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Abstract
The geological conditions of the wide river valley in the lower reaches of the Yangtze River are characterized by complex 
site conditions due to the presence of multistage slopes and non-uniform stratigraphy. Considering such conditions, a finite 
element analysis model for multistage slopes in wide river valleys was developed. The model is based on the ABAQUS 
software platform, and a viscoplastic memorial nested yield surface model of soft soil is used to simulate the nonlinear 
dynamic properties of soils. The spatial variability characteristics of the seismic response at different depths of stratigraphy 
and the ground surface under the influence of traveling wave and overlying water pressure are investigated. Results show 
that the seismic response at different locations on the ground surface of the river valley site varies significantly, and the 
change pattern is consistent with topographic relief. The seismic response produces abrupt changes at the top of the multi-
stage slopes, topographic relief, and lenticular body. The response spectrum of the ground surface exhibits characteristics 
of multiple peaks and a strong response over a wide range of periods, and the peak acceleration at the bottom of the river 
valley on both sides exceeds that on the ground surface. A comparison between the calculated and simplified model results 
ignoring topographic relief and soil non-uniformity further reveals the spatial variability of the seismic responses of the 
non-uniform wide river valley site.
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Introduction

Numerous seismic records and observed earthquake dam-
age confirm that topographic effects exacerbate the extent of 
earthquake damage to buildings (Gaudiosi et al. 2021; Wang 
et al. 2021a; Primofiore et al. 2020; Wei and Yang 2019; 
Hough et al. 2010; Ashford and Sitar 1997). Local irregu-
lar topography can cause seismic wave scattering, leading 
to superposition between incident and scattered waves and 
causing further attenuation, amplification, and spatial vari-
ations in ground motions (Gao et al. 2022). A river valley, a 

common depressed local irregular terrain, not only amplifies 
ground motion intensity during vibrations but also causes 
spatial variation of ground motion within the local site (Li 
et al. 2022). The “Guidelines for Seismic Design of Highway 
Bridges” (JTG/TB02-01–2008) stipulates that the evalua-
tion of seismic safety must consider the spatial variation of 
ground motion caused by the local site and traveling wave 
effects. Thus, the seismic responses of bridges and tunnels 
that cross-river valley sites have particularities and com-
plexities. Therefore, an investigation of the spatial variation 
characteristics of the seismic response of local irregular sites 
of river valleys can further improve the scientificity and reli-
ability of aseismic calculations for large foundation projects 
at such sites.

Ground motion amplification was first recorded at the 
shoulder of Pacoima Dam in the USA in 1971 (Trifunac 
and Hudson 1971). Subsequently, countries began to deploy 
numerous seismic arrays to study topographic effects further. 
In the 1992 Hualien earthquake, a significant topographic 
effect was observed by strong-motion seismographs in 
Emerald River Valley, Taiwan Province, China (Huang and 
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Chiu 1995). With the accumulation and collation of earth-
quake damage data from previous earthquakes, the topo-
graphic effects of river valleys have attracted the attention 
of scholars. Accordingly, extensive research has been con-
ducted using analytical analysis (Zhang et al. 2021, 2019; 
Gao et al. 2012), numerical methods (Liu et al. 2022, 2018; 
Evangelista et al. 2017), and strong ground motion observa-
tions (Malcioglu et al. 2022; Lashgari and Jafarian 2022; Xie 
et al. 2017). The analytical method simplifies the river valley 
model in problem analysis; however, it cannot comprehen-
sively consider the influence of soil mechanical properties 
and river valley shape. The strong ground motion obser-
vation method requires actual seismic measurement data; 
however, current seismic records are limited, and seismic 
records may not exist for some specific sites. Therefore, the 
analytical and strong ground motion observation methods 
are relatively limited. With advancements in computer tech-
nology and numerical calculation theory, numerical meth-
ods have become an important means for investigating the 
topographic effects of local irregular sites, and have achieved 
a relatively rich research results (Baron, et al. 2022; Chen, 
et al. 2021; Jahromi and Karkhaneh 2019; Ning, et al. 2018; 
Wang, et al. 2015; Hayashi, et al. 2001). Presently, most 
of the model section shapes studied are focused on deep 
V-shaped and U-shaped river valleys (Lopez-Castaneda and 
Reinoso 2021), whereas only a few studies are related to the 
unique site of wide river valleys. The sites in the middle and 
lower reaches of the Yangtze River are all wide river valleys, 
and numerous large engineering structures have been and are 
to be built on such sites. Accordingly, the investigation of 
the spatial variability characteristics of the seismic response 
of local irregular wide river valley sites in the lower reaches 
of the Yangtze River using numerical methods has practical 
importance.

