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Abstract

AC-impedance spectroscopy (AC-IS) was combined with time-domain reflectometry (TDR) to investigate the impedance response of
fiber-reinforced cement (FRC) composites with multi-walled carbon nanotubes (MWCNTs). In Nyquist plots (�imaginary impedance
vs. +real impedance) three impedance arcs/features were observed, similar to Nyquist plots for macrofiber and microfiber FRCs. The
intersection of the electrode arc and the intermediate frequency feature (RDC(FRC)) corresponds to the DC resistance of the composite.
The intersection of the two bulk features (Rcusp) corresponds to the AC resistance of the composite. Reductions in (RDC(FRC)) from the
matrix resistance are indicative of a nanotube percolating network. Reductions in Rcusp from the matrix resistance are indicative of a
discontinuous fiber–fiber path. Both shifts increased with fiber loading. AC-IS measurements are therefore able to discriminate perco-
lation vs. discontinuous fiber effects in CNT-FRCs, with the potential for characterizing dispersion issues (e.g., clumping/aggregation)
in nanocomposites.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Since their discovery by Iijima in 1991 [1], there has been
growing interest in carbon nanotubes (CNTs) for various
composite applications owing to their outstanding physical
properties. Mechanically, they exhibit elastic moduli in the
TPa range [2]. Their exceptionally high theoretical strength
is 100 times that of steel, at only 1/6th the specific gravity
[3]. Although the exact magnitude of these values depends
on the diameter and chirality (how their graphitic sheets
are rolled into tubes), and whether they are single-walled
or multi-walled, values as high as 60 GPa for ultimate
strength and 6% for ultimate strain have been reported
(single-walled CNTs [4,5]). Their strength and ultrahigh
aspect ratios (length/diameter) make them ideal candidates
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for reinforcing fibers. Significant gains up to three times in
toughness have been reported for CNT/alumina compos-
ites [6].

Regarding their electrical properties, single-walled
CNTs (SWCNTs) can be semiconducting or metallic in
character, depending upon their chirality. Multi-walled
CNTs (MWCNTs), on the other hand, are metallic in char-
acter. Electrical conductivities on the order of 105–106 S/
cm have been reported for MWCNTs [7]. When used as
a conductive filler in polymer matrix composites, the result-
ing ultralow electrical percolation thresholds are attractive
for low-density and cost-sensitive electronic applications.
Therefore, there has been prolific literature on CNT–poly-
mer matrix composites in recent years.

However, research activity in the area of carbon nano-
tube fiber-reinforced cements (CNT-FRCs) has been very
limited. Makar and Beaudoin [8] reported briefly on an
ethanol/sonication technique for dispersing CNTs in
cement, while Campillo et al. [9,10] reported modest gains
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in compressive strength and nanoindentation hardness for
MWCNTs in cement pastes vs. plain pastes. More recently,
Li et al. [11] devised a carboxylation procedure to improve
the MWCNT–cement matrix bond. They reported only
slight improvements in compressive strength and failure
strain compared to the unreinforced matrix. The meager
gains reported for CNT-FRCs may be due to CNT disper-
sion issues and/or weak CNT–cement matrix bond. Disper-
sion problems have been documented for the more widely
studied CNT–polymer matrix composites [12].

Our prior work [13–19] has shown that AC-impedance
spectroscopy (AC-IS) can be used to characterize the
microstructure of fiber-reinforced cements (FRCs) with
discontinuous conductive (e.g., carbon or steel) macro-
fibers (mm-scale diameters) or microfibers (lm-scale dia-
meters). AC-IS has been employed to investigate fiber
dispersion issues in macro- and microcomposites, including
orientation, coarse-scale segregation, and local aggregation
[18]. Of these issues, local aggregation (clumping) should
be particularly applicable to CNT-FRCs, as adequate
dispersion of carbon nanotubes in cement matrix proves
very challenging to achieve.

The present work reports AC-IS measurements for
cement-based composites containing MWCNTs. Four-
point DC measurements are employed to assist assignment
of features in the AC-IS response. Time-domain reflectom-
etry (TDR), a high-frequency dielectric spectroscopy tech-
nique, is also employed to extend the practical frequency
range to higher frequencies, and thus to resolve some fea-
tures unattainable by the AC-IS technique. To the authors’
knowledge, this is the first report on the AC-IS response of
CNT-FRCs. The features obtained are discussed with
respect to the well-understood AC-IS response of micro-
composites, and whether electrical techniques for charac-
terizing dispersion in macro- and microcomposites can be
extended to CNT-FRCs.

