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Abstract: Prestressed rebars are usually used to apply vertical prestress to concrete to prevent web
cracking. The reduction of working stress will affect the durability of the structure. However, the
existing working stress detection methods for prestressed rebars still need to be improved. To monitor
the working stress of rebars, a magnetic resonance sensor was introduced to carry out experimental
research. The correlation between rebar stress and the sensor’s induced voltage was theoretically
analyzed using the magnetoelastic effect and magnetic resonance theory. A working stress monitoring
method for prestressed rebars based on magnetic resonance was proposed. Working stress monitoring
experiments were carried out for 16 mm, 18 mm, and 20 mm diameter rebars. The results showed that
the induced voltage peak-to-peak value and the rebar prestress were nonlinearly correlated under
different working conditions. Correlations between the characteristic indicators and the rebar working
stress were obtained using nonlinear and linear fit. The cubic polynomial segmented fit outperformed
the gradient overall linear fit, with the goodness of fit R? greater than 0.96. The average relative error

values of working stress monitoring were less than 5% under different working conditions. This
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updates provides a new method for working stress measurement of vertical prestressed rebars.
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buildings13061416 The prestressed concrete bridge is widely used in bridge construction because of its
advantages of sizeable structural stiffness, smooth driving, and low maintenance cost [1].
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Vertical prestressed rebar is used to provide vertical compressive stress to the reinforcement
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Published: 30 May 2023 Therefore, the prestress loss caused by rebar retraction is significant [3]. Furthermore,

the loss of vertical prestress has an important influence on the principal tensile stress of
the box girder web [4]. Once the vertical prestress is lost and the web cracks, the bridge
structure’s safety and durability will be affected [5-7]. Therefore, the vertical prestressed
rebar working stress must be accurately monitored to ensure the structure’s safety.

To avoid prestress detection affecting the structure’s durability, nondestructive testing
methods are usually used [8]. Commonly used methods are the strain method, electro-
conditions of the Creative Commons  Magnetic resonance method, the stiffness method, the ultrasonic guided wave method,
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40/). or embedded sensors, and then converting the stress. Sawicki [9] successfully identified
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the stress of rebars by using strain gauges installed on rebars and distributed optical fiber
sensors for strain detection. However, this method is susceptible to temperature and has
low durability. The electromagnetic resonance method connects the steel strand analog
inductor to the oscillation circuit and calculates the stress by measuring the oscillation
frequency of the circuit with a frequency meter. Cui [10] measured the stress of prestressed
concrete beams by the electromagnetic resonance method and obtained the functional rela-
tionship between resonance frequency increment and stress increment. However, rebars
cannot simulate the inductance due to their different configurations, so this method is
unsuitable for rebar stress monitoring. The stiffness method measures the frequency of the
anchorage zone of the exposed section of the rebar and then infers the magnitude of the
prestress [11]. Zhong has conducted much research on the measurement of rebar tension
by the stiffness method and achieved specific results [12,13]. However, this method is
susceptible to boundary conditions and is only suitable for stress measurement during
construction [14]. The ultrasonic guided wave method measures stress by the acoustoelastic
effect. Chen [15] used single-source high-frequency cylindrical guided waves to improve
the accuracy of the ultrasonic guided wave method. The ultrasonic guided wave method
has a rapid energy attenuation rate due to the bonding between rebar and concrete, so the
method’s reliability needs to be improved. It can be seen that the existing methods are not
suitable for rebar stress monitoring, or the detection accuracy needs to be further improved.
Therefore, the monitoring of working stress of rebar still needs further study.

The magnetoelastic effect indicates that the magnetism of ferromagnetic material
changes with its stress. Based on the magnetoelastic effect, scholars have conducted much
research and proposed the eddy current and magnetoelastic methods. The eddy current
method realizes stress monitoring through the relationship between sensor impedance
and stress [16]. To improve the eddy current sensor’s performance, Xiu [17] designed a
sleeve structure to reduce the loss of magnetic field and provide a higher permeability path.
Alonso [18] used an eddy current sleeve structure and phase shift measurements to detect
the stress in iron-based materials. Liang [19] found that the magnetoelastic method is more
suitable for stress monitoring than the eddy current method.

