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A B S T R A C T

This paper presents a new high-performance, fine-scale damage analysis method using three techniques. Firstly,
efficient and detailed mesh discretization is performed via octree, which can easily accomplish cross scale and thus
significantly alleviate the burden of fine modelling using octant cubes. Secondly, the introduction of coupled scaled
boundary finite element (SBFEs) into FEM can offer more generality, flexibility and conveniences. Thirdly, the
parameter matrices (e.g. stiffness, mass, damping) of geometrically similar elements generated by octree are
proportionable and can be pre-computed. Therefore, by leveraging the similarity among elements for elasto-plastic
problems will significantly improve computational efficiency. In order to demonstrate the effectiveness of the new
approach, a fine-scale damage evolution of DaiKai subway was comprehensively modelled using different mesh
sizes. Plastic damage and generalized plasticity models for soil and interfaces were used. Results from the case
study demonstrated that octree possesses the advantages of high robustness, ability for automation and capacity to
work with fewer elements during mesh generation. The coupled SBFEM-FEM and the use of element similarity
markedly improved the computation cost (50% computation time was reduced). The presented method bypasses
the need for undesired compromise between simulation accuracy and solver efficiency.

1. Introduction

With rapid urbanization in China, the living standard of the people is
improving, and increasing numbers of people are able to afford and drive
vehicles. However, with more population joining the transportation net-
works, urban congestion (e.g. traffic jams) have becoming a more pro-
minent problem in large and medium-sized cities. One solution to im-
proving urban congestion is to give the city population the option to travel
via subway transit. By shifting a portion of city transit activity under-
ground, urban planners gain more freedom in planning city the layout and
functions. Studies [1] show that the subway is an essential tool to alleviate
the pressure of urban congestion, and is central in the process of trans-
forming a city into a modern metropolis.
While subway transit offers great benefits, cities prone to seismic ac-

tivities must consider how its subway network can be damaged once an
earthquake strikes. Damage to the transit system as well as the rest of the
city infrastructure can be disastrous. As seen from prior major earthquakes
such as the Tangshan, Taiwan Chi-Chi and Wenchuan earthquakes, heavy
blows and huge economic losses were dealt to the nation. Therefore, there
is great value in being able to effectively and efficiently perform reinforce
against seismic damage for large underground structures, and aim to

ensure their safe and smooth operation.
In such a regard, scholars have conducted much research. Chen et al.

[2–4] studied the frequency response of a model subway tunnel through
shake table excitation and through numerical simulation. Uenishi et al. [5],
Cao et al. [6], Huo et al. [7] analyzed the earthquake-induced damage of the
DaiKai metro. Liu et al. [8], Sun et al. [9], Liu et al. [10] discussed the
seismic performance of subway and underground structures. Huan et al.
[11] analyzed the damage of a subway station structure through three-di-
mensional simulation. Zhang et al. [12] considered the effect of soil lique-
faction on seismic behavior of metro structures. Gu et al. [13] introduced
the three-dimensional viscoelastic boundary and also considered the scat-
tering of seismic waves. Lu et al. [14] studied and analyzed the influence of
certain soil-structure interaction characteristics on earthquake-induced da-
mage; Du et al. [15,16] investigated the earthquake-induced failure of a
subway station using nonlinear geotechnical constitutive models.
In summary, the seismic analysis of Metro structures has made a lot

of research achievements, which can better serve the engineering
construction. However, it is worth pointing out that the refined seismic
damage analysis is still rarely reported. The main reason is the struc-
tural characteristics of the metro system itself. Generally speaking,
subway systems are typically bear the following characteristics. Firstly,
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the structural properties of the surrounding soil and concrete are quite
different. Therefore, interface elements should be considered in mod-
eling the contact of these two materials. The conventional interface
element is similar to the traditional isoparametric element. The element

surface only supports triangles and quadrilateral geometries, which
have higher geometrical requirements for mesh discretization.
Secondly, the size difference between the structure and the soil is

