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ABSTRACT

The complex terrain and expanding transport networks in Southwest China have heightened the demand for valley-

spanning bridges in active fault zones, posing seismic design challenges. This study investigates the seismic response

of a near-fault valley-spanning bridge using deterministic ground motion simulations of reverse fault rupture. The

goal is to evaluate whether the common seismic design assumption that horizontal and vertical ground motions can

be represented by SV and P waves is consistent with actual conditions represented by the fully 3D waveform solution

and to assess the validity of assuming Rayleigh waves as input waves. Results indicate significant differences in the

internal forces. Axial force distribution varied: The fully 3D waveform solution and Rayleigh wave caused peak axial

forces near the arch crown and arch foot, while the P–SV wave caused peaks mainly near the arch foot. Analysis of

transfer functions for axial forces at the arch foot revealed that these differences are attributed to variations in the

dominant mode shapes excited by different inputs: The fully 3D waveform solution predominantly excited longitu-

dinal and transverse rotational modes, Rayleigh wave primarily excited transverse rotational modes, and P–SV wave

mainly excited longitudinal and vertical modes. These findings underscore that treating seismic motions as single

Rayleigh or P–SV waves may cause overestimation or underestimation of the structural response. Therefore, the fully

3D waveform solution is recommended for reliable near-fault seismic response assessment and design of valley-

spanning bridges in complex terrain.

1 | Introduction

The topography of river valleys significantly impacts the distribution of seismic hazards due to its topographic effects
(Verret et al. 2021; Podestá et al. 2019). These effects expose bridge piers or bearings at different locations to significant
nonuniform seismic excitation. The wave propagation patterns, attenuation effect, incoherence effect, and site-response
effect can cause spatial variations in ground motion (Sextos et al. 2003). Nonuniform seismic excitation significantly
affects the seismic response of long-span bridge structures (Xiong et al. 2018; Chouw and Hao 2008; Efthymiou and
Camara 2022). Irregular river valley topography can cause seismic wave scattering. Scattered waves superpose with inci-
dent and reflected waves, leading to the amplification or attenuation of ground motion at different locations (Gao et al.
2021), thereby increasing the nonuniformity of ground motion.
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Numerous researchers have investigated the seismic response of bridges crossing river valleys. Li et al. (2023) constructed
two-dimensional V-shaped valley-bridge models with varying depths and half-width ratios, revealing that the amplifica-
tion and attenuation effects of valleys on incident seismic waves significantly depend on these geometric
parameters. Zhang et al. (2024) investigated the seismic responses of bridges spanning V-shaped valleys subjected to
shear horizontal (SH) waves and found that valley topography amplifies seismic responses of both the bridge and its
wave-facing side, increasing the peak ground acceleration (PGA) of the bridge by more than 35%. Liu et al. (2021) inves-
tigated the effect of spatially varying multisupport excitation under shear vertical (SV) wave incidence on the seismic
response of bridge structures, finding that the spatial variability of ground motions under oblique SV wave multisupport
excitation significantly increases the amplitude of the computed results. Zhou et al. (2010) analyzed the seismic responses
of a rigid-frame bridge crossing a river valley, demonstrating that under oblique SV wave incidence, vibrations on valley
slopes perpendicular to the direction of wave propagation are notably stronger than those on the opposite slope, accom-
panied by greater surface deformation. Most existing studies have focused on the impact of valley terrain effects on the
seismic response of valley-spanning bridges under SV wave incidence. However, different types of seismic waves exhibit
distinct characteristics in the distribution of ground motion across valley sites (Luzón et al. 1997; Wong 1982; Ding et al.
2017). Li et al. (2022) examined the spatial variation of PGA in V-shaped valleys under the influence of SV waves, con-
cluding that the seismic motion characteristics are uniform on both sides of a valley, with the vertical seismic motion peak
at a valley bottom close to 0. When Rayleigh waves are incident, Ba and Liang (2015) studied the effect of oblique Rayleigh
wave incidence on concave terrain seismic effects. It was found that the steepness of the terrain on the wave-facing side is
directly proportional to the peak ground displacement, and the shielding effect of the terrain on Rayleigh waves increases
with depth. The above research indicates that SV wave incidence leads to uniform ground motion across the valley,
whereas Rayleigh waves induce significant nonuniformity between the two sides. The differences in site effects caused
by SV and Rayleigh waves can result in varying ground motion inputs for large-span bridges, leading to different seismic
responses in these structures.

Natural seismic motion consists of various types of seismic waves, including body waves (such as primary waves and
secondary waves) and surface waves (such as Rayleigh and Love waves). Among these, Rayleigh waves have low fre-
quencies and slow attenuation rates. At sites farther from the epicenter, Rayleigh waves dominate in energy (Liu and Li
2006). Currently, research on the impact of Rayleigh waves on the seismic response of bridge structures is still limited. Gu
and Yu (2011) investigated the dynamic interaction between pile–soil–bridge structures under Rayleigh wave action,
revealing that high-frequency Rayleigh waves produce much larger horizontal and vertical displacements than low-
frequency Rayleigh waves. Betti et al. (1993) examined the seismic response of bridge structures considering soil–
structure interaction, including SH waves, P waves, SV waves, and Rayleigh waves. The results indicated that
Rayleigh waves have a significantly greater influence on the seismic response of bridge structures than the other three
wave types. Somaini (1987) studied the seismic performance of beam bridges under horizontal traveling wave excitation,
showing that Rayleigh waves induce both translational and rotational excitation in the bridge structure, increasing defor-
mation and relative motion between structural elements. These studies all indicate that Rayleigh waves can lead to
increased internal forces and deformations in structures compared to body waves such as P, SV, or SH waves. This study
builds upon the findings in the literature (Luo, Sheng et al. 2024) to further analyze the impact of fully 3D waveform
solution on the seismic response of valley-spanning bridges. It compares these effects with those of Rayleigh and SV wave
incidences, aiming to deepen the understanding of the mechanisms by which seismic waves affect the seismic response of
valley-spanning bridges and enhance the theoretical framework for seismic design calculations.

