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ABSTRACT 

A.C impedance spectroscopy measurements are used to critically examine the end-to-end 

(two-point) testing technique employed in evaluating the bulk electrical resistivity of 

concrete.  In particular, this paper focusses on the interfacial contact region between the 

electrode and specimen and the influence of contacting medium and measurement frequency 

on the impedance response.  Two-point and four-point electrode configurations were 

compared and modelling of the impedance response was undertaken to identify and quantify 

the contribution of the electrode-specimen contact region on the measured impedance.  

Measurements are presented in both Bode and Nyquist formats to aid interpretation.  

Concretes mixes conforming to BSEN206-1 and BS8500-1 were investigated which included 

concretes containing the supplementary cementitious materials fly-ash and ground granulated 

blast-furnace slag.  A measurement protocol is presented for the end-to-end technique in 

terms of test frequency and electrode-specimen contacting medium in order to minimise 

electrode-specimen interfacial effect and ensure correct measurement of bulk resistivity. 

 

Keywords: concrete; supplementary cementitious materials; a.c. impedance; two-point 

electrode; four-point electrode 
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1.0 INTRODUCTION 

The addition of water to Portland cement clinker produces a series of complex hydrolysis and 

hydration reactions causing a transformation of the viscous suspension of cement particles to 

a porous solid. The microporous nature of hardened cement has a significant influence its 

permeation properties and, consequently, has implications in the durability and performance 

of cement-based materials such as concrete. One of the most serious (world-wide) problems 

associated with reinforced concrete structures is corrosion of the reinforcing steel due to the 

ingress of chloride ions – either from the marine environment or from deicing salt used on 

roads for winter maintenance purposes. In the design of durable concrete structures, there 

exists a need to determine those characteristics of concrete which promote the ingress of 

gases and/or liquids containing dissolved contaminants and defining the performance of a 

concrete in terms of an easily measured parameter. Regarding the durability of concrete, 

strength, per se, is not a requirement, and properties such as absorption, diffusion and 

permeability are more important in this respect [1]. The permeation properties of concrete 

will be intimately linked to the capillary pore network within the cementitious matrix which, 

in turn, will be influenced by the cement-content, water-content and the addition of 

admixtures and supplementary cementitious materials (SCM) such as fly ash and ground 

granulated blast-furnace slag. 

As the flow of water under a pressure gradient (hence permeability) or the movement of ions 

under a concentration gradient (hence diffusivity) is analogous to the conduction of electrical 

current under a potential gradient, the electrical properties of concrete (viz. resistivity or, its 

reciprocal, conductivity) are being increasingly considered as a 'durability index' for 

assessing the long-term performance of concrete structures [see, for example 2-10]. 

Furthermore, as capillary pore tortuosity, pore connectivity and pore constriction all influence 
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the electrical properties of concrete, an electrical property measurement could thus quantify 

those microstructural characteristics which are of importance in assessing the durability of 

concrete structures. Table 1 [6] and Table 2 [11, 12] present a concrete durability 

classification system based on electrical resistivity measurements. 

In the development of standardised procedures for the measurement of the electrical 

properties of concrete - resistivity/conductivity in this instance - an a.c. end-to-end, or two-

electrode test method, is normally used with contact between the concrete specimen and 

electrodes via water saturated sponges [2, 13]. In terms of the a.c. test frequency, no 

particular value is specified, although a frequency in the range 50-100Hz has been 

recommended [13, 14]. In the measurement of concrete resistivity using two- and four- 

electrode methods, a frequency in the range 50Hz-1kHz has also been suggested [15]. More 

specifically, frequency values of 108Hz [2], 128 Hz [16] and 107Hz and 120Hz [17] have 

been used for two-electrode measurements. 

