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The basin effects alter the frequency content, amplitude and duration of seismic

waves with different depth and shape basin. In this paper, we selected 2-D

geophysical profiles spanning theWeihe Basin with large area and the Luoquanli

Basin with small area. Based on the velocity structure data of the two

geophysical profiles, 2-D finite element models were established to analyze

the influences of the sedimentary layer in a broad basin and the basement

geometry of a small basin on the basin effects using the spectral element

method. The results showed that the sedimentary deposits in the basin could

significantly amplify the groundmotion, and the diffraction waves generated by

the lateral inhomogeneity of the basin could prolong the duration of the ground

motion. The highlight of this paper, our results showed that the amplification

characteristics were controlled by the velocity mean in the vertical direction of

sedimentary deposits (vp < 4.5 km/s) for a broad basin with small depth-to-

width ratio as Weihe Basin, while the amplification characteristics were

dominated by basement geometry of the small basin with large depth-to-

width ratio as Luoquanli Basin. In this study, a high-resolution 2-D geophysical

refraction profile was directly used to construct a finite element model to study

the basin effects, which provided a new method of studying the basin effects.
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1 Introduction

Typically, a basin is an area where the crystalline basement has been depressed for a

long (geologic) period with respect to sea level, and sedimentary deposition and filling

have occurred. Compared to the surrounding terrain, the interior of a basin is relatively

flat and is protected by scenic mountains, so many human settlements have been
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constructed in the interior of basins, such as Beijing, Chengdu,

Taipei, Mexico City, Tokyo, and Los Angeles. When a basin is

affected by an earthquake, the basin’s structure exhibits special

basin effects, which tend to aggravate earthquake damage. The

earthquake damages to the corresponding basins caused by the

Mexico earthquake, the Northridge earthquake, and the Hyogo-

ken Nambu earthquake are well known to everyone, and as a

special site effect, the basin effects are receiving more and more

attention from seismologists (e.g., Kawase, 1996; Graves et al.,

1998; Olsen, 2000; Komatitsch et al., 2004; Lee et al., 2008a; Lee

et al., 2008b, Lee et al., 2009; Iyisan and Khanbabazadeh, 2013;

Chaljub et al., 2015; Maufroy et al., 2017; Zhang et al., 2019;

Zhang et al., 2020). The results of existing studies have shown

that the factors affecting the basin effects are mainly the structure

of the sedimentary layer, the geometry of the basin’s basement

strata, and the seismic wave input orientation or source location,

among which, the sediment structure (Field, 2000; Frankel et al.,

2001, 2002; Fletcher and Wen, 2005; Roten et al., 2006; Hartzell

et al., 2016) and geometry of the basin’s basement strata (Gao

et al., 1996; Alex and Olsen, 1998; Davis et al., 2000; Baher and

Davis, 2003; Stephenson et al., 2006; Shani-Kadmiel et al., 2012;

Riga et al., 2016; Sahar and Narayan, 2016; Zhu, 2018) have the

most significant effects on the ground motion.

Three methods are usually used to investigate basin effects.

The first is to analyze the strong-motion records for the basin

region. The second is to combine the information about the

basin’s stratigraphic structure with strong-motion records to

statistically derive the ground-motion prediction equations

(GMPEs) of the basin region. The third is to construct a

numerical model of the basin to simulate the basin effects. All

three methods require an accurate velocity model as supporting

data. The accurate velocity model can determine the thickness of

the sedimentary layer, the burial depth of the basin’s basement,

the geometry of the basement strata, and the structural

heterogeneity of the subsurface, which are crucial to the

seismic response of the basin.

The strong-motion records for a basin area can directly

reflect the basin effects, for example, the amplification of low-

frequency ground motions by sedimentary layers in the basin,

the focusing effect, the edge effect and the resonance effect of

the basin, and such records have shown that the amplification

of ground motion by a basin is closely related to the burial

depth of the basement in the basin. Lee and Anderson (2000)

and Steidl and Lee (2000) investigated the amplification effect

of the Southern California basin on ground motion using

strong-motion records, and they concluded that the variation

in the thickness of the sediments in the basin caused the error

between GMPEs and the basin effects at the soil site. Fletcher

and Wen (2005) analyzed the strong-motion records of the

1999 Mw7.6 magnitude earthquake in Jiji, Taiwan, and found

that the peak value and duration of the ground motion were

related to the basin’s basement depth. By analyzing the

records from the San Jose array in California, Frankel et al.

