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Abstract

This work offers experimental work and a prototype device based on the Magnetic Flux Leakage (MFL) method to inspect
and detect corrosion in the cables of cable-stayed bridges. The developed prototype was constructed from two flat permanent
magnets to provide a uniform magnetic field. A Hall-effect assembly was designed and developed. The assembly was placed
between the two magnets in order to detect magnetic field changes due to defects inside the cable. Experimental work and tests
were conducted on a constructed real cable, with various size of fabricated defect sizes. The results show that the MFL method
is capable of detecting loss of section due to corrosion defects of varying sizes. Considerable success has been achieved in
detecting steel defects from a single broken wire to seven broken wires (full strand fracture), particularly at the surface of the
steel (about 3.8 cm depth from the surface of the cable). However, limited success has been achieved in detecting defects at the

center of the steel cable, limited to detecting the seven broken wires defect only.
© 2020 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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1. Introduction

In the last seventy five years, a large number of bridges
have been built in the United States and around the world.
A majority of these bridge structures rely on stressed steel
cables to carry all relevant loads from traffic, environmental
effects, such as wind and temperature, earthquakes, and the
weight of the structure. Over time, these bridges age and
become exposed to environmental conditions, such as rain,
snow, de-icing and harmful chemicals. These conditions
cause various levels of deterioration in the steel, particularly
corrosion. Having said that, corrosion causes a loss of cross-
section in the steel, adversely affecting the bridge’s capacity
to carry its service loads, and can possibly place the bridge’s
performance and safety in a critical condition. Several cases
of post-tensioned (P-T) cable corrosion in bridges have been
reported throughout the world. For example, in the summer
of 1999, Florida Department of Transportation (FDOT)
discovered corrosion in multiple bridges including the Niles
Channel Bridge in the Florida Keys. Also, in 2000, a
fractured tendon and advanced stages of corrosion in the
cable anchorage area were observed during a routine bridge
inspection by FDOT at the Mid-bay Bridge near Destin.
Moreover, similar problems have been discovered at the
Skyway Bridge in Tampa, FL [1]. Also, bridge collapses
due to excessive corrosion have been reported in the United
States and in other parts of the world [2]-[7]. According to
the above, there is a direct need for developing appropriate
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inspection methods to effectively detect corrosion in bridge
cables and evaluate the structural integrity, performance and
safety of such structures. While different defects are formed
in various structural members in bridge structures, the focus
of this work is placed on the corrosion problems in primary
steel cables of large bridges. Such cables are normally
enclosed in protective polyethylene, metallic ducts or
wrapping materials to prevent exposure to moisture and
outside environment. As such, no visual evaluation is
possible and there have been no practical commercial
technologies that could be used to evaluate the condition of
these bridge cables. There are many NDE methods such as
X-ray, Ultrasound, Electrical Resistance gages, Time
Domain Reflectometry, Linear Polarization, vibration
techniques, Surface Potential Survey and Themography that
may be applicable for bridge cables inspection [8]-[28].
Although these NDE methods may offer some evaluation
capabilities for bridge cables, it has been shown that they
are ineffective in the detection of corrosion in bridge cables
[10]-[19], [21]-[46]. However, the MFL concept has been
successfully demonstrated to be effective in detecting
defects such as loss of section and corrosion in external P-T
ducts of concrete bridge structures [37], [43]-[52]. Based
on the literature survey, it was found that only the MFL
method can offer both the performance required to detect
corrosion in bridge steel cables and the effectiveness for
field applications [37], [43]-[46]. This work presents
development and laboratory evaluation of an MFL system
that is capable of inspecting and detecting steel corrosion in
cable supported bridge structures. The work is part of our
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proposed NDE system that combines MFL and
Magnetostrictive techniques [53]. The MFL prototype and
experimental work laid the ground for the feasibility of
combining the Magnetostrictive and the MFL method to
develop a comprehensive system that is not only capable of
inspecting the entire length of the cable of the cable-stayed
bridge, but also the anchorage area. Such system is not
commercially available. There are systems in the market
that use MFL, mostly cylindrical magnet with sensors [47],
that can be mounted on the cable, but cannot inspect the
anchorage area.

