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Electrode effects on impedance spectra of cement pastes were investigated by two-, three-, 
and four-point measurements without a potentiostat over the frequency range 
0.01 Hz-10 MHz. Electrode immittance effects arising from highly resistive/capacitive 
contacts cannot be fully corrected by nulling procedures. Two-point measurements are 
much more susceptible to such effects than three- or four-point measurements. The three- 
and four-point results on pastes suggest that there is negligible high-frequency "offset" 
resistance, and that bulk paste arcs are not significantly depressed below the real axis in 
Nyquist plots. The important impedance-derived equivalent circuit parameters are bulk 
resistance and capacitance; offset resistance and arc depression angle may not be physically 
meaningful parameters. Whereas all electrode configurations give reliable values of 
bulk paste resistance, only the three-point configuration provides the total 
paste/electrode dual arc spectrum involving a single electrode. Multielectrode (three- or 
four-point) measurements may be necessary to establish the true bulk paste dielectric 
constant. 

1. Int roduct ion 
A typical impedance spectrum of a young cement 
paste with embedded iron electrodes is given in Fig. la 
and b [1]. Key features are Re, the electrode resist- 
ance, Rb,  the bulk paste resistance, Ro, the offset 
resistance, and Vtop, the frequency at the top of the 
bulk arc. In addition, the angle, 0, describes the de- 
pression of the bulk arc below the real axis. Elsewhere 
[1], we have described how Rb relates to paste micro- 
structure and important engineering parameters 
(diffusivity and permeability) and how the effective 
dielectric constant can be calculated knowing Vtop and 
Rb. The dielectric constant is also a strong function of 
the microstructure [1]. The present work addresses 
the parameters 0 and Ro as determined by impedance 
spectroscopy (IS) in two-, three-, and four-point elec- 
trode configurations. 

To date, all IS of cement pastes has been carried out 
in the two-point configuration without a potentiostat 
[1-14]. (Numerous additional studies of iron elec- 
trodes in three- and four-point configurations may be 
found in the corrosion literature, under potentiostatic 
control; these will not be reviewed here.) Beginning 
with the pioneering work of McCarter and co-workers 

[2-4], there have been several studies showing little or 
no resistance offset and small arc depression angle 
[2-7]. On the other hand, there have been numerous 
works showing appreciable resistance offsets and lar- 
ger arc depression angles, including later work by 
McCarter and Brousseau [8], work by ourselves [1, 5, 
9, 10], and extensive works by Beaudoin and co- 
workers [11-14]. Negligible resistance offset and 
smaller depression angle are apparently associated 
with larger bulk paste resistance, e.g. due to silica fume 
additions. 

There have been several attempts in the literature to 
explain the microstructural origins of the individual 
bulk arc features in Fig. 1. Beaudoin and co-workers 
[6, 11-16] have argued persuasively that Ro is due to 
the capillary pore phase and is inversely related to its 
volume fraction and conductivity. They also claimed 
that the bulk arc diameter in Fig. lb, R2, is due to 
solidfliquid interfaces, and is proportional to interface 
thickness, the number of such interfaces, and inversely 
proportional to the interfacial conductivity. (The 
number of solidfliquid interfaces was claimed to 
be inversely proportional to the volume fraction of 
capillary pores and the mean pore size.) We have 
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Figure 1 (a) Typical two-point impedance spectrum for the 
Opc/steel system (w/c = 0.4, 12 days, 10 cm x 2.7 cm x 3.6 cm bar). 
( ) Experimental data obtained between 11 MHz and 1 mHz, 
( . . . )  simulations t~? 10 gHz. (b) Enlargement of high-frequency 
range showing the uncertainty in R0 associated with fits to different 
frequency !imits of the experimental data: ( . . . .  -) up to 3 MHz, 
(-----) up to 6 MHz, ( ) up.to 11MHz. (After [1].) 
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Figure 2 Plots of (�9 Ro and (D) R2 from Xie et al. [14] versus 
interelectrode spacing on the Opc/steel system (w/c=0.30, 
3 months) in two-point configuration. 

