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A B S T R A C T
Fiber reinforced composites have grown in popularity over last few decades. Among these, steel fiber
reinforced materials such as ultra-high performance concrete (UHPC) have begun use in the construc-
tion industry. Such materials provide an advantage over conventional fabrication techniques due to
higher compressive, flexural, and tensile strengths. Yet, one challenge with fiber reinforcement is
presence of unintended alignment during fabrication, which may deviate the material’s strength from
its intended design. This anisotropy needs to be nondestructively quantified to validate the material
design post-fabrication. While electromagntic nondestructive testing sensors have been demonstrated
for quantifying the characteristics of ferromagnetic fibers in a material, there has not been a robust
study on quantifying anisotropy with such systems. In this work, we provide the fundamental theory
and process for quantifying anisotropy in steel fiber reinforced resins using electromagnetic sensors,
with our data achieving a 95% goodness-of-fit with our theoretical model, on average.

1. Introduction
Fiber reinforced composites, such as ultra-high perfor-

mance concrete (UHPC), are a versatile and highly durable
materials that is used when high compressive [1], tensile
[2], and flexural [3] strengths are needed for a structure [4].
These strengths are often the direct effect of the addition
of steel fibers [1]. Based on the mixing procedure, these
steel fibers could be distributed in a particular direction or
randomly oriented, lacking any particular alignment. The
difference in these distributions can significantly change the
mechanical properties [5]. As a result, unintended mechan-
ical variations due to these non-uniform fiber distributions
can have a negative impact for the strength and durability of
the concrete. While electromagntic nondestructive testing
sensors have been demonstrated for quantifying the charac-
teristics of such ferromagnetic fibers in a material, there has
not been a robust study on quantifying anisotropy.

The standard method for testing such anisotropy is typi-
cally through destructive methods [6]. For example for con-
crete, the member is cut open in sections to study the ori-
entation and distribution of the fibers within. The challenge
with this method is that the concrete must be cored and then
destroyed, which is expensive and negatively impacts the in-
tegrity of the structure. Hence, this approach is not desirable
as a regular testing or monitoring strategy [6]. In the field
of nondestructive testing [7], the gold standard for assess-
ing fibers is x-ray computed tomography (CT)[8]. While the
sample may still need to be cored, this method enables the
specimen to be inspected without damage and visually ver-
ify the arrangement of the fibers within the specimen. This
method has its own challenges. First, it is difficult/impossible
to test large specimen since most CT systems have size lim-
itations and are not field deployable [9]. Second, due to the
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size limitation, only portions of the specimen can be scanned
by taking cores from the specimen to be scanned [8]. Third,
CT scanning is time-intensive and the subsequent processing
can require even longer with current computing technolo-
gies [8].

Other nondestructive methods have been implemented to
quantify steel fibers in structures, generally with a focus on
fiber-reinforced concrete. Ultrasonic methods [10] are some
of the most common. Ultrasonic pulse velocity [11, 12] meth-
ods quantify steel fibers using the relative speed of the ultra-
sonic signal through the material [7]. Ultrasonic tomography
methods [13] estimate the magnitude of the speed from the
reflected or transmitted wave to construct a pattern repre-
senting the arrangement of the steel fibers [14]. Other meth-
ods for quantifying the steel fibers include the electrical re-
sistance tomography [15], where a map of the internal struc-
ture is made based on the resistance of the structure at multi-
ple sensors. A combined electromagnetic and radar method
has also been used to determine the overall quality of steel
fiber reinforced structure [16], and similar methods have been
proposed for ground penetrating radar [17]. The primary chal-
lenge with these methods is that they are often more sensi-
tive to the material variabilities than the geometry of fibers
or they require a large number of sensors, which would pro-
hibitively difficult for field use

In this work, we use a field deployable electromagnetic
nondestructive testing device with fast scan time to quantify
the anisotropy in specimens containing steel fibers. Elec-
tromagnetic methods are a powerful nondestructive testing
tool since they do not interact with the concrete aggregate.
For example, previous work has used electromagnetic meth-
ods such as eddy current [18] to produce electric currents
through coils and create a magnetic field that interacts with
steel rebars in concrete to produce a counter-current that is
picked up either by the same coil or a pickup coil [19]. This
method is very robust for finding rebars or concrete cover
but is limited in use because it is not very suitable for steel
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fiber reinforced specimen owing to its typical operation in
high frequencies [20].

