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Abstract: In the power system, the transmission tower is located in a variety of terrains. Sometimes
there will be displacement, inclination, settlement and other phenomena, which eventually lead to
the collapse of the tower. In this paper, a method for monitoring the settlement of a transmission
tower based on active vibration response is proposed, which is based on the principle of modal
identification. Firstly, a device was designed, which includes three parts: a monitoring host, wireless
sensor and excitation device. It can tap the transmission tower independently and regularly, and
collect the vibration response of the transmission tower. Then, vibration analysis experiments were
used to validate the horizontal vibration responses of transmission towers which can be obtained
by striking the transmission towers from either the X direction or Y direction. It can be seen from
the frequency response function that the natural frequencies obtained from these two directions are
identical. Finally, the transmission tower settlement experiment was carried out. The experimental
results show that the third to fifth natural frequencies decreased most obviously, even up to 2.83 Hz.
Further, it was found that under different conditions, as long as the tower legs adjacent to the
excitation position settle, the natural frequency will decrease more significantly, which is very helpful
for engineering application.

Keywords: transmission tower; settlement; monitoring device; natural frequencies

1. Introduction

Transmission towers, like other large-scale structures, may settle due to their weight,
soil void compaction and water content, especially in mountainous areas, river beaches,
coal mines and other unattended areas. If such settlement cannot be repaired in time, it
may cause severe accidents, such as transmission tower collapse and transmission line
conductor disconnection [1]. Due to the settlement-induced changes in the stresses in
transmission towers [2], many scholars have attempted to analyze the failure behavior of
transmission towers through finite element analysis [3,4]. The purpose of such studies is
to optimize the tower structure; however, at present, there is no way to avoid the risk of
damage [5].

To comprehensively track the structural health of transmission towers in real time,
many online monitoring technologies have been proposed and applied. The online moni-
toring of a transmission tower tilt is currently the most widely used technology for this
purpose, especially in China. This approach measures the inclination of a transmission
tower through two inclination sensors and provides an early warning when certain condi-
tions are met [6]. This approach is a simple structural health monitoring (SHM) method for
transmission towers, which replaces previous techniques using theodolite measurements
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and enables the remote monitoring of transmission towers. However, in this approach,
when the system detects that the tower is inclined, the tower has already been severely
deformed, and correcting the tower orientation is not only costly but also creates a large
potential safety hazard after maintenance. Automatic recognition from photographs is
an intuitive SHM method for engineering systems, which replaces conventional sensors,
such as strain gauges, that can only produce results at a discrete number of points [7].
Many engineers and scholars have attempted to use this method to identify changes in
transmission tower structures [8], for which robots and unmanned aerial vehicles (UAVs)
are widely used [9,10]. There are also methods based on close-range photogrammetry
technology and synthetic-aperture radar, which are also used to detect the deformation
of transmission towers, avoiding the shortcomings of strain gauges [11,12]. However,
these methods have many limitations, such as certain weather conditions (e.g., heavy fog
and snow), the camera location, and the photograph background. There are also some
transmission towers in some areas that use stress monitoring to monitor the state of the
reaction structure, including the use of resistance-type strain gauges and fiber Bragg grating
strain gauges [13,14]. This method requires that the number and location of the sensors
be adjusted after installation. In addition, this method requires a strong adhesive, which
increases the difficulty of field work.

