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ABSTRACT
This paper presents a systematic study of the features seen in typical Nyquist
plots (-imaginary vs. real impedance) for cement-paste/steel systems and
discusses the assignment of each feature to its appropriate origin, e.g., bulk,
contact, interface, product layer, etc. Assignments are made based upon as
many considerations as possible—dc measurements, sample geometry, ca-
pacitance, local chemical modifications, alternative electroding schemes, etc.
In addition to three distinct arcs from lowest (mHz) frequency to highest
(MHz) frequency (due to product layer, interfacial reaction, and bulk, respec-
tively), a fourth arc is sometimes observed between the bulk and interface
arcs. When this occurs in paste-only systems, this arc is attributable to
imperfect electrodes due to drying/shrinkage. In composite systems, e.g.,
cement with conductive chopped fibers added, this arc is clearly a “bulk”
feature and an important indicator of microstructural inhomogeniety.
© 1998 Elsevier Science Ltd

Introduction

Figure 1 illustrates the basics of impedance spectroscopy (IS) for the characterization of
microstructure in materials science. A PC-controlled frequency response analyzer (FRA) is
employed to interrogate a system (material under study plus electrodes) with small amplitude
AC signals of varying frequencies and to collect gain and phase angle information. These
data are converted to Nyquist format (-imaginary vs. real impedance), from which various
equivalent circuit elements are derived. Physical intuition allows association of specific
features with underlying processes/features in the microstructure of the material under study,
e.g., the grains and grain boundaries in an electroceramic specimen. An excellent review of
experimental and theoretical considerations is given in the monograph of Macdonald (1).

Meaningful microstructural interpretation and equivalent circuit modeling require the
collection of reliable impedance data. In prior works we identified a number of experimental
limitations—stray apparatus imittances (2), electrode contact effects (3), and reference
electrode problems [for multipoint IS, see refs. (4–7)]—which must be considered and
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controlled. Assuming that reliable data are obtained, an important but often overlooked step
in the IS “loop” of Figure 1 is the assignment of individual Nyquist features to the responsible
regions of the system under study, e.g., bulk, contacts, electrode reactions, product layers,
etc. The present work addresses the proper assignment of IS Nyquist plot features in
cement-paste/steel systems.

From the first application of IS to cement-based materials (8,9), multiple features were
observed. Figure 2 shows a Nyquist plot from Scuderi et al. (9) showing four characteristic
features. Because these four (or at least three) features are commonly observed in impedance
spectra, the present work will adopt the designations A, B, C, and D, throughout. It should
be pointed out that the lowest frequency feature (A) is an arc whose maximum imaginary
component occurs in the mHz range. Spectra taken at higher frequencies will see fewer
features, e.g., D and C only, or D plus C with a hint of component B, e.g., McCarter et al.
(8). Feature B can be a distinct arc, as we will show, but can often be overwhelmed by the
size of arc A. (In Fig. 2 the fitting line for arc A is shown to emphasize the existence of
response B.) In the original work by Scuderi et al. (9), an additional letter, “E,” was employed
to reflect the nonzero real impedance offset of feature D. Because IS data are unreliable above
10 MHz, we will restrict our discussion to the four features in Figure 2. (Note that because
feature D is clearly attributable to the cement paste bulk [see below], any higher frequency
feature, regardless of microstructural origin, will likewise originate from the bulk.)

There are several bases for assigning individual Nyquist features to the underlying regions
in the system under study.

FIG. 1.
Schematic representation of the basic elements of impedance spectroscopy in materials
science.
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Removal of elements

Electrode-related features can be identified by removing the cement paste and replacing it
with simulated pore solution (SPS). Similarly, bulk-related features can be identified by
“removing” the electrodes (see “Alternative Electroding Strategies” following.

Geometry

Bulk-related features should scale with the aspect ratio of the specimen under study, i.e., bulk
resistance should scale linearly with the length-to-cross-sectional area (l/A) and capacitance
should scale with the inverse of l/A. In contrast, electrode-related features (e.g., product
layers, reaction processes) should scale only with electrode area and not with sample length.

