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Abstract: The direct finite element method is a type commonly used for nonlinear seismic soil-structure interaction
(SSI) analysis. This method introduces a truncated boundary referred to as an artificial boundary meant to divide the soil-
structure system into finite and infinite domains. An artificial boundary condition is used on a truncated boundary to achieve
seismic input and simulate the wave radiation effect of infinite domain. When the soil layer is particularly thick, especially
for a three-dimensional problem, the computational efficiency of seismic SSI analysis is very low due to the large size of the
finite element model, which contains an whole thick soil layer. In this paper, an accurate and efficient scheme is developed to
solve the nonlinear seismic SSI problem regarding thick soil layers. The process consists of nonlinear site response and SSI
analysis. The nonlinear site response analysis is still performed for the whole thick soil layer. The artificial boundary at the
bottom of the SSI analysis model is subsequently relocated upward from the bottom of the soil layer (bedrock surface) to the
location nearest to the structure as possible. Finally, three types of typical sites and underground structures are adopted with
seismic SSI analysis to evaluate the accuracy and efficiency of the proposed efficient analysis scheme.
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1 Introduction

Soil-structure interaction (SSI) (Wolf, 1985, 198S;
Casciati and Borja, 2004; Emani and Maheshwari, 2009;
Manna and Baidya, 2010; Carbonari et al., 2011; Luo
and Yang, 2016; Zhao et al., 2017; Abel et al., 2018;
Huang et al., 2020; Li et al., 2020) significantly affects
seismic response of many kinds of civil infrastructures,
such as underground structures, high dams, nuclear
power plants, large-span bridges and so on. Numerical
analysis of seismic SSI is an important step in the
performance-based design of the above-mentioned
structures. The direct finite element method (Wolf, 1985,
1988) is often adopted for such analysis. In this process,
one-dimensional (1D) seismic site response analysis is
initially completed and next an SSI analysis is carried
out for a truncated SSI model. An absorbing boundary
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condition is used for the truncated boundary of the SSI
analysis model to simulate the wave radiation effect
of infinite domain. Finally, the equivalent seismic load
obtained from the site response is applied to achieve
seismic input (Zhao et al., 2017; Huang et al., 2017,
Huang et al., 2018).

Material nonlinearity behavior is usually found in soil
under earthquake loads. The same constitutive models
of soils in the site response analysis model and the SSI
analysis model should be used in order to obtain more
reasonable and precise results. However, the 1D seismic
site response analysis was often performed by employing
the linear elastic model (Zhao et al., 2017; Huang et
al., 2018), the equivalent linear model (Schnabel et al.,
1972; Bardet et al., 2000), or the hysteretic material
model (Matasovic, 2006) due to the convenience of using
these models. On the other hand, nonlinear SSI analysis
(Zhao et al., 2017; Huang et al., 2017, 2018) was often
performed by using elastic-plastic constitutive models of
soils. This approach may cause significant errors due to
the inconsistency of material models of soils between
site response and SSI analysis. On the other hand, the
absorbing boundary condition is a type of numerical
method used to simulate wave radiation from a near field
to a far field. Nearly all existing absorbing boundary
conditions (Lysmer and Kuhlemeyer, 1969; Liao and
Wong, 1984; Deeks and Randolph, 1994; Liu et al.,
2006; Zhao et al., 2018a, 2018b) are only applicable to
linear wave propagation problems in the far field, which
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means there is no appropriate boundary condition with
regard to material nonlinearity in far field-related problems.

Furthermore, if shallow-buried underground
structures are constructed in a thick soil layer, such as
at depths between 200 m to 300 m, the computational
cost of nonlinear SSI analysis will increase more than
that for the structure in a thin soil layer, especially
in three-dimensional (3D) cases. As a result, some
efficient analysis methods were developed by reducing
the calculated domain. The domain reduction method
(DRM), proposed by Bielak er al. (2003) and applied
by Yoshimura et al. (2003), is capable of efficiently
modeling 3D wave fields for an arbitrary earthquake
source in highly heterogeneous geological systems that
exhibit large localized impedance contrasts and arbitrary
shapes. The method uses a finite-element formulation in
which the primary unknowns include the total wave field
within the domain that contains the localized structure,
plus a scattered wave field in the exterior domain.
Recently, the substructure method (Liu ef al., 2019; Bao
et al., 2019) for seismic wave input in 3D dynamic soil-
structure interaction analysis was also proposed, based
on the direct finite element method. For example, Liu et
al. (2019) proposed a new seismic wave input method
by deducing another form of equivalent input seismic
loads in the finite element model. In this new method,
by imposing the displacements of the free wave field
on the nodes of a substructure composed of elements
with artificial boundaries, the equivalent input seismic
loads were obtained through dynamic analysis of the
substructure. As mentioned in the previous paragraph,
these methods consider the infinite domain as linear
material.

