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Novel Evaluation Method for Site
Effect on Earthquake Ground Motion
Based on Modified Horizontal to
Vertical Spectral Ratio

Xiaojun Li* Na Li, Mianshui Rong and Qing Dong

Key Laboratory of Urban Security and Disaster Engineering of China Ministry of Education, Bejjing University of Technology,
Beijing, China

The effect of local site conditions on the earthquake ground motion is a very important
factor to be considered in engineering seismic fortification. Many methods, such as
numerical simulation methods based on site analysis models and statistical empirical
relation methods based on the earthquake ground motion observations and numerical
simulation data, have been used to consider the site effects in actual engineering seismic
fortification and earthquake disaster assessment. The statistical analysis to obtain
characteristic parameters of site condition effect based on strong motion and
microtremor records become an economical and practical method of determining the
designed ground motion of engineering sites, especially for large survey areas and
engineering sites where it is difficult to carry out a site survey. In this paper, a novel
evaluation method for site effect on earthquake ground motion is proposed. The new
method is based on the horizontal to vertical spectral ratio (HVSR) method, but the original
HVSR is replaced by a modified HVSR considering the effect of the soil layer on the vertical
ground moation. In order to build the model and determine the corresponding parameters of
the modified HVSR, first, the ground motions in the bedrock below the soil layer are
calculated using the one-dimensional equivalent linear method. These calculated records
are independent of the influence of the downgoing wavefield, and the differences between
the ground surface to bedrock spectral ratio (SBSR). The HVSR for the local sites of ground
motion observation stations are analyzed using the strong ground motion records from the
Kiban-Kyoshin network (KiK-net) in Japan. The statistical characteristics of the relationship
between SBSR and HVSR are revealed, and then, a quantitative relationship between
SBSR/HVSR and HVSR is established. The proposed evaluation method for the site effect
has the advantage that the original HVSR method only requires ground motion records on
the ground surface of the site, and it further considers the influence of the vertical seismic
effect on the accuracy of the HVSR method. The proposed method can characterize the
influence of the site conditions on ground motion more reasonably than the conventional
method.

Keywords: site condition, site effect, strong motion record, KiK-net, horizontal to vertical spectral ratio
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INTRODUCTION

Surveys and investigations of earthquake disasters have shown
that the spatial variations in the local site conditions are the main
factor leading to the differences in earthquake disasters in local
areas during large earthquakes (Wood, 1908; Liu, 2002). The
conclusion that the important effect of local site conditions on the
propagation of seismic waves has been repeatedly confirmed in
large earthquakes and has been broadly studied and applied in
practical engineering (Borcherdt et al., 1976; Seed et al., 19764,
1976b, 1988; Li, 1992; Guo et al., 2013; Zhang et al., 2020). The
“local site” conditions generally refer to the variations in the
shallow engineering geological structures and surface topography
within a region of tens to hundreds of meters. In studies of the
effect of site conditions on ground motions, certain classification
indicators are usually used to classify sites into different categories
and to characterize the differences in the site conditions (Lee
et al., 2001; Building Seismic Safety Council, 2004; Huang et al.,
2009; Ministry of Housing and Urban-Rural, 2016; Li, 2013; Li
et al., 2019). Based on the site classification in the statistical
analysis of strong-motion records or numerical simulation
methods of site models, the characteristic parameters and
empirical relationships are obtained to characterize the effect
of the site conditions on ground motions (Hwang et al., 1997; Li
et al., 2001; Lu et al., 2008; Pitilakis et al., 2013). To provide a
reference for engineering design under complex site conditions, a
ground motion parameter adjustment model is used to account
for the effects of the different site conditions on ground motions.
A simple classification of sites is often insufficient when
representing the effects of specific sites on ground motions.
For this reason, it is necessary to carry out a drilling survey of
the site conditions for important engineering projects and to
perform site seismic response simulations for the specific site
conditions to account for their impact on the ground motion. For
sites that involve a large scope (such as new district construction
planning and old city reconstruction) and for sites that pose
difficulties to the execution of drilling survey (such as
construction sites in alpine canyon areas or on islands and
reefs), economical and practical methods need to be utilized
for acquiring the characteristics of the site effects and to
determine the seismic design of the engineering site, such as
methods based on the analysis and statistics of strong-motion
records and microtremors.

As early as 1970, Borcherdt (1970) proposed a transfer
function spectral ratio method for calculating sedimentary site
effects using records of strong motions observed by site stations
and referencing bedrock stations. This type of method is the most
direct method of site effect analysis and is referred to as the
classical standard spectral ratio method. The surface to bedrock
spectral ratio (SBSR) method is based on the records of borehole
arrays (Wen et al., 1995; Régnier et al., 2013), and the ground
motion records at the borehole bedrock are used as the reference
ground motion. Compared with the standard spectral ratio
method, the SBSR method can effectively solve the difficult
problem of selecting a reference free-surface bedrock. In
addition, since it is believed that the ground motion records of
a vertical array on the ground surface and those of borehole
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bedrock contain the same source effect and propagation path
effect, the SBSR can better characterize the effect of the site
conditions on ground motions. Nevertheless, it is imperative to
note that the records for the bedrock below the soil layers are
disturbed by the downgoing wavefield (Bonilla et al., 2002;
Régnier et al., 2013).

In the late 1980s, the Japanese scholar Nakamura proposed a
method for estimating the influence of the characteristics of a site
on ground motions based on the Fourier amplitude spectral ratio
of the horizontal and vertical components of a microtremor
(Nakamura, 1989), which later became known as the
horizontal to vertical spectral ratio method (referred to as the
HVSR method or the Nakamura method). The HVSR method
includes the following basic assumptions: 1) for site microtremor
observations in different periods, the spectral characteristics of
the microtremors are basically the same, and the amplification
effect is mainly related to the dynamic characteristics of the soil
media; 2) the value of HVSR at the bedrock is 1; 3) the horizontal
component of the microtremors is amplified by the soil layers, but
the vertical component is basically not amplified.

The HVSR method derives from microtremor observations
and analysis, and it was first used in the study of
microearthquakes (Konno et al, 1998; Chen et al, 2009). It
was later applied to the analysis of strong-motion observations
and then, it was expanded into the research of site effects on
ground motions (Lermo et al., 1993; Yamazaki et al., 1997; Zhao
et al., 2006; Fukushima et al., 2007; Wen et al., 2010; Kawase,
2011; Nagashima et al., 2014; Rong et al., 2016). The validity and
scope of the application of the HVSR method in the analysis of
the site effect on ground motions have always been subject to
some debate and controversy. This is mainly because the HVSR
method assumes that the HVSR at the bedrock is one and the
vertical component is basically not amplified. At present, there
still is no consistent conclusion regarding these issues, but a
common notion is that the HVSR method can effectively extract
the predominant period of the site effects on ground motions.
However, there can be large errors in the estimation of the site
effect amplification (Rong et al., 2016).

In this study, we present our results of the study on the strong
motion records of the Kiban-Kyoshin network (KiK-net) in
Japan, and we examined the different characteristics of the
SBSR and HVSR at the sites of strong-motion recording
stations and the variations in the SBSR/HVSR with the
spectral period. Then, a novel site effect evaluation method
that uses seismic records was developed based on a modified
HVSR and the statistical relationship between the SBSR and
HVSR.

THE IDEA OF THE NEW METHOD

Theoretically, compared with the HVSR method, the SBSR
method can more reasonably evaluate the effects of the site
conditions under a seismic, but it needs to use the observed
ground motion records on the ground surface of the site and the
corresponding bedrock below soil layers, separately. Therefore, it
is necessary to conduct site drilling and borehole observations,
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TABLE 1 | Selected stations and related information in this study.

No. Site code Latitude N/() Longitude E/(°)
1 AKTHO2 39.6634 140.5721
2 AKTH13 39.9819 140.4072
3 AOMHO05 40.8564 141.1033
4 AOMH13 40.5794 141.4451
5 AOMH16 40.4624 141.0923
6 AOMH17 40.4624 141.3374
7 FKSH11 37.2006 140.3386
8 FKSH14 37.0264 140.9702
9 FKSH20 37.4911 140.9871
10 HDKHO1 42.7031 142.2296
11 HDKHO4 42.5126 142.0381
12 IBRH10 36.1112 139.9889
13 IBRH13 36.7955 140.575
14 IBRH17 36.0864 140.314
15 IBUHO1 42.8739 141.8191
16 IWTHO02 39.825 141.3826
17 IWTHO6 40.2611 141.1709
18 IWTHO8 40.2686 141.7831
19 IWTH24 39.1979 141.0118
20 IWTH27 39.0307 141.532
21 KMMHO1 33.109 130.695
22 KSRHO06 43.22 144.4285
23 KSRHO7 43.1359 144.3274
24 KSRH10 43.2084 145.1168
25 MYGH13 38.699 141.418
26 NIGH11 37.1728 138.744
27 NMRHO04 43.3978 145.1224
28 SMNH12 35.1634 132.8558
29 TCGH12 36.6959 139.9842
30 TKCHO08 42.4865 143.152

which is expensive and time-consuming. The HVSR method only
requires ground motion records, but there are some unreasonable
problems in the basic assumptions listed above. Therefore, the
constructuion of an indirect evaluation method for the SBSR was
developed in this study.

Based on the SBSR method the following relationship can be
assumed,

SBSRy = SS—H (1)
Spu

where SBSRy; is the SBSR value of the horizontal motion on the
ground surface and in the corresponding bedrock, Sgp is the
Fourier amplitude spectrum of the horizontal-component on
the ground surface, Sgp is the Fourier amplitude spectrum of
the horizontal-component in the bedrock. Eq. 1 can be
rewritten as

Son  Ssv  Smv Ssu S 1
SBSRH _ S.H x S,V B,V — S.H S,V x
SS,V SB,V SB,H SS,V SB,V SB,H/SB,V
SBSRy
= HVSRg x ooV 2
S HVSR, @

where Sgy is the Fourier amplitude spectrum of the vertical
motion on the ground surface, Sgy is the Fourier amplitude
spectrum of the vertical motion in the bedrock, HVSRg is the
HVSR value in the ground surface, HVSRg is the HVSR value in
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Depth/m Vs,ao/(m»sq) NEHRP classification
100 620.404 ¢}
100 535.723 ¢}
312 238.302 D
150 154.274 E
150 225.750 D
114 378.362 ¢}
115 239.826 D
147 236.561 D
109 350.000 D
100 368.252 C
220 235.026 D
900 144138 E
100 335.369 D
510 300.774 D
101 306.785 D
102 389.567 ¢}
100 431.655 C
100 304.521 D
150 486.412 C
100 670.313 ¢}
100 574.631 (¢}
237 326.193 D
222 204.104 D
255 212.875 D
100 570.591 C
205 375.000 C
216 168.103 E
101 590.200 C
120 343.678 D
100 353.208 D

the bedrock, SBSRy is the SBSR value of the vertical on the
ground surface and in the corresponding bedrock.

If the Fourier amplitude spectrum transfer function of the
horizontal motion from the bedrock to the ground surface (TFy)
i.e., the SBSRy;, is used to express the effect of the site conditions
on the horizontal motion, then based on Eq. 2,

TFy = HVSRs x SBSRy /HVSRg, (3)
According to the basic assumption of the HVSR method,

HVSRp =1
{ SBSRV =1 ’ (4)
Then, based on Eq. 3,
TFy = HVSRs, %)

Therefore, TFp; can be approximately calculated using the HVSR
method. However, there are some errors that needed to be
considered in order to obtain a more reasonable evaluation
value of TFy. A novel evaluation method for site effect was
developed to evaluate the site effect on earthquake ground
motions.

TFy = a ® HVSR, (6)

where « is a modified parameter that describes the impacts of
SBSRy and HVSRp, which needs to be obtained via statistical

Frontiers in Earth Science | www.frontiersin.org

June 2022 | Volume 10 | Article 938514


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lietal

analysis of ground motion records. This is a special issue
investigated in this study.

SELECTION AND PROCESSING OF
STRONG MOTION RECORDS

Japan’s National Institute of Earth Science and Disaster Prevention
(NIED) has established two strong motion observation networks,
K-NET and KiK-net, with a total of more than 1,700 stations
nationwide. The average distance between stations is less than
20km. The stations in the KiK-net strong motion observation
network are all multi-point borehole arrays (ie., a vertical array).
Each station is equipped with tri-axial strong motion observation
instruments on the ground surface and at the bottom bedrock in the
borehole. They can simultaneously observe ground motions on the
ground surface and in the bedrock below the soil layers. The
borehole depths of the KiK-net stations are all 100 m or greater.
Except for a few individual station sites, the boreholes all reach the
engineering bedrock surface (Vg > 760 m/s). The KiK-net was put
into service in 1997, and a large number of observation records have
been obtained.

Selection of Strong Motion Records

The focus of this study was analysis of the influence of the soil
layers on the ground motion. Therefore, when selecting the KiK-
net observation records for this study, it was necessary to examine
whether the observation station site could be regarded as a layered
site, i.e., whether it could be simplified to a one-dimensional site
model. First, the stations used in this study were selected from the
662 stations in the KiK-net network that had obtained a certain
number of strong-motion records. The selection criteria were as
follows. 1) The number of records with a peak ground acceleration
(PGA) of PGA > 100 gal was two or more. 2) The number of
records with PGA > 10 gal was at least 100. Then, for the stations
with ground motion records met the above criteria, their transfer
functions of the horizontal ground motions were calculated
according to the one-dimensional site models (referred to as the
calculated transfer function TFyc), and the SBSRy of the
horizontal ground motions were calculated using the ground
motion records (referred to as the statistical transfer function
TFys). To obtain the calculated transfer function TFyc, the
one-dimensional site models were established using the
borehole and test data of the station sites. We statistically
analyzed the logarithmic mean standard deviation o of TFps
and the correlation coefficient r between TFyg and TFyc for
each station site. We selected the station sites that satisfied both
0 < 0.35 and r > 0.6 as the sites that met the criteria of this
study. In total, 30 stations were finally selected, as shown in
Table 1.

Based on a comparison of the site responses to the main shocks
and aftershocks of large earthquakes, earlier researchers have
speculated that the threshold for nonlinear site responses is
100-200 gal (Wen et al., 1994; 1995). However, recent studies
have shown that a slight nonlinearity of site responses appears in
records with medium-level intensities (PGA = 20-80 gal) (Baise,
2000; Régnier et al.,, 2013). Thus, we divided the 19,002 sets of
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TABLE 2 | The number of strong-motion records in the different PGA groups.

Site class  Site code PGA/gal
10~20 20~100 100~200 200~300 >300
] AKTHO2 74 54 2 0 0
AKTH13 122 79 9 0 0
AOMH17 299 106 9 4 0
HDKHO1 127 60 3 0 4
IWTHO2 876 667 42 11 14
IWTHO6 181 85 6 0 0
IWTH24 185 112 10 3 2
IWTH27 1,079 504 31 8 8
KMMHO1 99 39 6 2 0
MYGH13 675 311 13 1 2
NIGH11 146 110 9 3 3
SMNH12 52 52 6 4 0
D AOMHO05 417 207 15 3 0
AOMH16 428 171 9 2 0
FKSH11 622 285 12 2 3
FKSH14 635 283 18 2 2
FKSH20 393 238 21 0 2
HDKHO04 119 56 4 1 2
IBRH13 1,175 732 79 23 33
IBRH17 796 424 21 2 3
IBUHO1 317 136 10 3 4
IWTHO8 423 182 13 0 2
KSRH06 349 155 3 1 8
KSRHO7 286 149 8 1 4
KSRH10 273 174 ihl 3 5
TCGH12 680 338 6 0 2
TKCHO8 197 17 10 0 1
E AOMH13 213 86 7 0 0
IBRH10 522 248 16 2 0
NMRHO04 328 150 8 0 2

three-component strong motion records obtained from the 30
stations into six groups, with peak ground accelerations of 10-20,
20-100, 100-200, 200-300, and >300 gal (Table 2). Since the
records with PGAs of < 10 gal are of little engineering
significance, they were not considered in this study.

Processing of Strong Motion Records

In studies of site condition effects using strong motion records, as
much attention as possible should be given to the recorded S-wave
time section. Therefore, before calculating the Fourier amplitude of
the ground motion, a time window with a reasonable length should
be chosen. The time window should not only contain the main
energy of the shear waves, but it should also avoid the influence of
the surface waves on the amplitude spectrum. For this reason, the
time window for the ground motion record was chosen to be from
the first arrival of the P wave to the time when the seismic wave
energy reached 80% of the total energy (the cut-off time). In the
specific analysis, the cut-off time was calculated using the ground
motion energy by the Arias intensity formula (Eq. 7), and the
signal-to-noise ratio (SNR) was calculated using Eq. 8. The first
15 s of the record were treated as noise to eliminate the records with
an SNR of less than 5 dB in the 0.05-20 Hz frequency, to reduce the
dispersion of the results caused by unreasonable statistical data,
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IWTHO2 (class C). (B) recordings for IBRH13 (class D). (C) recordings for IBRH10 (class E).
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and to improve the accuracy of the analysis results. The ground
motion energy I, is defined as

a (Te
I,=— j a’ (t)dt, (7)
2g 0

where T, is the ground motion duration. The SNR is defined as

Asignal (f)

SNR(f) = 10log—=+= 8)

Apoise ()

where Agignar (f) is the Fourier amplitude spectrum of the ground
motion record, and A,,;s. (f) is the Fourier amplitude spectrum of
the noise signal.

ANALYSIS OF THE DIFFERENCE BETWEEN
SBSR AND HVSR

To calculate SBSRy; and HVSRg of the ground motion records, the
average values were obtained in three PGA ranges: 10-20, 20-100,

and >100 gal. Because there were few PGA > 200 gal records, PGA
> 100 gal was used as the statistical range. Figures 1A-C show
the average values of SBSRyy and HV SRg in the different PGA
ranges.

The data presented in Figures 1A-C show that the mean
values of SBSRy and HV SR of the ground motions recorded by
each station did not exhibit any significant differences when PGA
< 100 gal, but there were significant differences when PGA > 100
gal, which indicates the nonlinear effect of the soil layers on
ground motions. For this reason, no distinction was made
between the 10-20 and 20-100 gal categories in the
subsequent statistical analysis.

Figure 2 shows the average SBSRy/HV SR values of the
ground motions recorded by each station and the average
value plus or minus one standard deviation. Over the entire
period, the average SBSRy/HV SR values were greater than 1,
that is, the average SBSRy values were greater than of the
average HVSRg values. This confirmed the existence of the
site effect on the vertical ground motion. The average value
and variance of SBSRy/HV SRg were approximately constant
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TABLE 3 | Coefficients for the relationships between parameters a and b and the period T.

Parameter PGA/gal Period T/s Coefficients
P1 P2 P3 qq q2 aqs R
a <100 (0.04, 0.27) -0.376 -0.762 -0.391 1 2.014 1.019 0.902
(0.27, 0.86) -0.404 -0.318 -0.067 1 0.768 0.154 0.957
(0.86,20.00) 0.538 -1.404 -0.354 0 1.000 0.656 0.952
>100 (0.04,0.20) -0.348 -0.707 -0.365 1 2.066 1.077 0.958
(0.20, 0.84) 0.813 0.361 -0.277 0 1.000 1.090 0.874
(0.84, 20.00) 0.879 -1.510 -0.634 0 1.000 1.799 0.789
b <100 (0.04, 0.10) -0.250 -0.118 -0.072 0 1.000 0.763 0.962
(0.10, 20.00) 1.124 1.108 1.114 1 2.745 3.032 0.966
>100 (0.04, 0.10) 0.309 1.307 0.964 0 1.000 0.951 0.985
(0.10, 20.00) 0.670 -0.117 0.282 1 1.120 1.607 0.992

in the period of 0.4-20 s, and they changed very little with the
period. However, they changed significantly in the period of
less than 0.4s.

Figure 3 shows the variations in SBSRy/HVSRg with HV SRg
for the different periods. The variations in the period range of

0.04-20 s exhibited a high regularity, and there was a logarithmic
correlation between SBSRy/HV SRg and HVSR;. This provided a
basis for establishing a novel evaluation method for site
amplification by modifying the HVSR method to take into
account the site effect on the vertical ground motion.
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Based on the above calculation and analysis results and using
the logarithmic coordinate linear fitting method, we obtained the
following quantitative relationship between the HVSR and SBSR
under different ground motion levels in the period range of
0.04-20 s:

SBSRy (T) _

(1) = Hvsry(T)

a(T)HVSRs (T) + b(T), 9
where T is the period, and a and b are statistical constants.

Based on previous studies, the statistical values of a and b were
obtained, and the results of their changes with the period T are
shown in Figure 4. These values vary significantly with T and
fluctuate up and down, especially the values of a. For this reason,
we used the following parametric model to fit the curves of a and
b in the period ranges.

Y = X+ px +P;

5 . (10)
q, X"+ 4,xX +q;

where Y represents a or b, x represents the base-10 logarithmic
period, and p1, p2, P3» 1> 42> and g3 are the model parameters.
The variations in a and b with T were obtained through fitting, as
shown in Figures 5A,B, and the model coefficients are shown in
Table 3.

NOVEL EVALUATION METHOD FOR SITE
EFFECT

Through comprehensive consideration of Eqs 6, 9, 10, we
obtained the following equations for a novel method of
evaluating the site effect:

TFy (T) = (a(T)HVSRs(T) + b(T)) HVSRs(T),  (11)
2
a(T) — Pla (lOgT)Z + pZaIOgT + p3a, (12)
4,4, (10gT)" + gy, logT + g,
2
b(T) =p1b(logT) +prlogT+p3b (13)

9w (logT)z + qylogT + qab.

where TFy is the Fourier amplitude spectrum transfer function
of the horizontal ground motions from the bedrock to the ground
surface, HV SR is the HVSR value of the ground motion on the
surface, T is the period, and pia, P2a> P3a> G1a> G2a> G3a> Pibs Pabs
P3bs q1b> Gab> and gsp, are empirical constants which are listed in
Table 3.

CONCLUSION

Using 19,002 sets of acceleration record data from 30 strong
motion observation stations in Japan’s KiK-net, we performed
statistical analysis of the relationship between the SBSR and
HVSR of the station sites and obtained a log-linear correlation
between the SBSR/HVSR and HVSR. We also obtained a
quantitative statistical relationship. Based on the statistical

Evaluation Method for Site Effect

analysis results, we developed a novel evaluation method for
site effect using a modified HVSR formula to characterize the
influence of the soil layers on the ground motion. The modified
HVSR formula accounts for the influence of the vertical ground
motion effect of the site and the nonlinear characteristics of the
soil layers. The proposed method can more accurately evaluate
the effects of the soil layers on the ground motions.

The SBSR is similar as the transfer function of the ground
motions from the bedrock to the surface, but it cannot be
regarded as the complete amplification function of the site
effect on the ground motion. The incident wave at the
bedrock below the soil layers was obtained using a one-
dimensional equivalent linearization method, which vyields
the recording for the reference bedrock site. Although this
operation can eliminate the influence of the downgoing
wavefield on the ground motion record of the bedrock below
the soil layers, it also introduces errors into the calculation of the
ground motion record at the reference bedrock. Improving the
accuracy of the reference bedrock record will to be studied in the
future.
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Joint inversion of horizontal-to-vertical spectral ratios (HVSRs) and dispersion
curves (DCs) from seismic noise recordings has been extensively used to
overcome the lack of inversion uniqueness in the noise-based HVSR (NHV)
or DC inversions alone. Earthquake recordings contain information about the
structural properties of sedimentary layers and provide body-wave data
complementary to seismic noise recordings to estimate site velocity
structures, particularly in the high-frequency band. We propose a joint
inversion of the Rayleigh wave DC obtained from array measurements and
earthquake-based HVSR (EHV). The EHV is derived from earthquake motions
rather than from microtremors based on the diffuse-field theory of plane waves.
We investigated the complementarity of EHV and surface-wave DC in the joint
inversion through sensitivity analyses. The DC is sensitive to bedrock shear-
wave velocities in the low-frequency range and is supplemented to some
degree by the EHV in the high-frequency range. The EHV is more sensitive
to sediment thicknesses almost over the entire frequency range. The joint
inversion is implemented by a hybrid global optimization scheme that combines
genetic algorithm (GA) and simulated annealing (SA) to avoid premature
convergence in the GA. The sensitivity of inversion parameters was tested to
demonstrate that the P- and S-wave velocities and thicknesses of soil layers are
the dominant parameters influencing EHV and DC responses. The proposed
method was validated by using synthetic models to compare the joint inversion
with EHV or DC inversions alone. The joint inversion was applied to the Garner
Valley Downhole Array (GVDA) data for identifying the velocity structures of the
site based on earthquake and noise observations. The inversion results for the
P- and S-wave velocities and thicknesses of soil layers strongly suggest that the
joint inversion is an efficient method to estimate site velocity structures.
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Introduction

It is well known that the site effect can affect the
characteristics of strong ground motions and consequently
influence the distribution of damage during earthquakes. The
shear-wave velocity (V) and thickness of soil layers are essential
parameters for the quantitative evaluation of site effects.
Empirical methods based on surface seismic recordings have
been widely used to study site effects for estimating the Vs.
profile. Among these methods, the horizontal-to-vertical spectral
ratio (HVSR) proposed by Nakamura (1989) typically has a
conspicuous peak that is a good estimator of dominant
frequency and soon became popular because of its economy
and effectiveness. Moreover, the HVSR has been widely used to
estimate velocity structures from observed earthquake ground
motions and microtremor measurements (Kawase, et al., 2018).
In this study, to make full use of the available earthquake and
noise measurement data, we propose a joint inversion of
earthquake-based HVSR (hereafter, EHV) and phase velocity
dispersion curve (hereafter, DC), where the HVSR is derived
from earthquake motions rather than from microtremors based
on the diffuse-field theory of plane waves (Kawase, et al., 2011).

Velocity profiles (particularly, the shear-wave velocity one)
are often retrieved from surface recording data of passive sources,
such as seismic ambient noise. The pioneering SPAC method
(Aki, 1957) has been widely used. This approach has been rapidly
developed through the continuous accumulation of observation
data and has gained wide interest owing to its cost effectiveness.
The shear-wave velocity profile can be obtained by the inversion
of Rayleigh wave DCs (Aki, 1957; Louie, 2001; Wathelet, 2005;
Gouedard et al,, 2008; Tada et al., 2009) or by the combined
inversion of the DC and ellipticity of Rayleigh waves (e.g.,
Scherbaum et al., 2003). Generally, the Rayleigh waves DC are
derived from microtremors recorded by several instruments;
therefore, the detecting instruments should form an array
with a certain scale. In contrast, the HVSR inversion based on
single-station recordings is much more convenient. The HVSR
inversion methods can be classified into four typical categories:
(1) HVSR based on the Rayleigh wave ellipticity (Fih et al., 2001;
Sherbaum et al., 2003), (2) HVSR based on the contributions of
Rayleigh and Love waves (Arai and Tokimatsu, 2004), (3) HVSR
based on the contribution of body waves (Herak, 2008; Bignardi
etal, 2016), and (4) HVSR based on the contribution of the body
and surface waves according to the diffuse wave field theory
(Kawase et al., 2011; Sanchez Sesma et al., 2011; Nagashima et al.,
2014). Although the HVSR inversion method is advanced, its use
is hampered by the phenomenon of the non-uniqueness of the
solution as demonstrated by Picozzi et al. (2005) and Picozzi and
Albarello (2007).
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To overcome this problem, Scherbaum et al. (2003) proposed
a joint inversion of HVSR and phase velocity dispersion to
determine the soil profile. Parolai et al. (2005) and Picozzi
et al. (2005) performed joint inversions of the phase velocity
dispersion and HVSR curves. In these joint inversions, the HVSR
and DCs were obtained from ambient noise observations.
Although the forward modeling calculation of noise-based
HVSR (NHV) improved by Garcia-Jerez et al. (2016) and
(2017) is than the
conventional wavenumber-integration schemes, the inversion

Pina-Flores et al. more efficient
still needs thousands of iterations and each is time-consuming
for general applications. In contrast, the EHV can be easily
calculated by the
contribution of body waves (Kawase et al., 2018).

considering only single-wavenumber

In recent years, several studies proved that the one-
dimensional (1D) velocity structure could be obtained through
the inversion of HVSR from earthquake motions (Kawase et al.,
2011; Nagashima et al., 2014). Commonly the S-wave window of
earthquake motion is adopted to calculate the EHV, under this
situation, the EHV inversion is dominated by body-wave
contributions. Therefore, it is natural to combine the EHV
with phase velocity DCs for integrating surface- and body-
wave components and they both are modeled from the
layered system properties under scrutiny. The joint inversion
can add extra constraints to reduce the non-uniqueness of the
solutions associated with the single EHV inversion. Therefore,
this strategy improves the efficiency and accuracy of the
inversion for soil profiles. For an area where EHV can be
easily obtained, the joint inversion of EHV and DC is
especially appropriate and does not impose any additional
computational cost on collecting earthquake motion data. For
example, many strong ground motion stations in western China
offer abundant earthquake recordings, but soil profiles are not
available. With the joint inversion method, these ground motions
can be used to estimate site velocity structures if some small-scale
noise arrays are set up to extract DCs from microtremor
measurements. To the best of our knowledge, such a joint
inversion implementation has not been reported yet.

From the viewpoint of the inversion algorithm, the genetic
algorithm (GA) has been widely used to deal with sundry HVSR
measurements (Scherbaum et al., 2003; Parolai et al., 2005;
Picozzi et al., 2005). However, during the inversion process,
the algorithm tends to stall away from the global optimal
solution. This phenomenon is called premature convergence
(Mosegaard and Sambridge, 2002). To overcome this problem,
often different optimization methods are combined (Santos et al.,
2005); for example, hybrid GA and linearized (LIN) algorithms
(Picozzi and Albarello, 2007) and hybrid simulated annealing
(SA) and GA (Cui, 2004). The simulation shows that the
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premature convergence of GA and the search inefficiency of SA
can be improved simultaneously in the hybrid scheme. The
combinational strategy of SA and GA was applied to the
inversion of EHV (Rong et al., 2018). In this study, the global
optimization scheme of hybrid SA and GA was applied to the
proposed joint inversion.

In this study, we conducted the joint inversion of EHV and
phase velocity dispersion for site velocity structures. The EHV
is obtained based on the diffuse-field theory for plane waves.
In order to construct neatly the synthetic 1D diffuse
illumination. Thus, only the S-wave part (which certainly
includes other waves) is used to calculate EHV. The DC
derived from array measurements is an essential constraint
to the EHV. To delve into the effectiveness of the combined
application of these two different methods, we investigated
their complementarity in the inversion. The NHV is a
byproduct of these noise measurements. The benefit of the
joint inversion using earthquake data to determine the HVSR
comes from the fast forward computations. . . .To examine our
joint inversion in detail, we investigated the complementarity
of EHV and surface-wave DC through sensitivity analyses.
The inversion was implemented using a global optimization
algorithm of hybrid GA and SA algorithms. We discussed the
sensitivity of various parameters (S- and P-wave velocities,
thickness, and density) to the inversion. We validated the
proposed method by using a synthetic example to compare the
performances of the joint inversion of NHV and DC with
those of EHV or DC inversions alone. Finally, the joint
inversion was applied to the Garner Valley Downhole
Array (GVDA) data for identifying site velocity structures.

Methodology

Both single-station HVSR and phase velocity DCs can
the of
sedimentary layers. The combined application of the two

capture mechanical and structural properties
datasets can constrain the Vs. structure better. The proposed
joint inversion includes two steps, namely, (1) the forward
calculation of EHV and DCs, and (2) the global optimization
for searching the best structural model by the hybrid GA and SA

algorithms.

Forward calculation of EHV and DCs

Arai and Tokimatsu (2004) improved the forward
calculation of HVSR from microtremor measurements by
considering the higher modes. Based on the diffuse-field
theory, Sinchez-Sesma et al. (2011) linked the average
measurements of HVSR to the intrinsic property of the
media by regarding the power spectrum of measurements
as proportional to the directional energy densities. This
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simplifies the forward calculation considering the full-wave
HVSR as proportional to the imaginary part of the Green’s
function (Wu et al., 2017). ...To extend the diffuse-field
theory to earthquake records, Kawase et al. (2011) showed
that for body waves incident to a 1D layered structure, the
EHV can be calculated as

2a |TF(f)|
B |TE»(f)

where TFg (f) and TFp (f) are the transfer functions of the S-
and P-waves, respectively, and f represents frequency, and « and

EHV (f) = , (1)

B are the P- and S-wave velocities at the bedrock, respectively.
The application of Eq. 1 to the EHV inversion of layered
has been established (Kawase et 2011;
Nagashima et al., 2014).

We used Eq. 1 to calculate the EHV curves in the proposed

structures al.,

joint inversion. Figure 1A presents the theoretical EHV of the
GVDA site. The measured profile data (Bonilla et al., 2002) are
listed in Table 1. The model parameters in the table include
the P-wave velocity (Vp), S-wave velocity (V;), density (p), and
thickness (h) for individual layers. Based on these parameters
that define a 1D model whose properties vary with the depth,
we calculated the theoretical DC using “gpdc” program, a
routine in the GEOPSY software package (Wathelet et al.,
2020). Figure 1B shows the resulting theoretical DC for the
GVDA array site. The calculation of experimental DC was
made from microtremor measurements in and array using the

frequency-wavenumber method (Wathelet, 2005).