The magnetoelastic method uses the magnetoelastic effect to monitor the change of
magnetization intensity to obtain the magnitude of stress. Due to its advantages of noncon-
tact, high sensitivity, and robustness, the method is considered a promising nondestructive
stress monitoring method [20]. According to their different structural forms, magnetoelastic
sensors can be divided into U-type sensors, permanent magnet magnetization sensors,
and sleeve sensors. Joh [21] designed a U-shaped sensor to measure the magnitude of
prestress. Deng [22] used the static magnetization of the permanent magnet to replace
the magnetization of the coil. However, the U-shaped sensor and the permanent magnet
magnetization sensor are unsuitable for monitoring vertical prestress due to the irregular
excitation structure and large size. The sleeve magnetoelastic sensor uses the coil as the
excitation element and the sensing element. The monitoring object is used as the coil core.
This method has the advantages of a clear magnetic circuit and less magnetic field leak-
age [23]. To optimize the sleeve sensor, Duan [24] proposed an intelligent elastomagnetic
(EME) sensor by replacing the secondary coil with a laminated composite magnetic sensor.
Due to its large size and high functional requirements, the sensor is mainly used for cable
force detection. Zhang [25] simplified the primary coil and induction unit of the EM sensor
into self-inductive coils, then proposed a magnetoelastic inductance method using weak
magnetic excitation. The magnetoelastic inductance method has the advantages of reducing
the sensor size and reducing the power supply demand. However, the low sensitivity
of this method affects the accuracy of stress monitoring. Therefore, the sensor needs to
be optimized.

Kurs [26] first proposed the magnetic resonance theory, which improves the trans-
mission efficiency of the coil-based energy transmission system. To improve the working
performance of the sensor, magnetic resonance theory is introduced into the sensor field.
Hughes [27] studied the enhancement effect of resonant coupling on eddy current sensors
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and improved the sensitivity of corrosion damage detection. The magnetoelastic sensor
is also composed of the coil as the main component. To improve the sensor’s sensitivity,
Zhang [28] introduced the magnetic resonance theory into the magnetoelastic effect method.
He proposed the resonance enhanced magnetoelastic method (REME) and verified the
feasibility of this method for monitoring the stress of steel strands. However, as a hot-
rolled low-carbon steel structure, the rebar’s section form, initial magnetization state, and
stress—strain relationship differ from those of the steel strand, resulting in different stress
identification. In addition, the advantage of small size of the magnetic resonance sensor
meets the pre-embedded requirement of vertical prestressed rebar and can be applied in
post-tensioned pipeline [29]. Therefore, monitoring the working stress of the rebar by
REME needs further study.

Based on the existing research, this paper combined the magnetoelastic effect, elec-
tromagnetic induction law, and magnetic resonance effect. A working stress monitoring
method for vertical prestressed rebar was proposed using the magnetic resonance sensor.
Firstly, the relationship between sensor induced voltage and rebar stress was analyzed.
Then, working stress monitoring experiments under different working conditions were
carried out on rebars with different diameters. According to the experiment results, the
nonlinear relationship between the induced voltage peak-to-peak values and the prestress
was analyzed. Based on the experiment data, the correlation between the characteristic in-
dicator and the rebar working stress was obtained by nonlinear fit and linear fit. According
to the relationship, the working stress was accurately evaluated, and the feasibility of the
proposed method was verified.

2. Theory

According to the Joule effect and the magnetization theory of ferromagnetic material,
there is a functional relationship between the stress of rebar and the change in magnetic
permeability [30,31]. In Equation (1), y is the permeability of rebar, p is the vacuum
permeability, A is the axial deformation constant, M is the saturation magnetization, Ky, is
the uniaxial magnetic anisotropy constant, Hy is the excitation magnetic field, and 0 is the
angle between the magnetic field and the easy magnetization axis [32].
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A magnetic resonance sensor [28] was used to monitor the working stress of the rebar.
The sensor’s two coils are the excitation and induction coils. The coil is wound on the
PVC skeleton, as shown in Figure 1. The equivalent circuit diagram [28] of the magnetic
resonance sensor is shown in Figure 1. Lt and Ly are the inductance of the excitation
coil and induction coil, respectively. Cr and CR are the excitation and induction coil’s
compensation capacitors, respectively. uct and ucr are the voltage of the compensation
capacitor of the excitation coil and the induction coil. Rt and Rp are the internal resistance
of the excitation coil and the induction coil, respectively. The voltage source is AC power,
and the input voltage is u;,. The millivoltmeter is regarded as a load connected in series
with an induction coil, and its equivalent resistance is Ry

Coil

skeleton | H , » T

Signal Excitation coil and Millivoltmeter

Excitation coil Induction coil . o
generator Induction coil

Figure 1. The magnetic resonance sensor and equivalent circuit diagram schematic.

