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Abstract

As a key transportation infrastructure, it is of great significance to ensure the seismic
safety of the high-speed railway hub station. Taking Changde high-speed railway hub
station as background, a comprehensive 3D numerical model of the high-speed railway
station structure is proposed to consider the engineering geological characteristics of the
site, soil nonlinearity, and pile-soil interactions. The results show that the hub station
structural system, considering pile-soil interaction, presents the ‘soft-upper-rigid-down’
characteristics as a whole, and the natural vibration is lower than that of the station structure
with a rigid foundation assumption. Under the action of three strong seismic motions, the
nonlinear site seismic effect is significant, the surface acceleration is significantly enlarged,
and decreases with the buried depth. The interaction between pile and soil is related to
the nonlinear seismic effect of the site, which deforms together to resist the foundation
deformation caused by the strong earthquake motions, and the depth range affected by
the interaction between the two increases with the increase of the intensity of earthquake
motion. Among the three kinds of input earthquake motions, the predominant frequency
of the Kobe earthquake is the closest to the natural vibration of the station structure system,
followed by the El Centro earthquake. Moreover, the structures above the foundation of
the high-speed railway hub station structural system are more sensitive to the spectral
characteristics of Taft waves and El Centro waves compared to the site soil. This is also
the main innovation point of this study. The existence of the roof leads to the gradual
amplification of the seismic response of the station frame structure with height, and the
seismic response amplification at the connection between the roof and the frame structure
is the largest. The maximum story drift angle at the top floor of the station structure is also
greater than that at the bottom floor.

Keywords: structure of high-speed railway hub station; seismic response analysis; pile-soil
interaction; site soil; roof structure; frame construction

1. Introduction
With the high-quality development of the Chinese economy in recent years, more

and more high-speed railway hub stations have been put into operation. The dynamic
characteristics and dynamic response of these station structures are complex [1,2], and they
interact with the lower pile-soil structure. It is of great significance to study the seismic
response characteristics of the high-speed railway hub station structure, considering the
pile-soil interaction to ensure its seismic safety. In the previous research on the structure
of high-speed railway hub stations, the substructure is usually simplified first, and then
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the dynamic response characteristics of the overall structure or local structure under the
action of earthquake motion are explored [3–8]. There are relatively few studies on the
seismic response of the interaction between the station frame structure and the upper roof
structure under the action of earthquake motion. At the same time, there are few studies on
the seismic response characteristics of the high-speed railway hub station structure system
considering pile-soil interaction.