There have been some works in literature that use an al-
ternative electromagnetic method that is more suitable for
steel fiber reinforced materials [21]. This alternative method
uses low frequency, electromagnetic sensors that consist of
an inductor that is usually made by wrapping magnetic wire
around a soft ferrite core. This device is then placed on
specimen that contains steel fibers. The interaction of the
steel fibers with the device increases the inductance of the
device because the steel fibers are ferromagnetic materials
with high magnetic permeability 𝜇 [22]. This change in in-
ductance is proportional to the volume of steel fibers in the
specimen, as shown in literature[23].

Several attempts have been made in literature to quan-
tify this anisotropy (steel fiber orientation) in steel fiber rein-
forced concrete specimen [24] [25]. In [6], the authors used
an electromagnet wrapped around specimen to quantify the
volume and orientation of the steel fibers. While this is a
good method for quantifying steel fiber volume and orienta-
tion, it is not practical as the shape of the sensor will have
to be conformed to each specimen that needs to be tested.
In [26, 27, 28], the authors put steel fibers between layers of
material to quantify the fiber orientation. While successful
at quantifying the fibers, this literature has largely been ob-
servational with respect to characterizing anisotropy and has
focused primarily on a small number of test cases. In addi-
tion, there has been minimal theory and validation in the ex-
pected output of these sensors in the presence of anisotropy.

In this work, we fill this gap by presenting electromag-
netic theory that describes the expected measurements from
layers of aligned steel fibers. We further validate this the-
ory with an electromagnetic device, one that is based on
inductance changes in an electromagnet, as in prior litera-
ture [26, 28]. We demonstrate our approach with steel fiber
reinforced resin specimens, where the orientation of fibers
can be visually observed without destructive techniques or
x-ray CT. Resin is also chosen for the specimen because,
like UHPC, it is paramagnetic [29]. This means the resin and
concrete will behave similar in the presence of an external
magnetic field.

We consider 12 different specimens, 6 of which con-
tained randomly oriented fibers and the other half exhibit-
ing various forms of preferential orientation. We test our
electromagnetic sensor by taking inductance measurements
of these specimen to determine anisotropy in the specimen.
Overall, we achieve an average 95% goodness-of-fit between
our data and the theoretical model.

2. Methodology
The method behind how the materials were selected and

prepared are discussed in detail in this section. We provide
a detailed material selection, preparation, and constituents
that make up the individual specimen. We also provide the
justification for the material selection and specimen choice.
The material for the study was carried out using a resin mix

Figure 1: A 15.24 cm by 15.24 cm by 5.08 cm mold, used for
making the specimen

with varying proportions of steel fibers added into the spec-
imens.
2.1. Material Selection

There were several considerations made towards select-
ing the appropriate material to be used for the mock-ups.
First was the fact that the material had to be paramagnetic so
as to not affect the outcome of the magnetic readings. Sec-
ond was the fact that the material must be easy to make and
to allow the introduction of the steel fibers both in a random
and oriented manner. The third consideration was the abil-
ity of the material to be transparent after it is made so that
the insides of the specimen can be visually validated with-
out resorting to x-ray scans or other scanning to observe fiber
alignment.

Resin epoxy was the clear choice that meets all these re-
quirements. Resin can be easily obtained and can be eas-
ily mixed and formed into various shapes and cast easily in
molds. After deciding on the use of resins, the type of resin
to use was further narrowed down based on the resin’s curing
time, viscosity, and temperature change. The curing time is
important because resins that set too quickly would be dif-
ficult to introduce steel fibers into while resins that take too
long to cure would be time wasting. The viscosity is impor-
tant because steel fibers are dense, and it is important that the
orientation pattern be intact while the resin is being poured
into the mold. The temperature change was primarily chosen
to ensure personnel safety.