In summary, most existing studies have focused on the influence of valley topography on the seismic response of valley-
spanning bridges under SV wave incidence, while the effects of Rayleigh wave incidence under such conditions have
received relatively little attention. These studies are mostly based on the assumption that horizontal and vertical ground
motions are represented by SV and P waves, respectively, in seismic design. However, the extent to which this assumption
holds when accounting for source rupture, wave propagation, and site effects requires further investigation. Since seismic
motion on both sides of the valley is uniform under SV wave incidence, these studies do not address the nonuniform
excitation issue in valley-spanning bridges. In actual strong earthquake observations, a phenomenon known as the back-
slope amplification effect is observed. This refers to the more significant amplification of ground motion on the backslope
side compared to the front slope side in valleys with slopes nearly perpendicular to the fault rupture zone (He et al.
2015; Wang et al. 2018). Under the incidence of the Rayleigh wave, the backslope amplification effect introduces signifi-
cant spatial variations in seismic motion between the two sides of the valley, which aligns more closely with observed
strong seismic motion records. Natural seismic motion is not composed of a single type of wave. Currently, many studies
use simulated or artificially synthesized seismic motions to analyze the seismic response of structures. Zhang et al. (2020)
and Jia et al. (2024) examined the effect of synthetic seismic motions on the seismic response of cross-fault bridges.
Additionally, numerous researchers have applied physics-based numerical methods to simulate seismic motions
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(Rosti et al. 2023; Latečki et al. 2021; Girmay et al. 2024; Kenawy et al. 2023; Wang et al. 2024; Gatti et al. 2018; McCallen,
Petersson et al. 2021; McCallen, Petrone et al. 2021; Zhang et al. 2023; Luo, Cao et al. 2024; Luo et al. 2026) in structural
seismic response analysis. However, the impact of fully 3D waveform solution on the seismic response of valley-spanning
bridges requires further investigation. This study uses the SW4 (seismic waves, fourth order) finite difference software
(Sjögreen and Petersson 2012; Petersson and Sjögreen 2017a, 2017b) and the GP (Graves and Pitarka) kinematic rupture
model (Graves and Pitarka 2004, 2010, 2015, 2016; Pitarka et al. 2020, 2022) to simulate fully 3D waveform solution. The
study focuses on a large-span, steel–concrete arch bridge spanning a V-shaped valley. It compares the seismic response of
the valley-spanning bridge under the fully 3D waveform solution, Rayleigh wave, and SV wave inputs, to evaluate the
validity of assuming horizontal and vertical ground motions as body waves (SV and P waves) and Rayleigh waves, respec-
tively. At the same time, it explores the response patterns of the upper concrete-filled steel tube arch bridge under dif-
ferent seismic wave types.

2 | Project Overview and Computational Model

This study focuses on a large-span, upper-deck steel pipe concrete arch bridge spanning a V-shaped valley, as shown in
Figure 1. The bridge has a rise of 90m and a main span of 504 m. Both the upper and lower chord members of the main
arch ribs, as well as the arch axis, are designed using a catenary curve with an arch axis coefficient of 1.55. The main arch
ring is designed as an equal-width, variable-height space truss structure. The upper and lower chord members of the main
arch ribs are made of steel pipe concrete, with Q420ND steel pipes filled with C60 self-compacting expansive concrete.
The deck system of the main bridge consists of a continuous composite slab structure with spans of 33.6 m × 15 m.

A finite element model of the valley–arch bridge interaction is established based on engineering data. The bridge deck,
vertical arch columns, and main arch ring are simulated using Timoshenko beam elements. The three-dimensional site
model is represented using eight-node brick elements. According to research by Kuhlemeyer and Lysmer (1973), for wave
propagation simulations using finite element methods, the element mesh should not exceed 1/8 of the minimum wave-
length of the simulated seismic motion. In this study, the minimum shear wave velocity of the site is 2000 m/s, the highest
simulated seismic motion frequency is 10 Hz, and the minimum seismic motion wavelength to be simulated is 200 m. To
minimize mesh size effects and accurately model the terrain and bridge–valley coupling, the mesh size of the calculation
model is set to 15 m. According to Luo et al. (2019), when the ratio of the local site model width to the valley width exceeds
2, the modified domain reduction method (MDRM) (Luo et al. 2019), combined with viscoelastic artificial boundaries,
limits the relative PGA error to below 5%. In this study, the valley depth is 225 m, the horizontal distance between the
riverbanks is 450 m, and the main span of the bridge is 504 m. The minimum width of the computational model is cal-
culated as 1008 m and is set to 1020m. A schematic of the computational range for the valley–arch bridge interaction
system is shown in Figure 2a. The lateral direction (x-direction in Figure 2b) of the model is not affected by topographical
effects, and the lateral width of the valley model is set to be no less than the valley depth Luo, Sheng et al. (2024). In this
study, the valley width is set to 510 m. The positions of the arch feet are simulated by defining constraint equations to

FIGURE 1 | Elevation layout of river valley arch bridge.
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create rigid zones between the beam elements and valley solid elements, anchoring the arch feet to the mountain and
connecting the arch bridge to the valley terrain. Since the main bridge and approach bridge are separated by the junction
pier, the junction pier is located at the point in Figure 2a. This study models only the main bridge and includes a con-
centrated mass at the junction pier to account for the approach bridges. The finite element model of the valley–arch
bridge interaction system is shown in Figure 2b.

