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 e ground motion records obtained by the CDSMON during the Ms6.4 earthquake in Yangbi, Yunnan Province, on May 21,
2021, were subjected to routine processing such as baseline correction and �ltering.  e nonstationary time-frequency char-
acteristics of ground motion signals were analysed by the wavelet transform, and the acceleration response spectrum charac-
teristics of typical stations under di�erent epicentral distances, magnitudes, and site conditions were analysed. Finite element
software was used to establish a model to analyse the seismic response of a typical three-span continuous beam bridge.  e
maximum peak ground acceleration (PGA) of this earthquake (720.29 gal) was obtained from 53YBX in the NS direction at the
epicentral distance of 8.6 km.  e energy at station 53YBX was mainly concentrated in 0–15Hz range, and the low-frequency
component energy caused great damage to buildings with natural frequencies in this frequency band. e Sa value near the origin
of the earthquake is relatively large, as the distance from the epicentre increases, the predominant period of Sa also gradually
increases, and the high-frequency component diminishes. With the increase in earthquake magnitude, the Sa peak increased, and
the long-period component became more obvious.  e soil station had more obvious long-period components than the bedrock
station, which is consistent with the ampli�cation result of the response spectrum of overburden thickness to surface acceleration.
 e earthquake had little in¢uence on the pier displacement of the three-span continuous beam bridge with a fundamental period
of 0.77 s but had a great in¢uence on the bending moment at the bottom of the piers.

1. Introduction

According to the measurement of the China Earthquake
Networks Center, at 21 : 48 on May 21, 2021, an Ms6.4
earthquake occurred in Yangbi County, Dali Prefecture,
Yunnan Province.  e epicentre was located at 25.67°N and
99.87°E, and the focal depth was 8 km.  e earthquake
belongs to a typical foreshock-mainshock-aftershock event.
More than 350 seismicities occurred before the mainshock,
including �ve earthquakes with a magnitude of Ms4.0 or
above. e largest foreshock was theMs5.6 earthquake at 21 :
21 on May 21, 2021, with the epicentre at 25.67°N and
99.87°E, a focal depth of 10 km, and a distance from the

Ms6.4 mainshock of 6 km. After the mainshock, the Yunnan
regional seismic network recorded rich sequences of after-
shocks. As of May 26, 2021, 2426 aftershocks above mag-
nitude 0 have been recorded.  e largest aftershock was the
Ms5.2 earthquake at 22 : 31 on May 21, 2021, with the
epicentre at 25.59N and 99.97°E) and a focal depth of 8 km
[1].  e seismogenic fault of this earthquake was a NW-
trending secondary fault on the west side of the Weixi-
Qiaohou fault, which is dominated by dextral strike-slip
motion [2, 3]. On May 25, the Yunnan Provincial Seis-
mological Bureau issued the intensity map of the Ms6.4
Yangbi earthquake in Yunnan Province, which shows that
the maximum intensity of this earthquake was VIII and that
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the area of intensity VI and above was approximately
6600 km2, involving 6 counties and cities of Dali Prefecture.

*e China Digital Strong Motion Observation Network
(CDSMON) captured abundant records of strong ground
motions after the earthquake. Chen and Li [4] conducted
conventional processing such as filtering on the ground
motion records, analysed the attenuation patterns and du-
ration characteristics of the ground motion amplitude, and
compared the recorded acceleration response spectra of
stations with different epicentral distances. Tian et al. [5]
compared and analysed the acceleration response spectra of
6 stations with the nearest epicentral distances and largest
amplitudes. *e aforementioned studies analysed the fre-
quency domain characteristics of ground motion mainly
based on acceleration response spectra.

