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Transverse Electrical Resistivity Evaluation of Rod Unidirectional
Carbon Fiber-Reinforced Composite Using Eddy Current Method

This paper proposes a simple approach to evaluate a transverse electrical resistivity of a rod unidirectional carbon fiber-reinforced
composites (UD-CFRCs). The method is based on eddy current technique. The model is associated with inverse problem method
that consists of minimizing the difference between the computed and measured resistances. The ant colony algorithm which is a
kind of heuristic minimizing algorithm based on population exploration is used to get transverse electrical resistivity. The findings
of the work are summarized as the following. First, it was demonstrated that the induced power in the UD-CFRC and the resistance
of the coil are independent of the value of longitudinal resistivity. Then, the electrical resistance is computed using direct problem
which is formulated with the 2-D axisymmetric finite-element method. After that, the identified resistivity, which obtained with
the inverse problem, is introduced in the direct problem to compute resistance. Finally, the confrontation between the computed
resistance and the measured one shows a significant concordance between the two.

Index Terms— Composite materials, conductivity measurement, eddy currents, finite-element analysis, inverse problem.

I. INTRODUCTION

DUE to their high performances, carbon fiber-reinforced
composite (CFRC) rods have large applications in the

manufacturing industries such as aerospace industry and civil
building. They are mainly used to manufacture bridges and
cable structures of tower constructions [1]. A composite can
be broadly defined as an arrangement of two or more materials
that retain their macrostructure resulting in a material that can
be designed to have improved properties than the constituents
alone. The rods, which consist of carbon fibers plies backed
with a diameter close to a few micrometers, are glued together
in epoxy filled matrix in order to build cylindrical shape [2].

The defects related to rod CFRC that appear during
unidirectional CFRC (UD-CFRC) rod manufacture such as
fiber break and bonding lack, affect directly the construction
strength [3], [4]. Yet, delamination which is due to the fatigue
is the most usual defect in rod CFRC. To detect these defects,
non-destructive eddy current method can be used [4], [5].
To better apply this technique, it is necessary to evaluate the
electrical resistivity in each direction of the rod [6].

The longitudinal electrical resistivity can be measured by
using a volt–ampere-metric method. However, due to the
fiber insulated in thermoplastic, the important number of fiber
in 1 mm2 and the contact issues between fibers, it is not easy
to evaluate the transverse resistivity using the afore mentioned
method.

UD-CFRC rod has a strong anisotropy due to the unique
orientation of the fibers. However, the important number of
carbon fibers impregnated in the rod and their size com-
pared to global dimensions make difficult to take them into
account in the model [6], [7]. The microscopic electrical
resistivity of the composite materials is then replaced by a
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Fig. 1. UD-CFRC rod and the microscopic picture.

homogenized anisotropic tensor [8] with the principal the
longitudinal resistivity (ρL) and the transverse resistivity (ρT )
components (Fig. 1). The electrical anisotropy depends on the
volume fraction of and the fiber orientation in the composite
material; hence, ρL varies between 2 × 10−5 and 10−3� · m,
while ρT between 5 × 10−3 and 10−1� · m [8], [9].

In this paper, a simple approach is proposed to evaluate the
homogenized transverse resistivity of UD-CRFC rod, using
contactless method based on eddy currents which are induced
by a multi-layered solenoid coil.

In this context, the Cedrat/Flux 3-D software is used to
compute the value of induced power and to study the direction
of induced currents in the UD-CFRC rod according to the
longitudinal resistivity. This paper allowed to justify the use
of the 2-D model and to free ourselves from the difficulties of
using the 3-D model. A 2-D problem can be easily formulated
using magnetic potential vector and solved with finite-element
method (FEM) implemented in MATLAB. The inverse prob-
lem goal function is minimized using the ant colony algo-
rithm (ACA) in order to evaluate the transverse electrical
conductivity according to measurement of the variation of
resistivity of the coil [6], [7]. The measures are performed
using a precision LCR meter.

II. PROBLEM MODELING

A. 2-D Model Justifying

To justify the use of the 2-D model one realizes the study
of eddy currents 3-D behavior according to the longitudinal
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Fig. 2. 3-D eddy current direction in the CFRC rod for frequency = 2 MHz
(ρT = ρl = ρx = ρy = ρz = 0.013 � · m).

Fig. 3. 3-D eddy current direction in the CFRC rod for frequency = 2 MHz
(ρL = ρz = 10−5� · m, ρT = ρx = ρy = 0.013 � · m).

Fig. 4. Total induced in the CFRC rod for frequency = 2 MHz as a function
of rod longitudinal resistivity.

resistivity of the UD-CFRC. The Cedrat/Flux 3-D software is
used.

At the 2 MHz frequency and for no change value of
transverse resistivity ρT = ρx = ρy = 0.013 � · m, the study
shows that the eddy currents have the same components as the
source currents for the isotropic tensor of electrical resistivity
ρL = ρT (Fig. 2).

The longitudinal induced current component appears at the
low value of the longitudinal electrical resistivity (Fig. 3).

On the other hand, there are a variation lower than
0.04% of induced power(Fig. 4) and resistance of a solenoid
coil (Fig. 5), according to the variation of longitudinal
electrical resistivity from 10−5 to 0.7 × 10−2� · m.

Therefore, the longitudinal component of induced currents
has no influence on the total induced power or the resistance
of the solenoid coil. Thus, the influential induced currents are

Fig. 5. Resistance variation of solenoid coil frequency = 2 MHz as a function
of rod longitudinal resistivity.

Fig. 6. Axisymmetric geometric model.

all in the transverse direction (xy) which is the path of the
source currents. Hence, the 2-D model can be used to com-
pute resistance of the solenoid coil. Moreover, the electrical
conductivity is not affected by thermal phenomena due to the
low induced power in CFRC.

