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provide a database for analyzing the main features 
of the ground motions recorded by MEMS stations, 
in terms of ground motion models (GMMs), near-
field impulsive characteristics, and seismic intensi-
ties. The observed ground motion parameters are 
compared with the predicted values by Boore et al. 
(Earthq Spectra 30(3):1057–1085,  2014) GMM 
model, and it is found that the GMM model pre-
dicts higher shaking at the short and medium peri-
ods and lower shaking at the long periods. How-
ever, the shaking intensities at the short periods 
for Central Italy 2016 earthquake sequence are 
well predicted by the GMM model. The observed 
Chinese seismic intensity (CSI) by instruments is 
compared with modified Mercalli intensity (MMI) 
and surveyed macroseismic intensity (SMI), and 
it is found that CSI values are 0.73 intensity unit 
greater than MMI values and high SMI can be well 
predicted by CSI. Ground motions at three stations 

Abstract  The 2022 MS 6.9 (MW 6.6) Menyuan 
earthquake occurred in the northeastern Tibetan 
Plateau and was recorded by a large number of 
recently installed micro-electro-mechanical sys-
tem (MEMS) stations within 100-km fault distance. 
By comparing the pre-event noises and earthquake 
signals in time domain and frequency domain, it 
is found that the records are feasible to be used to 
analyze ground motion parameters. These records 

Highlights   
• Records from MEMS stations are feasible for analyzing 
ground motion parameters.
• The PGAs and PSAs at short and medium periods are 
noticeably overestimated by GMM.
• Pulse-like ground motions are identified, and the station 
closest to the epicenter has pulse indicator greater than 
0.85 at almost all orientations.
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are classified as pulse-like based on the methodol-
ogy by Baltzopoulos et  al. (Bull Seismol Soc Am 
110(4):1495–1505,  2020), and whether the pulses 
have been caused by forward directivity or fling step 
is discussed, and only one station may be directiv-
ity related and the other two are still inconclusive. 
Finally the earthquake damage of a high-speed rail-
way bridge in the intensity IX area is presented.

Keywords  Menyuan earthquake · MEMS · Near-
field · Pulse-like · GMM · Seismic intensity

1  Introduction

According to China Earthquake Networks Center 
(CENC), on 8 January 2022 at 01:45 a.m. Beijing 
time, a strong earthquake with surface wave mag-
nitude MS 6.9 occurred at Menyuan County in the 
northeast of Qinghai province in China. The earth-
quake hypocenter was located at 37.77° N and 
101.26° E with a depth of 10  km, about 140  km 
northwest of Xining City, the provincial capital of 
Qinghai. The maximum surveyed macroseismic 
intensity (SMI) was IX of Chinese intensity scale, 
equivalent to modified Mercalli intensity (MMI) IX 
(GB/T 17742–2020 2020). The earthquake occurred 
in Qilian Mountain seismic belt along the margin of 
northeastern Tibetan Plateau and was well recorded 
by a dense low-cost micro-electro-mechanical sys-
tem (MEMS) strong motion stations, which have 
been constructed as part of the National System 
for Rapid Seismic Intensity Report and Earthquake 
Early Warning project led by China Earthquake 
Administration. There were 79 MEMS stations with 
epicentral distances less than 100 km and the aver-
age interstation distance was 14.3  km. The nearest 
MEMS station was QHC0028 with epicentral dis-
tance of 7.8 km, and 5 stations were within 20 km, 
and 18 stations within 50 km. On the other hand, the 
former National Strong-Motion Observation Net-
work System (NSMONS) of China, aiming to moni-
tor earthquakes and collect strong motion record-
ings with traditional force-balanced accelerometers 
(FBA), had an average station spacing of 50 km to 
hundreds of kilometers (Wen and Ren 2014), and 
it was difficult to record near-field strong motions 
in some area like Qinghai province. For example, 
the nearest stations were with epicentral distances 

of 176  km and 350  km for 14 April 2010 MS 7.1 
Qinghai Yushu earthquake and 2 May 2021 MS 7.4 
Qinghai Maduo earthquake, respectively. This MS 
6.9 Menyuan earthquake is the first time that MEMS 
stations record so many near-field strong motions for 
earthquake larger than MS 6.5, and these recordings 
provide an excellent database for analyzing near-
field strong motion characteristics at northeastern 
Tibetan Plateau where strong ground motion records 
were rare before.

