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Experimental measurements and numerical analysis were carried out to study the effect of the cell geometry
in resistivity determinations. The resistance of the diaphragm in cement paste and mortar samples was
determined using impedance spectroscopy. Numerical simulations were performed using finite element
method (FEM). Several surface ratios (geometrical diaphragm surface to electrolyte-diaphragm surface, S/S′)
were investigated. The thickness of the diaphragm, L, was also considered.
The experimental results show a significant decrease of the apparent resistivity when the ratio S/S′ increases.
Similar trend was observed for increasing values of the L/S′ ratio. The numerical simulations can explain the
experimental findings and also allow to formulate a general rule for the design of migration and diffusion
experiments in porous materials.
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1. Introduction

The penetration of aggressive substances through concrete is
mainly produced by diffusion and thus both the diffusion coefficient
and wetting are parameters of major importance in the lifetime
prediction of reinforced concrete structures. Chloride ions are the
most studied aggressive ions because of the ability to induce localized
break down of the protective passive film.

Motion of chloride ions in concrete-type structures is very slow
and hence very long test periods are required to obtain diffusion
coefficients. Typicaldiffusion coefficientvalues are in the rangeof 10−11–

10−12 m2 s−1 [1], that is 2 to 3 orders ofmagnitude smaller than theones
usually determined in aqueous solutions. For this reasonmethodswhere
the transport of ions can be accelerated by the application of electrical
potential gradients became very popular in the last two decades. These
tests have been collectively called electrical migration tests [2].

The usual experimental set-up for this kind of test includes two
external compartments at both sides of the cementitious sample [3–5]:
the anodic compartment contains the “downstream solution”, initially
without chlorides, and the cathodic compartment, which contains the
“upstream solution”, a chloride containing solution. The set-up is
schematically depicted in Fig. 1.

In that very common experimental arrangement the total cross
section of the sample (S in Fig. 1) and the cross section in contact with
the electrolytic solution in compartment (S′ in Fig. 1) are, in general,
made as equal as possible; nevertheless, to our knowledge no
systematic study exists about the effect of the geometry of the
cement paste sample on the resistivity values measured.

When an electric field is applied between the two sides of a
cementitious sample, the conducting nature of the material is
expected to influence current distribution depending on the geometry
of the system, i.e. S and S′ sections, and the thickness of the sample (L
in Fig. 1). The problem is similar to the one leading to a stray
capacitance when measuring the impedance of dielectrics [6], which
was overcome by using a guard ring so that its width is, as a general
rule, at least two times the thickness of the material in order to avoid
fringing problems. Those problems are of much importance in
conductivity measurements in ionic solids [7–9], where surface
conduction cannot be neglected in certain circumstances. The
problem is usually solved by guarding the lateral sides with
conducting plates attached to them. When conductivity measure-
ments are performed in liquids, the guard ring is made coplanar to the
sensing plate [10].

None of the above guarding configurations are of applicability to
the situation treated in the present paper where Fig. 2 schematically
shows the possible current dispersion inside the sample. As direct
consequence of this current dispersion, the resistance values for the
analysed samples in this type of experiments will be lower than the
actual resistance values.

The main aim in this work is to perform a systematic study of the
effect of the cell's geometry (S, S′, and L parameters defined in Fig. 1)
on the measured resistivity. The resistivity of the samples has been
determined using impedance spectroscopy (IS). This technique has
been largely used for the study of the microstructure of cement paste
[11–17]. The high frequency domain (fN10 kHz) of the impedance
spectrum obtained from cement pastes contains useful information
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Fig. 1. Experimental set-up commonly used for electrical migration tests.

Fig. 3. (A) Impedance spectra corresponding to the 1.2 cm thick cement paste sample
with the surface S′ as a parameter. (B) Detail of the high frequency capacitive loop for
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concerning several material's properties as dielectric [18,19] or
mechanical [20] properties, both closely related to the porosity of
the material. Moreover, IS in the high frequency domain can be
employed to assess the hardening process [21,22] or chloride
transport [23–25]. When cementitious samples are completely
saturated, the impedance measurement is directly related to pore's
connectivity, which gives good estimation of the resistivity [26].

