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Abstract

Even though the electroosmotic flux through hardened cementitious materials during laboratory realkalisation trials had been previously

noticed, it has never been in-situ monitored, analysing at the same time the establishment of the electroosmotic flux and the microstructure

changes in the surroundings of the rebar. In this paper, two series of cement pastes, cast with CEM I and CEM I substituted in a 35% by fly ash,

previously carbonated at 100% CO2, were submitted to realkalisation treatments followed on line by simultaneous acquisition of neutron

diffraction data. As a result, it has been possible to confirm the electroosmosis as the driving force of carbonates towards the rebar and to

determine the range of pH in the anolyte in which most of the relevant electroosmotic phenomena takes place. On the other hand, the behaviour of

the main crystalline phases involved in the process has been monitored during the treatment, with the precipitation of portlandite as main result.

D 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Realkalisation is a relatively new electrochemical technique

for repairing structures damaged by rebar corrosion due to

carbonation. The treatment consists in applying continuous

current between the rebar (acting as negative electrode or

cathode) and an auxiliary external electrode, (in a carbonate

solution and connected to the positive pole of the power

supply) with the aim of restoring the alkalinity of the concrete

loss by the carbonation process. This restoration seems to be

primarily provided by the generation of OH� at the rebar level,

through the reaction of water electrolysis at the steel acting as

the cathode. However, it has been claimed [1–5] that carbonate

ions also penetrate towards the rebar. Being the charge of

carbonates negative, this penetration towards the cathode does

not seem feasible unless other mechanisms, different than

migration forces, operate.

At the surface of a solid in contact with an electrolyte, in

general, a difference of potential is developed. When one of
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these phases (solid or liquid) is caused to move tangentially

past the second phase, a number of phenomena, which are

grouped under the generic name of ‘‘electrokinetic effects’’ can

develop. The zeta-potential is the average potential in an

imaginary surface which is considered to lie close to the solid

surface and where the fluid is stationary (surface of shear), and

is the key parameter in the establishment of the electrokinetic

effects. When the solid remains stationary and the liquid moves

in response to an applied electrical field this is called electro-

osmosis [6], which is the case of concrete submitted to the

electrochemical treatment of realkalisation.

In [5], the application of the theoretical equations of

electroosmosis to concrete was undertaken, and quite recently,

the authors were able to observe and quantify the electroos-

motic flux through hardened carbonated CEM I concrete [7]

and reported laboratory trials on carbonated CEM I mortars [8].

In addition, the influence of the external solution (concentra-

tion of Na2CO3 in the anodic compartment) was analysed

resulting that the pH in the anolyte seemed to be one

determining parameter on the zeta potential and consequently

on the establishment of the electroosmotic flux [8]. However, a

realkalisation treatment has never been in-situ monitored,
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Fig. 1. Specimens used for the realkalisation experiments.
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analysing at the same time the development of the electroos-

motic flux and the microstructural variations in the surround-

ings of the rebar. This has been undertaken in the present paper,

where realkalisation treatments on cement pastes cast with two

different binders were followed on line by simultaneous

acquisition of diffraction data at the D20 instrument of the

Institute Max von Laue-Paul Langevin (ILL), in Grenoble,

France.

2. Experimental

2.1. Materials and preparation of specimens

Two series of cement pastes were prepared by hand mixing

cement with deuterated water from 99.95% purity to a w /c

ratio of 0.5. The first series, mix A, used Ordinary Portland

Cement of type I/45A/SR-MR, composed of a 95% of clinker

type I and a 5% of lime, whose chemical analysis is shown in

Table 1. The second series, mix B, was prepared using the same

cement but substituted in a 35% by fly ash, whose composition

is also given in Table 1.

The specimens were cast in cylindrical moulds of 2.2 cm of

internal diameter and 6 cm length, with a high strength cold

drawn steel for pre-stressed structures perpendicularly to the

axis of the cylinder of the specimen (see Fig. 1).

