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Simulation of Cement Hydration and
the Connectivity of the Capillary
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A lot of work has been carried out previously on modeling the
microstructure of cement paste. These models can be classified in
three categories: overall kinetics, particle kinetics, and hybrid kinet-
ics. We have implemented an integrated particle kinetics model for
three-dimensional simulation of the evolution of tricalcium silicate
(C3S) microstructure during hydration. This model explicitly takes
into account the effect of interparticle contacts and the accessibility
of water in pores on the rate of hydration and on structure forma-
tion. The hydration process is controlled by different mechanisms.
One of the mechanisms, of parabolic nature, allows us to introduce
the effect of interconnections. The microstructural development is
shown at various degrees of dehydration. The size of pores in this
simulation can approach zero. The overall degree of hydration, the
hydraulic radius, and the connectivity of the capillary pore space of
the hydrated cement with different water-to-cement (w/c) ratios, are
calculated at each step of time. Plotting pore connectivity in terms
of porosity results in a single curve that is independent of w/c ratio.
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hen cement particles are mixed with water,
they react with water to produce a mass of
solid with micropores of various sizes. The
properties of the cement paste such as strength, perme-
ability, creep, and drying shrinkage are controlled by
the solid and porous phases and their spatial arrange-
ments. To study the microstructure-property relation-
ships of cement based material, comprehensive spatial
data at different levels of microstructure during hydra-
tion is required. Experimentally, it is difficult to provide
accurate spatial information through successive two-
dimensional representations.
This complex microstructure can, however, be simu-
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lated by mathematical or kinetic models. Having a
model that can simulate properly at each step of time
the hydration process and structure formation of ce-
ment paste, one can construct and follow the micro-
structural evolution of cement based materials for any
scenario of experimental interest. The first attempts in
this direction go back to the work by Pommersheim et
al. [1] on mathematical modeling of hydration of trical-
cium silicate (C55). Jennings et al. [2] initiated an inter-
esting work on graphical computer that simulates the
hydration process and the structural formation of C;S,
based on a model given in ref 1. They described a model
that simulates the hydration process using rules de-
rived from measurable characteristics of the hydrating
system. Later, Garboczi and Bentz [3] presented a digi-
tal image-based simulation model of C,;S hydration.
Their model presents the hydration as a series of disso-
lution/diffusion/reaction steps. These authors have ap-
plied this model in ref 4 to the phase percolation under
variety of hydration conditions and in ref 5 to the study
of the interfacial zone between the aggregate and the
cement. A comprehensive study of the different steps
involved in the simulation of hydration and formation
of structure in hardened cement was made by Breugel
[6], who developed a simulation model capable of pre-
dicting the adiabatic and/or isothermal hydration
curve of cement based materials.

The current increase in the power and accessibility of
numerical and graphical computers permits us to ad-
vance considerably the investigation of the cement hy-
dration process and the prediction of properties of ce-
mentitious materials.

Recently, we have applied an integrated particle ki-
netics model and have investigated the microstructure
development, the effect of small inert grains on cement
hydration, and the interparticle contact surfaces (see
refs 7 and 8). In this paper, the description of the model
is given; an example of the C;S microstructure devel-
opment is illustrated; and the overall hydration degree
and the hydraulic radius, for different water-to-cement
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(w/c) ratios and at different stages, are calculated. The
connectivity of capillary pore space of simulated hard-
ened paste is studied.

Description of the Model

Hydration and Structure Formation of a
Single C,S Particle

Anhydrous cement particles are polymineralic, being a
combination of tricalcium silicate (C;S), dicalcium sili-
cate (C,5), tricalcium aluminate (C;A), and tetracalcium
aluminate ferrite (C4AF). These particles have an ir-
regular shape that depends on the process of fracturing
during manufacturing. The particle size distribution of
ordinary portland cement varies from under 1 pm to
over 100 pm.

Modeling the microstructure development of a poly-
size and polymineral cement-water system requires a
deep understanding of different mechanisms involved
in hydration processes, the interferences between these
processes, and the microstructure formation.