3 | Seismic Motion Input

To study the influence of the fully 3D waveform solution, Rayleigh wave, and SV wave on the seismic response, this study
assumes that all three types of waves have the same free-field ground motion at the wave-facing side. This assumption
facilitates comparing the seismic response to the fully 3D waveform solution, Rayleigh wave, and SV wave. Considering
the phase differences in the free-field ground motion of the fully 3D waveform solution and Rayleigh wave at the surface
during propagation, the model is designed to have the same ground motion at the wave-facing side, as described in the
section Characteristics of Ground Motion Field Distribution. For the SV wave input case, the horizontal component of the
seismic motion is introduced as a vertically incident SV wave, while the vertical component is introduced as a vertically
incident P wave. Both components have amplitudes consistent with the fully 3D waveform solution. This case,
where the horizontal component is input as SV wave and the vertical component as P wave, is referred to as the
P–SV wave input case.

3.1 | Seismic Motion Simulation

This study discusses the effect of earthquakes on the seismic response of a valley-spanning bridge subjected to an earth-
quake on a reverse fault-oriented perpendicular to the longitudinal direction of the bridge. First, a deterministic seismic
motion simulation is performed to obtain the fully 3D waveform solution. The SW4 finite difference software is used for
seismic motion simulation (Sjögreen and Petersson 2012; Petersson and Sjögreen 2017a, 2017b), with the GP kinematic
rupture model selected for the fault rupture model (Graves and Pitarka 2004, 2010, 2015, 2016; Pitarka et al. 2020, 2022).
The simulated earthquake has a magnitude of 6, with a source depth of 8.12 km, a dip angle of 60°, and a rake angle of 90°,
and the subfault size is 0.1 km (Rodgers et al. 2020). The fault measures 14.2 km in length and 7.2 km in width, and the top
of the rupture surface (the shallowest boundary of the fault plane) is located at a depth of 5 km. The fault strikes to the
north and is a reverse fault. The distribution of slip on the fault plane generated using the GP kinematic rupture model is
shown in Figure 3a. The relative positions of the fault, valley, and bridge are illustrated in Figure 3b. The soil layers are
horizontally layered, and the 1D velocity model is provided in Table 1.

3.2 | Seismic Motion Input Method

The MDRM (Luo et al. 2019) shown in Figure 4 is used to apply loading to the valley–arch bridge interaction model. In
Figure 4, the blue area, denoted as Ω, represents the region of interest for computation. The black area, labeled as Ω+ ,
indicates the remaining semi-infinite exterior subdomain, while the red area, referred to as Γ, represents the interface

FIGURE 2 | Valley–arch bridge model: (a) schematic diagram of the calculation range of the river valley–arch bridge interaction
system and (b) bridge–valley interaction finite element model.
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between the region of interest and the other regions in the system. Typically, the local site lies within region Ω+ , far from
the fault. The equivalent force load of the MDRM can be expressed as

PMDRM
eff =

0

−MΩ+
be ü0e −CΩ+

be u̇0e −KΩ+
be u0e

MΩ+
eb ü0b +CΩ+

eb u̇0b +KΩ+
eb u0b

8><
>:

9>=
>; (1)

TABLE 1 | 1D velocity model information.

Soil layer
depth, km

Shear wave
velocity, km/s

Compressional wave
velocity, km/s

Density,
kg/m3

Quality
factor Qs

Quality
factor Qp

0.00 2.00 3.50 2450 200 100

1.50 2.10 4.20 2575 210 105

2.50 2.40 4.75 2600 240 120

3.50 2.75 5.10 2620 276 138

5.00 3.00 5.40 2650 300 150

7.00 3.35 5.80 2700 336 168

9.00 3.50 6.20 2720 350 175

17.00 3.60 6.35 2750 360 180

30.00 3.80 6.80 3000 380 190

FIGURE 3 | Fault rupture model and spatial relationship: (a) fault rupture slip distribution diagram and (b) relative location dia-
gram of fault, valley, and bridge.

FIGURE 4 | Schematic diagram of the modified domain reduction method.
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In Equation (1), the first, second, and third rows of the vector represent the equivalent loads in the regions of nodes i, b,
and e, respectively. M, C, and K represent the mass matrix, damping matrix, and stiffness matrix of the system, respec-
tively; the subscripts i, b, and e represent the nodes on the regions Ω, Γ, and Ω+ , while u0 represents the free-field dis-
placement response. For a detailed derivation of Equation (1), readers are referred to Luo et al. (2019).

The MDRM effectively simulates the area within Ω, but residual displacement fields remain in the Ω+ region. To prevent
interference from these residual displacement fields, artificial boundaries are placed at the outer model boundaries to
absorb them. When applying the improved regional reduction method, the free-field time history at the boundary nodes is
first calculated, followed by the calculation of the equivalent force load using Equation (1), which then loads the finite
element model.

3.3 | Calculation Methods for Rayleigh Waves

The seismic motion time history at the boundary points under Rayleigh wave incidence can be calculated using the
approximate methods proposed by Yue and Li (2008) and Zhao et al. (2022). The approximate method uses potential
functions to solve the Rayleigh wave fluctuation equation. The acceleration at the position with identical ground motion
at the outer wave-facing side is taken as the known acceleration. By integrating this acceleration, the displacement time
history is obtained, which is then used to calculate the seismic motion time history at any point using the analytical
solution for Rayleigh waves.

The process begins by using the Rayleigh wave fluctuation equation to solve the Rayleigh wave velocity c. The Rayleigh
wave fluctuation equation is expressed as follows:

2− c2ð =VS
2Þ2 − 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− c2=VS

2
p

⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− c2=VP

2
p

= 0 (2)

where VP, VS, and c represent the compressional wave velocity, shear wave velocity, and Rayleigh wave velocity,
respectively.