In existing research, when numerical methods are used 
for analyzing the topographic effect of river valley sites, the 
real site topographic features and non-uniform spatial dis-
tribution of soil layers are simplified; hence, they are not 
fully considered (Wang et al. 2021b; Sohrabi-Bidar et al. 
2010). Elgamal et al. (Elgamal et al. 2005, 2009; Li et al. 
2020) presented finite element analysis with refined 2D and 
3D non-uniform and nonlinear models, not only for soils but 
also for soil-structure interactions. However, the multistage 
slopes of and soil distribution in river valleys have impor-
tant topographic effects (Gao et al. 2012). The wide river 
valley in the middle and lower reaches of the Yangtze River 
has wide multistage terraces and floodplains, and the sedi-
mentary layer has numerous lenses (Wang et al. 2005). The 
foregoing indicates the topographic complexity and strati-
graphic specificity of wide river valleys in the middle and 
lower reaches of the Yangtze River. Therefore, to investigate 
the spatial variability characteristics of the seismic response 
of the wide river valley sites in the middle and lower reaches 

of the Yangtze River, the non-uniformity of the soil layers 
and topographic characteristics of the sites must be fully 
considered.

In summary, a multistage slopes finite element analysis 
model was developed for wide river valleys, specifically for 
a site in the lower reaches of the Yangtze River where a 
cross-river electric power-integrated pipe gallery is located. 
The design of the model was based on the engineering 
background of the site. Moreover, the effects of traveling 
wave and overlying water pressure are fully considered in 
the model. The dynamic nonlinear properties of soil were 
also simulated by using a previously developed viscoplastic 
memorial nested yield surface model of soft soil. The spatial 
variation characteristics of the seismic response of the site in 
the wide river valley are systematically examined to explore 
the topographic effect on the seismic response characteris-
tics of the site further. Moreover, the calculation results are 
compared with the simplified model ignoring the effects of 
topography and non-uniform soil stratum. The results of the 
research provide a reference for the seismic design of cross-
river project in the lower Yangtze River.

Engineering geology overview

The wide river valley site studied herein is located near 
the frontal zone of the delta plain in the lower reaches of 
the Yangtze River, which has wide multistage terraces and 
floodplains. A considerable amount of sand is transported to 
the lower Yangtze River and deposited every year, forming a 
thick and loose Quaternary Holocene fluvial–lacustrine allu-
vium on the terrace that has a typical binary-layer sedimen-
tary rhythm structure (Zhuang et al. 2018; Wang et al. 2005). 
The topography of the river valley considerably fluctuates 
along the north–south direction. The slope of the south bank 
is lower than that of the north bank, and the soil layer of the 
south bank is looser, as shown in Fig. 1. The engineering 
site is divided into four classifications based on the equiva-
lent shear wave velocity of the soil layer at a depth of 20 m 
and the thickness of the site overburden. The foregoing is 
based on the relevant regulations of the Chinese Code for 
Seismic Design of Buildings (GB50011-2010, 2016). The 
geotechnical engineering investigation report indicates that 
the conditions of the site considered in this study are those 
of Class IV sites, as listed in Table 1.

Development of numerical model

Element meshing

A static–dynamic coupling finite element analysis model of 
the nonlinear seismic response of a non-uniform wide river 
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valley is formulated based on the site shown in Fig. 1 that is 
fully consistent with the actual site (Fig. 2). The width and 
depth of the model are 4800 and 100 m, respectively. The 
size of the soil element mesh is determined using the fol-
lowing (Kuhlemeyer and Lysmer 1973; Zhuang et al. 2021):

where fmax is the cutoff frequency, and Vs is the least shear 
wave velocity in all soil layers. In this study, the high- 
frequency end (fmax) is set to 9 Hz, and the size of the soil ele-
ment mesh is approximately 1 m. The model has numerous  
soil elements. To improve computational effectiveness, four-
node bilinear plane strain quadrilateral reduced integration 
elements (CPE4R) are used.

The accurate geometry model was obtained from a CAD 
drawing of the site provided in the geotechnical investiga-
tion report, as shown in Fig. 1. In the present study, a CAD 
drawing was imported into Abaqus/CAE to generate the 

(1)h =

(

1

10
−

1

8

) Vs

fmax
,

numerical model, as presented in Fig. 2. Hence, the soil dis-
tribution is uneven along the north–south direction. Moreo-
ver, soil interfaces, lenticular bodies, and large topographic 
undulations exist. The use of a uniform size of meshes at 
these locations is problematic. However, an excessive vari-
ation in the shape of the soil element mesh leads to con-
siderable errors, reducing the accuracy of the calculation 
results. The triangular and trapezoidal meshes were used for 
the transition. Following the automatic mesh generation by 
the software, several element distortions were corrected by 
manually adjusting the node coordinates of a few elements. 
The resulting model mesh is displayed in Fig. 3.

In existing analysis methods, the static analysis step and 
the dynamic analysis step are analyzed separately, and then, 
the calculation results of two steps are added together. Such 
methods are unable to consider the influence of the initial 
geostatic stress on the dynamic properties of soil. Because 
the underground station is buried in soil, the initial geostatic 
stress conditions of the surrounding soil will have a signifi-
cant impact on the dynamic characteristics. To address the 
problem, a static-dynamic coupling finite element analysis 
model was developed by Zhuang et al. in 2011. In the model, 
before performing the dynamic analysis step, the static 
stress state is calculated and the dynamic shear modulus of 
the soils is updated based on the static confining stress. In 
addition, the static and dynamic analysis steps are coupled 
together (Zhuang et al. 2011 and 2019). In the present study, 
the finite element analysis method was used to consider 

Fig. 1   Soil layer distribution in the wide river valley site

Table 1   Class IV site conditions

Site classification Soil thickness, d 
(m)