In this paper, an efficient and accurate scheme for
nonlinear seismic SSI analysis pertaining to a thick soil
layer is presented, based on the direct finite element
method. The nonlinear site response is calculated by
first using the same elastic-plastic constitutive models
of soils with SSI analysis. A more accurate site response
result could thereby be obtained. Next, the scattered
field is approximately simulated by the viscous-spring
boundary. Finally, the artificial boundary at the bottom
of the SSI model is relocated upward from the actual

e

Artificial boundary

Deep layered soil . )
Finite domain
Infinite domain
Bedrock surface
Half space Earthquake
motion

Fig.1 Seismic soil-structure interaction problem

bottom of the soil layer (bedrock surface) to reduce the
calculated domain.

The remainder of this paper is organized as follows.
The efficient seismic analysis scheme for nonlinear SSI
with a thick soil layer is presented in Section 2. Numerical
examples are provided in Section 3 to demonstrate the
effectiveness of efficient nonlinear seismic SSI analysis
schemes. Section 4 is the concluding section of this

paper.

2 Efficient method for nonlinear seismic soil-
structure interaction

2.1 Method statement

The seismic SSI problem is shown in Fig. 1. An
earthquake is considered to be the vertical incident plane
body wave arising from a half-space bedrock. The direct
finite element method (Wolf, 1985, 1988) is one of the
commonly used time history methods for nonlinear
seismic SSI analysis. In this approach, a truncated
boundary known as an artificial boundary is introduced
to divide the soil-structure system into finite and infinite
domains. The finite domain contains the structure and its
adjacent soil, which is modeled using the finite element
method. After the spatial discretization the finite element
equation of the finite domain is:

|:MRR MRBi|{ﬁR}+|:CRR CRBj|{uR}+
MBR MBB it.B CBR CBB t‘lB

F,(u,u 0

Fy(u.a)] | fs
where the subscripts B and R denote the degrees of
freedom on the artificial boundary and the remaining part
of the finite domain, respectively; u, #, and U are the
absolute displacement, velocity and acceleration vectors,
respectively; M, C and K are the mass, damping and
stiffness matrices, respectively; F denotes the nonlinear
restoring force vector; and f; is the load vector of the
infinite domain to the finite domain.

The whole field can be decomposed into free and

scattered fields (Wolf, 1985, 1988) at the artificial
boundary, whose procedure can be written as:

fi=fa + fs )

_ . F S . . F .S
Ug =Up + Uy, U, =0y +u, (3)

where the superscripts F and S denote the free and
scattered fields. The free field can be obtained by using
site response analysis. A numerical experiment shows
that the value of the free field is much higher than the
scattered field. Therefore, it is essential to first guarantee
the accuracy of the free field in earthquake input.
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The scattered field is approximately simulated by
the viscous-spring boundary (Liu et al., 2006). The
formulation of the viscous-spring boundary can be
written as:

fo =—Kjuy - Cyitg )

where K and Cj are the stiffness and damping
matrices.

Both the stiffness and damping matrices can be
diagonalized using spatially lumped discretization. The
viscous-spring boundary consists of a linear spring and a
dashpot connected in parallel for each degree of freedom
on the artificial boundary. The stiffness and damping
matrices for a boundary node & can be rewritten as:

K 0
K; = N , Ky =1, Lﬁ
0 K, 1+4 2r
1 G
and K, =] ———= 5-1
RS P (-1
0 CN 0
C) = 0 ¢ | C\ =lBp,c, and
Cr=1Bp,c, (5-2)

where the subscripts N and T denote normal and tangent
directions, respectively; o is the mass density of the
n-th layer soil; G, c_and ¢ are the shear modulus,
velocity of the shear wave, and compression wave in
the medium, respectively; /_is the coefficient due to
lumped discretization;  is the distance between the
wave source and the artificial boundary; 4 and B are the
modified coefficients, which in this paper are 0.8 and
1.1, respectively.

