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A B S T R A C T

The topographic amplification effect has significant impacts on structural safety since it causes inconsistencies
in seismic response. Previous studies on topographical influence focus on a certain point and cross-sections,
which is insufficient to comprehensively understand the topographic amplification effect. Besides, few studies
analyze the relationship between seismic response and ground motion frequency. Hence, this study aims to
investigate the effects of topographic irregularity of the whole site, and explore the relationship between
seismic response characteristics and signal frequency. An analysis procedure for modeling and meshing an
actual 3D site is proposed by combining SolidWorks, SketchUp and Abaqus. Finite element method (FEM) is
applied to simulate the seismic response. Results show that the site amplification and de-amplification are
associated with topographic features. Specifically, the seismic responses of ravine and ridge areas could differ
by a factor of two. However, acceleration response in ravine areas shows unusual amplification under input
signal frequencies over 4 Hz. Besides, the frequency of input ground motion certainly affects the seismic site
amplification. Specifically, in this study, the seismic response peaks when the input frequency is in the range of
0.4–0.8 Hz, which corresponds to the resonance frequency of the numerical model. In terms of frequency, site
amplification showed a correlation between actual recordings and artificial signal inputs, but lower intensities
are observed when actual records are input. Therefore, the engineering risk will be underestimated when the
topographic irregularity and frequency characteristic of input ground motion are inappropriately considered.
The findings of this study provide a new approach to investigate the actual 3D site amplification effects and
shed new insight on regional seismic risk analysis.
. Introduction

The intensity of seismic ground motion is related to the terrain.
pecifically, the topographic amplification effect leads to non-uniform
round responses, which result in the spatial variability of seismic
ecords. For example, in the 2011 Tohoku earthquake, the acceleration
ime histories recorded at the Tatsumi and Hachieda stations, which
re 800 meters apart, showed significant differences [1]. Non-uniform
eismic responses caused by the topographic amplification effect could
orsen earthquake consequences, such as geologic secondary disasters
nd building collapse. For example, more than 3400 landslides covering
n area of 6.9 square kilometers were triggered by the 2016 Kumamoto
arthquake in Japan [2]. In the 2009 L’Aquila earthquake, the city of
’Aquila and several small villages along the Aterno Valley suffered

eavy damage with 308 deaths, 1600 injured and 40,000 left home-
ess [3]. The Hokkaido Eastern Iburi earthquake of 2018 (M-JMA 6.7)
ed to strong ground motions and coseismic landslides, which resulted
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in the death of over 40 people, injuries exceeding 700, and partial or
complete destruction of more than 2000 buildings [4]. Therefore, the
effects of topographic irregularity on seismic site response play a crucial
role in seismic hazard and risk analysis.

The seismic site response is a complex issue and affected by var-
ious factors, such as the depth of strata, bedrock properties, soil de-
posit thickness, average shear wave velocity to seismic bedrock, index
properties of the strata, over-consolidation ratio and effective stress.
Various work also has been done to explore this issue. For example,
Rathje et al. [5] quantified the uncertainties of input motion and soil
properties on seismic site response with different soil conditions. The
influences of linearity and nonlinearity of the medium [6], dynamic
parameters like damping [7], bedrock properties [8], the plasticity
index of the soil [9,10] are also widely investigated. Furthermore, re-
searchers have optimized classification schemes for a site’s stratigraphic
soil conditions [11–13]. This study focuses on the effects of topographic
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irregularity and input signal frequency. To date, some work on the
input direction and the site characteristics have been investigated [14–
16]. The effects of frequency on seismic response amplification are also
discussed. For example, Paolucci [17] emphasized the great influence of
resonance on earthquake investigation. However, seismic site response
considering input ground motion frequencies and topography remains
largely unexplored. The objective of this study is to explore the effects
of tomographic irregularity on seismic site amplification subjected to
artificial and recorded excitation with various frequencies, where an
actual 3D site is adopted as an example.

Various methods in seismic site response analysis are developed,
such as centrifuge shaking table testing, 1 g shaking table testing,
and numerical simulation method. These methods have reached a
certain level of maturity in site analysis nowadays. However, they still
inevitably have certain limitations and operational difficulties [18]. For
example, experiments has advantages in providing realistic represen-
tations, validating models, and enabling direct measurements, while
disadvantages encompass limitations in scale, cost, and the challenge
of replicating all relevant factors found in natural settings. By contrast,
over the past several decades, with the continuous improvement of
computational capabilities and advances in computational methods,
numerical simulation has been extensively used in seismic analysis.

