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Abstract

This study systematically investigates how regional topography influences ground motion amplification factors (GMAFs)
and clarifies the differences between isolated and complex terrains. Three-dimensional models with viscoelastic artificial
boundaries, validated by centrifuge experiments, were used to simulate single-, double-, and regional topographies. The
results show significant quantitative differences: for an isolated ridge, the peak acceleration GMAF reaches 3.69 at
vertical incidence, while regional topography reduces this by more than 20% owing to ridge interaction effects. Increasing
the soil elastic modulus from 150 to 250 MPa resulted in a 204% increase in peak acceleration in the X-direction. Notably,
the GMAFs for acceleration, velocity, and displacement exhibited distinct directional variations, with vertical
amplification showing the greatest dispersion. The key finding of this study is that the surrounding terrain mitigates the
whipping effect of an isolated ridge, and that GMAF assessments must be conducted directionally rather than as a single
combined value. These findings underscore the need for separate directional analyses in seismic design codes for
mountainous regions.
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1. Introduction

The ground motion amplification factor (GMAF), which quantifies the modification of peak acceleration, velocity,
and displacement during seismic wave propagation, is a fundamental parameter in earthquake engineering and seismic
hazard assessment [1-5]. Extensive field observations following major earthquakes have consistently demonstrated that
topographic irregularities can significantly alter ground-motion characteristics, with seismic wave energy often
concentrated at ridge crests and reflected within narrow canyons [6-8]. Despite the widespread recognition of
topographic effects, the quantitative characterization of the GMAF across complex regional-scale terrains remains an
unresolved challenge, primarily because of the inherent limitations of simplified analytical models and idealized
experimental configurations used in prior investigations.

* Corresponding author: 316458931@qqg.com
d-} https://doi.org/10.28991/CE]-2026-012-06-04

© 2026 by the authors. Licensee C.E.]J, Tehran, Iran. This article is an open access article distributed under the terms and
BV conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

2220


http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0009-0004-4338-0485
https://creativecommons.org/licenses/by/4.0/

Civil Engineering Journal Vol. 12, No. 06, June, 2026

Previous studies on topographic amplification have predominantly focused on isolated or geometrically simplified
slope configurations. For instance, Lee et al. [9] conducted geotechnical centrifuge experiments on simplified idealized
single-sided slope models and demonstrated that topographic amplification at the crest is strongly frequency dependent,
with significant enhancement when topographic and site resonant frequencies converge. This indicates that conventional
one-dimensional site response analyses may underestimate seismic demands near slope crests. Li et al. [10] conducted
parametric numerical simulations on idealized three-dimensional slope models and found that topographic amplification
decreases with increasing soil shear wave velocity, and that vertical amplification can exceed horizontal amplification,
suggesting that simplified 2D analyses may underestimate seismic demands in soft soil sites. Tai et al. [11] conducted
shaking-table tests on isolated jointed rock slopes and revealed that the dynamic amplification effect was highly
dependent on the proximity of the excitation frequency to the natural frequency of the slope. When the two frequencies
were close, the amplification was most pronounced. Wang et al. [12] performed numerical stress-deformation analyses
on idealized multilayer earth slopes and demonstrated that longer-duration ground motions significantly increase
permanent slope displacements, with the probability of moderate damage reaching 20%.

Although these studies have substantially advanced our understanding of topographic amplification, a critical
examination reveals several persistent limitations. First, most investigations have been constrained to two-dimensional
profiles or isolated three-dimensional features, thereby precluding the analysis of wave field interactions among adjacent
ridges that characterize genuine mountainous terrains. Second, the potential mutual influence of neighboring
topographic features on the GMAF remains poorly quantified; specifically, it is unclear whether the presence of
surrounding ridges mitigates or exacerbates the amplification experienced at a given location. Third, existing parametric
analyses have primarily focused on individual topographic attributes, such as slope angle, height, or material properties,
without systematically addressing the compounded effects inherent to regional topography comprising multiple ridges
of varying elevations and spatial distributions [13-15]. Consequently, the extrapolation of findings derived from
idealized single-ridge models to complex regional settings introduces considerable uncertainty into seismic design
provisions and site selection practices.

