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The Nernst–Planck equation describes ionic movements in saturated porous materials subject to chemical concen-

tration gradients in the pore fluid and applied electric fields. When applied to a macroscopic system the equation

supposes that the flux of each ion is independent of every other one. However, owing to the ionic exchange among

different or similar species, there are ionic potentials that affect the final flux. These will distort the applied electric

field and thus keep the electroneutrality of the sum of all the ionic species involved. The applied potential will fall

linearly across the sample but an additional ‘membrane’ potential will change with position and time. This paper

summarises a theoretical and experimental investigation into the application of the non-linear electric membrane

potential to the simulation of the migration of chlorides in concrete. A new electrochemical test has been developed

and carried out with different samples of concrete blended with pulverised fuel ash (PFA) and ground granulated

blastfurnace slag (GGBS). During the tests the transient current and the electrical membrane potential were

measured. A numerical model developed previously using the classical equations, but including changes in the

concrete membrane potential, was optimised using an artificial neural network (ANN). Based on the experimental

results and the simulations, the intrinsic diffusion coefficients of chloride, hydroxide, sodium and potassium were

obtained. Also, the initial hydroxide composition of the pore solution, the porosity, and the chloride binding

capacity were determined. The results showed good agreement with the theory and can help to explain the complex

phenomena that occur during a concrete migration test.

Introduction

Chloride penetration in reinforced concrete is a ma-

jor concern because of the deterioration of the steel.

The resistance to chloride transport can be determined

with diffusion tests but these take a long time. The

diffusion tests are accelerated by the application of an

electrical potential gradient (migration tests) in order to

save time. Under the influence of an electric field, ions

experience a force directing them towards the electrode

that is charged oppositely to the charge on the ion

(Bockris and Reddy, 1998). The time needed to per-

form a pure diffusion test may be months; however, a

migration test can be completed in just days or hours.

For fully saturated concrete samples with a differ-

ence in the concentration of ions in different regions

and a constant applied electric potential as in the rapid

chloride permeability test (RCPT) (ASTM, 2005) or

NT-492 (NORDTEST, 1999), the total flux Ji for each

species in the system must be the sum of the migration

flux (JM)i and the diffusion flux (JD)i

J i ¼ JMð Þi þ JDð Þi (1)

The general law governing the ionic movements in

concrete due to the chemical and electrical potential

(Andrade, 1993) is known as the Nernst–Planck equa-

tion

J i ¼ Di

@ci
@x

þ ziF

RT
Dici

@E

@x
(2)

where ci is the ionic concentration of species i in the

pore fluid; x is the distance; zi is the electrical charge
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of species i; F is the Faraday constant; E is the elec-

trical potential; �E/�x is the electrical field; Ji is the

flux of species i; Di is the diffusion coefficient of

species i; R is the gas constant; and T is absolute

temperature.

When applied to a macroscopic system the Nernst–

Planck equation supposes that the flux of each ion is

independent of every other one; however, owing to

ion–ion interactions there are electrostatic fields that

affect the final flux. The drift of a species i is affected

by the flows of other species present. The law of

electroneutrality ensures that no excess of charge is

introduced to the system (Bockris and Reddy, 1998). In

a concrete migration test, the current into any point will

equal the current out of it (Kirchoff’s law). An increase

of concentrations at specific points in the sample can

lead to a variation in the electric field. A variation in

the electric field can in turn lead to a variation in the

flux of each ion.

As a result of the ion–ion interactions, the electrical

field contained in the term for the migration flux does

not depend only on the constant external electrical

potential applied (j); it is also related to the electrical

membrane potential which is formed when various

charged species have different mobility. At the start of

the test the electrical field is uniform across the con-

crete; however, when the different ions start to migrate

owing to the external voltage applied, they cannot move

freely. They are charged particles and interact with

species of opposite signs. Owing to the membrane

potential a few seconds after the test has started the

electrical field is no longer constant. This non-linearity

of the electric field is due to the membrane potential

gradient and it is equivalent to the liquid junction

potential (Lorente et al., 2007) in a concrete migration

test. Equation 3 shows the ionic and the membrane

potentials for the electrical field. A more complex ex-

pression can be found if the Nernst–Planck equation

includes a chemical activity coefficient (ª) (Truc,

2000). However, it has been proven that the activity

term does not increase the accuracy of the results in a

concrete migration test (Samson et al., 2003; Tang,

1999).
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Different approaches have been proposed in order to