significant. As there will be a stress concentration in the concrete
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structures of the subway system, a fine mesh mesh can make the struc-
tural simulation more accurate. On the contrary, the stress sensitivity of
the soil is lower, and the requirements for the size of the mesh for soil can
be relaxed. However, due to the limitation of traditional element shapes,
the encryption structure will inevitably lead to subdivision of soil

meshes, resulting in a significant increase in the overall computational
cost.
The literature shows that fine analysis can more accurately reflect the

mechanism of structural failure and structural seismic performance
[17–19], both of which have emerged as a topic of much discussion and
attention. However, the traditional approach to mesh partition suffers
from multiple constraints and can require much manual intervention. For
example, the discretization of complex geometry can account for about
80% of the total analysis time [20]. Moreover, due to the limitation of the
traditional element shapes (e.g. hexahedrons and tetrahedrons), uniform
small-scale refinement applied to the entire model can bring about an
overwhelming amount of mesh points to be considered, thus making
elasto-plastic analyses difficult and resource consuming. For a long time
the trade off between mesh refinement and computational resource con-
sumption has been difficult to reconcile. Therefore, there are few reports
about refined damage propagation analysis for underground structures.
Qu [21,22] proposed an asymmetric interface element for handling the

interface between solid structure and soil, thus opening a way to solve the
problem of element size crossing at dissimilar interfaces. Additionally, the
modeler approach the problem through several options, as shown in Fig. 1.
Option 1 can be achieved using computer-aided engineering software (CAE,
such as ANSYS and ABAQUS). In this paper ANSYS was used. Firstly, the
plane geometry is imported to generate surface information in ANSYS.
Then, according to the set transition level, the surface is cut into five parts
(Fig. 1(1)). Through the discrete tool, the size of discrete elements is set for
each surface, and finally, the graphical grid can be generated by clicking the
mesh button. On the other hand, the mesh is difficult to generate directly
using ANSYS for option 2. However, the mesh may be generated through
the assistance of computer aided design (CAD) software. After drawing lines
manually, the lines can be transformed into graphical mesh format
(Fig. 1(2)) through custom programming. One such option is the manual/
semi-automatic transition for the elements at the structure-soil interface. In

Cross-scale connection

Polyhedron

Enneahedron, 9 faces, 13 nodes

Hexahedron, 6 faces, 6 nodes
Solved using FEM

Dodecahedron, 12 faces, 17nodes

Polyhedron

Solved using SBPFEM

1

2

1 2

Fig. 3. Procedure for polyhedron visualization, editing and modification.

32

4.8

Extrude

unit m

0.
5

0.2

0.5

0.
5

6.3

0.
5

0.5

7.
2

0.8
0.4

0.2

0.5
17

0.2

0.
5

0.5

0.
6

0.
5

3.
8

x
y

z

Fig. 4. Size description of the section and volume body (unit: m).

K. Chen et al. Computers and Geotechnics 108 (2019) 280–294

282



this option, the continuity of meshs between soil and structure is guaranteed
and the spanning of element scale is achieved, while considerable manual
intervention is still needed. Despite the benefits offered, the automation
capabilities in this option requires further improvement. Furthermore, the
multi-node constraint (MPC) method [16], which is mainly used to solve the
constraint equations of interface nodes, has also been investigated by re-
searchers, but its application scope and precision still need to be enhanced.