As electrical property measurements – bulk resistivity in this instance - could, ultimately, be 

developed and exploited as an important concrete durability indicator, evaluation of this 

parameter is of considerable importance. This paper critically examines the end-to-end 

technique used for bulk resistivity measurements. Of particular interest in the current work is 

the influence of the electrode-specimen contact region on the measured electrical impedance 

and, to this end, electrical impedance spectroscopy is used with measurements taken over the 

frequency range 1Hz-10MHz. 
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2.0 EXPERIMENTAL PROGRAMME 

2.1 Materials and Sample Preparation 

The concrete mixes used within the experimental programme are presented in Table 3. The 

cementitious binders♦ comprised Portland cement (PC) clinker, CEM I 52.5N to EN197-1 

[18]; CEM I cement blended with ground granulated blast-furnace slag (GGBS) to EN15167-

1 [19]; and CEM I cement blended with low-lime fly-ash (FA) to EN450-1 [20]. An oxide 

analysis of these materials is presented in Table 4. Crushed granite aggregate, both coarse and 

fine, was used throughout together with a mid-range water reducer/plasticiser (SikaPlast 

15RM) conforming to EN934-2 [21]. The PC and SCM's were combined at the concrete pan-

mixer. Regarding reinforced concrete structures, the range of mixes presented in Table 3, in 

terms of binder-content, binder composition, water-binder (w/b) ratio and grade strength 

satisfy (or exceed) the minimum requirements specified in Eurocode EN206-1:2000 [22] and 

British Standard BS8500-1 [23] for environmental exposure classes XC (corrosion induced 

by carbonation), XS (corrosion induced by chlorides from sea-water) and XD (corrosion 

induced by chlorides other than sea-water e.g. deicing salt) for an intended working life of 

100 years, with a minimum of 0.05m cover-to-steel. 

Samples were cast as 0.15×0.15×0.15m cube specimens in steel moulds and a total of three 

were cast for each mix on Table 3; six, 0.10×0.10×0.10m cubes were also cast, for 

compressive strength tests at 28-days and 180-days and are presented in Table 3, denoted, 

respectively, F28 and F180.  Specimen sizes conformed to EN12390-1 [24] and made in 

accordance with EN12390-2 [25] and were thus considered sufficiently large to ensure that 

local inhomogeneities would not have any appreciable influence on the bulk impedance 

response; compressive strength testing was carried out in accordance with EN12390-3 [26].  

                                                   
♦ The binder comprises the total cementitious content of the concrete mix i.e. PC and SCM. 
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Stainless steel pin-electrodes were positioned centrally within each sample at the time of 

casting which ensured intimate contact between the electrodes and the surrounding concrete. 

Each electrode comprised a 0.0023m diameter stainless-steel (s/s) rod (approximately 0.10m 

in length); the rod was sleeved with heat-shrink insulation to expose a 0.01m length of tip 

with the centre-to-centre spacing between the electrodes being 0.075m. These electrodes 

were used for four-point electrical measurements and discussed below. A thermistor was 

attached to one of the electrodes to allow the cube temperature to be recorded. Samples were 

stored in a curing tank (21°C±2°C) until required for testing which, for the current work 

programme, was at approximately 36 months. At this age, the change in 

resistivity/conductivity due to hydration will be negligible [27]; furthermore, it is only at such 

longer time-scales that the influence of the FA and GGBS on pore-structure becomes evident. 

2.2 Electrical Measurements and Data Acquisition 

Two-point electrical impedance measurements were obtained on each sample using a 

Solartron 1260 frequency response analyser (FRA). The signal amplitude used in the 

experimental programme was 350mV with the impedance measured over the frequency 

range 1Hz-10MHz using a logarithmic sweep with 10 frequency points per decade. The 

measured impedance comprised both the in-phase (resistive) component and quadrature 

(reactive) component. After removal from the curing tank, the concrete cube was wiped with 

an absorbent towel and allowed to surface-dry before testing (to negate any possible surface 

conduction effects) with testing undertaken in a laboratory at a temperature of 21°C±1°C. 

Fig. 1(a) presents a schematic of the two-electrode testing arrangement. In this Figure, 

external stainless steel (s/s) plate-electrodes were placed against opposite faces of the 

concrete cube (i.e. the faces cast against the steel mould). Intimate contact between the 

electrodes and concrete was obtained by means of 0.15×0.15m synthetic sponges, each 
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0.002m thick, saturated with a contact solution. Leads from the current (Ioutput) and potential 

(Vhigh) connections on the FRA were coupled at one of the electrodes and the current (Iinput) 

and potential (Vlow) connections coupled at the other electrode. Open- and short- circuit 

residual lead impedances were automatically nulled from the measurements at every spot 

frequency using the FRA's on-board lead-correction facility. The overall testing arrangement 

is displayed in Fig. 1(b) with a mass of 2kg placed on the upper electrode to ensure uniform 

contact and giving a contact pressure of approximately 1kPa. Regarding the contact solution 

noted above, three were used in the current experimental program with separate sets of 

sponges were used for each saturating liquid: 

(a) mains tap-water; 

(b) a saturated solution of calcium hydroxide [28] (as calcium hydroxide is released during the 

hydration of the silicate phases within the cement clinker); and, 

(c) a simulated cement pore-solution comprising 0.1 molar sodium hydroxide and 0.3 

molar potassium hydroxide [29, 30] (as the alkali-oxides - Na2O and K2O - within the 

cement clinker are highly soluble). 

