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A measurement of vibrations of sensor holders of a container

in lifting and moving operations
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Abstract: In the process of container handling with cranes, vibrations and impacts can damage
substructures of a container such as a sensor holder. To ensure the normal operation of sensor holder during
transportation, it is necessary to monitor conditions of sensors and take remediation. A theoretical analysis
and experimental measurement are combined to investigate vibrations of the sensor holder of a container
structure. The results show that the sensor holder has a large displacement response in the frequency range
of 12-25 Hz. The sensor holder has a large acceleration response in the frequency range of 4 100—5 000 Hz.

A preliminary vibration isolation scheme design can be proposed with the consideration of these two

frequency bands, and feasibility analysis and optimization targets are discussed.

Key words: vibration; measurement; laser; analysis; structure; container

CLC number: 0329

1 Introduction

All structures in industry or nature are subjected to
vibrations of certain kinds due to their dynamic
characteristics and environmental factors''. While it is
pleasant to have small vibrations in daily activities in
places like home and office, excessive vibrations, which
happens in industry more often due to operations of
heavy duty and larger power machines with moving or
rotating parts®), are always on the lists for elimination.
It is natural to seek possible methods for the control of
vibrations in applications which the excessive vibrations
are always prohibited*!. This objective can be achieved
with the vibration analysis which are closely related

with a structural model with the needed vibration
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frequencies and mode shapes!®. In addition, the
analytical results of structural vibrations and properties
are generally required for validation with vibration tests
and measurements concerning the targeted applica-
tions"™, because the difference between analysis and
actual results are important in applications for the
control of vibrations in certain conditions such as in the
critical region of resonance® %!, Besides, installations of
vibration control mechanisms are time consuming,

disruptive, and also expensive!'').

Precise planning,
design, fabrication, and implementation are important
for the goal of a better and safer operation. In a dynamic
environment, these are the general principles and
concepts for the vibration control and test in engineering

applications based on vibration analysis.
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Recently, the Piezoelectric Device Laboratory of
Ningbo University (piezo.nbu.edu.cn) was asked to
investigate the excessive vibrations on the sensor
holders!">"*, a substructure of a container, because
damages and disruptions have been experienced in the
moving of containers by heavy cranes during the
transportation process. The logistic company asked to be
kept anonymous, would like the laboratory to identify
the source of vibrations and provide a solution to the
problem with the design and installation of vibration
control apparatus tailored to the existing equipment. The
vibration analyses and measurements are the core
expertise of the laboratory with extensive experiences in
dealing with industrial problems and relatively advanced
instrumentation for vibration testing!'*'®. The laboratory
accepted the request and checked the container structure
for a plan for the identification of the vibration source!'”’
with the combination of analysis and measurement. A
plan for vibration control will be proposed after careful
evaluation of the data and requirements.

It turned out that the analysis and measurements
are quite useful from the planned approach, and the
results are fully confirmed and a solution has been
presented to the logistic company. It is believed that a
full account of the analysis, test, and design will
demonstrate the procedure and methods for the solution
of the vibration control problem from engineering point

of view in similar situations.

2 The analysis of vibrations of
sensor holders of a container

A close examination of the sensor holders of a
container as the targeted structure was made on the
logistic company freight yard. The sensor holders are
fully attached to the container with a strong support of
steel plates. The sensor is used for the positioning
during the moving of the container between different

platforms. The crane will lift the container in a relatively

fast action, causing noticeable collision and impact to
the container and subsequent vibrations of sensor
holders in top corners of containers. As it is planned,
vibrations of the sensor holder will be analyzed to obtain
essential properties, then it will be checked by the
measurement to validate the analysis. This will be
essential in identifying the dynamic properties of the

structure and design vibration control structures

accordingly!™®.

With the sensor holders as shown in Fig. 1, it is
necessary to calculate the natural frequency of the
sensor installation for the initial design of a needed
vibration isolation system. As illustrated, the current
sensor holder is actually a cantilever plate of steel
attached to the container. We can use plate material
properties and dimensions for the natural frequency of
the holder structure. For a simple estimation, the lowest
flexural vibration frequency of the sensor hold is"”’

.k 3EI

0] =;,k =7 (1)
where k, m, E, I and L are the equivalent stiffness, mass,
Young’s modulus, cross-section inertia, and length of

the beam, respectively.