(2001) found that the seismic amplitude and the spectral

ratios between the receivers inside the basin and a weakly

weathered bedrock site receiver at the edge of the basin were

higher in the western region of the Evergreen Basin than in the

eastern region; they concluded that this was related to the

deeper burial depth of the basement in the western region.

Hartzell et al. (2016) found that the amplification factors for

the longer periods (≥1 s) in the Livermore Valley were

generally consistent with the variations in the depth of the

basement in this basin.

To consider basin effects in GMPEs, the empirical

relationship between the ground motion parameters and the

thickness of the sedimentary layer in the basin is mostly

established, but the determination of the thickness of the

sedimentary layer in the basin varies. In determining the

long-period portion of the GMPE, Campbell (1997) defined

the depth to the crystalline rocks or metamorphic rocks as the

sediment thickness. In calibrating the GMPE for Southern

California, Field (2000) considered the basin amplification

factor to be positively correlated with the basin depth and

took the depth to the vs = 2.5 km/s horizon beneath the site

as the basin depth. Several models of NGA-West2 consider basin

terms, for example, the ASK14 (Abrahamson et al., 2014),

BSSA14 (Boore et al., 2014), and CY14 (Chiou and Youngs,

2014) GMPEs use the depth to the vs = 1.0 km/s horizon beneath

the site to model sediment-depth and basin effects, while CB14

(Campbell and Bozorgnia, 2014) uses the depth to the vs =

2.5 km/s horizon beneath the site. When Denolle et al. (2014)

determined the relationship between the peak ground motion

and the depth of the Kanto Basin in Japan, the depth to the vs =

3.2 km/s horizon beneath the site was taken as the depth of the

basin. Therefore, the sediment thickness or basement burial

depth of the basin is important basic data for building GMPEs.

The resolution of the velocity model can determine the

accuracy of the numerical simulation. Theoretically, the finer

the velocity structure of the subsurface geological body is, the

higher the accuracy of the numerical simulation is. When using

the spectral element method (SEM) to simulate 3-D ground

motion in mountainous areas, He et al. (2015) combined fine

meshes with a high-resolution velocity model, the frequency

band of the ground motions simulated could be up to 8 Hz, and

the simulation results were close to the seismic record. He et al.

(2015) believed that the resolution of the velocity model directly

determines the simulation accuracy of the wave propagation.

Most researchers have come to the same conclusion through 3-D

ground motion simulation studies (e.g., Lee et al., 2009; Bielak

et al., 2010; Chaljub et al., 2015). A velocity structure with a high

resolution more accurately represents the heterogeneity of the

subsurface structure, which directly affects the distribution of the

ground motion at the surface.

To simulate the basin effects reasonably, it is an effective

approach to construct a finite element (FE) model to simulate

the ground motion using geophysical profile data. From the
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above discussion, we can see that accurate velocity structure

data are important to studying basin effects. The 2-D

numerical simulation technique has also been used to study

basin effects, but these studies tended to over-simplify the

basin model, and over-simplification can be detrimental to the

practicality and applicability of the research results since the

homogeneous assumption is far from reality (Zhu, 2018). To

obtain an accurate 2-D velocity model, direct drilling tests can

be conducted to obtain more accurate data, but it is quite

expensive to obtain the velocity structure of the entire cross-

section of a broad basin. It is also impossible to obtain the

velocity structure of the entire Cenozoic and deeper strata due

to the limitation of the drilling depth. In contrast, the high-

resolution refraction exploration method is a feasible and

relatively cost-efficient approach. For basins that have large

length/width ratios, V-shaped valleys, and U-shaped

paleochannels, from the perspective of the long axis of the

structure, they are approximately 2-D bodies, and high-

resolution refraction exploration has been implemented

across most of these areas, so accurate velocity models can

be obtained. Therefore, it is acceptable to directly use these

geophysical prospecting data to build a 2-D FE model to

simulate the general characteristics of the ground motion.