simulate the penetration of chloride during a migration

test accounting for all the species and an external

electrical driving force. In the references (Claisse and

Beresford, 1997; Khitab et al., 2005; Krabbenhoft and

Krabbenhoft, 2008; Lorente et al., 2007; Narsilio et al.,

2007; Sugiyama et al., 2003; Truc et al., 2000) the

Nernst–Planck equation has been used as the way to

find the flux of ions and the transport properties of

chlorides in concrete. Some researchers have used it

coupled either to the conservation equation or account-

ing for the distribution and evolution of the electrical

field.

In order to determine and understand the penetration

of chlorides through concrete, a theoretical and experi-

mental investigation has been carried out. An electro-

chemical migration test has been developed to

determine the electrical membrane potential in labora-

tory concrete samples by measuring the potential within

the samples (Lizarazo-Marriaga and Claisse, 2009).

Ordinary Portland concrete (OPC) mixes blended with

pulverised fuel ash (PFA) and granulated ground blast-

furnace slag (GGBS) have been cast and the transient

current and the electrical membrane potential were

measured under controlled conditions. A numerical

model developed previously (Claisse and Beresford,

1997) using the classical equations, but including

changes in the concrete membrane potential distribu-

tion, was optimised using an artificial neural network

(ANN) model. The new integrated computational mod-

el combines a numerical approach to solve the physical

problem of electrodiffusion and an artificial intelli-

gence approach to optimise the numerical and experi-

mental results. The outputs of the model yielded the

intrinsic diffusion coefficients of chloride, hydroxide,

sodium and potassium. The hydroxide composition of

the pore solution, the porosity and the chloride capacity

of binding were also determined.

Experimental investigation

Test details

The tests carried out as part of this research are

summarised in the following section. Each test was run

twice and the result shown is the average of both

results

Rapid chloride permeability test (RCPT) ASTM-

C1202-05. For each test, a slice of concrete 50 mm

thick and 100 mm in diameter was placed between

two cells containing electrodes and 60 V direct cur-

rent (d.c.) was applied. One of the cells was filled

with a 0.30 N NaOH solution and the other cell was

filled with a 3.0% NaCl solution. The curved surface

of the specimens was coated with epoxy. Before the

test the samples were vacuum saturated in conformity

with the standard. The total charge in coulombs was

calculated as the area under the current–time curve.

The volume of each cell reservoir was approximately

200 ml. All tests were carried out in a temperature-

controlled room at 21 � 28C. During the tests, the

temperature was measured continuously.

New procedure for measuring the membrane poten-

tial in the ASTM C-1202 test. Salt bridges were

added at different points in the concrete sample to
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check the voltage distribution across the sample.

Holes 4 mm in diameter and 6–9 mm deep were

drilled at each point. The salt bridge used was a

solution of 0.1 M potassium chloride (KCl) in order

to avoid any junction potential at the interface of the

salt solution and the pore solution. The voltage was

measured using a standard calomel electrode (SCE)

relative to the cathode cell. The current through the

concrete and the voltage at different points inside the

sample were measured continuously each second with

a data logger. A high-impedance data logger (20

M�) was used in order to avoid drawing any current

through the salt bridges. Figure 1 shows the experi-

mental set-up.

For all the tests, the voltage was measured automati-

cally at three different positions across each sample.

The target location of these points was the mid-point

and the quarter-points. As, at the start of the test, the

electric field is linear across the sample, the membrane

potential was calculated as the difference between the

measured voltage at any time and the initial voltage. In

order to avoid the noise found experimentally during

the logging of the tests, a commercial curve-fitting

software (The MathWorks, 2001) was used. It was

found that this noise was substantially reduced by

slightly increasing the depths of the drilled holes for

the salt bridges. This observation indicates that the

noise was caused by the random distribution of aggre-

gate limiting the contact between the salt bridges and

the pore volume.

