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ABSTRACT: Calcium leaching is a degradation process consisting in progressive dissolution of the cement
paste by migration of calcium atoms to the aggressive solution. It is therefore, a complex phenomenon involving
several phases and dissolution and diffusion processes simultaneously. Along this work, a new computational
scheme for the simulation of the degradation process in three dimensions was developed and tested. The toolkit
was used to simulate accelerated calcium leaching by a 6M ammonium nitrate solution in cement matrices. The
obtained outputs were the three dimensional representation of the matrix and the physicochemical properties
of individual phases as a consequence of the degradation process. This not only makes it possible to study the
evolution of such properties as a function of time but also as a function of the position within the matrix. The
obtained results are in good agreement with experimental values of the elastic modulus in degraded and unde-
graded samples.

KEYWORDS: Cement paste; Microstructure; Modelization; Durability; Transport properties

Citation / Citar como: Gaitero, J.J.; Dolado, J.S.; Neuen, C.; Heber, F.; Koenders, E.A.B. (2014). 3D Computational
Simulation of Calcium Leaching in Cement Matrices. Mater. Construcc. 64 [316], €035 http://dx.doi.org/10.3989/
mc.2014.08813.

RESUMEN: Simulacion computacional en 3D del lixiviado de calcio en matrices de cemento. El lixiviado de
calcio es un proceso de degradacion consistente en la disolucion progresiva de la pasta de cemento por la
migracion de los atomos de calcio a la disolucion agresiva. Se trata por tanto de un fendmeno complejo que
involucra simultaneamente diferentes fases y procesos de disolucion y difusion. En este trabajo se desarrollo
y probo una nueva herramienta computacional para la simulacion del proceso de degradacion en tres dimen-
siones. Para ello se simuld el lixiviado de calcio acelerado provocado por una disolucién de nitrato amonico
6M en matrices de cemento. Como resultado se obtuvieron la representacion tridimensional de la matriz y
las propiedades fisico-quimicas sus fases a lo largo del tiempo. Esto permiti6 estudiar la evolucion de dichas
propiedades a lo largo del proceso de degradacion asi como en funcidn de su posicion dentro de la matriz. Los
resultados obtenidos coinciden con los valores experimentales del modulo elastico tanto de muestras degrada-
das como intactas.
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1. INTRODUCTION

Calcium leaching of the cement paste is a degra-
dation process consisting in progressive dissolution
of the cement paste as a consequence of migra-
tion of calcium ions to the aggressive solution. It
is therefore a typical example of a dissolution pro-
cess in a porous matrix where some of the mineral
phases of the paste dissolve in the interstitial pore
solution. The kinetics of the process is therefore
controlled by coupled dissolution and diffusion
processes. The degradation rate depends to a great
extent on the nature of the aggressive solution.
Under natural conditions, such a solution is gen-
erally water with low ion content. However, water
is replaced in some experimental works by a more
aggressive solution such as 6M ammonium nitrate
(1, 2), since under such conditions the dissolution
processes can take place in a reasonable experi-
mental time scale. Computationally speaking, the
employment of aggressive solutions is also appeal-
ing in order to shrink down the length scale (L)
under which the rate of calcium leaching is much
faster than the rate of transport and the so-called
Local Chemical Equilibrium (LCE) condition
begins to apply. Applying the dimensional analysis
made by Barbarulo et al. (3) to the case of accel-
erated calcium leaching process, the length scale
required to fulfill the LCE condition is L ~200 nm;
whereas for the not accelerated processes L ~20 um.
Thus, in contrast to what happens with non acceler-
ated counterparts, in the case of accelerated calcium
leaching processes the simplifying LCE condition is
satisfied at length scales which still enable the study
of the impact at the C-S-H level.

Apart from the calcium loss, the main effect
of calcium leaching is the porosity increase of the
matrix. The reason for this is the progressive degra-
dation of most phases. However, each of them loses
calcium by means of very different mechanisms.
For instance, portlandite dissolves completely in the
aggressive solution leaving a hole/pore in its place.
By contrast, the C-S-H gel undergoes a porosity
increase in the range of gel porosity maintaining
some of its structural characteristics. In both cases
there is a reduction of the mechanical performance
of the paste that can be measured in terms of com-
pressive strength and elastic modulus.