The displacement and velocity of the scattered field
are eliminated by substituting Eq. (3) into Eq. (4). Later,
the equation obtained above is substituted into Eq. (2)
and then into Eq. (1), and after some manipulations the
finite element equation is ultimately obtained found to
be:

|:MRR MRB:|{iiR}+|:CRR CRB :|{MR}+
MBR MBB iiB CBR CBB + Cl;O ilB

F,(u,u) 0 0 |jug| 0
Fuwi)| |0 K2 |\u, [~ | Koul +Coaf + fF
(6)

The seismic load, f, , acting on the artificial
boundary, can be written from Eq. (6) as:

fo = Kguy + Cli + fy (™)

where uf, @) and f; are the displacement, velocity

and internal force of free field, respectively; the seismic
load f;° is referred to as the equivalent nodal load.

It can be seen from the Eq. (7) that the seismic site
response analysis needs to first be calculated to obtain
the displacement, velocity and internal force of the free
field; subsequently, earthquake input can be achieved.
The schematic diagram of the direct finite element
method for seismic SSI analysis is shown in Fig. 2. When
considering the material nonlinearity of soils, the same
nonlinear model of soils must be used in site response
analysis and SSI analysis. However, for the convenience
of the program, seismic site response analysis was often
performed by employing the linear elastic model (Zhao
et al., 2017; Huang et al., 2018) or the equivalent linear
model. As mentioned in the introduction of this paper,
only the nonlinear model is used in finite domain. In this
paper, the nonlinear site response analysis is used and
presented in Section 2.2.

On the other hand, the truncated bottom boundary
(earthquake input location) is often set at the bedrock
surface or below the bedrock surface because the
nonlinear site response can be calculated when the site
is subjected to the vertical incident plane body wave
arising from the half space. For a shallow structure in a
thick soil layer site, the computational cost is extremely
high due to the large finite element domain, especially for
3D cases. The efficient and accurate scheme developed
in this paper for nonlinear seismic SSI analysis with a
thick soil layer is presented in this section. As shown
in Fig. 3, nonlinear seismic site response analysis is
still performed using the whole thick soil layer. Site
response can maintain a negligible computational cost
by building the model of a column with finite elements.
The details of this nonlinear site response scheme will be
described in Subsection 2.2. To significantly save on the
computational cost, 2D or 3D nonlinear SSI analysis is
performed by using a reduced finite element model that
is obtained by relocating the bottom artificial boundary
upward from the bedrock surface. Earthquake input is
achieved at the depth of the relocated bottom artificial
boundary, which can be assumed to be rigid or flexible.
A rigid bottom boundary indicates that the motion of

Ground surface g-----------

Deep layered soil L o

Artificial boundary

Bedrock surface —,
Red line is artificial boundary with absorbing
Earthquake boundary condition and seismic load from site
motion response

1D site response analysis SSI analysis

Fig. 2 Direct finite element method for seismic SSI analysis
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site response at the location of the bottom boundary is
directly imposed. For the treatment of the flexible bottom
boundary, the displacement, velocity and internal force
of site response corresponding to the bottom boundary
location is used to calculate equivalent seismic load in
Eq. (7), which is subsequently acted upon the bottom
boundary of the SSI model. Also, the viscous-spring
boundary is also used at the bottom of the model to
simulate the wave radiation effect of infinite domain. A
rigid bottom boundary is easier to operate than a flexible
bottom boundary. This will be proved by the numerical
example in which the reduced model with a flexible
bottom boundary has higher degree of accuracy than that
having a rigid bottom boundary.

