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Abstract

 

Characterization of the pore structure of cement paste is of fundamental importance for understanding the mechanical and transport prop-
erties of cementitious materials. The influence of cement particle size distribution on the hydraulic radius and on the connectivity of the cap-
illary pore space of hydrated tricalcium silicate (C

 

3

 

S), simulated by an “integrated particle kinetics model” was studied previously. In this ar-
ticle, the pore size distribution of a simulated cement paste is determined by applying two different techniques: a two-dimensional numerical
mercury intrusion technique and a morphological thinning and partitioning of void space technique. The results are discussed. © 1999
Elsevier Science Ltd. All rights reserved.
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Cement particles react with water and form a porous
solid with micropores of various sizes. Understanding of the
microstructure-property relationships of cement-based ma-
terials, as in any material, necessitates knowledge of micro-
structure at different levels. Through microscopic observa-
tion and analysis, one can simply obtain a two-dimensional
(2D) quantitative image of hydrated cement paste micro-
structure, but it is extremely difficult to reconstruct an accu-
rate three-dimensional (3D) microstructure from successive
2D images. Although certain microstructural aspects of ce-
ment paste, like phase volume fractions, are statistically the
same in two and three dimensions, other structural features,
like the connectivity or percolation of phases as well as the
pore space size distributions, are considerably different.
Various computer models have been developed in the last
10 years to represent the microstructure of cement paste de-
velopment during hydration in 3D. Recently these models
were reviewed by Bentz [1]. He classified these models into
two categories. (1) A “continuum-based model” with spher-
ical cement particles. The reason for this denomination is
that the particles are described by their center and radius,
corresponding to the nonhydrated core and the shells of hy-
dration. In this approach the hydration process of cement
particle is controlled by different mechanisms at different
times. This type of simulation at the cement particle level
first appeared in the pioneering work of Jennings and

Johnson [2] and was continued in a similar way by Breugel
[3]. (2) A digital-image–based model, developed by Bentz
and Garboczi [4]. Their model allows the direct representa-
tion of multiphase and nonspherical cement particles, but
unlike the continuum-based models it does not consider the
different kinetics involved in the hydration process.

Based on the continuum representation approach, we im-
plemented an integrated particle kinetics model for 3D sim-
ulation of the evolution of tricalcium silicate (C

 

3

 

S) micro-
structure during hydration. The description of this model
was given by Navi and Pignat [5,6]. In this model the effect
of interparticle contacts and the accessibility of water on the
rate of hydration and on the structure formation are taken
into account explicitly. In this simulation the anhydrous par-
ticles of C

 

3

 

S are considered to be spherical and possess a
similar particle size distribution as Portland cement parti-
cles. The diameter of the particles can vary from 1 to 70 

 

m

 

m.
To demonstrate some of the results obtained by this sim-

ulation, a computational volume of 150 

 

3

 

 150 

 

3

 

 150 

 

m

 

m

 

3

 

with both periodic and nonperiodic boundary conditions
was considered. In this example the water-to-cement ratio is
0.4. At the start of the hydration the mixture consists of two
phases: C

 

3

 

S and water. After the hydration starts, the system
contains five phases: C

 

3

 

S, C-S-H, CH, water, and air. The
air appears because of the “Le Châtelier” contraction. In this
model the water and the air are considered to form the capil-
lary porosity, and the water is assumed to be free water. At
each step of the hydration, the overall degree of hydration,
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the pore volume, the contact surfaces, and the hydraulic ra-
dius are computed and all data necessary for 3D graphical
representation of the microstructure development of the ce-
ment paste are stored. Fig. 1 shows the 2D images at t 

 

5

 

 0
and after 2 months of hydration of C

 

3

 

S, under periodic and
nonperiodic boundary conditions.

Hardened cement paste contains capillary pores whose
size and volume vary during hydration. The dimension of
pore spaces spans over five orders of magnitude in a scale
varying from a few nanometers to several micrometers and
mainly are interconnected, forming a highly complex net-
work. Characterizing the pore structure of cement paste is of

fundamental importance for understanding the mechanical
properties and transport process of cementitious materials.
A common approach to describe the pore space of the ce-
ment paste, in addition to its pore volume, is to represent the
pore space as a distribution of pores of different sizes, as de-
termined by mercury porosimetry or nitrogen adsorption
measurements. In a classic mercury porosimetry experi-
ment, the data are the incremental volumes of mercury that
enter the pore space at each pressure increment.