Resoltech clear resine epoxy was selected as it meets all
the requirements stated; it is clear, easy to make, curing time
of about 2 hours, marketed as being UV resistant and easy to
procure. The resin consists of two liquids; one with a relative
density of 1.15 and the other with a density of 1.01, making
a relative density of 1.10 for the mixture of the two liquids.
This is still considerably lower than the relative density of
the steel fibers, but with a 2 hour setting time, the mix can
still be adequately controlled.

The mold for the mix is a white silicone mold with a
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Figure 2: A 15 cm by 15 cm by 2.5 cm heat sink , used for
aligning the fibers for the anisotropic specimen. It contains 22
grooves

square cross sectional area and dimensions 152.4 mm by
152.4mm by 50.8mm, shown in Figure 1. The silicone mold
was chosen because of its flexibility, it helps with demold-
ing the specimen without damaging either the specimen or
the mold. It also makes the mold reusable for making sev-
eral specimens without damage or permanently stained. For
making the anisotropic specimen, an aluminium heat sink
is used with dimensions 150 mm by 150 mm by 25 mm
and contains 22 slits/grooves, as shown in Figure 2. These
grooves are where the steel fibers for the anisotropic spec-
imens are poured to align them before being placed in the
mold to form the orientation in a particular direction.
2.2. Material preparation

Before the samples were made, the density of the steel
fibers was calculated to ensure accuracy of the specimen
mix. The density was calculated by first weighing a grad-
uated 100 ml plastic measuring cup. Steel fibers were then
placed in the graduated plastic measuring cup and weighed.
The weight of the steel fibers was calculated as the difference
between the two measurements. To calculate the volume of
these fibers, water was poured in the graduated measuring
cup and the volume was noted, the weighed steel fibers were
then introduced into the measuring cup containing the wa-
ter and the new volume was noted. The rise in water level
(difference between the water levels) was then noted and
recorded as the volume of the steel fibers. The density of
the steel fibers was then calculated as

densitysteel fibers =
masssteel fibers

volumesteel fibers
(1)

The density was calculated to be 8.95 g/cm3 against the
expected reference value of 8.85 g/cm3. The density was
then used to subsequently calculate all the steel fiber volume
needed for each specimen mix.

Figure 3: A custom-made magnetic stirrer to ensure proper
randomization of the steel fibers for the isotropic specimen

The resin used has a mix ratio of 2 ∶ 1 by volume and
60 ∶ 40 by weight. We use a volume mix ratio in this
work. The resin is mixed by volume and then poured into the
mold, the steel fibers are weighed to account for the right per-
centage by volume (using the density calculations) and then
poured into the mold. The steel fibers are stirred in by our
custom-made mixer shown in Fig. 3. The stirrer consists of
5 magnets inserted into a packing Styrofoam in such a way
that the fringing fields are outwards to enable stirring of the
steel fibers. The stirring is to ensure a true randomization of
the fibers, producing a nearly true homogeneous fiber mix.

For the preferentially oriented samples, the fibers are first
weighed out, then poured into the grooves of the heat sink,
ensuring that the fibers are as nearly evenly distributed in the
grooves as much as possible. The heat sink is then covered
with the mold, then flipped to ensure that the fibers align
properly at the base of the mold. The resin is then poured
into the mold with the the heat sink still in it to ensure that
as the resin is flowing, it does not disrupt the alignment of the
fibers. We do not use our custom stirrer for the preferentially
oriented specimens because we do not want to randomize the
mix. After the resin and steel fibers are poured into the mold,
the mix is left to set. The heat sink is gently removed using
tweezers to allow for little to no disruption of the steel fiber
alignment as it is being removed. The mix is left to cure
and set then the specimen is demolded and the process is
repeated for other specimens.
2.3. Samples

In all, 12 resin samples were made. These samples in-
clude (note: all fiber percentages are by volume):

• Samples 1 & 2: Two randomly oriented, 1% fiber.
• Samples 3 & 4: Two randomly oriented, 2% fiber.
• Samples 5 & 6: Two randomly oriented, 4% fiber.
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Figure 4: A collection of all the specimen placed side-by-side ranging from the randomly oriented to the preferentially oriented,
and the control specimen

• Sample 7: One preferentially oriented, 1% fiber with
the fibers concentrated and spaced about 5 mm apart.