2D and 3D analysis strategies for examining seismic responses in
real-world sites are widely used in previous work [19–23]. The lim-
itations of conventional 1D [19] and 2D [20,21] approaches have
been acknowledged, emphasizing the significance of employing 3D
models to explore the impacts of terrain irregularities [22,23]. Ac-
curate seismic response reproductions now consider factors such as
stratigraphic anisotropy and plasticity, as highlighted in recent studies
on diverse locations, including Turkey [24], borehole sites [25], hilly
regions [26], and Kathmandu [27]. Recognizing the subjectivity and
restrictions inherent in traditional methods relying on observation
points or confined to 2D cross-sections, there is a recognized need
for improvement. While focusing on specific points and sections can
enhance efficiency, it may overlook certain phenomena in actual sites.
For instance, Muñoz and Sáez [19] advocate for the superior accuracy
and reliability of 3D analysis strategies compared to 1D approaches.
Similarly, Pasqua [20] notes that earthquake analyses based on 2D
cross-sections may underestimate the amplification effect of shaking,
particularly in 3D terrain with mountain peak branches.

A limited number of studies have undertaken seismic response
analyses considering the entire study site, with even fewer addressing
topographic effects. Connecting seismic responses to actual topography
becomes crucial for complex terrain site engineering. Studies covering
adjacent valleys [28], regular basins [29], V-shaped valleys [15,30],
ridges, slopes [31], and large-scale topographic features have been
explored [32]. Chen et al. [32] investigated the statistical relationship
between the topographic amplification effect and ground concave–
convex features at large scales. Additionally, understanding patterns as-
sociated with smaller-scale topographic features is considered essential
for aiding engineering construction and explaining specific engineering
phenomena [32–36].

The modeling and meshing of a 3D numerical site is the key to
simulating seismic site response. Terrain modeling consists of two parts:
site model building and model meshing. In the site model building
stage terrain generation is difficult if the method is complex. However,
efficient methods can negatively affect the efficiency of subsequent
meshing and computation. The Point cloud topography generation, as
the critical step of modeling, includes various methods, such as march-
ing cube [37], grid [38], and triangular irregular network (TIN) [39].
Notably, the marching cube offers detailed modeling, albeit at a high
computational cost. However, open-source DEM data do not support
detailed modeling. In response to the limitation of data and according
to the demand, TIN is used as a suitable method for terrain modeling
due to its efficiency and reliability [39]. A process of terrain generation
2

and elements division is summarized. Elements division is extremely d
critical for computational speed, and virtual topology is employed to
make hexahedral meshes available to reduce computational time. The
subsequent procedures and advantages of saving computing resources
are elucidated in the following sections of this study. The proposed
process makes the meshing of the site model formed by triangulation
feasible and minimizes the computational requirements of the meshed
results.

Tibetan Plateau, as one of the most active tectonics plate with tons
of river valleys on earth [40], has complex geological conditions, which
brings energy and source materials to geological disasters, such as
earthquakes, landslides and land subsidence [41–44]. Hence, a typical
area in Tibetan Plateau (see Fig. 1) is taken as an example in this
study to investigate the effects of tomographic irregularity and signal
frequency.

This study aims to uncover the relationship between terrain and the
seismic response, summarize the pattern of seismic response intensity
on the different topographical characteristics, and investigate the corre-
lation between seismic response intensities and input signal frequencies
by introducing input signal frequencies to irregular topographic seismic
responses. A modeling process is assembled to analyze the seismic site
amplification of an actual site. Additionally, the results of whole-site
seismic responses and the response intensities under different input
signal frequencies are investigated, which could contribute to estimate
seismic responses of complex large-span engineering structures.

2. Methodology

2.1. Finite element analysis

Modeling seismic signal propagation in a finite domain has posed
a longstanding dynamic challenge. The finite element method, while
suitable for solving problems in a continuum, presents limitations when
analyzing scenarios involving large deformations. However, as this
study specifically focuses on surface response without delving into large
deformations, the finite element method is used. The preprocessing
and meshing of intricate models significantly impact the reliability
of finite element method results, prompting us to propose a stream-
lined procedure for modeling and meshing simplification. Additionally,
challenges arise in establishing reflection-free boundaries within the
finite domain and accurately inputting seismic signals in simulating
seismic site response using the finite element method. To address these
challenges, this study introduces viscoelastic boundaries and equivalent
nodal forces.

2.1.1. Viscoelastic artificial boundary
The boundary of a study needs to be suitably chosen since the

research area of a study is certain, but the seismic signals propagate
in semi-infinite space. Imposing an artificial boundary on the study
area can simulate the propagation characteristics of the pulse in semi-
infinite space at the boundary without reflecting at the truncated
boundary of the study area. The viscoelastic artificial boundary is set
on this 3D terrain model to simulate the seismic wave propagation [29,
45].

