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Abstract

The leaching of cement-based materials is analysed through experimental and numerical results. From the experimental point of view,
the leaching processes of a pure cement paste and a mortar are characterised by the degraded depths and the cumulative amount of
leached calcium at different times. From the mathematical point of view, the leaching is modelled with the mass balance equation of cal-
cium in the liquid phase. Material properties useful for a numerical resolution of this equation are presented and the finite volume
method is applied for the numerical simulations. Comparisons between experimental and predicted results show the validity of the simple
model used to describe the leaching phenomenon and the ability of the finite volume method to support high nonlinearities. © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Predicting the long-term behaviour of concrete, particu-
larly concrete used for radioactive waste disposal, requires a
sound knowledge of the various deterioration mechanisms
that will affect the structures over their lifetimes and the ex-
tensive use of simulation tools. The object of this paper isto
describe a model that predicts the extent of chemical degra-
dation by the action of pure water on a cement paste or a
mortar. Indeed, constantly renewed water appears to be one
of the aggressive agents that attack the chemistry of concrete.

Deionized water in contact with cement-based materials
create concentration gradients that lead to the diffusion of
ions contained in the interstitial solution. These transfers
modify chemical balances and induce a total leaching of
Portlandite and a progressive decalcification of C-S-H.

The two-dimensional model DIFFU-Ca was devel oped for
calculating the variation of the degraded depth and the leached
cacium flux with time for cement-based materials. In what
follows, DIFFU-Ca is described and validated only for
one-dimensiond problems by comparing its results with ex-
perimental data obtained with both cement pastes and mortars.
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2. Experimental program and results
2.1. Materials

Two different cement-based materials were investigated:
a pure Portland cement paste and a mortar made with the
same Portland cement and a quartz sand. The volumetric
proportion of paste in the mortar was approximately 50% in
volume. The sand was not attacked by leaching on the ti-
mescale considered. All the paste and mortar samples were
made with the same ordinary Portland cement (OPC). The
chemical compositionisgivenin Table 1. The water/cement
(w/c) ratio of both materials was 0.4.

The mixtures were poured into cylindrical moulds (7 X 8
cm for paste and 11 X 22 cm for mortar). All the samples
were demoulded after 24 h and then were cured for 6
months under lime-saturated water at 20°C. These curing
conditions led to maximum hydration and to partial leach-
ing of akalis.

2.2. Leaching process

The samples, protected from atmospheric CO,, were im-
mersed in water at a constant temperature of 20°C, and kept
at pH 7 by small additions of nitric acid. The leaching pro-
cess resulted from the concentration gradients between the
pore solution of the cement-based material and the deion-
ised water that surrounded the sample. These gradients in-
duced a diffusion process of all species present in the pore
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Table1

Chemical composition of the cement

Ca0 SO, Al,O5 SO;
62.9 20.6 5.8 31

solution of the material toward pure water, and they broke
theinitial local equilibrium between the solid and the liquid
phase. Consequently, a partial dissolution of the cement-
based matrix occurred to restore the local equilibrium be-
tween solid and liquid phases. The solution in which the
samples were immersed was frequently renewed to main-
tain a constant boundary condition and was analysed to
monitor the leaching kinetics of calcium.

2.3. Experimental results

The altered section of both materials that were immersed
in deionised water consisted of a solid phase assemblage of
which each zone, with constant mineralogy, was separated
by a dissolution or precipitation front (Fig. 1). These clearly
defined fronts show that as soon as a solid phase is under- or
supersaturated with respect to the contacting solution, it im-
mediately precipitates or dissolves[1].

The evolution of the degraded depth, delimited from the
core by the Portlandite dissolution front, is proportional to the
sguare root of time. For the pure paste and for the mortar, these
evolutions are very close, with about 1.4 mm of degradation
after 3 months and 2.1 mm after 7 months for both materials.

