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The opening operator of mathematical morphology is applied to section images in this paper for the
assessment of pore characteristics, such as the size distribution, and critical pore size, in cement pastes.
Moreover, the mean free spacing parameter is demonstrated as reflecting pore depercolation during
cement maturation. This approach is compared with other popular methods for serving this purpose,
encompassing the experimental technique of mercury intrusion porosimetry (MIP), Wood'’s metal intru-
sion porosimetry (WMIP), the conventional method of image analysis by area histogram and a direct 3D
approach by a simulation model. The comparison study reveals that the opening distribution technique is
superior in terms of feasibility, reliability and economy; realistic and relevant structural information on
pore space in cement pastes is obtained. Nevertheless, star volume measurements applied to section
images are referred to as an interesting alternative to the proposed method. The proper characterization
of pore size distribution, and assessment of critical pore size, and delineation of percolated porosity zones
are of significant importance to permeability prediction of cementitious materials and thereby to dura-
bility studies of the materials.

Keywords:
Cementitious materials
Connectivity

Image analysis
Opening operator

Pore size distribution

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Porosity and pore structure are among the most significant fea-
tures of material microstructure that affect permeability and dura-
bility of cementitious materials. Therefore, proper characterization
of pore structure would be crucial for modelling of permeability
and for reliably estimating durability performance of the material.
Porosity, pore connectivity and the so-called size distribution of
pores (SDP) are generally used for this purpose. Pore size distribu-
tion can be determined indirectly by experimental techniques,
such as mercury intrusion porosimetry (MIP) [1,2], or directly by
way of quantitative image analysis observations [3-6]. The obvious
drawback of experimental approaches is the necessity to make
assumptions about pore geometry that lack microscopic evidence.
In contrast, image analysis of two-dimensional (2D) sections of ce-
ment paste specimens provides a promising alternative for charac-
terizing pore structure.

Pore space in hydrated cementitious materials can be seen as an
interconnected structure of high complexity and tortuosity. The
developments of techniques for image processing and quantitative
image analysis have rendered possible direct observations and
quantitative characterization of pore structure in cementitious
materials. In doing so, numbers, areas, sizes and perimeter lengths
can be assessed of the pore features observed on 2D section
images. A conventional way to derive pore size distribution from
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section image analysis is the so-called area histogram, i.e., the pore
features revealed on section image are classified according to their
areas, whereupon the pore size distribution curve is obtained by
plotting area fraction of porosity versus equivalent pore diameter
(d), usually converted from A = d? /4, in which A stands for area
of pore feature. Considering each pore area as individual feature,
Lange et al. [3] directly measured the area-based cumulative pore
size distribution curve, and found this to have a shape similar to
that obtained by MIP, however, with a scale difference of about
three orders of magnitude. Yet, as emphasized by Scrivener [5],
and visualized by numerical models of the hydrated cement micro-
structure (e.g. [7,8]), pore structure is a complex interconnected
network of irregular shape. It is therefore inappropriate to consider
profiles of pore features (areas) as individual objects; hence, pore
size distribution assessment by the area histogram method is basi-
cally incorrect. Moreover, even in the simplest case of dispersed
mono-size spheres, is the section size distribution (or its average
value) not related to size in 3D.

This contribution will therefore briefly describe a readily
available and more reliable alternative provided by the so-called
opening operation method. The method is unfortunately still
quite obscure, although not completely unknown in our field
[9,10]. Its use is promoted in this paper because of favourable
scores as to feasibility, reliability and economy. Moreover, the
method was recently applied to plain and reinforced concrete
and mortar specimens for evaluation of micro-structural changes
(both at interfaces and in the bulk cementitious matrix) in cor-
relation with electrochemical phenomena [11,12]. Mathematical
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morphology techniques are based on measuring the changes pro-
duced when a binary image (reflecting the phase of interest) is
transformed. The simplest mathematical morphology transfor-
mations are erosion, dilation, opening and closing. For a detailed
description, see Serra [13].

