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Abstract

Coupled water and chloride transport in cement mortar is analyzed experimentally in the paper. Samples with initial moisture
content corresponding to 45% relative humidity are subjected to one-sided sodium chloride-in-water solution uptake, and moisture
profiles and chloride concentration profiles are determined in three chosen time intervals. In the evaluation of measured moisture
profiles and chloride concentration profiles, diffusion model is employed. Moisture diffusivity is determined as function of moisture
content and chloride diffusion coefficient as function of chloride concentration using two methods commonly used for analysis of
moisture profiles, namely the double integration method and the Matano method. The highest values of both coefficients are ob-
tained by Matano method for the curves corresponding to 24 h exposure to the solution, the lowest values by Matano method for
168 h, the results obtained by double integration method are in between. The complementary experiments with distilled water as
penetrating liquid performed for the sake of comparison do not show this feature. It is observed that water transport in the initial
time period is for the chloride solution faster and in later times slower than for distilled water. Therefore, the observed differences in
the calculated apparent values of moisture diffusivity and chloride concentration coefficients are attributed to the fact that Cl~ and
Na* ions are adsorbed on the pore walls faster than water molecules. This effect should be included into the mathematical models

using ion binding isotherms.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Service life of steel-reinforced concrete structures is
strongly influenced by reinforcement corrosion. The
voluminous corrosion products whose molar volume is
almost seven times larger than the volume of the original
iron are formed that generate pressures on the concrete
covering layer, where cracks are formed, and in the final
phase, this layer peels off.

The corrosion processes of steel reinforcement have
an electrochemical character that requires the presence
of electrolyte. In fresh and non-carbonated concrete, the
electrolyte has a high concentration of hydroxide ions
(pH ~ 12.5) produced by cement hydration. Therefore, a
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protective passive film forms spontaneously on the steel
surface. If the concentration of hydroxide ions decreases
under pH ~ 9, and if molecules of water and oxygen are
present, the corrosion starts. The corrosion process in-
cludes the anodic disolution of iron and cathodic pro-
cess of oxygen depolarization.

There are several effects that can increase the critical
pH value of the electrolyte that is necessary for starting
the reinforcement corrosion process. One of the most
important is the chloride ion penetration to steel surface
through the protecting concrete cover. When a sufficient
chloride concentration, a threshold value, is reached on
the steel surface, the passivating film disrupts and the
corrosion process is started. The corrosion process is in
progress even if alkalinity is high. Combination of
chloride penetration and concrete carbonation acceler-
ates the process of steel corrosion. Therefore, chloride
diffusion is a frequently studied topic in concrete re-
search.
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Most of the applied models are very simple, and
employ 1-D Fick’s diffusion equation for the chloride
concentration with constant diffusion coefficient and
constant initial and boundary conditions,

“-n%, (1)
0.0 =Gy, @)
C(o0,t) =0, (3)
C(x,0) =0, 4)

where D is the diffusion coefficient; C, the chloride
concentration; Cy, the chloride concentration at the ex-
posed boundary; x, the distance from the exposed
boundary; ¢, the time.

The problem (1)—(4) has a very simple mathematical
solution (e.g., [1]):

Clx,t) = Cy [1 —erf(#ﬁﬂ, (5)

and this is the main reason for its high application fre-
quency. This model was employed for instance by Tuutti
[2], Funahashi [3], Cady and Weyers [4], Weyers [5],
Zemajtis et al. [6], Costa and Appleton [7] and many
others. Some of the authors, for example Zemajtis et al.
[6], assume the surface concentration as a function of the
square root of time, or in more general form (e.g., [7]) as
a power function of time,

Co(t) = Cyt", (6)

where C; is the surface chloride concentration after one
year, ¢t is expressed in years, and » is an empirical coef-
ficient.

The main weaknesses of these models are the as-
sumption of the constant diffusion coefficient and the
fact that they neglect the influence of water transport on
the transport of chemical compounds. As a conse-
quence, a single value of the diffusion coefficient can
never be obtained from the measured concentration
profiles, particularly if the measurements are performed
over longer time periods. The diffusion coefficient then
appears as a function of time. Nevertheless, these
models proved to be useful in many practical applica-
tions because the calculated diffusion coefficients have at
least a relative value, i.e. it is possible to compare dif-
fusion coefficients in different types of concrete and
different environments.

