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A B S T R A C T

Conceptually, the alignment of fibers in cementitious matrices leads to an appropriate choice of orientation
indices, orientation coefficient, orientation tensors, etc. methods that do not have the advantages offered by
descriptive or inferential statistics. The work presented here uses directional statistics as an efficient measure
of the alignment of a set of fibers that initially have random orientations. The randomly oriented fibers
are immersed in a fluid metaphor (hydrogel) transparent that reproduces some rheological characteristics of
cementitious matrices. Magnetic alignment carried out by discharging an Resistor–Capacitor-Inductor-Circuit
(RCL circuit) that causes pulses of homogeneous magnetic fields of intensity ranging approximately from 20 mT
to 90 mT (peak) changing the final orientation distribution of the set of fibers. These changes in the orientation
distribution give rise to their directional statistical analysis, revealing the relationships between the magnetic
properties of the fibers and the rheological parameters of the matrix in which they are immersed. Among the
studies presented here is the possibility of planning various fiber alignment strategies using a circular diagram
as an abacus (Circles of Active/Dead Fibers) that allow us to go beyond the application of a simple pulse
and/or a single alignment direction, seeking a process fiber alignment that is optimal and controlled.
1. Introduction

The alignment of steel fibers using magnetic fields is a relatively
new branch within the area of cementitious composite materials. Being
able to align fibers according to certain specific directions within a ma-
terial increases its mechanical efficiency. Using a lower volume fraction
of oriented reinforcing fibers, the same reinforcing effect is achieved
if a larger volume fraction of the same disoriented (homogeneously
distributed) fiber is used. The literature on this topic has been growing
since the first decades after 2010, addressing different issues that come
with the use of this technique. The first documented application for
fiber alignment is due to Peterman [1] which uses magnetic fields to
orient ferromagnetic particles in polymers. Under this same concept [2]
uses electric fields to align cellulose fibers. The first application to
the reinforcement of cementitious materials dates back to Miller and
Björklund [3] using oscillating magnetic fields to ‘facilitate’ steel fiber
orientation in forged architectural panels.

Magnetic fields in the early periods used electromagnets as a source,
but it was not until Helmholtz Coils began to be used until there were
homogeneous magnetic fields that showed greater efficiency in the
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alignment of ferromagnetic fiber. The first topic addressed is the use of
homogeneous magnetic fields of different intensity that are usually in
the range of 35 mT [4] up to 0.5 Teslas [5] using different kinds of coils
(generally Helmholtz coils or geometric variants of such a coil). There
are studies in which spatial arrangements of square magnets are used,
seeking homogeneous magnetic fields with magnetic field intensities
of 0.3 Teslas [6]. As a general rule, found in the scientific literature,
exposures to homogeneous magnetic fields to directly align fiber does
not vary over time, and are static.

Another important issue in fiber alignment research involving com-
posite materials is the availability of direct measurement of fiber ori-
entation. Most materials are opaque to visible light, and do not allow
direct measurements of fiber angles. This is the reason why some fluid
metaphors are used that reproduce some of the rheological properties,
the most common is the static yield stress (𝜏𝑜). In the literature about
fiber alignment some transparent ’metaphor fluids’ are frequently used
in this way [4] uses silicone oil to see the alignment effects of homo-
geneous magnetic fields ranging from 20 mT to 50 mT, Boulekbache
et al. [7] uses hydrogeles like Carbopol, ‘tuning’ the value of the
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static tension through the pH of the solution or concentration. Some
authors uses this hydrogel as a Bingham model in Spangenberg et al.
[8] to reproduce cements mortars, and also Auernhammer et al. [9].
Being [10, sec. 4] a good summary showing a complete state of the art
of recent uses of this hydrogel as a fluid metaphor for static yield stress.

In other research cases, direct measurement of fiber orientation
is performed, e.g. using X-rays [4] allowing direct, three-dimensional
measurement of the fiber orientation as a complement to the use of car-
bopol. Among the direct methods [11] performed a manual counting of
the fibers to determine the quantity of fibers present in a cross section
of the specimen, cutting the specimen and measuring the ellipsoidal
section to deduce the orientation by geometric means.

In close relation to the difficulty of being able to directly measure
fiber orientation angles, there is also a need to define an ’orientation
index’ capable of efficiently encoding the alignment of a spatial distri-
bution of fibers. Some authors uses the fiber orientation number [12–
15] as a single and simple parameter, indicating the percentage of fibers
oriented in the cementitious matrix. This coefficient corresponds to
the average projection of the unit vectors of the fibers on a desired
direction.

The study of an orientation index, based on the modified rule of
mixtures (aka Cox-Krenchel model) from Cox [16], Krenchel [17],
extended to include the effect of fiber length and fiber orientation, uses
the orientation efficiency factor (aka Krenchel factor) to predict some
mechanical properties of composite materials based on fibers, eć et al.
[18] give predictions for the tensile moduli of isotropic and oriented
wood polymer composites (WPC), and Mu et al. [19] is a recent
researcher who uses it in the study of the orientation of steel fiber on
the strength of ultra-high-performance concrete (UHPC), being [20] a
good review of this orientation factor that links mechanical properties
with the ‘statistical’ orientation of the fiber.

2. Theoretical setup

The steel fiber is made of a ferromagnetic material that responds
non-linearly to the presence of magnetic fields due to the existence of a
hysteresis cycle. The magnetic response is characterized by a magnetic
torque that aligns it, as long as the magnetic field is homogeneous. On
the other hand, the fiber is immersed in a suspension or a fluid viscous
matrix whose resistive response (also nonlinear) is characterized by the
rheological properties of the fluid. To understand the complex nature
of the aligning process of the steel fibers, it is necessary to understand
and analyze in sufficient detail the relationship between the driving
torque (magnetic) and the opposite torque (rheological) of the fluid that
surrounds it.

2.1. Magnetic torque in steel fibers

The magnetic response of an elongated steel fiber to a homogeneous
magnetic field in space 𝐇⃗ is a magnetic torque 𝝉𝑀 that causes the
alignment of the magnetic axis of the steel fiber with the external
magnetic field pointed out by a vector 𝐇⃗ (A/m). The magnitude and
direction of this magnetic torque is expressed by a vector cross product
formula given by:

𝝉𝑀 = 𝜇◦ (𝐦⃗𝑓 × 𝐇⃗) ⇒ |𝜏𝑀 | = 𝜇◦ |𝐦⃗𝑓 | |𝐇⃗| sin 𝜃 (1)

where 𝜇◦ is a universal constant called the magnetic permittivity of
the vacuum, 𝐇⃗ is the exciting homogeneous magnetic field, 𝐦𝑓 is the
magnetic dipole moment of the fiber (A/m2) [21, chap. 12] and 𝜃 is
the angle between the magnetic axis of the steel fiber and the external
magnetic field. The magnetic moment can be expressed as if it was
the product of the length of the fiber 𝓁 and a ‘theoretical’ magnetic
charge 𝑄𝑚 (A⋅m) located at the ends of the fiber, that is: 𝐦⃗𝑓 = 𝓁𝑄𝑚.
The magnetic monopole can also be expressed as a product of the fiber

⃗

2

section by the perpendicular induction field component 𝐁𝑛, therefore b
the expression for the magnetic moment of the fiber can be deduced
as:

|𝐦⃗𝑓 | = 𝓁 𝑆 |𝐁⃗𝑛| (2)

The relationship between the induced magnetic flux density (𝐁⃗) from
the steel fiber magnetization and the magnetizing force (𝐇⃗) caused by
external coil (in our case the Helmholtz coil) is a non-linear function
characteristic of ferromagnetic materials called hysteresis loop where
the magnetic induction B is proportional to 𝐵(𝐻) [21, chap. 10].
Therefore, since the normal component of the magnetic field is given
by |𝐇⃗| cos 𝜃, the magnetic torque exerted to fiber has a final expression
as a function of the exciting magnetic field 𝐇⃗ like:

|𝝉𝑀 | = 𝓁 𝑆 |𝐇⃗| 𝐵(|𝐇⃗| cos 𝜃) sin 𝜃 (3)

Where 𝓁 is the length of the steel fiber (m), and S the section (m2),
nd 𝜃 the initial angle of the magnetic axis of the fiber with respect to
he exciting homogeneous field 𝐇⃗ that comes from the Helmholtz coil.
t should be emphasized that the magnetic torque will depend directly
n the volume of the fiber, in addition of being proportional to its 𝜃
rientation angle. The magnetic torque always is zero when the fiber is
erpendicular to the exciting magnetic field 𝐇⃗, that is, when the angle
is equal to 90° and 0°, explained latter when commented Fig. 4.