Sensor

N Steel plate
« L 5

Container

Fig. 1 The sensor holder structure of a container

With known parameters of the steel plate, the
frequency of flexural vibrations of the beam with center
of sensor mass as the length in Eq. (1) is around
4 000 Hz.

For vibrations of the sensor, which can be
simplified to a single-degree-of freedom (SDOF) model
as shown in Fig. 2 with the consideration of the
supporting plate and rubber pad. In this case, the

damping will be included in the analysis. Since the
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Fig. 2 The SDOF vibration model of the sensor

sensor will be under the external excitation from the
supporting plate, the analytical model will consider the
input as a displacement from the supporting plate as y(f)
in Fig. 2.

As in Fig. 2, the rubber pad has a smaller stiffness
in comparison with the sensor and supporting plate. In
the calculation of vibration frequency of the sensor, the
mass will be mainly of the sensor, and the stiffness is
the steel plate under the rubber pad. For approximation,

the equivalent mass of the sensor is'"”’

e N

m =m,+n;’, (2)

where m, and m, are mass of the sensor and rubber pad,
respectively.
As a result, the natural frequency of the sensor

without considering the damping will be

oo [E_[E .
m, m_+m, /3

and the equation of vibrations under excitation
displacement y(¢) from the steel plate is!'”’

mxX+cx+kx=cy+ky, 4)
with the usual consideration of generic mass m, damping
¢, and stiffness k.

In order to obtain the vibration properties of the
sensor, the model in Fig. 2 is analyzed with Egs. (2)—(3)
and the finite element method with Ansys (Ansys
Corporation, Pittsburgh, USA)?” for comparison and

verification. The finite element model used is shown in

Fig. 3 with the mesh scheme. For simplification, the
connection of the sensor and steel plate with bolts are
not included in the model and analysis, implying the
sensor is attached to the rubber pad and steel plate with
a perfect bonding.

In the analysis, materials of the sensor and
installation structure are

(1)The plate is made of Q235 Steel®"), and the

sensor is considered as a rigid body.

(a) The FEM model of the sensor

(b) The mesh scheme of the model

Fig. 3 The finite element model and mesh
scheme with analysis
(2)The rubber layer is elastic with basic material
properties including damping known. The static
stiffness of the rubber layer is approximately £, =
AE /L =382200N-m".
(3)The dimensions of the sensor are 65 mmx60

mmx50 mm, and its weight is 130 g.

Table 1 Material properties and dimensions

Item Young’s Modulus E/MPa  Poission’s ratiov  Density/(kg-m™) Damping Dimension/mm’
Steel Q235 200 000 0.25 7 850 ~107 195%60%8
Rubber layer 0.784 0.47 1 000 0.15~0.3 65x60x%8
Sensor 200 000 0.25 666.7 ~107 65x60x50
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The calculations are performed with material
properties and parameters in Table 1. The boundary
conditions of the finite element model are as shown in
Fig. 3.

The approximate frequency from Eq. (2) is done
with m, =130+31/3=1403gas

o= i =1650.5 rad"s™,
m

f=262.82 Hz.

The approximate frequency is very close to the
result from the finite element analysis for the simple
vibration mode. As it is known, the simple calculation
will be accurate for practical problem as this one. It is
clear that the frequency is from the uniform
compression of the rubber layer, and the higher
frequencies are no longer associated with the sensor
vibration isolation to be concerned of.

With the simple analytical model, the vibration
response by the excitation from the base plate can also
be analyzed. It is another way for the validation of the
simple analytical model and solution. In the finite
element analysis, the deformation is only in the z
direction by setting Poisson’s ratio to 1/1 000, and the
half-sinusoidal impulse is applied in the bottom plate
with Rayleigh damping parameters o =03, (=
3x107 2 Results from the finite element analysis and
analytical solutions are compared in Fig. 4. It is clear

that the responses under excitation are also accurate

------- Half-sine impluse input
--=- SDOF-output
— FEM-sensor center

1 1 1 | |
) 0.002 0.004 0.006 0.008 0.010
time/s

Fig. 4 Response of the sensor under an impulse excitation

from the FEM and analytical solution

from both models. The vibration isolation can be

designed with the basic properties and model
accordingly.

