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Abstract

It is challenging to select ground motion models (GMMs) for seismic hazard
assessments for a region with sparse recorded data. In this study, data on the 2020
M5 Moc-Chau earthquake and its aftershocks were used to select an appropriate
GMM for northern Vietnam (NVN). The 204 strong motion records were collected
from 32 seismic stations and then used to compare eleven non-Vietnamese and two
simplified Vietnamese local GMMs to assess their model prediction efficiencies.
Among all the candidates, the global NGA-West2 GMMs performed the best fit
with the data. Our analyses revealed the possibility of damage resulting from
shaking in the Hanoi metropolitan area caused by recognized earthquake sources in
NVN. In our examination of total residuals of differences between the GMM
predictions and observed data, the average standard deviation from ASKI4 was
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slightly higher than the limit accepted for modern seismic hazard assessments.
ASK14 was further adjusted by the spatially varying coefficients that were derived
from observations ground motion of this event. The adjusted ASK14 was used to
evaluate seismic risk scenarios of large earthquakes in NVN and compared with the
structures’ design spectra of the Hanoi area. To increase the prediction efficiency,
additional local data are required to develop a region-specific GMM for NVN. We
suggest that GMM be developed in the near future by regionalizing the ASKI|4
GMM according to additional local data further collected from existing broadband
seismic observations and new accumulating continuous recording data from
Vietnam’s broadband seismic networks.

Keywords
Moc-Chau earthquake, H/V ratio, GMMs’ evaluation, adjusted GMM, and determinis-
tic hazard analysis
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Introduction

An earthquake with a magnitude (M,,) of 5.0 occurred near the Moc-Chau district in the
northwest region of Vietnam on July 27, 2020 (Nguyen et al., 2022a; referred to herein as
the 2020 Moc-Chau earthquake; Figure 1a), and this is the only significant recorded event
since the seismic station networks have been installed in 2009 (Huang et al., 2009). This
event has caused considerable damage to the infrastructure in the vicinity of the epicenter.
Although the magnitude was moderate, people reported feeling strong shaking in the high-
rise buildings of Hanoi, approximately 100 km away from the epicenter. This low-
frequency shaking had not been previously reported and emphasizes the importance of the
seismic hazard assessment of the potential damage of future large earthquakes in Vietnam.

In northern Vietnam (NVN), the tectonic setting categorized as a stable continental
region has generally been governed by major tectonic events in the surrounding areas since
the Tertiary period (Tapponnier et al., 1982). Many studies of the tectonics of NVN have
assessed the seismic hazard of the region (Huang et al., 2009; Lap, 1991; Nguyen et al.,
2019; Pailoplee and Choowong, 2014; Phuong, 1991). Earthquakes in NVN are character-
ized as shallow with focal depths ranging from 0 to 35 km (Nguyen and Le, 2005; Nguyen
et al., 2019; Nguyen et al., 2022). Destructive earthquakes with maximum magnitudes of
M6.0 or greater have occurred in NVN (Das, 2015; Duan et al., 2013; Robinson et al.,
2010), two of which occurred in the last century (Figure 1a): the 1935 Dien Bien earth-
quake, which had a surface wave magnitude (Ms) of 6.8, and the 1983 Tuan Giao earth-
quake, which had an Ms of 6.7. Both earthquakes caused significant infrastructural
damage and economic loss (Duong et al., 2013; Tuyen and Lu, 2012).

To evaluate seismic hazards in a specific region, probabilistic seismic hazard analysis
(PSHA) that incorporates source, path, and site conditions is required. Ground motion
models (GMMs), named as ground motion prediction equations (GMPESs) in previous
publications, are used to develop predictions of ground motion and its associated uncer-
tainty at any location as a function of magnitude, distance, and other parameters, includ-
ing style of faulting and site condition. GMMs are used to calculate the required input
parameters for PSHA. In PSHA, multiple GMMs are often combined within a logic tree
to quantify the ground motion uncertainty, especially for locations that lack region-specific
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Figure 1. (a) Map of seismicity in the northern Vietnam from 1990 to 202|. White symbols denote
seismic stations from four different networks: Vietnam National network (VN), Academia Sinica-Taiwan
(TW; Huang et al.,, 2009), the Regional Integrated Multi-Hazard Early Warning System (RM), and
Pacific2| (PS). Each station code is listed below its respective symbol. Regional active faults are marked
as thick red lines (rank | major faults) and solid thin black lines (rank Il minor faults; Nguyen et al., 2019).
The red star symbol represents the epicenter of the 2020 Moc-Chau earthquake, and the yellow star
symbols represent the locations of the events discussed in this study. (b) The event distribution of the
2020 Moc-Chau earthquake sequence and its focal mechanisms (Nguyen et al., 2022a). The date and
time of each event are listed next to its focal mechanism. The location of Figure Ib is marked as a box
surrounding the epicenter in Figure la.

GMMs (Bommer, 2012). Therefore, an appropriate suite of GMMs is usually selected
according to models developed for similar tectonic regions (Bommer et al., 2005). Recent
PSHA studies have attempted to identify the optimal suite of GMMs that includes both
global and region-specific (for major tectonic environments) components (GeoPentech,
2015; Phung et al., 2018).

In respond to the urbanization and construction of large public facilities in Vietnam,
various seismic hazard reduction measures, including the selection of suitable GMMs, have
been proposed (Nguyen et al., 2012; Tran and Kiyomiya, 2012, 2013). Since then, new eva-
luation techniques have been developed and high-quality earthquake data have been col-
lected, and the GMMs for Vietnam must be reviewed and updated accordingly. The
updated GMMs should be developed with reference to local data; however, to date, only
limited onsite observations are available. A suitable approach to this problem is to system-
atically evaluate the applicability of GMMSs from other regions by using what limited set
of high-quality local observations there are, as is commonly done by earthquake engineers
in other parts of the world when the study region exhibits low seismicity or when limited
seismic data are available for the region (Nizamani and Park, 2021; Ornthammarath et al.,
2020). To verify the prediction efficiencies of a selected GMM, a testing with extra avail-
able data is helpful. In this study, we used the high-quality strong ground motion data
from the 2020 Moc-Chau earthquake sequence to evaluate the selection of GMMSs for
NVN and raise several issues for discussion.