Several attempts have been made to model cal-
cium leaching of cementitious materials (1, 4-13).
One of the difficulties for doing so arises from the
multi-phase nature of the cement matrix, since
the mechanism of calcium loss and the equilib-
rium calcium concentration are different for each
of these phases. As a consequence, they have dif-
ferent dissolution rates depending mainly on their
calcium to silicon ratio (7). The most common
approaches to overcome these difficulties consist on
either limiting the number of phases considered or

using a continuous equilibrium formulation based
on Berner’s diagram (14). The values of average
porosity, strength and velocity of the degradation
front provided by these models are reproduced well
by experimental results.

The objective of this work was the development
of the necessary tools to simulate, in three dimen-
sions, calcium leaching of the cement matrix at the
level of the nano/microstructure. This includes the
construction of a cement matrix microstructure
affected by various parameters, such as the mineral-
ogy of the cement and the water to cement ratio, fol-
lowed by the degradation of the individual phases
making up the cement matrix. Since the characteris-
tic length scale of cement hydrates is in the range of
nanometers the spatial resolution of the code had to
be adjusted accordingly.

2. BASICS OF THE MODEL
2.1. Construction of the matrix

The construction of the cement matrix was car-
ried out using an updated version of Hymostruc 3D
(15). This program simulates cement hydration and
formation of structure in Hardening-Cement-Based
materials. The input data are the water to cement
ratio, some physicochemical properties of the
cement, some geometrical considerations (dimen-
sions of the structure, number of voxels, etc.) and
certain information about the hydration products
(size of portlandite particles, calcium to silicon ratio
of the gel, etc). Hymostruct 3D allows the simulation
in solely a few minutes of hydration processes lasting
from a few hours to several months. The resulting
matrix is presented in the form of a cube with a size
of up to 100 um. Once the structure is created, it has
to be divided in voxels to introduce it in the degra-
dation program. The number of voxels per micron
can be varied between 1 and 20 with the processing
time and the size of the output files varying accord-
ingly. The nature of each voxel is predetermined by
the variety of phases considered not being possible
to have more than one phase per voxel. In addition,
all voxels of the same nature are exactly identical
with the same chemical composition, porosity and
density. This approximation may seem a bit rough
for a non-crystalline phase like the C-S-H gel which
does not possess a fix stoichiometry and structure.
Nevertheless, three different C-S-H varieties have
been considered to soften it.

2.2. Degradation code
2.2.1. Basic concepts
For the implementation of the degradation code

five reactive phases were considered: portlandite, un-
hydrated clinker and three types of C-S-H gel: inner
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product (IP-CSH), outer product (OP-CSH) and
overlapping (OL-CSH). As it was mentioned before,
in all cases the loss of calcium results in an increment
of porosity; however, due to their different nature
each of them has to be considered separately.

The degradation of portlandite is described solely
as a dissolution process that involves the migration
of ions from the solid phase to the aggressive solu-
tion. Since the volume of the voxels is fixed, the loss
of calcium results in an increase of the porosity of
the voxel which can be calculated using the value of
the bulk density of portlandite, 2.27 g/cm’.

The three C-S-H gel varieties were described
by an extended Tobermorite-Portlandite model
(16-18). The extension consisted in assuming that
instead of having only part of the calcium in the
form of portlandite, all the calcium of the gel was
in the form of portlandite. This assumption implies
that the dissolution of a similar amount of calcium
in portlandite and C-S-H gel results in exactly the
same porosity increase. According to the aforemen-
tioned models, this might be the case for values of
the calcium to silicon ratio larger than 0.83 (the
value for tobermorite) but there is no reason why
this should hold for lower values. Since the only
difference between the three C-S-H phases was the
initial porosity obtained from Hymostruc 3D, and
subsequently the density, these approximations are
equally valid for all of them.

A similar but more complex approach was used
for the description of the clinker. In this case, two
different situations were envisaged depending on the
calcium concentration of the voxel. When such con-
centration is greater than the calcium concentration
of the undegraded C-S-H gel, clinker loses calcium
without any porosity increase. On the contrary, once
this threshold value is reached, clinker voxel trans-
forms into an IP-CSH voxel with no porosity and
degrades exactly in the same way as all gel voxels.
This method intends to simulate the simultaneous
hydration and degradation processes that take place
in the surface of clinker grains. As the aggressive
solution reaches a clinker grain, calcium begins to
dissolve as it would do during the pre-induction
period of the hydration process. However, using
6M ammonium nitrate as aggressive solution, it is
possible to assume that calcium solubility is large
enough to prevent portlandite’s precipitation. On
the contrary, C-S-H gel’s solubility depends on its
calcium to silicon ratio. Therefore, it seems reason-
able to think that locally calcium concentration in
the solution in direct contact with the clinker will be
large enough to allow the precipitation of C-S-H.
Of course, the calcium to silicon ratio of the gel
depends on the calcium concentration of the sur-
rounding solution. In addition, since C-S-H gel’s
density is lower than clinker’s density, it is possible
to assume that there is a net calcium loss from the
solid phase without any increase of porosity. Only

once all the clinker of the voxel has transformed
into CSH gel, the porosity can increase as a conse-
quence of the degradation of the gel.

