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Abstract

A novel method is developed to evaluate fiber dispersion issues in short (or discontinuous) fiber-reinforced cement composites.

Fiber orientation, global segregation (i.e., as a result of gravitational settling or improper mixing), and local aggregation (i.e., small

fiber agglomerates distributed uniformly throughout the matrix) are quantified using an electrical measurement technique. The

method is based on AC-Impedance Spectroscopy (AC-IS) and uses the intrinsic conductivity approach to characterize fiber disper-

sion through a process that is able to isolate some of the effects. A flow chart is developed to describe the method, which consists of

3D AC-IS measurements, a point probe technique, and a dispersion factor (DF) analysis.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of fiber reinforcement in cement-based com-

posites has led to significant improvements in the

mechanical properties of an otherwise brittle matrix,

especially under tensile loads. Already used for various

non- or semi-structural purposes, fiber-reinforced ce-

ment composites (FRCs) could be extended to more

load-bearing applications as a result of the increase in

ductility, toughness, and strength with the fiber addition
[1]. To achieve this goal, a critical factor in determining

the effectiveness of fibers in improving mechanical per-

formance is fiber dispersion, which includes both how

the fibers are oriented and their location and arrange-

ment within the cement matrix.
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Non-uniform fiber dispersion may severely limit the

ability of the fibers to improve the composite properties
[2–4]. In the case of oriented fibers, improvements in

performance vary in different directions, which may or

may not be desirable depending on the application.

For fibers with random orientations but non-uniform

distribution in the matrix, crack growth would be easier

than in a matrix with uniform fiber dispersion. The eas-

ier crack growth results from the increase in fiber-free

areas. Mechanical failure from cracking begins first with
the formation of fine discontinuous microcracks

throughout the matrix, which then coalesce to form lar-

ger cracks that eventually cause the material to fail. The

main role of fibers in increasing the strength of the brit-

tle matrix is in controlling the failure mechanisms by

bridging the cracks and making crack formation and

coalescence more difficult [5]. The fiber-free areas in

poorly dispersed composites act as flaws where crack ini-
tiation and propagation occur more easily [6].
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In developing FRCs for structural applications, con-

trolling and characterizing fiber dispersion is vital to

maximizing the mechanical properties and performance.

Established techniques to investigate fiber dispersion

using image analysis [6–8] can be destructive and time

consuming. An electrical measurement technique may
alleviate these concerns. Extensive research has been

conducted examining the electrical properties of FRCs

either for electrical purposes (e.g., electromagnetic

shielding and thermistors), but more often for monitor-

ing strain and damage in the composites [9,10]. Chung

[9,10] have investigated DC electrical properties of

FRCs and attributed changes in resistance to micro-

structural changes such as fiber pull-out, fiber realign-
ment, and/or changes in fiber spacing when the

composite is under static or dynamic loading.

The effectiveness of AC electrical properties to inves-

tigate FRCs has also been demonstrated [11–15]. AC-

Impedance Spectroscopy (AC-IS) of composites with

conductive fibers (e.g., steel and carbon) results in a fre-

quency-dependent behavior [15]. The response appears

as a dual cusp in Nyquist plots (real vs. negative imagi-
nary impedance). The dual-cusp behavior is caused by

fibers behaving insulating at low frequencies (analogous

to DC measurements) and conducting at high frequen-

cies [13–15]. The change in behavior results from the

existence of a high impedance interface on the conduc-

tive fibers, which shorts due to displacement currents

through the interface at high frequencies. For example,

in cement composites with steel fibers, the high imped-
ance interface is an oxide that forms due to the high

pH environment of the cement. Therefore, for compos-

ites with high impedance interfaces on the fibers, AC-IS

provides additional information not available from DC

measurements.