Observation of the 2020 Moc-Chau earthquake sequence

The Moc-Chau earthquake occurred with moment magnitude (Mw) of 5 at 05:15 (UTC;
local time: 12:15) on July 27, 2020. The hypocenter of the mainshock had a depth of 7 km
and was located at 20.929°N, 104.708°E, approximately 12 km away from the town of
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Moc-Chau (Figure la). Table 1 displays the details of main shock and its aftershocks
regarding location of epicenter and source-related parameters such as magnitude (M)
and depths (H). The earthquake severely damaged the infrastructure in the vicinity of the
epicenter (Nguyen et al., 2022a). During the earthquake, people felt strong shaking in the
near-source region and in some tall buildings in the nearby cities. On the United States
Geological Survey response website for earthquakes (Wald et al., 2012), 31 local witnesses
responded to the question “Did you feel it?” for the Moc-Chau earthquake. Some descrip-
tions of shaking, mostly from high-rise buildings in Hanoi, were classified as level III
according to the Medvedev-Sponheuer-Karnik scale (Medvedev and Sponheuer, 1969),
which is similar to modified Mercalli intensity scale. Numerous aftershocks followed the
mainshock, all of which were concentrated in a small region (Figure 1b). Two large after-
shocks with magnitudes >4 occurred on July 28 (M,, = 4.1) and August 17 (M,, = 4.4)
(Table 1). The ground motions of the events were recorded by 32 broadband seismic sta-
tions in NVN (Figure la). The stations belonged to three networks: Vietnam National
Network (VN); Academia Sinica, Taiwan (TW) (Huang et al., 2009); and the Regional
Integrated Multi-Hazard Early Warning System (RM). Each VN and RM station was
equipped with an accelerometer and a broadband velocity seismometer (Lu et al., 2018;
Nguyen et al., 2012). The nearest VN seismic station, station MCVB, was located in the
town of Moc-Chau, 12.4 km away from the mainshock epicenter (Figure 1a). According
to a report on the earthquake sequence (Nguyen et al., 2022a), the focal mechanisms of
the events examined herein were strongly affected by strike-slip movements. The seismicity
pattern and source mechanism from the moment tensor inversion analysis reveal that the
earthquake sequence might have been associated with the active right lateral Da River
fault (Figure 1b).

In this study, we selected 204 high-quality records from all 32 broadband seismic sta-
tions in NVN that were continuously collecting data during the Moc-Chau earthquake
sequence (Figure la). The mainshock (M, = 5.0) and its aftershocks with magnitudes
>3.0 (13 events, as indicated in Table 1) were considered in our analysis. Figure 2a pre-
sents the record in the time domain of the three-component accelerations caused by the
mainshock at station MCVB, approximately 12 km away from the epicenter. The peak
ground motion accelerations (PGA) observed at this station were 35.9, 29.3, and 26.7 cm/
s in the vertical, east-west (E-W), and north-south (N-S) components, respectively. The
maximum peak ground velocity (PGV) derived from the integration of the acceleration
time histories in the E-W component was weak (0.72 cm/s; Figure 2b). Detailed informa-
tion of the data used in this study and its validations is presented in Phung et al. (2024)
and the Supplementary Material (Appendix A).

Traditionally, acceleration and velocity sensors were operated by different seismic net-
works for different purposes. A strong-motion seismic network stations equipped with
accelerometers operated in trigger mode with low sensitivity to record strong ground
accelerations from large-magnitude earthquakes or near source events, whereas regional
network seismic stations equipped with bandlimited velocity seismometers operated using
a continuous model with high sensitivity were deployed to record low ground velocities
from small local earthquakes or teleseismic events. By contrast, in a modern broadband
station, signals from both the accelerometer and the broadband velocity sensor are con-
tinuously recorded at the same site and share the same data logger. Figure 3 presents an
example of the waveforms of the velocity (Figure 3a) and acceleration (Figure 3b) in the
N-S component from the mainshock that were recorded at station MCVB. After the
instrument response is excluded, the broadband velocity seismogram is then simply
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Table I. List of Moc-Chau earthquakes and source-related parameters.

Event name M., Ry, range km  Location Depth (km)  Number of records

202007270514 (Main shock) 5 14.3-282 20.929°N 8.1 31
104.708°E

202007270537 3.1 12.2-182 20929°N 7 8
104.683°E

202007270915 32 10.8-282 20.928°N 6.0 13
104.708°E

202007272316 34 11.2-279 20.926°N 1.0 15
104.725°E

202007280125 4.1 12.3-282 20910°N 53 32
104.716°E

202007280500 3.1 11275 20913°N 7.2 10
104.703°E

202007281107 34 10.3-283 20.925°N 10 14
104.708°E

202007281326 3.5 12-280.1 20.925°N 6.1 14
104.716°E

202008031015 34 141251 20911°N 6.6 10
104.734°E

202008062328 3 11.1-275 20.933°N 10 13
104.693°E

202008170113 44 134278 20.907°N 8.1 28
104.749°E

202007270850 34 13-280 20.930°N 7.0 13
104.714°E

202008041525 34 13.5-282.1 20.928°N 10.1 6
104.686°E
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Figure 2. Three-component recordings of corrected acceleration (a) and velocity integrated from
acceleration (b) of the 2020 Moc-Chau earthquake, as recorded by station MCVB.
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Figure 3. The raw N-S component recordings from the accelerometer (a) and the broadband velocity
seismometer (b) of station MCVB. (c) Comparison of the instrument response—corrected accelerations
from the broadband velocity seismometer and accelerometer.

differentiated to derive the corresponding acceleration, which can observe to be similar
with the accelerogram presented in Figure 3c. The combined broadband velocity and
acceleration exhibit a large dynamic range with respect to the recorded ground motion.
This implies that the broadband network may record extra data, such as recordings for
distant large events or smaller local events untriggered by the independent strong ground
accelerations, for use in earthquake engineering.

The raw data was processed using a methodology similar to that of Elomo et al. (2015).
The waveforms of each station-event pair were applied mean and trend removal, instru-
ment response removal, and band-pass filtered in the frequency between 0.1 to 20 Hz by a
zero-phase shift four-pole Butterworth filter. The waveforms were then cut into windows
containing the event. In our study, we use a uniform scheme for all records and only select
the waveforms with a signal-to-noise of at least 5. We estimate the P-wave arrival using
PpuasePicker algorithm (Kalkan, 2016). The noise and earthquake signal can then be
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Figure 4. (a) An example of recorded ground motion and selected noise recorded ground motion
(2010123018501 6 north-south component, at recorded at BGVB by an event Mw = 4.4), and

(b) lllustrative plot for selecting filter corner frequencies (low-pass and high-pass corner frequency).
(c) The 5% damped pseudo-spectral acceleration (SA) of the MCVB station plotted against the natural
period of the single-degree-of-freedom system for the vertical component (dashed line) and the
geometric mean (GM) of the two horizontal components (solid line).

identified in the acceleration time histories (Figure. 4a), and this allows for the computa-
tion of the signal to noise ratio (SNR) used to access the quality of ground motion record-
ings. The filter corner is determined by comparing the Fourier amplitude spectra (FAS) of
ground motion recordings with that of the noise window, as shown in Figure 4b. The filter
frequencies were selected to minimize the residual deformation in the residual deforma-
tion; the minimum usable frequency as set as 1.20 times the lower high-pass frequency of
filtering for each record.