Using Equation (2), based on the fluctuation equation and potential functions, and considering the real part of the dis-
placement, the expression for a simple harmonic Rayleigh wave can be obtained:

uy = −Ak exp − akzð Þ− ð1+ b2Þ
2

exp − bkzð Þ
� �

sin kðy− ctÞð Þ

uz =Ak − a exp − akzð Þ+ ð1+ b2Þ
2b

exp − bkzð Þ
� �

cos kðy− ctÞð Þ
(3)

where uy and uz represent the horizontal and vertical displacements, respectively, A is the amplitude parameter, k is the

wave number, ω is the angular frequency, a=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− c2=VP

2
p

, and b=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− c2=VS

2
p

.

Then, by applying the Fourier transform, the displacement time history at the boundary points is expressed as a super-
position of simple harmonic waves, allowing the calculation of the seismic motion time histories at any position in the
model in the frequency domain. Finally, the inverse Fourier transform is applied to obtain the seismic motion time
histories at any position in the time domain.

4 | Analysis Cases

To study the seismic impact of fully 3D waveform solution, Rayleigh wave, and P–SV wave on bridge structures and
compare their seismic responses, three calculation cases are designed, as shown in Table 2.

TABLE 2 | Calculation cases.

Case Types of seismic wave Computational model

1 Fully 3D waveform solution Valley–arch bridge model

2 Rayleigh wave Valley–arch bridge model

3 P–SV wave Valley–arch bridge model
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Seismic waves are input from the outer side of the model in the form of the fully 3D waveform solution, Rayleigh wave,
and P–SV wave. It is assumed that all three types of waves have the same ground motion at the reference location outer
side of the model, ensuring that the results for these wave types are comparable. The free-field horizontal acceleration
time histories and acceleration response spectra are shown in Figure 5. The acceleration time histories and response
spectra at ground surface locations on both sides of the valley under Cases 1, 2, and 3 are presented in Figure 6. As
described in the previous section, the free-field time histories at the boundary nodes are converted into equivalent force
loads via the MDRM and applied to the finite element model, thereby introducing the fully 3D waveform solution. The
calculation area of the valley–arch bridge interaction model is shown in Figure 3b. For the fully 3D waveform solution
input case, seismic motion is simulated to obtain the acceleration, velocity, and displacement time histories. The equiva-
lent loads are then calculated using Equation (1) based on the mass, stiffness, and damping matrices of the finite element
model, thus achieving the fully 3D waveform solution input. For the Rayleigh wave input case, after calculating the
seismic motion time history at the boundary nodes using the approximate Rayleigh wave method described in section
Calculation Methods for Rayleigh Waves, the MDRM is applied to account for the valley terrain effects. The equivalent
loads are then computed using Equation (1), thereby introducing the Rayleigh wave ground motions into the finite ele-
ment model.

For the P–SV wave input case, the horizontal and vertical components have amplitudes consistent with the fully 3D
waveform solution. For this case, the incident wave time history at the bottom of the model is calculated using one-
dimensional wave inversion (Wang and Chen 2016). Subsequently, the free-field time history at any depth is obtained
through one-dimensional wave propagation analysis. This data is substituted into Equation (1) to calculate the equivalent
loads, thereby introducing the P–SV wave ground motions into the finite element model.

5 | Computational Results

5.1 | Reliability Verification of the GP Kinematic Rupture Model

To verify the accuracy of the GP kinematic rupture model and the wave propagation simulation used in this study, we
compared the east–west (y-direction) and north–south (x-direction) PGA at observation points located within a region
defined by the fault length in the strike direction and 50 km in the direction perpendicular to the fault. The simulated
PGA values were compared with those predicted by the ground motion prediction equation (GMPE) developed by Chiou
and Youngs (2008) (hereafter referred to as CY2008).

Figure 7 illustrates the attenuation of horizontal PGA from the fully 3D waveform solution with increasing epicentral
distance. The solid line represents the median prediction from the GMPE, while the dashed lines indicate ± 1 stan-
dard deviation. As shown in Figure 7, the horizontal PGA values from the fully 3D waveform solution generally fall
within one standard deviation of the predicted median, indicating that the selected rupture model is physically rea-
sonable and that the wave propagation simulation is highly accurate. Therefore, the fully 3D waveform solution used
in this study is deemed appropriate and capable of representing near-fault ground motions under the considered
scenario.

FIGURE 5 | Horizontal acceleration characteristics at the reference location with identical groundmotion: (a) acceleration histories
and (b) acceleration response spectra.
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5.2 | Characteristics of Ground Motion Field Distribution

Figure 8 shows the distribution of the horizontal direction PGA of the fully 3D waveform solution. As seen in Figure 8a,
within the range from the fault to the valley, the PGA in the x-direction exhibits larger amplitudes for x greater than
10 km, with significant values at the valley location. From Figure 8b, it can be seen that in the y-direction, between the
fault and the valley, the PGA in the y-direction of the fully 3D waveform solution is higher in the central area and lower in
the peripheral regions. Overall, at the y-coordinate of 12.7 km (corresponding to the valley location), a sharp spatial
variation in the seismic motion is observed, with the ground motion being smaller in the valley terrain and larger
on both sides of the valley.