In a previous study, Zhang et al. (2002) measured

the membrane potential across OPC mortar specimens

during a normal diffusion test using reference electro-

des and salt bridges immersed in the external cells of

the sample. They found that for different simulated

pore solutions the total junction potentials formed be-

tween the measurement devices and the simulated pore

solution were in the range between �0.8 and �6 mV.

Those values were relatively low compared with the

membrane potential measured during the migration

tests, so the liquid junction potential formed between

the salt bridge and the pore solution in the concrete

sample was not accounted for in the research reported

in this paper.

As the external voltage across the sample was ap-

plied from the power supply by copper electrodes im-

mersed into the cell solutions, there was a small

potential drop between the electrodes and the surface

of the concrete (McGrath and Hooton, 1996). The rela-

tionship between the external voltage delivered by the

power supply and the voltage between both ends of the

sample was measured and corrected for during the

simulations.

Chloride penetration. The chloride penetration

was measured after each migration test was finished.

The procedure used was the colorimetric method of

the Nordtest NT Build 492. Each sample was split

axially and sprayed with a solution of 0.1 M silver

nitrate. After 15 min, a white silver chloride precipi-

tation on the split surface was visible and the pene-

tration depth was measured.

Concrete mixes

Samples of OPC blended with GGBS and PFA in

different proportions were prepared with a fixed water/

binder ratio of 0.49. The level of replacement was 10,

30 and 50% for each mineral admixture to cement and

the amount of water was kept in the range 195–200 kg/

m3. The chemical compositions of the materials used

were identified using X-ray fluorescence (XRF) and the

specific gravity (SG) of admixtures was measured with

a helium picnometer (Micromeritics AccuPyc 1330).

Results for the composition of the oxides are presented

in Table 1.

Table 2 shows the mix designs and the nomenclature

used in this study. All the migration tests were made on

samples around 100 days old, which were kept in a

room with controlled humidity and temperature until

the test. According to the water demand of the admix-

tures and the proportions used, the mixes had different

flow properties. In order to avoid affecting the strength

Mesh electrodes

d.c. power supply

Concrete sample

Solid acrylic cell

Reservoir – NaOH

Reservoir – NaCl

Coating

KCl solution

Capillary pipe/
salt bridge

Reference electrode SCE

Potential difference
cathode and sample mid-point

Figure 1. Cell and salt bridge

Table 1. Chemical oxide composition of materials used (*according to the producer)

Binder Chemical composition: % SG:

g/cm3

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI

OPC* 19.7 – 4.90 2.40 – 2.10 63.30 0.20 0.60 – 2.70 2.7 3.04

GGBS 34.5 0.55 13.16 0.74 0.45 7.75 38.70 0.29 0.55 0.02 1.75 0.7 2.92

FA 47.2 0.96 25.35 9.27 0.05 1.71 2.33 1.52 3.43 0.23 0.48 7.6 2.35
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because of the differences in the mix compaction, all

the mixes were compacted mechanically with a vibrat-

ing table. The moulds were filled with concrete in three

layers and compacted to remove the air and reach the

maximum density.

Modelling

The integrated computational model developed was

composed of two main techniques. An electrodiffusion

numerical routine was used for calculating the transient

current and the mid-point membrane potential during a

migration test. This programme uses the physical trans-

port properties as input data. However, as during the

test, the physical transport properties are unknown, so a

neural network algorithm was trained to optimise those

physical properties. As a result of combining both

techniques, the transport properties of a concrete sam-

ple could be determined when the current and the mid-

point membrane potential were measured simulta-

neously during a migration test.

Numerical electrodiffusion model

The numerical model used in this research was

developed in the construction materials applied re-

search group of Coventry university (Claisse and Be-

resford, 1997). The model works by repeated

application of the Nernst–Planck equation through

microscopic time and space steps. The effects of the

membrane potential in a migration test are applied by

distorting the voltage in each space step and checked

by ensuring that charge neutrality is maintained

throughout the sample at all times for all the ions

together. After each time step, adjustments are made

to ensure that the total voltage across the sample is

correct. The model was able to simulate the transient

current during the test, the voltage variation and the

membrane potential at each time during the test and in

each position. In addition, the model was able to

determine the concentration of all the ions used at

each time during the test and in each position inside

the sample (see Figure 2).

