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        DISCUSSION

APPROACH OF AUTHORS
The authors’ notion that steel fibers are insulating under

DC and conductive under AC is flawed. The use of NaCl
solution (an ionic conductor) for passing current, so electron
injection is impossible and the electrons’ role is limited.
Because steel is an electronic conductor, the sensitivity for
the fiber is low. Even at high frequencies that hinder the
ionic response, electronic conduction is limited. At low
frequencies, ions contribute, making the relative role of electrons
even less. The oxide on the steel and the polarization layer at
the fiber-matrix interface are ineffective ionic conductors. If
an electronic conductor is used for passing current, electronic
conduction will be more significant and the method will be
more sensitive. Silver paint functions after drying. Aqueous
solutions are wet. Thus, conductive pastes are more practical
than solutions.

The fiber dispersion is particularly poor for 1 vol.% fiber
(with regions without fibers, Fig. 3(a)). The authors cannot
distinguish dispersion degrees corresponding to different
fiber contents, as shown by dispersion factor (DF) data and
their scatter (Table 2 and Fig. 7).

The oxide on the fiber may interact with ions. The interaction
depends on the frequency and may help ionic conduction.33

Ozone treatment of carbon fiber provides functional groups,34

thereby helping DC ionic conduction.33 Moreover, the dielectric
constant is increased by carbon fiber.35 A small dielectric effect
is indicated by the effect of the steel fiber on the imaginary
part of the impedance (Fig. 1). The higher the frequency is,
the smaller the skin depth is. Thus, the fiber’s electronic
conduction ability diminishes with increasing frequency.

Mechanisms may include: 1) the frequency-dependent
interaction of the fiber surface with the ions; 2) the
decreasing role of ionic conduction and the consequent
increasing role of electronic conduction (hence increasing
the contribution of the fiber to conduction) as the frequency
increases; and 3) the decreasing conduction ability of the
fiber as the frequency increases. 

DC ELECTRICAL RESISTIVITY
The DC contact resistivity (silver paint) of the fiber-cement

interface is 106 Ω.cm2 (105 Ω.in.2) for steel fiber (diameter
60 μm [2.4 × 10–3 in.])36-38 and 105 Ω.cm2 (104 Ω.in.2) for
carbon fiber (diameter 15 μm [5.9 × 10–4 in.]).34,39,40 For the
interface between steel reinforcing bar and concrete, it is
107 Ω.cm2 (106 Ω.in.2).41,42 These values are above 10–2 Ω.cm2

(10–3 Ω.in.2) for the interface between adhesively bonded
steel surfaces43 and 10–4 Ω.cm2 (10–5 Ω.in.2) for the interface
between bonded copper surfaces.44,45 Nevertheless, the
interface is not insulating. This is consistent with the DC
volume resistivity decreasing with increasing fiber content.46-48 

The authors imply that the DC method is insensitive to the
fiber dispersion. The DC volume resistivity (silver paint) is
sensitive, as shown for steel and carbon fibers.33,49-52 For

steel fiber (diameter 60 μm [2.4 × 10–3 in.]) below the perco-
lation threshold, the resistivity is decreased by silica fume.50

For steel fiber (diameter 60 μm [2.4 × 10–3 in.]) below the
percolation threshold, the resistivity is decreased by silane.49

Thus, DC resistivity reflects the effect of admixtures. DC is also
attractive in its simpler instrumentation compared with AC.

Below the percolation threshold, the lower the resistivity
is, the better the fiber dispersion. Above the threshold, the
resistivity is not reliable for indicating fiber dispersion
because percolation may be enhanced or degraded by fiber
segregation. Below the threshold, differences in the fiber
dispersion due to admixtures, fiber surface treatments, and
curing ages have been shown by DC resistivity (silver
paint).33,49-52 The authors’ percolation threshold is not
reported. Equation (1), however, suggests the assumption
that the threshold is not exceeded.

DISPERSION FACTOR CALCULATION LIMITATION
The authors describe DF as an upper limit for the fraction

of dispersed fibers and calculate it based on AC results and
Eq. (1), (2), and (4). The measured AC conductivity relative
to that of the matrix is not reported, though this ratio is in the
calculation. The DC resistances of cements with and without
fiber are close (Fig. 1), suggesting that the fiber contributes
little to conduction.