The outgoing leaching fluxes of calcium are a so propor-
tional to the square root of time. The kinetics for the mortar
can be deduced from that of pure paste using the proportion
of paste in the mortar as a reducing factor [2] (Fig. 2). In-
deed, for a 50% proportion of cement paste in the mortar,
the effects of tortuosity due to sand and interfacial transition
zone (ITZ) complement one another.

3. Modelling of pure cement paste leaching

The existence of a solid phase assemblage with clearly
defined dissolution fronts can only be explained by assum-
ing local equilibrium (i.e., instantaneous dissolution). Since

Fig. 1. Degradation fronts in a cement paste sample (from [1]).
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Fig. 2. Experimental cumulative leached calcium (from [1,2]).

the diffusion rates are much slower than those of the chemi-
cal reactions, the kinetics of degradation are governed by a
diffusion process.

Adenot [1] has developed amodel called DIFFUZON by
combining diffusion transport and local chemical equilib-
rium for al species of a cement material. The kinetics of
degradation are proportional to the square root of the time,
as long as there is an unaltered zone (infinite medium) and
an aggressive solution with a constant composition. The
model can account for the main solid phases of the hydrated
cement in equilibrium with the pore solution. The influence
on the porosity and diffusion coefficient of the dissolution
and precipitation in the degraded portion is taken into ac-
count. However, the model, which requires a Boltzmann
variable change (relying on a single, variable time and
space), can only be applied for a unidirectional problem
with constant limiting conditions.

The previous model had to be simplified to develop a
three-dimensiona model for studying the influence of
cracks and to investigate real structures with variable-limit-
ing conditions. The simplification assumes that the single
evolution of calcium describes the leaching of cement-
based materials since all hydrates contain calcium [3-5].
Therefore, the model DIFFU-Ca is based on the resolution
of the mass balance equation for calcium only [see Eqg. (1)].

0(@Cca) 0Sca

at = DlV[De EGraj(CCa)] - "'5'{—

1
Wheret isthetime, C, isthe calcium concentration in pore
solution, &, is the calcium concentration in the solid phase,
¢ isthe porosity, and Dy is the diffusivity of calcium in the
porous media. In Eq. (1), the first term on the right-hand
side stands for the diffusion process of the calcium in the
liquid phase, which is assumed to be governed by Fick’s
law. The second term of the right-hand side of Eqg. (1) ac-
counts for the dissolution process, which leads to an arriva
of calcium in the liquid phase. It can be noted that whatever
the functions into Eq. (1) are (linear or not), the Boltzmann
variable change is valid, so the degradation is proportional
to the square root of the time aslong asthere is an unaltered
zone and the aggressive solution composition is constant.
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Fig. 3. Evolution of ratio S/Ss in solid phase as a function of calcium
concentration in solution Cc,; experimental results compiled [9] in CaO-
SiO,-H,O system and line used in the present model for cement-based
materials.

However, this variable change will not be applied in what
follows, so that we can modellize two-dimensional prob-
lems or problems with variable-limiting conditions. The nu-
merical predictions will emphasise proportionality between
degradation and square root of time.

Eqg. (1) isasimplified representation of the leaching pro-
Cess since numerous ionic species interfere during the
leaching of cement-based materials. Furthermore, the pro-
posed model does not account for any precipitation that may
also occur in the material [6-8]. However, it can be viewed
as an initial approach that make a good prediction of the
leaching process possible, in term of degraded depth and cu-
mulative amount of leached calcium.

The equilibrium between the solid calcium phases (Port-
landite CH and C-S-H) and the calcium concentration in
pore solution is now well identified and leads to a relation
between the calcium in the solid phase &, and in the pore
solution Cg, [9] (see Fig. 3 where Sy denotes the silicium
concentration in the solid phase).

