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This paper describes a computer-based numerical model for the simulation of the development of

microstructure during cement hydration. Special emphasis is on the algorithm for characterizing the
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1 Introduction

Research has shown that quantitative characterization of the cement-paste microstructure based on &

experiments is not easy. The methodologies, techniques and procedures of the experiments contain ee

numerous uncertainties. First-order geometric parameters of the microstructure of cement paste, -

such as volume fraction and specific surface area, can be obtained using well-known techniques, e

e.g. MIP and nitrogen sorption. However, these techniques cannot detect higher order geometrical

properties, such as the topology or coordination of the pore network. In particular, with the present jcal

experimental techniques it is not possible to obtain the connectivity of the pores, which is a crucial red. "

parameter for transport properties, with reasonable accuracy. € neC'

Next to experiments, in recent years significant advances have been made in materials characteriza- ctioni®

tion and representation by numerical modelling. With the rapid development of computer technol- proce”

08y, anumber of experimental complications may be circumvented, or at least reduced, by using s th:m,[
1e amy

computer-based simulation models. With these models it is possible to simulate the evolution of basis
. . . . . . e ba
the microstructure, especially the pore structure, in hardening cementitious materials. However, s th

computerization brings to the forefront a new problem, i.e. how to draw correctly the geometrical
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pore phase L’ (L’ o L) are found. T, and T, give the volume fractions of the total solid phase and

the total capillary pore phase.

Ty =Vis/Vip, 3)
T, = Vi/Vin (4)
where V¢, V, and V;, denote the volume of solid phase, capillary pore phase and total sample,

respectively.

The ratios C, and C,, represent the connected volume fraction of the solid phase and of the capil-

lary pore phase:
Co=Vs/Vim (5)
Cou=Vu/Vim (6)

where Vg, and V,;, denote the connected solid phase volume and the connected capillary pore vol-
ume.

The hydraulic radius is a useful measure of the "size" of the pore in the case of irregularly shaped
cross sections [9]. According to the definition given by Dullien [4], the hydraulic radius R,, can be

computed as
R, =A/P @)

where A is the cross sectional area of a pore and P is its perimeter.

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

X= sum(x)/count (8)
Y= sum(y)/count ©)

where X and Y are the coordinates of the gravity center for a pore in 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 the
pore and count is the number of pixels in the pore.

Thus, each individual pore with its 2D features, including perimeter, area and gravity center coor-

dinates, is stored and ready for the determination of interconnectedness of the pores.

3.2 Algorithm implementation

The procedure for characterizing the features of each 2D section 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-dimen-
sional 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
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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 the number of that particular pore.
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 the layer where it was found.
When a new 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 for the particular pore.

3.3 Topology of pore structure

Connectivity and Genus

The topological parameters, characterizing the interconnectedness of “shape” or “structures”, are
the “connectivity” and the “genus” [4]. Connectivity is a measure of the alternative (multiply con-
nected) paths, which are available to fluid flow, diffusion, etc., in porous media. It is defined as the
number of nonredundant closed-loop paths by which all regions inside the shape can be inspected
(see Figure 4). Redundant loops are those that may be transformed into another by deformation,
that may be shrunk into a point without passing out of the closed surface, or that do not give access
to any new part of the shape. A basic theorem of topology states that the “connectivity” of a closed
surface or shape is equal to its “genus” G. Genus is the largest number of cuts that may be made
through parts of the shape without totally disconnecting any part from the rest [4]. Following the
same principle, Lymberopoulos & Payatakes [8] defined the “genus” number as the maximum
number of non-intersecting 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 to the maximum number of cuts that a multipleconnected structure can undergo in order to
form a simply connected one.

A general theorem of topology states [4]:
G=b-n+N (10)

where b is the number of branches, 71 is the number of nodes and N is the number of separate net-
works.

A typical example (Figure 4) of doughnut gives a good explanation of the “connectivity” and
“genus”. The doughnut in Figure 4a has genus 1 because its whole exterior can be explored
through 1 closed-loop path and no more than 1 cut can be made without the part being disconnect-
ed. Twisting or stretching the doughnut would not change the topology. In Figure 4b the appendix
attached to the doughnut does not change the topology. The shape in Figure 4c has genus 2
because there are 2 non-redundant loops; the third one shown as dotted line is redundant. Figure

4d shows an example of genus 3.