reproduced the recent results of the Beaudoin group 
[14] in Fig. 2, showing discontinuities in Ro and R2 
versus paste thickness in the vicinity of 5 mm. This 
was attributed to changes in pore fluid conductivity in 
thin specimens. Additionally, Beaudoin and co- 
workers suggested that the bulk arc depression angle 
is proport ional  to the distribution of pore sizes in the 
paste, i.e. the wider the distribution, the larger the 
depression angle [12, 17]. 
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Figure 3 Computer-simulated impedance spectra for a 100 x 100 x 
100 pixel cement paste system at w/c = 0.4, showing Ro- and Rz-like 
features, ct = degree of hydration: (O) 0.505, ( + ) 0.650. (After [19].) 
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Figure4 (a) Equivalent circuit model for a 3-3 0 pore 
phase-CSH-cement, Ca(OH)2 composite, which reduces to (b) if 
Rpore < Rosh and Cpor~ ~ Cr 

On the other hand, we have pursued a digital im- 
age-based computer  model of the evolving microstruc- 
ture, combined with a resistor/capacitor network 
model to predict the impedance response [18-20]. 
This work suggests that Ro is an artefact of fitting only 
the low-frequency side of the bulk arc, which can have 
the appearance of two overlapping arcs as in Fig. 3. 
True series behaviour, i.e. completely separated arcs, is 
only obtained in two-dimensional simulations where 
both capillary pores and CSH gel are depercolated. In 
reality, depercolation of the capillary pore system does 
not occur in cement pastes until extremely high de- 
grees of hydration. 

Intuitively, we can consider cement paste to be 
a 3 -3 -0  electrocomposite, where the numbers refer to 
the interconnectivity of the highly conductive pore 
phase (three-dimensional), the less conductive CSH 
product phase (three-dimensional), and the highly re- 
sistive cement grains and/or Ca(OH)2 product (zero- 
dimensional). Neglecting the cement grains and 
Ca(OH)2, we can consider paste to have the equiva- 
lent circuit model in Fig. 4a, which should reduce to 



the simple RC circuit in Fig. 4b under the assumptions 
that Rpore "~ Res h and Cpore ~ Ccsh. The result should 
be a single IS arc. 

2. E x p e r i m e n t a l  p r o c e d u r e  
Type I ordinary Port land cement (OPG) was mixed 
with distilled water in a Hobart  planetary mixer for 
15 min at low speed. The mix was cast in plexiglas 
moulds into bars 2.54 cm x 2.54 cm x 10 cm for multi- 
point measurements and a series of bars with 
2.54 cm x 2.54 cm cross-section and various lengths 
for parallel two-point measurements. Outer electrodes 
of low-carbon iron (to simulate cement/rebar interfa- 
ces) with an area of 2.5 cm 2 were cast in place towards 
the ends of multipoint and two-point specimens, per- 
pendicular to the long axis of the bar. Experience 
showed that whereas planar contacts were desirable 
for "excitation" electrodes (Xhi, X]o), point contacts 
gave the best results for "sensing" (Shi, S]o) contacts. 
Plate or wire-wrap electrodes led to undesirable in- 
ductive effects due to their interference with the re- 
sponse of the specimen. Sensing contacts were made of 
sharp points of copper wire pressed into the surface of 
multipoint bars with plexiglas jigs and c-clamps. Spec- 
imens were cured at 100% relative humidity in a hu- 
midity chamber fixed to the front of the impedance 
analyser. 