The most frequently used methods for the determi-
nation of salt diffusion coefficients in concrete use the
experimental set-up designed for the so-called “Rapid
Chloride Permeability Test” (sometimes called as “Mi-
gration Test’’), which was developed at the beginning of
the 1980s in USA [8,9]. The experiment uses two cells
separated by a plate specimen of the measured material.
In measuring chloride diffusion, cell 1 normally contains
a NaCl solution, and cell 2 is filled with a NaOH solu-

tion of the same molar concentration as that of the
chloride source solution. Two mesh electrodes are fitted,
one on each side of the concrete specimen in such a way
that the electric field is applied primarily across the test
specimen.

After establishing steady-state conditions, the diffu-
sion coefficient can be determined using the Nernst—
Planck equation

—

> Zl'F -
Ji = ﬁDipiEv (7)

where j; is the mass flux (in kg/m?s) of the particular
ion; z;, its valence; F, the Faraday constant (96487 C/
mol); R, the universal gas constant (8.314 J/mol K); T,
the absolute temperature (in K); D;, the diffusion coef-
ficient; p,, the partial density of the ion i (in kg/m?); and
E, the electric field intensity.

Taking into account one-dimensional geometry of the
experiment, the mass flux j; can be expressed as

ji= ol Q
0

where 1} is the volume of the cell; %, the rate of change
of partial density of the particular ion in the cell deter-
mined using measured change of concentration; and 4,
the surface area of the specimen that is in contact with
the solution in the cell (i.e. the cross-section of the

specimen). The electric field intensity can be expressed as

Ao
E=— 9
L ? ( )
where A¢ is the potential difference between the two
electrodes; L, the thickness of the specimen. Substituting
Eq. (9) into Eq. (7), we obtain

JiRTL

R 1
' ziFp;Ap (10)

The above treatment for the determination of the salt
diffusion coefficient (described by Andrade et al. [10] or
Zhang and Gjerv [11]) can be applied by assuming the
following simplifications [12]. First, the ionic mobility is
much higher in the solution than in the concrete speci-
men. Therefore, the “distance’ of the experiment is the
specimen thickness. Second, mass transport by convec-
tion is negligible. Third, classical Fick’s diffusion is not
considered because its influence is negligible compared
to the migration term. This is due to the high value of
the expression % when multiplied by the applied po-
tential difference (usually higher than 10 V). Finally, the
electric field along the concrete specimen follows a linear
course.

These assumptions are relatively strong. Hence, the
reliability of “Migration Tests” is often discussed in the
scientific literature. A direct comparison with the clas-
sical Ficks’s diffusion test, which was carried out under
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identical experimental arrangements as the “Accelerated
Diffusion Test” described before (apart from the appli-
cation of electric field), has shown [13], that the diffusion
coefficient values from the ‘“Conventional Diffusion
Test” were systematically lower than those of “Accel-
erated Diffusion Test”, typically by a factor difference of
about 1.6-2.2.

It should be noted [10] that the duration of the
“Accelerated Diffusion Test” is significantly longer than
the classical “Rapid Chloride Permeability Test”. Typ-
ically one week may be enough for ordinary concretes
with specimens 1 cm thick. Nevertheless, the test is sig-
nificantly shorter compared to the “Conventional Dif-
fusion Test””, which may take several months.

Another possibility for determining the salt diffusion
coeflicient is to use a mathematical analysis of measured
salt profiles. A typical experiment for the determination
of the salt profile in a concrete specimen was described
by Baroghel-Bouny et al. [14] for chloride penetration.
Concrete samples cured in wet conditions were exposed
to a chloride solution from one side in a one-dimen-
sional transport arrangement. After a specified time,
slices 3—4 mm thick were cut in the near-surface layer for
chloride analysis. The total chloride content was ex-
tracted from the specimens using a boiling nitric acid
solution for 30 min. The free chloride content was de-
termined after a contact time of 3 min between water
and concrete. Chloride concentrations were measured
by potentiometry using a titrated silver nitrate solution.

The mathematical analysis of experimentally deter-
mined salt profiles depends on the assumed mode of salt
transport in the material. If purely diffusion transport is
assumed, common methods for solving the inverse
problems for parabolic equations can be used.

The simplest method makes the assumption that the
diffusion coefficient is constant, the domain under so-
lution is semi-infinite, and the boundary condition on
the remaining side of a one-dimensional arrangement is
Dirichlet-type. Then diffusion coefficient can be identi-
fied using the simple analytical solution of the parabolic
problem with error function (5). This method was em-
ployed for chloride diffusion for example by Baroghel-
Bouny et al. [14].

