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To avoid strains in steel structures in special equipment caused by excessive alternating loads, which cause stress concentrations in
local areas and reduce the strength and pressure-bearing capacity of the steel structures, a method for evaluating the strain state of
the steel structures using the eddy current effect is proposed, and the relevant testing device is developed. The RMS voltage and
tension values were tested and fitted linearly with sampling time, and their linear correlations after fitting were 0.9978560 and
0.9967905, respectively. To investigate the method’s practical application, the effect of strain on the impedance of the eddy
current probe was first studied theoretically, followed by the design and fabrication of a strain detection device comprised of
an eddy current probe and a signal processing system. Finally, tensile strain experiments were carried out on 5mm thick
standard Q235 steel tensile specimens using a universal tensile machine and the linear equation of RMS voltage versus strain
was obtained analytically. Theoretical and experimental tests have shown that the device can detect each strain stage and
quantify the strain within the elastic stage by fitting a linear equation.

1. Introduction

Steel structures have numerous applications in modern
industry, including amusement rides, pressure vessels, and
other special equipment. Its tensile strength and pressure-
bearing capacity are crucial as an essential structural mate-
rial. The strain on the steel structures can significantly impact
its strength and pressure-bearing capacity, causing the equip-
ment to fail, and posing a severe safety hazard. For example,
steel structures in amusement facilities are prone to large or
alternating loads in local areas during operation, resulting in
stress concentrations that develop strains and finally cause
structural failure. Consequently, the research on strain sens-
ing in steel structures is crucial for special equipment like
amusement rides [1]. During strain, steel materials typically
exhibit distinct features, such as elastic stage, yield stage,
and strengthening stage, the steel structures can be returned
to its original state upon unloading during the elastic stage.
When the strain of steel material exceeds the elastic stage
and continues to load until it reaches the yield limit, the

steel structures material begins to fail, and finally necking
fracture occurs.

The current state of research on strain detection in steel
structures is limited. The use of eddy current effects in
detecting special equipment such as large amusement rides
is primarily for detecting more apparent defects such as
cracks [2]. Traditional strain detection is still in the equip-
ment downtime maintenance of manual detection. The
method is time-consuming and labor-intensive and has the
disadvantages of low automation, inability to detect in real-
time, and high detection errors. And there are also stringent
requirements for workers’ testing abilities and possibly sec-
ondary damage to the steel structure if not done carefully.
The conventional resistive strain gauge detection method
can be used for online testing, but it requires the strain gauge
to be fully coupled to the test site, and the detection range is
small and immovable. The detection efficiency is low for
work scenarios such as amusement rides, which have an
extensive working range and cumbersome component move-
ment trajectories [3].
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Based on the analysis presented above, this paper pro-
poses a real-time online detection method for evaluating
the strain state of steel structures using the eddy current
effect and developing a relevant detection device. The
device can be widely used in special equipment composed
of steel structures. For example, the bottom stress part of
the pressure vessel loading and unloading shall be detected
in real-time to prevent damage and leakage of the pressure
vessel, and real-time detection of the support structure with
a huge instantaneous load such as a roller coaster in the
amusement park to prevent the occurrence of safety acci-
dents caused by structural failure. Because the structure of
the tested object in this special application scenario is rela-
tively complex, and most of the surfaces are distributed
with oil stains, welds, and other factors that affect the test
results, compared with the traditional detection system, this
method can reasonably use the lift effect to complete a vari-
ety of automatic detection methods without contact with
the measured object, such as hand-held and automatic
scanning. It also has high sensitivity and enables qualitative
and quantitative strain analysis by collecting and fitting the
induced electrical signals of eddy currents.

2. Strain Detection Principle of Eddy
Current Effect

2.1. Principle of Eddy Current Effect. Eddy current inspection
is a nondestructive testing method that detects defects in
electrically conductive materials. It is based on the theory
of electromagnetic induction. Figure 1 depicts the funda-
mental principles of electromagnetic nondestructive testing.