At present, the upper roof of many high-speed railway hub stations is mostly a steel
grid structure or truss structure, and the substructure is mostly a concrete frame structure,
or is combined with other seismic isolation and energy dissipation measures [9,10]. In previ-
ous studies, based on numerical simulation software, Yu [11] conducted shaking table tests
and numerical simulations on a three-story concrete structure-pile-soil system. The results
indicated that the failure mode of the pile shaft was bending tensile failure. For the pile-soil
system without an upper structure, the variation of the input earthquake motion amplitude
had a negligible effect on the acceleration amplification coefficient of the pile foundation
and could be disregarded. Liu et al. [12] analyzed the horizontal dynamic response law of
the pile-soil-structure system by combining the shaking table test and numerical simulation
analysis. The results show that with the increase of the mass of the superstructure, the
acceleration response between the soil and the pile foundation increases, and the bending
moment and shear force of the pile body also increase. Moreover, the change of the mass
of the superstructure has the greatest influence on the dynamic interaction of the pile-soil-
structure system. The bending moment and shear force of the pile body are the greatest at
the connection between the pile and the pier cap, and they decrease with the increase of
depth. Xu [13] conducted a study on the seismic performance of frame structures consider-
ing pile-soil-structure interaction. The results show that after considering pile-soil-structure
interaction, the seismic response at the vertex, the story drift and the peak value of the base
shear force of the superstructure under the action of seismic waves of different spectra in
the time domain all increase, and the influence of pile length on the seismic performance
of the structure is greater than that of pile diameter. Wang et al. [14] established a two-
dimensional model to analyze the stress characteristics of the Dakai station structure under
earthquake motion and obtained some seismic response characteristics of the Dakai station.
Muhammad et al. [15] studied the composite steel components as seismic materials. The
feasibility study shows that the steel sections of building structures can serve as resonant
barriers to mitigate seismic waves and protect important civil infrastructure from earth-
quake hazards. Zhuang et al. [16–19] established two-dimensional and three-dimensional
models based on finite element numerical simulation software, systematically studied
the earthquake motion response characteristics of subway station structures, and mainly
analyzed the seismic response mechanism of subway station structures. Chen et al. [20–23]
established a refined model of the underground structure through the finite element nu-
merical simulation software and systematically studied the influence of site conditions and
input earthquake motion characteristics on the nonlinear seismic response characteristics
and spatial effect characteristics of the subway station structure in combination with the in-
door shaking table test. Wang et al. [24] conducted a study on the influence range of the end
effect of the subway station structure and revealed the spatial effect mechanism generated
by the co-movement of the soil-underground structure in detail. Yang et al. [25] analyzed
the seismic performance of reinforced concrete frame subway station structures based on
numerical simulation. The results show that the installation of lead rubber bearings on
the top of the central column of the station structure can effectively reduce the seismic
damage to the central column and the inner plate, and the lateral deformation of the central
column. Zhao et al. [26] conducted a three-dimensional weak coupling effective stress
analysis of soil-underground structure interaction, and the proposed effective stress method
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can effectively reflect the dynamic action characteristics between soil and underground
structure during the test. Gholizadeh et al. [27] investigated the seismic performance of
steel torque-resistant frame structures considering the SSI effect. The results show that
when SSI is taken into account during the optimization process of frame structures, the
structural weight increases, and the seismic safety of the structure slightly decreases at
different confidence levels. Zhu et al. [28] explored the seismic response characteristics of
the nuclear island structure, considering the pile-raft-soil interaction. Their study found
that the peak acceleration amplification factor of the nuclear island structure increases with
the increase of the structural height. The nonlinear order effect of the site soil significantly
increases the peak acceleration and relative displacement of the nuclear island structure and
reduces the stiffness of the pile-raft-soil-nuclear island structure system. From the above
research, it can be seen that using finite element software to conduct a detailed modeling
of the high-speed railway hub station structural system, considering pile-soil interactions,
and thoroughly exploring its mechanical properties and response characteristics under
the action of seismic forces is of great significance. Therefore, this paper conducts a study
on the seismic response characteristics of the Changde high-speed railway hub station
structure, considering pile-soil interactions under the action of different seismic forces
using the ABAQUS finite element numerical simulation platform. The focus is on exploring
the dynamic response characteristics of the overall structure and local components of the
upper part of the hub station, as well as the lower group piles and site soil. The influence
of earthquake motion and pile-soil interaction on the seismic response of the high-speed
railway hub station structure system was obtained. This study can provide some reference
value for the analysis of seismic response characteristics of high-speed railway hub station
structure systems in the future.

2. Establishment of Finite Element Model of Station Structure System
2.1. Engineering Backgrounds and Model Establishment

Changde high-speed railway hub station adopts the structural form of ‘building and
bridge integration’ [29,30]. The upper roof of the station is composed of longitudinal
and transverse steel pipe trusses, including transverse and longitudinal main trusses
and secondary trusses. The length, width, and height of the roof are 87 m, 45.1 m, and
7.5 m, respectively. The left and right sides and the front side are tilted at 35 degrees and
20 degrees, respectively. The diameter range of the roof bar is 5–10 cm, and some joints of
the roof and 28 columns in the lower part are fixed. The lower three-layer structure adopts
a reinforced concrete frame structure; the first layer of the station is 7.77 m high, and the
upper floor is 156 m long, 68.15 m wide, and 0.15 m thick. The height of the second floor
is 8.25 m, and the size of the upper floor is 132 m long, 62.15 m wide, and 0.15 m thick.
The minimum height of the columns on the third floor is 9.3 m. The size of the model
site is 230 m long, 134.15 m wide, and 55.6 m thick. The site soil consists of backfill soil,
clay, silt, and sand. A total of 352 piles are embedded in the soil to simulate the soil-pile
interactions [31,32]. The diameter of these piles is 0.6 m, with a length of 14.4 m, and
the top of the piles is embedded in the pile cap by 0.15 m. The top of the pile and the
lower part of the concrete cap are fixed. In the process of seismic earthquake motion, the
pile-soil interaction is reflected by the joint load carrying and interaction between the piles
embedded in the soil and the site soil. The lower surface of the pile cap is fixed to the upper
surface of the site soil.

