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When the longitudinal mode guided waves based on magnetostrictive effect were employed to inspect the bridge cables, we found
that there was a large difference in the signal’s amplitude of the same specification cable under different tensile force. This difference
would affect the test results and the identification of defects. It is necessary to study the effect of tensile force on the signal for the
reliability of detection. Firstly, the effective field theory is employed to take the force as an additional bias magnetic field. Then, the
effect of the tensile force on generating and receiving longitudinal mode guided waves based on magnetostrictive effect is obtained
by the relationship between the bias magnetic field and the magnetostrictive coupling coefficient. Finally, the experiment of the
magnetostrictive sensor is carried out on a Φ5 mm steel wire under different force. The experimental results are in good
agreement with the theoretical results. The results show that the existence of the tensile force would change the operation point
for generating and receiving the longitudinal mode guided waves based on magnetostrictive effect, which associated with the
coupling coefficient. In order to obtain the optimal conversion efficiency for the force state wire and cable, the applied bias
magnetic field should be set smaller than the bias magnetic field for the force-free state.

1. Introduction

Cables are widely used in the bridge construction, such as
cable-stayed bridges, concrete-filled steel tube arch bridges,
and suspension bridges [1]. As the main tension element of
these bridges, the damage of the cables will lead to the decline
of the load carrying capacity of the bridge. More seriously,
the broken cables would cause the collapse accident of the
bridges, such as Kongquehe Bridge in China and Mahakam
II Bridge in Indonesia. Recently, the longitudinal mode
guided wave technology based on the magnetostrictive effect
was employed to inspect the bridge cables which could
achieve long-range detection from one point [2–8]. Guided
wave testing using the magnetostrictive sensors includes the
wave excitation and reception, based on magnetostrictive
effect and its invert effect. The energy coupling coefficient
of the sensors is concerned with the magnetization state of
the ferromagnetic components which is determined by the
superimposed magnetization of the static bias magnetic field
and the alternating magnetic field. The bias magnetic field
provides an operating point in the magnetostrictive curve

[9]. The engineers tend to set the bias magnetic field to the
optimal operating point which corresponds to the maximum
coupling efficiency to improve sensitivity.

The initial tensile force was set to the design value [1].
However, the force would adjust itself according to the bal-
ance of the bridge after many years of service. The force
appeared as a stress in the wires, and the change of tension
had an influence on the amplitude of the magnetostrictive
guided wave testing signal. In many bridge inspection pro-
jects, we found that there was a large difference in signal
amplitude when the transducer’s parameters were the same
for the same specification cables. Since the signal amplitude
would affect the assessment of defects, it is necessary to
study the influence of the force on magnetostrictive sensors
for generating and receiving longitudinal mode guided
waves in steel wires. The existing studies mainly focused
on two aspects. On the one hand, the influence of tensile
force on the propagation characteristics of guided waves
was studied [10–18]. These features such as the notch fre-
quency, the higher order group velocity, and the relative
velocity variation could be employed to measure the force.
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On the other hand, the influence of tension on the magneti-
zation state was studied, such as the magnetoelastic model
[19–22]. However, little research has been done on the effect
of the tensile force on the coupling efficiency of magneto-
strictive sensors [23–25].

The aim of this paper is to study the effect of the tensile
force on magnetostrictive guided wave sensors and provide
support for compensating the testing signal. The influence
of the force applied to guided wave testing includes three
parts. The first part is the influence of the force for generating
guided waves. The second part is the influence of the force to
the propagation of guided waves. The third part is the influ-
ence of the force for receiving guided waves. To study the first
part and the third part, the equivalent relationship between
the force and the bias magnetic field is analyzed based on
the principle of magnetostrictive effect and the effective field
theory. To reduce the wave propagation effect, the attenua-
tion coefficient of the guided wave in the steel wire is
employed to compensate the signal. Then, the influence of
the tensile force on the coupling coefficient is studied using
the relationship between the bias magnetic field and the mag-
netostrictive coupling coefficient. Finally, the experiments
are carried out on a 5mm steel wire with different force.
The experimental results are compared with the theoretical
results. Since the tensile force can be taken as an additional
magnetic field to the bias magnetic field, the force has similar
effect as the bias magnetic field on the coupling coefficient.