Capacitance

Irvine et al. (10) provide a useful table for making IS feature assignments based upon
capacitances. A modified version of this table is shown in Table 1. Table 1 assumes an l/A
ratio of 1 cm21 and an A of 1 cm2 and takes into account the higher dielectric constant of
a water-based material like cement paste (er 5 80). We have also considered product layers
(er 5 10) from 10 nm to 10mm in thickness. What is most important about Table 1 is the
discrimination between bulk-related (low capacitance) and electrode-related (high capaci-
tance) features.

FIG. 2.
An early Nyquist plot from Scuderi et al. (9). An extension of the arc used to fit feature A
is shown to emphasize the existence of feature B.
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Local chemical/structural modifications

Preferential modifications can be made to the product layer (by changing the steel chemistry),
to the electrochemical reactions at the cement-paste/steel interface (by dip-coating the
electrode with silica fume), and to the bulk (by chemical/mineral admixtures). These are
described more fully in the following.

Alternative electroding schemes

Typically, the intersection between features B and C in Figure 2 is taken to be the total bulk
resistance. This should always be verified by four-point dc resistance measurements, which
is the best means of establishing that features A and B are electrode related rather than bulk
related. We will show, however, that imperfect electrodes (due to shrinkage and/or drying)
can be responsible for feature C. In such cases, the dc four-point resistance will agree with
the low-frequency intercept of arc D instead of the C/B intercept. As additional confirmation,
the steel electrodes can be removed and replaced with low-resistance electrodes (e.g., silver
paint) for two-point IS measurements, thereby removing feature C.

It should be stressed, however, that a truly bulk feature C can be obtained in certain
instances, e.g., steel fiber-reinforced cement paste with steel electrodes. In such cases the
four-point dc resistance will agree with the sum of the D and C resistances, i.e., the C/B
intercept in Figure 2.

Experimental

Specimens

Pastes were prepared using type I ordinary portland cement (OPC) and distilled water and
mixed in a Hobart planetary mixer for 15 minutes. Samples were cast in rectangular Plexiglas
molds, 2.53 2.5 3 10 cm. Except where otherwise noted, low carbon (C-1018) steel
coupons were employed as electrodes. These were polished to 600 grit, cleaned with acetone,
rinsed with distilled water, and cast in place at the ends of each specimen. The embedded area

TABLE 1
Capacitance values and their possible interpretations.

Capacitance (F) Phenomena responsible Bulk vs. electrode origin Frequency regime

10211 Bulk Bulk MHz
10210–1028 Internal space charge

layers*
Bulk kHz–MHz

1027–1024 Product layers Electrode mHz–Hz
1024 Electrochemical

reactions
Electrode mHz

* Grain boundaries in electroceramics.
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was;5 cm2. The composition of the C-1018 steel was, in weight percent (wt%), 0.15–0.2
C, 0.6–0.9 Mn, and,0.04 and 0.05 P and S, respectively.

Impedance measurements

IS measurements were made using either a Solartron 1260 or a Hewlett-Packard (HP) 4192A
FRA. In most cases an excitation signal of 25 mV was employed, at zero bias. Frequency was
swept from 20 MHz (or 13 MHz for the HP 4192A) to 2 mHz (5 Hz for the HP 4192A) with
data taken at 10 (Solartron) or 20 (HP 4192A) points per decade. Specimens were stored in
100% relative humidity (RH) chambers during hydration. Also, during IS data collection,
samples were maintained in a humidity chamber attached to the front of the FRA. An RH
sensor was employed to confirm that RH remained near 96% throughout all experiments. The
software program, “Equivalent Circuit” (11), was employed to derive resistance and, in some
instances, capacitance values from the experimental Nyquist plots.

