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Abstract

In order to predict the transport properties of porous media, such as permeability and electrical conductivity of cementitious materials, a
better understanding of the microstructural characteristics, including the geometrical and topological properties, is required. In this
contribution, the microstructure of cementitious materials is simulated by using the cement hydration model HYMOSTRUC. In this
computer-based numerical model, the hydrating cement grains are modeled as gradually growing spheres, which become in contact while
growing. The simulated porous medium can be described as a series of sections taken from three orthogonal directions, in which each unit
(pixel) is filled either with a solid or a fluid phase (pores). Various algorithms based on a random walk process are utilized to determine the
local geometrical information, such as gravity center’s coordinate, perimeter and area of each individual pore. The percolating path of the
fluid in three dimensions is traced by using an overlap algorithm. Both three-dimensional (3D) geometrical information and topological space
characterization including branch node network and genus of the pores are derived. Calculation results of these algorithms are compared with

results obtained by other microstructural models at various degree of hydration.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In order to investigate the development of the micro-
structure of a cementitious material, such as the volume
fraction and the percolation threshold of either the solid or
the porous phase, and in particular, the transport properties,
such as moisture flow and water permeability, a quantitative
description of geometrical and topological properties of the
porous structure is needed.

The experimental determination of the microstructure of
porous cementitious materials is quite complicated. This is
due to the wide range of pore sizes of cementitious materials
and difficulties with the sample preparation. To this end,
numerical simulation of the microstructure of cementitious
materials has attracted increasing attention in the past
decades. However, accurate simulation of the microstructure
presupposes that we understand the kinetics of cement
hydration and that we are able to describe the reaction

* Corresponding author. Tel.: +31-15-27-81662; fax: +31-15-27-
85895.
E-mail address: ye.guang@citg.tudelft.nl (G. Ye).

process with an algorithm. On the other hand, it is also
necessary to precisely describe these simulated microstruc-
tures.

A digital-image-based model was developed by Bentz
and Garboczi [1]. The advantage of this model is that it
allows the direct representation of multiphase and non-
spherical cement particles. A percolation theory of pores/
solid was utilized to analyze the connected fractions of
different phases in three dimensions. More recently, based
on the continuum representation approach, an integrated
particle kinetic model for three-dimensional (3D) simulation
of the evolution of tricalcium silicate microstructure during
hydration was reported by Navi and Pignat [2]. Using a
technique of morphological thinning and partitioning of the
void space, the 3D microstructural properties, such as pore
size distribution, volume-to-surface ratio and connected
pore fraction, can be deduced.

However, as emphasized by Lymberopoulos and Paya-
takes [3], the transport properties, such as permeability,
strongly depend on the sizes of narrow pores through which
the fluid must flow. The predictions of permeability are
usually parametric relationships that are required in the
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quantitative description of the geometry and topology of the
microstructure, especially in a network model. It is evident
that geometrical parameters, such as percolation threshold of
porosity and pore size distribution, are not sufficient for
describing the transport behavior in porous media. In fact,
the topological parameters, including the throat and the
interconnectivity of pore space channels, play a dominant
role in the permeability of a cementitious material.

In this paper, the 3D cement hydration model HYMOS-
TRUC [4] was used to simulate the microstructure of
cement paste. A serial sectioning algorithm and an overlap
criterion were employed for the determination of the pore
structure. A newly developed visualization technique allows
a better understanding of the development of microstructure,
including the pore structure.

2. Simulation and visualization of microstructure of
cementitious materials

The numerical model HYMOSTRUC [4] was developed
for simulation of the reaction process and of the formation
of the microstructure in hydrating Portland cement. In this
model, the degree of hydration is simulated as a function of
the particle size distribution and of the chemical composi-
tion of the cement, the water/cement (w/c) ratio and the
reaction temperature.

In a computer-digitized format of HYMOSTRUC, the
cement particles are modeled as digitized spheres randomly
distributed in a 3D body and the hydrating cement grains are
simulated as growing spheres [4,5]. As cement hydrates, the
cement grains gradually dissolve and a porous shell of
hydration products is formed around the grain. This results
in an outward growth or “expansion” of the particles. The
hydrates around the cement grains first cause the formation
of small isolated clusters. Big clusters are formed when
small cement particles become embedded in the outer shell
of other particles, which promotes the outward growth of
these particles (Fig. 1). As hydration progresses, the grow-
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Fig. 1. Formation of a microstructure in hardening cement paste [4].