The calculations from approximate equation and
simple FEM model are intended to confirm the vibration
properties of the sensor holder for the evaluation of
vibration isolation scheme and selection of structure
materials. In addition, it is important to know possible
resonant frequencies of the holder and sensor itself.
Such calculations will also be confirmed with later
measurements with prototypes of vibration isolation
structures. The combination of calculations and
measurements are needed for the full plan of vibration

isolation structure design and evaluation as requested.

3 Vibration measurement of a
container

After the completion of vibration analysis with this
simple model and calculations, it is time to validate the
calculation for design of vibration isolation structure.
The important parameters now include the excitation to
be considered, because the sensor properties have been
validated. To this objective, a measurement from the
container in lifting and moving processes for the
properties of shock and vibrations are to be conducted.
Since the vibration frequencies of the sensor are so
different in different modes, it is important to find the
most frequency and significant frequencies as the
targeted dynamic loads. This has to be done by in-situ
measurement of vibration signals in different conditions.

The actual measurement was done in the freight
container yard. The standard containers were selected
for routine operations of the loading and unloading
by heavy lifts. The of the

measurement is to find out the properties of impact

process objective
impulse of the lifting and moving processes and some
basic properties of the container and sensor holders. To
be consistent with the objective, a laser vibrometer

(Sunny Optical Technology Limited, Yuyao, Ningbo,
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China) was used for the vibration measurement. The
measurement was completed in one day in several
rounds to ensure the consistency of data and loadings.
The data was compared after processing and it is proved
that the measurement was successful. The sensor
holders and data collection point V1 are shown in Fig. 5.
Data are also collected from another sensor at point
denoted as V2. Since the data are similar after analysis,

only the results from V1 is shown here.

Fig. 5 The data collecting spot V1 of the sensor

holder for vibration measurement

The measurement was done at two spots for check
and validation purpose. Because the sensor holder is
small, it is expected the measured vibrations and
properties should be close without significant difference.
The data sweeping frequency is 12 800Hz for the
displacement and acceleration relative to the ground.

3.1 Vibration data from point V1 and the FFT
analysis

The displacement data from point V1 is plotted as
the histogram and the Fast Fourier Transformation

061 (a) Displacement data
0.4
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Fig. 6 Displacement data at point V1 and its FFT

(FFT)* in Fig. 6. It is clear from the histogram in Fig.
6(a) that the displacement is larger at certain times, and
the large displacement is in lower frequency as in Fig.
6(b). Since the properties of data are not clear in Fig. 6,
more details need to be examined by different data

packs.

Now the time series of displacement at point V1 is
divided into different intervals for the FFT analysis with
local details in Fig. 7.

3.1.1 The first data pack in time interval 0-1.5s

It is clear this is an impact impulse with a larger
single peak and smaller displacement (Fig. 7). The peak
frequency is 15.33 Hz. It is likely an impact impulse
from the collision between the lift hook and the
container.

3.1.2 The second data pack in time interval 25.3-25.8 s

The displacement is relatively large with a peak

frequency at 22 Hz (Fig. 8). This is also an impact
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Fig. 7 The first data pack of displacement at
point V1 and its FFT
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Fig. 8 The second data pack of displacement at
point V1 and its FFT

impulse between the lift hook and container.

3.1.3 The third data pack in time interval 26.7-27.1 s
This is similar to previous data pack (Fig. 9). It is

the impact impulse with a peak frequency at 17.5 Hz.
The displacement data from points V1 and V2 are

highly similar in waveform and essential properties.

There are differences in peak frequencies, but it is likely
to be associated with the differences of the sensor
holders, hook, and positions. The peak frequencies from
point V1 are 15.33 Hz, 17.5 Hz and 22 Hz, and V2 are
11.43 Hz, 12.5Hz and 26 Hz. The large displacements
of the sensor holder surface are caused by the impact
signal.
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Fig. 9 The displacement of third data pack at
point V1 and its FFT

3.2 The analyses of accelerations of point V1 of

the sensor holder

The data analysis of acceleration measurement is
also performed in separated time intervals, just as for
displacement in previous section. The results are used to
check some essential properties as a way of verification.