Previous work has resulted in the development of a

universal equivalent circuit model to understand the

‘‘frequency-switchable’’ behavior [16]. The work demon-
strates how AC-IS can be used to investigate fiber prop-
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Fig. 1. Experimental setup for the 2-point AC-IS and
erties such as fiber loading and aspect ratio (length

divided by diameter) in non-percolating systems (when

the conductive fibers do not form a continuous path

through the material, which would otherwise result in

a dramatic change in resistance over a small fiber-load-

ing range). In this work, electrical measurements with
AC-IS are developed to monitor fiber dispersion in

FRCs. The issues examined include fiber orientation,

global segregation of fibers (e.g., settling of large fibers

due to gravity), and local aggregation due to the forma-

tion of small fiber agglomerates distributed uniformly

throughout the matrix.
2. Experimental procedures

Cement composite samples were produced with type I

ordinary Portland cement (OPC) in cubic geometries

(86mm on a side) in polycarbonate molds. Samples were

stored at 100% relative humidity, and electrical measure-

ments were made at 7 days. The mixing procedures var-

ied slightly for the experiments and are described in
detail below.

The electrodes for the 2-point AC-IS measurements

were achieved with a ‘‘wet’’ technique where large

0.5mm thick steel plates were placed in reservoirs of

1M NaCl solution or pressed against sponges soaked

in 1M NaCl solution that were then in intimate contact

with both ends of the sample. Fig. 1 shows the experi-

mental configuration. For both the reservoir and sponge
methods, the bottom steel plate was approximately the

size of the area of the sample (86mm · 86mm). For

the reservoir method, the top steel plate was slightly

smaller in order to fit inside the reservoir. The size of

the steel plates did not affect the electrical measure-

ments, which were dependent upon the electrolyte (1M

NaCl solution) making contact with the entire surface

of the sample. Both the reservoir and sponge methods
yielded similar resistance values. The steel plates at the
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Fig. 2. Nyquist plot for data from orientation experiments, 0.35 vol%

steel fibers (12mm long, 0.5mm diameter) placed manually in uniaxial

arrangement (and measured in the direction of alignment) and plain

OPC paste, both with 0.4 w/c at 7 days. The DC measurements are

nearly identical and appear as discrete points (open and shaded

triangles) on the x-axis. The numbers alongside darkened points and at

the cusps are Log frequency (Hz) markers.
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end of the samples also served as the current leads for

the 4-point DC measurements, with tightly wrapped

0.25 mm diameter steel wire loops at 1/4 and 3/4 posi-

tions along the sample (see Fig. 1) acting as the voltage

contacts.

For the orientation experiments, 0.35 vol% large steel
fibers (12mm long, 0.5mm diameter) were placed man-

ually into the OPC matrix with a water-to-cement ratio

(w/c) of 0.4 by weight. The use of larger fibers empha-

sized the orientation effect, and the small fiber loading

was helpful in allowing the placement of individual fi-

bers by hand. The cement powder and water were mixed

by hand for 3min before mixing at high speed in a com-

mercial blender for 2min to achieve homogeneity. The
paste was then allowed to set for approximately 3h to

achieve a sufficiently high viscosity to allow the fibers

to be arranged and remain in planar and uniaxial config-

urations without settling. For the random configuration,

the fibers were mixed in by hand as opposed to being

placed individually. AC-IS and DC measurements were

made in all three directions.

To simulate the global segregation of fibers, 1 vol%
steel fibers (6mm long, 0.16mm diameter; Bekaert, Bel-

gium) were mixed randomly into the bottom third of the

cubic sample leaving the top two-thirds of the sample

fiber-free. The cement powder and fibers were dry mixed

in a commercial blender for 1min at low speed before

adding the water. The composite paste was then mixed

at low speed for another minute before pausing for

30s to scrape the mixer and resuming at high speed
for 2min. The plain paste was mixed in a similar manner

(without the addition of the fibers). The 7-day-old hard-

ened sample was turned on its side and scanned across

the top with a ‘‘point’’ probe electrode that consisted

of a 6mm diameter flat sponge disk saturated with

1M NaCl solution, contacted above with a small steel

plate electrode, and pressed against the sample. The

counter electrode consisted of the usual large steel plate
using the ‘‘wet’’ electrode technique, where a saturated

sponge made contact with the entire bottom surface of

the sample. Ten equally spaced AC-IS measurements

were made across the top surface of the sample (see inset

of Fig. 5).