According to Kirchhoff’s voltage law [33], the self-impedance of the excitation coil
and the induction coil is Zt and Zg, respectively, as shown in Equations (2) and (3). The
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loop current IR of the induction coil is shown in Equation (4), where j is the imaginary
part of the complex number, Uj, is the effective value of u;,, w is the angular frequency
of u;,, and M is the mutual inductance between the excitation coil and the induction
coil. According to the coupled mode equation of LC coupled circuit [34], the relationship
between coupling coefficient x and mutual inductance M can be expressed as Equation (5);
wy is the resonant frequency.

1
Zt =R jwL — 2
T =Ry +jw T+].wCT ()
ZrR = RR + Ry + jwL —i—L 3)
R = IR L T JWLR jwCr
IR: —jwMUin ; @)
ZTZR+(CUM)
M= ZK\/LRLT (5)
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A rebar with a cross-sectional area of Aj;op, is placed in a magnetic resonance sensor.
Aair is the cross-sectional area of the nonmagnetic material between the coil and the rebar.
The voltage source provides alternating current for the excitation coil. Under the action of
alternating current, the excitation coil generates an excitation magnetic field [35,36]. The
excitation coil and the induction coil are resonantly coupled. An excitation magnetic field
of the magnetized rebar is generated in the induction coil. The magnetic field is expressed
as Hg, which has a functional relationship with the coupling coefficient «, as shown in
Equation (6). Ny is the number of turns of the induction coil. Iy is the effective magnetic
circuit length of the induction coil. According to electromagnetic induction law, the induced
voltage of the induction coil can be obtained by the magnetic flux in the area around the
coil [37], as shown in Equation (7), where @ is the magnetic flux around the area of the
induction coil, and ¢ is the time.
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Combined with the electric power calculation formula, the excitation coil’s input power
Pj, and the millivoltmeter’s output power P, as the load can be calculated, respectively.
The results are shown in Equations (8) and (9). The transmission efficiency can be obtained
as shown in Equation (10). Xt = wLt—1/wCr, X1 = wLr—1/wCRg.

Uizn {RT [(RR + RL)Z + XRZ} + (UZMZ(RR + RL) }Uinz
p Uk ®)
m Rg [RT(RR + RL) — X7XR + szZ} + [RTXR + (RR + RL)XT]Z
2A12 .2
P, = IR*Rp = W MR Uin 3 9
[RT(RR + RL) — X7XR + CUZMZ] + [RTXR + (RR + RL)XT]
N = $= x 100%
(10)
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When the induction coil resonates, Xg = 0, the transmission efficiency reaches the max-
imum, and the measured induced voltage is the highest. In the working stress monitoring
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experiment, the rebar is used as the core of the induction coil. The change of permeability
of rebar caused by working stress also causes the induction coil’s inductance change. After
the inductance changes, the resonant frequency of the induction coil changes, as shown in
Equation (11). When the resonant frequency of the induction coil deviates from the initial
resonant frequency, the coil coupling coefficient ¥ and the sensor induced voltage are signif-
icantly reduced, thereby improving the sensitivity of the rebar working stress monitoring.

1 1 1
a}O = = 5
27ty IrCr 27tV Cr \/(.uAiron + .MOAair) A

R
IR

(11)

The above relationship is solved simultaneously to explore the internal relationship
among stress, magnetism, and electricity. The change in stress will lead to the change of
permeability of the rebar. The relationship between induced voltage and permeability can
be simplified from Equations (7)-(12), where f(ucr) is the function of induced voltage ucgr
representing permeability y. The induced voltage ucg is related to the coupling coefficient
x. For a specific rebar and sensor, the relationship between the sensor’s induced voltage
and the rebar’s working stress can be expressed as Equation (13); g(ucr) is the function of
the induced voltage ucr representing the working stress ¢.

_ [ ucrdt — NrHR o Aair
NRHRAiron

= f(ucr) (12)

o = h[f(ucr) — po] = g(ucr) (13)

Through the above derivation, it can be found that the rebar working stress is related
to the sensor’s induced voltage. Therefore, the induced voltage of the magnetic resonance
sensor can be used to evaluate the working stress of the rebar. To verify the feasibility of
the magnetic resonance monitoring method (REME) for rebar working stress monitoring,
rebar working stress monitoring experiments were carried out.