The impedance analyser employed was a Schlum- 
berger 1260 in true four-point mode. The use of a po- 
tentiostat limits the upper frequency to between 10 
and 100 kHz, above which the analyser measures the 
response of the potentiostat rather than the specimen. 
Because we were interested in the bulk paste response 
which is in the 100 kHz-10  MHz range, no potentios- 
tat was used. The 1260 was operated in the floating, 
differential input mode, with individual coaxial cables 
connected to the front panel (Gen Out = Xhl, 
Vl(hi) = Shi, Vl(lo) = S~o, Current In = Xlo) with all 
outers shorted together (but not grounded) by means 
of a brass plate located as close as possible to the front 
panel of the unit. To minimize cable immittance con- 
tributions, cables running from the brass plate to the 
specimen were kept as short as possible. This was 
dictated by the maximum interelectrode spacing, i.e. 
10 cm. Connections were made between the coaxial 
centre leads and the electrodes by means of small 
alligator clips. Connections for two-, three-, and four- 
point measurements are shown in Fig. 5a. Excitation 
amplitudes were kept as small as possible, 20 mV, to 
minimize inductive effects. A nulling procedure was 
employed to correct for lead and connector immittan- 
ces. Each spectrum was repeated with no sample 
(open) and also with shorted leads (shorted). Cor- 
rections were made using either the built-in 1260 
null-correction, or with our own software using the 
procedure given elsewhere I l l .  

It must be pointed out that it is impossible to 
perform null-corrections at the sample surface, i.e. 
beneath the electrodes. The reason for this is illus- 
trated in Fig. 5b, which is an equivalent circuit model 
of the four-point bar in Fig. 5a. When the sample. 
(represented by R~, C~ circuits inside the inner box) is 
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Figure 5 (a) Electrode connections for IS measurements, and (b) 
equivalent circuit for four-point connections. 
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Figure 6 Schematic drawing of resistor-capacitor network simula- 
ting cement/steel behaviour with two-, three-, and four-point con- 
nections as shown. Rs = 50.0f/, Cs = 1.5nF, Re = 100 KD, 
Co = 10 ~tF. 

removed, the various electrode-circuits (represented by 
Re, Ce circuits in the outer box) are simultaneously 
removed. "Shorting" therefore involves replacing the 
outer box with a short circuit rather than the inner 
box, as desired. This has a major effect on the correc- 
ted spectra, as we will demonstrate. Null corrections 
at the true surface of the sample, i.e. the inner box, are 
impossible. 

In order to test the effect of external nulling (outer 
box of Fig. 5b) versus internal nulling (inner box of 
Fig. 5b), we constructed the simplified circuit in Fig. 6 
using resistors and capacitors. All electrode resist- 
ances and capacitances were made identical, but were 
orders of magnitude larger than the bulk resistance 
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TABLE I "Bulk" arc frequencies -1000 

Figure Config. L Frequency" 
(em) 

(max) (top) (min) 
(MHz) (MHz)  (Hz) 

7 4 3 10.00 0.79 200 
3 7 6.31 1.59 1995 
2 9 3.98 2.51 19953 

8a Sim 10.00 2.10 50119 
4 7.94 1.99 158 
3 3.98 1.58 31623 
2 3.16 1.26 50119 

8b Sim 10.00 2.10 50119 
4 10.00 1.99 158 
3 10.00 1.99 25119 
2 6.31 1.99 39811 

8c Sim 10.00 2.10 50119 
4 10.00 1.99 25 
3 10.00 1.99 2512 
2 10.00 1.99 3162 

9a 2 4 6.31 3.16 6310 
2 6 6.31 3.16 3162 
2 8 6.31 3.16 3162 

9b 2 5 6.31 3.16 3162 
2 7 6.31 3.16 3162 

9c 4 4 10.00 0.32 794 
4 6 10.00 0.25 1000 
4 8 10.00 0.25 501 

9d 4 5 10.00 0.25 501 
4 7 10.00 0.20 1259 

" Freq. (max) = frequency corresponding to the left-most point of 
the impedance arc. 
Freq. (top) = frequency at the top of the impedance arc. 
Freq. (min) = frequency of the impedance arc where - I m  (Z) is at 
a minimum. 

and capacitance, respectively. The values were chosen 
to emulate the actual bulk and electrode values for 
a young O P C  paste/iron electrode system. Excitation 
and sensing leads were connected as shown. Null 
corrections were made by external shorting (contacts 
1-4) and also by internal shorting (contacts 5, 6). 