In seismic hazard analysis and earthquake engineering, the pseudospectral acceleration
(SA) of a 5% damped single-degree-of-freedom (SDOF) oscillator is commonly used as an
intensity measure for the dynamic response of a wide range of structures. In this study, we
calculated the PGA and 5% damped SA for 105 periods of 0.01 to 10 s for each compo-
nent of a time series. The observed horizontal motion was converted into the geometric
mean (GM) of the two individual horizontal components. As indicated in Figure 4c, the
5% damped SA for station MCVB was associated with the time series in Figure 2a. For
the period <0.1 s, the 5% damped SA values of the vertical component were larger than
the GM of the horizontal components, which implies that the vertical ground motion can
strongly affect the seismic response of structures located near the source region. Such
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vertical effects are observed to be consistent with the findings in other previous studies
(e.g., Bozorgnia & Campbell, 2016; Phung et al., 2022).

Evaluation of existing GMMs

In this study, a set of worldwide developed GMMs were selected for NVN to assess the
seismic hazards. Performing seismic hazard analysis for a region requires estimations of
ground motion distribution in terms of magnitude, distance, and site condition as inputs.
As a part of the selection process of the GMMs for NVN, we examined the ground motion
characteristics of selected events, as described in Table 1, by comparing the observed
ground motion (PGA and PSA) with those predicted by a number of selected GMMs
based on equations formulated for Vietnam and for other regions (Table 2). The main
characteristics of Vietnamese GMMs are compared with those of non-Vietnamese GMMs,
which are listed in Table 2.

Ground motion inputs

The source parameters of moment magnitude (My,), focal depth (H), and the hypocentral
(or epicentral) distance were used as inputs for the GMMs and compared the results with
the ground motion observed during the Moc-Chau earthquake sequence. Because the mag-
nitudes of all the events in the earthquake sequence were low (M,, = 5.0 for the mainshock
and M,, < 5.0 for the aftershocks), the point source model was adopted. Therefore, (a) the
hypo-central distance (Ry,;,) was equal to the rupture distance (R,,;,) and (b) the epicentral
distance (Rep;) was equal to the Joyner-Boore distance (Rj,). In addition, the focal depth
(H) was equal to the depth to the top of the rupture (Z,.), and the style of faulting (sof)
was set to vertical strike-slip that is consistent with focal mechanism of the considered
events.

Viethamese GMMs

Early studies on the development of region-specific GMMs for NVN were based on the
attenuation equations of Nguyen et al. (2012, hereafter N12) and Tran and Kiyomiya
(2012, hereafter TK12). Due to their simple functional forms, neither GMM has been used
for modern seismic hazard assessment in Vietnam. However, these two GMMs are useful
for studying PGA attenuation. Figure 5 presents the observed ground motion and the pre-
dicted ground motion results of the N12 GMM (solid curve) and TK12 GMM (dashed
curve) for comparison. Comparisons were drawn between the predicted and observed val-
ues for the Moc-Chau mainshock (Figure 5a), the two aftershocks with magnitudes >4.0
(Figure 5c), and other aftershocks with magnitudes >3.0 (Figure 5c¢). The epicentral dis-
tance of the mainshock measured at station MCVB was 12.4 km, and all the aftershocks
clustered around the mainshock (Figure 1). The observed PGAs reflected clear epicentral
distance attenuation for the mainshock and aftershocks. The ground motion predicted by
the N12 GMM was generally consistent with its observed counterpart for all the selected
events. The predictions of TK12 GMM for the same events were significantly greater than
those of the N12 GMM (Figure 5).

Although the N12 GMM and TK 12 GMM fit the data, these models have some limita-
tions. The model was developed using the epicentral distance and does not account for site
conditions (such as rock and soil). In addition, the local Vietnam GMMs use a common
linear magnitude scaling term that can potentially lead to an overprediction for large
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events (e.g., M7), thus overpredicting the hazard events or large events dominating the
hazard deaggregation (GeoPentech, 2015; Phung et al., 2018). In fact, these equations
should not be used in PSHA according to the exclusion criteria proposed by Bommer
et al. (2010). Moreover, neither the N12 nor the TK12 GMM accounted for long-period
predictions, which is a major limitation in modern seismic hazard assessment and in earth-
quake engineering. Therefore, an appropriate selection of the worldwide GMMs or a new
GMM must be conducted for the NVN region, potentially through the refinement of a
GMM from another region.

Non-Vietnamese GMMs

Modern GMMs enable comprehensive analyses of ground motion at different periods. In
this study, the geometric mean of ground motion for the PGA and 5% damped PSA were
examined at 0.2 and 1.0 s. In this study, the choice of potential GMMs will be tested for
areas with poorly known seismological characteristics and few available recorded motions.
Due to these challenges, 11 GMMs from both the stable continental areas and the active
crustal regions were chosen for the evaluation. We categorized 11 candidate GMMSs into
four groups. The first group of four equations (Abrahamson et al., 2014 [ASK 14]; Boore
et al., 2014 [BSSA14]; Campbell and Bozorgnia, 2014 [CB14]; Chiou and Youngs, 2014
[CY14]) was developed for global application as part of the Next Generation Attenuation
Relationships for the Western United States (NGA-West2) project (Bozorgnia et al.,
2014). The second group comprised two Taiwan-specific regional GMMs (Chao et al.,
2020 [Ch20]; Phung et al., 2020 [Ph20]) developed for PSHA in Taiwan (NCREE, 2015;
Phung et al. 2018). The third group comprised two equations (Campbell and Bozorgnia,
2008 [CBOS8]; Akkar et al., 2014 [ASB14]) that were used in recent PSHA studies in
Vietnam (Pham and Nguyen, 2019). The three groups represent the active crustal regions
from the United States and Taiwan. The final group representative the stable continental
areas from Central East North America (CENA) and Korea. This group comprised three
equations (Atkinson and Boore 2006 [ABO06]; Elomo et al., 2015 [E15]; PEER (2015). The
general features of the selected candidate GMMs are summarized in Table 2, the
horizontal-component definitions, the associated lognormal standard deviation, and the
applicable range are specified. It is worth emphasizing that CB08 differs from other
GMDMs as it is meant to predict the near field data and did not include an anelastic
attenuation term.