2. Experimental procedures

Three different mixes of unreinforced and reinforced
cement (0.75 vol% MWCNTs, 1 vol% MWCNTs) were
fabricated at a fixed water-to-cement ratio of 0.45 (by
weight). MWCNTs were used, as opposed to SWCNTs,
because of their higher conductivity. Type I ordinary Port-
land cement (OPC) was first dry-mixed with methylcellu-
lose (Methocel F4M, Dow Chemicals) in the amount of
0.4% by weight of cement. A polycarboxylate superplasti-
cizer (Catexol Superflux 2000 PC, Axim Italcenti Group)
in the amount of 0.5% by weight of cement was added to
the mixing water, followed by the MWCNTs (initially
10–20 nm diameter · 1–2 lm length, Helix Material Solu-
tions, TX). The solution was stirred by hand for 2 min
and then ultrasonicated for 5 min until the MWCNTs
appeared to be well dispersed in the solution. The cement
mixture was then added to the solution and hand-mixed
for another 2 min, before half of the mix was cast into a
polycarbonate mold (12.5 mm · 12.5 mm · 25 mm). For
AC-IS measurements, two stainless steel electrodes
(12.5 mm · 15 mm · 0.2 mm) were embedded at the two
ends of the specimen (25 mm electrode spacing) immedi-
ately after casting. The other half of the mix was reserved
for TDR measurements (see below), to be taken concur-
rently with the AC-IS measurements. The unreinforced
OPC specimen (with methylcellulose and superplasticizer)
was fabricated using the exact same protocol. To test for
reproducibility, two more replicates were made for each
composition for AC-IS measurements only.

A Solartron 1260 impedance/gain-phase analyzer with
Z-60 data collection software (Schlumberger, Houston,
TX) was employed for the AC-IS measurements. Two-
point AC-IS measurements were made using the embedded
electrodes (Fig. 1a) at 15 min, 1 h, 4 h, 6 h and 8 h after
mixing. At 1 day, the specimens were demolded and
AC-IS measurements were performed using sponges
(12.5 mm · 12.5 mm · 2 mm) soaked in aqueous solution
(0.33 M KOH + 0.13 M NaOH), which approximates the
conductivity of OPC pore solution at early ages, and lightly
pressed against stainless steel electrodes (Fig. 1b). Four-
point DC measurements, performed only at 1 day, were
taken by wrapping stainless steel wires (0.2 mm diameter)
at 1/4 and 3/4 positions around the specimens to serve as
voltage contacts (Fig. 1c). Current was applied in
0.25 mA increments from 1.5 mA to �1.5 mA across the
two pressed-sponge electrodes. The specimen DC resis-
tance (RDC) was calculated from the slope of the current–
voltage plot when appropriately corrected for geometry
(from L/2 to L where L is the specimen length). It should
be stressed that the specimens were kept in a moist environ-
ment at all times until tested. The excitation amplitude was
1 V over the frequency range from 0.1 Hz to 30 MHz, with
data collected at 10 steps per decade of frequency.

For TDR measurements, the specimens were cast into a
10-ml beaker. A coaxial wire (semirigid UT 141, 3.5 mm)
was stripped back to expose approximately 5 mm of the
inner conductor, which was then inserted into the speci-
men. A 4 mm · 7 mm castle nut (Slotted/Castlelated Hex
Nut #935, Metric and Multistandard Components Corp.,
Hawthorne, NY) was attached to the outer conductor of
the coaxial cable to shield the inner conductor while the
slotted top allowed the cement to flow freely. The TDR
experimental setup is shown in Fig. 1d. An HP 54120 dig-
itizing oscilloscope with a 54121A TDR sampling head was
used to generate a voltage pulse with a very short rise time
(20 ps) and to detect the incident and reflected voltage
pulse, which includes quantitative dielectric properties of
the specimen. Consecutive segments of the TDR reflected
transient were analyzed using a variable time scale sam-
pling method. The reflected transient was then transformed
into the frequency domain (corresponding to 1 kHz–
18 GHz in the present work) using a numerical Laplace
transform. To determine the empty cell capacitance of
the sampling cell, calibration with standard liquids of
known dielectric constant (e.g., acetone, methanol and
de-ionized water) was also performed.
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3. Results and discussion