MEMS accelerometers have been implemented 
in a variety of industrial and scientific fields due 
to low-cost and high-precision capability. Hol-
land (2003) introduced MEMS accelerometers to 
recording earthquake data in 2001 and found that 
the Applied MEMS, Inc., model SF1500A acceler-
ometers were suited for earthquake ground motion 
recording. Since then, MEMS accelerometers have 
been increasingly used for seismic applications. 
Significant examples of MEMS networks include 
Quake-Catcher Network (QCN) (Cochran et  al. 
2009), Self-Organizing Seismic Early Warning 
Information Network (SOSEWIN) (Fleming et  al. 
2009), P-alert network (Wu et al. 2013), Community 
Seismic Network (CSN) (Clayton et  al. 2015), and 
MEMS Accelerometer Mini-Array (MAMA) (Nof 
et al. 2019). It has been generally acknowledged that 
low-cost MEMS sensors with resolutions of 16 are 
able to detect moderate to large earthquake at dis-
tances of dozens of kilometers away (Evans et  al. 
2014; Yildirim et al. 2015; Nof et al. 2019). By com-
paring the ground motions recorded by QCN MEMS 
accelerometers with traditional GeoNet accelerom-
eters from M 7.1 Darfield earthquake, Cochran et al. 
(2011) found that observed peak ground acceleration 
(PGA) and peak ground velocity (PGV) amplitudes 
and root mean square (RMS) scatter were compara-
ble between the two type of instruments, and closely 
spaced stations gave similar waveforms and pseudo-
spectral accelerations (PSAs). Wu et  al. (2016) 
compared ground motions recorded by P-alert net-
work MEMS accelerometers with conventional 
FBA instruments from M 6.4 Meinong earthquake, 
and found that the performance of P-alert network 
proved efficiency in terms of earthquake early warn-
ing, near real-time shake maps, and strong motion 
data for research purposes. Nof et  al. (2019) con-
ducted field test of MAMA network and found that 
the mean power spectral density (PSD) levels for 
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MEMS accelerometers were − 73 to − 80 dB and the 
MAMA network had the capability to obtain useful 
earthquake signals of small magnitude events. By 
comparing the mean PSD of MEMS accelerometers 
with those of conventional Epi-sensors, Nof et  al. 
(2019) found that recorded waveforms of MAMA 
network were reliable at stations with 100-km epi-
central distance in an M 6.5 earthquake. Pierleoni 
et al. (2018) compared the low-cost MEMS acceler-
ometers with co-sited high-performance FBA dur-
ing seismic events of 2016–2017 in central Italy, 
and found that MEMS accelerometers demonstrated 
performance very close to traditional instruments 
in terms of waveform correlation, strong motion 
parameter estimation, and spectral analysis. The 
analysis of thousands of seismic event indicated 
that the MEMS accelerometers were able to record 
events of local magnitude greater than M 2.5 at rela-
tively short distance less than 40 km. For an M 5.9 
earthquake, the acceleration waveforms recorded 
by MEMS at one station with epicentral distance of 
21.6  km were almost the same as FBA instrument 
at the same station. Peng et al. (2019) evaluated the 
performance of a dense MEMS-based seismic array 
deployed in the Sichuan-Yunnan region of China, 
and found that the records by MEMS were consist-
ent with the data obtained by collocated traditional 
FBA even for stations with an epicentral distance of 
more than 150 km. Peng et al. (2020) also tested and 
verified the reliability and effectiveness of a hybrid 
system with MEMS sensors and broadband seismo-
graphs in the Sichuan-Yunnan region for earthquake 
early warning application. Since CSN recorded high-
quality strong motions during the 2019 Ridgecrest 
earthquake sequence, Filippitzis et al. (2021) studied 
ground motion characteristics in urban Los Ange-
les using dense CSN records together with high-
quality Southern California Seismic Network and 
California Strong Motion Instrumentation Program 
records. Using the above three ground motion data-
base, Kohler et al. (2020) revealed that the shaking 
of high-rise buildings was amplified in Los Ange-
les area due to long-period amplification. The two 
CSN-related articles analyzed PSAs and site ampli-
fication factors of ground motion up to period of 8 s, 
implying that the low-frequency contents around 
0.1  Hz measured by MEMS sensors were reliable. 
The above studies have demonstrated that the low-
cost MEMS accelerometers are able to be efficient 

for recording strong ground motion shaking. For 
an MS 6.9 earthquake, the records by MEMS sen-
sors within epicentral distance of 100  km are able 
to analyze strong ground motion parameters such as 
PGAs, PGVs, PSAs, and seismic intensities.

The epicenter of MS 6.9 Menyuan earthquake 
was ~ 340  km west of the 26 December 1920  M 
8.5 Gansu Haiyuan earthquake and ~ 83  km west 
of the 23 May 1927  M 8.0 Gansu Gulang earth-
quake both in the Qilian-Haiyuan fault zone. The 
nearby faults close to the epicenter were left-lat-
eral strike-slip fault Lenglongling Fault (LLLF) 
and its affiliated fault Northern Lenglongling Fault 
(NLLLF), left-lateral strike-slip fault Tuolaishan 
Fault (TLSF), and thrust fault Northern Qilian-
shan Fault (NQLSF) (Zhang et  al. 2020). NLLLF 
caused two thrust earthquakes in Menyuan County. 
One was 26 August 1986 MS 6.4 earthquake 23 km 
away from this event, and the other was 21 Janu-
ary 2016 MS 6.4 earthquake 33  km away. How-
ever, these two earthquakes did not rupture to the 
surface (Zhang et  al. 2020). Surface ruptures of 
the 8 January 2022 Menyuan MS 6.9 earthquake 
along the northwest-west–southeast-east direction 
were about 22  km provided by the remote sensing 
image by National Institute of Natural Hazards (see 
Data and resources), suggesting that the causative 
seismogenic faults might be the left-lateral strike-
slip LLLF and TLSF. Focal mechanism solution 
from US Geological Survey (USGS) reported that 
moment magnitude MW was 6.6 and the nodal 
planes (strike/dip/rake) were 104°/88°/15° and 
13°/75°/178° (see Data and resources). The long 
axis of the isoseismic line with SMI VI was about 
200 km, and the short axis was about 153 km (see 
Data and resources). As the event occurred in a 
sparsely populated area, the casualties caused by 
the earthquake were relatively light. However, key 
infrastructures such as high-speed railway and 
highway transportation systems near the epicenter 
zone were severely damaged. The deck beams of 
Liuhuanggou high-speed railway bridge near Len-
glongling Mountain were seriously displaced and 
tilted due to the failures of bridge bearings, and the 
railway tracks were severely twisted and partially 
broken (see Data and resources).

In this study, first, the pre-event noise levels and 
earthquake signals are compared in time domain and 
frequency domain to check the quality of MEMS 
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strong motions. Then, the observed ground motion 
parameters such as PGA, PGV, 5% damped PSAs, 
and significant duration (SD) are compared with the 
predicted values by ground motion models (GMMs), 
and the GMMs’ performance in the Menyuan earth-
quake is also compared with 2016 Central Italy 
sequence which have hundreds of near-field strong 
motion records. Later, the Chinese seismic intensity 
(CSI) based on the ground motion to intensity con-
version equation (GMICE) are compared with MMI 
of Worden et  al. (2012) and SMI. Potential pulse-
like ground motions are then identified based on the 
methodology by Baltzopoulos et  al. (2020), and the 
forward directivity and fling step effect on the pulses 
are discussed. Finally, the earthquake damage of a 
high-speed railway bridge in the intensity IX area is 
presented.