The acceleration data from point V1 is shown in
Fig. 10. More peaks of acceleration can be observed
with clusters of a few frequencies, just as the
displacement data in previous figures. The data will be

examined also in different time intervals.
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Fig. 10 The acceleration data and its FFT at point V1

3.2.1 The first data pack of acceleration in 1.76—1.83 s

By comparing the time of occurrence, it is clear
this is also from the impact impulse (Fig. 11). The
displacement is low, as found in Figs. 7-9, but the
acceleration is high. It is believed this is from the
resonance induced by the high-frequency components of
vibrations of the impact at the vibration frequency of the

cantilever plate.

(a) Acceleration data
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which is close to the first data pack. Again, this is the
resonance of steel plate caused by the high frequency

components of the impact (Fig. 12).
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Fig. 12 The second data pack of acceleration and its FFT
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3.2.3 The third data pack of acceleration in 2.83-2.88 s

This is a damped vibration without the growth
phase, implying the vibration could be further amplified
by the later excitation (Fig. 13). The peak frequency is
4099 Hz, similar to earlier acceleration response. It
further reinforced the frequency feature of the steel plate
under resonance.

3 —
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Fig. 13 The third data pack of acceleration and its FFT

From both points V1 and V2, there is a strong
resonance in the vicinity of 4 100 Hz, although there is a
small difference in the properties of accelerations from
measurements of the two points. The steel plate and
attachment can cause the differences, but they all are
close to 4 100 Hz, which is believed to be the lowest
flexural vibration frequency of the steel plate from the
estimation at the beginning. There is always a strong
resonance at this frequency induced the high frequency
components of the impact vibrations.

3.3 Summary of measurement data of vibrations
of vibration data of two

From analyses

measurement spots, it proved that the measurement of
vibrations of sensor holders is successful. These data
will be useful for the design of vibration isolation and
control apparatus. There are some differences which are
minimal between the two measurement points, therefore,
the results have been validated by each other. By
summarizing the analyses of measurement data, it can
be concluded that the impact vibrations have a
frequency range from 12-25Hz, which causes large
displacements of the bottom plate of the sensor holders.
In vibration control, this low frequency vibration needs
to be taken into consideration seriously.

From the acceleration data of two measurement
points, large acceleration was observed at 4 100 Hz with
clear presence of damping. It shows that there is a strong
response of sensor holder acceleration at that frequency.
Since there are no high frequency signals in the
measured displacements, it is clear that the response is
just from the excitation of the high-frequency
components of impact vibrations. This is the frequency
of the flexural vibrations of the steel plate, and the
differences are from the structure, position, and possibly
materials.

In summary, the peak responses are observed in
ranges of 12-25 Hz and 4 100-5 000 Hz from measure-
ments. Therefore, the vibration control design for the
sensor holders should be focused on vibrations at 15 Hz
and 4 100Hz for both free and forced vibrations in
relation to the design and evaluation with structure and

material consideration.
4 Conclusions

Through a systematic analysis and measurement,
vibration properties of the sensor holder of a container
are obtained and validated as part of the efforts in the
design of vibration control structure for the positioning
sensor. The vibration frequencies of the holder are well
separated, implying that the lower and high frequencies

vibrations cannot be well controlled with the simple
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structure of a rubber pad. From the measurement, it is
clear that one of the excitations comes at 12 Hz through
the impact between the hook and container. This
vibration causes the largest displacement, but the
interferences with sensor holders are limited. The largest
acceleration comes at 4 100 Hz, which is the induced
resonance of the cantilever steel plates. This could be
the major vibration disrupting the operations of sensors.
Of course, one more testing is needed on the resonance
frequencies of the sensor itself, which will be fatal if
there is an internal resonance caused by the impact
frequency. Actually, there could be many resonant
frequencies of sensor interacting with container
vibrations in the lifting and moving operations with
cranes. The interrupting of sensor functions and
damages to sensors are the bigger concerns with
noticeable economic costs, and remedies with full
considerations of vibrations of the container, holder, and
sensor itself will provide solutions to ensure smooth
operations and savings of the equipment.

The analysis of vibrations of sensor compartment
structures and impact loadings provide much needed
information for the design of control apparatus. Further
testing on the sensor structure will provide more
information required to design solutions to improve the
safety of sensors on containers. This will be major task
with efforts in different areas to satisfy the objective of
improving the container transporting in a large port with

increasingly automatic and intelligent operations.
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