Prior to the realkalisation tests, after 7 days of curing in a

high humidity chamber (>95% RH) and subsequent drying, the

specimens were carbonated at 65% RH, 20T2 -C, and 100%

CO2 concentration. The specimens were held in the chamber

for one month until negligible increase in weight was recorded.

The fully carbonated state was confirmed by breaking duplicate

specimens and spraying phenolpthalein indicator on the fresh

fractures.

2.2. Techniques and procedures

The experimental set up of the test is shown in Fig. 2. A

ponding was glued on the top of the cylinder of cement paste and

was filled with a solution of Na2CO3 1Mpreparedwith ordinary,

non-deuterated, distilled water. The experiment was designed in

this way with the hypothesis that if electroosmotic flux took

place, as it will came from the anodic compartment, an abrupt

increase in the background of the diffraction patterns should

occur due to incoherent scattering of the hydrogen of the water.

An activated titanium mesh was introduced in the

carbonate solution compartment and was electrically

connected to the positive side of the power supply. The rebar

embedded in the sample was used as negative electrode. A

voltage drop of 72 V DC was applied and the current passing
Table 1

Chemical analysis of the cement and fly ash used

L.I. I.R. SiO2 Al2O3 Fe2O3 CaO MgO SO3 Cl� Na2O K2O Free CaO

Cement 1.7 0.7 20.2 2.37 4.1 65.84 1.85 3.8 0.02 0.11 0.65 1.5

Fly ash 2.58 – 48.71 25.18 5.18 12.09 1.61 0.43 – 0.61 3.28 0.15

L.I.: Loss on ignition; I.R.: Insoluble residue.
through the specimen was monitored. In the case of mix A,

after 9 h running the test, the current was switched off

without dismantling the device, and after a delay of about 7 h,

the voltage drop was connected again for 4 h more. After that

time, the voltage was again switched off and the specimen

was taken out of the neutron beam. The specimen was stored

in laboratory environment for 72 h, then, the anolyte chamber

was filled in again with fresh solution of Na2CO3 1 M and

the test was allowed to run for 12 h more. In mix B (CEM

I+FA), the carbonate solution was completely depleted in the

anolyte chamber after approximately 6 h and the test was left

running for 3 other hours. After this period, the anolyte

chamber was filled in with fresh solution of Na2CO3 1 M and

the test was allowed to run for 5 h more. A summary of the

experimental details is given in Table 2.

The electrical treatment was followed on line by simulta-

neous acquisition of diffraction data at the D20 instrument of

the Institute Max von Laue-Paul Langevin (ILL), in Grenoble,

France. The neutron diffraction data were collected continu-

ously storing the detector counts every 120 s, exploring an

angular domain in 2h from 10- to 150-. The neutron beam had

a rectangular section of 8�12 mm2 and was centred in the

middle of the sample, as shown in Fig. 2, monitoring 4 mm of

the rebar and the 4 mm of the area of the sample closer to the

negative electrode.

To exactly calibrate the wavelength, a powder of Si

furnished by the NBS (National Bureau Standard) was used.

The diffraction pattern of this standard was refined by Rietveld

analysis and a wavelength of 1.28 was found. This wavelength

was used in the subsequent measurements.

Additionally, in the case of mix B, after the voltage drop

was switched off at the end of the experiment, the portion of

the sample between the electrodes was scanned by dividing it

into five different zones, about 5 mm long each. The adjacent

region to the negative electrode was named Z1, and the

opposite one, in contact with the positive one, Z5.



Fig. 2. Scheme of the set up of the experiment.
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After the realkalisation experiments, out of the neutron

beam, the samples were cut according to a plane perpendicular

to the rebar and were treated in the following way:

& Phenolftaleine was sprayed on the fresh fracture in order to

study the realcalised zones of the specimen.

& In the case of mix B, four parts of the specimen, of about 2

mm length, were also taken off and the carbonates analysed

following the leaching procedure recommended for chlor-

ides in [9] by water extraction. The location of these

samples are given in Fig. 2, as black spots, where it is shown

that they were taken close to the negative electrode towards

both ends of the cylinders and close to the ends of the

cylinder (one of them corresponding to the positive side).