2 � Observed strong motion recordings

The deployed MEMS accelerometer integrates three 
orthogonal MEMS acceleration sensors and a built-
in 24-bit data analog-to-digital converter. Full-scale 
acceleration range is ± 2  g for horizontal compo-
nents and − 3  g–g for vertical component. The fre-
quency band is from DC to 40  Hz. The traditional 
strong motion station is equipped with three-com-
ponent SLJ-100 FBA and a 18-bit resolution ETNA 
recorder, and the full scale is ± 2 g and the dynamic 
range is 108 dB (Wen et al. 2010). In the instrument 
performance test of MEMS accelerometers con-
ducted at Institute of Engineering Mechanics, China 
Earthquake Administration, the average self-noise 
level was 2.8 × 10−2  cm/s2, lower than the Phidgets 
noise level of 1.0 × 10−1  cm/s2 from CSN (Clay-
ton et  al. 2015), and the dynamic range was about 
97  dB. The self-noise level was close to the lower 
limit of instrument self-noise of MEMS station in 
central Italy, about 2.0 × 10−2  cm/s2, presented in 
Pierleoni et  al. (2018). In the shaking table tests, 
which used input sine wave motions with various 
amplitudes and frequencies and compared the ampli-
tude responses of MEMS accelerometers with input 
reference, the amplitude ratios were − 0.1 to 0.1 dB 
for frequency band 1.0–10.0 Hz and − 1.5 to 1.5 dB 
for 10.0–40.0  Hz. Due to the limitation of shaking 
table condition, amplitude-frequency characteristics 
of the MEMS accelerometers below 1.0 Hz were not 

conducted. In the tested frequency range, the MEMS 
accelerometers had basically the similar amplitude-
frequency behavior to Phidgets as shown in Evans 
et  al. (2014). The real-time data recorded by the 
MEMS stations are transferred through 3G/4G Inter-
net signals to Earthquake Data Processing Center. 
The sampling frequency is 100  Hz, and the output 
sensitivity is 500 counts/(cm/s2). During the MS 6.9 
Menyuan earthquake, there are 79 MEMS stations 
within the Joyner-Boore fault distance (RJB) of up 
to 100  km. The values of RJB are calculated based 
on the ruptured fault plane given by Zhang et  al. 
(2022). Two stations with exceptional low amplitude 
comparing with nearby stations and signal to noise 
ratio (SNR) less than 3 are discarded. Here, SNR 
is defined as the ratio of root mean square (RMS) 
of 20-s earthquake signal after P-wave onset over 
RMS of 20-s pre-event noise. The locations of the 
selected 77 stations are plotted in Fig. 1, and the sta-
tion codes, longitude, latitude, and RJB are shown 
in Table S1 (available in the electronic supplement 
to this article). The recordings at these 77 stations 
are used to analyze near-field strong motion char-
acteristics and shaking intensities. All acceleration 
records are processed using a second-order But-
terworth filter with a bandwidth of 0.1–40.0  Hz to 
calculate ground motion parameters such as PGAs, 
PGVs, PSAs, and SDs. The velocities are obtained 
by single integration of the filtered accelerations. 
The largest PGA is 475.1  cm/s2 of the NS compo-
nent at QHC0028 site, whereas the largest PGV is 
27.9  cm/s of the NS component at QHC0036 sta-
tion. Since the S-wave velocity measurements for 
the recently installed MEMS stations are not availa-
ble, the recommended VS30, the time-averaged shear 
wave velocity in the upper 30  m, obtained using 
proxies based on topographic slope (Wald and Allen 
2007) are used to represent site conditions. The VS30 
and National Earthquake Hazards Reduction Pro-
gram (NEHRP) categories are listed in Table  S1. 
Most MEMS stations belong to category C with 62 
stations, 11 stations as category D, and 4 stations as 
category B. The average VS30 for the all 77 stations 
is 490 m/s.

The north–south (NS), east–west (EW), and up-
down (UD) component acceleration of pre-event 
noises and earthquake signals at four stations are 
plotted in Fig.  2. The RJB for stations QHC0028, 
QHC0029, QHC0036, and QHC0002 are 5.0, 13.4, 
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4.7, and 98.9  km, respectively. Station QHC0002 
is the station with largest RJB distance of the all 
77 stations. Though with different RJB distances, 
the RMS of pre-event noise for horizontal com-
ponents at these four station are at the same level, 
about 0.035  cm/s2. This noise level is of the same 
order of magnitude as that of deployed GL-P2B 
which can be classified as a type of Class-B sensor 
presented in Peng et  al. (2019). SNR at three sta-
tions for RJB ~ 10  km (i.e., QHC0028, QHC0029, 
and QHC0036) are larger than 400 for all three 
components. SNR of two horizontal components at 
QHC0002 station are larger than 40, and the PGAs 
are larger than 7 cm/s2. In the performance of eval-
uation of MEMS stations, Pierleoni et  al. (2018) 

selected ground motions with SNR > 3 and ampli-
tude larger than 0.065 cm/s2. For all the 77 MEMS 
stations in the Menyuan earthquake, the SNR are 
larger than 3 and amplitudes are much larger than 
0.065  cm/s2. In this regard, the ground motions 
recorded by MEMS stations are feasible to be used 
to analyze ground motion parameters.