(a) (d)
b=1, b=1, b=3, b=6,
n=1, n=1, n=2, n=4,
G=1 G=2 G=2 G =3

Figure 4. Illustration of the concepts of “connectivity” and “genus” After [4].

Connectivity determined with the serial section method
The connectivity of a porous material can be determined with a serial section method. To do so, the

overlap criterion has to be applied.

Ovwerlap criterion: The overlap between two 2D features exists if the features belong to adjacent lay-
ers, and at least one perpendicular line exists on which both features have the same phase.

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

shown in Figure 6.

Porel -- Pore2 -- Pore3 -- .......... -- PoreM
| | | |
layerl layerl layerl layerl
! | | |
layer2 layer2 layer2 layer2
| | | |
layer3 layer3 layer3 layer3
| 1 | |
| | | |
layerN layerN layerN layerN

Figure 5. Linked-list network structure for determination of the interconnectedness on serial sections.
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 a pore ID number and their layer number. Next, the current pore ID is
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compared with the upper layer number; if the ID number is larger, the new data is a new pore and
anew 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 multi-layer analysis if two pores, that at first seem to be sepa-
rated, 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.

A modified formula by Lymberopoulos and Payatakes [8] for computing the topological parameter
genus G was applied:

Gmin = biu - npore + Nin (11)

G =, +n,)—n +1)+[(N, -N_)+1] (12)

in out pore out’

where b, is the number of connections between overlapping features of pores or solid, b, , is the

number of pore channels intersected by the sample boundaries, n , is the number of pores, N, is

pore

the overall number of separate networks, and N, is the number of separate networks which have

out

access to the boundaries of the sample.

Layer

Layer
Layer 0 Layer
Layer 1
Layer 2
Layer 3 Layer
Layer 4

Layer
Layer N Layer

——  Effective pore

‘\f" Effective pore

-------------- Dead end pore - \—» Total pore
—————— Isolated pore /

Figure 6. Pore network structure determined by overlapping criterion. Distinction between effective pores,

dead-end pores and isolated pores.

For example as shown in Figure 6, pore 1 and pore 2 are already in layer 0. During scanning of
layer 1, three pores are found. One of them is found to overlap with pore 1 and the other two are

overlapping with pore 2. However, since these three pores are not connected in this layer, the pore



ID 1 and 2 are assigned. Subsequently, if one finds 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 b, is 15, the number of pore channels intersected by

the sample boundaries b_, is 3, the number of pores 1 is 15, the overall number of separate net-

out
works N, is 1and N, ,is 1. According to Eq. 11 and Eq. 12, the calculated genus number G, is 1

out
and G _is 3.

max

min

Pore size distribution

The algorithms for the determination of the characteristic pore size distribution spectra of a simu-
lated 3D binary image described by Bekri et al. [10], can be employed for our spherical-based 3D
pore structure. In principle, the simulated pore structure is the inverse free space between the
expanding cement grains. The pore size distribution curve can be determined by considering the
sub-volumes of the system that are accessible for spheres of different radii r. Let c.,, be the volume
fraction of the pore space “coverable” by spheres of radius r (Figure 7). o, is a monotonically
decreasing function of r and can easily be compared with the “cumulative pore volume” curves

measured by mercury intrusion porosimetry.

3

_dkm T

(13)
3 2

¢( r)

r=m

where 11 and 1 are the maximum radius and minimum radius of the sphere which can be "put” into
the system, respectively. The minimum radius 7 is largely depending on the computer capacity. k =
1.83 is a geometrical factor to covert the volume of void from spherical based volume to cubic-
based volume.

The derivative -det, /dr is the fraction of volume coverable by pore spheres of radius r but not by
spheres of radius r+dr and is a direct definition of the pore size distribution. The o, of the pore

spheres with radius r can be computed by packing pore spheres in the free space.