V20 (m/s) Classification 
criterion

IV  > 80 141 d ≥ 80 and 
V20 ≤ 150

Fig. 2   Numerical model: (1) transition areas of different soil layers; (2) lenticular bodies; (3) local uneven site; (4) U-shaped field at valley bottom
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the influence of the initial geostatic stress of soil, so as to 
explore the differences between the non-uniform wide river 
valley site and simplified model. Based on the distribution of 
soil layers in a section of the wide river valley site, the sim-
plified model extends to a certain width on both sides in the 
horizontal direction. In the simplified model, each soil layer 
has the same thickness, and the slope of the ground surface 
is 0°. The influence of the model boundary can be eliminated 
if the ratio of the model width (L) to soil depth (h) exceeds 
20, i.e., L/h > 20 (Wang et al. 2021c); accordingly, the width 
of the built model is 2000 m. The model shown in Fig. 4 
is simplified based on the right cross-section of area (3) in 
Fig. 2. The schematic is only used to illustrate the method for 
building the simplified model considering several selected 
sections. Owing to the large domain of the numerical model, 
all the calculations were completed at the High Performance 
Computing Centre of Nanjing Tech University, which has 
2784 CPUs that can be used for simultaneous calculations. 
The peak speed was 128.84 GFLOPS. In the study, 28 CPUs 
were allotted to calculate one model. As a result, it took 
approximately 4 days to complete one computing case.

Dynamic constitutive model of foundation soil

Under the cyclic loading, the shear modulus should degener-
ate with the number of cyclic loading and the dynamic defor-
mation of soil should show the unidirectional accumulation 

property, which could not be simulated by the Mohr–Coulomb 
model or (modified) Cam-clay model. Due to the above 
problem, the viscoplastic memorial nested yield surface 
model of soft soil, established by Zhuang (Zhuang and Chen 
2006 and Zhuang et al. 2020), was used in this study as 
a nonlinear dynamic constitutive model. According to the 
deformation characteristics of soft soil under the dynamic 
loading, the mixed hardening modulus field theory com-
bining the isotropic hardening and dynamic hardening is 
adopted. That is, the inverted loading surface fr, the failure 
surfaces F, and the initial loading surface f which were con-
center with the inverted loading surface fr were memorized, 
and then, the loading yield surface f is internally tangent 
with the inverted loading surface fr, as presented in Fig. 5. 
The spatial position of the initial yield surface is determined 
by a. When a = 0, the soil is considered the initial isotropic 
material; conversely, when a ≠ 0, the initial anisotropy of 
the soil is considered. In order to consider the viscosity 
effect of the soil, the Rayleigh damping is introduced into 
the expression of the stress–strain relationship of the con-
stitutive model. The first step in the ABAQUS algorithm is 
to input the internal friction angles, densities, shear wave 
velocities, and Poisson’s ratios of the different soils.

The feasibility of the dynamic constitutive model is veri-
fied by dynamic triaxial tests. Moreover, it was successfully 
applied to the calculation and analysis of the nonlinear seis-
mic responses of actual project sites (Yang et al. 2021). The 

Fig. 3   Finite element meshing 
of soil

Fig. 4   Simplified model
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drainage model of foundation soil is not considered in the 
calculation; accordingly, the dynamic Poisson ratio of the 
soil layers is set to 0.49. The parameters presented in Table 2 
were obtained from the geotechnical investigation report for 
the Sutong GIL pipe gallery engineering project. G0 repre-
sents the maximum initial shear modulus of the soil, which 
is determined by G0 = ρ·vs

2, where ρ and vs are the density 
and shear wave velocity of the soil layer, respectively.

Treatment of boundary

The treatment of model boundaries is critical for accurate 
seismic response analysis of a site. However, due to the 
complex geological conditions of the Yangtze River, there 
are difficulties in weakening the reflective waves gener-
ated by non-homogeneous soil layers in multiple direc-
tions using the analytical boundary treatment method. To 

overcome such issue, the lateral boundaries of the finite 
element model in the present study were set to be wider 
than the main wide river valley, so as to weaken the reflec-
tive waves from the lateral boundaries by the additional 
lateral soils. The treatment of the model boundary includes 
static and dynamic analyses. (1) A fixed constraint is 
adopted for the bottom boundary of the foundation. In the 
static analysis step, the lateral boundary is horizontally 
constrained and vertically free. After the static analy-
sis, ground stress balance is implemented based on the 
static calculation results. (2) In the dynamic analysis, the 
lateral boundary is horizontally free and vertically con-
strained. The horizontal support reaction force of the lat-
eral boundary obtained by static analysis is applied to the 
corresponding nodes in the form of concentrated force. 
The horizontal constraint of the bottom boundary of the 
foundation was replaced by the input horizontal ground 

Fig. 5   Yield surfaces in the 
principal stress space and the 
deviatoric plane. a The yield 
surfaces in stress space. b The 
yield surfaces in deviatoric 
plane
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Table 2   Fundamental physical and mechanical parameters of soil layer in wide river valley

Soil Maximum initial shear 
modulus G0 (MPa)

Weight (kN/m3) ϕ (°) Young’s 
modulus 
(MPa)

Poisson’s ratio,v Shear wave 
velocity, vs 
(m/s)