Fourier spectra of pre-event noises and earthquake 
signals in the EW components at the four stations are 
shown in Fig. 3. In the frequency band of 0.1–30 Hz, 
the amplitude of earthquake signal is much larger 
than that of pre-event noise at QHC0028, QHC0029, 
and QHC0036 stations. At QHC0002 station, the 
Fourier spectra of earthquake signal in the frequency 
band larger than 20 Hz are contaminated by pre-event 

Fig. 1   Distribution of MEMS stations and surveyed macro-
seismic intensity (SMI). The red circle shows the epicenter of 
the MS 6.9 Menyuan earthquake, and the red line for the sur-
face ruptures. The triangulars show the location of MEMS sta-
tions, and the numbers 02, 27, 28, 29, 33, 35, 36, 46, and 47 
for QHC0002, QHC0027, QHC0028, QHC0029, QHC0033, 
QHC0035, QHC0036, QHC0046, and QHC0047 stations. 
The magenta square shows the high-speed railway bridge with 

severe damage. The blue circles show historical earthquakes, 
and 1986, 2016, and Gulang for 26 August 1986 MS 6.4 Meny-
uan earthquake, 21 January 2016 MS 6.4 Menyuan earthquake, 
and 23 May 1927  M 8.0 Gulang earthquake. The gray lines 
show active faults from Deng et  al. (2003). Abbreviations of 
the fault names are LLLF for Lenglongling fault, NLLLF for 
Northern Lenglongling fault, TLSF for Tuolaishan fault, and 
NQLSF for Northern Qilianshan fault (see Data and resources)
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noise. In this regard, ground motions in frequency 
band within 0.1–20  Hz are credible for calculat-
ing ground motion parameters. It is noted that QCN 
MEMS accelerometers are also able to detect accel-
eration in frequency band within 0.1–20 Hz (Cochran 
et al. 2009). The energies of earthquake signals in the 
frequency band 0.2–4 Hz for the three nearest stations 
are basically comparable; however, QHC0028 station 
has much higher frequencies > 4  Hz than the other 
two stations.

To show the time-varying frequency in the ground 
motions recorded by the MEMS accelerometers, the 
time–frequency energy distributions for the EW com-
ponents at the four stations based on complex contin-
uous wavelet transform are shown in Fig. 4. WaveLab 
package is used to implement wavelet transform, and 
the Gabor wavelet is chosen as the mother wavelet, 
and the parameter determining the width of frequency 
band is chosen as 1 to obtain both good time and 
frequency resolution (Buckheit and Donoho 1995; 
Li et al. 2013; see Data and resources).The energies 
for the QHC0028 station are mainly concentrated in 
the time–frequency windows with frequency band 
10–20 Hz and time interval 22–28 s, while much nar-
rower and lower frequency band 1–2  Hz and time 
interval 24–28  s for QHC0029 station. Since the 
subtotal energies in the frequency band of 0.1–1 Hz 
are significantly smaller than other higher frequency 
bands at these two stations, the energies below fre-
quency of 1 Hz cannot be seen in the colored contour 
plot. At QHC0036 station, the energies are mainly 
in higher frequency band 15–20 Hz for the first few 
seconds, then in lower frequency band 1–5 Hz during 
22–30  s. It is noted that the time–frequency energy 
distributions at QHC0028 and QHC0036 stations 
show quite different characteristics though the two 
stations have almost the same fault distance, and this 
implies that the high frequency energy is attenuated 
rapidly even in the near-field zone with RJB ~ 10 km. 
At QHC0002 station, the energies are mainly concen-
trated in the time–frequency windows with frequency 
band 1–8 Hz and time interval 49–56 s, and the low-
frequency energy in frequency band 0.1–0.5 Hz exists 
during 55–70  s, and the characteristics of energy 

release are consistent with the general understand-
ing that high-frequency contents are dominant in the 
early stage and lower frequency contents become 
more dominant in the later stage (Zhou and Adeli 
2003). The four contour plots also imply that the soil 
condition at QHC0002 (VS30 = 615 m/s) is the stiffest, 
followed by stations QHC0036 (VS30 = 487 m/s) and 
QHC0029 (VS30 = 366 m/s), which is consistent with 
the VS30 values. The energies of the ground motions 
at station QHC0028 are dominated by source effect, 
and it is difficult to compare soil condition from con-
tour plots.

3 � Comparison of ground motion parameters 
with GMMs

To compare the observed ground motion parameters 
with established GMMs, Next Generation Attenu-
ation-West 2 (NGA-West2) model by Boore et  al. 
(2014) (hereinafter BSSA14) and Afshari and Stewart 
(2016) (hereinafter AS16) are used to predict PGA, 
PGV, PSAs, and SD values. The RotD50 ground 
motion parameters proposed by Boore (2010), which 
is the 50th percentile of the median value of horizon-
tal ground motions over all rotations, are calculated 
for PGAs, PGVs, PSAs, and 5–95% SDs (Trifunac 
and Brady 1975) for GMM comparisons.

The residuals for the observed PGAs, PGVs, and 
PSAs at periods of 0.3, 1.0, and 3.0 s and SDs with 
predictions estimated by the BSSA14 and AS16 
models are shown in Fig.  5. The options are set as 
(1) MW  = 6.6; (2) strike-slip fault type; (3) regional 
adjustment of anelastic attenuation for China; and (4) 
Z1.0 is not considered (taken as − 1) in Boore’s For-
tran package for BSSA14 loop calculation (Boore 
et al. 2014); see Data and resources). The PGAs and 
PSAs at short and medium periods 0.3  s and 1.0  s 
are noticeably overestimated by the BSSA14 model; 
however, PSAs at long-period 3.0  s are consistent 
with the prediction model. The observed PGVs are 
slightly less than the predicted values. The SDs are 
generally well predicted by the AS16 model. Ren 
et  al. (2018) reported similar characteristics for the 
Jiuzhaigou earthquake. The Jiuzhaigou earthquake 
occurred on 8 August 2017 in the same Qinghai-Tibet 
earthquake region, and the magnitude was MW 6.5 
and it was also a left-lateral strike-slip earthquake. 
However, the average PGA and PGV values for July 

Fig. 2   Pre-event noises and earthquake signals at four 
near-field stations (a–b)  QHC0028, (c–d) QHC0029, (e–f) 
QHC0036, and (g–h)  QHC0002. The dashed vertical line 
shows the arrival time of P-wave

◂
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2019 Ridgecrest earthquake sequence were gener-
ally consistent with the BSSA14 model (Hough et al. 
2020a, b).