Pore size distribution determination:

is pore sphere with radius s, 7,

is pore sphere with radius 7 +dr,

is pore sphere with radius 7 +dr,

Figure 7. Pore size distribution as determined by calculating pores which could be covered by fictitious

spheres of radius r.
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Results and discussions

4.1 Parameters for simulation

The main variables considered in the simulation are:

° Degree of hydration.

e Water/cement ratio. Samples with w/c ratio of 0.30 to 0.60 with Blaine fineness 420 m?/kg
were simulated.

¢ Fineness of cement particles. Blaine fineness of cement 210 m?*/kg, 420 m?/kg and 610 m?/kg
were considered for w/c ratio 0.40.

° Resolution of pixels. For the sample with w/c ratio 0.40 and Blaine fineness of 420 m?/kg, reso-
lutions 2 pm, 1 um and 0.25 um were used.

A continuous particle size distribution, with a minimum particle size 2 pm and maximum size

45 pum, was used for all samples. The size of the sample was 100x100x100 um?. Table 1 shows the

number of particles in the cubic body involved in the calculation.

Table 1. Initial number of particles in the calculation body of 100 pm?®.

samples number of particles involved
wic Blaine fineness
m’/kg

0.30 420 8968
0.40 420 8168
0.50 420 6716
0.60 420 5898
0.40 210 3253
0.40 420 8168
0.40 610 12607

4.2 Influence of water/cement ratio

Degree of hydration
The degree of hydration simulated by HYMOSTRUC is shown in Figure 8. The simulated results
were compared with the heat release measured by isothermal calorimeter up to 14 days of age.

A good agreement between simulations and experiments was found.
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Figure 8. Degree of hydration of cement paste as a function of hydration time.

Visualization of microstructure

The simulated pore structures are visualized in Figure 9 for the samples with w/c ratio 0.30, 0.40,
0.50 and 0.60 at a degree of hydration of 0.75. It is obvious that at the same degree of hydration, the
sample with lower w/c ratio shows lower porosity than the samples with a higher w/c . The calcu-

lations revealed a capillary porosity of 6%, 19%, 28% and 35% for w/c 0.30, 0.40, 0.50 and 0.60,
respectively.

a) w/e= 0.30 b) w/c = 0.40
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¢)w/c=0.50

d) w/c=0.60

Figure 9. Simulated pore structure at a degree of hydration 0.75 for the samples with: a) w/c ratio 0.30, o,
=6%, b) w/c ratio 0.40, o, =19% c) w/c ratio 0.50, o, =28%, and d) w/c ratio 0.60, o, =37%.

Microstructural parameters

For each sample, the internal surface area, the hydraulic radius, the total porosity and the connec-
tivity of the porosity were calculated at different hydration stages as shown in the Figures 10 - 12.
The characteristic pore size distribution curves are illustrated in Figure 13 at the degree of hydra-
tion 0.64.
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Figure 10. Internal surface areas of capillary pores in cement paste as a function of degree of hydration.

As shown in Figure 10, the samples with the lowest w/c ratio displayed the highest internal pore
surface area at early age. However, after a certain degree of hydration, the surface area of the lower
w/c ratio samples decreases more rapidly. If we look back to Table 1, the samples with lower w/c
ratio have a higher solid fraction, i.e. greater number of cement particles. This implies that, per unit
volume of paste, more cement surface is in contact with water. However, in the later stage, since
there is less initial water in the lower w/c sample and most of it has reacted and converted into
hydration products, only little capillary pores remain. This explains why both the hydraulic radius
and capillary porosity decrease with a reduction in w/c ratio and with an increase in the degree of
hydration, as shown in Figure 11 and Figure 12. This was also shown by the visualized pore struc-

ture illustrated in Figure 9.
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Figure 11. Simulated hydraulic radius in cement paste as a function of degree of hydration.
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Figure 12. Simulated capillary porosity of cement paste as a function of the degree of hydration compared

with Powers’ model.

Degree of hydration ()

The hydraulic radius obtained in the present simulation decreases from 1.15 mm to 0.60 pm for a

cement paste with w/c 0.40 with a degree of hydration increasing from 0.3 to 0.9. The present

results are two orders of magnitude higher than experimental result obtained by Jiang et al. [11].