Estimation of Vs>°

For the implementation of most of the GMMs listed, the shear wave velocity in the upper
30 m (Vs®®) is commonly used as a parameter for describing the site conditions. However,
the measurement of Vs’ is not available for the seismic stations under consideration in this
study. Given such conditions, we referred to the deduced site conditions based on the pre-
dominant period (Ty) — Vg correlation relationship proposed by Hassani and Atkinson
(2016) (as shown in Equation 1)

2.2(%£0.04) +0.63(x0.06)! L) for T,<0.5s
logio(V3°) = { ( ) ( Jlogio (Tﬂ) };r Tg> 0.5s (1)
log10(250) g

This equation was proposed for Center East North America (CENA) region in which the
T, value is the period corresponding to the peak (P*) of the horizontal to vertical spectra
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Figure 5. Comparison of observed ground motion for PGA and those estimated using the N2 (green
curve) and TK12 (red curve) GMMs: (a) Moc-Chau mainshock (Mw = 5.0), (b) the three Mw =4
aftershocks, and (c) the other aftershocks (Mw =3). Horizontal axis represents the epicentral distance.
The nearest station (epicentral distance) to each event was station MCVB.

ratio (HVSR), which was defined by Nakamura (1989) and later used for proposing site
classification schemes in serval studies (Di Alessandro et al., 2012; Mercado et al., 2023;
Zhao et al., 2006). The HVSR for each record was first computed as the geometric mean
of the response spectra of the two horizontal components divided by the response spectra
of the corresponding vertical component. Then the HVSR for each station was averaged
over the individual HVSR of that station (with at least three recordings). Figure 6a shows
an illustrative example of average HVSR plotted against periods for three seismic stations
in which the T, and P* values are identified for 31 stations.

For T, greater than 0.5 s, corresponding to sites with deep sediments (sediments deeper
than 30 m), the average value is anchored 250 m/s because V3° for this site does not provide
any information from the deeper sediment layers. The Tg—Vé’0 relationship is independent
of P*, which might lead to the sites having low Vg3, but flat HVSR. A site with flat HVSR
with P* smaller than 2.0 was classified as rock-stiff soil according to Di Alessandro et al.
(2012). We subjectively constrained the flat HVSR sites (P* < 1.5) to be rock (V3° = 1500
m/s). As a result, Figure 6b shows a plot of inferred V3 compared with the topographic
slope Vg3p (USGS available). Table 3 lists the peak of HVSR values (P*), the correspond-
ing predominant period (7y), and the inferred V3° as well as the topographic slope V3° for
each seismic station.

According to Hassani and Atkinson (2016), the uncertainty of the estimated V3" varies
from 0.14 (logl0 unit) to 0.25 (logl0 unit) depending on the dominant period (7). This
uncertainty could be larger when applying the CENA’s equation to the northern Vietnam
region. The additional uncertainty is due to the difference in 7, or the geological site condi-
tion of the study region from which the region of the adopting equation was proposed.
This uncertainty can translate into errors in the assumed site amplification and hence
increased ground motion variability for the applying region. However, this uncertainty can
be estimated in the future by implementing Vg3, measurements and applying ambient-noise
studies for sites. On the other hand, there is a possible bias on estimated V3° value, which
may impact the GMMs predictions. We analyze the impact of V3% on the predictions of
selected GMMs by examining the correlation coefficient between site term obtained from a
GMM with V3% = 1000 m/s (hard rock) and the natural logarithm of V3° (i.e., In (V3°)).
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Figure 6. (a) An illustrative example of determining the predominant period (T,) and peak of HVSR
(P*) for three seismic stations (BKVB, HBVB, and MCVB). (b) A plot of inferred Vs30, obtained from the
Tn—Vs30 relation of Hassani and Atkinson (2016b), as a function of predominant period (Tn).

Conceptually, the larger correlation coefficient indicates that the associated GMM has a
greater capacity for adapting the inferred Vg3 for its prediction. In other words, the higher
correlation coefficient given to a GMM, the inferred 3 is more consistent with the
GMM’s site response model. The site term of each GMM was derived by using mixed
effect regression algorithm (Bates et al. 2014). Then the GMMs’ residuals (8,5) can be parti-
tioned into between-event (8B,) and within-event residual (6 W,y).

Ses=In(yes) —f (M, R, V3°=1000, ...) =8B, +8W,y (2)

where index e refers to an earthquake e'™ and index s refers to station s'™. The quantity ye,
is an observed spectral acceleration; f'(...) is the GMMs’ predicted rock motion. Figure 7
shows the correlation coefficient values plotted against the period for each GMM. The
correlation coefficients are mostly negative, which indicates that the rock within-event resi-
dual has a negative trend with V3°. This represents a physical property where soil sites can
have larger site amplification than rock sites. It appears that the correlation coefficients
exhibit negative values ranging from —0.3 to —0.45 in short periods (T< 0.75 s), whereas
they show smaller negative values ranging from —0.1 to —0.2 in long periods (T > 0.75 s).
In particular, three models from the CENA and Japan regions (AB06, HB22, and Zh06)
represent relatively large correlation values, while the NGAWest2 GMMs represent mod-
erate to high correlation values. On the other hand, two specific Taiwanese models appear
to have low correlations, where the inferred 3 is not suitable to model the site response
in their modeling. The range of correlation coefficient values can be considered as episte-
mic uncertainty in predicting site amplification for the study region. Note that HB22 per-
forms a positive correlation at long 7 = 3.0 s. This behavior is not usually seen in most
GMMs and should be examined further when the measurement of 73° is available.
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Figure 7. A plot of correlation coefficients as a function of period. Correlation between the rock
within-event residual with In(Vs30) is computed for the selected candidate GMMs.

Models’ evaluation

The ground motions predicted by the candidate GMMs and the observed PGA and SAs in
the records of the selected events for periods 7 = 0.2 and 1.0 s are presented in Figure 8
for comparison. The predictions of the candidate GMMs were computed using My = 5
(upper panel) and My, = 3.5 (lower panel) to compare the values for the mainshock (Mw
= 5) and average of the aftershocks (M,, < 4.0). The first column illustrates the compari-
son of the PGAs, and the second and third columns illustrate the comparisons of the PSAs
for oscillator periods of 0.2 and 1.0 s, respectively. As indicated in Figure 8, when M,, = 5,
the average PGA and 0.2 s SA were smaller than the predictions of the candidate GMMs,
especially for distances shorter than 30 km, suggesting that the data from NVN have a dif-
ferent distance decay rate than those from Taiwan (Ch20 and Ph20) and California
(ASK 14, BSSA14, CB14, and CY14). Even three GMMs (AB06, HB22, and N15) derived
from the stable continental tectonic region (central and eastern North America and Korea)
similar to northern Vietnam perform very different distance decay relative to the observed
data. Furthermore, the predictions of the candidate GMMs had a poor fit with the
observed data when the period 7 = 1.0 s. When M,, = 3.5, the candidate GMMs exhib-
ited good visual fit with the observed data, even for the oscillator period of 1.0 s.

