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Abstract. Shore-side container cranes (SCC) are widely used in ship loading and unloading. However, the SCC
is often damaged by the seismic wave shock. In seismic response analysis, the setting of damping coefficients has
a large impact on the accuracy of the calculation results. In order to better design the SCC mechanical
performance, the improved damping coefficient calculation method is proposed. The results of the simulation
and the experiment are compared under the different seismic conditions. The results show that the influence of
the damping coefficient calculation method on the SCC seismic response increases with strengthened seismic
intensity. When the peak acceleration is small, the simulation results under different damping coefficients are
almost the same and are close to the experiment values. When the peak acceleration is large, only the error
between the simulation results obtained by the improved method and the experimental values is less than 5%.
It is thus concluded that the improved damping coefficient calculation method is accurate and reliable.
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1 Introduction

Shore-side container crane (SCC) is a piece of important
loading and unloading equipment at ports, and the damage
to SCC caused by the earthquake has drawn high attention
from many scholars. The designer must master the
dynamic performance of the structure under different
working conditions, predict the dangerous parts of the
structure under different earthquake conditions, and make
reasonable improvements to the structure to avoid major
accidents when the earthquake comes. However, only
similar model tests can be carried out since on-site tests are
not available for such large structures. Before the model
test, seismic dynamic simulation analysis should be
conducted for them, where damping coefficient has always
been a difficulty in the research because reasonable setting
of damping coefficient may make the simulation results
more accurate and reliable.

Although many research achievements have been
achieved in seismic tests for large engineering structures,
they are targeted at high buildings [1–3], gravity dams [4–6]
and bridges [7–9]. In order to obtain the SCC mechanical
performance, Jacobs et al. [10] built a 1:20 scale model of
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SCC to carry out a series of finite element simulation
analyses, and they achieved satisfactory results.
Kanayama and Kashiwazaki [11] designed a 1:8 test model
to research the multi-rigid-body dynamic behavior of SCC
and the damage forms. Japanese researchers [12,13] built a
1:15 test model of pier foundation and the SCC, they
carried out a series of seismic tests for the interaction
between pier foundation and SCC. Lou et al. [14] discussed
the influence of mass proportional damping matrix on the
calculation results, and then the determination method of
mass proportional damping coefficient was proposed.
At present, the research of proportional damping hypoth-
esis has been relatively mature, and there are many cases in
the field of large structure as civil engineering and
machinery. However, there is no explanation on how to
determine the damping coefficient in the numerical
calculation of finite elements, and the Rayleigh damping
models are often considered as a basis for damping matrix
construction commonly utilized in the seismic time history
analysis of large structures [15].

Existing studies do not set the corresponding effective
damping coefficient for the SCC. In this paper, the
improved damping coefficient calculation method is
proposed based on the most common four Rayleigh
damping coefficient calculation methods, where a simula-
tion analysis model is built for dynamic time history
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Fig. 1. Main components of SCC structure.
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analysis with the SCC model as the experimental subject.
In the time history analysis, five groups of damping
coefficients obtained by the above methods are used to
compare the seismic response of SCC with different
damping coefficients. Finally, the shaking table tests are
conducted for the model, and the results show that the
improved method is more available.

2 Main components of SCC

The research object of this article is the J248 SCC
structure, which is mainly welded and assembled by Q345
high-strength steel. The yield limit of the material is
345MPa, and the elastic modulus is E=2.06� 1011N/m2,
the Poisson’s ratio is 0.3, the density is 7850 kg/m3. The
SCC mainly consists of the crane span traveling mecha-
nism, gantry structure (mainly includes landside and
seaside pillars, landside and seaside beams, horizontal
beams, drawbars, and other components), front and rear
girders, drawbar system, machine room, traveling trolley,
and slings, etc., as shown in Figure 1.

During operation, the SCC travels along the track that
is parallel to the coastal line, while the traveling trolley
transfers containers along the track on the beam for loading
and unloading operations.

3 Calculation method for damping coefficient

The existence of damping makes the amplitude of the
system in the resonance cannot be infinitely amplified, and
it can consume the energy of earthquakes. Unlike the
physical quantities such as mass and stiffness, the damping
cannot be measured directly on the structure or expressed
clearly by mathematical methods. Therefore, the damping
matrix [C] is written as the sum of the linear proportions of
the mass matrix [M] and the stiffness matrix [K] [16]:

C½ � ¼ a M½ � þ b K½ �; ð1Þ
where a and b are damping coefficients.