Neural network optimisation model

The network used in this research had a backpropa-

gation algorithm with a multilayer architecture with an

input layer of six neurons, a hidden layer of three

neurons and an output layer of seven neurons (Figure

3). The six input neurons correspond to the experimen-

tal values of current and the mid-point membrane po-

tential through the sample at different times. The

output neurons correspond to the intrinsic diffusion co-

efficients of Cl, OH, Na and K, the porosity, the hydro-

xide composition into the pore solution at the start of

the test, and the binding capacity factor for chloride

ions. In the electrodiffusion model the concentration of

ions is defined in two ways: the free ions per unit

volume of liquid (Cl) and the total ions per unit volume

of solid (Cs). The ratio of those concentrations is

named the binding capacity factor (Æ) and it does not

have physical units. The neural network model was

constructed using the neural network toolbox of

Matlab
1

.

To train the network, the numerical physical model

was run computationally a number of times in order

to obtain enough input vectors and the corresponding

target vectors. More than 2000 combinations of logi-

cal values of transport properties were run with the

physical model producing a reliable database to train

the neural network. During the training, all the inputs

and outputs were normalised between �1 and +1 in

order to avoid the influence of the scale of the

physical quantities. In the same way, a tangential

transfer function was limited to be between �1 and

+1. The Levenberg–Marquardt training algorithm was

used.

Integrated numerical–neural network model

The profile and evolution of the membrane potential

and the current is associated either with

(a) factors related to the test, such as the electrical

external potential and the chemistry of the external

reservoirs cells, or

(b) factors related to the features of the sample, such

as the concentration of species in the pore solution,

Table 2. Concrete mix design

Mix w/b

ratio

% Unit content: kg/m3

OPC FA GGBS OPC: kg PFA: kg GGBS: kg Fine agg.:

kg

Coarse agg.:

kg

Binder: kg

OPC 0.49 100 0 0 394 0 0 692 988 394

10% PFA 0.49 90 10 0 355 39 0 689 984 394

30% PFA 0.49 70 30 0 276 118 0 684 977 394

50% PFA 0.49 50 50 0 197 197 0 678 969 394

10% GGBS 0.49 90 0 10 355 0 39 691 987 394

30% GGBS 0.49 70 0 30 276 0 118 690 986 394

50% GGBS 0.49 50 0 50 197 0 197 690 985 394

Lizarazo-Marriaga and Claisse

166 Magazine of Concrete Research, 2010, 62, No. 3



the tortuosity of the pore network, the porosity of

concrete, the intrinsic properties of diffusion for

each ion present, and the binding capacity or ad-

sorption for each ion.

In the experiments, all the conditions related to the test

were carefully controlled and were the same for all

mixes. Therefore, it can be argued that the differences

in the current and the mid-point membrane potential

Σ∆T T�

INPUT
Initial chemical concentrations: Na–K–Cl  OH–

• Reservoirs
• Pore solution

Geometry:
• Reservoirs: volume
• Concrete sample: length ( ) -  area ( )

Porosity (  ) – density ( ) – capacity factor ( )
Intrinsic diffusion coefficients: Na–K–Cl–OH
External voltage applied: AV
Duration of the test:
Space step:
Time step:

l A

T
x

T

γ α�

∆
∆

Calculate diffusion flux for each ion in all space steps

Calculate concentration changes due to diffusion for each ion in all space
steps and the actual time step

Calculate electromigration for each ion in all space steps

Calculate concentration changes due to electromigration for each ion in
all space steps and actual time step

Set linear voltage drop for all space steps

Total concentration changes in any
space step are more than 10% of the

previous concentration

Yes

Reduce ∆T
by 10%

Calculate the charge surplus in each space
step

No

Correct the
voltage in all

space steps to
prevent charge

build-up

The total charge surplus is
more than 10 coulombs in any

space step

�10Yes

Change concentration as a result of the transport for all ions
Generate hydroxyl ions in the reservoirs to maintain neutrality

Make sure that hydroxyl concentration is not negative

Calculate the accumulated time Σ∆T

Yes

Increase the
time step by 1%

No

Distribute adsorbed/solution ions by distribution ratio

Figure 2. Computer model used in this research

Determination of the transport properties of a blended concrete from its electrical properties

Magazine of Concrete Research, 2010, 62, No. 3 167



among mixes were due to the differences in the trans-

port characteristics of each mix. When measuring the

transient current by itself, it is not possible to deter-

mine a unique numerical value for all the concrete

transport properties because there are too many un-

knowns and not enough relationships to solve the sys-

tem. However, with the simultaneous measurement of

the current and the mid-point membrane potential it is

possible to determine a unique combination of the

transport properties by using the neural network and

making the following assumptions.