In the local aggregation experiments, three different

loadings (1, 2, and 4 vol%) of steel fibers (6mm long,

0.16mm diameter; Bekaert, Belgium) at two different
w/c ratios (0.3 and 0.35) were examined to determine

the effect, if any, of fiber loading and w/c ratio on the

resulting fiber dispersion. The mixing routine followed

that of the global segregation samples as outlined above.

AC-IS and DC measurements were made in all three

directions.

Two-point AC-IS measurements were made with a

Solartron 1260 impedance/gain-phase analyzer using
Z-60 personal computer software for data acquisition

(Schlumberger, Houston, TX). The excitation voltage
was set at 1V, and the samples were scanned from

11MHz to 0.1Hz with data collected at 20 steps per fre-

quency decade. In certain instances, to confirm the low-

frequency cusp values and obviate external electrode

contributions, 4-point DC measurements were made

with a programmable current source and digital multim-
eter using LabVIEW personal computer software for

data acquisition (Keithley, Models 220 and 2000, Cleve-

land, OH). The resistance values from DC measure-

ments were geometry-corrected in order to compare

them with the AC-IS derived values. Current was ap-

plied to the outer electrodes (1mA increments from 10

to –10mA) while measurements were made at the volt-

age contacts in the 4-point testing configuration, as seen
in Fig. 1.
3. Results and discussion

3.1. The AC-IS and intrinsic conductivity approach

AC-IS involves the application of a low-amplitude
AC excitation by surface electrodes over a range of fre-

quencies and then measurement of the current response

(i.e., gain and phase angle) by the impedance analyzer.

Each frequency generates a single datum (current re-

sponse) that has both real and imaginary components

and can be shown in a Nyquist plot, which is negative

imaginary impedance vs. real impedance. Fig. 2 shows

data for samples used in the orientation study. Both
samples (with and without fibers) show a partial arc to

the right of the low-frequency (LF) cusp; the partial

arc is associated with the external electrode response,

not the composite. For the plain OPC sample, there is
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a single-bulk arc with a clearly discernable LF-cusp that

corresponds to the measured DC resistance (the discrete

point on the x-axis indicating only a real impedance

contribution), confirming that the LF-cusp is analogous

to the DC resistance.

The sample with fibers shows two bulk arcs with an
additional high-frequency (HF) cusp. Unlike the plain

OPC, the LF-cusp in the composite is more difficult to

read since it does not reach the x-axis (real impedance

value) due to its convolution with the external electrode

response. The convolution is a result of the similarity in

time constants between the oxide coating on the fibers

and the oxide coating on the electrode. Nevertheless,

the inflection point is discernable and corresponds well
with the value of RDC from 4-point DC. Therefore,

DC measurements are not necessary to measure the

LF-cusp.

The good agreement of the LF-cusp and DC resis-

tances of the composite with those of the plain OPC

sample indicates that the fibers behave as if insulating;

their presence at low-volume fractions does not signifi-

cantly alter the DC resistance. In the analysis of data
for this work, the DC values were used due to good

agreement with the LF-cusp values. The HF-cusp in

the fiber sample is where the oxide coating shorts out

so that the fibers behave conducting, and its value is at

a lower resistance than RDC. It should be stressed that

only AC-IS is able to measure the value of the HF-cusp.

For composites with low-fiber loadings (i.e., in the di-

lute regime), an intrinsic conductivity approach can be
used to understand the resulting electrical behavior in

terms of the expected normalized conductivity, which

is the composite conductivity (r) divided by the matrix

conductivity (rm). The method is based on each particle

geometry having an ‘‘intrinsic conductivity’’, which is

the first order coefficient in volume fraction (/) in the

following equation ([17]):

r
rm

¼ RDC

Rcusp

¼ 1þ ½r�D/; D ¼ rf

rm

; ð1Þ

where RDC is the same as the LF-cusp, Rcusp is the HF-

cusp, D is the ratio of the fiber conductivity (rf) to the

matrix conductivity, and higher order terms of / are ne-

glected for low fiber loadings. The intrinsic conductivity,
[r], is a function of D (written as a subscript in Eq. (1))

and of the geometry of the particle. For highly conduc-

tive particles, D ! 1, and for insulating particles,

D ! 0. The normalized conductivity is calculated from

the two cusp values (LF and HF) in AC-IS

measurements.