Alternative electroding and four-point dc resistance measurements

In certain cases, the steel electrodes were broken free from the extremes of the rectangular
specimens. These ends were then ground plane/parallel and silver paint (Fullam, Inc.,
Latham, NY) was applied to them for subsequent two-point IS measurements. For four-point
dc resistance measurements, two bands of silver paint;2 mm wide were applied around the
bar at the;1/3 and 2/3 positions between the Ag-coated ends. The outer electrodes served
as current contacts and the inner bands served as voltage contacts for conventional four-point
dc resistance measurements. To minimize polarization and avoid Joule heating of sample
and/or contacts, low currents were employed (#5 mA) for brief periods of time, and ohmic
behavior was confirmed.

Synthetic pore solution studies

Simulated pore solution (SPS) was made up to simulate the pore solution of an OPC paste
with water-to-cement (w/c) ratio 0.5 at 100 h of hydration (12). The constituents were 0.1M
NaOH and 0.175M KOH, corresponding to a pH of 13.5. Minor constituents such as S, Si,
Ca, and Al were ignored because of their low concentrations (mM) in OPC paste pore
solutions at most early hydration times.

System modifications

For the modified product layer experiments, AISI 302 stainless steel (0.15 wt% C, 2 Mn, 1
Si, 17–19 Cr, and 8–10 Ni) and “weathering steel” (0.15 wt% C, 1.16 Cu, 0.44 Ni, 0.54 Mn,
and 0.8 Si) coupons were employed and cast similarly to the C-1018 coupons described
previously. The weathering steel electrodes were first polished to 600 grit and cleaned with
acetone, whereas the stainless steel electrodes were cleaned without polishing. It is well
known that silica fume greatly increases the bulk resistance of cement pastes (13). Intentional
modification of the electrochemical reaction kinetics at the cement-paste/steel interface was
accomplished by dip-coating C-1018 steel electrodes with silica-fume slurry (Force 10,000;
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W.R. Grace, Cambridge, MA) followed by drying and casting in OPC paste as described
previously. There are numerous literature examples of chemical and/or mineral admixture
modifications of the bulk IS response of OPC paste [see refs. (14,15) and the citations
therein). In the present work, short steel fibers;2 mm long and;30 mm in diameter
(Novocon, Inc., Greenville, SC) were dry-mixed with OPC powder for 1 min in a Hobart
blender, followed by addition of distilled water and further mixing for 15 min. Electrode/
sample casting was as described previously.

Results and Discussion

The low-frequency (electrode-related) features

Figures 3a and 3b compare typical Nyquist plots for C-1018 steel electrodes in OPC paste
(w/c 5 0.4, 48 h) and in SPS, respectively. It is immediately obvious that neither feature A
or B is significantly affected by the presence of the cement paste. The absence of an arc at
high frequencies (D) for the SPS case is to be expected due to the high conductivity and
relatively low capacitance of SPS, i.e., any electrolyte “arc” would be in the GHz range and
beyond the frequency limits of conventional IS measurements. Although not shown here, the
fitting parameters for arcs A and B are quite similar in the OPC vs. SPS situations.

The results of aspect ratio studies for the OPC paste/steel system are shown in Figures 4a
and 4b. As pointed out in the Introduction, only bulk-related features should have resistances
and capacitances that scale with sample geometry. As shown in Figures 4a and 4b, neither
feature A nor B exhibits the expected linear relationship with sample length (for resistance)
or inverse length (for capacitance). In fact, the parameters for features A and B tend in the
opposite direction. (The linear relationships obtained for feature D are discussed further in
the following.)

The capacitance values (obtained by equivalent circuit modeling of Nyquist plots for arc
A and by imaginary vs. real capacitance plots for feature B, see following) are quite different
for the low-frequency features (0.1 to 1-mF range) as compared to feature D (10- to 100-pF
range). Such large values are characteristic of product layers and electrochemical reactions,
i.e., electrode-related phenomena (see Table 1).

In addition, the results of four-point dc resistance measurements are definitive. The dc

FIG. 3.
Nyquist plots of low carbon steel electrodes in (a) ordinary Portland cement and (b) synthetic
pore solution.
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resistivity, when appropriately corrected for the small differences in geometry between
four-point (dc) and two-point (IS) specimens, always falls at or to the left of the high-
frequency B intercept with the real axis in Figure 3a. In other words, A and B features are
unquestionably associated with the electrode interface and are not bulk in nature.