To address these research gaps, this study presents a systematic numerical investigation of the influence of regional
topography on the GMAF. The specific objectives of this study are threefold: (1) to quantify the sensitivity of the GMAF
to the elastic modulus, topographic height, and slope angle for single-ridged topography using a validated three-
dimensional finite element modeling framework; (2) to elucidate the interaction mechanisms between adjacent ridges
by analyzing double-ridged configurations with varying spacing and relative heights; and (3) to evaluate the
compounded topographic effects within realistic regional settings characterized by randomly distributed ridge heights.
The modeling approach incorporated image recognition techniques for topographic surface generation and viscoelastic
artificial boundaries for wave propagation. Its validity was confirmed through a comparison with published centrifuge
experimental data. The findings derived from this investigation are intended to provide a refined quantitative basis for
seismic site characterization and structural design in mountainous regions, while simultaneously highlighting the
necessity of directional and region-specific amplification assessments.

2. Finite Element Model and Verification
2.1. Workflow of the Numerical Methodology

To provide a clear overview of the research procedure, a flowchart summarizing the key steps of the numerical
methodology is presented in Figure 1. The workflow consists of four principal stages: (1) three-dimensional topography
modeling using image recognition techniques and Python-based coordinate transformation; (2) implementation of
viscoelastic artificial boundaries and equivalent nodal force input to simulate semi-infinite domain conditions; (3)
validation of the finite element model against published centrifuge experimental data; and (4) analyses of the parametric
GMAF for single-ridged, double-ridged, and regional topographies. A detailed description of each component is
provided in subsequent subsections.

2.2. Numerical Model Setup

All finite element simulations were performed using ABAQUS. Three-dimensional topography models were
constructed using an image-recognition-based approach, with viscoelastic artificial boundaries applied to all lateral and
bottom faces of the computational domain to simulate the radiation damping of the semi-infinite foundation. Seismic
excitation was introduced as an equivalent nodal force on the boundary nodes. The computational domain was extended
laterally and vertically at least 2.5 times the maximum ridge height from the crest to minimize boundary disturbances.
Eight-node elements (C3D8R) were used for spatial discretization, with the mesh refined sufficiently near the ridge
crest, within the limits of the available computational capacity, to adequately resolve wave propagation. The total
number of elements varied with the topographic complexity.
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Figure 1. Flowchart of the numerical methodology for topographic effect analysis

2.3. Three-Dimensional Modeling Method

Modeling ridged topography serves as a crucial foundation for three-dimensional finite element analysis. However,
Abaqus’s in-built tools have been shown to be inadequate for constructing such complex models. This study proposes
an image recognition technology for three-dimensional ridged topography modeling. The overall process is shown in
Figure 2, and the main steps are as follows:

e Based on the size of the analyzed area, a cuboid model was established as the foundation and output in INP file
format, as shown in Figure 2-b. This file contains nodes, elements, and set information.

¢ According to the coordinates of the topographic feature points, MATLAB was used to interpolate and fit to produce
a black-and-white false elevation map. These maps are shown in Figure 2-c.

e The model information in the INP file was parsed using Python. The entire black-and-white elevation map was
scanned to obtain the range of pixel point R in the image. Following normalization, the value was stored in a
temporary list with data format (x, y, );

e The Z-axis coordinates of all nodes in the model were adjusted based on the maximum elevation difference of the
actual topography. A new INP file with the updated node coordinates and other content was generated. The final
model is shown in Figure 2-d.

Topography Surface Data Processing Final Model

Figure 2. The modeling process of three-dimensional topography
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The accuracy of the image recognition modeling is primarily controlled by two factors: the pixel resolution of the
false elevation map, and the interpolation method. In this study, a map resolution of 1024 x 1024 pixels was used to
ensure that the spatial discretization of the topographic surface was finer than 1.0 m in the horizontal direction.
Grayscale-to-elevation conversion was performed using linear interpolation between the pixel nodes. Potential sources
of modeling errors include (1) minor geometric smoothing introduced during pixel-node coordinate mapping,
particularly in regions with extremely steep local discontinuities, and (2) truncation of small-scale surface roughness
owing to finite pixel resolution.

2.4. Viscoelastic Artificial Boundary and Equivalent Node Force

Viscoelastic artificial boundaries have been widely employed in numerical simulations of seismic responses at sites
owing to their inherent advantages, making them an important method for converting infinite foundations into finite
foundations [16-18]. The modeling method aims to simulate the interaction between a finite and an infinite foundation
by setting spring elements. The calculated stiffness and damping coefficients of the spring are listed in Table 1.

