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ABSTRACT

Understanding the complexity of the chemical and microstructural evolution of

cement during hydration remains a controversial subject, and although

numerous techniques have been used to assess this process, further insight is

still needed. Alternating current impedance spectroscopy has been demon-

strated to be a sensitive and powerful technique for cement characterisation in

both fresh and hardened states; however, it has also shown certain experimental

limitations (e.g. data interpretation, electrode, and parasitic effects) that prevent

its wider acceptance. This study assesses electrochemical cell design and the

impedance response during cement hydration. The results show that a signifi-

cant decrease in the parasitic effects at high frequencies (caused mainly by leads

and electrode effects) can be achieved through an optimal cell design and

impedance measurements correction, enabling correlation of impedance mea-

surements to particular aspects of the cement hydration process. However, due

the limited solid phase microstructural development and the high conductivity

of cement paste at low degrees of hydration, the parasitic effects could not be

fully eliminated for fresh or early-age cement pastes.

Introduction

Portland cement is one of the most-used materials in

the world ([ 4 Gt p.a.), but hardens and gains

strength via what is arguably one of the most chem-

ically complex non-biological reaction processes that

is studied by scientists and engineers. Therefore,

there are still important aspects that are not fully

understood about this material. Cement hydration is

critically important, since it determines the final

microstructure, physical, and mechanical properties

of the hydrated cement paste.

The hydration process consists of a series of

simultaneous and sequential chemical reactions,

involving dissolution of multi-mineral clinkers and

ancillary sulphate phases, water consumption,

hydrate product formation, heat release, and the
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development of a solid microstructure containing a

high ionic-strength pore solution [1–4]. The full

understanding of cement hydration is of great

importance to enhance its early and final properties

and to achieve better performance (technical and

environmental) in its applications.

Many different techniques, tools, and interpreta-

tion methods have been used to assess cement

hydration. One of these techniques is alternating

current impedance spectroscopy (ACIS). Although

ACIS has been demonstrated to be an effective and

powerful technique and used in many studies in the

cement research field due to the possibility to obtain

electrical, chemical, and microstructural information

for different materials, it is not yet fully accepted in

practice due to its limitations (e.g. electrode effects,

parasitic effects at high frequencies, instrument

drawbacks, and data interpretation) [5–10].

ACIS measures the electrical response of a system

(electrolyte–electrode) as a function of frequency by

applying a sinusoidal voltage perturbation and is

commonly studied as a function of time and/or

temperature. Because cement can be considered as a

circuit (electrochemical system) with a complex

behaviour made up of electrical components (e.g.

resistive and capacitive behaviour), cement hydration

is able to be assessed by this technique. ACIS mea-

surements are often analysed as complex impedance

spectra (conventionally represented as Z* = Z’ – jZ’’,

where Z’ is the real part, j = H- 1, and - Z’’ is the

imaginary part). The measurements obtained are

divided into the high-frequency region (i.e. material

bulk response), the low-frequency region (i.e. mate-

rial–electrode response), and the intercept point

between the high–low-frequency response (i.e.

material resistivity) [11–13].

ACIS is a highly sensitive technique and its mea-

surements can be affected by parasitic effects (e.g.

inductance and capacitance) which could arise from

the system under analysis, the cell design, the

experimental procedure and/or from the leads con-

figuration and to obtain accurate and reliable data

which are often overlooked leading to data misin-

terpretation. So, ACIS experimentation for in situ

analysis of cements requires significant care in

experimentation. For example, a small cable in com-

bination with a low-impedance cell will exhibit stray

inductance, which will increasingly oppose the cur-

rent flow as the frequency increases [9, 14, 15]. In

addition, effects such as magnetic coupling,

produced by the current flowing in leads, can pro-

duce a perturbation (false inductance) in the impe-

dance measurements [5, 10, 16, 17].

To enable more accurate assessment of the hydra-

tion of cement by ACIS, the aim of this paper is to

investigate and evaluate the parameters that could

produce parasitic effects in the ACIS measurements,

and to provide guidance for appropriate experimen-

tal protocols. Understanding these parameters and

their influence on the ACIS measurements is crucial

in obtaining reliable data and thus correct data

interpretation.

Materials and methods

Sample preparation

Samples were prepared at room temperature (20 �

3 �C and 50 � 15% relative humidity) by mixing

water with white Portland cement (wPc; Lafarge Blue

Circle Snowcrete) classified as CEM I 52.5R under BS

EN 197-1, at a water to cement ratio (w/c) of 0.45. The

chemical composition and physical properties of the

wPc are given in Table 1.