Ground motion records belong to nonstationary time-
varying signals, and their energy and frequency will change
greatly with time [6]. Conventional signal processing methods
cannot well reflect the time dependence of frequency com-
ponents, while the wavelet transform and wavelet packet
transform are time-frequency analysis methods suitable for
nonstationary signals [7, 8]. *erefore, based on the con-
ventional processing of ground motion records such as
baseline correction and filtering, the wavelet and wavelet
packet transforms are introduced to analyse their time-fre-
quency characteristics. In the analysis of acceleration response
spectra, in addition to the comparative analysis of the response
spectrum characteristics of different epicentral distances, the
response spectrum characteristics of different earthquake
magnitudes at the same stations and the response spectrum
characteristics of stations with similar epicentral distances but
different site conditions, such as soil and bedrock, are com-
paratively analysed. In addition, a typical finite element model
of a continuous beam bridge is established to analyse the stress
of the model under the Ms6.4 earthquake in Yangbi, Yunnan
Province. *is study further explores the influence pattern of
the nonstationary ground motion signal on the time-fre-
quency characteristics of the structure, which has more in-
depth research value and significance.

2. Collection and Processing of Strong
Motion Records

Baseline correction, filtering, and other conventional data
processing [9] were conducted on the uncorrected accel-
eration records. (1) *e average value of acceleration
recorded 20 s before the time of recording the original ac-
celeration was calculated and subtracted from the recorded
original acceleration, and then, the recorded zero drift was
adjusted. (2) *e acceleration records after zero-line ad-
justment were subjected to bidirectional high-pass filtering
through a digital filter (4th-order Butterworth) in the cutoff
frequency range of 0.01–100Hz selected according to the
Nyquist sampling rate. (3) *e corrected acceleration rec-
ords were filtered according to the Interim Code for com-
puting the instrumental seismic intensity in the cutoff
frequency range of 0.1–10Hz, and the instrumental seismic
intensities were computed. *e basic information and re-
lated parameters of typical strong earthquake records

corresponding to the strong motion stations of the Ms6.4
earthquake are shown in Table 1. *e maximum peak
ground acceleration (PGA) of this earthquake (720.29 gal)
was obtained from 53YBX (Yangbi Station that is 8.6 km far
from the epicentral distance) in the NS direction. *e
records obtained in this earthquake were mostly far-field
records and rarely near-field records.

3. Wavelet and Wavelet Packet Analysis

*e wavelet transform and wavelet packet transform are
tools of signal analysis and time-frequency analysis methods
suitable for nonstationary signals [10]. *e wavelet trans-
form inherits and develops the idea of localization in the
short-time Fourier transform (STFT) [11], which makes up
for the shortcomings that the window width cannot be
applied to any frequency and provides a time-frequency
window that changes with frequency [12]. As a general-
ization and extension of the wavelet transform, the wavelet
packet transform can provide a more refined signal analysis
method [13]. Compared with the conventional Fourier
transform and wavelet transform, the advantage of the
wavelet packet transform is that it divides the time-fre-
quency plane more finely and improves the resolution of the
high-frequency component of the signal [14].

3.1. Wavelet Transform Analysis. Considering that the
waveform of a Daubechies wavelet is very similar to that of a
ground motion velocity pulse in terms of high compactness,
smoothness, and approximate symmetry [15], Daubechies 8
was used as the wavelet basis in this study. *e time-fre-
quency analysis of the ground motion signal of the Ms6.4
earthquake is carried out using a one-dimensional contin-
uous wavelet transform [16]. *e strong motion records in
three directions (EW, NS, and UD) obtained at station
53YBX were selected for wavelet analysis. *e analysis re-
sults are shown in Figure 1. In the frequency domain, the
overall low-frequency signal energy is strong, the high-
frequency signal energy is weak, and the energy in three
directions is mainly concentrated in the 0–15Hz range. In
the time domain, there are two energy peaks in the EW and
NS directions at 32–34 s and 36–38 s and one energy peak in
the UD direction at 36–38 s. In general, the energy peak in
the UD direction has a larger width and lower wavelet
coefficients than those in the EW and NS directions.

