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Abstract: Viscous dampers are a type of seismic damping equipment widely used in high-rise
buildings and bridges. However, the viscosity of the damping fluid inside the viscous damper
will change over time during its use, which significantly reduces the seismic performance of the
viscous damper. Hence, it is necessary to monitor the viscosity of the fluid inside the damper over its
service life. In this paper, a damping fluid viscosity monitoring method based on wireless impedance
measurement technology is proposed. A piezoelectric sensor is installed in a damper cylinder
specimen, and the viscosity of the damping fluid is determined by measuring the piezoelectric
impedance value of the sensor. In this study, 10 samples of damping fluids with different viscosities
are tested. In order to quantitatively correlate damping fluid viscosity and electrical impedance, a
viscosity index (VI) based on the root mean square deviation (RMSD) is proposed. The experimental
results show that the variation of the real part in the impedance signal can qualitatively determine
the damping fluid viscosity while the proposed VI can effectively and quantitatively identify the
damping fluid viscosity.

Keywords: viscous dampers; piezoelectric sensors; wireless impedance measurement; damping fluid;
viscosity monitoring

1. Introduction

Traditional structures are designed to withstand natural disasters, such as earthquakes,
strong winds, and tsunamis, by enhancing the seismic performance of the structure itself [1,2]
(e.g., improving strength, stiffness, and ductility). Due to the uncertainties concerning
earthquakes and structures, traditional seismic design methods cannot guarantee the safety
of the structures under unpredictable large-intensity earthquakes [3]. To reduce the damage
caused by earthquakes, various dampers or other vibration suppression technologies
are usually applied in buildings or bridges as supplementary approaches to enhance
the seismic performance of structures [4,5]. Madhekar studied the application of viscous
dampers on highway bridges to reduce the bearing displacements and eliminate the isolator
damage [6]. The dampers are often combined with the base isolators to improve the seismic
reliability of structures [7,8]. Except passive vibration control technologies, active and semi-
active approaches are also developed in civil engineering to provide effective protection in
earthquakes [9]. The dampers can substantially dissipate the seismic energy of the structure
and mitigate seismic-induced structural damage [10]. Kandemir used viscous dampers for
the seismic reconstruction of steel arch bridges [11]. Canio used base isolation technology
to protect highly vulnerable statues and delicate objects [12]. Baggio used the isolation
technique to reduce the seismic action of the marble sculptures at the Accademia Gallery in
Florence, where the sliders were on a small-size double concave curved surface [13].

Viscous dampers have the following characteristics: good energy dissipation effect [14],
conveniently adaptable to implement a small amount of earthquake energy dissipation [15];
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minimal impact on structural stiffness; flexible arrangement, connection methods, easy
integration with the building; low maintenance costs [16]. The use of viscous dampers
in civil engineering improves the energy dissipation capacity of the structure, enhances
the seismic performance of the structure, and helps better meet safety requirements [17].
Viscous dampers dissipate vibration when the motion of the piston inside the damper
forces a viscous fluid to flow from one cavity of the cylinder to another [18]. This flow
converts the kinetic energy of the viscous fluid into thermal energy and transfers the energy
to the external environment.

The energy dissipation and damping effect of viscous dampers depends on the viscos-
ity of the damping fluid in the dampers [19]. Over time, the viscosity of the damping fluid
will gradually decrease, affecting the effectiveness of the damper [20]. Further decreases in
viscosity can eventually lead to the failure of the damper, and prevent it from performing
its protective function in the event of an earthquake or arrival of strong winds. Hence, it is
necessary to continuously monitor the viscosity of the damping fluid.

In recent years, Structural health monitoring (SHM) methods have been increasingly
used in civil engineering [21,22]. The definition of SHM is to monitor the status of the
tested structure by using damage free monitoring technology [23,24] and data analysis
means including a variety of digital signal processing [25,26]. It mainly aims to identify
whether there is damage in the structure [27], determine the specific damage location [28],
quantify the degree of structural damage, and evaluate the remaining service life of the
structure [29]. In addition, piezoelectric ceramics can be used as both sensors and actuators
based on the direct and inverse piezoelectric effects [30,31]. In the electro-mechanical
impedance (EMI) method [32], the piezoelectric ceramic transducer acts as both an actuator
and a sensor to evaluate the health state [33] of the monitored structure by comparing
impedance measurements during its baseline healthy state [34] and measurements after
damage has occurred [35,36]. Chen et al used the series/parallel multi-sensing technique to
simultaneously detect the looseness of multiple bolts [37]. Huo et al used the piezoceramic
smart washer to monitoring bolt pre-load [38,39]. Li et al used electromechanical impedance
to monitoring corrosion damage [40—42]. Shi et al used electromechanical impedance to
monitor the grout compactness in a concrete filled fiber reinforced polymer tube [43]. Based
on the phase shift, Abdulkareem et al. developed a non-destructive evaluation device to
monitor the fluid viscosity [44]. Chen at al. used the wave propagation method to monitor
the viscosity of fluids [45]. While the above methods have unique benefits for the precise
and accurate monitoring of damage, all require wired connections, which can impede
practical implementation. A wireless, piezo-based impedance measurement system would
be much more practical.