Each 300 g sample was hand-mixed by combining

the components for 3 min to form a homogeneous

paste, and then transferred into a custom-designed

cell as described below for ACIS measurements. Prior

to the start of the analysis, all samples were vibrated

for 2 min to reduce entrapment of air bubbles.

Table 1 Chemical

composition of wPc as

determined by X-ray

fluorescence analysis and

median particle size d50 as

determined by laser

granulometry

Compound (wt.%) wPc

SiO2 23.7

Al2O3 3.9

CaO 66.5

Fe2O3 0.2

MgO 0.9

Na2O 0.23

K2O 0.5

SO3 2.6

TiO2 -

Others 1.0

*LOI 1.2

d50 (lm) 11.0

*LOI: Loss on ignition at

950 �C
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Instrumental analysis

The samples were subjected to ACIS measurements

using an impedance analyser with a single channel

(Metrohm AutoLab, PGSTAT204) [18] connected to a

custom two-electrode cell design (Fig. 1). The initial

custom cell was designed using a cylindrical

polypropylene container (/6 9 11.2 cm) and two

threaded stainless-steel electrodes (/0.5 9 8 cm). The

design of the initial cell was based on the character-

istics of its constituents, simplicity of the design, low

cost of the materials, its performance, reproducibility,

and convenience for laboratory experimentation

(Table 2). To avoid sample leakage, the electrodes

were inserted in the bottom face of the container and

attached with a hard-plastic adhesive.

ACIS measurements (50 data points per cycle) were

collected at room temperature over a frequency range

of 100 Hz to 1 MHz, an applied perturbation ampli-

tude of 10 mV, and a current range up to 1 mA. The

frequency range 1 MHz–100 Hz was found to be

representative of the most important behaviour in

this analysis (i.e. cement bulk response, cement–

electrode response). Measurements were conducted

in triplicate. Data were obtained every 5 min during

the first 24 h after mixing. The measurements were

consistent to within 8% at 5 min, 3% at 24 h, and the

timing of the main features observed was repeat-

able to within � 5 min. The data obtained from this

technique are conveniently represented as a Nyquist

plot, where the imaginary component is convention-

ally plotted as - Z’’ and the real component is Z’ of

the complex impedance formalism, Z*.

Experimental methodology

To assess the hydration process of cement by ACIS,

the experimentation was divided into two stages.

The first stage objective is, by evaluating different

cell designs (changing one parameter at a time), to

select a custom cell design and procedure which

could be capable of providing reliable impedance

measurements with the minimum noise and external

interference (parasitic effects), for wPc at early

hydration periods.

To achieve this, the initial cell set-up (Table 3)

involved the selection of an electrode attachment

method capable ofmaintaining the electrodes at afixed

position in the container, avoiding sample leakage and

unwanted contributions to the ACIS measurements.

To verify linearity of the ACIS response, and the

sensitivity of the cement system at early ages, eval-

uation of the amplitude of perturbation was carried

out, followed by an analysis of the leads (identified as

the main source of parasitic effects). Finally, the

sample/cell geometry was evaluated.

After selecting the initial cell set-up parameters, the

second segment (Table 4), electrode effects, was

focused on comparing the impedance response of

wPc to different electrode specifications such as the

surface area, material, and electrode position.

After evaluation of the first stage, the second

experimental stage was carried out by the custom cell

calibration and the ACIS measurements correction

procedure. The calibration was determined by mea-

suring the impedance response of the cell in a short

circuit arrangement (without sample) before the

samples were tested, to enable minimisation of the

parasitic effects associated with the cell components

and leads. The measurement correction was made at

each frequency, considering the ACIS response of the

cement sample and the parasitic effects as additional

quantities in the final ACIS measurements [19–21].

The selection of the final cell design was carried out

through optimising the cell components according to

their capacity to minimise parasitic effects in the

impedance measurements.

Results and discussion

In previous investigations, the hydration of white

Portland cement (wPc) was studied by ACIS during

the first 72 h after mixing [22]. The impedance

7.5

Top of cell

(uncovered)

Bottom of cell

11.22.25

1.5 

0.5

1

7

Wall-electrode separation

Electrode specifications

Electrode separation

Plastic container

Cement paste

6

PGSTAT204

Counter electrode/
Reference electrode

Working electrode/
Sense

Figure 1 ACIS initial cell design diagram (scale in cm).
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measurements obtained were affected by parasitic

inductance effects at high frequencies (that appear

below the Z’ axis intercept), potentially leading to

unreliable data interpretation.