3.2. Wavelet Packet Transform Analysis. In this study,
Daubechies 8 was still used as the wavelet base for wavelet
packet decomposition. *e sampling rate of the strong
seismograph was 200Hz. Considering the requirements of
resolution and refinement, five-layer wavelet packet de-
composition was selected, so the minimum frequency
bandwidth was 1.5625Hz. In addition, the sequence number
sorting disorder occurs in wavelet packet decomposition. *e
MATLAB programwas written using themethod proposed in
a past study [17] to realize the function of frequency sorting
with a node sequence number. *e frequency band energy
ratio was intercepted within 0.1, and Figures 2–4 show the
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distribution of the seismic energy spectrum of the Ms6.4
earthquake at stations with di�erent epicentral distances.

 e energy in the EW and NS directions at 53YBX
(8.6 km from the epicentre), which was closest to the
epicentre, is mainly distributed in the �rst 8 modes
(0–12.5 Hz), the energy in the UD direction is more
widely distributed in the �rst 13 modes (0–20.3 Hz), the
energy in the EW direction peaks in the 0–1.6 Hz range,
and the energy in the NS direction peaks in the 4.7–6.2 Hz
range.  ere is no sudden increase in energy in the
frequency band in the UD direction, and the width of the
dominant energy band accounts for a large proportion.
For 53DLY (31.3 km from the epicentre), the energy in
the EW and NS directions is mainly distributed in the �rst
10 modes (0–15.6 Hz), the energy in the UD direction is
distributed in the �rst 11 modes (0–17.2 Hz), the energy
in the EW and NS direction peaks in the 0–1.6 Hz range,
and the energy in the UD direction peaks in the
9.4–10.9 Hz range. For 53BCJ (72.6 km from the epi-
centre), the energy in the EW and NS directions is mainly
distributed in the �rst 3 modes (0–4.7 Hz), the energy in
the UD direction is distributed in the �rst 5 modes

(0–7.8 Hz), and the energy peaks in the 0–1.6 Hz range is
distributed in all three directions. It is found that the
width of dominant energy band at stations with di�erent
distances from the epicentre of the same earthquake is
greater in the UD direction than in the EW and NS di-
rections. With the increase in epicentral distance, the
width of the characteristic energy frequency band be-
comes narrower, the dominant energy is more concen-
trated in low-frequency bands, and the high-frequency
energy decreases.

4. Characteristics of the Acceleration
Response Spectra

 e acceleration response spectrum is an important basis
and method for engineering seismic design. Calculating and
analysing the acceleration response spectra are helpful to
understand the frequency-domain characteristics of strong
earthquake acceleration near the epicentre and directly show
the maximum response of structures with di�erent natural
periods to earthquakes [18].

Table 1: Typical strong motion records and some related parameters of the Ms 6.4 earthquake at epicentral distances of less than 200 km.

Station code Station type Epicentral distance (km)
PGA/cm/s/s PGV/cm/s

Instrumental intensity
EW NS UD EW NS UD

53YBX Soil 8.6 −379.88 −720.29 −448.36 30.26 −29.4 −7.32 8.9
53DLY Soil 31.3 −116.41 −108.25 −91.02 −8.45 11.48 2.24 6.95
53YPX Soil 40.0 −44.94 −65.16 — 3.43 −7.39 — —
53BTH Rock 67.7 7.36 6.97 −6.05 0.53 −0.74 0.64 3.29
53BCJ Soil 72.6 −22.5 −24.3 −18 −2.7 2.47 1.37 5.12
53LKT Rock 103.5 −10.15 9.66 −12.84 −0.53 −0.48 −0.32 3.51
53SDX Soil 124.0 19.06 −27.34 9.61 3.25 −4.49 0.78 5.39
53YRH Soil 145.1 −6.2 −4.41 3.12 −0.64 0.57 0.24 3.09
53LLP Soil 160.0 −2.41 −3.17 −1.56 −0.34 0.23 −0.11 2.23
51PZF Soil 184.6 −2.39 2.74 −1.11 0.33 −0.34 0.18 2.17
53MST Soil 190.2 −5.1 4.8 2.49 0.48 1.02 −0.26 3.2
51PZT Soil 198.9 −4.95 4 −1.2 −0.26 0.26 0.08 2.41
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Figure 1: Wavelet time-frequency analysis of earthquake records at 53YBX: (a) east-west; (b) north-south; and (c) vertical.
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4.1. Acceleration Response Spectra of Stations at Di�erent
Epicentral Distances. Acceleration response spectra (Sa) of
three soil stations (53YBX, 53DLY, and 53BCJ) with dif-
ferent distances from the epicentre of the Ms6.4 earthquake
were selected and compared with the seismic design re-
sponse spectra of the areas where the stations are located
(Code for Seismic Design of Buildings (GB 50011–2010)).
Station 53YBX is located in Yangbi Yi Autonomous County.
For station 53YBX, the seismic forti�cation intensity is VIII,
the design basic seismic acceleration is 0.20 (m/s2), and the
design ground motion group is the third group.  e seismic
forti�cation intensity for stations 53DLY and 5BCJ is VIII.
As can be seen from Figure 5, there is similarity between the
Sa spectra in the three directions of 53YBX (EW, NS, and
UD), the predominant period of which is around
0.04–0.09 s.  e Sa value in the directions of EW and NS is
higher compared with the design spectrum of intensity VIII
rare earthquake within 0.1 s. When the period is smaller than