2.2. The Mesh Layout and the Input Earthquake Motion of the Model

The three-dimensional two-node T3D2 truss element is used to simulate the roof
structure. When meshing, it is divided into 3944 elements, and the three-dimensional
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two-node B31 beam element is used to simulate the beam, column, and pile components.
The beams of the first- and second-floor frame structures are divided into 780 and 1504 units,
respectively, and the columns of the three-layer structure are divided into 284,372 and
768 units, respectively. The two slabs are divided into 4992 and 6588 elements by shell
elements, respectively. The 8-node linear reduction integral element C3D8R is used to
simulate the bottom site soil and pile cap. Due to the spatial nonuniformity of sedimentary
soil, the site soil is divided into non-uniform grids. The five-layer site soil is divided into
623,092 block units. In addition to the site soil and steel roof, all structural members are
made of C40 concrete, and the material parameters of concrete and steel are shown in
Table 1.

Table 1. Constitutive model parameters of concrete and steel.

Constituent Density
/(kg/m3)

Elastic
Modulus

/(GPa)

Poisson
Ratio

Ultimate
Tensile

Strength
/(MPa)

Ultimate
Tensile
Strain

Ultimate
Compressive

Strength /(MPa)

Peak Com-
pressive

Strain

Limit Com-
pressive

Strain

C40 concrete 2500 32.5 0.2 2.39 7.35 × 10–5 26.8 0.002 0.0033
Steel 7900 210 0.3 650 0.18 420 0.002 0.02

2.3. Artificial Boundary Conditions

The simulation accuracy of the seismic response of the high-speed railway station
structure system, considering pile-soil interaction, is highly correlated with the input
method of earthquake motion. To reduce the computational scale, an improved viscoelastic
artificial boundary condition is set at the four lateral boundaries and the bottom of the com-
putational domain to allow the scattered wave to propagate through the artificial boundary
to the infinite domain without reflection [33]. The effectiveness of the artificial boundary
condition has been verified by 2D and 3D nonlinear earthquake response analysis [34,35].

The adopted boundary can absorb the scattered wave energy on the boundary and
simulate the recovery capacity of the semi-infinite foundation. The difficulty of viscous-
spring artificial boundaries lies in that after establishing the model, the stiffness of the
spring and the damping coefficient of the damper at the nodes need to be determined
based on the soil density, shear modulus, shear wave velocity, longitudinal wave velocity,
correction coefficient and grid size, and applied to the boundary nodes one by one. The
specific calculation formula is as follows:

KBT = αT
G
R , CBT = ρCS

KBN = αN
G
R , CBN = ρCP

(1)

where KBT, KBN represent the stiffness coefficients of the tangential and normal springs;
CBT, CBN are the damping coefficients of the tangential and normal dampers, respectively;
αT, αN are the correction coefficients of the viscoelastic boundary, which have different
values in two-dimensional and three-dimensional models. R is the distance from the wave
source to the artificial boundary; ρ is the density of soil mass; G is the shear modulus; CS

and CP are, respectively, the shear wave velocity and longitudinal wave velocity of the
soil mass.

2.4. Verification of the Site Soil Model

In order to verify the viscoelastic artificial boundary and equivalent nodal force, soil
with a length, width and height of 20 m × 20 m × 10 m, a density of 2000 kg/m3, an
elastic modulus of 200 MPa, a Poisson’s ratio of 0.25, a shear wave velocity of 200 m/s,
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and a longitudinal wave velocity of 346.41 m/s was selected. The horizontal displacement
function at the bottom of the model is as follows:

u(t) =

{
0.1 sin(4πt)− 0.05 sin(8πt) 0 ≤ t ≤ 0.5 s

0 t > 0.5 s
(2)

Figure 1 shows the effect of applying equivalent nodal forces and viscous-spring
artificial boundaries at the model boundaries. Since the ground spring cannot be used in
the displayed dynamic analysis of ABAQUS, we need to add the established mass block in
the inp file, bind it to the boundary node, and apply the spring stiffness coefficient and the
damper damping coefficient.

 

Figure 1. Equivalent nodal force and viscoelastic artificial boundary.

According to the wave theory, the surface displacement in the elastic half-space model
theory should be twice the input displacement. The results are shown in Figure 2. Among
them, the simulated values are in good agreement with the theoretical values, indicating
that the application of viscous-spring boundaries and equivalent nodal forces is reasonable
and effective, and the simulation of seismic wave propagation can be carried out in a
finite space.

Figure 2. Validation of viscoelastic artificial boundary.