Table 1. Spring coefficient

Spring Tangential boundary Normal boundary
. - G G
Stiffness coefficient ary an g
Damping coefficient pCs pCy

where, ar and a, are tangential and normal viscoelastic artificial boundary parameters, respectively. C; and C, are S-
wave and P-wave velocities, respectively. G and pare the shear modulus and density of foundation media, R is the
distance from the wave source to the artificial boundary. Additionally, a reasonable seismic wave inputting mode was
essential to ensure accurate site seismic simulation analysis. The equivalent node force calculation method is given in
Huang et al. [19], and the SH-wave calculation formula is shown in Equation 1.

F = A, (Kyul, + Cuuf, + o) (1)

where, ulfi, ulfl and alf are the displacement, velocity, and stress of the corresponding nodes, respectively. They require

conversion from the local coordinate system. The related calculation formulas are given in Equations 2 to 4. [o;] was

calculated by Equation 5, and r}l,z = rzly = —Cﬁu(t — At). T, and T, are transformation matrices between the local and
S

global coordinates of the incident and reflected waves.

(U] = X5, Ty U] 2

[0] =%, T [U]] ®)

[0:] = ?:1[T1]T[Uilj] [T,] (4)
0 0 0

[o4]=[0 0 = (5)
0 7, O

- cosacos cosy cos
_CGosacosf  _ [cos? a + cos?y _cosycosf
Jcos? a+cos?y Jcos? a+cos?y

T, = cosa cos B cosy (6)
cosy 0 cosa
Jcos? a+cos?y Jcos? a+cos? yJ

r cos a cos cosy cos
_eosweosp | poeooy | cosyeosp
Jcos? a+cos?y Jcos? a+cos?y

T, = cosa —cosf cosy | (7)

cosy 0 cosa
Jcos? a+cos?y Jcos? a+cos?y J

2.5. Model Verification

To validate the modeling method, an experiment from Sun et al. [20] was selected and compared with a simulation.
The specimen was a slope model with height 14.5 m. Earthquake wave was incident vertically from the bottom. Figure
3 shows the acceleration time-history curve of El-centro wave. Table 2 lists the material parameters of the simulation,
which are based on the material properties of the experimental specimen.
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Figure 3. Acceleration time-history curve of El-centro wave

Table 2. Modeling parameter [20]

Material parameter Value
Density (kg/m°) 1.83
Damping (%) 0.2
Friction angle (°) 41
Dilation angle (°) 4
Bulk modulus (kPa) 2.391e5
Poisson’s ratio 0.25

Through a time-history analysis, the acceleration curves of the nodes with H=0 m and H = 13 m were obtained, and
a comparison between the experimental data and simulation results is presented in Figure 4. In the simulation, the peak
accelerations of nodes at H = 0 m and H = 13 m were -1.05 m/s? and -2.01 m/s?, respectively. Meanwhile, in the
experiment, the peak accelerations of nodes at H =0 m and H = 13 m were -1.05 m/s? and -2.06 m/s?, respectively. The
errors were only 0.34% and 2.48%, respectively, indicating that the simulation method was valid, and that the seismic
response process of the experimental specimen could be restored.
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Figure 4. Result comparison

While the validation relies on a single experimental case, this scenario adequately captures the fundamental wave
propagation behavior toward a slope crest, which is the primary physical process governing topographic amplification
in this study. The close agreement thus obtained confirms that the modeling approach is suitable for the parametric
analyses undertaken herein. Further validation against a broader set of experiments may be pursued in future studies to

enhance the generality.

3. GMAF Analysis of Single-Ridged Topography

Prior to the parametric analyses, the selected ranges of the variables — elastic modulus from 150 MPa to 350 MPa,
ridge height from 50 m to 150 m, and slope angle from 15 to 75 — were chosen to broadly span the conditions encountered
in medium-relief mountainous terrains. These values are not intended to correspond to specific lithologies but rather to
facilitate a systematic exploration of topographic amplification trends across a realistic parameter space.