The impedance response of the sponges placed between the electrodes, loaded as above, was 

measured separately at the end of each test. In addition to two-electrode measurements, a 

four-electrode testing configuration was also used and shown schematically in Fig. 2(a). In 

this set-up, the external s/s plate-electrodes served as the current (output/input) electrodes 

and the embedded s/s rods acted as the potential (high/low) electrodes. Fig. 2(b) displays the 

testing arrangement with the plates placed on the faces perpendicular to the embedded pin-

electrodes. In this Figure, the spacing s = 0.075m.  

In connection with bulk resistivity measurements on concrete, it is generally accepted that 

electrodes should be spaced apart at least 1.5 times the maximum aggregate size [31] to 

obtain values representative of the bulk material.  The maximum aggregate size used in the 
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experimental programme was 20mm, hence electrode spacings should be >30mm which is 

the case for both the external plate-electrodes and internal pin-electrodes. 

3.0 TEST RESULTS AND DISCUSSION 

3.1 Two-Electrode Measurements 

Preliminaries  

It has been shown that the impedance of a cementitious material, Z*(ω) (in ohms, Ω), can be 

represented in complex format through the relationship [32],  

 Z*( ω) = Z'(ω) –iZ''(ω)  (1) 

where ω is the angular frequency (= 2πf and f is the frequency of the applied field in Hz), 

Z'(ω) is the real or resistive component, Z''(ω) is the imaginary or reactive component and i = 

√−1 . Two presentation formalisms are used: 

(i) Nyquist format i.e. -iZ''(ω) vs Z'(ω), which is the polar plot.  

(ii) Bode format. This plot highlights the frequency domain behaviour of both the 

impedance,|𝑍∗(𝜔)|, and phase angle, θ (= 𝑡𝑡𝑡−1 �𝑍
′′(𝜔)
𝑍′(𝜔)

� . A phase angle θ = -90° 

would represent purely capacitive behaviour whereas a phase angle θ = 0° would 

represent purely resistive behaviour. 

Regarding the Nyquist formalism in (i) above, if the system can be electrically modelled as a 

resistor in parallel with a pure capacitor whose capacitance (in Farads) is constant with 

increasing frequency, the polar plot will take the form of a semi-circle. Fig. 3(a) displays the 

plot for a resistor/capacitor combination with R=1.0 kΩ and C=10-10 F, which produces a 

semi-circle whose centre is located on the real axis. Frequency increases from right to left 

across the plot. However, for porous media such as cementitious materials (see, for example, 
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references 32-36), the plot takes the form of a circular arc whose centre is depressed below 

the real (Z'(ω)) axis. This is due to relaxation of polarization processes within the system and 

results in dielectric dispersion i.e. the decrease in the capacitance with increasing frequency. 

To account for this phenomenon, the capacitive reactance is replaced by a pseudo capacitance 

or constant phase element (CPE) to account for the dispersive behaviour of the medium. The 

CPE is a complex, frequency-dependent parameter defined by the relationship,  

 p
o

''
CPE )i(C

1)(Z
ω

=ω  (2) 

where i =√-1, Co is a coefficient and the exponent, p, has a value such that 0<p<1; if p equals 

1, then the equation is identical to the reactive component of a pure capacitor of value Co with 

units in farads (F). When a CPE with value of p<1 is placed in parallel with a resistor, a 

circular arc is produced with its centre depressed below the real axis with Co having units  

Fs(p-1). Fig. 3(a) also presents the Nyquist plot for a CPE (Co = 10-10 Fs-0.2 and p=0.8) in 

parallel with a resistor R=1.0kΩ which now results a circular arc with its centre below the 

real axis. With reference to the schematic diagram in Fig. 3(b), the depression angle, α (in 

degrees) of the circle centre (O), is related to the exponent, p, in equation (2) through the 

relationship, 

 α = )1(90 po −  (3) 