The dependence of the diffusion coefficient on salt
concentration can be found if some more sophisticated
methods for the analysis of measured salt profiles are
used. However, such methods are not yet commonly
used in analyzing salt profiles. One of the few exceptions
is the work by Tumidajski et al. [15], where a classical
Boltzmann-Matano analysis was employed to deter-
mine chloride diffusion coefficients.

In this paper, an analysis of coupled water and
chloride transport in concrete is done. During a single
experiment in the conditions of one-sided chloride-in-
water solution uptake, both chloride diffusion coeffi-
cients in dependence on chloride concentration and

moisture diffusivities in dependence on moisture content
are determined for several cement mortars. For the sake
of comparison, moisture diffusivity is also measured for
distilled water in otherwise the same conditions.

2. Determination of diffusion coefficients

If only diffusion mode of salt transport is assumed,
the calculation of concentration-dependent diffusion
coefficients from the measured salt profiles can be done
using similar inverse methods as those for the determi-
nation of moisture-dependent moisture diffusivity or
temperature-dependent thermal conductivity.

On the basis of the previous experience with the so-
lution of inverse problems of moisture diffusion and heat
conduction (for a detailed analysis see [15]) we will
employ two methods for determination of the D(C)
function in this paper, namely the Matano method
(originally for diffusion in metals Matano [16], for
moisture diffusion then e.g. [17]), which is most fre-
quently used in the inverse analysis of moisture profiles,
and the double integration method (for moisture diffu-
sion [17], for heat conduction [18]), which was in the
previous work shown as the most reliable (see the error
analysis in [19]).

As the basic ideas of the methods are the same as in
the above sources and only slight modifications are
necessary to adjust the methods directly to the salt dif-
fusion problem, the derivation of both mentioned
methods is shown in Appendix A.

3. Materials and samples

In the experimental work, the samples of cement
mortar were used. The composition of the mixture of
cement mortar for one charge was the following: Port-
land cement—450 g (three types of cement were applied
for different sample groups, namely CEM 1 42.5 R
Lafarge, CEM I 52.5 R Lafarge and CEM 1 42.5 R
Prachovice), natural quartz sand with continuous
granulometry I, II, III (the total screen residue on 1.6
mm 2%, on 1.0 mm 35%, on 0.50 mm 66%, on 0.16 mm
85%, on 0.08 mm 99.3% —according to the Czech stan-
dard CSN 72 1208)—1350 g, water—225 g. The mixture
was put into 40 x40 x 160 mm moulds and compacted by
10 impacts of the compactor. After one day the samples
were unmoulded and stored in a 100% relative humidity
environment for 27 days. Then, the samples were dried,
left for several weeks freely in the laboratory (relative
humidity 45%, temperature between 20 and 22 °C) so
that they achieved equilibrium moisture content. Fi-
nally, all their edges were water and vapor-proof insu-
lated by an epoxy varnish.
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4. Experimental results and discussion

The organization of the experiments was the same as
in common water sorption experiments. The samples
were exposed by their 40 x40 mm face to the NaCl so-
lution with the concentration of 18.195 g C1~ in 1 1 of the
solution. Duration of the experiment was 1, 24 h and 7
days for three different groups of samples. After this
time, the samples were cut into eight pieces and in each
piece water content and chloride concentration were
measured. Moisture content was determined by the
gravimetric method using weighing the moist and dried
specimens. In the determination of chloride concentra-
tion, the particular samples were after drying first
ground by a vibration mill so that grains smaller than
0.063 mm were obtained. Then 10 g of the ground
sample was leached 30 min in 180 ml of 80 °C warm
distilled water, a magnetic stirrer was used to speed up
the leaching process. The content of chlorides in the
leach was determined by a turbidity method, i.e. titra-
tion of the volumetric solution of mercuric nitrate on the
sodium nitroprusside indicator. The first turbidity indi-
cated the equivalence point. On the basis of consump-
tion of mercuric nitrate, the content of water-soluble
chlorides in the sample was determined and related to
the mass of the hardened mortar.

Figs. 1 and 2 show typical chloride concentration
profiles in % (kg of Cl~ per kg of the dry porous body)

= 0.30
<
%’ 0.25 4 —e— 1 hour
o
= —m— 24 hours
S 0.20 4
‘E —&— 7 days
£ 0.15
[}
o
S 0.10 4
o
(0]
T 0.05 A
o
=
(&)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Distance [m]

Fig. 1. Chloride concentration profiles—CEM 1 42.5 R Lafarge.
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Fig. 2. Moisture profiless—CEM I 42.5 R Lafarge.

and moisture profiles in % (kg of water per kg of the dry
porous body). The profiles for other types of cement
used were qualitatively very similar.