Among the four principal minerals, C;S is the one
studied most frequently. C;S is the main mineral con-
stituent of portland cement, and it is also the simplest
reactant from the point of view of chemical reaction and
product formation. When C;S reacts with water, two
products are formed: calcium silicate hydrate (C-S-H)
and calcium hydroxide (CH). Pommersheim et al. [1]
have developed a mathematical model that describes
and predicts the hydration of C,S particles and the pro-
cesses involved in structure development of a single
particle. In this model, C;S particles are assumed to be
spherical. For structure-development purposes, they
proposed two distinct forms for reaction product C-S-
H: an inner (in) C-S-H that grows inward from the
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original boundary of spherical grain and an outer (out)
C-5-H that grows outward into the pore solution. These
two C-5-H forms are shown schematically for a single
isolated grain in Figure 1. The inner hydrate is consid-
ered to be the result of a topochemical process and the
outer hydrate the result of a through-solution process.
In addition, a thin layer between the two forms of hy-
drates, in and out, is assumed to form and then gradu-
ally disappear. This layer may consist of a silica-rich
semisolid or an electrical double layer. The CH is as-
sumed to form by nucleation on or outside the outer
hydrate in the free water that exists in the pores be-
tween the particles.

Hydration Process of a Single Particle

The hydration processes of a cement particle are gener-
ally assumed to be controlled by three mechanisms that
dominate at different times. The first is nucleation and
growth of products. This poorly understood mecha-
nism controls the initial reaction until a degree of hy-
dration of 1-2% is reached. This mechanism is often not
taken into account in modeling. The second mechanism
is the phase-boundary controlled reaction. For this
mechanism, the equation for a flat reactant surface and
for a constant ion concentration in the liquid phase is

dr, () = K,dt 6))

where r;,(f) is the thickness of the reaction product at
time ¢, K; is a coefficient defined in (um/h), and dt is a
short time. The degree of hydration at time ¢, a(?), is
defined as the amount of cement that has reacted at
time ¢ divided by the total amount of cement at time ¢ =
0. For a spherical particle with an initial radius R and an
actual radius r,,,, the degree of hydration, a(t), is

FIGURE 1. Illustration of the different variables at
time ¢ + dt for a single isolated grain. R is the initial
radius at time ¢ = 0. r,, is the radius of the anhy-
drous core; and r, is the radius of the hydrated
cement.
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The third mechanism is diffusion reaction controlled.
Continuation of hydration increases the total thickness
of the inner and outer products formed around the an-
hydrous grain. Once r,, — 7;, approaches a critical
value, control of the reaction gradually passes to an-
other mechanism that is controlled by diffusion.

In this mechanism, the progress of dr; (f), the inner
product thickness for a flat area and a period dt, is given

by

) K,dt
fi()=—"— 3

out ~ Tin

where K, is a coefficient defined in (wm?/h).

Bezjak et al. [9] suggested that the change from the
second mechansim to the third takes place when the
rates of hydration, do/dt, for the two corresponding
processes become equal. Breugel [6] has proposed an-
other idea, he suggests that this transition occurs when
the rate of penetration of the hydration front, dr,,(t)/dt,
for the two mechansims becomes equal. Based on ref. 6,
the transition time t,. can be calculated by equalizing
the dr (t) for both mechanisms. Anyway, these two
ideas give the same result. Through equalizing the
dr;,(t)dt given by eq 1 and 3, we obtain

K,
(rout - rin)tr = K_l (4)

where subscript tr indicates the transition. According to
ref 6, for C;S the coefficients K; and (7, — 7;,)¢ are 0.086
pm/h and 4 pm, respectively.