The total porosity compared with Powers’ model [12] as a function of the degree of hydration for

different w/c ratio, is plotted in Figure 12. The simulation results agree very well with Powers’

model.

The simulated pore size distribution curve is plotted in Figure 13 for the samples with w /c0.30

and 0.60 at a degree of hydration 0.64. The sample with higher w/c ratio displays a peak around 5

pm and the sample with lower w/c ratio exhibits a peak around 0.9 ~2 pum.
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Figure 13. Simulated pore size distribution of cement pastes with wj/c ratio 0.30 and 0.60 at a degree of
hydration 0.64 (Blaine fineness of cement 420 m*/kg).
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Figure 14. Simulated pore size distribution compared with MIP test for the sample with w/c 0.60 at a degree
of hydration 0.64.

The simulated pore size distribution of the sample with w/c 0.60 at a degree of hydration 0.64 was
also compared with the MIP test results [13]. The pore sizes determined by numerical simulation
are one order of magnitude higher than those found in the MIP test.

By applying backscatter SEM techniques, shown in the next section, the difference between the
simulated pore size distribution and MIP test will be analyzed and discussed. In particular, it will

be shown how the inkbottle effect influences the measured pore size distribution.

Percolation of microstructure

The percolation theory deals with disordered multiphase media in which the disorder is character-
ized by the degree of connectivity of the phases. The microstructure of cement-based materials pro-
vides numerous examples of percolation phenomena [14]. In percolation studies one is often inter-
ested in the fraction of a phase, which is connected across the microstructure as a function of the
total volume fraction of the phase. In particular, the de-percolation of capillary porosity is of great
interest for studying the transport phenomena in cement-based materials.
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Figure 15 shows results of the percolation threshold of the solid and capillary porosity for two dif-
ferent w/c ratios. The solid percolation threshold was found at a degree of hydration 0.02 for w/c
ratio 0.3 and at a degree of hydration 0.025 for w/c ratio 0.4. Afterwards, the connected solid phase
shows a quick increase and all solid particles are connected at a degree of hydration of 0.25 for both
w/c ratio samples. These findings are in fairly good agreement with ultrasonic pulse velocity
(UPV) tests performed on cement pastes with the same w/c ratios [13]. In the experiments, a sud-
den change of UPV was reported after 3 hours hydration. After 30 hours, the UPV increased only

slowly until the end of the experiment. Similar results have also been found in the literature [15-17].
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Figure 15. Development of microstructure in cement paste with two different wj/c ratios. Left: connected
fraction of the phases as a function of degree of hydration. Right: connected pore fraction as a function of

capillary porosity.

For the evolution of the capillary porosity, Figure 15 shows that almost all capillary pores are con-
nected 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 evi-
dence of a constant value of the capillary porosity percolation threshold is in good agreement with
simulations performed with the CEMHYD3D model [18].

Connectivity of capillary pore structure

Calculations of the connectivity were performed for samples with w/c ratios 0.30 and 0.40, at a
degree of hydration 0.70. 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 Figure 16. The
=448 and G, = 361.

min max

upper and lower limits of the genus for the sample with w/c = 0.30 are G

For the sample with w/c ratio 0.40 values of G, and G, were 753 and 904, respectively.

min max

It is clear that, at the same degree of hydration, the genus number for the sample with w/c = 0.30 is
larger than that of the sample with w/c = 0.40. This means that a more complex fluid channel is
formed in the sample with lower w/c, which is to be expected since more pores are connected with

each other in the sample with higher w/c ratio.
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Table 7.2. Calculation of the connectivity of capillary pore structure.

degree of  total connected  connected average pores  average links G, Ginax
w/c  hydration porosity porosity porosity number in 2D between 2
[-] [%] [%] fraction [%] layers

0.30 0.70 8.63 8.44 97.8 42.08 40.16 753 904
040 0.70 20.45 2041 99.8 28.45 26.76 361 448

T 20
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Figure 16. Distribution of the calculated ratio genus/volume versus the number of the sections examined.
Samples with w/c = 0.30 and w/c = 0.40 at degree of hydration 0.70.