3.1. Prior results on AC-IS response of microfiber

composites

The AC-impedance spectroscopy (AC-IS) technique
involves application of AC excitation of set amplitude over
a range of frequencies to the specimen. The measured
response of the specimen, which includes both magnitude
and phase angle, can be represented in a Nyquist plot (neg-
ative imaginary impedance, �Im(Z), vs. real impedance,
Re(Z)), with frequency increasing from right to left. The
plot contains semicircles or arcs whose diameters corre-
spond to the resistances of the different components in
the composite microstructure. Fig. 2 shows a typical
Nyquist plot for ordinary Portland cement (OPC) with
and without 1 wt.% (�0.06 vol%) carbon microfibers at
7 days of hydration. The fibers were initially 18 mm long
by 0.18 lm diameter; however, carbon fibers are known
to break up considerably during mixing [16]. Frequency
markers (log of frequency in Hz) are shown as darkened
points with corresponding numbers. The incomplete right-
most arc, labeled as feature (3), corresponds to the electro-
chemical response of the external steel electrodes used to
take measurements. The key feature of microfiber compos-
ite Nyquist plots is the occurrence of two bulk arcs (fea-
tures (1) and (2) in Fig. 2) vs. a single bulk arc (for
unreinforced matrix). Note that the low-frequency cusp
(between the electrode arc and the composite bulk arc)
coincides with the four-point DC resistance, RDC, of the
composite (the solid symbol on the real impedance axis).
Furthermore, it remains relatively unchanged (vs. unrein-
forced OPC) upon the addition of fibers.

The origin of the above dual-arc behavior in FRCs with
conductive fibers is explained by the ‘‘frequency-switchable
coating model’’ [14,19]. At DC and low AC frequencies, as
long as the fiber volume fraction (/) is in the dilute regime
and well below the percolation threshold, an electrochemi-
cal double-layer (polarization resistance) on fiber surfaces
electrically isolates them from the matrix. The fibers behave
as if they were insulating at DC and low AC frequencies.
Insulating fibers at small volume fraction will have negligi-
ble effect on the DC resistance of the composites [16]. At
higher AC frequencies, however, displacement currents
short out the double layers on the fibers, rendering them
conductive (i.e., the fibers become short-circuit current
paths through the composite). The marked decrease in
resistance (increase in composite conductivity) compared
to RDC, as reflected in the high-frequency cusp (Rcusp), is
a direct result of the conducting fibers.

A more quantitative ‘‘universal equivalent circuit
model’’ was developed to describe the impedance response
of composites with conducting particulates (i.e., with sphe-
roidal or disc-shaped particles, as opposed to fiber-shaped
fillers) or discontinuous fibers in the dilute regime [20]. As
shown in Fig. 3, each box represents a resistor and a capac-
itor in parallel. The uppermost path is the matrix path,
with the first element representing the unreinforced matrix.
The second element to its right only comes into play in
particulate composites, where the addition of particles
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introduces a tortuosity effect (i.e., insulating particles) at
DC and low AC frequencies [17], but is negligible for fiber
composites. The middle path is the particle or fiber path,
with the first element representing the electrical properties
of the particles or fibers. The next element accounts for
inter-particle (or inter-fiber) current flow at high frequen-
cies, which is responsible for the decreased resistance at
the high-frequency cusp in Fig. 2. This element can be
accounted for based upon known mixing laws for particles
or the intrinsic conductivity approach (see below) for con-
ducting fibers in the dilute regime. The element to the right
side of the middle path represents the polarization resis-
tance/double layer capacitance on the fiber surfaces, just
as the rightmost element in Fig. 3 represents the interfacial
response for the external electrodes. Although the RC time
constants were identical for these two elements, the lump-
ing of the fiber interface RC element with the other ele-
ments in the composite vs. the stand-alone RC element
for the external electrodes allowed for separation of bulk
vs. electrode arcs. Based upon only the upper two paths
of the universal equivalent circuit model, excellent agree-
ment between simulated and measured AC-impedance
spectra for both particulate and fiber composites has been
obtained (see [20] for typical values of the circuit elements).
To describe the behavior of FRCs beyond the percolation
threshold (see below), the bottom path is required to allow
for percolation between particles or fibers, i.e., a continu-
ous electrical path via fibers exists in parallel with that of
the matrix [21]. The role of this percolation path will be
evident in the DC resistance response of CNT-FRCs
discussed in the next section.