Based on the two-frequency control wave selection method proposed by the current
‘Code for Seismic Design of Buildings’ (GB50011-2010) [35], three different earthquake
motions of Kobe earthquake, Taft earthquake, and El Centro earthquake are selected,
and PBA (peak bedrock acceleration) is 0.1 g and 0.2 g, respectively. The acceleration
time history and Fourier spectrum of three earthquake motions with different PBA are
shown in Figure 3. It can be seen that compared with the El Centro earthquake and the
Taft earthquake, the spectrum distribution of the Kobe earthquake is more concentrated,
and the predominant frequency is the smallest. To make the bedrock earthquake motion
effectively propagate to the foundation and structure, the size of the discrete element with
spatial variation should be less than 1/10~1/8 of the minimum wavelength (the wavelength
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corresponding to the cut-off frequency) along the propagation direction of the earthquake
motion [36].

Figure 3. Acceleration time history and Fourier spectrum of earthquake motion input from bedrock.

In this paper, 25 Hz is taken as the cut-off frequency. The EW orientation of the
seismic record is used as the earthquake motion input in the X-axis direction and input
from the bottom of the model. The 3D nonlinear seismic response analysis has verified the
effectiveness of the earthquake motion input method [37,38]. The ground stress (gravity) is
applied to the station structure system before the earthquake motion. The finite element
model of the structural system of a high-speed railway hub station, considering pile-soil
interaction, is shown in Figures 4–6. The numerical model employs a sufficiently small
time step ∆t. In this study, we adopt ∆t = 10–5 s by the trial–and–error analysis to achieve
the balance of computational efficiency and accuracy.

Figure 4. Front schematic diagram of the high-speed railway station structure.
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Figure 5. Schematic diagram of the layout of the pier cap and group piles.

Figure 6. Schematic diagram of a finite element model of a high-speed railway hub station structure
system, considering pile-soil interaction and its partial detail diagram.

2.5. Cyclic Constitutive Model of Soil

In this paper, the generalized non-Masing model is used to describe the nonlinear
hysteresis characteristics of soil under earthquake action [39–42]. The initial skeleton curve
of the constitutive model is in the form of a hyperbola, as shown in Figure 7.

At the initial loading, the skeleton curve is expressed as follows:

τ = f (γ) = G · γ = Gmax · γ · [1 − H(γ)] (3)

In the formula

H(γ) =

{
(γ/γr)

2B

1 + (γ/γr)
2B

}A

(4)
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Figure 7. Constitutive model diagram of site soil.

The shear modulus at time t can be expressed as follows:

Gt =
∂τ

∂γ
= Gmax

{
1 −

[
1 +

2ABγr
2B

γ2B + γr2B

]
H(γ)

}
(5)

According to the extended Masing rule, when the stress reverses, the expression of the
shear stress-strain hysteresis curve in the subsequent loading process is the following:

τ − τrev

2
= f (

γ − γrev

2
) = Gmax ·

γ − γrev

2
·
[

1 − H
(
|γ − γrev|

2

)]
(6)

The shear modulus at time t can be expressed as follows:

Gt =
∂(τ − τrev)

∂(γ − γrev)
= Gmax

{
1 −

[
1 +

2AB(2γ0)
2B

(2γ0)
2B + |γ − γrev|2B

]
H
[
|γ − γrev|

2

]}
(7)

In the formula, τ is shear stress; G is the strain-related shear modulus; Gmax is the
small strain shear modulus, which is determined by the density of soil ρ and the shear
wave velocity Vs, that is Gmax = ρVs

2; γ is shear strain; γr is the reference shear strain;
A and B are dimensionless parameters, which can be determined by the best fitting of
the hyperbolic curves of shear modulus ratio G/Gmax and damping ratio λ; τrev and γrev

represent the shear stress and shear strain at the loading and unloading turning points,
respectively. The constitutive model parameters of the site soil are shown in Table 2.

Table 2. Constitutive model parameters of soil layer.