The direct use of 2-D geophysical prospecting profiles to

construct FE models can accurately represent the real

depositional environment and stratigraphic heterogeneity of

the basin, and this approach can reflect the influence of the

heterogeneity of the velocity structure on the ground motion

well. Based on previous studies, it is clear that the basin’s

basement depth and resolution of the velocity model have the

most significant influence on the basin effects. Therefore, we

chose two geophysical profiles across the basin. One of the

profiles had a long span and large basement depth variations.

Based on this profile, the influences of the basement depth and

vertical velocity structure on the ground motion

characteristics were studied. The other profile spanned a

small-scale basin with a high-resolution velocity structure,

and the arc-shaped basement of the basin could be identified.

Based on this profile, the influences of the heterogeneity of the

velocity structure and the geometric features of the basement

on ground motion were studied.

2 Numerical technique

In this paper, we use the SEM (Komatitsch and Vilotte,

1998), which is popular for ground motion simulations. The

SEM combines the advantages of the pseudo-spectral method

and the FE method. It not only has the flexibility of the FE

method in dealing with irregular structures, but it also has

the high accuracy and fast convergence characteristics of the

pseudo-spectral method. In this paper, the Ricker wavelet is

used as the source time function. The Ricker wavelet is a

narrow-band signal. Using the Ricker wavelet as the input

motion can identify the main characteristics of the seismic

response of the basin. It is an effective method that can be

used to determine the causes and results of complex

engineering problems (Bard and Bouchon, 1985; Gelagoti

et al., 2012).

The expressions of the Ricker wavelet in the time domain and

frequency domain are as follows:

h(t) � [1 − 2(πfpt)2] exp[ − (πfpt)2] (1)

H(f) � 2f2 exp[ − (f/fp)2]/(f3
p




π

√ ) (2)
where fp is the central or predominant frequency.

In studying the seismic response of a 2-D trapezoidal

basin, Zhu (2018) found that only when the wavelength of

the input seismic wave is equal to or smaller than the

maximum thickness of the sedimentary layer in the basin

will the basin have a 2-D seismic response. Therefore, for the

wide Weihe Basin, which contains a thick sedimentary layer,

the Ricker wavelet with a dominant frequency of 1 Hz was

selected as the source time function; while for the Luoquanli

Basin, which is a small basin with a thin sedimentary layer, the

Ricker wavelet with a predominant frequency of 4 Hz was

selected as the source time function. The two source time

functions are shown in Figure 1.

3 Basin model

3.1 Two geophysical prospecting profiles

The first profile selected in this paper is a high-resolution

refraction detection section across the Weihe Basin in China.

The Weihe Basin lies in the middle and lower reaches of the

Weihe River between latitudes 34°00′ and 35°10′ N and

longitudes 107°00′ and 110°20′ E. It adjoins the Ordos

basin in the north, Qinling Mountains in the south and

west, Yellow river in the east. The total area of the Weihe

Basin is 3.9 × 104 km2, with a length of 360 km from west to

east and a width of 30–85 km from north to south.

Sedimentary within the region are generally between

1,000 and 5,000 m in thickness, but maxima exceeds

7,000 m. The bottom to top strata are continuously

deposited from the Paleogene through the Neogene to the

Quaternary, and the strata have sedimentary characteristics

such as large formation thickness, obvious north-south

differentiation of the phase zone, and rapid change of

lithological composition (Li et al., 2021). The geologic map

and the location of the prospecting profile are shown in

Figure 2. This study only focused on the amplification

effect of the basin’s structure on the ground motion

without considering the topographic effect. The data above

the elevation of the credible velocity structure data of the
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profile were removed, and only the data below an elevation of

0.5 km were retained. The velocity structure of the geophysical

profile is shown in Figure 3. The profile shows that the velocity

contour line between 50 and 160 km is concave, forming a

basin structure. The velocity value in the basin is significantly

lower than the velocity values on both sides. The depth of the

basin’s basement is about 8.0 km, and the basin structure

corresponds to the depression of the Pre-Sinian crystalline

basement in this region, this is consistent with the geological

profile. The geophysical profile shows that the velocity

structure and sedimentary thickness of the profile vary

greatly laterally, and the bedrock is exposed near 40 km.

FIGURE 1
Ricker wavelets: (A) time history of Ricker pulse and (B) corresponding Fourier amplitude spectrum.

FIGURE 2
The geologic map of Weihe basin (Li et al., 2021).
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FIGURE 3
The velocity structures of geophysical profile of Weihe basin.