To more accurately assess the candidate models’ goodness of fit, we used the log-
likelihood (LLH) method proposed by Scherbaum et al. (2009) for evaluation. The LLH
calculated the negative average sample by

N
LU = = 3" log(g(x) o)
i=1

where N is the number of observations (x;), and g(x;) is the probability density function
produced by selected GMM at x;. The function g(x;) is calculated as
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Figure 8. Comparison of predicted PGA (a and d) according to candidate GMMs and SA with period

T =0.2 (band e) and 1.0s (c and f) against observed data from selected |3 events.The candidate GMMs
were computed using M = 5 (mainshock, upper panels) and M = 3.5 (average of aftershock, lower panels).
The candidate GMMs accounted for vertical strike slip fault, and site parameters with Vg3 = 760 m/s and
Az o =0 as input.

()= ——ex (— (x""”z) @)
E)= AP 202

where w and o are median (i.e., mean the log of intensity measure) and standard deviation
of the GMM model, respectively. A smaller LLH value indicates that the GMM better fits
the observational data. The calculated LLH indices of all the selected candidate GMMs
for 10 spectral periods between 0.01 and 1.0 s are displayed in Figure 9. The LLH values
in Figure 9 indicate that CBOS fit poorly with the observed data, possibly because small-
magnitude (M < 5) data were not considered in the development of the CB08 model.
Poorly fitted models are also given to three models from the CENA and Korea regions
(AB06, HB22, N15) with relatively large LLH values. The CB08 and ASB14 had lower
attenuation with distance (Figure 8) than did the observed data, resulting in large LLH
indices. The two Taiwan-specific GMMs (models Ch20 and Ph20) exhibited good fit with
the data (up to 0.2 s) as they had relatively small LLH values. However, at higher spectral
periods, LLH values of Ch20 increased (~3.5 at 1 s), whereas those of Ph20 decreased by
almost half (~2.4 at 1.0 s) (Figure 9). The LLH values of the four NGA-West2 models
(ASK14, BSSA14, CBI14, and CY14) were smaller than those of the Taiwanese models,
which indicated that the NGA-West2 models fitted the observed data more closely than
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Figure 9. Plot log-likelihood (LLH) versus period for the selected candidate GMMs. This metric is used
to evaluate the performance of the different GMMs relative to the observed ground motion data.

the Taiwanese models did. Given that the LLH and correlation values across all periods
(Figure 8a and 8b) are relatively small, the NGA-West2 models generally perform good
predictions with respect to the selected data. The NGA-West2 models can, therefore, be
considered the most suitable foreign GMM for use in NVN; in this study, ASK14 was
selected as a representative GMM to simulate seismic hazard scenarios of large earth-
quakes in NVN.

Figure 10 presents the residual analysis for between-event residual (6B,), between-site
residual (652Sy), and within-event and within-site residual (8WS,,) obtained from mixed
effect regression (Bate et al., 2014) and plotted against magnitude (M), station ID, against
distance (Rygyp) for ASK14 for periods of 0.01, 0.1, 0.2, and 1.0 s. The means and stan-
dard deviations were also computed and are presented in each subplot. The mean offset
(mean residual) can be used to generally indicate overall model fit (all magnitudes and dis-
tance ranges). Specifically, the residuals at T = 0.01, 0.1, and 0.2 s with a mean near 0
indicate better fit than the residual at T = 1.0s. However, the residuals are strongly depen-
dent on magnitude at T = 1.0 s, indicating that ASK 14 exhibits a stronger magnitude scal-
ing than it is indicated by the data although the mean residual is near 0. In addition, the
magnitude scaling of ASK 14 (Figure 9) is unsuitable for long-period motion (1.0 s), for
which it exhibits overprediction for M5 (by a factor of 1.5) and underprediction for M3
(by a factor of 1.5). The poor fit of the ASK 14 model leads to high standard deviations for
the long-period motion; the average acceptable standard deviation value for PSHA is
approximately 0.8 (GeoPentech, 2015; Phung and Abrahamson, 2023). In this study, the
estimated sigma (o) values of the ASK 14 predictions tested by the 2020 Moc-Chau earth-
quake recordings were 10% to 50% greater than the standard values for PSHA studies.
Therefore, none of the GMMSs considered in this study can be recommended for use in
PSHA for NVN without further refinement. We recommend generating new GMMs with
ASK14 as an initial model and modifying it as further events and observed data become
available.
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Figure 10. Residual analysis for ASK14 at T=0.01, 0.1, 0.2, and 1.0 s with data from the 2020 Moc-

Chau earthquake sequence: between event residual (6B.), between site residual (652S), and within-event
and within-site residual plotted against magnitude (M), station ID, against distance (Ryyp). It is noted that
the mean (. [dashed line] and standard deviation are also shown).

Adjustment of ASK 14

The backbone model

For the purpose of predicting ground motion and evaluating seismic hazards due to the
Moc-Chau ecarthquakes, we derive a backbone model that is an adjustment to ASK14
explicitly accounting for local effects in NVN. The methodology for deriving the backbone
model is similar to that used in Sung et al. (2023) for France. Based on the peculiarities of
the ground motion characteristics from the residuals, we identify two coefficients that con-
trol the ground motion in the considering earthquakes: coefficient ag measuring small
magnitude scaling (the data available) and coefficient a7 representing distance attenua-
tion. Basically, our method to modify ASK 14 is to replace a¢ and a7 in ASK 14 with new
terms. Hence, the median prediction of ASK14 without small magnitude scaling and ane-

lastic attenuation is

Jasxra—yn =fask1a — (as(M — 5) +a17R)

(5)
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Table 4. List of the coefficients that determined the backbone model relative to ASK 4.