2. Theory and Concept

The basic principle behind the MFL method is to apply
a magnetic field near the surface of the steel cable and
monitor the variation of the magnetic flux in the cable. The
magnetic field must be strong enough to adequately
penetrate through the steel cable. Since steel is a
ferromagnetic material, magnetic flux will flow through the
steel and be confined within the steel structure, Figure 1.
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However, if there is a deficiency in the physical structure of
the steel, such as a loss of cross section due to corrosion or
fracture, the magnetic flux will leak to the surrounding
environment, Figure 1b. This is referred to as “magnetic
fringing” phenomenon. To take advantage of this
phenomenon, magnetic sensors, like Hall-effect, are placed
near the surface of the cable where an electrical signal can
be observed and recorded in the form of voltage variations
due to magnetic fringing. This signal, which is an indication
of the presence of the flaw, can then be used to evaluate the
severity of the deterioration. The magnitude and duration of
the signal varies based on several factors, including the
depth, size and shape of the defect in the steel cable.

The flux leakage is dependent on the size of the flaw,
strength of the magnetic field, and the distance between the
flaw and magnetic sensor. The stronger the magnetic field,
the more the leakage of the flux lines. Similarly, the larger
the flaw is, the more leakage of the magnetic field. Figure 2
demonstrates the concept of MFL and the effect of magnetic
field strength on the density of leakage flux.

- N | MFLSignal

Flaw

Figure 1. Demonstrating MFL concept: (a) without flaw in a steel bar, (b) with a flaw in a steel bar.

Figure 2. Effect magnetic field strength on the density of induced flux lines. (a) Low magnetic field, (b) Medium magnetic field and (c)
Strong magnetic field.



© 2020 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 14, Number 4 (ISSN 1995-6665)

2.1. Mathematical Model

The MFL technique has been widely used in NDE for
detecting metal-loss due to corrosion or fatigue cracking
problems in steel structures, particularly for inspecting oil
and gas pipelines. The usage of the MFL technique to
inspect gas pipelines goes back to early 1960’s [54]-[64].
Similar to other NDE techniques, the interest when using
the MFL method is to be able to predict the characteristics
(size and shape) of the defect by solving the inverse problem
of the signal output recorded from MFL sensors. As such,
many methods have been attempted to solve the inverse
problem solution; these can be classified as model or non-
model based methods. The model-based (numerical)
methods use a physical model to solve the inverse problem.
These methods rely on iterative and optimized loops to find
the solution for the inverse problem based on an initial guess
or prior knowledge of the MFL defect parameters. These
methods rely on numerical models [58]-[60], such as finite
element method (FEM), analytical models [61]-[63], [65]
and neural networks [55], [56], [64]. Although numerical
methods provide an accurate solution for the inverse
problem, they are computationally expensive. Corrosion
characteristics [66] and estimation of defect severity [67]
were studied. On the other hand, analytical and neural
network methods are less accurate due to the approximation
made to drive them, but they are faster methods [68]. The
non-model based methods use signal processing techniques
to correlate the signal from the MFL sensor to the shape of
the defect. For example, the neural network method is used
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to train the model to predict the shape of the MFL signal
based on prior knowledge. However, the model is usually
limited to a specific region in the defect and is difficult to
apply to an arbitrary shape defect [68]. Other methods
combine the accuracy of the FEM methods with the
efficiency of the analytical methods using space mapping
(SM) [69]-[74]. In the recent work [68], edge detection
method is used to predict the shape of the flaw from the top,
while using SM methods to estimate the depth parameter for
an arbitrary defect. Also, other methods [75] have been
proposed for the mathematical models of MFL defects
based on the type of defect. Metal loss defects are classified
as surface and sub-surface defects. For surface defects, the
focus of the work was to develop an analytical model for a
slot-type defect. As such, different models have been
proposed which include Forster [76], Zatsepin and
Shcherbinin [77], [78]. For sub-surface defects, the work
was focused on two particular types of defects, cylindrical
and spherical. The steel used in cable-stayed bridges is a
bundle of either straight wires or strands; each strand
consisting of a certain number of individual twisted wires,
as shown in Figure 3. Although defects can be of any shape,
it is reasonable to consider fractured wires as a target defect
for our work following the same approach and consideration
for similar types of research. As such, a broken wire is best
represented by cylindrical sub-surface flaw, as seen in
Figure 4. The mathematical model for a sub-surface
cylindrical flaw, has been developed by Swartzendruber
[79].

Figure 3. (a) Typical steel strands with a bundle of wires used in cable-stayed bridge; showing man-made defects, from top to bottom, of one
broken wire, two broken wires and five broken wires. (b) Cable showing bundle of steel wires/strands with concrete grout and protective

cover.
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Figure 4: (a) MFL Mathematical Model: Illustration of sub-surface cylindrical flaw. (b) Acquired MFL signal and predicated signal based

on the mathematical model in equation (2).
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The analytical model for the magnitude of the flux
leakage for a sub-surface cylindrical flaw of a radius a and
depth h can be described with the following equation [79]:

m
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Where,

Um is permeability of the material under test; y; is
permeability of the cylindrical defect; h is the depth of the
flaw; a radius of the flaw; H, is the applied magnetic field;
H, is the horizontal component of the magnetic field; H,, is
the vertical component of the magnetic field.