B. 2-D Axisymmetric Model

The numerical model can be expressed in 2-D axisymmetric
domain using �A − V formulation, named, potentials succes-
sively, magnetic vector and electrical scalar. Fig. 6 shows the
geometric model and characteristic dimensions.

To compute the resistance of coil which is due to the
induced current reaction of the UD-CFRC rod, the following
electromagnetic equation must be solved under the geometric
domain (Fig. 6):
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where A′(0, r Aϕ, 0)(T · m2) is the modified magnetic vector
potential, ρt (� · m) is the transverse electrical resistivity of
the UD-CFRC rod, ω is the electrical pulsation (rad/s), μ0
is the magnetic permeability of air, and Js�(0, Jsϕ, 0)(A/m2)
is the source current density. ρt is the transverse resistivity
that depending the skin thickness effect δ who is given
by
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Fig. 7. Inverse problem algorithm.

The FEM formulation can be expressed as
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where N is the node number and αi and α j are the finite-
element interpolation functions. The modified magnetic vector
potential A′ is computed in all regions (rod, air, coil).The coil
resistance variation δRcomp is computed using the following
expression:

δRcomp = −2 · π · ω · N2
turns · imag(mean(A′)) (4)

where Nturns is the number of turns and imag is the imaginary
part.

C. Inverse Problem Applied to Resistivity Identification

The resistance of the probe is measured using a precision
LCRmeter. The resistance variation of the coil is calculated
using a 2-D axisymmetric FEM model and then compared with
that measured until the convergence criterion of the objective
function as illustrated in (5). The transverse resistivity then is
identified. These steps are illustrated by the inverse problem
algorithm (Fig. 7).

The inverse problem goal function is written as

cos t = 1

2

(
δRcomp − δRmes

δRmes

)
(5)

where δRmes and δRcomp, respectively, is the measured and
the computed coil resistance variation with and without the
presence of UD-CFRC rod.

ACA is applied to minimize the inverse problem goal
function in order to get the transverse electrical resistivity.

Fig. 8. ACA steps.

Fig. 9. 2-D and 3-D computed resistance variations of the solenoid coil as
a function of frequency.

This algorithm is a probabilistic technique for solving com-
putational problems which can be reduced to find good paths
through graphs.

As shown in Fig. 8, the steps of the ACA [10]–[12] are the
following.

1) The first ant finds the food source (F) via any path (a),
then returns to the nest (N) leaving behind a pheromone
trail (b).

2) The ants use the four paths indifferently, but the rein-
forcement of the track makes the shortest route more
attractive.

3) The ants take the shortest route; the long portions of the
other paths lose their pheromone trail.

III. RESULTS AND DISCUSSION

A. 2-D Axisymmetric Model Validation

In order to check the use of 2-D axisymmetric model,
resistance variation of the solenoid coil is computed under
3-D and 2-D model.

Fig. 9 shows the comparison between the 2-D and 3-D
computed resistance variations as a function of frequency from
0.1 to 2 MHz and for the case of resistivity tensor components
given by ρL = 10−5�·m and ρT = 0.013 �·m. The maximum
error observed is less than 1%.

Fig. 10 shows the comparison between the 2-D and
3-D computed resistance variations of the solenoid coil
as a function of transverse resistivity ρT in the range
of 0.02–0.1 � · m at frequency equal to 2 MHz and
longitudinal resistivity ρL fixed at 50 μ� · m. The maximum
error is less than 2%.
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Fig. 10. 2-D and 3-D computed resistance variations of the solenoid coil
as a function of transverse resistivity (0.02–0.1 � · m) at frequency equal to
2 MHz and ρL = 50 μ� · m.

Fig. 11. Experimental setup.

These results allow us to confirm the validity of using of
the 2-D axisymmetric model.

B. Resistivity Evaluation and Validation

To identify the transverse resistivity, we use an experimental
setup (Fig. 11) performed with a precision LRCmeter,
UD-CFRC rod, and copper wires. The dimensions of rod and
multi-layers solenoid coil are given in Fig. 6.

The longitudinal resistivity of the UD-CFRC rod is mea-
sured using the two-point method which is ρL = 50 μ� · m.

The obtained transverse resistivity value, using inverse
problem method at 2 MHz frequency, is 0.01316 � · m.

This value of resistivity is introduced in the 2-D axisymmet-
ric model to compute the coil resistance variation for frequency
range of 0.1–2 MHz. The resistance of coil is measured using
a precision LCR meter (Fig. 11).

Fig. 12 shows the comparison between the 2-D computed
resistance variation of the coil and the measured one.

The maximum error between the two results is less than 2%.

IV. CONCLUSION

In this paper, eddy current non-destructive evaluation tech-
nique in association with inverse problem method is used to
evaluate the transverse electrical resistivity of the UD-CFRC
rod. A 3-D Cedrat/Flux simulation shows clearly that the
longitudinal electrical resistivity has no influence to the path
of the influential eddy currents created in the UD-CFRC rod
and their value. Therefore, the resistance can be computed
using a 2-D axisymmetric model. Inverse problem is applied
to identify the transverse electrical resistivity. ACA is used to

Fig. 12. 2-D computed resistance variation of the solenoid coil and the
measured one as a function of frequency for identified resistivity of the
UD-CFRC rod.

minimize goal function of the inverse problem. The identified
resistivity is introduced in the direct model (2-D axisymmetric
model) to compute resistance. The confrontation between the
computed resistance and the measured one shows a very good
concordance.

In order to generalize the results of this paper, the study
must be carried out on UD-CFRC with planar structures.
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