Impedance spectra of pastes and simulated circuits 
were plotted and analyzed i n  Nyquist format by 
a commercially available software program 1-21]. To 
avoid clutter in the impedance spectra, frequencies 
corresponding to the left (frequency max), top (fre- 
quency top), and right (frequency min) of each bulk arc 
are given in Table I. 

3. Results 
A comparison of null-corrected two-, three-, and 
four-point spectra on a 17 h old O P C  paste bar is 
given in Fig. 7. The interelectrode spacings were differ- 
ent because the two-point spacing was fixed by the 
cast in-place iron electrodes (9 cm), whereas the in- 
terelectrode spacing of the three- and four-point elec- 
trodes were adjustable but had to be less than 9 cm. In 
spite of the different spacings, the bulk resistances 
scale appropriately with length. There is a noticeable 
difference, however, between the two-point spectrum, 
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Figure 7 Comparison of (�9 two-, (D) three-, and (O) four-point 
impedance spectra for a 17 h old Opc/steel system with w/e = 0.4. L: 
(O) 9 cm, ([3) 7 cm, (O) 3 cm. (Frequency values in Table I.) 

exhibiting arc depression and a large offset resistance, 
and the multipoint spectra, which are nearly semicir- 
cular with no apparent  offsets. 

To establish a possible origin for the anomalous 
behaviour of the two-point spectrum, we performed IS 
experiments on the resistor-capacitor  network of 
Fig. 6. Raw data are plotted in Fig. 8a and data 
for external and internal null corrections are plotted 
in Fig. 8b and c, respectively. I n  each case the 
"simulated" spectrum was calculated by the "Equiva- 
lent Circuit" software 1-21] knowing the correct 
values of the resistors and capacitors used. The raw 
data exhibit large deviations, particularly so for 
the two-point configuration. More significantly, the 
deviations cannot be fully corrected by "external" 
nulling (Fig. 8b). This problem is most severe for 
two-point measurements. Only when "internal" null- 
ing is employed do we obtain good agreement be- 
tween two-, three-, and four-point spectra and the 
spectrum calculated on the basis of the known R/C 
values (Fig. 8c). 

We also examined an 8 day old O P C  paste for IS 
response in two-point versus four-point configura- 
tions as a function of interelectrode spacing. Results 
are shown in Fig. 9. The four-point measurements 
were on a single bar, whereas to replicate the same 
interelectrode spacings, five different two-point speci- 
mens were simultaneously cast from the same mix as 
used for the four-point bar. Again, in spite of null- 
corrections, the two-point spectra (Fig. 9a and b) are 
deformed and significantly depressed below the real 
axis: Furthermore,  they exhibit sizeable offset resist- 
ances. In contrast, the four -po in t  spectra (Fig. 9c 
and d) are nearly perfect semicircles centred on the 
real axis and passing through or very near to the 
origin. The bulk resistances (the low-frequency 
intercept of the bulk arc) agreed well between the two- 
and four-point spectra; resistivities agreed to within 
5% independent of configuration or interelectrode 
spacing. 

1 2 2 0  



-60 

-50 

-4O 

~ -30 ~ 

-20 ~ 

-10 

0 
0 

(a) 

O 

H 

O 

0 

on 

0 

0 0 0 0 r7 
0 x x o e, 

0 X X 0 0 
X 

o o o x o ,N 
0 X 0 0 X 0 

~ [ ]  []  

X 0 [] i 0 

10 20  30  40  50 60  

Re (Z) 

-60 

-50- 

-40- 

-30- 

-20- 

-10- 

Ox ~ % x ~ 
Ox o [] ~ ? < o  

0 
0 60 

(b) Re (Z) 

o x o u g o  

X<> [ ]  

x~ m 

O 

. . . .  i . . . .  I . . . .  I . . . .  I . . . . .  , 

10 20 30 40 50 

-60  

_50 �84 . 

