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ABSTRACT The condition of bolted connections significantly affects the structural safety. However, conventional
bolt tension sensors fail to provide precise measurements due to their bulky size or inadequate stability. This study
employs the piezoresistive effect of crystalline silicon material to fabricate an ultrathin sensor. The sensor exhibits a
linear relationship between pressure and voltage, an exceptional stability at varying temperatures, and a superior
resistance to corrosion, making it adaptable and user-friendly for applications of high-strength bolt tension monitoring. A
monitoring system, incorporating the proposed sensor, has also been developed. This system provides real-time display
of bolt tension and enables the assessment of sensor and structural conditions, including bolt loosening or component
failure. The efficacy of the proposed sensor and monitoring system was validated through a project carried out at the
Xiluodu Hydropower Plant. According to the results, the sensor and online monitoring system effectively gauged and
proficiently conveyed and stored bolt tension data. In addition, correlations were created between bolt tensions and
essential unit parameters, such as water head, active power, and pressures at vital points, facilitating anomaly detection
and early warning.

KEYWORDS ultra-thin sensor, high-strength bolt tension, online monitoring system, anomaly alarm, hydro-generator
units

1 Introduction conducted to realize the tensile force monitoring of high-
strength bolted connections. In terms of nonlinear dyna-
mics, previous research analyzed and summarized the
state monitoring and identification methods for mechani-
cally bolted connections in detail [4]. Tong etal. [5]
introduced the application of induced Lamb wave transfor-
mation and machine learning-based pattern recognition
for online nondestructive monitoring on a joint steel
plate. Wavelet analysis, a method focusing on both the
time and frequency domains, has been proven to be
efficient in identifying the structural parameters of bolted

High-strength bolts are widely used in the connections
between structural members and professional equipment
in the fields of water conservation, machinery, civil
engineering, chemical industry, aerospace, and other
fields. The safety of connected structures and equipment
operations largely depends on the reliability of the bolted
connections. The connected regions are inevitably
subjected to mechanical and environmental effects (e.g.,
shock, vibration, and creep), and their long-term effects
often lead to the loosening and sliding of each bolt,

resulting in failure or even fracture of the bolt group
connection, causing major engineering project accidents.
The monitoring of the tensile force of high-strength
bolts and the corresponding damage detection is a branch
that has received extensive attention in the field of
structural health detection [1-3]. Many studies have been
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connections from the two-dimensional spectrum [6].
After the theory of the time reversal method was estab-
lished, an increasing number of researchers began to infer
the physical quantities that are not easy to monitor,
including bolt preload according to the focused signal
peak amplitudes [7,8], while the law of change between
bolt surface roughness and monitoring accuracy was also
discovered as auxiliary [8].
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The author would like to divide the above trials into
indirect methods that test the dynamic response of the
bolted connection structure under input excitation during
normal operation or in loosened cases, identify its
dynamic parameters, and summarize the conditions of the
bolts. The other category, direct methods, mainly consists
of three branches: the fiber grating implantation method,
piezoelectric method, and ultrasonic method. The fiber
grating implantation method perforates the bolt and
implants the fiber grating into the bolt hole with special
structural glue to calibrate the relationship between the
bolt stress and grating wavelength through the strain
effect of the fiber grating [9,10]. Khomenko etal. [11]
utilized a transducer embedded in a bolt shaft that allows
quick assembly, disassembly, and reassembly to complete
the preload and clamping force measurements. Additio-
nally, a novel bending curvature sensor with an inexten-
sible elastic matrix and offset grating was proposed by
Deng etal. [12] to present the loosening angle of the
monitored bolt.

In the beginning of this century, scholars developed a
wireless prototype active sensor node for bolted
connection preload monitoring, based on the impedance
method [13]. The impedance method, a technology based
on detecting changes in fixed piezoelectric device
features, was experimentally studied by Wang et al. [14]
to verify its performance in bolt-loosening detection
tasks. These related sensors and methods were all built
based on the fundamental relationship between mecha-
nical and electrical parameters under the piezoresistive
effect in germanium and silicon, which was revealed in
the middle of the last century [15,16]. Recently, the
frequency change of the piezoelectric impedance series
was determined as another valuable indicator that can
linearly reflect the fluctuation of the external pressure and
therefore report the status of the bolts [17,18]. The
principle of the piezoelectric method is that the material
has positive and inverse piezoelectric effects. The mea-
surement range depends on the compressive performance
of the material, which is limited, resulting in a narrow
application range for this method. In recent years,
scholars have combined the piezoelectric effect with
guided wave testing to determine the tension of a bolt by
measuring the power of the guided wave and other
parameters, thereby achieving active control [19-21].