Relevant to this work, the approach is illustrated by way of
application to section images of concrete specimens. Since exper-
imental work is not the prime subject of this contribution, details
on concrete casting, conditioning, etc. are not hereby discussed
(for details, see [14]). The presented experimental data are deal-
ing with application of the opening distribution technique for
characterization of porosity and the pore size distribution at the
hydration age of 460 days of two differently conditioned but
otherwise identical concrete specimens. One is a control speci-
men (tap water used for casting and conditioning), whereas the
other was conditioned in NaCl (5% NaCl used as an external envi-
ronment, i.e., chloride penetration was relevant for the total test
period of 460 days).

As a readily available alternative, applicable to experimental as
well as computer simulated settings, section images can be sub-
jected at random points to so-called star volume measurements
by 2D stars consisting of regularly or randomly spaced lineal seg-
ments. These unbroken linear line segments extend unobstructed
to the pore perimeter. This will be discussed later.

The favourable characteristics of the proposed method are
emphasized by mutually comparing with results, taken from repre-
sentative sources in the open literature, obtained with conven-
tional MIP, Wood’s metal intrusion porosimetry (WMIP), area
histogram method, and serial section 3D reconstruction. WMIP is
a modified experimental technique similar to MIP, but employing
Wood'’s metal as alternative of mercury for intrusion. Finally, char-
acterization of porosity connectivity in concrete is briefly discussed
on the basis of a simple example in which the stereological 3D
operator mean free spacing is applied to sections.

In summary, it can be stated that the proposed method for
porosimetry scores high as to feasibility, since no specialized
equipment or extensive expertise would be required. Software is
readily available and cheap, so the approach is economic. The reli-
able information on pore structure of cementitious materials that
is obtained can be used for models to predict permeability of
cementitious materials. To substantiate this latter statement, it
can be mentioned that the proposed method is already proven to
result in reliable (and reproducible) data on micro-structural prop-
erties of reinforced cement-based materials, supported by charac-
terization of bulk matrix properties through electrochemical
measurements. For example, porosity, pore size and pore intercon-
nectivity of a bulk mortar matrix, which can be related to perme-
ability and electrical properties, were correlated with electrical
resistivity, derived from Electrochemical Impedance Spectroscopy
[11]. Therefore it is strongly believed that insight into durability
aspects of cementitious materials will be promoted by following
the indicated procedure.

Other experimental techniques for porosimetry have been
developed such as low temperature calorimetry (thermoporome-
try), adsorption/desorption isotherms [15], and X-ray micro-
tomography [16]. Such techniques definitely resort under the more
sophisticated approaches, whereas this paper concentrates on
more commonly used relatively low-budget approaches to porosi-
metry, additionally asking only limited expertise. No attention is
given either to probabilistic modelling, despite the claim to offer
potentially more promising routes than provided by physical mod-
elling that constitute the hard core of this paper [17,18]. However,
concrete technologists will feel more familiar with physical model-
ling, because it can offer a more “realistic” representation of
reality.

2. Conventional approaches to assessing pore characteristics
2.1. Mercury intrusion porosimetry (MIP)

It has been customary for quite some years to evaluate pore size
distribution in cementitious materials by using MIP, despite the
fact that drying of the specimens in the preparation procedure will
exert significant effects on pore space. Based on the mercury intru-
sion data, the well-known Washburn equation [1,2] is thereupon
applied to estimate the diameter of supposedly cylindrical pores
intruded at each pressuring step. The Washburn model invokes
two distinct assumptions as to the pores: (1) they are cylindrical
and (2) they are accessible from the outer surface of the specimen.
Of course, pore characteristics are supposed to represent those in
the material used in practice. However, it has become increasingly
apparent that the intrinsic pores in hydrated cement systems fail
to conform to the requirements of the model [3]; pores are clearly
not cylindrical, instead, most of their boundaries are obviously
convoluted.

Wang and Diamond [19] have been evaluating pore shapes in
cement pastes by quantitative image analysis (QIA). Very irregu-
lar and elongated shapes were determined by means of standard
form factors. Furthermore, they found pore profiles to exhibit
appreciably fractal nature by applying a standard progressive
dilation technique. These findings demonstrate convincingly that
the Washburn equation based on MIP data departs enormously
from reality (as revealed by QIA). Most pores in this approach
are two orders of magnitude smaller than they actually are.
However, these effects appear even less important than due to
violations of the accessibility condition.