The ratio of the composite (high-frequency cusp) AC
conductivity to the matrix DC conductivity is 1.4 (Fig. 1),
which is low compared with the ratio of the DC composite
conductivity (silver paint) to the DC matrix conductivity
given in the following for other steel fibers.50,53

For silica fume cement paste containing 0.03 vol.% (below
the percolation threshold of 0.3 vol.%53) steel fiber of diameter
8 μm (3.2 × 10–4 in.), DC conductivity ratio equals 7.653

and DF equals 0.56. At 0.06 vol.% fiber, the ratio equals 1453

and DF equals 0.52. At 0.09 vol.% fiber, the ratio equals 13653

and DF equals 6.8, which exceeds 1. Thus, the DF calculation
is invalid when the conductivity ratio exceeds a value
between 14 and 136 and is not useful for applications that
require high conductivity.

For silica fume cement paste containing 0.1 vol.% (below
the percolation threshold47) steel fiber with a diameter of 60 μm
(2.4 × 10–3 in.), the conductivity ratio equals 10.950,54 and
DF equals 22.2. In the absence of silica fume, 0.1 vol.% fiber
gives a ratio of 6.350,54 and a DF of 11.9. For 0.2 vol.% fiber
(below the percolation threshold47) in the presence of silica
fume, the ratio equals 19.150 and DF equals 20.3. Hence, DF
exceeds 1 when the conductivity ratio is 6.3 or above, even
though the percolation threshold has not been exceeded.

The low conductivity ratio of 1.4 for cement paste
containing the authors’ 160 μm (6.3 × 10–3 in.) diameter
steel fiber means that this fiber is ineffective for raising the
conductivity (NaCl solution). The steel fibers of 60 μm
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(2.4 × 10–3 in.)50 and 8 μm (3.2 × 10–4 in.) diameter,53

however, are effective in raising the conductivity (silver paint). 
The aforementioned conductivity ratio of 1.4 (Fig. 1) corre-

sponds to a DF of 0.30 (for 1 vol.% fiber), which is below
0.81 in Table 2, suggesting inconsistency within the paper.

FIBER CLUMPING AND DEPLETION
Fiber clumping is more significant when the fiber is

concentrated. Local fiber depletion is more significant when
the fiber is sparse (economical) (Fig. 3(a)). The attainment of
fiber dispersion below the percolation threshold is more
challenging than that above the threshold. The large data
scatter (for example, 20%) among DF values measured in
three directions (Table 2) suggests poor fiber dispersion. At
the same fiber content, fiber clumping is more likely for a
smaller diameter fiber and fiber depletion is more likely for
a larger diameter fiber. The authors’ fiber is larger than the
60 μm (2.4 × 10–3 in.) diameter steel fiber,49 the 8 μm (3.2 ×
10–4 in.) diameter steel fiber53 and the 15 μm (5.9 × 10–4 in.)
diameter carbon fiber of prior DC work.48 Yet the authors
address fiber clumping, but not fiber depletion.

Discerning subtle differences in the fiber dispersion, such
as those resulting from admixtures and fiber surface treatments,
is more practically useful than discerning gross differences.
Small differences cannot be observed by microscopy, as
shown by the large scatter in CF data (Table 2 and Fig. 7). Image
analysis is more difficult as the fiber diameter decreases.

Table 2 shows that DF and 1 – CF are close, both at 0.7 to
0.9, though they may not be close outside this range. The
authors conclude that AC and image analysis results agree
within experimental uncertainty, which is large (for
example, ±34%).

EFFECT OF WATER
The DC conductivity in carbon fiber cement (below the

percolation threshold; not wet) is dominated by electronic
conduction, as shown by DC resistivity (silver paint and salt
solution contacts).33 Little ionic conduction contribution means
that water affects the DC resistivity negligibly. This is supported
by the slight increase of the resistivity (silver paint) of carbon
fiber cement with increasing curing age55 and heating time.56

This adds to the attraction of DC resistance (with an electronic
conductor as contacts) for indicating fiber dispersion.

TWO-PROBE AND FOUR-PROBE METHODS
The two-probe method suffers from the inclusion of the

contact impedance, whereas the four-probe method essentially
excludes this impedance. Contacts that are similarly made
can be different in quality. Therefore, two-probe data are
more scattered. Contact degradation causes the two-probe
resistance to increase.57 That the DC four-probe resistance is
close to the two-probe AC low-frequency cusp resistance
(Fig. 1) supports the two-probe AC resistance. The two-
probe and four-probe values may differ, however, when the
composite is more conductive.