A vibration signal usually contains the structural parameters of an object because its
structural change will cause variations in the natural frequency. In engineering, modal
analysis is often used to identify structural damage in structures such as bridges [15], wind
turbine [16], and transmission wires [17]. Other studies have performed vibration analyses
of transmission towers [18], such as the improved neural network used to predict the
damage of offshore wind turbine towers [19]. Some scholars have carried out nonlinear
buckling analyses of tower line systems, through which they determined the critical wind
load and analyzed the dynamic characteristics of tower line systems under different wind
loads. The results in the literature show that the lower natural frequency is a useful
index for predicting the occurrence of structural instability [20]. Moreover, scholars have
established transmission towers in mountainous areas to observe the corresponding wind
forces and have obtained the wind characteristics and wind response of transmission
towers through experiments [21]. Wireless acceleration sensors are widely used in SHM to
monitor the dynamic response of systems [22]. Especially in recent years, there has been
growing interest in using micro electro-mechanical system (MEMS) accelerometers—which
have a small volume and a high precision—for SHM [23]. Some scholars have studied the
vibration response of transmission towers under environmental loads by monitoring the
wind speed and vibration acceleration [24,25]. A fiber Bragg grating sensor was designed
to measure tower vibrations under hurricane and strong wind conditions [26] and identify
structural damage. Most of the above methods detect structural damage based on an
analysis of wind-induced vibrations. However, sometimes the vibration of a tower is weak
under the action of wind. Therefore, if vibration monitoring is used for tower settlement
monitoring, it needs a longer measurement time span to obtain better results, which will
lead to excessive power consumption. Moreover, as the data increase, the analysis time
increases.

To increase the feasibility of using the vibration method to measure the settlement of a
transmission tower, an active vibration-based SHM system was designed for a transmission
tower in this paper. This SHM system uses a force-generating device to automatically strike
the tower—causing vibrations—and then analyzes the tower settlement from the vibration
signal. This method does not rely on the weak signals of wind-induced vibrations, allowing
more stable vibration information to be obtained. Finally, a field test was conducted on
a 110 kV transmission tower, and how the natural frequency of the tower changed under
different settlement conditions was analyzed.
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2. Operating Principle and Monitoring System
2.1. Operating Principle

When a transmission tower vibrates, the vibration has multiple degrees of freedom.
The Equation of motion of a forced, damped linear system of the transmission tower can
be expressed as follows:

M
..
x(t) + C

.
x(t) + Kx(t) = f (t) (1)

where M, C and K are the mass, damping and stiffness matrices of the tower structure,
respectively; x(t) is the displacement matrix of the tower vibration signal;

.
x(t) is the

velocity matrix of the tower vibration signal;
..
x(t) is the acceleration matrix of the tower

vibration signal; and f (t) is the force that causes the tower vibration.
Equation (1) shows that when the force is constant, the mass, damping and stiffness

matrices can be calculated from the vibration signal [27,28]. The stiffness matrix K and the
damping matrix C of the transmission tower will change when tower settlement occurs,
especially when the settlement of the tower foundation is uneven. Moreover, previous
studies have theoretically shown that different frequency bands from different forces can
excite different order modes; nevertheless, this phenomenon will not substantially affect
the modal parameters of the system. In actual operation, the main factor causing the
vibration of the transmission tower is the natural wind load. However, the effect of the
natural wind load is not continuous, and the magnitude of this load varies. In some
areas, the wind load is not sufficient to induce obvious transmission tower vibrations. The
analysis process is obviously affected by time, so the accuracy of the identification effect is
limited. For this reason, an excitation device was designed for the modal identification of
transmission towers, which can use the natural frequency of the tower to monitor whether
tower settlement has occurred.

The designed monitoring system consists of a monitoring device, a force-generating
device, a wireless acceleration sensor and a monitoring center. The monitoring device
controls the force-generating device, which excites the tower either at a certain time or in a
regular pattern. The vibration data from the acceleration sensor are sent to the monitoring
center through a 4G network for analysis.

2.2. Monitoring Device

The monitoring device controls the force-generating device to strike the transmission
tower, collects the impact force signal, and collects the transmission tower vibration data
from the wireless acceleration sensor. The monitoring device is composed of a power
module, a main control module, a 4G wireless module, a Bluetooth module, an analog-
to-digital (A/D) sampling module and a driver module, as shown in Figure 1a. The
power module, which is composed of a solar panel, a battery and a controller, provides
power for the whole device. The main control module is composed of a MSP430F2370
microcontroller, an HC-08 Bluetooth module and a 4G wireless module, which serves as
the communication module. The 4G wireless module is used for communication between
the monitoring device and the remote monitoring center. The HC-08 Bluetooth module is
used to communicate with the wireless acceleration sensor. The force-generating device is
driven by current. To achieve this, a driving module is added to the monitoring device, as
shown in Figure 1b. The on/off capability of the triode in the figure is controlled by the
input/output (IO) port of the microcontroller. For the A/D sampling module, an AD7705
chip is used to record the impact force signal from the excitation device. Figure 1c shows a
photograph of the main control board and power control board.
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2.3. Force-Generating Device