FIGURE 4
The geologic map of Luoquanli basin (Qin et al., 2001).
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However, in the Weihe Basin, the deposition of the strata

above −2 km is relatively stable, and the strata below −2 km

exhibit obvious anisotropy.

To study the response of the ground motion in small

basins, the second profile selected in this paper is a high-

resolution refraction detection section passing through the

Luoquanli meteorite crater, with a section length of 3.0 km.

The crater is located at 40°21′55″ N, 123°27′34″ E in the

northern part of Liaodong Peninsula of northern China. It is a

simple bowl-shaped crater located in a low mountain-hill

region, which was formed in the Early Proterozoic

metamorphic rockseries composed of leucoleptite,

hornblendite, gneiss, and marble (Qin et al., 2001). The

crater is an approximately pentagonal structure with a rim-

to-rim diameter of about 1800 m. The rim crest and both sides

of rim are mostly covered with weathering soil, eluvial and

diluvial deposits up to several meters thick. A few spots with

exposed basement rocks (mainly leucoleptite) emerge from

the rim walls (Chen et al., 2010). The crater floor is covered

with Quaternary lacustrine sediments, with organic-rich

lacustrine sediments in the upper part and loose brecciated

rock debris and shock breccia accumulation in the lower part.

The geologic map is shown in Figure 4, and the sketch of

geological profile of the crater is shown in Figure 5. This basin

exhibited an obvious seismic intensity anomaly during the

Haicheng earthquake in 1975. The seismic intensity around

the basin was 6 degree, while the seismic intensity inside the

basin was 8 degree. The classification standard of the seismic

intensity is consistent with the standard of the United States.

The location of the profile is shown in Figure 4, and the

velocity structure of the geophysical profile is shown in Figure 6.

It can be seen that in the lateral direction of the profile, the upper

part of the profile shows that the velocity in the middle of the

basin is low (minimum of approximately 1.4 km/s), and the

velocity at the edge of the basin is high (up to 4.3 km/s), this

corresponds to the weakly weathered bedrock surrounding the

basin, as shown in Figure 4. In the vertical direction, the velocity

variation range in the middle of the basin is larger (from 1.4 to

7.0 km/s), and the velocity variation range at the edge of the basin

is smaller (from 4.3 to 7.0 km/s). The profile reveals the bowl

shape of the basin, this is consistent with the sketch of geological

profile, as shown in Figure 5. The deepest depth of the basement

in the basin is approximately 830 m, with a velocity of

approximately 7.0 km/s, which is rare in the stratum at the

same depth. Is it the typical bowl-shaped structure that caused

the anomalous intensity in the Luoquanli Basin? In this paper, we

conduct related research to answer this question.

3.2 Finite element model

For the Weihe Basin profile, to reflect the inhomogeneity of

the geophysical profile and save computational time, we divided

the mesh by setting the mesh size of the deep homogeneous high-

wave-speed structure to 400 m and the mesh size of the low-

wave-speed structure with strong heterogeneity at shallow depths

to 50 m. For the Luoquanli Basin profile, we set the mesh size

to 10 m.

In the numerical simulation using the SEM, to ensure the

accuracy of the simulation results, it is required that at least five

Gauss-Lobatto-Legendre integration points be contained in each

FIGURE 5
The sketch of geological profile of Luoquanli basin (Chen et al.,
2010).

FIGURE 6
The velocity structures of geophysical profile of Luoquanli basin.
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seismic wave wavelength, which means that the relationship

between the mesh size of the model, the order of the

Lagrange polynomial, and the shortest wavelength of the

seismic waves is satisfied by the following condition:

d≤ nλm/5 (3)

where d is the mesh size, n is the order of the Lagrange

polynomial, 4≤n≤8, and λm is the shortest wavelength of

seismic waves.