Figure 2 shows the impedance spectra of wPc

during the first 72 h. During all experimentation, it

can be noticed that the high-frequency data (below

the Z’ axis, red line) show parasitic inductive effects

mainly related to the effects of the leads, and

influenced by factors including the high conductivity

and low microstructural development of the cement

paste, magnetic coupling and electrode effects, cell

design, potentiostat response, and working frequency

range [16, 20, 21]. With an increase in frequency, the

inductance increases, and as a result, the capacitive–

resistive arc at high frequencies disappears. This

indicates that the information in that frequency range

is altered by the inductance effects and cannot be

Table 2 Basis of the initial cell design [1–9]

Two-electrode set-up Commonly used to measure the potential and bulk resistance across the sample

Allows the assessment of electrochemical impedance measurements at high frequency ([ 100 kHz)

Sample dimensions Allow measuring the bulk properties of the sample

Allow using a small perturbation amplitude without affecting the measurement

Polypropylene container Inexpensive

Inert to the majority of chemical reactions

Suitable for alkaline solutions

More volume per unit wall area (cylindrical geometry)

Electrode properties

Material Stainless steel has suitable corrosion resistance properties in high alkaline solutions

Geometry and dimensions High active surface area

Allow more current density at the surface

Potential and current distribution is uniform

Electric field across the sample is uniform

Increase measurement sensitivity

Texture Improves contact between the electrodes and the cement paste

Increases the surface-active area of the electrode

Separation Increases the signal-to-noise ratio

Used to assess mutual and self-inductance

Table 3 Initial cell design and experimental specifications (baseline setting)

Parameter Specifications

Electrode attachment Method: hard-plastic adhesive and SS nuts

System linearity Amplitude (mV): 1 and 10

Leads effects Height in relation to the ground (10 cm), twisted leads, position: vertical and horizontal (Fig. 8)

Length (cm): 150, 200, and 250

Table 4 Electrode effects test

specifications (baseline

setting)

Parameter Specifications

Surface area Diameter (cm): 1, 0.5, and 0.3

Length (cm): 1, 2, 4, 6, and 7

Texture: threaded and flat

Material SS and mild steel

Position Electrode separation (cm): 1.5, 3, and 6

Electrode position: bottom, top, vertical, and horizontal
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analysed or considered reliable data for characteri-

sation of the cement. Even though the parasitic

inductance effects were only visibly affecting the

high-frequency data, it was possible that all fre-

quency ranges (high, medium, and low) were affec-

ted by the same parasitic effects since they can

influence potential-working electrode response and

the measured capacitance at different frequencies.

The ACIS measurements obtained were evaluated

by examination of Lissajous and resolution plots, and

Nyquist plots. The information obtained regarding

the cement material response at early age was limited

because of the high conductivity of the cement paste

produced by the water content, the high ionic

strength of the pore solution, the hydration kinetics,

and the continuous and open pore structure

[14, 23, 24].

Initial cell set-up

System linearity

ACIS relies on the use of an amplitude small enough

to obtain a linear response which can be expressed

analytically. The linearity of the system is directly

related to the amplitude that is applied to the system.

To find the optimal amplitude permutation and ver-

ify the linear response for cement systems, raw

impedance data were used to generate Lissajous and

resolution plots. The amplitude must be small

enough to minimise perturbation of the material

behaviour during cement hydration, but large

enough that a high-fidelity signal can be recorded.

The Lissajous plots (e.g. Fig. 4) show the AC

potential (x-axis) and the AC current (y-axis). The

information obtained allows the verification of the

linearity of the ACIS response in which the AC

amplitude should be small enough so that the

response of the electrochemical cell can be considered

to be linear, but large enough to measure the system

response [13, 25–27]. The resolution plots (e.g. Fig. 5)

show the AC current and the AC potential (y-axis) as

a function of time (x-axis). The information obtained

allows measurement of the sensitivity of the system

and the noise significance in the processed data. Two

different amplitude perturbations (10 mV and 1 mV)

were used to verify the sensitivity and linear

response of the experimental procedure for cement

systems, in the frequency range 1 MHz to 100 Hz and

at a fixed current of 1 mA.

At an amplitude of 10 mV (Fig. 3), the Lissajous

plots show that the linearity of the ACIS response is

maintained, with central symmetry of a straight line

with respect to the origin of the plots at each fre-

quency. In the same way, the resolution plots (Fig. 4)

show a high resolution of both signals at each

frequency.

Conversely, at an amplitude of 1 mV (Fig. 5), the

Lissajous plots show a strongly nonlinear response,

as the central symmetry of the plot is not maintained

and the shape is disturbed by noise. Likewise, the

resolution plots (Fig. 6) show a high resolution for the

Figure 2 ACIS data during the first 72 h of wPc hydration.