1.2 s, the Sa is higher than the design spectrum of intensity
VIII forti�cation earthquake; in the UD direction, the Sa is
higher than the design spectrum of intensity VIII rare
earthquake within 0.2 s, and after 3 s, the Sa attenuates to
near 0 g.  e 53DLY three direction predominant periods of
Sa are approximately 0.05–1.1 s, and the Sa is lower than the
design spectrum of intensity VIII rare earthquake. When the
period is smaller than 1.2 s, the Sa in the EW and NS di-
rections is higher than the design spectrum of intensity VIII
frequent earthquake, and in the UD direction, the Sa is
higher than the code design spectrum of intensity VIII
frequent earthquake within 0.1 s.  e Sa in the three di-
rections at station 53BCJ is lower than the design spectrum
of intensity VIII frequent earthquake, and the predominant
period of Sa is approximately 0.15–1.5 s.  e comparison
shows that the Sa value near the origin of the earthquake is
relatively large. As the distance from the epicentre increases,
the predominant period of Sa is also gradually increasing,
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Figure 2: Energy probability distribution of earthquake records at 53YBX (8.6 km from the epicentre): (a) east-west; (b) north-south; (c) and
vertical.
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the high-frequency component diminishes, and the Sa
spectrum shifts to the long period on the whole, which is
attributed to the attenuation of the ground motion through
the propagation medium. Consequently, the maximum
response of the structure is reduced as well.

4.2. Acceleration Response Spectra of Di�erent Earthquake
Magnitudes at the Same Station.  ree earthquakes (Ms6.4,
Ms5.6, and Ms5.2) at the 53YBX station were selected, and
their Sa was comparatively analysed (Figure 6). e Sa values
of Ms6.4 in three directions within 0.09 s are higher relative
to the design spectrum of intensity VIII rare earthquake,
while those of Ms5.6 in the directions of EW and NS within
0.1 s are higher compared with the design spectrum of VII
rare earthquake, the Sa values in the direction of UD is lower
than the design spectrum of intensity VIII rare earthquakes
and higher than the design spectrum of intensity VII rare
earthquakes with this period and those of Ms5.2 within
0.09 s are higher in comparison with the design spectrum of
intensity VIII rare earthquake in the direction of NS. As

revealed by the comparison, the Sa spectra of the three
earthquakes are consistent in the same direction, and the Sa
values in the direction of NS at the same station with dif-
ferent magnitudes of earthquake are greater than in the
directions of EW and UD. With an increase in magnitude of
the earthquake, the Sa peak value rises and the long-period
component becomes more signi�cant.