For the Ricker wavelet source time function, we can obtain

λm using the following equation, in which vs is the S-wave

velocity in the medium, and fp is the predominant frequency

of the Ricker wavelet:

λm � vs/(2.5fp) (4)

The empirical relationship between the S-wave velocity (vs),

P-wave velocity (vp), and Poisson’s ratio (σ) is as follows:

vp/vs � (2(1 − σ)/(1 − 2σ))0.5 (5)

The geophysical profile reveals that the minimum P-wave

velocity in the basin is approximately 1,500 m/s. According

to experience, Poisson’s ratio of the sedimentary soil in this

layer is approximately 0.33. According to Eq. 5, the

minimum S-wave velocity is approximately 750 m/s. When

the predominant frequency of the input Ricker wavelet is

1 and 4 Hz, the S-wave wavelength is approximately 300 and

75 m, respectively. Based on Eq. 3, the mesh size meets the

computational accuracy requirements.

FIGURE 7
The acceleration time history of the Weihe Basin profile model and the velocity structure profile.

FIGURE 8
The acceleration time history duration lengthening of the
receivers in the Weihe Basin.
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When conducting a ground motion simulation, many

researchers usually deliberately divide the stratum into

several layers, with obvious boundaries between each layer,

and the medium properties of each layer adopt equivalent

values or values that gradually increase with depth. However,

the former technique artificially causes abrupt changes in the

properties of the different strata, and the latter technique

ideally assumes a gradual increase in the properties of the

strata with depth, both of which are inconsistent with the real

depositional processes in basins. The deposition of

sedimentary layers in a basin is complex, that is, the strata

are crisscrossed, and there may be interlayers or lenticular

bodies. As is shown in the geophysical profiles in Figures 3, 6,

there is generally no obvious medium interface. Therefore, in

this paper, based on the velocity structure characteristics of

the refraction profile, when we assign the medium parameters

to the model, we assign the nearest velocity value of each mesh

to the corresponding mesh. This approach can reflect the

influence of the heterogeneity of the subsurface structure on

the ground motion well.

The velocity value in the velocity structure of the geophysical

profile is the P-wave velocity value, and the S-wave velocity value can

be obtained using Eq. 5. The Poisson’s ratio of the soil layer can be set

as 0.33 according to the empirical value. The Poisson’s ratio of the

deep rock structure is determined according to Eq. 6, and the density

is determined according to Eq. 7 based on previous research results

(Brocher, 2005):

σ � 0.8835 − 0.315vp + 0.049v2p − 0.0024v3p (6)
ρ � 1.74v0.25p (7)

For the Weihe Basin profile, we directly construct the FE

model according to the size of the profile. When studying the

basin amplification effect, we construct a homogeneous model

with the same size as a comparison to eliminate the influence of

the boundary effect. For the Luoquanli Basin profile, we place the

boundaries of the FE model far away from the basin to eliminate

the influence of the boundary effect.

4 Discussion

For the Weihe Basin profile model, the time step is set as

0.0005 s. To simulate the basin effects completely,

200,000 steps are calculated, and the total calculation time

is 100 s. For the Luoquanli profile model, the time step is set as

0.0001 s, 100,000 steps are calculated, and the calculation time

is 10 s.

FIGURE 9
The spectral ratios of some of the receivers in the Weihe Basin profile model.

TABLE 1 Parameters of the fitting relationship between the spectral ratio and basement burial depth.

Period (s) a1 b1 c1 Residual sum
of squares

Goodness of
fit

Standard error
(σ)

1.0 1.0127 0.4007 −0.0255 0.1017 0.7126 0.5943

1.5 1.0145 0.3960 −0.0254 0.0968 0.7159 0.5831

2.0 1.0400 0.3641 −0.0233 0.0796 0.7223 0.5349

2.5 1.0406 0.3645 −0.0232 0.0804 0.7217 0.5368

3.0 1.0449 0.3672 −0.0234 0.0859 0.7115 0.5450

3.5 1.0432 0.3669 −0.0234 0.0846 0.7139 0.5432

4.0 1.0444 0.3672 −0.0234 0.0858 0.7118 0.5450

5.0 1.0481 0.3674 −0.0234 0.0872 0.7086 0.5464
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4.1 Seismic response characteristics of the
Weihe Basin profile

4.1.1 Time history characteristics
In this paper, 401 receivers are set on the surface of the 200 km

long geophysical profile model. To facilitate the analysis of the impact

of the velocity structure on the groundmotion, the geophysical profile

is also drawn under the time history arrangement diagram (Figure 7).