2. Experimental

Cement paste and mortar samples were prepared using Ordinary
Cement Portland CEM I 52.5R according to the composition,
specifications and conformity criteria EN 197-1:2000. The water to
cement ratio employed in both cases was 0.5. Samples for our
experiments were cast in cylindrical moulds of 8.6 cm in diameter and
20 cm height. Slices of three different thicknesses were cut for the
further experiments. For the cement paste slices of 1.2 cm, 2.6 cm and
3.7 cm thick were cut. The mortar samples were cut at 1.4 cm, 2.4 cm
and 3.7 cm thick. Each sample was saturated with a 1 M NaCl solution
to guarantee an adequate conductivity, following the ASTM C1202
standard [27].

Impedance measurements were performed according to the
schematic diagram presented in Fig. 1. Seven different coaxial masks
were employed limiting by an O-ring the contact surface between the
electrolyte and the sample (S′ in Fig. 1), the diameters of which were
2.6, 3.6, 4.6, 5.6, 6.6, 7.6 and 8.6 cm, respectively. Therefore, seven
different ratios S/S′ have been investigated ranging from 11 to 1. The
impedance measurements were performed, from 40 MHz down to
100 Hz, with an HP4194A Impedance/Gain-Phase Analyser. The
diameter of the capacitive response corresponds to the ionic
resistance of the sample [26].
Fig. 2. Schematic current flow dispersion when applying an electric field between the
two sides of a cementitious sample. S′bS.

the S′1 surface area, showing the determination of the resistance, R. Solid symbols
denote labelled characteristic frequencies.
3-D distributions of potential and current lines were numerically
computed by finite element method (FEM) using the Comsol®
software with constant potentials (Dirichlet boundary conditions),
+1 V and −1 V applied to the left and right hand side electrodes,
respectively (Fig. 1). Simulations were performed for a wide range of
geometries and conductivities. The Nernst–Planck's equation was
solved through the electroneutrality condition using the GMRES
solver.

3. Results and discussion

3.1. Resistivity measurements on cement paste

Fig. 3A shows the impedance spectra obtained for the thinnest
cement paste analysed (1.2 cm thick)with the exposed surfaces S′ as a
parameter. The diameter of the high frequency arc increases as S′



Fig. 4. Experimental apparent resistivity values (Eq. (1)) for the cement paste samples
and corresponding fitting to Eq. (2) (dashed lines).

Fig. 5. (A) Resistance as a function of the L/S′ parameter corresponding to S=S′ (thus
only the thickness of the sample, L, varies). The linear fitting is also represented (dash
line). (B) Resistance as a function of the L/S′ parameter when S′bS. The case S′=S is also
depicted for comparison purposes.
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decreases. Similar tendency was observed for the thicker samples. For
saturated cementitious samples resistivity can be obtained from the
high frequency region (fN10 kHz), which is free from interfacial
contributions [19]. When normalised with respect to sample's
geometry (S′ and L) the diameter of the high frequency arc allows
obtaining the resistivity of the studied cementitious sample [19,28].
Therefore for each value of the surface S′, the resistance value was
directly gathered from the arc amplitude as described in Fig. 3B.

The apparent resistivity of the sample can then be calculated from
the resistance value according to Eq. (1).

ρ′ = R
S′

L
ð1Þ

Where ρ′ is the apparent resistivity (Ω cm), R is the measured
resistance (Ω), L is the cement paste thickness (cm) and S′ is the
surface of the sample (cm2) defined by the O-ring in contact with the
electrolyte.

The apparent resistivity values obtained for each of the three
cement paste samples considered are plotted in Fig. 4 as a function of
the S/S′ ratio. Each value corresponds to an average value obtained
with three different measurements. It can be seen in Fig. 4 that the
resistivity obtained for the three samples converges to a single value
when the S/S′ ratio tends towards 1, but it decreases and diverges as
the S/S′ ratio increases. Such a behaviour clearly evidences that the
linear dependence between R and ρ derived from Eq. (1) is not
fulfilled so that the apparent resistivity is a function of the cell's
geometry. Conversely, when the ratio S/S′ is equal to 1, the apparent
resistivity is independent of the thickness of the cementitious sample.