& A part of the specimen between the electrodes was cut along

planes parallel to the position of the electrodes, obtaining

five different portions (of approximately 5 mm each),

corresponding to different areas in the specimen (Z1 to Z5

in Fig. 2). These portions, as well as the reference sample,

without treatment, were analysed by Mercury Intrusion

Porosimetry (MIP) in order to study the residual state of the

specimens.

The powder diffraction patterns have been analysed by a

standard procedure. Crystalline phases were identified by a

search-match manual procedure and selected peaks for calcite,
Table 2

Summary of the steps in the realkalisation process for each mix

Step Duration (h) Solution in the anolyte Voltage (V)

Mix A (CEM I) a) 9 Yes (fresh solution) 72

b) 7 Yes 0

c) 4 Yes 72

d) 72 No (specimen out

of the neutron beam)

0

e) 12 Yes (fresh solution) 72

Mix B

(CEM I+FA)

a) 6 Yes (fresh solution) 72

b) 3 No 72

c) 5 Yes (fresh solution) 72
vaterite and portlandite were fitted to Gaussian curves for the

whole series. The variation of intensity of a chosen reflection

for a particular phase along the experiment (related with the

concentration) has been used to monitor concentration changes.

3. Results

3.1. Analysis of the diffraction patterns during the treatment

Provided that the specimens were cast with deuterated

water, and the Na2CO3 solution was prepared with ordinary

distilled water, if electroosmotic flux took place there would be

an abrupt increase in the background of the diffraction patterns

due to incoherent scattering of the H of the water.

The evolution of the integration of the backgrounds of the

diffraction patterns (normalised intensity to unity at the low 2h
region, where no peaks appear), is presented in Fig. 3(a–b) for

the two mixes tested. In Fig. 3, the points where the jumps in

the background imply the establishment of electroosmotic flux

have been marked with arrows. In these figures, the evolution

of the electric current during the experiments have also been

depicted, in order to confirm the parallelism previously

detected [7] between the sudden increase in the current and

the electroosmotic flux.

Concerning the experiment for mix A, at the beginning of

the experiment (step a), the current is very small. At this point

there is a small decrease of the background, due to the

consumption of water due to electrolysis at the rebar level.

After that, the background and the current seem to start to

increase when step b) is reached and the power supply is

switched off. When the voltage drop is connected again (step

c), the tendency in the current curve goes on from the same

point, that was reached when the power supply was discon-

nected, to an abrupt increase in the current is registered. This

increase is due to the drag of water from the anodic

compartment when the electroosmotic flux is established, as

can be derived from the corresponding increase in the

background counts. Afterwards, the specimen is taken out of
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Fig. 3. (a–b): Evolution of the normalised background (in arbitrary units) and the electrical current (mA) passing through the specimens during the realkalisation

treatments.
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the beam (step d) and after 72 h, the experiment was allowed to

proceed (step e). During this last step, the background

decreases quickly due to the high electrical current passing

that consumes water at the rebar level. According to the current

passing in the last stages of the experiment, there could have

been three other small electroosmotic processes; however, only

one has been clearly detected at the rebar level by an increase

in the background (as marked by the arrow).

Concerning the experiment for mix B, after the small

decrease of the background due to the initial consumption of

water at the rebar level, the current starts to increase quite

quickly and so does the background, which implies the

establishment of the electroosmotic flux very early in this

experiment. According to the current curve, there is a kind of

double electroosmotic processes; however, the second one

cannot be detected in the background level provided that it has

already reached its maximum value, that is to say, the specimen

is completely full of solution in the surroundings of the steel.

Then, the high current passing goes on consuming the excess

of water around the rebar and the background starts to decrease

when there is another electroosmotic process which consumes

all the solution in the anodic compartment. The water reaches

the rebar but there is a loss of the electrical contact with the

positive electrode (due to the lack of anolyte) and, therefore,
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the current goes to zero (step b). When filling again the anodic

compartment with fresh solution (step c), the current increases

and the background decreases due to the electrolysis of water.