SUMMARY
Weaknesses relate to AC methodology and explanation,

low sensitivity for fiber dispersion, limited applicability of
the DF calculation, and ignoring prior DC work.
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AUTHORS’ CLOSURE
Points of agreement with discussion

1) The authors agree that there are other techniques,
including electrical resistivity48,49,51,52 that are sensitive to
fiber dispersion in fiber-reinforced concrete.

2) Neither AC-IS nor image analysis see substantive
differences in dispersion between the three experimental
fiber loadings in the original paper, within experimental
error. This was not the thrust of the paper, however, but
rather that the two techniques are in mutual agreement. The
authors have since evaluated composites with much larger,
detectable differences in fiber clumping by microstructural
evaluation and in dispersion factor (DF) by AC-IS, again
with good agreement between the two methods.58

3) Four-point measurements are preferred for DC
measurements to obviate electrode polarization contributions.
Four-point AC-IS measurements would also be desirable;
however, large electrode impedances (at inner electrodes)
and associated experimental artifacts preclude meaningful
four-point AC-IS measurements in cement-based systems.59

4) Figure 1 of the original paper does not agree with the
DFs plotted in Fig. 7. A citation21 was inadvertently omitted
from the caption of Fig. 1, which shows sample Nyquist
plots from a previous work instead of the work in question,
where no measurements of plain cement matrix were made.
To correct the omission (of supporting data), Fig. A shows a
typical y-direction result (1 vol% steel fiber specimen, w/c =
0.3, age = 7 days), from which a DF of 0.88 can be calculated.
Averaging the DFs in all three directions yields 0.81 ± 0.17
(as in Fig. 7(a) of the original paper).

5) Fiber contact resistivity is important and can be readily
measured. The value reported in the Discussion (106 Ω.cm2)
agrees well with values obtained by electrochemical IS
(EIS), 105 to 106 Ω.cm2.60 A similar value was employed for
the coating elements on conductive fibers in pixel-based
finite difference computer modeling of a single steel fiber in
cement.61 The results show negligible current flow to/
through the fiber at DC and low AC frequencies, but high
current flow to/through the fiber at frequencies corresponding
to the cusp frequency (~105 Hz), owing to displacement
currents shorting out the resistive oxide layer. This is the
basis of the so-called frequency-switchable coating impedance
effect at the heart of the AC-IS technique.

6) Percolation is also very important. Based upon literature
estimates of percolation threshold (PT) in FRCs,62,63 at an
aspect ratio of 37.5 (as in the original paper), the 1 vol%
specimen is below PT, and the 2 vol% specimen is likely
below the PT (lower bound estimated at 1.75 vol%, upper
bound at 3.25 vol%). Although the 4 vol% FRC should be at
or above the PT, no precipitous decrease in resistance was
observed. The direction-averaged RDC values for the three
w/c = 0.35 composites were 227 Ω, 226 Ω, and 239 Ω,
respectively. This is attributable to the fiber diameter (0.16 mm
[0.0062 in.]) being much larger than the median cement
particle size (~10 μm); cement particles coat the fibers and
prohibit direct contact between the fibers, thereby forestalling
the PT (as discussed elsewhere64).

Points of disagreement with discussion
1) The AC-IS DF approach has been carefully validated in

several ways. First, as mentioned previously, pixel-based
finite difference computer calculations successfully simulated
the frequency-switchable coating behavior of a single steel
fiber.61 Second, steel and glass ball bearing (cement)

composites were investigated by AC-IS.64 DC conductivity
decreased with increasing volume fraction of ball bearings,
whether steel or glass (it made no difference), in a manner
consistent with the Meredith-Tobias mixing law for insulating
spheres, whereas the AC conductivity (high-frequency cusp)
increased with the volume fraction of steel ball bearings in a
manner consistent with the Meredith-Tobias mixing law for
conducting spheres. Third, large diameter (0.5 mm [0.019 in.])
steel fibers were placed by hand in cement matrix composites
to avoid percolation and achieve a random fiber loading.64

The AC-IS results could be fully explained on the basis of
the intrinsic conductivity approach, taking into account the
aspect ratio of fibers and their volume fraction. Finally, in
the original paper, both AC-IS and image analysis of FRCs
were compared and found to be in good agreement regarding
the degree of fiber clumping.