General Observations and Impedance Modelling 

Fig. 4 presents the Nyquist plots with only the sponges placed between the electrodes, 

saturated with the three different liquids: water, calcium hydroxide and simulated pore-

solution. This Figure indicates an almost linear decrease with increasing frequency and would 

represent part of a much larger arc associated with polarization phenomena at the electrode-

sponge interface; the full extent of this arc would only become evident at frequencies 
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considerably lower than the current work, i.e. <1Hz. Regarding Fig. 4, the plots converge on 

the real axis as the frequency increases and, in all cases, at a frequency of approximately 

40kHz touches the real axis; this point gives the bulk resistance of the sponges. Some residual 

lead inductive effects are evident in this Figure as the reactance turns positive at frequencies 

in excess of 40kHz. Regarding the sponge resistance at 40kHz, these value are, 7.9Ω, 2.8Ω 

and 0.75Ω for, respectively, the sponges saturated with water, calcium hydroxide and 

simulated pore-solution. 

Figs. 5-7 display the impedance response for the concrete mixes in Table 3 using the testing 

arrangement presented in Fig. 1(a), with the simulated pore-solution used as the sponge 

saturating liquid. Note, that for reasons of clarity, only every third data marker has been 

highlighted on these plots although the curves have been drawn through all data points. The 

Nyquist plots in these Figures represent the mean value for the three notionally identical 

specimens with salient frequencies indicated. On the Bode plots, error bars have been 

included to highlight the frequency-dependent variation in measurements between the 

replicate specimens, with the error bars representing ±one standard deviation. Where error 

bars appear to be absent, the data markers are larger than the error bars. A feature evident 

from the Bode plots indicates that the scatter in the measurements from notionally identical 

specimens reduces with increasing frequency. 

Generally, each response has a single dominant circular arc (denoted arc-1) similar to the 

schematic shown in Fig. 3(b); however, the frequency range over which this arc dominates, 

the frequency at which it maximizes, the arc diameter and depression angle (α) are all 

dependent on the concrete mix proportions. On closer examination, a second small, flat arc 

(denoted arc-2) is evident at the at the low-frequency end of the Nyquist plots (right-hand-

side) presented in Figs. 5-7. In some instances, a small spur is also present of the right-hand-
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side of the plot -see, for example, Fig. 5(a). In terms of representing the response as an 

electrical circuit, this is presented in Fig. 8 and comprises four, series-connected, parallel 

circuit elements (the bulk resistance of the sponges has been omitted from this model as their 

resistance is negligible in comparison to the impedance of the system): 

(i) a resistor Rs which represents the projected intercept of the high-frequency end of the 

arc-1 with the real axis. This would assume that there is finite resistance at infinite 

frequency which is clearly not tenable and would imply that a further high frequency 

arc exists i.e. there would be a constant-phase element (CPE) in parallel with Rs as the 

plot must eventually go through the origin. However, as the upper limit of the current 

investigation was 10MHz and no data were recorded at frequencies >10MHz, the 

circuit has simply been left as a single, shunted, resistive element; 

(ii)  a parallel combination of resistor, R, and constant-phase element, CPE, for both arc-1 

(R1 and CPE1) and arc-2 (R2 and CPE2); 

(iii)  the small spur at the low-frequency end of the response would represent part of a much 

larger arc which would only become evident at frequencies <1Hz. For completeness, 

this is also represented by a parallel combination of resistor (R3) and constant phase 

element (CPE3) although is not present in some of the concrete mixes.  