The force-generating device strikes the tower under the control of the monitoring
device. As shown in Figure 2, the force-generating device designed in this paper is mainly
composed of an electromagnet, a high-strength magnet, a helical spring, an impact force
sensor, a sleeve, a hammer head, a casing and an expansion wire. The working process
of the force-generating device is described hereafter. When a force pulse is needed, the
main control module generates an approximately 5-ms pulse through the I/O port. At this
time, the electromagnet is magnetized under the action of the current and the coil spring is
compressed under the attraction of the high-strength magnet, which causes the hammer
fixed on the electromagnet to hit the tower, generating a force pulse of approximately 40 N.
Then, under the restoring force of the coil spring, the hammer head returns to the initial
position and waits for the next trigger.

The generation and dispersion of the force is very important. Although this SHM
method only requires a force of approximately 40 N, the magnitude of the force pulse is
affected by the current, the electromagnet and the permanent magnet. For this system,
a traction electromagnet and neodymium boron permanent magnet were used. When
driving by a power supply at 12 V and 1 A, the system can produce a striking force of
approximately 45 N. The spring is the key to the spring back of the hammer head. The
spring used in this system is composed of soft stainless steel and has a spring constant of
13.3 N/mm.
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Figure 2. The force generating device: (a) Structural of the force generating device; (b) A photo of the force generating device.

The hammer head is one of the most important parts of the force-generating device
because the system must excite the low-order modes of the tower (which are useful for
predicting the occurrence of structural instability) to enable easy identification of tower
settlement. If the hammer head was too hard, the frequency band of the excitation signal
would be too wide, and the excitation energy per unit frequency would not be sufficiently
high, which would affect the signal-to-noise ratio of the system. Moreover, because the
acceleration sensor is particularly sensitive to high-frequency signal components, an ex-
cessively wide frequency band would make it inconvenient to analyze the low-frequency
signal. In previous studies, different hammers were attempted, such as steel hammers,
aluminum alloy hammers and nylon hammers, and it was found that the frequency bands
created by steel hammers and aluminum alloy hammers were too wide; it was easier to
identify the low-order frequency response of the system with nylon hammers. Therefore,
the hammer head is made of a nylon material and is attached with a threaded connection,
which makes it easy to fix the impact force sensor on the hammer head.

Furthermore, the casing is a hollow cylinder made of 304 stainless steel. The bottom
of the casing is a ring-shaped, high-strength, neodymium boron magnet, which allows the
whole device to firmly contact the tower. The sleeve is made of a light aluminum alloy,
and the soft 304 stainless-steel helical spring is wound around the sleeve at equal intervals.
A circular electromagnet is fixed at the top of the spring coil. The impact sensor in this
system is a piezoelectric force sensor, which is fixed on the electromagnet through a bar
structure and can be directly sampled by the A/D module. Figure 2a shows a schematic of
the excitation device.

2.4. Wireless Acceleration Sensor

A wireless acceleration sensor is used to measure the vibration data of the transmis-
sion tower, which it wirelessly transmits to the monitoring device. The sensor consists
of three parts (see Figure 3). An IIS2DH triaxial accelerometer is used to sense the accel-
eration in three directions. This accelerometer has the characteristics of ultralow power
consumption (2 µA) and high precision (0.98 mg/digit). The HC-08 Bluetooth module
is used to receive the data acquisition command sent by the monitoring device and send
the acquired acceleration to the monitoring device. The sleep current of this module is
only 0.4 µA. A MSP430F1611 microcontroller is connected to the accelerometer through the
serial peripheral interface (SPI).
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2.5. Workflow of the Monitoring System