Deeks and Randolph [45] proposed the viscoelastic boundary, then
Liu et al. [46]improved it. The viscoelastic artificial boundary consists
of a continuous distributed spring damping system on the artificial trun-
cation boundary. The engineering characteristics at boundary nodes are
shown in Fig. 2. The mechanical parameters of springs and dampers are
determined by the surrounding rock materials, given as Eq. (1):

⎧

⎪

⎨

⎪

⎩

𝐾BT = 𝛼T
𝐺
𝑅 , 𝐶BT = 𝜌𝐶S

𝐾BN = 𝛼N
𝐺
𝑅 , 𝐶BN = 𝜌𝐶P

(1)

where 𝐾BN and 𝐶BN are the radial spring constant and damping con-
stant, respectively; 𝐾BT and 𝐶BT are the tangential spring constant and

amping constant, respectively; 𝐺 and 𝜌 are the soil shear modulus
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Fig. 1. Typical ravines and ridges on mountain sidewalls in research area.
and mass density at boundary nodes that require springs and dampers,
respectively; 𝛼𝑇 , 𝛼𝑁 are the correction coefficients of the viscoelastic
boundary, and in the two-dimensional case, the values of 𝛼T and 𝛼N
refer to the study of Liu et al. [46]; 𝛼T = 0.5, 𝛼N = 1; 𝑅 is the distance
from the scattered wave source to the artificial boundary node. 𝐶S and
𝐶P are the shear wave velocity and longitudinal wave velocity of the
medium, respectively.

The nodal information of the truncated boundary for relatively
complex terrain is extracted to calculate the required position infor-
mation when applying the viscoelastic boundary. Then, by applying a
fully fixed constraint with unit pressure to the truncated boundary, the
support reaction force of the fixed support at each node is calculated,
and the value of this reaction force is the nodal control area. 𝐺, 𝐶S and
𝐶P mentioned in Eq. (1) are expressed as Eq. (2).

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐺 = 𝐸
2(1+𝜈)

𝐶S =
√

𝐺
𝜌 =

√

𝐸
2𝜌(1+𝜈)

𝐶P =
√

𝜆+2𝐺
𝜌 =

√

𝐸(1−𝜈)
𝜌(1+𝜈)(1−2𝜈)

(2)

where 𝐸 and 𝜈 are the elastic modulus and Poisson’s ratio of the
medium, and 𝜆 is the first lame constant. Wave velocity calculations
are given here only for elastic materials, as they are used in this study.

2.1.2. Equivalent nodal load
Equivalent nodal load can ensure stress input continuity and high

accuracy at the artificial boundary [47]. Therefore, the seismic waves
input by the equivalent nodal load method are introduced into the
model. For any node 𝑏 of the boundary, the magnitude of the equivalent
nodal load 𝐹𝑏 is expressed as Eq. (3) [29]:

𝐹b = (𝐾b𝑢
f f
b + 𝐶b�̇�

f f
b + 𝜎f fb 𝑛)𝐴b (3)

where 𝐾b𝑢f fb is to overcome the additional stress due to the displace-
ment of the spring unit; 𝐶b�̇�f fb is to overcome the additional stress due
to the velocity of the damper; 𝜎f fb 𝑛 is the stress tensor due to the free
field vibration at the boundary. 𝑢f fb = [𝑢 𝑣 𝑤] is the incident wave
displacement vector; �̇�f f = [�̇� �̇� �̇�] is the incident wave velocity vector;
3

b

Fig. 2. Schematic of the artificial boundary engineering features at arbitrary boundary
node 𝑏. 𝐾BN and 𝐶BN are the radial spring constant and damping constant, respectively;
𝐾BT and 𝐶BT are the tangential spring constant and damping constant, respectively.

𝐴b is the boundary node control region; 𝑛 is the normal cosine vector
outside the boundary; 𝐾b, 𝐶b are the spring stiffness and damping
coefficients on the viscoelastic boundary, respectively. In the two-
dimensional case, the displacement vector of the incident wave at the
boundary node is 𝑢f fb = [𝑢 𝑣], and the velocity vector of the incident
wave is �̇�f fb = [�̇� �̇�].

The viscoelastic boundary and equivalent nodal loads can be au-
tomatically applied to the boundary nodes. The program flowchart is
shown in Fig. 3.