Some authors have investigated the ferromagnetic properties of a set
f steel fibers commonly used in industry, and provide parameters that
haracterize the hysteresis cycles that are common among them [22].
e consider relevant in this study the following three parameters of

he hysteresis loop (see Fig. 1):

1. Saturation induction - 𝐵𝑚, which is the maximum magnetization
that the fiber acquires. Due to the ferromagnetic materials used
(steel) this value is around 1.6-1.7 Teslas. The fibers reach this
saturation immediately, and most of the time the fiber dynamics
are in this magnetic saturated state.

2. Cohercitive field - 𝐻𝑐 , which is supposed to be the magnetic field
that cancels the magnetic induction inside the fiber. This value
in most fibers is around 200 A/m. This value, in steel fibers, is
very narrow compared to other ferromagnetic materials.

3. Intersection field - 𝐻𝑖 magnetic field magnitude at which the
ascending/descending branches of the hysteresis loop intersect.
For simplicity, this value has been taken equal to 800 A/m,
consistent with the data presented in Künzel et al. [22].

he initial magnetization curve (o-a in Fig. 1 aka an hysteresis curve
r virgin curve) is the magnetic state that runs through the fiber when
t has not been previously magnetized, showing a linear relationship
uch that 𝐵 = 𝜇𝑜𝜇𝑟𝐻 at 𝐻 → 0 A/m (very low magnetic fields).
he value of 𝜇𝑟 the characteristic relative magnetic permeability of
he material is around 550, which is a typical value for alloys of steel.
he fiber goes through this initial o-a curve and reaches the saturation
tate immediately when the fiber is excited with magnetic field profiles
ssociated with RCL magnetic pulses. Once the magnetic field ceases,
he fiber becomes ‘magnetized’ with a remanent induction 𝐵𝑟 (leter b
n Fig. 1).

The complete hysteresis loop has been mathematically modeled in
erromagnetic materials [23,24], and can be used in software simu-
ations of fiber alignments in order to determine the effect of certain
erromagnetic parameters on the alignment of steel fibers. The T(x)
odel developed by Takács [25] will be used here to cover most of

he ferromagnetic behaviors of steel fibers. One branch of hysteresis
oop is modeled as a linear combination of a hyperbolic tangent and a
inear function as:

(x) = A𝑜 𝑥 + B𝑜 tanh(C𝑜 𝑥) (4)

here 𝐴𝑜, 𝐵𝑜 and 𝐶𝑜 are parameters that define the magnetic response
f the ferromagnetic material of the steel fiber and tanh is the hyper-

olic tangent. We consider that 𝐴𝑜 ≈ 0, that is, 𝐵𝑜 will be equal to
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Fig. 1. Characteristic figure of a complete cycle of a steel fiber (ascending/descending
loop), including the initial magnetization curve (o-a).

the saturation induction 𝐵𝑚. The parameter 𝐶𝑜 in Eq. (4) is a scale
parameter to be chosen appropriately to be fitted with the experimental
data. In order to describe branches of the symmetric hysteresis loop, the
hyperbolic part of T(x) is shifted in horizontal direction (to the right
and left by 𝐻𝑐) and in vertical direction up and down by 𝑏𝑜 according
with the expression [25]:

𝑏𝑜 =
1
2

{

tanh
[

𝐶𝑜
(

𝐻𝑖 +𝐻𝑐
)]

− tanh
[

𝐶𝑜
(

𝐻𝑖 −𝐻𝑐
)]}

(5)

The ascending/descending branches depends of increasing/decreasing
magnetic field

𝐵(𝐻) ≈

{

𝐵𝑚( tanh
[

𝐶𝑜
(

𝐻 −𝐻𝑐
)]

+ 𝑏𝑜) asc. branch
𝐵𝑚( tanh

[

𝐶𝑜
(

𝐻 +𝐻𝑐
)]

− 𝑏𝑜) desc. branch
(6)

With the four parameters that characterize the ferromagnetic prop-
erties of the steel fiber through the hysteresis cycle, that is: satura-
tion induction 𝐵𝑚, cohercitive field 𝐻𝑐 , the intersección of ascend-
ing/descending branches 𝐻𝑖 and scale factor 𝐶𝑜. The hysteresis loop
𝐵(𝐻) can be characterized according to Eq. (6). This characterized
function allows determining the magnetic torque using (1).

Due to the magnitude of the magnetic pulse from the coil (greater
than 30 mT peak), the fiber, according to the hysteresis loop, becomes
saturated almost immediately. However, it is interesting to note that
some fibers may have angle orientations 𝜃 so close to 90° whose cosine
in the argument of the hysteresis function of the expression (3) of
the magnetic torque is near to zero and cannot reach the magnetic
saturation level (𝐵𝑚 in Fig. 1).

2.2. Rheological torque in steel fibers

The steel fiber, when immersed in a fluid matrix, is compelled
to be aligned with the exciting homogeneus magnetic field 𝐇⃗, but
the rheological properties of the fluid matrix always are opposite to
its movement. Thus, considering the rheological characteristics of the
fluid matrix is relevant in any fiber alignment analysis. Cementitious
matrices rheologically obey Bingham’s law in most cases [26]. Struc-
tured fluids, such as concentrated suspensions and liquid crystals show
rheological response as solid at low stress levels. In this rheological
model, if 𝜏 is the shear stress and 𝛾̇ the shear rate, 𝜂 is the plastic
viscosity of the material, so in this way the Bingham’s law is formulated
as a constitutive equation: 𝜏 = 𝜏𝑜 + 𝜂𝛾̇ if 𝜏 > 𝜏𝑜. This type of fluid
matrices that obey Binham’s law have the relevant parameter which is
the static yield stress 𝜏𝑜 which is understood in the present study as the
energy per unit of volume (pressure) necessary to ’start ’the rotating
movement of the fiber.

Because fiber rotation experiments will be carried out, it is nec-
essary to directly measure the orientation angle of each fiber. This
3

requirement needs a transparent material that simulates (at least) the
static yield stress of a fluid mortar (or a fluid matrix of a composite).
To carry out this fiber orientation measurement in this metaphor fluid
(model fluid), it is necessary reproduce a specific value of 𝜏𝑜, which
in our case is Carbopol 940. However, this fluid obey to a Herschel–
Bulkley law (H-B law) with constitutive equation 𝜏 = 𝜏𝑜 + 𝐾 𝛾̇𝑛,
where 𝜏𝑜 is the static yield stress which will be the ‘metaphor’ used
here. Parameters K and n in this H-B constitutive equation are other
parameters that determine the rheological properties of carbopol.

This hydrogel is characterized and allows predicting the value of the
static yield stress 𝜏𝑜 as a function of its pH and concentration. Because
the production of the hydrogel sets the pH value to 7, 𝜏𝑜 can only be
characterized by concentration. Jaworski et al. [10] proposes a 𝜏𝑜 (𝐶)
function expressed C in mass percentage concentration of carbopol, and
𝜏𝑜 in Pa, is given by two regimens:

𝜏𝑜 (𝐶) =

⎧

⎪

⎨

⎪

⎩

( 𝐶
0.0335

− 1
)3

for 0.045% < 𝐶 < 0.155%

45 3

√

𝐶
0.124

for 0.155% < 𝐶 < 4.000%
(7a)

Given this equation, and knowing the value of the magnetic driven
torque, whose evolution is described in Fig. 4, the carbopol concen-
tration value C of interest for the experiments to be carried out can be
chosen.