2. Principle

2.1. The Principle of Magnetostrictive Guided Wave Sensor.
The sensor for detecting steel wires is based on the magneto-
strictive effect and its inverse effect. In general, the magneto-
strictive constitutive equations can be expressed as

ε = sHσ + dH, 1

B = d′σ + μσH, 2

where ε and σ are the strain and the stress, respectively, H is
the magnetic field strength, sH is the elastic compliance
matrix caused by H, μσ is the magnetic permeability matrix
under constant stress, B is the magnetic flux density, d is
the magnetostrictive matrix and ′ is the matrix transpose.
Equation (1) is the magnetostrictive effect in which strain is
generated by magnetic field, and equation (2) is the inverse
effect in which magnetic flux is generated by stress.

For wave generating, when the wire is subjected to the
superimposed magnetization of the bias magnetic field and
the alternating magnetic field, the corresponding parts of
the wire will generate axial vibrations. The vibrations propa-
gate along the wire in the form of mechanical waves. For
wave receiving, when the mechanical waves reach the posi-
tion of the receiving coil, the mechanical vibrations under
the bias magnetic field cause the magnetic flux variations,
which lead to the receiving coil generating the electrical sig-
nal. The position and size information of the defect can be
obtained by analyzing the receiving signal. The schematic

diagram of magnetostrictive guided wave technology for
detecting steel wires is shown in Figure 1.

2.2. The Relationship between the Bias Magnetic Field and the
Magnetostrictive Guided Wave Coupling Coefficient. The
magnetostrictive guided wave coupling coefficient is closely
related to the bias magnetic field. Many scientists have stud-
ied this problem [26–29]. The model of the magnetostrictive
longitudinal guided wave excitation process can be expressed
as [20, 30]

hλ M = −
1
2 3λ + 2μ 1 − 2v ∂λ

∂M0
, 3

where hλ M is the coupling constant, M is the magnetiza-

tion intensity, λ is the magnetostrictive coefficient, λ and μ
are the Lame constant, ν is the Poisson coefficient, and M0
is the static bias magnetic field strength. In equation (3),
the excitation coupling coefficient of magnetostrictive guided
waves is proportional to the derivative of the magnetostric-
tive coefficient and not to the magnetostrictive coefficient
itself. The magnetostrictive coefficient is determined by the
bias magnetic field strength, so the bias magnetic field
directly affects the coupling coefficient.

For the receiving process, the bias magnetic field also has
an influence on the coupling coefficient. When the bias mag-
netic field is much greater than the dynamic magnetic field,
the rate of the magnetization change over time can be
expressed as [21]

dM
dt

= ∂Ms Coth H/a − a/H
∂σ

∂σ
∂t

, 4

where Ms is the saturation magnetization, a is the mag-
netic domain density, and t is the time. Equation (4)
shows that the bias magnetic field strength affects the
receiver signal amplitude.

From the above analysis, it can be seen that coupling
coefficient of guided wave excitation and receiving process
are closely related to the bias magnetic field. Since the excita-
tion and receiving process of the magnetostrictive longitudi-
nal guided waves are reciprocal process, the impacts of force
on magnetostrictive effect and its inverse effect are similar.
Based on the Le Chatelier’s principle, it can be expressed as

∂ε
∂H σ

= ∂B
∂σ H

5

The left side of equation (5) is the rate of change of mag-
netostrictive strain with magnetic field under constant stress,
which is used to characterize the magnetostrictive effect. The
right side of equation (5) is the rate of change of the magnetic
induction intensity with the stress, which is used to charac-
terize the inverse magnetostrictive effect.

2.3. Effective Field Theory. J-A (Jiles-Atherton) model is
based on the magnetic domain theory of ferromagnetic mate-
rials to describe the relationship between magnetic field
strength and magnetic induction. However, the J-A model
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is a one-dimensional model, which cannot be applied to the
case of anisotropy. Sablik et al. proposed J-A-S (Jiles-Ather-
ton-Sablik) model to deal with the stress field [21, 31–33].
In J-A-S model, a magnetic field strength component Hσ
due to the stress is added to the J-A model. This model can
be more effective to explain the magneto-mechanical cou-
pling phenomenon. Based on J-A-S model, the effective field
can be expressed as

He =H + αM +Hσ, 6

where α is a dimensionless mean field parameter and Hσ is a
term added here to account for stress contribution to the
effective field.