The evolution of S/Sy ratio as a function of calcium
concentration in solution (from the right to the left) roughly
corresponds to the alteration from the core to the externa
zone of a cement material that contain mainly Portlandite
and C-S-H, but also ettringite and monosulfoaluminate.
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The dissolution of Portlandite occurs suddenly for a thresh-
old calcium concentration of =21 mol/m® and explains the
steep drop at thisvalue. The decalcification of C-S-H is pro-
gressive due to the various forms of C-S-H having an S-./Sy
ratio ranging from 1.65 to 1. This explains the decreasing cal-
cium concentration in pore solution between 21 and 2 mol/m?.
A progressive dissolution of ettringite and monosul phoalu-
minate also occurs in that zone. For calcium concentrations
under 2 mol/m?, the solid phase correspondsto asilicagel.

3.1. Evolution of physical and chemical variables of the
model DIFFU-Ca for cement paste

The initial values of S, and S5 (i.e., values for sound
paste) were determined by chemical analysis. Asthe silicon
concentration in solid phase is virtually constant, whatever
the state of degradation, the relation between the calcium
concentration in the solid phase S, and in the pore solution
Cc, (or the reverse relation) follows from the equilibrium
relation (see Fig. 4).

The porosity is directly linked to the mineralogy (type
and proportions of the existing solid phases). The porosity
created by C-S-H decalcification is extremely fine (less than
3 nm) and remains negligible compared with the already ex-
isting microporosity and capillary porosity. Furthermore,
diffusivity in that kind of porosity is very low [10]. There-
fore, the increase in porosity resulting from the decalcifica-
tion of C-S-H isignored in calculations. The porosity isthus
calculated as a function of the calcium concentration by as-
suming arapid dissolution of Portlandite, followed by a pro-
gressive dissolution of ettringite and monosul phoaluminate.
The relations between porosity and calcium concentration
in pore solution or in solid phase are given in Fig. 5.

The evolution of the effective diffusion coefficient (i.e.,
coefficient of global diffusion through porous material) is
determined from experimental results obtained with a two-
compartment diffusion cell on OPC cement pastes with dif-
ferent w/c ratios and different porosities (see Fig. 6). An
empirical relationship between the effective diffusion coef-
ficient and the porosity of sound materials was then pro-
posed [11]. The extrapolation of this formulato high poros-
ities relies on the fact that the diffusion coefficient of a

Cc, (mol/m?)
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Sca (Mmolim®) 15000

Fig. 4. Relation between calcium concentration in pore solution Cc, and in solid phase S.,.
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Fig. 5. Relation between porosity and calcium concentration in pore solution or in solid phase.

porous material cannot exceed that of pure water. There-
fore, for ¢ < 0.92, we have [see Eq. (2)]:

9.95¢—29.08
— ((9950-2908)

D @)

where D, is given in m?%/s. In the other case, D, is equal to
the free diffusion coefficient of calcium in water (i.e., 2.2 X
10~° m#sfor atemperature of 20°C).

Fig. 7 shows the relations between effective diffusion co-
efficient and calcium concentrations deduced from Fig. 5
and Eq. (2), used for degraded materials.

e

3.2. Numerical resolution and comparison with
the experiment

The choice of the main state variable for modelling the
leaching process with Eqg. (1) is of great importance. One
approach is to solve Eq. (1) with the calcium concentration
in the liquid phase (i.e.,, Cc,) as proposed previously [3—
5,11]. However, the dissolution of the Portlandite occurs at
afixed value of the calcium liquid concentration, so that the
calcium concentration in the solid phase (i.e., &) is hot a
unique function of the calcium liquid concentration (see
Fig. 4). On the contrary, the liquid calcium concentration
can always be deduced from the solid calcium concentra-
tion. Thus, it appears more suitable to use the calcium con-
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Fig. 6. Experimental results and extrapolation for the relation between
effective diffusion coefficient and porosity.

centration in the solid phase as the main state variable. Eq.
(1) isnumericaly handled in the form [see Eq. (3)]:

A9(Sea) e Se] _
ot = a_ DIV{ De(SCa)
(B Coy(Seal} 5 ©

In the unattacked region, calcium concentration in the
liquid phase is constant and greater than or equa to the
threshold one (21 mol/m®) and the S-/Sy ratio is greater
than or equal to 1.65. Thus, no diffusion of calcium occurs
and local concentration gradient is null. Therefore, the
mathematical problem is said to be degenerated. A sharp
front associated with the dissolution of the Portlandite
evolves at a finite velocity. Due to a high nonlinearity of
variables, this dissolution front is difficult to capture numer-
ically and requires a fine discretisation of the media. The
numerical method used in this analysis is the finite volume
(FV) method. This is a robust and simple method for ap-
proximating the nonlinear conservation equations and for
precisely locating the dissolution front [12-14]. In these
conditions, the FV method does not suffer from the prob-
lems that can occur when using the finite element method
(divergence or oscillations) [15].

The leaching process of cylindrical samplesimmersed in
pure water can be modelled with the one-dimensional ex-
pression of Eq. (3). The boundary condition corresponding
to the aggressive water is expressed as C-, = 0 and a null
diffusion flux of calcium isimposed on the other boundary
since the Portlandite dissolution front evolves at finite ve-
locity. The complete finite volume scheme used for solving
Eq. (3) isgiven elsewhere [16]. Based on the data presented
inFig. 4[i.e, Cel(S0)], Fig. 51i.e, ¢(S»)], and Fig. 6 [i.e.,
D(d)], this scheme allows the prediction of the degraded
depth and the outgoing flux of leached calcium according to
Fick’slaw. The numerical results are compared with experi-
mental data below.

Numerical and experimental values of degraded depths
after 3 and 6 months of leaching are compared in Table 2.
Globally, the predicted values given by the finite volume
method are very close to experimental data even though
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Fig. 7. Relation between effective diffusion coefficient and calcium concentration in pore solution or in solid phase.

they dlightly underestimate the experimental degraded
depths.

Fig. 8 shows the experimental [1] and the predictive cu-
mulative quantity of leached calcium by the sample as a
function of the square root of time. The numerical predic-
tion is derived from the discretisation of Fick’s law at the
aggressive boundary of the sample using the finite volume
approximation.

The experimental and numerical results presented in Fig. 8
are very close, though the numerical prediction dlightly
overestimates the experimental results.

The quality of the numerical prediction seems sensitive
to the variables of the model [i.e, Ccl(Sd), (S and
Dd(db)]. Thus, the influence of these parameters on the re-
sults of the model is studied in the following section.

3.3. Sensihility of the modelling to the material properties

This section analyses the influence of the material prop-
erties on the modelling of the leaching process using Eqg.
(2). Four parameters were selected to study the sensitivity of
the numerical results because significant uncertainties exist
on the reference values chosen in the previous parts.

parameter 1: the threshold calcium concentration in lig-
uid phase [i.e, the calcium concentration for which
the Portlandite dissolves, noted as C, (Portlandite)];

parameter 2: total porosity according to the solid calcium
concentration, noted as b(S-);

parameter 3: the diffusion coefficient according to the to-
tal porosity, noted as D (¢); and

parameter 4: the initial value of the solid calcium con-
centration, noted as &, (initial).

Table2
Comparison between experimental and predicted degraded depths

3 months (mm)

Experiment 1.45 21
Finite volume prediction 14 20

6 months (mm)

The threshold calcium concentration in the liquid phase
can vary with the ionic force of the solution: it is higher if
ionic force increases. It also varies with the presence of al-
kali in solution; in this case, it is less important. Lastly, it
depends on the temperature that makes variations in the two
directions. For parameter 2 or 4, uncertainties come from
the assumption chosen to estimate the quantity of calciumin
the various solid phases. For example, all calcium is as-
sumed to be contained on Portlandite, C-S-H, ettringite, and
monosulfoaluminate of calcium, and the proportion of cal-
cium under an inert phase is ignored [1]. Moreover, for pa-
rameter 2, additional uncertainties exist because of the as-
sumptions made on the description of chemical degradation
(dissolution of ettringite and monosulfoaluminate of cal-
cium and nondissolution of C-S-H). Lastly, parameter 3
comes from interpolation of experimental data with extrap-
olation for high porosities, which create a strong uncertainty
on thefinal value.