It can be seen from Figure 7 that the initial arrival time of the seismic

waves in the 3–15 and 38–48 km sectionswhere bedrock is exposed at

the surface is earlier than at the other receivers, and the time history of

seismic waves in these two sections shows that the high frequency of

the groundmotion is predominant, especially in the 38–48 km section

where the bedrock penetrates from the bottom of the profile to the

surface. The sections with low-wave-speed sedimentary layers exert a

filtering effect on the high-frequency ground motion, such as the

16–38 km section and the 50–160 km section in the Weihe Basin.

Moreover, the Weihe Basin section exerts a significant amplification

effect on the low-frequency ground motion. The lateral heterogeneity

of the medium in the Weihe Basin leads to an abundance of surface

waves within the basin, and the surface waves generated at the basin’s

edge form an X shape in the middle of the basin as they propagate

laterally into the interior of the basin, which is consistent with the

effects of a simple ideal 2-D basinmodel (Riga et al., 2016; Zhu, 2018).

However, because the basin is wide and the sedimentary layers in the

basin are soft, the surface wave attenuates rapidly when it propagates

laterally, and there is no back and forth oscillating surface wave in the

middle of the basin.

In this paper, the amplitude ratios of the acceleration

time history of the receivers at the same location in the

FIGURE 10
The relationship between the spectral ratio and basement burial depth.

TABLE 2 Parameters of the fitting relationship between the spectral ratio and the velocity value.

Period (s) a2 b2 c2 d1 Residual
sum of squares

Goodness of fit Standard error (σ)

1.0 3.2667 1.0092 3.4745 7.3328 0.0492 0.8612 0.5943

1.5 3.4968 0.9585 3.3701 6.2605 0.0495 0.8548 0.5831

2.0 3.2375 1.0076 3.4079 6.6471 0.0369 0.8712 0.5349

2.5 3.2804 0.9984 3.3933 6.4776 0.0383 0.8674 0.5368

3.0 3.4002 0.9833 3.3547 6.1681 0.0420 0.8588 0.5450

3.5 3.3797 0.9875 3.3593 6.2343 0.0411 0.8612 0.5432

4.0 3.3948 0.9861 3.3557 6.2024 0.0420 0.8590 0.5450

5.0 3.4270 0.9797 3.3469 6.0771 0.0435 0.8547 0.5464
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geophysical profile model and the homogeneous bedrock

model are calculated (red line in Figure 7). The coordinate

axis of the amplification factor is shown on the right side of

the figure. As can be seen from this curve, the profile section

with relatively soft sedimentary layers amplifies the ground

motion significantly, and the shape of the amplification

factor curve is a mirror image of the velocity structure

contour of the geophysical profile, which is consistent

with the results of previous studies (Aki and Larner, 1970;

Field, 2000; Frankel et al., 2002; Fletcher and Wen 2005). In

this paper, we only study the duration of the ground motion

in the 50–150 km section in the Weihe Basin (Figure 8), from

which we can see that due to the diffraction of the seismic

waves off the edge of the basin, the duration of the ground

motion at the edge of the basin is relatively long; while in the

central part of the basin, the duration of the ground motion is

shorter due to the absorption effect of the relatively soft

sedimentary layers.

4.1.2 Amplifying effect of the Weihe Basin
geophysical profile on ground motion

In this paper, we use the spectral ratios of 401 receivers at

the same locations in the two models to study the basin’s

amplification effect.

It can be seen from the spectral ratio results that the basin section

(50–160 km) ismainly used to amplify the spectral value of the period

band (0.7–2 s). The spectral ratio results for some of the receivers are

shown in Figure 9, and the data in the upper right corner of the graph

indicate the receiver location. It can be seen from Figure 9 that the

basin section does not produce greater amplification of the spectral

value of the long-period section, which may be due to the following

three reasons. First, when the periods of the seismic waves

propagating vertically upward are greater than the threshold value,

the long-period seismic waves are suppressed because their

wavelength is greater than the thickness of the basin’s sedimentary

layer (Day et al., 2005). Second, in such a wide basin with a small

depth/width ratio, the surface waves generated at the edge will decay

and disappear after a long distance of lateral propagation, and they

cannot form a back and forth oscillating surface wave. Therefore, the

surface waves cannot be superimposed many times and thus produce

a greater amplification of the long-period ground motion. Third, the

wave-speed of the sedimentary layers in the basin section that is

revealed by the geophysical profiles is large, and the nonlinear

characteristics of the sedimentary layers are not shown.