The Washburn equation renders possible calculating the pres-
sure required to fill a cylindrical pore of a given cross-sectional
diameter with mercury, provided the pore is directly accessible
to the mercury. This issue of accessibility to mercury appears to
be at the root of the failure of MIP to provide realistic pore size dis-
tributions. The accessibility issue does not arise because individual
pores may have ink-bottle shapes, as occasionally stated in the lit-
erature [4], but is far more fundamental than that. It arises from
but a small proportion of the pores in hydrated cement specimens
being directly connected to the exterior surface of the specimen
that is subjected to the pressurized mercury. Nearly all of the pores
are in the interior of the specimen, and most of them can be
reached by mercury only through a long percolation chain of inter-
mediate pores of varying sizes and shapes; the method is therefore
referred to as an invasion percolation experiment [20]. This prob-
lem is explicitly explained and illustrated by Diamond [1].

Diamond [1] evaluated the deficiencies of MIP technique by
comparing the SDP results obtained by MIP and by image analysis
on 28 days old paste with w/c ratio of 0.4. The author reported that
almost all of the pores obtained by image analysis were smaller
than the MIP threshold diameter of the cement paste. Fig. 1a [1]
presents a comparison between the two techniques for a cement
paste containing air voids (deliberately designed for the experi-
ment). It is clear that MIP data includes the air void volume as part
of the measured porosity, but disguises the air void space by not
intruding the air voids until the threshold diameter pressure is
reached. Conversely, the image analysis technique, as a direct
observation of the pore space, shows the air void space at appropri-
ate diameters and, therefore, reveals a more realistic picture of the
actual pore size distribution in cementitious materials. The afore-
mentioned deficiencies of MIP technique have been extensively
discussed and at least accepted by part of the cement researchers;
among them, QIA of specimen sections is drawing rising interest as
a more reliable alternative for pore structure analysis in cementi-
tious materials. A combined use of MIP and QIA can also be
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Fig. 1. (a) Comparison of MIP and QIA pore size distribution plots for 28 days old cement paste (w/c = 0.4) containing air voids (after Diamond [1]). (b) Comparison of pore
size distributions results obtained by WMIP and MIP, respectively, for the aforementioned mortar but at the age of 14 days (w/c = 0.4) (after Willis et al. [4]).

pursued as stated by Roels et al. [20] “to determine main wetting
and main drainage curves and to get a better insight, not only in
pore volume distribution, but also in pore geometry and
connectivity”.

2.2. Image-based characterization by Wood’s metal intrusion (WMIP)

Due to the aforementioned limitations of the MIP technique,
some researchers replaced Wood’s metal for mercury as the
intruding liquid. The molten Wood’s metal solidifies within the
pore structure of the samples. This additionally allows for applica-
tion of scanning electronic microscopy (SEM) and QIA to specimen
sections. Scrivener and Nemati [21] employed Wood’s metal for
visualizing percolation of pore space in the interfacial transition
zone (ITZ) in concretes, and found direct evidence of dispropor-
tionately higher pore connectivity, which should have direct im-
pact on transport properties. Recent computer simulation studies
by SPACE reveal a similar phenomenon, as will be discussed later
on (e.g., Fig. 9). Willis et al. [4] investigated pore structure in an
experimental approach also employing WMIP. It was found that
molten Wood’s metal has a contact angle on hydrated cement that
is similar to that of mercury, and that its pressure versus volume
intrusion curve into a mortar was essentially identical to that of
mercury under the same conditions. However, with Wood’s metal,
the pressure applied can be released at any given level, so that
after cooling down the location of the solidified Wood’s metal
within the specimen can be determined. The pore size distribution
in the cement mortar was assessed thereupon by QIA. Fig. 1 pro-
vides results obtained by application of conventional MIP and of
QIA to sections of the Wood’s metal intruded mortar specimens.
A practical observation, to which we will refer later, is that the
intrinsic non-air void pores, revealed by the solidified Wood’s me-
tal, are mostly in the size range between 1 and 10 pm. Obviously,
MIP data present incorrect information on pore size distribution,
since pore size is derived on the basis of the diameter of the access
throat through which the mercury has to penetrate the material to
reach internal pores. As a result of this so-called ink-bottle effect,
the MIP pore size distribution curve is shifted towards smaller size
range by two or three orders of magnitude. The SDP information
obtained by QIA and presented in Fig. 1 is based on the aforemen-
tioned area histogram approach. Although far more realistic SDP
information is obtained by WMIP technique than by conventional
MIP, the area histogram method that is used here is still restricted
by the 2D character of pore features in sections. This was argued
already in the introduction, and we will later come back to this

