kT buildings

Article

Analysis of the Seismic Response of Unequal-Span Metro
Station in Saturated Site

Jian Su !, Wei Xiao 1, Minze Xu 2, Chunyi Cui >*, Jingtong Zhao 2 and Ling Ling 3

check for
updates

Citation: Su, J.; Xiao, W.; Xu, M.; Cui,
C.; Zhao, J.; Ling, L. Analysis of the
Seismic Response of Unequal-Span
Metro Station in Saturated Site.
Buildings 2023, 13, 953. https://
doi.org/10.3390/buildings13040953

Academic Editor: Marco Di Ludovico

Received: 28 February 2023
Revised: 27 March 2023
Accepted: 1 April 2023
Published: 3 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Ocean and Civil Engineering, Dalian Ocean University, Dalian 116023, China
Department of Civil Engineering, Dalian Maritime University, Dalian 116026, China

School of Architecture and Environmental Engineering, Nanchang Institute of Technology,
Nanchang 330108, China

Correspondence: cuichunyi@dlmu.edu.cn

Abstract: To analyze the seismic response characteristics of unequal-span subway station structures
in saturated sites, a three-dimensional numerical model of an unequal-span subway station structure
is established, based on the finite element analysis software MIDAS-GTS. The elastic modulus,
cohesion, Poisson’s ratio, and friction angle are selected as the sensitivity parameters. Moreover,
combined with the saturated two-phase medium dynamic analysis method, the orthogonal test
method is also utilized, to obtain the corresponding seismic response range. The results show
that, the lower end of the shear wall and the vicinity of the cantilever span are prone to bending
failure, and that the central columns are prone to shear failure. Under the action of a horizontal
ground motion, or under the combination of horizontal and vertical ground motions, the influence
of the elastic modulus is the largest, the influence of the Poisson’s ratio and the friction angle is the
second largest, and the influence of cohesion is the smallest. This procedure of seismic response
characteristics for unequal-span subway station structures can provide a reference for the seismic
design of these structures.

Keywords: saturated site; unequal-span subway station; orthogonal test; seismic dynamic response;
parameter sensitivity