-40- 

-30- E 

-20- 

o~ c~ c~ q~ o 

~ o 
~ ~ o 

#~ o 
- 1 0 "  X 

0 10 20 30 40 50 60 

(c) Re (Z) 

Figure 8 (a) Raw, (b) "externally" null-corrected, and (c) "inter- 
nally" null-corrected IS curves versus (O) expected (simulated) 
behaviour calculated on the basis of the known resistors and capaci- 
tors in Fig. 6: (D) two-point, (O) three-point, ( x )  four-point. 
(Frequency values in Table I.) 

4. Discussion 
The inability to fully correct IS data collected on 
resistor-capacitor networks using "external" versus 
"internal" nulling (see Figs 5, 6 and 8) suggests one 
possible explanation for the severe arc depression and 
offset resistance in two-point versus multipoint IS 
measurements. Upon removing the steel or copper 
electrodes from a cement paste, high resistance and 
capacitance contacts are simultaneously removed. It is 
therefore impossible to null-correct at the specimen 
surface. Apparently, two-point measurements are con- 
siderably more susceptible to such effects than multi- 
point measurements when dealing with cement pastes 
(see Figs 7 and 9). 

Fortunately, this has little effect on bulk resistance 
determination. In Fig. 10a the offset, Ro, and arc dia- 
meter, R 2 ,  from the two-point data in Fig. 9 are plot- 
ted versus interelectrode spacing. Also plotted are the 
sum of these two values (R  b = Ro + R 2 )  alongside the 
four-point bulk resistance, Rb, from Fig. 9. The agree- 
ment is excellent. In Fig. 10b, the sum of R0 + R2 from 
the data of Xie et al. [141 in Fig. 2 is similarly plotted 
versus interelectrode spacing. The behaviour is linear 
and passes through the origin. We conclude that the 
discontinuities in R0 and R2 in Fig. 2 are due to 
increased distortion of two-point arcs at small in- 
terelectrode spacings. In spite of this, R b = R o -k R 2 ,  

remains a valid measure of bulk resistance. Given the 
relative ease and good reproducibility of two-point 
measurements, we recommend the use of this config- 
uration for bulk resistance measurements. 

Measurements of electrode properties, on the other 
hand, can be made in either two- or three-point con- 
figurations. Because lower frequencies are employed, 
null corrections are not required to obtain reliable 
values. It should be pointed out, however, that the 
three-point configuration allows for a single electrode 
to be studied. In contrast, the electrode arc in a two- 
point spectrum is really a convolution of two arcs, one 
from each electrode. The three-point measurement is 
the configuration of choice to examine bulk and elec- 
trode arcs simultaneously. (Measurements to even 
lower frequencies than in Figs 7 and 9 are possible 
with the 1260; a nearly complete electrode arc results 
as in Fig. la.) 

If a precise bulk electrode arc is to be obtained, 
a multipoint technique must be employed. Further- 
more, a potentiostat should not be used so that IS can 
be performed up to the megahertz range. It should be 
cautioned that there are often reproducibility prob- 
lems and potential distortions associated with multi- 
point techniques. We suspect that these arise due to 
asymmetry in the sensing electrode resistances/ 
capacitances and/or asymmetry in the placement of 
the sensing electrodes along the specimen. We occa- 
sionally see bulk arcs shifting into the negative imagi- 
nary-negative real quadrant in three- and four-point 
configurations, particularly so for interelectrode spac- 
ings of 1 cm or less. Because these distortions occur in 
the megahertz range, there is also the possibility of 
interelectrode interference at close spacings (Shl versus 
$1o, and also Shi versus Xhl). Extreme care must 
be taken to collect reproducible data in multipoint 
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Figure 9 (a, b) Two-point impedance spectra versus interelectrode spacing, and (c, d) four-point impedance spectra versus interelectrode 
spacing for 8 day old Opc/steel samples with w/c = 0.4. (a, c) L = (�9 8, ([Z) 6, (�9 4cm. (b, d) L = (O) 7, ([~) 5 cm. (Frequency values in 
Table I.) 

configurations. Parallel experiments on resistor- 
capacitor networks are recommended. 