The field Hσ has to change sign with magnetization and
hence is an odd power of the magnetization. It is suggested
that a linear combination of terms in M and M3 would be
even better. Hσ is expressed as [31]

Hσ =
3
2

σ

μ0Ms

M
Ms

λ1 +
3
2 λ3

M
Ms

3
, 7

where μ0 is the magnetic permeability in air and λ1 and λ3
are coefficients related to the magnetostrictive properties of
the component.

2.4. Effect of Tensile Force on Coupling Coefficient of
Magnetostrictive GuidedWaves. For generating and receiving
guided wave based on magnetostrictive effect, the corre-
sponding section of wire should be magnetized to near satu-
ration. When the wire is subjected to tension, the stress
would act as an additional bias magnetic field which leads
to an increase in the bias magnetic field according to equa-
tion (6). Because the initial value of the bias magnetic field
H and the magnetizationM can be obtained by experiments,
the effective field He caused by stress can be obtained by
equation (7). The operation point of the sensor would change
with the increase of the bias magnetic field. Taking the exci-
tation process as an example, according to the derivative
chain rule (8), equation (3) can be deduced as equation (9).

dλ
dM

= ∂λ
∂H

∂H
∂M

, 8

hλ M He = −−
1

2 μr − 1 3λ + 2μ 1 − 2v ∂λ
∂H He

9

In equation (9), the coupling coefficient of the magneto-
strictive guided wave excitation process is related to the
derivative of the magnetostrictive coefficient ∂λ/∂H and the

relative magnetic permeability μr . We can obtain the rela-
tionship between the magnetic field strength H and the exci-
tation coupling coefficient by experiments. Similarly, the
relationship between the receiving coupling coefficient and
the bias magnetic field can also be obtained by experiments.
The steps to estimate the theoretical results are as follows:

(1) Firstly, the initial value of the bias magnetic field
H, the B-H curve of the wire, and the excitation
and receiving coupling coefficient curves are
obtained by experiments

(2) Secondly, the stress magnetic field (Hσ) is calculated
using equation (7)

(3) Thirdly, the effective bias magnetic field (He) is calcu-
lated using equation (6)

(4) Finally, the relationship between the force and the
coupling coefficient is obtained from the excitation
and receiving coupling coefficient curves based on
the effective bias magnetic field (He)

3. Experimental Setup

Experimental measurements of wave generation and recep-
tion were made for comparison to the theoretical results.
These measurements involved obtaining the B-H curve, the
excitation and receiving coupling coefficient curves in the
steel wire, and recording the data produced in a receiving coil
with the increase of the tension. A high-strength steel wire for
bridge cables of 5.8m length, 5mm diameter, and 1860MPa
ultimate tensile strength was employed for the experiments.
The dispersion curves of the wire are shown in Figure 2.

3.1. B-H Curve Experiments. The experiment system for
obtaining the magnetization curve is provided in Figure 3
[7]. The magnetizing coil was made of American wire gauge
no. 18 enameled wire with 15.3mm outer diameter, 12.6mm
inner diameter, 626.0mm length, three layers, and 1740
turns. The measuring coil was made of American wire gauge
no. 31 enameled wire with 6.0mm outer diameter, 5.8mm
inner diameter, 34.0mm length, single layer, and 150 turns.
The input current to the magnetizing coil increased from 0
to 16A with a step of 0.1A.

3.2. Excitation and Receiving Coupling Coefficient Curve
Experiments. The experiment system for obtaining the exci-
tation and receiving coupling coefficient curve is shown in
Figure 4. Additionally, the system could also obtain the rela-
tion between the magnetizing current and the longitudinal
component of the static bias magnetic field using the Hall
probe [27]. The magnetizing coils were made of American
wire gauge no. 13 enameled wire with 66mm outer diameter,
50mm inner diameter, 178mm length, five layers, and 500
turns. The transmitting coil and the receiving coil were made
of American wire gauge no. 31 enameled wire with 6.0mm
outer diameter, 5.8mm inner diameter, 26mm length (about
1/4 wavelength of L(0,1) at 50 kHz), single layer, and 100
turns. A magnetostrictive guided waves inspection system
was employed. It consisted of a signal generator, a pulse