Feature A: A product layer

The consensus in the literature is that feature A is associated with an extremely resistive
product layer formed when a passive oxide film grows on the steel electrode due to the high
pH of OPC pore solution (16–19). The relaxation frequency at which feature A appears
depends on many factors such as the presence of admixtures, chlorides, the degree of
hydration, the type of steel used, etc., but is typically in the mHz range (see Table 1). The
value of capacitance obtained (;0.5 mF) is consistent with an iron oxide film on the order
of 10 nm thick, assuming typical dielectric constants for iron oxides (;10). This is entirely
consistent with prior reports (18–20). It should be stressed that arc A is typically an almost
perfect semicircle, i.e., depression below the real axis tends to be minimal. Using the standard
“constant phase element” analysis (1):

Z~CPE! 5 B~jv!2n

the values ofn obtained by CPE fitting of arc A are always$0.9 when electrodes are
appropriately polished. (A value ofn 5 1 corresponds to a perfect capacitor.) Using the film
thickness calculated from the capacitance (;10 nm), an oxide resistivity of 1011 TO 1012

V-cm was obtained, which is typical of passive oxide films (21).
Steel chemistry plays the dominant role in determining the electrical properties of the

product layer. In Figure 5 is plotted the size (resistance) of arc A vs. time for three different
electrode compositions. The resistance increases by an order of magnitude from plain carbon
steel to stainless steel. On the other hand, it decreases by nearly an order of magnitude when
“weathering” steel is substituted for plain carbon steel. In contrast, changes in the size

FIG. 4.
Changes in IS feature (a) resistance and (b) capacitance due to changes in sample geometry.
See text for how individual capacitances were obtained. L, length.
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(resistance) of arc A with changes in cement paste formulation (w/c ratio, silica fume
additions) are relatively minor. Although the pore solution is the oxidizing agent, the cations
for the oxide film are derived from the steel.

The one additive to cement paste pore solution or SPS that can significantly impact the
product layer is chloride ions. Elsewhere we describe how additions of sodium chloride to
SPS result in the rapid decrease of the diameter of arc A (by three to four orders of
magnitude), obviously associated with the pitting of the oxide film and onset of active steel
corrosion (22).

Feature B: Electrochemical reaction

There have been several prior reports of feature B in IS measurements on corroding systems
(23–27). Because features B and A have a high degree of overlap, it is difficult to accurately
determine the frequency range in which it appears. However, based on the values of
resistance and capacitance, the relaxation frequency can be estimated to be on the order of
10 to 100 Hz. Two suggested possibilities for this arc are corrosion products formed in the
pores of the cement paste or the formation of a Ca(OH)2 layer at the cement-paste/steel
interface (26–29). The fact that feature B is also observed in the absence of cement paste (see
Fig. 3b) indicates that neither mechanism is responsible in the SPS case. It should be noted
that the SPS employed in the present study had no Ca ions as a source of Ca(OH)2. No
corrosion products (other than the oxide film discussed previously) are anticipated in the
passivation regime.

Due to the extensive overlap of arcs A and B, equivalent circuit modeling and extraction
of reliable values for the electrical properties of arc B, especially the capacitance, can be
difficult. We have had success plotting the imaginary vs. real components of capacitance as

FIG. 5.
The size (resistance) of arc A vs. hydration time for three different steels in ordinary Portland
cement paste.
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in Figure 6, from which the diameter of the high-frequency (leftmost) arc gives the capac-
itance of arc B. These capacitances (see Fig. 4b) are typically in the 0.1- to 1-mF range (see
Fig. 4b), corresponding to;20 mF/cm2, which is consistent with typical values for ionic
double layers at electrodes in electrochemical reactions (22,23).