①1 silty fine sand 33 19.6 34.2 4.5 0.37 130
①2 silty sand 63 19.3 28.0 4.5 0.34 180
①1–2-1 silty clay mixed with silt 47 18.3 33.9 7.8 0.34 160
② silty clay 109 18.9 24.7 2.3 0.37 240
③1 muddy clay 18 18 21.3 1.5 0.39 100
③2 silty sand 49 19.3 31.2 3.9 0.34 160
③3 muddy silty clay 46 18.1 19.9 1.5 0.39 160
③4 silt and silty clay 114 18.3 25.3 6.5 0.34 250
③5 muddy silty 46 18.0 23.6 2.5 0.39 160
④1 silty clay mixed silt 59 18.1 24.5 5.2 0.34 180
④1–1 silty fine sand 172 19.1 35.2 9.2 0.29 300
④2 silty soils 123 18.2 28.6 10.5 0.32 260
⑤1 silty fine sand 201 19.6 34.0 22.9 0.29 320
⑤ fine sand 216 19.8 33.6 40.9 0.26 330
⑥1 medium-coarse sand 220 20.2 35.2 48.0 0.27 330
⑥1–1 silty sand 250 19.3 38.2 37.5 0.25 360
⑦ silty sand 304 20 31.6 26.0 0.34 390
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motion. The boundary transformation process is illustrated 
in Fig. 6.

Selected ground motion and calculated  
working conditions

The selection of a suitable ground motion is important for 
investigating the dynamic response of the non-uniform wide 
river valley (Bao et al. 2021; Zhu et al. 2022). During the 
Kobe earthquake (magnitude 6.9) in Japan in 1995, Kobe 
motion was recorded by the KJMA station. The thickness 
of the sediment layer at the station site and the non-uniform 
site studied in this paper are both about 100 m. Moreo-
ver, the earthquake caused numerous geological disasters 
and destroyed urban underground structures. This event 
prompted the rapid promotion of research on earthquake-
resistant engineering structures. Scholars have used the 
Kobe motion as input ground motion to study the mecha-
nism of geological disaster occurrence and achieved con-
siderable research results (Sahoo and Shukla 2021; Nguyen  
et  al. 2020; Yang, et  al. 2020; Zhuang et  al. 2020;  
Rietbrock 2001). Gao et al. (2018) analyzed the effect of pulse 
ground motion on the site shear characteristics, and found 
that the three-dimensional pulse ground motion could be  
appropriately simplified as the horizontal direction. Moreo-
ver, Fukushima et al. (2000) generated a map of horizontal 
peak-ground acceleration in the Kobe and Osaka area for the 
Kobe earthquake based on the corrected attenuation relation 
for the site condition effect. The simulated results exhibited 

good agreement with the area of severe damage categorized 
as intensity VII on the JMA scale. Hence, in this study, the 
N-S component of the Kobe motion is selected as the bed-
rock input ground motion in which the peak moment occurs 
during the first 30 s. The ground motion acceleration time 
history curves and response spectra are shown in Fig. 7. The 
input ground motion intensity is adjusted to 0.15 g by adjust-
ing the original peak acceleration; it is inputted horizontally 
to the bottom of the model foundation.

The width of the wide river valley site reaches 4800 m, 
and the ground motion propagation at the bottom of the 
foundation at different locations exhibits time asynchrony. 
Therefore, the traveling wave effect of the ground motion 
input must be considered. Consistent and non-consistent 
seismic wave inputs at the bottom of the model foundation 
are considered in this study. In the traveling wave analysis, 
the wave speed used is 1000 m/s. The nodes within 50 m 
of the foundation bottom form a set, and the traveling wave 
effect of seismic waves is simulated by inputting ground 
motions asynchronously among different node sets. The seis-
mic response characteristics of wide river valley sites with 
and without overlying water pressure are compared, and the 
difference between the simplified and refined models is ana-
lyzed. Huang et al. (Huang and Zhu 2017; Zhu and Huang 
2017) equated the hydrodynamic pressure to joint mass 
exerted on the water-panel interface. As such, the overlying 
water pressure is simplified as hydrostatic pressure in the 
simulation, and the interaction of fluid–solid coupling is not 
considered. The calculation conditions are listed in Table 3.

Fig. 6   Transformation settings 
of boundary conditions: a 
boundary condition in static 
analysis step; b boundary condi-
tion changed; and c boundary 
condition in dynamic analysis 
step
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Fig. 7   Time history and acceleration response spectra of ground motion
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Spatial variability of seismic response

Owing to the complexity of the topography and non- 
uniformity of soil layers, the propagation of ground motions 
in a wide river valley site considerably differs from that in a 
conventional site. In small areas, ground motion with engi-
neering significance significantly varies. The topographic 
effect modifies the peak ground acceleration (PGA) and 
response spectrum at each point in the site (Anquez et al. 
2022). Accordingly, PGA, peak ground velocity (PGV), 
and response spectral characteristics are selected in this 
study to analyze the spatial variability characteristics of the 
seismic response of this non-uniform wide river valley site 
systematically.