2.2 Site response analysis

Site response analysis takes place before the SSI
analysis. The same software needs to be used in both site
response and SSI analysis in order to assure having the
same nonlinear material models of soils. The scheme of
nonlinear site response analysis based on the 2D column
of finite elements is shown in Fig. 4(a). Rigid constraints
(Zienkiewicz et al., 1988) are used at nodes of the same
height. Nonlinearity of soil is considered by adopting

Ground surface g-----------

Deep layered soil Ik Qo

The red line is lateral artificial boundary using
equivalent loading with viscous-spring boundary.
The blue line is the bottom artificial boundary

1 relocated upward that can be assumed as flexible
Bedrock surface T
or rigid with different treatments.
Earthquake

motion

1D site response analysis SSI analysis

Fig. 3 Efficient analysis for seismic SSI with a thick soil layer

Ground surface

(a)l |

Bottom artificial boundary e—e ———-—---------—

Deep multilayer soil °|_|

Seismic loading obtained from
| | site response at location of
o—e bottom artificial boundary in

the elastic-plastic constitutive model in finite elements.
The bedrock is assumed be consist of linear elastic
material, which is truncated by the artificial boundary.
The viscous boundary and seismic loading from the
input earthquake are applied to the artificial boundary.
Site response analysis can provide nodal displacement,
velocity, and internal force at the truncated boundaries
for subsequent SSI analysis. The effectiveness of
this scheme will be validated by numerical examples
presented in Subsection 3.2.

For the efficient analysis method, before performing
the nonlinear SSI analysis for the reduced finite element
model, itis indicated here that the nonlinear site response,
using the reduced model, is equivalent to using the whole
thick soil layer model. The process is shown in Fig. 4. As
shown in Fig. 4(a), the nonlinear site response is first
performed using the whole thick soil layer. As shown in
Figs. 4(b) and 4(c), the site response is calculated through
the use of the reduced model. In Fig. 4(b), it is assumed
that the artificial bottom boundary of the reduced model
is flexible, where the viscous-spring boundary and the
seismic load obtained from the site response of whole
thick soil layer are applied, as seen in Subsection 2.1. In
Fig. 4(c), the bottom artificial boundary of the reduced
model is assumed to be rigid, where the displacement
of site response at the bottom boundary is imposed. The
site responses of Figs. 4(b) and 4(c) are equivalent to the
corresponding site response shown in Fig. 4(a). This is
essential for the establishment of the efficient analysis
method. The process is verified by numerical examples
included in Subsection 3.2. The flow chart of nonlinear
SSI analysis combined with ABAQUS (2014) is shown
in Fig. 5.

3 Validation of the nonlinear soil-structure
interaction analysis

Compared with the whole thick soil layer, the
smaller finite element domain can effectively solve this
problem. However, it should be considered whether the

Site response at location
of bottom artificial

boundary in (a) is
| | (a) is acted on flexible bottom imposed on rigid bottom
boundary with visco-spring boundary.

|
[}
Bedrock surface l

Ground motion %

|
I boundary.

Fig. 4 Nonlinear seismic site response analysis: (a) 2D site response analysis using the whole thick soil layer; and (b) and (c) site
response analyses with flexible and rigid bottom boundaries, respectively
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accuracy of the scheme is satisfactory. On the one hand,
as shown in Subsection 3.2, it is proven by numerical
experiments that the exact site response results for
the reduced model can be obtained by inputting the
results of the site response of the whole soil layer. On
the other hand, the accuracy of the SSI analysis using
the reduced model with varied locations regarding the
bottom artificial boundary should be compared with that
of using the model with the whole thick soil layer. This
will be addressed in Subsection 3.3.

To prove the effectiveness of the efficient seismic
SSI analysis scheme for a thick soil layer, the numerical
results from three case studies, including a one-story,
two-span subway station; a two-story, three-span
subway station; and a circle tunnel are presented in this
section. Also, the efficient analysis scheme is applied to
calculate the dynamic response of the 3D model of the
one-story, two-span station to further demonstrate the
feasibility of the efficient analysis scheme for a more
complicated case study. The accuracy and efficiency
of the efficient analysis scheme for the underground
structure is discussed herein. The numerical analysis is
implemented with the use of ABAQUS software.