As it was schematically depicted in Fig. 2, when S′bS the whole
cement disk is also an ionic conductor so that a certain percentage of
the current lines can diverge out of the cylindrical volume defined by
both S′ surfaces. As a result, the actual sample's volume involved in
the conduction process is underestimated, and the normalization of R
values considering the volume for ionic conduction “S′×L” leads to
Table 1
Best fitting parameters obtained when the experimental data of Fig. 4 are modelled
using Eq. (2).

L/cm ρ0/Ω cm ρ1/Ω cm (S/S′)1

1.2 441.7±21.6 467.0±125.1 1.37±0.46
2.6 295.8±20.7 689.8±69.1 1.82±0.30
3.7 253.3±22.8 885.0±140.4 1.33±0.26

Fig. 6. Impedance spectra corresponding to a cylindrical mortar sample 2.4 cm thick,
S=58.1 cm2. Seven S′ surfaces (mortar/electrolyte interfaces) are considered. Solid
symbols denote labelled characteristic frequencies.



Fig. 7. Current lines obtained by FEM for a cylindrical cement paste sample (S=100 cm2, L=2 cm, and ρ=105 Ωcm) entrapped between two cylinders 10 cm length and ϕ=5 cm
(S′=19.6 cm2) filled with electrolytic solution of conductivity 10 S m−1. (A) 3D view. (B) Cross section view.
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erroneous ρ estimations. Nevertheless, asymptotic type resistivity
behaviour is observed for the three sets of measurements depicted in
Fig. 4.

ρ = ρ0 + ρ1⋅e
�x= S=S′ð Þ1 ð2Þ

The experimental data were fitted to an exponential decay curve
with parameters ρ0, ρ1 and (S/S′)1 (Eq. (2)) in such a way that the
asymptotic values, ρ0 in Eq. (2), can be calculated. The reason for
choosing that fitting equation will be discussed later in Section 3.3.
The resulting fitting, also depicted in Fig. 4 (dashed lines), gave the
best fitting parameters summarised in Table 1. The smallest
asymptotic apparent resistivity value corresponds to the thicker
sample. Moreover, the three fitted curves converge to ρ=677Ω cm
for S=S′, within a maximum deviation of 2.5%.

If the aforementioned current dispersion in the porous material is
accepted, higher deviations of the ideal “S′×L” volume will corre-
spond to geometries of small S′ and large L dimensions.

3.1.1. Effect of the L/S′ ratio
Another interesting issue is the dependence of the measured

resistance on the L/S′ ratio. According to Eq. (1), the representation of
R versus L/S′ should be a straight line whose slope corresponds to the
sample's resistivity. Fig. 5A shows that the condition is fulfilled when
S=S′ for the three sample's thickness investigated. However, when
S′bS substantial deviations from the linear behaviour occur, as shown in
Fig. 5B. In the insert of Fig. 5B it can also be noted that larger deviations



Fig. 8. Effect of the resistivity of the concrete, ρactual., on the apparent resistivity
determined for the sample, ρapp., using Eq. (1) with the R value computed with FEM.

Fig. 10. Effect of the geometry and size of the sample in the apparent resistivity, ρapp..
ρactual=105 Ωcm, L=2 cm.
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correspond to thicker samples. Deviations are always in the sense of
decreasing slope, in other word, the use of S′bS electrochemical-cell
configuration lowers the apparent resistivity.

3.2. Resistivity measurements on mortar

Similar results were obtained for the mortar samples. In Fig. 6 the
impedance plots obtained for the 2.4 cm thick sample are presented
as a representative behaviour. The diameter of the capacitive arc
decreases as S′ increases, exhibiting the same behaviour to the one
observed in Fig. 3A for cement paste samples. The only difference is
the range of the resistance measured, almost one order of magnitude
higher in mortar samples than in cement paste samples, as expected.