This paper mainly studies the change of eddy current
effect in the process of stress structure and strain of steel
structure and reflects the specific state of strain through
the induced electrical signal, to prevent sudden failure of
steel [4]. When the steel structure is subject to stress and
strain, its conductivity and magnetic conductivity will
change due to changes in the crystal structure and crystal
gap inside the material [5], thus changing the distribution
of the eddy current field in the measured conductor, and
ultimately leading to the change of the induced electrical
signal generated by the eddy current field [6–8]. Therefore,
the following theoretical analysis is made on the influence
of stress and strain on the induced electrical signal and the
conductivity and permeability of the measured conductor:

∇ × E = −
∂B
∂t

,

∇ ×H = J,

∇ ⋅ B = 0,

∇ ⋅ J = 0:

ð1Þ

According to the analysis of Maxwell equations, the gov-
erning equations of the eddy current field can be obtained as
Equation (1). Since the excitation signal frequency in this
experiment is less than 10MHz and the electric displace-

ment current is far less than the induced current, the electric
displacement current in the ampere loop law can be ignored.
Where B is the magnetic induction intensity, E is the electric
field intensity, H is the magnetic field intensity, and J is the
current density vector.

Introducing the magnetic vector potential A that meets
B = ∇×A, the Gauss’s law for magnetism is automatically
met. Then, the Faraday’s law of induction in Equation (1)
becomes

∇ × E + ∂A
∂t

� �
= 0: ð2Þ

In addition, the relationship between the scalar potential
φ and the electric field strength E is as follows:

E = −
∂A
∂t

− ∇φ: ð3Þ

For the tested conductor, the electromagnetic constitu-
tive equation satisfies

B = μH,

J = γE,
ð4Þ

where μ and γ are permeability and conductivity, respectively.
This paper deals with the problem of the low-frequency

electromagnetic field, and the influence of the electric dis-
placement current can be ignored. Therefore, when the
measured conductor is subjected to stress and strain, both
μ and γ are functions of stress and strain. In order to sim-
plify the function and have universality, it is assumed that
μ and γ can be expressed as functions of equivalent stress
and equivalent strain

μ = μ0μr f σeq, εeq
À Á

,

γ = γ0g σeq, εeq
À Á

,
ð5Þ

where f and g are both functions of σeq and εeq, σeq is the
equivalent stress, εeq is the equivalent strain, respectively,
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Figure 1: Eddy current testing schematic.
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μ0 is the magnetic permeability in vacuum, μr is the initial
relative permeability, and γ0 is the initial conductivity [9].

2.2. Impedance Analysis. The coil’s impedance changes as it
is subjected to changes in eddy currents. The strain informa-
tion of the measured object is thus obtained by utilizing the
change in the RMS value of the voltage caused by the detec-
tion coil’s impedance. The transformer model can explain
the coupling between an eddy current sensor’s detection coil
and the measured object [10], as shown in Figure 2.

From the equivalent circuit and Kirchhoff’s law, Equa-
tion (6) was obtained.

R1 + jωL1 −jωM

−jωM R2 + jωL2

 !
I1

I2

 !
=

U

0

 !
: ð6Þ

In Equation (6), ω = 2πf and the mutual inductance
coefficientM between the coil and the test piece is calculated
as follows:

M = k
ffiffiffiffiffiffiffiffiffi
L1L2

p
0 < k < 1ð Þ: ð7Þ

Substituting Equation (7) into Equation (6), Equation (8)
was obtained.

R = R1 +
ω2k2L1L2
R2
2 + ωL2ð Þ2 R2,

L = L1 −
ω2k2L1L2
R2
2 + ωL2ð Þ2 L2:

ð8Þ

In Equation (8), k is denoted as the coupling coefficient,
and the magnitude of this value is related to parameters such
as the wire diameter of the enameled wire and the structure
of the eddy current probe [11]. In this paper, the derivation
of Equation (8) validates the feasibility of using the true RMS
voltage output from the probe to characterize eddy current
changes, and finally the data acquisition and display of the
true RMS voltage is used to determine the strain state of
the steel structures.

The closed-loop theory as shown in Figure 3.
In practical application, using the closed-loop theory, it

is only necessary to calculate the penetration depth in
advance [12], and then conduct tensile tests on different steel
structure materials to obtain the required characteristic
parameters and fitting equations. Finally, the effective value
voltage (RMS voltage) collected in the field is substituted
into the fitting equation to qualitatively and quantitatively
analyze the state parameters of stress and strain.

2.3. Hooke’s Law. To quantitatively analyze the strain within
the elastic range, this paper proposes to use the generalized
Hooke’s law [13] to convert the known stress into the strain,
to realize the quantitative analysis of the strain within the
elastic range. and its formula can be expressed by

FN

A
= E

Δl
l
, ð9Þ

σ = Eε: ð10Þ

In Equation (9), E is the young’s modulus of the mate-
rial, the unit is usually GPa, and E of the same material is
a constant; A is the cross-sectional area in mm2; F is tensile
stress in kN; l is the initial length of the test piece, and Δl is
the elongation after stress in mm. In Equation (10), σ is the
stress and ε is the strain.