Objective functions for joint inversion

Since the aim of the inversion is to retrieve a 1D subsurface
structure, we need a criterion to decide which set of simulated curves
best reproduces the experimental data. Hence, we introduce an
objective function that is a positive, real valued function of the
subsurface parameters. The objective function becomes important in
the proposed joint inversion because EHV and DC are physically
different, have nonidentical dominant frequencies, and are related to
subsurface velocity profiles in distinct ways and to different degrees.
A reasonable objective function is a good representation of the
impacts of different types of data on the inversion.

The problem of determining underground velocity structures by
the joint inversion of EHV and DC can be simplified as the problem
of finding the global minimum value of the objective function that
relates soil parameters to EHV and DC curves. Following Parolai
et al. (2005), we defined the objective function as

@ (P) = @pc (P) - Puv (P), 2

where @pc and @yy are the objective functions for dispersion
and EHV curves, respectively, and P= (x1,%5,X3, . .. ,xn)" is the

parameter vector of the model with N soil layers.
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Forward calculation of the theoretical EHV (A) and DC (B) for the GVDA site (Bonilla et al.,, 2002).

TABLE 1 Measured model of GVDA site (Bonilla et al., 2002).

Layer h(m) p(kg/m®) Vp(m/s) Vs(m/s) Qp Qs
1 6 2000 1225 175 15 10
2 9 2000 1525 200 15 10
3 7 2200 1600 320 15 10
4 36 2400 2000 550 20 15
5 29 2800 2150 650 20 15
6 132 2800 2820 1632 50 30
7 381 2800 5190 3000 100 50
8 4400 2800 5250 3050 1000 500
9 4400 2800 6220 3490 1000 500

Similar to Lawrence and Wiens (2004), the objective
functions @pc and Pyy in Eq. 2 can be expressed as

Doc (P) = < max (DG, (f)) > 3)
EHV, (f) - EHV, ()
Qyy (P) = < max(EHVo (f)) )

where DC;(f) and DC,(f) represent the theoretical and
observed DCs, respectively, and EHV(f) and EHV,(f)
the observed EHV
respectively. We see that Eq. 3 represents the difference in the

indicate theoretical and curves,
amplitudes and spectral shapes of the simulated and observed
curves. For multilayer soil structures, @ (P) is usually a nonlinear
function of multiple parameters (Vp, Vs, h, p); that is, the joint
inversion is a problem of multiple extreme values.

In this study, we incorporated the SA into the GA in an

attempt to seek the global minimum of the multiple extreme
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value problems. The hybrid global optimization method
considers the effects of S- and P-wave velocities, thicknesses,
and densities on the EHV and DC curves.

Inversion procedure

The global optimization method of hybrid GA and SA (Rong
et al., 2018), which was originally developed for EHV inversions,
was modified to consider the EHV and DCs simultaneously for
the joint inversion. In this hybrid implementation, the premature
convergence of GA is avoided by the SA annealing operation and
the search inefficiency of SA is improved by the GA global
optimizing operation.

We denote the set of parameters of the ith layer by p; =
(Vs Vpihipi), with i = 1,2,3, ... ,N. Some background parameters
should be set in advance. These parameters include the genetic
population size (M), variable dimension (maximum number of
variables considered in the inversion), binary digits, initial
SA, and the of
generations (L) at a certain temperature.

The hybrid GA and SA method relies mainly on the GA and
is supplemented by the SA. We first initialize the genetic

temperature T, for iteration number

population model by calculating its objective function and
Each in the
population model is denoted by a string of binary codes with

every individual relative fitness. individual
0 and 1. Then the objective functions for individuals are
calculated and ranked. According to the ranking of objective
functions, the fitness value are normalized and assigned as values
between -2 and 2.

The fitness value describes the superiority or inferiority of
individuals. It is used to determine the next genetic operation:
selection, crossover, or mutation. The initial population can be
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< Initial population >

Background parameters (initial temperature,
maximum generation counts, crossover ratio,
mutation probability etc.)

Loop over generation counts

Calculate the DCs, HVSRs and objective
functions for “child” individuals at current
temperature

|

Calculate the fitness values of population
based on the objective functions

}

GA operation
(selection, crossover, and mutation)

|

SA operation
(comparison and replacement)

|

‘ Generation update ‘

}

‘ Temperature drop every five generations ’—

L]

Output the optimal solution ‘

}

< End of inversion >
FIGURE 2

Flow chart of the proposed joint inversion.

evolved into the next generation. The larger the fitness of an
individual, the higher is the probability that the individual will be
reproduced and passed down into the next generation.

The SA operation is introduced to reduce the premature
convergence of the GA. In this operation, we compare the
objective functions of “child” individuals (®cpq) with “parent”
individuals (®parens), and then we calculate their differences
(AD = Depypg — (meem). The child with
A® <0 passes down into the next generation; for the other

individual

child individuals, we must perform an annealing operation of
random disturbance by a probability of exp (~A®/Ty), where Ty
is the temperature of the kth iteration of SA. T} decreases with
increasing number of generations (I) according to

Tk = T0 : ck_l) (4)
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where ¢ is the temperature attenuation coefficient, which is
typically a constant less than one.

The computational flow for the hybrid implementation of the
GA and SA is principally based on the GA. Figure 2 depicts the
flow chart of the inversion with the following main steps.

Step 1. Create the initial population.

Step 2. Set up the background parameters—the initial
temperature, maximum generation counts, crossover ratio,
mutation probability, etc.

Step 3. Loop over the generation counts to calculate the DCs,
EHVs, and objective functions of child individuals at the current
temperature; then, compute the fitness value of the population
based on the objective functions.

Step 4. Perform the GA operations of each generation loop to
conduct selection, crossover, and mutation.

Step 5. Perform the SA operations of each generation loop to
compare the objective functions of @pig and @paren to see if the
child individuals can be replaced according to random
disturbances by an acceptable probability at the current
temperature.

Step 6. Output the optimal solution to end the inversion
process.

Sensitivity analyses

The joint inversion by combining Rayleigh wave DC and
EHYV is based on their complementarity in the inversion. We
the
supplementation through sensitivity analyses by using a

investigated complementarity and provided some
simple model. The use of multiple parameters (Vp, Vs, h,
and p) makes the model space of inversion very large,
significantly reducing the efficiency of calculations. The
sensitivity analysis of inversion parameters can reduce the
spatial dimension of inversion problems to some extent.
Following Arai and Tokimatsu (2004), we defined the
following absolute value of the nondimensional partial
derivative of inversion parameters as the sensitivity of inversion

ONHV (f)|

D () - b ©)

| P
INHV (7) o,
where Pj = (ij,ng, h 0P j) represents the ith set of parameters
in the jth layer. We see that the objective function varies with
individual parameters in every soil layer. A larger Dj’i( 1)
indicates the greater sensitivity of NHV(f) to Pj. Kawase
et al. (2011) demonstrated a sensitivity analysis by using a
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TABLE 2 A simplified soil structure (Kawase et al., 2011).

10.3389/feart.2022.948697

Layer h(m) p(kg/m3) Vp(m/s) Vs(m/s) Poisson’s ratio v
1 50 1800 867 500 0.25
2 ) 2700 5888 3400 0.25
A B C
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FIGURE 3

The sensitivity of different parameters to the EHV, NHV or DC, (A) Vp to the EHV, (B) Vs to the EHV, (C) h to the EHV, (D) p to the EHV, (E) Vp to the
NHYV, (F) Vs to the NHV, (G) h to the NHV, (H) p to the NHV, (1) Vp to the DC, (J) Vs. to the DC, (K) h to the DC, (L) p to the DC. The color bar is calibrated
in terms of the variability of parameters. We consider 0-20% for the variation range of parameters.

simplified soil model. The model contains a single soft layer in
the half-space bedrock, with the relative parameters listed in
Table 2. We used the same model for the sensitivity analyses of
the proposed joint inversion.

In the joint inversion, parameters such as thicknesses, S- and
P-wave velocities, and densities affect the EHV, NHV, and DC
curves in distinct ways and to different degrees. The computation
of NHV was proposed by Sanchez-Sesma et al. (2011) and
corresponds to the square root of the spectral ratio of the
horizontal components of Green’s function to that of the
vertical counterpart. Based on the soil model in Table 2, we
calculated DP (f) asa function of frequency with respect to the S-
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and P-wave velocities, thicknesses, and densities. The results are
shown in Figure 3. The color bar is calibrated in terms of the
variability of parameters. We considered a 0-20% variation range
of the parameters, and we increased the values of Vp, Vs, h, and p
in the sediment layer. The Dfi (f) values indicate that the S- and
P-wave velocities and thicknesses are more sensitive than
densities in the range of 0-20 Hz. This conclusion shows that
it is reasonable to consider Vg, Vp, and h as the independent
variables in the joint inversion.

The HVSR can be approximately interpreted as a receiver
function in the frequency domain (Yu et al.,, 2017) having in
mind that neither the azimuth nor the incidence angle are
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The sensitivity of bedrock S-wave velocities (A), and sediment thicknesses (B) to the EHV; The sensitivity of bedrock S-wave velocities (C), and
sediment thicknesses (D) to the NHV; The sensitivity of bedrock S-wave velocities (E), and sediment thicknesses (F) to the DC. For the (A) (C), and (E),
we fix the sediment thickness h = 20 m with the other relevant properties listed in Table 2, and then change the bedrock S-wave velocity to make the
sediment-bedrock impedance contrast IC = 2-10, with the color bar calibrated in terms of the sediment-bedrock impedance contrast. For the

(B), (D) and (F), we fix the bedrock S-wave velocity by setting IC = 2, and then change the sediment thickness from hg to 5hq (hg = 20 m), with the
color bar calibrated in terms of sediment thicknesses for a variation range of 5%.

known. We only consider it is sensitive to impedance contrasts
(i.e., strata interfaces), whereas the DC is sensitive to shear-wave
velocities. Parolai et al. (2005) found that the joint inversion of
HVSRs and DCs from seismic noise recordings can reduce the
problem of trade-off between the velocity and thickness of layers.
Picozzi et al. (2005) further showed that the bedrock S-wave
velocity can be well constrained through this joint inversion.
However, the HVSR in the previous joint inversions were based
on seismic noise recordings and therefore based on the
assumption of surface waves. However, as we know, NHV
and EHV are quite distinct in terms of their frequency
contents and propagation paths and modes because of the
differences between surface and body waves. In addition, to
the best of our knowledge, the complementarity of EHV and
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surface-wave DC in inverse problems has not be specifically
clarified until now.

As a preliminary attempt in this regard, we extended
sensitivity analyses using equation (5) to identify the
complementarity of EHV and DC using the model detailed in
Table 2. We tested the sensitivity of EHV, NHV, and surface-
wave DC separately to the bedrock S-wave velocities and
sediment thicknesses. We conducted two groups of tests. For
the first group, we fixed the sediment thickness at 20 m with the
other relevant properties as listed in Table 2, and then, we
changed the bedrock S-wave velocity from 667 to 3333 m/s as
the corresponding P-wave velocity was varied from 1155 to
5773 m/s to maintain the Poisson’s ratio of the bedrock at
0.25. The sediment-bedrock impedance contrast (IC) varied
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TABLE 3 Verification of joint inversion by the noise-contaminated synthetic case with the GVDA model (see Table 1): initial and identified models.

Model Layer h(m) p(kg/m3) Vp(m/s) Vg(m/s)
Initial model 1 3.0-9.0 2000* 612.5-1837.5 87.5-262.5
2 4.5-13.5 2000* 762.5-2287.5 100.0-300.0
3 3.5-10.5 2200* 800.0-2400.0 160.0-480.0
4 18.0-54.0 2400* 1000.0-3000.0 275.0-825.0
5 14.5-43.5 2800* 1075.0-3225.0 325.0-975.0
6 63.0-198.0 2800* 1410.0-4230.0 816.0-2448.0
7 190.5-571.5 2800* 2595.0-6220.0 1500.0-3490.0
8 2200.0-6600.0 2800* 2625.0-6220.0 1525.0-3490.0
9 4400* 2800* 6220* 3490*
Identified model 1 4.3(3.5-5.5) 2000* 1444.4(940.3-1938.3) 202.8(172.7-237.8)
2 12.4(9.9-14.6) 2000* 1481.7(1210.8-1744.2) 202.5(182.1-223.5)
3 7.8(6.5-9.1) 2200* 2119.8(1655.8-2379.8) 381.8(309.0-438.5)
4 37.6(33.1-43.1) 2400* 2352.0(1930.0-2669.4) 590.2(523.5-710.8)
5 32.7(26.2-39.4) 2800* 2182.3(1740.8-2455.5) 719.6(625.6-822.9)
6 124.7(97.4-141.7) 2800* 2685.8(2260.2-3030.3) 1602.6(1239.4-1835.5)
7 502.8(349.7-596.6) 2800* 4922.0(4486.5-5246.8) 3049.5(2529.7-3458.6)
8 3754.9(2965.6-4542.2) 2800* 4639.0(4281.1-5021.3) 3249.6(3092.0-3441.0)
9 4400* 2800* 6220* 3490*
Asterisk (*) denotes fixed parameters. Values in parentheses are 95% confidence limits for parameters.
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FIGURE 7

Variability of inverted parameters (Vs, Vp, and (H) for the second layer versus objective functions during the converging process, with color bars
calibrated in terms of generations. Red and black lines represent the averages and the 95% confidence limits of all the tested parameters. (A) Vs., (B)

Vp, (C) h.

correspondingly from 2 to 10. We emphasize that because the
sediment velocities (see Table 2) and sediment and bedrock
densities were fixed, the sediment-bedrock IC values mainly
reflect the change in the bedrock S-wave velocities. The
fundamental resonance frequency (f) used in these tests was
6.25 Hz because only impedance contrasts were considered. For
the second group, we fixed the bedrock S-wave velocity by setting
IC = 2 and then changed the sediment thickness from h, to 5k
with hy = 20 m.

Figure 4 shows the resultant sensitivity of the EHV, NHYV,
and DC to S-wave velocities (by fixing 4 = 20 m) and sediment
thicknesses (by fixing IC = 2). We considered a 5% variation
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range for velocities and thicknesses. The EHV, NHV, and DC
exhibited different sensitivities for different frequency ranges.
The EHV is more sensitive to the variation in sediment
thicknesses almost throughout the frequency range, especially
in the high-frequency range (>10 Hz). As expected, it is less
sensitive to bedrock S-wave velocities. On the other hand, the DC
is more sensitive to changes in the bedrock shear-wave velocities
in the low-frequency range (<10 Hz), and less sensitive to
sediment thicknesses. The NHV exhibits has similar sensitivity
characteristics as the DC; for example, the NHV is also more
sensitive to changes in the bedrock shear-wave velocities in the
frequency range less than 10 Hz and less sensitive to sediment
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The joint inversion of NHV and DC by the noise-contaminated synthetic case with the GVDA model (A) Iterative convergence curve by objective
functions versus iteration numbers (B) All the inverted Vs. models, the color bar is calibrated in terms of the order of appearance of the individuals. (C)
and (D) The corresponding NHV and DC curves of all the iterative models colored in terms of the value of objective functions which converge to the

target curves (purple lines) with decreasing objective functions.

thicknesses. This is because NHV and DC are derived from
microtremor measurements, which mainly consist of surface
waves, so that the peaks associated with higher modes are not
be as prominent as those in the case of EHV. The EHV is derived
from earthquake ground motions, which mainly consist of
upwardly propagating plain body waves, and hence, the
higher mode resonances can be seen at high frequencies. This
result indicates that from the viewpoint of sensitive frequency
range, the joint inversion of the EHV and DC is more
complementary than that of the NHV and DC. The former
method can exploit the complementarity of the EHV and DC to
achieve a reliable inversion for bedrock shear-wave velocities and
sediment thicknesses.

Figure 4 clearly shows that the contribution of the EHV
covers the whole frequency range and the contribution of the DC
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mainly lies in low and middle frequencies. It implies that the joint
inversion of EHV and DC has complementarity from the aspect
of frequency. However, the joint inversion for bedrock S-wave
velocities does not appear as reliable in the middle-to-high-
frequency band because there is almost no contribution of the
DC. We need to identify the contribution of the EHV in this
frequency band. For this purpose, the first group of tests,
described previously, to test the sensitivity of the EHV and
DC to different sediment-bedrock ICs
thickness & = 20 m and a fundamental resonance frequency
fo = 6.25 Hz, is extended to different sediment thicknesses
(h = 25, 50, and 100 m) and corresponding predominant
frequencies (fy = 5, 2.5, and 1.25 Hz, respectively).

Figure 5 shows the resultant sensitivity of the EHV and DC to
bedrock S-wave velocities

for a sediment

for three fixed predominant
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versus generation numbers by three inversion methods with each
for five random numerical experiments.

frequency-sediment thickness pairs: 5 Hz and 25 m; 2.5 Hz and
50 m; and 1.25 Hz and 100 m. We see that the EHV and DC
curves exhibit great changes for different parameter pairs. The
responses of the DC to bedrock S-wave velocities mainly lie in the
frequency range less than 2fy, whereas the EHV is sensitive to
bedrock S-wave velocities over a wide range of frequencies
around f, and beyond. That is, the frequency complementarity
of the EHV and DC can assure the joint inversion for bedrock
shear-wave velocities.

Verification of joint inversion by a
synthetic example

We considered the example of the GVDA site to validate the
proposed joint inversion. The detailed velocity model for this site has
been studied widely (e.g. Gibbs, 1989; Pecker and Mohammadioun,
1993; Theodulidis et al., 1996). As per the details in Table 1, the model
was improved by the best fitting of the time-domain simulations and
observed data (Bonilla et al, 2002). It has been widely used as a
standard model to test various inversion algorithms.

The theoretical EHV and DC curves of the GVDA model are
shown in Figure 1. Gaussian noise with a signal-to-noise ratio of
30dB were added to these theoretical curves to test the
robustness of the joint inversion algorithm. The resulting
target curves are shown as red curves in Figures 6A,B.
Although no initial model is required for our hybrid global
optimization inversion, it is preferable to have one to
constrain the search range of parameters. In this synthetic
case, the P- and S-wave velocities and layer thicknesses were
used as the unknown parameters based on the parameter
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sensitivity analysis described in the previous section. The
bottommost layer was used as the bedrock with its parameters
fixed in the inversion. The P- and S-wave velocities (Vpy and V)
and thickness (hy) of the measured GVDA model (listed in
Table 1) were used to determine the search ranges of all the
model parameters. For example, the search ranges of each layer
were set as (0.5-1.5) Vpg (0.5-1.5) Vo, and (0.5-1.5) h, for P- and
S-wave velocities and thickness, respectively. Details of the
resultant initial model for inversion are listed in Table 3.

For the joint inversion of the EHV and DC, the background
parameters of inversion were set as follows: the number of
generations was 200; the popular size of each generation was
200; the generation gap of the GA was 0.9, the crossover rate was
0.7; the mutation rate was 0.01; and the initial temperature and
scale factor (cy) of the SA were 10 °C and 0.99, respectively. The
joint inversion process for the minimum objective function
ended at the 200th generation, with an inverted structure
model as detailed in Table 3. From Figure 6C, we see that the
objective function decreases quickly until the number of genetic
generations reaches 100, implying that the 200 generations set in
the joint inversion are reasonable for this case study. Figure 6D
shows that all the iterative models for the Vs. profile, which are
colored in terms of generations. We see that these models
converge from the searching range to a narrow white area
with an increasing number of generations. The corresponding
EHV and DC curves of all the possible models colored in terms of
values of objective functions are shown in Figures 6E,F; these
curves converge to the target curves (the best model) with
decreasing objective functions. Figure 7 shows the variability
of the inverted parameters (Vs, Vp, and h) for the second layer
along with the objective functions during the convergence. As the
objective functions decrease with increasing generation numbers,
and the fluctuation range of parameters gradually narrows, and
the parameters approach their best values. To estimate the
uncertainty associated with the inverted parameters, we
calculated the average of the inverted parameters (Avg.), as
shown in Table 3. We see that most inverted parameters lie in
the range of 95% confidence limits, implying that the best model
can be identified for the noise-contaminated EHVs and DCs.

To compare with the joint inversion of EHV and DC, the
“HV-Inv” program proposed by Garcia-Jerez et al. (2016) and
Pina-Flores et al. (2017) was used to conduct a joint inversion of
the NHV and DC. The modified SA is adopted as the global
optimization method. The inversion parameters were set as
follows: the iteration number was 300; the initial population
had 200 models; the perturbation range was 10%, and the initial
temperature was controlled by the relative misfit increment and
probability of acceptance, ie., 0.1 and 0.5, respectively; the
cooling schedule was controlled by the temperature ratio (0.9).
From Figure 8A, we see that the objective function reduces
quickly with an increase in the number of iterations.
Figure 8B shows all the inverted Vs. models. These models
converge from the search range to a narrow yellow area with
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Comparison of the theoretical and inverted profiles, EHVs, and DCs by different inversion methods. (A—C) The theoretical and inverted profiles,
EHVs, and DCs by proposed joint inversion method. (D—F) The theoretical and inverted profiles, EHVs, and DCs by the EHV inversion alone. (G-1) The
theoretical and inverted profiles, EHVs, and DCs by the DC inversion alone. For every inversion methods, five random numerical experiments are

conducted.

increasing order of appearance of the individuals. Meanwhile, the
NHYV (Figure 8C) and DC (Figure 8D) also converge to the
corresponding target curves. These results show that the HV-Inv
is a powerful tool for obtaining subsurface velocity profiles.
Because of the wvast differences between the two joint
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inversion methods in terms of their mechanism and inversion
algorithms, it is difficult to directly compare them and judge
which one is better. However, from the perspective of the
inversion result, the best model identified from the joint
inversion of the EHV and DC agrees considerably better with
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(A) Comparison of observed and inverted EHVs by the joint inversion and the EHV inversion alone. The bold black dotted line denotes the
observed average EHVs. The thin black dotted lines represent the average +1 standard deviation (SD) of observations. The red and blue lines denote
the best inverted EHVs by the joint inversion and the EHV inversion, respectively. (B) Comparison of observed and inverted DCs. The marked points
are measurement points derived from ambient noise array observations. The light error bar represents +1 SD of observations. The black dotted
line is the fitting line of measurement points. The red and blue lines represent the best inverted DCs by the joint inversion and the EHV inversion,
respectively. (C) Comparison of convergence curves. (D) Inverted velocity profiles by the EHV inversion alone. (E) Inverted velocity profiles by the
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FIGURE 11

joint inversion. In (D) and (E), all the tested models by both the methods are colored in terms of the order of appearance of the individuals. The
red and blue lines denote the observed and inverted model profiles, respectively.

TABLE 4 Earthquake parameters of used accelerograms and corresponding PGAs of vertical array sites.

No. Time(UTC) M Depth(km)
1 2008-06-03 23:06:33 2.4 16.9
2 2017-06-09 09:24:02 2.7 13.7
3 2013-10-16 13:43:42 2.9 17.1
4 2018-04-20 12:33:03 2.9 18.4
5 2008-06-03 23:06:33 3.0 16.2
6 2006-07-30 13:32:53 3.2 15.3
7 2016-01-09 11:43:11 33 13.6
8 2005-11-08 22:03:46 34 12.9
9 2013-06-28 17:45:48 34 15.6
10 2009-07-26 04:54:04 35 14
11 2008-11-17 12:35:42 4.1 12.2
12 2010-01-16 12:03:26 4.3 13.9
13 2016-01-06 14:42:35 44 16.7
14 2013-03-11 16:56:06 4.7 13.1
15 2005-06-16 20:53:26 4.9 11.6
16 2016-06-10 08:04:39 5.2 12.3
17 2005-06-12 15:41:46 5.2 14.2
18 2010-07-07 23:53:34 54 14.0

Epi. Dis.(km) Long. () Lat. () PGA (cm/s?)
48 ~116.72 33.68 67.27
62 ~116.73 33.63 127.34
41 ~116.72 33.68 82.39
56 ~116.72 33.70 65.01
5.5 ~116.73 33.67 57.17
116 ~116.80 33.69 146.25
93 -116.77 33.66 75.11
157 ~116.69 33.53 61.91
54 ~116.70 33.62 58.33
538 -116.72 33.63 57.17
256 -116.86 33.50 61.06
437 ~117.02 33.93 7747
37.9 ~116.89 33.96 105.01
273 ~116.46 33.50 141.96
534 -117.01 34.06 80.35
341 ~116.44 3343 80.62
18.1 ~116.57 33.53 71.89
325 ~116.49 3342 76.37

the theoretical velocity profile than the best model identified
from the joint inversion of the NHV and DC, especially for
depths than
generations of the joint inversion of the EHV and DC is 200,

less 1000 m. Correspondingly, the genetic
which is less than the number of iterations for the joint inversion
of the NHV and DC, which is 400 in our case.

To highlight the advantage of joint inversion, we compared
its performance with the one of EHV or DC inversion alone. The
EHV and DC inversions follow the same procedure as the joint
inversion, except that their objective functions are ®@yy (X) and
®pc (X), respectively. The corresponding theoretical EHV and
DC of the GVDA model were used as the target curves (see
Figure 1). To highlight the discrepancy between these inversions,
we conducted five random numerical experiments for each
method. these the
background parameters of inversion, parameters for GA and

In experiments, fixed parameters,
SA operations, and search ranges of P- and S-wave velocities and
layer thicknesses are identical to those set up previously. To
assure the convergence of the EHV and DC inversions, we set the

maximum iteration number of generations at 500 and the
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popular size of each generation at 600. The resulting
convergence curves for these three inversion methods are
shown in Figure 9 in terms of the normalized objective
The
objective function, which is defined as the objective function

functions versus generation numbers. normalized
normalized by its maximum value, can describe the fitting
accuracy of target curves. We see that the normalized
objective function curves decrease sharply in the first
100 generations and become flat after 500 generations. The
of the

inversion are clearly smaller than those of the other two

minimum normalized objective functions joint
methods, which implies that the joint inversion is better than
the inversion only by either of the two methods.

Figure 10 shows a comparison of these inverted profiles and
the corresponding EHV and DC curves obtained by different
methods. We see that the joint inversion reproduces the
theoretical velocity profile very well (Figure 10A), and the
EHV (Figure 10B) and DC (Figure 10C) of the identified best
model agree well with the corresponding curves of the theoretical
velocity profile. The EHV inversion alone (Figures 10D-F)
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achieves a good fit to the theoretical EHVs, but the fit for the
theoretical DCs is not as good as that for the joint inversion. On
the other hand, the DC inversion alone (Figures 10G-I) shows a
good fit for the theoretical DCs, but shows a bad fit for the
theoretical EHVs.

Applications to observed data

The proposed joint inversion was applied to observed data
from the GVDA site for the P- and S-wave velocities and layer
thicknesses. The observed EHV and DC curves were set as
target curves, as shown in Figure 11. The observed EHV curve
is the average of the EHV curves from several earthquakes. We
selected the effective earthquakes that could generate peak
ground accelerations greater than 20 cm/s* and less than
150 cm/s? in the range of 100 km. As listed in Table 4,
18 events recorded between 1 January 2004, and 31 January
2019, satisfy this requirement. These earthquakes have
magnitudes of M2.4-M5.4 with epicentral distances in the
range of 4.8-53.4 km. The resulting peak accelerations on the
surface of the site range from 57.17 to 146.25 cm/s>. We
calculated the EHV curve of each earthquake following the
data-processing steps of Rong et al. (2018). There are three
processing steps: first, the baseline correction and Chebyshev
bandpass filter with a band of 0.1-50 Hz were applied to all the
records. Second, a window of more than 5 s, beginning 0.5-1 s
before the onset of the S-wave, was taken from each record,
and the S-wave onset was visually picked by comparing the
horizontal and vertical components for each earthquake. The
minimum and maximum S-wave window durations were
5 and 10s, respectively. Then, the S-wave Fourier spectra
were calculated and smoothed by using the Hanning window.
Finally, the EHV curve was obtained from the ratio of the
geometric mean spectra between the horizontal and vertical
components.

The observed DC curve is the fitting curve of the phase
velocities measured by Liu et al. (2000), as shown in
Figure 11B. The measured phase velocities were derived
from microtremor recordings by a 10-element nested-
triangular array of 100 m aperture on the GVDA site.
Although the observed DC curve was only available for
about 2-6 Hz, the curve is believed to play an important
role in reducing the nonuniqueness in the joint inversion. For
comparison, the EHV inversion alone was also conducted
following the same procedure and using the relevant
parameters. The number of genetic generations for both
the inversions was set as 300. The upper and lower limits
of velocity and thickness for each layer were in the following
ranges (0.5-1.5)Vpq (0.5-1.5) Vs, and (0.5-1.5)h,, with Vpo,
Vso» and hy being the P- and S-wave velocities and layer
thickness of the measured model, respectively. The other
parameters of inversion were set as follows: the popular
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size of each generation was 200; the generation gap was
0.9; the crossover rate was 0.7; the mutation rate was 0.01;
and the initial temperature and scale factor (¢() of the SA were
10°C and 0.99, respectively.

Figure 11 compares the observed and inverted EHVs and
DCs for these two inversion methods. We see that the EHV
inversion produces a good fit to EHVs but shows obvious
discrepancies in the DC curves. The joint inversion produces
a good fit for both the EHVs and DCs. Figure 11 compares the
convergence curves and inverted velocity profiles obtained by
these two inversion methods. We see that the convergence
performance (see Figure 11C) of the joint inversion is much
better than that of the EHV inversion. The best model
identified from the joint inversion in Figure 11E agrees
well with the observed model profile with all the tested
models colored in terms of generations converging quickly
to a narrow white area, and the agreement is much better than
in the case of the results (see Figure 11D) obtained by only the
EHV inversion. In conclusion, the joint inversion can
effectively constrain the model by reducing the non-

uniqueness of inversion.

Conclusion

Conventional joint inversions combine the EHV and DC
curves with those obtained from array measurements. Such
inversions are regarded as the best solution to the non-
uniqueness problem arising in the case of the use of EHV
or DC inversions alone. To make full use of the additional
information of the velocity profile, we proposed an improved
joint inversion that combines the Rayleigh wave DCs
obtained from array measurements and the EHV obtained
We the
complementarity of the EHV and surface-wave DCs in the

from earthquake recordings. investigated
joint inversion through sensitivity analyses. A hybrid global
optimization procedure was adopted by combining the GA
and SA algorithms. The sensitivity of the inversion
parameters was examined to reduce the spatial dimension
of inverse problems. We validated the proposed joint
inversion by considering a synthetic case of the GVDA
model and comparing the results with those obtained by
the EHV or DC inversions alone. The proposed method
was applied to observation data from the GVDA site for
the velocities and thicknesses of soil layers. The main

conclusions are summarized as follows:

1. The EHV is more sensitive to sediment thicknesses,
especially in the high-frequency range (>10 Hz), and less
sensitive to bedrock S-wave velocities. Conversely, the DC
is more sensitive to bedrock shear-wave velocities in the
low-frequency range (<10 Hz) and less sensitivity to
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sediment thicknesses. The joint inversion can exploit the
complementarity of the EHV and DC to achieve reliable
inversion for bedrock shear-wave velocities and sediment
thicknesses.

2. The responses of the DC to bedrock S-wave velocities mainly
lie in the frequency range less than 2f0, whereas the EHV is
sensitive to bedrock S-wave velocities over a wide range of
frequencies around f0 and beyond. The frequency
complementarity of the EHV and DC can assure the joint
inversion for bedrock shear-wave velocities.

3. The sensitivity of inversion parameters demonstrates that the
P- and S-wave velocities and thicknesses of soil layers are
dominant parameters that affect the EHV or DC responses. It
is reasonable to consider Vs, Vp, and h as the independent
variables in the joint inversion.

4. The joint inversion was validated by considering a synthetic
case of GVDA site. With increasing generations, the iterative
models converged to the measured model rapidly, with most
of the inverted model parameters lying in the range of 95%
confidence limit. The measured model was identified for the
noise-contaminated EHVs and DCs.

5. The joint inversion effectively constrained the model by
reducing the non-uniqueness of the inversion. Applications
to observed data from the GVDA site achieved perfect
convergence of the velocity profiles, with good fits for both
the EHVs and DCs. The EHV inversion alone causes obvious
discrepancies in the DCs.

Data and resources

All the information of the GVDA, Southern California, used in
this study were gathered and authorized by the Earth Research
Institute at UCSB. The corresponding observation data can be
obtained from http://www.nees.org/(last accessed April 2022). The
“gpdc” program used to calculate the theoretical DC can be obtained
from http://www.geopsy.org/download.php (last accessed April 2022).
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There is a consensus in earthquake engineering that different soil structures
have significant effects on ground motion. Three main methods can be used to
study this issue: theoretical analysis, numerical simulation, and earthquake
records analysis. Notably, the combined analysis of strong-motion records
and station site information appears to be the most effective and reliable
approach. In this study, we used site information from the Seismic
Monitoring Array of Site and Structure (SMASS) of the Institute of Disaster
Prevention and a record of the earthquake that occurred in Guye, China: a
point on the bedrock was considered as reference for studying the amplification
effect of the soil structure on ground motion through traditional spectral ratio
analysis. Our main conclusions are the following. (1) The SMASS array data
indicated that the shallow soil had an amplifying effect on ground motion: the
frequency bands amplifying the horizontal ground motion were mainly those
between 3.4 and 6.8, 11.3-13, and 15-20.8 Hz, while the frequency bands
amplifying the vertical ground vibration were mainly those between 5 and 9.9,
13.5-15.9, and 18.5-219Hz (2) The SMASS array data indicated that the
influence of the deep soil on the horizontal ground motion frequency
component was more significant than that of vertical ground motion. (3)
Overall, the SMASS array site amplified the effects of both the high
(3.4-20.8Hz) and low (0.4-2.2Hz) frequency components of ground
motion with the depth decreases of buried depth; notably, the amplification
effect of the high-frequency components grew much faster than that of the
low-frequency components. (4) The groundwater table had an amplification
effect on the vertical ground motion; therefore, its influence is also important to
consider.