There are three interesting features observed on the
measured profiles that should be mentioned before
further analysis. First is the fact that both chloride
concentration profiles and moisture profiles exhibit non-
zero values even for the lowest measurement time of 1 h.
For moisture profiles this is not very surprising. The
initial moisture content in the samples has to correspond
to the conditions in the laboratory where they were left
for several weeks (45% relative humidity environment).
However, the non-zero chloride concentrations deserve
a more detailed explanation.

According to Czech standards, any type of cement
can contain a maximum of 0.1% of Cl~ by mass. In our
case, a leaching experiment on a reference sample not
exposed to chloride-in-water solution showed a con-
centration of 100 mg CI~ per 1 kg of the mortar, i.e.
0.01% by mass. This meets the requirements of Czech
standards. The value of 0.01% of Cl~ by mass also
roughly corresponds to the values of chloride concen-
tration measured in the parts of the samples not affected
by the approaching water penetration front. The differ-
ences from this value are very low and within the error
range of the measuring method.

This observation basically means that water dissolved
the chlorides originally presented in cement and trans-
ported them to the surface of the pores where they either
remained dissolved in the surface phase of water or were
bound to the pore walls by van der Waals bonds.

The second feature observed by a comparison of Figs.
1 and 2 is that water penetrated into the specimen much
faster than chlorides. This is the most interesting ob-
servation in our experiments that, however, requires a
more detailed explanation. Therefore, a hypothesis ex-
plaining this effect will be formulated later.

Third feature is the fact that measured chloride con-
centrations close to the surface were after already 24 h of
penetration higher than the concentration in the pene-
trating solution. Most probably, a part of chloride ions
was bound on the pore walls of the matrix. This is
documented more clearly in Fig. 3 where chloride con-
centrations in g of CI~ per 100 g of pore water are given.
The relatively high concentrations of Cl~ observed in
Fig. 3 in the parts of the samples not affected by the
approaching water penetration front are apparently a
consequence of the fact that moisture content was here
very low and the total amount of Cl~ leached from ce-
ment was roughly the same as in the other parts of the
sample.

Chloride diffusion coefficients in Fig. 4a and b and
moisture diffusivities in Fig. 5a and b calculated by both
double integration method and Matano method showed
that the effect of used cements on the determined
transport coefficients was relatively low in the range of
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Fig. 3. Chloride concentration profiles, concentration in g of Cl~ per
100 g of pore water—CEM 1 42.5 R Lafarge.
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Fig. 4. (a) Chloride diffusion coefficients calculated by the double in-
tegration method. (b) Chloride diffusion coefficients calculated by the
Matano method, 168 h curve.

low and middle moistures but in the range of higher
moisture content the differences were higher.

Figs. 6 and 7 showed that the differences in the
chloride diffusion coefficients and moisture diffusivities
calculated by two different methods were significant.
Systematically, the highest values of both coefficients
were obtained by Matano method for the curves corre-
sponding to 24 h exposure. The lowest values were
achieved by calculations using the Matano method for
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Fig. 5. (a) Moisture diffusivity calculated by the double integration
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h curve.
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Fig. 6. Chloride diffusion coefficients calculated by different meth-
ods—CEM 1 42.5 R Lafarge.

168 h. The results obtained by double integration
method were in between. This result gives an evidence of
the time dependence of both chloride diffusion coeffi-
cients and moisture diffusivities because the double in-
tegration method in the inverse analysis uses all
measured profiles at the same time. This effect was ob-
served for all three used cements.

In order to clarify the reasons for the observed dif-
ferences in the calculated chloride diffusion coefficients
and moisture diffusivities, we carried out two verifica-
tion procedures.
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The first procedure was numerical. Its aim was to
show whether the calculated chloride diffusion coeffi-
cients and moisture diffusivities after substitution into
the original diffusion equations can reproduce the
measured chloride concentration profiles and moisture
profiles. In this forward analysis we used the computer
code Delphin 4 [20] where we substituted the calculated
chloride diffusion coefficients as functions of chloride
concentration and moisture diffusivities as functions of
moisture content in the form of pointwise given func-
tions.