The reference values were given in Figs. 4, 5, and 6 with
21 mol/m? for the threshold calcium concentration in the
liquid phase, and 14.7 X 10° mol/m? for the initial calcium
concentration in the solid phase. A 10% uncertainty is as-
sumed on these data. The effects of these parameters are

he]
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Fig. 8. Comparison between experimental and predicted cumulative quan-
tity of leached calcium for cement paste.
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Table3
Comparison between experimental and predicted degraded depths

Finite volume prediction (mm)

Experiment With reference With reference Variation with With reference Variation with
Parameter (mm) vaue value —10% reference value —10% value +10% reference value +10%
1: Cc, (Portlandite) 1.92 —5.4% -2.12 +4.4%
2: 6(Sw) 21 2.03 155 —23.6% —2.66 +31.0%
3: D (d) 1.92 —5.4% -2.12 +4.4%
4: S, (initial) 224 +9.1% +1.87 —7.9%

studied independently, which means that only one parame-
ter changes at atime and the three others remain fixed. The
effect of these parametersis observed on the degraded depth
a 6 months and on the cumulative amount of leached cal-
cium at 85 days. The results of these variations are pre-
sented in Table 3 for degraded depth and in Table 4 for
leached quantity.

The results in Tables 3 and 4 show that parameters 1, 3,
and 4 have asmall influence on the results of the mathemat-
ical model. In fact, variations of 10% of parameter 1, 3, or 4
induce variations of the numerical prediction lower than
10%, around the prediction obtained with the reference pa-
rameters. The variations are even lower than 5.5% for pa-
rameters 1 and 3. However, parameter 4 plays an important
role in the results. Unlike others parameters, it has distinct
effects on the degraded depth and on the cumulative leached
calcium. The most important parameter is the expression of
the porosity as a function of the solid calcium concentration
(parameter 2). This can be easily explained by the fact that
the diffusion coefficient is an exponential function of the
porosity. Consequently, a variation of 10% in porosity in-
duces alarge variation in the diffusion coefficient.

The discrepancy observed between the experimental data
and the numerical prediction of the degraded depth and of
the leached fluxes can be explain by an over estimation of
theinitial value of the calcium concentration in solid phase
(parameter 4). In fact, reducing the initial value of the solid
calcium concentration will lead to alower outgoing quantity
of calcium and a faster advance of the dissolution front of
Portlandite since there is a lower amount of calcium to be
dissolved.

In any case, asthe parameters of the model have been de-
termined totally independently of degradation experiments,
the numerical simulation appears to be in good accordance
with experimental results. Therefore, the engineer can use

Table4

the numerical resolution of Eq. (1), including the evolution
of physical and chemical variables of the model for cement
paste (subsection 3.1) as a predictive tool for the modelling
of leaching. In the next section, the model of the leaching
process of a mortar is extended from the model developed
for paste.

4. Modelling of mortar leaching

Asfor pure cement paste, modelling the chemical degra-
dation of mortar consists of resolving the mass balance
equation for calcium only. Experimental results show that
the kinetics of mortar degradation can be deduced from that
of pure paste: evolutions of degraded depth of paste and
mortar are very close, and the leached calcium fluxes are pro-
portional to the paste content in the material [2] (see Fig. 2).
For mortars, evolution of physical and chemical variables
for the resolution of the mass balance Eq. (1) are then de-
duced from that of the pure cement paste using the propor-
tion of paste asadilution factor. Fig. 9 shows datafor apure
paste and a mortar containing 50% paste. For other propor-
tions of cement paste, it would be useful to adjust the reduc-
ing factor to take into account the tortuosity due to sand and
the influence of the ITZ with higher diffusivity, using previ-
ous experimental results [17] or modelled calculations [18].
However, using the proportion of paste as a dilution factor
appears to be valid. It gives good data for sound mortar po-
rosity (see previous experimental data [2,11]), and also for
the effective diffusion coefficient (a value of 1.4 x 107%2
m?/s is determined using the reducing factor to be compared
to 1.7 X 1072 m?s measured experimentally on mortar
[11]). In the following text, the comparison between experi-
mental data and predicted results for mortar degradation
will show the validity of the model extended from paste to
mortar.