2.1.3. Validation
As shown in Fig. 4(C), a symmetric V-shaped valley with depth 𝑑

and half-width 𝑏 is established for methods validation. The dimension
parameters are illustrated in Fig. 4(A), where half-width 𝑏 = 20 m,
depth 𝑑 = 20 m, local near-field dimensions 𝑥 = 1200 m, 𝑦 = 100 m
(width is 1200 m, height is 100 m). Mean-valued elastic materials are
used to model.
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Fig. 3. Artificial boundary and seismic load imposition process.
Fig. 4. 2D canyon site model used for model validation. (A) Overall model dimensions, (B) Near-field grid division, the artificial boundary and the earthquake input direction,
(C) The model parameters, (D) Schematic diagram of the monitoring point locations.
For seismic waves to be accurately propagated, we refer to the work
of Liu et al. [29] and the analysis from Kuhlemeyer and Lysmer [48].
The longest element size in the direction of seismic propagation should
satisfy the requirements of Eq. (4).

ℎmax =
1 ∼ 1 (

𝑉S ) (4)
4

10 8 𝑓max
where ℎmax is the largest size for the grid, 𝑉S is the shear wave velocity
of soil, 𝑓max is the maximum input signal frequency.

A linear elastic material is used, and the material parameters are
shown in Table 1. The model is discretized using 52 920 elements, and
the element division of the model is shown in Fig. 4(B). The element
type used is four-node plane strain element with reduced integration
(CPE4R), which is a suitable type for 2D plane strain problems without
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Table 1
Material parameters of the simulated model.

Material property Mass density Poisson ratio Young’s modulus Shear modulus SH-wave velocity

Elasticity 2670 kg∕m3 0.25 1.66857 × 109 Pa 6.67428 × 108 Pa 500 m/s
Fig. 5. Comparison of simulation results with the corresponding results of Godinho
et al. [30].

stress concentrations and large deformations. Then, the SH wave with
displacement equation 𝑢(𝑡) = 𝑠𝑖𝑛( 2𝜋0.3 )𝑡 is input vertically to the model
from the bottom boundary.

The peak values of displacement inspired by the input signal are
recorded at the monitoring points on the free surface, as shown in
Fig. 4(D). According to the responses of the validation model, a compar-
ison between records at monitoring points and the analytical results of
Godinho et al. [30] indicates the excellent reliability of the methods
used, shown in Fig. 5. Thus, the introduction of viscoelastic bound-
ary and equivalent nodal load can effectively reflect the propagation
characteristics of seismic signals.

2.2. 3D numerical modeling for irregular topography

The time spent on modeling and meshing far exceeds the time spent
on calculations and data analysis [27]. During our study, for modeling
and meshing 3D terrain, a convenient way that integrates SketchUp,
SolidWorks and Abaqus is proposed. Voxelization is well-suited for
fine surface generation and is widely used, where the octree method
involves computational processes such as octree traversal, neighbor-
hood search and interpolation operations. These place a very high
demand on computational resources [49]. Fine-grained generation of
topography is not required in this study. Broader data sources and more
efficient terrain generation methods are targeted. Triangulating point
clouds is an intuitive and intuitive method for effectively approximat-
ing complex surfaces by connecting adjacent points to form triangles.
Some triangulation algorithms, especially the Delaunay triangulation
algorithm, have good computational efficiency and can generate high-
quality meshes in a relatively short period. As an efficient method,
triangularization converts the point cloud to the surface model, but
the triangularization makes the surface model completely segmented.
The sizes and shapes of the triangular grids are less regular, especially
on the more complex terrain. As a result, the shapes of the surface
grids make it impossible to automatically generate hexahedral elements
when meshing. Although the element division can be performed by
more tetrahedral elements, the dramatic increase in the number of el-
ements will demand more computational resources and consume more
time, which is inefficient in practice. Besides, the severe irregularity of
the triangular grid causes the element division and quality control near
the surface to be more complex, and the program’s design for artificial
boundary and signal input is also a challenge. A complete surface can
minimize the influence caused by triangular grids on the generation of
hexahedral elements. Using the topology tool for surfaces allows the
divided meshes after triangulation to be processed into a whole. This
will simplify the overall process of modeling. This is because the pro-
cessing of the model will no longer be affected by the severed surfaces.
5

Fig. 6. 3D modeling flowchart.