To examine the effect of the valley terrain on the seismic response of the structure, this study selects the bridge site
location at the position where the ratio of PGA on the wave-facing side to the shadow side is maximized.
Specifically, the river valley extends from 10.200 km in the x-direction and from 12.705 to 13.155 km in the y-direction,
as indicated by the straight line within the dashed box in Figure 8. To compare the effects of different types of seismic
waves on the valley terrain, the PGA at the surface near the valley was first calculated for three types of seismic wave

FIGURE 6 | Acceleration time histories and response spectra on both sides of the valley (Cases 1–3): (a,c,e) acceleration time his-
tories and (b,d,f ) acceleration response spectra at wave-facing and shadow sides of the valley for Cases 1, 2, and 3, respectively.
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inputs. Figure 9 shows the spatial variation of PGA values across the V-shaped valley site under the 3D simulated,
Rayleigh, and P–SV wave cases. The lowest point of the valley is designated as the origin of the horizontal coordinate,
and the dashed line represents the position of the V-shaped valley. Table 3 lists the PGA at the surface locations on the
tops of the slopes on both sides under the loading imposed by the fully 3D waveform solution, Rayleigh wave, and P–SV
wave.

FIGURE 7 | Distribution of horizontal PGA attenuation at observation points from the fully 3D waveform solution versus epicen-
tral distance.

FIGURE 9 | Peak value distribution of ground motion of fully 3D waveform solution, Rayleigh wave, and P–SV waves:
(a) horizontal direction and (b) vertical direction.

FIGURE 8 | PGA distribution map for the fully 3D waveform solution. The red straight line represents the projection of
the geometric center of the fault rupture surface along the fault strike onto the ground surface upper fault trace. The red star
denotes the reference location where the input acceleration time histories of the full 3D waveform solution, Rayleigh wave,
and P–SV wave exactly match. This reference point is located 2 km from the center of the valley: (a) x-direction (north–south)
and (b) y-direction(east–west).

Earthquake Spectra, 2026 9 of 20
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From Table 3 and Figure 9a, it can be observed that under the loading imposed by the 3D simulated waveforms, there is a
significant spatial variation in horizontal PGA values on both sides of the V-shaped valley. The horizontal PGA on the
wave-facing side is much higher than on the shadow side. The maximum horizontal PGA occurs near the top of the wave-
facing side slope, and the horizontal PGA on the wave-facing side is 3.30 times greater than that on the shadow side.
Under the incidence of the Rayleigh wave, the distribution of horizontal PGA is similar to that of the fully 3D waveform
solution, with the maximum PGA at the top of the wave-facing side slope. Here, the horizontal PGA on the wave-facing
side is 2.57 times that on the shadow side. Under the incidence of the P–SV wave, the PGA values at surface locations on
both sides of the V-shaped valley is nearly symmetrical. The maximum horizontal PGA occurs near the flat surface at the
top of the shadow side slope, with relatively lower values at the valley bottom. In this case, the horizontal PGA on the
wave-facing side is 1.56 times that on the shadow side.

From Table 3 and Figure 9b, it can be observed that under the incidence of the fully 3D waveform solution, the vertical
PGA on both sides of the V-shaped valley exhibits little variation. The maximum vertical PGA occurs near the flat area at
the top of the wave-facing side slope, while the minimum is near the valley bottom. The vertical PGA on the wave-facing
side is 1.49 times that on the shadow side. Under the incidence of the Rayleigh wave, a significant difference is observed in
the vertical PGA distribution, with the vertical PGA on the wave-facing side much higher than on the shadow side. The
maximum vertical PGA occurs at the top of the wave-facing side slope, where the vertical PGA on the wave-facing side is
3.76 times that on the shadow side. Under the incidence of the P–SV wave, the vertical PGA on the wave-facing side is
much smaller than on the shadow side, with the maximum vertical PGA at the top of the shadow side slope. In this case,
the vertical PGA on the wave-facing side is only 0.48 times that on the shadow side.

It can be observed that the valley terrain weakens the incident waves on the shadow side, and this shielding effect is more
significant when subjected to the fully 3D waveform solution and Rayleigh wave incidence. This results in significant
differences in the surface PGA on both sides of the slope during the incidence of fully 3D waveform solution and Rayleigh
wave, with the PGA on the wave-facing side being significantly greater than that on the shadow side. The shielding effect
of valley terrain significantly affects the seismic response of valley-spanning bridge structures.

5.3 | Impact of Fully 3D Waveform Solution on Bridge Seismic Response

This section discusses the influence of the fully 3D waveform solution on the seismic response of the arch bridge. To
compare the three cases, dimensionless parameters γSR and γSS are introduced, where γSR represents the ratio of the
internal forces of the bridge under the loading imposed by the 3D simulated waveforms to that under the Rayleigh wave
and γSS represents the ratio of the internal forces of the bridge under the loading imposed by the 3D simulated waveforms
to that under the P–SV wave:

γSR =NSW4=NR (4)

γSS =NSW4=NS (5)

TABLE 3 | Peak value of ground motion acceleration of bridge piers on both sides of fully 3D waveform solution, Rayleigh wave,
and P–SV wave.

Observation location
Fully 3D waveform

solution
Rayleigh
wave

P–SV
wave

Horizontal seismic
motion

Wave-facing side 6.64 6.97 6.02

Shadow side 2.01 2.71 3.87

Wave-facing side/shadow
side

3.30 2.57 1.56

Vertical seismic motion Wave-facing side 3.20 6.36 4.15

Shadow side 2.15 1.69 8.68

Wave-facing side/shadow
side

1.49 3.76 0.48
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where NSW4, NR, and NS represent the structural response of the member under the fully 3D waveform solution, Rayleigh
wave, and P–SV wave incidences, respectively.