Constituent. Category of
Soils

Depth/
(m)

Density/
(kg/m3)

Shear Wave
Velocity/

(m/s)

Poisso
Ratio A B

Reference
Shear
Strain

Damping
Ratio Under
Small Strain

Surface layer Backfill 2.6 1900 176 0.47 1.05 0.42 0.00031 0.025
Middle layer Clay 14.6 1950 236 0.45 1.06 0.44 0.00053 0.024

Sublayer Mealy sand 33.6 2000 289 0.43 1.07 0.46 0.00082 0.022

Bottom layer

Sandy
soil 1 50.6 2030 458 0.43 1.10 0.47 0.00093 0.020

Sandy
soil 2 55.6 2045 546 0.42 1.12 0.45 0.00111 0.019

3. Natural Vibration Characteristics of the Hub Station Structure
3.1. Influence of Pile-Soil Interaction and the Base Frame Structure of the Station on the Natural
Vibration Characteristics of the Roof Structure

The modal analysis of the roof-only structure model and the structure system of
the high-speed railway hub station, considering the pile-soil interaction, is carried out,
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respectively, and the influence of the pile-soil structure and the frame structure of the lower
part of the station on the natural vibration characteristics of the upper roof structure is
explored. In the modal analysis, the boundary conditions around and at the bottom of the
model site soil are also improved with viscoelastic artificial boundaries. The first six natural
vibration frequencies of the two structural systems are shown in Figure 8. It can be observed
that the first six natural vibration frequencies of the two structures increase gradually, and
the first six natural vibration frequencies of the high-speed railway hub station structure
are significantly lower than those of the roof-only structure. This is because, in the process
of natural vibration, the concrete frame structure under the high-speed railway station
structure system, considering pile-soil interaction, vibrates together with the roof structure.
The stiffness of the frame structure of the high-speed railway hub station is smaller than
that of the foundation, while the roof structure is supported by the station frame structure.
In the process of natural vibration, the boundary constraint supporting the roof is gradually
weakened, and the stiffness of the station structure is gradually reduced. Coupled with the
influence of the whipping effect, the natural vibration frequency of the station structure
system becomes smaller. Therefore, it can also be seen that the structural system of a high-
speed railway hub station, considering pile-soil interaction, presents the characteristics of
‘soft-upper-rigid-down’ as a whole.
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Figure 8. Comparison of the first six-order natural vibration frequencies of structural systems.

3.2. Realization of Material Damping

In this paper, the Rayleigh damping formula is used to simulate the energy dissipation
of the structure during the earthquake. An advanced Rayleigh damping coefficient deter-
mination method proposed by Hudson et al. [43] is used to represent the two coefficients
of Rayleigh damping, which is called QUAD4M for short. Zou et al. [44] also carried out
a comparison of various damping coefficient determination methods and found that the
QUAD4M method has certain superiority and reliability. The expression of this method is
as follows:

α =
2ξω1ω2

ω1 + ω2
(8)

β =
2ξ

ω1 + ω2
(9)

In the formula, ξ is the structural damping ratio, which is 5% in this paper; ω1 is
the circular frequency of the first vibration mode (ω1 = 2π f1, f1 is the first-order natural
vibration of the high-speed railway station structure system); ω2 = 2π f2, f2 = n f1, n is
the nearest odd number greater than fe/ f1, where fe is the basic frequency of earthquake
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motion. This method not only considers the frequency characteristics of structural vibration
but also considers the spectral characteristics of the input earthquake motion.

4. Seismic Response Characteristics of High-Speed Railway Hub Station
Structure System
4.1. Seismic Response of Pile-Soil System

Figure 9 is the seismic response of the site soil at different depths under the action
of three earthquake motions with different PBA. Combined with the detail drawing b in
Figure 6, it can be seen that with the increase of the depth of the site soil from 0 m to 48.65 m,
the acceleration and displacement responses of the site soil gradually decrease under the
action of Kobe earthquake, Taft earthquake and El Centro earthquake with PBA of 0.1 g
and 0.2 g.

 

Figure 9. Seismic responses of site soil along depth under the action of earthquake vibration with
different PBA.

The acceleration and displacement responses of the site soil decrease relatively large
when the depth is from 0 m to 20.85 m. After 20.85 m, the decreased extent of acceleration
and displacement response is reduced; In addition, the decreased extent of seismic response
of the site soil under the action of the Taft earthquake and the El Centro earthquake is
close to each other, and the decreased extent of seismic response of site soil under Kobe
earthquake is greater than that of other two kinds of earthquake motions; The above
is because, when the depth of the site soil gradually increases, the critical shear wave
velocity of the soil gradually increases, the stiffness of the soil gradually increases, and the
compactness of the soil gradually increases. Therefore, the same displacement of the site
soil under the action of earthquake motion requires stronger earthquake motion, so the
acceleration and displacement response of the site soil decrease with the increase of depth.
When the depth of the site soil is small, the critical shear wave velocity of the soil is small,
and the stiffness and compactness of the soil are small, so the acceleration and displacement
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response of the site soil under the action of earthquake motion is large; In addition, the
seismic response of the site soil under the action of Kobe earthquake is reduced more
than that of the other two earthquake motions. This phenomenon can be explained by
the fact that compared with the other two kinds of earthquake motions, the predominant
frequency of the Kobe earthquake is closer to the first-order natural vibration of the high-
speed railway station structure system, which causes the resonance of the station structure
system to a certain extent. Compared with the Taft earthquake and El Centro earthquake,
the spectrum distribution of the Kobe earthquake is more concentrated, so the seismic
response of the station structure system under the action of the Kobe earthquake decreases
more. When the depth of the site soil increases from 48.65 m to 55.6 m, the acceleration and
displacement responses of the site soil under the three earthquake motions with two PBA
increase slightly. This is due to the inertia effect of the site soil when the depth of the site soil
increases to a certain depth, so that the seismic response of the site soil increases slightly.