There are no simple analytical solutions for the

intrinsic conductivity of conductive (D ! 1) thin right
cylinders (i.e., fibers), but recent work has produced a

modified form of the Fixman equation relating the

intrinsic conductivity to the aspect ratio (AR), or length

divided by diameter of the fibers [18]:
½r�1 ¼ 1

3

2ðARÞ2

½3 lnf4ðARÞg � 7� þ 4

 !
: ð2Þ

From the above relationship, as the AR of the con-

ductive fiber increases, so does the value of the intrinsic

conductivity, resulting in a dramatic increase in compos-

ite conductivity for a given volume fraction (e.g., at

AR = 20, intrinsic conductivity is approximately 47,

and at AR = 100, intrinsic conductivity is approximately
630). The higher the AR of the fiber, the more effectively

it increases the composite conductivity at a given volume

fraction. However, at low volume fractions, insulating

fibers with aspect ratios greater than 10 have an intrinsic

conductivity of approximately �5/3 that is independent

of AR. Insulating fibers have a negligible influence on

composite conductivity so that only the plain matrix is

measured. Consequently, AC-IS will be relatively inef-
fective in detecting the presence of insulating (e.g., poly-

mer) fibers, but in the case of conducting fibers, it allows

the LF-cusp (i.e., when the conductive fibers behave

insulating) to be used for normalization so that a

separate measurement of the fiber-free matrix is not

required. Therefore, the normalized conductivity, or

composite conductivity divided by the matrix conductiv-

ity, can be calculated from a single AC-IS measurement
of a composite sample with conducting inclusions

[17,18].

The intrinsic conductivity of right cylinders, as calcu-

lated by the modified Fixman equation for a given AR,

describes how the composite should behave electrically

(as in Eq. (1)) for a given volume fraction, when the

fibers are perfectly dispersed and randomly oriented.

Knowing the AR and volume fraction, deviation from
the expected behavior can be used to quantify fiber

dispersion.

3.2. Orientation

Previous work with a model system consisting of a

single conductive fiber has demonstrated the effective-

ness of AC-IS in sensing alignment of fibers [14]. When
the fiber axis was aligned with the applied field direction,

the dual-cusp behavior was clearly evident. At the HF-

cusp frequency, a large part of the matrix was bypassed

by current flow via the conductive fiber. However, as the

fiber was rotated away from the field direction, the HF-

cusp began to approach the LF-cusp, resulting in single-

cusp behavior once the fiber axis was perpendicular to

the field direction. The similarity of the response for
the perpendicular fiber to the field with that of the

fiber-free matrix is due to the fact that only the thin fiber

diameter acts as a short-circuit path for current flow at

high frequencies, which is negligible. Consequently,

more fibers aligned in the direction of the applied field

will result in an increased HF-cusp conductivity as com-

pared to randomly oriented fibers.



Table 1

Average values of normalized conductivity (r/rm,average) from the

orientation experiments, from which intrinsic conductivities ([r]1,

average) have been calculated demonstrating good agreement with the

theoretical value from the Fixman Eq. (2)

r/rm,average [r]1,average

Uniaxial 1.19 ± 0.11 54

Planar 1.20 ± 0.11 58

Random 1.14 ± 0.11 40

Theoretical 1.22 58.7
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For the orientation samples used in this study, the

placement of fibers by hand minimized global segrega-

tion (i.e., settling) and local aggregation (i.e., fibers

agglomerating) effects in order to isolate the effect of

alignment. Measurements were made in all three

directions yielding an ‘‘effective’’ intrinsic conductivity
in the x, y, and z directions as given below (from

Eq. (1)):

½r�DðiÞ ¼
RDC

Rcusp

� �
i
� 1

/
¼

r
rm

� �
i
� 1

/
; i ¼ x; y; z: ð3Þ

The effective intrinsic conductivity in each direction is

then normalized by the total sum of the intrinsic

conductivities:

R ¼ ½r�DðxÞ þ ½r�DðyÞ þ ½r�DðzÞ ð4Þ

The resulting fractional x, y, and z effective intrinsic

conductivities for the uniaxial, planar, and random sam-

ples were plotted on a triangular diagram, as seen in Fig.