In attempting to offer a phenomenological interpretation for the circuit, consider again the 

testing arrangement in Fig. 1(a). There are two interfaces present in this arrangement: the 

electrode-sponge interface and the sponge-concrete interface. If each interface can be 

electrically modelled as a parallel combination of resistor and CPE, then R3-CPE3 (exponent 

P3) would account for the response from the electrode-sponge interface; R2-CPE2 (exponent 

P2) the response from the sponge-specimen interface, and R1-CPE1 (exponent P1) and Rs the 

bulk response from the concrete specimen. Consider, for example, the Nyquist plots for the 
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PC mix (w/b=0.65) and the GGBS mix (w/b=0.35) presented in Figs. 5 and 6 respectively; 

using the parameter values for the circuit elements presented in Table 5, the simulated 

Nyquist responses (in ZView, Scribner Associates, Inc.) over the frequency range 1Hz-

10MHz are presented in Figs. 9(a) and (b). For reasons of clarity, data markers have been 

removed from both the measured and simulated plots. The simulated circuit and the measured 

data show good agreement indicating that the model is a good electrical representation of the 

system. Regarding the GGBS concrete (Fig 9(b)), as this mix did not display a spur in the 

low-frequency region circuit element R3-CPE3 is not included in the model simulation.  

The following general features are evident from Figs. 5-7: 

(a) an increase in the w/b ratio results in a decrease in the bulk impedance of the specimen 

causing a decrease in the diameter of the dominant (bulk) arc (i.e. circuit element R1-

CPE1). R1, together with Rs, would represent the resistance associated with the 

continuous capillary porosity within the concrete i.e. the percolated porosity; 

(b) concretes containing SCM's have an increased impedance in comparison to the 

equivalent PC mix. Although concretes containing GGBS and fly-ash may not 

necessarily be of lower total porosity than the PC concretes, it is of a much more 

disconnected and tortuous nature [37, 38]. This feature is reflected in the increased 

impedance of these mixes. 

(c) the frequency at which the R1-CPE1 arc maximizes falls within the range 150kHz-5MHz 

and is binder-specific with the maximum frequency increasing in the order FA concretes, 

GGBS concretes followed by PC concretes; and, 

(d) the exponent, p, for the circuit element CPE1 falls within a relatively narrow range for 

each concrete and is binder specific: 0.92-0.96 for the PC concretes; 0.80-0.82 for the 
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GGBS concretes, and, 0.74-0.75 for the FA concretes. From equation (3) above, this 

implies that the arc depression angle, α, for the R1-CPE1 circuit element increases as the 

impedance of the concrete increases. 

Sponge saturating liquid 

In order to confirm if circuit elements R2-CPE2 and R3-CPE3 are, indeed, artefacts of the 

concrete/electrode contacting medium, Figs. 10-12 present the Nyquist and Bode plots for the 

concrete mixes (w/b = 0.65 only) with the contacting sponges saturated with tap water, 

calcium hydroxide and simulated pore solution. These figures clearly highlight the influence 

of the saturating liquid on the impedance response. As previously noted, for sponges 

saturated with the simulated pore solution, this manifests itself as a small, flat arc at the low 

frequency side of the Nyquist plot, but as the impedance of the sponges increases (see Fig. 4), 

it can be seen that this flat arc develops into a well-defined, low frequency circular arc. The 

Bode plots show more clearly the influence of the sponge saturating liquid on the measured 

impedance, |𝑍∗(𝜔)|, and phase angle, θ, as the impedance curves, and phase angle curves, 

tend to merge in the frequency range 5kHz-10kHz. At frequencies in excess of approximately 

5kHz, the circuit model for the system would then be represented by R1-CPE1 and Rs in Fig. 

8. It is also evident that as the impedance of the concrete specimen increases, the influence of 

the sponge saturating liquid diminishes.  

This clearly has implications in the development of standard testing procedures for concrete 

resistivity measurements, particularly using a.c. in the low-frequency range 50-100Hz. For 

example, consider the PC (w/b=0.65) concrete in Fig. 10; using water-saturated sponges, the 

measured resistance (real component), R, at 100Hz is 804Ω, whereas at 10kHz the resistance 

is 593 Ω. The resistance of the sponges measured separately, denoted Rsp, is 9.4 ohms at 

100Hz and 8.1 ohms at 10kHz. Using the method presented in references [13] and [16], these 
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values could then be used to evaluate the bulk resistivity of the concrete cube (ρcube) using the 

two-point method presented in Fig. 1(a) as, 

 ρcube = ( )spRR
L
A

−  (4) 

where A is the cross-sectional area through which the current flows (0.15m×0.15m) and L is 

the spacing between the electrode plates (0.15m). This obtains a resistivity of 119Ωm at 

100Hz and 88Ωm at 10kHz. With reference to Table 2, this would move the concrete from 

one classification into another based solely on the test frequency and sponge saturating liquid. 