Figure 4 shows a chart of the system workflow. The monitoring device and sensors
will enter low power consumption mode as soon as they are powered on for initialization.
If the monitoring device receives the data acquisition command from the monitoring center,
it will issue a command to the sensor to exit sleep mode. Then, the monitoring device
will control the force-generating device to strike the tower and simultaneously collect the
vibration signal of the tower and the signal of the excitation device.
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Afterwards, the measurement data will be sent to the monitoring center, and the
natural frequencies of each order of the tower will be determined. This information is com-
pared with the natural frequency when the structure is operating in normal conditions, the
variations in the natural frequency are obtained, and the maximum variation is determined.
If the maximum change in natural frequency exceeds the set threshold value, the data after
2 min will be intercepted for analysis. If the result of the second measurement still exceeds
the set threshold value, the tower structure will be considered to have changed.

3. Experiment and Analysis
3.1. Experimental Platform

In this paper, the proposed settlement monitoring device, which operates based on
the main vibration response of the transmission tower, is tested on site. The experimental
site is the ZM-110 kV transmission tower at Xi’an University of Engineering. An LGJ-
95/15 conductor is set on the tower. The line runs north to south. The total height
of the transmission tower is 19 m, and the root opening is 3.103 m. Figure 5a shows
the transmission tower used in this experiment. Figure 5b shows the schematic of the
test platform.

Actuators 2021, 10, x FOR PEER REVIEW 8 of 16 
 

 

 
x

y
z Leg A

Leg B

Leg C

Leg D

Sensor

Excitation 

 

(a) (b) 

Figure 5. Test platform: (a) A photo of test platform; (b) A schematic of the test platform. 

3.2. Selection of the Sampling Frequency 

Because the low-order natural frequencies of the tower system are less than 50 Hz, 

the sampling frequency of the device should be greater than 100 Hz according to the Shan-

non theorem. In addition, the force pulse duration of the self-designed excitation device 

is 50 ms. Therefore, to ensure the sampling accuracy of the force pulse, the sampling fre-

quency should satisfy the following inequality [29]: 

c

s T
f

4
=  (2) 

where Tc is the pulse width. Hence, the sampling frequency must be greater than 80 Hz. 

Moreover, the former natural frequencies of the tower are in the dense mode region within 

50 Hz, so the frequency resolution must be considered. The frequency resolution can be 

expressed as follows: 

N

f
f s  (3) 

Combined with the abovementioned factors, the sampling frequency is set to 200 Hz. 

3.3. Implementation 

On 11 March 2019, field measurements and subsequent analyses were conducted. 

First, the excitation device was used to apply a sequence of force pulses to the tower in 

the X, Y and Z directions, during which the acceleration responses of the tower in the X, 

Y and Z directions were simultaneously extracted by the acceleration sensor. Then, the 

frequency response function of the tower system was established, and the first five natural 

frequencies were determined. When the tower foundation subsides, the tower structure 

and stress will change, which will subsequently change the natural frequencies. A finite 

element simulation in reference [1] showed that the stresses developed from the settle-

ment and uplift of the tower foundation exhibit a similar trend as the stresses measured 

in the tower members. Accordingly, an experimental platform for tower base lifting was 

built, the settlement process of the transmission tower base was manually simulated, and 

the low-order natural frequencies of the transmission tower system before and after set-

tlement were extracted and analyzed. Figure 6 shows the system vibration acceleration 

Figure 5. Test platform: (a) A photo of test platform; (b) A schematic of the test platform.