Dashed line indicates the part of the data showing a strong

influence of inductance, falling below the Z’ axis.
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Figure 3 Lissajous plot for wPc paste at 5 min after mixing,

amplitude of 10 mV.
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current signal, but a low resolution for the potential

signal.

To avoid nonlinear effects and based on the eval-

uation between both amplitudes, a linear response

and accurate data can be obtained using 10 mV as the

preferred amplitude for analysis of cement systems

in the apparatus described here. This amplitude is

selected due to the reduction of the errors that could

be produced by charge-transfer resistance, noise, and

polarisation during the impedance measurements.

Smaller amplitudes will degrade and distort the

impedance measurements, leading to inaccurate

measurements and nonlinear response [28–31].

Electrode attachment

The electrode-cell attachment was assessed by com-

parison of the ACIS responses measured during wPc

hydration using the SS electrodes attached with SS

nuts, and with hard-plastic adhesive. Figure 7 shows

the ACIS response of wPc as a function of the elec-

trode attachment method, at hydration times of 5 min

and 24 h. The electrodes that were attached with

hard-plastic adhesive show fewer inductance effects

at high frequency (likely to impact the impedance

measurements) for both ages.

The electrodes attached with SS nuts show higher

inductance effects due to the decrease in resistance as

a result of the increase in the number of flux lines and

amount of energy stored in the electrodes. Also, the

changes in the ACIS values at both ages, as a result of

an increase in the electrode surface area and a

decrease in the electrode separation at the bottom of

the cell produced by the attachment of the SS nuts to

the SS electrodes, mean that an uneven current is

flowing through the SS electrodes and nuts, which

are acting as both working and counter-electrodes

(Fig. 1) [32–34].

For the cement at an early stage of hydration, with

both attachment methods, it is not possible to identify

a high-frequency semicircular arc, as the measured

values fall below the Z’ axis. As mentioned before,
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Figure 4 Resolution plots of wPc at 5 min after mixing and using

a perturbation amplitude of 10 mV: frequency a 1 MHz,

b 11 kHz, and c 100 Hz.
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this is probably due to the high conductivity of the

fluid cement paste with a highly connected aqueous

phase of relatively high ionic strength, and the par-

asitic effects of the leads and cell. At longer ages,

cement hydration proceeds, inductance decreases,

and an increasing tendency in the resistance is

observed, progressively yielding a more noticeable

high-frequency semicircular arc. This can be attrib-

uted to the microstructural development, water con-

sumption, and reduction of the connectivity of the

pores [14, 16]. These trends are discussed in

the ‘‘Calibration and measurement corrections’’

section.

Lead effects

Parameters related to the leads, such as length and

diameter, degree of grounding and shielding, weak

end contacts, and positioning, are some of the main

sources of noise and error in ACIS measurements.

Parasitic perturbations produced due to the leads

have been found in both high- and low-impedance

cells in the form of stray capacitance or stray induc-

tance, respectively [35, 36]. These measurement per-

turbations are difficult to evaluate due to the

interconnecting wiring, the external environment,

and the parameters previously mentioned. For

example, the AC current that passes through the

current-transporting leads produces a magnetic field

which couples to the leads from which the potential

is measured, leading to unwanted AC voltages which

could lead to mutual inductance errors in the ACIS

measurements. Previous studies have proposed dif-

ferent solutions to minimise these parasitic pertur-

bations [15, 19, 37].

To evaluate the lead effects on ACIS measurements

for cement pastes at early age, different lead positions

and lengths were analysed using the initial cell

design. Figure 8 shows a schematic representation of

the parameters evaluated; (a) distance of the leads

between the working surface and the electrochemical

cell, (b) twisting of leads, (c) alignment of connections
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Figure 7 ACIS measurements of wPc at different ages, testing

electrode attachment methods as indicated.
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between the leads and the SS electrodes, and (d) lead

length.

Figure 9a, b shows that there is not a significant

change in the impedance spectra as a result of

changing the distance of the leads between the

working surface and the electrochemical cell, or by

twisting the leads. These results confirm that these

lead arrangements (i.e. conductor, insulation, binder,

braid, jacket, and connectors) are suitable for the

following experiments.

Similarly, there are no meaningful changes in the

ACIS measurements when changing the alignment of

the connections between the leads and the SS elec-

trodes (Fig. 9c), since the SS electrode position (3 cm

separation distance) is restricted and does not allow

the leads to separate further from each other. Also,

the results are an indication that the impedance

measurements are not affected by the magnetic cou-

pling or the pickup effects produced by the low-in-

tensity magnetic field of the leads.