The application of mercury porosimetry in practice is
simple, but the interpretation of the data is difficult. A com-
mon and simple way to interpret these data is to consider the

Fig. 1. Two-dimensional section of hydrated C3S particles situated 50 mm from the computational volume surface, at t 5 0 and t 5 2 months.
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pore spaces as nonintersecting cylindrical pores with vari-
ous radii. The penetration pressure is the pressure required
to force the mercury meniscus into the corresponding pore,
where the relation between the capillary pressure P

 

c

 

 and the
curvature C of the meniscus are given by the Laplace equa-
tion given in Eq. (1):

(1)

where 

 

s

 

 is the surface tension, and C 

 

5

 

 2cos

 

u

 

/r

 

t

 

, where r

 

t

 

 is
the radius of the corresponding pore and 

 

u

 

 is the contact an-
gle between the interface and the solid surface.

Because the pore space of cement paste is complicated
and composed of interconnected noncylindrical discrete
pores, the derivation of pore size distributions from mercury
porosimetry by a simple nonintersecting cylindrical pore
model can give misleading results. Although many attempts
have been made to give more realistic interpretations of
mercury porosimetry data, e.g., using more sophisticated
models based on grape features, the results still are not satis-
factory [7].

The aim of this work at this stage is to determine the 3D
pore size distribution of simulated cement paste. We applied
two different techniques: a mercury intrusion technique

Pc Cσ=

 

(MIT) and a technique using morphological thinning and
partitioning of the void space (MTPVS) [8]. The results ob-
tained from these techniques are discussed. It is worthwhile
to note that the application of MTPVS on a pore space for
2D or 3D is almost similar, but use of MIT on a 3D pore
space is much more difficult than in 2D. In this article we
will first give a brief description of these two numerical
techniques and then compare the numerical results obtained
from their application to 2D sections of simulated cement
paste. Second, we will give the results obtained in 3D using
the MTPVS technique.

 

1. Numerical mercury porosimetry technique

 

In mercury intrusion, according to the Laplace equation,
the pressure is proportional to the curvature of the mercury
front meniscus. For a cylindrical pore the corresponding
curvature is defined by a unique radius. For a noncylindrical
pore, the corresponding curvature is a combination of two
radii. This makes the numerical application of MIT to a sim-
ulated 3D pore space very difficult. Therefore, we applied
this technique to a 2D porous structure where the meniscus
is circular and the contact angle between solid and liquid is
considered to be 180

 

8

 

.
Numerical application of MIT to 2D images follows a

procedure similar to experiment. It starts from the edges of

Fig. 2. Simulation of penetration of mercury from a portion of an edge of a
2D image under increasing pressure.

Fig. 3. Final penetration of mercury shown by different gray levels, each
corresponding to minimum meniscus diameter for mercury penetration.
The white color indicates the pores not penetrated by the minimum menis-
cus diameter of 0.5 mm.
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the 2D image, filling the accessible pores with circles of a
given diameter. This process of filling is carried out by re-
ducing the diameter and is repeated until the pore space is
filled out completely, as it shown in Fig. 2.

For each diameter the corresponding occupied surface is
calculated. By varying the diameter, we can produce a com-
plete intrusion curve for the considered microstructure. The
result of such a numerical approach on a 2D slice of simu-
lated hydrated cement is given in Fig. 3 In this example
blocks represented in black are solids and the meniscus di-
ameter varies with gray level from 5 to 0.5 

 

m

 

m.
The corresponding pore size distribution curves com-

puted for three different slices at distances of 50, 75, and
100 

 

m

 

m from the boundary of computational volume are
given in Fig. 4. Garboczi and Bentz [9] obtained, for a 2D
microstructure, the pore size distribution using the same
technique but applied to digital images.

 

2. MTPVS

 

This numerical approach is a variant of the morphologi-
cal thinning method. It can be applied to a pore space dem-
onstrated by images to partition the void space into a well-
defined collection of individual pores. Each individual pore
consists on a site bounded with interfaces with solid matrix,
and by pore necks. A pore neck is defined as a plane where
the hydraulic radius (area divided by its perimeter) has a lo-
cal minimum. From the segmented pores several useful data
such as pore size distribution curve and surface-to-perime-
ter ratio can be obtained. A general explication of this ap-
proach is given in Baldwin et al. [8]. We first applied this
approach to a 2D structure of a pore space obtained from a
3D simulated microstructure of hydrated cement and then to
a 3D porous structure.