The wide river valley has multistage slopes on both sides. 
Along the north–south direction, the slope and inclination 
direction constantly change, and the ground surface of the 
site is continuously undulating. According to existing seis-
mic data, a sudden change in ground motion occurs in posi-
tions where the topography fluctuates significantly (Gao 
et al. 2022). Additionally, when the ratio of the distance 
from the boundary to the depth of the site soil was greater 
than 5, the effect of the model boundary could be ignored 
(Wang et al. 2021a). The focus of the present study was on 
the seismic response of the 500–4300-m section of the site. 
Therefore, 16 observation points located at the bottom and 
top of the slope were selected to investigate the spatial varia-
tion characteristics of seismic responses, as shown in Fig. 8.

PGA

One of the main indicators for evaluating the seismic 
response of an engineering site is the PGA. It is also an 

important input ground motion intensity indicator for the 
seismic calculations of projects, such as cross-river bridges. 
Therefore, Fig. 9 shows the PGAs of various observation 
points on the ground surface of the wide river valley site 
under different working conditions. The figure indicates 
that under the same ground motion excitation, the accelera-
tion responses at different locations on the ground surface 
significantly vary. Furthermore, the variation pattern of the 
peak acceleration on the ground surface is similar to that of 
topographic relief. The PGAs under all four working condi-
tions increase steeply at the location of abrupt topographic 
change, producing the focusing effect of ground motion. 
This phenomenon is particularly evident at observation point 
5 located at the shoulder of the slope; the slope at this posi-
tion is significantly greater than those at other locations. The 
PGA pattern variation is virtually the same in areas with flat 
topographies. The foregoing rules are consistent with the 
analysis results of existing the seismic response patterns of 
river valley sites (Wang et al. 2021c; Costanzo and Caserta 
2019). Moreover, a certain magnitude increase is observed 
in the peak acceleration at a location on the ground surface 
corresponding to that of the lenticular body. Therefore, the 
topographic relief and non-uniformity of the soil layer lead 
to spatial variations in the peak accelerations in the wide 
river valley site.

By comparing the calculation results obtained under 
different working conditions in Fig. 9, the peak accelera-
tions with the water pressure effect (uT-O-I and T-O-I) are 
observed to be greater than those under other working con-
ditions. The peak acceleration difference under each work-
ing condition is largest at the south bank shoulder, indicat-
ing that the seismic response of the surface is more intense 
when water pressure is considered. This increased intensity 
is more evident at a location with large topographic relief. 
The input ground motion varies more drastically with topog-
raphy and exhibits more distinct focusing effects. This phe-
nomenon is consistent with the shaking table experimental 
results obtained by Han et al. (2020). The main reason for 
this phenomenon is that the seismic waves propagating in the 
soil layer generate reflected waves when they encounter sur-
face fluctuations and variations in the soil layer. This leads 
to the mutual superposition of seismic waves and reflected 
waves. When the traveling wave effect is considered, the 

Table 3   Calculated working conditions

Working condition uT-uO-I uT-O-I T-O-I T-uO-I uT-uO-uI

Traveling wave effect ✕ ✕ ✓ ✓ ✕
Overlying water 

pressure
✕ ✓ ✓ ✕ ✕

Inhomogeneous soil ✓ ✓ ✓ ✓ ✕

0 500 4300
Distance (m)

800 1600 2400 3200 4000 4800

Fig. 8   Location of observation points in non-uniform wide river valley site
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phase difference between seismic and reflected waves more 
closely approaches an odd number, causing the seismic 
waves to be more susceptible to mutual attenuation as they 
propagate through the soil layers.

To investigate the influence of the traveling wave and 
overlying water pressure on the site acceleration response 
further, Fig. 10 shows the acceleration cloud map of the 
500–4300-m section of the wide river valley site when the 
acceleration at point 5 reaches its peak. As shown in Fig. 10, 
the acceleration cloud map of the wide river valley site indi-
cates the occurrence of a stratification phenomenon due to 
the consistent ground motion input. The stratification pattern 
of the cloud map is similar to the soil layer distribution, and 
the acceleration cloud map pattern (neglecting the overlying 
water pressure) is similar to that of the soil layer with water 
pressure. The acceleration cloud map ceases to exhibit a 
stratification pattern along the north–south direction when 
the traveling wave effect is considered with the input ground 
motion; however, this absence in pattern is related to surface 
fluctuation. The peak value observed at the bottom of the 
river valley is the highest acceleration, and the peak accel-
eration of the north–south direction soil layer under the 
same burial depth constantly changes. Therefore, the ground 
motion input for non-uniform wide river valley sites (con-
sidering the traveling wave effect) has a considerable impact 
on the longitudinal earthquake resistance of shield tunnels 
and multistage pier bridges. However, the ground motion 
input when the traveling wave effect is neglected aggravates 
the extent of earthquake damage at different depths of the 
pier foundation.

The foregoing study results indicate that the acceleration 
responses at different locations on the site surface signifi-
cantly vary, and the peak acceleration difference is greatest 

near the bottom of the river valley. Therefore, to investi-
gate the influence of non-uniform sites on seismic response 
further, the U-shaped local site area (4) shown in Fig. 2 is 
selected for the study (Fig. 11).