Fig. 8 shows an example of the verification of results
obtained by the Matano method. Both smoothed data
for calculation of chloride diffusion coefficient and data
calculated using Delphin 4 are given. We can see that
data smoothing for calculation of chloride diffusion
coefficient was reasonable, and the smoothed curve
represented well the measured curve. The calculated
curve using Delphin 4 agrees relatively well with the
measured curve except for the tail of the curve. How-
ever, this is quite logical result because the tails of the
chloride concentration curves were not taken into ac-
count in calculating diffusion coefficients. Similarly good
results were obtained for all chloride diffusion coeffi-
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Fig. 8. Comparison of measured and calculated chloride concentra-
tion profile for 24 h—CEM 1 42.5 R Lafarge, diffusion coefficient
determined by the Matano method.

cients and moisture diffusivities calculated by the Mat-
ano method.

Fig. 9 shows an example of the verification of results
obtained by the double integration method. The agree-
ment of measured and calculated chloride concentration
profiles is very poor although the smoothed data for
calculation of chloride diffusion coefficient agreed well
with the measured data (the same smoothing method as
in the calculations by Matano method was used). Sim-
ilarly poor results were obtained for all other calcula-
tions.

In solving common moisture transport problems, the
main advantage of the double integration method con-
sists in a partial compensation of measuring errors [19]
because the method uses some kind of averaging pro-
cedure in data processing. For simple moisture transport
cases it is very useful particularly for highly split data
where the other methods usually fail. In our particular
case of coupled moisture and salt transport, this feature
of the double integration method resulted in negative
effects because the averaging procedure in fact wiped out
some real physical-chemical effects.

The second verification procedure was experimental.
We carried out an additional set of experiments with
distilled water as penetrating liquid but otherwise in the
same conditions and again with three different cements.
Typical results are presented in Figs. 10 and 11.
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tion profiles—CEM 1 42.5 R Lafarge, diffusion coefficient determined
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Fig. 10. Moisture profiles for the penetration of distilled water.
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A comparison of moisture profiles in Figs. 2 and 10
clearly shows that water transport in the case of chloride
solution penetration was for the time period of 24 h
faster and for the time period of 168 h slower than for
the penetration of distilled water. The calculated de-
pendences of moisture diffusivity on the moisture con-
tent in Fig. 11 cross each other similarly as in previous
measurements with other materials, which is a conse-
quence of usual random errors. No systematic differ-
ences as in the case of chloride solution penetration can
be observed. Again, the same features were found for all
three used cements.

Now, we have the necessary experimental evidence to
begin with the explanation of mechanisms of coupled
water and chloride transport in cement mortar. How-
ever, before we begin, it should be noted that in the
evaluation of experiments performed in this paper only
apparent chloride diffusion coefficients were determined
that in fact include both chlorides in the solution and
chlorides fixed on the pore walls. The reason for this
form of evaluation was that the chloride binding iso-
therms were not measured so that the exact amounts of
free and bound chlorides could not be distinguished.
Another argument why to denote the chloride diffusion
coefficients determined in our inverse analysis as “‘ap-
parent” is the fact that there was simultaneous water
and chloride transport in the sample. The inverse anal-
ysis then did not include only the motion of chlorides in
water but was also affected by the motion of water. The
moisture diffusivities determined in our inverse analysis
should also be denoted as “apparent” because they are
not related to the water itself but to the chloride-in-
water solution, i.e. the whole liquid phase.

Taking into account the measurements and calcula-
tions in this paper and the preliminary analyses given
before, the basic hypothesis for the explanation of
mechanisms of coupled water and chloride transport in
cement mortar can be formulated as follows.

NacCl represents a classical example of ion bond. It
dissociates in water under formation of hydrated ions:

NaCl + H,O — Na"(aq) + Cl (aq)

The percentage of ion character IC of the Na—Cl bond
can be calculated according to the equation (see [21])

%IC = {1 — exp[—0.25(Xna — Xc1)?]} x 100 = 55.5,

where Xy, is the electronegativity of Na, Xy, = 1.0; X¢,
the electronegativity of Cl, X¢ = 2.8. This percentage is
relatively high and makes very good prerequisites for a
formation of van der Waals bonds between the disso-
ciated ions and the molecules of pore walls.

The pore walls in cement-based materials are formed
by hydrated calcium silicates and calcium aluminates.
Taking into account only silicates, from the difference in
electronegativities of silicon and oxygen (Xo = 3.5 and
Xs; = 1.7) it follows that Si-O bond is polar covalent
and %IC = 55.5. Therefore, the adsorption of ions
presented in a liquid penetrating into the porous matrix
on pore walls based on the formation of van der Waals
bonds can be very effective.