Figures 10 and 11 are the seismic response characteristics of four corner piles and four
side piles at the bottom under the action of the Kobe earthquake. It can be seen that under
the action of Kobe earthquake with PBA of 0.1 g, the displacement responses of three piles
in the four corner piles and side piles reach the maximum value at the buried depth of
2.4 m, and the shear force and bending moment responses at the top of all piles are the
largest. When the buried depth increases from 4.8 m to 14.4 m, the seismic responses of
corner piles and side piles decrease gradually, indicating that the interaction and common
deformation between piles and soil can resist the deformation of the foundation under
the action of earthquake motion. When the PBA increases to 0.4g, the peak displacement
responses of three piles in the four corner piles and side piles appear at the buried depth of
4.8 m, and the shear force and bending moment responses at the top of all piles are also
obviously the largest. When the buried depth increases from 4.8 m to 14.4 m, the seismic
response of the corner piles and side piles also gradually decreases. It can be seen that
the buried depth of the seismic response peak on the pile increases with the increase of
the intensity of the earthquake motion, that is, the strength of the pile-soil interaction to
resist the deformation of the foundation increases with the increase of the intensity of the
earthquake motion [45–48]. In addition, it can be seen from Figure 10 that the seismic
response of side pile 1 and side pile 2 is greater than that of side pile 3 and 4 under the
action of the Kobe earthquake with the PBA = 0.1 g. This is because side pile 1 and side
pile 2 are selected from the piles in the middle of both sides of the pile group, while side
pile 3 and side pile 4 are selected from the piles in the middle of both sides of the front of
the pile group. The position of the side pile distribution is shown in the detail drawing
d in Figure 6 above. In the process of horizontal earthquake motion with PBA = 0.1 g,
the inertial force is generally dominant, and side pile 1 and side pile 2 are more strongly
affected by the soil on the left side of the site, so their seismic response is greater; when PBA
reaches 0.2 g, the interaction strength between the four side piles and the site soil becomes
larger, and the site deformation is dominant. Therefore, there is no phenomenon that the
seismic response of side pile 1 and side pile 2 is greater than that of side pile 3 and side
pile 4.
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Figure 10. Seismic responses of four corner piles under the action of the Kobe earthquake.

 

Figure 11. Seismic responses of four side piles under the action of the Kobe earthquake.

4.2. Seismic Response of Station Roof Structure

The seismic response characteristics of the roof members of the roof-only structure and
the roof structure of the high-speed railway hub station, considering the pile-soil interaction
under different PBA earthquake motions, are explored, respectively. By comparing the
relative displacement of the member joints in the cross-section and longitudinal section
of the roof of the two structures [43], the displacement response characteristics of the
structural members are obtained. The seismic response characteristics of the structure
are defined by the ratio of the difference between the seismic response peak value of the
same node on the roof of the two structures and the seismic response peak value of the
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same node on the roof of the roof-only model under the action of earthquake motion. The
formula for defining the characteristic coefficient is the following:

α =
Ga − Gr

Gr
× 100% (10)

In the formula, and are the displacement response peak values of the same node on
the roof of the high-speed rail hub station model and the roof-only model under the action
of earthquake motion, respectively. The results obtained under three earthquake motions
with different PBA are listed in Tables 3 and 4, respectively.

Table 3. Relative displacement response peak values of mid-span member joints in cross-section.

Constituent Category
of Soils

PBA = 0.1 g PBA = 0.2 g

Kobe Taft El Centro Kobe Taft El Centro

Transverse Characteristic
coefficient/(%) 2.72 5.86 25.29 3.29 5.48 18.46

Longitudinal Characteristic
coefficient/(%) 243 140.99 166.80 315 139.70 165.86

Vertical Characteristic
coefficient/(%) 220.88 743.13 570.43 146.42 639.52 411.56

Table 4. Relative displacement response peak values of mid-span member joints in the longitudi-
nal section.