Integrated Particle Kinetics Model, Hydration,
and Structure Formation After
Interparticle Contacts

When grains of C;5 are mixed with water, the hydration
goes step-by-step based on the processes described in
the previous section. At each step, the hydration starts
from the largest particle and proceeds to the smallest.
Based on the proposal by Young et al. [10], we have
assumed that one volume unit of C;S after hydration
with water produces 1.7 volume unit of C-5-H and 0.61
volume unit of CH. The product of C-5-H of each par-
ticle stays with the same particle. One volume unit of
C-5-H is placed in the C;5 particle (“in” product) and
the remaining 0.7 volume unit of C-S5-H precipitates on
the C;S particle (“out” product) as shown in Figure 1.
The CH diffuses and nucleates randomly either in the
water or precipitates on the surface of the existing CH
grains. The form of the CH grains is generally spherical
or a segment of a sphere, depending on whether the
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grain is in contact with neighboring grains. We have
used an exponential formula like that proposed by ref 3
that gives the total number, #, of CH nucleation sites at
time t:

n(t) = ny,(1 — e 5)

where n,, is the maximum number of CH grains for
complete hydration, a is a constant, and e is equal to
2.718.

The two constants in eq 5 are calculated based on the
work of Jennings et al. [11], which report that, after 1
day of hydration, there is one CH grain for 12.5 grains
of C,S and that for a(t) = 1 there is one CH grain for five
C;3S grains. During hydration each particle expands and
may make contact with others. The integrated particle
kinetics model takes into consideration explicitly the
effects of interparticle contacts, the change in the avail-
able space for the deposition of products, and the effect
of change in the available free water in the pores (this
can be replaced with the relative humidity) on the rate
of hydration and formation of microstructure. At each
step, every particle is checked for contact with other
particles; and if there is a contact, the contact and free
surfaces of the particle is calculated.

To take into consideration the decelerating effect of
contact surfaces on the rate of hydration front, dr,,,(t), of
a cement particle, a correction coefficient equal to the
ratio between the particle’s free surface to total surface
of the particle is introduced. To account for the decrease
in the rate of hydration of a particle due to the reduction
in the available free water in the pore system, we have
adopted a coefficient first given by Rohling and cited by
ref 6. Using these two restricting effects on the advance
of the reaction-front depth for each individual particle,
the new relation is given by

free surface \' (1 VoL )
total surface

(driy(h)' = drig(t) x (

pr + a

where dr',, is the advance of the reaction front depth of
particle i if there were no contact, dr"’;,, is the reduced
advance of the reaction front due to interparticle con-
tacts and reduction in available water, v is the ratio
between the volume of the reaction products and the
volume of reactant, p is the ratio between the specific
mass of the tricalcium silicate and the specific mass of
water, and w,, is the initial w/c ratio. Other parameters,
such as the influence of temperature or chemical com-
position of particles, could be added to the above rela-
tion.

The ultimate degree of hydration is a function of both
the available water for the reaction and -the available
space for the deposition of the products. We should
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note that in this model, the product C-S-H of each par-
ticle, even after contact with other particles, stays with
the same particle.

Simulation and Results

Graphical Computer Simulation of
C;S Hydration

We have developed a computer program to simulate
the microstructure formation of C;S during hydration.
In this simulation, the anhydrous C;S particles are con-
sidered spherical. The particle size distribution, the w/c
ratio, the volume in which the particles are placed, and
the coefficients K, and K, are predefined. The particles
are placed randomly into the water-filled space. We
notice that in this study no periodic boundary condi-
tions are imposed in our model. But this simulation
give us the possibility to provide the abovementioned
conditions. We used the algorithm developed by Roelf-
stra [12] to calculate the diameters of particles from the
cement particle size distribution, starting with the larg-
est particle and proceeding to the smallest one. At the
end of this stage, the program provides the coordinates
of the center and the corresponding radius of each par-
ticle as well as the total number of anhydrous particles
in the space.

At the start of the hydration process (¢ = 0), there are
two phases: C;S and water. After hydration begins, the
system contains five phases, namely C;5, C-5-H, CH,
water, and air. The air appears because of the Le Chét-
elier contraction, that is, the volume of the products is
less than the sum of volumes of the reactants. In this
program, the water and the air are considered to form
the capillary porosity together, and the water is as-
sumed to be free water. The gel water (belonging to the
C-S-H) is assumed to be only the physical water.