When water at the rebar level has almost been depleted, a new

episode of electroosmotic flux starts to take place. Therefore, in

this experiment, four electroosmotic peaks have been detected.

Concerning the crystalline phases, the analysis of the

neutron diffraction patterns has allowed to identify, as

expected, calcite as the main crystalline phase in the samples.

In addition, vaterite has also been identified, in lesser extent, as

previously reported by other authors [10] irrespective of the

percentage of CO2 used to in the treatment of carbonation. For

both mixes, at the latest stages of the treatment, the presence of

portlandite has also been noticed. Selected peaks of these

phases (reflexion 104 for calcite, 111/021 for vaterite and 101/

011 for portlandite) were chosen because their isolation and

intensity and were fitted to Gaussian curves for the whole

series. The variation of the heights of these reflections along

the experiment was used to monitor concentration changes and

it is given in Fig. 4(a–b), where the evolution of the normalised

height as a function of the time is depicted.

It has to be pointed out that the absolute amount of each of

these phases cannot be deduced from Fig. 4, as the scale of the

Y axis has been normalized, for each phase to the maximum
0,1

0,3

0,5

0,7

0,9

1,1

0 200 400 600 800 1000
time (min)

no
rm

al
is

ed
 h

ei
gh

t (
au

)

calcite vaterite porlandite

) mix B

step a) step b)
step c)

function of the time for a) mix A and b) mix B.



0,75

0,8

0,85

0,9

0,95

1

1,05

no
rm

al
ys

ed
 c

ou
nt

s 
(a

u)

- +

r
e
b
a
r

a)

0

0,2

0,4

0,6

0,8

1

1,2

-30 -20 -10 0 10 20 30

depth in the specimen from the steel (mm)

Calcite

Portlandite

Vaterite

b) r
e
b
a
r

      Background

Fig. 6. (a–b): Normalised counts for a) the background and b) heights of the

peaks for calcite, vaterite and portlandite, along the different zones of the

specimen, mix B, between anolyte and catholite, after the realkalisation

experiment.

M. Castellote et al. / Cement and Concrete Research 36 (2006) 791–800 795
value, taken as 1. In fact, the amount of portlandite formed is

very small, not comparable with the amount of remaining

calcite, as can be derived from Fig. 5, where a detail of the

initial diffraction pattern (prior the treatment) and the final one

(after the treatment) for mix B is given.

3.2. Analysis of the specimen after the realkalisation treatment

on the neutron beam

After the experiment, for mix B, diffraction patterns were

taken in 6 zones covering the rebar and the whole specimen

between anolite and catholite. The normalized counts for the

background and heights, for the three monitored phases

(calcite, vaterite and portlandite), along the different zones of

the specimen are given in Fig. 6(a–b), respectively.

From Fig. 6-a it can be deduced that the background is

higher in the zone closer to the rebar and it diminishes

smoothly along the specimen reaching its minimum abruptly

near the positive electrode. From Fig. 6-b, and taking into

account that at the end of the test at the rebar level (negative

side) the amount of calcite is about the same that before the

experiment, (see Fig. 4-b), it can be deduced that precipitated

calcite has been removed in the rest of the sample. The vaterite

has dissolved mainly in the zones located close to the

electrodes, having disappeared completely in the positive side.

Portlandite has precipitated until about 12 mm from the centre

of the steel.

3.3. Analysis of the specimen after the treatment out of the

neutron beam

Once the samples were taken out of the neutron beam, after

the realkalisation experiments, they were split in two halves in

order to determine if they had been realkalised by spraying

phenolptaleine indicator on the fresh fractures. The results are

shown in Fig. 7, where it can be deduced that, for both mixes,

the whole specimen between both electrodes has turned pink

the indicator, which means realkalisation. Concerning the other

part of the specimen, between the rebar and the end without
12 16 20 24 28

2 theta

initial pattern

final pattern

P
V

C

P

Fig. 5. Detail of the initial diffraction pattern (prior the treatment) and the final

one (after the treatment) for mix B, where the peaks corresponding to P:

Portlandite, C: Calcite and V: Vaterite have been marked.
electrode, as expected, only the zone closest to the rebar has

been realkalised.