When the stress does not exceed the limit state, Equa-
tion (10) shows that stress is proportional to strain, and
this theory is consistent with the fitting data obtained in
the experimental part of this paper. Therefore, the strain
experiment of the steel structure can be simulated by the
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Figure 2: Eddy current sensor equivalent circuit.
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tensile experiment of the steel standard specimen, and the
strain state can be characterized by the change of eddy cur-
rent signal caused by the change of stress. Compared with
traditional strain measurement, this method can greatly
improve the accuracy of quantitative analysis of strain in
the elastic range.

3. Eddy Current Probe and Detection
System Design

3.1. Eddy Current Probe Design. As an essential part of eddy
current detection, the probe’s performance directly affects
the whole device’s sensitivity, so it is important to design
and make a suitable eddy current probe. In this paper, the
conventional absolute eddy current probe is improved, and
a new eddy current probe is designed and manufactured,
as shown in Figure 4. The improved probe can respond
sensitively to various factors affecting eddy current testing,
such as resistivity, magnetic permeability, and geometric
shape of the measured material [14]. For defects such as
strain, which varies gently and with little difference between
adjacent parts of the material, common differential probes
are less sensitive to such strain defects and can cause prob-
lems such as missed detections [15]. The probe is composed
of an excitation unit and a detection unit. The excitation unit
can generate a sufficiently large eddy current field in the
measured conductor, and the detection unit can sensitively
sense the eddy current field changes caused by the strain,
thus generating characteristic electrical signals. At the same
time, compared with traditional strain detection systems
such as resistance strain gauge detection systems, the new
probe can complete multiple detection modes to adapt to
different application scenarios such as handheld, mobile
scanning, and coupling, and any mode will not affect the
actual effect of detection. This paper also considers the effect
of the lift-off height of the eddy current probe on the detec-
tion signal and designs a package housing. The lifting height
can be controlled by fitting removable base of different
thicknesses to obtain the optimum lifting height when

placed. The housing connects the four-core cable to the coil,
making it noise-shielded and waterproof.

3.2. Detection System Circuit Design. Figure 5 depicts a cir-
cuit diagram of the system for strain detection in steel struc-
tures. The system consists of a power supply module, a DDS
signal generation module, a power amplification module, an
instrumentation amplification module, a filtering module,
wireless transmission, and a display and warning module.

The working process of the system is that the STM32
single chip sends frequency output instructions to the DDS
chip, and the specified frequency and voltage signals are out-
put through a sine wave generation circuit. Since the peak-
to-peak voltage output from the DDS chip is less than
600mV, which is not enough to excite the excitation coil
to produce a relatively strong eddy current, a power ampli-
fier circuit was designed. The power amplifier circuit con-
sists of a two-stage amplifier circuit. In the preceding stage,
the LT1028 chip amplifies the amplitude of the sine wave
signal by three times. In the latter stage, the THS3111 chip
performs power amplification of the sinusoidal signal [16].
The eddy current probe is affected by strain and produces
a weak AC voltage signal in millivolts. To prevent the signal
from being drowned out by external environments such as
noise and temperature, instrumentation amplification, low-
pass filtering, and RMS conversion are required. Finally,
the analog signal is converted into a digital signal by A/D
sampling and transmitted to the microcontroller by SPI
serial communication. After processing and analyzing the
data, the data is uploaded to AliCloud in real-time through
the remote transmission module to complete real-time mon-
itoring tasks such as data display, early warning, and alarm
for the upper and lower computers.

In order to meet the requirements for a wide range of
detection objects such as special equipment, this system
improves the limitation that the traditional eddy current
detection system can only complete the task of “one circuit
board and one probe”. The DDS chip generates multiple
sinusoidal signals, which can drive multiple eddy current
probes after power amplification, thus completing the array
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distribution of multiple sensors and realizing the goal of
“one circuit board with multiple probes”. At the same time,
when the material properties and thickness of the measured
object are different, the constant frequency will change the
skin depth of the vortex flow field and affect the detection
accuracy. For this reason, the system has designed a scan-
ning frequency selection function, to select the most appro-
priate frequency, and then complete accurate detection. An
innovative RMS conversion circuit is added to perform
AD-DC conversion of the demodulated electrical signal,
On the one hand, the property of RMS conversion circuit
makes the conversion result of the detection signal more sta-
ble, on the other hand, according to the experiment, it is
found that the RMS voltage change law can perfectly corre-
spond to the strain change process described in material
mechanics.