Acoustoelastic theory describes the varying pattern
between the velocity of elastic wave propagation in a
stressed solid material and not only the material
properties, but also the stress distribution [22]. Some
scholars conducted theoretical research, measured the
bolt tightening axial force based on ultrasonic technology,
and made a preliminary prospect of the application field
[23]. Similarly, the bolt axial force can be provided by a
combination of changes in the length of the bolt and
calibration constants, and the former part is measured by
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an ultrasonic extensometer operated by a mono-wave
[24,25]. Amerini and Meo [26] monitored the bolted
connection state and bearing torque by proposing a
nonlinear index for the signal energy of the transmitted
wave formed when the ultrasonic wave passed through
the bolt. This method has high requirements for the
geometry and physical state of the bolt and screw and
requires a precise length of each bolt. The corrosion of
materials or inconsistent temperatures will affect the data
and hinder long-term monitoring missions.

Introducing richer information sources to grasp the
conditions of bolts more precisely is another development
direction in this field, which can be regarded as another
type of indirect measurement method. Wang et al. [27]
designed a real-time monitoring system for the bolt pre-
tightening force based on IoT technology with powerful
data mining and post-processing functions. From a
mechanical perspective, the judgment of loosening or
tightening the health state can be made by studying the
relationship between the axial load and adjacent vari-
ables, such as displacement, acceleration, and strain of
the local components of the flange [28,29]. For mass
information collected from multiple sensors with complex
internal correlation, neuron networks are suitable tools for
analyzing [30,31]. Yuan etal. [32] used representative
features extracted from multi-source data to train a
convolutional neural to predict the tightness of the bolt
connection structure. Xu etal. [33] introduced back
propagation neural networks to extract information from
data collected by electromechanical impedance and deter-
mined the bolt-loosening state for bolted spherical joints
under different torque levels. However, the accuracy of
machine learning-based methods is strongly affected by
the training data set which can be noisy, partly missing,
or even abnormal. Besides, these methods often have
poor generalization performance when they are applied to
another case. Thus, high-performance sensors are still in
demand for both direct measuring and neural network
training.

In this study, a varistor with a short physical length was
used to develop an ultrathin high-strength bolt tension
sensor. Simultaneously, an online monitoring system for
high-strength bolt group tension was developed. In all
areas where the results of this study are suitable, the
turbine unit monitoring project of a hydropower station is
representative. The entrance door of the hydropower
station vibrates during the operation of the unit, which
may cause the tightening bolts to loosen or break, reduce
the prestress between the connecting parts, and finally
disable the seal. Lacking locating the damage and
warning in time may bring about the danger of tailwater
backflow and flooding of the workshop. The top cover
connecting the bolts is affected by temperature, stress,
and vibration fatigue during the tightening process and
long-term operation. Stress concentration was easily



1390

encountered at the root of the bolt, resulting in fatigue
cracks. Rapid expansion under the action of corrosion
may lead to breakage of the bolts, thereby causing water
leakage at the connection between the top cover and seat
ring. In other words, the greater the hazard caused by
bolted joint failure, the more necessary is a real-time,
automated, and accurate monitoring system. With the
modified sensors and the corresponding online monito-
ring system, the fluctuations, spikes, and trends occurring
in the measured tension signals possess high synchroni-
city with the above-mentioned unit parameters, except for
abnormal conditions. Thus, cross validation can be
conducted to detect both plant anomalies and bolt
loosening. The application of the proposed sensor and
monitoring system was validated in this study to provide
good technical support for ensuring the safe operation of
the turbine unit of a hydropower station with a practical
project in the Xiluodu Hydropower Plant.

2 Ultra-thin high-strength bolt tension
sensor

With a brief introduction to the generic working theory of
the pressure sensor, the production and manufacturing
details of the proposed ultrathin high-strength tension
sensor are presented in this section. The pressure-output
voltage relationships of the proposed sensors with
different shapes were calibrated, and their performance
under varying temperatures was experimentally studied
for applications.