However, it can be observed that an increase in the

lead length has a meaningful impact on the ACIS

measurements. Figure 9d shows the changes in par-

asitic effects and Z’ values as the length of the leads

increases. The lead length increase raises the resis-

tance, leading to a negative impact on the measured

signal amplitude as a result of the wave deterioration

as the leads move away from the energy source. Also,

when AC is applied, a phase shift between the

applied amplitude and the current can occur

[33, 37, 38]. The following experiments were therefore

conducted using the standard cables (150 cm); it was

not possible to further reduce the length of the leads

due to the limitations of the equipment available.

Electrode effects

The cement paste parameters measured by ACIS can

be divided into two categories: the first set corre-

sponds to the properties and behaviour of the cement

itself (e.g. conductivity, kinetics, pore solution), and

the second relates to the electrode–cement interaction

(e.g. diffusion, adsorption, capacitance, electrical

double layer capacitance). ACIS measurements can

be affected by the electrode performance which

depends on the system under analysis, the electrode

specifications (e.g. surface area and material), and the

electrode position. A significant change in any of

these parameters will have a significant impact on the

electrode performance and stability, which may lead

to collection of erroneous data or misinterpretation of

ACIS measurements [39].

An ideal electrode design should have a surface

area which is able to deliver a uniform current den-

sity to ensure a uniform potential distribution over

the electrodes and the sample [40]. The electrode

alignment needs to be symmetrical between the WE

and RE not only to avoid uneven current distribution,

but also to decrease errors produced by differences in

potential distribution. In addition, the study of the

electrode material should be performed considering

the sample material under investigation, since inter-

actions with the sample can affect the electrode sur-

face (e.g. corrosion and/or passivation layers),

leading to an unwanted contribution to the measured

impedance, and erroneous data interpretation.

Cement paste and its pore solution have a highly

alkaline environment (pH around 12 to 14) which can

in turn influence the passivation properties of the

electrode material [2, 4, 19, 41]. The electrode material

needs to have good electrical properties and perfor-

mance to obtain good electric field distribution and

Vertical Horizontal

(d) Length(a) Leads height 

5 cm

10 cm

20 cm

(b) Leads twisting (c) AlignmentFigure 8 Illustration of the

lead parameters evaluated.

1210 J Mater Sci (2021) 56:1203–1220



reduce unwanted impedance responses. It is funda-

mental to understand the electrode effects to obtain a

better cell configuration which could yield more, and

more reliable, information about the cement system.

This section presents discussion of the influence of

the electrode effects on cement ACIS measurements,

intending to obtain insight into the relationship

between the electrode effects and the ACIS response.

To enable comparison of the results obtained using

electrodes of differing surface areas, the results were

normalised by multiplying the impedance obtained

by the electrode surface area under investigation.

Electrode surface area

Figure 10 shows the electrode surface area effects in

the cement ACIS measurements of wPc pastes. At

early age (5 min after mixing the cement pastes), the

impedance values are slightly affected by the changes

in the electrode surface area when either length

(Fig. 10a) or diameter (Fig. 10b) is varied. As the

electrode surface area increases, the parasitic induc-

tance effects are seen at high frequencies, and the

values on the Z’ axis increase, showing a correlation

between the electrode surface area and the impe-

dance values. The information at high frequency is

obscured due to parasitic inductance effects which

arise from the lead effects (as discussed in the pre-

ceding section) and the state of the cement paste (low

developed microstructure and highly conductive). At

longer ages (24 h), the results show a higher influence

of the electrode surface area on the ACIS measure-

ments, following the same tendency as at early ages.

The increase in the resistance and the reduction of the

inductance effects are produced by the microstruc-

tural development of the cement paste. These chan-

ges can be observed through the appearance of a

high-frequency semicircular arc at longer ages.

It is important to notice that changes in the ACIS

measurements produced by changing the electrode

(a) (b)

(c) (d)

Figure 9 ACIS measurements

with different lead parameters:

a height above working

surface, b twisting,

c alignment, and d length.

J Mater Sci (2021) 56:1203–1220 1211



texture from threaded to flat (Fig. 10c) are small at

early age, and almost null for a more mature cement

paste. These changes will not influence the effective

surface area drastically (in terms of the distribution of

electrical flux lines), but they will have an impact on

the contact between the electrodes and the cement

paste.

Parameters measured by ACIS such as electrical

double layer capacitance (EDLC), electron transfer

resistance (ETR), and the uncompensated electrolyte

resistance will depend on the ionic concentration and

the ion types in the aqueous phase, the temperature,

the reaction kinetics, the electrode surface area, and

the current distribution [12, 42–45]. As the electrode

surface area increases, the electrode–sample reaction

kinetics, the parameters previously mentioned, and

the current distribution will rise, leading to differ-

ences in the ACIS response as observed in the results

(Fig. 10). Considering the experimental system as a

circuit, as the electrode surface area is changed, the

magnetic flux through the circuit, the amplitude, and

current dispersion through the cement paste also

change, affecting the parasitic effects and the impe-

dance values.