Figure 6 depicts the strain detection device for steel
structures.

3.3. System Software Design. Figure 7 depicts the flow chart
for the system’s software component.

After the system is powered on, initialize each module,
determine whether the initialization of the MQTT protocol
function is successful, and if successful, enter the timing loop
function. After entering this cycle, the RMS voltage Vol data
is uploaded to Aliyun every A/D sample, and the Vol value is
then compared with the experimentally calibrated voltage
threshold h at dangerous strain, and if Vol is less than or
equal to the threshold, the alarm is turned on. The alarm
system is switched off when the key scan recognizes that
key KEY1 is pressed. In order to prevent the system program
from crashing, the watchdog function is used to restart it if
the loop has not been completed within six seconds.

4. Tensile Testing and Data Analysis

4.1. Experimental Platform Construction. In this experiment,
a 5mm thick standard Q235 steel tensile specimen was
stretched using a universal tensile machine to simulate the
steel structure’s tensile strain under the actual working state

[17–19]. The parametric diagram of this standard tensile
specimen is shown in Figure 8.

The eddy current probe is placed in the middle of the
tensile specimen and fixed, then the tensile specimen is
clamped into the fixture of the universal testing machine,
and finally, the PC controls the universal testing machine
to complete the loading of the specimen and receive the data
in real-time. The detection parts are shown in Figures 9–11.
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4.2. Experiments and Results. The experiment is divided into
the following two parts to verify that the device can accu-
rately and sensitively detect the individual strain states of
the steel structures.

Part I: load the steel specimen from 0kN to 18kN for the
first time. At this time, the steel specimen is still in the elastic
stage. After unloading the load, load the steel specimen with
a load of 0kN to 18kN for the second time. Figure 12 shows a
graph of the variation in the RMS values of the voltages
taken during the two loading experiments.

It can be seen from Figure 12 that in the elastic stage, the
RMS value of the initial voltage of the two loads is basically
the same, and the changing trend is basically the same. The
results show that the device can sensitively detect the elastic

properties of steel specimens, this means that if the load is
unloaded during the elastic phase, the strain in the steel
specimen will return to its initial state.

Part II: Load the steel specimen from 0kN to 40.5kN and
maintain the load continuously. Figure 13 shows the change
in the RMS voltage collected during load loading.

As can be seen from Figure 13, the changes in the RMS
voltage data collected during this experiment can be divided
into three stages: smooth, slow decline, and rapid decline.
The rate of change of the voltage signal of the steel specimen
in the last two stages is more obviously different, and the
curve is nearly linear. However, the data curve is not
smooth, and the data needs to be filtered to complete the
subsequent analysis better.

4.3. Software Filtering and Data Analysis. Due to the short
acquisition period set by the microcontroller, the amount

Figure 10: Probe installation and specimen clamping.

Figure 11: The photo of signalacquisition system.
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of data collected for the experiment is high, and data fluctu-
ations are caused by a small amount of noise in the signal.
As a result, the curve presented by the original data is thick,
and curve fitting is difficult, necessitating digital filtering
[20]. Median filtering and mean filtering were performed
by MATLAB software. A comparative analysis of the filtered
data shows that the curve after mean filtering is smoother
and the fluctuations in the RMS voltage are smaller, with
the interference signal controlled to within 2mV. The filtered
RMS voltage curve better represents the steel specimen’s cor-
responding strain state in the tension change process. The
data comparison diagram is shown in Figure 14.