While increasing amounts of new and efficient techniques are emerging,
there is still much room for improvement before they can be put to practice.
This paper combines the octree mesh discrete technique with the use of

complex polyhedron in scaled boundary FEM [23,24], and considers some
key factors to conduct refined damage propagation analysis. There is a need
to emphasize that soil-structure interaction is highly complex and involves
detailed considerations when constructing a model. Researchers have de-
voted considerable efforts to investigate the principles of soil-structure in-
teractions, and many achievements have been accomplished. In his early
work, Robertson, I.A. [25] investigated the effects of forced vertical vibra-
tion of a rigid circular disc on a semi-infinite elastic solid. The dynamic
response of three-dimensional rigid surface foundations have been solved
using BEM [26]. Luco, J.E. and Mita, A. [27] presented an alternative
technique to obtain the dynamic response of a massless rigid circular
foundation resting on a uniform elastic half-space. Their technique avoids
the need to solve an independent set of mixed boundary value problems for
the case of wave excitation, and eliminates the numerical problems asso-
ciated with the singularity of the contact tractions along the perimeter of the
foundations. Recently, Ahmadi, S.F [28,29], Eskandari, M. [30,31], Shodja,
H.M. [32] and Samea, P. [33] developed manymethods to simulate the soil-
structure interaction problems of bi-material full-spaces and transversely
isotropic half-spaces. These works have contributed vital advances to sol-
ving the problem of soil-structure interaction, and provided an important
theoretical basis for future researchers. In this paper, the viscoelasticity of
the artificial boundary and the input method for the free wave field in-
tegrated in literature [34] are used to consider the interaction influence.
Moreover, the constitutive model for soil elasto-plastic materials [35–37],
the constitutive model for state-dependent contact surface [38], and the
model for predicting plastic damage in concrete [39] are also considered to
investigate the fine analysis of underground structures comprehensively. As
a demonstration, a fine scale damage evolution analysis was conducted for
the DaiKai subway station, which was once collapsed by a severe earth-
quake. Different mesh mesh sizes were employed to study the influence of
mesh refinement on computation results. The practical potential of octree
mesh discretization was further explored by processing geometric shapes at
different complexity levels. This research work may provide a technical
foundation and reference for accurately reproducing the structural failures
of other large engineering structures.

2. Analysis platform

This paper describes the development of an elasto-plastic complex
polyhedron element for use in scaled boundary FEM in the GEODYNA
framework, which is a large-scale geotechnical software platform in-
dependently developed by [40,41]. The polyhedron element shape can be
arbitrary (see in Fig. 2), thus bypassing the limitation of the conventional
discrete elements (hexahedrons, pentahedrons and tetrahedrons). In doing
so, the octree thought belonged to computer science could be applied to the
efficient fine-scale meshing of complex geotechnical structure. In addition
to the polyhedron element, the viscoelastic boundary, polygon interface
element, polyhedron pre-processing visualization, editing and modification
procedures are also developed (see Fig. 3). The amount of automation in the
traditional discretization pre-processing step is significantly improved. All of
the above was assembled together to create a cross-scale analysis platform
for geotechnical engineering structures.

3. Fine-scale analysis program

3.1. Finite element analysis model

In this paper, the seismic-induced failure of the DaiKai subway station
was taken as an example to conduct a detailed simulation of the evolution
of damage during an earthquake. A representative cross-section and 3D
model of the subway station is shown in Fig. 4. The design of the subway
station is that of a closed frame concrete structure. The station is covered
by a soil layer with a thickness of 4.8m, and the depth from the top
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Fig. 5. Three different mesh size cases for the finite element model.

Table 3-1
Element proportions for three different mesh densities in the discretized model.

Case Hexahedron Polyhedron Discrete time

Mesh density I 87.2% 12.8% 7.18 s
Mesh density II 91.3% 8.7% 16.26 s
Mesh density III 95.4% 4.6% 49.73 s
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surface of the soil to the bottom surface is 32m. The width of the simu-
lation model is 120m (about 7 times the station width). In addition, the
cross-sectional area of the rectangular middle column supporting the sta-
tion structure is 0.4×1.0m2, and a 5-span interval is selected. According
to the records, the DaiKai subway was not designed to be earthquake re-
sistant. Therefore, during the Hanshin earthquake, the middle column
within the station was severely damaged. As the two terminals of the roof
were supported by rigid nodes, bending damage occurred in the upper roof
once the middle column collapsed. Indeed, the maximum amount of da-
mage sustained by the station during the earthquake occurred in the top
plate. In order to reinforce against future damage, a M-shaped section
[11,15] was implemented in the rebuilt station.
Three different mesh densities were used to reveal the effect of meshmesh