3. The center point (+) in Fig. 3 represents equal contri-

butions from each direction or a perfectly random

arrangement, with the dotted line showing how the data

would shift for increasing planar (x–y plane) alignment,
and the solid line showing how the data would shift for

increasing uniaxial (along the x-axis) alignment. The

open symbols for the random (triangle), planar (square),

and uniaxial (circle) alignments are shown for the mea-

sured composites and agree reasonably well with the ex-

pected behavior. The measured data do not exactly

match the expected behavior owing to the difficulty in
Uniaxial
Planar
Random

X Y

Z

Fig. 3. Triangular diagram showing the fractional contributions of

each direction to the intrinsic conductivity, which correlates with the

amount of fibers aligned in that direction. The dotted arrow indicates

how data would shift for increasing planar (x–y plane) alignment, and

the solid arrow indicates how data would shift for increasing uniaxial

(x-axis) alignment. The open symbols represent data from actual fiber

composites (0.35 vol% steel fibers––12mm long, 0.5mm diameter––0.4

w/c at 7 days) in random (triangle), planar (square), and uniaxial

(circle) arrangements.
producing perfectly random or aligned fiber samples.

AC-IS is able to detect even slight off-axis or out-of-

plane tilting of the fibers. Complementing the AC-IS

work with other orientation characterization techniques

such as digitized micrographs of cross-sections and/or

3D computed X-ray tomography will be the subject of

future work.

If there is neither measurable global segregation (see
below) nor local aggregation, the average of the three

effective intrinsic conductivities should match the modi-

fied Fixman equation (Eq. (2)) for a randomly oriented

sample. Table 1 shows the average values of normalized

conductivity (r/rm,average) from the orientation experi-

ments, from which average intrinsic conductivities have

been calculated. For the uniaxial and planar arrange-

ments, the intrinsic conductivity values are in excellent
agreement with the value of 58.7 calculated from Eq.

(2), corresponding to true random orientation. The

slightly larger deviation from the theoretical value for

the ‘‘random’’ specimen may be attributable to uninten-

tional aggregation of the fibers (see below) from being

mixed in by hand as opposed to manual placement.

The averaged value of normalized conductivity for the

random specimen, however, still matches the theoretical
value within error. Therefore, the average of the AC-IS

measurement in three directions provides a single overall

sample parameter correcting for orientation effects and

can be subsequently examined for other fiber dispersion

issues.

3.3. Global segregation

Global segregation, which may arise from gravita-

tional settling or improper mixing, is difficult to measure

with the area electrodes used in the 3D AC-IS orienta-

tion experiments described above. Except in the most se-

vere cases (when all the fibers are in one section of the

sample) and only for a series arrangement (see Fig.

A.1a), where the current travels sequentially through fi-

ber-free areas and fiber-rich areas, does a detectable
change in electrical properties occur. In a parallel

arrangement (see Fig. A.1b), where the current goes

through fiber-free areas and fiber-rich areas simulta-

neously, AC-IS measures the same response as for a
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sample with uniformly dispersed fibers. As a result, the

global AC-IS response of a sample with segregation

measured with area electrodes can be inconclusive.

Appendix A provides more details on the series and par-
allel arrangements in global segregation.

The AC-IS ‘‘point’’ probe (described in Section 2) is

necessary to investigate global segregation, which is

associated with fiber-loading gradients due to areas of

lower and higher fiber loading in the sample. Fig. 4

shows a schematic comparing the area electrode config-

uration with the point probe configuration, where the

dashed lines show current flow. Based on a technique
used in electroceramics to evaluate the electrical proper-

ties of grains vs. grain boundaries [19], the point probe

measures the electrical properties in a small hemisphere

located around the probe to explore changes in fiber

loading as the probe is scanned along the surface of a

sample.

As current bunches into or spreads out of a small

electrode, an additional contribution to the measured
resistance arises, known as the spreading resistance.

