
Pl Edycja Mapablowa Opcje Wynki Informacia inne

ErE RN E R =]
oW #EERBAL 0% Lm0 BEHS D3N 08

K1} |

600,

Fig. 6. The image of pores after Step 7 of analysis
(specimen I f).

The results of stereological and fractal measure-
ments are shown in Table 3.

. Composition of concrete mixes [kg/m’]
Serie (/C) Cement Sand Basalt Water
Serie I (0.44) 396.1 698.4 1260.6 174.0
Serie 11 (0.58) 375.1 661.3 1193.7 217.8

3 Konkol J.: FRAKTAL Wymiar2D. A computer program.
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STEP 1

Define the grayscale of pores and select the region for analysis

1

2

STEP 2
Clean the image (retain the pores image only)

>

STEP 3
Create the negative

1

>

STEP 4
Copy the selected image fragment to the
Clipboard and paste it as a new bitmap

.

STEP 5
Redefine the colour of pores

J

STEP 6
Pour the holes (create the negative + clean the image border
+ sum the resultant image with the Step 4 output image)

d

STEP 7
Eliminate the noise

|

>

STEP 8
Measure the overall air content 4
(the FRAKTAL-Stereolog computer program)

iyl

STEP 9
Draw the envelope of pores + record the bitmap

d

STEP 10
Compute the fractal dimension D,
(the FRAKTAL-Wymiar2D computer program)

Fig. 7. Flow chart for the determination of the total air content A and the fractal dimension Dpc.

The relative pores number was computed accor-

ding to the formula below:

where

N — the total number of pores in the specimen image;

Az — the size of the observed image.

)

shown in Fig. 8.
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The fractal dimension Dgc was determined from
the slope of the straight line of the relationship of log
N(s) versus log(s), where the step s varied from 1 do
20 pixels, that is from 0.064 to 1.272 mm. For each
step s, the specimen surface image was covered with
a grid of squares of the side equal to that step, and
then the counting of the squares which included pore
edges was made. An example of the image of a
specimen surface covered with a grid of squares is
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Fig. 8. Visible edges of pores with the grid of squares
covering them (specimen I f).

DISCUSSION

The obtained values of the fractal dimension Dy
for the specimens of Series I and II indicate a different
distribution of pores in these specimens. This is

specimens of Series I, however, have irregular shapes,
which indicates that these are technological pores
formed as a result of the hindered consolidation of
mixes of this concrete. The greater number of smaller
pores, as well as the occurrence of pores with irregular
shapes, resulted in larger values of the fractal
dimension Dpc of pores obtained in the concrete of
Series I compared to the concrete of Series II.

In order to determine the relationship between the
fractal dimension Dy and the computed para-meters,
we used statistical analysis on the obtained results.

Two models of multiple regression were proposed:

1. the dependence of the fractal dimension Dpc on
the relative number of pore cross-sections, N4, (or
possibly the number of pore cross-sections, N)
and the total air content, A4,

the dependence of the fractal dimension Dpc on
the relative number of pore cross-sections, N,
and the water-cement ratio, W/C, of the following
forms:

D,. =(1111.378 + 0.421-N +29.772 - 4)-10"

: 4)
confirmed by the sample images of pores on the 3 i (
specimen surface, as shown in Fig. 9. The greatest Dje = (1111378 +34.567 - N, +29.772 - 4)-10
total porosity, as well as a greater number of fine and
pores, were found in the specimens of Series I (see D = (1409.78+0.462- N —435.968-W /C)-10"
the values of N, N, and A, Table 3). While larger e = (1409. ' ' ) (5)

pores are visible in both series, the pores in the

D,. =(1409.78+37.933- N, —435.968-W /C)-10"°

Table 3. Results of the stereological and fractal analyses.

Stereological parameters
No. Specimen w/C Number.of pores, IV Total air content 4,| Fractal dimension Dpc
(relative pores o,
number N,)

1 la 0.44 303 (3.691) 3.12 1.3465
2 Ib 0.44 259 (3.155) 3.76 1.3571
3 Ic 0.44 421 (5.128) 4.11 1.4018
4 Id 0.44 344 (4.190) 5.06 1.3790
5 le 0.44 218 (2.655) 3.57 1.3269
6 If 0.44 273 (3.325) 3.76 1.3383

Mean values 303 (3.691) 3.90 1.3583
7 IMTa 0.58 123 (1.498) 1.98 1.2102
8 1Ib 0.58 112 (1.364) 1.50 1.1902
9 Ilc 0.58 151 (1.839) 1.73 1.2129
10 1Id 0.58 192 (2.339) 1.81 1.2574
11 IIe 0.58 185 (2.253) 1.66 1.2399
12 IIf 0.58 141 (1.717) 1.52 1.2107
13 IIg 0.58 185 (2.253) 2.60 1.2781

Mean values 155.6 (1.895) 1.83 1.2285

Additional result

14 | Ig | 044 |  280(3.410) | 3.23 | 1.3324
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For both series of concretes, the correlation
coefficient of the adopted models of multiple regre-
ssion amounted to R = 0.978, and the obtained
relationships, due to the critical value of the level of
significance (p <<0.5), can be regarded and
statistically significant. The computed standardized
(beta) regression coefficients were:

e for the first model of multiple regression
for Na (or N)  0.532, at p = 0.002,

for A 0.483, at p = 0.004,

for the second model
for N (or N)  0.583, at p = 0.00006,
for W/C -0.44, at p = 0.0042.