An ‘‘intrinsic conductivity’’ approach has been
employed in our prior work to characterize the micro-
structure of cement-based microfiber composites [16]. In
the dilute regime, assuming completely random distribu-
tion of fibers, the effective conductivity of a composite,
rcomposite, containing fibers of conductivity, rfiber, and
volume fraction, /, suspended in a matrix of conductivity,
rmatrix, is described by:

rcomposite

rmatrix

¼ 1þ ½r�D/þ 0/2; D � rfiber

rmatrix

ð1Þ

The first-order coefficient of / in (1) is referred to as the
‘‘intrinsic conductivity’’ and can be calculated for any as-
pect ratio (length/diameter) of right-cylinder shaped fibers
[16]. The higher order terms in / are neglected in the dilute
situation. For example, insulating fibers with aspect ratios
greater than 10 have an intrinsic conductivity of �5/3,
regardless of length. Since the product of intrinsic conduc-
tivity and volume fraction (/) yields the fractional contri-
bution to the overall composite conductivity, / = 0.0006
(as in Fig. 2) would result in a mere 0.1% decrease in
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Fig. 4. Schematic of fiber dispersion issues investigated using AC-impedance spectroscopy in FRC macro- and microcomposites, including (a) orientation,
(b) coarse-scale segregation and (c) local aggregation. Only local aggregation should be directly applicable to CNT-FRCs.
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conductivity (increase in resistance), which is much less
than the typical ±5% uncertainty in AC-IS measurements.
This explains why the otherwise conducting fibers have
negligible influence on the low-frequency cusp, also re-
ferred to as RDC in Fig. 2. It also explains why AC-IS mea-
surements will be insensitive to the presence of truly
insulating fibers such as polypropylene. Note that for con-
ducting fibers, the ratio between the fiber and matrix con-
ductivities approaches infinity (D!1). Conducting
fibers with an aspect ratio of 100, for example, have an
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intrinsic conductivity of 609, which explains the much
higher composite conductivity (lower resistance) at high
frequencies in Fig. 2.

The ratio of the composite conductivity (when the fibers
are conducting, i.e., at high frequencies) to the matrix
conductivity is related to the AC-IS-derived resistances
given by (see Fig. 2):

rcomposite

rmatrix

¼ Rmatrix

Rcomposite

¼ RDC

Rcusp

ð2Þ
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Combining (1) and (2) and rearranging yields:

f-function ¼ RDC

Rcusp

� 1 ¼ ½r�1/ ð3Þ

This ‘‘f-function’’ represents the overall contribution of fi-
bers to the composite conductivity. It has been employed in
our prior work to explore fiber dispersion issues in FRC
macro- and microcomposites, including orientation,
coarse-scale segregation, and local aggregation, which are
depicted in Fig. 4 [18]. It should be stressed that, among
these issues, only local aggregation will be readily applica-
ble to CNT-FRCs. The other two issues (orientation,
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segregation) may be more difficult to quantify for CNT-
FRCs, given the complexity of nanofiber morphology in
comparison with rigid macro- or microfibers.

3.2. Carbon nanotube-reinforced cements or concretes

(CNT-FRCs)

Fig. 5a shows the experimental Nyquist plots for CNT-
FRCs with 0.75 vol% and 1 vol% MWCNTs at 15 min.
(Each specimen was from the same mixing batch as that
used in the concurrent TDR measurements, as is the case
for Figs. 5–10). The low-frequency bulk arc and the
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electrode arc (features (2) and (3), respectively) are evident
in each case. The high-frequency bulk arc cannot be
resolved by AC-IS measurements in fresh paste due to par-
asitic inductive contributions in the high-frequency range.
With the TDR measurements superimposed onto the AC-
IS results at high frequencies, as shown in Fig. 5b, the
high-frequency bulk arc (feature (1)) is now evident for
both volume fractions. Furthermore, there appears to be
a direct mapping of features between CNT-FRCs and
microcomposite response (see Fig. 2), even as early as
15 min after mixing (except for the shape of the CNT-
FRCs low-frequency bulk arc). The intersection of the
low-frequency bulk arc and the electrode arc is an indica-
tion of the DC resistance of the CNT-FRCs, as is the case
for microcomposites (referred to as RDC in Fig. 2) and
post-set CNT-FRCs (referred to as RDC(FRC), see below).