2.3. Fiber dynamics

The study of fiber dynamics must consider two opposing effects. On
the one hand, the effect caused by driving magnetic torque acting on
fiber, which is determined by Eq. (3). The magnetic torque encodes a
large proportion of the ferromagnetic properties of the steel fiber (hys-
teresis, magnetic moment, magnetic state, etc.). On the other hand, the
rheological torque is opposed to the magnetic torque driver. The rhe-
ological torque encodes the properties of the fluid matrix surrounding
the steel fiber.

Being able to know the nature of both opposite effects, it is decisive
to explain the alignment of fibers through magnetic fields. Because
magnetic torque has units of energy, so does rheological torque. Both
expressions can be understood as the energy necessary/consumed to
provide a change in rotational kinetic energy to the fiber that causes
alignment to the fiber due their rotation. That is, the dynamics of the
fiber can be described by the following equation:

𝓁 𝑆 |𝐻⃗(𝑡)| 𝐵(|𝐻⃗(𝑡)| cos 𝜃) sin 𝜃
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Magnetic Torque

= 𝛶𝑅(𝑆𝑓𝑜, 𝑇
(𝑑)
𝑜 , 𝑇 (𝑒)

𝑜 , 𝜃̇)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Rheological Torque

+ 𝐼 𝜃̈
⏟⏟⏟
Inertia

(8)

In this equation, the rheological properties of the fluid act as a damper
for the rotation movement, that is, they ‘brake’ the rotation caused
by the magnetic torque until a final angular value is reached: 𝜃𝑓
(final orientation), which does not necessarily have to be zero (fully
aligned fiber). On the other hand, the nonlinear condition is shown
in several aspects within the equation: the fiber made with a ferro-
magnetic material (steel) has a hysteresis cycle as the main part of its
magnetic response, and on the other hand the fluid shows a response
of opposition with a characteristic threshold torque called static yield
stress 𝜏𝑜. There is no orientation rotation of the fiber until this threshold
torque 𝜏𝑜 is exceeded, and this already predicts that some fibers, under
this model, cannot be aligned.

2.4. Directional statistics

Directional statistics is that branch of statistical methodology specif-
ically designed for use with observations that are directions [27],
therefore is suitable for comparative measurements performed on fiber
orientation data measurement. Let 𝜃 , 𝜃 , 𝜃 ,… 𝜃 be a set of n fiber
1 2 3 𝑛
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orientations given in terms of angles. Consider the polar to rectangular
transformation for each fiber observation:

(sin 𝜃𝑖, cos 𝜃𝑖) 𝑖 = 1,… , 𝑛

the cartesian coordinates of the ’center of mass’ 𝐑⃗ are (𝑆̂, 𝐶̂) expressed
as:

𝑆̂ = 1
𝑛

𝑛
∑

𝑖=0
sin 𝜃𝑖 𝐶̂ = 1

𝑛

𝑛
∑

𝑖=0
cos 𝜃𝑖 (9)

The fiber orientation number defined in Laranjeira et al. [12] it is
precisely only the 𝐶̂ value. Provided that 𝑅̂ > 0, where the mean
resultant length R is given by:

𝑅̂ = ‖

‖

‖

𝐑⃗‖‖
‖

=
√

𝑆̂2 + 𝐶̂2 (10)

represent the length of the resultant vector R. The direction of this
resultant vector 𝐑⃗, which is proposed as the circular mean orientation
of fibers, is denoted by 𝜃̄, and is defined as:

𝜃̄ = arctan
(

𝑆̂
𝐶̂

)

(11)

The first advantage of using 𝜃̄ as a mean angle of fiber orientation, is
that it has the property of being rotationally equivariant, i.e., if the
data is shifted by a certain amount angle, the value 𝜃̄ also changes
by the same amount [28, p. 14,prop 1]. The invariant property of 𝜃̄
and 𝑅̂ against rotations allows, in our case, to plan sequences of fiber
alignments in successive exposures to magnetic pulses, using different
alignment directions.

The mean radius 𝑅̂ is a useful measure for circular data, indicating
how concentrated the fiber angles is towards this mean orientation
𝜃̂. Directional statistics also is fully compatible with the composite
orientation efficiency factor 𝜂𝜃 (aka the Krenchel factor) [16,29] used
in the modified rule of mixtures

𝐸𝑐 = 𝜂𝜃𝜒𝑓𝐸𝐹 + (1 − 𝜒𝑓 )𝐸𝑚 (12)

Where 𝐸𝑚, 𝐸𝑓 and 𝜒𝑓 represent the moduli and volume fractions of
the matrix and fiber respectively and 𝐸𝑐 represents the modulus of
composite. The rule of mixture model is suitable to estimate the tensile
modulus of composites with aligned continuous fiber. This simple
model assumes that there are equal strain experienced in both matrix
and fiber. To compute the fiber orientation factor [29] proposes to
be proportional to cos4 𝜃. To integrate this theory with directional
statistics, if we divide the circumference into k bins, we have the :

𝜂𝜃𝑜 =
∑

𝑘
𝜒𝑘 cos4

(

𝜃𝑘 − 𝜃𝑜
)

Where 𝜂𝜃 ∈ [0, 1] (13)

Where 𝜒𝑘 is the proportion of total fiber angles content per bin and
𝜃𝑘 is the representative fiber angle per bin with respect to the loading
direction 𝜃𝑜. If the fibers are unidirectional (all set in one direction).
with respect to the axis of loading. The reinforcement orientation
distribution factor ranges between 0 (fibers aligned transverse to the
stress direction) and 1 (fibers aligned parallel to the stress direction),
the value of 3/8 (0.375) corresponds to randomly oriented fiber. FRC
can be said to have 𝜂𝜃=1 (100%) the maximum reinforcement level for
cracks perpendicular to the direction of the fibers.

3. Experimental program

The materials used in the experimental procedure consist of a
Helmholtz coil that generates uniform magnetic fields inside the coil, a
current supply system connected to the coil and designed to be capable
of generate intense current pulses in a short period of time, a trans-
parent fluid whose rheological properties simulate ‘some’ (not all) of
the rheological characteristics of the composite cementitious matrices
(fluid metaphor), and finally three types of steel fibers commonly used
in the industry.

The experiments are carried out in such a way that they are
recorded by a digital camera to be subsequently digitally treated,
measuring the angles of each steel fiber before/after being magnetically
exposed.
4

Fig. 2. RCL discharge circuit showing the coil inductance 𝐿𝑏 and the internal
impedance 𝑅𝑏.

Fig. 3. RCL discharge of high peak intensity used in the experiments described here.

3.1. Description of the coil and circuits

The experimental procedure was designed in such a way that the
device for generating homogeneous magnetic fields was a Helmholtz
coil with a radius of 10.5 cm and 240 turns which has an inductance of
26.7 mH (see Fig. 2) and internal impedance of 4 𝛺. The exposure of the
samples to homogeneous magnetic fields is carried out in the interior
space of the coil. The coil was electrically connected to a discharging
circuit that used high-capacity electrolytic capacitors (as can see in
Fig. 2). To control the peak intensity level, the voltage at terminals 𝑉𝑜
of the capacitors was previously measured with a polimeter.

The higher the voltage at the capacitor terminals, the greater the
peak discharge intensity on the coil. The terminals of the capacitors
are connected to a charging circuit that has a direct current source that
causes the capacitors to charge during a time interval. Once the desired
charging voltage 𝑉𝑜 value was reached, the capacitive discharge circuit
was closed, producing a characteristic RCL discharge peak (as seen in
Fig. 3).