The mathematical model stated above represents the flux
leakage for a sub-surface cylindrical defect in a two-
dimensional form. Figure 4 shows a comparison between a
real magnetic flux leakage flaw signal from a test and that
from the mathematical model of equation (2). The figure
demonstrates that there is a good agreement between the
signals from the real flaw and the mathematical model. The
mathematical model shown above represents the flux
leakage for a sub-surface cylindrical flaw in 2D only and it
does not relate to the length of the flaw.

3. System Prototype

The MFL system developed consists of two strong
permanent magnets as shown in Figure 5 (a). Each magnet
is polarized perpendicular to its surface where the flux lines
travel from the north-pole surface of the first magnet to the
south-pole surface of the second magnet. The pair of
magnets is polarized opposite to each other to allow the flux
lines to travel from one magnet to the other, creating a
uniform magnetic field between the two magnets. The
permanent magnets selected for the MFL system are two
large Neodymium Iron Boron magnets that have a strength
of approximately 2,200 gauss at the center of each piece.
Each one of the two magnets is a packed assembly of eight
individual magnets of approximately 50 mm x 50 mm x 38
mm that are housed in a sealed stainless steel enclosure. The
overall dimension of each magnet with the enclosure is
approximately 210 mm x 108 mm x 46 mm. The weight of
each magnet is approximately 6.2 kg. Each magnet’s
dimensions and layout have been optimized to provide a
uniform magnetic field and maximum field penetration (50

to 75 mm from the surface of the cable) within the desired
limits of detection for loss of section in bridge cables. A
Hall-effect sensor enclosure that includes an array of ten
Hall-effect sensors and a series of signal amplifiers have
been placed between the two magnets. The Hall-effect
sensors are placed at the isocenter of the two magnets to
assure symmetry for the resultant MFL flaw signals. The
Hall-effect sensors used in this MFL system are surface
sensors and arranged to capture only the vertical component
of the magnetic field leakage. The Hall-effect sensors are
arranged in one array that consists of seven sensors. The
lateral distance between each two adjacent sensors is kept at
25.4 mm. The sensors are arranged on a printed electrical
circuit board along with electrical signal conditioning
(amplification and filtration) hardware. The entire magnet
and sensor assembly is mounted on an aluminum frame with
wheels to allow moving the magnet on the surface of the
cable. An encoder device is attached to one end of the frame
to allow tracking of the position of the scan and
subsequently it is used to identify the location of defects.
The output of the sensors is connected to a data acquisition
device. The data from sensors is collected and displayed in
real time on a laptop computer using the LabVIEW software
from the National Instrument Company (NI). The software
has been designed to allow continuous display of data from
all ten sensors simultaneously or from selected sensors only.
Further post processing software application has been
created to allow for data analysis.

4. Results and Discussion

To demonstrate the capabilities and effectiveness of the
MFL system, several laboratory experiments were
conducted. A 114.3 mm diameter bridge cable of 2.43 m
long, which is similar to the commonly used bridge cables
was used in the laboratory. The bridge cable consists of a
bundle of 19 strands, as seen in Figure 3 (b). Two strands,
one at the edge and one at the center of the strand bundle,
were replaced by two copper tubes to allow insertion of
strands with pre-set flaws in the laboratory bridge cable.
Several defect sizes, from a single wire fracture to a
complete strand fracture, were fabricated and inserted, one
at a time, in the copper tube., Figure 5c. The magnet
assembly was first mounted on top of the laboratory bridge
cable and connected to the data acquisition software. The
magnet assembly was then moved to a known starting point
on the cable to establish a reference point for the start of the
scan. The experiments were carried out by inserting a
strand, with known flaws, into the top or the outer copper
tube (25.4 mm) in the cable. The first inserted strand
contained seven broken wires (complete strand fracture).
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Figure 5. (a) The MFL system with two permanent magnets and a sensor enclosure (sensors 1 through 7) in the middle [37], [43]-[46] (b)

MFL system installed on a laboratory bridge cable; showing 19 strands cable, with two strands inserted in the top and center holes in the cable.
(c) Prestressing steel strands with no flaws (top) and with different sizes of flaws.