Wire Defect Receiving coil

Bias coil

Excitation coil

Figure 1: Schematic diagram of magnetostrictive sensors for steel
wires.
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power amplifier, a preamplifier, an analog-to-digital con-
verter, and a computer. The position of the sensors in the
wire is shown in Figure 5 (the receiver at R1 location). To
obtain the excitation coupling coefficient curve of the
unloaded wire, the input current of the magnetizing coil at
the transmitting side increased from 0 to 16 A with a step
of 0.5A and the input current of the magnetizing coil at the
receiving side was fixed at 7A. At each current of the magne-
tizing coil at the transmitting coil, the Hall probe was
employed to acquire the magnetic strength on the surface
of the wire, and the computer controlled signal generator to
generate a 4-cycle sine wave of Hanning window and the fre-
quency was 50 kHz. The burst was amplified by the power
amplifier and then inputted the excitation coil to produce
an alternating magnetic field. The input power is about
2 kW. The receiving coil obtained the change of magnetic
flux by Faraday’s law of induction. The signal was amplified
by the preamplifier and then converted to digital signal by
analog-to-digital converter. At last, the signal was stored in
the computer. Similarly, to obtain the excitation coupling
coefficient curve of the unloaded wire, the input current of
the magnetizing coil at the receiving side increased from 0
to 16A with a step of 0.5A and the input current of the mag-
netizing coil at the transmitting side was fixed at 7A.

3.3. Effect of Tensile Force to the Coupling Coefficient of the
Magnetostrictive Sensor Experiments. The experiment setup
to study the effect of tensile force to the coupling coefficient
of the magnetostrictive sensor is shown in Figure 5. The
breaking force of the wire is about 3.65 kN. In the experi-
ments, the force increased from 0 to 19.6 kN (1000MPa) with
a step of 0.98 kN (50MPa). The input current of the magne-
tizing coil at the transmitting side and the transmitting side
were fixed at 7A. Other parameters were same as Section 3.2.

4. Results and Discussions

4.1. B-H Curve, the Excitation and Receiving Coupling
Coefficient Curves. The B-H curve of the wire using the
experimental system in Figure 3 is shown in Figure 6. The
curves between the input current to the magnetizing coil
and the longitudinal component of the static bias magnetic
field under unloaded status on the transmitting side and
receiving side are shown in Figure 7. The relationship is
almost linearity. The initial value of the bias magnetic field
H corresponding to a certain bias current could be obtained
from the curves.

Using the setup in Section 3.2, the signal at the input cur-
rent of the magnetizing coil at the transmitting side and
receiving side were 7A obtained from the unloaded wire is
shown in Figure 8. The initial pulse induced by the receiving
coil was the electromagnetic wave generated by the excitation
coil which propagated directly from the air at the speed of
light. The first passing signal induced by the receiving coil
was the elastic wave generated in the wire by the excitation
coil which propagated from the excitation coil position to
the receiving coil in the wire. The arrival time of the first
passing signal was 0.384ms. The distance between the excita-
tion coil and the receiving coil was 2000mm. Therefore, the
velocity of the wave was about 5208m/s. According to the
group dispersion curve of the wire, we could ensure that
the wave was the first longitudinal mode (L(0,1)) at 50 kHz.
The voltage peak-peak value (Vpp) of the first passing signal
was employed to represent the magnetostrictive coupling
coefficient. To obtain the magnetostrictive coupling coeffi-
cient curve at the transmitting side, the input current of the
magnetizing coil at the transmitting side increased from 0
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Figure 2: The dispersion curves of the steel wire of 5mm diameter. (a) Phase speed. (b) Group speed.

DC power
supply

Power
controller

D/A
converter

A/D
converter

Electronic
integrator

Measuring coil (B)

Wire
Magnetizing coil (H)

Computer

Figure 3: The experimental setup for obtaining the B-H curve of the
steel wire.
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to 16 A with a step of 0.5A and the input current of the mag-
netizing coil at the receiving side was fixed at 7A. The mag-
netostrictive coupling coefficient curve at the transmitting
side is shown in Figure 9 (blue line). The magnetostrictive
coupling coefficient curve at the receiving side is obtained
using the similar method as shown in Figure 9 (red line).