3.1 Underground structures taken as examples

Three typical cross sections of underground
structures with detailed geometries are shown in Fig. 6.
In this figure, the red nodes and sections are used as

Parameters
Site analysis in ABAQUS

A column of finite elements
— (Fig. 2)
Material properties l

Calculation

Node and element
information

-—-— -

in ABAQUS artificial boundary velocity and stress
1
\ Self-compiled MATLAB program

I P X
.
I f (Eq. (3)
l
- - —

SSI analysis Viscous-spring Nodal displacement,
i=" Equivalent nodal forces
Boundary nodes -]~~~ ~———
—_— ~ ¥ I
Fig. 5 Flow chart of nonlinear SSI analysis combined with

e T T—

representative nodes and sections to present calculation
results. The burial depth and material properties of the
structures are listed in Table 1. It should be noted that
during the 2D analysis the central column is assumed
to be a continuous wall (Huo et al., 2005). According
to the equivalent method of bending stiffness, the actual
spacing of the columns in the longitudinal direction is
taken into consideration, with reduced section width.
The actual spacing of the columns in the longitudinal
direction for a one-story, two-span subway station and a
two-story, three-span subway station are 3.5 m and 9.3 m,
respectively. Three types of sites, from hard to soft, with
a homogeneous soil layer on half-space bedrock, named
Site 1, Site 2 and Site 3, were selected for this study. They
belong to class II, class III and class IV, respectively,
according to the Chinese Code for Seismic Design of
Urban Rail Transit Structures (GB 50909-2014). The
mechanical behavior of the surrounding soil is simulated
by the Mohr-Coulomb constitutive model, which is
characterized by cohesion, the friction angle, the elastic
modulus, and the Poisson ratio. The geometry and elastic
material constants of the three sites are shown in Table 2.
The cohesion and friction angle of soils are 20 kPa and
5°, respectively. The bedrock is regarded to be a linear
elastic material. The density and shear wave velocity
of bedrock are 2100 kg/m*and 500 m/s, respectively.
Therefore, three 2D SSI analysis models were built
in ABAQUS as shown in Fig. 7 to validate the accuracy
and efficiency of the method. The thickness of the whole
thick soil layer is 250 m. The accuracy of the reduced
model for the site response and SSI analyses is indicated
by comparing the solution of the reduced model with
that of the whole thick soil layer. The bottom boundary
location of the SSI model is studied in this section. So,
in order to reduce the error caused by lateral artificial
boundaries, the widths of all the 2D finite element models
are set to 300 m. A 4-node bilinear, reduced integration
plain strain element, CPE4R, which is provided by
the ABAQUS element library, is used to model the
surrounding soil and subway station structure. The
implicit integration algorithm is used in the software.
The surrounding soil domain is discretized with a
consideration of the numerical accuracy of simulating
seismic wave propagation, which requires mesh size of
1/10-1/8 of the wavelength (Ma et al., 2018). The finite
element mesh size of soils and structures are 1 m x 1 m and
0.2 m x0.2 m, respectively, which satisfies the accuracy

ABAQUS requirement for dynamic analysis.
Table 1 Burial depth and material properties for the three structures
Structure Burial depth Density Elastic Poisson ratio Elastic modulus of
(m) (kg/m?) modulus (GPa) columns (GPa)
One-story two-span 5 2500 24.0 0.18 6.85
station
Two-story three-span 5 2500 32.5 0.20 3.48
station
Tunnel 5 2500 24.0 0.18 \
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Table 2 Geometry and material constants of sites

Site names Site classification Thickness (m)  Density (kg/m®)  Shear wave velocity (m/s)
Site 1 11 250 1900 300
Site 2 111 250 1900 250
Site 3 v 250 1900 150
Bedrock - 250—00 2100 500
e Representative points where the 219
displacements are observed. 585 0303 48

]0.3
11

— Representative sections where the
internal forces are observed.