4.3 Influence of fineness of cement particles on the simulated pore structure

Three Blaine fineness, i.e. 210, 420, and 610 m?/kg, were used, representing a coarse, normal and a
fine cement. In Figure 17 it can be observed that the coarse and fine cement differ significantly from
the “normal” cement with a Blaine fineness of 420 m?/kg. The degree of hydration calculated with
the HYMOSTRUC model is presented in Figure 17 for the three different cement finenesses.

With respect to the degree of hydration shown in Figure 17 it is noticed that in practice a degree of
hydration close to 100% is generally not reached. In ordinary concrete mixtures the maximum
degree of hydration will not be higher than about 70%. In this study, however, the emphasis was
on the relationship between degree of hydration and evolution of the pore structure and not on if
and how the degree of hydration could have been reached.
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Figure 17. Degree of hydration for the samples with different fineness of the cement at isothermal curing at
20 °C.

Visualization

The simulated pore structures are presented in Figure 18 for the samples with Blaine fineness of
210, 420, and 610 m?/kg at a porosity of 15%. The calculated minimum genus number was 109, 361
and 562, respectively. This implies that the pore shape for the sample with finer cement particles is
more irregular than the sample with coarse cement. This can also be seen from the pore size distrib-

ution shown in Figure 20.

Figure 18. Simulated pore structure for the sample with Blaine value of 210 m?/kg (left), Blaine value of
420 m*/kg (middle), Blaine value of 610 m?/kg (right), at porosity o, = 15%.

Percolation of microstructure
The influence of the cement fineness on the percolation threshold of the solid phase and of the cap-
illary pore phase, in terms of connected volume of a fraction as function of the degree of hydration

(o), is shown in Figure 19.
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Figure 19. Influence of cement fineness on the percolation of microstructure. Left, solid phase; right, pore

phase.

In the Figure 19, left, it can be seen that the finer the cement, the quicker the solid phase percolation
threshold will be reached. The percolation threshold occurs at a degree of hydration 0.05 and 0.14
for the samples with Blaine fineness of 610 m?/kg and 210 m?/kg, respectively.

In Figure 19, right, it is shown that, according to the numerical model, for the sample with the

finest cement the de-percolation threshold of the capillary pores cannot be reached.

Pore size distribution
Figure 20 shows the effect of cement fineness on the pore size distribution. Relatively big pores can

be found in the sample with coarser cement. Smaller pores exist in the sample made with finer

cement.
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Figure 20. Influence of cement fineness on the pore size distribution presented by the numerical simulation

model.
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Discussion

5.1 Percolation of capillary porosity

The simulation results on the percolation of phases of the microstructure discussed in the previous
paragraph will be compared with similar results with the CEMHYD3D model [14] and Navi’s
model [19].

For a sample with w/c ratio 0.40, Figure 21, shows a comparison of the fraction of connected solid
and capillary pore phases simulated with the CEMHYD3D model and with HYMOSTRUC3D. Note
that in the CEMHYD3D model only four sizes of particles were used, viz. diameters 3,9, 13 and

19 pixels were used. The size of sample was 100x100x100 pm® and the resolution in this case was

1 um/pixel [18]. In HYMOSTRUCS3D, a continuous particle size distribution, between minimum
size 2 mm and maximum size 45 um was used. The size of the sample was the same as in the

CEMHYD3D simulation and the resolution of the images were 0.25 um and 1 pm.
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Figure 21. Development of the microstructure simulated by HYMOSTRUC3D and CEMHYD3D (resolu-
tion 1ym/pixel).

The development of the connectedness of the solid phases in both models is quite similar. 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, i.e. unhydrated cement core,
C-S-H gel and Ca(OH),, are connected.

However, significant differences in the simulated evolution of the capillary pore structure between
the two models are shown in Figure 21b. Firstly, the capillary pore space percolation threshold is
found to be about 20 - 22% in the CEMHYD3D model [18], whereas in HYMOSTRUC3D the perco-
lation threshold of the capillary porosity is found at about 3.5%. Secondly, the pore space percola-
tion threshold occurs in the CEMHYD3D simulation at a degree of hydration of 0.70, but in
HYMOSTRUCS3D the capillary porosity percolation threshold occurs much later, at a degree of
hydration around 0.90 (Figure 21a).

