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Abstract. Steel cables are widely used in cable-stayed bridges, suspension bridges 
and so on. It is important to test them periodically for their safe operation. The cable 
tension is one of the key testing parameters. Magnetoelastic methods are usually 
adopted to measure the cable tension due to their non-contact features. However, it is 
difficult to install the exciting and receiving encircling coil on the cable in existing 
magnetoelastic instruments.  
 In order to overcome this limitation, in this paper, the testing instrument based 
on the permanent magnetizer for testing of cable tension is proposed. When the 
permanent magnetizer is installed on the cable, a spatially varying magnetic field is 
induced along the length of cable. The reciprocal value of initial differential 
susceptibility, which is linear to the cable tension, can be obtained from the radial and 
axial magnetic flux densities measured on the surface of the cable according to the 
Gauss’s law for magnetism and continuity of tangential magnetic field strength. 
 Based on the above analysis, the cable tension testing instrument is developed, 
which includes permanent magnetizer, Hall elements, signal amplifier, A/D converter 
and software. Under the magnetization of the permanent magnetizer, the Hall 
elements array pick up the magnetic flux densities along the length of the cable and 
transform into voltage signals. The voltage signals are amplified and converted to 
digital signals, then uploaded to the portable computer through USB interface. By a 
series of calculations, the reciprocal value of initial differential susceptibility used for 
the cable tension testing can be obtained. The laboratory tests indicate that this 
instrument can test of the ultimate tension with 5% accuracy. One of the biggest 
advantages of the technique is that it is easy to operate in the field. 
 
 

1. Introduction  

Due to its high tensile strength, high fatigue strength and good impact toughness, the steel 
cables have been widely used in the construction of cable-stayed bridges, suspension bridges, 
large cranes and so on. As one of the key component of the above construction, 
Non-destructive testing method have been used to ensure its safety and integrity [1-2]. 
Among the diverse investigated techniques, ultrasonic guided waves and magnetic flux 
leakage methods may be suitable. The magnetic flux leakage testing (MFL) [3]  is usually 
used to test the cable body damages such as broken wires, corrosions, etc. The tester contains 
a permanent magnet and an array of Hall sensors. As the tester is pulled by the climber or the 
crane along the cable, the cable is magnetized. The distortion of the magnetic field caused by 
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damages can be detected by the Hall arrays and transformed to the electronic signal. By 
analysis the signal, the damage information can be obtained. Once the MFL tester can be 
reached, the cable can be inspected. But for the case of the anchorage zone of the cable, it is 
difficult to access for the MFL tester. Furthermore, most serious damage usually take place 
due to its hostile condition. In this case, ultrasonic guided wave testing can be employed [4]. 
It could detect the damage in anchorage zones while the sensor is set up the cable body 
without removing the high density polyethylene (HDPE) coatings and the stainless steel 
sheaths. Much information of damage, such as corrosions, could be obtained. By analysis the 
wave amplitude and time of flight, the size and location of the damage can also be obtained. 
Moreover, the method could be also used to inspect the cable body, but the testing range is 
limited due to the high excited frequency. 

However, from the point of the use, most of steel cables are used as the hyperstatic 
system in the above conditions. In order to ensure their stability and integrity, all the cable 
should be loaded within the similar stress level. Due to long-term work in a very tough 
environment such as wind-induced vibration and heavy alternating loads, steel cable tension 
may change due to the fatigue cumulative damage, stress concentration or stress relaxation. 
Whereas, the NDT may not detect because no macro-damage take place. Furthermore, when 
the deviation rate of the actual tension from the designed tension is over ±10%, the safety 
factor should be calculated and analysed. If necessary, the steel cable tension should be 
adjusted, what’s more, the steel cable may also be changed [5]. Thus, it is important to test 
cable tension periodically for their safe operation. 

Presently, three cable tension testing methods: the lift-off method, the vibration 
method and the electromagnetic sensor method are most widely used in practice [6]. The 
lift -off method is a direct method. And it is laboursome to operate the measurement system 
with low durability. The vibration method and the electromagnetic sensor method are 
indirect methods. In the vibration method, natural frequency is measured to test steel cable 
tension [7]. The results of this method are easily influenced by the sag and boundary 
condition of the steel cable. In the electromagnetic sensor method, the magnetic properties 
are measured to test cable tension because magnetic properties of ferromagnetic members are 
closely related to their stress status [8]. What’s more, this method has attracted significant 
attention due to its long serving life and strong robustness. 