3.1. Elastic Modulus

The elastic modulus is a key factor influencing the propagation velocity of seismic waves on ground motion. A time-
history analysis was performed on specimens with different elastic moduli. The analysis results and model diagrams are

presented in Table 3 and Figure 5, respectively.
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Table 3. Ground motion data of the specimens with different elastic modulus

Elastic modulus Acceleration (m/s?) Velocity (m/s) Displacement (m)
(MPa) M X Y zZ M X Y zZ M X Y Z
E150-max 150 179 079 040 023 044 034 005 010 052 004 002 052
E200-max 200 166 132 038 027 034 036 007 010 054 004 002 054
E250-max 250 327 240 094 067 043 037 013 013 095 004 002 095
E300-max 300 256 214 072 027 035 022 0.03 010 056 004 0.02 056
E350-max 350 152 094 066 093 048 036 015 026 111 005 0.03 111

A, Magnitude

+1.659¢+00
+1.521e+00
+1.383e+00
+1.244e+00
+1.106e+00
+9.678e-01
+8.295e-01
+6.913e-01
+5.530e-01
+4.148e-01
+2.765e-01
+1.383e-01
+0.000e+00

(a) coordinate axis (b) ground motion in the magnitude direction

Figure 5. Model diagram

It should be noted that the topographic heights of all specimens were set at 100 m, and the data included results in
four directions (Magnitude, X-axis, Y-axis, and Z-axis). Based on the analysis results, the X axis exhibited the most
intense ground motion among the three principal axes. The elastic modulus of the foundation influenced the ground
motion state. When the elastic modulus of the foundation increased from 150 MPa to 250 MPa, the peak acceleration in
X-direction increased from 0.79 m /s? to 2.40 m /s?. When the elastic modulus of the foundation increased from 250
MPa to 350 MPa, the peak acceleration in X-direction decreased from 2.40 m /s? to 1.52 m /s2. The nonmonotonic
variation in acceleration was due to the shift in the resonance frequencies of the ridge relative to the dominant frequency
of the input motion as the stiffness changed.

For a more comprehensive analysis, Figure 6 shows the GMAF histogram. The effect of different elastic moduli on
the GMAF essentially reflects the variation law of ground motion under different geological conditions. The GMAF for
acceleration was found to be higher than those for velocity and displacement. According to the seismic code [21],
acceleration is the primary parameter for seismic response evaluation. The GMAF of the acceleration in the y-axis
(vertical) direction exhibited a significantly greater magnitude than that observed in the other directions, which is an
evident phenomenon. However, the previous analysis indicated that the X axis experienced the most intense acceleration,
in contrast to the GMAF. It could be illustrated that the focus of GFAM in the vertical direction should be emphasized.
In addition, the topographic effect was alleviated in topographies with harder soils. For instance, the GMAF values of
specimens oriented along the X-axis with elastic moduli of 200 MPa and 350 MPa were determined to be 1.38 and 1.28,
respectively. Therefore, for hard ground, the amplification factor can be appropriately decreased in the structural design.

201 —— 201 —— 201 ——
LM LY [ Im
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i 4 i 4 i 4
5(1. 124 % 124 % 1241
= = =
O 8 O 8 O 8
4 44 4
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Elastic modulus (MPa) Elastic modulus (MPa) Elastic modulus (MPa)
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Figure 6. GMAF histogram

The observed differences among the acceleration, velocity, and displacement GMAFs were noted; however, the
underlying physical mechanisms, such as frequency-dependent wave scattering and energy dissipation, require further
investigation. The present analysis was primarily observational, and a deeper exploration of these mechanisms is
warranted for future work.
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3.2. Topographic Height

The ridge height served as the fundamental parameter in investigating topographic effects, and Table 4 presents the
analysis results for specimens with varying ridge heights. The ground motion became more intense as the height of the
ridges increased; this phenomenon reflected a whipping effect. For instance, the HO50 and H150 experienced
accelerations of 1.34 m/s? and 3.38 m/s? in the magnitude direction, respectively, resulting in a significant increase of
252.2%. In addition, it was also found that the acceleration increased almost linearly with an increase in ridge height,
and more models should be developed to examine this hypothesis.