5.3.1 | Impact of Fully 3D Waveform Solution on Arch Ring Internal Forces

Table 4 lists the peak internal forces of the arch ring subjected to the loading imposed by the 3D simulated waveforms,
Rayleigh wave, and P–SV wave, all corresponding to an epicentral distance of 10 km. Figure 10 illustrates the distribution
of these responses in the upper and lower chord members of the main arch ring under the three types of wave incidences.
From Figure 10a and Table 4, it is observed that compared with Rayleigh wave incidence, the axial forces of the upper and
lower chord members are smaller when subjected to the loading imposed by the 3D simulated waveforms. Specifically,
the peak axial forces of the upper and lower chord members are 0.71 times and 0.75 times, respectively, compared to those
under Rayleigh wave incidence. Under Rayleigh wave input, the peak axial force of the upper chord is approximately 41%
higher than that under the fully 3D waveform solution. Compared to P–SV wave incidence, the axial force of the upper
chord member is amplified by 1.26 times under the fully 3D waveform solution, while the peak axial forces of the lower
chord members in both cases are relatively close. The amplification of the peak axial force of the upper chord member due
to the fully 3D waveform solution is greater than that of the lower chord member. Under P–SV wave input, the peak axial
force of the upper chord is approximately 21% lower than that under the loading imposed by the 3D simulated waveforms.
Additionally, the distribution of the axial forces of the lower chord member of the arch ring under the loading imposed by
the 3D simulated waveforms and Rayleigh wave is similar, which differs from the trends observed during P–SV wave
incidence. Specifically, when subjected to the loading imposed by the 3D simulated waveforms and Rayleigh wave, the
axial forces of the lower chord members are relatively large at the crown and at a location approximately 1/10 of the arch
span length from the arch foot along the arch ring. Under P–SV wave input, the maximum axial force of the lower chord
member occurs at the arch foot.

From Figure 10b and Table 4, it can be observed that compared to the case with Rayleigh wave incidence, the bending
moments of both the upper and lower chord members of the arch ring are slightly smaller when the fully 3D waveform
solution is incident. The peak bending moment of the upper chord member of the arch ring is 0.80 times that of the
Rayleigh wave incidence, and the peak bending moment of the lower chord member of the arch ring is 0.79 times that of
the Rayleigh wave incidence. Compared to P–SV wave incidence, the peak bending moment of the lower chord member
of the arch ring is amplified by 1.23 times when the fully 3D waveform solution is incident. The peak bending moments of
the upper chord members for both cases are relatively close. For the lower chord member of the arch ring, the bending
moment trends under the loading imposed by the 3D simulated waveforms and Rayleigh wave are similar, differing from
those observed during P–SV wave incidence. Specifically, when subjected to the loading imposed by the 3D simulated
waveforms and Rayleigh wave, the maximum bending moment occurs at the crown of the arch, followed by the location
at 1/4 of the arch span length from the arch foot along the arch ring. When P–SV wave incidence, the bending moments
are relatively large at both the arch feet and the crown.

From Figure 10c and Table 4, it can be observed that when the fully 3D waveform solution is incident, the shear forces of
both the upper and lower chord members of the arch ring are smaller than in the other two cases. The peak shear forces of
the upper and lower chord members of the arch ring are 0.53 times and 0.52 times that of the Rayleigh wave incidence,
respectively, and 0.52 times and 0.55 times that of the P–SV wave incidence. The shear force distribution of the lower

TABLE 4 | Peak value internal forces of arch ring.

Peak internal forces, kN/kN·m
Fully 3D waveform

solution Rayleigh wave P–SV wave γSR γSS
Upper chord member Axial force 13,930.80 19,663.40 11,066.90 0.71 1.26

Bending moment 1190.80 1490.64 1174.59 0.80 1.01

Shear force 413.18 777.40 795.01 0.53 0.52

Axial force 14,198.10 18,986.60 13,937.60 0.75 1.02

Lower chord member Bending moment 942.32 1190.70 763.82 0.79 1.23

Shear force 261.75 499.71 478.88 0.52 0.55
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chord member of the arch ring under the loading imposed by the 3D simulated waveforms, Rayleigh wave, and P–SV
wave is similar, with the peak shear force occurring at the crown of the arch in all cases.

To enhance the generalizability of the study, in addition to the initially selected scenario with an epicentral distance of
10 km, this article also considers a range of other epicentral distances. Accordingly, additional scenarios with epicentral
distances of 6, 8, 12, 14, 16, 18, and 20 km are included to evaluate the sensitivity of the bridge response to varying
epicentral distances. To maintain physical consistency across scenarios, epicentral distances of 0–4 km were excluded.
Because in this range, the bridge would either cross the fault rupture zone or lie within the surface projection of the fault
plane (Rjb = 0), which differs fundamentally from typical near-fault ground motions. Figure 11 presents the trends in
internal forces of the lower chord members of the main arch ring under the 3D simulated waveforms, Rayleigh wave, and
P–SV wave at different epicentral distances. From Figure 11, it can be seen that for different epicentral distance scenarios,
the variation trend of internal forces in the lower chord members of the arch ring is consistent with that observed in the
10 km epicentral distance case.

Overall, the internal forces of the bridge differ depending on the type of input motion: Rayleigh waves generally induce
the largest axial forces in most epicentral distance scenarios, and the fully 3D waveform solution produces more pro-
nounced axial forces in several cases (such as at epicentral distances of 14 and 20 km). These results indicate that the
waveform type and the propagation path jointly influence the structural response. Therefore, simplified waveformmodels
may either underestimate or overestimate the actual structural demands under specific seismic scenarios.