The total residuals expressed as natural logarithm 
of observed values over the median value predicted 
by the BSSA14 models are calculated for the PGAs 
and PSAs at periods up to 5  s. To compare GMMs 
for recent China earthquake with same magnitude 
and mechanism and earthquakes in other region, the 
total residuals of ground motions at stations with 
RJB < 100 km are calculated for the Jiuzhaigou earth-
quake and Central Italy 2016 earthquake sequence 
(Luzi et  al. 2017; Ren et  al. 2018). In the Italy 
sequence, three main events 24 August MW 6.0, 26 
October MW 5.9, and 30 October MW 6.5 earthquakes 

are considered since there are hundreds of near-field 
strong motions within RJB < 100  km for each earth-
quake, and the observed ground motion parameters 
are obtained from Engineering Strong-Motion (ESM) 
database flatfile (Luzi et  al. 2017; see Data and 
resources).

The total residuals are then separated into 
between-event residuals �B and within-event residu-
als �W , according to the definition by Al Atik et al. 
(2010). The �B terms indicate the knowledge that 
events with similar source characteristics may have 
overall higher or lower ground motion parameters 
compared with GMMs, while �W terms represent 
the spatial variability of these parameters at different 
locations within the same event (Engler et al. 2022). 

Fig. 3   Fourier spectra of pre-event noises and earthquake signals in the EW components at (a)  QHC0028, (b)  QHC0029, 
(c) QHC0036, and (d) QHC0002 stations
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The �B values for the Menyuan, Jiuzhaigou earth-
quakes, and Central Italy 2016 earthquake sequence 
are shown in Fig. 6. The �B values are almost nega-
tive except PSAs at periods larger than 3.0  s for the 
Menyuan earthquake, while �B values are all nega-
tive, with greater deviation, for the Jiuzhaigou earth-
quake. Generally, the BSSA14 model predicts higher 
shaking at period less than 3 s for the two earthquake; 
however, the shaking at long period larger than 3 s for 
the Menyuan earthquake is slightly underestimated. 
Two other NGA-West2 models by Abrahamson et al. 
(2014) and Chiou and Youngs (2014) also give nega-
tive between-event residuals for the two Chinese 
mainland events as shown in Appendix Fig. 13. Ren 
et al. (2018) reported that Abrahamson et al. (2014) 
model also predicted higher shaking for the Jiuzhai-
gou earthquake. This systematic bias may be caused 

by the lack of mainland China ground motion records 
in the NGA-West2 models. Compared with the Jiu-
zhaigou earthquake, the ground motion parameters 
for the Menyuan earthquake are predicted much bet-
ter by the BSSA14 model. For Central Italy 2016 
earthquake sequence, the PGAs and PSAs at peri-
ods less than 1.0 s are well predicted by the BSSA14 
model, and the PSAs at periods larger than 1.0 s are 
slightly underestimated.

The within-event residuals as a function of RJB dis-
tance for PGAs, PGVs, and PSAs at periods of 0.3, 1.0, 
and 3.0 s and SD for the Menyuan earthquake and Cen-
tral Italy 2016 earthquake sequence are plotted in Fig. 7. 
In general, the binned mean residuals are close to zero 
for the six ground motion parameters. For the PGAs and 
PSAs at short periods, the within-event residuals have 
positive trends at short distances while negative trends 

Fig. 4   Time–frequency energy distributions for the EW components at (a)  QHC0028, (b)  QHC0029, (c)  QHC0036, and 
(d) QHC0002 stations
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for distances larger than 60  km. This means that the 
distance trends go downward and the adjustment coef-
ficients of anelastic attenuation are negative, indicating 
a relatively high-anelastic attenuation in the Menyuan 
region. For the PGVs, PSAs at long periods and SDs, 
the within-event residuals have flat distance trends. The 
within-event residuals for Central Italy 2016 earthquake 
sequence have similar characteristics with the Menyuan 
earthquake, and the characteristics are consistent with 
those in Luzi et al. (2017).

4 � Comparison of observed CSI with MMI 
and SMI

Ground motions are the fundamental cause of 
structural damage and casualties, and SMI is 
used to measure the degree of earthquake dam-
age and ground motion shaking in an earthquake, 
as assessed by observed damages and human 
responses. With the availability of more and more 
ground motion records, the trend is becoming more 

Fig. 5   The residuals for (a) the observed PGAs, (b) PGVs, and (c–e) PSAs at periods of 0.3, 1.0, and 3.0 s, (f) SDs with predictions 
estimated by the BSSA14 and AS16 models. Red squares and red bars indicate the median and standard deviation binned by RJB
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and more obvious that instrumental seismic inten-
sity based on GMICE is used to represent earth-
quake damage induced by ground motion. The most 
important application of GMICE is the various 
ShakeMap systems around the world (Wald et  al. 
1999; Worden et al. 2012; Caprio et al. 2015). Simi-
lar to MMI in ShakeMap, the CSI scale adopts PGA 
and PGV to calculate CSI from measured ground 
motion (GB/T 17742–2020 2020). The accelera-
tion of each component is first band-passed filtered 
with a bandwidth of 0.1–10.0  Hz, then the maxi-
mal absolute acceleration and velocity of the vec-
tor composition of three components are used to 
calculate IPGA and IPGV as given in Eq.  (1) where 
the units for acceleration and velocity are cm/s2 and 
cm/s, respectively. IPGV is used to obtain CSI in the 
high-intensity area (≥ VI), and the algebraic mean 
of IPGV and IPGA is used for CSI in the low-intensity 
area (< VI), as given in Eq. (2).