Table 4. Ground motion data of the specimens with different ridged height

Ridged height Acceleration (m/s?) Velocity (m/s) Displacement (m)
(m) M X Y Z M X Y Z M X Y Z
HO050-max 50 134 075 043 030 014 020 0.06 014 094 004 0.02 094
HO75-max 75 255 192 075 033 027 030 0.07 012 094 004 0.02 094
H100-max 100 322 243 087 050 042 040 011 0.13 094 004 002 094
H125-max 125 299 196 094 049 061 056 0.06 027 095 004 0.02 095
H150-max 150 338 198 095 031 093 076 0.06 016 095 004 0.02 0.95

Figure 7 illustrates the GMAF histograms for the acceleration, velocity, and displacement. Compared with
acceleration, the GMAF values of velocity and displacement were lower. The primary reason was that the GMAF was
defined as the ratio of the maximum and original values of the corresponding indicator while exhibiting minimal changes
in velocity and displacement. As shown in Figure 7-a, the GMAF of the acceleration was significantly higher than that
stipulated by the seismic code (1.6). The application of related coefficients in the code for structural design was found
to potentially compromise safety. However, when the height of the ridge increased from 125 to 150 m, there was a
decrease in the GMAF of vertical acceleration owing to a shift in the location with the most intense vertical motion.

20+ 204 204
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Figure 7. GMAF histogram

3.3. Topographic Slope

The ridged slope is another important research parameter for topographic effects. Table 5 shows the results from our
related analysis. All the specimens had a height of 100 m, and the seismic wave was vertically input from the bottom.
When the slope did not exceed 30 °, there was minimal variation in the acceleration, velocity, and displacement. The
differences in acceleration, velocity, and displacement were 0.27 m/s?, 0.04 m/s, and 0 m, respectively. When the slope
increased from 30 °to 75 °, the differences in the acceleration, velocity, and displacement were 0.61 m/s?, 0.34 m/s, and
0.01 m. This indicates that the ridged slope had a certain degree of influence on the ground motion.

Table 5. Ground motion data of the specimens with different ridged slope

Ridged slope Acceleration (m/s?) Velocity (m/s) Displacement (m)
©) M X Y zZ M X Y zZ M X Y Z
S-15-max 15 252 198 074 040 030 027 0.07 014 094 004 002 094
S-30-max 30 279 219 101 042 034 031 0.09 012 094 004 002 094
S-45-max 45 322 243 087 050 042 040 011 013 094 004 0.02 094
S-60-max 60 339 261 09 039 071 034 012 014 095 004 0.02 095
S-75-max 75 340 249 088 036 068 039 006 016 095 004 0.03 095
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Figure 8 shows the GMAF histograms of the specimens with different ridged slopes. The GMAFs of the acceleration
in the X and magnitude directions exhibited smaller disparities, both of which increased with an increase in the ridged
slope. The GMAFs of the Y-direction- and Z-direction accelerations are less correlated with each other. Although the
peak accelerations of the specimens with slopes of less than 45 °exhibited slight changes, the GMAF of the acceleration
continuously improved as the topographic slope increased. For instance, in the magnitude direction, E150 showed an
improvement to 2.86, while E200 and E250 demonstrated even greater improvements at 3.17 and 3.69 respectively. The
GMAF value of the acceleration in the vertical direction was also far greater than that in the other directions. Meanwhile,
the GMAF value of the vertical acceleration exceeded that of the acceleration in the other directions. Investigation of
topographic effects necessitates a distinct examination of the vertical amplification effect. Overall, steeper slopes
intensify the wave trapping and constructive interference at the crest. Vertical amplification is influenced more by local
curvature than by global slope angle alone.
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Figure 8. GMAF histogram

4. GMAF Analysis of Double-Ridged Topography
4.1. Equal-Height Ridges

Ridges do not exist in isolation in the actual topography, and their mutual influence requires further investigation.
Ridge spacing is a fundamental parameter for distinguishing various topographies. Figure 9 presents the magnitude
acceleration cloud images of the specimens at different distances, captured at 10.96 s, with a ridged height of 100 m.
The obvious phenomenon was observed that the vibration of ridge top was more intense when the topography owned
smaller spacing. For instance, the maximum acceleration observed in the specimens with a spacing of 50 m was 1.22
m/s?, whereas that in the specimens with a spacing of 150 m was 0.83 m/s2. This indicates that the interaction between
ridges influences the ground motion.
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+5.833e-01
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8.333e-02

+8.333e
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(b)1=50m (©)1=75m
[0}

A, Maanituds

+1.000e+00
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+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01