Why are the differences in capillary porosity so pronounced in the two models? To answer this
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question, the principle of both hydration models must be understood. In the CEMHYD3D model
the different cement components are simulated as different sets of digital pixels. For example,
when C,S hydrates, a cellular automaton model is applied in which the reactants (pixels) dissolve
from their matrix and walk around in the capillary water space. When two reactants meet at a
certain place, a chemical reaction occurs and the reaction products will be located at that place.
Consequently, a lot of smaller capillary pores are blocked by these "walking around" hydration
products. In other models, such as HYMOSTRUC or Navi’s model [19], the cement particles and
hydration products are simulated as spheres. The growing spheres are overlapping when cement
hydration takes place. The pore space percolation threshold of the spherical-based models has been
found always around a few percent porosity [20].
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Figure 22. The connectivity of the porosity as function of the degree of hydration (resolution 0.25 um/pixel).

Another important factor that affects the capillary pore space percolation is the digital resolution.
Figure 22 presents the connected porosity fraction as a function of the degree of hydration. The
image resolution was 0.25 um/pixel. It is noticed that for all samples the capillary pores are almost
always connected, even at ultimate hydration. These results, that no de-percolation of capillary
porosity can be found, are quite different from the result of the CEMHYD3D model [18], but simi-
lar to the results previously calculated by Navi et al. [19].

For example, Navi’s model [19] showed that the percolation threshold of the capillary pore space
changed from 30%, 12% to 0% if the digital resolution increased from 10 pm/pixel, 5 pm/pixel to 2
um/pixel for a cement paste with w/c 0.40. In the CEMHYD3D pixel-based simulation model [18],
the percolation threshold of the capillary porosity changed from 24%, 18% and 11% if the digital
resolution shifted from 1 um to 0.5 um and 0.25 pm in a cement paste with w/c 0.30. This can be
explained because smaller pores can be resolved at the greater resolutions, and the pathways that
would seem to be closed at low resolution are seen to be open at higher resolutions. In the present
simulation, the digital resolution was 0.25 um/pixel; at this high digital resolution, even very small
capillary pores pathways were detected, leading to a very low percolation threshold of the capil-
lary porosity or no threshold at all.

It can be concluded that the connectivity of the pores is strongly influenced by the digital resolution
and also by the layer depth in the image-based calculation. To accurately define the digital resolu-

tion, one has to consider the computation time needed and the reliability of the calculation result. If



one uses this simulated pore structure for predicting the transport properties, the accuracy of this
simulated pore structure will directly influence the reliability of the calculated water permeability.
For validating the predicted percolation threshold of the capillary porosity, permeability experi-

ments have to be carried out, as it was done in [13].

5.2 SEM image and HYMOSTRUC 2D image

This paragraph will give a comparison of the images obtained from SEM experiments and the
images simulated with the HYMOSTRUC model. The results of image analysis will show similari-
ties in the 2D pore size distribution of experiments and simulations.

Figure 23 presents the cement paste and its pore structure obtained by BSE. Figure 24 shows the
simulated cement paste with the HYMOSTRUC model. Both pastes had a w/c ratio 0.30 and were
14 days old, corresponding to the degree of hydration 0.60.
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Figure 25 Left: 2D “pore size” distribution of simulated cement paste and ESEM
image analysis for the w/c 0.3 cement paste. Right: Regression curves from samples.

Figure 25, left, presents the results from the image analysis and the HYMOSTRUC
simulation. The equivalent pore diameter versus the pore area fraction represents the

Figure 23. SEM image of cement paste with w/c ratio 0.30 at age 14 days. Left: Original grey scale image.
Right: after segmentation and noise removal. Field size (100x100 ,um),

rm-*«, ‘
'ﬁ,{“

Figure 24. Simulated cement paste with w/c ratio 0.30 at degree of hydration 0.60. Left: from white to black
shows unhydrated cement cores, inner products, outer products and capillary pores. Right: capillary pores
only. Field size (100x100 pm).
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Figure 25. Left: 2D “pore size” distribution of simulated cement paste and ESEM image analysis for the w/c
0.3 cement paste. Right: Regression curves from samples.