It should be noted that a similar intermediate-frequency
feature in Nyquist plots was observed by McCarter et al. in
cement pastes with fly ash additions [22]. They attributed a
flattened arc/feature at intermediate frequencies to the
carbon content of the fly ash. Furthermore, they observed
an enhancement of dielectric constant at intermediate fre-
quencies with increasing fly ash/carbon content. A similar
phenomenon was observed in the present work. Fig. 6
shows dielectric constant vs. frequency plots for the plain
paste and the two composites. The presence of fibers clearly
enhances the dielectric constant in the 103–106 Hz range
above the baseline dielectric constant of the paste. (The
baseline dielectric constant of the plain paste is �300 and
significantly larger than the dielectric constant of water
(�80). This enhancement has been attributed to polariza-
tion phenomena within the C–S–H gel phase [23].)

Fig. 7 shows AC-IS Nyquist plots for a CNT-FRC with
0.75 vol% MWCNTs from 15 min to 8 h. Based on the
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longer times (e.g., 8 h), ions are consumed to form the
hydration products, including calcium silicate hydrate or
C–S–H (i.e., the specimens start to set), and the plots show
a shift back toward high resistance. The evidence of set
thus appears to be between 6 and 8 h for the 0.75 vol%.
A similar response was observed for 1 vol% MWCNTs
(not shown).

Fig. 8 shows the evolution of AC-IS features from initial
casting through set of the 1 vol% MWCNT specimen in
comparison to the unreinforced matrix (plain paste). At
1 h (pre-set), the intermediate-frequency feature is already
present in the CNT-FRC (Fig. 8a) and the position of
the electrode arc of the CNT-FRC is virtually identical to
that of the plain paste specimen. By 1 day (post-set), the
Nyquist plot for the 1 vol% specimen in Fig. 8b shows
three features, similar to the corresponding response for
the microcomposite (except for the shape of the intermedi-
ate-frequency feature, in contrast to a clear arc shape in
Fig. 2). The depressed high-frequency arc at 1 day (owing
to parasitic inductive effects in the MHz frequency range)
is better resolved by TDR, as shown with the TDR data
superimposed at high frequencies in Fig. 9. This also con-
firms the location of the high-frequency cusp, Rcusp, associ-
ated with the discontinuous fiber effect in FRCs (as
opposed to the percolative fiber effect, see below).

The location of the DC resistance (RDC(FRC),
measured only at 1 day) on the Re(Z) axis in Fig. 9 allows
for the electrode response to be identified. Note also that
the AC-IS cusp of the plain paste in Fig. 8b agrees with
the DC resistance of the plain paste, RDC(matrix), in Fig. 9.
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At 1 day (post-set), the electrode arc is clearly shifted
relative to that of the plain OPC specimen; there is a
marked decrease in the DC resistance of the composite,
RDC(FRC) vs. that of the matrix, RDC(matrix), as shown
in Fig. 8b. (The same behavior is also observed in the
0.75 vol% specimen, shown in Fig. 10. However, the shift
is more dramatic in the case of the 1 vol% specimen, as
expected.) This is a major difference from microcomposite
and macrocomposite behavior, where the composite’s DC
resistance remains essentially unchanged vs. that of the
unreinforced matrix (see Fig. 2) [15]. Our interpretation
for the shift in DC resistance of the CNT-FRCs is that
the percolation path in the equivalent circuit of Fig. 3 is
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Fig. 10. Nyquist plots for cement paste with and without 0.75 vol%
making its presence felt in the DC conductivity (resistance).
Whereas there are two important parameters in the AC-IS
response of macro- and microcomposites (RDC and Rcusp in
Fig. 2), there are now three important parameters in the
AC-IS response of CNT-FRCs (Rcusp, RDC(FRC), and
RDC(matrix) in Figs. 8b and 10b). Using these parameters,
one can potentially separate the influence of percolation
(RDC(FRC)) from that of discontinuous fibers (Rcusp) in
CNT-FRCs.