+8.333e-02
+0.000e+00

(d)1=100 m (e)1=125m ®1=150 m
Figure 9. Acceleration cloud image at 10.96 s

The GMAF value was derived through a conversion based on the acceleration ratio, and the results are illustrated in
Figure 10. The point “O” was the origin of coordinates. In the X-direction, the maximum value of GMAF was observed
at the top of the ridged topography and increased with increasing ridge spacing. Regarding the vertical seismic action
(Y-direction), the maximum value of the GMAF was observed on both sides of the ridged topography. This observation
suggests that the areas with the most severe damage may not necessarily be located at the highest points of the ridged
topography; this phenomenon warrants further investigation. The EFAM analysis in the Z-direction revealed the absence
of highlighted areas, indicating that topographic effects did not occur. For the direction of the magnitude, highlighted
areas appeared on the ridge tops, and the maximum was 1.75. This differed from the vertical law (the maximum was
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5.14°, and the highlighted areas were not concentrated at the top of the ridge). Thus, to ensure structural safety, the
EFAM should consider not only the combined effect of acceleration in the three directions, but also each direction

separately.
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Figure 10. GMAF distribution map of specimens with different ridged spacing

(u)

4.2. Original and Lower Ridges

The previous section investigated the topographic effects of ridges with identical heights but varying spacing. In
reality, attaining equivalent elevations in mountainous terrains presents a formidable challenge. Hence, the interactions
between the ridges of different heights should be investigated. The acceleration cloud images of the specimens with the
original and lower ridges at 10.96 s are depicted in Figure 11. The right topography consisted of an original ridge with
a height of 100 m, whereas the left topography was characterized by a lower ridge with varying heights ranging from
60 to 100 m. The ridged spacing was 100 m. From the acceleration cloud image, it could be observed that the acceleration
of the original ridge top decreased as variable ridged height increased (from 2.82 m/s? to 1.75 m/s?). The analysis in
Section 3.2 revealed a noteworthy phenomenon: the peak acceleration of the isolated original ridge reached 3.22 m/s2.
The coexistence of adjacent lower ridges attenuated the vibrational intensity of the original ridge.
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Figure 11. Acceleration cloud image at 10.96 s
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Furthermore, Figure 12 shows the GMAF distribution map of the specimens with the original and lower ridges.
Compared to specimen H100 in Section 3.2, the GMAF values of the original ridge decreased. The highlight area of
GMAF distribution in the vertical direction still exhibited discreteness and unconsecrated phenomenon. Moreover, the
GMAF values were significantly higher than those in the other areas. This suggests that separate research in different
directions is necessary to investigate the topographic effects. However, the height of the variable ridge in proximity to
the original ridge influenced the GMAF of the latter in the direction (from 2.65 1.64). In conclusion, a reduction in the
GMAF for structural seismic design can be achieved when the lower ridge is in close proximity to the investigated ridge.
The adjacent lower ridge diverts a portion of the incident wave energy, which reduces the energy arriving at the original
ridge, thereby mitigating its amplification.
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Figure 12. GMAF distribution map of specimens with original and lower ridges

4.3. Original and Higher Ridges

In addition to smaller ridges, there may be more ridges in the actual topography. Figure 13 shows the analysis results
for the specimens with the original and higher ridges. The right topography consisted of an original ridge with a height
of 100 m, whereas the left topography was characterized by a higher ridge with varying heights ranging from 100 to 140
m. The ridge spacing was set at 100 m. In contrast to the lower ridge law, the model exhibited peak acceleration on the
original ridge rather than on a higher ridge. As the number of adjacent ridges increased, the vibration of the original
ridge intensified (from 1.75 m/s? 2.97 m/s?). Although these accelerations were all below the peak acceleration of the
isolated ridge, adhering to a higher ridge reduced the effects of the mountain interactions.

Figure 14 shows the GMAF distribution map of the specimens with the original and higher ridges. The GMAF value
reflects the strength of topographic effects. The highlighted area of the GMAF distribution map is concentrated in the
region of the ridged top, with the exception of the vertical direction. The GMAF value of the original ridge exhibited a
positive correlation with an increase in the adjacent ridge height. For example, when the height of the adjacent ridge is
100 m, the GMAF of the original ridge in the direction of the magnitude is 1.64. When the height of the adjacent ridge
was 140 m, the GMAF of the original ridge in the direction was 2.79. It should be explained that the increase in height
of the adjacent ridge only mitigated the influence of ridge interaction, but the phenomenon of ridge interaction impeding
the topographic effect still persisted (the GMAF of the isolated ridge was 3.69). The presence of a neighboring ridge
disrupts the coherent wave field required for strong whipping. As the adjacent ridge increases, the destructive
interference is partially diminished, and the response of the original ridge is slightly recovered.
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Figure 13. Acceleration cloud image at 10.96 s
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Figure 14. GMAF distribution map of specimens with original and higher ridges