2.1 Principle of pressure sensor

Monocrystalline or polycrystalline silicon has an obvious
piezoresistive effect [15]. When these materials are
subjected to mechanical stress, their resistance changes
owing to the change in the carrier mobility, thereby
causing the resistivity to change with a similar trend.
Based on this phenomenon, a piezoresistive pressure
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sensor can be fabricated using a Wheatstone bridge
structure. The pressure sensor contains three fixed-value
resistors and one piezoresistor (R;, R,, R;, and R,),
which are parallel to each other. The feeble output signals
should pass through a filter to be denoised first and then
detected and read out through a high-sensitivity volt-
meter, as shown in Fig. 1.

When no stress was applied to the sensor, the four
resistors exhibited a uniform resistance value, denoted as
R. At this time, the bridge was balanced, and the readout
of the pressure sensor was 0. Once pressure P is applied,
the sensor film senses the external pressure and produces
a corresponding stress change. The varistor, which is
located in the area where the stress changes are most
pronounced, will simultaneously experience a mutation in
its own resistance. The Wheatstone bridge converts the
change in resistance (AR) into an electrical voltage signal
output by a voltmeter (V,,), which can be calculated
based on a known input voltage (V,,) as

R+AR R v AR
"\R+R+AR R+R)  ™4R+2AR’

Vou = Vi (M

The relationship in Eq. (1) allows us to determine the
change in the resistance using the measured time series.
Especially when AR is negligible to R, The equation can
be further simplified to a linear relationship when AR is
negligible. To obtain AR with high accuracy, V,, was
amplified in the filter using a back-end signal processing
circuit. On the other hand, the correlation between AR
and P can be derived from the material properties of the
varistor. However, instead of testing the material pro-
perties and theoretically establishing some correspon-
dence with a large systematic error, it is better to acquire
a calibrated relationship between P and V,, directly,
ignoring all elements during the entire process.

2.2 Manufacturing and installation process

The proposed ultrathin high-strength bolt tension sensor

Wheatstone bridge

Output voltage signal

Filter Voltmeter
(Amplifier)

R7’* (Fixed value resistors)

Fig. 1 Pressure sensor Wheatstone bridge circuit.
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was developed based on the above theory. The proposed
sensor is made into a ring shape, inserted into a high-
strength bolt screw, and placed on the surface of the
connected part. The tension sensor mainly consists of two
components: an ultrathin varistor and a well-designed
steel shell capable of protecting the circuit component
and uniform load transmission. To improve the service
life of the sensor and avoid uneven stress transmission
caused by the uneven surface of the connected part and
loosening caused by vibration, two gaskets were added to
the upper and lower surfaces of the sensor (Fig. 2). When
the bolt is installed, as the nut is tightened, tension begins
to appear on the screw, and the sensor experiences equal
pressure. After the feasibility and convenience of instal-
lation are guaranteed, two parameters must be determined
to form an innovative sensor type, as introduced below.

In terms of materials, both high machinable flatness
and high yielding strength are required for improvement.
The former ensures that the pressure is transferred to the
varistor uniformly to avoid stress concentration, whereas
the latter provides a linear structural response within the
entire measuring range of the tension sensor. 40CrMo
alloy steel was selected through a comparison analysis of
No. 45 steel. The final machinable surface planarity of
steel No. 45 is unacceptable. The results of the material
tests show that steel No. 45 has a high possibility of
creating drift failure of acquisition data due to local stress
concentration caused by material inhomogeneity (the
corresponding strength is approximately 200 MPa), while
the 40CrMo alloy steel has a relatively higher yield
strength, which causes plastic deformation and failure of
the sensor when the pressure is increasing (the
corresponding strength is higher than 900 MPa). Tension
is transmitted to the varistor only when the sensor shell is
in the elastic stress stage. Once the shell undergoes a
large plastic deformation, the force transmission path will

Gaskets

Y 4

P
Connection parts

Screw «— %
4/
'
Proposed pressure sensor
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change accordingly, and finally, the load sensed on the
varistor will change, causing errors. Especially in dyna-
mic monitoring tasks, irreversible shape changes make all
subsequent monitoring results unreliable.

In contrast, the conventional size of the varistor used in
traditional pressure sensors is 30 mm, and two balance
segments with lengths of 30 mm are required at both ends
of the varistors to equalize the stress. Together with the
installation space for the varistor, which was at least one-
third of the sensor length, the minimum thickness of the
sensor was determined to be 100 mm. A limitation of the
traditional sensor is that it is too thick to be used in high-
strength bolts with short screws. After the tests, a 3 mm
length varistor from Kyowa was selected with a well-
designed coat for bearing and heat insulation, the shape of
which is shown in Fig. 2. This brand of resistor effec-
tively reduces the thickness of the pressure sensor to a
uniform 10 mm regardless of the diameter of the bolt
monitoring, whereas the thickness of the traditional
sensors depends on the target geometry and measuring
range.