3.2. Selection of the Sampling Frequency

Because the low-order natural frequencies of the tower system are less than 50 Hz,
the sampling frequency of the device should be greater than 100 Hz according to the
Shannon theorem. In addition, the force pulse duration of the self-designed excitation
device is 50 ms. Therefore, to ensure the sampling accuracy of the force pulse, the sampling
frequency should satisfy the following inequality [29]:

fs =
4
Tc

(2)

where Tc is the pulse width. Hence, the sampling frequency must be greater than 80 Hz.
Moreover, the former natural frequencies of the tower are in the dense mode region within
50 Hz, so the frequency resolution must be considered. The frequency resolution can be
expressed as follows:

∆ f =
fs

N
(3)



Actuators 2021, 10, 309 8 of 15

Combined with the abovementioned factors, the sampling frequency is set to 200 Hz.

3.3. Implementation

On 11 March 2019, field measurements and subsequent analyses were conducted.
First, the excitation device was used to apply a sequence of force pulses to the tower in
the X, Y and Z directions, during which the acceleration responses of the tower in the X,
Y and Z directions were simultaneously extracted by the acceleration sensor. Then, the
frequency response function of the tower system was established, and the first five natural
frequencies were determined. When the tower foundation subsides, the tower structure
and stress will change, which will subsequently change the natural frequencies. A finite
element simulation in reference [1] showed that the stresses developed from the settlement
and uplift of the tower foundation exhibit a similar trend as the stresses measured in the
tower members. Accordingly, an experimental platform for tower base lifting was built,
the settlement process of the transmission tower base was manually simulated, and the
low-order natural frequencies of the transmission tower system before and after settlement
were extracted and analyzed. Figure 6 shows the system vibration acceleration when the
excitation device is installed in the X direction. Figure 6a shows the transient variation in
the force pulse generated by the excitation device. Here, you can see that the force pulse is
about 45 N and its duration is very short. Figure 6b–d represent the acceleration responses
of the tower in the X, Y and Z directions, respectively.
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3.4. Identification of the Natural Frequencies

The frequency response function of the vibration can be expressed as follows:

[H0(ω)] = [X0(ω)][δ0(ω)]−1 (4)

where δ0(ω) is the matrix afterFourier transformation of the measured force, X0(ω) is
the matrix after Fourier transformation of the measured acceleration, and H0(ω) is the
frequency response function.

However, the frequency response will be different when the direction of the excitation
force changes. Therefore, the objective of the monitoring technology is to determine the
strike direction. In this experiment, the directions of the impact were along the X axis, Y
axis and Z axis, and the acceleration was simultaneously measured in all three directions.

Figure 7 shows the frequency response function of the tower system where “F-x &
A-y” was used to represent the frequency response function in the Y axis when a force
pulse is applied in the X direction. Figure 7a–c show the frequency response function
curves of the system when the force pulse is applied in the X direction. Figure 7d–f shows
the frequency response function curves of the system when the force pulse is applied in the
Y direction. Figure 7g–i shows the frequency response function curves of the system when
the force pulse is applied in the Z direction.
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It can be seen from Figure 7 that when the force pulse acts on the X and Y directions
of the transmission tower, the modal frequency can be extracted more effectively from the
crest abscissa of the frequency response curve of the X axis ((a),(d)) and Y axis ((b),(e)),
but the Z axis ((c),(f)), the frequency response curve of almost no crest, unable to extract
modal frequency. Moreover, similarly, when the force impulse acts on the Z direction, the
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frequency response functions of the X axis (g), Y axis (h) and Z axis (i) do not show obvious
crest characteristics, which means that it is difficult to identify the natural frequency when
the force impulse acts on the transmission tower from the Z direction.

In addition, the vibration of the tower mainly occurs in the X direction and Y direction.
This is because, from a macro point of view, the tower is like a cantilever beam fixed at
one end, and the vibration mainly occurs in the other two directions. Specifically, on the
one hand, the axial stiffness of the tower is much greater than the bending stiffness, which
makes the deformation in the z-axis direction very small; on the other hand, the Z direction
is constrained by the ground, while the X and Y directions are not constrained. Therefore,
it can be seen in Figure 7 that the response mainly occurs in the X direction and Y direction.