11 11

1

(a)

©

Fig. 6 Three kinds of underground structures: (a) one-story, two-span subway station; (b) two-story, three-span subway station;

and (c) circle tunnel. The unit of length is m

|l |
| D 1

300 m
(a)

>

300 m
(®)

250 m

300 m
(©

Fig.7 Finite element models of SSI systems: (a) one-story, two-span station with Site 1, Site 2 and Site 3, respectively; (b) two-story,
three-span station with Site 1, Site 2 and Site 3, respectively; and (c) tunnel with Site 1, Site 2 and Site 3, respectively

An earthquake is inputted as a vertically incident
SV wave from the underlying half-space bedrock. The
incident earthquake motion from the half-space bedrock
is half of the bedrock outcrop motion according to wave
theory when assuming the bedrock is a linear elastic
material. So, the Kobe University record obtained from
the bedrock outcrop is lessened as half to input, and
the modified acceleration time history and its response
spectrum is shown in Fig. 8.

3.2 Site response analysis results

The effectiveness of the nonlinear site response
analysis scheme presented in Subsection 2.2 is initially
indicated here by numerical examples. Also, the site
responses shown in Figs. 4(b) and 4(c) are equivalent
to the corresponding site response of Fig. 4(a), which is
also verified in this section.

In order to prove the accuracy of these solutions, a
reference solution is given via the finite element analysis
of an adequately large model so that the wave reflection
from the lateral boundary does not affect the site response
at the central line of the model. The maximum shear
wave velocity of soil (300 m/s) multiplies the required
computational time (8.8 s) to arrive at the distance from
the lateral boundary to the central line of the model.
Therefore, the width of the reference model is 5300 m,
and the mesh size of the finite element is illustrated in
Fig. 9.

The nonlinear site response results are shown in Fig.
10. The reference solution is obtained by computing the
reference model between the beginning 0-8 s because
the reference model can obtain an accuracy solution
within 8 s. The result of entire site shows that the 250 m
thick soil layer is used in the site response analysis. The
results of reduced sites show that only the 50 m thick
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Fig. 8 Acceleration time histories of incident earthquake motion and its response spectrum

soil layer is used in site response analysis. The bottom
of the reduced site is treated by flexible or rigid bottom
artificial boundaries, respectively. The detailed process
is presented in Subsection 2.2, Fig. 4. It can be seen
from Fig. 10 that these nonlinear site responses are in
agreement with the reference solution. The results also
demonstrate that the efficient analysis method is accurate
for the free field (site response). This is essential for the
establishment of efficient analysis method.

3.3 2D SSI analysis results

When the efficient nonlinear SSI analysis is
performed for a reduced finite element model, the site
responses are exact as mentioned in above subsection,
but they are approximate for the SSI analysis due to their
approximation for the scattered field. It is difficult to
provide an accuracy evaluation in theory for the reduced
SSI model by comparing it to the SSI model, including
the whole thick soil layer. The accuracy of the efficient
SSI analysis will therefore be evaluated by the numerical
experiments.

In this section, the calculation accuracy and efficiency
of the efficient analysis scheme for the 2D nonlinear SSI
analysis are studied. The reduced models with the flexible
and rigid bottom artificial boundaries also are discussed.
The bottom artificial boundary is located at depths of
20 m, 30 m, 50 m and 70 m, respectively. The solution
obtained using the SSI model with the whole soil layer is
provided as a reference. The thickness of the whole soil
layer is 250 m, as shown in Fig. 7. For conciseness, only
the dynamic responses of the representative nodes and
sections of each model are plotted.

As shown in Fig. 6, points 4, B and C are selected
as representative nodes. Points D, E and F are selected
as representative sections. The displacements of those
nodes, the shear force and the bending moment of
sections were extracted from the numerical analyses
for comparison purposes. Also, a relative error of peak
values is defined in order to quantize the accuracy of
these solutions. It is written as:

||r(t)

10

(®)
|r0(t)

PVE =

max

I I
| I
2x1m { 1x1lm : 2x1m 3xIm free
| I
| I

< >l | > |

1000m 1 600m I 1000m !

|
T 1350 m 1350m

Fig. 9 Sketch for mesh size of the finite element for the
reference solution

Reduced site with flexible bottom boundary = = = = Reduced site with rigid bottom boundary
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b
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Fig. 10 Nonlinear site response results at the ground surface
using Site 1, Site 2 and Site 3, respectively

where 7(¢) is the reference solution; r(7) is the result
obtained using the reduced SSI models; | | denotes taking
the absolute value; and the subscript max represents
taking the maximum value.