The beta coefficients indicate the relative effects,
which each of the independent variables contributes
to the prediction of the dependent variable Dpc. For
both models, the most important predictor of the
fractal dimension Dpc is the relative number of pore
cross-sections, N,. At the same time, the levels of
significance, p, show that all of the independent
variables are statistically significant. The beta coe-
fficient, as well as the regression function coefficient,
related to the relative number of pore cross-sections,

Ny, (or the number of pores, N), and the total air
content, 4, are positive, which means that the greater
the values of N, (or N) or 4, the greater is the fractal
dimension Dgc. The coefficients related to the water-
cement ratio, on the other hand, are negative, which
means that the greater water-cement ratio, W/C, the
lesser smaller is the fractal dimension, Dpc. In the
light of concrete technology such dependency is obvi-
ous. Concretes with higher water-cement W/C ratio
are characterized by a heavy consistency and better
workability, which in turn results in better density of
the concrete mix. Making concrete mixes with lower
water-cement W/C ratios thicker may be more
difficult which results in creation, in the structure of
such concrete, pores that are larger and more irregular
(Fig. 1d), which has significant effect on the overall
porosity, as well as the value of the fractal dimension
(Table 3).

The relationship of the observed values of Dpc versus
the predicted values of Dpc, together with confidence
intervals, are shown in Figs. 10 and 11. The obtained
results have been grouped by water-cement ratio,
which is marked in the figures in the form of the two
regions of results, obtained for the concrete with W/C
= 0.44 and W/C = 0.58, respectively.
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Fig. 9. Example images of the pores distribution of in specimens: I a and Il a (at the top), I ¢ and Il b (in the

middle), I d and Il d (at the bottom).
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Fig. 10. Fractal dimension values as observed against those predicted for Model I of multiple regression.
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Fig. 11. Fractal dimension values as observed against those predicted for Model Il of multiple regression.

In order to verify the obtained regression models,
an additional specimen of concrete from Series I was
prepared, and the results obtained on its basis were
plotted in Figs. 10 and 11. The result of Dpc, obtained

in this case on the basis of Model I of multiple
regression, is underestimated by about 0.52% in relation
to the actual result, while that obtained on the basis of
Model II is overestimated by about 1.12%. In the case
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of Model I, the additional result lies within the
confidence interval, whereas for Model II it lies
slightly outside it. The position of both additional
points indicates the conformance of the obtained
additional results with relationships (4) and (5).

CONCLUSION

In this work we have presented the application of
a new method of assessment of concrete porosity
diversification using the fractal dimension Dpc as an
additional parameter characterizing the macro-pore
structure with stereological methods.

The analysis concerning the porosity of concretes
was performed on the flat cross-sections of concrete
specimens using image analysis. By using basic
morphological and punctual transformations and the
proper preparation of specimens, a binary image of
macro-pores in the hardened concrete was obtained
from the real image of the specimen. The stage of
preparation of the specimen and the image is one of
the most difficult tasks preceding the stereological
analysis. The image must be prepared so as to
eliminate the possibility of noise resulting from an
erroneous assignment of other concrete structure
elements, e.g. pores.

The advantage of the stereological methods over
other methods of determining the morphology of
pores in concrete is the method of making measu-
rements. The stereological analysis is carried out on
cross-sections, where pores, their shapes and distri-
bution are visible. The standardization of these
measu-rements and their commonness, both in
Europe (EN 480-11) and in the USA (ASTM C 457-
98), provide evidence for high reliability of exami-
nation results.

The method of describing macro-pores with the
fractal dimension Dpc, as presented in this article,
expands the possibilities of differentiating the
porosities of concretes (as well as other materials),
while allowing for both the total porosity and the
number and shape of pores.

The performed examination of concretes has
show the existence of a statistically significant
correlation (at a significance level of p 0.05)
between the fractal dimension Djpc, as determined by
the box method, and the relative number of pore
cross-sections N, (or the number of pores V) and the
total air content 4, and between the fractal dimension
Dpc and the relative number of pore cross-sections N,
and the water-cement ratio W/C.
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The application of the fractal dimension Dpc to
the description of porosity has proved to be an
efficient method, and the obtained results and
correlations indicate full usefulness of the applied
method for the assessment of diversification of the
porosity of set concrete.