Period (s) a, a7 Standard deviation

Estimate  Standard  Origin Estimate Standard  Origin Estimate  Origin

error error

0.01 1.64440  0.09582  2.15410 —0.01031 0.00128  —0.0072 0.6949 0.9329
0.02 1.63268  0.09660  2.14610 —0.01020 0.00133 —0.0073 0.7196 0.9637
0.03 1.62262  0.09850  2.15660 —0.01037 0.00136 —0.0075 0.7387 0.9950
0.05 1.61821  0.09679  2.08450 —0.01097 0.00140 —0.008 0.7777 1.0203
0.075 1.63958 0.10580 2.02850 —0.01159 0.00138 —0.0089 0.7492 0.9806
0.1 1.60627  0.10414  2.04080 —0.01172 0.00143 —0.0095 0.7903 1.0437
0.15 1.61975  0.11199  2.12080 —0.01039 0.00144 —0.0095 0.7554 1.1067
0.2 1.65092  0.08443 222410 —0.00962 0.0012] —0.0086 0.6577 1.0245
0.25 1.69069  0.09377 231240 —0.00862 0.00115 —0.0074 0.5924 0.9789
0.3 1.72682  0.09006  2.33830 —0.00729 0.00109 —0.0064 0.5467 0.9605
0.4 1.77359  0.10515  2.46880 —0.00561 0.00111 —0.0043 0.5016 0.9518
0.5 1.85902  0.13728  2.55860 —0.00429 0.00130  —0.0032 0.5125 1.0174
0.75 200184 0.18933  2.68210 —0.00189 0.00146 —0.0025 0.5263 1.2941
| 2.07575 0.21807 276300 —0.00088 0.00152  —0.0025 0.6187 1.5142
1.5 2.19005 023713  2.83550 0.00025 0.00134  —0.0022 0.7160 1.6673
2 210610  0.22641 2.89730 —0.00009 0.00089 —0.0019 0.7521 1.8327
3 1.93191 0.26668  2.90610 0.00000 0.00139 —0.0015 0.8229 2.2247

The term fysk14 is the mean prediction from ASK14 given earthquake scenarios (M, R,
etc.). Note that constant a; is not modified because we want to preserve the large magni-
tude scaling of the ASK 14 in our backbone model. The mixed effect regression described
in Bates et al. (2014) was applied in which the natural logarithm of spectral acceleration
can be expressed as follows

l}’l(ye‘y) :fASK14—VN + (Clﬁvn (M — 5) + a|7v,,R) +SBe +352S§ +8WS€S (6)

where 652S; and 8WS,, are between site residual and within-event and within-site residual,
respectively. Due to very limited data available for the regression, the aleatory total stan-
dard deviation of ASK 14 is directly adopted without modification. Regressed coefficients
(agyn and aj7,,) and related standard deviations are determined from the mixed effect
regression. Table 4 lists the values of modified coefficients along with their standard errors.
The original values are also included to emphasize the differences between the two models.
Because of the limited data used in the regression, the standard error on the estimated
coefficients is relatively large. The resulting model is less reliable when it predicts ground
motion beyond the data used. Figure 11 shows the residual analysis with respect to magni-
tude (M), station ID, and distance; it indicates that residual trends of both 6B, in magni-
tude range and 6WS,; in distance range are improved for the after-regression model (i.e.,
modified ASK14) as compared with that for the before-regression model. Obviously, the
results indicate an improvement in the backbone model relative to ASK 14.

On the other hand, Figure 12 displays a comparison of the magnitude scaling of the
backbone and ASK 14 for R = 5, 10, 30, and 70 km at 7" = 0.01 and 0.2 s. As expected,
the results show the preservation of large-magnitude scaling of the backbone relative to
the ASK14. With this improvement, the backbone can be used further for the hazard
assessment. We generally modified two coefficients of ASK 14 (a¢ and a;7) to improve the
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Figure I 1. Residual analysis for the backbone model at T = 0.01, 0.1, 0.2, and 1.0 s with data from the
2020 Moc-Chau earthquake sequence: between-event residual (6B.), between-site residual (652S), and
within-event and within-site residual against magnitude (M), station ID, and distance (Ryyp). It is noted
that the mean (. [dashed line] and standard deviation are also shown).

prediction of the Moc-Chau events. Eventually, we could choose to modify an additional
coefficient a,, which controls the short-distance scaling; however, the resulting backbone
would be less reliable for predicting the near-source distance because of the limited data
used. Usually, the near-source component or the finite fault term of a GMM is constrained
by simulations (Abrahamson et al., 2014). It can be determined from regression (Chiou
and Youngs, 2014) if the observed data is well collected, covering a wide range of magni-
tude and short distance, such as the NGA-West2 data set.

The spatially varying coefficients model

In this section, the backbone model is adopted to derive the spatially varying coefficients
model (VCM), which is conditioned on the earthquake’s and station’s coordinates. The
VCM can be used to adjust the median response spectra to accurately predict ground
motion for a scenario, which is similar to the approaches used for California and France
(Lavrentiadis et al., 2021; Sung et al., 2022). According to the approaches, the adjustment
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Figure 12. Comparison of magnitude scaling of ASK 14 and its adjustment counterpart for SA at 0.01s
(a) and SA at 0.2s (b) for distance =5, 10, 30 and 70 km.
Note that the different distance scalings are labeled by curves with four different symbols.

terms also known as the spatially varying coefficients, which are defined later, can be
derived using the following equation:

ln(_yes) = [ferg (M, Rhypy VS}O) — Cca,erg 'Rhyp] +5€0 +8€1a,5(l‘5) +661b,s(ts)
N —
+ cca,P(tc) - AR (tc) + SBe + BWes

(7)
where y,, is the ground motion intensity measure from e’ earthquake and s station. The
term fo,o(. . .) is the median prediction of the backbone model. The term cgp, erg - Ry T€pre-

sents the anelastic attenuation of the backbone model, which is replaced by the cell-specific

—
attenuation represented by the term ¢, p(t) - AR(2.); Ceap, p(1c) is a spatially varying ane-

lastic attenuation coefficient as a function of the cell coordinate (z.), and ﬁ(tc) is a vector
with all cell-path distance between earthquake ¢ and station s”, and Ceap, erg 18 the anelastic
attenuation coefficient of the backbone model. 8¢ is a constant shift; 8cy,(%) is a spatially
varying station adjustment as a function of the station coordinates (#); 8c1p, (%) is an inde-
pendent site adjustment; 6B, is the between-event residuals; and § W, is the within-event
residual. These residuals have zero mean and standard deviation of 7 and ¢, respectively.

Therefore, the total standard deviation of the derived model is computed as o = \/72 + ¢
Note that the definition of notation described previously is followed by Lavrentiadis et al.
(2022).

The spatially varying coefficients are modeled as a Gaussian process (GP) regression
defined by a function f(x) with zero mean and negative exponential covariance function
(k). We apply regression to the same regression model (Bayesian hierarchical model) and
settings of the prior distribution similar to Lavrentiadis et al. (2021). The following equa-
tions are applied:
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f(x) ~ GP(0,k1,4(t,1)) (8)
sl

Kl,i(t) t,) = (12)%,‘” e él'm,for i€ {8clas} (9)
7 4 '8||t5. — tSHfor i € {8¢cips}

The calculation of the non-ergodic and elastic attenuation term is based on the methodol-
ogy proposed by Dawood and Rodriguez-Marek, (2013) but modified to use the Bayesian
formulation described by Kuehn et al. (2019). Non-overlapping, rectangular cells with a 20
x 20 km size are used to segment northern Vietnam. The spatially varying coefficient (c.,, p)
for cells is a multivariate normal distribution with an upper limit truncated to be less zero.
The covariance function Eq. 9 consists of a negative exponential term and a diagonal term,
which make anelastic attenuation have properties of continuous variation over a large area
and independent variation from cell to cell.