According to Field’s method (Field, 2000), the depth to

the vs = 2.5 km/s horizon beneath the site is used as the

basement depth of the basin. According to Eq. 5, the depth to

the vp = 4.5 km/s horizon beneath the site (written as Zvp =

4.5) can be used as the basement depth of the basin. The

functional relationship between the spectral ratio y1 and the

burial depth x1 of the basement in the basin is established:

y1 � a1 + b1x1 + c1x
2
1 (8)

The least squares method is used to fit the data from the

401 receivers. The fitting parameters of several periods are

presented in Table 1, and the fitting results are shown in

Figure 10, from which it can be seen that the correlation

between the spectral ratio and the basement burial depth is

FIGURE 11
The relationship between the spectral ratio and the velocity.
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strong, which is consistent with numerous previous research results

(e.g., Frankel et al., 2001; Hartzell et al., 2016). Therefore, for a wide

basin, the depth of the basin plays a dominant role in the

amplification of the ground motion. From the fitted relationship

curve, it can be seen that the value of the spectral ratio increases

gradually as the buried depth of the basement increases, and it starts

to decrease slowly when the value of the spectral ratio increases to a

certain value. It can be concluded that when the burial depth of the

FIGURE 12
The acceleration time history of the Luoquanli Basin profile model and the velocity structure profile.

FIGURE 13
The spectral ratios of some of the receivers in the Luoquanli Basin profile model.
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basement is relatively shallow, the sedimentary layer plays a leading

role in the amplification of the ground motion. When the burial

depth of the basement exceeds a certain depth, the relatively soft

sedimentary layer will absorb more of the seismic wave energy and

increase the attenuation of the groundmotion. Therefore, this fitting

curve is consistent with the propagation attenuation law of seismic

waves, and this fitting curve is reasonable.

Based on the distribution of the sample points of the

basement burial depth and spectral ratio, the distribution of

the sample points is scattered, and the spectral ratios

corresponding to some basement burial depths differ

greatly (e.g., the spectral ratios corresponding to basement

burial depths of 3 and 7 km), which may be due to the

differences in the velocity structure in the vertical

direction within the same basement burial depth range.

Therefore, in this paper, we also fit the relationship between

the average velocity within Zvp = 4.5 x2 and the spectral ratio y2.

The following equation is the fitting equation, the fitting

parameters for several periods are presented in Table 2, and

the fitting results are shown in Figure 11:

y2 � b2 + (a2 − b2)/(1 + (x2/c2)d1) (9)

The fitting relationship shows that the spectral ratio is more

strongly correlated with the vertical velocity structure, and the

goodness of fit is better than the fit of the previous

relationship. The fitted curve shows that the fitted curve value

tends to be 1 when the average velocity is greater than 6 km/s.

This is consistent with the similar velocity values of the bedrock

exposed in the Weihe Basin profile model and the homogeneous

model. Therefore, this fitting curve is reasonable. In fact, due to

the complexity of the depositional environment, the demarcation

of the stratigraphic interface is not very obvious, so it may be

more meaningful to statistically analyze the relationship between

the spectral ratio and the mean value of the velocity in the vertical

direction within a certain depth range when an accurate velocity

structure profile is available.

4.2 Seismic response characteristics of the
Luoquanli Basin profile

4.2.1 Time history characteristics
The time history arrangement diagram and geophysical

profile are shown in Figure 12. It can be seen from the figure

that the Luoquanli Basin has an obvious amplification effect on

the ground motion, and the heterogeneity inside the basin

produces obvious diffraction waves. The diffraction waves

generated at the edge of the basin often appear as surface

waves propagating toward the center of the basin. However,

because the refraction geophysical profile can only reveal the

high-wave-speed values in the basin, and the thickness of the

sedimentary layers and the horizontal size of the basin are small,

the surface waves and body waves are nearly completely mixed.

Unlike in the wide Weihe Basin, the surface waves and body

waves are slowly separated as they propagate toward the center of

the basin, so the surface waves can be distinguished. It can be seen

from Figure 12 that the initial arrival of the seismic waves and the

lateral velocity structure distribution of the profile are closely

related, and the initial arrival of the seismic waves is the latest in

the central part of the basin, which has the smallest wave-speed

values.