Before this approach the pore structure had to be repre-
sented by regular pixels (or voxels for 3D images). Each
pixel then will represent either a solid or a pore part. We

should note that digitizing a continuum model and thus the
result are dependent on the pixel size used. Because of the
wide range of pore sizes in hydrated cement, it is evident
that the size of the pixel has a strong influence on its pixel
representation as well as on the pore size distribution. Using
pixels having a very small size, one can obtain an accurate
pore size distribution. Let us consider that at time t the 3D
microstructure is simulated and a 2D slice is selected, and
we intend to evaluate its pore size distribution with a pixel
size d and a specimen size a 

 

5

 

 n 

 

3

 

 d, where n is an integer.
The MTPVS technique consists of three stages: thinning,

rebuilding, and computing equivalent radius of the individ-
ual pores. The thinning can be applied to an image when it

Fig. 4. Cumulative pore size distribution curves determined using the numerical mercury porosimetry technique on the 2D image.

Fig. 5. Thinning of the 2D image of the pore space.
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is represented by pixels or voxels. The aim of this operation
is to replace the pore space with layers of pore pixels. The
result of such thinning algorithm in a 2D image is shown in
Fig. 5. During the morphological thinning, the pore pixels
are removed from the surface of the pore space, layer by
layer inward, giving each layer a number starting with one.
This part of operation is called pores erosion or solids di-
lation.

When all the porous pixels are eroded, we start the sec-
ond stage by rebuilding the pore space, layer by layer out-

ward, beginning with the last eroded layer. This operation
partitions the pore space into a set of individual pores. Each
individual pore is identified by a discrete layer having a lo-
cal maximum layer number (stomach) and a set of necks
separating the pores. The necks and stomachs are defined as
shown in Fig. 6, which illustrates an example of two distinct
pores in 2D. Application of MTPVS technique is basically
the same for both 2D and 3D. In Fig. 6 the stomach of pore
1 is made up of two pixels: layer 4, which is discrete and
has local maximum layer number. The stomach of pore 2 is
built of five pixels: layer 3, which is discrete and possesses
local maximum layer number. Layer 2 does not represent

Fig. 6. Partitioning of the pore space into pores 1 and 2.

Fig. 7. Partitioning of the pore space of a 2D simulated cement pore. Each
gray level shows an individual pore. The black color indicates the solid.

Fig. 8. Cumulative pore size distributions obtained for three sections at distances of 50, 75, and 100 mm from the boundary of computational volume using
MTPVS.
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any stomach. The neck pixels between the pores 1 and 2 are
defined according to their equal distance with reference pix-
els of the pores. Reference pixels are the nearest pixels of
the layer with the smallest layer number that separate the
two pores. The line indicates the neck defined with respect
to the two reference pixels of pores 1 and 2 in Fig. 6.

All statistics related to the characterization of pore space,
such as pore size distribution, volume-to-surface ratio, etc.,
can readily be determined by this technique. To determine the
pore size distribution curve, one should calculate for each pore
its equivalent shape radius. For the purpose of comparison

with the result obtained using mercury porosimetry, we de-
fined a pore radius as being twice the ratio of surface to pe-
rimeter of the pore, which gives the exact radius for the pore
if it were circular. Some hypothesis will be made in 3D com-
putation. Individual pores will be considered merely spheri-
cal and the hydraulic radius of a 3D pore is calculated by
multiplying by three the ratio of volume to surface, which
corresponds to the real radius if the pore were spherical. We
should note that there is no common accepted definition for
equivalent shape radius. Our definition is more representative
if the pore shape were closer to a circle or a sphere in 3D.

Fig. 9. Cumulative pore size distributions for a 3D specimen according to the MTPVS technique and at different hydration times.

Fig. 10. Connectivity of the porosity for the different hydration times.
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2.1 Pore size distribution curve using the MTPVS approach

 

Three 2D images identical to those studied with the nu-
merical MIT were selected for application of the MTPVS
approach. The result corresponding to Fig. 5 is given in Fig.
7, where each individual pore as defined before is shown by
a different gray level.

Based on the definition given for the equivalent pore ra-
dius, we calculated the radius of each individual pore and its
volume and surface. The cumulative pore size distributions
of three 2D slices were computed and the corresponding
curves are given in Fig. 8.

 

2.2 Three-dimensional characterization of the pore space of 
a simulated cement using MTPVS

 

It is not obvious how to apply the numerical MIT to a 3D
pore structure to obtain the pore size distribution. As we ex-
plained previously, MTPVS can be applied readily to 3D
and 2D images almost in the same manner. We applied this
method to calculate the pore size distribution curve of our
simulated hydrated cement at different hydration times. As
an example, a 80 

 

3

 

 80 

 

3

 

 80 

 

m

 

m

 

3

 

 computational volume
was considered. The C

 

3

 

S grains were spherical and pos-
sessed a particle size distribution varying from 2 to 30 

 

m

 

m.
The water-to-cement ratio was 0.4 and the number of grains
was 1919. The pore space was represented by voxels 0.5

 

m

 

m on a side. The cumulative pore size distributions of the
pore spaces at different hydration times were calculated and
are demonstrated in Fig. 9.