Solid phase and capillary pore

Fig. 2. Simulated cement paste with w/c ratio 0.4. After 11 h hydration,
degree of hydration 16%. Sample size is 100 x 100 x 100 pum®.

ing particles become more and more connected. The mater-
ial changes from the state of a suspension to the state of a
porous elastic solid.

As shown in Fig. 2a, a cube of hydrating paste was
simulated with w/c ratio 0.4 and curing temperature 20 °C.
For the adopted cement particle size distribution, 6194
particles were randomly distributed in a 100 x 100 x 100
pm® cubic space. The minimum diameter of cement par-
ticles was 2 um and the maximum diameter was 45 pm. Fig.
2 shows the hydration stage at 11 h, when the degree of
hydration reaches 16%. The yellow color represent the outer
products, the red color the inner products, gray color
denotes unhydrated cement cores and the blue color is
considered as capillary pores (Fig. 2b).

A CSG [6] algorithm was used for the visualization of
the pore structure. In Fig. 3a and b, the simulated capillary
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Degree of hydration 90%

Fig. 3. Simulated capillary pore network with water/cement ratio 0.4.

porous network at degrees of hydration of 30% and 90%,
respectively, are shown. A number of special features can be
individuated in these visualized pore structures. Firstly, it is
obvious that the capillary pores are very irregular; therefore,
if the model represent the truth, it is not appropriate to
consider these pores as cylindrical pores, as assumed for
example in mercury intrusion porosimetry. Secondly, from
the view of a network model, as observed from the region
marked with ellipses in Fig. 3b, the isolated pores and dead-
end pores will not contribute to the transport properties.
Another important characteristic is indicated with white dots
in Fig. 3b, this so-called necks or throats. These necks or
throats are the critical links for water transport in the porous
network.

3. Analysis of the simulated microstructure

Identification and specification of the size distributions for
pore bodies and pore necks, and interconnectedness of pore
network are the most difficult components in the porous
materials, both for a real porous medium and for a simulated
porous structure. As mentioned by Serra [7], no applications
of the available techniques of mathematical morphology
could be found to analyze a porous microstructure. Details
of the topological concepts needed to identify pore bodies
and pore necks are given by Dullien [8], where discussions of
pore-structure parameters, including the definitions of topo-
logical concepts such as the genus and its dependence on
other topological properties, were presented. Algorithms for
determining these topological factors, from which pore body
to pore neck networks are constructed, are described by
Dullien [9], mostly in the context of the serial sectioning
work of MacDonald et al. [10,11]. Alternatively, Lymbero-
poulos and Payatakes [3,12] proposed a procedure for
estimating the genus from serial sections. The obvious
advantage of their method is that only two closely spaced
serial section data were used, which significantly reduces the
amount of data that has to be stored, with little loss of
information. Their method has been used as the basis for
the present development.

3.1. Scanning the 3D microstructure by serial sectioning
method

The serial sectioning method starts with scanning the
simulated 3D microstructure from three orthogonal direc-
tions layer by layer. Fig. 4a and b shows the solid phase
sections and pore phase sections, respectively.

In order to characterize the features of each 2D section, the
procedure starts from checking neighboring pixels with the
aid of an array that contains the coordinates of neighboring
pixels relative to the pixel currently analyzed. The advantage
is that the check can be done with a simple one-dimensional
array. In the next layer, every pixel is checked once again to
determine if a pixel is part of a pore and to number the pores
accordingly. Whenever an edge is found, a new pore is
created and given a new number. Further, a recursive function
for calculating the perimeter is called. By tracing the edge and
marking each edge pixel, the length of the perimeter is
obtained. If the program finds another edge pixel that belongs
to a pore that already has a number, it means that this pore is a
part of the same pore and therefore the pore number is
changed to that particular pore’s number. The perimeter and
the pore number are saved. Another recursive function for
calculating the area is called, which will calculate not only the
edge pixels, but also all pore (or solid) pixels to count their
area. When the pore is not connected to any other pore, it is
given a new pore number, higher than the last pore number
that was recorded. The pore data is then connected to the
general list of pores, to the appropriate branch according to its
pore number and their layer where it was found. When a new
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Fig. 4. The simulated microstructure can be considered as serial sections (left: solid phase, right: porous phase).

pore with the same pore number and the same layer is found,
the object is discarded, but the area and perimeter information
is added to the existing data.