3. Experiment Design

Vertical prestressed tendons generally use rebar. To explore the relationship between re-
bar stress and sensor induced voltage, this paper uses the magnetic resonance sensor to carry
out working stress monitoring experiments on rebar under different working conditions.

3.1. Experiment Equipment

A rebar working stress monitoring system was built to carry out the experiment, as
shown in Figure 2. The experiment system comprised a universal testing machine, magnetic
resonance sensor, signal generator, power amplifier, millivoltmeter, and computer. The
maximum tensioning load of the universal testing machine is 100 tons. The universal
testing machine was used to tension the rebar to different stress levels. In this experiment,
a magnetic resonance sensor was used for working stress monitoring. The signal type for
data analysis was induced voltage. The induced voltage peak-to-peak value was chosen as
the electrical characteristic value characterizing the variation of the magnetic properties
of the rebar with stress. The signal generator was connected to the excitation coil. The
millivoltmeter was considered as a resistor connected to the induction coil. The signal
generator generated an alternating excitation signal as a sine wave. The power amplifier
was used to amplify the excitation signal power. The effective value of the induced voltage
was measured by the millivoltmeter during the experiment. The value was transmitted
and saved in the computer for further processing.



Buildings 2023, 13, 1416

6 o0f 17

Millivoltmeter

Induction
coil !

Power Excitation
amplifier coil !
i S
Signal Magnetic
generator resonance sensor

Universal testing
ses.machine..

Figure 2. Rebar working stress monitoring system.

3.2. Sensor and Specimen Preparation

A PVC tube with an outer diameter of 40 mm was used as the magnetic resonance
sensor skeleton. The excitation and induction coil were wound with 0.25 mm-diameter
enameled wire. The total number of turns of the excitation coil was 40 turns, and 1 layer
was wound. The total number of turns of the induction coil was 1400 turns, and 10 layers
were wound. The yield strength of HRB400 rebar is 400 MPa. HRB400 rebar is widely used
in engineering projects. Rebar is a common ferromagnetic material with magnetoelastic
effect [38,39]. The length of the sensor was 80 mm. The specimens were made of rebars with
the yield strength of 400 MPa. To verify the applicability of the working stress monitoring
method to different diameters of rebars, the specimens’ diameters were made of 16 mm,
18 mm, and 20 mm. In actual engineering, the working stress of the rebar is lower than the
yield strength. Therefore, the maximum design stresses are 50%, 70%, and 90% of the yield
strength, respectively. There were 6 specimens of each diameter and a total of 18 specimens.
The specimens were divided into three groups according to their diameter. Each rebar
diameter yielded at 89 kN, 109 kN, and 155 kN in tension, respectively. The specimens
were numbered as shown in Table 1, with D being the diameter of the rebar and P being
the maximum stress-to-yield strength ratio. To ensure the reproducibility of the experiment
results, two specimens with the same stress conditions were set up, numbered T1 and T2.

Table 1. Specimen number and loading procedure.

Grou Rebar Excitation Excitation Maximum Stress (Yield Specimen Number
P Diameter (mm) Frequency (kHz) Voltage (V) Strength Ratio) (%) P
50 D16-P50-T1/T2
1 16 3297 £ 0.8 640 £ 04 70 D16-P70-T1/T2
90 D16-P90-T1/T2
50 D18-P50-T1/T2
2 18 32.60 £0.9 712+ 04 70 D18-P70-T1/T2
90 D18-P90-T1/T2
50 D20-P50-T1/T2
3 20 32.56 £ 0.9 7.89 £0.3 70 D20-P70-T1/T2

90 D20-P90-T1/T2
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3.3. Loading Procedure

In the experiment, the magnetic resonance sensor was fixed in the middle of the rebar
to avoid the magnetic field’s influence at the rebar’s end. The universal testing machine
stretched the specimens. Loading and unloading were carried out with 3 kN as the starting
and ending points to avoid instrument errors. The working stress of rebar does not reach
its yield strength. Therefore, to ensure that no plastic deformation of the rebar occurs, the
maximum stress levels were designed to be 50%, 70%, and 90% of the yield strength, and the
step size was 10% of the yield strength. In practical engineering, the prestressed rebar will
be initially tensioned to reduce the prestress loss. Therefore, the experiment was conducted
with pretreatment of the rebars to simulate the initial tensioning during the construction
phase. Then, the specimens were loaded and unloaded using the universal testing machine.
The loading stage simulated the prestress application during the construction phase. The
unloading stage was used to simulate the working stress during the operation phase. The
loading and unloading speeds were both 0.2 kN/s.