2.3 Pressure-output voltage relationship calibration

Calibration experiments were carried out for the two
shapes of the proposed pressure sensors with inner
diameters of 30 and 100 mm, respectively. A cyclic load
was applied to each pressure sensor specimen three times
using a universal amplitude (240 kN for the small-sized
specimen, and 1500 kN for another) to verify the
repeatability. The adopted hydraulic servo press is shown
in Fig. 3(a), which can also provide an inline load, while
the output voltage is collected by the voltmeter installed
on the acquisition device after the signal adapts to the
current load of each loading step. During this test, the
excitation voltage was setat 5 V.

10mm 10 mm

Bolted connected structure sample

»
High-strength bolts

Fig. 2 Installation of the proposed sensor.
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Fig.3 Testing equipment: (a) loading press; (b) constant
temperature box.

The voltage-pressure curves for the two groups of tests
with different dimensions are shown in Figs. 4(a) and
4(b), respectively. In general, the results of the two
groups of tests indicate that the proposed sensor has a
high stability for monitoring varying pressures in
different ranges. The data measured from the sensor with
a large diameter had a larger dispersion, which may be
caused by uneven compression or the applied load being
close to the upper limit of the press. In other words, a
sensor with a smaller diameter has a more reliable
readout under dynamic loads within its measurement
range. More importantly, the relationship between
pressure and output voltage was almost linear. Thus, the
fitting lines obtained by the least-squares method are also
plotted in the figures. The two fitting lines have smaller
intercepts than the entire testing range (under 5%);
therefore, they can be regarded as lines close to the
approximate straight line through the origin. The overall
slope of the fitting line of the sensor with a larger
diameter is nearly four times that of a smaller diameter,
whereas its initial slope is relatively lower, revealing that
there is a non-obvious turning point in the relationship
when the pressure is approximately 300 kN. However, the
slope change was negligible, and we used a linear calibra-
tion relationship for the proposed sensor.
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2.4 Temperature performance test

The pressure sensor regularly calculates the pressure by
sensing the stress changes on the film; however, in
practical applications, mechanical forces can cause stress.
The deformation of the metal shell and the change in the
mechanical properties or resistance performance of the
resistor itself caused by the temperature change may lead
to inaccurate final output voltage signals [34]. Therefore,
in addition to the temperature performance test of the
sensor during the sensor development stage, in actual
projects, a thermometer is often installed around pressure
sensors or strain gauges to eliminate the influence of
temperature. For the proposed sensor, considering only
one standard geometry (inner diameter of 100 mm and
thickness of 10 mm), a series of temperature tests was
conducted in a constant-temperature test box (Fig. 3(b)).
The test range was 0 to 60 °C with a step size of 5 °C. A
temperature holding process lasting for 10 min was added
between each of the two heating steps to ensure that the
sensor reached the indicated temperature. The heating
process was repeated thrice, and the output voltage was
recorded after the stabilization of each step. During this
test, the excitation voltage was set at 12 V. The results are
shown in Fig. 5.

The average standard deviation of the output voltage
for the three tests is 0.49 mV, which is not significant
compared to the design varying range. Especially for the
second and third trials, the output voltage fluctuates only
from —112 to —109 mV, indicating that the proposed
sensor has high temperature stability. Even in the second
and third trials, where an upward trend can be observed at
the end of the heating process, within the commonly used
temperature range (lower than 50 °C and greater than
10 °C), the amplitude of this drift is less than 0.2 mV,
which has a negligible impact on the monitoring of bolt
tension. Therefore, we can use a constant value to
represent the influence of temperature on the sensor. And
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Fig. 4 Calibration curves for two shapes of proposed sensors: (a) diameter of 30 mm; (b) diameter of 100 mm.
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Fig.5 Temperature performance of the proposed sensor.

then, we can compensate the output tension data by just
deduct the force aroused by this stable voltage value. In
addition to the cases with a small fluctuation range, there
is no need for adjacent temperature sensors for calibra-
tion.

3 High-strength bolt tension online
monitoring system

In this section, we will develop a monitoring system that
works with the proposed novel bolt tension sensor, which
has the functions of measuring, assessing, and control-
ling. The architecture of the system is briefly introduced,
and the data processing and evaluation processes are
illustrated in detail.