Figure 25, left, presents the results from the image analysis and the HYMOSTRUC simulation. The
equivalent pore diameter versus the pore area fraction represents the two-dimensional pore size
distribution. For 5 samples, taken from arbitrary positions both from the SEM image and the simu-
lations, the regression curves are plotted in Figure 7.28, right. The R-squared value of a simulated
2D image and a SEM image are 0.97 and 0.99, respectively. These figures show that there is good
agreement between the simulated pore structure and BSE image analysis. The simulated pores are
slightly larger than in the BSE image in the large pore region only. The size of almost all pores is

less than 20 pm, both in the experiments and in the simulations.

5.3  Pore size distribution from MIP experiments and HYMOSTRUC simulations

A comparison of the pore size distribution from mercury intrusion porosimeter test and from the
simulations with the HYMOSTRUC model will provide a good insight in the difference of the pore
structures. This result is also a guide for making a good permeability model.

Figure 26 presents the comparison of pore size distribution by experiment and by simulation for
the cement paste with w/c ratio 0.30, 14 days old. The pore size distribution shows a smaller pore
volume of pore sizes between 0.03 um up to 2 um. This difference might be attributed to the limita-
tions of the MIP test method. As we know, the MIP test method suffers from the “ink bottle” effect,
which means that large pores are preceded in the intrusion path of the mercury by smaller necks.
This problem produces pore size distribution curves with erroneously high volumes of smaller
pores and erroneously small volumes of larger pores [21-23]. In the simulation, however, the pore
size distribution curve was determined by calculating the sub-volumes of the pore space that were
accessible to testing spheres of different radii r. This method avoids the “ink bottle” effect, taking

all pores into account in the “right” size.
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Figure 26. Comparison of pore size distribution by experiment and simulation for a 14-day-old w/c 0.30
cement paste, left. Comparison of simulation and Wood's metal intrusion porosimetry test by Willis et al.
(after [23]), right.

Willis et al. [22] extensively investigated the “ink bottle” effect using Wood’s metal intrusion
porosimetry (WMIP) and image analysis. They concluded that pore size distributions obtained
from MIP are shifted towards small pores compared to those obtained from WMIP and image
analysis. A comparison between the present simulation and image analysis size distribution of
WMIP is shown in Figure 26, right. In their original paper Willis et al. [22] presented their plots as
volume vs. pore area at pressure 5000 psi. Diamond [23] recalculated the data as pore volume vs.
pore diameter. From Figure 26, it can be seen that the pore size distribution from the simulation is

closer to Wood’s metal image analysis, than to mercury intrusion porosimetry.

Conclusions

In this paper, the three-dimensional simulated microstructure of cement pastes were visualized

and analyzed. Some general conclusions can be drawn:

1. A serial section algorithm with an overlapping criterion was applied to analyze the simulated
microstructure. The geometrical parameters, including the internal surface area, the hydraulic
radius and the total capillary porosity, can be obtained. The topological properties, including
the connectivity, in terms of genus number, can also be determined with this algorithm. The
pore size distribution was computed by packing pore spheres in the free space.

2. The simulation results by the HYMOSTRUC3D showed that the microstructural properties of
the hardening cement paste strongly depend on the w/c and on the cement particle size distrib-
ution. The pore size distribution covered a wide range of the samples with a high w/c and for
coarser cement. Smaller pores exist in the samples with lower w/c and finer cement, meaning
that a more complex fluid channel is formed. For the same w/c, cement with finer particles had
a lower percolation threshold than coarser cements.

3. The percolation theory was applied to explain the evolution of the phases in cement paste. It
was found that the connectivity is strongly influenced by the digital resolution used in the cal-
culation.
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The simulated pore size distributions with HYMOSTRUC3D were compared with the experi-
ments of SEM and mercury intrusion porosity test. It was found that the simulated pore sizes
were one order of magnitude greater than those measured by MIP tests, while the shape of the
pore size distribution curve was quite similar to that obtained by processing of SEM images of

the cement paste.
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