For mix B, the carbonates were analysed in four parts of the

specimen of about 2 mm length, by water extraction [9]. The

samples were taken close to the negative electrode towards

both ends of the cylinders and close to the ends of the cylinder

(one of them corresponding to the positive side) (see Fig. 2). It

has to be pointed out that provided that the specimens were

previously carbonated, the absolute amounts are not relevant,

and therefore, the values obtained have been normalised to the

maximum amount obtained.

The results are given in Fig. 8, from which it can be

observed that the maximum amount of soluble carbonates in

the sample can be found in the vicinity of the rebar, even more

than close to the positive compartment. In addition, it can be

deduced that no significant carbonates have passed behind the

rebar.
a) mix A

b) mix B

+

+

-

-

pink zone

pink zone

Fig. 7. (a–b): Results of the phenoftaleine sprayed on the fresh fracture of the

samples after the realkalisation tests.
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The results obtained from Mercury Intrusion Porosimetry

are given in Table 3 where the total porosity (percent in

volume) and the mean pore diameter are given.

In Table 3, it can be noticed that the electrical treatment

induces important changes in porosity, differently distributed

depending on the zone of the sample, but always showing

larger mean pore diameter after the treatment. The most

significant change for mix A is a high increase of the porosity

in the positive side, zones 4 and 5. In the other part of the

sample there are slight differences with respect to the untreated

one, being these, the decrease and increase in the zones closest

to the rebar and in the middle part of the sample, respectively.

In mix B, there is about 20% of decrease in the porosity of the

negative side of the sample and a slight increase of porosity in

the rest of it. The differential pore size distributions presented

in Fig. 9 allow performing a more detailed analysis.

Fig. 9(a–b) shows that in the case of mix A, there is an

increase of porosity in all the zones of the specimen in the pore

range higher than about 0.1 Am with a shift of the maximum

exhibited by every sample towards higher pores. From 0.1 Am,

the half part of the sample closer to the negative electrode starts

to have smaller porosity than the untreated sample. In the zone

between 0.2 and 0.03, the positive zones of the sample exhibit

a maximum, much higher than the carbonated sample before

the test and shifted towards higher pores. In the range of pores

smaller than 0.03 Am, there is a decrease of porosity in every

zone of the treated sample.
Table 3

MIP results of the samples

Total porosity

(% vol)

Mean pore

diameter (Am)

Mix A Carbonated before test 17.90 0.027

Z1-negative 19.05 0.048

Z2 16.67 0.048

Z3 16.15 0.042

Z4 25.73 0.057

Z5-positive 25.19 0.052

Mix B Carbonated before test 28.26 0.059

Z1-negative 22.70 0.074

Z2 30.67 0.083

Z3 32.41 0.112

Z4 30.51 0.077

Z5-positive 30.91 0.070
In the case of mix B, the trend is similar but with some

differences. There is also a range of pores in which there is an

increase of porosity for all zones of the specimen, but in this

case, it is smaller than for mix A, extending to pores higher

than 0.7 Am. The shift of the maximum towards higher pores

(from 0.5 in the untreated sample to 1 in the case of the zones

closer to the rebar) can be also detected. It can be pointed out

the zone Z1, closer to the rebar, in the range between 0.7 and

0.05 Am, where the porosity is considerably smaller than for

the rest of the zones, which exhibit a behaviour very similar to

that of the reference untreated sample. For this mix, the range

of pores smaller than 0.03 is not very significant even though

there is also an small decrease of porosity in the treated sample.

Finally, it has to be remarked than for both mixes, the

samples closer to the negative electrode have significantly

higher values for the bigger pores (100–10 Am).