Constituent Category
of Soils

PBA = 0.1 g PBA = 0.2 g

Kobe Taft El Centro Kobe Taft El Centro

Transverse Characteristic
coefficient/(%) 2.66 5.52 24.39 3.25 5.47 18.16

Longitudinal Characteristic
coefficient/(%) 1458.12 1221.78 1568.15 2025.69 1175.47 1519

Vertical Characteristic
coefficient/(%) 2054.62 5018.46 4419.73 1199 4326.49 3164.91

The transverse, longitudinal, and vertical directions in the table represent the X-axis,
Y-axis, and Z-axis directions in the numerical simulation, respectively. It can be seen from
Tables 3 and 4 that the transverse characteristic coefficients are smaller than the longitudinal
and vertical ones, and the characteristic coefficients are all greater than 0. When the PBA is
0.1 g, the peak characteristic coefficients of the relative displacement response of the middle
member nodes in the cross-section of the roof are 2.72~25.29% in the transverse direction,
140.99~243% in the longitudinal direction, and 220.88~743.13% in the vertical direction.
The peak characteristic coefficients of the relative displacement response of the middle
member nodes in the longitudinal section of the roof are 2.66~24.39% in the transverse
direction, 1221.78~1568.15% in the longitudinal direction, and 2054.62%~5018.46% in the
vertical direction; This is because the roof structure is supported by the lower concrete
frame structure, and the frame structure will have an amplification effect on the received
horizontal earthquake motion, increasing the inertial force of the upper roof structure.
Therefore, the displacement of the roof mid-span member of the hub station structure
increases, and the roof-only structure is not affected by the vibration of the lower structure,
and the displacement of the member is relatively small. Under the action of three earth-
quake motions with PBA of 0.1 g and 0.2 g, the characteristic coefficients do not change
significantly with the increase of earthquake motion intensity. Under the action of three
kinds of earthquake motions, the concrete frame structure has an amplification effect on the
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displacement of the upper roof structure. The displacement response of the roof structure
of the high-speed railway hub station, considering the pile-soil interaction, is significantly
larger than that of the roof-only structure.

4.3. Seismic Response of Station Frame Structure

The response law of the frame structure of a high-speed railway hub station under
three kinds of earthquake motions is analyzed. The results are explained by the schematic
diagram of selecting points at different heights along the station frame structure shown
in the detailed drawing c on Figure 6, and the variation of seismic response of the frame
structure along the height of the structure under the earthquake motions with different
PBA is shown in Figure 12, respectively. The depth of monitoring point 1 is 13.9 m below
the surface, and the location of monitoring point 2 is the contact site between the first layer
of the column and the surface, that is, the foundation height. The depth of monitoring
point 1 is 13.9 m below the surface, and the location of monitoring point 2 is the contact site
between the pillars on the first floor and the surface, that is, the foundation height. It can
be seen from Figure 12 that as the height of the frame structure increases, the acceleration
and displacement responses of the structure under the three earthquake motions with
PBA of 0.1 g and 0.2 g gradually increase. The acceleration and displacement response of
the foundation part is greater than the seismic response at 13.9 m below the surface. The
acceleration and displacement response of the structure above the foundation under the
action of the El Centro earthquake is greater than that of the Taft earthquake. This result
also shows that compared with the Taft earthquake, the predominant frequency of the El
Centro earthquake is closer to the natural vibration of the station structure system, and the
spectrum distribution of the El Centro earthquake is more concentrated. The structural
height increases from 7.77 m to 16.02 m, and then to 25.32 m. The increase in seismic
response under different earthquake motions gradually increases. The acceleration and
displacement response of the structure under three kinds of earthquake motions increases
rapidly from the contact part between the pillars on the third floor and the floor to the
contact part between the roof and the lower column. This is because the lower concrete
frame structure and the upper roof structure interact with each other in the process of
earthquake motion. As the height of the structure increases, the seismic response of the
concrete frame structure increases rapidly. At the same time, it is also due to the whipping
effect of the roof structure under the action of the earthquake motion. Therefore, its
seismic response increases rapidly compared with the top of the concrete frame structure.
The first layer of the frame structure has the lowest height and the largest number of
columns, and the connection between the bottom of the column and the surface is also
fixed. Therefore, the increase in seismic response from the foundation to the top of the first
layer is the smallest.