The strand was inserted inside the copper tube until it
reached a predetermined length for the location of the flaw.
The cable was scanned with the magnet assembly manually
along the length of the cable in searching for flaws. The
magnet assembly was moved as it passed the location of the
flaw, and then stopped at the end of the cable. When the
magnet reached at the end of the cable, data acquisition was
stopped and the magnet was moved back to the start point,
ready for the next scan. Data was collected continuously
during each scan and it was transferred to the computer
where it was saved for post-processing. The data from the
seven Hall-effect sensors were collected and viewed in real-
time while scanning the cable. When the first test was
completed, the strand was removed and the second strand,
with six broken wires, was inserted in the cable hole.
Similar to the first scan, the magnet was moved over the
flaw starting at the beginning of the cable from the same
reference point and ending at the end of the cable moving
exactly the same distance. The rest of the scanning was
performed similarly for the remaining strands with varying
defect sizes. When this part of the testing was completed,
the first strand (with seven broken wires) was inserted in the
center copper tube (located at 63.5 mm of depth) in the
cable. The strand was pushed inside the cable until it
reached the predetermined flaw location, similar to the first
experiment, to maintain consistent location of the flaw
within the cable.

4.1. Effect of seven broken wires at 38.1 mm depth inside
the cable

The results of the first scan (seven broken wires in the
outer copper tube) are shown in Figure 6. The x-axis of the
graph represents the distance the magnet travelled during
the scan. The y-axis represents the amplitude of the
magnetic flux that leaked outside the steel. The graph shows
only the vertical component of the magnetic flux; the flat
line in the graph indicates that there is no flux leakage. Any

variations in the graph indicate the presence of a local
disturbance of the magnetic field, and possibly an indication
of the loss of section or presence of a flaw. The graphs
clearly show strong variations based on the magnitude of
the signal amplitude indicating the presence of disturbances
near that area. Also, the data show that the signals recorded
from all seven Hall-effect sensors vary in magnitude based
on the location of each sensor. The maximum peak-to-peak
magnitude (0.9 Vpk-pk) is observed at sensor four which is
the closest sensor to the flaw. Additionally, the graph shows
that the signal amplitude decreases from all other sensors as
they are further away from the location of the flaw.
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Figure 6. MFL signals recorded from sensors 1 through 7 for seven
broken wires. Larger signal amplitude values are resulted from
sensors that are located closer to the defects, i.e., data from sensors
4 and 5.

4.2. Effect of six broken wires at 38.1 mm depth inside the
cable

In this experiment, the strand with seven broken wires
was removed and a strand with six broken wires was
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inserted in the top copper tube in the cable. Similar to the
first scan, the magnet was moved over the flaw location
traveling exactly the same distance on the cable. The signals
recorded for the defects of the six broken wire-strand are
shown in Figure 7. The signals from all seven sensors are
almost identical to the defect signals of the seven-broken-
wire strand, except that the peak-to-peak signal amplitude
is lower. The data shows that the maximum signal
amplitude recorded is about 0.8 Vpk-pk; Which corresponds
to sensor four, as expected. The data also show that sensors
3 and 5 produced the next highest signal amplitude levels
when compared to the signals from sensor four. It is also
clear from the graphs that the signal from sensor one is the
smallest since it is the farthest from the location of the
defect.

0.5 T T T T T T T T
Sensor 1
Sensor 2

m— Sensor 3

m— SeNSOr 4

Sensor 5

Sensor 6

Sensor 7

0.4

03

0.2

0.1

0

Signal Amplitude (Volt)

05 " 1 " 1 1 " 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Scanning Distance (m)

Figure 7. MFL signals recorded from sensors 1 through 7 for six
broken wires. Larger signal amplitude values are resulted from
sensors that are located closer to the defects, i.e., data from sensors
4 and 5.

4.3. Effect of five broken wires at 38.1 mm depth inside the
cable

In this experiment, the strand with six broken wires was
removed and a strand with five broken wires was inserted in
the outer copper tube in the cable. The data for the defect of
the five broken wires in the strand is shown in Figure 8.
Consistent with the previous two experiments for 7-wires
and 6-wires broken strands, the maximum signal is recorded
from sensor four. As seen from the graph, the peak-to-peak
magnitude of the signal for sensors four is about 0.7 Vpk-pk.
The signals from the rest of the sensors follow the pattern
as in the previous two experiments, where sensor one shows
the smallest magnitude.
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Figure 8. MFL signals recorded from sensors 1 through 7 for five
broken wires. Larger signal amplitude values are resulted from
sensors that are located closer to the defects, i.e., data from sensors
4 and 5.