We also computed the connectivity of the pore spaces at
different hydration steps using an algorithm proposed by
Hoshen and Kapelman [10]. This algorithm has a bearing on
3D representation of a microstructure with successive 2D
slices. It allows us to determine with precision the connec-

tivity of pores, using voxels of a very small size [6]. The
connectivity of the pore spaces represented by voxels 0.5

 

m

 

m on a side and the porosity at different hydration times
are given in Fig. 10

Illustrating the 3D image of partitioned pore space is dif-
ficult. Two-dimensional sections of the partitioned pore
space for 3D numerical hydrated cement at different stages
of hydration are given in Figs. 11–13. These figures show
the evolution of individual pores and the solid parts (solid
parts consist of C

 

3

 

S and hydrated parts: C-S-H and CH) in a
1-week period using a section passing through the middle of

Fig. 11. Two-dimensional section in the middle of the specimen before
hydration. The black color indicates the solid.

Fig. 12. Two-dimensional section in the middle of the specimen after 1 day
of hydration.

Fig. 13. Two-dimensional section in the middle of the specimen after 1
week of hydration.
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the computational volume. The black color indicates the
solid; for each partitioned pore a gray level is attributed.

 

3. Discussion and conclusion

 

Mercury porosimetry is used commonly to derive the
pore size distribution of cement-based materials. The data
are the incremental volumes of mercury that enter the pore
space at each pressure increment. The interpretation of the
data is difficult and the derived pore size distribution based
on simple interpretation can be misleading. We computed
the pore size distribution, of pores with radius ranging from
5 to 0.5 

 

m

 

m, of 2D and 3D images of simulated hydrated ce-
ment paste. Two different techniques were used: a mercury
intrusion technique (MIT) and a morphological thinning
and partitioning of void space (MTPVS). Fig. 4 shows the
pore size distributions of 2D images computed by MIT, and
Fig. 8 illustrates the result obtained by MTPVS on the same
images. In Fig. 3, the numerical application of MIT follows
a procedure similar to the real mercury intrusion test. Fig. 3
shows the maximum penetration of mercury, under a given
meniscus diameter, started from the edges of the image, into
the pore space. We can see that the curves in Fig. 4 can rep-
resent the pore size distribution only if the pore space is
composed of nonintersecting cylindrical pores. Comparing
the results given in Fig. 4 with those shown in Fig. 8 indi-
cates strong discrepancies between curves belonging to the
same images.

We applied MTPVS to determine an accurate pore size
distribution of an image for later comparison with the result
obtained by MIT. It should be noted that in the MTPVS
technique, the shape of the cumulative pore size distribution
curve depends on the definition of equivalent pore radius,
but we postulate that the curves presented in Fig. 8 represent
a reasonably accurate size distribution of the pores of 5 to
0.5 

 

m

 

m for the three selected slices. Fig. 8 shows a much
smaller percentage of small pores than suggested by MIT.

We applied MTPVS directly to 3D images. To show the
applicability of the technique to 3D images, 2D images of
partitioned of pore space are illustrated in Figs. 11–13. For
each pore a gray level is attributed for differentiation from
other pores at each hydration time. The evolution of cement
paste microstructure, especially the nucleation of CH in the
water, changes the shape and the pore size distribution of
the pores. One can observe this variation in the 2D section
cut from the middle of computational volume in Figs. 11–
13. The computed pore size distribution curves for cement

at different hydration times are given in Fig. 9. The curves
show that, during hydration, the porosity and the mean hy-
draulic radius decrease. There is no difference between re-
sults for hydraulic radii of 0.3 and 0.6 

 

m

 

m because the pixel
dimension was 0.5 

 

m

 

m. Fig. 10 shows that the connectivity
of the pore space only decreases for hydrated cement with
porosity less than 10%. It is important to note that this result
depends strongly on the pixel dimension. For smaller pixel
dimension, the result would be more accurate. It is possible
that this connectivity stays equal to one (almost all pores re-
maining connected even for the last hydration steps).

The comparison between the results obtained on 3D im-
ages using two different techniques may permit us to cali-
brate the experimental results obtained by MIT. There is no
clear understanding of the description of the pore space of
the cement-based materials. Our results from characterizing
the pores of simulated hydrated cement indicate that in ce-
ment paste with less than 10% porosity, almost 95% of cap-
illary pores smaller than 2-

 

m

 

m diameter are connected [6].
Comparing Figs. 4 and 8 indicates that the percentage of
small capillary pores seems to be much less than that found
using MIT.
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