3.1 Monitoring system architecture

The high-strength bolt tension online monitoring system

Wired
connection

O«

(Installed on different]
groups of bolts of the
target structure)

Sensor system

Acquisition instrument

Digital
signals

Analogue
signals

Data acquisition and
transmission system

Wireless
__, [transmission

Os] [ < -5
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consists of four parts: sensor array, data acquisition and
transmission network, data processing and control
terminal, and performance evaluation model. The system
structure is illustrated in Fig. 6. The group of bolt-tension
sensor elements is the front-end part of the monitoring
system, which is responsible for accurately collecting
tension information and converting it into electrical
signals. The network system of the second part, com-
prising several parallel acquisition instruments that
connect sensors through their individual channels, can
transmit analog signals collected from the sensors into
digital signals and pass them to the processing equipment
wirelessly. The sensors were grouped and connected to
the distributed acquisition devices through a bayonet nut
connector to avoid long-distance routing. An Accurate
IoT Explorer high-speed automatic acquisition instrument
was chosen for the system, which is small in size and
highly integrated. This acquisition equipment is suitable
for long-term automatic monitoring, and its maximal
sampling frequency is 1000 Hz, which is sensitive to any
frequency component of signals from the field of struc-
tural engineering.

The measurement information was preliminarily
processed and analyzed in the third subsystem. We
employed Lenovo SR530 as the servers that are directly
connected to the switch (S5720-28P-SI). The selected
real-time varying curves of the bolt tensions are
dynamically displayed via visualization software on a
high-performance server, whereas the rest are stored in
the mass data storage equipment. According to the
monitoring data of bolt tensions, determining the
performance of the bolt group and providing early
warning, if necessary, are the final functions of the
proposed system. At the same time, this system also has
data interfaces with other external data-processing

Servers

- =
v
-
" -

Retrieve
disk data

LN
1/
(Structural analysis

and evaluation
software plug-in)

Structural state
assessment system

Hardware center

A

4
)

Storage disk array

Data processing and
controlling system

Fig. 6 Architecture of the online monitoring system for high-strength bolt tension.
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software. Compared with the traditional monitoring
system, the automatic monitoring system in this study has
five advantages: accurate and efficient data acquisition,
timely data visualization and analysis, convenience of
storing and recalling massive amounts of data, quick
feedback of risk information, and real-time remote access
to bolt status.

3.2 Data processing and evaluation modules

The hardware of the data processing and control system
consists of high-performance servers with large-capacity
storage disk arrays. Simultaneously, a hardware firewall
was installed to ensure the safety partition requirements
of practical projects. The automatic monitoring and
behavior evaluation software platform (consisting of
plug-ins for image generation, structural analysis, state
assessment, and risk warning) is deployed on the server,
and terminal devices such as mobile phones, computers,
and tablets can be used to log into the system to access
the software platform to realize basic operations such as
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query, modification, export, summary, and printing of
automatic monitoring data. The detailed functions of the
platform are listed in Table 1 and some of the interfaces
are shown in Fig. 7.

4 Case study

The feasibility and superiority of the proposed sensor and
the corresponding monitoring system will be validated by
applying it to a practical project (Xiluodu Hydropower
Plant). The sensor installation and system establishment
processes are described in this section, and the measure-
ment results are also provided. Subsequently, we deter-
mined the scope of application, advantages, and
limitations of the proposed technology.

4.1 Xiluodu Hydropower Plant and its monitoring
arrangement

Xiluodu Hydropower Plant is a key project of “West-to-

Table 1 Functions of software platform in the proposed monitoring system

Module Function Note
Project project information editing create, delete, and name projects; enter and modify project full-cycle information
management . . s . - . .
user rights setting create and delete user accounts; initialize passwords; assign permissions of using software, project
information, and historical data
Acquisition acquisition instrument create, delete, name, and number acquisition instruments; set measuring parameters (sampling frequency,
management management sensitivity, compensation value, etc.)
sensor management create, delete, name, and number sensors; set sensor types and parameters; edit sensor calculation formulas;
set sensor connection diagram
measuring point management create, delete, name, number, and locate measuring points; associate measuring points with sensors
acquisition controlling establish communication to acquisition instrument; start and stop acquisition remotely; set data transmission
method and storage location
Data data writing store measured data automatically; enter user-defined data manually; combine data from different sources
processing o ) . ) ) ) o
management statistical analysis summarize database according to time (weekly, monthly, or yearly) and location; calculate statistical
parameters for variables (means, variances, covariances, and correlation coefficients)
time-frequency domain conduct time series analysis in time or frequency domains; identify structural parameters and modes
analysis
Display measuring data real-time real-time display of tension changes at each measuring point based on latitude and longitude coordinates
management display

diversified display of analyzed diversified display for current and historical signals with the corresponding calculated parameters; modify

data

Risk warning warning rule setting
management

warning log recording

image and table parameters (appearance style, axis, title, etc.)
enter warning rules based on related standards or previous researches; set warning ranges, thresholds, levels,

and displaying methods

automatically generate, store, and sort warning logs; record abnormal data and measures taken during the

whole warning process

(a)
Fig. 7

(b)