During the experiment, the excitation coil was excited with the initial resonant fre-
quency of the induction coil (with rebar inside). Then, the induction coil resonated with
the excitation coil. The excitation frequency and excitation voltage of each specimen are
shown in Table 1. It can be seen that different diameters of rebars’ excitation frequency
and excitation voltage had some differences, but those of the same diameter were more
stable. To ensure adequate deformation of the rebar and stability of the loading and test
systems, the load was held for 30 s after each loading to the specified tension (each tension
level). After the induced voltage was stabilized, the induced voltage peak-to-peak value of
the induction coil was measured. The peak-to-peak induction voltage (Vpp) was repeated
seven times, and the average value was taken to reduce the measurement error.

4. Experimental Results and Discussion

To study the relationship between the induced voltage peak-to-peak value and work-
ing stress, the loading and unloading experiment results with the maximum design stress
of rebars with diameters of 16 mm, 18 mm, and 20 mm being 50%, 70%, and 90% of yield
strength, respectively, were analyzed.

4.1. The Evolution Law of Induced Voltage with Working Stress

Due to the different diameters of the specimens, the tensile force during the data
analysis was converted into stress to facilitate the control variable. To compare different
groups of rebars with the same stress level, the stress to yield strength ratio was taken as
the abscissa and expressed by Tp. Considering the different initial magnetization states of
different specimens, their initial induced voltage peak-to-peak values after pretreatment
were different. Therefore, the starting point of each group of data was excluded from the
initial value, and the increment of induced voltage peak-to-peak value (AVpp) was used
as an indicator. As shown in Figure 3, AVpp and rebar working stress are nonlinearly
correlated. According to the magnetoelastic effect, the magnetization strength of the rebar
changes when the stress changes. During the elastic stage, the force-induced magnetization
is theoretically reversible. Therefore, during the unloading stage, the elastic strain recovery
makes the reversible magnetization intensity recover. However, as shown in Figure 3, the
induced voltage peaks did not fully recover when the rebar was unloaded to its starting
value. This was because the plastic deformation generated by the rebar fabrication was
not completely eliminated in the pretreatment stage. The magnetic domain structure was
irreversibly rotated during loading, which resulted in irreversible magnetization.
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Figure 3. The AVpp for each stress level measured during loading and unloading: (a) design stress
level of P50; (b) design stress level of P70; (c) design stress level of P90.

The corresponding AVpp-T}, curves were similar for each specimen. Therefore, the
design stress range of 90% yield strength in each group of specimens was selected for
further analysis. As shown in Figure 4, the relationship of the AVpp-c was similar for the
same stressing process for different rebars. During the loading stage, the AVpp decreased
and then increased with the increase of working stress. During the unloading stage, the
AVpp decreased and then increased with the decrease of working stress. The corresponding
AVpp-o curves in the loading and unloading stages were different. The same stress level in
loading and unloading corresponded to two different AVpp. This was due to the hysteresis
of the rebar as a ferromagnetic material after loading and unloading [40].
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Figure 4. The AVpp corresponding to the design stress condition of P90 in the loading and unloading
stages: (a) Group 1; (b) Group 2; (c) Group 3.

The working stress loss stage corresponded to the unloading stage. Further analysis
of the unloading stage was performed. The maximum stress level was taken as the starting
point for comparison purposes. The starting point of each specimen was removed from
the initial value. The increment of induced voltage peak-to-peak (AVpp) was used to
characterize the working stress of the rebar, as shown in Figure 5.