Both these parameters need to be standardised to provide a consistent measurement 

procedure/protocol. This leaves the question, how is the true bulk resistance (hence 

resistivity/conductivity) of the specimen obtained using a two-point (end-to-end) 

measurement technique? This is further explored in the next section. 

Four-Electrode Measurements 

The model presented in Fig. 8(a) would suggest that the bulk resistance of the concrete can 

be obtained at the intercept of the low-frequency end of arc R1-CPE1 with the real axis (i.e. 

the value Rs +R1). In the two-electrode technique, the potential drop is measured between the 

external plate electrodes which includes the spurious effects the sponges have on the 

measured impedance. By separating the current electrodes and potential electrodes as 

presented in Fig. 2(a), such effects are, theoretically, eliminated.  Ideally, in the four–

electrode method the potential electrodes should be moved out of the current field to ensure 

that no current is drawn to the sensing electrodes [39, 40]. It was decided, however, to use 

embedded voltage-sensing pin-electrodes as the FRA's input impedance - 1.0Mohm over the 

frequency range 1Hz-10kHz then decreasing to 45kohm at 10MHz [41] - is considerably 
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larger than the impedance being measured which will ensure that negligible current is drawn 

through the sensing electrodes. 

As way of illustration, using the testing arrangement in Fig. 2(a), Fig. 13(a) presents the 

Bode plots for the PC concrete (w/b=0.65) and Fig. 13(b) that for the GGBS concrete 

(w/b=0.35) with simulated pore solution used to saturate the contact-sponges (as before, for 

clarity, only every third data point has been highlighted). With the electrode/sponge effect 

absent, the elements R2-CPE2 and R3-CPE3 (see Fig. 8(a)) are, effectively, removed and the 

impedance and phase angle remain virtually constant over the frequency range 1Hz-10kHz. 

As the phase angle is ∼0°, this implies that the concrete is displaying purely resistive 

behaviour and Z*(ω) ≈ Z'(ω). Consider now the resistance of the concrete specimens at 1kHz 

(which lies near the logarithmic centre of this frequency range); from Fig. 13, this obtains 

values of 272Ω for the PC mix and 2219 Ω for the GGBS mix. As the current flow-lines 

through the sample are parallel, the resistivity of the concrete, ρconc (in ohm-m), can be 

evaluated, 

 ρconc = R
d
A

  (5) 

where R is the measured resistance (real component) for this testing configuration, d is the 

spacing of the embedded potential electrodes (0.075m) and A is the cross-sectional area 

through which the current flows (0.15m×0.15m). This gives a resistivity for the concretes of 

81.6Ωm for the PC mix and 666Ωm for the GGBS mix. These values can now be used to 

compute the bulk resistance of the concrete cube (Rcube) using the two-point method, 

 Rcube = concA
L ρ  (6) 



16 
 

where A is defined above and L is the spacing between the electrode plates (0.15m); hence 

Rcube = 544Ω for the PC mix and 4440Ω for the GGBS. These represent the real component 

of the impedance, Z'(ω), which are now located on the Nyquist plots presented in Fig. 5(a) 

and Fig. 6(a) and indicated by an arrow on the real axis. This procedure was repeated for all 

the concrete mixes in Table 3 and indicated accordingly on the Nyquist plot associated with 

each mix in Figs. 5-7. It is apparent that the true resistance of the cube can generally be 

located at the cusp-point between the sponge/specimen interface arc (R2-CPE2 on Fig. 8(a)) 

and the bulk concrete arc (R1-CPE1 on Fig. 8(a)). 

In terms of standardizing testing procedures using a single frequency, end-to-end (two-point) 

resistance measurement, the work detailed above would indicate that the test frequency 

should lie in the range 5kHz-10kHz together with a highly conductive sponge saturating 

liquid. 

4. CONCLUSION AND CONCLUDING COMMENTS 

Impedance spectroscopy was used to obtain the electrical properties of concrete over the 

frequency range 1Hz-10MHz. Concretes used in the test programme comprised PC concretes 

and concretes containing either GGBS or FA as a partial replacement. Measurements were 

presented in both Nyquist and Bode formats which gave a detailed picture of the electrical 

response of the electrode-concrete system with synthetic sponges used to form an electrical 

contacting medium between the electrode and concrete specimen. The following general 

conclusions can be drawn, 

(i) An equivalent electrical model for the system was presented which comprised series 

connected parallel circuit elements to represent the concrete specimen, the 

sponge/specimen interface and the sponge/electrode interface. The parallel circuit 
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elements consisted of a resistor, R, and constant phase element (CPE), with the CPE 

being introduced to take account of the dispersion in capacitance with frequency.  