At each step during the hydration, the overall degree
of hydration, the pore volume, the contact surfaces, the
hydraulic radius, and all the data necessary for graphi-
cal representation of C;S, C-5-H, and CH are stored.
The simulation program is connected to a postprocess-
ing program that displays the evolution of the hydra-
tion of the three-dimensional microstructure as two-
dimensional slices.

To demonstrate some of the graphical results of the
computer simulation, a box with dimensions of 150 x
150 x 150 pm? is considered. In this box, we have placed
spherical particles with a cumulative weight distribu-
tion (CWD) shown in Table 1 and with w/c = 0.4.

This example gives 906 C;S particles and has been
executed by a HP 735 for a hydration period of 1344 h
(2 months), for 15 time steps. The computer time (CPU
time) was about 2 h. The graphical output of the simu-
lation is shown in Figures 2-5. These figures illustrate
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TABLE 1. Cumulative weight distribution (CWD)

¢ (pm) CWD
7.5 0

15 0.308

30 0.667

45 0.846

60 1

the two-dimensional slide of the evolution of C;S hy-
dration at time ¢t = 0, 24, 168, and 1344 h in a section
situated at 75 pm from the box face (middie of the box).
For different w/c ratios, the overall degree of hydration
and hydraulic radius are calculated and presented in
Figures 6 and 7. The hydraulic radius is defined as the
ratio between the volume of capillary pore spaces to
their surface.

Evaluation of Connectivity of Capillary Pore
Space in a Simulated Hardened Cement Paste

Hardened cement paste contains various capillary
pores. Their size and volume vary in time in relation
with cement hydration. The geometry of pores is very
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FIGURE 2. Two-dimensional representation of C,S grains in a
section situated at 75 pm from the box surface.
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FIGURE 3. C,S hydration at 1 day represented in a section
situated at 75 pm.

complex, and it is too difficult to characterize either by
size or by form. Dimensions of pore spaces vary from a
few nanometers to more than several microns and are
interconnected, forming a highly complex network.
Considering a cement paste specimen, one can recog-
nize three types of capillary pores. First, the intercon-
nected pores forming a continuous space relating two
opposite sides of the specimen, are called cluster span-
ning. Second, isolated pores do not communicate with
the sides of the specimen. And third, blind pores are
connected only with one side. This type of pore is pre-
sent because of a lack of periodic conditions in our
model. The connectivity of pore space is then defined as
the ratio between the volume of interconnected pores
(clusters panning) to the total volume of capillary pores.
The connectivity and the porosity of cement paste are
essentially responsible for transport properties and du-
rability of cement based materials. Unfortunately, the
connectivity is not easy to measure or to reconstruct
from a two-dimensional representation of the micro-
structure. The study of this connectivity as a function of
parameters such as particle size distribution, w/c ratio,
and degree of hydration may be done on simulated
hydrated cement. Recently, Bentz and Garboczi [4] have
studied the connectivity of capillary pore space of C;5
hydration by using a digital image-based simulation.
In the following, we have investigated the evolution
of connectivity of simulated C;S hydration in terms of
total porosity. Our example consists of C;S specimens
of 200 wm sides with different w/c ratios. The grains
had the particle size distribution given in Table 1. The
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FIGURE 4. C;S hydration at 1 week represented in a section
situated at 75 pm.

FIGURE 5. C5 hydration at 2 months represented in a section
situated at 75 pum.
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FIGURE 6. Hydration degree versus time of hydration.

number of grains in each specimen with their corre-
sponding w/c ratios are shown in Table 2.