Cea,P ~~ GP(Cca,erg’ Kca,p(tc’ l‘;))ﬁ(, 0) (10)
Kl,i(tr t/) :wgal,p : e_ fealp +w§a2,p ’ 6||tc - Z‘ICH (1 1)

The uncertainty of the spatially varying coefficient of mean prediction is computed using
the following equation:

V=K' — KK 'k (12)

where K is the covariance between the spatially varying coefficients at the existing and
existing locations (K; =k;(, f;)), k is the covariance between the spatially varying coeffi-
cients at the existing and new locations, and K* is the covariance between the spatially
varying coefficients at the new and new locations (K* =£; (tj, t;‘)). The parameters are esti-
mated via Bayesian’s inference using the program Stan (Stan Development Team, 2018).
Hence, the results are the posterior distribution of the spatially varying coefficients, which
captures their epistemic uncertainty and are shown in Figure 13 in terms of the site and
path adjustment terms. Figure 13a and 13b show the spatially varying coefficient for the
site term (Scy45(2)) varying from —0.78 to 0.78, where the larger values are given to the
sites near the station recordings, and its absolute amplitude decreases and approaches zero
for the sites quite far apart from the station recordings. Figure 13c and 13d show signifi-
cant variation in the cell-specific attenuation coefficient values varying between —0.002
and —0.0254 in which the smaller values are given to the near-source region in the
northwest—southeast direction, and the larger values are given to the far source region in
the northwest—northeast direction. The range of the cell-specific attenuation coefficient
values is smaller than that of ASK 14, indicating a stronger distance attenuation of ground
motion.

Figure 14 shows comparisons of distance attenuation of ASK14 with its adjustment
counterpart for spectral acceleration at 0.01 s (or PGA) (Figure 14a) and 0.2 s (Figure
14b). These results show that the VCM presents a stronger distance attenuation than
ASK 14 for earthquakes with magnitudes of 4, 5, 6, and 7, which is consistent with the
findings shown in Figure 13c and 13d. Taking the adjustment terms into account can
change the median prediction for some locations significantly, depending on their values
and the site’s coordinates. Therefore, it is important to ensure that it makes sense and
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Figure 13. Map of the mean posterior distribution of the spatially varying coefficients (a, b) for site
adjustment term and (c, d) for cell-specific attenuation adjustment term for PGA and SA at 0.2 s. The
Moc-Chau earthquake epicenter (red dot) and 3| recorded stations (triangles) are also plotted. A
representative site (rectangular) is located on a thick deposit alluvial area of the capital, Hanoi city.

leads to an improvement of the resulting model. As a check, the residuals (between-event
residual, between-site residual, and within-event and within-site residual) of the backbone
model and the VCM are plotted against magnitude (M), station number, and hypo-center
distance (Ry,yp) in Figure 15.

Seismic hazard assessments for large earthquake scenarios

To assess seismic hazards in Vietnam, given a ground acceleration level for each zone, the
design spectra can be computed according to the seismic design code TCVN 9386:2012
(Appendix A). Figure 16 presents the design spectra for ground types A, B, C, D, and E in
Hanoi with a, = 0.04 g. In Figure 16, the computed spectral accelerations of the seismo-
grams recorded at station MCVB (12.4 km away from the epicenter) during the 2020



Phung et al. 23

(a) ” (b)
1073

M,

SA(0.015), (g)
SA(0.20S), (g)

— ASK14
4 == backbone
1= VCM

] == backbone "
1 =—— VCM R

BTLHE , L O i ! , SenEn s LER L 2t | 1 o T L s | v SRR )
10t 102 103 10! 102 103
Ruvye, (km) Rpyp, (km)

Figure 14. Comparison of distance scaling of VCM (solid curves) with those of the backbone (dashed-
curves) and ASK 14 (dashed -dotted curve) for SA at 0.01s (a) and SA at 0.2s (b) for M =4, 5, 6,and 7.

Moc-Chau earthquake sequence were superimposed with the design spectra of TCVN
9386:2012 for comparison. The acceleration spectra of the mainshock (My = 5.0)
exceeded the TCVN 9386:2012 design spectra at periods of approximately 0.03 to 0.1 s;
the maximum site amplifications (i.e., group D and E in Figure 16) were included for a
conservative comparison. This implies that a similar earthquake (Mw = 5) occurred
approximately 10 to 15 km away from Hanoi City, which may have damaged buildings
and infrastructure. However, the distance from the earthquake source to Hanoi is more
than 120 km; at this distance, the observed acceleration response spectra from other sta-
tions at similar distances did not exceed the design spectra, which implies that the earth-
quakes could not have damaged buildings in the Hanoi area. However, previous seismic
hazard assessments have suggested that a giant super-shear rupture destructive earthquake
may occur along the Red River fault (Das, 2015; Duan et al., 2013; Robinson et al., 2010).
A larger earthquake occurring along the fault will likely greatly damage buildings in
Hanoi City, and engineers and policymakers must not ignore this possibility.

Actually, the explicit accounts for the regional path effects of a global GMM may
reduce its variation further. In this study, we use the data from Moc-Chau events to pro-
vide an adjustment to ASK 14 that explicitly accounts for the regional path effects in NVN
by introducing the spatially varying coefficients through this new data. The modification
followed a method similar to that used in Kuehn et al. (2019). The predictions from the
backbone model generally align well with the observed ground motions, demonstrating
the value of incorporating new observations to improve regional ground motion predic-
tions using an existing GMM. It is noted that the adjustment of ASK14 in this analysis
was based on relatively few events and records, with particular source properties and par-
ticular propagation path effects. The analysis will produce a different observation because
attenuation may change for an occurrence on a different fault at a different depth and for
a different fault mechanism.

One of the applications of GMMSs is to use both the backbone and VCM to predict
large earthquake scenarios providing a platform for evaluating seismic hazards. The
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Figure 15. Comparison of VCM’s residuals with the backbone model at T=0.01, 0.1,0.2,and |.0's
with data from the 2020 Moc-Chau earthquake sequence: between-event residual (6B.), between-site
residual (652S), and within-event and within-site residual against magnitude (M), station ID, and distance
(Ruye). It is noted that the mean (. [dashed line] and standard deviation are also shown).