• Sample 8: One preferentially oriented, 1% fiber with
the fibers not spaced.

• Sample 9: One preferentially oriented, 2% fiber with
the fibers concentrated and spaced about 5 mm apart.

• Sample 10: One preferentially oriented, 2% fiber with
the fibers not spaced.

• Sample 11: One preferentially oriented, 2% fiber made
cross-layered, with a 1% fibers on one half of it and
another 1% fibers crossed directly on it.

• Sample 12: One control 0% fiber by volume.
The samples are shown in Fig. 4. The control sample was
used to confirm our measurements and it is in agreement
with measurements in the air. We do not otherwise show
results from this sample.

3. Theory
This section details the theoretical basis of this work.

We used an experimental method to test our hypothesis that

Figure 5: A cross-layered specimen showing the steel fibers in
a cross-layered pattern

will be referred to as the inductance method. Magnetic per-
meability 𝜇 is the underlining factor of this experimental
method. The magnetic permeability 𝜇 of a medium, is de-
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fined as
𝜇 = 𝜇0𝜇𝑟 (2)

where 𝜇𝑟 is the relative permeability of a medium, and 𝜇0is the permeability of free space given as 4𝜋 × 10−7 H/m.
Magnetic permeability 𝜇 is defined as the ability of a mate-
rial to form a magnetic field within itself when the material
is under the influence of an applied external magnetic field.
The steel fiber is a ferromagnetic material with a high pere-
meabilty [29].
3.1. Inductance Method

Inductance is the ability of a conductor to resist the change
in the electric current flowing through it. This property is
highly dependent on the conductors permeability 𝜇. The in-
ductance 𝐿 of a long solenoid (good example of an inductor)
is given by the following relationship

𝐿 =
𝜇𝑁2𝐴

𝑙
(3)

where 𝐿 is the inductance, 𝑁 is the number of coil turns, 𝐴
is the area of the inductor, and 𝑙 is the length of the induc-
tor. In our case of a ferromagnetic yoke excited by a coil,
(3) gives a good approximation of the coil inductance ow-
ing to the magnetic field guidance effect through the yoke
core (the demagnetising field effect due to the free ferrite
surfaces being neglected). Considering (3), we can see that
with all other factors being the same, a change in 𝜇 will cause
a corresponding change in the inductance, L of the medium.
This means that in the presence of steel fibers that have very
high 𝜇, our inductance will also increase proportionally to
the volume of the steel fibers present in the test specimen.

Magnetic circuit analysis [30] is a method that is used
to model the flow of magnetic flux through magnetic loops.
This magnetic circuit is analogous to the electric circuit, where
the magnetomotive force (mmf) takes the place of the elec-
tromotive force (emf) which is the metaphoric force that is
driving the circuit. The magnetic flux (or just simply flux,
Φ), is the equivalent of the electric current, and the reluc-
tance  of the magnetic circuit is analogous to the resistance
𝑅 of the electric circuit. The mmf of the circuit is related to
the flux and the reluctance by

mmf = Φ (4)
which implies

Φ = mmf


(5)
The reluctance can be defined as
 = 𝑙

𝜇𝑟𝜇0𝐴
= 𝑙

𝜇𝐴
(6)

where 𝑙 is the length of the magnetic circuit, 𝜇 is the per-
meability of the medium, 𝜇𝑟 is the relative permeability of
the medium, and 𝜇0 is the vacuum permeability given as
4𝜋10−7 H/m.

Taking into account the relation between the mmf and
the coil driving current 𝐼

mmf = 𝑁𝐼 (7)
and using Faraday’s law, we arrive at the following relation
for the coil inductance in the air

𝐿𝑎 =
𝑁2

𝑐 +𝑎
(8)

with 𝑐 being the reluctance of the coil with the ferrite core
and 𝑅𝑎 being the air reluctance corresponding to the air gap
between the yoke legs. Eq. (8) provides a better approxi-
mation for the free-space induction of the coil with the yoke
since it takes into account the demagnetisation field through
the 𝑎. The respective relation with the yoke above the
specimen is obtained by replacing 𝑅𝑎 with 𝑠 = 𝜇0𝑎∕𝜇𝑠,where 𝜇𝑠 stands for the specimen permeability (we ignore
the air gap between the core and the specimen). Subtracting
(8) from the corresponding relation above the specimen, we
arrive to the following relation for the inductance change