Comparison between experimental and predicted cumulative quantity of leached calcium

Finite volume prediction (mol/m?)

Experiment With reference With reference Variation with With reference Variation with
Parameter (mol/m?) value value —10% reference value —10% vaue +10% reference value +10%
1: Cc, (Portlandite) 11.98 —4.4% 13.05 +4.2%
2: 6(Sew) 10.62 12.53 9.49 —24.3% 16.54 +32.0%
3: D () 11.88 -5.2% 13.14 +4.9%
4: S, (initial) 11.58 —7.6% 1341 +7.0%
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Fig. 9. Datafor modelling.

The same program used previously has been used to ob-
tain the predicted degraded depth and the cumulative quan-
tity of leached calcium as a function of time. The material
properties of this modelling are given in Fig. 9. After 7
months of chemical attack, the predicted degraded depth
(2.18 mm) and the experimental depth (2 mm) are very
close. The experimental and numerical results of cumulative
quantity of leached calcium are presented in Fig. 10. Again,
the experimental and numerical prediction are in good
agreement. As shown in Fig. 8, the numerical prediction
dightly overestimates the experimental results.

The extension of the modelling from cement pastes to
mortars appears to be valid since the experimental results
for mortar samples have been accurately predicted. This
confirms the validity of the simple diffusion Eqg. (1) used to

describe and predict the leaching of cement-based material.
This equation can be applied to different media, using the
proportion of paste and data from the same pure cement
paste. These results suggest that the modelling of the leach-
ing process of a concrete sample should be possible by us-
ing asimilar approach.

5. Conclusions

To predict the long-term evolution of concrete used for
waste disposals in aggressive conditions, a modelling of the
calcium leaching in cementitious materials has been pre-
sented. This modelling is based on a single equation ac-
counting for the mass balance equation of calcium in the
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Fig. 10. Comparison between experimental and predicted cumulative quan-
tity of leached calcium for mortar.

liquid phase. Its resolution with a numerical method re-
quires the knowledge of the equilibrium relation between
the solid and the liquid phase, the evolution of the porosity
with the dissolution process, and the variation of the effec-
tive diffusion coefficient with the porosity.

Such parameters have been presented for a cement paste.
Then, the finite volumes method has been used for the nu-
merical resolution with the calcium concentration in solid
phase S, as the main variable. Due to its conservativity
properties, this method supports high nonlinearities and en-
sures agood positioning of the dissolution front of Portland-
ite. Comparisons between experimental and numerical re-
sultsin terms of degraded depth and leached calcium fluxes
give the value of simple modelling in predicting the leach-
ing phenomenon with time. Furthermore, it has been noted
that the evolution of the porosity with the calcium concen-
tration plays the most important role in the accuracy of the
modelling. Asthe parameters of the model have been deter-
mined totally independently of degradation experiments and
as numerical simulations are in good accordance with ex-
perimental results, the model appears to be of worth.

Finally, it has been extended with success to the leaching
of a mortar using the proportion of paste in mortar as are-
ducing factor to determine data for the mortar from those
for the paste. The modelling of the leaching process of con-
crete should be possible by using a similar approach.

Now, the model DIFFU-Ca may be used to analyse the
effects of cracking on the degradation process by studying
two-dimensiona problems [11] or to predict the degrada-
tion of cementitious materials attacked by aggressive solu-
tion varying with time [5].
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