GMM predictions are then used to explore the possibility of damage caused to buildings
and infrastructure in Hanoi if a large earthquake (Ms6.8 ~ the highest historical earth-
quake magnitude) occurred at the closest fault of about 80 to 150 km away from Hanoi
City and as an example of events near the 2020 Moc-Chau earthquake epicenter (i.e., in
the Ma river fracture zone [Wen et al., 2015, and Wu et al., 2018]). A representative site of
Hanoi City is located on the thick deposit of dense alluvium soils with of 200 m/s as a
representative site (Figure 17a). We estimate the response spectrum at a representative site
selected for the construction of the typical rigid structures with a period of 0.2 s. The engi-
neers leading the design of the structure are concerned about the seismic demands during
an earthquake of similar magnitude and with a predominant period close to the structure’s
resonant period. We conduct a deterministic seismic hazard assessment to estimate the
seismic demand at the foundation level of the structure. A deterministic scenario is defined
based on the site’s characteristics and the response spectrum estimated using the VCM
(Figure 17a). For practical purposes, this spectrum is considered representative of the seis-
mic demand at the base of the alluvial deposit. For the case in which the backbone and
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Figure 16. Superposition of the acceleration spectra (mainshock and three aftershocks with magnitude
4.4, 4.1, and 3.4, respectively) from station MCVB and the design spectra. The design ground
acceleration (ag) of 0.04 g was used to generate this plot according to the ground acceleration zone map
of Figure Bl (b) (Supplementary Appendix B).

VCM model is used with M = 6.8 (Figure 17b), the shaded area represents the lower
bound (—1o) and upper bound (+ lo) around the median predictions calculated for R =
120 km, which is the influence range on the structure damage. Both predicted spectral
acceleration values of the backbone and VCM are compared with the TCVN 9386:2012
design spectra. It shows that the predicted ground motions exceed the design values in a
wide period range, especially on the periods 7> 0.3s. It should be noted that according to
the proposed design spectra and the variability of observed ground motions, the range of
the structure damage from an M6.8 event could be more severe than that considering the
median prediction from the VCM. This requires further analyses of the ground motion
characteristics observed at these stations for seismic hazard assessment.

Discussion and conclusion

In this study, the 2020 Moc-Chau earthquake sequence with 13 events was used to evaluate
the performance of the selected GMMs. For this analysis, V3 is a site parameter used in
most selected GMMs, and errors in Vg3g estimations can have a direct impact on the varia-
bility of selected GMMs. We demonstrated that the predominant period (T,), as deter-
mined by the average HVSR for each site, is an effective approximation for ¥3° in NVN.
Through the analysis, the site response model of selected GMMs can generally correlate
well with the estimated V3°. However, the applicability of the T, from CENA region as a
V30 proxy to NVN may contain large uncertainty and bias because the geological site
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Figure 17. (a) A map of Sa (0.2 s) predicted by a VCM model for a hypothetical magnitude (M) of 6.8
occurred at Moc-Chau, and a considered site at Hanoi City is located about 120—130 km away from the
epicenter. (b) Superposition of a hypothetical earthquake M6.8 predicted the backbone (black dots) and
VCM model (red dots) at the representative site and the design spectra. The shaded area represents the
median * | standard deviation.

condition is different from region to region. In case of a lack of V3 information, we tem-
porarily accept such a limitation, and the estimated ¥3° will be verified once the measure-
ment V30 is available.

The log-likelihood (LLH) analysis, as the quick assessment, showed that the NGA-
West2 GMMs (4 out of 12 GMMs) fit the observed data better than other models did.
The global ASK 14, one of the NGA-West2 GMMs, was selected for the residual analysis
to better understand which GMM components respond differently to the observed data.
The small magnitude scaling and distance attenuation of ASK14 are not supported by the
observed data. For the seismic hazard reduction in NVN, an ad hoc GMM must be devel-
oped or adjusted to accurately predict ground motion. Since the data is limited (only M <
5.0), adjusting a global GMM is preferred rather than developing a new model. As an
example of the GMM adjustment, the backbone model resulted from modifying ASK14
in the small magnitude scaling and anelastic attenuation term. The spatially varying coeffi-
cients model was then developed by incorporating the event and the station’s coordinates
into the backbone model. However, the applicability of these models is limited due to the
limited available earthquake sources or a small number of recorded events. In this study,
the adjusted models can only be used for the purpose of investigating the ground motion
characteristic of the Moc-Chau earthquakes. For the development of the PSHA study for
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the NVN or other engineering applications, a new GMM needs to be developed by using
the additional ground motion data at stations from future earthquakes.

According to the complementary evaluations of this study, local observations are
required to develop this region-specific GMM. However, in the NVN, only limited local
strong-motion data have been recorded because of its sparse station distribution and low
seismicity. The available data are insufficient for the development of a representative
GMM for NVN. Fortunately, as indicated by this study (Figure 3) and others (Edwards
et al., 2021; Novakovic et al., 2018), the velocity seismograms from the broadband sensors
support earthquake engineering applications. The continuous recording system of the
broadband seismic network may contribute to the collection of more data than that col-
lected from independent trigger-mode strong-motion stations; therefore, the required input
data for GMM development can be collected from the VN seismic network in the near
future.

Furthermore, seismic records from a 25-station broadband network designed for tec-
tonic and crust structure studies in the NVN (deployed by the Institute of Earth Sciences
of Academia Sinica, Taiwan, continuously from 2005) may also be used to collect data for
GMM development (Huang et al., 2009). Nevertheless, records of ground motion from
large-magnitude or near-source events from such broadband velocity sensors may be over-
scaled and may exhibit waveform distortion, which limits their applicability. However,
after the available data were examined, such distortions were limited in the existing broad-
band records for NVN. By combining the existing broadband velocity data (Huang et al.,
2009) and the possible new collecting data from the VN seismic network, one can extend
the database for developing local GMM, thereby benefitting the seismic hazard assess-
ments and seismic design planning for high-rise buildings, nuclear power plants, hydraulic
dams, large industrial factories, and public facilities in Vietnam.

The 2020 Moc-Chau earthquake (Myw = 5) and its aftershocks elucidated several
aspects of ground motion characteristics and their effects on structural damage. Based on
the comparison of the computed response spectra of the records and the design spectra,
our examination of the seismic hazard scenarios of large earthquakes in NVN indicated
the possibility of damage resulting from shaking in the Hanoi metropolitan area with cur-
rent design codes caused by earthquake sources in NVN. Furthermore, the vertical ground
motion observed at the MCVB station being greater than the GM of its horizontal com-
ponents should be carefully considered in the seismic design of near-source structures
because the effects of vertical motion are often neglected by engineers. A further evalua-
tion similar to this study is suggested to be conducted using a set of vertical GMMs for
near-source regions. We suggest developing a new GMM in the near future based on addi-
tional input data collected from existing broadband seismic records and the new Vietnam
broadband seismic network. A careful integration of the old and new seismic data will
improve the accuracy of seismic hazard assessment in Vietnam.
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