The hydraulic radius is a useful measure of “size” in the
case of irregularly shaped cross sections [13]. According to
the definition given by Dullien [9], the hydraulic radius Ry
can be computed as:

Ry =4/P (1)

where A4 is the cross-sectional area of a pore and P is the
length of its perimeter.

The coordination of the gravity center of each pore can
be approximately computed by:

X = sum(x)/count (2)
Y = sum(y)/count (3)

where X and Y are the coordinates of the gravity center for a
pore on a certain layer Z, sum(x) and sum(y) are the
summation of the x coordinates and the y coordinates of
each pixel belonging to one pore and the “count” is the
number of pixels in this pore.

Thus, each individual pore with its 2D features, including
perimeter, area and gravity center coordinates, is stored and
ready for further determination of interconnectedness.

3.2. Determination of the interconnectedness of 2D features
and genus

In order to determine whether two or more pore features
on serial section are interconnected or not, the overlap
criterion is applied. The overlap criterion was given by
Ref. [3]. The overlap between two 2D features exists if the
features belong to adjacent layers and at least one perpen-
dicular line exists on which both features have the same
color. The most important topological parameter is the
genus number, since it is a measure of the alternative paths,
which are available to fluid flow, diffusion, etc., in porous
media. According to Ref. [3], the genus number is defined

as the maximum number of non-interesting closed curves
that can be made upon the surface of a structure without
separating it into disconnected parts. It is equal to the
number of distinct holes through a structure, or the max-
imum number of cuts that a multiply connected structure
can undergo in order to form a simply connected one.

The overlap criterion and of the genus number largely
depends on the resolution of pixels and layer depth. The
higher the resolution, the higher the accuracy that can be ob-
tained for an acceptable CPU calculation time and a reas-
onable representation of physical size of the sample. In this
study, a cubic space of 100 um® was represented by
400 x 400 x 400 pixels. The resolution of the pixel is 0.25
pm and the layer thickness equal to the resolution of the pixel.

The determination of the interconnectedness between the
features on the serial sections is achieved with the linked-list
network structure shown in Fig. 5. An example of analyzed
pore structure is shown in Fig. 6.

In this linked-list structure, each pore is a 3D-pore set and
each pore in the branch consists of objects from 3D pore
structure data. A cumulative function automatically puts the
data in their right place according to pore ID number and
their layer number to this linked-list structure. Next, the
current pore ID is compared with the upper layer number; if
the ID number is larger, the new data is a new pore and a new

Porel -- Pore2 -- Pore3 -- .......... -- PoreM
|layerl |layerl 1|ayer1 llayerl
{ayer2 |layer2 l|ayer2 llayer2
{ayerS |layer3 l|alyer3 1|ayer3

layerN layerN layerN

Fig. 5. Linked-list network structure for determination of the intercon-
nectedness on serial section.
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Fig. 6. Example of determination of the interconnectedness of 2D features.

pore is created and added to the end of the list. If this pore ID
is smaller than the top layer ID, the program searches for the
correct place to keep the number in order and then makes a
new node and puts it between existing nodes.

A move pores function is used for multilayer analysis if
two pore, that at first seem to be separated, are found to
merge on subsequent layers. Then a new node is recorded
and all the data need to be removed. Afterwards, all the
nodes from one linked-list structure are transferred to the
appropriate linked-list structure object and the empty branch
is discarded.

In hydrating cementitious materials, the pore structure
changes with progress of the hydration process. The cal-
culation results show that more than 95% pores are inter-
connected in a sample with a w/c ratio 0.4, even at degree of
hydration of 0.9. Therefore, the channels that are not
throughout the whole sample will not be taken into account
in the calculation of genus number. A modified formula by
Lymberopoulos and Payatakes [3] for computing the topo-
logical parameter genus G was applied.

Gmin = Cin —f + N, (4)
Gmax = (Cin+cout)_(f+1)+((]vin_Nout)+l)a (5)

where ¢, is the number of connections between overlapping
features of pores or solid, c. is the number of pore
channels intersected by the sample boundaries, f is the

number of pores, N;, is the overall number of separate
networks and N, is the number of separate networks,
which have access to the boundaries of the sample.