(1)
I
PGA

= 3.17log
10
(amax) + 0.25

I
PGV

= 3.00log
10
(vmax) + 3.77

(2)

I =

{

IPGV if IPGA ≥ 6.0 and IPGV ≥ 6.0
(

IPGA + IPGV

)

∕2 else

The comparison of CSI and MMI calculated 
based on GMICE by Worden et al. (2012) is shown 
in Fig.  8a, and the CSI and MMI values are also 
listed in Table S1. Generally CSI values are higher 
than MMI values, and the gaps are even greater 
in high-intensity areas. The CSI at QHC0035 and 
QHC0036 stations are 1.4 intensity units greater 
than the MMI intensities. Though the PGAs at 
QHC0029 and QHC0036 stations are much smaller 
than QHC0028 station, the CSI at the two sta-
tions are basically the same as QHC0028 station, 
since the PGVs at these three stations are about 
the same size. But for MMI, the highest intensity 
is at QHC0028 station followed by QHC0029 then 
QHC0036 station. In this regard, PGV contributes 
more to CSI compared to MMI in the high-inten-
sity area. Overall, CSI values are on average 0.73 
intensity units greater than MMI values. Though 
CSI and MMI both have twelve seismic intensity 
scales from I to XII, the assessment of CSI and 
MMI are still different. For high seismic inten-
sity ≥ VI, intensity assessment is mainly based on 
building damage. Since the buildings types are 
different, and the seismic performance of build-
ings in California are better than those in China, 
the assessed CSI can be larger than MMI under 
the same level of ground motions. As shown in 
Table 1, for the same seismic intensity between VI 
and X + , the mean values of PGAs and PGVs for 
MMI are larger than those for CSI. In other words, 
the same PGAs and PGVs can calculate larger CSI 
than MMI. Immediate aftermath of the earthquake, 
structural engineers, and seismologists are dis-
patched to the affected area to assess the SMI. The 
isoseismic lines of SMI are shown in Fig.  1, and 
the SMI at ground motion stations are shown in 
Table S1. The scatter plot of SMI versus CSI based 
on instruments is shown in Fig. 8b. Since SMI val-
ues are reported as Roman numeral integers, in 
order to compare SMI and calculated CSI, the CSI 
values are rounded to the next Arabic integers. The 
RMS of the error between SMI and rounded CSI 
for SMI = V, VI, VII, and VIII are 1.0, 1.0, 0.7, and 
0, respectively. The observed CSI predict very well 
SMI, especially for high SMI. It is noted that in the 
intensity VIII area, the rounded CSI from instru-
ments are exactly the same as SMI.

Fig. 6   Between-event residuals for the PGAs and PSAs at 
periods up to 5.0  s for the Menyuan, Jiuzhaigou earthquake, 
and Central Italy 2016 earthquake sequence based on the 
BSSA14 model
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5 � Pulse classification

Near-field ground motions cause more potentially 
deformation and damage to structures than far-field 
with the same amplitude due to the distinct large 
velocity pulse (Bertero et  al. 1978; Baltzopoulos 
et  al. 2020). To find potentially impulsive char-
acteristics of the near-field ground motions in the 

Menyuan earthquake, the pulse classification meth-
odology recently proposed by Baltzopoulos et  al. 
(2020) is used to detect pulse-like ground motions. 
This methodology comprehensively considers both 
velocity waveform pulse extraction-based method 
and response spectral shape-based method, and it 
classifies a ground motion as pulse-like according to 
the following four criteria: (1) pulse indicator (PI) 

Fig. 7   Within-event residuals for (a)  the PGAs, (b)  PGVs, 
and (c–e)  PSAs at periods of 0.3, 1.0, and 3.0  s, (f)  SD for 
the Menyuan earthquake and Central Italy 2016 earthquake 
sequence based on the BSSA14 and AS16 GMMs. Red squares 
and red bars indicate the median and standard deviation of 

the Menyuan earthquake binned by RJB, and black circles and 
black bars indicate the median and standard deviation of the 
Central Italy 2016 earthquake sequence binned by RJB. RJB 
equaling to 0 km is set to 1 km
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proposed by Baker (2007) is no less than 0.5; (2) high 
PI values persist over a consecutive range of orienta-
tions of two horizontal components; (3) the pseudo-
spectral velocity (PSV) of the extracted pulse has 
good local fit to the PSV shape of the original ground 
motion at structural periods around pulse period Tp; 
(4) the PGV of the extracted pulse is no less than 
10 cm/s. Based on the above criteria, ground motions 
at stations QHC0028, QHC0036, and QHC0035 
are classified as pulse-like. The PI polar plots of PI, 
PSVs, and velocities at the three stations are shown in 
Fig. 9. In the polar plot, the fault-parallel orientation 
shown with magenta color corresponds to the strike 
of 104° (here, 0° is for east direction, and 90° is for 
north direction). It is interesting that the PI scores 
at station QHC0028 are greater than 0.85 at almost 
all orientations except for a very small part between 
50° and 65°, and this means that station QHC0028 
has two impulsive characteristics along two perpen-
dicular orientations. This behavior is also observed 

at station China Lake mainshock record from 2019 
Ridgecrest earthquake sequence (Baltzopoulos et  al. 
2020). Station QHC0036 only has PI ≥ 0.85 at ori-
entations around fault-parallel direction, and station 
QHC0035 has smallest contiguous range of orienta-
tions around fault-parallel orientation with PI ≥ 0.85. 
The corresponding extracted Tp at stations QHC0028, 
QHC0036, and QHC0035 are 4.42, 3.46, and 1.79 s, 
respectively. According to the Tp regression model by 
Chioccarelli and Iervolino (2013), the median Tp for 
MW 6.6 is 2.39 s with a plus/minus natural logarithm 
standard deviation interval of 1.33–4.3  s. Tp at sta-
tions QHC0028 is a slightly larger than median plus 
one standard deviation, whereas the other two Tp fall 
well between one standard deviation interval. The 
spatial distribution of pulse-like and nonpulse-like 
records, relative to the finite-fault geometry of the 
Menyuan earthquake, is shown in Fig. 10a. QHC0036 
and QHC035 stations are located along the extension 
of the fault toward the northern end of the rupture, 