4.3. AccelerationResponse Spectra of Soil andBedrock Stations
with Similar Epicentral Distances. A soil station 53BCJ
(epicentral distance is 72.6 km) and a bedrock station
53BTH (epicentral distance is 67.7 km) with similar dis-
tances from the epicentre of the sameMs6.4 earthquake were
selected. According to the intensity values of the two stations
(Table 1), the instrument intensity of the two stations rea-
ches 3.29 and 5.12, respectively.  erefore, the intensity VI
frequent and forti�cation seismic design spectrum is
adopted for comparison. As shown in Figure 7, the Sa tri-
directional value curve of 53BCJ is lower compared with the
intensity VI forti�cation seismic design spectrum, with the
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Figure 3: Energy probability distribution of earthquake records at 53DLY (31.3 km from the epicentre): (a) east-west; (b) north-south; and
(c) vertical.
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values after 0.2 s in the directions of NS and EW reaching a
level that is higher than the intensity VI frequent seismic
design spectrum, and the Sa tri-directional values curve of
53BTH is lower compared with the intensity VI seismic
design spectrum. According to the comparison, the soil
station (53BCJ) has a high peak Sa value and long-cycle
component relative to the bedrock station (53BTH), the
process of Sa attenuation is slowed, and the overall response
spectrum curve shifts to the right.  e analysis reveals that
site conditions tend to have a signi�cant impact on ground
motion and that soil �eld causes a more evident ampli�-
cation e�ect on the acceleration response of ground surface
than bedrock. Such ampli�cation is not con�ned to being
manifested in the long-cycle part. Instead, the Sa amplitude

of the short-cycle part also increases, which exerts a wide-
spread in¢uence on buildings.  e speci�c ampli�cation
factor is related to the thickness of soil overburden [19–21],
which is worthy of further study.

5. Seismic Response Analysis of
Typical Structures

As the lifeline project of urban construction, the seismic
safety of road and bridge structures is of great signi�cance to
ensure the normal operation of social, political, and eco-
nomic life, as well as post-earthquake rescue and recon-
struction [22]. In this section, the �nite element model of a
typical three-span reinforced concrete continuous beam
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Figure 4: Energy probability distribution of earthquake records at 53BCJ (72.6 km from the epicentre): (a) east-west; (b) north-south; and (c) vertical.
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bridge is established to simulate the stress on the bridge
under an earthquake, analyse the in¢uence of the parameters
of the bridge in the seismic response, and lay a foundation
for future seismic research [23].

5.1. Project Overview. A continuous girder bridge is char-
acterized by large structural sti�ness, small deformation, few

expansion joints, and a smooth and comfortable surface for
driving, so it is widely used in the development of modern
bridges. In this study, a three-span (40 + 70 + 40) m con-
tinuous beam bridge was selected as the model [24].  e
bridge elevation is shown in Figure 8.  e bridge super-
structure is a reinforced concrete continuous box girder, and
the substructure consists of rectangular gravity piers [25].
 e size of each pier is 8m× 3.5m× 5.0m.  e diameter of
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Figure 5: Comparison of acceleration response spectra (Sa) and code design spectra among stations with di�erent epicentral distances: (a)
east-west; (b) north-south; and (c) vertical. Note: all acceleration response spectra involved in this section are acceleration response spectra
(Sa) with a damping ratio of 5%.
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the main reinforcement of a pier is 28mm, the diameter of
the other reinforcement is 16mm, the foundation is pile cap
foundation, and the foundation conditions were added
according to the geological survey data.  e pier helps to
ensure ductility and higher bearing capacity. Considering
the E1 and E2 stages, the response of the pier of the bridge
structure under the earthquake is studied and analysed [26].

5.2. De�ne the Constitutive Relationship of Reinforced
Concrete. During the seismic analysis of the bridge, the

M − φ curve shall be de�ned according to the require-
ments of the speci�cation. For the reinforced concrete
pier, the concrete in the core area shall be calculated as
constrained concrete [27], and the concrete within the
thickness of the protective layer shall be calculated as
unconstrained concrete.  e corresponding ultimate
compressive strain of concrete is calculated according to
the Mander constitutive relationship, and the reinforce-
ment and section data are imported.  e hysteretic model
of reinforcement constitutive relationship is based on the

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Cycle (s)

0

0.2

0.4

0.6

0.8

1

1.2

1.4
Ac

ce
le

ra
tio

n 
Re

sp
on

se
 S

pe
ct

ru
m

 (g
)

Design spectrum of intensity VII rare earthquake
Design spectrum of intensity VIII rare earthquake
Ms6.4-EW
Ms5.6-EW
Ms5.2-EW

(a)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Cycle (s)

0

0.5

1

1.5

2

2.5

3

3.5

4

Ac
ce

le
ra

tio
n 

Re
sp

on
se

 S
pe

ct
ru

m
 (g

)