2) Dispersion factor cannot be calculated based upon DC
resistance measurements, as attempted in the Discussion.
The AC-IS method is unique in providing the necessary
high-frequency cusp resistance from which the DF can be
calculated.64,65 This is only possible at the associated
frequency (approximately 105 Hz), and is not available to
DC resistance measurements.

3) The AC-IS DF approach is also unique in providing a
normalization process (the ratio of two cusp resistances),
which can account for differences in matrix conductivity
from composite-to-composite.64,65 In contrast, there is an
unavoidable convolution of factors (fiber-induced changes,
matrix conductivity changes) in DC measurements.

4) There is little difference electrochemically and functionally
between ionic and electronic electrodes. In each instance
there is a transition from an electronic conductor (steel in the
aqueous electrode, silver in the silver electrode) to an ionic
conductor (the pores of the cement matrix), with or without
an intervening ionic solution of negligible resistance.
Furthermore, the small amplitude alternating currents in two-
point AC-IS obviate the problem of electrode polarization, and
allow deconvolution of electrode polarization and bulk
response (separate arcs).

To support this claim, a 2.5 x 2.5 x 10 cm (1 x 1 x 4 in.)
specimen was made with 0.35 vol% steel fibers (2 mm
[0.078 in.] long, 60 μm diameter) in cement matrix (w/c = 0.4)
and maintained at 100% relative humidity until testing at 3

Fig. A—Typical y-direction results for actual specimen in
original paper of composite with 1 vol% steel fiber at w/c
= 0.3 and 7 days of hydration. Four-point DC resistance is
also shown on Re(Z) axis.
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days of hydration. Two-point AC-IS was performed with
stainless steel electrodes (5 cm x 6 cm x 3 mm [2 x 2.36 x
0.118 in.]) lightly pressed against sponges (2.5 cm x 2.5 cm x
3 mm) saturated with 1 M NaCl solution, pressed against the
two ends of the specimen. Four-point DC measurements
were also made, with the inner electrodes at 3 cm (1.181 in.)
spacing (3.5 cm [1.377 in.] from each end) with wrapped
stainless steel wires secured by adhesive tape around the
specimen. Subsequently, the sample ends were allowed to
briefly dry (1 to 2 minutes) and silver paint was applied on
the entire end surfaces to approximately 0.1 mm (0.003 in.)
thickness, with a piece of stainless steel wire attached to each
surface using a generous amount of silver paint. AC-IS and
four-point DC measurements were made as soon as the silver
paint was dry to the touch. The results are shown in Fig. B,
where virtually identical bulk arcs were obtained for both
types of electrodes, and in excellent agreement with the four-
point DC resistances obtained with either type of electrode.

5) The Discussion statement that “…DC conductivity in
carbon fiber cement (below the percolation threshold; not
wet) is dominated by electronic conduction” is not correct. If
truly below percolation (inter-fiber spacing greater than
electron tunneling distances), conduction must proceed
through the intervening cement, which is dominated by ionic
conduction. Wilkosz and Young66 documented resistivities
in the 1011 to 1012 (Ω.cm) range for ordinary portland
cement paste in the dried state. When resaturated (93% relative
humidity), there was a six order of magnitude drop in resistivity,

confirming dominant ionic conduction via water-filled
micro- and meso-pores.

6) Drying at electrode interfaces can be problematic for
conductivity measurements, including silver paint electrodes. In
work for this closure document, when silver end electrodes
were allowed to dry, the agreement between AC and DC
measurements became compromised. The authors previously
documented drying-induced electrode artifacts in cement-
based materials via AC-IS.60 Such changes are obviated by the
aqueous electroding scheme, which maintains pore-saturation
beneath the electrodes throughout the experiments.

7) Electrical characterization of fiber dispersion in FRCs
should be corroborated by careful microstructural examination/
analysis of fiber dispersion in the identical specimens. The
Discussion statement that “The fiber distribution is particularly
poor [in Fig. 3(a)]…” is unsubstantiated; the higher fraction
of fiber-free zones in the 1 vol% specimen is due to its relatively
smaller fiber loading. In fact, the dispersion is no worse than in
the other specimens. This was the thrust and central contribution
of the authors’ original work, that is, that AC-IS-based
dispersion factors are in good agreement with fiber clumping
factors derived by statistical image analysis. The authors are
unaware of comparable electrical property-microstructure
correlations involving DC resistivity measurements.
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