According to the analysis in Figure 14, the value of the
RMS voltage remains essentially unchanged after mean fil-
tering in the region 0-100 s in front of the blue dashed line.
At this time, the tensile specimen has not yet produced
strain. The rising tension is only the clamping fixture clamp-

ing specimen necessary to tighten the force, the stage for the
clamping stage. The tensile specimen is in the elastic stage in
an area of 100-370 s in front of the orange dotted line. The
voltage starts to decrease in a nearly linear manner, this phe-
nomenon is consistent with the theory that an increase in
the microscopic intercrystalline gap in carbon steel during
the elastic phase weakens the eddy current signal. At the
same time, the tensile stress increases linearly, so that the
strain on the tensile specimen can be calibrated according
to Hooke’s law using the correspondence between the RMS
value of the voltage and the value of the tensile force, thus
allowing quantitative testing of it. In front of the red dotted
line, that is, in the area of 370-460 s, the rate of change of the
RMS value of the voltage increases, while the pull value
slowly tends to remain constant after passing the peak value
of 40.5kN and remains at around 40.2kN. At this time, the
tensile specimen is in the yielding stage. The internal crystal
distortion of carbon steel at this stage increases, crystal
defects increase, the specimen elongation will increase
sharply, and the electrical conductivity decreases, so the rate
of change of the voltage RMS at this stage is greater than in
the previous stage. After the red dotted line, it enters the
strengthening stage, where the test specimen has been
destroyed.

4.4. Calibration of Strain in Elastic Stage. In the elastic stage,
the fusion filtering algorithm of median filtering and mean
filtering is used to smooth the data. Then, the voltage
RMS—time and tension value—time curves were fitted using
the least squares method. A numerical relationship between
the pulling force FN-t and the RMS voltage Vol-t was
obtained, Figures 15 and 16 depict the relationship curves.

The linear fitting equations (100 s < t < 350 s) can be
expressed as

FN = 0:16t − 14:2517,

Vol = −0:0000354285t + 1:477304:
ð11Þ
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After fitting, the linear correlation coefficients are
0.9978560 and 0.9967905, which are very close to 1, indicat-
ing that the linear equations of tension FN and voltage RMS
value Vol concerning time t have good linear changes. Equa-
tion (11) can be used to solve the corresponding relationship
between the tension value FN and the voltage RMS value Vol
(take four digits after the decimal point). Units are kN and
V, respectively. The linear expression of FN-Vol can be
expressed as

FN = 6657:4572 − 4516:1381Vol: ð12Þ

The Q235 steel used in this experiment has a cross-
sectional area A of 150 and Young’s modulus E of 196 to
216GPa, commonly assumed in engineering calculations to
be 200GPa. Substituting the expression for FN in Equation
(12) and the constants E and A into Equation (9). The linear
relationship between strain ε and RMS voltage value Vol can
be calculated as

ε = 0:2219 − 0:1505Vol 1:465 <Vol < 1:474ð Þ: ð13Þ

The measured RMS voltage signal can be converted into
strain through Equation (13). The above shows that the
device not only qualitatively determines the various stages
of strain but also quantitatively calculates the actual strain
in carbon steel based on the RMS value of the voltage.

5. Conclusions

In view of the shortcomings of current steel structures strain
real-time detection methods, this paper presents a method
for real-time strain detection in steel structures based on
the eddy current effect and develops a relevant detection
device. The device consists mainly of an eddy current probe
and a signal processing system. The experimental results
show that the device can not only detect the various stages

of strain in Q235 steel specimens but also obtain a linear
equation for the RMS voltage and the strain during the elas-
tic phase, thus achieving the qualitative and quantitative
detection of strain. The following conclusions were reached:

(1) Through theoretical analysis, this paper effectively
uses the eddy current effect to convert the change
of conductivity and permeability caused by steel
structure strain into electrical signals, then the
change rule of RMS voltage is used to characterize
the state of strain.. This method can not only quan-
titatively detect the strain in the elastic range but also
dynamically analyze different strain stages

(2) This system can complete the conversion of multiple
detection modes, such as coupled array sensing
detection, automatic scanning, and handheld. At
the same time, the automatic frequency selection
function can be completed according to different
detection objects to obtain the best skin depth.
According to different application scenarios and
tested objects, different detection modes and excita-
tion frequencies can be used to obtain the best detec-
tion effect. In this paper, the experiment adopts the
coupling detection mode, and the data shows that
the system can acutely detect dynamic strain in real
time

(3) In the face of steel structures with different Young’s
modulus in the application field, it is only necessary
to conduct tensile tests on the materials in advance
to obtain the required characteristic parameters of
the system, and then this method can be used to
accurately convert the RMS voltage collected in the
field into the stress and strain state. This shows that
this method is universal and can adapt to complex
practical applications

The device has the characteristics of fast, high sensitivity
and real-time online monitoring. It can effectively prevent
the failure of the steel structures caused by excessive strain
to avoid dangerous accidents of special equipment and pro-
tect the safety of people’s lives and properties.
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