We have interpreted the B arc in SPS as a charge-transfer resistance/double-layer capac-
itance at the electrolyte (SPS)/steel interface (22). What is unusual about the B feature is its
hybrid character in cement-paste/steel systems, i.e., it possesses some attributes of both
bulk-like and electrode-like behavior. This can be seen in Figures 4a and 4b, where the
resistance is similar to bulk values but the capacitance is clearly typical of an electrode-
related response. Another bulk-like characteristic is the time dependence of the B arc
resistance. In Figure 7 this parallels the bulk resistance (from the D feature, see following).
The inset diagram shows the virtually constant ratio of resistances for the B arc and the bulk
(D) arc. Our interpretation is that the B response is associated with the electrochemical
reaction (charge transfer-resistance/double layer-capacitance) at the pore-solution/steel in-
terface, but that the area where this reaction can take place is constantly decreasing as the
pore fraction in the interfacial transition zone (ITZ) decreases due to hydration. In other
words, ITZ porosity, which mimics bulk porosity in its time (and degree of hydration)
dependence, modifies the active area over which electrochemical reaction can take place.
Given that silica fume is known to significantly increase the bulk resistance of cement pastes,
electrode dipping experiments were performed. C-1018 steel electrodes were prepared as
described previously, dipped in silica fume slurry, dried, and subsequently cast in cement
paste bars for IS measurements. Figure 8a shows how feature B is modified by the silica fume
dipping in comparison with an undipped specimen in Figure 8b. The dipped response shows
the distinctive 45° angle characteristic of a “Warburg” response. The correspondingn value
in Eq. 1 is 0.5. This behavior is indicative of diffusion control adjacent to the electrode/

FIG. 6.
Capacitance for four OPC/steel specimens of varying length, plotted in the complex plane.
Frequency increases from right to left. The solid lines are nonlinear least-squares fitting
results for arc B.
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cement interface (1). In other words, the silica fume added to the interface region has
significantly modified the ITZ, and this diffusional resistance now dominates over the
charge-transfer resistance. [Note that the bulk (D) arc is relatively unaffected by the dipping,
and although not shown here, the product layer (A) arc is also relatively unaffected by
dipping.] We have previously documented similar Warburg-like behavior with steel elec-
trodes in bulk cement paste containing silica fume (30).

Little attention has been paid in the literature to arc/feature B in impedance spectra of the
cement-paste/steel system. Although arc B is associated with electrochemical reactions at the
cement-paste/steel interface, it can be modified by the ITZ porosity immediately adjacent to
the steel surface. The ability to render the ITZ less porous and therefore less diffusible, e.g.,
by the addition of small pozzolanic particles to the ITZ and/or bulk, is a potentially important
means of corrosion control.

The high-frequency (bulk-related) features

Features C and D in Figure 2 only occur when cement paste is present (see Fig. 3). It is
therefore logical to assume that these are both “bulk” features. For example, it is routinely
assumed that the high-frequency (leftmost) real impedance intercept of feature B is the true
bulk resistance of the cement specimen. In most instances this is a correct assumption (see

FIG. 7.
Time evolution of arc D (bulk) and arc B in the OPC/steel system. The inset diagram shows
that the ratio of these resistances remains virtually constant during hydration.
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Fiber Composites following). However, we have found that imperfect electrodes, due to local
drying and/or cracking, can yield Nyquist plots with an erroneous feature C, and for which
the C/B real axis intercept does not agree with four-point dc resistance measurements.

Paste-only features

Without dispersed particles (e.g., fibers) and with good electrode contacts, only arc D is
observed (see Figs. 3a, 8a, and 8b). In this case, the D arc begins in the kHz range with a
relaxation frequency (frequency at the top of the arc) of about 10 MHz. In every case we
obtain excellent agreement between four-point dc resistance and the D/B intercept in the
Nyquist plots. Furthermore, the resistance (obtained from equivalent circuit fitting) and the
capacitance (taken at 10 MHz from the raw data) vary linearly with specimen geometry (see
Fig. 4).