KEYWORDS

the seismic site effect, the traditional spectral ratio method, ground motion,
amplification, SMASS array site
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1 Introduction

Field surveys have shown that the damages caused by a single
earthquake can often differ from site to site. For instance (Wood
1908), studied the damage data relative to the 1906 San Francisco
(United States) earthquake (Ms 7.8), finding that buildings located
on soft soil sites presented much greater damages than those on
near hard soil. In the case of the 1923 Kanto (Japan) (Ms 7.9) and
1976 Tangshan (Ms 7.8) earthquake in China, a strong correlation
was noted between the damage of buildings (structures) and the
thickness of the soil layer (Ohsaki, 1969; Liu and Cha, 1982; Gao
and Hu, 1987). Interestingly, the damage rate of high-rise buildings
was found to increase with the thickness of the soil layer in the case
of the 1967 Venezuela earthquake (Ms 6.5) (Seed et al., 1986; Drake
and San, 1993). During the 1985 Mexico earthquake (Ms 8.1), mid-
rise buildings in Mexico City (at 400 km from the epicenter) were
severely damaged, while low- and high-rise buildings (with more
that 23 stories) were not damaged (Seed et al., 1988). Furthermore,
the 2008 Wenchuan earthquake (Ms 8.0) produced high intensity
anomalies in the Hanyuan County (at 200 km from the epicenter),
which were mainly due to the amplification of ground motion by
the local soil structure (Bo et al., 2009; Qi et al., 2010; Li et al.,
2012). Overall, numerous earthquake damage field surveys and
studies have shown that site characteristics can affect ground
motion. The main reasons are the following: (1) the occurrence
of resonance phenomena caused by the natural frequency of
buildings that are similar to the predominant period of the site;
(2) the local soil structure acting as a filter, which selectively
amplifies or reduces the frequency components of ground motion
(when ground motion is transmitted from the bedrock to the
surface, its frequency components and amplitude values change
significantly). The site amplification effect on ground motion is
therefore a fundamental issue in seismology and earthquake
engineering, since it has an important theoretical value and
practical significance for earthquake fortification.

Ground response analysis methods based on strong motion
observation data can be classified as reference or non-reference
site methods, according to the availability of rock sites. The
earliest reference site method (i.e., the traditional spectral ratio
(1970): the
amplification effect is defined based on the ratio of the

method) was proposed by Borcherdt site
Fourier spectrum of strong earthquake records at the soil site
to that of the nearby rock site. This method considers the
direction of the earthquake source and the path effect when
the soil and rock sites are far away from each other. For example,
Bonilla et al. (1997) studied the site amplification effect in the
intensity anomaly zone of the San Fernando Valley (California)
based on the aftershock records of the 1994 Northridge
earthquake using this method. Moreover, Wang and Xie
(2010) analyzed the Wenchuan main shock records recorded
by the Zigong landform array based on the traditional spectral
ratio method, finding that the landform and the soil site had a
large influence on ground motion. Furthermore, Wang (2011)
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analyzed the strong earthquake records recorded by the digital
strong-motion networks deployed in the Weihe Basin by the
traditional spectral ratio method. He found that the VII-degree-
intensity abnormal region distributed along the basin edge (from
Baoji to Meixian) and associated with the Wenchuan earthquake
resulted from a combination of basin edge effect and ground
motion’s amplification by the soil site. Based on the main shock
records of the Wenchuan earthquake (which were recorded at six
stations around the Anning River) and the traditional spectral
ratio method, Li et al. (2016) studied the amplification of ground
motion at the station sites. A good correlation was identified
between the amplification effect of the regional site on ground
motion and the engineering geological zoning, and the different
engineering geological zones were analyzed in detail. Lan et al.
(2020) designed and constructed a centrifugal model test for
medium-hard free fields, analyzed the correspondent results
based on the traditional spectral ratio method, systematically
investigated the nonlinear ground motion effect of the soil layer,
and obtained the variation law of the ground motion
amplification effect with depth.

So far, due to the limitation of data, most studies have been
conducted to analyze the amplification effect of station soil sites by
calculating the spectral ratios between the strong motions recorded
at those stations and those recorded at nearby rock sites (through
the traditional spectral ratio method). However, the soil structure
below the surface of each station located in a certain region always
includes more than one soil layer; therefore, the site amplification
effect observed during the transmission of the ground motion from
the bedrock to the surface would derive from the frequency
filtering of all these soil layers. Because of the small number of
domestic and foreign site soil arrays and strong motion records,
studies on the amplification effect of ground motion at different
depths below the surface have mostly focused on theoretical
analysis and numerical simulation, while only a few studies
have been based on actual strong motion records. This study
was based on strong motion records collected in Guye (China) by
the Seismic Monitoring Array of Site and Structure (SMASS) of the
Institute of Disaster Prevention. These records were processed and
analyzed by the traditional spectral ratio method, obtaining the
spectral ratios for different depths. In this way, it was possible to
conduct a systematic and comprehensive study of the
amplification effect of ground motion by the soil structure at
different bury depths. The obtained results are expected to be
useful for future research on site ground motion effects.

2 Materials and methods

2.1 THE SMASS

The SMASS array, which belongs to the Key Laboratory of
Seismic Defense and Risk Assessment of the Hebei Province,
consists of both local effect and structure response arrays and is
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Local effect array measurement point plan.

located at a site characterized by a soil layer thickness of ~ 230 m,
a flat bedrock surface, and a groundwater table of ~ 20 m. Such
configuration is ideal for studying the seismic response of soil
sites. Notably, the SMASS array is located within the potential
seismic source zone of magnitude 8.0, at ~ 12km from the
macroscopic epicenter of the magnitude 8.0 Sanhe-Pinggu
earthquake that occurred on 2 September 1,679. Hence, this
site is suitable for strong motion observations in the near field of
major earthquakes.

During the construction of the SMASS array, continuous
core sampling and logging were carried out. Notably, the deepest
drilled hole reached the inside of the bedrock (depth = 240.2 m).
Based on the core samples, and according to geological drilling
description requirements, we identified a total of 69 soil layers.
These were then integrated into 38 layers according to the
requirements of site effect observation under strong motion.
The P- and S-wave velocities at different depths of the SMASS
array were obtained by cross-hole seismic CT, the VSP logging
technique, and the single-hole method. The soil samples were
subjected to screening, liquid—plastic limit, dynamic triaxial, and
resonant column tests to determine the static and dynamic
parameters of each soil layer in the array. These data will be
useful for future research focusing on the soil layer seismic
response.

2.2 Composition and spatial arrangement
of SMASS

A total of six measurement points (No. S01-S06) were
deployed to monitor strong vibrations in the local effect array.
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- %

201, 240m
excitation hole and electric spark
excitation source

Five of the measurement points (No. S02-S06) was positioned on
a concentric circle with a radius of 8 m This measurement points
were located in correspondence of observation peep holes: the
accelerometers were placed at the bottom of the peep holes
(i.e., at 30 m, 65m, 101 m, 151 m underground and 236 m at
the top of the rock layer). Besides, two groundwater pressure
measurement points (No. POl and P02) were located between
S02 and S03. The water column was instead 30 m below the
observation peep holes: it was possible to monitor the changes of
pore water pressure in the saturated stratum. At the same time,
an excitation hole 240 m deep was set at the center of a concentric
circle. The electric spark excitation source was placed within this
circle. The local effect array measurement point plan and the
instrument layout table are shown in Figure 1 and Table I,
respectively.

2.3 Strong earthquake records

The SMASS array monitored two strong earthquake records
after its installation: the Fengnan earthquake (Ms 4.5), which
occurred on 5 December 2019, and the Guye earthquake (Ms
5.1), which occurred on 12 July 2020. The epicenter of the
Fengnan earthquake was located at 39.31°N, 118.04°E, (focal
depth = 10km): its epicenter was at ~ 130km from the
SMASS array. Meanwhile, the epicenter of the Guye
earthquake was located at 39.78°N, 118.44°E (focal depth =
10 km): its epicenter was at ~ 143 km from the SMASS array.
Since the magnitude of the Fengnan earthquake was small and
the quality of the strong earthquake records was poor, we chose
the records of the Guye earthquake for this study. (Figure 2)
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FIGURE 2
Guye strong earthquake acceleration time course.

TABLE 1 Information on the instrument layout.

s P | P P
0 20 30 40 50 60 70 80 00 10 20 30 40 50 60 70 80

Measurement point number Location of the Instrument Soil layer Shear
measurement points wave speed (m/s)

S01 Surface (0 m depth) ES-T three-directional force balance accelerometer — —

502 29.8 m underground SBEPI shallow-well three-directional accelerometer  Silty clay 409

S03 65.2 m underground SBEPI shallow-well three-directional accelerometer =~ Powdered earth ~ 486

S04 101.6 m underground ES-DH deep-well three- directional accelerometer Clay 486

S05 151 m underground ES-DH deep-well three-divisional accelerometer Powdered sand 563

S06 236.3 m underground ES-DH deep-well three-divisional accelerometer Sandstone 800

2.4 Data processing

Only part of the raw strong-motion data collected during the
Guye earthquake could be used in the study. In fact, various
factors may cause interference in the data from the moment of
the motion triggering until the end of the recording of the strong
motion seismograph: the direct use of raw strong earthquake
records for data analysis, containing false component signals,
would greatly affect the results. Processing the original strong-
motion recordings was therefore an essential part of the data
analysis. Here, we processed the strong-motion record of the
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Guye earthquake in four main steps: recording discrimination,
filtering, smoothing, and horizontal component synthesis.

2.4.1 Strong earthquake record discrimination
According to Zhou (2012), defective records can be mainly
classified into “asymmetric waveforms® (Department of
Earthquake = Damage  Prevention, China  Earthquake
Administration, 2008; Shin et al., 2008; Tobita et al., 2010),
“small burr waveforms” (Rajesh Rupakhety, 2010), and
“palpus phenomena” (Department of Earthquake Damage

Prevention, China Earthquake Administration, 2008).
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TABLE 2 Ratios of the strong Guye earthquake records.

Serial number Depth of Direction
tunnel

1 236 UD
2 236 NS
3 236 EW
4 151 UD
5 151 NS
6 151 EW
7 101 UD
8 101 NS
9 101 EW
10 65 UuD
11 65 NS
12 65 EW
13 30 UD
14 30 NS
15 30 EW
16 0 UD
17 0 NS
18 0 EW

In this study, the ratio of the peak acceleration points to the
adjacent sampling points (i.e., the case in which this value
exceeded 1.1) and the occurrence of dissimilarities were
considered discriminant conditions. In the case of complex
palpus phenomena, the ratio of the peak acceleration points
to the adjacent sampling points is expected to be too large and
anisotropy might occur. The ratios of the peak acceleration
points to the adjacent sampling points in the Guye strong-
motion records are indicated in Table 2: the ratios never
exceeded 1.1 and dissimilarity occurred.

2.4.2 Filtering

The main purpose of the filtering step is typically to minimize
the interference of noise in strong motion records and, hence, to
provide realistic information for any subsequent data analysis. A
reasonable cut-off frequency can in fact reduce the interference of
noise signals, while an unreasonable one may lead to the loss of
original components in the strong motion recordings. A large
number of scholars have therefore researched filtering cut-off
frequencies. So far, cut-off frequencies have been determined by
four types of methods: empirical formulas (Trifunac, 1971;
Trifunac and Lee, 1973; Shakal et al., 1988), pseudo-velocity
spectra (Syun’itiro et al., 1988), noise spectra (Lee et al., 1982),
and the earthquake focus theory (Trifunac and Todorovska,
2001; Shakal et al.,, 2003). So the filtering cut-off frequencies is
selected according to noise spectra (Lee et al., 1982).

We extracted the 17s signal before the arrival of the P-wave of
the ground motion recorded by the Guye strong earthquake as a
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PGA (cm/s7?) Left ratio Right ratio
0.133 1.032 1.008
~0.200 1.020 1.040
0323 1.018 1.023
~0.140 1.038 1.007
0.428 1.027 1.013
~0.204 1.013 1.007
~0.142 1.017 1.001
~0.322 1.011 1.009
0341 1.027 1.010
~0.124 1.005 1.040
0210 1.012 1.015
~0.487 1.028 1.009
0.191 1.006 1.016
-1517 1.006 1.037
~2.060 1.019 1.016
4183 1.071 1.001
-9.934 1.028 1.004
6.652 1.001 1.022

noise spectrum; moreover, the high and low cut-off frequencies
were determined by the trend of the original signal Fourier
spectrum amplitude and by the intersection position of the
original signal Fourier spectrum with the noise signal Fourier
spectrum. In the low-frequency part of the record, since the noise
signal lasted 17 s, the low cut-off frequency needed to be greater
than 0.06 Hz: We found that the low-frequency part of the noise
spectrum amplitude was always lower than the signal spectrum
the
increased with frequency over 0.2 Hz: 0.2 Hz was identified as

amplitude. Furthermore, signal spectrum amplitude
the low cut-off frequency. We found that the signal and noise
Fourier spectra began to intersect at ~ 20-30 Hz in the high-
frequency part, after this point, the frequency component of the
original signal may have been contaminated by the noise signal,
and the original signal spectrum amplitude increased with
frequency. Therefore, 25 Hz was taken as the high cut-off
frequency. The original signal was filtered by using the
Butteworth filter (of the fourth order) and the Fourier
spectrum of the original signal was compared with that of the
filtered signal. The peak acceleration values of the ground motion
time history at different depths were given after filtering

(Table 3).

2.4.3 Smoothing treatment

After the baseline correction and filtering of the strong
motion records, we observed a high number of burrs in the
Fourier transformed spectra (Figures 3-5). In this case and
should the records be used directly for the calculation of the
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TABLE 3 Peak acceleration in n relation to depth of tunnel.

Depth of tunnel (m) Vertical peak acceleration North-south peak acceleration East-west peak acceleration
(cm/s™2) (cm/s™2) (cm/s™2)
236 0.14 0.20 032
151 0.13 0.40 0.20
101 0.15 0.30 034
65 0.12 022 048
30 0.18 1.57 2.06
0 4.17 9.29 656
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FIGURE 3
Guye strong motion record smoothing effects (vertical direction).
spectral ratio without previous smoothing, it would be difficult Ohmachi, 1995) were used to smooth the Fourier spectrum
to determine the frequency band and energy distributions. This, of the Guye strong motion records. Through several tests and
in turn, would increase the difficulty of identifying the comparisons, we found that the best smoothing effect was
predominant frequency at the study site. Two types of burr obtained for a Pazen window length of 0.8 Hz: in this case,
processing methods are generally applied to strong motion the burrs were effectively removed and the error was within a
recording data: (1) the addition of a smoothing window in reasonable range. Based on these results, we decided to apply a
the time domain and (2) the addition of a smoothing window in Parzen window with a window length of 0.8 Hz to smooth the
the frequency domain (Osaki, 2008). In study, the Parzen Fourier spectra of the filtered strong motion records: the
window and K-window length of 0.8Hz (Konno and correspondent smoothing effects are shown in Figures 3-5.
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FIGURE 4

Guye strong motion record smoothing effects (north—south direction).

2.4.4 Synthesis of the horizontal components

If the direction of the strong motion seismograph is not the
same as the actual direction during the placement, a new
horizontal component increment may be generated. Here, we
focused on the amplification effect of soil structure on ground
motion. To improve the accuracy of our predictions, the strong
motion records in the east-west direction were synthesized with
those in the north-south direction before obtaining the spectral
ratio; notably, only the amplification effects of the soil structure
on the horizontal and vertical ground motions were considered.
Eq. (1) (Yu, 2003) represents the synthesis formula, where
H (Ps, f) is the horizontal Fourier spectrum, N (Ps, f) is the
north-south direction Fourier spectrum, and E(Ps, f) is the
east-west direction Fourier spectrum:

H(Ps, f) = \N? (Ps, f) + E*(Ps, f) (1)

2.4.5 Analysis methods

Ground motion is mainly affected by three factors during its
propagation: the source effect E ( f), the path effect P( f), and the
site effect S(f). The relationship between these factors is
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explained by Eq. 2. The traditional spectral ratio method
considers a rock site station near the site station: the ground
motions recorded by the two stations are expected to have the
same source effect and almost the same path effect during the
earthquake occurrence; moreover, these ground motions can be
spectrally compared to obtain the site effect (if the distance
between the two stations is far, the path effect needs to be
considered). In this study, the SMASS array was 143 km away
from the epicenter and the six observation points were arranged
in concentric circles with radiuses of 8 m. The distance between
each two observation points was expected to have the same
epicenter and path effects compared with the hypocenter
distance.

Wang Haiyun (2011) found that the interference of the
upward and downward wave fields caused by different
velocity interfaces at the surface and within the soil body can
lead to the so-called “spectral hole” phenomenon. Therefore,
based on the concept of stemming function proposed by (Steidl
1996). In their study, further analysis is carried out to obtain the
site response at the surface or at a certain depth in the ground by
multiplying the stemming function with the Fourier spectral
ratio. The coherence function can be expressed by the equation
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FIGURE 5
Guye strong motion record smoothing effects (east—west direction)

IS5 (f)|

\Su (f)saaf

S12(f) is the ground vibration inter-spectrum at the depth of

rlz(f) = (2)

dl and bedrock respectively, s;;(f) is the ground vibration
autospectrum at the surface or a depth below ground, sy (f)
is the ground vibration autospectrum at bedrock.

Therefore, we used the traditional spectral ratio method to
determine the site effect: the strong motion records observed at
the five measurement points were compared with those observed
at the bedrock measurement point.

O(f) = E(f)=P(f)*S(f)

As a matter of fact, a Fourier transformation consists in

3)

the conversion of a signal from the time domain to the
frequency domain. A Fourier spectrum, which can be
described as a simple harmonic wave frequency in
horizontal coordinates and as a simple harmonic wave
amplitude in vertical coordinates, can reflect the frequency
spectral characteristics of a ground motion time history. The

horizontal coordinates of the response spectrum represent the
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period, while the vertical coordinates represent the maximum
response amplitude generated by different single-degree-of-
freedom systems under the excitation of a ground motion time
history, which can also reflect the frequency spectral
characteristics of the ground motion time history. Luo
et al. (2019) deduced that the Fourier and zero-damped
velocity response spectra can both represent the energy in a
vibrator system. The response and Fourier spectra are similar
in which they can both record strong motions under the
neglect of damping; moreover, the Fourier spectrum curve
is always included in the velocity response spectrum.
Therefore, we decided to use the spectral ratio of the
Fourier spectrum to the velocity response spectrum with
zero damping for our contrast, and observe whether the
two spectral ratios agree.

3 Results

In this study, the traditional spectral ratio method was used
to analyze the site amplification effect of the SMASS site array.
The bedrock (depth = 236 m) was taken as the reference site:
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TABLE 4 Amplification factors and corresponding amplification frequencies observed at different bury depths of the SMASS table array in the Guye

strong motion records (Fourier spectrum ratios).

Bury depth (m) Horizontal
Fourier spectrum ratio

Frequency (Hz)

151 13 2.95
101 3.1 2.96
65 2.3 4.19
30 4.0 24.11
0 18.5 84.22

Spectral ratio

Vertical
Fourier spectrum ratio

Frequency (Hz) Spectral ratio

2.2 4.10
2.2 3.87
1.9 3.29
2.2 4.18
14.4 113.54

TABLE 5 Amplification factors and corresponding amplification frequencies observed at different bury depths of the SMASS table array in the Guye

strong motion records (response spectrum ratios).

Bury depth (m)

Frequency (Hz)

Horizontal response spectrum ratio

Spectral ratio

151 14 4.34
101 3.1 3.81
65 2.2 5.26
30 39 35.38
0 19.2 112.03

the Fourier and response spectra of strong motion records at
different depths were compared with those in correspondence
of the bedrock to study the variation of ground motion in
different soil structures. The correspondent results are shown
in and Tables 4, 5.

Figures 6, 7 show how most of the Fourier spectral ratio
curves were located between the reaction spectral ratio curves
and had similar shapes (Luo et al., 2019); therefore, the reaction
spectrum with zero damping was considered to be feasible for
our spectral ratio analyses. The data in Tables 4, 5 show instead
how, during the diffusion of the horizontal ground motion from
the bedrock to 65m below ground, the spectral ratio first
increased and then fluctuated within a certain range;
furthermore, as the horizontal ground motion continued to
diffuse upward, the spectral ratio increased significantly.
Finally, from 30 m below ground to the surface, the growth
rate of the spectral ratio increased further. The changes in
spectral ratio during the diffusion of the vertical ground motion
from the bedrock upward were slightly different from that just
described: from the bedrock to 30 m below ground, there were
no obvious variations. However, from 30 m below ground to the
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Vertical response spectrum ratio

Frequency (Hz) Spectral ratio

2.2 9.81
2.2 9.77
2.2 8.81
2.0 11.28
8.6 160.04

surface, the spectrum ratio increased sharply and its growth rate
was larger than that of the horizontal ground motion within the
same depth interval.

Figure 6 shows how the amplification effect of the soil layer
on the horizontal ground motion was different at different
depths. When the horizontal ground motion diffused from the
bedrock to 151 m underground, the ground motion amplification
by the soil layer structure was mainly concentrated around
1.3 and 2.1Hz, and the spectral ratio was maximum at
1.3 Hz. Meanwhile, when the horizontal ground motion
diffused from 151 to 101 m underground, the magnitude of
the spectral ratio did not change significantly, but the
frequency corresponding to the maximum spectral ratio
changed from 1.3 to 3.1 Hz. When the horizontal ground
motion diffused instead from 101 to 65 m below ground, the
peak at 1.04 Hz disappeared (suggesting that the soil structure
between 151 and 101 m below ground should have selectively
filtered the ground vibration frequency components and
amplified the frequencies around 0.5 and 2.3 Hz) and the
spectral ratio reached its maximum at 2.3 Hz. When the
to 30m

horizontal ground motion diffused from 65
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underground, the spectral ratio increased significantly and the
frequency of the maximum spectral ratio increased, with small
peaks increasing after 4 Hz. Finally, when the horizontal ground
motion diffused from 30 m underground to the surface, the
correspondent soil layer amplified both the low- and high-
frequency components of ground motion; however, the
amplification of the former was less obvious than that of the
latter, and the spectral ratio was maximum at a frequency of
18.5 Hz.

As shown in Figure 7, the amplification of the vertical ground
motion occurred mainly around 2.2, 5.5, and 18 Hz for the soil
layer structure between the bedrock and 151 m underground and
the spectral ratio was maximum at 2.2 Hz. As the ground motion
continued to diffuse upward, the soil layer between 151 and
101 m underground selectively filtered the vertical ground
motion frequency components, resulting in a decrease of the
spectral ratio at 5.5 Hz; meanwhile, the frequency corresponding
to the maximum spectral ratio did not change (was still 2.2 Hz).
When the vertical ground motion reached 65 m underground,
the frequency band near 1.9 Hz gradually broadened and the
frequency corresponding to the maximum spectral ratio changed
from 2.2 to 1.9 Hz, while the maximum spectral ratio and the
peak acceleration did not change significantly. When the vertical
ground motion reached 30 m underground, the small peak of the
high-frequency components after 4 Hz started to increase and
the frequency corresponding to the maximum spectral ratio
increased from 1.9 to 2.2 Hz, while the spectral ratio did not
change significantly. Finally, when the vertical ground motion
diffused from 30 m underground to the surface, the spectral ratio
increased rapidly and the frequency corresponding to the
maximum spectral ratio increased, reaching 14.4 Hz at the
surface.

4 Conclusion
The main findings are summarized below.

1) The soil layer structure amplified the ground motion in the
SMASS array site mainly in correspondence of the shallow
soil layer (above 30 m depth). In the deeper soil layer, the
amplification effect occurred but it was not obvious: the
amplification effect increased with the decrease of the bury
depth.

2) The amplification effect of the soil layers on the horizontal
ground motion changed with depth. In fact, the amplification
effect of the soil layer between the bedrock and 151 m
underground was mainly concentrated at 1.3 and 2.1 Hz
(maximum spectral ratio at 1.3 Hz); meanwhile, at 151 m
underground the maximum spectral ratio corresponded to a
remarkable frequency change (from 1.3 to 3.1 Hz). At 65m
underground, the spectral ratio reached its maximum at
2.3 Hz, while the small spikes started to increase at
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frequencies >4 Hz at 30 m underground. Finally, the soil
layer between 30 m underground and the surface amplified
both the low- and high-frequency components of ground
motion, but the amplification effect on the former
components was less obvious than that on the latter
the
corresponded to a frequency of 18.5 Hz.
3) An amplification effect of the SMASS array site on both the
high- and low-frequency components of ground motion was

components, and maximum  spectral  ratio

noted; however, when the bury depth was deeper, the
amplification effect on the high-frequency components of
ground motion was not obvious and the amplification
frequency band was mainly concentrated between ~
1-3Hz. With the decrease of the bury depth, the
amplification of the low-frequency component of the band
gradually grew; notably, the amplification of the high-
frequency component grew much faster than that of the
low-frequency components from 4 to 18.5 Hz.

4) From the SMASS array spectral ratio results, we infer that the
groundwater level can have an amplifying effect on the peak
vertical ground vibration acceleration; however, further
studies are needed to determine the quantitative effects.

5 Discussion

We investigated the amplification of ground motion by the
traditional spectral ratio method and based on the SMASS array,
finding that the source effect and path effect were negligible: the
only factor causing changes in ground motion is the effect of
different soil structures during its diffusion.

5.1 Influence of soil structure

As the ground motion diffused from the bedrock upward,
different soil layer structures filtered its frequency components in
different ways and selectively amplified the components having

frequencies similar to their own.

1) Our results clearly indicated that the soil layer structure
between the bedrock surface and 151 m underground
amplified both the horizontal and vertical components

the

and 65m underground affected the

of ground motion; meanwhile, soil structure

151
transmission of ground motion, but the spectral ratios

between

varied within a restricted range and this variation was not
obvious.

2) The spectral ratio results indicate that the amplification
effect of the deep soil layer was not obvious during the
upward diffusion of the horizontal ground motion from the
bedrock side: the spectral ratio and the peak ground

started to

acceleration of ground motion increase
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significantly only when the horizontal ground motion
diffused upward from 65 m underground. The shear wave
velocity was 486 m/s at 65 m underground, suggesting that
at this depth the soil changed from hard to soft and
effect the
horizontal ground motion in the upward direction.

explaining its increasing amplifying on
3) By comparing the spectral ratios of the horizontal and vertical
ground motions at 151, 101, and 65 m underground, we
noticed the following: the frequencies corresponding to the
maximum spectral ratios in the case of the horizontal ground
motions were 1.3, 3.1, and 2.3 Hz, respectively, while those in
the case of the vertical ground motions were 2.2, 2.2, and
1.9 Hz, respectively. Moreover, the shape changes of the
horizontal ground motion spectral ratios were larger than
those of the vertical ground motion spectral ratios. Overall,
these results indicate that changes in the soil layer structure
had a greater influence on the horizontal, rather than on the
vertical ground motion frequency components.
4) When the horizontal and vertical ground motions diffused
upward from 65 m underground, the maximum spectral ratio
corresponded to the superior frequency and the small spikes
in the high-frequency part started to increase. This indicates
that the shallow soil layer of the SMASS array site had a
greater influence on the amplification of ground shaking, and
that the amplification of the high-frequency component of
ground motion was stronger than that of the low-frequency

component.

5.2 Influence of the groundwater level on
the vertical ground vibration

The above results clearly indicate that the soil layer
influenced both the
components of ground motion, although it had a greater

structure horizontal and vertical
influence on the former. When the horizontal ground
motion diffused upward from 65 to 30 m underground, the
spectral ratio and the PGA started to increase significantly, and
the frequency corresponding to the maximum spectral ratio
increased. Meanwhile, the frequency corresponding to the
maximum spectral ratio of vertical ground motion also
increased, but this change was not obvious and the spectral
ratio and the PGA hardly varied. Chen et al. conducted a 3D
seismic response analysis of a soft soil site in Shanghai (Chen
et al., 2011). By considering various groundwater level depths,
they found that the amplification effect of the horizontal peak
acceleration increased with the rise of the groundwater level,
although this variation was not significant; at the same time, any
changes in the depth of the groundwater level had a significant
effect on the amplification coefficient of the vertical peak
acceleration. In this study, we considered an SMASS array
with a perennial groundwater level at ~ 20 m depth. When
the vertical ground motion diffused upward from the bedrock
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surface to 30 m underground, the maximum spectral ratio did
not change significantly; however, when it diffused upward
from 30 m underground, the maximum spectral ratio and the
PGA increased significantly (the growth rate in this case being
greater than that of the horizontal ground shaking). On this
basis, we infer that the groundwater level should have had a
great influence on the maximum spectral ratio and on the PGA
of the vertical ground motion.

5.3 Considerations on the application of
seismic response analysis methods to the
investigation of soil layers

Recent research on the amplification effect of ground
motion at different depths below the surface has been mostly
based on theoretical analysis and numerical simulation.
Unfortunately, the low number of arrays and strong motion
records has led to a scarcity of works analysis methods aimed at
testing the soil seismic response under actual strong earthquake
records. The shear wave velocity is an indication of the softness
and stiffness of the soil layer to a certain extent. The results of
our analyses suggest that the soil layer with shear wave
velocity <486 m/s significantly amplified the horizontal
ground motion. In this case, it is reasonable to choose the
soil layer with shear wave velocity = 500 m/s as input interface
for obtaining the soil layer seismic response. The results
obtained from these calculations can then be applied to the
construction of anti-seismic building structures. However, for
important or can lead to secondary disaster of the building
(structure), for safety reasons should be specifically studied to
determine the input interface.

5.3.1 Selection of the vertical ground motion
parameters

The ground motions generated during earthquakes are
complex and multi-dimensional. In particular, vertical
ground motions are sometimes very strong and can cause
serious damages to buildings. In the “Code for Seismic
of (GB50011-2010), the

earthquake influence coefficient is usually taken as 65% of

Design Buildings” vertical
the maximum horizontal earthquake influence coefficient for
determining the vertical seismic action. From the analyses, we
found that the peak acceleration of the vertical ground motion
in correspondence of the bedrock was much smaller than the
correspondent peak acceleration of the horizontal ground
motion; moreover, when the ground motion diffused to the
shallow soil layer, the growth rate of the peak acceleration of the
vertical ground motion was much larger than that of the
horizontal ground motion due to the influence of the
groundwater level. Finally, when the ground motion reached
the surface, the peak acceleration of the vertical ground motion
was close to that of the horizontal ground motion: the value of
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vertical ground motion was low, suggesting that it should be
increased for different structural.
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Strategy for eliminating high-
frequency instability caused by
multi-transmitting boundary in
numerical simulation of seismic
site effect
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A multi-transmitting boundary is a local artificial boundary widely used for
numerically simulating seismic site effects. However, similar to other artificial
boundaries, the multi-transmitting boundary has instability issue in numerical
simulation. Based on the concept of multi-directional transmitting formula, a
strategy for eliminating the high-frequency instability of the transmitting
boundary is studied and a measure is proposed using a neighbour node of a
boundary node to realize smoothing filtering. The proposed measure is verified
through numerical analysis. The smoothing coefficient chosen for this measure
provides a reference for deriving the coefficient of multidirectional transmitting
formula in the time domain.

KEYWORDS

seismic site effect, wave propagating simulation, multi-transmitting boundary, high-
frequency instability, multi-direction transmitting formula

1 Introduction

The influence of local topography on ground motion is fundamentally a wave
scattering problem. Hence, simulating near-field waves is crucial to the numerical
simulation of seismic site effects. The accuracy of near-field wave numerical
simulations directly depends on whether artificial boundary conditions can accurately
simulate an infinite domain. Since the 1960s, several achievements have been attained in
the study of artificial boundaries (Liao, 1984, 2002; Wolf, 1988; Givoli, 1992; Cheng et al.,
1995; Wolf, 1996; Xu et al,, 2018; Xing et al., 2021). Among the established artificial
boundary conditions, the multi-transmitting boundary (Liao et al., 1984a; Liao et al.,
1984b; Xing et al., 2017a; Xing et al, 2017b) has a wide application range and high
precision. Moreover, combined with the finite element method, the multi-transmitting
boundary can facilitate decoupling.