There was a similar relationship between the AVpp and working stress for rebars
with different diameters. For specimens with the same diameter, due to the different
composition and processing technology of different rebars, the force-induced magnetization
law of rebars was different. Therefore, the reversible magnetization of each specimen was
different, which made the AVpp of different rebars different under the same working stress
level. However, under different working conditions, the AVpp-o curve was similar. In the
unloading stage, the AVpp decreased first and then increased with the decrease of working
stress. From the perspective of magnetic domain theory, it can be seen that the working
stress had a more substantial influence on magnetization than the excitation magnetic field
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at a greater working stress level. Therefore, magnetization would increase with the increase
of stress at a greater stress level [41].
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Figure 5. Comparison of the same stress level of the AVpp under three design stress conditions for
each group of specimens: (a) Group 1; (b) Group 2; (c) Group 3.

Comparing Figure 5a—c, it can be seen that under the same working stress level,
the greater the design stress of different rebars in the same group, the lower the AVpp
corresponding to the specimen. This was because when the design stress increased, the
elastic strain generated by the rebar during the prestressing process increased, reducing the
rebar’s effective area. In addition, the more extensive range increased the magnetization
range of the rebar. Therefore, in the unloading stage, the rebar simulated the working stress
loss; when the working stress was lost to the same stress level, the AVpp measured by the
specimen with high design stress was less. For each group of specimens, the turning point
of the AVpp-o curve was different, but it was concentrated at 135 & 25 MPa. For the same
group, the distribution of turning points was more concentrated. For example, the turning
point of Group 2 was 157.19 MPa. In the same design stress of the same group, except for
D20-P90-T1 and D20-P90-T2, the turning point of the AVpp-o curve of other repetitive tests
was the same stress level.

From the above analysis, it can be seen that the induced voltage peak-to-peak value
was nonlinearly related to working stress. Therefore, to evaluate the working stress of
prestressed rebar using the induced voltage peak-to-peak value, the mapping relationships
between characteristic indicators and working stress were established by nonlinear fit and
linear fit.

4.2. Characteristic Indicators for the Evaluation of Working Stress
4.2.1. Relationship between Working Stress and the AVpp

Due to the measurement under different working conditions, the changing trend
between the stress of prestressed rebar and the AVpp was basically the same. Therefore,
a representative AVpp-oc curve was selected from three diameters for further analysis.
Because the design stress of 90% yield strength included the stress process of 50% and 70%
yield strength design conditions, this paper selected specimens D16-P90-T1, D18-P90-T1,
and D20-P90-T1 for discussion. In working stress monitoring, the working stress was
unknown and needed to be evaluated based on the measured AVpp. Therefore, the AVpp
was used as the abscissa and the stress converted by tension was used as the ordinate,
which was recorded as Method 1. The o-AVpp curves of D16-P90-T1, D18-P90-T1, and
D20-P90-T1 are shown in Figure 6.
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Figure 6. The AVpp-o curves and fitted curves of three specimens: (a) D16-P90-T1; (b) D18-P90-T1;
(c) D20-P90-T1.

As shown in Figure 6, during the unloading stage, the AVpp decreased first and
then increased with the decrease of rebar working stress. Therefore, when the increase
of the AVpp was observed, it could be considered that the working stress of the rebar
had dropped to a low stress level relative to the design prestress. However, all three
specimens had a AVpp corresponding to two different rebar prestress levels, and the
mapping relationship between the AVpp and working stress could not be established.
Therefore, the corresponding relationship between working stress and the AVpp variation
under each stress level was discussed in sections.

The whole unloading stage bounded by the turning point can be divided into two
sections: the high stress section and low stress section. Since the importance of the two
sections was the same, it was necessary to evaluate the fit effect as a whole. The Taylor
expansion of Equation (13) was carried out, the higher order term after the third order
was ignored, and Equation (14) was obtained. The first, second, and third orders of the
corresponding relationship between the AVpp and rebar working stress were discussed
separately, as shown in Equation (15). The turning points of the corresponding curves of
each specimen in Figure 6 were 119.37 MPa, 157.19 MPa, and 119.37 MPa, respectively.
Taking the turning point as the dividing line, the three specimens were fitted to obtain the
corresponding linear, quadratic, and cubic fit curves. Therefore, the goodness of fit (R?)
was used to evaluate the fit effect. The R? of each specimen was calculated based on two
segmented data.