(a) Although it is well known that chlorides, hydro-

xides, sodium and potassium have complex reac-

tions with the cement hydration products, the only

ions permitted in the model to have adsorption or

binding with the cement matrix were chlorides.

The reason for making this assumption was to limit

the number of variables to optimise.

(b) The chloride apparent diffusion coefficients

(Dapp-Cl) were determined from the intrinsic diffu-

sion coefficient (DCl), the porosity of the material

(�), and the binding capacity factor (Æ) using

Equation 4 (Lizarazo-Marriaga and Claisse, 2009).

Æ

�
¼ DCl

Dapp�Cl

(4)

(c) As the adsorptions for hydroxides and cations were

neglected, the intrinsic and apparent diffusion coef-

ficients were equal for those ions, giving Æ/� ¼ 1.

(d ) The chloride transport processes into the concrete

were restricted by binding with a linear isotherm.

Although it has been demonstrated experimentally

(Delagrave et al., 1997) that non-linear isotherms

better reflect the adsorption phenomena, the model

uses an average linear isotherm that represents the

average adsorption of chlorides well and allows the

model to have a direct relationship between intrin-

sic and apparent diffusion coefficients.

(e) The pore solution at the start of the test does not

include chloride ions and the equilibrium for hy-

droxyl ions was assumed to be maintained at a

proportion of 33% of sodium and 66% of potas-

sium. The ratio of potassium to sodium in the

starting materials was always 2. This assumption

was based on published results (Bertolini et al.,

2004).

Test results and discussion

The total electrical charge passed, the chloride pene-

tration during the test, and the evolution of the mem-

brane potential were measured and analysed. Using the

integrated computational model, the transport proper-

ties of the mixes tested were then found.

Charge and chloride penetration

The final charge passed and the chloride penetration

are shown in Table 3. The results indicate that there

were great benefits using either GGBS or PFA. The

best results were obtained when replacements of 30%

of PFA and 50% of GGBS were used. Figure 4 shows a

summary of the properties measured relative to the

values corresponding to the OPC samples. The addition

of either mineral admixture produces a positive effect,

reducing the charge and chloride penetration.

Membrane potential

The behaviour of the membrane potential across the

sample during the test is shown in Figure 5 as contour

graphs for samples OPC, 10% GGBS and 10% PFA;

each graph represents the average of two samples. The

horizontal axis is the length of the sample: 50 mm, and

Output layer

MP membrane potential
at 3·6 h

MP membrane potential
at 6 h

Current at start

MP membrane potential
at 1·2 h

Current at 3·6 h

Current at 6 h

OH pore concentration

Cl diffusion coefficient

OH diffusion coefficient

Na diffusion coefficient

K diffusion coefficient

Capacity factor of Cl binding

Porosity

Input layer

Figure 3. Neural network used
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the vertical axis is the duration of the experiment: 6 h.

The iso-response curves for the membrane potential

show that the distribution of the voltage is not linear in

time and space during a migration test. For all the

contours there is a well-defined area with negative

values of voltage (with a total voltage lower than the

voltage at the start of the test) or areas with positive

values (voltages bigger than the initial external applied

voltage). Depending on the type and amount of mineral

admixture used, the contour reached either a maximum

or a minimum.

The contour plots indicate that, if the amount of

admixture is increased, the voltage tends to reach more

negative values, especially for the PFA mixes. If the

total electrical field is constant in the sample it would

be expected that the behaviour of the conductivity

would have the same trend as the current. However, as

the voltage varies across the sample, the calculated

conductivity at any point across the sample is transient

in time and position owing to the effect of the mem-

brane potential. This is very important because this

effect needs to be included in the general equations of

ionic transport in order to predict adequately the chlor-

ide penetration.