For example, as shown in Fig. 6, we already have Pores 1
and 2 in Layer 0. During the analysis of Layer 1, three pores
are found. One of them is found to overlap with Pore 1 and
the other two are overlapped with Pore 2. However, since
these three pores are not connected to each other in this
layer, the Pore ID 1 and 2 are assigned. Subsequently, we
find that Pore 1 is connected with Pore 2 in Layer 2; a node
is found and the data of Pore 1 detached from the main list.
A new ID (2) is assigned and then added again to the list, as
a part of the Pore 2 branch. After the analysis outlined
above, the number of connections between overlapping
features c;, is 15, the number of pore channels intersected
by the sample boundaries ¢y, is 3, the number of pores fis
15, the overall number of separate networks Ny, is 1 and N,
is 1. According to Eqgs. (4) and (5), the calculated genus
number G, is 1 and Gy 1s 3.

The liquid flow channel can be obtained by tracing a line
through the coordination of the gravity center of each pore.

4. Results and discussion

Two numerical simulation of cement paste have been
performed. Table 1 shows the input parameters for the

Table 1

Input parameter for the numerical experiments

Sample no. w/c ratio Sample Particle Particle no. Image Pixel resolution Number
[-] size (um) size (um) size (pixel) (nm/pixel) of layers

1 0.3 100 2-45 7123 400 0.25 400

2 0.4 100 2-45 6149 400 0.25 400




220 G. Ye et al. / Cement and Concrete Research 33 (2003) 215-222

w/c=0.3

Fig. 7. Capillary pore structure in paste with different w/c (a=.70).

simulation. Curing temperature is 20 °C. The main variable
is the w/c ratio, i.e., 0.3 and 0.4.

The simulated pore structures are illustrated in Fig. 7a for
a w/c ratio 0.3 and Fig. 6b for a w/c ratio 0.4, both at a
degree of hydration 0.7. It is obvious that at the same degree
of hydration, the sample with the lower w/c ratio shows less
porosity than the sample with a higher w/c ratio. The
calculated result revealed a capillary porosity of 2% for w/
¢ 0.3 and 11% for w/c 0.4.

4.1. Development of microstructure: percolation threshold
of the solid and the capillary pore phase

Fig. 8 shows results for the percolation threshold of the
solid and capillary porosity for two different w/c ratios. The
solid percolation threshold was found at a degree of hydra-
tion 0.02 in the case of w/c ratio 0.3 and at degree of
hydration 0.025 in the case of w/c ratio 0.4. Afterwards, the
connected solid phase shows a quick increase and all solid
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particles are connected with each other at a degree of
hydration of 0.25. These phenomena have been found to
be in fairly good agreement with an experimental ultrasonic
pulse velocity (UPV) test performed on a cement paste with
the same w/c ratio [14]. In the experiments, a sudden change
of UPV was reported after 3 h hydration. After 30 h, the
UPV increased only slowly until the end of experiment.
Similar phenomena also can be found in Refs. [15—17].
For the evolution of the capillary porosity, Fig. 8 shows
that almost all capillary pores are connected with each other
up to a degree of hydration of 0.70. A value of 3.5% of the
capillary porosity percolation threshold is found in both
samples, corresponding to a degree of hydration 0.91 for the
sample with w/c ratio 0.4 and a degree of hydration 0.63 for
the sample with w/c ratio 0.3. The evidence of a constant
value of capillary porosity percolation threshold is in good
agreement with simulations with the NIST model [18].
Fig. 9 shows a comparison, at the same w/c ratio 0.4, of
the fraction of solid/capillary porosity between the NIST
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Fig. 8. Development of microstructure in cement paste with two different w/c ratios (left: phases connected fraction as function of degree of hydration, right:

connected pore fraction as function of capillary porosity).
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Fig. 9. Comparison between different simulation models.

model and the HYMOSTRUC3D model. Note that in the
NIST model, only four sizes of particles with diameter of 3,
9, 13 and 19 pixels were used, the physical size of sample
was 100 x 100 x 100 pm® and the resolution in this case
was | pm/pixel [18]. In the HYMOSTRUC3D, a continuous
particle size distribution, between minimum size 2 pm and
maximum size 45 pm was used, the physical size of sample
was the same as the NIST simulation, while the resolution
was 0.25 pm/pixel.