1. Introduction

With the acceleration of urbanization in China, the increase in ground traffic pressure
has gradually saturated the means of transportation, so an increasing number of cities have
begun to develop underground space. Subway construction is an important part of subway
development [1,2]. While subway stations are convenient for travel and rich in travel
modes, they also cause the scale and complexity of the cross-sectional form of the subway
station structure to increase. Therefore, an unequal-span underground subway structure,
with a wide upper part and a narrow lower part, has become the common selection of
future stations in urban subway planning and construction [3]. Many scholars [4-8] have
studied the seismic response and disaster mechanism, considering soil-structure dynamic
interactions, of large subway station structures with traditional rectangular frames, by using
different dynamic analysis methods with different types of multilayer and multispan station
structures as the research objects. For such complex cross-sectional structures, in particular,
there have been few studies on the seismic dynamic response of unequal-span subway
stations in saturated sites, and research on the sensitivity of seismic dynamic response
parameters is still rare. At the same time, considering that China is an earthquake-prone
country, the analysis of seismic dynamic response characteristics of different-span subway
station structures in saturated sites, has an important guiding role and practical significance
for earthquake prevention and disaster reduction, and seismic design of complex subway
station structures [9-12].
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To date, many scholars have analyzed and studied subway station structures in terms
of the factors influencing their seismic response. Lin et al. [13] modeled a subway station by
using finite element software, and analyzed the influence of subway depth, soil distribution,
and structure type on the seismic performance of the station structure. Taking underground
frame structures such as subway stations as an example, Wang et al. [14] proposed a method,
based on the story drift angle, to examine the deformability of structural components and
the effective stress value, to evaluate the strength of structural components. By changing
parameters such as the axial force, spring stiffness, and damping coefficient, Huan et al. [15]
analyzed the structural seismic response of subway stations under different working
conditions. Han [16] analyzed the influence of the elastic modulus, cohesion, and friction
angle on surface settlement, by FLAC 3D finite difference software, with the ground
settlement displacement as an index, caused by shield construction of a subway tunnel in a
loess region. Cui et al. [17] studied the parameter sensitivity of subway station structures
under soft soil foundations, by using the dynamic method of two-phase porous media and
the method of multi-index comprehensive balance, and then further studied the seismic
dynamic response characteristics and disaster mechanism of subway station structures
in soft soil. Based on the measured earthquake damage data of tunnels, Wang et al. [18]
discussed the influence of tunnel geometry and site conditions on the seismic response of
structures. Zhuang et al. [19] studied the influence of the liquefaction degree of different
sites on the seismic dynamic response of subway station structures under earthquake
action, by shaking table experiments. Li et al. [20] analyzed the variation law of the internal
force of subway station structures in saturated soft soil, with different burial depths, under
earthquake action. Hu et al. [21] used the finite element and finite difference (FE-FD)
coupling method, to analyze the influence of buried depth and soil relative density on the
liquefaction degree of the site, and the uplifting effect of the structure of the saturated-sand-
site subway station structure system. Xia et al. [22] studied the effect of ground motion
intensity and relative stiffness between soil and structure on the seismic dynamic response
of subway station structure, by taking the interstory drift angle as an index. With the tunnel
project of Guangzhou Rail Transit Line No. 22 as the research background, Song et al. [23]
combined the orthogonal experiment method and the finite element method and optimized
the bolt-shotcrete support parameters and the thickness of the corrugated steel plate,
through range analysis. The safety factor was also checked by the structural internal force,
to meet relevant design requirements. Using the background of a section tunnel of Urumgi
urban rail transit under a viaduct, Xu et al. [24] selected seven influencing factors and nine
levels of geotechnical and structural material parameters to establish a simulation scheme,
and combined gray correlation analysis and numerical simulation for quantitative research.
Wang et al. [25,26] analyzed the seismic response of unequal-span subway underground
station structures under different types of sites. Xu et al. [27] used the u-p effective stress
formulations of the two-phase media method, to analyze the parameter sensitivity of a one-
story subway station with double spans in saturated sand layers. Taking the foundation
pit project of Guangzhou Metro Line 11 as an example, He et al. [28] studied the effects
of support stiffness, burial depth, and thickness of the diaphragm wall, on the maximum
horizontal displacement of a diaphragm wall and the maximum horizontal and vertical
displacement index of a subway tunnel, by orthogonal testing. Yang et al. [29] analyzed
the importance order of the effect of various factors on the deformation of underground
subway tunnels during excavation of the foundation pit, by using orthogonal sensitivity
tests. Wu et al. [30] calculated the dynamic response of different unequal-span subway
station structures, analyzed the structure failure mechanism, and established the seismic
performance evaluation index. The results can help improve the understanding of the
failure modes of underground frame structures. Wang et al. [31] applied a constitutive
model of saturated sand and the ALE method, to analyze the seismic performance and
seismic design method for unequal-span subway stations at a liquefaction site, from the
liquefaction distribution site, lateral deformation, and earthquake-induced damage of the
underground structure. Shatnawi et al. [32] studied the behavior of reinforced concrete
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box culverts with different sizes and thicknesses, under different soil fill heights. Chen
et al. [33] determined the influence of buried depth variation on the seismic capacity of
underground subway stations, in the framework of performance-based seismic design,
with a particular focus on the interstory drift ratio limit.

The above studies mostly applied single factor analysis, which can intuitively reflect
the impact of various parameters on the benchmark index value, but does not consider the
correlation between parameters. However, orthogonal experimental design can achieve
the expected and scientific statistical results through fewer tests, in multifactor sensitivity
analysis. Therefore, this paper establishes a three-dimensional finite element numerical
model of the structural system of an unequal-span subway station in a saturated site, based
on MIDAS-GTS. Using saturated two-phase medium dynamic analysis, range analysis, and
orthogonal testing of four factors and three levels, the seismic dynamic response characteris-
tics of the unequal-span subway underground station structure are explored. Additionally,
the sensitivity of the soil parameters around the subway to internal forces at the structural
feature points of the unequal-span subway station, and the relative displacement of the
roof and floor under the action of a single horizontal ground motion and the combined
action of horizontal and vertical ground motions, are also investigated. The flow chart of
the main steps is shown in Figure 1.