Recently, Principle of the steel cable tension measurement based on spatial magnetic 
field distributions was initially studied and proposed based on the experimental results [9]. 
Now, it is found that the reciprocal amplitude of initial anhysteretic differential susceptibility 
[1/χ’an]H=0  changes linearly with the applied stress in ferromagnetic members according to  
Eq.1.  

    00
'

0
'

3

)(

1

)0(

1





b

HanHan




-  (1) 

Where, b is a constant which can be determined experimentally, μ0 is the permeability 
of free space [10-11]. Furthermore, the initial differential susceptibility [χ’in]H=0 from the 
initial magnetization curve is proportional to [χ’an]H=0 [12~13], which can be expressed as 
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Where, c is a constant. Then, Substituting Eq. 2 into Eq. 1, Eq. 3 can be obtained as 
follows 
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So, as shown in Eq.3, [1/χ’in]H=0 also changes linearly with the applied stress. Thus, 
both [1/χ’an]H=0 and [1/χ’in]H=0 can be adopted as the feature parameter to determine axial 
load in ferromagnetic members. What’s more, they are determined at the magnetic field H=0, 
so there is no problem about determining the appropriate magnetic field mentioned above. 
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However, to get the anhysteresis magnetization curve, an excitation current with series of 
complex wave form must be adopted [14]. Thus, the reciprocal amplitude of initial 
differential susceptibility (RAIDS) [1/χ’in]H=0 will be adopted as the feature parameter to 
determine axial load in ferromagnetic members in this paper. 

2. Testing principle 

Fig.1 shows the principle of tension testing method based on the permanent magnetizer. 
When permanent magnetizers are placed on the steel cable, a spatially varying magnetic field 
Hz 

fer(L) is input into the steel cable. Also, the different magnetization is induced in the 
different locations of the cable. Namely, the magnetic flux density Bz 

fer(L) is also different 
along the axial line of the cable. According to the calculation method for initial 
magnetization curve under the constant magnetization based on the time-space 
transformation [15], the initial magnetization curve as shown in Fig.1 (d) can be obtained 
from the radial and axial magnetic flux densities Br 

air(L, 0) and Bz 
air(L, 0)at the surface of the 

steel cable. Then, the RAIDS can be obtained. Finally, the cable tension can be obtained. 

 
Fig.1. The principle of tension testing method based on the permanent magnetizer 

3. Instrument development 

According to the above principle, the cable tension instrument is developed. Fig.2 shows the 
schematic diagram of the system.  

 
Fig.2. The schematic diagram of the cable tension instrument 

It includes the tester consisting of the permanent magnetizer and orthogonal magnetic 
sensor array, multi-channel signal amplifier, A/D converter based on the USB interface, 
portable computer and software. To begin the test of cable tension, the permanent magnetizer 
is firstly placed on the cable. The orthogonal magnetic sensor array contains two 
perpendicular groups of magnetic sensor arrays. One is used to measure the axial magnetic 
flux densities, the other is used to measure the radial magnetic flux densities. These two 
groups of electric signals can be amplified by the signal amplifier and then digitized by the 
A/D converter. Finally, the signals can be transmitted to the computer through USB interface. 
The software calculates the sampled data to obtain the cable tension. Generally speaking, the 
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magnetic sensor signal processing circuit and A/D converter are similar to general magnetic 
measurement instrument. The novelty of our instrument exist in the permanent magnetizer, 
orthogonal magnetic sensor array and software. Thus, the following paper focuses on the 
description of the three units. 

3.1 The design of permanent magnetizer 

Anisotropic NdFeB alloy N52 permanent magnets are adopted as the magnetic source. The 
magnetizability of a single piece of permanent magnet is limited due to its limited size. Thus, 
usually a number of permanent magnetizers distributed evenly along the circumferential 
direction are adopted to uniformly magnetize the steel cable to saturation cable in existing 
magnetic flux leakage method for steel cable. As shown in Fig.3(a), the permanent 
magnetizer is made of permanent magnets and high permeability back iron.  

 
(a)                                                                 (b) 

Fig. 3. The permanent magnetizer in existing magnetic flux leakage method for steel cable (a) and cable tension 
testing instrument (b). 

In the magnetic flux leakage method, the approximate uniform magnetic field applied 
on the testing region between the N/S magnetic poles is used as the excitation magnetic field. 
The magnetosensitive elements should be placed on this region. So the packing boxes linking 
N/S permanent magnets with the back iron, respectively, are separated from each other. 
What’s more, the contacting plane between the packing box and the steel cable is usually a 
plane. Due to the above two factors, it is not easy to arrange the permanent magnetizer 
parallel the axial line of the steel cable, which may influence the uniformity of the excited 
magnetic field.  