The discharge RCL circuit was designed to generate an over-damped
intensity pulse and the critical design parameter was the arrangement
of the capacitors with a total capacity of 20.4 mF (see Fig. 2). The
design of the RCL discharge circuit produces a maximum peak current
at 0.016 s (approximately 20 hundredths of a second) descending in
long a tail of intensity that lasts for 0.4 s. This peak occurs at the same
instant in all the experiments described in the present work. Because
a Helmholtz coil of known geometry is used, the generated magnetic
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Table 1
Three types of RCL discharges used in the
experiments.
Type 𝜇𝑜H (mT) Peak RMS (mT)

Low 43.3 20.6
Medium 60.6 28.8
High 77.9 37.1

Table 2
Table with the three hooked-end fibers used (Courtesy of Bekaert).

(Bekaert Cod.) 𝓁 (mm) d (mm) 𝓁/d m (g)

45/50/BL 51.38 0.90 57.09 0.29
65/60/BG 60.00 0.90 66.70 0.33
80/60/BG 60.00 0.75 80.00 0.22

field intensity is proportional to the discharge intensity, and therefore
the magnetic pulse has the same shape as the discharge profile of the
RCL circuit.

The magnetic exposure of all experiments described here have
used three characteristic discharges whose peaks and RMS values are
described in Table 1.

The coil is initially charged to a specific voltage 𝑉𝑜 due to a grid-
connected charging circuit. The ‘trigger’ occurs by short-circuiting the
discharge circuit that literally ‘dumps’ all the electrical charge of the
capacitors onto the coil. This mechanism has the advantage of produc-
ing a large amount of electrical intensity without causing great heating
of the coil wires. The maximum voltage Vo that can be achieved will
depend on the maximum rupture voltage of the capacitors.

3.2. Metaphor fluid preparation

Considering that the fiber can be included in a fluid cementitious
matrix (cement paste or mortar) whose static yield stress ranges approx-
imately between 15 - 125 Pa [26] and taking these value as a reference
for Eq. (7a), a dilute carbopol solution of 0.2% is prepared assuming
that the static stress could be approximately around 35 to 60 Pa [10]
according with formula (7a) the carbopol used here has a theoretical
value of static yield stress of 52.7 Pa.

The process of preparing the aqueous solution of carbopol begins
with the dehydrated Carbopol powder which is first slowly added
to distilled water through a fine metal mesh using a variable speed
mixer. The solution is then neutralized by ethanolamine. A mixing
period of 6 h follows this neutralization phase. Finally, the products
are conserved at 25° C for a resting period of time: 24 h.

3.3. Fibers

Three types of commercial steel fibers from the Bekaert company,
all of them within the Dramix ⋅D (hooked end fibers) category, are
widely used in the construction industry. The three types defined in
the experiments use the Bekaert code and the geometry associated with
each fiber can be seen in Table 2.

The aspect ratio of all three fibers are 𝓁∕𝑑 > 50 and all of the has a
hooked-end geometry. Considering the ferromagnetic properties of the
fibers, all of them are similar to each other, and were the subject of
detailed discussion in previous section §2.1 of this work.

Considering the magnetic properties already mentioned for each
type of fiber, it can be determined whether the magnetic torque re-
sponse of the steel fibers is adequate by comparing it with some of the
rheological properties of the fluid: specifically with its yield stress 𝜏𝑜.

o study this magnetic response, the (3) equation can be used for each
iber. As a sample example, Fig. 4 shows the case study for the magnetic
orque of three types of fibers in medium intensity magnetic fields.
sing the expression (1) to the fiber types defined (see Table 2), Fig. 4

s obtained. This figure represents the magnetic driving torque (N
5

Fig. 4. Magnetic torque at different orientations from 0° to 90° considering the three
types of fibers given in Table 2.

⋅ mm) for the three types of steel fiber considered. The magnetic torque
increases in the three types of fiber as it is oriented at an angle 𝜃 with
respect to the magnetic axis, the magnetic torque of the coil always
cancels out at 90 degrees. It should be noted that the magnetic torque
reaches a maximum near 90 degrees and drops dramatically in an
interval of just one or two degrees. It has been proven by simulation
that ferromagnetic property of the cohercive field 𝐻𝑐 in Fig. 1 produces
this small interval of magnetic torque drop. It can be understood that
this value should be as small as possible since it affects the maximum
magnetic torque, for this reason small values of the cohercive field 𝐻𝑐

aximize the alignment process. However, this cohercitive field seems
o have a small fixed value of 200 A/m in the current fibers on the
arket [22].

.4. Experimental campaign & measurement

Six experimental campaigns have been carried out, two campaigns
er type of steel fiber (see Table 2). For each type of fiber, the first
ampaign consists of exposure to three different magnetic field peaks
ccording with Table 1 and the steel fiber was not initially magnetized
that is, the fiber did not have a remaining magnetic field), the second
ampaign was repeated with previously magnetized fibers following the
ame procedure. The set of experiments carried out for each campaign
as photographed before and after being exposed to the magnetic field
eaks; a digital camera located at the zenith (orthogonally from above)
ith respect to the sample was used to capture data. The technical

haracteristics digital camera are: Dual 12MP Wide and Ultra Wide
ith f/2.4 of apperture. An example of zenith photography for data

apture is shown in Fig. 5, in which the angle measurements be-
ore/after the fibers are magnetically exposed are shown as an example.
ngle measurements are carried out in batches of 5 randomly arranged

ibers completely immersed in a container with carbopol, in different
eight planes in order to prevent initial contact between the fibers. Any
ontact between the fibers must be avoided because the mechanical and
erromagnetic characteristics of the set of fibers in contact alter the final
rientation values. In the measurements carried out, those experiments
hat have been found that the fibers are into contact, or those that
ave been influenced by contact between the walls, are discarded.
ome authors describe the contact network between rigid fibers inside
he material [30]. Each fiber is arranged inside the container in a
orizontal plane, thus guaranteeing that the movement of the fibers
ccurs completely in two dimensions. The time interval between the
easurement of two successive batches exceeds one hour in all cases,

onsidering that the fluid recovers its initial state during this rest
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Fig. 5. Alignment process of measuring the angle 𝜃 before/after in Carbopol. Given
three examples for each hooked-end steel fibers considered in Table 2. It can be seen
that some dead fibers do not align while other active fibers can be oriented according
to the axis of the coil.

interval. Fibers that have been radiated with magnetic fields, that is,
they have magnetic remanence, are subsequently used in campaigns in
which magnetized fibers are considered.

The campaign of non-magnetized fibers initially consists of approx-
imately one hundred measurements, the second campaign of magne-
tized fibers is smaller and reaches only approximately thirty observa-
tions. The dataset obtained in the case of fiber with initial remanence
(initially magnetized fiber) was made with the intention of qualitatively
checking whether or not there were significant differences with the
datasets from the campaign with initially non-magnetized fiber.

4. Experimental results

Considering that the datasets obtained by each fiber are arrays of
angular data before/after, we have proceeded to treat them with de-
scriptive circular statistics, calculating for each campaign the following
statistics that are gathered in the tables in the Appendix:

1. N is the number of data used in the campaign.
2. The vector components (𝑆̂, 𝐶̂) obtained according to the ex-

pression (9) in order to calculate the mean angular value 𝜃̄ of
the sample, as well as the measure of the angular dispersion R
obtained form expression (10).
6

Fig. 6. Circular histogram taking bins of 5° to represent the alignment process
before/after in Carbopol. Given example for 45-50 BL hooked-end steel fiber with low
peak.

3. Measurements made on the cumulative distribution for the first
quartile (25%), the median (50%), as well as for the third
quartile (75%) and the fourth quartile (100%) are included.

4. the composite orientation efficiency factor 𝜂𝜃 (aka the Krenchel
factor) calculated from (13) considering the axis of the coil as
angular reference.