The peak values of the frequency response function were extracted as the natural
frequencies at different orders. It is worth noting that in a large number of experiments, the
natural frequency of 1~2 Hz cannot be obtained. The smallest natural frequency excited
by this method is 7.617 Hz. When the force pulses of the normal structure were applied
in the X and Y directions, the first five natural frequencies extracted from the peak values
of the frequency response function. They are 7.617, 10.55, 12.3, 37.3 and 38.96 Hz. This
shows that the first five natural frequencies of the tower can be effectively extracted from
the acceleration response in either the X or Y direction with good consistency, regardless of
whether the force pulse is applied in the X direction or Y direction.

When the natural frequency is used to judge structural changes, the low-order fre-
quency is usually analyzed because the higher-order frequency is always changeable. To
see if these natural frequencies are highly variable in the case where no changes occur in the
tower structure, 10 repeated measurements were carried out. The consistency of extracting
the natural frequency of the tower system by using the frequency response function was
very good, and the maximum error was only 0.09 Hz.

3.5. Tower Leg Displacement Experiment

During the construction of the ZM-110 kV transmission tower at Xi’an University of
Engineering, grooves were left in the foundation, which made it very convenient for us
to lift the tower legs to simulate their displacement. Figure 8 shows a photograph of the
experimental site. Before the test, the tower base was carefully cleaned to avoid introducing
unnecessary errors. Because foundation settlement is not easy to achieve, lifting the tower
legs is instead. In the experiment, the bolts fixing the tower base were first released, and
then an ultrathin hydraulic jack was placed below the tower base to raise the tower legs.
When one leg was raised, it corresponded to the settlement of the other legs. For example,
if the foot of tower leg A was lifted, this corresponded to the settlement of tower legs B–D.
At this time, the whole structure of the tower was deformed, especially the strain in some
members of the tower legs [1].

Figure 7 shows that the frequency response function can be obtained by striking the
tower in both the X and Y directions. Furthermore, the modal parameters of a mechanical
system can theoretically be extracted from the measurement results of an acceleration
sensor. Therefore, in this experiment, the excitation device and acceleration sensor were
installed in the X direction of tower leg A.

Figure 9 shows the frequency response function curve before and after the settlement
of BCD. After the settlement of BCD, the structure of the tower changed, and the reduced
stiffness in the bolted connection caused different boundary conditions in leg A, which
may result in a downward shift of the frequency. Figure 9 shows that for these two cases,
the frequency response function curves were very similar, but after settlement, the natural
frequencies of each stage were reduced, especially the fourth and fifth natural frequencies,
which sustained the most obvious changes.



Actuators 2021, 10, 309 11 of 15

Actuators 2021, 10, x FOR PEER REVIEW 11 of 16 
 

 

When the natural frequency is used to judge structural changes, the low-order fre-

quency is usually analyzed because the higher-order frequency is always changeable. To 

see if these natural frequencies are highly variable in the case where no changes occur in 

the tower structure, 10 repeated measurements were carried out. The consistency of ex-

tracting the natural frequency of the tower system by using the frequency response func-

tion was very good, and the maximum error was only 0.09 Hz. 

3.5. Tower Leg Displacement Experiment 

During the construction of the ZM-110 kV transmission tower at Xi’an University of 

Engineering, grooves were left in the foundation, which made it very convenient for us to 

lift the tower legs to simulate their displacement. Figure 8 shows a photograph of the ex-

perimental site. Before the test, the tower base was carefully cleaned to avoid introducing 

unnecessary errors. Because foundation settlement is not easy to achieve, lifting the tower 

legs is instead. In the experiment, the bolts fixing the tower base were first released, and 

then an ultrathin hydraulic jack was placed below the tower base to raise the tower legs. 

When one leg was raised, it corresponded to the settlement of the other legs. For example, 

if the foot of tower leg A was lifted, this corresponded to the settlement of tower legs B–

D. At this time, the whole structure of the tower was deformed, especially the strain in 

some members of the tower legs [1]. 

 

Figure 8. Experimental site. 

