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Abstract

The durability of porous building materials largely depends on the transport of
liquids and dissolved salts into the material. When the moisture dries out, salts will
crystallise introducing important forces in the solid matrix of the porous material.
These interaction forces may result in cracking of the material. To study the salt
degradation of porous building materials it is necessary to analyse in detail salt
transport in (cracked) porous material. In general, salt transport modelling includes
different processes: diffusive and convective salt transport, ion adsorption at the
pore walls, salt crystallisation and dissolution. In this paper, we analyse in detail
the experimental determination of the salt diffusion coefficient of Na2SO4 in fully
water saturated ceramic brick by using a natural diffusion test. The diffusion coef-
ficient is assumed to depend on the salt concentration.  However, it appears that a
rotational convective flow gives rise to a three dimensional combined diffusion
convection transport.
Keywords: Salt transport, natural diffusion test, salt diffusion coefficient, rotational convective flow,

convection.
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Bestimmung des Koeffizienten der Salzdiffusion in porösen 
Werkstoffen

Zusammenfassung

Die Beständigkeit poröser Werkstoffe des Bauwesens hängt weitgehend vom
Transport von Flüssigkeiten und darin gelösten Salzen in den Werkstoff hinein ab.
Wenn ein Werkstoff wieder austrocknet, kristallisieren Salze im porösen Gefüge
aus. Dieser Vorgang kann im Feststoffgerüst bedeutende Kräfte hervor rufen. Die
Wechselwirkung mit diesen Kräften kann zur Rissbildung im Werkstoff führen. Um
die zerstörende Wirkung von Salzen in porösen Werkstoffen des Bauwesens unter-
suchen zu können, ist es notwendig, den Salztransport in (gerissenen) Werkstoffen
in seinen Einzelheiten zu analysieren. Im allgemeinen werden beim Modellieren
des Salztransportes unterschiedliche Prozesse berücksichtigt: diffusiver und kon-
vektiver Salztransport, Ionenadsorption auf den Wänden der Poren, Kristallisieren
und Auflösen von Salzen. In diesem Beitrag analysieren wir Ergebnisse von Versu-
chen zur Bestimmung des Koeffizienten der Salzdiffusion von Na2SO4 in vollstän-
dig wassergesättigten Proben aus gebranntem Ziegelstein unter Verwendung einer
natürlichen Diffusionszelle. Es wird dabei angenommen, dass der Diffusionskoeffi-
zient von der Salzkonzentration abhängt. Es stellt sich jedoch heraus, dass rotie-
rendes konvektives Fließen zu einem dreidimensionalen kombinierten Transport
mit diffusiven und konvektiven Anteilen führt.
Stichwörter: Salztransport, natürlicher Diffusionstest, Koeffizient der Salzdiffusion, rotierendes kon-

vektives Fließen, Konvektion. 
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1 Introduction

The durability of porous building materials largely depends on the transport of
liquids and dissolved salts into the material [1, 2]. When the moisture dries out,
salts will crystallise introducing important forces in the solid matrix of the porous
material [3, 4]. These interaction forces may result in cracking of the material.
Micro cracks regularly appear in porous building materials due to accidental
mechanical overloading, by restrained swelling / shrinking, by repeated hygrother-
mal loading and by chemical processes. Due to the presence of cracks the penetra-
tion of salt solutions accelerates, resulting in a further increase of the damage rate
[5, 6]. In this way, the ‘damage circle’ becomes closed [7] (Fig. 1). A second salt
damage process is related to the salt hydratation [8, 9] accompanied with volume
expansion. When the expansion is restrained, important interaction forces may
lead to damaging of the material.
Hence, to study the salt degradation of porous building materials it is necessary to
analyse in detail salt transport in (cracked) porous material. In general, salt transport
modelling includes different processes: diffusive and convective salt transport, ion
adsorption at the pore walls, salt crystallisation and dissolution. In this paper, we
analyse in detail the experimental determination of the salt diffusion coefficient in
saturated ceramic brick. Especially, we investigate the influence of possible convec-
tive processes due to salt density differences.