In addition, compared with the results shown in Figure 9 above, it can be seen that the
seismic response of the site soil along the depth under the action of the Taft earthquake
and the El Centro earthquake is relatively close, and it can be seen from Figure 12 that the
seismic response of the superstructure of the station under the action of the Taft earthquake
and the El Centro earthquake is different. Therefore, it can be seen that the structure above
the foundation of the high-speed railway hub station structure system is more sensitive to
the spectral characteristics of the Taft earthquake and the El Centro earthquake than the
site soil.
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Figure 12. Seismic responses of the frame structure vs. the height of the structure under the action of
earthquake motion with different PBA.

Figures 13 and 14 show the displacement of the corner columns of each layer of the
high-speed railway hub station structure under the action of two kinds of earthquake
motions. It can be seen from the figures that under the action of the Kobe earthquake and
the El Centro earthquake with two different PBA, the displacement of the corner columns
of the three-layer frame structure increases gradually from the bottom to the top. Among
them, the displacement growth rate of the third layer corner column above the column
height of 3.9 m is significantly greater than that below 3.9 m. This is because the closer the
component is to the upper steel roof under the action of earthquake motion, the faster the
displacement increases. Figure 15 shows the variation law of the maximum story drift of
each floor of the frame structure. It can be seen from Figure 15 that the maximum story
drift of the station structure increases gradually under the action of the Kobe earthquake
and the El Centro earthquake of different PBA. The maximum story drift of the top floor of
the station is larger than the maximum story drift of the second floor. The maximum story
drift of each layer of the station under the action of the El Centro earthquake is greater than
the maximum story drift of each layer under the action of the Kobe earthquake. From the
comparison of Figures 13 and 14, it can be seen that the displacement value of the corner
column of the three-story frame structure under the action of the Kobe earthquake is greater
than the displacement value of the corresponding corner column under the action of the El
Centro earthquake. Therefore, it can be seen that the story drift of the high-speed railway
station structure has no obvious relationship with the intensity of earthquake motion.
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Figure 13. Displacement of four corner columns in each layer under the action of the Kobe earthquake.

 

Figure 14. Displacement of four corner columns in each layer under the action of the El Centro earthquake.

In addition, in the ordinary concrete frame structure, the maximum story drift at the
bottom is generally greater than the maximum story drift at the top. In the process of
earthquake motion, the concrete frame structure under the high-speed railway hub station
is affected by the seismic response of the upper roof structure, resulting in the top layer of
the station being the part with the largest structural deformation. At the same time, the
second layer structure is also slightly affected by the vibration deformation of the top layer
structure, and the maximum story drift also increases accordingly. Therefore, the law of
the maximum story drift of the concrete frame structure under the high-speed railway hub
station system, considering the pile-soil interaction, is different from that of the common
concrete frame structure.
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Figure 15. Maximum story drift of the station structure under the action of two kinds of earthquake motions.

5. Conclusions
In this paper, the three-dimensional nonlinear seismic response analysis of the

Changde high-speed railway hub station structure is carried out, considering pile-soil
interaction under different earthquake motion inputs. The main conclusions are as follows:

(1) The pile-soil interaction has a significant influence on the dynamic characteristics of
the high-speed railway hub station structure system. Due to the existence of the main
frame structure, the natural vibration of the high-speed railway hub station system is
significantly reduced compared with the roof-only structure.

(2) Under the three earthquake motion records with PBA of 0.1 g and 0.2 g, the seis-
mic response of the site soil gradually decreases with the increase of depth. The
interaction between pile and soil resists the deformation of the foundation, and the
nonlinear degree of pile-soil interaction increases with the increase of earthquake
motion intensity.

(3) Among the three kinds of earthquake motion records, the spectral characteristics of the
Kobe earthquake are the closest to the natural vibration of a high-speed railway station
structure system, followed by the El Centro earthquake. The displacement responses
of the roof structure of Changde high-speed railway hub station, considering pile-soil
interaction, are significantly larger than those without considering pile-soil interaction.

(4) The roof structure has a significant effect on the seismic response of the base frame
structure, and the seismic response of the connection between the roof structure and
the base frame structure is seriously amplified. The seismic response of the high-speed
railway station structure increases gradually with the increase in the height of the
frame structure. The maximum story drift angle at the top floor of the station structure
is also greater than that at the bottom floor.
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