Furthermore, although the above methods can distinguish changes in liquid viscosity,
implementation can be highly complex, and require the use costly, high-end data acquisition
equipment. Requirements are compounded when more than one sensor is needed, which
limits the practical application of the piezoelectric impedance method. To overcome this
drawback, this paper proposes a viscosity monitoring method for viscous damper liquids
based on an innovative wireless impedance measurement system that is designed for
practical use. In the following experiment, a damper cylinder specimen is designed, and
a sensor is embedded inside the specimen. A total of ten different viscosities of damping
fluid were tested. A wireless impedance measurement system is used to capture changes
in the resonance frequency of the damping fluid over different viscosities. Finally, based on
the RMSD method, a normalized viscosity index (VI) is proposed in this paper to evaluate
the viscosity variation of the damping fluid.

2. Monitoring Method of Damper Fluid Viscosity
2.1. The Principle of the EMI Method
The piezoelectric effect is a unique property of PZT transducers and is divided into

positive piezoelectric effect and inverse piezoelectric effect. The positive piezoelectric
effect refers to the deformation of the PZT transducer by applying mechanical force to
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the transducer, resulting in internal electrodeposition and the generation of positive and
negative charges of opposite polarity at both ends of the crystal material. The inverse
piezoelectric effect refers to the application of an electric field to the PZT transducer, causing
a change in the shape or form of the PZT transducer. In the 1990s, Liang et al. proposed a
one-dimensional electromechanical impedance theory model, and the schematic diagram
of the model is shown in Figure 1. The principle of the damage monitoring technology
of the piezoelectric impedance method is that the mechanical impedance characteristics
of the measured structure are coupled to the electrical impedance characteristics of the
transducer through the mutual coupling of the piezoelectric ceramic transducer and the
measured structure, and the change of the electrical impedance characteristics of the
transducer can reflect the change of the mechanical impedance of the structure caused
by the damage. Therefore, the damage of the measured structure can be evaluated by
analyzing the electrical impedance characteristics of the PZT sensor. Equation (1) is the
impedance expression of PZT sensor.
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Figure 1. One dimensional model of electromechanical impedance.

2.2. Design of Wireless Impedance Measurement System

The overall scheme of the wireless impedance measurement system used in this paper
is shown in Figure 2. The system consists of the following four modules: power supply,
impedance measurer, main controller, and communications. The power supply module can
provide +3.3 V working voltage for the system. The main control module STM32F103C8T6
provides control and information processing for AD5933, NB, and other modules. The
communications module is responsible for sending measurements to the host computer or
cloud server.

The impedance measurement module uses the AD5933 as the core, and the internal
functional block diagram of the chip is shown in Figure 3. The AD5933 contains four
main parts: the transmitter stage, the receiver stage, the digital signal processor (DSP),
and the data transmitter. The transmitter stage generates a sinusoidal excitation signal
of up to 100 kHz with a resolution of 0.1 Hz. The receive stage conditions the impedance
response signal and then inputs the conditioned signal into a 12 bit, 1 MSPS analog-to-
digital converter (ADC). The built-in DSP module performs discrete Fourier transform
(DFT) processing on the digital data output from the ADC. The data transfer records the
real and imaginary registers after DFT processing at each frequency point through the IIC
interface, and finally the impedance of the measured object can be calculated according to
Equation (2).
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1
k x V/Re? + Im?

where |Z| denotes the impedance modulus, k denotes the gain coefficient, and Re and Im
denote the real and imaginary parts of the impedance, respectively.
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Figure 3. Block diagram of impedance measurement function.

NB260 module is selected as the wireless transmission module. NB260 module is
a Narrowband IoT (NB-IoT) series module with high performance, small volume, and
low power consumption. It supports NB-IoT all over the world. The minimum power
consumption is only 0.2 mW and the size is 33 x 25 x 5 mm. NB-IoT is an international
Internet of Things standard. It has the characteristics of flexible deployment, wide coverage,
and low cost, supporting the access of a large number of devices, and has the advantage of
direct access to the web server. NB260 module and MCU control module interact with each
other through serial port. The NB260 module is connected to the master module through
a serial port, and the initialization settings and data interaction are performed through
AT commands. The NB260 module has three operating states, including a connection
mode, an idle mode and an energy saving mode. When the data transmission is completed,
the master control module commands the NB260 module to enter energy-saving mode
to reduce system power consumption and improve the battery life. The functional block
diagram of NB260 is shown in Figure 4. The physical diagram of the wireless impedance
measurement system is shown in Figure 5.
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Figure 4. NB260 functional block diagram.