In literature several methods to determine the salt diffusion coefficient are propo-
sed. Since chloride ingress is one of the main causes of rebar corrosion in reinforced
concrete, a lot of research focused on the determination of chloride diffusion coef-
ficient. Due to the low diffusion coefficient of concrete, traditional diffusion tests
are very time-consuming. Whiting [10] introduced the ‘Rapid Chloride Permeabi-
lity Test’, also called migration test, where the diffusion process is accelerated by
an electric field. The method was adapted by Andrade [11] introducing effective or
apparent diffusion coefficients. An apparent diffusion coefficient describes both the
salt flow as well as the chemical reactions between the salt ions and the cement
paste. Marchand [12] modelled migration test results, including ion diffusion with
electric field by solving the extended Nernst-Planck/ Poisson set of equations and
including chemical reactions between ions and cement paste. A good agreement
between test results and simulations was obtained. However, it is noted that the
amount of chloride ions in a migration test is relatively small compared to the
amount of ions in a natural diffusion test [13]. As a result, processes such as ion
adsorption are underestimated. It is questioned whether a migration test covers the
same transport mechanisms as in natural diffusion tests.

Natural diffusion in concrete is commonly analysed determining concentration pro-
files of water-soluble chlorides measured in real concrete structures exposed to
marine environment or to de-icing salts [14, 15, 16]. The measured profiles are
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compared with numerical solutions of Fick’s second law only describing diffusion
in water saturated porous media. The obtained diffusion coefficients are described
by parametric functions taking into account the cement type, the W/C-factor of the
concrete and the exposure period in time [14, 17]. Drawback of the method is that
the different processes influencing chloride diffusion, such as ion adsorption, pos-
sible blocking by crystallized salts (unsaturated conditions) and chemical reactions
are joined into an apparent diffusion coefficient. Moreover, full water saturation is
generally assumed, which does not agree with the real exposure conditions. 

To more accurately account for ion adsorption, Coussy used a coupled diffu-
sion-sorption equation [18]. The adsorption process is described by a sorption iso-
therm, experimentally determined by Francy [19]. 

Buchwald [20] measured the diffusion coefficient as function of the degree of water
saturation using the impedance spectroscopy technique for different materials. They
showed the diffusion coefficient to decrease non-linearly with degree of saturation. 

Kuhl [21] investigated the dependence of the diffusion coefficient on salt concen-
tration. He compared the thermodynamical model with the diffusion model based
on the theory of the ionic clouds [22] considering ion-ion interactions by the elec-
trostatic coupling [23]. The theory of the ionic clouds describes the interaction of
electrically charged particles by electrostatic forces and viscous forces. This so-cal-
led ‘Nernst treatment’ leads to an expression for the dependence of the diffusion
coefficient on the concentration of infinite dilute solutions. For higher concentrati-
ons the mean free distance between migration ions becomes smaller and conse-

Figure 1:  Cyclic degradation process (following Mehta [1]).
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quently repelling and attracting electrostatic forces connect the Brownian move-
ments of the ions. The result of these forces is a reduction of the macroscopic ionic
drift, also called the relaxation effect (‘Nernst-Hartley treatment’). According to
this theory the diffusion coefficient is written as a function of the mean molar acti-
vity and the molar concentration [24]. Next to the ion-ion interactions also the sol-
vent plays an interfering role. It forms the boundary layer around the moving ions.
They interact due to the flow field with the solvent and with the ions in their envi-
ronment. This phenomenon proposed by the ‘Onsager-Fouss treatment’ is the elec-
trophoretic effect, which results in an extra correction factor for the diffusion coef-
ficient. This study shows that the molecular diffusion coefficient is not a constant,
but function of the concentration due to the influence of electrostatic ion-ion
interactions and ion-solvent interactions. In literature measurements of the free
molecular diffusion coefficients for different salts in function of the concentration
are available [25, 26].

From this literature overview, we learn that the experimental determination of the
diffusion coefficient remains complex. The diffusion coefficient is dependent on
salt concentration, degree of water saturation and it is difficult to distinguish bet-
ween concurrent processes such as diffusion, convection, ion adsorption and che-
mical reactions. 

The aim of this paper is to characterise accurately the diffusive transport of Na2SO4
in fully water saturated conditions excluding ion adsorption, chemical reactions and
crystallisation. In this study ceramic brick was used, which shows no ion adsorp-
tion, is chemically inert and has a sufficient high diffusion coefficient limiting the
measurement time (an exterior electric field is not needed). Dependence of the dif-
fusion coefficient on concentration is taken into account. However, it will be shown
that although pure diffusion was envisaged, convective flow occurred due to salt
density differences complicating the determination of the diffusion coefficient. 