issue. Nevertheless, it can be stated that although area fraction
in isotropic structures can directly be associated through a stereol-
ogical relationship with 3D volume fraction information, the 2D
section size distribution cannot offers unbiased information as to
3D size. This straightforward approach by area classification be-
longs to individual granulometric analysis [13]. The quality of
SPD characterization can be improved by the opening distribution
technique that will be described in what follows. As discussed
elsewhere in this paper, QIA can be considered a proper alternative
as well.

2.3. Porosimetry on 3D-reconstructed model cement paste

Ye et al. [7] developed a software package for three-dimen-
sional (3D) reconstruction from serial sections of pore space in
the matured state. This renders possible directly deriving 3D
information on pore size distribution in the model material that
is generated by the HYMOSTRUC3D discrete element computer
simulation package. This system is based on a so-called random
sequential addition (RSA) algorithm for particle packing in the
fresh state that seriously limits the scope of application possibil-
ities as will be discussed later. The pore structure in simulated
cement paste is interpreted as the free space between expanding
cement particles during the hydration process. The volume frac-
tion of pores accessible to imaginary testing spheres of radius r;
denoted as p(r;), can be computed by gradually filling testing
spheres into pore space that are thereupon subjected to compac-
tion to yield a densely packed mono-size sphere filling. This is
repeated for a wide range of pore diameters, r. The cumulative
pore size distribution curve is obtained by directly plotting p(r)
versus 1. It can be expected that p(r) is a monotonically decreas-
ing function of r. The pore size distribution curve can be repre-
sented by the derivative of the cumulative curve. For a detailed
description of this simulation approach and an example, see Ye
et al. [7,8].

This time-consuming approach provides a rather straightfor-
ward 3D measurement of volume-based pore size distribution.
Still, it should be noted that the assessed pore volume at a cer-
tain value of r constitutes but a lower bound estimate. However,
when the minimum radius and the interval between radii of
testing spheres are small enough at the specified resolution, this
method can provide reasonable results [7]. In addition, the calcu-
lation results also depend on the starting point of the testing
process, an effect of which the impact is larger the radius of
the test spheres. Only a randomly selected starting point and



294 P. Stroeven et al./Cement & Concrete Composites 32 (2010) 291-299

averaging over different trials could solve this problem. This
would make the approach even more time-consuming, however.
For model cement pastes with w/c ratios of 0.6 and 0.3, Ye’s data
revealed critical pore sizes of about 3 pm and 1.5 pm, respec-
tively, at 4 days of hydration (corresponding to a degree of
hydration of 0.64).

2.4. SDP from sections by means of star volume application

It should be emphasized that for continuous phases consisting
of a complex and convoluted system of tunnels and cavities, as in
case of pore space in cementitious materials, conventional mea-
surements of volume and surface area are of little practical use
in describing ‘size’ [13]. Other examples of this type of phase in-
clude the alveolar air spaces in lung, and the pore space in porous
rocks such as sandstone. An available and feasible definition of
size for this type of phase - including pores - is the so-called star
volume. This is defined as the average of the volume (area in 2D)
that can be seen unobstructed in starred directions from a ran-
dom point within the phase of interest [13], as illustrated in
Fig. 2. Take the pore space as set X, the set Y, (light grey area) in-
cludes all points y € X that can be seen directly from point x.
When x is arbitrary, the zone of direct vision (Yy) varies from
point to point. The star allows the definition of a mean volume
of the connected pores. The star volume v at point x can be esti-
mated in an unbiased way on the basis of the unbroken linear
intercept lengths [; for random directions in the section plane
(as shown in Fig. 2b) by