Design spectrum of intensity VII rare earthquake
Design spectrum of intensity VIII rare earthquake
Ms6.4-NS
Ms5.6-NS
Ms5.2-NS

(b)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Cycle (s)

0

0.2

0.4

0.6

0.8

1

1.2

1.4
1.5

Ac
ce

le
ra

tio
n 

Re
sp

on
se

 S
pe

ct
ru

m
 (g

)

Design spectrum of intensity VII rare earthquake
Design spectrum of intensity VIII rare earthquake
Ms6.4-UD
Ms5.6-UD
Ms5.2-UD

(c)

Figure 6: Comparison of acceleration response spectra (Sa) and code design spectra among the MS6.4, MS5.6, and MS5.2 earthquakes: (a)
east-west; (b) north-south; and (c) vertical.
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Figure 7: Comparison of acceleration response spectra (Sa) and code design spectra between a soil station (53BCJ) and a rock station
(53BTH): (a) east-west; (b) north-south; and (c) vertical.
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Figure 8: Bridge elevation.
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double broken line model, in which Fy is 345MPa, E1 is
210 Gpa, and E2 is 1% of E1 (Figure 9).

5.3. Finite ElementModel andModal Analysis. *e dynamic
calculation model of the bridge was established by Midas
Civil software [28]. A total of 113 nodes were established
for the whole bridge and divided into 96 units. *e beam
end and beam bottom were simplified as general support
constraints [29], the superstructure and substructure were
elastically connected, and the parts of the substructure were
also elastically connected (Figure 10). *e method was used
to calculate the stiffness of the pile foundation in all di-
rections. *e structural load was converted into mass. *e
eigenvectors were computed using the Lanczos method,
and the number of vibration modes was 110 [30]. *e first
10 natural frequencies of the bridge structure and the
cumulative participation mass of the first 110 modes were
considered (Tables 2 and 3). *e fundamental period of the
bridge was 0.77 s, which is relatively small. *e period
basically changed in the first 5 modes. *e cumulative
participation mass of the first 67 modes exceeded 90% in
the X and Y directions but did not exceed 90% in the Z
direction until the 105th mode. *e distribution of the

three-dimensional cumulative participation rate of the first
110 modes is shown in Figure 11.

5.4. Time History Conversion Response Spectrum.
Consider that the time history analysis results are lower than
the response spectrum results, to better reflect the impact of
the earthquake on the bridge structures [31]. *is study uses
Midas Civil software to convert the three-dimensional

σ (Mpa)

fy

fy

ε0
ε

E1

E2

Figure 9: Constitutive relation of reinforcement.

Figure 10: Finite element division of bridge elements.

Table 2: First 10 natural frequencies and natural periods of the
bridge structures.

Mode Natural angular
frequency (rad/sec)

Natural frequency
(cycle/sec)

Natural
period (sec)

1 8.213 1.307 0.765
2 8.737 1.391 0.719
3 11.445 1.822 0.549
4 14.957 2.380 0.420
5 15.356 2.444 0.409
6 17.089 2.720 0.368
7 20.840 3.317 0.301
8 25.400 4.043 0.247
9 34.298 5.459 0.183
10 40.157 6.391 0.156
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seismic wave of the Ms6.4 earthquake at 53YBX into the
response spectrum, hereinafter referred to as the converted
response spectrum, and then compares the converted re-
sponse spectrum with the displacement and internal force of
the response spectrum under E1 and E2 in the Speci�cations
for Seismic Design of Highway Bridges [32].

 e seismic forti�cation intensity of the area where the
earthquake was located (Yangbi Yi Autonomous County,
Yunnan Province) is VIII, the Ci values are 0.5 and 1.7,
respectively, under the seismic importance factors E1 and
E2, the zoning characteristic period is 0.45 s, the PGA is
0.2 g, the bridge type is class B, the damping ratio is 0.05, and
other relevant parameters were selected according to the
Speci�cations for Seismic Design of Highway Bridges
(2020).  e response spectra are �tted (Figure 12).