Establishment of Byunamisianalysis

unequal-span subway
station model

Determination of the
weak parts of structure

Guidance of Test design
Seismic design :

Sensitivity analysis
Sensitivity sequences _ Orthogonal test and
of soil parameters range analysis

Figure 1. Flow chart of the main steps.

2. Numerical Model and Orthogonal Test Design

The station is a large and complex unequal-span subway station, with five spans in the
upper layer and three spans in the lower layer. The buried depth, height, and width of the
upper and lower layers of the station are 3.2 m, 12.53 m, 31.5 m, and 18.7 m, respectively,
and the size of the frame columns of each layer is 1.2 m x 0.6 m. To ensure that the dynamic
calculation results are close to the actual engineering conditions, and avoid the influence
of lateral boundary conditions, the soil layer size around the subway is 220.5 m x 40 m.
The cross-sectional characteristics and detailed dimensions of the subway structure are
shown in Figure 2, and the structural model of the cross-span subway underground station
is shown in Figure 3. The distributions of soil parameters and station structure parameters
are shown in Table 1.
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Figure 2. Cross-sectional view of the subway station structure (mm).
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Figure 3. Structural model of unequal-span subway station. (a) Three-dimensional model of the
subway station. (b) Section of the subway station.

Table 1. Values of parameters.

Material Elastic Modulus (kPa) Gravity (kN/m?) Poisson’s Ratio Cohesion (kPa) Friction Angle (°)
Clay 5 x 10* 19.404 0.3 18 20
Concrete 3.25 x 107 25 0.2 / /

The clay property and concrete property are applied to the soil material and concrete
material, respectively. The Mohr—Coulomb constitutive model is used for the soil consti-
tutive model around the underground station of the unequal-span subway. The concrete
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structure is simulated by an elasto-plastic constitutive model. The two sides of the station
model are set with the same plane free field boundary, and the bottom end is fixed. The
subway station grid is 0.5 m x 0.5 m, and the surrounding soil grid size is 1 m x 1 m.
Soil and subway station structure exhibit 5% Rayleigh damping. In this study, the station
structure and the soil are completely bonded, without considering the separation and slip
between the contact surfaces.

The fluid-solid coupling two-phase media dynamic model, considers the coupling rela-
tionship between the dynamic response of the solid phase and the fluid phase in saturated
soil, which is an accurate calculation model in theory. The effective stress formulations of
two-phase media are shown below [17].

Mii + Cit + / BTo'd0— Qp = f* (1)
QO

QUi —Sp—Hp = f* @

Here, M is the total mass matrix, C is the null matrix, () is the domain of integration,
u is the displacement vector, B is the strain-displacement matrix, ¢’ is the effective stress
tensor, Q is the discrete gradient operator of coupling water and soil particles, p is the pore
pressure vector, S is the compression coefficient matrix, and H is the permeability coefficient
matrix. Vectors f* and f? represent the given boundary conditions for volumetric forces in
the soil-water mixture and the liquid phase, respectively.

The Mohr—-Coulomb constitutive model demonstrates comprehensive, reliable,
and reasonable performance, so it is widely used in geotechnical engineering by
researchers [34,35]. The yield surface function of the Mohr-Coulomb constitutive model is
shown in Equation (3) [34].