A similar development of solid phases can be found in
both models. As discussed previously, these two models
both reach a solid phase percolation threshold at a degree of
hydration around 0.02—0.03. At a degree of hydration of
0.20—0.25, nearly all solid phases are connected. However,
significant differences on the evolution of the capillary pore
structure between the two models are shown in Fig. 8b.
Firstly, the capillary porosity percolation threshold is found
to be about 20—22% in the NIST model [18], whereas in the
HYMOSTRUCS3D, the percolation threshold of the capillary
porosity is found at about 3.5%. Secondly, the porosity
percolation threshold occurs in the NIST simulation at a
degree of hydration of 0.70, but in HYMOSTRUC3D, the
capillary porosity percolation threshold occurs much later, at
a degree of hydration around 0.90 (Fig. 9a).

Why are the differences in capillary porosity so pro-
nounced in the two models? To answer this question, we
must understand the principle of both hydration models. In
the NIST model, the different cement components are
simulated as different sets of digital pixels; when C;S

hydrates, a cellular automaton model is applied, in which
the reactants (pixels) dissolve from their matrix and walk
around the capillary water space. When two reactants meet at
a certain place, a chemical reaction occurs and the reaction
products will be located in this place. In consequence, a lot of
smaller capillary pores are blocked by these “walking
around” hydration products. Another important factor that
affects the capillary porosity percolation is the digital res-
olution. A complete discussions on the influence of image
resolution in the NIST model is presented in Ref. [18]; it is
shown that the higher the resolution, the lower the capillary
percolation threshold. When the resolution changes from 1 to
0.25 pm/pixel, the capillary percolation threshold decreases
from 22% to 11% porosity. The latter value is close to the
3.5% porosity found with HYMOSTRUC3D.

4.2. Connectivity of capillary pore structure

Calculations of the interconnectedness were performed
for sample with the w/c ratio of 0.3 and 0.4, at a degree of
hydration of 0.50. Table 2 includes the most important
calculation results. The evolution of the calculated value
of the genus/volume versus the sections examined is shown
in Fig. 10. The upper and lower limits of the genus for the
sample with w/c=0.3 are G,;, =361 and G, =448. For
the sample with w/c=0.4 are Gpj,=753 and G.x =904,
respectively.

It is clear that at the same degree of hydration, the genus
number for the sample with w/c=0.3 is larger than that of

Table 2

Calculation of the connectivity of capillary pore structure

w/c Degree of Total Connected Connected porosity Average pores Average links Ghmin Gmax
hydration [—] porosity (%) porosity (%) fraction (%) number in 2D between two layers

0.3 0.5 8.63 8.44 97.8 42.08 40.16 753 904

0.4 0.5 20.45 20.41 99.8 28.45 26.76 361 448
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Fig. 10. Distribution of the calculated genus/volume versus the number of
the sections examined. Sample with w/c=0.3 and w/c=0.4.

the sample with w/c =0.4; a more complex fluid channel is
formed in the sample with lower w/c. This is to be expected,
since more pores are connected with each other in the
sample with higher w/c ratio.

5. Conclusions

Based on the HYMOSTRUC cement hydration model,
3D microstructures of cement paste were simulated and
visualized. A serial section algorithm with an overlapping
criterion was used to characterize the 3D microstructure.
This type of approach led to detailed information about
various aspects of the capillary pore system (interconnected-
ness, branch to node network). From the pore structure
analysis, however, it is shown that not only the geometrical
but also the topological parameters will affect water per-
meability. The calculation of the genus number showed that
the samples with lower w/c ratio have a more complex pore
structure. According to the analysis of percolation threshold
of phases, it has been shown that different cement hydration
models reveal differences in the microstructure and particu-
larly in the pore structure. Trends, however, are similar. The
present study has shown that the percolation threshold of
capillary porosity has a constant value in samples with
different w/c ratio.

Further studies include the partition of the pore space by
morphological skeletonization and application of this micro-
structural approach to study transport behavior. In particular,
it will be studied how these microstructure parameters
correlate with water permeability.
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