The setting of damping parameters includes damping
coefficient a and b and damping ratio j, which needs to be
set artificially in the simulation software. The value of a
and b can be calculated in the following formula:
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wherejmandvmarethedampingratioof thenumbermorder
vibrationmode and its correspondingfixed frequency; jn and
vn are the damping ratio of the number n order vibration
mode and its corresponding fixed frequency. Upon calcula-
tion of a and b, the damping ratio of other order vibration
mode may be solved through the following formula:

jn ¼ a

2vn
þ bvn

2
: ð3Þ
It can be seen from equation (3) that the damping ratio
in time domain calculation is frequency dependent [17].
The selection of appropriate frequency can help obtain the
most reasonable a and b. Namely, the data which are
closest to the actual situations are obtained through finite
element simulation experiments, providing accurate and
reliable data reference for the model tests.

At present, in the calculation of the dynamic response of
the structure in engineering, the coefficient a and b are
usually calculated using the following methods:

Method 1: Assuming that the contributions of mass
matrix and stiffness matrix in Rayleigh damping is the
same. Then the damping coefficient a and b can be
expressed as:

a ¼ jv1

b ¼ j

v1

:

(
ð4Þ

The drawback of this method is that all damping within
the frequency range is overestimated, resulting in relatively
low dynamic response of structure under the same external
dynamic load incentive.

Method 2: The sensitive frequency ranges of the
selected object structure is va and vb. The damping ratio
at the boundary of frequency may be expressed with the
following formula:

ja ¼
1
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This method underestimates the damping between va
and vb, it also overestimates the damping beyond the
frequency range. Therefore, the structural dynamic
response calculated by this method is too high.

Method 3: Based on method 2, relevant scholars
improved the calculation method [18], let

dj
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¼ � a

2v2
þ b

2
; ð6Þ
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where v=(a/b)1/2, by substituting it into equation (3),
the minimum damping ratio jmin= (ab)1/2 can be
obtained. The damping ratio at va and vb may be
expressed as:

jmax ¼
1

2
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þ bva

� �

jmax ¼
1

2
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þ bvb

� � ;

8>>><
>>>:
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j0= (jmax+ jmin)/2 is defined, where jmax and jmin are the
maximum and minimum damping ratios, respectively. If
the calculated damping ratio j < j0, then j= j0. According
to equation (7), a and b may be calculated. Then the
underestimated damping ratio between va and vb may be
partially made up.

Method 4: Based on method 1, the two frequencies of v1
and v2 are used for calculating a and b. v1 is the
fundamental frequency of the structure; v2=nv1, where n
is an odd number which is greater thanve/v1, and whereve
is the main frequency of the seismic wave. The frequency
characteristics of structure and the characteristics of
seismic frequency are considered, but the structure
damping within the ranges of v1 and v2 is underestimated.
a and b can be expressed as [19]:

a ¼ 2j
v1v2

v1 þ v2

b ¼ 2j
1

v1 þ v2

:
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Improvedmethod in this paper: The essential difference
of the calculationmethod of damping coefficient mainly lies
in the way of frequency selection. Hence, considering the
advantages and disadvantages of the above methods, the
improved Rayleigh damping coefficient calculation method
is proposed. In this method, the v1 as the fundamental
frequency of structure in method 4 is changed to the
minimum inherent frequency. Here, v1 is the first order
inherent frequency of structure vibration under the ground
motion excitation. v2=nv1, n is an odd number which is
greater than ve/v1, where, ve is the main frequency of
seismic wave. After two main frequencies are determined,
the method 3 is used to calculate damping coefficient a and
b. The frequency characteristics of structure and spectrum
characteristics of seismic waves are considered, without
underestimating or overestimating the damping of struc-
ture within the ranges of v1 and v2.

4 Simulation and experiment

4.1 Model parameters and conditions

3D simulation model of the SCC is established by the
software ABAQUS, as shown in Figure 2a. To compare the
seismic response of the SCC structure with different
damping coefficients and prove the correctness of the
improved calculation method, an SCCmodel is adopted for
simulation, the key measurement points of the model are
shown in Figure 2b. Among them, the connection between
the model leg and the vibrating table is to simulate the real
situation, that is, the real contact between the walking
wheel at the bottom of the quay crane and the track.

Meanwhile, according to the real wheel-rail contact
model, the real wheel-rail contactmodel of the experimental
model is established, which is a reduced scale (1:15)
representation of the J248 SCC structure, as shown in
Figure 2c. Similarity relation of the scale model of SCC
structure can be seen inTable 1. Themain parameters of the
shaking table are as follows: The table top of the shaking
table is 1500mm long and 1500mm wide. The maximum
acceleration in the horizontal direction is±50m/S2, the
maximumacceleration in the vertical direction is±30m/S2,
the maximum displacement in the horizontal direction
is±200mm, the maximum displacement in the vertical
direction is±100mm, the maximum speed in the horizontal
direction is 0.8m/s, the maximum speed in the vertical
direction is0.8m/s,andthemaximumbearingcapacity is2 t,
The frequency range is 0.1–100Hz. Furthermore, the
dynamic response data of each key point of the experiment
model under seismic excitation is extracted and analyzed,
and then it is compared with the simulation results.