Similar to other local artificial boundaries, the transmitting boundary’s computational
stability is a key issue that requires further study. High-frequency oscillation and low-
frequency drift are two types of numerical instability phenomena that may occur when the
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multi-transmission boundary is combined with the finite element
method (Li et al.,, 2012; Yang et al., 2014). In this paper, a strategy
for eliminating the instability of high-frequency oscillations of
the multi-transmission boundary is suggested.

Smoothing factor filtering is an effective measure for restraining
high-frequency instability of transmission boundary (Liao et al,
1989; Liao et al., 1992; Liao et al., 2002). Another measure to restrain
high-frequency instability is utilizing the energy consumption
characteristics of explicit integration scheme. This measure
inhibits high-frequency instability by increasing damping in
proportion to strain velocity (Li et al., 1992; Li et al,, 2007; Tang
et al,, 2010). Modifying the internal node motion equation and
stiffness of the finite element is also an effective measure for
stabilizing the high-frequency of multi-transmission boundary
(Xie et al.,, 2012; Zhang et al,, 2021).

This paper proposes an improved measure for existing
strategies to restrain high-frequency instability using a
smoothing factor. When considering only the high-frequency
error oscillation perpendicular to the artificial boundary and
ignoring the high-frequency oscillation parallel to the artificial
boundary, the current method only smooths the points
perpendicular to the boundary. Based on the concept of a
multidirectional transmitting formula, this paper proposes
smoothing the points on the artificial boundary to restrain
high-frequency instability.

2 Multi-transmitting formula and its
instability of high-frequency
oscillation for restraining instability

2.1 Multi-transmitting formula (MTF)

The multi-transmitting boundary is also called Multi-
transmitting formula (MTF), which is a boundary condition
using the general expression of a one-sided traveling wave
solution to simulate an external wave crossing the boundary
at a point on the artificial boundary. It uses internal point
displacement to represent the boundary point displacement.
MTF was proposed by Liao et al. (Liao, 1984, 2002). In the
finite element discrete model (Figure 1), the MTF of the arbitrary
artificial boundary point J can be expressed as

=Y ()", (1)

P+1

where J of u; ™! represents the position in the discrete grid (e.g.,

point J in Flgure 1), P+ 1of uf“ represents moment P+1, N is

the order of MTEF, and Cﬁ’ is a binomial coefficient
(CN = N!/((N = n)!n!)). The following yields T, and u,:
_ [uP nl P n+1, . ;’:;Jl]T

T = [Ty, Tz, “, Tans] ©)

Tk = ZtKlth---tKn (K=1,2,--2n+1)
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FIGURE 1

Discrete model of multi-transmitting boundary.

where Tk and tg, are dimensionless parameters. Here, Tk is
obtained by summing fx, to satisfy the following:

K1+K2+"'+Kn=K+n—l,K1,K2,"',Kn=1,2,3 (3)
(2-5)(1-5)
th=—m"
2
t, =s(2-5)
1 s(s-1) )
t3=
2
_ C At
T Ax

In Eq. 4, ¢, is the artificial wave velocity. The wave
unilaterally travels at velocity ¢ and transmits in the direction
of angle 0 with a boundary surface (¢, = ¢/ cos 8). As shown in
Figure 1, Ax is the spatial step of the discrete grid in the direction
perpendicular to the artificial boundary; At is the time step of the
finite element calculation; and s is a dimensionless parameter.

For first-order transmission (N=1), under the condition that
Eq. 3 is satisfied, Eq. 1 can be written as follows:

u;brl (5)

[tl, ts, t3] [u]’u] Y- Z]T

By substituting Eq. 4 into Eq. 5, the first-order MTF can be
derived as

1 1
u;’“ =3 (1-35)(2 —s)uf +5s(2 —s)u}’_1 + is(s— l)u;’_2 6)

2.2 Analysis of the instability of high-
frequency oscillations

The most intuitive explanation for high-frequency oscillation
instability of MTF is the reflection amplification of high-
frequency wave component in the artificial boundary. An
amplification error wave is reflected to the artificial boundary
in the finite calculation area and then amplified again, resulting in
the instability of the artificial boundary. Such error wave
amplification occurs  in waves

only high-frequency

approaching the cut-off frequency. These high-frequency
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fluctuations causing oscillation instability are outside the scope of
the frequency components considered in numerical simulation;
and they do not benefit the computational stability of numerical
simulation. In the numerical simulation, the high-frequency
waves approaching the cut-off frequency have an insignificant
effect on the accuracy of frequency bands. These high-frequency
fluctuations exist perpendicular and parallel to the artificial
boundary. Therefore, the elimination of useless high-frequency
fluctuations in all directions can stabilize high-frequency
oscillation without affecting the calculation accuracy.

2.3 Fundamental ideas of stabilization
measures

In the meaningful frequency band of the finite element (or
finite difference) simulation of the wave, the transmission
boundary does not produce oscillation instability. Oscillation
instability only occurs in the high-frequency band approaching
the cut-off frequency. Therefore, the guiding principle of
stabilization is to eliminate meaningless high-frequency
components without affecting the low-frequency components
meaningful for wave simulation.

In this paper, the proposed measure for suppressing
oscillation instability is inspired by the concept of a multi-
1993). The

fundamental concept of the multi-direction transmitting

directional transmitting formula (Liao et al,

formula is that the scattering wave from various directions
radiates to the artificial boundary. This abandons the
assumption that the scattering wave is based on a single
direction and only uses the motion information of the node
the
transmission boundary formula is established using the

in the normal direction of the boundary. Instead,
motion information of all nodes adjacent to the artificial
boundary node (including those on the artificial boundary and
normal line).

The node position is shown in Figure 2 (I is the target node,
and smooth filtering is performed using the nodes adjacent to
point I on the boundary). When smoothing using three points, I,
I-1,and I + I are involved. When five points are used, I — 2,1 -
1,L,1+ 1, and I+2 are involved. In this regard, the following three
considerations are emphasized.

1) Smoothing is performed after calculating the artificial
boundary point at time P + 1.

2) Three or five points are selected to be used in smoothing; all
points use their P + 1 values of time. For example, if the
smoothing target point is I on the boundary, the participating
points include point I on the boundary and the points
adjacent to the boundary.

3) Smoothing is performed not only for displacement but also
for the velocity values of the boundary point. This is
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FIGURE 2
Position of the boundary point involvedin filtering.

implemented after calculating the displacement and

velocity of the artificial boundary point at time P + 1.

After calculating the movement of the artificial boundary
point at P + 1 using MTF (Eq. 1), the displacement and velocity
values of the artificial boundary point I at P + 1 are smoothed. For
point I on the boundary shown in Figure 2, three-point
smoothing involves I — 1, I, and I + 1, and five-point
smoothing involves I — 2, I — 1, , I + 1, and I + 2. If three-
point smoothing is used, the displacement and velocity can be
calculated using Eqs 7, 9, respectively. If five-point smoothing is
used, the displacement and velocity can be calculated using Eqs 8,
10, respectively. The displacement and velocity of point I after

~P+1
a7+ and u

smoothing at P+1 are #; respectively. Coefficients B,
B,, and B; in Eqs 7, 9 are three-point smoothing coefficients, and
coefficients B, P2, B3> P and Ps in Eqs 8, 10 are five-point
smoothing coefficients. The values of the smoothing coefficients

in Eqs 7-10 are presented in Section 2.4 of this paper.

ﬁP+1 _ﬁ uP+1 +ﬁ2 P+1 +ﬂ3 f’:ll (7)

ﬁP+1 _l; uP+1 +l;2 P+1 +l;3 f:—ll +ﬂ4 P+1 +l;5 5-4-21 (8)
o Bl Byl 4 Bl ©

W =B, f’“ Byl Byttt + Bkt & Bl (10)

2.4 Derivation of smoothing formula
coefficient

For the foregoing smoothing formula, the key problem is
the means for determining the value of the smoothing
coefficient. The values of the smoothing coefficients are
discussed as follows.

The relationship between the wavelength that may cause
high-frequency instability at the boundary point and the mesh
size of the finite element calculation is simplified into four cases,
as shown in Figure 3.
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Wavelength and mesh size. (A) Wavelength and mesh size of case (a). (B) Wavelength and mesh size of case (b). (C) Wavelength and mesh size of

case (c). (D) Wavelength and mesh size of case (d).

The smoothing effect of the coefficients considering four
wavelengths shown in the figure is evaluated. Consider three-
point smoothing as an example. The following four situations are
discussed:

1) For case (a), the amplitude at point 1 in Figure 3A represents
all points under the case. At point 1, the amplitudes before
and after smoothing are -1 and Y2 x (1) + %4 x1 + %4 x 1 =0,
respectively. The smoothed amplitude is found to be 0% of the
original amplitude.

2) For case (b), the amplitudes at points 1 and 2 in Figure 3B represent

those at all points. The amplitudes before and after smoothing at

point 1 are 0 and %2 x 0 + % x (—1) + % x 1 = 0, respectively. The
smoothed amplitude is found to be 0% of the original amplitude.

At point 2, the amplitudes before and after smoothing are —1 and

Yo x (-1) + % x 0 + % x 0 = =Y, respectively. The smoothed

amplitude is observed to be 50% of the original amplitude.

3) In case (c), the amplitudes at points 1 and 2 in Figure 3C

represent those at all points in the case. At point 1, the

amplitudes before and after smoothing are -1/2 and % x

(—%) + Y4 x V2 + Y4 x (1) = —3/8, respectively. The smoothed

amplitude is observed to be 75% of the original amplitude. At

point 2, the amplitudes before and after smoothing are —1 and

Vo x (1) + Yax (%) + % x (%) =

smoothed amplitude is 75% of the original amplitude.

—3/4, respectively. The
4) For case (d), the amplitudes at points 1, 2, and 3 in Figure 3D
represent those at all points. At point 1, the amplitudes before
and after smoothing are 0 and %2 x 0 + %4 x %2 + ¥4 x (%) =0,
respectively. The smoothed amplitude is 0% of the original
amplitude. At point 2, the amplitudes before and after
smoothing are -1 and % x (1) + %4 x (-%) + % X
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(=%2) = -3/4, respectively. The smoothed amplitude is
observed to be 75% of the original amplitude. At point 3, the
amplitudes before and after smoothing are % and %2 x (-%) +
Yax 0 + Yax (—1) = =Y, respectively. The smoothed amplitude is
100% of the original amplitude.

Table 1 summarizes the smoothing values of using three
coefficients in the four wavelength cases. The values in the table
are amplitude percentages after smoothing relative to the original
amplitude.

With this filtering method, the amplitudes of the high-frequency
and low-frequency waves are expected to decrease after smoothing.
The foregoing eliminates meaningless high-frequency components
without affecting the low-frequency part of the wave simulation. The
percentage values corresponding to the calculation in this study after
smoothing situations (a) and (b) are anticipated to be lower than
those before smoothing. The percentage values after smoothing
situations (c) and (d) must be higher than those before smoothing.

Table 1 indicates that the effect of values resulting from
three-point smoothing is closest to that expected, followed by the
effect of the five-point smoothing coefficient values (1/3, 1/4, 1/4,
1/12, and 1/12). The five-point smoothing coefficient values (1/2,
1/6, 1/6, 1/12, and 1/12) have the worst effect. Later, numerical
tests are conducted to verify the effects.

3 Modified formula of the MTF with
stabilization measure proposed

First-order and three-point smoothing are considered as an
example to discuss the MTF after smoothing. With point I on the
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TABLE 1 Smoothed amplitude percentage.

Three-point smoothing

(1/2, 1/4,1/4)

Five-point smoothing (1)

10.3389/feart.2022.1056583

Five-point smoothing (2)

(1/3, 1/4, 1/4,1/12, 1/12) (1/2, 1/6, 1/6, 1/12, 1/12)

(%) (%) (%)
case (a) Point 1 0 0 30
case (b) Point 1 0 0 0
Point 2 50 17 30
case (c) Point 1 75 50 50
Point 2 75 50 50
case (d) Point 1 0 0 0
Point 2 100 83 83
Point 3 100 60 70

Atrtificial boundary

FIGURE 4
Discrete model of multi-transmitting boundary area.

boundary shown in Figure 4 as the target point, three points, I, J,
and R, on the boundary are involved in smoothing point I
According to Eq. 7, the motion expression of point I after

smoothing at time P + 1 is.
~Pil _ g P+l Pi1 Pil
" =Py +ﬁz“} + Byug

(11)

According to Eq. 6, the motion expressions of I, ], and R at
time P + 1 are Eqs 12-14, respectively:

1 1

ut = 3 1-82-8ul +S2-S)uf | + ES(s -uf, (12)
1 1

w' = 3 (1-8)2-8u; +S(2-u; , + ES(s -Duy, (13)
1 1

ubt! = 2 1-8)(2-8up +S(2-Sup | + ES(S -Dub , (14)

By substituting Eqs 12-14 into Eq. 11, the motion
expression of point I after smoothing at time P + 1 is
derived as follows:
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FIGURE 5
Multi-directional transmitting boundary.

~P+1 __
u; =

(1-8)(2-8)(B,uy + B,y + Byup)
+8(2- S)(ﬁlu;)—l + ﬁzu;)—l + ﬁs“ﬁ—l)

1
+ ES(S - 1)(131”;)-2 + ﬁzuf—z + ﬁs”i—z) (15)

D -

Eq. 15 can also be regarded as a multi-directional
transmitting formula constructed using the information of all
nodes (including I - 1,I1-2,J,J-1,J -2, R, R— 1, and R -2)
around boundary node I, as shown in Figure 5. Coefficients {3, B,
and B; in Eq.15 can be considered as the share coefficients of
node participation in transmission.

Next, to verify the effectiveness of the proposed measure in
suppressing high-frequency instability, numerical tests are conducted.

4 Numerical test

As an example, the wave propagation is simulated for a semi-
infinite space model, as shown in Figure 6. The coordinates of the
observation points are as follows: point 1 (0 m, 0 m); point 2
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FIGURE 6
Calculation model.
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FIGURE 7
Displacement pulse.
(-500m, Om); point 3 (-500m, -500m); point 4 3) The time history curve of the observation point obtained using

(=500 m, -1,000 m); point 5 (0m, —1,000m); and point 6
(0 m, =500 m). The input SH wave pulse-time history is shown
in Figure 7. The incident angle is 0°, and the wave velocity is 2000 m/
s. The mesh size is Ax = 10 m and Ay = 5 m. The calculated time step
is At = 0.0025 s.

the
implementing and not implementing the proposed measures

Figure 8 shows comparison results between
for eliminating high-frequency instability. As shown in
Figure 8, the coefficients are as follows: in three-point
smoothing, f; = 1/2 and B, = B3 = %; in five-point smoothing
(1), By = 1/3, B, = P3 = %, and P, = 5 =1/12; and in five-point

smoothing (2), B; = 1/2, B, = B3 = 1/6, and P, = s =1/12.

By analysing the results of the displacement-time history
comparison of observation points in Figure 8, the following are
deduced.

1) The processing method of adjacent nodes participating in
filtering smoothing on the artificial boundary is effective for
suppressing the instability of high-frequency oscillations.

2) The corresponding curve of the three-point smoothing

measure does not exhibit high-frequency oscillations,

indicating that the measure has a satisfactory effect on

suppressing high-frequency instability.
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the five-point smoothing measure exhibits slight oscillations.
Between the two values yielded by five-point smoothing, the
following coefficients is the worst: 1/2, 1/6, 1/6,1/12, and 1/12. In
Figure 8B, C, E, the time history curves corresponding to the
foregoing set of values have small high-frequency oscillations,
indicating that this group of values cannot completely eliminate
high-frequency instability.

4) In Figure 8E, F, the curves corresponding to the two five-point

=

smoothing measures have distinct abnormal fluctuations
between 2 and 3s. No abnormal fluctuations are observed in
the curves corresponding to those in which no measure for
eliminating high-frequency oscillation is applied and the curves
corresponding to the three-point smoothing measure. This
shows that the abnormal fluctuation is caused by the
disturbance from numerous low-frequency components
introduced by the five-point smoothing method while filtering
high-frequency components. The disturbance due to numerous
low-frequency components causes abnormal fluctuations. This
also demonstrates that the effect of the three-point smoothing
measure is superior to that of the five-point smoothing one.

Table 2 lists the peak displacement-time histories of each
observation point shown in Figure 8. The data in Table 2 indicate
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TABLE 2 Displacement peak of observation point.

10.3389/feart.2022.1056583

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
No measures 1.9999 1.9999 0.9999 0.9999 0.9999 1.0000
Three-point smoothing 2.0000 1.9974 0.9991 1.0083 1.0000 1.0001
Five-point smoothing (1) 2.0002 1.9944 0.9979 1.0452 1.0000 1.0001
Five-point smoothing (2) 2.0002 1.9937 0.9974 1.0565 1.0000 1.0001
A
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that the peak value of point 4 significantly differs. The peak value
error obtained by the three-point smoothing measure is only
0.83%, whereas the errors obtained by the five-point smoothing
one are 4.5% and 5.6%. This further demonstrates that three-
point smoothing measure is better than five-point smoothing
one. By considering the results in Figure 8; Table 2, the three-
point smoothing measure is found to resolve the high-frequency
instability, and the peak value of the observation point is least
disturbed. This verifies the observation presented in Section 1.4.
In terms of practical implementation, three-point smoothing is
simpler than five-point smoothing. Accordingly, the use of the

three-point smoothing measure is recommended.

5 Conclusion

Inspired by the multi-directional transmitting formula, and
considering the high-frequency wave oscillation in the vertical
and parallel directions with the artificial boundary, a strategy for
filtering and smoothing adjacent nodes on the artificial boundary
is proposed in this paper to suppress the instability of high-
frequency oscillations of the multi-transmitting boundary. A
reasonable smoothing coefficient value was obtained, and the
effectiveness of the measure was verified through numerical tests.
The main findings of the study are summarized as follows.

1) The smoothing filtering strategy using the adjacent nodes of
the artificial boundary is effective in suppressing the
instability of high-frequency oscillations of the multi-
transmitting boundary.

2) This paper presents three types of smoothing coefficient value
combinations. Both three-point and five-point smoothing
measures are effective in suppressing high-frequency instability
of the multi-transmitting boundary; however, the three-point
smoothing measure exhibits better performance. This is because
low-frequency components are inevitably introduced when high-
frequency components are filtered. Five-point smoothing
measure introduces more low-frequency interference factors
than three-point smoothing one. Consequently, excessive low-
frequency disturbances cause the time history curve to fluctuate
and affect calculation accuracy.

3) This study analyses the conceptual similarity between the
smoothing of the motion calculated by the boundary point
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China, *Beijing Key Laboratory of Urban Underground Space Engineering, School of Civil and Resource
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This study proposes a seismic input method for layered slope sites exposed to
obliquely-incident seismic waves which transforms the waves into equivalent
nodal forces that act on the truncated boundary of a finite element model. The
equivalent nodal forces at the left and right boundaries are obtained by
combining the free field response of a one-dimensional layered model with
a viscoelastic boundary. The equivalent nodal forces at the bottom boundary
are obtained by combining the incident wave field with the viscoelastic
boundary. This proposed seismic input method for slope sites exposed to
obliquely incident seismic waves is implemented with the aid of MATLAB
software; it is applied to the seismic response analysis of slope sites in the
commercial finite element ABAQUS software. The calculation results are
compared with the reference solutions obtained by using the extended
model to verify the correctness of the established seismic input method.
The proposed seismic input method is then employed to investigate the
influencing factors of the seismic response of layered slope sites exposed to
oblique incidence P waves. The results show that the angle of incidence,
location of the interface between soft and hard rocks, and impedance ratio
have significant effects on the seismic landslide.

KEYWORDS

seismic input method, obliquely incident P waves, layered slope site, influencing
factors, seismic landslide

1 Introduction

Landslides are frequent during earthquakes in mountainous and hilly areas
(Prestininzi and Romeo, 2000; Chigira et al., 2005; Sato et al., 2007; Semblat et al.,
2011). Hillside topography can magnify seismic intensity and change seismic frequency
content—termed “topographic effects”. Landslide disasters caused by earthquakes have
been a frequent subject of geological hazard research because of their wide distribution,
considerable quantity, and great harm (Bird et al., 2004; Owen et al., 2008). Since the
1960s, scholars have begun identifying and analyzing the seismic response of slope sites
exposed to seismic waves (Cavallin and Slejko, 1986; Jibson et al., 2000; Pareek and Arora,
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20105 Li et al,, 2022). Analysis methods have included landslide
observation, model testing, and numerical simulations (Keeper,
1984). The finite element method (FEM) is the most common
numerical method; it can effectively simulate the geometric and
material non-linear characteristics of slope sites.

When analyzing the seismic response of slope sites based on
FEM, it is necessary to introduce artificial boundary conditions at
the truncated boundaries of the finite domain to simulate the
radiation damping effect of the infinite domain on the finite
domain. The artificial boundary appropriate to the characteristics
and specific conditions of the research object must be deduced.
Due to the irregular terrain of slope sites, poor geological
conditions, and the existence of free surfaces, the topographic
effect of slope site has attracted research attention (Gischig et al.,
2015; Poursartip et al, 2017). It is necessary to deduce the
appropriate artificial boundary according to the characteristics
of the research object and the specific situation. In previous finite
element analysis of the seismic response of slope sites, most
scholars have assumed that the bottom boundary of the model is
rigid, while the lateral side boundaries adopt roller boundaries
(Rizzitano et al, 2014), viscous boundaries (Lysmer and
Kuhlemeyer, 1969; Athanasopoulo et al., 1999; Pelekis, 2017),
viscoelastic boundaries (Deeks and Randolph, 1994; Liu et al.,
2006; Maleki and Khodakarami, 2017), transmissive boundaries
(Liao and Wong, 1984), paraxial approximate boundaries
(Clayton and Engquist, 1977), and infinite element boundaries
(Bettess, 1977; Astley, 2000). Seismic input is completed by
converting the seismic wave action into the equivalent forces
applied to boundaries; however, this treatment method is not
applicable in cases where the lower part of the site model is not
bedrock.

Much recent research has been conducted on the seismic
response analysis of slope sites with non-rigid bedrock at the
bottom of the site model. Based on the viscous boundary,
Bouckovalas and Papadimitriou (2005) presented numerical
analyses for the seismic response of step-like ground slopes in
uniform viscoelastic soil under vertically propagating SV seismic
waves. Assimaki et al. (2005) employed the viscous boundary to
address vertically incident seismic wave action and obtained a
seismic input method suitable for layered slopes. Based on the
viscous boundary, Lenti and Martino (2012) studied a landslide
disaster on a stepped slope under the action of a vertically
incident seismic wave. Nakamura (2012) adopted the energy-
transmitting boundary to study the seismic input and established
the seismic response analysis method for the layered slope.
However, when the source is shallow or the site is far from
the epicenter, the seismic input cannot be assumed to be
vertically incident seismic waves but can be considered
obliquely incident.

Scholars have thus conducted research on the seismic
response of regular sites under the action of obliquely incident
seismic waves. Liu and Lu (1998) proposed a seismic input
method based on spring-buffer boundary conditions that
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o Internal finite element nodes

The proposed seismic input method

FIGURE 1
Model of a layered slope site under obliquely incident P
waves. (A) Schematic diagram. (B) Proposed seismic input method.

convert seismic waves with arbitrary incident angles into
equivalent nodal forces acting on boundary nodes. Based on
the viscoelasticity boundary, Huang et al. (2017a) and Huang
et al. (2017b) used the FEM to analyze the non-linear seismic
response of tunnels with a normal fault ground subjected to
obliquely incident seismic waves. Bazyar and Song (2017)
expressed such a wave as the boundary condition applied to
the near field by the proportional boundary FEM. Based on the
one-dimensional time-domain FEM proposed by Liu and Wang
(2007), Zhao et al. (2013) and Zhao et al. (2017) proposed an
improvement by establishing a site response analysis method and
applying it to study the influence of the oblique incidence of
ground motion on the seismic response of subway stations.
methods
established for seismic response analysis of regular sites under

However, previous seismic input have been
the action of obliquely incident seismic waves; this is not
applicable to the seismic response of slope sites under the
action of obliquely incident seismic waves. There are few
studies on the seismic input method of slope sites exposed to
obliquely incident seismic waves.

In this paper, obliquely incident seismic waves are
transformed into equivalent nodal forces that act on the
truncated boundary of the finite element model as the
seismic input. Based on the viscoelastic artificial boundary,
the free field responses of one-dimensional layered sites with
different heights are taken as the seismic input for the left and

right boundaries, and the incident wave field is used as the
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FIGURE 2

One-dimensional finite element model. (A) Left boundary. (B) Right boundary.

seismic input for the bottom. Then, the proposed seismic
input method for slope sites under the action of obliquely
incident seismic waves is implemented with the aid of
MATLAB software and is applied to the seismic response
analysis of slope sites in the commercial finite element
ABAQUS software. Accordingly, the numerical simulation
results of a two-dimensional layered slope site obtained
using the established seismic input method are compared
with the numerical results of an extended computational
model to verify the accuracy of this method. Finally, with
the aid of the proposed seismic input method, the influencing
factors of the seismic response of layered slope sites under
oblique incidence P waves are determined.

2 Seismic input mechanism for the
slope site

2.1 Governing equations

Figure 1A illustrates the schematic diagram of the
seismic response analysis of a layered slope site subjected
to P waves obliquely incident at an angle of a. When
analyzing the seismic response of a two-dimensional
layered slope site with the aid of the FEM, the finite
computational domain needs to be cut off from the
infinite ground. Artificial boundaries are usually used to
simulate waves scattered by target structures and the non-
reflecting wave effect of truncated infinite domains (Du
et al., 2006; Huang et al., 2016; Zhao et al., 2019; Li et al.,
2020). The stable and accurate viscoelasticity artificial
boundary developed by Du et al. (2006) is adopted in this
study. For a given boundary node I (x;, y;, z;), one pair of
dashpots and springs in the normal and tangential
directions of the boundary plane are established
respectively (Figure 1B).

At a given boundary node I (x;, y;) of the 2-D finite element
model, the parameters for the springs and dashpots are

Frontiers in Earth Science

1 A+2G
K, = A _ Cin = Ab,pc
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where Kj, and Kj; denote the normal and tangential spring
stiffnesses at the boundary node I (x; y); Cy, and Cj denote
the normal and tangential damping coefficients at the boundary
node I (x;, y7); A;is half of the total length of all boundary elements
containing the boundary node I (x;, y;); R is the distance between
the scattering source and the artificial boundary node; A, G, and p
are the Lamé constant, shear modulus, and mass density of the
ground, respectively; ¢; and ¢, represent the shear and
compression wave velocities of the ground, respectively; a,
and b, are the modified coefficients with good values of
0.8 and 1.1, respectively (Du et al., 2006).

The dynamic finite element equation for the finite domain
has the form

My Mg .. .. Cn Cp iz Ky K U
upigy + ot
[MBI MBB]{ i} [CBI CBB]{"B} [KBI KBB]{“B}

@

where subscript g represents the boundary node and subscript
represents the internal node, u, #, # and F represent
displacement, velocity, displacement and force vectors, and M,
Cand Krepresent the mass matrix, damping matrix, and stiffness
matrix.

The seismic waves can be separated into the free field motion
of the infinite domain and scattering wave motion generated by
all scattering sources. The free field motion in the infinite domain
or engineering site is expressed by the superscript /, and the
scattering wave motion is expressed by the superscript °. The
displacement u;, velocity 1, and force F; at a given boundary
node I (x;, y;) of the 2-D finite element model can be written as

u = u{ + u;, (3)
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Calculation model for the layered slope site exposed to obliquely incident P waves.

TABLE 1 Material constants of the soil.

Layer Density p Elastic modulus Poisson’s Internal friction angle Cohesion
(kg/m?3) E (Pa) ratio v ¢ () c (Pa)
Upper 1700 1e9 0.45 20 0.05e6 1494 450
Lower 2400 17.7¢9 0.26 45 1.4e6 3004 1711
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FIGURE 4
Time history curve of the input seismic wave. (A) Displacement. (B) Velocity.

W=

F,=F +F.

4
®)

+ 1,

where ulT = [uu,y ], l'llT = [tic1iy], and FIT = [F.F,]. The load F;
due to the scattering wave motion can be expressed as

F‘; = —Kzu; - C[ﬁ;, (6)

where Kj; and Cj; represent the spring component and

damping component of the stiffness matrix K; and
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damping matrix C; at an artificial boundary node [ in the i
direction, respectively.
Substituting Eqs 3-5 into Eq. 6 after rearrangement, the
following equation can be obtained:
F1 = Klulf + Clu,f + Alf{ - Klul - Clﬁl, (7)

where flf = f,{ f;]T is the stress vector induced by free field
motion.
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FIGURE 5

Comparison results at different input angles. (A) Comparison of the vertical acceleration results of node A at different input angles.

(B) Comparison of the vertical velocity results of node A at different input angles. (C) Comparison of the vertical displacement results of
node A at different input angles. (D) Comparison of the vertical acceleration results of node B at different input angles. (E) Comparison of
the vertical velocity results of node B at different input angles. (F) Comparison of the vertical displacement results of node B at
different input angles.
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Then, substituting Eq. 7 into Eq. 2, the dynamic finite
element equation is:
My M
My Mg

Y, CH CRI
]{quB} * [ Cpr Cpp +Cp

t
g

®)

where submatrices [Cp] and [Kg] are both diagonal. For the
boundary node I (x;, y)), [Cgl; = C;, [Kg]; = K. [F] represents the
equivalent seismic forces acting on the artificial boundary. Flf is
the equivalent nodal force and has the form

F = Kul +Cul +Af]. ©9)

Equation 9 provides the method of converting seismic waves
into equivalent nodal forces that act on artificial boundary nodes
to realize the seismic wave input in the seismic response analysis
of the finite element model. To calculate the equivalent node
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force at each boundary node, it is necessary to provide the free
field velocity, displacement, and stress at the node.

2.2 Equivalent nodal forces for the slope
site

For the incidence of the seismic waves, the wave motions can
be transferred into equivalent node forces applied at the
boundary nodes. However, due to the topographic effect of
the slope site, the seismic input wave fields at the left, right,
and bottom boundaries of the two-dimensional finite element
model are different. Realization of the seismic wave input at the
left and right artificial boundaries requires the free field response
calculation for a one-dimensional layered site. Because of the
different heights of the left and right sides of the slope terrain,
one-dimensional FEM calculations are necessary (Figure 2)
(Zhao et al., 2017). The equivalent nodal forces at the left and
right boundaries are then obtained by combining the calculation
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results of the one-dimensional FEM with the viscoelastic artificial
boundary to complete the seismic input at the left and right
boundaries.
For node I (x;, y;) on the left or right boundary, the equivalent
nodal forces of obliquely incident P waves can be given as
{Fx = Kb + Crathx + 8A f«

F, = Ky, + Cuti, + 84 ], ° (10)

where u,, 11y, and f are the displacement, velocity, and internal
stress of the one-dimensional finite element model at node [ in
the x direction respectively; u,, t,, and f, are the displacement,
velocity, and internal stress of the one-dimensional finite element
model at node [ in the y direction, respectively; the boundary-
dependent parameter § values are -1 for the left boundary and
1 for the right boundary.

For node [ (x5, 0) on the bottom boundary, the equivalent
nodal forces of obliquely incident P waves can be given as

{ Fx = Klsubx + Clsubx - Alfbx

. , 11
Fy:Klnuby+Clnuby_Alfby ( )

where uy,, and 1, are the displacement and velocity of the
bottom boundary node in x the direction, respectively; Upy and
1y, are the displacement and velocity of the bottom boundary
node in the y direction, respectively; f;, and fy, are the stresses
of the bottom boundary node in the x and y directions,
respectively.

Since the P waves are obliquely incident at an angle of &, there
is a time delay in the response of any node on the bottom
boundary relative to that of the initial incident node in the finite
element model. 1 (¢) and 11 (¢) are the displacement and velocity
at the initial incident node with an angle of «, respectively.
Therefore, the displacement and velocity of each node at the
bottom boundary are expressed as

Upy = U (t— At) - sina

{uby =uy(t—At)- cosa’ (12)
Uy, =t (t — At) - sina

{uby =uy(t—At)- cosa’ (13)

where At = (x; sin a/cp) is the time delay in the response of any
node on the bottom boundary relative to that of the initial
incident node.

The stresses along and perpendicular to the incident
direction of the P wave are expressed as

1= w% (t — At)
p
A , (14)
0y = *T/Alo (t - At)
p

The stresses fp. and f3, of the bottom boundary node in the
x and y directions are
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FIGURE 9

Displacement of the slope at different incident angles. (A) Displacement nephograms at t = 20 s. (B) Displacement time history comparison of

the slider.

2G - sina - cosa .

= (0, —0;)- sina- cos a = 1o (t — At)

Cp

A+ 2Gcos *a.

=0, -cos 2o+ 0, -sin 2a = 1o (t — At)

=
=
|

»
(15)

3 Method validation

The seismic input method established in Section 2 is realized
through programming with MATLAB software and is applied to
the seismic response analysis of slope sites in the commercial
finite element ABAQUS software. To verify the accuracy of the
proposed seismic input method, this section simulates the free
field response of a layered slope site under the action of obliquely
incident P waves. The size of the finite element model of the two-
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dimensional slope site is 240 m long, 70 m high on the left side,
and 100 m high on the right side (Figure 3). h represents the
thickness of soft layer; in this section, & = 30 m. The reference
solution is the calculation result of an extended computational
model with a length of 4100 m, a right-side height of 2100 m, and
a left-side height of 2070 m. The slope site is meshed by solid
elements, with a mesh size of 1 m. The material parameters of
each layer of the slope site are shown in Table 1 (JTG/T D70-
2010, 2010). The form of the obliquely incident pulse wave with
an incident angle of « acting on the slope site calculation model is
shown in Figure 4.