5. GMAF Analysis of Regional Topography
5.1. Equal-Height Ridges

According to the preceding analysis, the interaction between ridges influences the ground motion. In reality, regional
topography often encompasses multiple ridges, thus necessitating an exploration of its impact on GMAF. The central
ridge of the model had an elevation of 100 m, whereas the regional ridges exhibited a height range within the same
interval. Five specimens of the regional topography were established by applying the random function, Figure 15 gave
the analysis results of the flat and regional ridge topography. Figure 15-b represents a typical regional ridge, whereas
Figure 15-d displays the acceleration time-history curves of the ridged top for the five specimens in the X-direction. It
could be observed that the peak acceleration of the central flat topography was 0.73 m/s?, whereas the range of the peak
acceleration of the top ridged topography varied from 1.61 m/s? to 2.44 m/s?. Evidently, the ground motion of a ridged
top is influenced by the regional topography with equal elevation, and targeted research should be conducted on different
topographic features.
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Figure 15. Acceleration time-history curve comparison of 5 specimens with equal-height

Figure 16 illustrates the topographic effects of regional ridge of a typical regional ridge. It is evident that the trend
of the height surface diagram differs from that of the acceleration surface diagram. Although there was a ridge of
comparable height in the surrounding area, peak acceleration in the X-direction still occurred at the center. Conversely,
despite having a height similar to that of the center, the ridges surrounding the model exhibited lower peak accelerations
and GMAF values. The rest of the area was found to be relatively unaffected by topographic effects, with the exception
of the center. The maximum GMAF value of the central ridge was 2.75 and lower than that of the isolated ridge (3.52).
It was illustrated that the interaction between equal-height ridges could mitigate topographic effects.
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Figure 16. Regional topographic effect of a typical regional ridge (units: m for height; m/s? for acceleration)

5.2. Original and Lower Ridges

Figure 17 shows the analysis results of another situation in which the original ridge was surrounded by lower ridges,
and the height of the adjacent ridge was randomly generated from 50 m to 100 m. Based on the analysis results, the peak
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accelerations of the five specimens occurred at the top of the central ridge and ranged from 1.90 m/s? 2.41 m/s?,
Compared to the peak acceleration of the isolated ridge (2.43 m/s?), the whipping effect of the ridged top surrounded by
the lower ridges was mitigated. However, owing to variations in regional topography, the impact on the whipping effect
differed accordingly. Additionally, although the range of variation in the peak acceleration for ridges surrounded by
lower ridges was lower than that for ridges surrounded by equally high ridges, further specimens are required to elucidate
the interaction between the original and lower ridges.
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Figure 17. Acceleration time-history curve comparison of 5 specimens

Figure 18 shows the regional topographic effects of a typical regional ridge. Because of the randomness of the height
distribution in the adjacent ridge, a neighboring ridge with an elevation equivalent to that of the central ridge was
observed in a typical specimen. However, the adjacent ridge did not experience significant ground motion during the
earthquake, which is an interesting phenomenon warranting further investigation. However, there were disparities
between the acceleration and GMAF elevation charts upon comparison. Therefore, a combination of acceleration and
the GMAF is essential in the structural design process.
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5.3. Original and Higher Ridges

The last situation occurs when the original ridge is surrounded by higher ridges, as shown in Figure 19 provided the
analysis results. The height of the original ridge was 100 m, and the heights of the adjacent ridges were randomly
generated from 100 to 150 m. The range of maximum peak acceleration of the ridged top was from 1.44 m/s? to 2.08
m/s?, indicating that adjacent higher ridge would influence on the vibration intensity of the original ridge. Notably, the
maximum acceleration was observed at the summit of the central ridge rather than at the higher ridge. This phenomenon
is the same as the rule described in Section 4.3, which is important for structural seismic design. Unfortunately, we were
unable to conduct further analyses because of the reasons due to computational limitations.
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Figure 19. Acceleration time-history curve comparison of 5 specimens