Figure 11 shows the short circuit cell ACIS mea-

surements obtained from two different SS electrode

diameters. ACIS measurements show -Z’’ negative

values in which inductance effects (-Z’’) and the

resistance values (Z’ axis), produced by the leads, the

cell, and the frequency dependence of both parasitic

components, are observed [10, 20, 21]. The reason for

a lower impedance value is explained by Eq. 1 (based

on the comparison between both diameters).
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legend: a electrode length, b electrode diameter, and c texture. Figure 11 ACIS data for short circuit calibration measurement.
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R ¼ q
l

A
ð1Þ

Here, R is the electrical resistance of the electrode, q is

the specific resistivity, l is the length, and A is the

cross-sectional area [20, 46]. Therefore, the electrical

resistance of the electrode is expected to be reduced

as the cross-sectional area decreases, while the

inductance effects maintain the same values because

they are caused by the leads, and not by the cell

specifications.

Regarding the final custom cell design as a result of

this parametric study, it was decided to use threaded

electrodes with 3 mm diameter and 7 cm length, of

which 6 cm would be in contact with the cement

paste and 1 cm would be outside the cell for con-

nection of the WE and the RE.

The decision to use this electrode specification was

made considering that the threaded texture did not

have a significant effect on the effective surface area

for the ACIS measurements but did significantly

increase the electrode–sample contact to reduce the

likelihood of debonding at that interface. The elec-

trode length (7 cm) was selected to ensure a uniform

current distribution, larger values of the EDLC, and

effective surface area through the cement paste

[42, 47, 48]. Finally, it was observed in Fig. 10b that a

decrease in the electrode diameter was able to reduce

the parasitic effects, and it is expected that the lower

total internal resistance of the cell would increase the

fractional contribution of the cement bulk to the

overall impedance measurements.

Electrode material

Figure 12 shows the influence of the electrode mate-

rial on the measured ACIS spectra of wPc pastes. At

early age, the ACIS measurements in the high fre-

quency range and the inductance effects are not

considerably affected by the choice of electrode

materials among those tested here. However, at low

frequencies it is possible to observe a difference in the

part of the response that is attributed to diffusional

processes, due to the variation in the electrode

material having an impact on the reaction rates

between the cement paste and the electrode

[45, 49, 50]. At longer ages, there is a greater impact

on the ACIS measurements due to the choice of

electrode material.

The increase in resistance, the disappearance of the

inductance effects, and the emergence of a high-fre-

quency semicircular arc when using mild steel elec-

trodes can all be related to the combination of the

response of the cement microstructure development

and the formation of a protective iron oxide film on

the steel surface generated by the alkaline environ-

ment of the cement paste [51–53]. The electrode sur-

face film has a strong influence on the ACIS

measurements obtained using mild steel electrodes.

Conversely, the ACIS measurements obtained with

SS electrodes are determined mainly by the cement

bulk and the electrode–cement interface

[49, 52, 54, 55]. This fact is attributed to the action

exerted by the chromium-rich oxide film (passive

film) on the SS electrode surface giving as a result a

more stable electrode response. The reaction between

the cement paste and the SS electrodes is slower than

the reaction involving mild steel electrodes.

It is evident that the correct electrode material

selection can enhance the ACIS measurements in

terms of specific capacitance, diffusion rates, EDLC,

accuracy, and performance [13, 55, 56]. Comparison

of the ACIS results showed that SS electrodes are

suitable in a highly alkaline environment, without

affecting the impedance measurements and ensuring

a stable electrode–cement interface and interaction,

uniform current distribution, and better performance

than mild steel electrodes.

Stainless steel and mild steel were considered

suitable materials in this investigation. Other elec-

trode materials, such as graphite or platinum, were

-15

85

185

285

385

0 300 600 900

-Z
'' 

(Ω
)

Z' (Ω)

5 min 24 Hrs

Tim e ID M a te ria l -Z ''

M ild  s te e l -1 .1

S ta in le ss s te e l -1 .6

M ild  s te e l 6 9 .0

S ta in le ss s te e l -6 .1 2

-Z'' va lu e  (1  M H z)

5 m in

2 4 h rs
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not considered because of the single-use application

and the higher cost.

Electrode position

Figure 13 shows the effects of electrode separation

effects on the ACIS spectra of wPc pastes. Taking the

electrode separation distance of the initial cell (3 cm)

as a reference, the results at both ages show an

increase in the impedance values of Z’ axis (ohmic

resistance) when the electrode separation is either

increased or decreased. The low-frequency response,

dominated by diffusional behaviour, appears signif-

icantly less sensitive to the electrode separation.