Inorder tocalculatedampingcoefficient, the frequencyof
finite elementmodel is first extracted in software ABAQUS.
Through hammeringmodal test, thefirst 8 order frequencies
of SCC are measured, as shown in Table 2.

The scale model of SCC is placed on the shaking table
for frequency sweep, thus obtaining the self-vibration
frequency of SCC. In the loading setting of shaking table,
the range of frequency sweep is set to 10–50Hz. The
acceleration sensors are arranged according to the layout of
measuring points. Data recorded by the acceleration sensor
are read after the sweep test. The frequency corresponding
to the peak value is the self-vibration frequency of SCC
structure. Through frequency sweep test, the vibration of
themodel is themost intense when the excitation frequency
is close to 45.97Hz. Therefore, 45.97Hz can be determined
as the self-vibration frequency (natural frequency) of the
model. The frequency of the fourth mode in the finite
element modal analysis of the model is 46.60Hz, which is
consistent with the experimental results. The simulation
modal analysis results are in good agreement with the
swept frequency test results, indicating that the simulation
results are comparable with the test values.

4.2 Simulation results

The recorded acceleration of the EL-Centro (The name of
ground motion) wave and Taft wave (The first seismic
wave in the world that successfully records the whole
process data) is set as input seismic excitation, and the
peak acceleration is adjusted to 0.22 g, 0.4 g and 0.62 g,
respectively. Where EL-Centro and Taft are two different
types of seismic waves. Their dominant frequencies are
27.27Hz and 34.1Hz respectively. In the simulation and
shaking table experiment, the EL-Centro wave and Taft
wave in different peak acceleration is input directly. The
scope of this study is within the linear range, so the
nonlinear factors appearing in the test are constrained.



Table 1. Similarity relation of the scale model.

Similarity parameter Similarity ratio Similarity parameter Similarity ratio

Geometric dimension 15 Frequency 1/15
Density 1 Time 15
Mass 153 Elastic modulus 1
Displacement 15 Section inertia radius 15

Fig. 2. 3D simulation model and experiment model.
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Four damping coefficient calculation methods commonly
used in engineering and improved coefficient calculation
methods are adopted. The frequency is selected according
to the above damping coefficient calculation method, and
5 groups of different damping coefficients are obtained by
solving the equations, as shown in Table 3. When method
4 is adopted for calculation, n=1, namely, v2=nv1.
At this time, the calculated damping coefficient is the same
with that calculated with method 1. Therefore, the finite
element simulation results of T1 and T4 are the consistent,
they can be merged. In the time history calculation, the
measurement points of S3, S6, S11, S12 on the model are
monitored.

As shown in Figure 3, it is clear that the trend of the
acceleration time domain curve of the measurement point
is similar under the different damping parameter settings,
and the main difference is the magnitude of the peak
acceleration. The maximum peak acceleration is
2721.4mm/s2 under T1 and T4, which is the minimum
peak acceleration among several groups of parameters, it is
consistent with the calculation characteristics of Method 1.
Themaximum peak acceleration is 3348.4mm/s2 under T2,
which is the maximum peak acceleration among several
groups of parameters, it is consistent with the calculation
characteristics of Method 2. The maximum peak accel-
erations underT3 andT5 are respectively 3099.8mm/s2 and
2967.8mm/s2, which is between Method 1 and Method 2.

To clearly show the dynamic effects of damping
coefficients on different test points on the model, the
acceleration amplification coefficient envelopes of the
model on measurement points S3, S6, S11, and S12 are
plotted in Figure 4.



Table 2. Self-vibration frequency of SCC structure.

Order 1 2 3 4 5 6 7 8

Frequency/Hz 20.79 29.86 36.93 46.60 48.51 50.59 80.21 92.94

Table 3. Damping coefficient of the model.