At each stage of hydration, the microstructure is cal-
culated and then its connectivity is computed in the
following way: The microstructure is subdivided into a
regular lattice, formed by cubic elements (volume pix-
els). In this lattice or pixel representation of microstruc-
ture, each pixel represents either a solid or a pore part.
This is simply identified by controlling the center of the
pixel. If the center is located in the solid phase (CS,
C-5-H, or CH), the pixel is considered solid; if not, the
pixel is considered as a pore. Because of the wide range
of the pores sizes, it is evident that the size of the pixels
has a strong influence on its pixel representation as well
as on the calculation of the connectivity. When the size
of the pixel and the upper and lower sides of the speci-
men were selected, then, in the microstructure, two
types of porous pixels were distinguished: those be-
longing to spanning clusters and those belonging to
isolated or blind clusters.

We have used an algorithm proposed by Hosen and
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FIGURE 7. Hydraulic radius versus hydration degree.
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TABLE 2. Number of C,S grains as a function of water-to-
cement ratio (w/c)

WIC No. of grains
0.4 2150
0.5 1887
0.6 1681

The specimen was a box of 200 x 200 x 200 pm?.

Kapelman [13] to determine the pore volume belonging
to different clusters. This algorithm bears on three-
dimensional representation of a microstructure with
successive two-dimensional slices. It allows us to deter-
mine with precision the connectivity of pores, using
pixels having a very small size. Let us consider that at
time ¢ the microstructure is determined, and we intend
to calculate the connectivity of pores with pixels of size
d, and a specimen of size 2 =n x d, where n is an integer.
The algorithm starts by discretizing the specimen from
the upper plane (the thickness is d) to obtain a n x n
square lattice composed of solid and pore pixels. In the
first plane (upper side plane), we attribute the same
label to the pore pixels belonging to the same cluster
and give different labels to pixels belonging to different
clusters. Then we move to the second plane right after
the first one and repeat giving the same label to the pore
belonging to the same cluster. This labeling continues
until the bottom plane is reached. If a cluster is con-
nected to the bottom and top plane, we count the num-
ber of pixels belonging to it. In this way, it is only nec-
essary to store information concerning maximum n?
pixels instead of n®. This n? information belongs to two
successive layers.

We have calculated the connectivity of simulated ce-
ment paste by pixels of 2, 5, and 10 pm. The specimen
was a box of 200 x 200 x 200 wm?> The results are
presented in Figures 8-10 for w/c ratios of 0.4, 0.5, and
0.6, respectively.

Until now we have shown the computation of con-
nectivity of capillary pores for a three-dimensional
simulated cement paste microstructure. It is not pos-
sible to visualize the connectivity of pore spaces of a
three-dimensional specimen, but it may be represented
through successive two-dimensional visualizations. In
the following example, we attempt to demonstrate the
differences between two- and three-dimensional con-
nectivity. In the previous three-dimensional simulated
microstructure corresponding to w/c = 0.4, we selected
the slice situated in the middle of the specimen and
subdivided it into regular squares (pixels) with sides
0.2, 0.5, 1.2, and 5 pm. Then we applied to this two-
dimensional problem the same algorithm as described
before to compute connectivity for different capillary
porosities, the results of which are given in Figure 11.
Figures 12-14 show the connectivity curves in terms of
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FIGURE 8. Connectivity curves of the hydrated C35, w/c =
0.4, specimen of size = 200 pm, in three dimensions, by pixels
of 2,5, and 10 pm.

total porosity of hydrated C;S and w/c ratio, calculated
with pixels of 2, 5, and 10 um, respectively.

Discussion and Conclusion

The simulation of C3S hydration and structure forma-
tion were carried out on the basis of the integrated par-
ticle kinetics model. This model explicitly takes into
account the effect of interparticle contacts and the ac-
cessibility of water in pores on the rate of hydration and
on structure formation. This model is implemented at
this stage to the simulation of C;S hydration, but this
should be considered as a step and an attempt towards
the modeling of microstructural development of port-
land cement paste, which is extremely difficult because
of its much higher complexity. This simulation was car-
ried out along the lines discussed by Jennings et al. [2]
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FIGURE 9. Connectivity curves of the hydrated C;5, w/c =
0.5, specimen of size = 200 wm, in three dimensions, by pixels
of 2, 5, and 10 pm.