From the contour plots the membrane potential at any

point and time during the test can be examined. This

has academic and scientific value. However, such tests

are expensive and not easy to complete. As an alterna-

tive, it has been proposed to use only the behaviour of

the mid-point as a source of additional information. The

electric membrane potential at the mid-point for each

mix is shown in Figure 6. All mixes showed from the

start a sustained decrease, reaching a local minimum

and starting again to increase the voltage values.

Table 3. Properties measured

Mix OPC 10% PFA 30% PFA 50% PFA 10% GGBS 30% GGBS 50% GGBS

Penetration: mm 5.00 4.20 0.62 0.68 4.45 1.02 0.66

Charge: coulombs 4644 2435 1237 1253 4202 1848 1097
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Integrated numerical–neural network model

The artificial neural network (ANN) was trained

using the results of the model and then used to

obtain the transport properties from the experimental

results. Table 4 shows the numerical values of the

properties obtained for all the mixes. In order to

validate the results, the physical numerical model

was run again for each mix using as inputs the

values obtained from the neural network. As an

example, Figure 7 shows the simulated and measured

transient currents and mid-point membrane potentials

for some of the samples used. From the graphs, it

can be concluded that all the simulations are in very

good agreement with the experiments, with the simu-

lations for the current better than those for the mid-

point voltage.

Transport properties

All the migration tests had non-steady-state condi-

tions because of the characteristics of the experiments

in which there were a small volume of external cells, a

high external voltage, and a short duration. Although in

some mixes it was possible that the chlorides reached

the anode (thus giving a uniform condition through the

sample), the depletion of the external cells ensured that

a steady-state condition was never achieved. Therefore,

the estimated Cl� apparent diffusion coefficient and

the intrinsic diffusion coefficients for the other ions in

the system are for non-steady-state conditions. Figure 8

shows the calculated apparent coefficients of diffusion.

The sodium and potassium coefficients were signifi-

cantly smaller than the values for chlorides and hydro-

xides, as observed previously by other researchers

(Andrade, 1993; Zhang et al., 2002). These results

confirm that the mobility of cations in a porous media

is less than the mobility of anions. However, they are

responsible for part of the total charge passed and are

absolutely necessary in the simulation. Either in a self-

diffusion test or in the presence of an applied voltage

gradient across the specimen, the charge electroneutral-

ity is maintained in the code by adjusting the mem-

brane potential at all times. Small changes in the

diffusion of cations produce large changes in the mid-

point membrane potential. The diffusion coefficients

obtained for sodium (DNa) were greater than for potas-

sium (DK); the ratio DNa/DK was different depending

on the amount and type of admixture. It was found that

if there was an increase in the amount of mineral ad-

mixture, the ratio DNa/DK tended to decrease. Although

the coefficient of diffusion for potassium is greater

than for sodium in an infinite dilute solution (Bockris

and Reddy, 1998), the results of this work showed that

for the samples tested this is not always the case

because of the ionic exchange among all the ions com-

ing from the external cells and the pore solution. The

ratio DNa/DK varies for each concrete sample according

to all its transport properties including the composition

of its pore solution at the start of the test.

The obtained migration diffusion coefficients for

chlorides and hydroxides showed that both ions have a
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Table 4. Transport properties calculated with the integrated model