F=Rng—ptanp—c=0 (©)]

In Equation (3), ¢ is the inclination angle of the Mohr—Coulomb yield surface on the
p — g stress plane, as shown in Figure 4, and is called the friction angle of the material,
where 0° < ¢ < 90°, ¢ is the cohesion of the material, and Rmc(0, ¢) according to the
following formula, controls the shape of the yield surface in the 7-plane.

sin(6 + E)4— 1cos(9+z)tamgo 4)

Rine = 3’73 3

1
\/§c05(p

In Equation (4), 6 is the polar angle, and the definition formula is cos(36) = r*/g°.
v is the third deviatoric stress invariant J3. The shape of the Mohr-Coulomb yield surface
on the 7 plane is shown in Figure 4. The relationship between the Mohr—Coulomb yield
surface and other constitutive yield surfaces is also shown in Figure 4.

As the energy consumption of underground structures is related to the duration of
earthquakes, the longer the underground structure is subjected to vibration, the more
energy it consumes. Considering that the fundamental period of the structural vibration of
the unequal-span subway station is 1.52 s and the duration of ground motion is generally
five to ten times the fundamental period [36], the duration of the earthquake is taken as
15 s in this paper. The input directions are the horizontal input and horizontal and vertical
input. The horizontal and vertical input seismic waves are adjusted based on the El Centro
seismic wave [27], as shown in Figure 5.
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Figure 4. Yield surface of the Mohr—Coulomb model. (a) Mohr—Coulomb yield surface on the
surface. (b) Comparison of the Mohr—Coulomb yield surface with other constitutive yield surfaces.
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Figure 5. Acceleration—-time history curve of the El Centro earthquake wave.
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Orthogonal experimental design is a multifactor experimental approach based on the
fractional principle of factor design, which arranges design experiments using orthogonal
tables derived from combinatorial theory and performs statistical analysis and design based
on the results [37]. In multifactor experiments, when the number of factors and levels
increases, the number of experimental treatments increases dramatically if a full-scale trial
is performed, and it is difficult to schedule all treatments in a single trial. To solve these
problems, it is necessary to select some highly representative treatment combinations to
perform the experiments, which can generally be determined by orthogonal tables. These
treatments are usually orthogonal points in linear space.

In this paper, a test refers to a numerical simulation computed under a given set of
physical parameters of the soil, with the same simulation steps. The purpose of designing
the test scheme, is to determine the influence of each parameter on the test index, through
fewer simulation calculations. In this paper, the elastic modulus, cohesion, Poisson’s ratio,
and friction angle of clay are selected as factors. To reduce the number of experiments as
much as possible, the scheme is designed using orthogonal tables with three factors and
four levels, resulting in a total of nine simulation experiments. The tables of factor level
and test design are shown in Tables 2 and 3, respectively.

Table 2. Levels of factors.

Level Elastic Modulus/kPa Cohesion/kPa Poisson’s Ratio  Friction Angle/°
1 5 x 10 18 0.3 20
2 8 x 10* 24 0.32 22
3 1x10° 30 0.35 25

Table 3. Test design.

Number of Test Monggkaa Cohesion/kPa Poisson’s Ratio  Friction Angle/°
1 5x 104 18 0.3 20
2 5x 104 24 0.32 22
3 5 x 10* 30 0.35 25
4 8 x 104 18 0.32 25
5 8 x 10% 24 0.35 20
6 8 x 104 30 0.3 22
7 1x10° 18 0.35 22
8 1% 10° 24 0.3 25
9 1% 10° 30 0.32 20

3. Seismic Dynamic Response Analysis of an Unequal-Span Subway Station Structure

Facilitating the dynamic response and sensitivity analysis, the characteristic points
of the unequal-span subway station structure are selected, as shown in Figure 6. The
maximum axial force, shear force, and bending moment data of the characteristic points of
the subway station structure under horizontal ground motion and working condition 1 (i.e.,
the elastic modulus, cohesion, Poisson’s ratio, and friction angle of clay, are 5 x 10% kPa,
18 kPa, 0.3, and 20°, respectively), are shown in Figure 7.