0~ 50) + /O + S @y 810y 1
cr~a(u)+b
o~ a(u)® +b(u)+c (15)
o~ a(u)® +bu)* +c(u)+d

The R? is shown in Figure 7, demonstrating that as the order of fit increased, the
R? approached one. The R? of cubic polynomial fit was higher than that of quadratic
polynomial fit and linear fit, and its R? reached 0.98 on average. The cubic polynomial
R? of the specimen D20-P90-T2 was as high as 0.99781, which was close to 1. In addition,
when the order increased from three to four, there was little room for improvement in the
R2. Considered comprehensively, the cubic polynomial was selected for piecewise fit to
explore the correlation between working stress and the AVpp. To verify the feasibility of
using cubic polynomial fit to determine the correlation between AVpp and working stress,
the AVpp data of each specimen were fitted by cubic polynomial, and the R? was shown
as follows.
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Figure 7. The goodness of fit R? of different fit methods of three specimens.

As shown in Figure 8, the R? of D18-P50-T2 was at least 0.96928. The R? of each
specimen was more significant than 0.96, indicating a high degree of compliance with the
cubic polynomial fit of the line between o-AVpp. Therefore, the working stress of the rebar
could be determined from the o-AVpp curve.
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Figure 8. The cubic polynomial R? of the relationship between the AVpp and working stress change
under different working conditions.

4.2.2. Relationship between Working Stress and dAVpp

As shown in Figure 5, the gradient of the o-AVpp curve (dAVpp) decreased continu-
ously during the unloading stage. The curves of AVpp and working stress for different
diameters had similarities. When the working stress decreased gradually, one AVpp corre-
sponded to two different stress levels of the rebar. Therefore, in the data analysis, dAAVpp
could be chosen as the fit variable to characterize the variation of the magnetic properties
of prestressed rebar with working stress, which was recorded as Method 2. D16-P90-T2,
D18-P90-T2, and D20-P90-T2 were used as examples.

As shown in Figure 9, the working stress of rebar could be uniquely determined
by the dAVpp. In the unloading stage, the trend between the dAVpp and the working
stress was basically the same. With the decrease of working stress, the dAVpp decreased
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gradually and was linearly correlated. Therefore, to clarify the relationship between the
two variables, a linear fit was made between the dAVpp and working stress of the three
specimens. The goodness of fit (R?) was used to indicate the linear fit of the specimens. The
R2 corresponding to D16-P90-T2, D18-P90-T2, and D20-P90-T2 was 0.97112, 0.97041, and
0.91294, respectively. Therefore, it was preliminarily shown that there was a good linear
relationship between the working stress and the dAVpp curve. The R? of all specimens was
calculated, and the results are shown in Figure 10.
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Figure 9. The overall linear fitting of the relationship between working stress and dAVpp of three di-
ameter rebars: (a) D16-P90-T2; (b) D18-P90-T2; (c) D20-P90-T2.
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Figure 10. The overall linear fit R? of the relationship between working stress and the dAVpp of each
group of specimens.

It can be seen from Figure 10 that the R? of each specimen was more significant than 0.9,
indicating an excellent linear fit between dAVpp-o. Therefore, the working stress of rebar
could be determined by the linear relationship of dAVpp-¢. Among them, the minimum
R? was 0.91293 for D20-P90-T2, and the maximum R? was 0.99208 for D18-P50-T1. The
R? for each of the three diameters was discussed by taking the average values of each
specimen. The average values of R? for Group 1 and Group 2 were similar: 0.96699 and
0.97510, respectively. The average value of the R? of Group 3 was slightly lower, 0.94390.
This was because the relative effective working area of the rebar decreased with increasing
diameter due to the skin effect at a high alternating frequency.

4.2.3. Working Stress Monitoring Error Analysis

To propose a more reliable evaluation method for the working stress of vertical pre-
stressed rebar, the errors of Method 1 and Method 2 proposed were compared. The
calculation steps can be shown in Figure 11.
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For Method 1, the curve fit degree was good; all groups’ R? were greater than 0.96.
This showed that working stress had an excellent functioning relationship with the AVpp.
The fit relationship was generalized to Equation (16). The measured AVpp was substituted
into the fit equation. The results were compared with the actual measured working stress.
The relative error values of each specimen were calculated as shown in Figure 12.

F=AV34+BV?>+CV+D (16)

® Di6
@® DI |
D20 |

G(O\)Q,b

Figure 12. The relative error values of the fitted and measured values of Method 1.