Oxygen and hydrogen in water are bonded by cova-
lent bond with a polar character. The polarity of this
bond can be expressed using the electronegativities of
the particular elements again. As Xo=3.5 and
Xu = 2.2, we have %IC = 34.5. The polarity of H-O
bond leads on one hand to the formation of hydrogen
bond between water molecules. On the other, it also
makes possible formation of van der Waals bonds be-
tween water molecules and molecules on the pore sur-
face. However, these van der Waals bonds will be
weaker than those of dissociated CI~ and Na' ions.
Water molecules have lower partial charges than the
almost free CI~ and Na* ions in the solution. In addi-
tion, water has lower bonding capacity due to the fact
that water molecules are chained by hydrogen bonds.
Therefore, CI~ and Na* ions can be adsorbed on the
pore walls faster than water molecules.

Due to the fast adsorption of Cl~ and Na* ions on
pore walls, a part of chloride molecules is immobilized
so that it cannot further take part in transport processes
in the solution. As a consequence, the apparent trans-
port parameters are lower. This effect can be described
in more advanced phenomenological models by using
ion binding isotherm as a storage parameter of salt
transport (see [15], for more details).

On the other hand, the consequence of adsorption of
CI~ and Na' ions on pore walls is that water molecules
cannot be adsorbed on pore walls in such extent as in
usual situation when chloride ions are not present. A
part of potential van der Waals bonds on the walls is
already blocked by chloride ions. Therefore, water
molecules are transported by faster capillary forces in
higher extent than usually and the apparent transport
coefficients are higher.

However, this effect leads after some time to partial
separation of water molecules and chloride ions in the
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solution. Therefore, the solution on the penetration
front becomes more dilute and water molecules on the
front can again be adsorbed on the pore walls easier. It
is a similar situation now as in the case when no chlo-
rides are dissociated in the solution. As a consequence,
transport coefficients of water in the porous medium are
lower than in the initial phase. The higher viscosity of
chloride solution compared to distilled water begins to
play a significant role for the transport rate. The ap-
parent chloride transport coefficients also become lower.
They do not include now such high amount of ions fixed
on pore walls, and ion transport in the solution begins to
prevail. This statement can be supported by the fact that
the apparent chloride diffusion coefficients (Fig. 4b)
determined for 168 h are for higher concentrations close
to the value of diffusion coefficient of NaCl in free water
(1.67x107° m?/s—see [22]).

In addition to the above described adsorption of Cl~
and Na™ ions on the pore walls that in our hypothesis
was supposed to be the main mechanism explaining the
slower chloride transport compared to water transport,
there is also another potential effect that theoretically
could play a significant role in this respect. This is a
possible reaction of chloride ions with aluminate phases
of hardened cement paste. However, there are different
views on these reactions published in the scientific lit-
erature. Even generally accepted conclusions concerning
the products of reactions of chloride ions with aluminate
phases were not formulated until now. On the basis of
an extensive literature survey carried out in this respect,
we do not believe that reactions of chloride ions with
aluminate phases of hardened cement paste played any
significant role in our case. We have the following ar-
guments for this statement.

Glasser [23] showed that the capacitive factor con-
cerning the amount of chlorides that can be bonded
by the aluminate phases can easily be determined on the
basis of the formula of Friedel’s salt 3CaO.AlLO;.
CaCl, . 10H,0 (FS). Assuming the density of hardened
cement paste 2300 kg/m? and the amount of FS after
saturation (in a relation to chlorides) 10%, the maxi-
mum amount of bonded chlorides could be 29 mg/cm?.
The amount of 10% of FS could seem to be too high but
it should be taken into account that also ettringite could
be converted into FS. So, the whole or almost whole
aluminate phase is potentially available for the forma-
tion of 3Ca0.Al,O;.CaCl, . 10H,0.

On the other hand, Taylor [24] stated that during
C3;A a C;S hydration in the presence of gypsum and
CaCl,, 3Ca0O.Al,0O;3.CaCl,.10H,O was formed not
until the whole gypsum was consumed. If NaCl was
added to the mixture, 85-98% of the total chloride
amount remained in the pore solution of cement paste
cured for the time period of 35-70 days. This statement
was also supported by several other independent ex-
perimental findings quoted in [24] that chlorides are

during penetration into concrete partially bonded in
Friedel’s salt but a large amount of them remains in the
solution. At high concentrations of Cl~ ions (typically 8
mol/l), basic components are formed, particularly
3Ca(OH),.CaCl, . 15H,0 [24]. This compound is well
soluble in water. Therefore, in the solutions with low
CIl~ concentration it was not detected.