In paste-only systems, feature C can arise when electrode drying and/or cracking takes
place. This is demonstrated in Figure 9. In both cases, the C arc appears in the kHz range.
These are two different spectra for an OPC paste with 20% silica fume (w/s ratio5 0.4) and
stainless steel electrodes, aged in 100% RH for approximately 5 months. Notice the presence
of feature C for the “aged” samples. Note also the disparity between the C/B intercept and
the four-point dc resistance value. Upon rewetting of the electrodes (Fig. 9a) or removal of
the steel electrodes and replacement with silver paint electrodes (Fig. 9b), feature C disap-
pears and now the low-frequency (rightmost) D intercept agrees well with the 4-point dc
resistance value. It is noteworthy that the overall response of the “aged” sample in Figure 9b
closely resembles the Scuderi et al. (9) plot in Figure 2.

We interpret feature C in the “aged” sample to be due to an imperfect electrode contact.
Elsewhere we attribute imperfect electrode behavior to “spreading resistance” at a few points
where a planar electrode is in contact with the specimen surface (3). The air “gap” between

FIG. 8.
Nyquist plots of steel electrodes in ordinary portland cement paste with (a) and without (b)
silica fume precoating.
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the electrode and the uncontacted specimen surface acts as a parallel plate capacitor. For
example, the “aged sample” arc C in Figure 9 has a capacitance of;0.1 nF, which would
correspond to a physical gap of;50 mm. Upon rewetting (recontacting) or replacement with
a more intimate electrode (silver paint), this spreading-resistance/gap-capacitance feature
disappears.

There are two possible explanations for the imperfect electrode feature C in cement-paste/
steel specimens. First, preferential drying of the ITZ removes the aqueous phase, which is
necessary for good electrochemical contact to the steel. We suspect this to be responsible for
the appearance of feature C in the earliest Nyquist plots (8,9), e.g., Figure 2. These were
performed without proper attention to maintaining saturation (100% RH) throughout the
hydration process. For example, it is relatively easy to reproduce the feature C artifact in
air-cured OPC/steel specimens. Second, shrinkage cracking also can separate the cement
from the steel electrodes. We typically see cracking at the electrodes in pastes with silica
fume, even when 100% RH curing is employed. This is undoubtedly due to the enhanced
chemical shrinkage of silica fume pastes (31).

Fiber composites

In certain instances a bulk-related feature C can be observed in composite systems. Figure 10
displays the Nyquist plot for an OPC paste with 1% by volume steel fibers (;30 mm
diameter3 2 mm long) showing features D and C. Note that in this case the four-point dc
resistance agrees with the sum of features D and C rather than just with feature D alone.
There were no substantive changes in the high-frequency features (C, D) with alternative
electroding schemes (e.g., silver paint). Furthermore, the resistance of each feature (deter-

FIG. 9.
Impedance spectra of an OPC/silica fume specimen (age approximately 180 days) with steel
electrodes showing an imperfect electrode response before and after rewetting (a) or reelec-
troding with silver paint (b). In each panel, the open circle represents the true four-point dc
resistance of the specimen. Note that Figure 9b closely resembles Figure 2.
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mined by equivalent circuit fitting) scaled linearly with specimen geometry. Both features C
and D are attributable to the bulk of the composite. It should be stressed that neither feature
corresponds directly to the bulk D arc in paste-free specimens. Both are part of the bulk IS
response. Interpretation of each feature insofar as microstructure is concerned is beyond the
scope of this paper. Nevertheless, the appearance of two separate features (C,D) in fiber-
reinforced composites indicates that IS is sensitive to microstructural heterogeneities. Chen
and Chung (32) have suggested the use of electrical properties to detect microstructural
changes during loading of fiber-reinforced systems, i.e., “smart” concretes.

Conclusions

Three, or possibly four, individual arcs/features are typically observed in the Nyquist plots
of the cement-paste/steel system (see Figs. 9 and 10). By careful manipulation of specimen
geometry, comparison of four-point dc resistance and IS response, “removal” of an element
(electrode or cement), intentional modification of local chemistry/microstructure, and alter-
native electrode schemes, it is possible to correctly assign individual features to the respon-
sible zone/process of the cement-paste/steel system—bulk, imperfect electrode contacts,
electrochemical reaction, product layer, etc.