In verifying the seismic input method for the layered slope
site, the P wave is incident from the left corner of the model with
angles of 0%, 10°, 20°, and 30°. The observation nodes are arranged
at each node of the free surface within the range of 10 m from the
left side of the slope toe to 10 m from the right side of the slope
top (Figure 3). Top node A and toe node B are the main
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observation nodes. The results of the acceleration, velocity, and
displacement time history of the layered slope site model,
calculated on the established seismic input method, are
compared with the results of the extended model. The
comparison results are shown in Figure 5. The results
obtained with the aid of the established seismic input method
agree well with the reference solutions. The accuracy and
applicability of the established seismic wave input method for
slope sites are thus verified.

The relative error of the peak displacement value is used to
measure the accuracy of the calculation results; the calculation

formula is

_ ||V(t)| max IrO (t)| max|

R
170 (£)] max

) (16)

where ry(t) is the displacement reference solution, r(f) is the
displacement calculation result obtained using the seismic input
method proposed in this paper, | | represents the absolute value,
and the subscript . is used to evaluate the maximum value.

The comparison of the results and relative errors of the
vertical displacement peaks of each observation node on the free
surface are shown in Figure 6. The change in the dynamic
amplification effect of the displacement peak with topographic
relief is negligible, and the maximum error of the displacement
peak at four incident angles is less than 1%. Therefore, by
comparing the calculated results of the small model of the
slope site with the numerical results of the extended model,
the high accuracy of the developed seismic input method is
further demonstrated.

4 Parameter study

This section discusses the effects of incident angles, soft-hard
rock interface positions, and impedance ratios on the seismic
responses of slope sites exposed to obliquely incident P waves.
The seismic input method of the slope site established in Section
2 is employed.

The upper soft rock and lower hard rock of the slope site is
modeled in ABAQUS software, and the Mohr-Coulomb elastic-
plastic model is selected for the constitutive relationship. The
model dimensions are shown in Figure 3. The Kobe wave
(Figure 7) is input by the seismic input method proposed in
this paper to study the factors that influence seismic landslides.

4.1 Input angle of the seismic wave
This subsection investigates the influence of the different

incident angles (« = 0°, 15°, 30°, and 45°) of P waves on the
dynamic responses of the slope site. The site parameters are
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Displacement of the slope at different interface positions of soft and hard rock. (A) Displacement nephograms at t = 20 s. (B) Displacement time
history comparison of the slider.

TABLE 2 Material constants of the slope site.

Impedance Layer  Density p Elastic Poisson'’s Internal Cohesion Cp
ratio a (kg/m?) modulus ratio v friction angle c (Pa)
E (Pa) %0
Case 1 0.2 Upper 1700 1.2¢9 0.42 21 0.08e6 1342 499
Lower 2500 20.2¢e9 0.25 50 1.5e6 3114 1798
Case 2 0.4 Upper 1700 1.2e9 0.42 21 0.08e6 1342 499
Lower 2200 5.8e9 0.31 37 0.6e6 1912 1003
Case 3 0.6 Upper 1700 1.2¢9 0.42 21 0.08e6 1342 499
Lower 2100 2.7¢9 0.32 31 0.35e6 1356 698
Case 4 0.8 Upper 1700 1.2e9 0.42 21 0.08e6 1342 499
Lower 1900 1.68e9 0.37 25 0.16e6 1251 568
Case 5 1.0 Upper 1700 1.2¢9 0.42 21 0.08e6 1342 499
Lower 1700 1.2¢9 0.42 21 0.08e6 1342 499
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shown in Table 1, with the soft and hard rock interface 30 m from
the slope top. Figure 8 shows the plastic strain nephograms of the
slope site at different timing exposed to obliquely incident P
waves with different angles. The displacement nephograms of the
slope site at t = 20 s are illustrated in Figure 9A.

As shown in Figure 8, landslides occur in the slope sites of
upper soft rock and lower hard rock exposed to obliquely
incident P waves with different incident angles. Landslide
surfaces appear on the slope bodies, and the blocks slide
down along the landslide surfaces. With increasing incident
angle, the maximum plastic strain value increases, and the
plastic zone of the slope site enlarges. Meanwhile, the
landslide surface starts earlier at larger incident angles.
Figure 9A shows that the volume and sliding displacement of
the landslide mass increase with an increasing incident angle, and
the sliding slope surface changes from steep to gentle. This means
that the landslide hazard becomes higher with an increase in the
oblique incidence angle of the P wave.

To better reflect the displacement of each slider at different
incident angles, Figure 9B shows the displacement time history
comparison of a slider at such angles. As shown in Figure 9B, the
absolute value of the horizontal average displacement of the
slider increases with an increase of the incident angle, while the
absolute value of the vertical average displacement decreases. The
resultant displacement of the sliding block first decreases and
then increases with an increase of the incidence angle, and the
corresponding deformation of the slope site gradually changes
from elastic to plastic deformation.

4.2 Positions of the soft-hard rock
interface

This subsection analyzes the effect of the soft and hard rock
interface positions on the dynamic response of the slope site by
adopting the slope site model of the upper soft rock and lower
hard rock shown in Figure 3. The distances between the
soft-hard rock interface and the slope top are h = 30, 27, 24,
and 21 m, respectively. The smaller the distance between the soft-
hard rock interface and the slope top, the thinner the soft rock
overburden is above the hard rock. The site parameters are
shown in Table 1.

P waves are obliquely incident at an angle of a = 45° from the
lower left corner of the model. Figure 10 shows the plastic strain
nephograms of the slope site under the action of obliquely
incident P waves with different soft-hard rock interface
positions at different timings. Figure 11A depicts the
displacement nephograms of the slope site at ¢ = 20 s. Figures
10, 11A show that, for the slope site with upper soft rock and
lower hard rock, the plastic zones first appear at the interfaces
between soft rock and hard rock and then continuously develop
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Displacement of the slope at different impedance ratios. (A) Displacement nephograms at t = 20 s. (B) Displacement time history comparison of

the slider.

upward to form landslide surfaces. A thicker soft-rock
overburden tends to cause an earlier appearance of the plastic
strain zone, faster sliding surface formation, a greater plastic zone
and plastic deformation, and stronger sliding.

In order to better reflect the influence of the soft-hard rock
interface position on the sliding displacement of the slider,
11B  describes the
comparison results of the slider at different positions of the

Figure displacement time history
soft-hard rock interface. Thus, the absolute value of the
horizontal and vertical average displacement and the resultant
displacement of the slider all increase as the distance between the
soft-hard rock interface to the top of the slope changes from near

to far.
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According to the comprehensive analysis in Figures 10, 11,
on slope sites of upper soft rock and lower hard rock, the smaller
the thickness of the soft rock layer, the safer the site will be. When
the interface between soft and hard rock is 21 m from the slope
top, the plastic strain zone appears late, and the plastic strain and
sliding displacement of the slider are small. The thickness of soft
rock is small enough to prevent landslides.

4.3 Impedance ratio

This subsection analyzes the dynamic responses of the
layered slope site at different impedance ratios (7 = 0.2, 0.4,
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0.6, 0.8, and 1.0) of the upper and lower layers. The size of the
slope site finite element model is the same as in Section 4.1; the
site parameters are shown in Table 2. P waves are obliquely
incident at an angle of & = 15° from the lower left corner of the
model.

Plastic strain nephograms of the slope with different
impedance ratios are given in Figure 12. The greater the
impedance ratio between the upper and lower media, the
later the plastic strain zone appears, the slower the
development speed, and the later the landslide surface will
occur. The maximum plastic strain of the slope site decreases
with increasing impedance ratio between the upper and lower
media.

Figure 13A illustrates the displacement nephograms of the
slope site with different impedance ratios at t = 20s. The
impedance ratio has no effect on the position of the landslide
surface and the volume of the sliding block but has a
significant effect on the sliding displacement of the sliding
block.

To better reflect the influence of the impedance ratio between
the upper and lower media on the sliding displacement of the
slider, Figure 13B describes the displacement time history
comparison results of the slider at different impedance ratios.
It can be concluded that the absolute value of the horizontal and
vertical average displacement and the resultant displacement of
the slider have the same change trend under different impedance
ratios, and that they all decrease with the increase in impedance
ratio. With this increase, the landslide hazard of the slope site
decreases significantly.

5 Summary and conclusion

Landslide seismic disasters have become a focus of geological
hazard research because of their wide distribution, frequency, and
great harm. Due to the topographic effect of slope sites, the seismic
input method of regular sites is no longer applicable. This paper
combines viscoelastic boundary with a seismic input method for
slope sites under the action of obliquely incident P waves.
Application is made with MATLAB programming software. The
finite element model of the slope site is established in the application
software ABAQUS, and the seismic mechanical behavior of the
slope site is simulated by the Mohr-Coulomb model. Compared
with the calculation results of the extended model, the established
seismic input method is verified as correct. The established seismic
input method is applied to analyze the parameters of landslide
disasters in slope sites with upper soft rock and lower hard rock.

Under all calculation working conditions, the landslide hazard
occurrence process of the slope site is basically the same, but the
severity of the landslide hazard is different. Under the action of
obliquely incident P waves, a small range of plastic deformation in
upper soft rock slopes and lower hard rock slopes first occurs at the
soft-hard rock interface. Next, the plastic zone expands upward to
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form a small-scale plastic zone, and the maximum plastic strain
value increases continuously; the input velocity time history is then
close to the peak. Thereafter, the plastic zone expands upward.
When the input seismic wave reaches peak value, an obvious slip
surface is formed. The slope body slides downward along this, and
the deformation of the slope top is obvious. After the peak value is
reached, there is no obvious change in the size of the plastic zone, but
the maximum plastic strain value still increases in a small range over
time. The details are as follows.

(1) For the slope site with upper soft rock and lower hard rock, the
plastic zone and plastic strain value increase as the incident
angle of the P wave changes from 0° to 45°. The larger the
incident angle of the P wave, the earlier the landslide surface will
form, the larger the landslide volume and sliding displacement,
and the more serious the landslide disaster will be.

(2) For slope sites with upper soft rock and lower hard rock, the
plastic zones first appear at the soft-hard rock interface and then
continuously develop upward to form the landslide surfaces. The
farther the soft-hard interface is from the slope top, the earlier
the plastic strain zone will appear, and the faster the slip surface
forms. With the thickening of the soft rock overburden, the
plastic zone area and plastic deformation increase, and the
sliding displacement of the slider is more obvious.
(3) The greater the impedance ratio between the upper and
lower media of the layered slope site, the later the plastic
strain zone will appear, and the slower the plastic zone
develops. At different impedance ratios, the location of
the landslide surface and the volume of the sliding block
are basically the same. The maximum plastic strain and
sliding displacement of the sliding block decrease with the
increase of impedance ratio.

Some limitations should be noted with this paper. As
the type of seismic failure of hard rock slopes is different
from that studied in this paper, the proposed method is not
suitable for such slopes. These conclusions and findings are
based on the simulation results of the calculation model of
the soft rock slope site and slope site with upper soft rock
and lower hard rock. Due to the complexity of the
problems, the validity of these conclusions and findings
for calculating a model of hard rock slope sites or soil slope
sites need much more study. Moreover, the simulation of
the material of the slope site is based on the Mohr-Coulomb
model without considering the existence of cracks and
structural planes in rock mass materials. In general, the
limits mentioned above should be addressed in
future work.

Finally, the proposed method only discusses seismic
landslides under the action of P waves, and further
research is needed on seismic landslides under the action of
shear waves and Rayleigh waves. Follow-up study regarding

these issues is needed.
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In the Ludian Ms6.5 earthquake (Yunnan, China), Longtoushan market town and its
vicinity showed significant differences in earthquake damage. To explain this
phenomenon, this paper discusses the local engineering geological conditions,
local topographic effects, and seismic response of the soil layer in Longtoushan
market town. The results show that complex topography and varied engineering
geological conditions will lead to significant differences in ground motion, and
then lead to significant differences in building earthquake damage. Slope
topography has an obvious influence on ground motion. From the foot of
the slope to the top of the slope, the degree of influence gradually increases,
and the influence in different directions is different, as shown: the closer to the
top of the slope, the more significant the difference. This indicates that the
serious damage to buildings built on the slope is caused by the amplification
effect of local terrain and the differential effect of ground motion. Although the site
belongs to Class Il site, the near-surface geotechnical properties and their
combination characteristics, the physical state and thickness of the overlying
soil layer, the variation characteristics of shear wave velocity, the non-linear
dynamic characteristics of the soil, and other factors play a decisive role in
the amplification degree of ground motion. The significant difference in ground
motion on the surface of the slope site leads to a significant difference in seismic
damage to buildings on the site. The covering soil layer has a significant effect
on the acceleration response spectrum. The conclusions obtained in this paper
can provide a scientific basis for the site selection of engineering construction
and seismic design of building structures.

KEYWORDS

ground motion, site effect, local topography, response spectrum, ground pulsation

1 Introduction

China has been hit by several destructive earthquakes since 2000, causing heavy casualties
and economic losses. For example, the Wenchuan Ms8.0 earthquake in 2008 caused
more than 100,000 casualties and hundreds of billions of direct economic losses (Peng
et al, 2011). In 2010, the Yushu Ms7.1 earthquake in Qinghai Province killed more than
2000 people (Ni et al, 2010). The Lushan Ms7.0 earthquake in Sichuan Province in
2013 caused hundreds of casualties (Li et al., 2013). The Jinggu Ms6.6 earthquake in
Yunnan Province in 2014 also caused hundreds of casualties and economic losses of
5 billion yuan (Jia et al, 2016). Ludian Ms6.5 earthquake in Yunnan Province on
3 August 2014, caused 617 deaths, 112 missing, and 3,143 injured, and the direct
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economic losses is 23.578 billion yuan (Hao et al, 2016). In the
Ludian earthquake, the seismic intensity of Longtoushan market
town was IX, which caused serious building damages, as shown in
Figure 1.

In the Ludian earthquake, the strong-motion seismograph
located in the Bureau of Finance of Longtoushan Market Town
recorded a maximum acceleration value of 949 cm/s* in the EW
direction, which is the largest peak ground acceleration (PGA)
recorded in the meizoseismal area in the mainland of China so far
(Cuietal.,2014). The investigation of the earthquake damage in the
meizoseismal area shows that there is a large difference in the
earthquake damage to buildings in Longtoushan Market Town,
which is shown as “moderate earthquake but great disaster”. The
study of the abnormal earthquake damage phenomenon is helpful
to reveal the mechanism of the abnormal earthquake damage,
which has important reference value for the revision of the
seismic design code of buildings and the site selection of
construction projects.

Earthquake magnitude, propagation path, and local site
conditions are the main factors affecting earthquake damage
(Mayoral et al., 2019; Jin et al., 2020; Pamuk and Ozer., 2020).
In the case of the Ludian earthquake, a mere Ms6.5 earthquake
would not have been enough to cause such severe damage to
Longtoushan Market Town. The only possible reason for the
significant difference in earthquake damage, under the condition
of a similar transmission path, is that the local site conditions have
a significant impact on earthquake damage.

Local site conditions have a significant influence on earthquake
damage to buildings (Panzera et al., 2018; Brando et al., 2020; Cetin
et al, 2022; Huang et al.,, 2022). Borcherd et al. (1976) analyzed
the San Francisco earthquake in 1906 and found that the
earthquake damage to buildings located on bedrock or the hard
site was light, while the earthquake damage to buildings located on
soft ground was heavy. They pointed out that the site conditions
have an important influence on earthquake damage. Subsequent
earthquakes also show that site conditions have a significant impact
on building earthquake damage (Estrella et al., 2003). For example,
the Mexico earthquake in 1985, the Jiji earthquake in Taiwan in 1999
(Wang et al., 2002), and the Wenchuan earthquake in Sichuan in
2008 (Bo et al., 2009) all confirmed this conclusion. In addition, the
influence of local terrain on building earthquake damage is mainly
reflected in the amplification of local terrain on ground motion and

A Government office area

FIGURE 1
Earthquake damage in Longtoushan market town.
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the non-uniformity of spatial distribution (Geli et al., 1988; Celebi
et al., 1991; Shiann-Jong et al.,, 2009; Sun et al.,, 2011; Yang et al.,
2018). This shows that for buildings located on complex terrain, it is
necessary to consider local topographic effects in site selection and
seismic design of engineering structures to ensure their safety under
earthquakes.

The detailed seismic damage investigation data, strong motion
records, and engineering geological data of the Ludian earthquake
provide abundant materials for the analysis of local ground motion
effects in Longtoushan Market Town. This paper will study the ground
motion effect of the local slope site in Longtoushan Market Town
through the analysis of local geological conditions, local topographic
effect and seismic response of the soil layer, and then reveal the
mechanism of serious earthquake damage in Longtoushan Market
Town, so as to provide the basis for land planning, the site selection for
engineering construction and building seismic design in Longtoushan
Market Town.

2 Engineering geological condition

The Ludian earthquake area is located in the south-central
section of the south-north-trending seismic belt on the eastern
margin of the Qinghai-Tibet Plateau. The geological structure here
is very complex, mainly the NE- and NW- trending fault structures.
The NE-trending fault is mainly the Zhaotong-Ludian fault, which
consists of three secondary faults. The NW-trending fault is mainly
the Baogunao-Xiaohe fault, which consists of several short faults.
Longtoushan Market Town is just in the intersection area of the
Zhaotong-Ludian fault and the Baogunao-Xiaohe fault (Pang et al.,
2016).

According to the investigation of Ludian earthquake damage, the
geomorphic features of Longtoushan market town are mainly
structural erosion canyons and denudating landforms of low
mountain mounds, among which Longquan River and Shaba River
pass through the town. Longtoushan market town is located between
the foot of the mountain and the Longquan River, and the
construction site is mostly the gentle slope landform formed by the
accumulation of rivers. The overlying soil layer of bedrock mainly
includes medium compressible clay containing gravel, pebbled silty
clay, gravel soil, pebble, silty clay, and so on. Such complex topography
and changeable geological conditions will have a significant impact on

B Residential living area
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the ground motion, and then cause significant differences and zoning
of earthquake damage.

3 Analysis of local topographic effect
based on ground pulsation

The houses in Longtoushan market town are mainly built along
the slope, and some of them are seriously damaged by the earthquake,
as shown in Figure 2A. The methods of studying local topographic
effects mainly include the analytical method, numerical simulation,
and experimental study (physical model test and site observation).
With the improvement of instrument observation accuracy and
resolution, site  observation, especially ground pulsation
observation, has been widely used in the study of local topographic
seismic effects. The research on the dynamic characteristics of a site
based on ground pulsation (Nurwidyanto et al., 2021; Molnar et al.,
2022) began in the 1960s, and the HVSR spectral ratio method
proposed by Nakamura et al. (Pandey et al,, 2018), has been the
most widely used.

To analyze the amplification effect of the slope topography
on ground motion in Longtoushan market town, the author
takes the west slope of the family planning service station of
Longtoushan Market Town as the observation object and carries
out ground pulsation observation. The slope has an angle of about
18°. A total of six observation points were laid for the slope
topography, as shown in Figures 2B, C. The instrument used in
the field test is the ETNA2 accelerometer. The instrument has a
built-in EpiSensor force-balance accelerometer, which can
simultaneously record two horizontal and vertical acceleration

10.3389/feart.2022.1118079

time-histories at the observation point. ETNA2 accelerometer
has a GPS time calibration function and has two modes of
continuous recording and trigger recording. The sampling rate
was 200 sps.

Through the observation of ground pulsation at six points, a total
of about 3,000 s of ground pulsation has been recorded. After baseline
correction, digital filtering, and segmental superposition and
averaging of ground pulsation records, the time-history records
that can be used for final analysis are obtained. Then Fourier
transform is applied to the ground pulsation records after
processing. Based on the transfer function method (reference point
spectral ratio method) (Haghshenas et al., 2008), the two horizontal
spectral ratio peaks of the 5 observation points (P,-Pg) on the slope
relative to the point P; at the slope foot and their corresponding
frequencies can be obtained through calculation, as shown in Figure 3.
The calculation results are shown in Table 1.

It can be seen from Table 1 that, the ratios between the peaks of the
spectral ratio of the observation point (P,-P¢) on the slope and that of
the observation point P, are all greater than 1. From the foot of the
slope to the top, the peaks of the spectral ratio become larger. The peak
of the spectral ratio at the slope top (point Pg) is the largest, with the
EW direction being 2.835 and the NS direction being 8.422. The
frequencies corresponding to the peaks of the spectral ratio are also
different. The frequency corresponding to the peak of the EW
direction is always larger than that of the NS direction. The
frequency range corresponding to the peak of the EW direction is
5.4 ~ 6.0 Hz, and the NS direction is 4.6 ~ 5.4 Hz. The peaks of the
spectral ratio of the NS direction are always larger than that of the EW
direction. The closer to the top of the slope, the more significant the
difference in the spectral ratio peak.

A Building damage on the slope
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FIGURE 2

Building damage and observation point for ground pulsation on the slope site in Longtoushan Market Town.
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TABLE 1 Spectrum ratio of observation points on the slope.

Frequency(Hz)

Measuring point Direction Frequency of spectrum ratio (Hz) Spectral peak value
P, EW 6.0 1.005
NS 46 1.026
P, EW 5.8 1.044
NS 49 1.330
P, EW 57 1.203
NS 5.4 1.825
Ps EW 5.8 1.760
NS 49 2332
Pe EW 5.4 2.835
NS 5.4 8.422

It can be seen that the slope site has a significant amplification
effect on ground motion. The amplification effect is different from the
foot of the slope to the top of the slope, and the top of the slope has the
largest amplification effect. Meanwhile, the amplification effect in the
slope site also has a significant difference in different directions. It can
be inferred that the serious damage to buildings built on slopes is

Frontiers in Earth Science

caused by the amplification effect of local terrain and the difference in
ground motion.

To confirm the conclusion obtained by the ground pulsation test,
the finite element method is used to analyze the dynamic
characteristics of the slope topography. Based on ABAQUS®
software, the numerical calculation model was established, as
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shown in Figure 4A. According to Liao et al. (1984), the model mesh
size is determined by 1/10 ~ 1/8 of the wavelength that corresponds to
the cutoff frequency. To ensure the accuracy and efficiency of
calculation, the size of the grid is taken as 1m x 1m. In this
paper, two conditions are considered: 1) the soil is the completely
weathered rock, with a shear wave velocity of 300 m/s and Poisson’s
ratio of 0.35; @ the soil is the bedrock, with shear wave velocity of
500 m/s and Poisson’s ratio is 0.25. In both cases, the soil is assumed to
be elastic homogeneous isotropic, with mass density of 2,350 kg/m”’.
For eliminating the influence of artificial boundaries, the viscoelastic
artificial boundaries were applied to the bottom and the two side
boundaries of the model (Liu et al., 2020). The input is an approximate
§-pulse incident vertically at the bottom boundary (Liao et al., 1981;
Hao et al., 2014). The approximate §-pulse and its Fourier amplitude
spectrum are shown in Figure 4B, and the cutoff frequency of the pulse
is 12 Hz.

The horizontal and vertical displacement time histories of each
observation point on the slope terrain are shown in Figures 5A, B.
The authors determined the dynamic amplification coefficient of the
observation point relative to the input pulse (the ratio of the peak
displacement of the observation points to that of the input pulse),
and obtained the variation trend of the dynamic amplification
coefficient of the site along the slope terrain, as shown in
Figure 5C. As can be seen from the figure, as the observation
point gradually rises along the slope, the dynamic amplification
coefficient gradually increases, and the observation point at the top
of the slope has the largest dynamic amplification coefficient. The
dynamic amplification coefficients of the observation points A;-Ag

10.3389/feart.2022.1118079

and A;,-A;¢ are close to the free-field results, which indicates that
the influence of the slope can be ignored when the distance from the
slope terrain is more than 2 times the slope height. It can be seen
from Table 1 and Figure 5 that, the numerical simulation is basically
consistent with the pulsation test at the top and foot of the slope, thus
confirming each other.

4 Analysis of earthquake response of
slope site

Based on the boreholes (DZK1-DZK6) data and experimental
data corresponding to the six observation points, the one-
dimensional equivalent linearization method (Astroza et al., 2017;
Rui et al.,
at the six observation points.

2021) is adopted to calculate the site seismic response
the
influence of the near-surface covering soil layer on ground

Through this calculation,

motion is analyzed, and then the earthquake damage to buildings
is discussed. Tables 2, 3 respectively give the soil layer information
and the dynamic characteristic parameters of the soil at the
observation points.

According to the data shown in Table 2, the equivalent shear wave
velocity of each borehole (DZK1-DZK6) at 20 m depth is 273.5, 270.3,
373.4, 347 .4, 401.9, and 254.6 m/s respectively; the thickness of the
24.3, 59.0, and 28.3/18.7 m,
respectively. According to Code for Seismic Design of Buildings
(GB 50011-2010) in China, the slope site belongs to Class II
building site.

covered soil layers is 26.0, 59.1,

A Schematic diagram of 2D finite element analysis model of slope(Unit: m)
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FIGURE 5
Calculation result of the finite element model of the 2D slope site.

In the Ludian Ms6.5 earthquake, there was a strong motion
observation station (53LLT) near the DZK1 borehole, which is less
than 10 km away from the epicenter (Cui et al., 2014; Ji et al., 2014).
The station recorded the strong motion time-history in the EW
direction, NS direction, and vertical direction, with the peak
acceleration of 949, 706, and 504 cm/s?, respectively. These are the
maximum acceleration records during the Ludian earthquake.
Therefore, in the one-dimensional seismic response analysis of the
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site, we multiply the EW-direction acceleration record by the
reduction coefficient of 0.5 to obtain the input ground motion
from the base. The input ground motion and its response spectrum
are shown in Figure 6. It can be seen that the input ground motion has
a wide frequency band, and the characteristic period is about 0.7 s, rich
in long-period components.

By calculating the horizontal seismic response of each borehole,
the horizontal ground acceleration time-history and response
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of the soil layers corresponding to the boreholes.
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DZK Height (m)  Shear wave velocity (m/s)  Density (t/m?®)  Soil type number
DZK1 1 Miscellaneous fill 32 3.2 185.0 1.87 24
2 Round gravel 11.8 8.6 281.0 2.25 1
3 Round gravel 19.1 7.3 327.0 2.25 2
4 Gravelly sand 23.0 3.9 310.0 2.15 3
5 Gravelly sand 26.0 3.0 310.0 2.15 4
6 Computational base — — 758.0 2.50 26
DZK2 1 Plain fill 1.2 12 201.0 1.72 24
2 Round gravel 4.5 3.3 277.0 2.25 12
3 Silt 5.1 0.6 270.0 1.96 5
4 Round gravel 7.0 1.9 328.0 2.25 1
5 Boulder 7.8 0.8 542.0 2.45 26
6 Weathered quartz sand 15.6 7.8 453.0 223 6
7 Fault breccia 18.0 24 521.0 2.45 26
8 Weathered quartz sand 59.1 41.1 496.0 2.23 6
9 Computational base — — 586.0 2.50 26
DZK3 1 Miscellaneous fill 1.2 1.2 190.0 1.87 24
2 Round gravel 9.9 8.7 379.0 2.25 1
3 Gravel silty clay 12.1 2.2 332.0 1.94 7
4 Dust 135 14 445.0 2.10 25
5 Broken stone 16.0 2.5 472.0 2.10 25
6 Gravelly sand 21.2 5.2 434.0 2.15 3
7 Gravel silty clay 243 3.1 431.0 1.99 9
8 Computational base — — 539.0 2.50 26
DZK4 1 Miscellaneous fill 32 3.2 211.0 1.87 24
2 Pebble 4.7 15 432.0 2.10 25
3 Round gravel 9.8 5.1 417.0 2.25 1
4 Gravel silty clay 125 2.7 375.0 1.94 7
5 silt 132 0.7 379.0 1.96 5
6 Gravel silty clay 18.0 4.8 385.0 1.97 8
7 Gravel silty clay 24.0 6.0 385.0 1.99 9
8 Gravel silty clay 30.1 6.1 385.0 2.00 10
9 Weathered limestone 59.0 28.9 462.0 2.20 11
10 Computational base — — 510.0 2.50 26
DZK5 1 Plain fill 1.0 1.0 281.0 1.72 24
2 Round gravel 6.7 5.7 391.0 2.25 12
3 Pebble 7.7 1.0 440.0 2.10 25
4 Round gravel 9.5 1.8 419.0 2.25 13
5 Round gravel 11.5 2.0 419.0 225 14
6 Round gravel 15.0 35 419.0 2.25 15
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TABLE 2 (Continued) Information of the soil layers corresponding to the boreholes.

DZK Depth (m) Height (m)  Shear wave velocity (m/s)  Density (t/m®  Soil type number
7 Round gravel 21.8 6.8 419.0 2.25 16
8 Weathered limestone 225 0.7 545.0 2.20 11
9 Fault gouge 23.1 0.6 392.0 1.86 17
10 Moderately limestone 27.5 4.4 759.0 2.50 26
11 Fault gouge 28.3 0.8 392.0 1.86 17
12 Computational base — — 759.0 2.50 26

DZK6 1 Plain fill 1.0 1.0 165.0 1.72 24
2 Silty clay 4.4 3.4 217.0 1.92 18
3 Clay 6.5 2.1 213.0 1.86 19
4 Gravel silty clay 9.2 2.7 234.0 1.86 20
5 Gravelly sand 10.8 1.6 274.0 2.15 3
6 Clay 11.6 0.8 321.0 1.86 19
7 Gravelly sand 13.7 2.1 259.0 2.15 3
8 Silty clay 15.5 1.8 360.0 2.03 21
9 Silty clay 18.7 32 360.0 1.85 22
10 Weathered limestone 26.5 7.8 703.0 2.20 23
11 Computational base — — 804.0 2.50 26

spectrum at each borehole can be obtained. The peak of horizontal
acceleration of the ground surface at the location of each borehole
and the ratios with the peak of input motion (Peak acceleration ratio)
are shown in Figure 7A. The response spectrum (damping ratio 5%)
for the boreholes is shown in Figure 7B.

It can be seen from Figure 7A that, there are significant differences
in peak values of ground surface acceleration at different observation
points. DZK6 borehole has the maximum peak value of ground
acceleration, and the ratio between it and the peak recorded
(input motion shown in Figure 6) by the 53LLT observation
station is 1.81. The peaks of ground surface acceleration
corresponding to DZK1, DZK3 and DZK5 boreholes are similar,
and all of them are slightly higher than those recorded by
the 53LLT observation station, with the ratios of peak acceleration
are 1.11, 1.16, and 1.12, respectively. Similarly, the ratios of
peak ground surface acceleration corresponding to DZK2 and
DZK4 boreholes are 0.78 and 0.47 respectively, which is close to
the peak acceleration recorded by the 53LLT observation station. It
should be noted that the DZK4 borehole has the lowest peak ground
acceleration which is smaller than the peak of the input ground
motion. The results show that the ground motion amplification
effect at DZK1, DZK3, DZK5 and DZK6 boreholes is higher
than that of 53LLT observation station, especially at the location of
the DZK6 borehole. However, the ground motions at DZK2 and
DZK4 boreholes have different degrees of attenuation, and the
attenuation at the position of the DZK4 borehole is the
most obvious. It can be seen that the amplification effect of the
site on ground motion is jointly determined by the properties of
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the rock and soil near the ground surface and their composition,
the physical state and thickness of the overlying soil, the velocity
variation characteristics, and the non-linear dynamic characteristics of
the soil.

The response spectrum shown in Figure 7B demonstrates that the
response spectra of the ground surface acceleration time-histories that
correspond to different boreholes are also significantly different. The
acceleration response spectra that correspond to DZK1, DZK3, and
DZKS5 boreholes are close to each other and close to that of the 53LLT
observation station in the period range of 0.2-0.45 s and 1.4-20 s. The
difference in the response spectrum of ground surface acceleration
corresponding to DZK4 and DZK6 is obvious. When the period is less
than 1.2s, the response spectrum value of the DZK4 borehole is
smaller than that of the 53LLT observation station, but it is similar
for the rest of the period. For the DZK6 borehole, when the period
is less than 0.9 s, the value of the response spectrum is larger than
that of the 53LLT observation station but similar for the rest
period. In addition, in the period range of 0.65-1.6 s, the response
spectra corresponding to DZK1 and DZKS5 boreholes are slightly
higher than that of the 53LLT observation station. It can be seen
that the soil layer close to the ground surface has a significant
influence on the acceleration response spectrum, and it is period-
dependent.

From the above analysis, it can be seen that although the
engineering site corresponding to the six boreholes is Class II
site, due to the differences in geotechnical properties and their
combination characteristics, the physical state and layer thickness
of the overlying soil layer, the change of shear wave velocity, and

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1118079

Du et al. 10.3389/feart.2022.1118079

TABLE 3 Dynamic non-linear parameters of different soil layers.