4. Discussion

4.1. Establishment of the electroosmotic flux

Recently, the authors quantified the electroosmotic flux

through hardened carbonated concrete and mortar [7,8]. In

agreement with these findings, even though the instantaneous

flux of liquid could not be directly measured, the present

results show the establishment of the electroosmotic flux

through the specimens based on several facts:

The abrupt increase in the background of the diffraction

patterns due to incoherent scattering of the H of the water

must be due to the electroosmotic flux. The other possibility
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(the water associated to the solvating sphere of Na+ ions

penetrating due to migration forces) would have implied an

increase following a smooth process with a linear dependency

with the charge density, as reported in previous realkalisation

tests [7].

On the other hand, it is impossible for the carbonate or

bicarbonate species, due to their negative charge, to move

into the specimen by migration forces. In addition, from the

results obtained in the analysis of soluble carbonates, there

is no doubt that the carbonates enter the specimen through

a mechanism different from that of diffusion. Provided that

at the end of the test, the maximum concentration is reached

at the level of the rebar, they must have entered by

electroosmosis.

In order to determine the exact moment, and therefore the

conditions, in the experiment in which the electroosmotic flux

starts to develop, the derivative of the curve of the background

in function of time has been calculated for both experiments.

Therefore, in the inflexion points of the original curve towards

higher slopes, a maximum appears in the derivative curve. The

positions of these maximums give the points of establishment

of the electroosmotic flux. The positive part of the derivative

curves in function of the electrical charge density passed are

depicted in Fig. 10, in which it can be observed that the scatter

for mix A is higher than for mix B. Provided that the large scale

in the graph may difficult the appearance of the peaks as simple

lines, inside the graph a detail of the figure at low charge

densities has also been depicted.

From this figure, it can be appreciated the large electroos-

motic pulse that takes place for mix A at 1.3�106 C/m2.

Concerning the rest of the experiment, and looking at the shape

of the peaks, two more peaks seem to be detected, at about

6�106 and 9.5�106 C/m2, being the rest of the points

attributed to the high scatter due to the small amount of flux

established.

Concerning mix B, the three pulses previously identified

can be clearly attributed to their corresponding charge

densities, 8�105, 4,1�106 and 7�106 C/m2. The first peak

is considerably broader than the rest, which confirms the

incorporation of two episodes of electroosmosis.
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in function of the electrical charge density. Detail for low charge densities

passed.
In addition, these results confirm the fact, already pointed

out in [8] that the establishment of the electroosmosis is not

dependent exclusively on the charge density passed.

In [8], the values of zeta-potential for different experiments

with different initial concentrations of Na2CO3 in the anolyte,

for CEM I mortars, were correlated in function of the pH of

the anolyte, calculating it by resolving the corresponding

current-dependence-acid-basic system of chemical equations

including dissociation and hydrolysis of Na2CO3 in the

anolyte, reactions at the electrodes and migration of the

different ions.

The pH in the anolyte has been calculated in the same way

than in [8] for both tests, and their evolution has been depicted

in Fig. 11 (as continuous lines with the scale in the right part of

the figure). The increase in the pH up to the initial value of

12.2, means a replacement and/or filling of the anolyte with

fresh solution. In this picture, the evolution of the positive

fraction of the derivative of the background has also been

represented (Y scale at the left part of the figure). In order to

increase the clarity of the picture, taking out most of the

scattered points, the bottom part of this Y scale has been

removed.

From Fig. 11, the point of pH corresponding to the

position of a maximum gives the calculated pH of the anolyte

at which the pulse for dragging the solution takes place. The

corresponding points for both mixes have been marked with

arrows on the Y axis corresponding to pH. The values of pH

at which the electroosmotic flux was clearly established in

[8], have also been drawn in Fig. 11 (as a black points) for a

better comparison. (For these points from [8], the values of

time and of positive background do not apply; it refers only

to pH).

From Fig. 11 it can be deduced that for carbonated

cementitious matrixes CEM I+FA (mix B) the establishment

of the electroosmotic flux starts very early in the experiment,

may be due to the high initial current attributed to the high

porosity of this mix. The point of the experiment related to the

pulse of electroosmosis takes place when the pH of the anolyte

has decreased until an approximate value of 11.3. In the case of
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mix A, made from plain CEM I, the maximum value takes

place at a pH of 10.9, very close to that of mix B and within the

range found in [8], also for CEM I.