size on the propagation of structural damage. The cross-scale model used for
finite element analysis is shown in Fig. 5. The maximum size of the soil mesh
size was set as 3.2m, and the mesh size of concrete structure decreased from
0.4m, 0.2m, and finally to 0.1m. Details of the three types of mesh densities
are listed in Table 3-1. It can be seen from the table that the octree-generated

discrete elements are of high quality, with the proportions of the hexahedron
(the cube and the cuboid) reaching about 90%. As mesh density increased, the
proportion of hexahedrons also increased. Conventional elements were used in
the FEM analysis, and the polyhedral elements were solved by semi-analytical
scaled boundary FEM, which ensured high-precision analysis.

3.2. Element similarity

An element stiffness can be solved using Eqs. (3-1) and (3-2), where
K is the element stiffness matrix, Ω is domain of integration, B is the
strain-displacement transformation matrix, D is the constitutive matrix,
and dV is the volume of the element.
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Table 3-2
Proportion of cubes in hexahedron population.

Case Hexahedrons

Cube Non-cube

Mesh density I 35.80% 64.20%
Mesh density II 51.28% 48.72%
Mesh density III 67.22% 32.78%
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Matrix B is only related to the interpolation shape function of the
element, and is not related to element size. The constitutive matrix D, as
shown in Eq. (3-3), is determined by the elasticity modulus E and Poisson's
ratio υ. D0 is a scalar coefficient determined by E and υ, and i denotes the
ith Gaussian point. Here, an isoparametric element is used, and there are
eight Gaussian points in total. For the elastic analysis of the same material,
the modulus and Poisson's ratio are constant values, resulting in the values
of matrix D remaining constant. Therefore, the stiffness matrix K is similar
for cubes with different sizes but with same aspect ratios f(l) (see in Fig. 6),
and is thus proportional to element size. While the elastic modulus will
change during the computation for elasto-plastic materials (such as soils),
it is uncertain whether or not the similarity of stiffness matrices can be
retained. Practical experiments suggest that this similarity can be pre-
served. The related principles are briefly discussed as follows:

(1) In the plastic damage model, the secant modulus is obtained
through an iterative process, and thus the modulus can be obtained
via the degeneration coefficient. As shown in Eq. (3-3), the

constitutive matrix is proportional to E. Assuming that E=1, then
the constitutive matrix D can treated as a constant, and the current
stiffness matrix thus be obtained by multiplying the elastic modulus
Ei evaluated in each Gaussian point i in the subsequent iteration.
Therefore, the stiffness matrix can be obtained through a scaling
factor in the plastic damage model.

(2) For the same material, the Poisson's ratio υ can be considered as
constant in the equivalent linear model. The strategy of elastic
iteration is adopted on our developed program platform, namely, the
elasticity modulus is always used for iteration in nonlinear iteration
calculation. From Eq. (3-3), a conclusion can be drawn that the
constitutive variable D is proportional to the elastic modulus. Thus,
the stiffness matrix can be solved using the proportional coefficient.

(3) Similarly, the Poisson's ratio is not supposed to change in the gen-
eralized plastic model. The technique of elasticity modulus is em-
ployed in each iteration. In this manner, the stiffness matrix of
different cubes can be computed directly via a proportional coef-
ficient.
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Generally speaking, the use of element similarity can be extended to
simulate the constitutive for model concrete plastic damage as well as
the elasto-plastic constitutive model for soil, and derive the equivalent
linear model, all of which will greatly improve the efficiency of damage
simulation of underground structures. A flow chart of the use of ele-
ment similarity is shown in Fig. 6.
Table 3-2 and Fig. 7 indicates another notable feature of the octree

mesh that is the cubes account for a considerable percentage of hex-
ahedrons. These cube elements are exactly the same except that the
their sizes are in ratios of 2n times of the unit cube. As the dimensions
are proportionate to each other, the stiffness matrices of the elements
are thus theoretically also similar and proportionate to each other.
Thus, by simply computing and storing the parameters of a unit cube,
the other cube elements, and thus the stiffness matrices of much of the
model can be computed efficiently based on the unit cube.
As shown in Fig. 8, the small amount of polyhedrons are handled by