Interfaces of the software platform: (a) project management module; (b) displaying management module.
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East Power Transmission” project of China. The project
mainly focuses on power generation and has comprehen-
sive benefits, such as flood control, sand retention, and
improvement of upstream shipping conditions. The
hydro-generator unit is mainly composed of high-strength
bolt groups, which experience dynamic loads during the
entire operation process and face the risks of loosening
and slipping. In addition, the large number of complex-
shaped components in the hydro-generator unit signifi-
cantly limits the length of the screw, which in turn places
higher requirements on the thickness of the sensor. Thus,
an ultrathin bolt tension sensor and a corresponding
monitoring system are urgently needed.

Eight high-strength bolt tension sensors were arranged
in the bolt group of the hydro-generator unit. Two M100
bolts were measured at the top cover plate and seat ring,
two M30 bolts at the volute door handle, and four M30
bolts at the door handle of the taper pipe (Figs. 8(a)-
8(d)). The bolts of two sizes are measured by the
proposed sensors whose inner diameters are the same as
those of the screw diameters; that is, the sensors that are
used to conduct calibration in Section 2. On-site
installation includes sensor installation, pipeline and
cable laying, and system commissioning. The uniform
sampling rate for all sensors was 100 Hz to ensure clear
monitoring of sudden events such as impacts, fractures,
and dynamic failure of the rock mass. After the sensors
and system equipment were installed, a system debugging
operation was performed. Three collection boxes were
fixed to the volute door, cone door, and top cover to link
the sensors of each group. The sensors send the bolt
tension data to the switch and server located in the factory
hall through the collection box, and finally to the office
area under the firewall. Subsequently, real-time viewing
and analysis can be realized. It is worth mentioning that
the lengths of the bolts at the top cover, volute, and cone
door are limited by the environment of their location and
considering the minimum thickness of the nut and gasket,
the requirement for sensor thickness is extremely high.
The traditional bolt tension sensor is not suitable here,
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and the advantages of the ultrathin (10 mm) high-strength
bolt tension sensor proposed in this paper can be brought
into play.

4.2 Application results

4.2.1 Construction of the proposed sensors

According to the design requirements, the torque method
was employed to pre-tighten all the high-strength bolts of
the hydro-generator unit. Bolt groups with the same
design load-bearing capacity adopted a uniform
installation torque to achieve the same degree of pre-
tension. The M30 bolts were screwed with an electric
wrench and the MI100 bolts were screwed with a
hydraulic wrench, as shown in Figs. 9(a) and 9(b). The
bolts installed with the corresponding sensors are shown
in Figs. 9(c) and 9(d).

However, the torque method encounters obstacles in
practical operation; that is, the torque applied to each bolt
will not be translated equally to tension on the
corresponding screw, causing discreteness that cannot be
ignored. This is mainly due to the divergence of the
contacting surface parameters, which are influenced by
the materials of the bolts and components to be
connected, surface treatment methods of the contacting
parts, environmental humidity, and use of lubricating oil.
In general, the rougher the contact surfaces, the more
energy applied by the torque is dissipated by friction
instead of being converted into the potential energy of the
bolts. The role of the pressure sensor installed synchro-
nously with the bolt is highlighted, with the online data
stream collected by, which serves as a reference to
improve the reliability of the installation process. First,
the installer can fine-tune the torque based on the real-
time readings output by the pressure sensors to ensure
that the pre-tightening forces of the bolts satisfy the
design requirements. Second, with a uniform pressure
sensor and its gaskets as a buffer, the discreteness caused
by the surface roughness of different materials can be
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Fig. 8 Measuring point arrangement: (a) top cover; (b) seat ring; (c) volute door; (d) cone door.
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Fig. 9 Construction process of sensors and bolts: (a) pre-tightening of M30 bolts; (b) pre-tightening of M100 bolts; (c) installed M30 bolts

with sensors; (d) installed M100 bolts with sensors.

greatly reduced. Third, based on the discreteness being
effectively limited, we can calibrate the relationship
between the real tension output by the sensor and the
applied torque to facilitate the installation of other bolts
that do not have a pressure sensor and have similar
working conditions. Considering that lubricating oil has a
strong impact on the coefficient of friction between the
gasket and other materials, we calibrated the two cases of
using and not using lubricating oil separately and
obtained the data listed in Tables 2 and 3. The torque
coefficient was defined as the ratio of the real bolt tension
to the applied torque. This parameter builds the end-to-
end relationship between the readouts and target, and thus
can be used to guide the installation of other sensors.