=3 (M

The mean star volume of the pore space is the average of v for a
large number of random points and random directions chosen uni-
formly among all 3D orientations. In addition, the histogram of
measured star values represents the actual pore size distribution
(SDP) in 3D space. For non-isotropic structures, a set of isotropic
uniform random (IUR) sections should be prepared. For additional
practical information, see Gundersen and Jensen [22]. Of course,
this method allows deriving pore size distribution in a far more
efficient and economic way than in the 3D reconstruction approach
can be realized. Moreover, it can be employed in experiments as
well as in computer simulation approaches, and can be considered
a reasonable alternative for the opening distribution technique dis-
cussed in the next section.

j 4

3. Assessment of pore characteristics by opening operation
3.1. Opening distribution technique

Clustering of objects in space can be studied by volume fraction
measurements (of the phase of interest) after applying a dilation
operation with structural elements of increasing size [23]. In a sim-
ilar type of approach, pore size distribution in cement paste can be
determined by means of volume fraction measurements after an
opening operation is accomplished on pore space with structural
elements of increasing size [5,6]. These are examples of granulo-
metric distribution functions in mathematical morphology.

Two main categories of the so-called granulometric distribution
methods in sections can be distinguished: measurement by indi-
vidual analysis or by morphological opening. Individual granulo-
metric analysis is well-known: the size of each pore feature in
the binary image is measured. Then they are classified according
to their size to yield the size distribution function. In contrast to
individual granulometric analysis, the morphological opening dis-
tribution offers according to Delfiner [24] a suitable approach to
analyzing a complex, interconnected structural phase like pores,
since it can be used independently of the nature of the phase of
interest (pore space in this study). He further states that the erosion
operator alone could be applied to measure size distribution of iso-
lated elements (like particles). On the basis of mathematical mor-
phology transformations, various distributions reflecting pore
phase can be obtained by using a sequence of similarly shaped
structuring elements (a square in this study) of increasing size.
The opening distribution curve of pore space is obtained by plotting
the pore area fraction after an opening operation (as illustrated in
Fig. 3) versus the linear dimension of the structuring element. This
gives a type of size classification in the case of an interconnected
structure (Fig. 4), in contrast to single features as in the case of
individual granulometric analysis (e.g., area histogram). The mea-
sure by opening distribution technique is a 2D analogue (with 3D
information) of the type of size distribution obtained by gas or
methanol absorption or by low temperature calorimetry [5]. It of-
fers, in very economic way consistent and reliable information on
characteristics of pore space, SDP inclusive.

3.2. Determination of critical pore size
The definition of critical pore size (denoted as I) can be found in

the literature [2]. It is conceived as the diameter of the pore that
completes the first interconnected pore pathway in a network

b

Fig. 2. 2D schematic drawing of the star of the pores, defined as the volume of the light grey zone v averaged for all points x in the pore space. The distribution (histogram) of

the star volume as x spans the pore space gives insight into the pore size distribution.



P. Stroeven et al./ Cement & Concrete Composites 32 (2010) 291-299

Erosion

295

y
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Fig. 4. Opening distribution by structuring elements of increasing sizes gives a sort of size classification. By an opening with square structuring element of 0.9 um, the lower
circled region is removed; hence this local branch area is contributing to the size range < 0.9 pm.

developed by a procedure of sequentially adding pores of dimin-
ishing size to this network. It is generally accepted that the smaller
the critical pore size, the finer the pore structure. The critical pore
size is a unique transport length scale of major significance for per-
meability properties. Katz and Thompson [2] supported the conjec-
ture that mercury injection is of percolation geometry and
considered the characteristic length I as corresponding to the per-
colation threshold. So, it can be experimentally assessed by MIP. A
typical mercury injection curve (as shown in [2]), reflecting the
volume percentage of mercury intruded as a function of the ap-
plied pressure, is S-shaped; after a gradual increase under rising
pressure, a rapid rise in volume percentage of mercury intrusion
occurs at a certain pressure, whereupon gradually a plateau value
is reached. This stage of rapid rise is interpreted as the moment

when the intruded mercury has formed the first connected cluster
spanning the sample. The inflection point of the rapidly rising por-
tion of the curve can be seen as the percolation threshold. Simi-
larly, the critical pore size I. can be associated with the inflection
point of the opening distribution curve, and with the peak of the
derivative curve of the opening distribution curve.