2 Testing Procedure and Measurement Data

The test set-up to measure the transport process of a single electrolytic salt Na2SO4
in a saturated brick is schematically represented in figure 2. 
The experimental diffusion cell consists of two vessels containing different salt con-
centrations with in between a water saturated brick sample (Fig. 2). The volumes of
the vessels are approximately 0.0013 m³, the diameter is 0.1031 m, the length is
0.16 m and on top there are three tubes with diameter 0.017 m. The vessels are filled
up to 0.1266 m height. Vessel A contains a high concentration of Na2SO4 (0.5 or
1.0 M) whereas vessel B contains distillated water. The specimens are circular discs
sealed at the lateral sides by epoxy. Four brick specimen are tested. The three tubes
on top of the vessels are provided for measuring the concentration with a conducti-
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vity meter, for stirring up the liquid to level out possible concentration gradients and
to prevent overflow. To prevent evaporation the tubes that are not in use are closed
with a rubber cap. However, it is impossible to prevent a slight evaporation during
the long execution time of the test. The whole set-up is kept in isothermal conditions
(21°C).

The concentration of each vessel is measured placing a conductivity meter into the
vessel at discrete time steps. The conductivity is a cumulative measure for ionic
concentration of a solution. The conductivity meters are calibrated measuring the
conductivity at different known concentrations.

The boundary conditions of the test are not constant due to the limited volumes of
the vessels. Under the concentration gradient the concentration in vessel A is decre-
asing, while the concentration in vessel B increases. Consequently, the concentra-
tion gradient varies with time. 

The test results for the four bricks are shown in figure 3. The specimens differ in
thickness, diameter and initial concentration difference. As expected the concentra-
tion in vessel B increases more rapidly with decreasing thickness (d), increasing
diameter (D) and concentration difference (∆C). 

Figure 2:  Schematical representation of the diffusion cell test set-up of sample ’a’
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3 Simulations

3.1 Global Transport
The general coupled liquid water and salt diffusion-convection transport including
an external electric field can be formulated by the equations:

where pc is the capillary pressure, C(pc) is the moisture capacity,  K(pc) the moisture
permeability, zi is the number of proton charges by an ion, ui is the mobility, F is the

Figure 3: Concentration in function of time for the tested bricks a, b, c and d in vessel B.
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Faraday constant, Φ is the potential,  the molecular diffusion coefficient in
free solution in function of the concentration,  the porosity,  the tortuosity, 
the concentration gradient, v the bulk velocity. 

These equations for the salt transport are only correct for dilute solutions. The aver-
age velocity v of the salt solution for example does not correspond to the solvent
velocity in concentrated solutions. Only for dilute solutions the approximation is
accurate. Secondly, the transport properties are taking into account friction forces
of a solute species with the solvent, but interactions with other solutes are neglected.
Thirdly, the driving force for diffusion should be an activity gradient instead of a
concentration gradient. Only in extremely dilute solutions these two correspond.
The correct driving force for diffusion and migration would be the electrochemical
potential gradient including both transport phenomena. To determine the con-
vective velocity v also the liquid water transport equations are required. Despite the
mentioned limitations, we will assume the equations to be valid. 

Applying the set of equations to the present test set-up of the diffusion cells the three
dimensional transport processes for Na2SO4 can be approximately described by the
diffusion-convection equation:

(5)

where Cs is the salt concentration and  is the pore velocity. Note that the term des-
cribing salt transport due to an external electric field is omitted. This equation has
to be solved taking into account the geometry of the sample and the test set-up, the
initial and boundary conditions. The boundary conditions (i.e. the concentration in
the vessels) change with time and can be determined by solving the salt balance in
the different vessels. The salt balance states that the change of concentration in the
vessels is a result of the salt flux going out or into the vessel. 

Possible liquid transport in saturated conditions is described by Darcy’s law.
Boundary conditions for liquid transport are the pressure heads in the vessel. Radial
fluxes of liquid and salt through the outer surface of the sample are set equal to zero.