REFERENCES

Aligizaki KK, Cady PC (1999). Air content size distribution
of air voids in hardened cement pastes using the
section-analysis method. Cem Concr Res 29:273-80.

ASTM C 457 - 98 (1998). Standard test method for micro-
scopical determination of parameters of the air-void
system in hardened concrete, 228-41.

Carpinteri A, Chiaia B, Invernizzi S (1999). Three-dimen-
sional fractal analysis of concrete fracture at the meso-

level. Theoretical and applied fracture mechanics 31:
163-72.

Carpinteri A, Chiaia B, Nemati KM (1997). Complex
fracture energy dissipation in concrete under different
loading conditions. Mech Mat 6:93—108.

Carpinteri A, Spagnoli A (2004). A fractal analysis of size
effect on fatigue crack growth. Int J Fatigue 26:125-133.

Carpinteri A, Spagnoli A, Vantadori S (2010). A multifractal
analysis of fatigue crack growth and its application to
concrete. Eng Fract Mech 77:974-84.

Chiaia B, van Mier JGM, Vervuurt A (1998). Crack growth
mechanisms in four different concrete: Microscopic
observations and fractal analysis. Cem Concr Res 28(1):
103-14.

Cook RA, Hover KC (1999). Mercury porosimetry of
hardened cement pastes. Cem Coner Res 29:933-43.

Daian JF (1988). Condensation and isothermal water transfer
in cement mortar. Part I — Pore size distribution, equi-
librium, water condensation and imbibition. Transport
in Porous Media 3:563-89.

Diamond S (2000). Mercury porosimetry. An inappropriate
method for the measurement of pore size distributions
in cement-based materials — review. Cem Concr Res
30: 1517-25.

Elsen J (2001). Automated air void analysis on hardened
concrete. Results of a European intercomparison testing
program. Cem Concr Res 31:1027-31.

Fracture Mechanics Test Methods for Concrete. RILEM
Report 89-FMT, edited by S.P. Shah and A. Carpinter,
Chapman and Hall 1991.

Gregg SJ, Sing KSW (1982). Adsorption, Surface Area
and Porosity. 2" ed. London: Academic Press.

Hu J, Stroeven P (2003). Application of image analysis to
assessing critical pore size for permeability prediction
of cement paste. Image Anal Stereol 22:97-103.

Ji X, Chan SYN, Feng N (1997). Fractal model for
simulating the space-filling process of cement hydrates
and fractal dimensions of pore structure of cement-
based materials. Cem Concr Res 27(11):1691-9.



KONKOL J ET AL: The use of fractal geometry for the assessment of the diversification of macro-pores in concrete

Konkol J, Prokopski G (2004). Analysis of the fracture
surface morphology of concrete by the method of
vertical section. Computers and Concrete 1(4):389-400.

Lange DA, Jennings HM, Shah SP (1994). Image analysis
techniques for characterization of pore structure of
cement-based materials. Cem Concr Res 24(5):841-53.

Li L, Chan P, Zollinger DG, Lytton RL (1993). Quantitative
analysis of aggregate shape based on fractals. ACI
Materials Journal 90(4):357-65.

Mandelbrot BB (1977). Fractals. Form, chance and dimen-
sion. San Francisco: Freeman.

Powers TC (1949). The air requirement of frost-resistant
concrete. Proceedings, Highway Research Board 29:
184-202.

Prokopski G, Konkol J (2005). The fractal analysis of the
fracture surface of concretes made from different coarse
aggregates. Computers and Concrete 2(3):239-48.

Ringot E, Bascoul A (2001). About the analysis of micro-
cracking in concrete. Cem Conc Comp 23:261-6.

100

Stroeven P, Guo Z (2006). Modern routes to explore
concrete’s complex pore space. Image Anal Stereol 25:
75-86.

Tanaka K, Kurumisawa K (2002). Development of technique
for observing pores in hardened cement paste. Cem
Concr Res 32:1435-41.

Winslow DN (1985). The fractal nature of the surface of
cement paste. Cem Concr Res 15:817-24.

Yan A, Wu K, Zhang X (2002). A quantitative study on
the surface crack pattern of concrete with high content
of steel fiber. Cem Concr Res 32:1371-5.

Zatocha D (2002). Image analysis as a tool for estimation
of air-void characteristics in hardened concrete: example
of application and accuracy studies. A.M.A.S. —
Workshop — SIAIC’02. Structural Image Analysis in
Investigation of Concrete. Conference Warsaw (edited
by Kasperkiewicz J, Brandt AM), October 21-23, 239—
57.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50750
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