Δ𝐿 = 𝑁2

𝑐 +𝑎
− 𝑁2

𝑐 +𝑠
(9)

= 𝑁2 𝑎 −𝑠
(

𝑐 +𝑎
) (

𝑐 +𝑠
) (10)

which for high core and medium permeabilities 𝜇𝑐 ≫ 𝜇𝑠 ≫
𝜇0, becomes

Δ𝐿 ≈ 𝑁2

𝑠
= 𝑁2

𝑙𝑎
𝜇𝑠 (11)

(i.e., it is directly proportional to the specimen permeability
variation 𝜇𝑠).This expression can be then extended to cover for the
orientation by defining an angular dependence around the
mean value of 𝜇𝑠, defined by

Δ𝐿 ≈ 𝑁2

𝑠
= 𝑁2

𝑙𝑎

(

𝜇𝑠(1 + 𝜂 cos(𝜔𝜃 + 𝜙))
)

. (12)

In this expression, we refer to 𝜂 as the anisotropic factor.
This term is satisfies 0 ≤ 𝜂 ≤ 1, where 0 represents no
anisotropy. In addition, 𝜃 is the angle of inclination of the
sensor (measured for 0 to 2𝜋 radians) and 𝜔 is the frequency
of variation along this rotation. Finally, 𝜙 is the rotation of
the anisotropy around the circle (i.e., 𝜔𝜃 = −𝜙 is the angle
of maximum inductance). Note that we are only able to ob-
serve orientations projected onto the two-dimensional plane
that we can sense across. Hence, fibers oriented along the
depth of a specimen should increase 𝜇𝑠 but not affect 𝜂.

4. Experimental Setup
Our inductor shown in Figure 7 contains 150 turns of

0.5 mm magnetic wire. It is wrapped around a ferrite core,
has an inductance of 2.3 mH at 20 Hz, and a direct current
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Figure 6: Setup showing magnetic circuit for the device in air.
The  represents the magnetic force from the magnets which
drives the flux Φ, the 𝑐 is the reluctance of the core, and 𝑎
represents the reluctance of air.

Figure 7: A magnetic sensor/inductor made with 150 turns
of 0.5 mm magnetic wire wrapped around a U-shaped ferrite
core.

(DC) resistance of 2.9 Ω. The ferrite core measures 70 cm
by 30 cm by 20 cm. This core was chosen because of its
high permeability. Other work has discussed the impact of
the core’s geometry for similar results [31]. The inductance
of our sensor was measured at 20 Hz. The approximate depth
of penetration is 5 cm, as shown in prior empirical studies
[31]. The relative permeability of the steel fibers in the spec-
imen is given by the manufacturer as 100 while the relative
permeability of the core is on the order of 1000 whereas the
air relative permeability is approximately 1, which means
that (12) makes a good approximation of the measured in-
ductance variation.

We mixed the resin as described in the methodology sec-
tion. The data was collected by placing the sensor on a 360◦
angle plot, as shown in Fig. 8, to enable accurate angular
orientation. Note that the core shown in Fig. 8 is an illus-
trative example and is not representative of the core used in
the experiments, which is shown in Fig. 7. The data was col-
lected in 30◦ increments starting from 0◦ until 360◦ to en-
sure that we adequately capture the anisotropic angular de-

Figure 8: Specimen showing angle plots that are printed and
pasted on each specimen that are used to measure the angular
data accurately.

pendence. We connect the sensor data from a KEYSIGHT
Impedance Analyzer E4990A. The sensor is placed in direct
contact with the surface of the specimen at the desired angle
marks and the reading is recorded. The procedure is repeated
for all 12 samples.