Soil type number Modulus ratio Shearing strain y (107%)
Damping ratio | b 0.5 5
1 Round gravel G/Grnax 09976 | 09952 09765 | 09541 0.8061 | 0.6752 | 02937 | 0.1721
A 0.0060 | 00093 00252 00382 00942 | 01301 | 02116 | 02337
2 Round gravel G/Grnax 09954 | 09909 = 09560 & 09157 | 0.6847 = 05206 = 0.1784 | 0.0980
A 0.0037 | 00063 = 00212  0.0351 0.0976 | 01350 = 02049 | 0.2203
3 Gravelly sand G/Grax 09975 | 09950 = 09757 | 09526 | 0.8007 = 0.6676 = 02866 | 0.1673
A 0.0052 | 00082 = 00232  0.0361 00927 | 01298 = 02145 02374
4 Gravelly sand G/Grnax 09933 | 09868 = 09371 | 08817 | 05984 = 04270  0.1297 | 0.0693
A 0.0076 00123 | 00365 & 00569 | 0339 = 01717 = 02301 | 02412
5 Silt G/Grax 09970 | 09940 = 09706 | 09429 | 07675 = 0.6227 = 02482 | 0.1417
A 0.0026 00043 | 00143 | 00237 = 00684 | 00985 = 01659  0.1834
6 Weathered sandstone G/Grax 09938 09878 = 09416 | 08897 | 06173 = 04465  0.1389 | 0.0746
A 00010 00021 00112 | 00222 0083 01235  0.1977 | 02135
7 Gravel silty clay G/Grnax 09980 | 09960 09804 = 09616 | 08337 | 07148 03339 02004
A 0.0006 00012  0.0055 | 00105 00430 = 00722  0.1627 | 0.1939
8 Gravel silty clay G/Gpma 09937 | 09876 09408  0.8882 | 06137 | 04427 | 01371 | 0.0736
A 0.0005 00012 | 00077 | 00164 = 00711 = 01098  0.1844 | 0.2005
9 Gravel silty clay G/Grax 09942 | 09885 09453 08962 | 0.6333 | 04633 | 01472 | 00795
A 00133 00196 = 00470 = 00673 | 0.365 = 01690 = 02190 | 0.286
10 Gravel silty clay G/Grnax 09968 | 09937 09692 = 09402 | 07586 | 06111 | 02392 | 0.1358
A 00066 00102 | 00275 | 00416 = 00998 01345 = 02049 | 02219
11 Weathered limestone G/Grnax 09862 | 09728 08772 | 07812 | 04166 = 02631 | 00666 | 0.0345
A 0.0083 00138 = 00431 | 00666 = 0.397 = 01667 = 0.1993 | 0.2045
12 Round gravel G/Grnax 09872 | 09746 08849 | 07935 | 04345 = 02776 | 00714 | 0.0370
A 00082 00136 = 00427 = 00663 = 0.1415 | 01702 = 02057 = 02114
13 Round gravel G/Grnax 09975 | 09950 | 09754 | 09520 | 07987 = 0.6648 = 02840 | 0.1655
A 0.0007 00014 | 00065 & 00124 00494 | 00807 = 01678  0.1944
14 Round gravel G/Grnax 0.9941 09833 09443 | 0.8945 | 0.6291 | 04589  0.1450 | 0.0782
A 00030 | 00053 00192 00323 = 00902 | 01229 | 01786 | 0.1900
15 Round gravel G/Grnax 09979 | 09959 09796 09601 0.8280 07065 = 03249 | 0.1940
A 0.0005 | 00011 00055 00110 = 00493 | 00854 02007 | 0.2407
16 Round gravel G/Grnax 09912 09826 09189 | 08499 | 05311 = 03615  0.1017 | 0.0536
A 00112 | 00174 00464 = 00686 = 0.1417 = 01725 02145 | 02217
17 Fault gouge G/Grax 09956 09912 | 09575 | 09184 | 0.6924 = 05295  0.1837 | 0.1012
A 0.0033 00058  0.0207 | 0.0351 01030 | 01454 = 02273 | 0.2458
18 Silty clay G/Grnax 09988 09975 | 09878 | 09758 = 0.8897 | 08013 = 04465 = 02874
A 00025 | 00041 00124 = 00199 = 00570 = 0085 01742 | 02075
19 Clay G/Grax 09982 | 09964 = 09821 | 09648 | 0.8458 = 07328 = 03542 | 02152
A 0.0005 | 00009 00047 = 00092 | 00412 | 00720 = 01760 = 02144

(Continued on following page)
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TABLE 3 (Continued) Dynamic non-linear parameters of different soil layers.

Soil type number Modulus ratio

10.3389/feart.2022.1118079

Shearing strain y (1079

Damping ratio 0.5 1 5
20 Gravel silty clay G/Gax 0.9989 0.9978 0.9892 0.9787 0.9018 0.8211 0.4786 0.3146
A 0.0069 0.0101 0.0245 0.0358 0.0835 0.1164 0.2107 0.2453
21 Silty clay G/Gpax 0.9961 0.9922 0.9620 0.9268 0.7170 0.5589 0.2022 0.1125
Iy 0.0015 0.0027 0.0111 0.0200 0.0673 0.1002 0.1704 0.1875
22 Silty clay G/Gnax 0.9991 0.9982 0.9913 0.9828 0.9193 0.8507 0.5326 0.3630
A 0.0034 0.0052 0.0134 0.0201 0.0504 0.0726 0.1430 0.1719
23 Weathered limestone G/Gnax 0.9941 0.9883 0.9441 0.8940 0.6279 0.4576 0.1444 0.0778
A 0.0008 0.0018 0.0103 0.0211 0.0858 0.1307 0.2176 0.2366
24 Filling G/Gnax 0.960 0.950 0.800 0.700 0.300 0.200 0.150 0.100
A 0.025 0.028 0.030 0.035 0.080 0.100 0.110 0.120
25 Gravel/crushed stone G/Gnax 0.990 0.970 0.900 0.850 0.700 0.550 0.320 0.200
A 0.004 0.006 0.019 0.030 0.075 0.090 0.110 0.120
26 Bedrock G/Gpmax 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
A 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050
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the dynamic non-linear characteristics of the soil, the amplification
effect on the ground motion at different borehole position is
significantly different, which will cause a significant difference
in the seismic damage of the house at the location of different
borehole.

Figure 8 shows the damage to the buildings located at different
borehole positions. The locations of boreholes DZK1, DZK3, DZKS5,
and DZKG6 respectively correspond to the 53LLTobservation station,
the west side of the administration office area, the old block, and the
living area. In these areas, the houses are more severely damaged.
The DZK2 borehole is located on a middle school campus where
the damage to the buildings is relatively light. The DZK4 borehole
is located in a kindergarten where the main structure of the

Frontiers in Earth Science

buildings has not been seriously damaged. The seismic response
analysis of the site showed that the amplification effect on the
ground motion at the positions of DZK1, DZK3, DZK5, and
DZK6 boreholes is most significant compared with that at the
location of the DZK4 borehole, while the amplification effect on the
ground motion at the location of DZK2 borehole is relatively small.
This feature is consistent with the actual earthquake damage, that
is, where the amplification of ground motion is stronger, the
damage to the building is heavier. This can show that the
amplification effect of the site on the ground motion has a
significant impact on building damage, and the more significant
the amplification on ground motion, the more serious the building
damage.
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FIGURE 7
Site seismic response calculation based on one-dimensional equivalent linearization method.
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5 Conclusion

In this paper, the amplification effect of the slope site on
ground motion in Longtoushan Market Town is discussed
through the analysis of local site engineering geological
conditions, local topographic effects and seismic response
analysis of the slope site, and its influence on building
earthquake damage is further investigated. The main findings

and conclusions are as follows:

1) Complex topography and variable engineering geological
conditions will lead to significant differences in ground
motion, which in turn will lead to significant differences in
seismic damage to buildings. For slope sites, from the foot of the
slope to the top of the slope, the amplification effect of the site
on ground motion gradually becomes stronger. In different
directions of the same location of the site, the site amplifies
ground motion differently.

2) The strength of the amplification effect of the site on
ground motion is determined by the properties of the rock and
soil near the ground surface and their composition, the physical
state and thickness of the overlying soil layer, the changes of shear
wave speed, and the dynamic non-linear characteristics of the soil.
This will lead to significant differences in ground motion
amplification effects at different locations of the site, which in
turn will lead to significant differences in the seismic damage of
houses located at different locations on the site.

3) The soil layer close to the ground surface has a significant influence
on the ground motion acceleration response spectrum, and it is
period-dependent. The analysis of the site seismic response is
consistent with the actual seismic damage investigation. The
amplification effect of the site on the ground motion has a
significant impact on building damage, and the more significant
the amplification on ground motion, the more serious the building
damage.
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We investigated the regional attenuation and site responses in the Sichuan Basin
and adjacent Songpan-Ganze terrane of the Tibetan Plateau using seismic data
recorded at 41 stations from regional earthquakes occurring between January
2009 and October 2020. Fourier amplitude spectra of Lg waves were
computed and binned into 18 frequency bins with center frequencies
ranging from 0.1Hz to 20.4 Hz. The quality factor is estimated as Q(f) =
313974 for the Sichuan Basin and Q(f) = 568f%3* for the Songpan-Ganze
terrane, reflecting significant differences in the crustal structure beneath
these two regions. Relative to the Songpan-Ganze terrane, site responses in
the Sichuan Basin are characterized by strong amplification effects at
frequencies lower than 6 Hz and obvious attenuation at higher frequencies
(>10 Hz). ko of stations in the Sichuan Basin show clearly geographical
dependence with an average value of 0.045s, whereas stations in the
Songpan-Ganze terrane generally have smaller kg values with an average
value of 0.028 s. In particular, site response and kg of stations in the Sichuan
Basin are found to be dependent on the geographically variable thickness of the
sedimentary deposits (sediment thickness). These units are comprised of
sedimentary rock and semi-consolidated sediments, with a maximum
thickness reaching approximately 10 km. Site response terms in the Sichuan
Basin derived from the Lg Fourier spectra exhibit consistent patterns versus
sediment thickness as frequency increases. We developed site response models
as functions of sediment thickness for stations in the Sichuan Basin. The site
response model derived from Lg site terms is consistent with that based on site
response terms from coda amplitude spectra and horizontal to vertical (H/V)
spectral ratios. The models were then incorporated in the stochastic method of
ground motion predictions in the Sichuan Basin for six earthquakes occurring
between October 2020 and June 2022. Residual analysis suggests that
incorporating the site response models as functions of sediment thickness
can improve the ground motion prediction model for the Sichuan Basin from
moderate earthquakes.

KEYWORDS

ground motion prediction, site response, sediment thickness, Sichuan Basin,
attenuation
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Guo and Chapman

Introduction

The Longmen Shan region is the most active seismic region
in southwestern China, which has been struck by several big
earthquakes since 2008, including the 12 May 2008 Ms
8.0 Wenchuan earthquake and the 20 April 2013 Ms
7.0 Lushan earthquake. The design seismic accelerations for
most of the Longmen Shan and adjacent regions have been
increased to 0.15-0.25g in the latest version of seismic
ground motion parameters zonation map of China issued in
2015 (AQSIQ 2001) whereas the values were 0.10-0.20 g in the
previous version issued in 2001 (AQSIQ 2001). This requires that
the seismic-proof demand should be raised one level or even two
levels for these regions (Wang et al, 2018). Therefore, the
Longmen Shan and adjacent regions, including the Sichuan
Basin and Songpan-Garze Terrane (Figure 1), are currently
exposed to high seismic hazard.

Ground motion prediction equations or simulations of
ground motion time series play essential roles in seismic
hazard analysis and other seismic engineering problems. The
seismic source spectrum, path effect and site response are the
three key factors in determining earthquake ground motions,
where site response describes the effects of local geological
conditions. It has long been recognized that near-surface

10.3389/feart.2022.1016096

the
weathering and cracking of the bedrock will amplify ground

earthquake ground motions. Even for rock  sites,
motions in certain frequency range (Steidl et al., 1996; Castro
et al, 2017). For sites on unconsolidated sediments, ground
motions can be strongly amplified relative to nearby rock sites
whereas the high-frequency ground motions will be attenuated
significantly when the sedimentary layer is thick enough (Field
et al., 1997; Borcherdt 2002; Frankel et al., 2002; Wang et al,,
2013; Guo and Chapman 2019; Pratt and Schleicher 2021; Wang
and Wen 2021; Wang et al., 2022). Developing regional models to
account for the site response effects can be challenging due to the
varying geological structures beneath the seismic stations.
Correction factors based on Vs. 30, which is the averaged
shear-wave velocity in the top 30 m under the site, are usually
adopted in ground motion prediction equations to account for
the site effects (Wen et al., 2010; Bora et al., 2016; Li et al., 2018a;
Stewart et al., 2020; Xu et al., 2020).

Across the Longmen Shan, the crustal thickness increases
sharply from ~40 km in the western Sichuan Basin to ~60 km in
the Songpan-Ganze terrane with an elevation change of ~5 km
(Chen et al., 1986; Wang et al., 2007; Zheng et al., 2019; Wei et al.,
2020). The Songpan-Ganze terrane is a triangular tectonic block
located at the eastern margin of the Tibetan Plateau, west to the
Longmen Shan thrust belt (Figure 1). This region is underlain by

geological ~conditions can have significant effects on thick Paleozoic platform and surrounded by pre-Sinian
H e
Cenozoic Cretaceous Jurassic Triassic Paleozoic
FIGURE 1

Geologic map of the Sichuan Basin and the Songpan-Ganze terrane, including the surrounding structural belts, Longmen Shan fold and thrust

belt (FTB), Micang Shan FTB, Daba Shan FTB, Eastern Sichuan FTB and Southwestern Sichuan FTB. Locations of broadband stations used in this study
are plotted as squares (in the Sichuan Basin) and hexagons (in the Songpan-Ganze terrane). The thick rectangle in the inset map shows the location of
the study region. Geologic map is adapted from the 1:500,000 digital geological map of China, China Geological Survey (CGS, 2003).
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continental basement (Zheng et al., 2016). The terrane is widely
covered by Triassic marine deposits which were metamorphosed
and strongly folded during late Triassic. Late Jurassic-Cenozoic
sedimentary strata are lacking in this area but it does include
several intrusive Miocene plutons along the deeply seated
Xianshuihe fault (Chang 2000; Tian et al., 2016; Zheng et al.,
2016). The Sichuan Basin is located to the east of Longmen Shan,
which is a diamond-shaped compressional basin in central China
and western Yangze Craton. The basin is underlain by
Proterozoic rocks of the Yangtze Platform with a quite thick
(up to 10km) sedimentary cover of Mesozoic and Cenozoic
marine and terrestrial sediments (Burchfiel et al., 1995; Guo et al.,
1996; Meng et al., 2005; Wang et al., 2016; Xia et al., 2021). The
Jurassic to Cretaceous sedimentary strata known as the “red
beds,” reach a thickness of ~4-6 km in the western and central
basin (Guo et al., 1996; Sha et al.,, 2010; Li et al., 2016; Li et al.,
2018b). Cenozoic sediments in the Sichuan Basin are less than
0.7 km thick and restricted to the southwestern foreland basins
(Burchfiel et al., 1995; Kirby et al, 2002). The sedimentary
deposits in the Sichuan Basin are characterized by wedge-
shaped post-Late-Triassic strata thinning from the north and
northwest towards the southeast underlain by layer-cake Early to
Middle Triassic sedimentary sequences, with a total thickness
varying from 2 to 10 km (Meng et al., 2005; Wang et al., 2016; Liu
et al., 2021).

Previous studies have shown that the crustal quality factor,
which is usually described as Q( f) = Qo f*, shows a smaller Q,
but higher « in the Sichuan Basin compared to the Songpan-
Ganze region suggesting different crustal structures beneath
these two regions (Hua et al., 2009; Fu et al,, 2018; Fu et al.,
2019). Site responses in the Sichuan Basin and Songpan-Ganze
region were also found to be quite different. Fu et al. (2019)
studied site responses in western Sichuan Basin and the Songpan-
Ganze Orogen using broadband seismograms from 88 regional
earthquakes occurring between 2009 and 2013. Their results
show clear differences in site responses of stations in the
Sichuan Basin relative to those in the Songpan-Ganze Orogen.
They also reported larger average «, for stations in the western
Sichuan Basin relative to the Songpan-Ganze region, coinciding
with results from Fu and Li, 2016 and Li et al. (2020) using strong
motion data. x, here is the zero-distance kappa in Anderson and
Hough (1984), which represents the attenuation effects of the
near-surface geological conditions in the top hundreds of meters
or even a few kilometers beneath the station. These differences in
site responses are due to the various near-surface sedimentary
structures in the Sichuan Basin and Songpan-Ganze terrane.
Properly estimating and modeling site responses in the Longmen
Shan and adjacent regions is a key step in seismic hazard analysis
for southwestern China.

For regions covered by thick sediments as the Sichuan Basin,
various studies have shown that the site responses are most likely
controlled by the structure of the whole sedimentary column. Fu
etal. (2019) found that g in the Longmen Shan region correlates
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apparently with the low shear-wave velocity anomaly averaged
over the depth range of 0-10 km. Wang et al. (2013) studied the
site responses of three stations in the Qionghai Basin to the
southwest corner of the Sichuan Basin and found that site
amplifications in the frequency range 0.1-10 Hz at the three
stations are significantly dependent on sediment thickness in the
basin. In addition, correlations between x, and sediment
thickness have been reported in Taiwan, the New Madrid
seismic zone and the Gulf Coastal Plain (Liu et al., 1994;
Campbell 2009; Chapman and Conn 2016; Chang et al,
2019). Attempts have been made to investigate and describe
the correlation between the site effects and thickness of the
sedimentary strata in central and eastern United States.
Chapman and Conn (2016) derived a linear kappa model
versus sediment thickness in the Gulf Coastal Plain and
applied it into the stochastic ground motion prediction
models. They showed that the kappa model significantly
improved the high-frequency ground motion predictions from
regional earthquakes. Following their work, Guo and Chapman
(2019) investigated the site responses in the Atlantic and Gulf
Coastal Plain using the spectral ratio method. They found that
the site terms show obvious dependence on sediment thickness
and can be modeled using piecewise linear functions versus
sediment thickness at low frequencies. For the Atlantic
Coastal Plain, different functions have been proposed to
model the site responses with respect to sediment thickness by
Harmon et al. (2019) and Pratt and Schleicher (2021) using
various data sets and methods. Similar correlations between site
responses and deeper sedimentary structures as well as site
response models based on features of the whole sedimentary
strata are expected for the Sichuan Basin.

The first objective of this paper is to compare site responses
in the Songpan-Ganze terrane and Sichuan Basin due to the
significantly different geological conditions. We downloaded
broadband recordings from 189 regional earthquakes and
computed the Fourier spectra of Lg waves which usually have
the largest amplitudes in regional seismograms. Site responses
and crustal attenuation were inverted simultaneously for the
Sichuan Basin and Songpan-Ganze terrane respectively. The
second objective of this paper is to introduce and evaluate site
response models as functions of sediment thickness for the
Sichuan Basin, which account for the effects of the thick
sediments. In this paper, we focused on estimating the site
responses and #, for stations in the Sichuan Basin and
Songpan-Ganze terrane using the Lg spectral amplitudes. We
also obtained site response terms using coda spectral ratios and
the H/V spectral ratios for stations in the Sichuan Basin, with the
detailed description and comparison of the three sets of site terms
of stations in the Sichuan Basin documented in a separate paper
(Guo et al.,, 2022). The site response models for the Sichuan Basin
were incorporated into the stochastic ground motion predictions
for six recent earthquakes that were not included in our dataset
for the inversions. The results in this paper are hoped to shed
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FIGURE 2

Map showing locations of the 189 earthquakes used in this study along with the earthquake source depths. Major faults in the study region are
indicated by the gray lines. Magnitudes (Ms) of the earthquakes are used to scale the sizes of the circles.

light on developing regional site response models for the
Longmen Shan and adjacent regions.

Data and method
Dataset

The China Digital Seismological Observation Network
includes 145 broadband stations from the national seismic
network and 806 broadband stations from regional seismic
networks which were deployed before the end of 2007. The
average spatial distance for these permanent stations is
~30-60 km except in Xinjiang and Tibet. 22 stations located
in the Sichuan Basin and 19 stations in the Songpan-Ganze
terrane were used in this study as shown in Figure 1. These
stations have a common sample rate of 100 Hz and provide good
coverage over the study region.

We collected broadband seismograms recorded at the
stations from earthquakes with magnitudes 4.0<Ms<7.0
happening between January 2009 and October 2020. The
epicentral distances are less than 1,000 km and the focal
depths than 30km (Figure 2). Most of the
earthquakes occurred along the Longmen Shan fault zone to

are less

the west of the Sichuan Basin and clustered in southern Sichuan
Basin near the Huaying Shan fault zone as shown in Figure 2.
Three-component seismograms were downloaded from the
China Earthquake Network Center (CENC), beginning 2 min
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prior to the direct p wave with a duration of 60 min. We first
obtained ground accelerations from the raw seismograms using
the instrument transfer functions and rotated the two horizontal
components to radial and transverse directions. The acceleration
seismograms were then filtered using a high-pass filter with the
corner frequency of 0.01 Hz.

To calculate the Fourier amplitude spectra of Lg waves, we
adopted the following model for predicting Lg arrival time in the
study region:

T=Ty+——

3.57 W

where r is the epicentral distance in km and T, denotes the
earthquake origin time. The Lg arrival time model (Eq. 1) is
determined using handpicked Lg arrival times recorded at
stations in the Sichuan Basin and Songpan-Ganze terrane
from three earthquakes in southeastern Sichuan on 17 June,
22 June and 4 July 2019 with magnitudes Ms 5.1-5.7. The crustal
velocity of Lg waves in the study region is estimated as 3.57 km/s.
The length of the time window for spectral calculation is
determined as 70% energy duration of the Lg waves
(Chapman and Conn 2016; Guo and Chapman 2019). We
tapered the time windows at both edges with 15% duration
using a cosine taper and computed the Fourier amplitude
spectra. Then the geometric mean of the radial and transverse
Lg spectra were calculated. The noise spectra were computed
simultaneously with time windows beginning at the start of the
seismograms and of the same lengths as the corresponding Lg
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(A) Horizontal-component acceleration seismograms from the 18 December 2019 Ms 5.2 Zizhong earthquake recorded at stations WAZ (in
northeastern Sichuan Basin) and WXT (in northeastern Songpan-Ganze terrane). The epicentral distances for both stations are ~374 km. The shaded
areas indicate time windows used for Lg spectral calculations. (B) Corresponding geometric mean of Lg and noise spectra at stations WAZ and WXT.
(C) and (D) are the same as (A) and (B) but from the 17 June 2019 Ms 6.0 Changning earthquake recorded at station CXI (in northwestern Sichuan
Basin) and station MXI (in eastern Songpan-Ganze terrane) with epicentral distances of ~385 km.

windows. We rejected Lg spectra with signal-to-noise ratios less
than three and visually inspected the spectra to exclude those
with strong modulations. The final dataset consists of
seismograms 189 than
5,800 event-station pairs. Supplementary Tables S1, S2 list
information of the 22 stations in the Sichuan Basin and

from earthquakes with more

19 stations in the Songpan Ganze terrane respectively, in
which thickness of sediments beneath each individual basin
station was estimated as the thickness of Cenozoic and
Mesozoic sedimentary sequence from Wang et al. (2016) and
Xia et al. (2021).

Figure 3 compares some examples of seismograms and Lg
spectra recorded at stations in the Sichuan Basin and Songpan-
Ganze terrane. In the top panel, we showed the horizontal-
component seismograms and the corresponding Lg spectra
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recorded at station WAZ at the northeastern corner of the
Sichuan Basin and station WXT in northeastern Songpan-
Ganze terrane from the 18 December 2019 Ms 5.2 Zizhong,
Sichuan earthquake. The acceleration amplitudes of Lg waves
recorded at station WAZ are obviously smaller than station WXT
though the epicentral distances are both ~374 km, corresponding
to strong attenuation of Lg Fourier amplitudes relative to WXT at
frequencies higher than 6-8 Hz. At lower frequencies (<1-2 Hz),
we observed amplifications in Lg spectral amplitudes at station
WAZ compared to WXT. Similar low-frequency amplification
and high-frequency attenuation in spectral amplitudes were
observed in Lg waves recorded at station CXI in northwestern
Sichuan Basin and station MXI at the eastern margin of the
Songpan-Ganze terrane from the 17 June 2019 Ms 6.0 Changning
earthquake in southern Sichuan with epicentral distance of
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FIGURE 4

Q estimates of the Sichuan Basin (circles) and Songpan-

Ganze terrane (triangles) in the frequency range of 0.4-20.04 Hz
in this study. Results of least-square fits to the data are plotted as
black solid line for the Sichuan Basin with Q (f) = 335f%72 and

gray solid line for the Songpan-Ganze terrane with Q (f) =
5680338 respectively. The black and gray dotted lines indicate
models from Hua et al. (2009) with Q (f) = 206.7f%836 and Q(f) =
274.6f%423 for the Sichuan Basin and Songpan-Ganze terrane
respectively. The black and gray dashed lines show models from Fu
et al. (2019) with Q(f) = 147.5f13 and Q(f) = 274.6f%>3 for the
basin and terrane respectively.

~385 km. For further analysis, we computed the mean spectral
amplitudes within 18 frequency intervals with center frequencies
0.1, 0.2, 0.3, 0.4, 0.56, 0.76, 1.06, 1.46, 2.06, 2.86, 4.06, 5.66, 7.26,
9.66, 12.86, 16.06, and 20.06 Hz respectively.

Lg spectral analysis

The spectral amplitude of Lg waves at frequency f recorded
at the ith station from the kth earthquake can be modeled as the
following:

An(Fora) = Ee(£)G(re 305 8,(f) @)

where 1y is the hypocentral distance, E, ( f) represents the source
spectrum of the kth earthquake and G(rj) is the geometrical
spreading term. V is the shear-wave velocity and Q(f) is the
quality factor in the crust. The site response term at ith station is
denoted as S; (f).

Our goal is to invert for the crustal quality factor Q( f) and
site response term S;(f) for sites in the Sichuan Basin and
Songpan-Ganze terrane, which requires appropriate modeling
of the source term and geometrical spreading effect according to
Eq. 2. Here we modeled the source spectrum of kth earthquake
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FIGURE 5

Site responses of individual stations in the Sichuan Basin
(thinner dotted lines) and Songpan-Ganze terrane (thinner dashed
lines) as functions of frequency. The average site response curves
of stations in the Sichuan Basin and those in the Songpan-
Ganze terrane are plotted as thick solid line and thick dashed line
respectively.

using an omega-square source model, the Brune source spectral
model (Brune, 1970, 1971), as the following equation:

M,(2nf)* 1

Ey(f) = RegFsV 1+(fi)2 anpp’

3

¢

in which Rgy = 0.55 is the radiation pattern averaged over a
proper range of take-off angles and azimuths, Fg = 2 represents
the free-surface effect and V accounts for the partition of S-wave
energy into the horizontal components set to 0.71. p and f3 are
density and shear-wave velocity near the source, assumed to be
2.7 g/em® and 3.57 x 10° cm/s respectively. M) is the earthquake
seismic moment. The corner frequency f. = 0.4918 (1\%)%’ in
which M, is in units of dyn-cm, Bis in units of cm/s and Ao
denotes the earthquake stress drop in units of dyn/cm?*. Here we
adopted a stress drop value of 1 MPa according to the results
from Fu et al. (2018), Wang et al. (2018) and Li et al. (2020) for
earthquakes occurring along the Longmen Shan fault zone and
clustered in the southern Sichuan Basin.

Geometrical spreading of S and Lg waves at near-source
distances is known to be complex due to the effects of
radiation pattern, focal depth, source directivity and postcritical
reflections from the Moho and intra-crustal velocity contrasts
(Burger et al., 1987; Ou and Herrmann 1990; Atkinson and Mereu
1992; Atkinson and Boore, 2014). At larger distances, the Lg
geometrical spreading can be simply modeled as G (rj) = r;*°
(Kennett 1986). We used trilinear models similar to those of
Atkinson and Mereu (1992) to account for the geometrical
spreading effects in the Sichuan Basin and Songpan-Ganze terrane:
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TABLE 1 Kappa (ko) estimates from Lg Fourier spectral amplitudes of stations in the Sichuan Basin and Songpan-Ganze terrane.

Station (sichuan Basin)

YZP
CHS
CQT
FUL
ROC
SHZ
WAZ
YUB
AYU
BZH
CXI
HMS
HWS
HYS
I
JYA
LZH
XCO
XHA
YGD
YTI
WAS

100°

o (s)

0.047
0.059
0.046
0.041
0.058
0.034
0.046
0.022
0.06

0.052
0.071
0.027
0.04

0.025
0.081
0.05

0.038
0.056
0.03

0.051
0.044

0.022

Station

10.3389/feart.2022.1016096

(songpan-ganze terrane)

SPA
HYU
HSH
MEK
XJI
BAM
RTA
DFU
YT
JLO
BAX
GZA
SMI
JZG
WDT
WXT
QCH
MXI
WCH

27"

- 30°

100°

FIGURE 6

T
105°

27°
110°

kappa (s)
A 0-001
A 001~002
A 002003
A 003004
A 004005
A 005006
A 006007

A ooro0e
A >0.08

o (s)

0.03

0.057
0.035
0.023
0.022
0.022
0.033
0.064
0.023
0.038
0.025
0.024
0.029
0.013
0.024
0.011
0.022
0.017
0.028

ko Of stations in the Sichuan Basin and Songpan-Ganze terrane plotted at the geographical locations of the corresponding stations. Sizes of the
triangles are scaled to the values of kg in seconds. The margin of the Sichuan Basin is shown by the thick line.
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FIGURE 7

Comparison of site responses versus frequency of four

stations WAS, CHS, CXI, and JJS in the Sichuan Basin. The
thicknesses of sediments underlying stations WAS, CHS, CXI, and
JJS are 2.0, 5.2, 7.7 and 10.0 km respectively. The value of
sediment thickness is estimated as the thickness of the Cenozoic
and Mesozoic sedimentary sequence based on results from Wu
et al. (2016).

TABLE 2 Linear regression coefficients of natural logarithms of Lg site
terms and all three sets of site terms as a function of sediment
thickness in km at each center frequency (f).

f (Hz) Lg site term All site term
a b a b

0.1 0.0648 0.3456 0.0623 0.1742
0.56 0.0866 0.0816 0.0621 0.0550
0.76 0.1136 0.0698 0.0892 0.0373
1.06 0.1150 0.1874 0.0893 0.1564
2.06 0.1359 0.3654 0.1111 0.2121
4.06 0.1304 0.3594 0.1104 0.0599
5.66 0.0825 0.4946 0.0780 0.0795
7.26 0.0055 0.7808 -0.0013 0.3793

r;cl'o, rie<1.5H

-1.0

G(rik) — (15H) 5 1.5H<rik<2.5H (4)
Sof Tk \7°
(1.5H)™" , r>25H
2.5H

where H is the Moho depth. Here we took H = 42 km for the
Sichuan Basin and H = 60km for the Songpan-Ganze terrane
according to results in Wang et al. (2007), Liet al. (2011) and Wei
et al. (2020).

For inversion, we wrote Eq. 2 as the following:

A (f>7ix) ]

ln[Ek ()G (rw) N

_ 7Tf7‘,'k +lnls
=Gt IS ()]
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The quality factor Q( f) and site term S; ( f) at each centered
frequency f can be estimated from the linear regression of Eq. 5
with respect to hypocentral distance ;. All the 189 earthquakes
were used in the inversion for the Sichuan Basin while we only
used seismic data from 149 earthquakes along the Longmen Shan
fault zone in the inversion for the Songpan-Ganze terrane to
ensure that most of the propagation paths are within the terrane.
The site terms for ith station at high frequencies can be modeled
as the following:

In[S; ()] = In[Ci] - mx: f ®)

where C; is a constant and «; is the zero-distance kappa (x) at the
ith station. We then estimated «; from a linear regression of Eq. 6
with respect to frequency. The frequency range of the linear
regression is constrained by the signal-to-noise ratios and the
linear trend of the natural logarithms of the site terms.