Fig. 8   Comparison of Chinese seismic intensity (CSI) with surveyed macroseismic intensity (SMI) and MMI (a) CSI versus MMI; 
(b) CSI versus SMI. The numbers 27, 28, 29, 35, and 36 are for QHC0027, QHC0028, QHC0029, QHC0035, and QHC0036 stations

Table 1   A comparison for 
ground motion parameters–
seismic intensity in 
California and China

Intensity I II–III IV V VI VII VIII IX X + 

MMI PGA/(cm/s2)  < 0.49 2.94 27 60.8 112.7 211 393 732  > 1362
MMI PGV/(cm/s)  < 0.02 0.13 1.41 4.65 9.64 20 41.4 85.8  > 178
CSI PGA/(cm/s2)  < 1.8 5.63 15.5 31.9 65.3 135 279 577  > 1190
CSI PGV/(cm/s)  > 0.12 0.41 1.2 2.59 5.57 12 25.8 55.5  > 119
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Fig. 9   Polar plot of 
(a) pulse indicator (PI), 
(b) pseudo-spectral velocity 
(PSV), and (c) velocity time 
histories at the orienta-
tion with maximum PI at 
station QHC0028 (d–f) and 
(g–i) corresponding plots 
at station QHC0036 and 
QHC0035, respectively
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and QHC0028 station is along the fault toward south 
and is close to the epicenter. If fault-normal pulse is 
defined as the record of which highest PI falls within 
30° of the strike normal, and fault-parallel pulse is 

defined when highest PI falls within 30° of the strike 
parallel according to the definition by Baltzopoulos 
et al. (2020), ground motions at station QHC0035 are 
regarded as fault-normal pulse, and those at station 

Fig. 10   Spatial distribution of pulse-like ground motions and 
comparison of processed displacements with permanent static 
offsets from GNSS. a MEMS stations classified as pulse-like 
and nonpulse-like together with two GNSS stations giving 
permanent horizontal displacements, with arrows showing the 
directions and the numbers in parentheses showing displace-

ment values. b–d Displacement time histories at QHC0028, 
QHC0036, and QHC0035 stations processed with Stepfit (red 
lines) and high-pass (blue lines) methods, compared with per-
manent horizontal offsets observed at nearby GNSS stations 
(grayed dashed lines)



1260	 J Seismol (2022) 26:1245–1265

1 3
Vol:. (1234567890)

QHC0036 as fault-parallel pulse. However, ground 
motions at station QHC0028 are neither fault-normal 
nor fault-parallel pulse. It is noted that for strike-slip 
ruptures, pulse-like ground motions can be observed 
in orientations other than fault-normal direction (e.g., 
Baltzopoulos et al. 2020).

Since fling step may also cause impulsive char-
acteristics in near-field ground motions, it is neces-
sary to check the permanent static displacements 
near the fault. The StepFit method proposed by 
Wang et  al. (2011) and implemented in a function 
baselineK.m by Melgar et  al. (2013) are used to 
correct strong motion accelerogram for baseline off-
set. The StepFit method fits a step function to find 
the best value of the start and end time of signifi-
cant acceleration pulse, and has been tested to suc-
cessfully correct record of a low-cost MEMS sen-
sor (Wang et al. (2011)). To keep the low-frequency 
content included in permanent displacements, the 
near-field acceleration records are only removed 
the pre-event noise mean and not processed with 
any band-passed filtering before ingested into the 
baselineK.m function. The directions and values of 
processed permanent displacements at QHC0028, 
QHC0036, and QHC0035 stations are shown in 
Fig. 10a, and the corresponding displacement time 
histories, compared with permanent horizontal off-
sets observed at the global navigation satellite sys-
tem (GNSS) stations, are shown in Fig. 10b–d. The 
displacements processed by high-pass filtering with 
cutting frequency of 0.1 Hz are also shown as refer-
ences. QHC0028 station is 7.0 km away from GNSS 
station ZQ60, and QHC0036 and QHC0035 stations 
are 21.6 km and 10.7 km away from GNSS station 
ML17, respectively. The processed permanent dis-
placements at QHC0036 and QHC0035 stations are 
close to the static offsets of GNSS station ML17, 
while the processed permanent displacements at 
station QHC0028 are much smaller than the static 
offsets of GNSS station ZQ60. However, in general, 
the directions of permanent displacements at these 
three MEMS stations are consistent with the cor-
responding nearby GNSS stations. The maximum 
EW component permanent displacement is obtained 
at station QHC0028 (22.9 cm on the east [E] com-
ponent), and the maximum NS component perma-
nent displacement is obtained at station QHC0036 
(13.5  cm on the north [N] component). The UD 
component permanent displacements are negligible. 

It can be seen that the permanent displacement is 
along a direction similar to the max PI orientation 
of the pulse for station QHC0028 and QHC0036, 
respectively, as shown in Fig.  9a and d. While for 
station QHC0035, the permanent displacements 
is along a direction similar to the perpendicular 
of the max PI orientation of the pulse as shown in 
Fig.  9g, and the cause of pulse can be related to 
forward directivity effect. The impulse characteris-
tics at stations QHC0028 and QHC0036 may have 
been influenced by fling step. But from Fig. 9c and 
f, the velocities show clearly double-sided pulses, 
which is incompatible with one-sided pulse by fling 
step. The cause of these pulses, forward directivity 
or fling step, needs to be further investigated. Balt-
zopoulos et al. (2020) found similar results for two 
stations (CCC and MPM) in 2019 Ridgecrest earth-
quake sequence, and also stated that the origin for 
the pulses required further investigation.