The same M30 bolt was calibrated by tightening it three
times before and after the addition of lubricating oil.
Evidently, the conversion rate of torque to bolt tension
increases after lubricating oil is applied, and because the
lubricating oil smooths out the roughness difference
caused by the materials, the variance of the torque
coefficient obtained by the second set of calibrations is
also reduced. The torque coefficient is calculated by
dividing the measured bolt preload by the torque, which
can be used to quickly acquire the actual preload of
adjacent bolts under similar conditions under a certain
torque.

4.2.2  Monitoring results during operation

After the installation of both sensors and the monitoring

Table 2 Relationship between bolt tension and applied torque
(without lubricating oil)

Torque First trial Second trial Third trial
(kN-m) Voltage Tension Voltage Tension Voltage Tension
(mV) (kN) (mV) (kN) (mV) (kN)
0 34 0 34 0 35 -0.5
440 =56 45 -137 85.5 -163 98.5
700 =177 105.5 -232 133 -230 132
1000 -297 165.5 =361 187.5 -314 174

Torque coefficient of the first, second, and third trial are 0.166, 0.188, and
0.174, respectively.

Table 3 Relationship between bolt tension and applied torque (with
lubricating oil)

Torque First trial Second trial Third trial
(kN'm) Voltage Tension Voltage Tension Voltage Tension
(mV) (kN) (mV) (kN) (mV) (kN)
0 38 0 38 0 37 0.5
440 -168 103 -186 112 -206 122
600 -256 147 —268 153 —264 151
1050 -369 203.5 —382 210 -374 206

Torque coefficient of the first, second, and third trial are 0.194, 0.200, and
0.196, respectively.

system, the bolt tension data will be collected and passed
to the storage equipment. To obtain valuable information
from the massive data and then determine the status of the
bolts and connected structure, the potential correlations
between the bolt tension and other working parameters
of the hydro-generator unit should be studied first.
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Figure 10(a) shows the time series of the bolt tension and
unit water head, which represent the water-passing ability
of the hydropower station. There was a relatively strong
positive correlation between the two variables. This
means that the higher unit water head tends to disengage
the components connected by bolts, and thus, the pressure
in the screw increases. The positive correlation is further
indicated by Fig. 10(b), which is plotted by the gradients
of the two wvariables. Additionally, according to
Bernoulli’s principle, the velocity behind the gate is
significantly influenced by the water head of the unit and
exhibits a similar varying trend (Figs. 11(a) and 11(b)).
Thus, we can also discover a positive correlation between
bolt tension and velocity after the sluice.

Furthermore, the pressures of the taper pipe inlet and
end of the volute are two entities that are commonly used
to identify the conditions inside the hydro-generator unit.
Figures 12(a) and 12(b) illustrate the corresponding
curves. Regardless of some local fluctuations, the bolt
tension and pressure at the inlet of the taper pipe
exhibited a reverse trend. This means that the pressure at
this location causes the two members of the bolted
connection to come close to each other. However, the
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pressure at the end of the volute is an obtuse variable,
whose trend tends to be slow. In particular, when the bolt
tension fluctuates within a small range around a certain
value, the pressure at this location is almost constant.
Only when the bolt pressure rises or falls to another level
will it slowly change to the next platform, resulting in the
shape of its signal being stepped. However, the pressure
at this location is a sensitive variable that reflects the
change in the bolt tension. For the two sudden drops in
bolt tension during the measurement period, two synchr-
onous jitters can be observed.