Results

Q in the Sichuan Basin and Songpan-
Ganze terrane

The Lg wave is typically the most prominent phase in
seismograms at regional distances over continental paths. The
Lg attenuation in the crustal wave guide was found to be sensitive
to the lateral changes in crustal structure, intrinsic properties and
deformation of the crust (Frankel 1991; Bager and Mitchell 1998;
Xie et al., 2006; Pasyanos et al., 2009; Zhao et al., 2010). Figure 4
shows the quality factor Q inverted from Eq. 5 for the Sichuan
Basin and Songpan-Ganze terrane. The Q values in both regions
generally increase with frequency. At frequencies higher than
2 Hz, both sets of Q exhibit good linear trends versus frequency
in log-log scale and the quality factor in the basin is larger than
that in the Songpan-Ganze terrane, suggesting less attenuation of
high frequency motion through the basin crust. The least square
fits to the Q values are plotted as solid lines in Figure 4,
corresponding to the following models:

Q(f)=313f"" )
for the Sichuan Basin, and
Q(f) = 568" ®)

for the Songpan-Ganze terrane. Q models for these two regions
from Fu et al. (2019) and Hua et al. (2009) were also plotted in
Figure 4. In general, Q models in the three studies all show larger
low-frequency Q and smaller high-frequency Q in the Songpan-
Ganze region relative to the Sichuan Basin. The Q models in this
study have larger Qp (Q at 1Hz) values and smaller slopes
compared to previous studies, for both regions. Q(f) for the
Songpan-Ganze terrane from Hua et al. (2009) predicted
than the two models.
Discrepancies in Q models among the three studies are

obviously smaller values other
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Site responses calculated using Eqgs 9, 11 for sites in the Sichuan Basin with different sediment thicknesses.
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FIGURE 10

(A) The gray dashed lines show the Lg spectra recorded at
stations JYA and AYU in the Sichuan Basin from the 1 June 2022 Ms
6.1 Lushan earthquake respectively. The dotted and solid lines
indicate the corresponding target spectra calculated using

Eqg. 2 based on site response terms with Lg site term coefficients
and all site term coefficients listed in Table 2 respectively. (B) The
same as (A) but for Lg waves recorded at stations HYS and YTl in
the Sichuan Basin from the 15 September 2021 Ms 6.0 earthquake.
(C) The same as (A) and (B) but for Lg waves recorded at stations
CHS and JJS in the Sichuan Basin from the 21 October 2020 Ms
4.6 earthquake in central Sichuan.
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attributed to the different dataset, methods and study area
covered by the ray paths. At high frequencies (f > 4 Hz),
larger Q values in the Sichuan Basin may indicate less
the beneath the
sedimentary sequence. It is important to note that, from Eq.
2, the Q estimates above reflect the distance dependent part of the
total attenuation through the path, and presumably quantify Q in

heterogeneities  in deep crust basin

the deeper crust. Distance independent attenuation occurring
essentially beneath the receivers (zero distance) and presumably
at shallower depths is captured by the S; (f) site terms in Eq. 2.
The total path attenuation (the product of both the exponential
and site terms on the right-hand side of Eq. 2) at most sites in the
Sichuan Basin at high frequencies (f > 4 Hz) is actually greater
than at most sites in the Songpan-Ganze terrane. Attenuation
occurring along the part of the path essentially beneath the
receivers is quantified by larger average values of x in the
Sichuan Basin compared to the Songman-Ganze terrane. We
discuss this complex behavior of site response in the following
sections.

Site responses in the Sichuan Basin and
Songpan-Ganze terrane

In Figure 5, we showed the site response terms of stations in
the Sichuan Basin and Songpan-Ganze terrane. Site responses for
most of the stations exhibit a wide frequency range of
amplification instead of a distinguishable resonant peak and
site responses in the Sichuan Basin are significantly different
in the The peak
amplifications for sites in the Sichuan Basin mainly occur
between 1 and 4 Hz, whereas they exist between 2 and 11 Hz
for stations in the Songpan-Ganze terrane. This can be clearly

from those Songpan-Ganze terrane.

observed in the average site response curves for the two regions
shown in Figure 5. The average site response in the Sichuan Basin
indicates strong amplifications over the frequency range up to
~15Hz while stations in the Songpan-Ganze terrane tend to
amplify ground motions in the frequency range of 1.7-18 Hz. At
frequencies lower than 1.7 Hz, average de-amplifications are
observed for the Songpan-Ganze stations. The average site
response in the Sichuan Basin shows much stronger
amplification at low frequencies (<6 Hz) and more obvious
attenuation at frequencies higher than 10 Hz relative to the
Songpan-Ganze terrane. The average peak frequency for sites
in the Sichuan Basin is ~2 Hz with an amplification factor of
~3.3 while it migrates to ~7 Hz with a peak factor of ~2.4 in the
the peak

amplification factor could reach up to ~10 in the Sichuan

Songpan-Ganze terrane. For individual sites,

Basin. Fu et al. (2019) calculated site responses for 16 stations
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Rock site term residuals (filled circles), Lg site term residuals (pluses) and all site term residuals (open circles) of stations in the Sichuan Basin at
different frequencies plotted with respect to sediment thickness in the basin for the 1 June 2022 Ms 6.1 Lushan earthquake.

in western Sichuan Basin and 12 stations in eastern Songpan-
Ganze terrane using the generalized inversion technique (GIT).
Their results are similar to the site responses in our Figure 5.
Table 1 lists the estimates of «x, from Lg Fourier spectra for
the stations in the Sichuan Basin and Songpan-Ganze terrane
which were plotted at the geographical locations of the
corresponding stations in Figure 6. The largest x, values occur
in western and central Sichuan Basin while x, of stations in
eastern Sichuan Basin and the Songpan-Ganze terrane are
generally smaller. x; values in the Songpan-Ganze terrane are
within 0.011-0.038 s except for stations DFU and HYU with «q
values of 0.064 s and 0.057 s respectively, whereas x, varies
significantly from 0.02 s to 0.08s across the Sichuan Basin.
The average « in the Sichuan Basin is 0.045 s, larger than the
average ko in the Songpan-Ganze terrane with a value of 0.028 s.
Fu et al. (2019) obtained similar results with average x, values of
0.0423 s and 0.0227 s for western Sichuan Basin and the
Songpan-Ganze Orogen respectively using the GIT. The
stronger high-frequency attenuation effects implied by the
larger x values in the Sichuan Basin relative to the Songpan-
Ganze terrane are likely due to the thick unconsolidated and
semi-consolidated Post-Triassic sediments accumulated in the
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basin. Geographical variation of %o in the Sichuan Basin is
significant and it is notable that the x, generally decreases
from northwest towards southeast within the basin coinciding
with the changes of sediment thickness (Meng et al., 2005; Wang
et al.,, 2016; Li et al., 2020).

Site response models for the Sichuan
Basin

The Sichuan Basin is the most populated and industrialized
area in southwestern China, and therefore exposed to higher
seismic hazard than adjacent regions near the Longmen Shan
fold and thrust belt. Developing appropriate ground motion
prediction models for the Sichuan Basin is in urgent demand
for seismic hazard analysis, which will require an appropriate site
response model to account for the amplification and attenuation
effects of the thick sediments in the basin.

Figure 7 shows site response terms versus frequency for four
stations in the Sichuan Basin underlain by sedimentary columns
of different thicknesses. As the sediment thickness increases, the
peak frequency of amplifications generally migrates to lower
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Same as Figure 11 but for the 21 October 2020 Ms 4.6 earthquake in central Sichuan.

frequencies and the amplitudes of amplifications become larger.
At high frequencies (>10 Hz), we observed stronger attenuation
effects at stations overlying thicker sediments. These
observations imply that site responses in the Sichuan Basin
are strongly correlated with sediment thickness.

In Figure 8, we plotted the natural logarithms of the site
terms derived from Lg Fourier spectra with respect to sediment
thickness at nine center frequencies ranging from 0.1 to
20.06 Hz. Some patterns can be observed, even though the
scatter is large. At lower frequencies (< 4.06 Hz), the site
responses were dominated by amplifications and exhibit
positive correlations with sediment thickness. As frequency
increases, the positive trend becomes flat and gradually turns
into a negative trend within the frequency range of 7-12 Hz.
The site responses show dominant attenuations at frequencies
higher than 12.86 Hz and the attenuation effects become more
significant as sediment thickness increases. To verify the
sediment-thickness dependence of the site response terms,
we also calculated site responses in the Sichuan Basin using
the H/V spectral ratios and coda spectral ratios. The results
show that site response terms derived from the three different
methods behave consistently versus sediment thickness as
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frequency increases. Detailed description of the three sets of
site response terms has been documented in a separate paper
(Guo et al., 2022).

We model the site responses at frequency f in the Sichuan
Basin using the following linear relationship between the natural
logarithm of the site terms and sediment thickness:

In[S(f,Z)]=aZ+b 9)

where Z is sediment thickness in km. Eq. 9 is only used to model
the site responses within the frequency range of 0.1-7.26 Hz and
the linear regression results are plotted as solid lines in Figure 8.
At higher frequencies, the site responses are controlled by xg
according to Eq. 6. ko values of stations in the Sichuan Basin
derived from Lg spectral amplitudes agreed well with those from
the coda spectral ratios as shown in Supplementary Figure S1
(Supplementary Materials), and both sets of x, exhibit a clear
positive correlation with sediment thickness. x, estimates from
Fu et al. (2019) are also within the scatter range of our x, values.
We modeled x; in the Sichuan Basin as a function of sediment
thickness following Guo and Chapman (2019):

Ko = 0.0192%5% (10)
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FIGURE 13

Same as Figure 11 but for the 15 September 2021 Ms 6.0 earthquake.

Here the units for xy and sediment thickness are seconds and
kilometers respectively. For frequencies higher than 7.26 Hz, the
site responses are modeled as the following:

In[S(f,Z)] =In[S(7.26 Hz, Z)]e ™ (f-7.26) 1)

where xy is defined by Eq. 10 as a function of sediment
thickness. As shown by the dashed lines in Figure 8, the
model represented by Eq. 11 fits the observed Lg site
terms well.

Table 2 lists the coefficients for linear regressions of the Lg
site terms in the frequency range of 0.1-7.26 Hz. For
comparison, we also listed the linear regression coefficients
of all site response terms estimated from the three different
methods in Table 2. Figure 9 shows some examples of site
response models S(f,Z) versus frequency for the Sichuan
Basin. Site response curves for sediment thickness ranging
from 2 to 10 km in Figure 9A were calculated using the Lg
site term coefficients while those in Figure 9B were calculated
using the all site term coefficients. The Lg site term model is
similar to the corresponding all site term model but has slightly
larger amplitudes.
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Evaluation of the site response models

To evaluate the site response models defined by Eqs 9, 11 as
functions of frequency and sediment thickness, we applied the
models using the stochastic method of ground motion simulation
for the Sichuan Basin following Guo and Chapman (2019). We
selected six earthquakes occurring between October 2020 and
June 2022 with magnitude (Ms) of 4.6-6.1 for analysis.
Seismograms from these earthquakes were not included in the
dataset for estimating the quality factor and site response:
therefore, they can be used for an unbiased test of our
attenuation and site response model. Detailed information for
the six earthquakes was listed in Supplementary Table S3. Three
of the earthquakes were located along the western boundary of
the Sichuan Basin and the rest of them occurred in the southern
part of the basin.

We first calculated the synthetic Fourier amplitude spectrum
(i.e., target spectrum) for each station-event pair using Eq. 2
based on the stochastic method. The source and geometrical
spreading terms are given by Eqs 3, 4, and the quality factor Q (f)
in the Sichuan Basin is modeled as Eq. 7. The site response term is
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defined by Eqs 9, 11. Figure 10 shows examples of observed and
target spectra from three of the earthquakes in Supplementary
Table S3.In Figure 10A, we showed the target spectra for stations
JYA and AYU from the 1 June 2022 Ms 6.1 Lushan earthquake
calculated using the site response models based on the Lg site
term and all site term coefficients listed in Table 2 respectively.
The target spectrum based on Lg site term coefficients has slightly
higher amplitudes than that based on all of the site term
coefficients. In general, the shape and amplitudes of the
observed Lg spectra have been well-captured by both target
spectra.

For further investigation, we computed three sets of residuals
which are differences between the observed and target spectra for
each station-event pair. Two sets of the residuals were calculated
using target spectra based on site response models defined in Eqs
9, 11 with Lg site term and all site term coefficients respectively.
We denoted these two sets of residuals as “Lg site term residuals”
and “all site term residuals” hereafter. The third set of residuals
were calculated using the site response term for generic rock sites
defined as the following equation:

S.(f) =C,e™/ (12)

in which C, is the crustal amplification factor from Boore and
Thompson (2015) for rock sites with a Vg30=2.0 km/s, and x, =
0.006 s which is representative of hard rock sites. We denoted the
third set of residuals as “rock site term residuals”.

Figure 11 shows the three sets of residuals versus sediment
thickness at nine frequencies for the 1 June 2022 Ms 6.1 Lushan
earthquake, which occurred near the southwestern corner of the
Sichuan Basin. The rock site term residuals show a strong
frequency dependence with positive amplitudes at frequencies
lower than 4.06 Hz while the amplitudes decrease to negative
values at higher frequencies (> 12.84 Hz). Sediment thickness
dependence was clearly observed in the rock site term residuals.
The amplitudes of the residuals become more positive for sites on
larger thicknesses of sediment at frequencies lower than 4.06 Hz
whereas they decrease to more negative values as thickness
increases at higher frequencies (> 12.84 Hz). The Lg site term
and all site term residuals behaved consistently with each other
and showed minor differences over the frequency range. Relative
to the rock site term residuals, the Lg and all site term residuals
exhibit a lack of thickness dependence and the amplitudes are
brought down to near zero at frequencies ranging from 0.56 to
4.06 Hz and increase to near zero at frequencies higher than
12.86 Hz. Similar reductions in residual bias when using the site
response models derived in this study were observed in residuals
for the 21 October 2020 Ms 4.6 earthquake in central Sichuan
and the 15 September 2021 Ms 6.0 earthquake in southern
Sichuan Basin as shown in Figures 12, 13. For the Ms
6.0 earthquake in the southern Sichuan Basin, the ground
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motion prediction models with Lg and all site term
coefficients tend to overestimate the ground motions at high
frequencies (> 12.86 Hz). However, the thickness dependence in
the rock site term residuals is absent in the Lg and all site term
residuals and the site response models with Lg and all site term
coefficients greatly improved the prediction of high-frequency
ground motions relative to that with the rock site term.
Supplementary Figure S2 shows residuals for the remaining
three earthquakes in Supplementary Table S3 which share
similar behaviors with the residuals in Figures 11-13. At
certain frequency range (especially 4.06-7.26 Hz), the average
values of the Lg and all site term residuals for the six earthquakes
deviated from zero suggesting the site response models defined
by Eqs 9, 11 are not working well for these frequencies. However,
the ground motion prediction models with Lg and all site term
coefficients generally worked better in predicting ground
motions in the Sichuan Basin for the six earthquakes relative
to the prediction model using the rock site term. Overall, the all
site term residuals seem to behave better than the Lg site term
residuals, especially at higher frequencies. The site response
models for the Sichuan Basin were derived using Fourier
spectra, which can be used to develop site terms applicable for
prediction models of the PSA response spectra following the
procedure in Chapman and Guo, 2021.

Conclusion

The crustal quality factor and site response in the Sichuan
Basin and the Songpan-Ganze terrane were estimated using
more than 5,800 three-component broadband seismograms
from 189 earthquakes occurring between January 2009 and
October 2020. We obtained Q(f) =313f%"* and Q(f) =
568 %338 for the Sichuan Basin and Songpan-Ganze terrane
respectively, which is in good agreement with the Q(f)
models found in previous studies. Site responses of stations
in the Sichuan Basin differed strongly from those in the
Songpan-Ganze terrane, which is attributed to the different
geological conditions between the two regions. The average
site response in the basin shows stronger amplification effects
at frequencies lower than 6 Hz and strong attenuation effects
at higher frequencies (>10 Hz) relative to the Songpan-Ganze
terrane. ko estimates of stations in the basin are generally
larger than those in the Songpan-Ganze terrane and the
average ko is ~1.6 times larger in the basin than the
Songpan-Ganze terrane. Site response terms and x; of
stations in the Sichuan Basin were found to be correlated
with sediment thickness. We developed site response models
for the Sichuan Basin from site response terms obtained using
Lg Fourier amplitudes, coda spectral ratios and H/V spectral
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ratios. The site response models depend on the sediment
thickness and were incorporated in the stochastic method
of ground motion predictions for six recent earthquakes, to
establish an independent means to test the derived models.
The rock site term residuals for the earthquakes exhibit strong
bias, and dependence on sediment thickness, exhibiting an
underestimation of low-frequency ground motions and
overestimation of high-frequency ground motions in the
Sichuan Basin. This bias of ground motion prediction
residuals is greatly reduced using the site response models
derived here. Generally, the Lg results and the results using all
site term coefficients presented in this study worked well in
predicting ground motions for the six earthquakes used to
independently test the models. The site response models
defined by Eqs 9, 11 are the first models developed for the
whole Sichuan Basin which can be directly used in predicting
the Fourier spectra recorded at stations with given sediment
thickness. Site corrections based on our site response models
can be used to reduce the bias in determining magnitudes and
other source parameters of the earthquakes in the Longmen
Shan and adjacent regions. In addition, site terms for
predicting PSA response spectra can be developed from our
site response models following the method in Chapman and
Guo 2021, which can be incorporated into calculations of
probabilistic seismic hazard assessment. Soc,

Data and resources

The seismic data used in this study are provided by Data
Management Centre of China National Seismic Network at
Institute of Geophysics (SEISDMC, doi:10.11998/SeisDmc/
SN), China Earthquake Networks Center and AH, BJ, BU,
CQ, FJ, GD, GS, GX, GZ, HA, HB, HE, HI, HL, HN, JL, JS,
JX, LN, NM, NX, QH, SC, SD, SH, SN, SX, TJ, XJ, XZ, YN, ZJ
Seismic Networks, China Earthquake Administration (http://
www.esdc.ac.cn/; last accessed June 2022). We made some of
the figures using the Generic Mapping Tools version 5.2.1
(GMT, Wessel et al, 2013) and Matplotlib version 1.5.1
(Hunter, 2007).

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding author.

included in article/Supplementary Material,

References

Anderson, J. G., and Hough, S. E. (1984). A model for the shape of the Fourier
amplitude spectrum of acceleration at high frequencies. Bull. Seismol. Soc. Am. 74,
1969-1993.

Frontiers in Earth Science

98

10.3389/feart.2022.1016096

Author contributions

ZG: The first author collected and processed all the seismic data
used in the study. She wrote the manuscript and plotted all the figures
in the paper. MC: The corresponding author wrote and tested the
fortran programs for the inversion and provided fortran programs
for calculating the residuals. He described and explained some of the
results during oral communications. He also revised the manuscript.

Funding

This study was supported by the National Natural Science
Foundation of China (Grant No. 42004035), the Natural Science
Foundation of Jiangsu Province (Grant No. BK20200609), and
the Fundamental Research Funds for the Central Universities
(Grant No. JUSRP121050).

Acknowledgments

We thank the Earthquake Science Data Center for providing
the seismic data. We thank the associate editor YR and two
reviewers for comments that improved the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/feart.2022.
1016096/full#supplementary-material

AQSIQ (2001). GB18306—2011 seismic ground motion parameters zonation map
of China. first edition. Beijing: Standard Press of China, 165-189. AvaliableAt:
https://www.nssi.org.cn/nssi/front/5138636.html.

frontiersin.org


doi:10.11998/SeisDmc/SN
doi:10.11998/SeisDmc/SN
http://www.esdc.ac.cn/
http://www.esdc.ac.cn/
https://www.frontiersin.org/articles/10.3389/feart.2022.1016096/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/feart.2022.1016096/full#supplementary-material
https://www.nssi.org.cn/nssi/front/5138636.html
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1016096

Guo and Chapman

Atkinson, G. M., and Mereu, R. F. (1992). The shape of ground motion
attenuation curves in southeastern Canada. Bull. Seismol. Soc. Am. 82 (5),
2014-2031. doi:10.1785/bssa0820052014

Atkinson, G. M., and Boore, D. M. (2014). The attenuation of Fourier amplitudes
for rock sites in eastern North America. Bull. Seismol. Soc. Am. 104, 513-528. doi:10.
1785/0120130136

Bager, S., and Mitchell, B. (1998). Regional variation of. Pure Appl. Geophys. 153
(4), 613-638. doi:10.1007/5000240050210

Bora, S. S., Scherbaum, F., Kuehn, N., and Stafford, P. (2016). On the relationship
between Fourier and response spectra: Implications for the adjustment of empirical
ground-motion prediction equations (GMPEs). Bull. Seismol. Soc. Am. 106 (3),
1235-1253. doi:10.1785/0120150129

Borcherdt, R. D. (2002). Empirical evidence for acceleration-depen- dent
amplification factors. Bull. Seismol. Soc. Am. 92, 761-782. doi:10.1785/0120010170

Boore, D. M., and Thompson, E. M. (2015). Revisions to some parameters used in
stochastic-method simulations of ground motion. Bull. Seismol. Soc. Am. 105,
1029-1041. doi:10.1785/0120140281

Brune, J. N. (1971). Correction. J. Geophys. Res. 76, 5002.

Brune, J. N. (1970). Tectonic stress and the spectra of seismic shear waves from
earthquakes. J. Geophys. Res. 75, 4997-5009. doi:10.1029/jb0751026p04997

Burchfiel, B. C,, Chen, Z. L, Liu, Y. P., and Royden, L. H. (1995). Tectonics of the
longmen Shan and adjacent regions, central China. Int. Geol. Rev. 37 (8), 661-735.
doi:10.1080/00206819509465424

Burger, R. W, Somerville, P. G., Barker, J. S., Herrmann, R. B., and Helmberger,
D. V. (1987). The effect of crustal structure on strong ground motion attenuation
relations in eastern North America. Bull. Seismol. Soc. Am. 77, 420-439.

Campbell, K. W. (2009). Estimates of shear-wave Q and 0 for unconsolidated and
semiconsolidated sediments in eastern north Americafor unconsolidated and
semiconsolidated sediments in eastern north America. Bull. Seismol. Soc. Am. 99
(4), 2365-2392. doi:10.1785/0120080116

Castro, R. R,, Stock, J. M., Hauksson, E., and Clayton, R. W. (2017). Source
functions and path. Report.

Chang, E. Z. (2000). Geology and tectonics of the songpan-ganzi fold belt,
southwestern China. Int. Geol. Rev. 42 (9), 813-831. doi:10.1080/
00206810009465113

Chang, S. C., Wen, K. L., Huang, M. W., Kuo, C. H,, Lin, C. M,, Chen, C. T., and
Huang, J. Y. (2019). The high-frequency decay parameter (Kappa) in Taiwan. Pure
Appl. Geophys. 176, 4861-4879. doi:10.1007/500024-019-02219-y

Chapman, M., and Conn, A. (2016). A model for Lg propagation in the Gulf
Coastal Plain of the southern United States. Bull. Seismol. Soc. Am. 106 (2), 349-363.
doi:10.1785/0120150197

Chapman, M., and Guo, Z. (2021). A response spectral ratio model to account for
amplification and attenuation effects in the atlantic and Gulf Coastal Plain. Bull.
Seismol. Soc. Am. 111 (4), 1849-1867. doi:10.1785/0120200322

Chen, X. B, Wu, Y. Q, Du, P. S, Li, J. S, Wu, Y. R, and Jiang, G. F. (1986).
“Crustal velocity structure at two sides of Longmenshan tectonic belt (in Chinese),”
in Developments in the research of deep structure of China’s continent (Beijing:
Seismol. Press), 112-127.

Field, E. H., Johnson, P. A., Beresnew, 1. A, and Zeng, Y. (1997). Nonlinear
ground-motion amplification by sediments during the 1994 Northridge earthquake.
Nature 390 (11), 599-602. doi:10.1038/37586

Frankel, A. D., Carver, D. L., and Williams, R. A. (2002). Nonlinear and
linear site response and basin effects in Seattle for the M 6.8 Nisqually,
Washington, earthquake. Bull. Seismol. Soc. Am. 92 (6), 2090-2109. doi:10.
1785/0120010254

Frankel, A. (1991). Mechanisms of seismic attenuation in the crust: Scattering and
anelasticity in New York state, south Africa, and southern California. J. Geophys.
Res. 96, 6269-6289. doi:10.1029/91jb00192

Fu, L, and Li, X. (2016). The characteristics of high-frequency attenuation of
shear waves in the Longmen Shan and adjacent regions. Bull. Seismol. Soc. Am. 106
(5), 1979-1990. doi:10.1785/0120160002

Fu, L, Li, X,, Wang, F., and Chen, S. (2019). A study of site response and regional
attenuation in the Longmen Shan region, eastern Tibetan Plateau, SW China, from
seismic recordings using the generalized inversion method. J. Asian Earth Sci. 181,
103887. d0i:10.1016/j.jseaes.2019.103887

Fu, L, Li, X. ], Rong, M. S., Chen, S., and Zhou, Y. (2018). Parameter estimation
of ground-motion prediction model in Longmen Shan region based on strong
motion data. Acta Seismol. Sin. 40, 374-386. doi:10.11939/jass.20170215

Guo, Z., and Chapman, M. C. (2019). An examination of amplification and
attenuation effects in the Atlantic and Gulf Coastal Plain using spectral ratios. Bull.
Seismol. Soc. Am. 109 (5), 1855-1877. doi:10.1785/0120190071

Frontiers in Earth Science

929

10.3389/feart.2022.1016096

Guo, Z., Guan, M., and Chapman, M. C. (2022). Amplification and attenuation
due to geologic conditions in the Sichuan Basin, central China. Seismol. Res. Lett.
XX, 1-15. doi:10.1785/0220220030

Guo, Z. W., Deng, K., and Han, Y. (1996). Formation and evolution of the Sichuan
Basin. Beijing: Geologic Publishing House, 200.

Harmon, J., Hashash, Y. M. A, Stewart, J. P, Rathje, E. M., Campbell, K. W., and
Silva, W. J. (2019). Site amplification functions for central and eastern North
America—Part II: Modular simulation-based models. Earthq. Spectra 35 (2),
815-847. doi:10.1193/091117EQS179M

Hua, W., Chen, Z. L, and Zheng, S. H. (2009). A study on segmentation
characteristics of aftershock source parameters of Wenchuan M8.0 earthquake
in 2008. Chin. J. Geophys. 52, 365-371. doi:10.1002/cjg2.1334

Hunter, J. D. (2007). Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9
(3), 90-95. doi:10.1109/mcse.2007.55

Kennett, B. L. N. (1986). Lg waves and structural boundaries. Bull. Seismol. Soc.
Am. 76, 1133-1141.

Kirby, E., Reiners, P. W., Krol, M. A., Whipple, K. X., Hodges, K. V., and Farley, K.
A. (2002). Late Cenozoic evolution of the eastern margin of the Tibetan Plateau:
Inferences from “°’Ar/*’Ar and (U-Th)/He thermochronology. Tectonics 21, 1-20.
doi:10.1029/2000TC001246

Li, J., Zhou, B., Rong, M., Chen, S., and Zhou, Y. (2020). Estimation of source
spectra, attenuation, and site responses from strong-motion data recorded in the
2019 changning earthquake sequence. Bull. Seismol. Soc. Am. 110 (2), 410-426.
doi:10.1785/0120190207

Li, X,, Zhai, C., Wen, W., and Xie, L. (2018a). Ground motion prediction model
for horizontal PGA, 5% damped response spectrum in sichuan-yunnan region of
China. J. Earthq. Eng. 24, 1829-1866. doi:10.1080/13632469.2018.1485600

Li, Y., He, D, Li, D,, Ly, R, Fan, C,, and Sun, Y. (2018b). Sedimentary provenance
constraints on the jurassic to cretaceous paleogeography of Sichuan Basin, SW
China. Gondwana Res. 60, 15-33. doi:10.1016/j.gr.2018.03.015

Li, Y. Q, He, D. F,, Chen, L. B, Mei, Q. H,, Li, C. X,, and Zhang, L. (2016).
Cretaceous sedimentary ba- sins in sichuan, SW China: Restoration of tectonic and
depositional environments. Cretac. Res. 57, 50-65. doi:10.1016/j.cretres.2015.07.013

Li, Z. W,, Xu, Y., Huang, R. Q,, Hao, T. Y., Xu, Y,, Liu, J. S,, et al. (2011). Crustal
P-wave velocity structure of the Longmen Shan region and its tectonic implications
for the 2008 Wenchuan earthquake. Sci. China Earth Sci. 54, 1386-1393. doi:10.
1007/s11430-011-4177-2

Liu, S., Yang, Y., Deng, B., Zhong, Y., Wen, L., Sun, W, et al. (2021). Tectonic
evolution of the Sichuan Basin, southwest China. Earth. Sci. Rev. 213, 103470.
doi:10.1016/j.earscirev.2020.103470

Liu, Z., Wuenscher, M. E., and Herrmann, R. B. (1994). Attenuation of body
waves in the central New Madrid seismic zone. Bull. Seismol. Soc. Am. 84,
1112-1122.

Meng, Q. R, Wang, E. C,, and Hu, J. M. (2005). Mesozoic sedimentary evolution
of the northwest Sichuan basin: Implication for continued clockwise rotation of the
South China block. Geol. Soc. Am. Bull. 117, 396-410. doi:10.1130/b25407.1

Ou, G. B, and Herrmann, R. B. (1990). A statistical model for ground motion
produced by earthquakes at local and regional distances. Bull. Seismol. Soc. Am. 80
(6A), 1397-1417. d0i:10.1785/bssa08006a1397

Pasyanos, M. E., Matzel, E. M., Walter, W. R., and Rodgers, A. J. (2009). Broad-
bandLgattenuation modelling in the Middle East. Geophys. J. Int. 177, 1166-1176.
doi:10.1111/j.1365-246x.2009.04128.x

Pratt, T. L, and Schleicher, L. S. (2021). Characterizing ground- motion
amplification by extensive flat-lying sediments: The seismic response of the
eastern U.S. Atlantic Coastal Plain strata. Bull. Seismol. Soc. Am. 111,
1795-1823. doi:10.1785/0120200328

Sha, J. G, Shi, X. Y., Zhou, Z. H., and Wang, Y. D. (2010). The terrestrial triassic
and jurassic sys- tems in the Sichuan Basin. ChinaHefei: University of Science &
Technology of China Press, 1-214.

Steidl, J. H., Tumarkin, A. G., and Archuleta, R.]. (1996). What is a reference site?
Bull. Seismol. 86, 1733-1748.