Advin Cem Bas Mat

1996:4:58-67
T PANE-0-83-08-Rammna
0.8 L f
m -
‘6 L
2 r /
£0.6
s C
o : f
5047
I j o
o2 2
X —o—10
0 ]
0 01 02 03 04 05 06 0.7

capillary porosity

FIGURE 10. Connectivity curves of the hydrated C;5, w/c =
0.6, specimen of size = 200 um, in three dimensions, by pixels
of 2,5, and 10 pum.

and was inspired from the works of Pommersheim et al.
{1] and Bezjak et al. [9], as well as the comprehensive
work of Breugel [6] and the works of Bentz et al. [4,15].

The random distribution of the C;S particles in the
three-dimensional water-cement system, the hydration
processes controlled by different mechanisms, and the
implementation of the integrated particle kinetics
model are all features of this simulation. One should
note that the different kinetics involved in the hydra-
tion process are not well established so far. Knudsen
[16] suggests that the evolution of the global degree of
cement hydration is probably more influenced by the
parameters characterizing the particle size distribution
and the kinetics of reaction than the kinetics type, con-
sidered to be linear or parabolic. The advantage of our
method, which uses explicitly, in addition to a first
mechanism controlled by the phase-boundary reaction
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FIGURE 11. Connectivity curves of the hydrated C;S, w/c =
0.4, specimen of size = 200 pm, in two dimensions, by pixels
of 0.2,05, 1,2 and 5 pm.
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FIGURE 12. Connectivity curves of the hydrated C,S, for a
specimen of size = 200 pm, in three dimensions, for pixels of
2 pm.

(linear equation) a second one controlled by diffusion
(parabolic equation), is that it permits us to introduce
the effect of interconnections among cement particles
during hydration. This work provides us with compre-
hensive information on the pores (capillary water + air),
the degree of hydration, the interparticle contact sur-
faces, the hydraulic radius, and the three-dimensional
microstructure development at any stage of hydration.

The numerical results obtained on the degree of hy-
dration (Figure 6) show that the reduction in the overall
rate of hydration in a cement based material system
with different w/c ratios can be explained by the in-
crease in interparticle contacts of hydrated grains and
the reduction in accessible water in pores.

Figure 7 shows the computed hydraulic radii in terms
of w/c ratio and degree of hydration. These results in-
dicate that the hydraulic radius decreases with a reduc-
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FIGURE 13. Connectivity curves of the hydrated C,S, for a

specimen of size = 200 pm, in three dimensions, for pixels of

5 pm.
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FIGURE 14. Connectivity curves of the hydrated C;S, for a
specimen of size = 200 wm, in three dimensions, for pixels of
10 pm.

tion in w/c ratio and with an increase in the hydration
degree. Experimental determination of the hydraulic ra-
dius is based on the assumption of pores being cylin-
drical. Figures obtained in this way for hydraulic radii
for a mortar with w/c ratio of 0.4 vary between 200 and
150 A; see Jiang et al. [17]. The results we have obtained
for a cement paste with w/c = 04, for degrees of hy-
dration of 0.4 and 0.8, are 2 and 1 um, respectively
(Figure 7). If we compare these results with experimen-
tal figures, ours are about two orders above. This could
be explained as follows:

1. The C;S particle size used in this simulation varies
from 7.5 to 60 pm, which is very coarse compared
with an ordinary portland cement, where the par-
ticle size distribution goes below 1 wm. This can
result in an increase of the hydraulic radius of one
order of magnitude.

2. Our particle size distribution is narrow, so the
packing is not ideal. This is another reason for
obtaining a higher hydraulic radius.

3. In this work, the anhydrous particles are consid-
ered spherical, whereas real cement particles have
irregular shapes. Other sources of explanation for
this discrepancy may exist, but we think that the
first two abovementioned sources are the most
important. It should be noted here that, by adding
more fine C;S grains to the present and approach-
ing further to the particle size distribution of or-
dinary cement, our computed results will become
more realistic.