Figure 20 shows the regional topographic effect of a typical regional ridge with the original and higher ridges. The
maximum value of the EAMF was observed at the center, which coincided with that of the acceleration. Despite the
complexity of the regional topography, the whipping effect was only evident in the central area. Therefore, it is advisable
to minimize the utilization of this region in structural seismic designs. The maximum GMAF value of the central ridge
was 2.98 and lower than that of the isolated ridge (3.52). The interaction between the original and higher ridges can
mitigate topographic effects.
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Figure 20. Regional topographic effect of a typical regional ridge (units: m for height; m/s? for acceleration)
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Across all the regional configurations, the peak response consistently occurred at the central ridge, confirming that
the highest point remained the most critical location. The dispersion of the GMAF values among different random
realizations indicates that the surrounding terrain redistributes wave energy and introduces variability. This suggests that
seismic design in mountainous regions should consider a broader topographic context rather than the local ridge
geometry alone.

6. Discussion

The findings of this study are broadly consistent with those of previous works, indicating that topographic
amplification is highly sensitive to local geometry and material properties. Prior studies have primarily examined
isolated ridges or simplified slope configurations, reporting significant crest amplification that varies with the slope
angle, height, and soil stiffness. The results of the present study confirm these general trends for single-ridge topography,
while extending the analysis to more complex multi-ridge settings. A key contribution of this study is the quantification
of ridge interaction effects, which demonstrates that amplification factors derived from isolated features tend to
overestimate responses when a ridge is embedded within a regional topographic context. The directional dependence
observed here, particularly the greater dispersion and magnitude of the vertical amplification, aligns with earlier reports
that vertical ground motion can be comparably or even more affected by topography than horizontal motion. Previous
investigations have largely focused on two-dimensional profiles or single three-dimensional features, whereas this study
systematically evaluated the compounded effects in double-ridged and randomly generated regional topographies. The
consistent reduction in crest amplification by the surrounding terrain, regardless of whether the adjacent ridges are higher
or lower, represents a phenomenon that has received limited attention in the literature. The comparisons in the present
study highlight the need for caution when extrapolating single-ridge results to realistic mountainous terrain, and support
direction-specific and context-dependent amplification assessments in seismic design practice.

7. Conclusion

This study systematically investigated the influence of regional topography on ground motion amplification factors
using three-dimensional finite element simulations validated against centrifuge experimental data. The modeling
framework incorporates image-recognition-based topographic surface generation and viscoelastic artificial boundaries,
enabling a realistic representation of both idealized and complex multiridge terrains.

This analysis revealed several key findings. For a single-ridged topography, GMAFs are sensitive to the elastic
modulus, ridge height, and slope angle. The peak horizontal acceleration varies honmonotonically with the elastic
modulus owing to shifts in the ridge resonance frequencies, whereas increasing the ridge height produces a pronounced
whipping effect. The vertical GMAFs consistently exceeded the horizontal components and exhibited greater dispersion,
indicating that vertical amplification must be assessed separately. Furthermore, the GMAFs for acceleration, velocity,
and displacement exhibited distinct behaviors, likely attributable to their differing sensitivities to the frequency
components of the seismic waves; however, the underlying physical mechanisms warrant further investigation. Double-
ridged analyses demonstrate that adjacent ridges consistently reduce crest amplification relative to the isolated case
through scattered wave-field interactions. Closer spacing intensified this mitigation, whereas increasing the height of
the adjacent ridge partially recovered the original response. Vertical GMAF maxima frequently occurred on the flanks
rather than at the crest, further confirming the distinct behavior of vertical ground motion. For regional topography, the
peak response remained concentrated at the highest central ridge, yet the GMAF values were consistently lower than
those of an equivalent isolated ridge, with the dispersion among randomly generated topographies highlighting the
variability introduced by the surrounding terrain.

These findings have direct implications for seismic designs in mountainous regions. Amplification factors derived
from isolated topographic features may overestimate the crest response in complex terrain. Pronounced directional
differences necessitate separate horizontal and vertical GMAF evaluations. The significant influence of ridge
interactions further suggests that a probabilistic framework is suitable for site-specific hazard assessments. Future work
should extend the analysis to include material heterogeneity, three-dimensional incident wave fields, larger regional
domains, frequency-dependent scattering, and energy dissipation mechanisms governing the differences between
acceleration, velocity, and displacement amplification.
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