2.2.2. Mathematical Representation

With the whole degradation process being
explained solely in term of the dissolution of cal-
cium, the only possible chemical reaction was [1]

2NH,NO, + Ca(OH),—Ca(NO;), + 2NH, + 2H,0 [1]

As a consequence, only three different species
need to be present in the pore solution: ammonium
nitrate, calcium hydroxide and calcium nitrate. The
parameter that governs diffusion of each of these
species in a particular media is the diffusion coef-
ficient. In this work, the diffusion coefficients were
assumed to be [2]:

D = Dpy X P 2]

Where Dy, is the bulk diffusion coefficient of
a given chemical species in bulk water. The values
of Dy, were obtained from the experimental val-
ues available in the literature (19). P is the relative
porosity of the phase, with a value of one when the
voxel is part of a capillary pore. Initially, all voxels
containing a particular phase have the same poros-
ity and therefore the same diffusion coefficient.
However, as soon as the degradation process begins,
porosity can vary considerably from voxel to voxel
and so does the diffusion coefficient.

Due to the aforementioned aggressiveness of the
solution, the timescales of the transport and chemi-
cal processes differ by several orders of magnitude.
Therefore, transport and reaction decouple, so that
the Nernst-Planck equation is used to describe the
transport, and a direct reaction model to account for
the chemical reactions. Consequently, the aggressive
solution has to enter the voxels containing hydration
products in order to degrade them. The (Poisson-)
Nernst-Planck equation system has the form [3-4].

V(D[(X)Vu,- (5.0)+ 22 Vo(x)u (x,z))=a”f§f=’) 3]

D q(x)=A 9(x) [4]

i

Where u; is the concentration, D, is the diffusion
tensor, ¢ the electrical potential, z; the ion charge
number, F the Faraday constant, 7" the tempera-
ture and R the ideal gas constant. We start with the
assumption that due to the length scale considered
and since no outer electric field will be present there
is no charge splitting to be expected and species are
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regarded without explicit dissociation, thus mak-
ing each species charge neutral. Since the solution
of the Poisson Equation is now always trivial, the
transport operator of the three species may be split
and the resulting smaller systems can be solved
much faster than one combined system.

The implementation of the transport is then car-
ried out via a finite element method, rewriting the
differential equation into its weak form regarding
its space discretization and using an implicit Euler
scheme to advance time [5-7].

JV( )V (x.0) 2
J‘au, xt

(x)u,-(x,t))v_,-(x)dx

x)dx,¥v; € H (Q) (5]

j(a () Vi () +

Q
J'au, xt

%V(b(x)ul—(x,t))Vv]— (x)dx

x)dx,Vv,; e H,(Q) (6]

J'(ui (x,2, )vj(x)dx)

+J.(D,» (x)Vu; (x,1,)+ =

Q

() (x,2, ))

Vv;(x)dx = J‘u[(x,tn,l)v,(x)dx,‘v’vj eH;(Q)
Q [7]

The implementation of finite elements makes
use of the deal.Il library (20). Further details of the
implementation may be found in (21).

With the cells of the different phases predefined
with initial concentrations in the voxels, the aggres-
sive solution is added by spec1fy1ng Dirichlet
boundary conditions (meaning fixing a constant
concentration on the boundary), simulating that the
model sample at hand is placed in an equilibrated
reservoir of ammonium nitrate. Initially no reaction
product is present inside the matrix.

The reaction equation is implemented on the basis
functions of the transport equations, by comparing
and computing the reaction between the respective
concentration coefficients wherever portlandite is

present. A backward reaction does not need to be
calculated due to the separation from equilibrium.