As shown in Fig. 11, the PGA change trend in the local 
U-shaped site is consistent with topographic relief: first 
increasing, then decreasing, followed by flattening, and 
finally increasing again. The PGA reaches its maximum at 
the shoulder of the north bank and then gradually decreases 
from the shoulder to the bottom of the slope. The PGA 
amplitude and change rate at the shoulder of the north 
bank exceed those at the shoulder of the south bank. This is 
mainly because the elevation and slope of the north bank are 
higher than those of the south bank (Taboada-Urtuzuastegui 
et al. 2002). From the top to the shoulder of the slope, the 
PGA exhibits a certain amplification trend. Therefore, when 
site selection is conducted for projects, such as dams, con-
sidering the impact of amplification in addition to the ground 
motion at the shoulder of the slope is necessary. The vari-
ations in PGA are relatively large under different working 
conditions; among these, PGA variations are the smallest 
and largest under the T-uO-I and uT-O-I working condi-
tions, respectively. The PGA and its spatial variability under 
the two working conditions considering the overlying water 
pressure are larger than those of the two other working con-
ditions. The main reason for the foregoing is related to the 
coupling of the overlying water pressure and topography. In 
this study, the river water is loaded on the surface in the form 
of water pressure. The dynamic coupling of river water- 
riverbed and the oscillation effect of water under the action 
of ground motion are ignored. However, during an actual 
earthquake, the foregoing influences the seismic response 
characteristics of the site. Therefore, the conduct of a study 
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on the seismic response of a wide river valley considering 
the effects of river water-riverbed coupling and river water 
oscillation is advantageous.

PGV

Another important indicator of seismic response is the PGV. 
It can be used to estimate the possibility of earthquake-
induced landslides, assess site liquefaction potential, and 
rapidly assess post-earthquake disasters. Accordingly, the 
PGV distributions on the ground surface of the wide river 
valley and at the U-shaped local site (4) in Fig. 2 are plotted 
in this study, as shown in Figs. 12 and 13, respectively.

As shown in Fig. 12, the overall variations in PGV are 
small, and the change trend is consistent with the ground 
surface fluctuation. The PGV amplitude of the wide river 
valley site is mainly distributed in the range 30–40 cm/s, 
which is considerably less than the Kobe ground motion 
peak velocity of 162 cm/s. Therefore, the soil layer can be 
regarded as natural vibration damper and isolation layer. The 
PGV exhibits a distinct increasing trend at the shoulder on 
both sides of the slope. The ground surface is relatively wide 
at this location. The possibility of slippage at the shoulder of 
the slope during seismic safety evaluation must be consid-
ered. The PGV is maximum and minimum under the uT-O-I 
and T-uO-I working conditions, respectively. The possible 

Fig. 10   Site acceleration cloud 
map. (a) uT-uO-I; (b) uT-O-I; 
(c) T-O-I; (d) T-uO-I
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Fig. 11   PGA spatial differences 
at U-shaped field (4) in the val-
ley bottom
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reasons for the above rule are related to the ground motion 
input, topographic relief, and mutual interference between 
the incident and scattered waves.

No abrupt PGV change is observed at the U-shaped local 
site shown in Fig. 13. The change in PGV on the ground sur-
face of the site is gradual and relatively continuous among 
different locations. The PGV change rate at the top of the 
north bank slope under different working conditions varies. 
It leads to a continuous change in its size order; however, 
the PGV change trend near the top of the south bank slope 
is relatively consistent. The foregoing further phenomenon 
illustrates that the greater the topographic relief, the more 
complex the coupling effect between the different working 
conditions and topography. The PGV is smallest at the foot 
of the slope (both sides); it first increases and then decreases 
between the two sides at this location. This trend is the same 
as the PGA change pattern in the U-shaped local site.

As shown in Figs. 9, 10, 11, 12, and 13, a significant 
spatial difference in seismic response is observed on the 
ground surface of the non-uniform wide river valley site. 
The variation trend in the seismic response agrees with 
ground surface relief. However, abrupt changes in locations 
are mainly concentrated at the top of the multistage slope 
and at prominent positions on the ground surface. The least 
seismic response occurs at the foot of the valley bottom. 
The maximum and minimum seismic responses with respect 
to the PGA and PGV indices occur under the uT-O-I and 
T-uO-I working conditions, respectively. This phenomenon 
further illustrates the complexity of the seismic response of 
the wide river valley site. To a certain extent, the surface 
seismic response under different working conditions shows 
drastic changes near the area with relatively large ground 
surface relief. Therefore, consistent ground motion input 
cannot be simply adopted for the seismic design of major 
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engineering foundations crossing wide river valley sites; 
multi-point ground motion input with topographic effects 
must be considered.

Ground surface spectral response

The spectral characteristics of the soil layer are an important 
basis for determining whether major engineering structures 
across the river resonate under earthquake action. Accord-
ingly, a total of 8 locations (points 5, 6, 7, 9, 11, 12, 15, 
and 16) with relatively large spatial variations in seismic 
response are selected. Furthermore, the spatial distribution 
of spectral characteristics on the ground surface of the non-
uniform wide river valley site is investigated.