(ii) It was observed that using saturated sponges as an electrode/specimen contacting 

medium introduced a spurious circuit element represented by the sponge/specimen 

interface. Additionally, the sponge saturating liquid had a significant influence on the 

impedance response of the electrode-sponge-specimen system; as the impedance of the 

saturating liquid increased a well-defined, low-frequency arc developed in the Nyquist 

plot. However, as the frequency of the applied field increased, the influence of the 

electrode/sponge and sponge/specimen interfaces decreased.  

(iii) The electrical impedance of the concrete mixes was strongly related to the w/b ratio and 

the type of cementitious binder. Increasing the w/b ratio resulted in a decrease in the 

overall impedance of the system whereas the addition of GGBS and FA increased the 

impedance of the system. Additionally, using the Nyquist formalism, several 

interdependent parameters of the arc associated with the bulk concrete response (circuit 

element R1-CPE1) were identified - the arc depression angle, α, and the frequency at 

which the arc R1-CPE1 maximized; both these parameters tended to be more 

influenced by binder-type and less by w/b ratio. 

(iv) Four-point impedance measurements were presented which indicated that the 

specimens displayed purely resistive behaviour (phase angle ≈ 0°) over the frequency 

range 1Hz-10kHz. These measurements allowed evaluation of the bulk resistivity of the 

concrete. The resistance (real component) of the cube calculated from 4-point 

resistivity measurements was located on the Nyquist plot and occurred at the low-

frequency side of the circuit element representing the bulk response (R1-CPE1).  
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Regarding the testing procedure for two-point, end-to-end resistivity measurements, the work 

presented would suggest that using an a.c. frequency in the range 5kHz-10kHz with a low 

resistivity liquid used to saturate the sponges would result in a more accurate assessment in 

concrete resistivity/conductivity. This is particularly important for low resistivity concrete 

mixes bearing in mind that the experimental programme was undertaken on mature concrete 

samples as hydration and the pozzolanic reaction would be negligible and measurements 

would reflect the differences in the fully developed pore structure. During the early stages of 

hydration, young concretes would display considerably lower impedance values and hence 

sponge contacting medium would have a much greater influence on the two-point 

measurement with consequent greater error if a standard procedure is not developed.  
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Table 1: Suggested ranges for concrete durability classification (adapted from [6]). Note: in 

this test, specimens are vacuum saturated with 5.0M NaCl solution prior to the measurement. 

Durability class 
Chloride Resistivity Index 

(ohm-m) 

Excellent >13.0 
Good 6.50-13.0 

Poor 4.00-6.50 
Very poor <4.00 

 
 

 

Table 2: Empirical concrete resistivity thresholds for protection of embedded steel 

reinforcement (adapted from [11, 12]). 

Resistance to corrosion 
Resistivity 
(ohm-m) 

Low < 50 
Moderate / Low  50 - 100 

High  100 - 200 
Very High > 200 
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Table 3: Summary of concrete mixes (w/b = water/(cement+SCM) ratio; Pl = plasticiser).  

 

 

Table 4: Oxide analysis of cementitious materials (+ = not determined) 

% by weight PC FA GGBS 

SiO2 20.68 51.0 34.33 

Al2O3 4.83 27.4 12.60 

Fe2O3 3.17 4.6 0.60 

CaO 63.95 3.4 41.64 

MgO 2.53 1.4 8.31 

TiO2 + 1.6 + 

P2O5 + 0.3 + 

SO3 2.80 0.7 + 

K2O 0.54 1.0 0.47 

Na2O 0.08 0.2 0.25 

 

Mix 

Designation 
w/b 

CEM I 

kg/m3 

GGBS 

kg/m3 

FA 

kg/m3 

20mm 

kg/m3 

10mm 

kg/m3 

Fine 
(<4mm) 

kg/m3 

Pl 

l/m3 

F28 

MPa 

F180 

MPa 

 

PC 

 

0.35 378 - - 787 393 787 5.15 79 88 

0.65 263 - - 790 395 790 - 39 46 

 

GGBS 

 

0.35 245 132 - 784 392 784 5.13 81 89 

0.65 171 92 - 788 394 788 - 35 45 

 

FA 

0.35 242 - 130 773 386 773 5.06 65 81 

0.65 169 - 91 780 390 780 - 24 38 
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Table 5: Circuit simulation parameters for PC and GGBS concrete mixes (+ = not determined). 