Modeling the site plays a crucial role in geotechnical engineering study.
As a consequence, an analysis procedure is summarized in Fig. 6 for
saving time in numerical simulation. Solving the displacement equation
is the key step of FEM. The system of equations for this step is usually
expressed as 𝐾𝑈 = 𝐹 , where 𝐾 is the stiffness matrix, 𝑈 is the unknown
displacement vector, and 𝐹 is the external load vector, the size of 𝐾 is
proportional to the square of the number of elements, the size of 𝑈
is proportional to the number of nodes. The time complexity of the
computation is very closely related to the number of elements and
nodes. The hexahedron will consist of at least 4 tetrahedra without an
increase in the number of nodes. Therefore if the hexahedron in the
original model is represented by a minimum of tetrahedra, it will make
the number of elements at least 4 times as large. The time complexity
of the computation would be 16 times that of the hexahedral element
scheme. However, the fact that the number of tetrahedral elements
will be more than four times that of the original hexahedral elements,
and the number of nodes will need to be increased to ensure that
the dimensions of the longest edges of the elements will still comply
with the requirements of Eq. (4). It means that the use of tetrahedral
elements will result in the time complexity of solving the system of
equations will be more than 16 times of the original scheme.

2.3. Case study

Within the research region, the combination of climate and altitude
makes the region the origin of many rivers in Asia. The downcutting
of rivers and geological tectonic movements have created many valleys
in South-west China [42]. Complex topography and high seismic risk
bring importance to seismic damage analysis in river valleys. As a
result, a typical river valley site in South-west China with more than
a 1000 m drop is chosen for the case study. A national trunk highway,
located next to the river and nearing the valley’s bottom, traverses the
study area. The topographical characteristics and regional situation are
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Fig. 7. Regional environment and its contour map. (A) An overhead view of the Plateau canyon landscape where the study area is located, showing the study site’s location, (B)
The canyon where the river is located and the points P1 to P5 that will be studied subsequently (yellow dashed line is the highway), (C) Contour map of the study region. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
indicated in Figs. 1 and 7(A). The road is located next to the river,
nearing the bottom of the canyon. The regional environment in which
the site is located and its contours are indicated in Fig. 7.

2.3.1. Site 3D finite element model
As shown in Fig. 8(A), the 3D terrain model of the study area is

established by point cloud, which is obtained from LocaSpaceViewer.
The generation process is described in Section 2.2, and the 3D site
model and the element division result are shown in Fig. 8(B). 249 278
elements (C3D8R) were used to form the site model with horizontal
dimensions of 4250 meters by 4250 m.

Site amplification factor is dependent on site conditions, including
topography and properties of rock and soil. A single material is em-
ployed for the study to focus on seismic signals and site topography.
The rock is considered linear elastic, and the material parameters of the
model are as follows: 𝜌 = 2200 kg∕m3, modulus of elasticity 𝐸 = 9.36 ×
109 Pa, Poisson’s ratio 𝜈 = 0.25; shear wave velocity 𝐶𝑆 = 1200 m∕s. The
nonlinear properties of rocks and overlying soil have significant impacts
on seismic response analysis [25]. Moreover, they may interact with
topographic effects. While considering both aspects could enhance the
reliability of the results, it would also introduce additional complexity.
Therefore, to focus on the primary objective, the elastic materials are
applied in this study to explore the effects of tomographic irregularities
and excitation frequency on seismic site amplification.

2.3.2. Input excitation
(1) Artificial signals

SH waves incident vertically from the model bottom. The input seis-
mic signals use pulse-like waveforms. The pulse waves are generated by
finite difference of the 𝛿 function shown as Eq. (5) [46].

𝐹 (𝜏) = 16[𝐺4 (𝜏)−4𝐺4

(

𝜏 − 1
4

)

+6𝐺4

(

𝜏 − 1
2

)

−4𝐺4

(

𝜏 − 3
4

)

+𝐺4 (𝜏 − 1)]

(5)
6

where 𝐺4 (𝜏) = 𝜏3𝐻(𝜏), 𝜏 = 𝑡
𝑇 , 𝑇 is the pulse holding time, 𝐻(𝜏) is the

Heaviside function. Set the pulse holding time as 1 s, 0.5 s, 0.3̇ s, 0.25 s,
0.2 s. The waveform is shown in Fig. 9. According to the displacement
pulse, the equivalent nodal load calculation is performed in the way in
3.2. The seismic load is input afterward.
(2) Seismic records

Sixteen seismic records are selected for input as actual seismic
signals. The seismic responses of the actual signals are compared with
those of artificial signals to verify the universality of the results. The
seismic records are from Chi-Chi, Taiwan earthquake in PEER NGA-
Weat2 database. The earthquake magnitude and hypocenter depth of
the earthquake are 7.62 Mw and 8 km, respectively. Sixteen seismic
ground motions are adopted as input excitations, and information on
these ground motions is listed in Table 2. The time curves and Fourier
spectrum of acceleration, velocity and displacement for the first seismic
records are shown in Fig. 9. The time curves and Fourier spectral
information for the remaining fifteen signals are in the Supporting
Information.