Method T1 T2 T3 T4 T5

a 1.039 1.698 1.189 1.039 2.173
b 24.1e-4 8.79e-4 6.15e-4 24.1e-4 5.01e-4

Fig. 3. The time domain characteristic of S3 point under the condition of EL Centro wave 0.22g (a) T1 and T4; (b) T2; (c) T3; (d) T5.
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From Figure 4, under El-Centro and Taft seismic wave
excitation with peak acceleration adjusted to 0.22 g, 0.4 g
and 0.62 g, the peak acceleration of measuring points is
different under different damping coefficient settings
(T1-T5), which can be reflected in the acceleration
amplification factor. According to the acceleration ampli-
fication factor at the measurement points, the deviation
between the simulation value of different models and the
T5 can be calculated. The deviation is more obvious under
the action of El-Centro seismic wave with strength of
0.22 g. The deviation between T2 and T5 at measuring
point S3 is 7.81%. Under Taft seismic wave, the deviation is
smaller, and the maximum value is 2.29% between T1, T4
and T5. It shows that the damping coefficient has little
effect on the SCC when the peak acceleration is adjusted to
0.22 g, and the El-Centro seismic wave model is more
sensitive to the damping coefficient than Taft seismic wave.
Compared with 0.22 g earthquake excitation, the deviation
of acceleration amplification coefficient envelope under
0.4 g earthquake is enlarged. Similarly, the deviation is
obvious under El-Centro seismic wave, in which the
deviation between T2 and T5 at measuring point S3
reaches 12.9%, and the deviation is smaller under Taft
seismic wave, with the maximum value of 2.73% between
T1, T4 and T5. When the peak acceleration is adjusted to
0.62 g, the deviation is obvious under El-Centro seismic
wave, where the deviation between T2 and T5 reached
17.9% at the measuring point S3. The deviation is small
under Taft seismic wave, and the maximum value is 3.76%
between T1, T4 and T5.
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4.3 Experiment results

Whether the calculation method of damping coefficient of
SCC is reliable can be verified by shaking table experiment.
The dynamic response data of key points under earthquake
excitation are extracted and compared with the previous
simulation analysis results. If the experiment values are in
great agreement with the simulation values obtained by
using the improved damping coefficient calculation
method, it shows that the improved method is accurate
and reliable.
Bolts are used to form a fixed connection with the
shaking table at the support of the model legs, which is
similar to the boundary conditions in civil engineering. In
practice, the boundary condition between the SCC and the
port’s ground is the contact between the supporting wheel
of crane and the port’s track. The edited seismic wave is
input into the shaking table control system. El-Centro and
Taft seismic wave is set to 0.22 g, 0.4 g and 0.62 g.

Figure 5 shows the time domain value of acceleration
measured at the points of S3 and S6 of the SCC model
under the excitation of 0.22 g EL-Centro wave.
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The extreme value of acceleration at each point in the
test is extracted to calculate the amplification coefficient of
its acceleration. Figure 6 is the envelope curve of
acceleration amplification coefficient between T1-T5 and
experiment points.

Under El and Taft waves, the simulation calculation
results are compared with the experimental values. In
general, the closest finite element calculation result to the
test value is the damping parameter obtained with T5
method. That is, the new calculation method proposed in
this article. When the peak acceleration is 0.22 g, the
deviation between the simulation value (T1–T5) and
experimental value is relatively minor, and it is indicated
that the five methods are applicable to seismic simulation
calculation of the SCC model. However, with the peak
acceleration increases, the deviation between simulation
value and the experimental value is gradually enlarged.
When the peak acceleration is adjusted to 0.62 g, there are
measurement point models with deviation exceeds 10%
with the calculation method T1-T4, while the deviation
between the simulation results and experimental value are
within 5% with the new calculation method T5. It is clear
that the closest simulation results to experimental value
are the damping parameters obtained with the T5, or
namely, the new calculation method proposed herein.
Therefore, the improved damping coefficient calculation
method is accurate and reliable.
5 Conclusions

Through the improved damping coefficient calculation
method, the simulation results and experimental results of
SCC seismic response under different seismic conditions are
compared. The main conclusions are summarized as
follows:

–
 Four calculation methods of damping coefficient a and b
in the dynamic response calculation of engineering
structures are summarized. Considering the advantages
and disadvantages of the above methods, an improved
Rayleigh damping coefficient calculation method is
proposed. The calculation method of damping coefficient
has a great influence on the SCCmechanical performance
analysis with different seismic wave excitation param-
eters, the deviation of the acceleration amplification
coefficient simulation results among the method is up to
17.9%.
–
 The reliability of the calculationmethod of SCC damping
coefficient is verified by shaking table experiment. The
dynamic response data of key points with earthquake
excitation are extracted and compared with the simula-
tion results. The improved calculation method of
damping coefficient is verified, which can be used to
predict SCC mechanical performance, as the deviation
between the simulation results and experimental value
are within 5%.

From the above findings and analysis, the application of
the improved damping coefficient calculation method
provide an effective way for the study of SCC performance
under seismic conditions.
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