As shown in Fig. 14, the response spectrum at various 
observation points on the ground surface of the site exhib-
its a “multi-peak” phenomenon that differs from that of the 
homogeneous stratum, suggesting that the response spec-
trum of the ground surface is influenced by multiple strata. 
The range of periods corresponding to the occurrence of 
relatively large acceleration values at positions 11, 12, 15, 
and 16 is wide, indicating a high frequency of peak occur-
rence at these locations. However, the peaks of the spectral 
acceleration at locations 5, 6, 7, and 9 are larger than those 

at other ground surface locations. By considering Fig. 8, 
the soil layer near the valley bottom is found to have rela-
tively high peak spectral accelerations than those in other 
locations; however, the period range corresponding to the 
occurrence of relatively large acceleration values is nar-
rower. The characteristic periods of the non-uniform wide 
river valley site are all approximately 1.0 s, and the accel-
eration response spectrum of the ground surface under dif-
ferent working conditions is less than 0.5 s. The variations 
among the acceleration response spectra of the ground sur-
face under different working conditions increased continu-
ously after 0.5 s, particularly when the period approached 
1 s. In addition, most of the characteristic periods of the 
river-crossing bridges in the middle and lower reaches of the 
Yangtze River are approximately 1.0 s (Li et al. 2015), and 
the variability of the peak spectral acceleration correspond-
ing to different ground surface locations when the period is 
1 s is considerable. The seismic response of such sites may 
have an extremely adverse effect on the seismic responses 
of bridges. Accordingly, seismic analysis of such bridges 
must be considered.

The peak acceleration of the response spectrum is gener-
ally large when considering the overlying water pressure; 
this observation is consistent with the PGA response results. 
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The peak acceleration of the response spectrum under con-
sistent excitation exceeds that under traveling wave exci-
tation, except for observation point 7. Notably, the peak 
acceleration at observation point 5 exceeds that at point 6, 
as shown in Fig. 9. However, based on the response spec-
trum, the peak acceleration at point 6 exceeds that at point 
5. Therefore, important engineering projects crossing wide 
river valley sites are likely to sustain considerable structural 
damage at the valley bottom than at the top of the slope when 
the structures resonate with the soil during earthquakes.

Acceleration response along depth

This study comprehensively considered the non-uniformity 
of the topography and soil layer. To explore the variation 
rule of the seismic response along the depth of the soil layer, 
11 sections are selected, as shown in Fig. 15. The site peak 
acceleration along the soil depth direction for the 11 sec-
tions from the bottom of the model foundation to the ground 
surface is shown in Fig. 16.

As shown in Fig.  16, the peak acceleration non- 
monotonically increases from the bottom of the model founda-
tion to the ground surface; overall, it first decreases and then 
increases. The four working conditions selected in this study 
satisfy this rule. The acceleration decays when the ground 
motion propagates from the bottom of the model foundation  
to the silty sand bottom layer. Furthermore, the peak accel-
eration exhibits different rates of increase in various soil 
layers as the ground motion continues to propagate upward. 
However, the increase in peak acceleration amplitude at dif-
ferent depths at Sections 4 and 5 in calculation results of 
different models is approximately linear, and the sections 
are all located at the valley bottom. At other sections, the 
increasing trend of the peak acceleration exhibits a distinct 
nonlinearity. At a burial depth of 20 m, the peak acceleration 
exhibits a sharp increase. The properties and thicknesses 
of soil layers in Sections 10 and 11 are fundamentally the 
same. Section 11 has a lenticular layer 60 m from the bot-
tom of the model foundation. The nonlinear characteristics 
of peak acceleration are observed to be more significant at 
this location. Therefore, the seismic design of multi-pier- 
specific bridges or shield tunnel structures in wide river valley  

sites must focus on the variability of the structural seismic 
response at locations 20 m below the ground surface as well 
as at the valley bottom and location of lenses.

The effect of overlying water pressure on the peak 
acceleration at different depths of the soil layer is negli-
gible at Sections 1–3 and 9–11. However, a difference in 
the degree of influence under various excitation modes of 
ground motion indicates that the peak accelerations under 
traveling wave excitation are generally smaller than those 
under consistent excitation. This rule agrees with that of the 
site’s acceleration cloud map, as shown in Fig. 10. The peak 
acceleration along the soil depth direction under the influ-
ence of overlying water pressure significantly differs from 
those at Sections 4–8. Overall, the peak acceleration along 
the depth direction of the soil layer is minimum under the 
T-uO-I working condition, and the changes in peak accelera-
tion amplitude are most evident under the uT-O-I working 
condition.

Variations in calculation results  
of different models

Differences in ground surface response spectrum

To investigate the spatial differences between the refined 
model considering the non-uniform soil stratum and the 
model with simplified horizontal soil strata, the ground sur-
face response spectra of observation sites 2, 6, 12, and 16 
are plotted in Fig. 17.