3. Results

3.1. Distribution of peak amplification factors of motion parameters

The topographic amplification effect can be analyzed after apply-
ing the above seismic signal. The seismic responses are investigated
through the extraction of surface nodal accelerations, velocities and
displacements. The spatial distribution of peak values of motion pa-
rameters amplification is depicted to consider the relationship between
seismic response and topographic characteristics. Figs. 10–12 show the
features of spatial variability.

As shown in Fig. 10, the significant amplification area coinciding
with the ridges can be observed in the acceleration results when signal
frequencies are under 4 Hz. The contrast of seismic responses between



Engineering Structures 304 (2024) 117667Z.-X. Chen et al.
Fig. 8. Point cloud generation topography and meshing. (A) Result of spatialization of the point cloud in SketchUp, (B) Finite element model after modeling and meshing.
Fig. 9. Input excitation for seismic site response, where 𝐹𝑆𝐴 is the Fourier spectra of acceleration, 𝐹𝑆𝑉 is the Fourier spectra of velocity, 𝐹𝑆𝐷 is the Fourier spectra of displacement,
𝑓𝑠𝐴 is the dominant frequency of acceleration, 𝑓𝑠𝑉 is the dominant frequency of velocity, 𝑓𝑠𝐷 is the dominant frequency of displacement. (a)–(f) The time curves and Fourier
spectra of acceleration, velocity and displacement of the No. 1 ground motion in Table 2, (g) The artificial signals of 0.1, 0.2, 0.4, 0.6 and 0.8 Hz, (h) The artificial signals of 1,
2, 3, 4 and 5 Hz.
the ridge line and the ravine line is obvious. The acceleration response
in the support material all showed similar results. Besides, when the
input signal frequency is high, seismic response strength is lower than
low-frequency signal results. However, some of the ravine areas show
unexpected amplification with the rising signal frequencies, even more
significant than adjacent ridges, shown in Fig. 10(B). This phenomenon
7

is also detected in the velocity results. Only the corresponding phe-
nomenon in the acceleration results is labeled because it is more
pronounced in the acceleration results. The observation phenomenon
is inconsistent with the traditional assertion that concave topography
decreases seismic response [50]. This phenomenon is also mentioned
by Gao et al. [51] during an investigation of an analytical U-shaped
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Fig. 10. Distribution of peak acceleration amplification factors on the terrain surface. The distribution under signals with 0.1 Hz, 0.4 Hz, 0.8 Hz, 1 Hz, 3 Hz, 5 Hz, No. 5 and
No. 12 seismic records(S5 and S12) in Table 2, (B) The distribution with 4 Hz and 5 Hz input signals, inside the red squares are some of the ravines where amplification occurs.
valley model. A similar unexpected phenomenon may be relevant to
the signal frequency. According to the information in Table 2, the only
records with acceleration dominant frequencies close to or above 4 Hz
are Record 4 and Record 8, whose response results can be viewed in
the additional material. However, these two records show the same
spatial response pattern to the artificial signals results under 4 Hz,
which means that the dominant frequency cannot be used as a complete
judgment of spatial response pattern.

Velocity amplification factor spatial distributions indicate a reg-
ularity similar to the acceleration amplification factor as shown in
8

Fig. 11. In comparison, under the artificial signals excitation, response
results of velocity show greater amplification than acceleration results.
In contrast, the velocity response results caused by the actual signal are
not significant compared with the acceleration responses. Additionally,
the amplification at the ravine area shown in acceleration responses has
not been found as the increasing of input signal frequencies. Similarly,
the seismic response strengths of different signal frequencies show the
same pattern as the above investigation about acceleration with the
signal frequencies under 4 Hz. Besides, a non-monotonic correlation is
shown between the response result and the input frequency.
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Table 2
Information of selected ground motions from Chi-Chi, Taiwan earthquake.

No. RSN Direction Station
name

Hypercenter
distance (km)

Joyner–Boore
distance (km)