The lowest-frequency feature (A in all the figures) is a large, nearly semicircular arc with
a maximum imaginary impedance in the mHz range. This arc is attributable to the passive
iron oxide film that forms under the high pH characteristic of saturated cement pastes. It is
relatively insensitive to the aqueous phase chemistry, the noteworthy exception being the
presence of chloride ions that pit the film, and is largely determined by the composition of
the underlying steel. The values of resistivity and dielectric constant obtained from IS fitting
are consistent with a continuous ferric oxide film;10 nm thick.

The next feature (B), as frequency increases, is sometimes difficult to deconvolute from the
overwhelming oxide film arc (A). It is also present when the steel is placed in Ca-free
synthetic pore solution. We attribute this feature to the electrochemical reaction at the
electrode (film) surface and the associated charge-transfer resistance and double-layer ca-

FIG. 10.
Nyquist plot for a neat OPC paste (w/c5 0.4) containing approximately 1% by volume steel
fibers. The open circle represents the four-pt dc resistance of the sample.
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pacitance. In the presence of cement paste, however, these parameters are modified such that
,100% of the electrode surface is exposed to pore solution. Instead, as pore fluid is
consumed and hydration product fills pores in the ITZ, the “active” electrode area progres-
sively declines; therefore, the resistance of this feature steadily increases in tandem with the
bulk (arc D) resistance. The interesting aspect of this feature is that it may provide a tool for
studying the change in microstructure of the ITZ during the course of hydration.

Without second phase additions (e.g., fibers) and in the absence of imperfect electrode
contacts, the real axis Nyquist plot intersection of arcs B and D is the true dc resistance of
the cement sample (see Figs. 3a, 8, and 9). Arc D is clearly a “bulk” feature whose electrical
properties scale linearly with the aspect ratio of the sample. This feature occurs at high
frequencies, with the maximum imaginary impedance typically occurring in the 1- to 10-MHz
range. Because this is the current limit of reliable IS measurements, the possibility of
additional features (e.g., an offset resistance, additional arcs, etc.) cannot be resolved by IS.

We have identified two situations in which an additional feature/arc (C) occurs between the
high-frequency arc (D) and the two low-frequency features (A and B). The first occurs when
imperfect electrode contacts result from drying of ITZ pores and/or cracking due to cement
shrinkage, which pulls the cement away from the steel surface. In such cases, the low-
frequency intercept of this feature does not agree with the true dc resistance of the sample.
Instead, the D feature is the true bulk response and the C feature derives from “spreading
resistance” point contacts and the air–gap capacitance between the cement and the steel
electrode. Feature C disappears upon rewetting of the electrode with pore solution or
replacement of the steel electrodes with silver paint electrodes.

It should be stressed that it is important to carry out four-point dc resistance measurements
in parallel with IS measurements to appropriately detect and assign the high-frequency
features. In some cases the imperfect electrode contact feature can be quite large (e.g., with
extensive drying/cracking at the electrodes), whereas in other instances it can be quite small
(see Fig. 9) and even merge with arc D into a single depressed arc. Although feature C can
be eliminated by reestablishing electrode contact (e.g., by rewetting or the use of silver paint),
the dc resistance is the surest method to test for the presence of imperfect electrode contacts.

The second situation where an additional feature C has been observed is for cement pastes
reinforced with conductive fibers (see Fig. 10). In this case the four-point dc resistance agrees
with the sum of resistances D and C, i.e., the low-frequency intercept of feature C with the
real axis, which also agrees with the high-frequency intercept of features B and A. In these
materials, neither feature D nor C represents the entire “bulk” response. Both are determined
by the heterogeneous composite microstructure. It appears that IS is particularly sensitive to
the microstructural heterogeneities in such materials and additional IS work on composites
is therefore warranted.
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