OH conc’n Intrinsic

coefficient,

Intrinsic

coefficient,

Intrinsic

coefficient,

Intrinsic

coefficient,

Factor

capacity,

Capillary

concrete

Apparent

coefficient,

DCl: m2/s DOH: m2/s DNa: m2/s Dk: m2/s Cl porosity Dapp=Cl: m2/s

OPC 234.1 1.94 3 10�10 7.81 3 10�11 3.52 3 10�11 1.07 3 10�11 0.29 0.19 1.25 3 10�10

10% PFA 223.2 1.09 3 10�10 3.68 3 10�11 2.17 3 10�11 8.21 3 10�12 0.35 0.18 5.55 3 10�11

30% PFA 208.6 8.17 3 10�11 2.56 3 10�11 1.59 3 10�11 7.23 3 10�12 0.41 0.17 3.37 3 10�11

50% PFA 207.3 1.05 3 10�10 2.99 3 10�11 1.60 3 10�11 8.19 3 10�12 0.40 0.17 4.42 3 10�11

10% GGBS 226.0 2.06 3 10�10 7.66 3 10�11 3.13 3 10�11 1.12 3 10�11 0.30 0.18 1.25 3 10�10

30% GGBS 199.2 1.00 3 10�10 3.80 3 10�11 1.92 3 10�11 7.71 3 10�12 0.40 0.17 4.27 3 10�11

50% GGBS 199.1 9.32 3 10�11 2.85 3 10�11 1.52 3 10�11 7.67 3 10�12 0.42 0.17 3.65 3 10�11

Lizarazo-Marriaga and Claisse

170 Magazine of Concrete Research, 2010, 62, No. 3



high mobility and are responsible for most of the trans-

port of charge. However, in contrast with the conclu-

sions of some researchers (Feldman et al., 1994; Zhang

et al., 2002) the results of the simulations indicated that

the diffusion coefficients of chlorides were greater than

the hydroxide coefficients. The numerical values of the

apparent chloride coefficients were between 10 and 60%

greater than for the hydroxides depending on the level

of mineral admixture replacement. With an increase in

the amount of either mineral admixture, the ratio

Dapp-Cl/DOH tends to decrease. It is believed that the ratio

between the diffusivity of chlorides and hydroxides de-

pends on all the external conditions of the test and all

the internal transport properties and features of the con-

crete and it is not a rule that it is always less than 1.
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On the other hand, the calculated apparent diffusion

coefficients obtained were relatively high compared

with some reported in the literature. Usually, for a con-

crete of good quality, a chloride diffusion coefficient of

the order of 10�12 m2/s is expected. However, these

differences can be explained through two reasons. First,

the water/binder ratio for all the mixes used was just

0.49; this means that the concrete used was not the

most impermeable. Second, the diffusion coefficients

obtained in this work apply to a multispecies system

coupled through the membrane potential, instead of

those obtained in experiments and reported in literature

where ions are physically affected by the ionic ex-

change among species, but the coefficients are calcu-

lated through equations that account for only single

chloride diffusion and no ionic interaction.

The simulated results for the initial composition of

the pore solution are shown in Figure 9 as the hydro-

xide ion (OH�) concentration. For the OPC sample, for

example, a numerical value of 234 mol/m3 was ob-

tained for hydroxide that corresponds to 78 mol/m3 of

sodium and 156 mol/m3 of potassium in order to keep

the initial electroneutrality of the system (units are mol

per cubic metre of pore solution). With the increase of

the amount of mineral admixture, a reduction was

found in the initial hydroxide composition of the pore

solution as was expected. This has been previously

reported by Page and Vennesland (1983). The calcu-

lated hydroxide reduction of the solution into the pores

for the 30% GGBS blended concrete was around 15%

with respect to the OPC, and for the 30% PFA blended

concrete was around 10% with respect to the OPC.

Above 30% of replacement, there was no further reduc-

tion in the hydroxide ion concentration.

From the integrated model, the calculated porosity

was found. There was a reduction in the porosity with

an increase in the amount of any admixture, and the

beneficial effect of GGBS and PFA was greater with

mixes of 30% PFA and 50% GGBS respectively. Figure

10 shows the variation of the calculated porosity for

different percentages of admixture. In the same way,

the calculated chloride capacity factor of binding is

shown in Figure 11. It was found that it tends to in-

crease with an increase in the amount of mineral ad-

mixture. The greatest chloride capacity factor was

found in the mixes of 30% PFA and 50% GGBS and

confirms the optimum percentages for those materials.

Correlation of the estimated chloride diffusion

coefficients with the measured charge and penetration

The correlation coefficient r between the obtained

chloride diffusivity and the chloride penetration after

6 h was calculated in order to find out their association

and dependency. Figure 12 shows the regression that

fits the best straight line to the data and shows the

numerical coefficient of determination R2, which indi-
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cates the amount of variability. The value of correlation

was r ¼ 0.99, and shows that the apparent chloride

coefficient of diffusion obtained through the integrated

numerical–neural network model is in good agreement

with the measured penetration regardless of the mineral

admixtures used. From Figure 12, it is argued that for

any sample of concrete the information of current ob-

tained from the traditional ASTM C1202 test and the

membrane potential obtained from the electrochemical

test presented in this paper define together the transport

properties of the material. In addition, the numerical

values of the diffusion coefficients can be obtained

from the computational model proposed.