FIGURE 10 | Comparison of the axial forces, bending moments, and shear forces of the upper/lower chord member of the arch ring
under the scenario with a 10 km epicentral distance: (a) axial force, (b) bending moment, and (c) shear force.
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FIGURE 11 | Comparison of internal forces in the lower chord members of the arch ring under different epicentral distances:
(a) internal force distribution under the fully 3D waveform solution, (b) internal force distribution under the Rayleigh wave, and
(c) internal force distribution under the P–SV wave.
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5.3.2 | Impact of Fully 3D Waveform Solution on Bridge Key Parts

To further analyze the seismic response of the bridge structure under the influence of the fully 3D waveform solution, the
study focuses on key locations of the bridge structure discussed in section impact of fully 3D waveform solution on arch
ring internal forces. Specifically, the analysis will examine the time histories of the axial force and bending moment at the
arch foot of the lower chord member of the arch ring, where the largest amplitudes occur for all three types of wave
incidence.

Figure 12 shows the axial force and bending moment time history at the arch foot position of the lower chord member of
the arch ring under the scenario with a 10 km epicentral distance. From Figure 12, it can be observed that the axial force
and bending moment at the arch foot are greatest for the Rayleigh wave, followed by the fully 3D waveform solution, with
the P–SV wave causing the smallest response. The timing of the peaks in the axial force and bending moment at the arch
foot differs from the three types of waves. For the P–SV wave, the peak occurs at the first wave crest, around 4.4 s. In
contrast, for the fully 3D waveform solution and Rayleigh wave, the peaks in the axial force and bending moment occur
after the first wave crest, at approximately 7.7 and 8.5 s, respectively. Additionally, a prolonged oscillation is observed for
fully 3D waveform solution and Rayleigh wave incidences, indicating that these waves have excited a certain natural
frequency of the bridge. The oscillation exhibits a larger amplitude under Rayleigh wave incidence compared to the fully
3D waveform solution and P–SV wave. The time history curves show that for the fully 3D waveform solution, five peaks
occur between 8.8 and 12.5 s, while for the Rayleigh wave, five peaks are observed between 8.4 and 12.1 s. This allows the
calculation of the excited bridge mode frequency, which is approximately 1.35 Hz.

Table 5 lists the first 20 modal frequencies and normalized mode participation factors of the bridge structure to determine
the mode frequencies excited by the fully 3D waveform solution and Rayleigh wave. Both the fully 3D waveform solution
and Rayleigh wave excite the 13th mode of the bridge, which has a natural frequency of 1.36 Hz.

To further analyze the axial force and bending moment time histories at the arch foot, the frequency response functions of
the axial force at the lower chord member of the arch ring under the scenario with a 10 km epicentral distance are plotted
relative to the input ground motion for the fully 3D waveform solution, Rayleigh wave, and P–SV wave, as shown in
Figure 13. From the figure, it can be observed that in the frequency range above the fundamental frequency (0.22 Hz), the
incidence of fully 3D waveform solution displays three significant peaks at 0.40, 1.33, and 1.67 Hz, corresponding to the
2nd, 13th, and 18th natural frequencies of the structure. For Rayleigh wave incidence, three significant peaks occur at
0.40, 1.33, and 1.73 Hz, corresponding to the 2nd, 13th, and 20th natural frequencies. For P–SV wave incidence, four
significant peaks are present at 0.40, 1.00, 1.33, and 1.67 Hz, corresponding to the 2nd, 11th, 13th, and 18th natural
frequencies. The amplitude of the frequency response functions varies significantly for the three input methods under
the scenario with a 10 km epicentral distance: (1) For fully 3D waveform solution incidence, large amplitudes occur near
the first mode in the longitudinal direction (0.44 Hz) and the first rotational mode in the transverse direction (1.36 Hz).
(2) For Rayleigh wave incidence, the first three rotational mode frequencies of the bridge are significantly amplified. The
largest amplitude occurs near the first mode in the transverse direction (1.36 Hz), with the second largest near the second
mode (0.44 Hz). Additionally, under Rayleigh wave incidence, the amplitude of the higher-order mode (13th mode at
1.33 Hz) can exceed that of the lower-order mode (2nd mode at 0.44 Hz). (3) For P–SV wave incidence, to maintain
consistency with the fully 3D waveform solution and Rayleigh wave, the seismic motion is applied along the longitudinal
and vertical directions of the bridge. Significant amplitudes occur near the first two modes in the longitudinal direction
(0.44 and 1.13 Hz) and the first two modes in the vertical direction (1.36 and 1.66 Hz). The largest amplitude occurs near
the first longitudinal mode (0.44 Hz).

FIGURE 12 | Comparison of time response of axial force and bending moment of arch under the excitation of fully 3D waveform
solution, Rayleigh wave, and P–SV wave.
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Figure 14 compares the axial force frequency response functions at the arch foot of the lower chord under three types of
seismic waves across various epicentral distances. As shown in the figure, the frequency response patterns at most epi-
central distances are consistent with those observed at 10 km. Specifically, under the action of the fully 3D waveform
solution, significant response peaks appear near 0.4 and 1.36 Hz across most epicentral distances. For Rayleigh wave
excitation, the frequency response also shows prominent peaks near 1.36 Hz in most cases. Notably, the Rayleigh wave
induces a response where higher-order vibration modes in the excitation direction (11th mode at 1.13 Hz and 13th mode
at 1.33 Hz) exhibit greater amplitudes than the lower-order mode (2nd mode at 0.44 Hz). Under P–SV wave excitation, the
frequency response function generally exhibits its maximum amplitude near the first longitudinal mode of the bridge
(0.44 Hz), with additional distinct peaks observed near 0.44, 1.13, 1.36, and 1.66 Hz. However, at several epicentral

TABLE 5 | Modal frequencies and normalized vibration participation coefficients of the bridge structure.