We extract the result from the impedance analyzer onto
a computer where data analysis is performed. We plot the
average inductance measurements for both specimens of the
1, 2, and 4 fiber percentages against the inductance. We fit
a linear line to it and take note of the intercept on the y-
axis. This intercept is now taken as the baseline 𝐿𝑎, which
consists of inductance from the air measurement and sensor.
This baseline is then subtracted from the data to get Δ𝐿, a
reading based on the specimen’s impedance properties only.

Note that while this study assesses a general mathemat-
ical relationship that is independent of specific application,
the length (12 mm, on average), thickness (0.2 mm, on aver-
age), and density (1% to 3%) of the fibers used in this study
are same as those used in steel fiber reinforced UHPC. In
addition, both concrete and the resin used in this study are
paramagnetic materials. The primary difference is that the
resin was used to easily manipulate the orientation of the
fibers and conduct the study.

5. Results and Discussion
This section details the results showing the anisotropy of

the steel fibers in resin specimens. Table 1 summarizes all
of our results of fitting our theoretical model in (12) with the
measred data.
5.1. Randomly Oriented Fibers

We first show the results for specimen with randomly ori-
ented fibers. The ideal isotopic result is a circle (relative to
the angle of the sensor) with a fixed radius whose magnitude
linearly increases with the increase in fiber percentage. Fig-
ures 9(a), 9(b), and 9(c) show the results of the 1%, 2%, and
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4% specimens, respectively. Since each randomly oriented
percentage has two specimens by fiber percentage, the re-
sults are shown along with their averages. Fig. 10 shows the
average values of the randomly oriented specimens, the re-
sult shows a proportional increment in the inductance change
with a corresponding increase in the fiber percentages.

We visually observe that there are slight anisotropy in the
results, which can be attributed to differences arising from
the fiber stirring process and the fact that the steel fibers usu-
ally have remnant magnetism that weakly aligns them along
their length and results to some form of clumping. Over-
all, the results are relatively circular, particularly compared
with the anistropic samples discussed in the next subsection.
In Table 1, the anisotropy factor 𝜂 is consistently below 0.2
for these samples, well below 𝜂 for the anisotropic samples.
The average 𝑅2 goodness-of-fit with our theoretical model
is 0.93 for these samples.
5.2. Preferentially Oriented Fibers

Comparing the results for the preferentially oriented and
the randomly oriented together, Fig. 11(a) shows the ran-
domly oriented (averaged) specimens alongside the results
of the preferentially oriented specimens with spaced and not
spaced fibers. It can be observed from Figs. 11(a) and 11(b)
that the inductance change for the samples without spacing
is higher than that of the spaced, which in turn is higher
than that of the randomly oriented samples along the primary
axis. This may seem counterintuitive since the local densi-
ties of the fibers will be higher in the sample with spacing.
However, the air gaps create magnetic flux leakage (not dis-
similar to the that measured by a magnetic flux leakage sen-
sor [32]) that reduces the overall flux and thereby reduces the
sensor’s inductance. Hence, the sensor is sensitive to non-
uniform spatial fiber variability within the sample, although
quantifying this dependency will require greater study.

The results for the preferentially oriented, spaced, and
unspaced can be represented by a sinusoid fitted to the points.
The result for the 2% preferentially oriented spaced spec-
imen is shown in Fig. 12. When fit to sinusoid in (12),
the result of the 2% preferentially oriented spaced specimen
shows an average 𝑅2 goodness-of-fit of 0.95, which indi-
cates that the preferentially oriented spaced fits our mathe-
matical model well.
5.3. Anisotropy Quantification

Table 1 illustrates that the samples with preferentially
aligned (in a single direction) fibers have significantly larger
anisotropy factors 𝜂 than the samples with isotropic / ran-
domly distributed fibers. The isotropic samples are consis-
tently under 0.2 while the single-direction anisotopic sam-
ples are consistently about 0.4. The factor is not higher be-
cause the physical spread of the aligned fibers allows for
magnetic flux in directions other than the aligned fiber di-
rection. In addition, we observe that show the results of a
measurement from both sides. We observe that for 𝜇𝑠, the
value generally increases linearly with fiber percent. This
holds true even for the aligned specimens, where we see a

(a)

(b)

(c)

Figure 9: Randomly oriented results for the (a) 1%, (b) 2%,
and (c) 4% fiber specimens as well as their averages.

linear increase from the 1% to the 2% specimen across both
the spaced and unspaced specimens.