The relationship between the charge in coulombs

obtained from the standard ASTM C1202 test and the

calculated chloride diffusion coefficients is shown in

Figure 13. The correlation between the charge and the

intrinsic (part (a)) and apparent (part (b)) coefficients is

shown. The link between both coefficients was defined

by Equation 4. The intrinsic coefficient defines the

transport of matter when the flux is calculated per unit

cross-sectional area of the pores and the concentration

in the free liquid. In contrast, the apparent coefficient

defines the transport of any ion when the flux is calcu-

lated per unit area of the porous material and the

average concentration in the material. The reason why

both coefficients are presented is because the computer

model calculates the intrinsic coefficient, but the appar-

ent coefficients are normally used to predict the service

live of concrete structures. From Figure 13(b) it can be

seen that the relation charge–apparent chloride coeffi-

cient for GGBS had a very good correlation with a

determination coefficient R2 ¼ 0.974. According to

this, the equation that defines that relationship can be

used as a tool to estimate the apparent diffusion coeffi-

cient in m2/s from the measured value of charge in

coulombs for GGBS mixes (Dapp-GGBS) with any level

of replacement between 0 and 50%.

Dapp�GGBS ¼ 3 3 10�14 3 charge � 4 3 10�13 (5)

For PFA mixes, the charge and the apparent chloride

diffusion coefficient had an acceptable correlation as

shown in Figure 13(b); in general terms this shows that

the ASTM C1202 test adequately predicts the chloride

penetrability in a blended GGBS or PFA concrete. How-

ever, it has been reported extensively in the literature

that in a migration test the flow of current and the

charge passed through the mixtures with mineral ad-

mixtures, especially with PFA, is strongly related to the

conductivity of the pore fluid within the concrete

(Chindaprasirt et al., 2008; Sengul et al., 2005; Wee et

al., 2000; Yang and Wang, 2004). As the percentage of

any admixture replacement affects the ionic concentra-

tion and the conductivity of concrete, Figure 14 shows

the correlation between the ratio of chloride diffusivity

to charge plotted against percentage of admixture re-

placement for the intrinsic (Figure 14(a)) and apparent

(Figure 14(b)) coefficients. Figure 14(a) shows that the

ratio of intrinsic coefficient to charge increases linearly

with the increase of the amount of mineral admixtures,

especially for PFA which showed a determination coef-
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ficient of R2 ¼ 0.986. The chloride intrinsic diffusion

coefficient for PFA (Dint-PFA) in m2/s can be obtained

from Equation 6 from the measured value of charge in

coulombs and the level of PFA as a percentage (%PFA).

The apparent coefficient can be calculated from

Dint�PFA ¼ [9 3 10�16 3 (%PFA) þ 4 3 10�14]

3 Charge
(6)

In Figure 14(b), the ratio of apparent diffusion to

charge plotted against percentage of admixture shows

that there is a poor relationship between them, espe-

cially for the GGBS mixes. The very good correlation

of the ratio of chloride intrinsic diffusion coefficient to

charge plotted against percentage of admixture for PFA

mixes shows that when this admixture is used it is

necessary to correct the charge calculated during the

ASTM C1202 in order to obtain more reliable results.

Conclusions

(a) Measuring the voltage within a sample is a power-

ful method for obtaining more useful data from

migration tests.

(b) Using ANNs trained on numerical simulations of

the migration test yields viable results for the fun-

damental properties of concrete. The initial hydro-

xide composition of the pore solution, the chloride

binding capacity, the porosity and the diffusion co-

efficients for all the species involved were esti-

mated with good results.

(c) Results obtained show that the ratios between so-

dium and potassium, and chlorides and hydroxides

in a migration test do not follow the behaviour of

single species in a dilute solution. In the same way,

the calculated values of chloride diffusion coeffi-

cient were larger than those usually reported in the

literature; however, they are in good agreement

with the measured chloride penetration.

(d ) This paper presents methods to modify the ASTM

C1202 test and obtain far more information about

the samples and their potential durability.
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