In order to place the permanent magnetizer easily along the axial line, the permanent 
magnetizer for the cable tension testing instrument is designed as shown in Fig.3(b). For the 
cable tension testing instrument developed in this paper, the spatially varying magnetic field 
generated on the testing region beyond the N permanent magnet is regarded as the excitation 
field. The magnetosensitive elements will be placed on the testing region to obtain the 
magnetic properties of the steel cable under different magnetic strength. Thus the region 
between the N/S magnetic poles is not adopted as the testing region. Thus, the separate 
packing boxes linking N/S permanent magnets with the back iron in the magnetic flux 
leakage is connected together, which is shown in Fig.3(b). So the packing box can be 
machined once a time, the assembly error is also less. What’s more, the contacting plane 
between the packing box and the steel cable is machined as a circular surface. Thus, when 
adopting the structure shown in Fig.3(b), the permanent magnetizer can be placed parallel the 
axial line of the steel cable easily. 

3.2 The design of the orthogonal magnetic array sensor 

3.2.1 The magnetosensitive elements selection 

According to the cable tension testing principle under the spatially varying magnetic field 
generated by the permanent magnetizer, the radial and axial magnetic flux density at the 
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surface of the testing region from the cable should be measured firstly to obtain the cable 
tension testing feature. Thus, the magnetosensitive elements suitable for measuring the 
magnetic flux density in this work should be selected at first. Now, there are many developed 
magnetic measuring sensors, such as Hall elements, GMR, Coils, fluxgate sensors, SQUID 
and so on. The Linear Hall elements from them have ratiometric linear output proportional to 
the magnetic field, on-chip temperature compensation and magnetic characteristics 
extremely robust against mechanical stress, thus can reach temperature and stress stable 
quiescent output voltage. So they are immune to the packing stress and the temperature 
variation. Also the cost of Hall elements is medium and the size of Hall elements is Mm level. 
Thus, Linear Hall elements are adopted as the measurement magnetosensitive elements in 
this work.HAL1823 Hall element which has the largest linear measuring range is chosen as 
the magnetosensitive element in this work.  

 
3.2.2 The mechanical structure of the array sensor 

After choosing the magnetosensitive elements, the following work focuses on the design of 
the mechanical structure of the array probe. The array sensor contains Hall elements array. 
The size of the HAL1823 Hall element is 4 mm×3 mm×1.5 mm. The sensitive area is 0.2 
mm×0.1 mm, located in the middle of the element. Due to the influence of the physical size, 
the Hall element cannot measure the radial and axial magnetic flux densities Br 

air and Bz 
air on 

the surface of the steel cable directly. Thus, the Hall elements are packaged in the coppery 
base for the array probe as shown in Fig.4(a). The sensitive area of radial and axial Hall 
elements are perpendicular to the radial direction and axial direction, respectively. Then the 
radial elements can measure the radial magnetic flux densities at different Lift-offs Lo. The 
axial elements can measure the axial magnetic flux densities at different Lift-offs Lo. Then, 
the magnetic flux densities Br 

air and Bz 
air on the surface of the steel cable can be calculated from 

the radial and axial magnetic flux densities at different Lift-offs. The Hall elements are 
packaged in the coppery base by epoxy resin. To transform the picked up voltage signal to 
the acquisition card, the Hall elements should be connected with the aerial sockets. The 
mechanical structure of the array probe is shown in Fig.4(a). 

             
(a)                                                                              (b) 

Fig.4. The mechanical structure of the array sensor(a) and the flexible connection between the testing sensor 
and the tester’s shell(shell (b) 

 The Aluminium alloy base for aerial sockets is put on the top of the coopery base for 
Hall elements. Two aerial sockets are placed on the Aluminium alloy base to pick up the 
voltage signals generated by the radial and axial Hall elements array. Due to the processing 
or assembling errors, a flexible connection shown in Fig.4 (b) should be adopted to ensure 
the connection of each testing probe with the steel cable. The testing probe can move up and 
down along the sliding groove machined on the coppery base in the sensor’s shell. The spring 
can compress the testing probe onto the tested steel cable. 
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3.3 The assembly of the Tester 

To facilitate the application of the Cable Tension Testing Instrument, the permanent 
magnetizer and the array probes should be assembled together like shown in Fig.5. Numbers 
of the testing probes are used to pick up the voltage signals of radial and axial magnetic flux 
densities Br air and Bz 

air under the different magnetic field strength. A tester’s shell is used to 
connect the permanent magnetizer and the testing probes. In addition, a “U” handle and a “T” 
handle are connected to the tester’s shell to facilitate the installation of the Tester. 