SBFEM, and the hexahedrons, which compose the bulk of the elements,
are solved using FEM. However, unlike traditional FEM, the cubes are
to be solved via the similar element technique.

3.3. Material parameters and ground motion input

In this paper, the soil is treated with a generalized plastic model
[35–37], and the parameters are obtained according to the soil dis-
tribution, experimental and simulation data provided by the literature
[6,9,15]. The constitutive model of the state-dependent interface [38] is
used to simulate the soil-structure interaction (see Fig. 9). The model

Soil
Concrete

Interface

Soil
Generalized plastic model

Concrete 
Plastic damage model

Interface
Elasto-plastic model

Fig. 9. Elasto-plastic material model assignment for the subway station and the surrounding soil.

Table 3-3
Parameters of the generalized plasticity model.

G0 K0 Mg Mf αf αg Hu0 Hl0 mv
320 400 1.38 0.45 0.25 0.4 3000 900 0.20

ml ms β0 β1 γDM rd γu mu

0.40 0.20 25 0.01 70 20 5 0.40

Table 3-4
Parameters of the generalized plastic interface model.

Ds0/kPa Dn0/kPa Mc er λ a/kPa0.5 b c
1000 1500 0.88 0.0 0.091 224 0.06 3.0
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Fig. 10. Acceleration of the Kobe wave: (a) x-, (b) y-direction.
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parameters are listed in Table 3-3 and Table 3-4. The concrete on the
other hand is treated with a plastic damage model [39], and the model
parameters are defined as follows: density ρ=2400 kg/m3, elastic
modulus E=32.5 GPa, Poisson's ratio υ=0.2, ultimate compressive
strength fc= 25.6MPa, ultimate tensile strength ft = 2.0MPa.
For modeling the seismic response of the structure, a viscoelastic ar-

tificial boundary and the free wave field input method [34] is used. Fig. 10
shows the ground motion record observed in the Hanshin earthquake. The
earthquake was implemented for 20 s with a time step of 0.005 s.

3.4. Results

Figs. A1–A3 show the overall damage distribution of the subway sta-
tion computed using three mesh densities. Fig. A1 shows that when the
mesh size of the concrete structure was 0.1m, the structural damage was
localized and the bands of damage were pronounced. There was also
strong continuity in the damage distribution. Different levels of tensile and
compressive damage occurred at the two ends of the columns, the top
plate and the four corners. As the element size increased, the damage
became less localized (Figs. A2 and A3). When the concrete scale was
0.2m, the damage distribution became more diffuse. At an element size of
0.4m, the structural damage became even more spread out, mainly due to
the impact of element size. At the larger element sizes, when a portion of
an element is destroyed, the simulation considered the entire element to
be destroyed, thus effectively increasing the apparent damaged area. Thus,
the results suggest that smaller mesh sizes can yield more accurate seismic
responses, especially in regards to damage simulation.
Fig. A4 shows the deformation of concrete structure. The station roof

was severely damaged by bending induced tensile stresses about 3m away
from the pillar location. As a result, the top plate collapsed and formed an
M-shape. The resultant shape is in good agreement with the description of
the station deformation after earthquake in the literature [11]. The da-
mage results of the middle columns are compared to photographic records
in Fig. A5. As seen in Fig. A5, a large number of the columns suffered
severe crushing and tensile cracking, thus contributing to a loss of bearing
capacity and ultimately causing the roof to collapse. In the simulation
results, the damage factor in the ends of middle columns is close to 1.0,
indicating a complete loss of bearing capacity and crushing in the col-
umns. The lower part of the middle columns was also damaged greatly,
further suggesting that the concrete structure is completely broken. A
closer inspection of the column damage distribution reveals that the da-
mage in the left of the columns was slightly larger than the right side. The
slight disproportionate failure caused the columns to be toppled over. In
summary, the failure mode of the middle columns obtained from the si-
mulation results are consistent with the true seismic-induced damage. This
case study demonstrates the practical applicability of the proposed method
in the damage analysis of concrete structures under seismic excitation.