3.2 Pure Diffusion
Diffusion is the transport due to a concentration gradient. The diffusion coefficient
D' is given by [20]:
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with D(Cs ) the molecular diffusion coefficient of the salt in function of its concen-
tration, φ the total open porosity (because the sample is totally saturated) and τ the
tortuosity. The molecular diffusion coefficient at low concentration (dilute solution)
can be theoretically calculated as the weighted average of the ion diffusion coef-
ficients of Na+

 and SO4
2- ( D ( 0 M) = 1.23e-9 m²/s). For the molecular diffusion

coefficient at higher concentrations the values experimentally defined by Robinson
[26] (Fig. 4) are taken. The tortuosity is estimated based on measured vapour resi-
stance factors varying between 10.36 and 14.34 [27]. Using the measured porosity
(φ = 23 %), the tortuosity can be estimated ranging between 2.4 and 3.3. An avera-
ged value of 3 is taken. This leads for example to a diffusion coefficient of 9 e-11
m²/s at low concentration. 

With this reasonable estimate of the concentration dependent diffusion coefficient
D’(Cs) the different tests are calculated and compared to the test results (figure 5).
In all cases it is obvious that diffusive transport (black lines in figure 5) is not fast
enough to predict the measured data. Even in the extreme situation (dotted lines in
figure 5) with a porosity of 100 % and a tortuosity of 1, which corresponds to dif-
fusion in a free solution, the simulation does not agree. The curves are not steep
enough in the beginning of the process, but too steep near the end. The explanation
should be searched in the fact that another physical transport phenomenon is taking
place.

Figure 4: Molecular diffusion coefficient of Na2SO4 in function of the concentration.
[25, 26]
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3.3 Convection
Convective transport in the diffusion cells with equal pressure head (height of
liquid) at both sides is not expected. However, the hydrostatic pressure profile over
the height of the sample will be different in both vessels as a result of the density
difference between the two solutions at different concentration. Figure 6 gives the
change of density in function of the concentration between 0 and 1 M (limits in the
tests). The pressure difference is:

where P is the pressure, ρ the density, g the gravity and z the depth. The pressure
difference is the driving force for a convective transport mechanism. The time evo-
lution of the pressure difference profile is given in Fig. 7.

At the beginning (Fig. 7,I) the pressure difference is positive leading to a convective
flow from vessel A (high concentration) to vessel B (low concentration). The pres-
sure difference is lower at the top than at the bottom of the specimen resulting in a
convective flow decreasing with height. According to the mass balance principle,

Sample a Sample b

Sample c Sample d

Figure 5: Simulations with pure diffusion in the bricks and assuming transport in free
solution
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the heights of the liquids in the vessels change, which results in a change of the pres-
sure in the vessels. The pressure in vessel B increases while the pressure in vessel
A decreases. This results in a drop of the pressure difference with evolving time
(Fig. 7, II). After a certain period of time, the pressure difference in the upper part
of the specimen becomes negative and a backwards convective flow appears (Fig.
7, III). The height of the liquid in vessel B remains increasing until pressure equili-
brium is reached (Fig. 7, IV): i.e. the pressure difference at top and bottom becomes
equal. This also means that a fully developed rotational convective flow appears:
forward and backward convective fluxes are equal but in opposite direction. The
development of the rotational convective flow takes half an hour to several hours
depending on the geometry of the test-up. From then on the rotational convective
flow pattern remains, but gradually lowers with time as the concentrations at both
sides approach each other (Fig. 7, V). This second stage of the process takes several
months.

Figure 6: Density of Na2SO4 in function of the concentration [24]

Figure 7: Pressure difference profiles over the sample in function of time
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For the simulation of the convective transport the value of the water permeability K
has to be known. The liquid water permeability is determined form air permeability
measurements and ranges from 1.0e-7 to 2.5e-7s [28]. Additionally liquid water
permeabilities are measured using a pressure head difference over the sample
giving a value of K = 0.7e-7s. 

3.4 Combined Diffusion-Convection Process
As described above, the real transport process is a combination of diffusion and
convection (Fig. 8). First one dimensional diffusion occurs as expected from vessel
A to B. Secondly, a rotational convective flow due to the density differences in the
vessels appears. Due to this rotational convective flow characteristic concentration
profiles develop. At the bottom the concentration in sample is at high level due to
dominant forward convective flow, while at the top the backward flow results in low
concentration profiles. Consequently, diffusive fluxes occur also in the vertical
direction of the sample. Therefore, a three-dimensional approach is necessary to
capture all occurring diffusive and convective flows. The transport equations are
solved using an implicit control volume (CV) method. 