Using the Midas Civil software, the maximum bending
moment and displacement of the pier top and bottom of the
bridge under E1 and E2 stages were solved according to the
Speci�cations for Seismic Design of Highway Bridges, and
the results were compared with the calculation results based
on the time history seismic wave conversion response
spectrum (Tables 4 and 5).  e results show that the
earthquake has little e�ect on the displacement of the bridge
piers, which is much smaller than those at E1 and E2 stages.

 e maximum bending moment generated at the top of the
bridge piers exceeds the E1 design bendingmoment by 5.5%,
which is 53.1% lower than the E2 design bending moment.
 e maximum bending moment generated at the bottom of
the piers exceeds the E1 design bending moment by 58.2%
and exceeds the E2 design bending moment by 11.2%, in-
dicating that the earthquake had a greater impact on the
bottom of the bridge piers and that the pier bottom might
have entered the plastic stage.  e speci�c checking calcu-
lation needs further investigation of the boundary con-
straints and pier reinforcement design.

6. Conclusion

 e ground motion records obtained in Yangbi, Yunnan
Province, on May 21, 2021, were processed by �ltering and
other conventional processing.  e time-frequency analysis
of ground motion signals was carried out using wavelet,

Table 3: Cumulative participation mass of the �rst 110 vibration
modes of the bridge structures.

Mode
Vibration mode

participation mass/
X (%)

Vibration mode
participation mass/

Y (%)

Vibration mode
participation
mass/Z (%)

1 0 70.47 0
2 0 70.47 25.89
3 75.74 70.47 25.89
4 76.62 70.47 25.89
5 76.62 70.47 73.97
6 76.62 70.47 73.97
7 77.83 70.47 73.97
8 77.83 70.47 73.97
9 77.83 70.47 74.05
10 77.83 70.47 74.05
. . . . . . . . . . . .
67 90.17 92.87 77.69
. . . . . . . . . . . .
105 90.17 92.87 94.35

0.2243
0.2043
0.1843
0.1643
0.1443
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0.0843
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Figure 12:  ree-dimensional cumulative mode participation rate:
(a) E1 and (b) E2.

0

20

40

60

80

100

0 10 20 30 40 50 60
Mode

Pa
rti

ci
pa

tio
n 

M
as

s (
%

)

70 80 90 100 110 120

X-dimension Cumulative Mode Participation Rate
Y-dimension Cumulative Mode Participation Rate
Z-dimension Cumulative Mode Participation Rate

Figure 11:  ree-dimensional cumulative mode participation rate.

Table 4: Bending moment of pier (unit: kN m).

Pier E1 E2 Conversion response spectrum
Pier top 53290.7 104141.3 56216.8
Pier bottom 30877.6 43904.3 48833.0

Table 5: Pier displacement (unit: mm).

Pier E1 E2 Conversion response spectrum
Pier top 22.01 39.2 12.1
Pier bottom 17.8 33.7 10.4
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wavelet packet, and acceleration response spectra. A model
was established to analyse the seismic response of a typical
three-span continuous beam bridge, which provides im-
portant reference materials for the investigation of ground
motion characteristics and engineering seismic damage in
Southwest China. *e following conclusions can be drawn:

(1) *e maximum PGA of the Ms6.4 earthquake oc-
curred at station 53YBX. *e low-frequency signal
energy is strong, and the energy is mainly concen-
trated in the 0–15Hz range.

(2) With the increase in epicentral distance, the char-
acteristic frequency bandwidth of an energy spec-
trum becomes narrower, the dominant energy is
more concentrated in the low-frequency band, and
the high-frequency energy decreases.

(3) *e Sa value near the origin of the earthquake is
relatively large. With an increase in magnitude of the
earthquake, the Sa peak value rises and the long-
period component becomes more significant; the site
conditions tend to have a significant impact on
ground motion and that soil field causes a more
evident amplification effect on the acceleration re-
sponse of ground surface than bedrock.

(4) *is earthquake has little effect on pier displacement,
which is far less than the design response spectrum of
E1 and E2 stages. *e maximum bending moment
generated at the top of the pier is less than the E2
design bending moment, and the maximum bending
moment generated at the bottom of the pier is
greater than the E2 design bending moment, indi-
cating that the earthquake has a greater impact on
the bottom of the bridge pier, and the bottom of the
pier may have entered the plastic stage.
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