𝑉𝑆,30 (m∕s) 𝑓𝑠,𝐴 𝑓𝑠,𝑉 𝑓𝑠,𝐷

1 1180 H2 CHY002 44.69 24.96 235.13 0.19 0.19 0.19
2 1181 H2 CHY004 72.07 47.32 271.30 0.16 0.16 0.16
3 1236 H1 CHY088 69.24 37.48 318.52 0.49 0.49 0.05
4 1281 H1 HWA032 62.75 42.87 573.04 3.78 0.73 0.73
5 1964 H1 KAU032 150.08 111.02 194.13 0.60 0.37 0.37
6 1372 H1 KAU043 215.62 170.99 538.49 0.37 0.37 0.03
7 1397 H1 KAU086 129.32 95.87 216.80 0.28 0.18 0.11
8 1404 H1 PNG 132.90 110.30 465.86 8.37 0.42 0.42
9 1406 H2 SSD 124.60 83.38 535.13 2.39 0.56 0.32
10 1429 H1 TAP041 160.36 110.28 363.56 0.43 0.11 0.07
11 1482 H1 TCU039 71.95 19.89 540.66 0.13 0.13 0.13
12 1495 H1 TCU055 36.74 6.34 359.13 0.87 0.35 0.31
13 1499 H2 TCU060 46.07 8.51 375.42 0.17 0.11 0.10
14 1500 H1 TCU061 42.81 17.17 379.64 0.31 0.13 0.13
15 1509 H1 TCU074 20.69 0 549.43 1.07 0.38 0.12
16 1537 H1 TCU111 45.50 22.12 237.30 0.27 0.27 0.03

RSN is the Record Sequence Number in PEER NGA-West2 flatfile; H1 and H2 are the horizontal 1 and horizontal 2 direction in the flatfile,
respectively; 𝑉𝑠,30 is shear Wave Velocity (Vs) averaged over a depth of 30 meters near the earth’s surface, 𝑓𝑠,𝐴/𝑓𝑠,𝑉 /𝑓𝑠,𝐷 is dominant frequency
on acceleration, velocity, displacement of seismic record, respectively.
Fig. 11. Distribution of peak velocity amplification factors on the terrain surface. The distribution under signals with 0.1 Hz, 0.4 Hz, 0.8 Hz, 1 Hz, 3 Hz, 5 Hz, No. 5 and No.
12 seismic records(S5 and S12) in Table 2.
m
s

The displacement amplification factor distributions of the artificial
and actual signals show weaker spatial variability and lower degrees of
topographic amplification effect than both acceleration and velocity as
shown in Fig. 12. The spatial distribution of displacement amplification
factors is also similar to the velocity and acceleration except for 4 Hz
and above. The same as velocity responses, the displacement responses
show a trend that the response strengths rise initially and then fall with
the increasing input signal frequencies. Weaker spatial correlations are
shown in the response results with respect to the actual seismic record,
see the Support Information for details.

3.2. Correlation of points’ amplification factor with frequency

As shown in Fig. 7(B). Based on the above investigation, the mo-
tion parameters all show spatial properties related to the topography.
Moreover, the investigation reveals possible patterns between response
9

s

strength and input signal frequency. Several points located at ravines
and ridges are selected near the road, with excellent engineering sig-
nificance. The points are numbered from P1 to P5, where P1 is located
on a typical ridge, P2 and P3 are located on gentler ridges, while P5 is
located in gentler ravines and P4 is located in typical ravines.

Fig. 13 illustrates the displacement responses at P1 to P5 under
various signal frequency and seismic records excitations. At points P1,
P2 and P3, the response strengths of ground motion are significantly
higher than those at points P4 and P5. Considering the terrain of each
point located, the difference between points at ravines and ridges can
be linked to previous analyses of inconsistent seismic responses. P1,
P2, and P3, as measurement points on the ridge, all present higher
amplification factor (𝛼) compared to P4 and P5 in the ravine, which

atches the results in Figs. 10–12. The results of the analysis for the
elected points have consistent results with the amplification factor
patial distribution, i.e., ridges lead to a greater amplification effect
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Fig. 12. Distribution of peak displacement amplification factors on the terrain surface. The distribution under signals with 0.1 Hz, 0.4 Hz, 0.8 Hz, 1 Hz, 3 Hz, 5 Hz, No. 5 and
No. 12 seismic records(S5 and S12) in Table 2.
compared to ravines. Further, we examined the response intensity of
the whole research area, focusing on the statistical characterization
parameters of the amplification factor. Results similar to Fig. 13 are
obtained (see Fig. 14). The response intensities of the sites also show
high levels below 1 Hz and peak intensities of acceleration, velocity,
and displacement around 0.4, 0.6, and 0.8, respectively.

Additionally, for the presented model, the resonance frequency (𝑇0)
is 0.3415 Hz. Based on Fig. 13, the 𝛼 is higher for both artificial signals
and seismic records when the frequency of the input signal (dominant
frequency for seismic record) is lower than 1 Hz. The 𝛼 for both
rtificial signals and seismic records reaches a maximum near 𝑇0 and
he 𝛼 for seismic records tend to be smaller compared to artificial signal
esponse results. Besides, a similar trend of variation of the response
ntensity is presented in the frequency (dominant frequency for seismic
ecord) range of 0.1–5 Hz at the observed points.