4.1. Angle before/after and response angle to the field H(t)

The empirical tasks carried out in the laboratory, each of the three
types of fibers in Table 2 are exposed in sets of five fibers immersed in
bucket of 300 cm3 volume with carbopol (see Fig. 5). Fig. 7 represents
three campaigns of 45/50/BL fiber exposed to magnetic fields with
peaks: low, medium and high peaks according to Table 1. Each of the
figures within the campaign represents on the abscissa axis the angle of
the steel fiber before being exposed to the magnetic field (angle before)
measured with respect to the magnetic axis of the coil by the shortest
path. For this reason the range of angles of this axis covers only a
domain from 0° (fiber fully aligned) to 90° (fiber perpendicular to the
coil’s magnetic axis).

The vertical ordinate axis indicates the final angles of each steel
fiber after executing a coil pulse (angle after). Because the fibers
always tend to align with the magnetic axis of the coil, the angles
after the coil is ‘triggered’ are always less than, or equal, to the initial
angles. A bisecting line is included dotted in each graph as a graphic
reference. The points located on this bisecting line show, therefore,
those steel fibers that have not undergone any change after exposure
to the magnetic field from the coil.

Considering in depth the idea of the bisecting line as a reference
(Fig. 7), those points that are on the bisector correspond to steel fibers
that do not undergo a change in their orientation after a magnetic
pulse (dead fibers), and in the same way those points (measurements)
that are very far from the bisector have rotated in a greater change in
orientation (active fibers). The greater its distance from the bisecting
line, the greater the change that the fiber undergoes. Therefore, the
distance with the bisecting line provides us with a quantification or
measurement of the fiber’s response to magnetic fields.

Taking into account that 𝜃𝑜 is the initial angle (before) and 𝜃𝑓 is
the final angle of the steel fiber after the exposure of the magnetic field
from the Helmholtz coil, the so-called response of the fiber will be pro-
portional to the distance of the point P(𝜃𝑜, 𝜃𝑓 ) projected orthogonally
to the bisector line b, that is:

𝑑(𝑃 , 𝑏) =
|𝜃𝑜 − 𝜃𝑓 |

√

2
⇒ (𝜃𝑜, 𝑑(𝑃 , 𝑏))

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
Transformed Point

(14)

Under this new perspective, provided by the transformation of the
points through the expression (14), the measurements represented in
Fig. 7 are transformed into the Figs. 8 where the response of the fiber
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Fig. 7. Alignment process of measuring the angle 𝜃 before/after in Carbopol. Given example for 45-50 BL hooked-end steel fiber.
Fig. 8. Alignment process of measuring the angle 𝜃 before/after in Carbopol. Given example for 45-50 BL hooked-end steel fiber.
for each initial angle can be more rationally analyzed. Fig. 8 obtained
after Eq. (14) transformation have been also smoothed using a locally
estimated scatterplot smoothing (LOESS algorithm).

4.2. Statistical hypotheses & homogeneity in datasets

Using the specific methods of circular inferential statistics to the
datasets obtained experimentally, some statements of interest can be
determined with a certain degree of confidence. Moreover, there is
already abundant literature about this issue of inferential statistics
that can be applied as a useful tool for the purposes of the present
work [27,28,31], which is based on circular data obtained.

The first statistical test focuses on determining whether the initial
samples (before undergoing the magnetic pulse) correspond to distri-
butions of homogeneous orientations along the circle (Hypothesis 𝐻𝑜),
or on the contrary, there is a preferred direction (Reject the Hypothesis
𝐻𝑜). There are several tests of this type in circular statistics capable of
determining homogeneity with a choosen confidence level p (𝑝-value)
of 5%. Some of these test include the Rayleigh test [28, 10.4] or the
Kuiper test [28, 8.3.2], all of these homogeneity tests are suitable for
cases in which the samples are distributed along all the circumference.
But in our case, the measured angles are concentrated inside of 90
degree sector. To solve this situation an homogeneous sample of 100
values was generated using [32] and comparing with each sample due
to Watson’s two-sample test of homogeneity (aka two sample U2 statistic
test) [33]. This test has been run for each data pair between the
homogeneous data generated and the fiber data before, a total of nine
tests with the results shown in Table 3.

It is concluded, therefore, that the fiber orientation measurement
experiments before being magnetically radiated are fairly homoge-
neous, that is, the null hypothesis 𝐻𝑜 is then verified with a 𝑝-value
of significance level equal to 0.05. Table 3 shows the U2 value is less
7

Table 3
Test of homogeneity with significance level of the test: 0.05 comparing datasets after
magnetic pulse: with initial remanency/no remanency.

Fiber 𝜇𝑜H Test statistic Critical value 𝐻𝑜 Hypothesis

45/50/BL
30 mT 0.1422 0.187 ⇒ Do Not Reject
69 mT 0.1278 0.187 ⇒ Do Not Reject
78 mT 0.0574 0.187 ⇒ Do Not Reject

65/60/BG
30 mT 0.1798 0.187 ⇒ Do Not Reject
69 mT 0.1788 0.187 ⇒ Do Not Reject
78 mT 0.0359 0.187 ⇒ Do Not Reject

80/60/BG
30 mT 0.1541 0.187 ⇒ Do Not Reject
69 mT 0.1485 0.187 ⇒ Do Not Reject
78 mT 0.1586 0.187 ⇒ Do Not Reject

than the critical value in every row: then the null hypothesis cannot be
dismissed. If U2 greater than critical value: reject the null hypothesis,
and conclude that the two samples differ significantly [31, ch 7.3]
and [28, ch 8.3]. Since all the initial samples are homogeneous, it is
possible, by symmetry, to reduce the orientations to the first quadrant.

The second test carried out on the set of experimental data addresses
the question: Are the data obtained from the initially magnetized
fibers significantly different from the magnetized fibers? The Watson’s
two-sample test of homogeneity for circular data (aka two sample U2

statistic test) [33] it has been applied to the paired samples of circular
before/after datasets in the case of initially non-magnetized fiber versus
initially remanent (magnetized) fiber. In the test, an 𝑝-value signifi-
cance level equal to 0.001 has been chosen and the null hypothesis H𝑜
of this test considers that both samples come from the same population
or experiment.

If U2 value is less than critical value: the null hypothesis cannot be
dismissed. If U2 greater than critical value: reject the null hypothesis,
and conclude that the two samples differ significantly [31, ch 7.3]
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Table 4
Watson’s two-sample test of homogeneity with significance level of the test: 0.001
comparing datasets after magnetic pulse: with initial remanency/no remanency.

Fiber 𝜇𝑜H Test statistic Critical value 𝐻𝑜 Hypothesis

45/50/BL
30 mT 0.1239 0.385 ⇒ Do Not Reject
69 mT 0.1513 0.385 ⇒ Do Not Reject
78 mT 0.1134 0.385 ⇒ Do Not Reject

65/60/BG
30 mT 0.2316 0.385 ⇒ Do Not Reject
69 mT 0.1749 0.385 ⇒ Do Not Reject
78 mT 0.1060 0.385 ⇒ Do Not Reject

80/60/BG
30 mT 0.1112 0.385 ⇒ Do Not Reject
69 mT 0.0549 0.385 ⇒ Do Not Reject
78 mT 0.1070 0.385 ⇒ Do Not Reject

Fig. 9. Comparison of three CDF candidates to be the best fit.

and [28, ch 8.3]. The Watson test has been carried out for each pairing
of experimental data of magnetized/non-Magnetized fiber (using R
library from Agostinelli and Lund [32]) and the results are shown in the
attached Table 4. The result of the test is that the null hypothesis cannot
be rejected and therefore it can be stated that the initial magnetization
of the fiber does not introduce a significant change in the response to
different initial orientation angles.