Figure 5. Photos of wireless impedance measurement system.

3. Experimental Set Up

The viscous damper is a type of passive velocity-related damper that operates by
generating a damping force through the interaction of a viscous medium with structural
parts of the damper. Viscous dampers are generally composed of a cylinder, a piston, a
damping hole, damping medium (viscous fluid), and a guide rod. In order to simulate the
real monitoring environment, the experimental specimen of the damper is made cylindrical
in appearance. The physical and structural diagram of the damper cylinder test piece is
shown in Figure 6.

The damping medium consisted of methyl silicone oil, which has stable performance
and is not affected by temperature. The damping medium will change during use. In order
to simulate the viscosity of the damping medium at different stages, high temperature
resistant dimethyl silicone oil (Liansheng Dow Corning Silicone Oil Sales, Shenzhen, China
and Beijing Haibeisi Company, Beijing, China) is used. Ten different viscosity grades
of dimethylsilicone oil are tested, and the viscosity of ten different samples are listed in
Table 1 and the physical picture is shown in Figure 7. The samples of damping liquid
are odorless and non-toxic, transparent and viscous in appearance, with good chemical
stability. The density of these samples is 0.97 g/cm?, and their viscosities are listed in
Table 1. A PZT patch (model PZT-5) with the size of 50 mm x 12 mm x 1 mm is bonded
inside the specimen, as shown in Figure 8.
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Figure 6. Photos of damper cylinder specimen. (a) Schematic diagram (b) physical diagram.

Table 1. Damping fluid samples with ten different viscosities.

Test No. Viocousity (cSt) Test No. Viscousity (cSt)
1 5000 6 200,000
2 10,000 7 500,000
3 20,000 8 1,000,000
4 50,000 9 2,000,000
5 100,000 10 5,000,000

The experimental setup for wireless, impedance-based damping fluid viscosity moni-
toring includes a wireless impedance measurement system, computer, damper cylinder
specimen and PZT sensor, as shown in Figures 6-9. The wireless impedance measurement
system was developed by the authors. The device has a frequency measurement range of
10-100 kHz and an impedance measurement range of 100 (-10 M(}, with a measurement
error of less than 5%. The wireless impedance system measures the electrical impedance
of the PZT sensor and sends the data to the PC for storage and processing. Firstly, a
wide range of frequency scanning is carried out to determine the appropriate frequency
scanning interval. The frequency scanning interval selected in this paper is 70-100 kHz,
because the formant is in this interval. The formant is more sensitive to the change of
liquid viscosity. Therefore, this frequency range is selected to measure the viscosity of the
liquid in the damper specimen. Applying a sinusoidal sweep signal to the piezoelectric
transducer mounted on the damper structure causes the piezoelectric sensor to vibrate and
interrogate the assembly. The propagation and analysis of vibrations allows the impedance
characteristics of the damping fluid viscosity to be measured and expressed in terms of the
impedance characteristics of the piezoelectric sensor. By comparing the impedance signals
of the piezoelectric transducer at different viscosities, the monitoring of the damping fluid
viscosity can be realized.
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Figure 7. Photos of ten samples of damping fluids with different viscosities. (a) packages of damping

fluid samples. (b) damping fluid samples inside packages.

Figure 8. PZT transducer.
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The maximum value of impedance curve is 83.53 kHz (Figure 10). In order to analyze
the peak frequency of the impedance real part curve to more visually monitor the change of
damping fluid viscosity, the sweep band of the excitation signal is set to 70-100 kHz with a
6 Hz step in the subsequent experiment.
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Figure 10. 10 kHz-1 MHz conductivity curve.

4. Experimental Results
4.1. Results and Analysis

The real part of the impedance is measured for ten different operating viscosities and
the results are superimposed as shown in Figure 11.
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Figure 11. Impedance curves for different viscosity damping fluids.