The spreading resistance for a planar electrode with cir-

cular geometry is given by the Newman equation [20]:

Rspreading ¼
1

4rr
; ð5Þ

where r is the radius of the electrode, and r is the con-

ductivity of the sample in the hemisphere being mea-
sured. This measured spreading resistance can be

much higher than the overall bulk resistance of the sam-

ple. Fleig and Maier [21] reported that 75% of the

spreading resistance occurs within a hemisphere that

has a radius four times that of the contact radius, as

shown in Fig. 4. Therefore, the point probe measures

the electrical properties of the sample inside this hemi-

sphere, whose volume is determined by the size of the
probe.

There are two main issues in using the AC-IS point

probe. The first issue addresses the relative contribu-
tions of the probe spreading resistance vs. the bulk

resistance of the specimen. When the spreading resis-

tance of the probe is much larger than the bulk resis-

tance, the AC-IS measurement only reflects the
electrical properties of the hemisphere being sampled

or ‘‘probed’’, which is desirable to investigate global

segregation. It is important to have a large counter

electrode so that its spreading resistance is negligible

compared to that of the probe. Decreasing the size of

the probe will increase its spreading resistance, but

the size of the hemisphere being sampled will also de-

crease. The second issue addresses how small the hemi-
sphere can be and still provide meaningful information

about fiber loading. The size of the point probe should

be large enough so that the resulting hemisphere diam-

eter is at least several times the fiber length, and the

fiber loading should be sufficient to ensure that the probe

hemisphere samples a significant number of fibers. For

a sample with 1 vol% of 6mm long, 0.16mm diameter

fibers examined with a 6mm diameter probe, a 24mm
diameter hemisphere should have approximately 300

fibers if they are uniformly distributed throughout the

matrix.

Due to the restrictions on the size of the probe in rela-

tion to the fibers, the AC-IS point probe may not give an

absolute value for the fiber loading in the hemisphere

because there would still be a bulk contribution to the

measurement. Instead, the probe measures the extent
of change in fiber loading across the sample. A constant

resistance would indicate no global segregation, whereas

a gradient would indicate where areas of higher and

lower fiber loading occur.

For the sample in this study with fibers in one-third

of the volume, ten AC-IS measurements were made,

and the normalized conductivities were calculated from

the HF- and LF-cusp resistances. From Eq. (1), the nor-
malized conductivity is directly related to the volume

fraction, or fiber loading in a sample. Fig. 5 shows the

measured normalized conductivities as the AC-IS probe
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was stepped across the sample from the fiber-free to the

fiber-rich end, with the size of the area being probed by

the 6mm diameter electrode shown for comparison

(diameter of hemisphere being probed is 24mm). At

the fiber-free end, there was single-cusp AC-IS behavior

resulting in a constant normalized conductivity of unity.

However, as the probe began to sense the presence of fi-

bers in the fiber-rich end, there was an increase in nor-
malized conductivity, indicating an increase in fiber

loading.

The measured interface between the fiber-free and

fiber-rich region was not sharp, due to the size of the

probe (and resulting hemisphere being probed) and the

size of the fibers. A sharper interface or higher resolu-

tion result would be anticipated for a smaller probe,

which would then require a sample with smaller fibers
in order to register properties averaged over many

fibers. The probe size has no upper limit, but resolution

is sacrificed with increasing size, whereas the lower limit

is dictated by the size of the fibers and ability of the

probe to measure an average fiber loading in the small

hemisphere being examined.

3.4. Local aggregation

Specimens with no detectable global segregation of fi-

bers (by point probe analysis) can still exhibit local

aggregation, e.g., due to fiber clumping uniformly dis-

tributed throughout the matrix, which is frequently

found for composites with small fibers. Recently, we

developed an AC-IS based ‘‘dispersion factor’’ (DF)

analysis to establish the tendency for fiber clumping.
The approach compares the response of a composite

system without clumping [16]:

r
rm

¼ RDC

Rcusp

¼ 1þ ½r�D/; ð6Þ
to a composite system with clumping:

r
rm

¼ RDC

Rcusp

¼ 1þ ½r�D/
0 þ
X

½r�Dj/j; ð7Þ

where / is the overall fiber volume fraction, / 0 is the vol-

ume fraction of randomly dispersed fibers of intrinsic

conductivity [r]D, and /j is the volume fraction of the

jth fiber ‘‘clump’’ of effective intrinsic conductivity

[r]Dj. By subtracting 1 from both sides of Eqs. (6) and

(7), and dividing Eq. (7) by Eq. (6), we arrive at the

dispersion factor:

DF ¼
r
rm

� �
measured

� 1

r
rm

� �
theory

� 1

2
64

3
75 ¼ /0

/
þ
P

½r�Dj/j

½r�D/
ð8Þ

It should be stressed that (r/rm)theory is taken from

Eq. (6) based upon the fiber volume fraction and [r]D
for the AR of the fibers (as per the modified Fixman
Eq. (2)). The first term on the right side of Eq. (8) is

the fraction of well-dispersed fibers, which defines the

extent of local aggregation in the sample, and the second

term is the contribution to the composite conductivity

from poorly dispersed fibers or fiber clumps. Although

the contribution from poorly dispersed fibers is smaller

than that from the well-dispersed fibers, the second term

is non-zero, depending on the exact nature of how the
fibers are agglomerating. Therefore, the DF is only an

upper limit for the percentage of well-dispersed fibers.

However, for a perfectly dispersed composite with no

fiber clumping, the second term must go to zero, and

DF = 1, so that a DF near unity indicates good disper-

sion or negligible fiber agglomeration.

Experimentally, the (r/rm)measured term is the average

of (r/rm) measured in the x, y, and z directions from 3D
AC-IS measurements. This should eliminate any compli-

cations due to preferred alignment of fibers. Fig. 6

shows the DF results for varying volume fractions and

w/c ratios from the local aggregation experiments. The
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measured DFs were between 0.81 and 0.88, and the w/c

ratio (0.3 and 0.35) did not seem to affect the DFs. How-

ever, the decreased DF from unity in every case indicates

some level of agglomeration and a tendency for fiber

clumping in the samples.
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Average 
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Local
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Dispersion Factor 
(DF) Analysis

Average 
-IS

Local
Aggregation?

yes
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Fig. 7. Flow diagram detailing the AC-IS approach developed to

investigate fiber dispersion issues in FRCs, which include orientation,

global segregation (e.g., gravitational settling), and local aggregation

(i.e., small fiber agglomerates uniformly distributed throughout the

matrix).
4. Conclusions

Electrical measurements using AC-Impedance Spec-

troscopy (AC-IS) are non-destructive and effective in

characterizing the orientation and arrangement of con-

ductive fibers in FRCs. The AC-IS method makes use

of the intrinsic conductivity approach, which dictates
how the conductivity of the composite should behave

for fibers of a known aspect ratio (AR) and volume frac-

tion in a randomly aligned and well-dispersed FRC. The

deviation from theoretical behavior serves as the basis

for quantifying fiber dispersion. Three fiber dispersion

issues can be examined, including preferred orientation,

global segregation (e.g., gravitational settling of fibers),

and local aggregation (i.e., small fiber agglomerates uni-
formly distributed throughout the matrix).

3-D AC-IS measurements of samples result in direc-

tional effective intrinsic conductivities that can be shown

in a triangle plot representing the fractional x, y, and z

contributions to the overall intrinsic conductivity. The

increased fractional contribution in a certain direction

indicates that more fibers are aligned in that direction.

The occurrence of global segregation is difficult to detect
with large area electrodes; however, the AC-IS point

probe allows the investigation of small regions in the

composite (within a hemisphere determined by the size

of the point probe) for fiber-loading gradients. A com-

posite that has no fiber-loading gradients may still con-

tain fiber agglomerates or clumps distributed uniformly

throughout the matrix. The average of 3D AC-IS mea-

surements can be used for local aggregation analysis,
since this corrects for any orientation effects. A disper-