3. TESTING OF THE SOFTWARE

Two cement matrices with C/S=2 were created
to test the new software. The specimens were cubic
with a size of 20 um. This size was considered to
be representative of the matrix because it is larger
than its largest features, generally clinker grains.
In ordinary Portland cements with a characteristic
strength of 52.5 MPa, the majority of clinker grains
are smaller than 20 um. The pastes were prepared
at a water to cement ratio of 0.3. Curing times were
approximately 28 and 90 days. The phase distribu-
tion of the two matrices is summarized in Table 1.
As expected, the increase in the curing time resulted
in an increment of the amount of hydration prod-
ucts and a reduction of the capillary porosity. The
obtained structures were then divided in voxels so
that each 0.5 um voxel consisted solely of one of the
following phases: pore solution, portlandite (CH),
IP-CSH, OP-CSH, OL-CSH or unhydrated clinker
(CK). Figure.1 shows one of such structures at the
initial stages of the degradation process.

As can be observed, each phase is represented
by a colour that may change as a consequence of
the degradation. In particular, portlandite and clin-
ker transform into pore space and degraded C-S-H
respectively when they degrade. As a consequence,
they have to end up acquiring the colour of the new
phase in order to reflect this change. On the con-
trary, the three C-S-H phases maintain their colour
in spite of the calcium loss but with clearer tones
as they lose calcium. This pretends to represent that
C-S-H phases are always C-S-H independently of
their calcium content.

The main inputs of the degradation code, in
addition to the microstructure of the matrix, are
the density, initial calcium concentration and initial
porosity of each phase. In this case, all C-S-H variet-
ies were assumed to have an initial value of calcium
to silicon ratio of 1.7 while in the case of the CK this
value increased up to 2. It is also necessary to set the
number of time-steps and time step size which passes
in each transport step. Since chemical reactions are
assumed to be instantaneous, the conversion from
time-steps to real time can be made by means of the
diffusion coefficient. In this case each time-step cor-
responds to 0.05 s. Figure 2 shows a section of the
matrix for the two curing times employed, 28 days
(top) and 90 days (bottom), and their subsequent
evolution along the degradation time (T).

Comparison between the top and bottom images
makes evident the presence of lighter colours in the
younger specimen (top) than in the older one (bot-
tom). Since darker colours indicate higher calcium
content than the lighter ones, this means that the
top specimen was degraded to a greater extent by
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TABLE 1. Volumetric composition of the matrices

Matrix CH (%) CK (%) IP-CSH (%) OP-CSH (%) OL-CSH (%)  Pore (%)
28 days 3 41 12 18 1 25
90 days 5 34 19 28 6 8

the surrounding ammonium nitrate solution. This
can be attributed to its greater capillary porosity
(blue colour) that facilitates the diffusion processes.
However, as can be observed in Figure 3a, the differ-
ence is very small on average.

From this point on, the discussion will focus
exclusively on the results obtained for the 90 days

Intact Degraded
B — [ Clinker
H — B Portlandite

H— I IP-CSH
— OP-CSH
B— OL-CSH

H— W Pore

FIGURE 1. Example of hydrated cement paste at the initial
stages of the degradation process. Each phase is represented
by a colour (Clinker: grey; Portlandite: pink; IP-CSH: red;
OP-CSH: yellow; OL-CSH: green; Pores: blue). The colours
of the three C-S-H phases become lighter as they lose calcium.
On the contrary, portlandite and clinker acquire the
colour of Pores (blue) and IP-CSH (red) when they
degrade to represent the phase transformation.

old specimen. However, the conclusions apply also
to the other specimen as well because it gave very
similar results, see Figure 3a. Figure 3b shows
the evolution of the calcium loss of the cement
hydrates in comparison to the average value of
the whole sample. In overall, the obtained results
are in good agreement with the available literature
(22-24); although, there are some details that might
need clarification. As expected, cement hydrates
degraded considerably faster than the clinker. On
the contrary, Figure 3b shows that the degradation
rate of both portlandite and the C-S-H gel are very
similar while it is well known that this is not the case
(22-24). The difference arises from the fact that in
experimental works no distinction is made between
the gel formed before the degradation process and
that resulting from the simultaneous degrada-
tion and hydration of the clinker. If the hydrating/
degrading clinker phase were considered as C-S-H
gel it would be evident that the degradation rate
of portlandite would be much faster than the com-
bined rate for the CK and C-S-H phases in Figure
3b, in good agreement with the experiments (22-24).
Another point that should be clarified is that in
Figure 2 the loss of calcium from the clinker and
IP-CSH is present from the very beginning of the
degradation process. Under natural conditions these
phases should be initially protected by the layer of
hydration products surrounding it. However, as can

cH MIPCSH [ oOP-CSH [ oL-cSH McK [ Pore

FIGURE 2. Middle section of the 28 days (top) and 90 days (bottom) matrices at different degradation times (T).
For each particular colour clearer tones indicate smaller calcium content than the darker ones.
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a) Average calcium loss of the two specimens as a function of the degradation time. b) Evolution of the

calcium loss by the main phases of the 90 days specimen in comparison to the integrated curve.