It can be seen from Figure 11 that the maximum of the impedance real part curve
gradually shifts to the left as the viscosity of the damping fluid increases. The real resis-
tance of the impedance signal also increases little by little. Increasing the viscosity of the
damping fluid load increases the inductance and resistance of the equivalent circuit and
the damping of the system, which decreases the series resonance frequency and increases
the real resistance. When the damping fluid viscosity is 5000 cSt, the peak frequency of the
impedance curve is 84.058 kHz and the real resistance of the impedance curve is 237.4 Q).
When the damping fluid viscosity is 5,000,000 cSt, the peak frequency of the impedance
curve is 83.512 kHz and the real resistance of the impedance curve is 262.5 (). Figure 12
shows the relationship between the fluid viscosity and the peak frequency, and Figure 13
shows the relationship between the fluid viscosity and the real resistance.
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Figure 12. Impedance frequency peaks at different viscosity damping fluids.
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Figure 13. Impedance real part resistance of damping fluid with different viscosity.

4.2. Viscous Damper Viscosity Index (V1) Based on RMSD

From the above results, it can be seen that the damping fluid viscosity can be monitored
qualitatively by the impedance signal. In order to quantitatively represent the relationship
between viscosity and the real impedance, this paper proposes a definition of the damping
fluid viscosity damper viscosity index (VI) based on the root mean square error (RMSD).

RMSD = | =L 3)

In Equation (3), n denotes the frequency points in the selected sweep range; i is the
i-th frequency point in the sweep range; Zy(w;) is the impedance in the initial state of
the structure at the i-th frequency point; Z; (w;) is the impedance after the lossy viscosity
change of the structure at the i-th frequency point. The results of RMSD calculation are
listed in Table 2.

_ RMSDF — RMSD"
RMSD" — RMSD"
Table 2. Calculation results of RMSD for different damping fluids.

VI

4)

Viscosity of Viscosity of
Damping Fluid (cSt) RMSD Damping Fluid (cSt) RMSD
5000 0.0958 200,000 0.0412
10,000 0.0814 500,000 0.0307
20,000 0.0709 1,000,000 0.0201
50,000 0.0584 2,000,000 0.0134
100,000 0.0498 5,000,000 0

In Equation (4), RMSD is the RMSD at 5,000,000 cSt and RMSD" is the RMSD at
5000 cSt. RMSDF is the RMSD at other measured damping fluid viscosities.

From Figure 14, it can be seen that the viscosity monitoring index is 1 when the
viscosity of the damping fluid is 5,000,000 cSt. As the viscosity of the damping fluid



Appl. Sci. 2022,12,189 11 0f 14

decreases, the VI decreases, and reaches 0 when the viscosity of the damping fluid is
5000 cSt. Figure 15 shows the experimental results of three replicate tests. The experimental
results show that when the viscosity of the damping fluid changes, the test results of
the wireless impedance measurement system are relatively stable. The VI based on the
RMSD proposed in this paper can well judge the change of the fluid viscosity. This verifies
the reliability and stability of the VI. Thus, the RMSD-based VI can track changes in the
damping fluid viscosity.
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Figure 14. Viscosity index of different viscosity damping fluids.
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Figure 15. Normalized viscosity monitoring index for three replicated experiments.
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5. Discussions

The experimental results were obtained in the laboratory at a temperature of 26 °C.
In actual monitoring, the viscosity of the damping fluid will be monitored at different
temperatures, and there will be temperature fluctuations, which will lead to a decrease in
the density of the damping fluid and eventually affect the measurement results. The next
work will focus on the influence of temperature on the monitoring of damping fluid. In
practical cases, the installation of the sensors and the placement of the wireless impedance
measurement system also need to be taken into account.

In addition, the stability and reliability of the developed wireless impedance mea-
surement system and the proposed method will be studied for long time monitoring.
One limitation of this study is that the experiments were conducted in the same cylinder
for different types of fluids. However, the length and diameter will differ for different
dampers in actual engineering. We will further study the relationship between the mea-
sured impedance signal and the viscosity for the dampers with different sizes. Another
limitation of this study is that the cylinder load was not applied in the experiments. In
future work, we will conduct experimental research on the viscosity monitoring of dampers
under different cylinder loads.

6. Conclusions

In this paper, a wireless impedance measurement system was used to monitor and
quantitatively evaluate the viscosity of damping fluid in a viscous damper. PZT sensors
were installed inside the cylinder specimen and the impedance characteristics of these
sensors were measured for damping fluids of different viscosities. The test results show
that the wireless impedance measurement system can detect changes in the viscosity of
the fluid inside the damper. The change of viscosity will cause the impedance signal of
PZT sensor to change. The change in the real part of the impedance signal can provide a
qualitative measure of viscosity change. Changes in the real part can further be quantified
through the proposed VI, which is based on the RMSD of the impedance signal. The VI
can eliminate the effects of variation between PZT sensors and help evaluate the viscosity
of damper fluids in a more accurate way. This study can serve as a guiding reference
for the application of a wireless impedance measurement systems in SHM and liquid
viscosity monitoring. The results can help improve and expand the application of wireless
impedance measurement systems in practical engineering.
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