As shown in Figure 7, the maximum internal force of the unequal-span subway station
structure is symmetrically distributed along the axis of the structure. At the same time,
the maximum axial force, maximum shear force, and maximum bending moment in the
subway station structure are located near the overhang span (feature points P14 and Pyy),
the lower frame column (feature points P3g and P4g), and both ends of the bottom plate
(feature points Py and Py7).
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Figure 6. Distribution of feature points of the subway station structure.
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Figure 7. Maximum internal force of the characteristic points of the subway station structure.
(a) Maximum axial force of the subway station structure. (b) Maximum shear force of the subway
station structure. (¢) Maximum bending moment of the subway station structure.

In the subway station structure, for the vertical members, the amplitude of the upper
shear wall of the subway station is close to 90.90% of the maximum bending moment
amplitude of the subway station structure, the lower shear wall is close to 94.32% of the
maximum bending moment level, the upper level of the lower column is close to 98.86%
of the maximum shear level of the structure, and the lower shear amplitude of the upper
middle column is close to 92.79% of the maximum shear level of the subway station
structure. In summary, in the structure system of the unequal-span subway station under
earthquake action, the lower end of the shear wall and the cantilever span of the station
structure are prone to bending failure, and the upper middle column and lower column
of the station structure are prone to shear failure. These locations are weak parts of stress
failure. Therefore, in the future design of such subway station structures, attention should
be given to these issues.

4. Parameter Sensitivity Analysis of the Seismic Dynamic Response Index of
Unequal-Span Subway Station Structure

Figure 7 shows that the dynamic response of the unequal-span subway station struc-
ture is symmetrical along the axis of the structure. Therefore, this section selects the
maximum dynamic internal force response of a single span structure to construct the
evaluation index system. The maximum interstory drift ratio, the maximum axial force
(feature point Pj4), the maximum shear force (feature point P3g), and the maximum bend-
ing moment (feature point Py;) of the roof and floor, are selected as the typical indices
of the dynamic response of the unequal-span subway station structure. Then, parameter
sensitivity analysis is carried out, for the dynamic response index caused by the parameter
change in the soil layer around the subway.

Due to the heterogeneity and complexity of the soil, an Lo (3*) orthogonal test table
is used in this paper, to record the data [17]. Reference [38] shows that the main physical
parameters of soil affecting the deformation and dynamic response of subway station
structures are the friction angle, elastic modulus, cohesion, and Poisson’s ratio. Therefore,
in this study, the sensitivity of the dynamic response index parameters of the underground
station structure of the unequal-span subway station, to the elastic modulus (range of
5 x 10*-20 x 10* kPa), cohesion (range of 18-30 kPa), Poisson’s ratio (range of 0.3-0.5),
and friction angle (range of 18°-25°) of the soil layer parameters around the subway, is
analyzed. The design of the four factors and three-level orthogonal test program, and the
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corresponding conditions, typical indicators of dynamic response values, are shown in
Table 4.

Table 4. Dynamic response values under a horizontal transverse earthquake.