The results of the calculations are given for the four different situations in figure 9.
In all the cases it is obvious that only diffusion can not predict the measured data
(Fig. 5). Diffusion-convection results are in much better accordance. Figure 9a

Figure 8: Combined diffusion-convection transport process
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gives simulations for the set of measured liquid water permeabilities (0.7e-7s,
1.3e-7s and 2.5e-7s). The results show a high sensitivity to the liquid water permea-
bility. The measurement data fall into the set of calculated curves for the first 30
days. Hereafter, the agreement decreases, which may be explained by the inhomo-
geneity of the brick: rotational convective flow can be highly influenced by changes
of the liquid water permeability with height. Also measurement inaccuracy during
the long measuring time caused by evaporation, changing of water heights in the
vessels due to the placement of conductivity meters or stirring discontinuity can
influence the results.

The calculated forward and backward volume fluxes (Fig. 10) in function of time
for the reference sample ‘a’ show that the initial flux is going from vessel A to ves-
sel B. After 13 minutes a small backward flow starts to flow gradually becoming
equal to the forward flow. In the inset of figure 10, we observe that the convective
fluxes gradually become smaller until they finally approach zero when the concen-
tration in the both vessels is equal.

Figure 11 shows the change of the concentration distribution in the sample. Pure
diffusion moves a uniform concentration front slowly into the material. After 500
hours the concentration front has just reached the other side of the specimen. In the

Sample a: reference sample Sample b: bigger thickness

Sample c: smaller ∆C Sample d: smaller surface area

Figure 9: Simulation results of the combined diffusion-convection transport process
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case of pure convection, we observe that break-trough of the concentration front has
already occurred within the first hour. After 500 hours the fully developed rotational
flow results in two distinct zones with constant concentration. Finally, the results of
the diffusion-convection process are shown. 

Detailed profiles at the top and at the bottom of the sample for the pressure head and
concentration in function of the thickness are given in figure 12. As expected the
slope of the pressure lines changes sign during the first hour indicating an evolution

Figure 10:  Simulation results of the combined diffusion-convection transport process

Figure 11: Simulation results of the combined diffusion-convection transport process
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from forward to backward convective flow. As a result the ingress of the concentra-
tion front remains limited and even returns slowly towards the original situation. At
the bottom of the sample the pressure difference over the sample is high at the
beginning of the test and drops in function of time. The direction of the convective
flow remains forward and the slope of the pressure lines remain positive. Due to for-
ward convective flow the concentration front penetrates continuously deeper into
the material.

Figure 12: Pressure and concentration profiles of the reference sample during the first
hour at the top (upper figures) and the bottom (lower figures) of the sample.
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4 Conclusions

In this paper the diffusive transport of Na2SO4 in fully water saturated ceramic
brick is analysed using a natural diffusion test. The diffusion coefficient is assu-
med to depend on the salt concentration. Complex processes such as ion adsorp-
tion, chemical reactions and crystallisation are excluded from the study. It is found
that a concentration dependent diffusion coefficient can not reproduce the measu-
rement data.
Due to the concentration differences the density of the liquid at both sides of the
sample differs resulting in a hydrostatic pressure difference. The pressure difference
is the driving force for a convective transport mechanism. At the beginning the pres-
sure difference is positive leading to an important forward convective flow and a
fast break-trough of the concentration front. After a certain period of time, a rota-
tional convective flow develops: forward convective flow at the bottom and back-
ward convective fluxes at the top of the specimen. The rotational convective flow
gives rise to a three dimensional combined diffusion convection transport. Simula-
tions taking into account this transport process showed good agreement with the
measured data. Since convection was found to be the dominant driving force, it is
concluded that the test set-up is less suited for an accurate determination of the dif-
fusion coefficient. 

The convective mechanism depends on the height of the specimen, the ratio bet-
ween liquid water permeability and diffusion coefficient, the dependence of the
density on salt concentration. The test for a given salt and material can only be
improved by reducing the height of the specimen. An alternative is the determina-
tion of the diffusion coefficient by tracer experiments [29].
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