The third statistical analysis of relevance carried out on the experi-
mental data is to check whether or not the statistical datasets obtained
after exposure to a magnetic pulse can fit to a specific distribution.
Since it seems that the mean and median are very close in Table A.6,
if not equal, the search for distributions that fit the experimental data
is retrained only to symmetrical distributions. Another characteristic
obtained in the experimental data that provides help to discriminate
the search for a distribution is that there is always a small set of data
around 90° (second dead zone), this situation means that there is always
a kurtosis value. in the distribution that includes the value of 90° in its
tail.

Among three selected candidates distributions due to likelihood: the
Cauchy distribution, the negative binomial distribution and the logistic
distribution were chosen. The maximum likelihood statistical method
was chosen to estimate the needed parameters that fit the best to the
empirical data. Once the parameters of the each three distributions
was chosen by maximum likelihood estimation, they were compared
against cumulative frequency graphs (CDF) for each type of fiber and
magnetic field intensity. Finally, the distribution that fits the best to the
three magnetic intensities was chosen. An example of CDF used in the
comparison can be seen in Fig. 9.

The fit in the cumulative density distribution (CDF) of logistic dis-
tribution, after executing the maximum likelihood statistical method,
shown in Fig. 9 the comparison between the three candidates. The
logistic distribution has a better fit in those orientations close to the
origin (first dead sector), as well as in the mean/median and therefore
fits better in the quartiles. This logistic distribution also has a right tail
8

Table 5
The logistic distribution parameters for all the fiber types.
Fiber RMS (mT) 𝜇 (Median) Scale

45/50/BL
30 mT 17.9°±0.6° 4.3 ± 0.3
69 mT 9.4°±0.4° 2.3 ± 0.2
79 mT 6.1°±0.3° 1.9 ± 0.1

65/60/BG
30 mT 27.5°±1.7° 10.4 ± 0.8
69 mT 18.8°±0.8° 5.1 ± 0.4
79 mT 16.6°±0.7° 5.1 ± 0.3

80/60/BG
30 mT 33.0°±2.0° 12.4 ± 0.9
69 mT 22.2°±1.2° 7.0 ± 0.6
79 mT 20.5°±0.9° 6.3 ± 0.4

that allows us to better describe those fibers orientations that are found
in the area close to 90° (second dead sector). The logistic distribution
has slightly longer tails compared to the normal distribution. The
probability density function (PDF) of a logistic distribution is defined
by Forbes et al. [34, ch. 28] as:

𝑓 (𝑥 ∣ 𝜇, 𝜎) = 1
4𝜎

sech2
(𝑥 − 𝜇

2𝜎

)

(15)

where 𝜇 is the location parameter and 𝜎 is the scale parameter. As
𝜇 decreases/increases, the PDF is shifted to the 0°/90°. As the scale
𝜎 decreases, the PDF gets pushed towards the mean, or it becomes
narrower and taller; and contrary as 𝜎 increases, the PDF spreads
out away from the mean, or it becomes broader and shallower. The
median and the mode are always equal to the mean in the logistic
distribution [34, ch. 28] and the standard distribution of logistic is
equal to 𝜎𝜋

√

3∕3. Therefore the logistic distribution has been chosen
for every case studied (magnetic field and fiber type). The results
obtained for the two parameters: 𝜇 and 𝜎 are presented according to the
maximum likelihood statistical method for this distribution in Table 5.

In Table 5 it can be seen that 𝜇 is identified with the angle of the
median (or equivalently with the median). The equivalence between
the mean and the median can be verified on represented values of mean
and median (50% quartile) for each type of fiber in Table A.6 . On
the other hand, the scale in the logistic distribution, indicated by the
letter 𝜎, controls the width of the distribution. It can be seen that the
scale is reduced when the magnetic intensity increases; this reduction
in the sigma scale is verified for all types of fibers. This downscaling
phenomenon indicates that the orientations of the fibers tend to con-
centrate preferably at the mean angle 𝜃̄, as shown graphically in Fig. 6
that belongs to the circular histogram before/after the fiber 45/50/BL
has been exposed to pulse.

According to these two parameters (see Table 5), the fiber with the
best response will be the one that leaves the median 𝜇 closer to zero
(coil axis) and that also has a smallest scale 𝜎, that is, with a greater
concentration of fibers oriented around the mean. The best response,
according to this analysis, is the 45/50/BG steel fiber at high/medium
magnetic field intensities; the 80/60/BG fiber produces less alignment
and is more dispersed than the rest of the fiber types.

5. Analysis of experimental results

With respect to the descriptive circular statistics the tables shown
in Appendix, the following phenomena can be verified that deserve
comments.

1. It has been shown (hypothesis 𝐻𝑜 of homogeneity for the all
initial samples, described in Table 3) that the initial samples
are homogeneous, that is, they distribute their initial orientation
fairly with a 5% of confidence level (𝑝-value). On the other hand,
because the angles of fiber orientation has been reduced, by
symmetry, to a single quadrant of the circumference, the mean
circular direction 𝜃̄ of each sample before being magnetically ra-
diated is always close to approximately 45° (homogeneous mean
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Fig. 10. Change in mean/median 𝛥𝜃̄ in Table A.6 with circular standard deviation
error.

value). This values of mean angle 𝜃̄ can be seen in Tables A.6
and A.7 in the row labeled ‘before’ for each fiber and magnetic
field strength. Table A.7 of magnetized fiber data has a greater
dispersion around 45° compared to non-magnetized data because
a smaller amount of data (data size) are involved in the circular
statistics.
Once the fibers have been subjected to a magnetic pulse, the
steel fibers concentrate their orientation around a characteristic
mean direction 𝜃̄ (see Fig. 6). This phenomenon of change in
mean orientation seems to have dependency on: type of fiber,
intensity of the magnetic field, and it is assumed that also with
the rheological characteristics of the fluid matrix. This mean
direction tends to be aligned with the magnetic axis of the coil
(𝜃 →0°), and can be seen in Tables A.6 and A.7 that all the
fibers tend to zero after be magnetically radiated, with tendency
greater when greater the intensity of the peak of the magnetic
field.
When the differences between the circular means before/after
being magnetically radiated (shown in Table A.6 under the
column 𝜃̄) are analyzed, the difference value 𝛥𝜃̄ obtained can
be shown in Fig. 10 for each magnetic field intensity and fiber
type. The figure includes the circular standard deviation which
is approximately 4° for each mean orientation. By subtract-
ing the average before being radiated, considered an initial
homogeneous distribution close to 45°, and the final average
value after being radiated, this difference is proportional to
the average response of the fiber. It can be seen in Fig. 10
comparing the difference between the circular mean orientation
after the magnetic pulse that the fiber response grows with the
intensity of the magnetic peak. In the three cases of magnetic
field intensity, 45/50/BL is the type of fiber that responds best,
followed by 65/60/GL and finally by 80/60/GL, which shows
lower responses to the magnetic pulse.

2. The circular mean and the median are close together in all the
cases. Then we can affirm that all the data set has a symmet-
rical distribution. The calculated circular standard deviation is
approximately 4° and represented in Fig. 10 allowing us to verify
in the Tables A.6 and A.7 that the circular average orientation
angle 𝜃̄ and the median angle can be coincident.

3. Figs. 6 are circular histograms that show the stacked orientations
of the steel fibers on their perimeter, bins of 5 degrees of
amplitude have been considered. Each bin indicates the relative
fraction of fiber orientation 𝜒𝑘 that possesses the characteristic
orientation 𝜃𝑘 of the middle of the bin window. That is, 2.5°,
7.5°, 12.5°, etc. Fig. 6 shows that the relative orientation fraction
9

is concentrated, after the magnetic pulse, around the average
orientation angle as well as the median.