4.2. The Relationship between the Stress and the
Magnetostrictive Coupling Coefficient. To obtain the theory
results, the effective field under different stress should be
obtained. Firstly, the initial value of the bias magnetic field
H corresponding to 7A bias current was obtained from the
curves shown in Figure 7. The bias magnetic strength at the
transmitting side and the receiving side of the unloaded wire
were 17.88 kA/m and 17.57 kA/m, respectively. Because the
material of the wire is very similar as AISI 410 having

Rockwell C Hardness 42, some parameters are Ms = 1 35 ×
103 kA/m, α = 0 0033, λ1 = 5 × 10−6, and λ3 = 14 × 10−5
which is from Ref. [29]. Using equations (6) and (7), the
effective bias magnetic field increased from 17.88 kA/m to
36.78 kA/m at the transmitting side and from 17.57 kA/m
to 35.64 kA/m at the receiving side when the stress increased
form 0MPa to 1000MPa. Secondly, the magnetostrictive
coupling coefficients corresponding to the effective bias mag-
netic field at the transmitting side and the receiving side were
obtained from Figure 9. The data were normalized by using
the magnetostrictive coupling coefficient at the initial value
bias magnetic field (0MPa). Finally, the theoretical curve of
the stress and the magnetostrictive coupling coefficient was
obtained by multiplying the transmitting coupling coefficient
and the receiving coupling coefficient. The results are shown
in Figure 10 (blue line).

To reduce the effect of the force applied to the wire on the
propagation characteristics of guided waves, the attenuation
coefficient was employed to compensate the experimental
results. The equation to calculate the attenuation coefficient
AAC is as follows:

AAC =
20lg VFPSR2/VFPSR1

L
, 10

where VFPSR2 is the peak-peak value of the signal received at
location R1, VFPSR1 is the peak-peak value of the signal
received at location R2, and L is the propagation distance of
the guided wave (here is 1000mm).

The relation between the stress and the attenuation coef-
ficient is shown in Figure 11. The results show that the atten-
uation coefficient had a little change with the increasing of
the stress. The attenuation coefficient decreased with the
increasing of the stress. The attenuation coefficients were
employed to compensate the signal. Then, the receiving sig-
nals were normalized by using the unloaded status signal.
The relationship between the stress and the normalized
receiving signal is shown in Figure 10.

Good agreement is obtained between the experimental
and theoretical results as shown in Figure 10. The coupling
coefficient increases with the increase of stress when the
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Figure 4: The experimental setup for obtaining the excitation and receiving coupling coefficient curve of the steel wire.
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Figure 5: The experiment setup for studying the effect of tensile
force to the coupling coefficient. T: transmitter; R1 and R2: the
two positions of the receiver; N: tensile force.
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Figure 6: The B-H curve of the steel wire using the experimental
system shown in Figure 3.
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stress is less than 850MPa. Then the coupling coefficient
decreases with the increase of stress when the stress is larger
than 850MPa. This phenomenon could be explained that the
stress provides an additional bias magnetic field in the wire.
The additional bias magnetic field changes the operation
point of the magnetostrictive sensor which is associated with
the coupling coefficient. The effect of the stress on the cou-
pling coefficient can reach about 27% amplitude change.
The influence is closely related to the initial bias magnetic
field strength. However, there are some estimation errors
on the theoretical results and the experimental results, the
reason may be from the linear hypothesis between the stress
and the effective field. To obtain more precise theoretical
results, the relation of the stress and the magnetization inten-
sity should be measured by experiments.

5. Conclusions

In this paper, the effect of tensile force on magnetostrictive
sensors for generating and receiving longitudinal mode
guided waves in the wire is studied. The effective field theory
is employed to take the force account into the bias magnetic
field. The results show that the force could be taken as an
additional bias magnetic field, which would change the
operation point and affect the magnetostrictive coupling
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coefficient. The use of magnetostrictive sensor to detect the
wires and the cables tends to set the bias magnetic field to
the best operating point of the force-free state. However, in
order to obtain the optimal conversion efficiency for the force
state wire and cable, the applied bias magnetic field should be
set smaller than the bias magnetic field for the force-free
state. Additionally, it is necessary to consider the effect of ten-
sile force on coupling coefficient and compensate the signal
to obtain reliable detection results when wires and cables
are under different force conditions in practical application.
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