4. Application potential

The prior sections show in detail that the more refined the mesh is, the

more accurately the simulation can reflect the development of damage
during the seismic excitation. Numerical simulations using adequately re-
fined meshes is thus an effective way to accurately simulate the en-
gineering catastrophe and reproduce the structural failure mode. Compared
to traditional meshing methods, the proposed Octree-SBFEM benefits from
several unique advantages. In particular, traditional modeling solutions
face two major difficulties which are summarized as follows:

(1) Traditional uniform scaled models are difficult to cross scale. Mesh
refinement will result in a large number of elements that make it
difficult to conduct an elasto-plastic analysis.

There is a wide difference in the nature of local vs global scale
damage in large civil structures such as subway stations, large-scale
bridges, high-rise buildings and other similar structures. Therefore,
there is an urgency in the field to develop a computational model that
can simultaneously simulate both local micro-damage and macro-be-
havior of the structure. Cross-scale analysis is an effective way to solve
this problem. However, due to the constraints in element shape of
isoparametric elements, it is difficult for the traditional modeling
scheme to achieve high-performance, cross-scale modeling.
If a fine-scale discretization is adopted globally, the result will be a

highly detailed mesh that will consume excessive amounts of computa-
tional resources. Considering the prior model as an example (parameters
for all three cases listed in Table 4-1), one can observe that the mesh for
the globally fine mesh (0.1m) has a staggering amount of elements and
nodes. The sheer number of components will have a total of 100 million
degrees of freedom (108), which will be a daunting task for most com-
puters to carry out. Practically, more than 90% of the geotechnical ma-
terials do not need such fine mesh density, and such mesh refinement
will only return a few benefits in proportion to its massive computational
cost. On the other hand, when using the cross-scale refinement method in
this paper, the number of elements can be reduced 67.4 times, and the
degree of freedom will be reduced to about 3 million. Furthermore, the
mesh is still precise at key locations in the model, thus ensuring the
accuracy of the simulation. Areas that are not influential on the results
(e.g. the bulk of the soil) can be modeled using a sparser mesh to save
computational cost. Therefore, the cross-scale refinement method opti-
mizes the balance between accuracy and efficiency.

(2) The hexahedral mesh has difficulty adapting to complex bound-
aries, and the labor cost is high, making it difficult to achieve au-
tomated discretization.

Automated hexahedral meshing means that the modelling program
can automatically generate the hexahedral mesh. Most software currently
supports mapping, dragging, sweeping and other functions to generate
hexahedrons, but these functions are only applicable to simple models.
If complex situations such as soil stratification is considered (see

Fig. B1), the task of mesh meshing through traditional methods will
become highly difficult and labor intensive due to the amount of irre-
gular boundaries. For complex 3D geometries, as shown in Fig. B2,
when the two lines cross over, the conventional strategy of dragging
and sweeping cannot be applied. Accurately modeling such a feature
can take days of manual labor in cutting, simplification, block dis-
cretization, etc.
An alternative to model complex geometries with less manual in-

volvement is to use automatic tetrahedral meshing. However, such an
approach may result in poor performance if intermediate nodes (i.e.
higher-order interpolation) is not used. Yet, once intermediate nodes
are involved, another set of problems arise, including complications in
processing, extended solving times, lower convergence rates, etc. Thus,
the introduction of a program that can automatically generate hex-
ahedral meshes will be beneficial for many researchers.
The two examples above can be easily and efficiently handled via

the octree cross-scale scheme. As shown in Fig. B3 and Fig. B4, the

Table 4-1
Information statistics of global refined and cross-scale meshs.