During the three-day monitoring period, the hydro-
generator unit was turned twice: at 18:00 on December 24
and 16:00 on December 25, 2018. This can be verified
from the active power of the generator unit and PCS5
rotational speed signals. These two moments almost
coincide with the abrupt change in bolt tension, as shown
in Fig. 13. In other words, this correspondence, as well as
the results obtained in Figs. 10-12, can be used to verify
whether the bolts and components of the unit are
abnormal. The appearance of asynchronous outliers in
only one signal indicates that the corresponding position
may be damaged or malfunctioned. This is the principle
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that bolt tension data can be used for structural state
assessment and damage identification and is also
necessary for this detection work. However, this mutual
detection method is only suitable for variables that have a
mechanical causal relationship with bolt tension. For
variables such as water levels behind the fast door and
sluice (Fig. 14), it is difficult to predict them, and it is
also difficult to infer the bolt status by them. In summary,
for other monitoring quantities that can affect bolt
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Fig. 12 Relationship between bolt tension and component
pressure: (a) comparison between bolt tension and cone
pressure; (b) comparison between bolt tension and volute
pressure.
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tension, in addition to its own empirical or theoretical
state evaluation criteria, the data returned by the proposed
ultrathin high-strength bolt tension sensor can also be
regarded as an effective supplement for the structural
working state.

4.3 Other application, limitation, and future work

In addition to the above-mentioned Xiluodu Hydropower
Plant, ultra-thin high-strength bolt tension sensors and the
corresponding real-time online monitoring systems have
been successfully applied to the Beijing Xinshougang
Bridge (a bridge across the Yongding River), Jiashao
Bridge, Yancheng Dafeng Offshore Wind Power Station
(300 MW), Nanjing Hongyang Plaza complex curved
roof, etc. In addition to effectively obtaining real-time
data and conducting safety assessments for the target
structure and its high-strength bolts, we found that there
is still optimization work for the sensors and monitoring
system proposed in this paper. For the proposed sensor,
independent calibration was required for every sensor
size determined by various bolt dimensions. Thus, a
model based on experimental data to predict the bolt
tension-output voltage relationship based on the material
and geometric parameters is required in the next stage of
research. For the monitoring and assessment system, the
damage detection result for a certain location in the
present version of the algorithm was calculated using the
data collected from the nearest sensor. However, one
individual sensor can be easily influenced by noise,
whereas other sensors that are not far away from the
concerned location are also valuable. Thus, a data-fusion-
based algorithm for combining structural information
hidden in different signals is also one of our future works,
whose accuracy will be foreseeably higher.
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13 Relationship between bolt tension and unit working state.
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5 Conclusions

In this study, an ultrathin tension sensor was proposed for
detecting the screw tension of high-strength bolts. The
sensor shape and material were optimized for higher
performance based on experimental studies. A real-time
monitoring system for collecting, transmitting, visuali-
zing, and digging bolt-tension data was also developed.
The superiority of the proposed sensor and monitoring
system was verified by a practical project at a hydrop-
ower plant. The following conclusions can be drawn.

1) The ultrathin tension sensor has applying priority in
complex conditions owing to its lower spatial occupation
of installation and operation (thickness: 10 mm). The
calibration tests show high repeatability and multiple
arrangement convenience. In addition, a standard devia-
tion of only 0.49 mV is observed in the temperature tests
which allows us to use uniform parameters to stably
eliminate temperature effects, broadening the scope of
application of the sensor.

2) The proposed sensor, sandwiched between the nut
and structural members, reduced the discreteness of the
friction coefficient of the contacting surfaces. The
readouts of the sensor cannot only be used to meet the
preload requirements of the bolt more accurately (torque
coefficients: 0.176 (with surface lubrication) and 0.197
(without surface lubrication)) but also can be regarded as
the tightening reference of other bolts under the same
working conditions.

3) The proposed monitoring system can display the
tension of bolts on the target structure in real time and in
various effective ways. In addition, the bolt tension has
the same variation trend as the water head of the unit and
the flow velocity behind the gate and has the opposite
variation trend with the inlet pressure of the tapered pipe.
The correlations can be used to detect the bolt working

status and provide an alarm, if necessary.

4) The action power of the unit, PC5 rotational speed,
and pressure at the end of the volute are inert in
fluctuating, but sensitive to bolt tension mutations owing
to the unit startup and shutdown. Thus, asynchronous
sudden changes (100 r/min and 500 W) provide valuable
information for detecting anomalies and damage in
structures connected by high-strength bolts.

In addition to further improving the accuracy and data
transmission capabilities of the sensors and their
monitoring system, the future work of this study should
focus on automated data processing algorithms. We plan
to develop a data-driven bolt loosening detection algo-
rithm. Furthermore, a main structure condition assess-
ment method using bolt tension data will be proposed
based on an in-depth study of the mapping relationship
between bolt tension and important parameters of the
main structure.
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