6 � Earthquake Damage of a high‑speed railway 
bridge

The area of Menyuan County is classified as VIII 
seismic intensity (0.2  g) for design basis earth-
quake, and the design characteristic period of 

Fig. 11   Acceleration response spectra with 5% damping ratio 
at QHC0028 station. The blue line is UD component, the red 
line is NS component, the magenta line is EW component, the 
gray dash-dot line is SLE (service level earthquake), the gray 
dashed line is DBE (design basis earthquake), and the gray 
solid line is MCE (maximum credible earthquake)
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ground motion is 0.40 s for site category II in China 
(see Data and resources). The acceleration response 
spectra at the short period range below 0.5  s are 
quite significant shown in Fig. 11, implying that the 
ground motions can cause heavy damage to low-
rise masonry buildings. However, for period larger 
than 1.0 s, the acceleration response spectra do not 
exceed the line of design basis earthquake, implying 
that the ground motions may not cause damage to 
mid-rise and high-rise reinforced concrete and steel 
buildings. As the event occurred in a sparsely popu-
lated area, there were few reported damaged build-
ings in the epicenter area. There was a high-speed 
railway bridge called Liuhuanggou bridge about 
10  km away from QHC0028 station, and it was 
7 km away from the epicenter, as shown in Fig. 1. 
The bridge was an 8-span 32  m simply supported 
girder bridge, and it was severely damaged due to 
the failure of bearings shown in Fig. 12. It is unclear 
whether the failure of bearings is due to large 

velocity pulse or reciprocating action of ground 
motion. Since the ground motion at QHC0028 sta-
tion were pulse-like at almost all orientations, it is 
possible that the bearings lost bearing capacity as 
shear deformation exceed the limit cause by the dis-
tinct large velocity pulse. It has been reported that 
the bearings were damaged by near-field ground 
motions (e.g., the bearings of Hamate Bypass 
were seriously damaged in 1995 Kobe earthquake 
(Chung et al. 1996); the sliding pot bearings of Bolu 
viaduct were damaged in 1999 Duzce earthquake 
(Park et al. 2004). With the failure of bearings, the 
girders slipped from the bearings as a rigid body, 
causing the bridge decks on both sides of the pier 
to dislocate and resulting in track to be twisted and 
fractured. However, the girders and piers were basi-
cally intact in the earthquake. Since the design of 
simply supported girder bridges for high-speed rail-
ways in China takes the ride comfort as the primary 
goal, the girders and piers are designed much stiffer 

Fig. 12   Earthquake damage photos for Liuhuanggou high-speed railway bridge. a Aerial view; b twisted and fractured tracks; c lat-
eral shift and deflection of the girders; d destroyed failure (see Data and resources)
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and stronger than ordinary railway bridges (Guo 
et al. 2020). In this regard, the bearings could be the 
weakest part, and more attention should be paid to 
the seismic design of the high-speed railway bridge 
bearings. The severe damage of the high-speed 
railway bridge resulted in suspension of Lanzhou-
Xinjiang high-speed trains. For further research, the 
ground motions at the bridge site should be simu-
lated to check if the ground motions are impulsive 
or not, and finite element model of the bridge and 
nonlinear time history analysis should be built and 
conducted to investigate the failure process of the 
bearings.

7 � Conclusions

The 8 January 2022 MS 6.9 Menyuan earthquake was 
recorded by a large number of MEMS stations within 
100-km Joyner-Boore fault distance. The strong 
motion records provided a database for analyzing the 
main features of the ground motions measured by 
MEMS stations, in terms of time–frequency energy 
distributions, GMMs, near-field impulsive character-
istics, and seismic intensities.

By comparing the pre-event noises and earthquake 
signals in time domain and frequency domain, it is 
found that the ground motion records have good SNR 
and the frequency contents in 0.1–20  Hz are cred-
ible, and the records are feasible to be used to analyze 
ground motion parameters. Time–frequency energy 
distributions of the nearest stations with RJB ~ 10 km 
show quite different characteristics of high-frequency 
contents, implying strong attenuation for high fre-
quency in the close near-field.

The ground motion parameters such as horizontal 
vector PGAs, PGVs, PSAs, and SDs are compared 
with the predicted values by the BSSA14 and AS16 
GMMs. The PGAs and PSAs at short and medium 
periods of 0.3 s and 1.0 s are noticeably overestimated 
by the BSSA14 model, and PSAs at long-period 3.0 s 
are consistent with the prediction model. The PGVs 
and SDs are well predicted by the two GMM models. 
According to the analysis of between-event residu-
als, the BSSA14 model predicts higher shaking at 
the short and medium periods and lower shaking in 
the long periods for the Menyuan earthquake, while 
predicts higher shaking in the whole analyzed peri-
ods for the Jiuzhaigou earthquake. On the other hand, 

the PGAs and PSAs at periods of no more than 1.0 s 
are well predicted by the BSSA14 model for Central 
Italy 2016 earthquake sequence. The characteristics 
of within-event residuals are similar for the Meny-
uan earthquake and Italy sequence. For the PGAs 
and PSAs at short periods, the within-event residuals 
have positive trends at short distances while negative 
trends for distances larger than 60 km. For the PGVs, 
PSAs at long periods and SDs, the within-event resid-
uals have flat distance trends.

According to comparison of observed CSI from 
instruments with MMI and on-site SMI, CSI values 
are 0.73 intensity units greater than MMI values on 
average, and CSI predict very well SMI, especially in 
high seismic intensity region. Ground motion records 
at three stations are classified as pulse-like based 
on the methodology by Baltzopoulos et  al. (2020). 
Ground motions at QHC0035 station are identified as 
fault-normal pulse, and those at QHC0036 station as 
fault-parallel pulse. Ground motion at QHC0028 sta-
tion have pulse indicator greater than 0.85 at almost 
all orientations. By discussing the forward directiv-
ity and fling step on the pulses, only one station may 
be directivity effect-related and the other two are still 
inconclusive. Finally, the earthquake damage of a 
high-speed railway bridge, which includes bearings 
failure, twisted, and fractured tracks, is presented. 
The ground motion at bridge site should be simulated 
to check if the bearings are damaged by large velocity 
pulse or reciprocating action of the ground motion for 
further study. The MEMS-based station is a proper 
supplement to the traditional FBA-based station, and 
in the future, more near-field data will be obtained 
from MEMS-based stations, providing a larger data-
base for analyzing the characteristics of near-field 
ground motions and damage potentials thereof.
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