The percolation transition in nanofiber composites
will be substantially more gradual than that in microfiber
and macrofiber composites. A single nanostrand, for
example, from one electrode to the other in a
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1.25 cm · 1.25 cm · 2.5 cm specimen (based upon a fiber
conductivity of 106 S/cm [7]) will have a resistance in the
MX range compared to hundreds of ohms for the pre-set
cement matrix. For this calculation, a nanotube diameter
of �20 nm was assumed. As a result, the upper matrix path
in the equivalent circuit of Fig. 3 dominates the DC and
low-frequency AC response of the pre-set CNT-FRCs.
This explains why there is no difference between the
CNT-FRCs and the plain paste DC resistance at 1 h. By
1 day (post-set), however, the noticeable increase in com-
posite DC conductivity (decrease in resistance) vs. that of
the plain paste suggests that the percolation path is now
playing an important role. Current now travels through
the CNT-FRCs by both the matrix and the percolation
paths in the equivalent circuit, resulting in a DC resistance
lower than that of the matrix alone. This behavior can be
attributed to the decrease in the matrix conductivity
(increase in resistance) by an order of magnitude in going
through set, allowing for the percolation path to make a
noticeable contribution to composite conductivity. Based
upon the parallel fiber percolation and matrix paths, the
conductivity (resistance) of the matrix (post-set), and the
conductivity (resistance) of an individual nanostrand, one
can estimate the number of percolation paths spanning
the electrodes to be on the order of hundreds.

Fig. 11 shows Nyquist plots based on point-by-point
average of three replicates (i.e., average of three Re(Z)
and �Im(Z) values for each frequency) for each composi-
tion. The corresponding DC resistances, averaged over
three replicates, are also shown on the Re(Z) axis. (The
reproducibility of the DC resistances among the three
replicates for each composition is within 13%.) The trends
in RDC(FRC) and Rcusp compared to RDC(matrix) are
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Fig. 11. Nyquist plots for plain cement paste and the two composites (with 0.7
frequency) over three replicates for each composition.
similar for both fiber loadings. The decrease in RDC (to
RDC(FRC) from RDC(matrix)) for the 1 vol% specimens
is larger than the decrease in RDC for the 0.75 vol% speci-
mens, consistent with a more extensive percolating network
of nanotubes in the more highly loaded composite. Simi-
larly, the decrease from RDC(matrix) to Rcusp for the
1 vol% specimens is larger than that for the 0.75 vol% spec-
imens. This larger decrease is consistent with a larger
f-function in Eq. (3), corresponding to a greater influence
of the middle fiber–matrix–fiber path (Fig. 3) for the more
highly loaded composite.

This suggests that AC-IS has the potential to discrimi-
nate percolation effects from discontinuous fiber effects in
CNT/cement composites. Ongoing work is addressing the
possibility of characterizing fiber dispersion issues in
CNT-FRCs, especially clumping or aggregation, by AC-
impedance spectroscopy.

4. Conclusions

The first experimental AC-IS Nyquist plots for CNT-
FRCs at 0.75 vol% and 1 vol% show a trend toward
decreasing DC resistances at early times (owing to a release
of ions to participate in hydration reaction) and a shift
back toward higher DC resistances at later times (reflecting
the initiation of set between 6 and 8 h). Pre-set, the agree-
ment in DC conductivity of the CNT-FRCs and the matrix
is the result of current traveling through the matrix only
(i.e., the resistance of the matrix path is much less than that
of the percolating fiber path pre-set).

At 1 day of hydration, the Nyquist plot shows two
composite bulk arcs and an electrode arc, similar to the
microcomposite response, except for the shape of the
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low-frequency bulk arc. Three important parameters, Rcusp

(confirmed by TDR), RDC(FRC) (confirmed by four-point
DC measurements) and RDC(matrix) can be identified. The
noticeable decrease in the DC resistance of the composite
from that of the matrix, i.e., RDC(FRC) < RDC(matrix), is
a major difference from microcomposite behavior where
the two DC resistances remain essentially the same. Such
decrease in the DC resistance is attributable to the percola-
tion path in the equivalent circuit. With the increase in the
matrix DC resistance by an order of magnitude in going
through set, current now travels through the CNT-FRCs
via both the matrix and the percolation paths in the equiv-
alent circuit, yielding a DC resistance lower than that of the
matrix alone. Using these three parameters from AC-IS
measurements, one can differentiate percolation contribu-
tions from discontinuous nanotube contributions to the
AC-IS response of carbon nanotube cement composites.
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