Figure 7 shows that the frequency response function can be obtained by striking the 

tower in both the X and Y directions. Furthermore, the modal parameters of a mechanical 

system can theoretically be extracted from the measurement results of an acceleration sen-

sor. Therefore, in this experiment, the excitation device and acceleration sensor were in-

stalled in the X direction of tower leg A. 

Figure 9 shows the frequency response function curve before and after the settlement 

of BCD. After the settlement of BCD, the structure of the tower changed, and the reduced 

stiffness in the bolted connection caused different boundary conditions in leg A, which 

may result in a downward shift of the frequency. Figure 9 shows that for these two cases, 

the frequency response function curves were very similar, but after settlement, the natural 

frequencies of each stage were reduced, especially the fourth and fifth natural frequencies, 

which sustained the most obvious changes. 

Figure 8. Experimental site.

Actuators 2021, 10, x FOR PEER REVIEW 12 of 16 
 

 

 

Figure 9. Frequency response function before and after settlement. 

In order to further observe the change of natural frequency after settlement, the above 

experiment process was repeated with sampling frequencies of 100, 200 and 500 Hz, dif-

ferent tower leg settlement experiments were carried out, the natural frequency of the 

transmission tower of third-, fourth- and fifth-order was extracted, and the box diagram 

shown in Figure 10 was obtained. In the figure, Normal means that the transmission tower 

does not settle, while letters A–D and different combinations of letters represent different 

settling conditions of the transmission tower. 

   

(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 10. Box diagram: (a) 3rd mode at single leg settlement; (b) 4th mode at single leg settlement; (c) 5th mode at single 

leg settlement; (d) 3rd mode at two legs settlement; (e) 4th mode at two legs settlement; (f) 5th mode at two legs settlement; 

(g) 3rd mode at three legs settlement; (h) 4th mode at three legs settlement; and (i) 5th mode at three legs settlement. 

In Figure 10, a–c, d–f and g–i respectively represent the settlement of a single tower 

leg, two tower legs and three tower legs and the comparison of the third, fourth and fifth 

natural frequencies when the transmission tower is in normal conditions (the tower leg 

does not settle). 

Figure 9. Frequency response function before and after settlement.

In order to further observe the change of natural frequency after settlement, the
above experiment process was repeated with sampling frequencies of 100, 200 and 500 Hz,
different tower leg settlement experiments were carried out, the natural frequency of the
transmission tower of third-, fourth- and fifth-order was extracted, and the box diagram
shown in Figure 10 was obtained. In the figure, Normal means that the transmission tower
does not settle, while letters A–D and different combinations of letters represent different
settling conditions of the transmission tower.

In Figure 10, a–c, d–f and g–i respectively represent the settlement of a single tower
leg, two tower legs and three tower legs and the comparison of the third, fourth and fifth
natural frequencies when the transmission tower is in normal conditions (the tower leg
does not settle).

It can be seen from the figure that the natural frequencies of the settling legs of a single
tower vary with respect to normal conditions, and the natural frequencies of the settling
legs of different towers are obviously distinguished. For example, the attenuation of the
third-, fourth- and fifth-order natural frequencies of A–C and the natural frequencies under
normal conditions are 1.1, 0.4, and 0.8 Hz, respectively. For the settlement of the legs of
the two towers, the attenuation of the third-, fourth- and fifth-order natural frequencies
of the transmission tower is the most obvious when AB, AC and AD are settling, and the
attenuation range of the fifth-order natural frequency reaches 3 Hz when AB is settling.
For the settlement of the legs of the three towers, the natural frequencies of the third-,
fourth- and fifth-order of the transmission tower are obviously attenuated during the
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ACD settlement, among which the third- and fifth-order frequencies attenuated by 1.1 and
1.2 Hz.
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For the settlement of these conditions, monitoring frequencies can identify whether
there is settling for transmission towers. But some settlement is not linear. For example,
the tower leg BC, BD settlement, and tower leg BCD settlement, their average frequencies
are very close to the natural frequency of normal towers

To further characterize the settlement behavior, the data were normalized in Figure 10
to obtain the radar chart shown in Figure 11a. Figure 11b shows the same radar chart with
the coordinate axis reversed.