3.3. Influence of image resolution

The optical magnification required for visualization of the mate-
rial microstructure at the level of the researcher’s interest defines
both the micro-structural level displayed by the field, and the geo-
metric structure of the representative volume element (RVE).
Hence, optical resolution and observed level of the microstructure
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are intimately connected: higher densities of geometric parame-
ters will be observed under higher optical resolution. It is neces-
sary to strike a balance between a representative area element
revealing sufficiently large pore section, and a satisfactory resolu-
tion for detection of small capillary pores.

The first two authors [6] studied the influence of resolution on
the accuracy of the critical pore size determined by the opening
distribution. It was found that a resolution of 0.488 nm/pixel fails
to differentiate pore structures between 7 and 28 days of hydra-
tion. Although at the highest magnification (2000x) trivial as well
as subtle changes of the pore structure were revealed, resolutions
of 0.293 and 0.146 pum/pixel result in similar values of the critical
pore size. It has been proven that the fraction of pores between
0.1 and 10 pm is highly correlated with cement permeability (with
a correlation coefficient of 0.953) [25]. Therefore, it is reasonable to
study cement permeability with image analysis techniques, as long
as a satisfactory resolution of about 0.20 um per pixel is ensured.

4. Illustrative results and discussion
4.1. Pore size distribution

4.1.1. SDP obtained by opening distribution technique

Overall measurement of porosity P is fairly straightforward as
the average pore area fraction measured on 2D sections is an
unbiased estimate of the volume fraction of pore space [18].
Fig. 5a and b depicts representative micrographs of the investi-
gated concretes. Fig. 5c and d presents the derived structural
information after an opening distribution technique. It is hereby
worthwhile mentioning that the image analysis was performed
on a representative number of images for each specimen (at least
35 locations (section images) per sample of 20 x 20 mm, thus

Area fraction of porosity (%)

Size of structuring element (Um)

providing statistical accuracy). Additionally, the image analysis
excludes the aggregate fraction and considers only the bulk ce-
ment paste (as illustrated by the rectangular marked regions in
Fig. 5a and b). For more details on the application of the tech-
nique to reinforced cement-based materials, see [9,12,14,26].

Fig. 5c presents the opening distribution curve for the tested
bulk concretes (two specimens in each group) and the cumulative
pore size distribution curves for each group of concretes, D and N,
respectively. Total porosity equals the value of the opening distri-
bution curve at zero size of structuring element, leading to 7.97%
(D specimen) and 3.29% (N specimen), respectively (concrete age
460 days). Sodium chloride (as involved in the conditioning of
specimen N) normally accelerates the hydration process [27,28]
therefore a lower porosity in the N specimen can be expected.
The critical pore size I is determined as shown in Fig. 5d. The value
of I is 0.634 um in the N specimen, lower than the 0.951 pm in the
D specimen. The critical pore size will decrease with hydration
time. Further, the higher w/c ratio, the larger will be the critical
pore size. It is not possible to convert the opening distribution di-
rectly into a 3D representation of the pore size distribution, but it
would be useful to have a measure for expressing differences be-
tween pore structures in cementitious materials. Moreover, com-
parison with 3D calculations (see [7]) revealed good
correspondence between the curve patterns and the size ranges.
This demonstrates that the SPD obtained by means of the opening
distribution offers realistic 3D structural information of pore space
in cementitious materials.

Fig. 6 provides a comparison between pore size measurements
by means of opening distribution and by the conventional area
histogram. Since the structuring element used in the opening
distribution technique is a square, the pore size (x-axis) in Fig. 6
is converted by I = vA. Alternatively, | = v2A could have been

10 1

Derivative of opening distribution Q.