As shown in Fig. 17, the response spectra of the refined 
and simplified models exhibit various patterns at different 
observation points. The peak acceleration of the simplified 
model response spectrum at point 2 occurring between 0.7 
and 1.5 s slightly exceeds that of the refined model. The 
characteristic period of this point is 0.5 s; however, that of 
the simplified model is 1.3 s. The pattern of the response 
spectrum at observation point 6 is opposite that of point 2. 
The characteristic period calculated by the refined model is 
smaller than that estimated by the simplified model; how-
ever, the peak spectrum acceleration of the refined model 
exceeds that of the simplified model. The characteristic 
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Fig. 15   Schematic of selected sections
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periods calculated by the two models at observation point 
16 are equal; however, the corresponding peaks of spectral 
acceleration differ. The characteristic period of the slope 
bottom in the refined model can be initially estimated as 
not exceeding that in the simplified model. However, the 

corresponding peak spectral acceleration exceeds that of the 
simplified model, and the pattern of the response spectrum 
at the top of the slope is opposite that at the bottom of the 
slope. The difference between the two models mainly reflects 
the non-uniformity of the site.
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Fig. 16   Peak acceleration along depth direction of soil layer



	 Bulletin of Engineering Geology and the Environment (2023) 82:279

1 3

279  Page 14 of 17

Difference in peak acceleration  
along depth direction

The peak acceleration curves at different depths in Sec-
tions 2, 4, 8, and 11 are plotted to investigate the variability 
of peak accelerations using different models along the depth 
direction of the soil layer, as shown in Fig. 18.

As shown in Fig. 18, the peak acceleration at different 
depths of the soil layer in the refined model is smaller than 
that in the simplified model. The change pattern of the peak 
acceleration curve along the depth direction of the soil layer 

is fundamentally the same using different models, except 
for depths of 30–50 m in Section 2, 19–28 m in Section 8, 
and 35–40 and 70 m in Section 11. The selected sections 
are all located at the bottom of the slope. The topographic 
effect causes a certain ground motion attenuation at those 
locations (Gao et al. 2022), causing the peak acceleration 
of the refined model to be less than that of the simplified 
model. By considering the foregoing with the spatial distri-
bution of soil layers shown in Fig. 15, the inclination of the 
interface among different soil layers at depths of 30–50 m 
at Section 2, 19–28 m at Section 8, and 70 m at Section 11 

Fig. 17   Differences in spectrum 
responses under different work-
ing conditions
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is large, and lenticular bodies exist at the 35–40 m depth in 
Section 11. The peak acceleration of the simplified model at 
the ground surface was found to be 1.9–11.5% higher than 
that of the refined model.

Main conclusions and discussion

A multistage slopes finite element analysis model in wide 
river valleys was designed. Using such model, the nonlinear 
seismic response of a non-uniform wide river valley site was 
investigated, and the spatial variability of the site seismic 
response was systematically analyzed. The simplified model 
with a horizontal soil stratum is compared with calculated 
results. The main conclusions and findings are as follows.

The seismic response significantly varies at different loca-
tions on the ground surface of a multistage slope and non-
uniform wide river valley site. The PGA and PGV vari-
ation patterns along the ground surface were consistent 
with topographic relief. However, abrupt changes occur 
in the indices of the top of the multistage slope and loca-
tion of relatively large topographic relief. The seismic 
response is most intense at the shoulder of the slope on 
both sides of the river valley. The variation in the peak 
acceleration along the depth direction of the soil layer 
is more significant when lenticular bodies exist in the 
stratum. The spatial variability of the seismic response at 
such sites is mainly related to topography and soil non-
uniformity. The foregoing causes the seismic response to 
exhibit variability characteristics, such as amplification, 
attenuation, and spatial variation. Therefore, consistent 
ground motion input cannot be simply adopted in the seis-
mic design of passageway engineering structures crossing 
multistage slopes of wide river valley sites; topographic 
and non-uniform site effects must be considered.
The seismic response is most intense in the non-uniform 
wide river valley site under the working condition that 
considers the overlying water pressure but ignores the 
traveling wave effect. The main reasons for the forego-
ing are related to the mutual coupling of ground motion, 
topographic effects, and hydrodynamic pressure. The 
river water is loaded on the riverbed surface in the form 
of pressure, and its effect on the dynamic properties of 
the riverbed soil is investigated. The dynamic coupling 
effect of river water-riverbed and the oscillation effect 
of water under the action of ground motion are ignored 
in this study. However, these affect the seismic response 
characteristics of the site during an actual earthquake. 
Therefore, the conduct of a study on the seismic response 
of non-uniform wide river valley sites considering the 
effects of the dynamic coupling of river water and river-
bed as well as river water oscillation is necessary.

The response spectrum of the wide river valley site 
exhibits the phenomenon of “multi-peaks” and strong 
response over a “wide period” range. The spectral 
acceleration corresponding to the characteristic period 
of the site at the bottom of the valley exceeds that on 
the ground surface on both sides. The characteris-
tic periods of the non-uniform wide river valley sites 
are all approximately 1.0 s, and the variability of the 
acceleration response spectrum on different ground sur-
faces of the sites is greater when the period approaches 
1.0  s. According to the engineering background of 
large bridges built in the middle and lower reaches of 
the Yangtze River, the characteristic periods of these 
structures are also approximately 1.0 s. This indicates 
that the variability of the seismic response of such sites 
poses a serious threat to the seismic safety of bridge 
structures.
Significant differences were detected in the seismic 
response of the refined model of the wide river valley site, 
which considered the non-uniformity of both the topog-
raphy and soil layers, in comparison to the model with 
a simplified horizontal soil layer. The differences were 
mainly concentrated at the location with large ground 
surface relief, at the interface among different strata with 
large inclinations, and near the lenticular body. Further-
more, the seismic response of the simplified model was 
found to be more intense than that of the refined model.
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