As previously mentioned, the excitation was applied to tower leg A, and the sensor
was also installed on leg A. Accordingly, among the cases of single-leg settlement, the
natural frequencies most obviously decreased in response to the settlement of legs B or D,
which are adjacent to leg A. For the cases of two-leg settlement, the natural frequencies
exhibited the most obvious decline in response to the settlement of legs BD, whereas
marked decreases were also observed with the simultaneous settlement of legs AD, legs BC
and legs CD. For the cases of three-leg settlement, the natural frequencies decreased most
obviously in response to the settlement of legs B–D. In conclusion, the natural frequencies
will decrease obviously when the settlement occurs in the tower legs adjacent to those
where the sensors and excitation de-vices are installed. In contrast, the decrease in the
natural frequencies will not be as obvious when settlement occurs in the instrumented
tower leg or in the tower leg diagonal to the instrumented leg.
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In practical application, the natural frequency may fluctuate a little due to external
influence, which may cause misjudgment. However, the settlement value of a tower
usually changes slowly. Therefore, long-term monitoring is an effective method. Generally,
the device can be set to measure once every 12 h. When the natural frequency changes
significantly, the measurement frequency increases. If the natural frequency change trend
is consistent for two consecutive days, the staff can go to the site for further investigation.

4. Conclusions

In this paper, a settlement monitoring method based on the main vibration response
of the transmission tower is proposed and applied to the cat-head tower in the ZM-110kV
transmission line of Xi’an Polytechnic University. The effectiveness of the method is
verified.

By measuring the vibration response of transmission tower in real time, it is found that
the acceleration response in the X and Y directions can be used to construct the frequency
response function of a transmission tower structural system when applying force pulse
in the X and Y directions. The first five natural frequencies of the tower system can be
extracted by this method with a maximum error of 0.09 Hz. However, the Z direction
frequency response function curve has no obvious characteristics, so the natural frequency
of a transmission tower cannot be extracted from it. It was also found that when the force
pulse acts in the Z direction of the transmission tower, the frequency response functions
of the X–Z axis also do not show obvious characteristics, which indicates that the X or Y
direction force pulse is applied to the transmission tower, and the acceleration response in
the X or Y direction can be used to extract the natural frequency of the transmission tower.

Based on the above conclusions, the experiment of simulating the settlement of trans-
mission tower by lifting tower shows that the natural vibration frequency of transmission
tower decreases obviously after settlement. For single-pile settlement, the maximum
attenuation of the third, fourth and fifth natural frequencies are 0.97, 0.58 and 1.85 Hz,
respectively. For leg settlement, the maximum attenuation of the third, fourth and fifth
natural frequencies are 1.26, 1.95 and 2.83 Hz, respectively. For the three-leg settlement,
the maximum attenuation of third-order, fourth-order and fifth-order natural frequencies
is 1.17, 1.75 and 2.63 Hz, respectively. The results show that the variation of natural fre-
quency after settlement can be measured and can be used as an effective basis to judge the
settlement of a transmission tower.

This paper also designs a transmission tower settlement monitoring system which is
composed of a monitoring center, wireless sensor and excitation device, which can impact
the tower and record its vibration response. The design of the excitation device applies a
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stable force pulse to the transmission tower, so as to overcome the weak vibration caused
by natural load and the difficulty of signal extraction.

The above work shows that it is feasible to apply force pulse on the transmission
tower to collect and analyze vibration information to monitor the device. The online
monitoring device designed according to this principle can realize the on-line monitoring
of transmission tower settlement and provide an effective solution for the protection of
transmission line safety.

The common faults of towers mainly include settlement, inclination, loose bolts and
rod deformation. This paper mainly discusses the variation law of natural frequency after
settlement. In the follow-up work, we will further study and simulate more working con-
ditions through more experiments, and explore the evaluation methods of these working
conditions.
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