During the experiment, the concentration of the different

species in the aqueous phase of the pores of the specimen is

continuously changing, not only because of their own

movement because of the action of the electrical field, but

also due to the ions generated by the electrodic reactions.

Therefore, when changing the solutions (steps e) and c) for mix

A and B, respectively), the conditions of the electrical double

layer in the walls of the pores is not the same than at the

beginning, and the optimal point of pH in the anolyte

compartment is not the same. From Fig. 11 it can be deduced

that in both cases, these points are reached at lower values of

pH. In the case of mix A, it takes place at about 10.5 of pH in

the anolyte, and in the case of mix B, in this step, the maximum

of the electroosmotic flux takes place at about 10.7. For both

mixes, a new establishment of flux at about 9.5 of pH in the

anolyte seems to take place.

Thus, it can be said that, for both mixes, and in agreement

with reference [8], where different concentrations of Na2CO3

were tested, most of the relevant electroosmotic phenomena

take place in the range of pH of the anolyte between 10.5

and 11.5. The point around 9.5 also has to be taken into

account.

4.2. Calculation of the zeta-potential

In [8], the zeta-potentials were calculated in a differential

way by monitoring continuously the electroosmotic flux.

However, the data of this research do not allow performing

these calculations. Nevertheless, the zeta-potentials have been

calculated using the values of accumulated flux during the

whole step of the experiment in which the passage of water

takes place.

Calculation of the zeta-potentials has been made according

to [6] with no assumptions on the potential distribution in the

electrical double layer, providing it obeys Poisson’s equation.

Also, it has been assumed that the layer between the shear

plane and the wall of the pore is unaffected by the applied
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Fig. 12. (a–b): Evolution of the normalized background and normalised heights for

mix A and b) mix B.
electrical field and that the dielectric constant and the liquid

viscosity coefficient retain their normal bulk values [6], as

used in [5,7,8]. Thus, the values, calculated for steps c) and

a) for the mixes A and B have been of �1.2 and �4 mV,

respectively.

Therefore, it can be concluded that the zeta-potential of the

electrical double layer in the pore walls of cement paste is more

negative in case of adding fly ashes to the clinker than when

using CEM I. The value found for CEM I is about ten times

higher than the previously reported in [8], which as an

hypothetical explanation is attributed to the different compo-

sition of the binders used. Some research is been carried out in

order to explain this behaviour.

4.3. Microstructure changes in the paste

The duration of the realkalisation treatment does not seem

to be the parameter of significance because the current is

different for the different samples, at specific moments of the

tests for the same sample, and even, during these experi-

ments at some of the steps, the power supply has been

switched off. Therefore, it seems that it is the electrical

charge, as was stated previously [11–13], that has to be used

to understand, define and control the treatment. Therefore, in

order to make the picture of both mixes comparable, the

evolution of both the normalised background and heights of

the peaks of the crystalline species involved, is given in Fig.

12 for both mixes in function of the charge density passed

(C/m2).

During the realkalisation experiment, the concentration of

every species in the aqueous phase of pores of the cement

paste is continuously changing. This is due to its own

movement under the action of the electrical field, to the

dissolution or precipitation of solid phases, to the electroos-

motic flux and also to the electrodic reactions. All these

phenomena imply a change in the microstructure and phases

of the paste.

Before the realkalisation treatment the specimens are

carbonated, which means that the pH of the aqueous solution

is below 9 with a considerable amount of precipitated calcite,
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some vaterite and without portlandite. The amount of calcium

in solution is that allowed by the solubility of the calcite.