Sample 11 is the cross-layered specimen. We observe
that 𝜇𝑠 is approximately twice as large when the steel fibers
are top of the layer (closest to our sensor). This suggests
that 𝜇𝑠 is more sensitive to nearby fiber percentages. How-
ever, we also see a much larger anisotropy factor 𝜂 (and a
larger maximum inductance relative to 𝜇𝑠) when the 1 per-
cent layer is on top. This suggests the lower layers still affect
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Table 1
Table showing anisotropic quantification of each sample

Sample Percent Preferentially Aligned Spaced 𝜇𝑠 𝜂 w 𝜙 𝑅2

1 1 no N/A 83.6 0.181 0.0334 -21.22 0.9134
2 1 no N/A 101.7 0.179 0.0359 155.11 0.9458
3 2 no N/A 196.9 0.169 0.0345 -84.76 0.9537
4 2 no N/A 190.2 0.084 0.0360 117.24 0.7868
5 4 no N/A 353.8 0.175 0.0350 6.53 0.9806
6 4 no N/A 403.9 0.148 0.0345 164.09 0.9745
7 1 yes yes 217.5 0.671 0.0348 -5.31 0.9851
8 1 yes no 253.8 0.510 0.0349 -2.22 0.9940
9 2 yes yes 241.0 0.515 0.0345 -2.95 0.9829
10 2 yes no 464.8 0.408 0.0342 -10.36 0.9940
11 2 (top) / 1 (bottom) yes (two orthogonal directions) yes 280.6 0.190 0.0356 12.14 0.9612
11 1 (top) / 2 (bottom) yes (two orthogonal directions) yes 168.7 0.329 0.0357 -173.72 0.9593

Figure 10: Inductance change (radius) for the Randomly ori-
ented specimens plotted against the different angles. The in-
crease in fiber percentage shows a corresponding increase in
the inductance change.

our measurements.
In terms of fit with our theoretical models, all but one

demonstrate a good fit (i.e., 𝑅2 > 0.9). Based on the data,
Sample 4 has a poor fit because of some inherent anisotropy
in the sample that might not have been generalized in our
theoretical model. The overall average 𝑅2 value across our
samples is 0.95. If we remove Sample 4 as an outlier, the av-
erage 𝑅2 improves to 0.97. Overall, these results show that
our methods can successfully quantify anisotropy in steel
fiber reinforced specimen, caused by the variability of the
permeability 𝜇 values.

In the context of non-destructively testing certain mate-
rials, such as UHPC, we often want to determine locations
with a high degree of anisotropy or small numbers of fibers.
These regions will have different strength properties and may
form due to incorrect fabrication practices. This work shows
that we can use the estimated specimen permeability and
anisotropic factor to identify these two properties.

(a)

(b)

Figure 11: Randomly oriented compared with the preferentially
oriented spaced and unspaced results for (a) 1% and (b) 2%
specimens.

6. Conclusion
In this work, we were able to show that the electromag-

netic method can be used to characterize anisotropy using
the inductance method. We also showed that the method out-
lined in this work can quantify the anisotropcy of steel fibers
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Figure 12: The result of fitting a sinusoid to the plotted points
for the 2% preferentially oriented spaced specimen.

within a non-ferromagnetic medium. However, it must be
clarified that this method is not applicable when the medium
is ferromagnetic or if it contains non-ferromagnetic reinforce-
ment materials, such as glass or nylon.

Also note that a number of simplifying approximations
have been carried out by neglecting principally field fringing
effects and the non-uniform field distribution in the tested
specimen. For a more comprehensive analysis, these ef-
fects should be properly modeled via a rigorous solution of
the field problem by accounting for the precise geometry.
This can be accomplished either by using numerical tools
like generic finite elements codes either by semi-analytical
approach [33] or resorting to hybrid numerical/spectral ap-
proaches [34], when computational speed is required. Non-
linear effects, can also be a source of deviation from the ex-
pected behaviour, when the exciting field increases, and in
this case should be also included in the simulation [35],[36].
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