 

Mix 
Rs 

ohm 

R1 

ohm 

CPE1 (Co) 

Fs(P1-1) 

P1 

 

R2 

ohm 

CPE2 (Co) 

Fs(P2-1) 

P2 

 

R3 

ohm 

CPE3 (Co) 

Fs(P3-1) 

P3 

 

PC (w/b=0.65) 129 348 1.929×10-10 0.96 114 1.160×10-4 0.314 5×105 3.77×10-3 0.768 

GGBS (w/b=0.35) 44.9 4148 1.072×10-9 0.80 1333 2.729×10-5 0.429 + + + 
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Captions for Figures  

 

Fig. 1 (a) Schematic of testing arrangement for 2-point a.c. end-to-end measurements; 

and (b) laboratory set-up 

Fig. 2 (a) Schematic of testing arrangement for 4-point measurements; and (b) 

laboratory set-up 

Fig. 3 (a) Showing the influence of the constant phase element (CPE) on the Nyquist 

plot – the solid line is the Nyquist plot for a pure capacitor (C=10-10F) in parallel 

with a resistor (R=1.0 kΩ) and the dashed line is a CPE (Co=10-10 Fs-0.2 and 

p=0.8) in parallel with a resistor (R=1.0kΩ);  (b) schematic diagram of Nyquist 

plot for a saturated porous material showing arc depression angle, α, phase angle, 

θ°, and impedance, Z*(ω). 

Fig. 4 Nyquist plot for synthetic sponges placed between the electrodes. Saturating 

liquids indicated. 

Fig. 5 (a) Nyquist and (b) Bode plots for PC concrete mixes (error bars are presented on 

Bode plot and represent ±one standard deviation). 

Fig. 6 (a) Nyquist and (b) Bode plots for GGBS concrete mixes (error bars are presented 

on Bode plot and represent ±one standard deviation). 

Fig. 7 (a) Nyquist and (b) Bode plots for FA concrete mixes (error bars are presented on 

Bode plot and represent ±one standard deviation). 

Fig. 8 Proposed circuit model for electrode-sponge-specimen testing configuration. 

Fig. 9 Measured and simulated responses for (a) PC concrete (w/b = 0.65) and (b) 

GGBS concrete (w/b = 0.35). The simulated response is based on the model 

presented in Fig. 8(a) and circuit parameters in Table 5. 

Fig. 10 Influence of sponge saturation liquid on (a) Nyquist and (b) Bode plots for PC 

concrete (w/b = 0.65). 
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Fig. 11 Influence of sponge saturation liquid on (a) Nyquist and (b) Bode plots for GGBS 

concrete (w/b = 0.65). 

Fig. 12 Influence of sponge saturation liquid on (a) Nyquist and (b) Bode plots for FA 

concrete (w/b = 0.65). 

Fig. 13 Bode plots obtained using the 4-point testing arrangement presented in Fig. 2 for 

(a) PC concrete (w/b = 0.65) and (b) GGBS concrete (w/b = 0.35). 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 

 

 

 

  

-2.5

-2.0

-1.5

-1.0

-0.5

0
0 1 2 3 4 5

Water
Ca(OH)2NaOH+KOH

(a)

Z'(ω)   (×103  ohms)

iZ
''(

ω)
   

(×
10

3   o
hm

s)

0

2000

4000

6000

100 102 104 106

-70

-60

-50

-40

-30

-20

-10

0

Z*(ω) : Water
Z*(ω) : Ca(OH)2Z*(ω) : NaOH+KOH
θ  :Water
θ : Ca(OH)2θ : NaOH+KOH

(b)

Frequency (Hz)

Z*
(ω

)  
(o

hm
s)

θ°



42 
 

 

 

 

 

 

 

Fig. 12 
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Fig. 13 
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