Mode
Frequency,

Hz

X
(transverse
direction)

Y
(longitudinal
direction)

Z
(vertical
direction)

ROTX
(transverse
rotational
direction)

ROTY
(longitudinal
rotational
direction)

ROTZ
(around the

vertical
direction)

1 0.22 1.00 0.00 0.00 0.00 0.65 1.00

2 0.44 0.00 1.00 0.00 0.52 0.00 0.00

3 0.45 0.00 0.00 0.00 0.00 0.00 0.43

4 0.66 0.49 0.00 0.00 0.00 0.57 0.48

5 0.68 0.00 0.00 0.13 0.13 0.00 0.00

6 0.83 0.02 0.00 0.00 0.00 0.03 0.01

7 0.95 0.33 0.00 0.00 0.00 1.00 0.33

8 1.01 0.00 0.29 0.01 0.01 0.00 0.00

9 1.03 0.00 0.20 0.01 0.03 0.00 0.00

10 1.05 0.00 0.00 0.00 0.00 0.00 0.34

11 1.13 0.00 0.63 0.00 0.34 0.00 0.00

12 1.20 0.22 0.00 0.00 0.00 0.45 0.22

13 1.36 0.00 0.00 1.00 1.00 0.00 0.00

14 1.37 0.21 0.00 0.00 0.00 0.48 0.21

15 1.38 0.01 0.00 0.00 0.00 0.03 0.01

16 1.57 0.00 0.00 0.00 0.00 0.00 0.14

17 1.61 0.09 0.00 0.00 0.00 0.32 0.09

18 1.66 0.00 0.17 0.84 0.83 0.00 0.00

19 1.70 0.00 0.38 0.45 0.44 0.00 0.00

20 1.75 0.00 0.15 0.20 0.22 0.00 0.00

FIGURE 13 | Transfer function of the axial force of the arch foot under the scenario with a 10 km epicentral distance.
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distances (e.g., 14 and 20 km), the amplitude near the first longitudinal mode of the bridge (0.44 Hz) is smaller than that
near the fourth longitudinal mode (1.01 Hz) and the first vertical mode (1.36 Hz), respectively. To investigate the under-
lying causes, the Fourier spectra of the input ground motions under P–SV wave excitation were plotted, as shown in
Figure 15. It can be observed that at 1.04 Hz, the Fourier amplitude for the 14 km epicentral distance is the lowest.
This results in localized vibration at the arch foot, causing the frequency response amplitude at 1.04 Hz to exceed that
near the first longitudinal mode (0.44 Hz). Similarly, at 1.399 Hz, the Fourier amplitude for the 20 km epicentral distance
is the lowest, which excites the vertical bending mode, leading to a greater frequency response amplitude at 1.399 Hz than
that near the first longitudinal mode (0.44 Hz).

In summary, the fully 3D waveform solution primarily excites the longitudinal and transverse rotational modes of the
bridge. Rayleigh wave incidence mainly excites the transverse rotational modes, while P–SV wave incidence primarily

FIGURE 14 | Transfer function of the axial force of the arch foot under different epicentral distances: (a) transfer function under the
fully 3D waveform solution, (b) transfer function under the Rayleigh wave, and (c) transfer function under the P–SV wave.

FIGURE 15 | Fourier amplitude spectra of input P–SV waves under different epicentral distances.
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activates the longitudinal modes. At the higher-order mode (13th mode at 1.33 Hz), the axial force frequency response
amplitudes show significant differences among the three wave types. For epicentral distances in the range of 6 to 12 km,
the Rayleigh wave produces the largest amplitude, followed by the fully 3D waveform solution, with the P–SV wave
generating the smallest amplitude. In contrast, for epicentral distances between 14 and 20 km, the amplitude under
the fully 3D waveform solution surpasses that of the Rayleigh wave. The dynamic response of the bridge structure is
governed by higher-order vibration modes, which leads to the possibility that simplified seismic waves may underestimate
or overestimate the actual structural demands under specific scenarios.

6 | Conclusion

This study focuses on a steel–concrete arch bridge spanning a valley. By analyzing the seismic responses of the bridge
under the fully 3D waveform solution, Rayleigh wave, and P–SV wave, the internal force distribution in the main arch
ring and at the arch foot is examined. The main conclusions are summarized as follows:

1) The three types of wave incidences primarily excite different modal orders in the bridge structure. The fully 3D
waveform solution primarily excites longitudinal and transverse rotational modes. The Rayleigh wave mainly excites
transverse rotational modes. The P–SV wave primarily excites longitudinal and vertical modes.

2) Due to the different primary modes excited by the three wave types, there are significant differences in the dis-
tribution of the peak internal forces in the main arch ring of the bridge. When subjected to the loading imposed by
the 3D simulated waveforms, peak axial forces are mainly concentrated at the crown and near the arch feet. Under
Rayleigh wave incidence, the distribution of peak axial forces is the same as that under the loading imposed by the
3D simulated waveforms. Under P–SV wave incidence, peak axial forces are primarily concentrated at the
arch feet.

3) The structural response is jointly influenced by the type of seismic waves and their propagation paths. Under certain
scenarios, simplified ground motion inputs may lead to underestimation or overestimation of the actual structural
response. In seismic response analysis of valley-spanning bridges, relying solely on Rayleigh or P–SV waves as input
could fail to accurately capture the true force characteristics. Therefore, in practical seismic design, it is recom-
mended, if possible, to adopt physics-based ground motion simulation methods that consider the rupture character-
istics of the seismic source and its spatial relationship with the bridge structure.

In summary, both fully 3D waveform solution incidence and Rayleigh wave incidence induce nonuniform characteristics
in the ground motion at the bridge site. The fully 3D waveform solution input can excite both low-order longitudinal
modes and high-order rotational modes of the bridge, leading to an amplification of the structural dynamic response,
which significantly impacts the seismic response of valley-spanning bridges. As a foundational step, this study focuses on
a representative scenario that is physically realistic. Future work will introduce a broader range of rupture parameters for
further investigation.
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