At 1.5 cm electrode separation, inductance increa-

ses slightly because of mutual inductance effects as

the separation between the electrodes is insufficient,

whereas at 6.0 cm electrode separation, inductance

increases considerably as the mutual inductance

decreases and the self-inductance of the leads

increases.

Figure 14 shows the effects of the electrode posi-

tions on the impedance spectra of wPc pastes. The

electrode positions studied were to have the elec-

trodes located at the bottom (Fig. 1), top, and lateral

faces of the polypropylene cell, without changing the

distance between the SS electrodes.

At early age, the impedance measurements are not

affected by the majority of the electrode positions.

The only position which influences the impedance

measurements is at the top of the cell, where the

ohmic resistance and inductance effects increase. This

tendency is probably due to cement bleeding and air

entrapment produced by electrode insertion from the

top of the cell filled with cement paste.

At later age (24 h), the ACIS measurements and

spectra are more notably affected by the electrode

positions. The vertical, horizontal, and top electrode

positions show an increase in the ohmic resistance

values (Z’ axis) and the inductance effects at high

frequencies are reduced, giving as a result the

emergence of a semicircular arc. These ACIS mea-

surements are the result of the combined response of

the cement microstructural development and the

ohmic resistance produced by the differential

shrinkage and the potential cracking of cement gen-

erated by the thermal restrains and the stress/load of

the electrodes position [14, 57].

The influence of the position of the electrodes in the

ACIS measurements at later age is due to the sample

geometry and the electrode direction changing the

restraint of shrinkage of cement, leading to cracks

that induce an increase in the ohmic resistance values

[44, 58–62].

Based on these results and considering the practi-

calities of cell construction and loading, it was deci-

ded to position the electrodes at the bottom face of

the custom cell since this location showed a better

performance on the ACIS measurements, without

cracks appearing in the hardened cement, and

ensuring consistent measurement of the cement

paste.
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Calibration and measurement corrections

Calibration experiments followed the same experi-

mental procedure and the set-up used in the previous

cell design test, as any change in the configuration

affects the ACIS measurements and therefore the

calibration values. The ACIS measurement correc-

tions were carried out after verifying the repro-

ducibility of the short-circuited custom cell design

measurement, and considering the calibration mea-

surements as an additive correction to the ACIS

measurements [19–21, 63].

Figure 15 shows the impedance spectra before and

after application of these corrections, for wPc at early

age. After the correction, the impedance spectra show

high-frequency data above the Z’ axis, with a high-

frequency semicircular arc, while the measurements

at low frequencies do not change. For correct data

interpretation, it is necessary to apply this correction

to the raw ACIS measurements.

Final cell design and ACIS data for white
Portland cement hydration

To select a cell design, the evaluation of ACIS mea-

surements for different cell parameters was pre-

sented in the preceding sections. Figure 16 shows the

custom cell design specification involved the use of

threaded SS electrodes (/0.3 9 7 cm) and the cylin-

drical polypropylene container (/6 9 11.2 cm) used

for the following experiments. The time between

measurement acquisitions was every 5 min (0–24 h),

10 min (24–48 h), 15 min (48–72 h), and 20 min

(72–92 h). Subsequently, the impedance data were

calibrated and corrected.

Figure 17a shows the ACIS spectra of wPc during

the first 92 h after mixing. Before the first 3.5 h, the

inductance effects are removed from the ACIS spec-

tra by application of the calibration and correction as

described above. However, after 3.5 h, inductance

effects suddenly appear (followed by an increase in

Z’ values), showing a decreasing trend which dis-

appears after 30 h. At longer ages and as the hydra-

tion proceeds, the emergence of semicircular arcs at

high frequency is more developed, while the increase

in Z’ axis values becomes slower as the thickness of

the hydrated products increases and the hydration

process slows [64–66].

The conductivity was obtained from the resistivity

of the wPc paste by dividing the Z’ axis intercept

point of the impedance spectra into a cell constant.

The cell constant was obtained by measuring the

ACIS response of different concentrations of NaOH

solutions of known conductivity [46, 67–70], using

the cell shown in Fig. 16. Figure 17b shows the con-

ductivity and resistivity as a function of time for wPc.

On the first day of the hydration reaction, three per-

turbations are observed as the resistivity increases

slightly and the conductivity drops quickly. At longer

ages, the resistance increases rapidly, showing an

increase in the amplitude and number of perturba-

tions, while the conductivity decreases reaching a

point where the changes in conductivity are minor.