From the error analysis of the fitted and measured values under the unloading stage,
it was found that the relative error values did not exceed 20% under any working condi-
tions. The relative error values were concentrated below 10% in the high stress section.
The measured AVpp was substituted into the corresponding fit equation under different
working conditions. The percentage of relative error at the turning point of D20-P90-T1
was the highest, 18.21%, and the maximum relative error between the fitted and measured
value was 21.73 MPa. The high relative errors were concentrated near the turning point.
Therefore, increasing the measurement points near the measured turning points during
the calibration in the laboratory could significantly reduce the relative error. The relative
error values of all specimens were normalized, and the average relative error values with
robustness were used for comparative analysis. The maximum average relative error values
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for Group 1, Group 2, and Group 3 at different stress levels were 3.68%, 4.16%, and 2.79%,
respectively. The average relative error values for all specimens were less than 5%, close to
the results of the REME method for testing strand stresses [28].

For Method 2, the R? were greater than 0.90. This showed that working stress has
a good linear correlation with the dAVpp. The measured induced voltage peak-to-peak
values were substituted into Method 2. The results were compared with the actual working
stress. To ensure the consistency of the dAVpp loading step, only the prestress levels with a
design stress above 20% of the yield strength ratio were analyzed. The results are shown
in Figure 13.

Relative error (%)

Groupl Group2 Group3

Specimens

Figure 13. The relative error values of the fitted and measured values of Method 2.

More than 75% of the test points had relative error values below 20%, and the maxi-
mum relative error value was 23.85%. The errors of all specimens were normalized and the
average relative error value with robustness was used for comparative analysis. The results
are shown in Figure 12. In the error analysis, it was found that the maximum average
relative error values of each group were 9.77%, 8.20%, and 14.53%, respectively. Therefore,
under any working conditions, the average relative error values were less than 15%, bet-
ter than the 25% average relative error value of the ultrasonic guided wave method [42].
This result showed that using Method 2 to monitor vertical prestressed rebar’s working
stress loss had good reliability. However, the error was greater than that of the traditional
magnetoelastic method [22].

In summary, Method 1 could avoid high error by increasing the measurement points
near the turning point. Therefore, the Method 1 test error value can be considered as
low and could meet engineering needs. Method 2 avoided the uncertainty of the turning
point in the laboratory calibration process, but its error was greater than the traditional
magnetoelastic method. Therefore, the cubic polynomial segmental fit (Method 1) was
selected to establish the mapping relationship between working stress and the AVpp. Then,
the working stress monitoring method of prestressed rebar based on magnetic resonance
was proposed.

5. Conclusions

In this paper, the relationship between the sensor induced voltage and the rebar
stress was derived based on the electromagnetic induction law, magnetoelastic effect, and
magnetic resonance theory. Working stress monitoring experiments with different design
stress levels were carried out for rebars with diameters of 16 cm, 18 cm, and 20 cm. The
induced voltage peak-to-peak values under working stress variations were collected with a
magnetic resonance sensor. The main conclusions were as follows:

(1) The curves of the working stress and the induced voltage peak-to-peak values at
different design stress levels showed nonlinear correlation. Due to the hysteresis
effect, the induced voltage peak-to-peak values measured in the loading stage differed
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from those in the unloading stage. Two characteristic indicators, the AVpp and dAVpp,
were proposed for evaluating the working stress. The correlation between the two
characteristic indicators and the working stress was analyzed. On this basis, the
mapping relationships from the characteristic indicators to the working stress were
obtained by nonlinear fitting and linear fitting, respectively.

(2) For the dAVpp overall linear fit method, the R? was greater than 0.90. The average
relative error values in different design conditions were less than 15%. This method
ignored the influence of different turning points caused by external factors, but the
measurement accuracy and stability needed further improvement. For the AVpp seg-
mented polynomial fit method, the cubic polynomial fit was better than the quadratic
polynomial and linear fit. The R? of the cubic polynomial fit was greater than 0.96, and
the relative error values in the high stress section were all concentrated below 10%.
The high errors were concentrated near the turning points, and the errors could be
reduced by increasing the measurement points near the turning points. The average
relative error values in different design conditions were less than 5%.

(38) According to the actual demand, the method of AVpp segmented polynomial fit was
selected to monitor the working stress of the rebar. The magnetic resonance sensor
has the advantages of small power supply, small size, light weight, and high accuracy,
which is suitable for the internal monitoring of working stress of rebar. This paper
verified the applicability of the induced voltage peak-to-peak value to characterize
the rebar working stress.

This paper provided a new method for the working stress monitoring of vertical
prestressed rebars.
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