be observed in Figure 1 and Figure 2, the studied
structures have been obtained by cutting them from
larger structures. As a consequence, some clinker
grains and IP-CSH particles have been cut, leaving
their inside directly exposed to the aggressive solu-
tion. Although the effect of surface voxels is very
small due to their small amount compared to the
total number of voxels of the sample, this problem
was overcome by repeating the experiment but cov-
ering with an impenetrable shell the whole matrix
except the external pores. As expected, no signifi-
cant difference was observed further than a slight
delay in the degradation of the IP-CSH and spe-
cially the clinker.

Although calcium concentration is the magni-
tude that governs the whole degradation process, the
magnitudes of interest from an engineering point
of view are the porosity and the elastic modulus.
Figure 4 shows the contribution of each particular
phase to the total porosity of the 90 days specimen.

As can be observed, initially the whole contri-
bution to the porosity comes from the C-S-H gel
and the capillary porosity. As the degradation
begins the contribution of the C-S-H gel becomes
even larger because the contributions of portland-
ite and the clinker are very small. This is due to

100 A

the small proportion of the former and due to the
assumption that the clinker can initially degrade
without a porosity increase. Only once the C-S-H
is exhausted does the contribution of the clinker
become really relevant, being the sole responsible
of the porosity increase for much of the degrada-
tion process after the early period. It is evident
that this is motivated by the low initial hydration
degree of the matrix, with more than half of its
volume initialy occupied by unhydrated cement.
As can be observed in Figure 5a, the contribution
of the different phases to the total gel porosity is
given by the initial relative proportions of each of
them. Therefore, the smallest contribution comes
from the OL-CSH followed by the IP-CSH and
finally the OP-CSH. There is little difference be-
tween the times at which each of them degrades.
This was attributed to the small volume of the
OP-CSH and OL-CSH. At the beginning of the
degradation process, IP-CSH is protected by a
shell of OP-CSH and OL-CSH. However, since
there is not much of these phases, they are soon
consumed at some places beginning to leave the
IP-CSH exposed. The range of values of the total
porosity of the paste is in good agreement with the
findings of Chen et al. (295).

¢CH = C-S-H 4 CK = Total

Rel. Porosity (%)

0

1
50 100

Time (Steps)

FIiGURE 4. Evolution of the contribution of the main hydrates (CH: Portlandite,
C-S-H: C-S-H gel, CK: unhydrated clinker) to the porosity.
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a) Porosity contribution of each clinker phase to the gel porosity. b) Evolution of

the elastic modulus of the three phases of the C-S-H gel along the degradation process.

The elastic modulus of each of the three C-S-H
phases was calculated using Mori-Tanaka’s approxi-
mation (25), assuming that C-S-H voxels are made
of porous Tobermorite 14 A (26-27). As a conse-
quence, the time evolution is given by the time evo-
lution of the porosity, see Figure 5a and Figure 5b.

As can be observed in Figure 5b, OP-CSH
degrades slightly faster than the other two phases.
In order to compare with the experimental values
available in the literature (23, 28-34), it is more
appropriate to plot the elastic modulus as a func-
tion of the C/S, see Figure 6.

All the experimental values included in Figure 6
are also presented in Table 2. In the figure, all unde-
graded samples have been assumed to have C/S=2,
in order to ease visual comparison. However, it is
worth saying that the results contained in Table 2
show no influence in the C/S of the paste, as far
as, this is undegraded. This is so because the
C-S-H gel of all undegraded samples has a simi-
lar C/S being other phases like portlandite which

— Calc. IP-CSH

30{ — Calc. OP-CSH A

= A Exp. HD-CSH A

5 O Exp. LD-CSH 8

s B
3
3
©
[e]
=
i)
=
«©
w

0 0,5 1 1,5 2

c/s

FIGURE 6. Experimental and calculated values for the elastic
modulus as a function of the C/S of the cement paste. In
order to ease comparison, all undegraded samples have
been assumed to have C/S =2 independently of their
composition, see Table 2 and references (23, 29-35).