In order to ascertain how accurately IS can be used 
to establish dielectric constants of cement pastes, we 
have used "Equivalent Circuit" [-21] to extract 
capacitances from the' R/C circuit experiments of 
Fig. 8; results are shown in Fig. l la .  Because of arc 
distortion and depression, fits were obtained using the 
equivalent circuit in Fig. 1 lb, where the capacitor is 
replaced by a constant phase element. In the case of 
three- and four-point spectra, the offset resistance was 
negligibly small. Spectra were fit to the maximum 
frequency of 1.5 MHz. The CPE capacitances shown 
vary with the electrode configuration and the type of 
null-correction employed. (The true value of 
capacitance was measured to be 1.5 nF.) It is obvious 
that two-point spectra overestimate the capacitance, 
particularly so if no null-corrections are performed. 
Furthermore, "external" null corrections result in as 
much as a 40% error in the case of the two-point 
spectrum. This error is significantly less for three- 
point and four-point configurations. Only with "inter- 
nal" nulling did the two-, three-, and four-point 
capacitance values agree with the true value. The 
extent of null-correction errors obviously depend 
upon the RC time constants of the circuit elements 
involved. A more extensive treatment of the effect 
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of such errors on the determination of dielectric 
constants in cement pastes will be given elsewhere. 

A major ramification of the present study relates to 
microstructure-property relationships in cement 
pastes. Our work to date is far from exhaustive, but we 
observe little or no bulk offset resistance in multipoint 
impedance spectra of cement pastes (see Figs 7 and 9). 
If this is confirmed in future studies, models incorpor- 
ating a series equivalent circuit element corresponding 
to a resistance offset will need to be carefully re-exam- 
ined. In addition, we find little, if any, arc depression of 
the bulk arc in multipoint experiments. As pointed out 
in the introduction, we and others have interpreted the 
arc depression in two-point spectra as arising from 
a distribution to pore sizes. This interpretation may be 
unwarranted if arc depression can be shown to be an 
experimental artefact rather than a microstructural 
phenomenon. 

5. Conclusion 
The inability to completely null-correct impedance 
spectra is the probable cause of offset resistance and 
arc depression in two-point impedance spectra of ce- 
ment pastes with steel electrodes. In contrast, multi- 
point (three- and four-point) measurements show 
a nearly perfect bulk paste arc, centred on the real axis 
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and passing near or through the origin in Nyquist 
plots. This experimental artefact in no way influences 
the electrode arc (in two- and three-point studies) or 
the value of the bulk resistance (in two-, three-, or 
four-point spectra). Standard two-point IS is still pre- 
ferable for bulk resistance measurements, given its 
simplicity and reproducibility. On the other hand, 
three-point IS is necessary if a single electrode is to be 
studie& By eliminating the use of a potentiostat, 
three-point IS can be employed to simultaneously 
study the cement paste. Multipoint techniques (three- 
or four-point IS) are required to obtain a reliable 
picture of the bulk paste properties such as dielectric 
constant and arc depression angle. Four-point IS 
eliminates the electrode arc entirely. 

In view of the present results (multipoint spectra 
showing negligible offset and depression angle) it may 

(b) icP i 
Figure 11 (a) "Equivalent Circuit" [21] fitting of the R/C network 
experimental data in Fig. 8a, b and c, for the three different config- 
urations, gave these capacitance values. The actual capacitor value 
was 1.5 nF  and the spectra were fit to a max imum frequency of 
1.5 MHz. (b) The equivalent circuit employed. 

be necessary to re-evaluate existing microstructure- 
based models of cement paste electrical behaviour. 
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