Seismic responses of those structures at Sites 1, 2 and
3 that are under earthquake motion (Fig. 8) are shown in
Figs. 11-13, respectively. The bottom artificial boundary
is located at depths of 20 m, 30 m, 50 m, 70 m and 250 m,
respectively. In these figures, the abbreviations RFBB
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Fig. 11 Nonlinear SSI results for a one-story, two-span station structure with Site 1, Site 2 and Site 3, respectively
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Fig. 12 Nonlinear SSI results for a two-story, three-span station structure with Site 1, Site 2 and Site 3, respectively
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Fig. 13 Nonlinear SSI results for a tunnel with Site 1, Site 2 and Site 3, respectively

and RRBB denote the results obtained from reduced the
SSI model, with a flexible bottom boundary and a rigid
bottom boundary, respectively. PHD denotes the peak
value of the time history of horizontal displacement;
PSF and PBM denote the peak value of the time history
of shear force and bending moment, respectively. The
numbers at the side of the striped columns denote
the error in Eq. (8) between the SSI results, using the
reduced models and the reference solution.

Some conclusions can be drawn from these figures,
as follows. 1) The errors of peak value displacement
between reduced SSI models and the reference solution
are less than 2% for all cases, which indicates that
the efficient analysis scheme has high accuracy for
displacement results. 2) The errors of peak value shear
force and the bending moment of the reduced SSI models
with a flexible bottom artificial boundary have a higher
degree precision than that of the rigid bottom artificial
boundary because the used visco-spring boundary can
approximately absorb the scattered field. Therefore, it is
recommended to use the reduced model with the flexible
bottom artificial boundary. 3) The error of the peak value
shear force and the bending moment of reduced SSI
models with the flexible bottom artificial boundary is less
than 20% when the distance from the bottom boundary
of the model to the bottom of the structure exceeds twice
the height of the structure. The error is less than 10% for
most cases when the distance from the bottom boundary
of model to the bottom of the structure exceeds 5 times

the height of the structure.

In order to further evaluate the accuracy of the
efficient analysis method, the spectral accelerations of
representative nodes for the reduced SSI models and
reference models are compared, as shown in Fig. 14. The
flexible bottom artificial boundary is used in the reduced
SSI models. Several conclusions can be drawn from
these figures as follows. 1) The spectral accelerations
of representative nodes obtained from the reduced SSI
models agree well with the reference solution when Site
1 and Site 2 are used. This demonstrates that the accuracy
of the efficient analysis method is higher for the relative
hard site. 2) The spectral accelerations at the zero period
for the five SSI models have a high degree of consistency,
which indicates that peak ground acceleration (PGA) at
the representative nodes obtained from the reduced SSI
models have a relatively high accuracy. 3) The spectral
accelerations of representative nodes with the soft Site
3 have an obvious amplification at the 1.2 s period. This
also may be related to the relative low frequency of Site
3 in addition to the input earthquake motion.

For 2D SSI analysis, the number of working CPUs
of a computer is 2 and the time step length is 10
The implicit algorithm is used. Computational time
consumption is shown in Table 3. It can be seen that
when the depth of the bottom artificial boundary is 70 m,
the computational time consumption of the efficient
scheme is only 1/5 of that for the scheme using the
whole thick soil layer.
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Fig. 14 Spectral accelerations of representative nodes for reduced SSI models and reference models. The flexible bottom artificial
boundary is used in the reduced SSI models. (al)—(a3) denote a one-story, two-span station structure at Site 1, Site 2 and
Site 3, respectively; (b1)—(b3) denote a two-story, three-span station structure at Site 1, Site 2 and Site 3, respectively; (c1)—(c3)
denote a circle tunnel structure at Site 1, Site 2 and Site 3, respectively

Table 3 Computational time for 2D SSI

Depth of model (m) 250
Number of elements 79559
Number of nodes 77158
Computational time (min) 240