The durability and transport properties of cement
based materials are to a large extent influenced by the
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intensity and the connectivity of capillary porosity
within the microstructure. We have determined the
connectivity of capillary pores of the simulated C;5 mi-
crostructure. Figures 8-10 clearly show that connectiv-
ity depends strongly on the pixel dimension. These re-
sults show that a 10% porosity, more than 95% of cap-
illary pores with less than 2-um diameter are
connected. It means that in normal cement pastes, a big
proportion of the capillary pores might be intercon-
nected. Figures 12-14 illustrate that, for a given pixel
dimension, plotting pore connectivity in terms of po-
rosity results in a single curve regardless of w/c. This
corresponds with the results previously obtained by
Bentz et al. [4].

Our results may be compared with the works pre-
sented in Elam et al. [18] and in Kertesz [19]. In these
works, percolation of the void region between overlap-
ping and randomly located spheres are calculated, for a
three-dimensional nonlattice problem. This a more re-
alistic case because pores have continuous sizes, which
approach zero. Their results show that the pore space
stays connected until 3% by volume of porosity is left.
Although we have not been able to simulate very high
degrees of hydration so as to obtain these low porosi-
ties, our results show that a 10% of porosity pores are
still connected. To verify the 3% porosity threshold with
our model, one should simulate the complete hydration
and calculate the pore connectivity by using very small
volume units and then extrapolate the results. We add
that our results cannot be compared with results of
Bentz et al. [4] because they have a lattice-type problem,
which means that pores cannot be smaller than the cho-
sen dimension of pixel for the model of hydration.

The discrepancies in connectivity curves shown in
Figure 14 are due to the fact that when the pixel dimen-
sion is large in comparison with the dimension of par-
ticles, the computed results may not be accurate
enough. Figure 11 clearly shows that the capillary po-
rosity becomes disconnected in two dimensions much
sooner than in three dimensions. For example, the con-
nectivity curves in Figure 12 show that more than 95%
of the pores in three dimensions are connected when
total porosity is 10%; whereas in two dimensions, (Fig-
ure 11), the same connectivity corresponds to a total
porosity of approximately 35%. These differences show
that three-dimensional reconstruction of microstructure
of cement based materials through successive two-
dimensional representations cannot be adequate
enough.

Finally, we have reproduced in Figure 15, an image
photographed by SEM using backscattered electron of a
polished section of 3-year-old high-strength concrete
having w/c = 0.267, (Baroghel-Bouny [14]) and put it
alongside Figure 16 obtained from Figure 5 with inner
and outer products, C-5-H, given in the same color.
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FIGURE 15. Image photographed by SEM using backscat-
tered electron, 3-year-old high-strength concrete, w/c = 0.267,
(From Baroghel-Bouny, V. Laboratoire Central des Ponts et
Chaussées, Paris, 1994.)

Notwithstanding voids and CH, it is relatively easy to
compare Figure 15 and 16 and to distinguish the prod-
uct C-5-H formed around the large cement particles. In
Figure 15, this product is indicated by the number 6.
However, in Figure 15, it is not possible to determine
the exact place of cement particles in other regions of
the hydrated material. Indeed, it is not clear whether all
the product C-5-H of each particle is substituted in the
space previously occupied by C;S and in the space pre-

C3s CSH CH

FIGURE 16. Computer simulation of C;S hydration, 2 months
old, w/c = 0.4.
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viously occupied by water. In the present model, it has
been assumed that, apart from CH, there is no migra-
tion of products, independently of water accessibility
and the size of the particle. This may, however, not be
the case during hydration.

Another problem that is present in all models pro-
posed for hydration of cement based materials is the
failure to take into account the state and position of
water in pore spaces during hydration. This is impor-
tant for the nucleation and growth of CH, and eventu-
ally C-5-H. At present, we are trying to compare the
stimulation results with real microstructure develop-
ment of C;S paste during hydration.
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