are affected by the smaller proportion of calcium.
As can be observed in Figure 6, prior to the begin-
ning of the degradation (C/S=2), the value of the
modulus of the OP-CSH is in very good agreement
with the reported values for the low density C-S-H
(LD-CSH). Similarly, the result obtained in this
work for the IP-CSH falls within the range of val-
ues presented in the literature for the high density
C-S-H (HD-CSH), although it is clearly smaller
than the average. It is worth stressing the large scat-
tering of the results available in the literature com-
pared to the low dispersion of the results presented
by some authors. This might be related to the dif-
ficulty of sample preparation and to the lack of a
standard procedure for doing so. This problem is
even more severe in the degraded samples which, in
addition of being much weaker and therefore more
difficult to handle, include the uncertainty of the
determination of the C/S. All results contained in
Table 2 and Figure 6 have been obtained in asymp-
totically leached samples. As a consequence, little
if any variation should be observed in the values
of the C/S and elastic modulus as a function of
the distance to the exposed surface. The obtained
results are in good agreement with the experimental
ones for C/S larger than 0.5; for C/S smaller than
0.5 there is an underestimation of the calculated
elastic modulus that is more important in the case
of the IP-CSH.

4. CONCLUSIONS

A set of tools for the simulation of calcium
leaching of the cement paste has been developed
and tested. Such tools provide information about
the effect of the degradation process on individ-
ual phases at the level of the nano-/microscale.
Comparison with the experimental results avail-
able in the literature showed good agreement for
the evolution of the elastic modulus of the C-S-H
gel along the degradation process. Only when the
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TABLE 2. Experimental values of the elastic modulus of the C-S-H gel (GPa) obtained from
the literature (23, 29-35). C/S of the paste is also provided for the degraded samples

Undegraded Degraded
Reference Material LD-CSH HD-CSH CIS LD-CSH HD-CSH
(23) OPC 2242 2942 0.8 3.0%0.8 12+1
(29) OPC 19+3 27+4 0.62 2.340.5 3.6%0.6
(29) OPC + 6%NS' 2342 27+3 0.54 3.5+0.7 5409
(29) OPC 26+4 3443 0.24 5+1 8+1
(29) White OPC 21+3 33+3 0.06 2.840.8 43+0.6
(30-31) C,S/C,S" 25+3 32+4 0.08 34+0.6 5+1
(30-31) C,SIC,ST 22+4 30+4
(30-31) C;S 23+3 30+4
(30-31) C,S 22+4 2745
(32) Ductal 2042 30+4
(33) OPC 16£5 27+4
(33) OPC +15%SF" 17+4 26+3
(29, 33-34) OPC + 6%NS" 17+1 23.7+0.4
(29, 33-34) OPC +18%NS" 18.9+0.4 26.7%0.8
(35) White OPC 184 29+4

'OPC paste containing 6wt.% of nanosilica powder.
iMixture of pure C;S and C,S in a weight fraction 70:30.
Mixture of pure C;S and C,S in a weight fraction 30:70.
YOPC paste containing 15wt.% of silica fume.

"OPC paste containing 6 or 18wt.% of colloidal nanosilica.

C/S of the paste fell below 0.5, an underestimation
of the predicted values was observed. The values
of the total porosity of the paste before and after
calcium leaching are similar to those reported on
the literature. On the contrary, in this work, no sig-
nificant difference was observed between the deg-
radation rate of portlandite and the C-S-H gel.
However, this was attributed to the fact that in the
literature no distinction is made between the C-S-H
gel formed before and along the degradation pro-
cess. Finally, the obtained results indicate that the
contribution of each phase to the total porosity of
the paste depends mainly in their volumetric pro-
portion within the matrix.

Although the matrix studied consisted of two
belite cements mixed at a water to cement ratio of
0.3 and cured for 28 and 90 days respectively, the
model does not impose any limitations on any of
these parameters. The employed aggressive solution
was 6M ammonium nitrate but any other solution
could also be employed with minor modifications
of the degradation program. Accordingly, the num-
ber of species present in the pore solution was lim-
ited but the software is very flexible in this aspect.
Finally, the number of cement hydrates considered
was reduced to portlandite, unhydrated clinker and
the three types of C-S-H, although the program
allows the introduction of more phases as long as

calcium concentration, porosity and diffusion coef-
ficient are provided. Aggregates or reinforcements
can also be easily included.
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