4.4. Effect of four broken wires at 38.1 mm depth inside
the cable

In this experiment, the strand with five-broken-wires
was removed and a strand with four broken wires was
inserted in the outer copper tube in the cable. The data is
shown in Figure 9. Consistent with the previous results, the
maximum signal is recorded from sensor four with 0.5 Vpk-
pk- The signals from the rest of the sensors follow the pattern
as in the previous experiments, where, sensor one shows the
smallest magnitude.
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Figure 9. MFL signals recorded from sensors 1 through 7 for four
broken wires. Larger signal amplitude values are resulted from
sensors that are located closer to the defects, i.e., data from sensors
4 and 5.
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4.5. Effect of three broken wires at 38.1 mm depth inside
the cable

The data for the defect in a strand with three broken
wires are shown in Figure 10. As seen from the graph, the
peak-to-peak magnitude of the signal for sensor four about
0.35 Vpk-pk. The signals from the rest of the sensors follow
the pattern as in the previous experiments, where, sensor
one shows the smallest magnitude.
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Figure 10. MFL signals recorded from sensors 1 through 7 for three
broken wires. Larger signal amplitude values are resulted from
sensors that are located closer to the defects, i.e., data from sensors
4 and 5.

4.6. Effect of two broken wires at 38.1 mm depth inside the
cable

The data for the defects for the two broken wires strand
is shown in Figure 11. As seen from the graph, the peak-to-
peak magnitude of the signals from sensor four is almost
about 0.15 Vpk-pk. The signals from the rest of the sensors
follow the pattern as in the previous experiments, where,
sensor one shows the smallest magnitude.
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Figure 11. MFL signals recorded from sensors 1 through 7 for two
broken wires. Larger signal amplitude values are resulted from
sensors that are located closer to the defects, i.e., data from sensors
4 and 5.

4.7. Effect of one broken wire at 38.1 mm depth inside the
cable

In the last experiment, a strand with one broken wire
defect was inserted in the outer copper tube in the cable. The
results for this experiment are shown in Figure 12. As seen

from the graph, the peak-to-peak magnitude of the signal for
sensor four is about 0.075 Vpk-pk.
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Figure 12. MFL signals recorded from sensors 1 through 7 for one
broken wire. Larger signal amplitude values are resulted from
sensors that are located closer to the defects, i.e., data from sensors
4 and 5.

The results of the experiments are summarized in Figure
13. The graph shows that the MFL system offers good
response and sensitivity to the size of flaws varying from 1-
broken wire to 7-broken wires in a strand. The experiments
were carried out on single isolated defects (defects that are
far from each other). However, when defects were very
close to each other, it was difficult to visually distinguish
the MFL signal for each individual defect. For example, the
presence of a large defect next to relatively small defect may
mask the signal from the small defect, which may alter the
shape of the signal of the large defect. This may suggest the
need for more sophisticated signal processing or pattern
recognition techniques to improve defect detectability.
Additionally, the developed prototype model is a
rectangular magnet, it can only cover a section of the
diameter of the cable. Hence, rotating the magnet around the
diameter of the cable and rescanning is necessary to ensure
full coverage of the diameter of the cable. However, this is
not practical and is time consuming. Furthermore, keeping
the magnet in a straight-line during scanning along the
length of the cable is another practical challenge. Hence,
motion alignment, tracking and adjustment are necessary.
Installing the device on the cable is also another practical
problem, as the magnet is very strong and can easily pull
towards the cable quickly due to the magnetic force.
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Figure 13. Summary of MFL signals recorded from sensors four
for one broken wires to seven broken wires.
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5. Conclusion

The use of MFL method has been studied and evaluated
for detecting section losses in the bridge cables through
experimental work. A prototype model of the MFL system
has been used. Also, data acquisition hardware for signal
amplification and conditioning has been developed.
Furthermore, data acquisition software for real-time
acquisition and post-processing analysis has been
developed. A grouted 127 mm diameter bridge cable that
consists of pre-stressing strands has been used for the MFL
experiments to evaluate the system performance. The
results have shown that the MFL technique is capable of
detecting corrosion-related defects (section loss) inside the
cable. These include a single broken wire within one strand
to several broken wires with considerable success if the
location of the flaw is within about 38.1 mm from the
surface of the cable. However, successful section loss
detection at the center of the steel cable has been limited to
seven broken wires. The current MFL system built based on
a flat rectangular magnets can only cover a portion of the
circumference of the cable. As such, it is necessary to rotate
the magnets around the cable and repeat the scans for the
entire length of the cable several times to cover the full
volume of the cable. This is not practical in the field,
especially for long span bridges where the length of each
bridge cable may exceed 426 m. To address this limitation,
a new design based on cylindrical magnets can be proposed
for future work.
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