At the cathode, electrolysis of water takes place, with

evolution of hydrogen and production of hydroxyl ions. This

reaction takes place at the rebar. Therefore, when the electrical

field is applied, according to Faraday’s law, each 96486 C of

current passed imply the decomposition of one molecule of

water and the formation of one equivalent of OH� at the

cathode. Therefore, there is a slight reduction in the back-

ground due to the loss of water and release of H2 through the

porous network of the paste. On the other hand, there is a

precipitation of calcite, due, on one hand, to the loss of water,

and on the other hand, to the increase in the pH, that diminishes

their molar solubility. (see Fig. 12).

When the electroosmotic flux is established, there is a

massive entrance of the carbonate solution into the specimen,

with a specific pH (about 10.9 and 11.3, respectively for mix A

and B, as it was explained before) that, as a first effect, implies

the dissolution of calcite and vaterite precipitated by a dilution

effect. In addition, the effects of common ion and lower pH of

the solution will probably act in the same direction of

dissolution of phases. At this point, the background is at the

highest point and calcite at its lowest point (see Fig. 12).

The background remains high until water starts to be

removed at the same time that it gets more alkaline due to the

electrodic reactions. This causes again the precipitation of

calcite, and therefore their height increases. Concerning

vaterite, it seems that it has lesser tendency than calcite to be

formed again after having been dissolved (its solubility is

higher in all the range of pH). In fact, for mix A some vaterite

remains; however, in the case of mix B, after being dissolved,

no new precipitation of vaterite can be observed.

This behaviour is repeated in cycles every time that the

electroosmotic flux is produced.

In the other parts of the specimen, there are also

simultaneous changes: As explained, calcite has been

dissolved and there has been complete disappearance of

vaterite in the positive side, liberating Ca+ ions that are

driven, by the electrical field towards the negative electrode.

Therefore, when the pH reaches 12.3, there is a precipitation

of portlandite, starting at the level of the rebar and

progressively extending through the rest of the specimen, as

it is illustrated in Fig. 6.

Precipitation of portlandite in the rebar by the application of

electrical current had been reported previously by [14] by

application of an electrical treatment on alkaline specimens as a

preventive measure to increase the layer at the steel-concrete

interface but not in carbonated specimens during a realkalisa-

tion treatment. The experimental observation of the restoration

of the alkaline reserve during a realkalisation process has not

been found in the literature.

On the other hand, the dissolution of phases in the

positive side explains the increase in porosity noticed, while

precipitation of other phases, as portlandite and calcite in

the capillary pores of the negative part of the specimen,

leads to the decrease of the porosity, in agreement with

[15,16].
5. Conclusions

The conclusions that can be drawn up from this research are:

1. It has been possible to in-situ monitoring the electroosmotic

flux, during realkalisation, by neutron diffraction. This was

achieved by designing the experimental set-up in a way to

take profit of the incoherent scattering of the H of the water.

The analysis of soluble carbonates in the specimen, after the

experiment have confirmed the electroosmotic flux as a

driving force of the realkalisation treatment.

2. For both experiments (CEM I paste and CEM I+FA paste),

the whole part of the specimens between both electrodes has

turned pink with the phenopthaleine indicator, which means

success in the realkalisation treatment.

3. For the two mixes tested (CEMI and CEM I+FA paste),

most of the relevant electroosmotic phenomena take place in

the range of pH of the anolyte between 10.5 and 11.5.

4. The averaged values of zeta-potential, calculated from the

averaged electroosmotic flux, for mixes A and B have

been of �1.2 and �4 mV, respectively. Therefore, the zeta

potential of the electrical double layer in the walls of the

pores of cement paste is more negative when adding fly

ashes to the clinker than when using plain CEM I.

5. There is precipitation of portlandite on the rebar and on the

zone close to the negative electrode as far as the pH is high

enough. The provision of Ca2+ ions comes from the

dissolution of calcite and vaterite. So, it is possible to

restore the alkaline reserve if passing enough amount of

charge. Once dissolved, calcite precipitates again in function

of the dilution and pH conditions. However, once vaterite

decomposes, no new formation takes place.

6. The dissolution of phases in the positive side implies a

higher porosity while precipitation of other phases, as

portlandite and calcite, in the negative part of the specimen

can even lead to the decrease of the porosity in the

surroundings of the rebar.
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