Stewart, J. P., Parker, G. A., Atkinson, G. M., Boore, D. A., Hashash, Y. M. A., and
Silva, W. J. (2020). Ergodic site amplification model for central and eastern North
America. Earthq. Spectra 36 (1), 42-68. doi:10.1177/8755293019878185

Tian, Y., Kohn, B. P., Phillips, D., Hu, S., Gleadow, A.J. W., and Carter, A. (2016).
Late Cretaceous—earliest Paleogene deformation in the Longmen Shan fold- and-

thrust belt, eastern Tibetan Plateau margin: Pre-Cenozoic thickened crust?
Tectonics 35, 2293-2312. doi:10.1002/2016TC004182

Wang, C.-Y., Han, W.-B., Wu, J.-P,, Lou, H., and Chan, W. W. (2007). Crustal
structure beneath the eastern margin of the Tibetan Plateau and its tectonic
implications. J. Geophys. Res. 112, B07307. doi:10.1029/2005JB003873

frontiersin.org


https://doi.org/10.1785/bssa0820052014
https://doi.org/10.1785/0120130136
https://doi.org/10.1785/0120130136
https://doi.org/10.1007/s000240050210
https://doi.org/10.1785/0120150129
https://doi.org/10.1785/0120010170
https://doi.org/10.1785/0120140281
https://doi.org/10.1029/jb075i026p04997
https://doi.org/10.1080/00206819509465424
https://doi.org/10.1785/0120080116
https://doi.org/10.1080/00206810009465113
https://doi.org/10.1080/00206810009465113
https://doi.org/10.1007/s00024-019-02219-y
https://doi.org/10.1785/0120150197
https://doi.org/10.1785/0120200322
https://doi.org/10.1038/37586
https://doi.org/10.1785/0120010254
https://doi.org/10.1785/0120010254
https://doi.org/10.1029/91jb00192
https://doi.org/10.1785/0120160002
https://doi.org/10.1016/j.jseaes.2019.103887
https://doi.org/10.11939/jass.20170215
https://doi.org/10.1785/0120190071
https://doi.org/10.1785/0220220030
https://doi.org/10.1193/091117EQS179M
https://doi.org/10.1002/cjg2.1334
https://doi.org/10.1109/mcse.2007.55
https://doi.org/10.1029/2000TC001246
https://doi.org/10.1785/0120190207
https://doi.org/10.1080/13632469.2018.1485600
https://doi.org/10.1016/j.gr.2018.03.015
https://doi.org/10.1016/j.cretres.2015.07.013
https://doi.org/10.1007/s11430-011-4177-2
https://doi.org/10.1007/s11430-011-4177-2
https://doi.org/10.1016/j.earscirev.2020.103470
https://doi.org/10.1130/b25407.1
https://doi.org/10.1785/bssa08006a1397
https://doi.org/10.1111/j.1365-246x.2009.04128.x
https://doi.org/10.1785/0120200328
https://doi.org/10.1177/8755293019878185
https://doi.org/10.1002/2016TC004182
https://doi.org/10.1029/2005JB003873
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1016096

Guo and Chapman

Wang, H., Xie, L, Wang, S, and Ye, P. (2013). Site response in the Qionghai Basin in the
wenchuan earthquake. Earthq. Eng. Eng. Vib. 12, 195-199. doi:10.1007/511803-013-0162-4

Wang, H,, Li, C, Wen, R, and Ren, Y. (2022). Integrating effects of source-
dependent factors on sediment-depth scaling of additional site amplification to
ground-motion prediction equation. Bull. Seismol. Soc. Am. 112 (1), 400-418.
doi:10.1785/0120210134

Wang, H., Ren, Y., and Wen, R. (2018). Source parameters, path attenuation and
site effects from strong-motion recordings of the Wenchuan aftershocks (2008-
2013) using a non-parametric generalized inversion technique. Geophys. J. Int. 212,
872-890. doi:10.1093/gji/ggx447

Wang, H., and Wen, R. (2021). Attenuation and basin amplification revealed by
the dense ground motions of the 12 July 2020 MS 5.1 Tangshan, China, earthquake.
Seismol. Res. Lett. 94 (2), 2109-2121. doi:10.1785/0220200400

Wang, M. M., Hubbard, J., Plesch, A., Shaw, J. H., and Wang, L. N. (2016). Three-

dimensional seismic velocity structure in the Sichuan basin, China. J. Geophys. Res.
Solid Earth 121 (2), 1007-1022. doi:10.1002/2015jb012644

Wei, Z., Chu, R., Chen, L., W, S, Jiang, H., and He, B. (2020). The structure of
the sedimentary cover and crystalline crust in the Sichuan Basin and its tectonic
implications. Geophys. J. Int. 223 (3), 1879-1887. doi:10.1093/gji/ggaa420

Wen, R, Ren, Y., Zhou, Z., and Shi, D. (2010). Preliminary site classification of
free-field strong motion stations based on Wenchuan earthquake records. Earthgq.
Sci. 23, 101-110. doi:10.1007/s11589-009-0048-8

Wessel, P, Smith, W. H. E,, Scharroo, R., Luis, J. F., and Wobbe, F. (2013). Generic mapping
Tools: Improved version released. Eos Trans. AGU. 94, 409-410. doi:10.1002/2013e0450001

Frontiers in Earth Science

100

10.3389/feart.2022.1016096

Wu, W.W., Su, J. R,, Wei, Y. L., Wu, P, Li, J., and Sun, W. (2016). Discussion on
attenuation characteristics, site response and magnitude determination in Sichuan.
Seimol. Geol. 38, 1005-1018. doi:10.3969/j.issn.0253-4967.2016.04016

Xia, X, Li, Z., Bao, F,, Xie, J., Shi, Y., You, Q,, et al. (2021). Sedimentary structure
of the Sichuan Basin derived from seismic ambient noise tomography. Geophys.
J. Int. 225, 54-67. doi:10.1093/gji/ggaa578

Xie, J., Wu, Z., Liu, R, Schaff, D,, Liu, Y., and Liang, J. (2006). Tomographic
regionalization of crustal Lg Q in eastern Eurasia. Geophys. Res. Lett. 33, L03315.
doi:10.1029/2005GL024410

Xu, P, Ren, Y., Wen, N,, and Wang, H. (2020). Observations on regional
variability in ground-motion amplitude from six mw ~ 6.0 earthquakes of the
north-south seismic zone in China. Pure Appl. Geophys. 177, 247-264. doi:10.1007/
500024-019-02176-6

Zhao, L.-F,, Xie, X.-B., Wang, W.-M., Zhang, J.-H., and Yao, Z.-X. (2010). Seis-
mic Lg-wave Q tomography in and around Northeast China. J. Geophys. Res. 115,
B08307. doi:10.1029/2009JB007157

Zheng, C., Zhang, R, Wu, Q., Li, Y., Zhang, F., Shi, K., et al. (2019).
Variations in crustal and uppermost mantle structures across eastern Tibet
and adjacent regions: Implications of crustal flow and asthenospheric
upwelling combined for expansions of the Tibetan plateau. Tectonics 38,
3167-3181. d0i:10.1029/2018TC005276

Zheng, Y., Li, H,, Sun, Z, Wang, H., Zhang, ], Li, C, et al. (2016). New
geochronology constraints on timing and depth of the ancient earthquakes
along the Longmen Shan fault belt, eastern Tibet. Tectonics 35, 2781-2806.
doi:10.1002/2016TC004210

frontiersin.org


https://doi.org/10.1007/s11803-013-0162-4
https://doi.org/10.1785/0120210134
https://doi.org/10.1093/gji/ggx447
https://doi.org/10.1785/0220200400
https://doi.org/10.1002/2015jb012644
https://doi.org/10.1093/gji/ggaa420
https://doi.org/10.1007/s11589-009-0048-8
https://doi.org/10.1002/2013eo450001
https://doi.org/10.3969/j.issn.0253-4967.2016.04016
https://doi.org/10.1093/gji/ggaa578
https://doi.org/10.1029/2005GL024410
https://doi.org/10.1007/s00024-019-02176-6
https://doi.org/10.1007/s00024-019-02176-6
https://doi.org/10.1029/2009JB007157
https://doi.org/10.1029/2018TC005276
https://doi.org/10.1002/2016TC004210
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1016096

:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

Kun Ji,
Hohai University, China

Haiping Ding,

Suzhou University of Science and
Technology, China

Zailin Yang,

Harbin Engineering University, China

Qiang Ma,
magiang@iem.ac.cn

This article was submitted to Structural
Geology and Tectonics,

a section of the journal

Frontiers in Earth Science

17 July 2022
20 September 2022
05 January 2023

Wang F, Ma Q, Tao D and Xie Q (2023), A
numerical study of 3D topographic site
effects considering wavefield incident
direction and

geomorphometric parameters.

Front. Earth Sci. 10:996389.

doi: 10.3389/feart.2022.996389

© 2023 Wang, Ma, Tao and Xie. Thisis an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Earth Science

Original Research
05 January 2023
10.3389/feart.2022.996389

A numerical study of 3D
topographic site effects
considering wavefield incident
direction and geomorphometric
parameters

Fuchen Wang'?, Qiang Ma'?*, Dongwang Tao'? and
Quancai Xie'?

Key Laboratory of Earthquake Engineering and Engineering Vibration, Institute of Engineering
Mechanics, China Earthquake Administration, Harbin, China, ?Key Laboratory of Earthquake Disaster
Mitigation, Ministry of Emergency Management, Harbin, China

The topographic site effect plays a vital role in controlling the characteristics of
earthquake ground motions. Due to its complexity, the factors affecting
topographic amplification have not been fully identified. In this study,
100 ground motion simulations generated by double-couple point sources
in the homogeneous linear elastic half-space are performed based on the 3D
(three-dimensional) Spectral Element Method, taking the Menyuan area of
Qinghai Province, China as a local testbed site. A relationship between
incident direction and the strength of topographic amplification has been
observed. The horizontal ground motion is affected by the back-azimuth,
which is typically chosen to be the direction from seismic station to seismic
source measured clockwise from north. Specifically, the east-west PGA (Peak
Ground-motion Acceleration) is significantly amplified when back-azimuth is
about 90° or 270°, and the north-south PGA is significantly amplified when
back-azimuth is around 0° or 180°. The vertical ground motion is affected by
the dipping angle, which is the angle from vertical at which an incoming seismic
wave arrives. The vertical PGA is strongly amplified when the seismic wave is
almost horizontally incident (e.g., dipping angle = 78°). A correlation study
between  geomorphometric  parameters and frequency-dependent
topographic amplification indicates that relative elevation and smoothed
curvature contain similar information, both of which are closely related to
the topographic amplification of horizontal components, but not the vertical
component. Our study reveals the influence of source and propagation path on
topographic amplification and provides a reference for considering the
topographic site effect in real engineering sites.

KEYWORDS

topographic site effect, spectral element method, back-azimuth, dipping angle,
relative elevation, smoothed curvature
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Introduction

The topographic site effect refers to the scattering of seismic
waves by topographic irregularities, which generally manifests as
the ground motion amplified at the convex features such as
hilltops and deamplified at the concave features such as valleys.
The interaction between seismic waves and irregular topographic
features can be dramatic: a high peak ground acceleration (PGA)
of 1.78 g was recorded at the Tarzana hilltop stations during the
1994 Northridge earthquake (Bouchon and Barker, 1996;
Ashford and Sitar, 1997); A PGA of 1.25g recorded by the
Pacoima Dam site during the 1971 San Fernando earthquake
(Trifunac and Hudson, 1971); For moderate earthquakes, severe
damage can also be partially attributed to the scattering effect of
topography (e.g., Kang et al. 2019).

Although empirical evidence pointing out the contributions
of topography do exist in various seismic scenarios (Hartzell
et al.,, 1994; Harris, 1998; Buech et al., 2010; Hough et al., 2010;
Pischiutta et al., 2010; Luo et al., 2014), topographic site effects
have received less attention compared with stratigraphic site
effects. Topographic site effects are often invoked to explain
abnormal ground motion amplitudes in local areas, and its
complexity makes the relevant research encounter challenges
in reproducing the amplification value accurately. More
specifically, the of the
propagation path, and engineering site are all covered in the

relevant  information source,
ground motion records. Among these, the site condition includes
stratified soil, topography, sedimentary basin structure, etc. To
perform quantitative analysis, the contribution of the topography
itself needs to be extracted separately from the ground motion
records, and the influence of source, stratified soil, and other
factors on the topographic amplification value cannot be ignored.
Asimaki and Mohammadi (2018) emphasized a non-linear
coupling between the amplification effects from surface
topography and subsurface stratified soil. The thickness, shear
wave velocity, damping ratio, and lateral heterogeneity of the
underlying geologic materials all affect the topographic
amplification (Assimaki and Gazetas, 2004; Assimaki et al,
2005a; Assimaki et al., 2005b; Bouckovalas and Papadimitriou,
2005; Wang et al., 2019; Luo et al., 2020; Song et al., 2020). The
source and propagation path indirectly affect the topographic site
effect by determining the azimuth and frequency content of the
incoming wavefield, and there are few related studies. Using
three-dimensional finite difference methods, Mayoral et al.
(2019) indicates that for hill slopes, subduction earthquakes
led to deep failure surfaces, whereas normal events to shallow
failure surfaces.

At present, there are three kinds of methods to study the
topographic site effects: experimental method (e.g., Tucker et al.,
1984; Wood and Cox, 20165 Stolte et al., 2017), analytical and
semi-analytical method (e.g., Yuan and Liao, 1996; Paolucci,
2002) and numerical simulation methods (e.g., Boore, 1972; Geli
et al, 1988; Hartzell et al, 2017). The standard spectral ratio
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(SSR) method (Borcherdt, 1970) is the spectral ratio of ground
motions between the target station and the adjacent reference
station. It is widely used in the study of topographic site effects
due to its ease of operation and clear physical context, but the
reference station needs to be located on the bedrock site and
cannot be affected by the adjacent topographic features, which
limits the amount of available ground motion data. The
(HVSR, horizontal-to-vertical
method, which avoids the selection of the reference station by

Nakamura spectral  ratio)
using the horizontal to the vertical spectral ratio of the same
station to characterize site effects (Nakamura, 1989). However,
the topographic amplification of vertical ground motion reduces
the accuracy of the estimation of amplification. Some scholars
used microtremors to make up for the lack of ground motion
records (e.g., Stolte et al., 2017; La Rocca et al,, 2020). Numerical
simulations also have helped augment the observational record,
but the numerical results are usually smaller than those of
experiments (Geli et al., 1988; Lovati et al., 2011). The reason
is that the underground shear wave velocity structure and soil
layer information are usually unclear, and the accuracy of the
elevation data used in the numerical simulation is also limited,
which greatly affects the accuracy of the numerical modeling
(Moore et al., 2011; Burjanek et al., 2012; Burjanek et al., 2014).
However, with the growth in computational capabilities, the
of capable
topographies, and more high-quality near-surface geologic

development codes of handling complex
data available, it is becoming easier to directly model ground-
motion amplification due to topography. Some studies that
consider surface topography has obtained simulation results
that are in good agreement with observed ground motions
(Magnoni et al.,, 2013; Galvez et al., 2021; Wang et al., 2021).
In this paper, we first adopt the spectral element method to
establish a ground motion synthetic database, and then explore
the influence of the incident direction of the incoming seismic
wavefield on the topographic amplification; in addition, the
correlation between geomorphometric parameters, which
commonly used to build the ground-motion models (GMMs),
and topographic amplification values have also been analyzed.
Finally, we discuss the physical mechanism behind the source-
site interaction and make recommendations for considering the
topographical site effect in real engineering sites.

Ground-motion synthetic database

A powerful and freely available spectral element software,
called SPECFEM3D, is adopted to generate the synthetic ground
motion data. The Spectral Element Method (SEM) enjoys the
geometrical flexibility of the Finite Element Method and the
accuracy of the Pseudo-Spectral Method. High-degree Lagrange
interpolants are used to express functions in SEM. Therefore, the
accuracy of the simulation can be ensured by adjusting the
polynomial degree and the representative element size. The

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.996389

10.3389/feart.2022.996389

Wang et al.

A 101°00E 101°30E 102°00E

38°00'N = A
-

37°30N g 44km
N

37°00N 8 g

2 2
2000 3000 4000 5000 le »|
Elevation(m) 41km
FIGURE 1

(A) Menyuan area elevation map and study region (red box); (B) Locations of the square array of 3,721 virtual receivers (black dots, one station

every 500 m).

polynomial degree is set to 4 in our study [following Komatitsch
etal, 2005; Igel, 2017; Yuan et al., 2021], which means one SEM
element per wavelength has been found to be accurate. As a
comparison, the spatial element size in some finite difference
methods must be smaller than approximately one-tenth to one-
eighth of the wavelength, which leads to a great number of
elements (e.g., Ma et al., 2021). The SEM allows for systematic
diagonalization of the mass matrix, which then allows for easy
parallelization.

Menyuan area, Qinghai Province, China is located northeast
of the Qinghai Tibet Plateau, with a great difference in elevation
and the average elevation is 2,866 m. The overall terrain is high in
the northwest, low in the southeast, high in the north and south,
and low in the middle. The north is adjacent to the Qilian
Mountains, and the Datong River Valley in the middle is
relatively flat. As shown in Figure 1A, the topography is
complex, including ridges, isolated hills, valleys, canyons, and
flat surfaces, which cover a large variety of topographic features
often present in real cases in which 3D site effects may occur.
Therefore, A 3D model with dimensions of 41 x 44 x 15 km’
surrounding the Menyuan area is established to understand the
mechanism of topographic site effect. The digital elevation data
comes from the ASTER Global Digital Elevation Model (GDEM)
Version 3, with a spatial resolution of 1 arc-s (approximately 30-
m horizontal posting at the equator). 3,721 virtual receivers
(black dots in Figure 1B) are regularly distributed in a
30 x 30 km” area that covers the main topographic features of
the computational domain. The ground motion of three
components [corresponding to east-west (X), north-south (Y),
and vertical (Z)] can be recorded by each receiver.
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To isolate topographic site effects from heterogeneities in the
subsurface materials, we assume isotropic homogeneous linear
elastic half-space with properties given by V, = 5600 m/s,
V¢ =3354m/s, and p = 2636 kg/m3 (Brocher, 2005; Zuo and
Chen, 2018). Therefore, the grid size needs to be less than
670 m to simulate ground motion below 5 Hz. The size of the
lower grid cell is set to about 620 m, and the size of the upper grid
cell is about 210 m, as illustrated in Figure 2A. Two buffer layers
(a smoothed version of the surface topography) are introduced to
damped mesh distortions of the surface topography (Lee et al.,
2008) (Figure 2B). In addition, the mesh between the two buffer
layers is refined after balancing the computation cost and
accuracy of surface topography modeling.

100 Mw 4.5 double couple point sources with Gaussian
source time function are used as the input of simulations. The
focal mechanisms and locations of each source are randomly
generated by uniform distribution, and the rise time is obtained
by the empirical scaling relations (Somerville et al., 1999). It
should be noted that the rupture area of Mw 4.5 is generally about
2-3 km? (Somerville et al., 1999; Leonard, 2010). The hypocenter
depth is limited to above 5 km to ensure the validity of the point
source hypothesis. Finding a suitable reference site is not an easy
task in the empirical method. But this problem can be easily
solved by numerical simulation. An SEM model with a flat
ground surface is adopted (the size, medium parameters, and
receiver locations of the model are consistent with the previous
model) to simulate the reference ground motion. All raw ground
motion records in our database need to be filtered by a 4th order
Butterworth low-pass filter with a cut-off frequency of 5Hz
before subsequent analysis. Then the three-component ground
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FIGURE 2

(A) Global view of the 3D SEM model; (B) Buffer layer indicate by the red box in (A).
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motion amplification factors of 3,721 receivers can be obtained
with the input of each double couple source.

Influence of incident direction on
topographic site effects

The amplification factor of PGA, AFpga, is defined as the
PGA on the topography surface divided by the PGA on the flat
ground surface. The data set is divided into 360 subsets based on
different back-azimuths (taking 1° as the interval), and then the
relationship between the mean AFpgs of each subset
(Abbreviated as and the
obtained, as shown in Figure 3. The LQT coordinate system is

AFpGa_paz) back-azimuth is
obtained by rotating the XYZ coordinate system based on the
specified dipping angle and azimuth, and L, Q, and T represent

the polarization directions of P, SV, and SH waves respectively. It

Frontiers in Earth Science

104

can be observed that the AFpga_gaz of the T component is
consistent with the Y component when the back-azimuth equals
to 90° or 270°, and consistent with the X component when the
back-azimuth equals to 0° (360°) or 180°, which demonstrates
that the coordinate rotation is correct.

For the LQT coordinate system (solid line in Figure 3), the
PGA of L and Q components is significantly amplified by the
topography, while the AFpga_gaz of T component varies around
1.0. The topographic amplification value of SV wave exceeds
those of P wave. The curve shapes of L and Q components in
Figure 3 are similar, and they both have no obvious correlation
with the back-azimuth. For the XYZ coordinate system (dashed
line in Figure 3), the AFpga_paz of X component is relatively
larger when the back-azimuth is around 90° or 270° the
AFpGa_paz of Y component is relatively larger when the
back-azimuth is around 0° (360°) or 180°. Considering that
80% of the dipping angles in our database are greater than
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45°, the particle motion of P wave is mainly projected on the
horizontal plane, resulting in the ground motion amplification of
X component (or Y component) being more consistent with that
of L component (P wave) in the corresponding back-azimuth.
For example, since the topographic amplification of P wave is
stronger than that of SH wave, the AFpg4 of X component will be
relatively higher when the particle motion direction of P wave
coincides with the X direction (back-azimuth=90° or 270°), and
relatively small when the particle motion direction of SH wave
coincides with the X direction (back-azimuth=0° or 180°).

The maximum AFpg4 of one receiver with 100 source inputs
is defined as AFpga_max. The back-azimuths corresponding to
the AFpga_max in X, Y, and Z components of all 3,721 receivers
is counted, and the density distribution with an interval of 1° is
shown in Figure 4. The distribution of back-azimuths of the
overall database (red solid line) is uniform in the range of 0° to
360°. 41.6% of the AFpga_max in X component occurred in the
back-azimuth range of 90° + 15° and 270° + 15°, 55.1% of the
AFpga_max in Y component occurred in the back-azimuth
range of 0° + 15° and 180° + 15°. Compared with Figures 3, 4
further illustrates that the AFpga_ pmax of horizontal components
are correlated with the back-azimuth.

The data set is also divided into 90 subsets based on different
dipping angles (taking 1° as the interval), the mean AFpga of
each subset is defined as AFpga_prp. The influence of dipping
angles on AFpgy is also shown in Figure 5. As expected, the
AFpga_prp of Z component in Figure 5A (blue dashed line) is
close to that of the L component (black solid line) when dipping
angle is equal to 0° and close to that of the Q component (red
solid line) when the dipping angle is about 80°. Ding et al. (2017)
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and Gu et al. (2017) analyzed the seismic ground motion of the
scarp topography, and reported that when the slope angle is
unchanged, for the inclined P waves, the amplification factor of X
component increases, while the amplification factor of Z
component decrease with the increase of dipping angle; for
the
component decrease, while the amplification factor of Z

inclined SV waves, the amplification factor of X
component increase with the increase of dipping angle. The
reason for this phenomenon is also that the increase of the
dipping angle will make the P wave project more on the
horizontal plane and make the SV wave project more in the
vertical direction. It worth noting that topography itself has no
influence on dipping angle, but the combination of topographic
relief and different dipping angles leads to different forms of
ground motion amplification. Due to the amplification of P and
SV waves by topography, the AFpga_pp of Z component
presents a shape of high on both sides and low in the middle.
It is worth noting that the double-couple point source and real
topographic surface are adopted in this study, so the situation is
more complicated than Ding et al. (2017) and Gu et al. (2017).
The dipping angle density distribution of the overall database
is mainly concentrated above 45° (red solid line in Figure 5B),
which leads to the particle motion of SV wave is mainly projected
in the vertical direction, so the AFpga_paz of Z component is
more consistent with that of Q component (SV wave). The
AFpGa_paz of Z component is greater than that of horizontal
components due to that the topographic amplification of SV
wave is greater than that of the P and SH waves.
5B further that the PGA of Z
component is strongly amplified when the incident seismic

Figure indicates
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wave is approximately horizontal. For example, 74.5% of

the in Z occurred in the

AFpGa_MAX component
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dipping angle range of 75° + 5°, while only 24.8% of the
dipping angle in the overall database is in the range of
75° + 5°,

Our simulation data show that the amplification of P and SV
waves is independent of back-azimuth, but correlates with
dipping angle. Taking the SV wave as an example, when the
dipping angle is smaller than 45°, the AFpgs prp of Q
component is small; when the dipping angle is larger than
55°, the AFpga_pip of Q component increases with the
dipping angle, and reaches the peak when the dipping angle is
about 78°, then decreases rapidly. This phenomenon may be
related to the scattering effect of topography, which will be
discussed in Discussion section.

Figure 6 represents the density distribution of the dipping angle
and the incidence angle, where the incidence angle refers to the angle
between the incident direction of seismic wave and the normal to the
topography surface at the location of the receiver. The incidence
angle in this study is also mainly above 45°, and the relationship
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between PGA amplification factor and dipping angle is similar to
that of the incidence angle, so we will not repeat them here.

Correlation between
geomorphometric parameters and
topographic site effects

Topographic site effect prediction models based on
established by
previous studies (Maufroy et al, 2015; Zhou et al, 2020).

geomorphometric parameters have been
However, due to topographic site effects varying strongly with
the stratigraphy and material properties of the underlying
geologic material, some researchers believe that topographic
site effects cannot be well characterized by studying the effects
of ground surface geometry alone (Asimaki and Mohammadi,
2018; Pitarka et al., 2021). Based on the synthetic database, this
section studies the correlation between commonly used
geomorphometric parameters and topographic amplification
to explore whether this correlation can remain stable with
different The

smoothed curvature are initially selected.

incident directions. relative elevation and

Relative elevation (H,) is defined as the difference between
the elevation at a point on the surface and the mean elevation
within a specified neighborhood of the point. A circular
neighborhood with a radius r is used to compute the mean
elevation. A positive H, of a point indicates that the point has a
higher elevation relative to the surrounding area, such as the
crest; a negative H, of a point indicates that the point has a lower
elevation relative to the surrounding area, such as a valley or the
base of a ridge. Note that the value of H, also depends on the
selection of r. The H, is smooth and continuous with the
different r, and the H, at a position may both have positive
and negative values. The r in this study is set to half of the seismic
wavelength, as shown in Eq. 1, where A is the seismic wavelength
and the seismic frequency f ranges from 0.4 to 5Hz with
intervals of 0.1 Hz. The minimum value of the frequency
range is limited by the size of the model. Our leftmost station
is 5500 m from the left boundary of the model. Therefore, the
radius we use to calculate the relative elevation cannot exceed
5500 m. Bring it into Eq. 1, and we can get the highest frequency
0f 0.304 Hz. So we set the lower limit of the frequency range to 0.
4 Hz.The maximum value of the frequency range is limited by the
grid division. So we set the upper limit of the frequency range to
5 Hz.The variation range of r in this study is 335.4-4,192.5 m.
AV )

r=i—ﬁ

Referring to AFpGa_max, the mean AFpga of one receiver
with 100 source inputs is defined as AFpga_mean. The Pearson
(Abbreviated as PCC) Dbetween
AFpGa_mean of different components and H, by varying the

correlation  coefficients

radius of surrounding circular area are shown in Figure 7A, in
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which the PGA of Horizontal component (PGAp,) and 3D
component (PGA;p) are obtained following Eq. 2, in which
Acc (t) is the acceleration time history of ground motion and the
subscripts X, Y and Z indicate the corresponding components
respectively.

PGA,,, = Maximum(\/Ach (£)* + Accy (£)? )

PGA;p = Maximum( \/Accx (£)* + Accy (1) + Accy (1) )
2

It can be observed from Figure 7A that the PCCs of all
components increase first and then decrease with r, and
AFpGa_mean 1o longer correlate with H, when r is large to a
certain extent, which demonstrates that for a specific site, its
topographic site effect (AFpga) is affected by the surrounding
topographic features within a certain range, but not by the
topography at a long distance. The AFpga_mpan of X and Y
components are found to have a strong correlation with the
relative elevation, but not that of Z component. Therefore, the
PCC of the horizontal component is greater than that of the 3D
component and reaches the peak of 0.64 when r is equal to 400
(red dot in Figure 7A). The increase of AFpga_mpan with H, can
be observed in the Figure 7B, which is consistent with our
expectation. That is, the amplification of ground motion is
easy to occurs near the crest with large H,, while the de-
amplification generally occurs near the foot of the hill or
valley with small H,.

Wang et al. (2018) also studied the correlation between
geomorphometric parameters and PGA amplification. They
used the vertically incident plane wave as the input ground
motion, without considering the variation of incidence angle.
After considering the incidence angle, Figure 7 shows that the
correlation is found to be weaker than that of Wang et al. (2018).
In addition, Figure 7 also indicates that it is hard to determine the
r when AFpga mpan and H, is best correlated, and the
distribution of the scatter points in Figure 7B is quite
dispersed, which suggesting that topography-induced PGA
amplification cannot be accurately estimated by relying on
relative elevation alone.

Topographic amplification is frequency-dependent. The
ground motion spectral amplification in this study is defined
as AF(f), which varying with frequency f. The Fourier
amplitude spectrum O(f) is obtained by transforming the
acceleration time history Acc(t) from time domain to
frequency domain. The amplitude spectra of the horizontal
and 3D components are both obtained from the vector
amplitudes; that is, Opor (f) = \/Ox (f)2 + Oy (f)2 and
Osp (f) = \/OX (f)2 + Oy (f)2 +0y (}‘)2, respectively. Then
the spectrum is smoothed by a 0.2 Hz Parzen window. After
thatAF (f) can be obtained by dividing the Fourier amplitude
spectra of the receiver on the topography surface by the receiver

on the flat ground surface.
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We calculate the PCCs between AF ( f;) of 3,721 receivers at
the sampling frequency f; and relative elevation H, with varying
r.When f; is unchanged, each r corresponds to a PCC. All PCCs
of f; can be obtained after traversing all r values, and the
relationship between the r value corresponding to the largest
PCC and the seismic wavelength A at the f; is shown in
Figure 8A. It is found that when the seismic wavelength is
about 2.5 times the r, the AF(f) except for the Z component
is best correlated with the H,, and the maximum PCC over
different seismic wavelengths is given in Figure 8B. Among all the
components, relative elevation H, has the strongest correlation
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with AF(f) of horizontal component and the weakest
correlation with AF(f) of Z component. The PCC between
AF (f) and H, is larger at low frequency (large wavelength) than
at high frequency (small wavelength), and the reason can be
attributed to two aspects: the first is the selection of r value. As
mentioned earlier, AF (f) and H, are most correlated when the
wavelength is equal to 2.5 times r, but the r is set to half the
wavelength [see Eq. 1]. This means that in the high-frequency
band, the r corresponding to the maximum PCC will be outside
the range of r. For example, the wavelength of a 5 Hz seismic
wave in this study is 670.8 m, and the » corresponding to the
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TABLE 1 PCCs between smoothed curvature and AFpga.

Components X Y zZ Horizontal 3D

PCCs 0.31 0.26 0.07 0.31 0.23

maximum PCC should equal to 670.8/2.5 = 268.32 m, but the
minimum value of r is only 335.4 m. Second, the 4th order
Butterworth low-pass filter cannot completely filter out the
ground motion information above 5Hz, and the accuracy of
numerical simulation may also decline in the high-
frequency band.

By comparing Figure 7A with Figure 8B, we can easily find
that H, has stronger correlation with AF ( f) than that of AFpga.
We infer that the
amplification is closely related to the scale of topography:

frequency-dependent  topographic
large-scale features are correlated to amplification of low-
frequency waves, and small-scale features are correlated to
amplification of high-frequency waves. H, with varying r
covers topographic feature information in different scales and
can better describe AF(f).

The surface curvature is defined as the second spatial
derivative of the elevation map. Following the work of
Zevenbergen and Thorne (1987), the Digital Elevation Model
(DEM) of the region E should be a rectangular matrix of evenly
spaced elevation values with space increment h, note that h
should be in the same units as the elevations in E (e.g., meters in
our study). The curvature at any point (x;, y;) is given by

C(xi,y:) =E"(xi, y;) =—2(8 +¢) x 100 3)
In which 6 and ¢ are second-order derivatives of elevation in

x and y components, which are approximated by finite
differences as

1 E(x,-_l,y,-) + E(xi+1)yi)
8= = [ 5 - E(xi y1) (4)
and
1 | E(xi, yio1) + E (x5 Yir
SZF[ ( 1)2 ( 1)—E(x,v,yi)] )

As shown in Table 1, the PCCs between smoothed curvature
and AFpg4 is low. However, we can find that horizontal PCCs are
greater than that of vertical, which means that smoothed
curvature also mainly contains information of the horizontal
topographic amplification.

To characterize the spatial correlation between smoothed
curvature and ground-motion amplification as a function of
frequency, Maufroy et al. (2015) introduced a smoothing
operator, which is to convolve matrix C twice (one per
derivative) with a 7 x n unit matrix normalized by a factor n*.
The smoothed curvature C; is given by
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1 Ly - Ly Iy - Ly
Cszﬁ v o (6)
Ly = L Ly o Lo

The characteristic length is defined as L; =2 xn X h.
According to Maufroy et al. (2015), the highest correlation
between frequency-dependent topographic amplification and
the smoothed curvature is reached when the curvature is
smoothed over a characteristic length equal to half of the S
wavelength, which is also confirmed in Figure 9A. In addition,
Figures 7-9 show that the geomorphometric parameters have the
best correlation with the horizontal topographic amplification
and the worst in the vertical component.

Based on the above analysis, it is easy to notice the strong
similarity between relative elevation H, and smoothed curvature
C,. Rai et al. (2016) demonstrated that H, and C, are highly
correlated. Wang et al. (2018) took Hong Kong Island as a local
testbed site and used a square neighborhood with the length
defined as Ly, to calculate H,. They found that the best correlation
between H, and C, is obtained when L, = 1.5 x L; and the
corresponding coefficient of determination R” is as high as 0.94.
Based on the DEM of this study, the relationship between relative
elevation and smooth curvature is analyzed. As shown in
Figure 10, the R* between H, and C; in this study is as high
as 0.975 when L, = 1.25r. Considering that a circular area of
radius r is used in this study, Figure 10 is consistent with Wang
et al. (2018). In addition, Figure 10 further indicates that the
strong correlation between H, and C; is not limited by the study
area, which means that relative elevation and smooth curvature
with given length scales represent the same information of the
topography. The initially acquired surface topography data is
usually unprocessed digital elevation data, and considering the
algorithmic complexity, relative elevation H, is recommended as
a proxy for topographic site effects.

Discussion

The influence of the incident direction of seismic waves on
the topographic site effect is revealed in this work based on a large
number of 3D numerical simulations, which is useful for us to
explain the spatial distribution characteristics of ground motion.
However, the applicability of these findings in real earthquake
scenarios needs to be discussed.

The homogeneous velocity model introduced in this study
leads to some discrepancies between the numerical simulation
results and the real earthquake cases, one of which is the
difference in dipping angle. In real earthquake scenarios, the
shear velocity increase with depth whether it is homogeneous
rock or unconsolidated sediments (Kanamori and Schubert,
2015). Based on Snell’s law, when the seismic wave is
transmitted from the larger shear velocity medium to the
smaller shear velocity medium, the direction of the refracted
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wave will approach the normal direction. Even if the initial
dipping angle is very large, the propagating path of the
seismic wave will become approximately vertical in the near-
surface after several refractions. Since seismic waves do not
refract in the medium with uniform shear velocity (e.g.,
numerical models used in this work), the dipping angle of
seismic waves at the ground surface will be much larger than
that in the real world. Based on the discussion of Figure 5 above,
the larger dipping angle is part of the reason why the AFpg4 of
vertical component is greater than that of the horizontal
components, while investigation of historical earthquakes
generally shows that topography has a much larger ground
motion amplification effect on the horizontal components
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than on the vertical component. The relationship between
back-azimuth and the strength of topographic amplification
should be available at bedrock sites [such as Classes A in
NEHRP (National Earthquake Hazards Reduction Program)
Site Classification] under shallow earthquakes with large
hypocenter distances (The point source assumptions). While
the point source assumption is not met, there is not a clear
relationship between the back-azimuth and the degree of
amplification (e.g., Stone et al., 2022).

Numerical simulations and model experiment show that
the scattering of body waves to surface waves can be induced by
topographic features in homogeneous linear elastic half-space
(Gangi and Wesson, 1978; Boore et al., 1981; Ohtsuki and
Harumi, 1983; Liand Liao, 2002). We also confirm the existence
of converted surface wave based o