Even if we admit that a part of chlorides is bonded into
3Ca0.Al,0O;.CaCl, . 10H,O, this amount will not be
significant. This statement can be proved very easily. In
common Portland cements, C;A amounts 7-15%. From
the total amount of calcium aluminate hydrates, only a
small part is located on the pore walls when it can come
into contact with chloride ions. The short time of contact
(1 h—7 days) is not sufficient for the reaction, particularly
taking into account that in the beginning most of chlo-
rides are non-reacted and contained in the pore solution.
Basic salts such as 3Ca(OH), . CaCl, . 15H,O cannot be
stable in an environment with a concentration of chloride
ions as low as 0.51 mol/l as in our case. Therefore, the
explanation based on electronegativities and van der
Waals forces given before in our hypothesis seems to be
much more probable.

5. Conclusions

Theoretical and experimental studies of coupled
water and salt transport belong still to actual topics in
describing transport phenomena in cement-based ma-
terials because such descriptions are not yet very fre-
quent in concrete research. In this paper, an attempt
towards better understanding of mechanisms driving the
coupled water and chloride transport in cement mortar
was done.

Simple experiments and simple evaluation methods
based on the diffusion model of both water and salt
transport were carried out. This type of models is nat-
urally not the only one that can be used for modeling
water transport in cement-based materials, and maybe
even not the most appropriate one particularly for more
complicated transport problems (see [15] for a detailed
analysis). However, the simplicity of diffusion models
makes it possible to analyze fundamental phenomena,
which in more complex models could be more or less
hidden, in a very straightforward way.

The analysis performed in this paper has clearly
shown that description of chloride transport in cement-
based materials should always be done in a combination
with water transport. The experiments also confirmed
that an application of ion binding isotherms in mathe-
matical models of water and salt transport is an un-
avoidable condition for a realistic description of
processes taking place in the porous medium. Neglecting
the effects of water transport in the porous material and
chloride ion absorption on the pore walls can lead to a
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departure from the reality. If oversimplified models ne-
glecting the above phenomena are used anyway, their
application should always be done for relative purposes
only and bearing in mind that some very important
factors were not taken into account.

It should be noted that the analysis in this paper was
done for cement mortar without any notable cracks.
Transport processes in cracked concrete can be signifi-
cantly enhanced compared to the samples without any
cracks. This was shown for instance for water transport
by Aldea et al. [25] and for salt transport by Gerard and
Marchand [26]. Therefore, an analysis of coupled water
and chloride transport in cracked concrete is a very
perspective topic that deserves a more detailed investi-
gation.

Another limitation of experiments carried out in this
paper is that they were done for wetting only. Combi-
nation of wetting and drying periods strongly affects the
concentration profiles. This was shown for instance by
Polder and Peelen [27]. Further analysis of the effects of
wetting and drying cycles can contribute to better un-
derstanding of mechanisms of coupled water and chlo-
ride transport in more complicated conditions.

It is the intention of the authors of this paper to
continue their work in these directions and to carry out
such analyses in the near future.
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Appendix A. Derivation of the Matano method and the
double integration method

We consider 1-D non-linear diffusion equation
oc 0 oC
—=—|D(C)— Al
o Ox ( (©) Ox )7 (A1)

with constant boundary and initial conditions in the
form:

C(0,1) = ¢, (A2)
C(oo,t) = G, (A.3)
C(x,0) = C. (A.4)

We further assume that the concentration field C(x, ¢)
(C as a partially density in the sense of the theory of
mixtures is supposed to be given in kg/m?) is known from
the experimental measurements as well as the initial and
boundary conditions of the experiment. Solving an in-

verse problem means in this particular case the deter-

mination of the D = D(C) function using the above data.
In the classical Botzmann—Matano treatment [16], the

Boltzmann transformation
-

n= 2\ﬂ7

w(n) = C(x, 1) (A.6)

is used first. Substituting Egs. (A.5) and (A.6) into Eqs.