The dependences of R on S/S′ and L/S′ are similar to those reported
in Figs. 4 and 5, respectively, thus no further comments will be
incorporated here.

3.3. Numerical simulations

Distributions of potential and current in 3D space were numeri-
cally computed by FEM for cell geometries similar to those employed
in the experimental measurements. Fig. 7 corresponds to the current
distribution in one of the models studied. The cross section of the
distribution depicted in Fig. 7A is given in Fig. 7B. As it can be seen,
once current lines enter the cementitious material they tend to
diverge from the initial parallel path, occupying all the volume of the
Fig. 9. Effect of the resistivity of the concrete sample, ρactual, on the apparent resistivity
determined, ρapp..
sample. The situation is similar to that schematically represented in
Fig. 2.

From the current and potential distributions obtained by FEM, it is
possible to determine the apparent resistivity, ρapp., as a function of
the parameters used, namely resistivity of the concrete, ρactual, and
sample dimensions. ρapp. is obtained through Eq. (1) using the
resistance value computed by FEM that accounts for fringe effects.
Fig. 8 summarises the effect of the S/S′ ratio as a function of the
thickness of the sample. The plots showing the resistivity versus the
sample's thickness summarised in Fig. 8 are similar to the experi-
mental plots depicted in Fig. 4, which supports that the FEM
calculations reproduce the experimental behaviour.

Figs. 4 and 8 show that the measured resistivity is highly
dependent on L and on the S/S′ ratio when this value is close to 1
(most common situations). For instance, a 9% error can be estimated
for S=5.25 cm and S′=5 cm. However, the dependence on the
conductivity of the sample and on its shape (squared shape or circular
shape) is negligible, as Figs. 9 and 10 demonstrate, respectively. For
instance, a variation of the resistivity of the concrete over three orders
of magnitude only results in a few percent of variation in the ratio
ρapp./ρactual (Fig. 9), and calculations assuming a right square prism
sample give the same exponential decay law than the cylindrical
sample (Fig. 10).

In addition, Fig. 8 clearly shows that for S/S′≥4 a limit value for the
apparent resistivity exists, ρapp. limit, that is a function of the
Fig. 11. Variation of the limit apparent resistivity (data for S/S′=4 in Fig. 8) with the
thickness of the sample. The solid line corresponds to fitting of data to a first order
exponential decay function. The fitting parameters are given in the insert legend.
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thickness of the sample. In Fig. 11 those limit values are represented
against L. It can be seen that the apparent resistivity decreases
exponentially with the thickness of the sample according to Eq. (3).

ρapp:limit
ρactual

= 0:3755 + 0:6249⋅e�L=3:1868 ð3Þ

Eq. (3) is of major practical importance because it allows to obtain
concrete resistivity free of the error inherent to the difference
between S and S′ when S≅S′. The experimental procedure is simple:
experiments have to be performed with a cell so that S/S′≥4, i.e. for a
circular shape sample ϕS≥2ϕS′, where ϕS and ϕS′ are the diameters of
S and S′, respectively. Then, from the measurement of ρapp. Eq. (3)
allows the direct determination of ρactual.

Eq. (3) is applicable for the migration experiments. In the case of
pure diffusion experiments, the apparent diffusion coefficient is also
expected to be dependent on the cell geometry, but not necessarily in
the same way as described in Eq. (3).

4. Conclusions

Resistivity measurements performed on cement paste and mortar
permeation cells show that the apparent resistivity determined from
impedance measurement is highly dependent on the S/S′ ratio (cross
section of the diaphragm to cross section of the electrolyte). The
apparent resistivity decreases exponentially for S/S′ values close to
one and tends to an asymptotic value as the ratio S/S′ increases. That
asymptotic value is a function of the thickness of the diaphragm.

FEM numerical simulations show that the experimental observa-
tions can be explained in terms of the current dispersion inside the
sample. A rule for the design of migration experiments in porous
materials like concrete was derived where the resistivity of the
sample is readily obtained from the apparent resistivity measured in a
configuration where the diameter of the cross section of the
diaphragm is at least twice that of the cross section of the electrolyte
(Eq. (3)).
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