Based on Eurocode8 [52], the response results were compared with
he recommended topographic amplification factor 𝑆. According to
ig. 13, when the dominant frequency of the actual seismic record is
lose to the resonance frequency of the site model, the site amplification
actor far exceeds the recommended value. It even reaches more than
times at point P1, the typical raised terrain on the site model.

. Discussions

The amplification of seismic site responses in ridge areas has been
xtensively explored in previous studies [53]. In this study, we ex-
mine the effects of input signal frequency, revealing that the site
mplification can statistically differ by a factor of two when various
requency signals are input into the model. This phenomenon may be
elated to the terrain span. The most significant amplification occurs
ith signal wavelengths close to the span the terrain, explaining the

ntensity variation with different signal frequencies [17].
In addition, some unexpected amplifications are found at ravine ar-

as under the input signal frequencies over 4 Hz. A similar phenomenon
s mentioned by Gao et al. [51], with an unusual amplification of the
ottom of the U-shaped valley. Gao et al. [51] also present that the U-
haped valley bottom amplification factors correlate with input signal
10
wavelengths. The general qualitative conclusion that convex terrain
shows a more significant seismic response is not strictly available.
Thus the following inference is made: because adjacent ridges and
ravines may have different dimensions, the wavelengths for their most
significant response differ. Higher intensity response may appear at the
ravine area when the input signal wavelength is close to the size of the
ravine rather than the adjacent ridge. Consequently, the unexpected
ravine amplification appears at specific input signal frequencies.

5. Conclusions

This study focuses on the effects of topographic irregularities on
seismic site amplification. To comprehensively understand the relation-
ship between seismic response and topographic characteristics of the
entire site, we proposed a novel analysis procedure for 3D actual site
modeling and meshing. Viscoelastic boundary and equivalent nodal
force are integrated to conduct finite element simulation of seismic
wave propagation. The effectiveness of the method is also validated.
Furthermore, the relationship between the ground motion frequency
and topographic characteristics is investigated. The main conclusions
are derived as follows.

(1) The relationship between topographic characteristics and seis-
mic response is elucidated by analyzing the seismic response at the
actual valley site. The spatial distribution of the peak value of seismic
response is found to be closely related to the topographic features,
with significantly amplified areas largely coinciding with the ridge
areas in most cases. However, ravine areas show amplification when
input signal frequencies are above 4 Hz, which is not consistent with
the classical view that concave terrain decreases seismic response in-
tensity. Noticeable differences in seismic response are observed when
comparing ridge areas with ravine areas.

(2) The seismic site amplification is significantly influenced by the
excitation frequency and is closely tied to the fundamental period of
the site. While the amplification value varies at different points due
to tomographic irregularities, the trend of site amplification caused
by frequency remains consistent. Specifically, the intensity of seismic
site amplification rises with the input signal frequency, reaching its
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Fig. 13. Amplification factors (𝛼) of P1–P5 with respect to the frequency of input excitation (the dominant frequency is used for actual seismic records). 𝛼𝐴 is the amplification
factor of the acceleration, 𝛼𝑉 is the amplification factor of the velocity, 𝛼𝐷 is the amplification factor of the displacement. 𝑇0 is the resonance frequency of the site model. S is
the recommended topography amplification factor mentioned in Eurocode8, 1.4 for the upper and 1.2 for the lower.
Fig. 14. Boxplot about the amplification factor (𝛼) of all surface points with respect to the input excitation (dominant frequency is used for the actual seismic records). 𝛼𝐴 is the
amplification factor for acceleration, 𝛼𝑉 is the amplification factor for velocity, and 𝛼𝐷 is the amplification factor for displacement. IQR is the Inter-Quartile Range.
peak value around the fundamental period of the site. Subsequently,
it decreases as the input signal frequency consistently increases. This
consistent pattern holds true when the sites are statistically examined
as a whole, applicable to both artificial waves and actual seismic
records. This observation may offer a valuable reference for the rapid
assessment of seismic site amplification effects.

(3) The simulation results of this study reach more than two times
the recommended value of the Eurocode8 topographic amplification
11
factor at the examined points. The results of several actual seismic
records are above the recommended value of Eurocode8. This implies
that the standard may require further examination of the topographic
magnification factor in combination with soil characteristics, etc., to
avoid underestimating the damage of earthquakes.

This work sheds new insight into regional seismic risk analysis with
the developed numerical method for 3D real sites. The varying seismic
site responses between ravines and ridges underscore the potential
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for severe structural damage when topographic irregularities are not
taken into account. Secondary disasters can also be led by inconsis-
tent response during seismic propagation. Therefore, this study has
developed a valuable tool to enhance our understanding of seismic site
amplification, which could aid in seismic design and risk analysis.
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