(A.1)—(A.4) using the relations

oC _dcag dc 1

(A.5)

& A e Ay 2 (A7)
oC dCon dC X _d_C on

ot dy ot dpy ( 4tﬁ> ~dpy ( Zt)’ (A-8)
we obtain

d dw dw

w(0) =G, (A.10)
o(+00) = C. (A.11)

In this way, the partial differential equation (A.1) is
transformed into the ordinary differential equation
(A.9). Assuming now that for a given time # = const.,
the concentration field C(x,#) is known, the following
second transformation can be used:

T (A.12)
C(z) = w(n). (A.13)

Substituting Egs. (A.12) and (A.13) into Egs. (A.9)-
(A.11) we get

%(D%C) +2it0%c=0, (A.14)
c(0) = ¢, (A.15)
C(+00) = G (A.16)

In solving the system (A.14)—(A.16), we first integrate
Eq. (A.14) from the chosen point z =z, to z — oo, SO
that we obtain

* dc

[Dd—c] + ! z—dz=0.

— A.l
dz . 2t 2 dz ( 7>

For z — oo we assume a zero value of mass flux (the
point is far enough from the salt solution source and at
the initial concentration),

Jjc—0, (A.18)
and therefore
Dd—c — 0. (A.19)
dz
Eq. (A.17) is then modified into the form
1 * dcC
D(Cy)) = ———++— —dz A.20
(Co) 0=, 24 4 (A.20)
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where Cy = C(zy, t). The integral in Eq. (A.20) is solved
by common numerical methods, such as Simpson’s rule.

Contrary to the Matano method that is in principle a
one-curve method, the double integration method by
Drchalovd and Cerny [17] belongs to multiple-curves
methods. We assume, that n curves C(x,¢) are known
from concentration measurements, and again solve the
system (A.1)—(A.4), where in (A.3) we have the length of
the one-dimensional domain / instead of the semi-
infinite domain with +oco. In the solution to the defined
inverse problem, we suppose C(f) and C(x) to be
monotonic functions, and first choose a constant value
of concentration, © = C(x, ¢). There must then exist one-
to-one parametrizations x = x¢(t,?), ¢t = fy(t,x), where
both x, and ¢, are monotonic functions. In other words,
on the above assumptions it is possible to express x as a
function of the chosen concentration t and time ¢, and ¢
as a function of t and position x. The construction of the
7 = C(x,t) curve in the (x,?) plane, i.e. the derivation of
the shape of the integration region, is as follows. We
choose a time ¢4, t; <ty <t,, and using an interpolation
procedure on the system of measured concentration
curves C(x, 1), i =1,2,... n, we find the corresponding
position x4 for concentration t. The point 4 = [x,, 4] lies
on the boundary of the integration region. Then we
choose a sufficient number of other points ¢; from the
interval (¢,%,), and in this way we obtain a pointwise
function x = x¢(t, ¢), which forms the boundary of the
integration region. We now integrate the diffusion
equation (A.1) over x and ¢ on the integration region we
just have found,

t x0(T,t) d
/ / %€ grar
f 0 at

" %C(xo(f ), 6)dt — / "D[C(O,t)}aa—f(o,t)dt.

i

=D()

i
(A.21)
The left side of Eq. (A.21) would be difficult to solve

directly. Therefore, we change the sequence of integra-
tion, accounting for the shape of the integration area,

xo(T,0)
LS = / [
xo(7.1) tn x0(T,tn) tn
:/ dx/ —dt+/ dx —dt
h xo(T,t1) 1o(t,x) ot

(A.22)
Denoting
/—dt = /dC =1:(C), (A.23)
we obtain

x0(T,t1)
LS = [ ae(Clrt) — (€l

%0 (T:tn)
+/( c(Clx, 1)) — Ie(7)] dx

xo(T,t1)
)

X0(T,tn xo(T,t1)
_ / 1e(Clx, 1)) dx — / Ie(Cx, 1)) dx
0 0
— Ic(7)[ro(t, ) — x0(T,11)]- (A.24)
Taking into account that
oC
_D[C(O7t)]a(07t) :]C(Oat)7 (A25)

and substituting Egs. (A.24) and (A.25) into Eq. (A.21),
we get

1
D) = [ % (xy (1), tdt

17 Ox

X0 (T,tn) xo(T,01)
‘ ( / 1e(Clr, 1)) dv — / Ie(Clr, 1)) dr
0 0

(D)o (t, 8 — xo(,0)] — / " (0.0 dt),

41

(A.26)

where jc(0,¢) can be determined as

. t+t
e(0255) = [ty

Clx,t)]dx.  (A.27)
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