The amplitude of the time history of each receiver is

normalized based on the amplitude of the receiver at the right

edge of the basin (red line in Figure 12). The coordinate axis of

the amplification factor is shown on the right side of Figure 12. It

can be seen that the amplitude in the right-middle part of the

basin is the largest. This abnormal amplification may be caused

by the focusing effect of the bowl-shaped basin. In addition, from

the time history waveform of the ground motion, we can see that

the resolution of the velocity structure is important to the ground

motion simulation. A velocity structure with a higher resolution

can reveal the small subsurface heterogeneities, and these small

heterogeneous geological bodies can diffract the seismic waves,

thus prolonging the duration of the ground motion.

FIGURE 14
The relationship between the spectral ratio and the burial depth of the basement.
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4.2.2 Amplifying effect of the Luoquanli Basin
geophysical profile on ground motion

Since this paper adopts the vertical incidence of plane waves,

the effect of the difference in the propagation path on the

distribution of the ground motion can be ignored. We adopt

the standard spectral ratio method to study the amplification

effect in the Luoquanli Basin and investigate the cause of the

seismic intensity anomaly in the center of the Luoquanli Basin by

calculating the spectral ratio between the receivers inside the

basin and a weakly weathered bedrock site receiver at the edge of

the basin.

From the spectral ratio results, it can be seen that the profile

section (0–1,500 m) amplifies the spectral value of the period

band (0.2–0.5 s) more significantly. The spectral ratios of some of

the receivers are shown in Figure 13, and the data in the upper

right corner represents the locations of the receivers. There may

be two reasons for this. First, this special bowl-shaped structure

tends to produce a focusing effect on the seismic waves, and this

focusing effect amplifies the high-frequency groundmotionmore

significantly (Davis et al., 2000; Sahar and Narayan, 2016).

Second, when the vertical upward propagating seismic wave

period is greater than the threshold value, the long-period

seismic wave is suppressed because the wavelength is larger

than the thickness of the sedimentary layer in the basin.

The relationship between the spectral ratio and Zvp = 4.5 is

shown in Figure 14. It can be seen from Figure 14 that there is a

tendency for the spectral ratios to increase as the basement depth

increases when the basement depth is less than 500 m, but the

increase is relatively slow. When the basement depth is greater

than 500 m, that is, mainly near the center of the basin, the

spectral ratios of the receivers above the bottom of the bowl with

a burial depth of approximately 600 m vary greatly (from 2.06 to

6.59). It can be seen that the spectral ratios at the center of this

small basin have little to do with the burial depth of the basin’s

basement, and the amplification of the ground motion is mainly

related to the lateral velocity structure of the basin or the

geometric characteristics of the basin’s basement. For this

basin, the anomalous amplification of the ground motion by

the center of the basin may be due to the focusing effect of this

bowl-like structure on the seismic waves, which is consistent with

the results of previous studies (Aki and Larner, 1970; Gao et al.,

1996; Alex and Olsen, 1998; Davis et al., 2000; Baher and Davis,

2003; Stephenson et al., 2006; Sahar and Narayan, 2016). This

may be the reason for the anomaly in seismic intensity in the

Luoquanli Basin.

5 Conclusion and perspectives

Based on two 2-D geophysical profiles for two basins with

different structures, in this study, we analyzed the seismic

response characteristics of a broad 2-D basin model and a

small bowl-shaped basin model. For the wide Weihe Basin,

compared with Zvp = 4.5, the average velocity within Zvp = 4.5 in

the vertical direction is more closely related to the amplification

factor of the response spectrum. Therefore, the thickness of the

sedimentary layer and the mean velocity value in the vertical

direction tend to dominate the basin effects and play a

dominant role in the amplification of the basin in wide

basins. For the small Luoquanli Basin, the arc-shaped

basement produces additional amplification of the ground

motion. In the case of small basins, the special geometry of

the basin’s basement tends to dominate the basin amplification

effect.

This study is the first attempt to simulate ground motion

based on 2-D geophysical profiles, and there are many

shortcomings. For example, only the vertical incidence of the

plane wave was considered, and the influence of the loose soft soil

layer on the ground motion was not considered. The results

obtained do not have strong engineering significance. Therefore,

these factors should be considered in the next stage of this

research.
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