70 50 30 20
23939 17759 11579 8489
22798 16758 10718 7698

50 30 20 18

3.4 3D SSI analysis results

Section 3.3 assesses the accuracy of the method used
by employing the 2D SSI analysis model. The 3D SSI
analysis of the one-story, two-span subway station with
multiple soil layers is used to study the efficiency of the
method. The geometric dimension of the structure is
shown in Fig. 15. The longitudinal width of the central
column of the station is 1m, with a column spacing of
2.5 m. The site conditions, including the geometry and
material parameters for each soil layer and the bedrock
are listed in Table 4. The Mohr-coulomb constitutive
model of soils was chosen for the purpose of validating
this method. The Cohesion stress and Friction angle of
soils are 10 kPa and 5°, respectively. The soil with a
shear wave velocity 500 m/s is regarded as the linear
elastic bedrock half-space. The schematic diagram of the
3D finite element model of the soil-structure system is

shown in Fig. 16. The length and width of the 3D finite
element model are 67 m and 100 m, respectively. The
mesh size of the finite element of soils and structures are
2m x2mand 0.2 m x 0.2 m, respectively.

The bottom artificial boundary of the efficient
scheme for 3D analysis is set at a depth of 30 m. The
flexible bottom artificial boundary is used. The vertical
earthquake motion, as shown in Fig. 8, is considered.
The result of 3D analysis is shown in Fig. 17. The peak
value error of displacement is less than 1%.

For 3D SSI analysis, the number of working CPUs
of a computer is 8 in the ABAQUS software, and the
time step length is 10*. The explicit algorithm is used.
Computational time consumption is shown in Table 5. It
can be seen that the computational time consumption for
the efficient scheme is only the 1/3 of that of the scheme
using the whole thick soil layer.
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Fig. 15 Geometry constants of structure
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Fig. 16 Schematic diagram of the finite element model of a soil-structure system

Table 4 Geometry and material constants of soil and bedrock

Layer number Depth (m) Density (kg/m®)  Shear wave velocity (m/s)  Poisson ratio
1 0-10 1900 140 0.33
2 10-30 1900 140 0.32
3 30-60 1900 170 0.32
4 60-100 1900 190 0.40
5 100-150 1900 240 0.30
6 150-250 2000 330 0.26
7 250—00 2100 500 0.47
g01 —Reference - ---30
Sz 0 S VE = 0.0112% 4 Conclusions
E%O.Z— An accurate and efficient scheme is presented to
£-0.3; ' o ' 5 improve the computational efficiency of nonlinear SSI
Time (s) analysis with a shallow structure in a thick soil layer.

Fig. 17 3D nonlinear SSI results of the middle point of the
central column of the structure. The 30 m denotes the
heights of the reduced SSI model with a flexible
bottom boundary. Reference solution is obtained
using a whole model of 250 m depth. PVE denotes
peak value error

Nonlinear site response analysis is still performed for
the whole thick soil layer. Next, the bottom artificial
boundary of the SSI model is subsequently relocated
upward from the actual soil layer bottom (the bedrock
surface). Numerical examples are given to evaluate
the accuracy and efficiency of the proposed efficient

Table 5 Computational time for 3D SSI

Depth of model (m)
Number of elements
Number of nodes

Computational time (min)

250 30
523626 33026
608226 391086

900 300
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analysis scheme. Some conclusions and engineering
recommendations are drawn as follows.

1) The errors of peak value displacement using the
reduced model are less than 2%, which indicates that the
scheme has a high degree of accuracy for displacement
results. 2) The errors of peak shear force and bending
moment using the reduced model with a flexible bottom
artificial boundary have a higher degree of precision
than that with a rigid bottom boundary because the
employed viscous-spring boundary can approximately
absorb the scattered field. It is recommended to use
the reduced model with the flexible bottom artificial
boundary. 3) The error of peak value shear force and the
bending moment of reduced SSI models with a flexible
bottom artificial boundary is less than 20% when the
distance from the bottom boundary of the model to the
bottom of the structure exceeds twice the height of the
structure. The error is less than 10% in most cases when
the distance from the bottom boundary of the model to
the bottom of the structure exceeds 5 times the height
of the structure. 4) The computational cost saves about
66% for 3D SSI analyses when the bottom artificial
boundary moves from a depth of 250 m to 30 m, while
the computational error of peak displacement is less than
1%. Also, it should be noted that the efficient scheme
does not consider the horizontal inhomogeneous soil
layer or multi-point earthquake motion input at the
bottom boundary of the model.
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