0.1
Size of structuring element (Um)

Fig. 5. (a and b) SEM micrographs of concrete specimen N and D respectively (magnification of 500x ), depicting the area for image analysis (marked area). (c) Pore size
distribution (opening distribution) curves for concrete with w/c ratio of 0.6 at 460 days of hydration. (d) Determination of critical pore size from derivatives of pore size
distribution curves; peak point corresponds to the inflection point on the pore size distribution curve.
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Fig. 6. Pore size distribution curves obtained by application of the opening
distribution technique and by area histogram, for a cement paste with w/c ratio
of 0.5 at 3 days hydration.

employed, however, this does not change the conclusions that can
be drawn. Obviously, the shape and size range covered by the SDP
curve as obtained by opening distribution resembles the results of
WMIP presented in Fig. 1b to a better extent than defined by the
area histogram. This confirms that the conventional area histogram
is not suitable for characterizing size distribution of such a highly
interconnected structure like pore space in cementitious systems.
This was already stipulated in the introduction. In contrast, a
mathematical morphology technique like opening distribution
can provide far more realistic structural information of pore space.

4.1.2. Number-based pore size distribution

Two histograms can be drawn from the fundamental sorting on
the basis of pore volume, i.e., volume-based pore size distribution
(volume fraction of pores in a specific size range) and number-
based distribution (number of pore features in a specific size
range). The general definition of pore size distribution, as in the
cases of opening distribution and MIP data, refers to the first cata-
logue. So, the area histogram constitutes a 2D analogue of the vol-
ume-based distribution with respect to pore features on the
section image. Note that both volume- and number-based histo-
grams represent the same raw data, but they focus on different as-
pects of the pore size distribution. Number-based distribution
assigns equal statistical ‘weight’ to each pore feature regardless
of its area. The number-based pore size distribution of 2D pore fea-
tures on section images can be assigned 3D character when cor-
rected according to a method introduced by DeHoff and Rhines
[29]. Fig. 7 provides a comparison between the 2D number-based
pore size distribution obtained in the morphological opening ap-
proach and the corresponding 3D distribution, revealing that the

35

—— Nr of pore features
\ = Nr-Dehoff/Rhines

30

25 \
20 \
15 \\

Number fraction of pores (%)

10 \
5 \
0 .
1 10 100

Pore size (um)

Fig. 7. Number-based pore size distribution (frequency, in %) derived from
number of pore features on section image assessed by morphological opening
transformation.

direct 2D representation of number-based histogram significantly
underestimates the number fraction (i.e., the number-based por-
tion) of pores smaller than 2 pm.

4.2. Porosity connectivity

Section images of cement paste and concrete specimens can-
not provide direct information on pore connectivity. However,
pore structure evolution during maturation of cementitious mate-
rials can be considered a geometrical-statistical (=stereological)
process. The solid phase (cement particles plus hydration prod-
ucts) gradually develops into a connected network, which con-
tributes significantly to the material strength. In contrast, the
pore space changes to a de-percolated structure in the matured
material as a result of the continuous decline in porosity and in
pore connectivity during the hydration process. Spacing parame-
ters defined in stereological theory [18], characterize spatial dis-
persion of the solid phase and of the pores, providing insight
into the connectivity of pore space in matured cementitious
materials. From this point of view, the first two authors [30] dis-
cussed the depercolation threshold porosity for model cement
pastes with different water cement ratios and cement finesses lev-
els on the basis of mean free spacing between elements of the so-
lid phase. The involved model cements were generated with the
SPACE system [31] that realistically simulates particle packing
(mutual spacing, configuration of grains) and cement hydration
in concrete composites, since based on concurrent (i.e., particle
interaction) algorithms [32].

This requires making a comment on the type of computer sim-
ulation systems used for structural development of cementitious
materials. Random sequential addition (RSA) procedures are gener-
ally used in concrete technology for simulating the fresh state of
cement particle packing (the initial situation before cement hydra-
tion). In contrast, SPACE is a so-called concurrent algorithm-based
system (CAS) [33]. When interested in the assessment of composi-
tion aspects of the materials such as bulk porosity, RSA systems
will suffice. However, when focusing on the mutual arrangement
of pores so on pore clustering or pore percolation, CAS should be
employed, since it provides a far more reliable basis for progress.
It has been demonstrated that configuration sensitive information
on pore space (e.g., pore connectivity) can only be generated in a
reliable way by CAS, like SPACE or newest HADES system [34].
The pore structure in CAS simulated maturing cement paste was
found easier to de-percolate (corresponding to lower pore connec-
tivity) although total porosity was slightly higher than in RSA-
based model cements at the same hydration age. This confirms that
correct information on pore topology demands realistic modelling
of particle configuration in the fresh state that is underlying the
hydration simulation.