4. In Fig. 8 it can be observed that there is always a fraction of the
steel fiber, whose limiting angle 𝜃1 is close to the magnetic axis
of the coil, which does not undergo alignment (first dead sector).
These fibers correspond to points in Fig. 8 that are located close
to the bisector line at angles close to 0°. The proximity to the
bisector indicates that they do not show alignment response.
There is, for each type of steel fiber, an angular value of theta1
orientation from which the fibers begin to show an alignment
response to the magnetic field. This angle will be called the
effective start of the window. This effective window starts in a
angle (𝜃1) taht can clearly be considered as a specific transition
orientation: fibers with an alignment angle below 𝜃1 will not
undergo an alignment process, however those that exceed this
angle will respond to the magnetic field (Fig. 11). It can be seen
that the 𝜃1 angle will be smaller the greater the intensity of the
magnetic field, increasing the width of the effective window to
the population of fibers. Simulations performed according with
section §2.3 shows that this limiting angle 𝜃1 is proportional to
the static yield stress of the fluid matrix. It is logical to think
that the greater this static yield stress, and the magnetic torque
being proportional to the alignment angle, only those fibers with
greater alignment angles will undergo through the alignment
process by overcoming the static stress of the fluid.

5. Fibers with orientation angles perpendicular to the coil axis do
not appear to be affected by magnetic torque. For this reason,
a tendency is shown in Figs. 8 towards the bisector at angles
close to 90°. The Eq. (1) shows that the magnetic torque exerted
on the steel fiber shows a maximum at values close to 90° to
immediately decrease, this decrease in Torque causes these fibers
to be unable to rotate due to the presence of a static yield stress
that prevents the fiber from rotating. This process indicates that
there is also a transition angle 𝜃2 close to 90° (perpendicular to
the axis of the coil) such that fibers with orientations below this
value have alignment response, while fibers that are 𝜃2 < 𝜃 <
90◦ do not rotate (second dead sector). The simulations show
that the amplitude of this second window will depend on the
cohercive field of the ferromagnetic material of the fiber, as a
general rule is approximately 200 A/m, the amplitude of this
window in most fibers will be close to two degrees (depending
on the static yield stress). Thus, it is concluded that the effective
response window for orientation alignment of steel fibers is a
orientation amplitude that satisfies:

Effective Window: 𝜃1 ≤ 𝜃 < 𝜃2 (16)

Where 𝜃 is the initial fiber orientation, and 𝜃1, 𝜃2 are the transi-
tion angles where aligning, or not, the steel fiber. The window
of effectiveness thus defined becomes wider as the magnetic
intensity peak becomes more intense. This phenomenon of the
existence of an effective window can be seen in the datasets
represented in Figs. 8 where the angular response of the steel
fiber is shown.

6. The response of the fiber, shown in Figs. 8, show in all fiber
types the same pattern, the higher the magnetic field intensity
the straighter it is. Showing a greater response of the fiber at
values close to 90°. In cases of low field intensity, a curvature
can be observed due mainly to the presence of ferromagnetic
hysteresis characteristics.

In relation to the circular histogram in Fig. 6, it can be seen that the
fibers are concentrated around certain angular values. The before/after
fiber distribution can be better and summarized described using the
quartiles 25, 50, 75, 100 m as shown in the Tables A.6, A.7. The
distribution that best fits these data is the logistic one according to the
Table 5.
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Fig. 11. The dead/active sectors within the circle showing the reference angles 𝜃1 and
𝜃2 as well as the average/median angle 𝜃̄ of fiber distribution.

Concerning the results obtained to discriminate the effects in fiber
rotation between initially state magnetized/non-magnetized we con-
clude that a magnetic peak profile from a RCL discharge (Fig. 3) with
a maximum intensity at 0.01 s it is, in any case, a sufficient time
interval to reach the saturated magnetic field 𝐵𝑚 (Fig. 1), independent
of the initial state of the fiber (whether magnetized or with remanence).
This statement is true in each of the experiments described, because
the magnetic intensity of the coil (see Table 1) is always several
tens of mT, a magnetic induction more than enough to set up the
fiber to its magnetic saturation at 0.01 s. When the peak of magnetic
intensity occurs, the driving torque is maximum and the fiber is already
magnetically saturated, and it is precisely at this moment when the
fiber aligns with the axis of the coil (it became an active fiber), always
that the fiber has exceeded the static yield stress 𝜏0. In the case that the
magnetic torque does not exceed the static yield stress, the fiber is said
to be a dead fiber, not responding with rotation to the pulse.

The efficiency factor proposed by Krenchel 𝜂𝜃 (as shown in the
expression (13)) used here as a measure of the general orientation
of the steel fibers, due in part to the fact that it brings together and
encodes all those relevant parameters of the statistical analysis: the
angular fraction 𝜒𝑘 per representative k-bins obtained from the circular
percentiles of the fiber orientation distribution. This efficiency factor 𝜂𝜃
has been calculated using (13) taking the magnetic axis of the coil as
a reference and its value can be found in the last column of Tables A.6
and A.7 for all cases of fiber type and magnetic field intensities. The
𝜂𝜃 efficiency values obtained in Tables A.6 and A.7 are in line with the
values discussed on the parameters of Table 5 relative to the logistic
distribution. It can be verified again that 45/50/BL steel fiber at a
medium/high magnetic intensity offers the best efficiency among all
types of fibers. As can be observed in Fig. 4, this fiber is the second
with higher magnetic torque, it is very possible that its own slenderness
favors it with a lower opposing rheological torque, something that can
be affirmed by verifying that it is precisely this fiber that is the most
concentrated around the mean/circular median, as seen in Table 5.
Returning to the discussion about the efficiency factor, this factor value
does not explicitly provide the density of orientations around the mean
(as the scale 𝜎 of the logistic distribution does), but it has the advantage
of being introduced into the ’rule of mixtures’ and thus predicting the
value of Young’s modulus or elastic behavior of a material with fibers
(Eq. (12)).

6. Summary and conclusions

After analyzing the results, it can be verified that a magnetic pulse
aligns the homogeneous fraction of fibers in a preferred direction that
10
coincides with the mean (or equivalently also the median) directional
direction. Likewise, due to the rheological properties of the fluid ma-
trix, such as static yield stress (𝜏𝑜), two ’dead angle intervals’ (dead
sectors) arise in which the steel fibers do not rotate. The first dead
sector of interest corresponds to angles close to the axis of the coil, and
the second narrowest sector is found at angles close to perpendicular to
the axis of the coil. These two dead sectors are based on the magnetic
torque exerted on the steel fiber that does not exceed the value of
the static yield stress and therefore there will be a fraction of fiber
during a magnetic pulse that will not respond with alignment. The
presence of these two dead sectors has great relevance in the alignment
processes; their amplitude will be a function of the intensity of the
coil, the ferromagnetic properties of the steel fiber and the rheological
properties of the fluid.

The first dead sector is always wider than the second, and is caused
because the fiber orientation angles close to zero (aligned with the
coil) do not cause a magnetic torque capable of causing the fiber to
rotate and align, this ‘insufficient’ magnetic torque does not exceed the
opposing rheological torque of the fluid that surrounds it. The second
dead sector perpendicular to the coil axis is caused by the intrinsic
ferromagnetic properties of the fiber, and will always be narrower than
the first sector (generally two to five degrees wide). As a general rule,
the higher the magnetic intensity of the coil, the narrower both dead
sectors become. And in another way, the greater the static yield stress
of the fluid, the larger the two dead sectors will be. It is understood
that vibration operations reduce static tension, and therefore these
dead sectors see their amplitude reduced if magnetic exposure were
carried out during this compaction process. The hysteresis loop, being
understood as the coding ferromagnetic properties of the steel fiber,
affects the amplitude of the dead sectors very subtly, for example the
second dead sector (perpendicular to the coil) is wider when cohercive
field of the hysteresis loop is larger.

All experiments carried out initially started from a homogeneous
distribution of fiber orientations. After the fibers are exposed to the
magnetic pulse, it has been proven that the resulting distribution of
orientations corresponds to a logistic distribution. This characteristic
distribution is used to describe systems of opposite natures, such as
describing global population growth in the face of limited resources.
The logistic distribution emerges here due to the confrontation between
driving magnetic torques and resisting rheological torques. In future re-
search, the objective is to determine the relationship of the parameters
of this distribution with the rheological properties of the fluid matrix
and the magnetic properties of the steel fiber.