Figure 17c shows a second perspective of the

impedance spectra of wPc, by plotting the real
Figure 15 ACIS data for measurement correction of wPc system.
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component (Z’) against time for two different fre-

quencies. At early ages, between 3.5 and 10 h, the Z’

values at high frequencies decrease as inductance

emerges (highlighted), while the Z’ values at low

frequencies change slightly. At longer ages, Z’ values

at both frequencies show an increasing resistance

behaviour.

Figure 17d shows a different perspective of the

impedance spectra of wPc by plotting the imaginary

component (- Z’’) against time. The results show

small changes at high and low frequencies. To illus-

trate the inductance behaviour between 3.5 and 30 h,

- Z’’ values at 100 Hz and 1 MHz are highlighted. At

early ages, the - Z’’ values at 1 MHz rapidly

decrease and become negative due to the emergence

of inductance effects, while - Z’’ values at 100 Hz

decrease slowly, reaching a minimum value at 10 h

and followed by a short increase period between 10

and 14 h. At longer ages, an increasing tendency of

- Z’’ values is observed at 1 MHz, in which the - Z’’

values once more become positive at 30 h due to the

disappearance of inductance effects. The - Z’’ values

at 100 Hz decrease until 50 h, reaching a period with

low activity.

Cement hydration is divided (usually on the basis

of calorimetric results) into five stages: dissolution,
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induction/dormant, acceleration, deceleration/dif-

fusion, and long-term reaction [1, 71, 72]. The chem-

ical and microstructural processes taking place

during these stages are also identifiable in the ACIS

data. At early ages (dissolution and induction stages),

the results show small impedance and resistivity

values due to the high conductivity of the cement

paste (with ions in the aqueous phase supplied by the

rapid dissolution of soluble alkali and calcium sul-

phates), and limited solid phase microstructural

development. At 3.5 h after mixing, the ACIS values

at high frequencies are affected by the sudden

emergence of inductance effects. Between the end of

the induction period and the beginning of the accel-

eration period, the dissolution of C3S and C2S

increases the ionic strength of the cement paste pore

fluid, followed by the nucleation of C–S–H and initial

crystallisation of CH. At this point, the resistivity

starts to decrease.

During the deceleration period, the heat flow and

reaction rate of silicates decreases, and the

microstructure is affected by water consumption,

pore reduction, and space limitation. At this point,

the results show increasing Z’ values (Fig. 17c), and

the inductance effects (- Z’’) remain unchanged. At

approximately 10 h, the low frequency values in

Fig. 17b decrease, while the Z’ values in Fig. 17c

show a perturbation at both high and low

frequencies.

At the end of the deceleration period and during

the long-term reaction period (* 15 h), the induc-

tance effects (- Z’’) start to decrease, until they dis-

appear at 30 h. The Z’ values keep increasing at both

frequencies, probably because of the microstructural

development, reduced water content, and the partial

closure and eventual depercolation of the pore

structure.

At longer ages ([ 30 h), a high-frequency arc starts

to emerge, and while the microstructure continues

developing slowly, the diameter of the high-fre-

quency arc increases, as can be observed in Fig. 17a.

The conductivity decreases to reach a certain point

where no further significant changes can be appre-

ciated, while the resistivity keeps increasing due to

the slow microstructural development [8, 71, 73].

Conclusions

This study has assessed the electrochemical cell

design and ACIS measurements during cement

hydration in the early stages of hydration, in both the

fresh (fluid) and hardened states. The results

demonstrate the importance of the correct assessment

of the parameters (e.g. electrode, lead and parasitic

effects, and procedure) in the cell design to reduce

the parasitic effects that appear in ACIS data. A good

correlation between the ACIS measurements and the

cement hydration stages was obtained. However, due

to the limited solid phase microstructural develop-

ment and the highly conductive condition of cement

at early hydration periods, the parasitic effects could

not be fully corrected until the cement had hydrated

sufficiently to yield a microstructure that was able to

raise the resistivity of the paste.

It is therefore possible to highlight the following

conclusions:

1. ACIS response and parasitic effects are directly

affected by electrode effects and cell design.

2. Cement conductivity and resistivity behaviour,

and their variation as a function of time during

hydration, correlate with existing conceptual

models developed from calorimetric and other

data.

3. ACIS has been shown to be a sensitive and

versatile technique for assessing the different

stages of cement hydration, from the fresh to the

hardened state, which is very difficult to probe

truly continuously by any other single technique

in a time-resolved manner. However, in order to

fully understand this process and its microstruc-

tural development, the behaviour and interpre-

tation of ACIS measurements and the parasitic

effects that complicate the data processing and

analysis need further investigation, supported by

other characterisation techniques.
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