In this contribution, relevant to concrete technology, the heter-
ogeneity in material structure (with respect to pore connectivity)
will be briefly discussed for a model concrete. Fig. 8 shows the mean
free spacing plotted against the distance to the rigid aggregate sur-
face for a model paste at the fresh state of cement particle packing
and for the 100-h matured paste. Particle size ranges from 1 to
45 pm. At the initial packing state, the measured mean free spacing
in the bulk cement (Fig. 8a) is about 3.5 wm, in line with the ster-
eological estimate on the basis of w/c ratio:

sgl=W 1oV 1-0.51
) Sy ScPeemVv 340 x 3.15 x 10° x 0.51
=356x10°%m (2)

where Sy is the surface area of cement particles per unit of test vol-
ume, S¢ is the Blain fineness (i.e., specific surface area per unit mass
of the cement particles, in m?/kg), pecem is the density of fresh
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cement (3.15 x 10° kg/m?), Vi, is the volume fraction of cement par-
ticles (0.51 corresponding to w/c of 0.3). The spacing parameter is
significantly reduced in the matured concrete (Fig. 8b). The present
authors have demonstrated that depercolation phenomenon and
the relevant threshold porosity are associated with the morpholog-
ical evolution of the pore space (characterized by mean free spac-
ing). The mean free spacing will reduce significantly during the
first period of hydration, and then gradually reaches a stable and
low value at the depercolation threshold porosity [29]. Hence, this
spacing parameter gives insight into pore connectivity. Fig. 8b re-
veals that the bulk cement past in the matured concrete is discon-
nected, while in the immediate vicinity (up to 1.5 um from the
aggregate surface) the pore space is still partly connected. Chen
et al. [34] calculated the pore connectivity in a straightforward
way (making use of Ye’s 3D reconstruction algorithm), according
to the conventional definition of connectivity as connected fraction
of porosity, for a model concrete with similar technical parameters
(w/c = 0.3, Blaine fineness of 300 m?/kg) at the ultimate degree of
hydration. This study revealed that the connected porosity is re-
stricted to a very narrow zone immediately neighbouring (within
0.5 um distance, in Fig. 9) the aggregate surface as part of the con-
ventional ITZ for material density (because of the roughly 50% re-
duced particle size range in the model cement, the corresponding
ITZ’s thickness for density would be about 25 pm). The results ob-
tained on the basis of mean free spacing are in good agreement with
the direct calculation of connected porosity, confirming that the
spacing parameter reflects the geometrical aspects of the hydration
process.

5. Summary and conclusions

This contribution presents a critical evaluation in terms of fea-
sibility, reliability and economy of different methods applicable for
characterizing pore size distribution of cementitious materials,
among which are the conventional experimental techniques as
mercury intrusion porosimetry (MIP), and a modified experimental
approach with Wood’s metal (WMIP), the conventional area histo-
gram of pore features displayed in section images, and the opening
distribution technique. It is argued that quantitative image analy-
sis, when combined with mathematical morphology operations
(specifically, opening), will provide relatively realistic structural
information of the pore space in cementitious materials. Part of
quantitative image analysis could be application of the star volume
to random positions in the image plane. This is an economic alter-
native for the morphological opening operation, also yielding unbi-
ased 3D information on pore size distribution.

Critical pore size can be derived from the opening distribution
curve. Values of critical pore size (also referred to as threshold
diameter in literature) and of porosity are useful indexes of pore
structure for mutually comparing between cement pastes or mor-
tars. Total porosity varies with w/c ratio and hydration time in a
similar way as the critical pore size. The critical pore size seems
to be a valid comparative parameter, related to permeability and
ion diffusion in cement systems. The proper characterization of
pore structure is expected to provide important information for
modelling permeability of cementitious materials; hence, it is
highly relevant to studies of durability aspects of the materials.
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Cement hydration and structural developments in cementitious
materials are processes governed by geometrical laws. The stereol-
ogical spacing parameter (mean free spacing) can be used to char-
acterize the structural evolution and to estimate pore connectivity
in cementitious materials during the hydration process.
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