Dead sector circles can be a very useful tool because they are
suitable for managing alignment sequences. Because a single expo-
sure results in two dead sectors and a predominant misaligned mean
(median) direction with respect to the coil axis, it is conceivable that
there can be a series (or sequences) of successive rotations of the coil
axis, or sample rotations, capable of optimizing the alignment process,
moving fibers from dead sectors to active sectors in each rotation, thus
achieving an optimal final effect. Directional statistics, used here for
the first time, have a fundamental role in alignment management in
composites because they can help precisely plan alignment/rotation
sequences. This is due to the property of all elements of directional
statistics being rotationally equivariant: means, medians, quartiles, etc.

The results obtained in this work have focused mainly on the use of
a fluid metaphor (carbopol) that presents a static yield stress similar to
that of mortars. The study carried out on real cementitious materials
can provide a result similar to the one obtained in relation to the
angular magnitude of the two dead sectors (which have a relationship
with 𝜏𝑜), but it is possible that since the mortars are fluid that follow
a Bingham-type rheological law, the composition of the quartiles is
certainly different, and in the same way the logistic distribution may
not be the predominant one. However, this issue is the subject of future

work, in which other rheological parameters can be considered.
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Table A.6
Table of descriptive circular statistics for fibers initially without magnetization.
Fiber Sequence 𝜇𝑜H (RMS) N sin 𝜃̄ cos 𝜃̄ 𝜃̄ 𝑅̄ 25% 50% 75% 100% 𝜂𝜃
45/50/BL Before 30 mT 112 0.6165 0.6729 42.5° 0.914 19.0° 45.0° 60.0° 90.0° 0.387
45/50/BL After 30 mT 112 0.3149 0.9327 18.6° 0.984 15.0° 18.0° 21.0° 82.0° 0.782

45/50/BL Before 69 mT 113 0.6258 0.6487 43.9° 0.901 21.0° 44.5° 65.7° 90.0° 0.383
45/50/BL After 69 mT 113 0.1706 0.9771 9.9° 0.992 7.0° 9.0° 11.7° 85.0° 0.926

45/50/BL Before 78 mT 140 0.6888 0.5779 50.0° 0.899 27.0° 52.0° 74.0° 90° 0.313
45/50/BL After 78 mT 140 0.1102 0.9918 6.3° 0.998 4.0° 6.0° 9.0° 22.0° 0.964

Fiber Sequence 𝜇𝑜H (RMS) N sin 𝜃̄ cos 𝜃̄ 𝜃̄ 𝑅̄ 25% 50% 75% 100% 𝜂𝜃
65/60/BG Before 30 mT 106 0.6115 0.6406 43.6° 0.885 18.2° 42.5° 66.7° 90.0° 0.408
65/60/BG After 30 mT 106 0.4646 0.8214 29.5° 0.944 16.0° 28.0° 35.7° 89.0° 0.583

65/60/BG Before 69 mT 113 0.6092 0.6789 41.9° 0.912 22.0° 41.0° 60.0° 89.0° 0.398
65/60/BG After 69 mT 113 0.3236 0.9293 19.2° 0.984 14.0° 19.0° 25.0° 87.0° 0.767

65/60/BG Before 78 mT 147 0.6964 0.5784 50.3° 0.905 31.5° 52.0° 72.0° 90° 0.296
65/60/BG After 78 mT 147 0.2968 0.9347 17.6° 0.981 12.0° 16.0° 22.0° 88.0° 0.797

Fiber Sequence 𝜇𝑜H (RMS) N sin 𝜃̄ cos 𝜃̄ 𝜃̄ 𝑅̄ 25% 50% 75% 100% 𝜂𝜃
80/60/BG Before 30 mT 118 0.6165 0.6382 44.1° 0.887 19.0° 43.5° 69.0° 89.0° 0.396
80/60/BG After 30 mT 118 0.5215 0.7733 33.9° 0.933 18.0° 32.1° 47.7° 87.7° 0.501

80/60/BG Before 69 mT 99 0.6175 0.6438 43.8° 0.829 16.0° 42.5° 70.5° 90.0° 0.388
80/60/BG After 69 mT 99 0.3763 0.8749 22.8° 0.971 13.0° 23.0° 28.7° 88.0° 0.695

80/60/BG Before 78 mT 147 0.6166 0.6298 44.4° 0.881 15.5° 44.0° 70.0° 90° 0.390
80/60/BG After 78 mT 147 0.3445 0.9182 20.6° 0.981 12.5° 21.0° 27.0° 69.0° 0.731
Table A.7
Table of descriptive circular statistics for fibers initially with magnetic remanency (magnetized).
Fiber Sequence 𝜇𝑜H (RMS) N sin 𝜃̄ cos 𝜃̄ 𝜃̄ 𝑅̄ 25% 50% 75% 100% 𝜂𝜃
45/50/BL Before 30 mT 22 0.6344 0.6649 43.6° 0.914 23.0° 40.0° 61.2° 87.0° 0.391
45/50/BL After 30 mT 22 0.3928 0.8876 23.8° 0.971 18.2° 20.5° 26.7° 87.0° 0.699

45/50/BL Before 69 mT 21 0.8045 0.4434 61.1° 0.918 44.0° 68.0° 79.0° 90.0° 0.87
45/50/BL After 69 mT 21 0.2141 0.9755 12.4° 0.998 10.0° 12.0° 14.0° 17.0° 0.897

45/50/BL Before 78 mT 33 0.5384 0.7457 35.8° 0.919 18.0° 31.0° 46.0° 88° 0.115
45/50/BL After 78 mT 33 0.1279 0.9902 7.4° 0.998 6.0° 8.0° 9.0° 13.0° 0.225

Fiber Sequence 𝜇𝑜H (RMS) N sin 𝜃̄ cos 𝜃̄ 𝜃̄ 𝑅̄ 25% 50% 75% 100% 𝜂𝜃
65/60/BG Before 30 mT 19 0.6543 0.6440 45.4° 0.918 30.5° 36.0° 70.0° 84.0° 0.358
65/60/BG After 30 mT 19 0.5901 0.8381 31.3° 0.981 25.5° 29.0° 39.0° 51.0° 0.535

65/60/BG Before 69 mT 25 0.6431 0.6566 44.4° 0.919 29.0° 38.0° 59.0° 89.0° 0.374
65/60/BG After 69 mT 25 0.4087 0.8893 24.7° 0.978 19.0° 24.0° 28.0° 72.0° 0.665

65/60/BG Before 78 mT 29 0.5628 0.7548 36.7° 0.941 21.0° 34.0° 47.0° 83.0° 0.451
65/60/BG After 78 mT 29 0.2508 0.9639 14.6° 0.996 12.0° 15.0° 16.0° 26.0° 0.849

Fiber Sequence 𝜇𝑜H (RMS) N sin 𝜃̄ cos 𝜃̄ 𝜃̄ 𝑅̄ 25% 50% 75% 100% 𝜂𝜃
80/60/BG Before 30 mT 24 0.6189 0.6982 41.5° 0.933 25.7° 36.0° 54.0° 89.0° 0.390
80/60/BG After 30 mT 24 0.5647 0.7729 36.1° 0.957 24.0° 32.1° 44.1° 85.2° 0.458

80/60/BG Before 69 mT 18 0.5879 0.6676 41.4° 0.889 25.0° 32.0° 64.0° 90.0° 0.452
80/60/BG After 69 mT 18 0.4009 0.8969 24.1° 0.982 22.3° 24.5° 31.7° 42.0° 0.660

80/60/BG Before 78 mT 31 0.6011 0.6539 42.6° 0.888 18.0° 41.0° 65.0° 86.0° 0.412
80/60/BG After 78 mT 31 0.3371 0.9253 20.1° 0.984 14.0° 21.0° 25.0° 49.0° 0.743
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