sion factor (DF) derived from the theoretical and mea-

sured behavior (averaged 3D AC-IS values) provides

an upper limit for how well the fibers are dispersed. A

value of unity indicates a perfectly dispersed sample,

whereas values less than unity indicate some tendency

for clumping depending on the nature of the fiber

agglomeration.
Fig. 7 outlines the AC-IS approach for characterizing

fiber dispersion. The AC-IS point probe is used to detect

any global segregation due to settling or improper mix-

ing of the sample. If there is global segregation, the gra-

dient in fiber loading, as indicated by r/rm, provides

information about how the fibers are arranged. If there

is no global segregation, the averaged 3D AC-IS value is

used in a dispersion factor (DF) analysis, which quanti-
fies local aggregation. The 3D AC-IS measurements

indicate how fibers are oriented in the specimen. The
approach can be extended to investigate fresh paste

composites as well [22]. The use of AC-IS in monitoring

fresh paste composites during processing is the subject
of ongoing work.
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Appendix A

Two simplified AC-IS configurations can be consid-
ered in using large area electrodes to detect global segre-

gation. Fig. A.1a shows the series arrangement when the

conductive fibers are in layers perpendicular to the ap-

plied field direction. Fig. A.1b shows the parallel

arrangement when the fibers are in layers parallel to

the applied field direction. The overall measured con-

ductivity (r) divided by the matrix conductivity (rm)
for both arrangements is related to the number of layers
(L) with equal thickness, the volume fraction of each

layer (where /i is the volume fraction of fibers in the

ith layer), and the intrinsic conductivity of the conduct-
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Fig. A.1. (a) In the series arrangement, fibers are settled in layers

perpendicular to the applied field direction (block arrows). (b) In the

parallel arrangement, fibers are settled in layers parallel to the applied

field direction. Eqs. (A.1) and (A.2) (see Appendix A) describe the

normalized conductivity for the two cases with reference to the volume

fraction in each layer (/i) of identical thickness and the total number of

layers (L).

Table A.1

Calculated values of normalized conductivity (r/rm) using Eqs. (A.1)

and (A.2) for bilayer samples with 1 vol% of 6mm long and 0.16mm

diameter (AR = 37.5) fibers with different amounts depleted from one

layer for both the series and parallel arrangements (see Fig. A.1)

Depletion in layer (%) (r/rm)series (r/rm)parallel

25 2.14 2.18

50 2.02 2.18

100 1.54 2.18

None 2.18 2.18

The value for no depletion, or a sample with uniformly dispersed

fibers, is shown for comparison.
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ing fibers ([r]1) when the total volume fraction (/T) of

the sample is known.

For the series arrangement (Fig. A.1a), the following

expression describes the expected normalized
conductivity:

r
rm

� �
series

¼ LPL
i¼1

1
ð1þ½r�1/iÞ

� � ðA:1Þ

and for the parallel arrangement (Fig. A.1b):

r
rm

� �
parallel

¼

PL
i¼1

ð1þ ½r�1/iÞ

L
¼ 1þ ½r�1

XL
i¼1

/i

L

¼ 1þ ½r�1/T: ðA:2Þ

For the parallel arrangement, the normalized conduc-

tivity will not change for any amount of segregation, as

demonstrated in Eq. (A.2). In the series arrangement,

only dramatic amounts of global segregation cause a sig-

nificant enough change in the normalized conductivity
to indicate segregation. There is approximately ±10%

error in normalized conductivity due to experimental er-

ror from sample dimension variations. Using Eqs. (A.1)

and (A.2), Table A.1 shows theoretical values of nor-

malized conductivity as measured by area electrodes

for a bilayer sample (1 vol% fibers—6mm long,

0.16mm diameter, AR = 37.5, [r]1 = 118) with small

(25%) and dramatic (50%) amounts of depletion in one
layer while keeping the total sample at 1 vol%. No

change in normalized conductivity occurs for the paral-

lel arrangement in either case as predicted by Eq. (A.2),

and about a 10% change (very similar to the amount
expected for experimental error) occurs for the series

arrangement when one layer is half depleted of fibers.

Significant conductivity change only occurs for the series

arrangement when one layer is completely depleted. AC-

IS with area electrodes is completely ineffective in mea-

suring global segregation for the parallel configuration

(when fibers are arranged in layers parallel to the ap-

plied field direction) and is somewhat effective, but only
for dramatic amounts of segregation, in the series con-

figuration (when fibers are arranged in layers perpendic-

ular to the applied field direction).
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