Working Elastic . Poisson’s Friction Maximum Maximum Maxm}um Ma)‘(lmum‘ Interstory
P Cohesion . . Bending Drift Ratio of Roof
Condition =~ Modulus Ratio Angle Axial Force Shear
Moment and Floor
kPa kPa ° kN kN kN-m rad
1 5x 10* 18 0.3 20 343 527 1022 0.00136097
2 5% 10* 24 0.32 2 351 531 1028 0.00127818
3 5 x 10* 30 0.35 25 363 541 1070 0.00114805
4 8 x 10* 18 0.32 25 294 469 954 0.00133839
5 8 x 10* 24 0.35 20 310 479 973 0.00124344
6 8 x 10* 30 03 2 287 463 942 0.00138669
7 1x10° 18 0.35 22 283 492 1034 0.00143551
8 1x10° 24 03 25 274 501 1064 0.00162570
9 1x10° 30 0.32 20 275 498 1053 0.00156752
Figure 8 shows the range distribution of the maximum internal force and the maximum
interstory drift ratio of the structural characteristic points of the unequal-span subway
station, under the action of horizontal ground motion. In can be seen from Figure 8, that
among the four soil layer parameters, the change in elastic modulus has the most significant
effect on the maximum axial force, maximum shear force, maximum bending moment,
and maximum interstory drift ratio. The effect of the change in the Poisson’s ratio on the
maximum shear force is similar to that of cohesion. In particular, the change in cohesion
has little effect on the maximum shear force, maximum bending moment, and maximum
interstory drift ratio of the roof and floor, which indicates that cohesion is the least sensitive
parameter among the four soil parameters under the action of a single, horizontal and
lateral ground motion. Furthermore, the ground motion changes from a single horizontal
motion, to the combined action of horizontal and vertical motions. Table 5 shows the
dynamic response value of the unequal-span subway station structure, under the combined
action of the horizontal and vertical motions.
Table 5. Dynamic response values under horizontal and vertical earthquakes.
. . . , .. . . Maximum Maximum Interstory
Worlflflg Elastic Cohesion P01ss9n s Friction M?x1mum Maximum Bending Drift Ratio of Roof
Condition Modulus Ratio Angle Axial Force Shear
Moment and Floor
kPa kPa ° kN kN kN-m rad
1 5 x 10* 18 0.3 20 1729 665 1593 0.00143746
2 5 x 10* 24 0.32 22 1716 670 1626 0.00134688
3 5 x 10* 30 0.35 25 1660 674 1576 0.00110069
4 8 x 10* 18 0.32 25 1653 592 1414 0.00135984
5 8 x 10* 24 0.35 20 1640 648 1494 0.00125037
6 8 x 10* 30 0.3 22 1714 639 1492 0.00142699
7 1x10° 18 0.35 22 1490 603 1621 0.00124805
8 1x10° 24 0.3 25 1643 554 1483 0.00150027
9 1x10° 30 0.32 20 1549 568 1545 0.00141977

Figure 9 shows the range distribution of the maximum internal force, and the maxi-
mum roof-to-floor displacement angle of the structural characteristic points of the unequal-
span subway station, under the combined action of horizontal and vertical ground motions.
As seen in Figure 8, among the four soil parameters, the change in elastic modulus has
the most significant influence on the maximum axial force, maximum shear force, and
maximum bending moment. The change in the Poisson’s ratio has the most obvious effect
on the maximum displacement angle of the roof and floor, and its effect on the maximum
shear force is similar to that of the friction angle. In particular, the change in cohesion
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has little influence on the maximum shear force, the maximum bending moment, and the
maximum displacement angle of the roof and floor, which indicates that cohesion has the
least influence among the four soil parameters, under the combined action of horizontal

and vertical ground motions.
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Figure 9. Range of the structural dynamic response index corresponding to the variation in soil
parameters. (a) Maximum axial force range of the feature points. (b) Maximum shear range of the
feature points. (c¢) Maximum bending moment range of the characteristic points. (d) Maximum
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5. Conclusions

In this paper, the seismic response characteristics and parameter sensitivity of an
unequal-span subway station structure system in a saturated site are analyzed, based on an
orthogonal test design scheme of four factors and three levels, which considers the coupling
relationships between multiple factors. The main conclusions are as follows:

(1) Under the action of an earthquake, the lower end of the shear wall and the vicinity
of the cantilever span of the unequal-span subway station structure in the saturated
site, are prone to bending failure, and the central columns of the station structure are
prone to shear failure. All of them are weak components of the structure, with the
accumulation of stress damage.

(2) Comparing the range of soil parameters on the dynamic response of the unequal-
span subway station structure under the action of a single horizontal or combination
of horizontal and vertical ground motions, it is clear that the elastic modulus has
the greatest impact on the dynamic response of the unequal-span subway station
structure, followed by the Poisson’s ratio and friction angle, and the sensitivity of
cohesion has the least influence.
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These research results can be adopted to guide the seismic design and seismic reliability
analysis of unequal-span subway station structures. However, it should be noted that the
randomness of ground motions was ignored in this paper. This is of high significance for
further work on the influence of earthquake uncertainty on the seismic performance of
unequal-span subway station structures.
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