 
Fig.5. The assembly of the Cable Tension Tester. 

3.4 Testing software 

After the design of the cable tension testing sensor, the cable tension testing software is 
developed. The testing software is running on a portable computer. The frame diagram of the 
software is shown in Fig.6(a).  

               
                             (a)                                                                    (b) 

Fig.6. The frame diagram of the cable tension testing software(a) and its detailed flow chart for calculating 
RAIDS from the measured magnetic flux densities(b) 

According to the requirements of the cable tension testing, the testing software 
consists of three functional modules: Signal sampling, Calibration and Tension testing. The 
function that the software realizes mainly includes: Data sampling Control, Data read and 
display, RAIDS Calculation, Calibration coefficient Calculation, Tension calculation and so 
on. Among the above functional modules, RAIDS Calculation namely calculating RAIDS 
from the measured magnetic flux densities is the key point in this software. The detailed flow 
chart for calculating RAIDS from the measured magnetic flux densities is shown in 
Fig.6(b).Firstly, the radial and axial magnetic flux densities Br 

air(L,0) and Bz 
air(L,0) at the 

surface of are extrapolated from Br 
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surface. Secondly, dBz 
fer(L) and dHz 

fer(L) representation of the variation of axial magnetic flux 
density and magnetic field strength in the steel cable respectively are calculated from Br 

air(L,0) 
and Bz 

air(L,0). Thirdly, the permeabilityμ(L) at the different axial locations are calculated from 
dBz 

fer (L) and dHz 
fer (L). Fourthly, the initial permeability curve μ(H) is calculated by 

combination of μ(L) and Hz 
fer(L). The initial magnetization curve B(H) is obtained by 

integrating the μ(H). At last, the tension testing feature RAIDS is calculated from B(H) 
curve. 

4. Laboratory test  

To analyse the performance of the developed cable tension testing instrument, a laboratory 
experiment is carried out on a 2 meter long Φ20 mm steel bar to test its tension by the 
developed instrument. The tension applied on the steel bar are changed from 0 kN to 120 kN 
by the increment of 30 kN. The radial and axial magnetic flux densities Br 

air(L, Lo) and Bz 
air(L, 

Lo) at different lift-off Lo from the surface of the steel bar are measured. Then the B(H) curves 
of the steel bar under different tensions are calculated and shown in Fig.7(a). Then, RAIDS 
under different tensions are calculated from the B(H) curves. The relationship of RAIDS and 
the applied tension T is shown in Fig.7(b). A first-order linear fitting is used to fit this 
relationship. The fitted formula is also shown in Fig.7(b). The R-square of the fit is 0.9936, 
which means that calculated RAIDS [1/χ’in]H=0 changes almost linearly with the applied 
tension. If the calculated RAIDS is substituted into the fitted formula, then we can get the 
calculated tension. The error between the applied and calculated tension is shown in Table 1. 

     
Fig.7. The B(H) curves of the steel bar under different tensions(a) and the relationship between RAIDS and the 

applied tension T(b) 

Table 1. The relative error between the applied and calculated tension   

Applied Tension/(kN) 0 30 60 90 120 

Calculated tension/(kN) -2.9998 30.1530 64.0826 93.3751 115.3891 
Error/(%) NaN 0.51 6.80 3.75 -3.84 

When the applied tension is equal to 0kN, the relative error between the applied and 
calculated tension can’t be calculated. Then, except for the error at 60kN is 6.8% over 5%, all 
the other errors are within ±5%. The laboratory tests indicate that this instrument can test of 
the ultimate tension with 5% accuracy in general.  

5. Conclusions 

The testing instrument based on the permanent magnetizer for testing of cable tension is 
developed. Different from the traditional cable tension testing method, the exciting magnetic 
field is a constant field by permanent magnetizer. A calculation method for initial 
magnetization curve under constant magnetization is present based on time-space 
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transformation. The basic testing principle is based on the linear relationship between the 
reciprocal value of initial differential susceptibility of the cable material and its axial stress. 
The novelty of the system is that the RAIDS is calculated from the radial and axial magnetic 
flux densities measured on the surface of the cable according to the Gauss’s law for 
magnetism and continuity of tangential magnetic field strength. The reciprocal value of 
initial differential susceptibility is calculated by the software and the cable tension testing can 
be obtained. The laboratory tests indicate that this instrument can test of the ultimate tension 
with 5% accuracy in general. 
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