Size of concrete mesh Type Elements Nodes

0.4m Global scale (G) 1,029,904 1,079,738
Cross-scale (C) 29,318 37,917
Reduction Ratio (G/C) 35.1 28.5

0.2m Global scale (G) 8,015,386 8,207,305
Cross-scale (C) 155,224 180,585
Reduction Ratio (G/C) 51.6 45.4

0.1m Global scale (G) 64,123,088 65,658,440
Cross-scale (C) 951,992 1,043,902
Reduction Ratio (G/C) 67.4 62.9
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meshing can be completed in a short time, and the ratio of hexahedron
reached approximately 90%. Furthermore, the mesh density can be
adjusted by simply redefining the maximum and minimum mesh size.
These two additional examples further demonstrate how the use of
octree cross-scaling for meshing can save in computational and labor
costs. The proposed method lays the foundation for further work in
automated discretization.

5. Conclusion

This paper presented the integration of semi-analytical scaled
boundary polyhedral element (SBFEM) with the efficient octree-based
discretization method to eliminate restrictions on element shapes and
greatly increase solution speeds for fine scale analysis. The integration
gives structural engineers a streamlined platform for efficient yet accurate
modeling and solving results for complex geometries. A demonstration
was performed by using the proposed method for the fine-scale analysis of
the DaiKai subway station under seismic excitation. The computation re-
sults obtained from the method are in good agreement with the actual
seismic damage shown in photographs. The paper also discussed the ap-
plications and development potential of the method. Three preliminary
conclusions about the method can be drawn as follows:

(1) With mesh refinement, the damage distribution of the DaiKai
subway was localized and continuous, indicating that the fine-scale
analysis can more accurately reflect the structural seismic response
and damage propagation. The results suggests that in a broad sense,
the use of refined meshes may be a necessary approach for accurate
simulation of earthquake damage.

(2) The use of a globally fine mesh will generate an unnecessarily large
number of elements an nodes that will waste computational re-
sources. The increased number of components also makes it difficult
to perform elasto-plastic analysis. On the other hand, the octree-
based, cross-scale modeling is a novel approach to drastically re-
duce computational costs while maintaining the required amount of
accuracy. In the examples shown in prior sections, only a few
minutes was needed for the method to automatically generate a
hybrid mesh (fine scale at key locations, coarse at unimportant

locations) for complex geometries. The method is especially useful
at handling interfaces between uneven layers of dissimilar mate-
rials. The method has strong processing capabilities and potential
for the mesh generation of arbitrary three-dimensional geometries.

(3) Solver efficiency is another bottleneck for simulation speeds.
According to the case study in the paper, 90% of the model was
composed of conventional elements generated by the octree-based.
Within this population of elements, more than 60% were cubic and
were geometrically similar. With the similar geometry, the para-
meter matrices (i.e. stiffness matrix, mass matrix and damping
matrix) among the elements also become similar and scalable. Thus,
from one unit cubic element, the parameters of all other cubic
elements can be derived. This “nonlinear similar element” (NSE)
method avoids considerable repeated computations, and sig-
nificantly improves the solution efficiency. Additionally, the
strategy of coupling SBFEM-FEM will fully leverage the advantages
of two methods. Furthermore, the example applications shown in
the paper demonsrated that coupled SBFEM-FEM and NSE mark-
edly optimized the computational performance. Approximately
50% of the computational time was reduced in the DaiKai simula-
tion. The proposed method has strong potential for simulating
seismic attack of complex systems such as water conservation fa-
cilities, long-span bridges and nuclear power plants.

While the work detailed in this paper demonstrated the feasibility,
efficiency and potential of the method, there are certain aspects that
were neglected. For example, the simulation would be even more ac-
curate by considering experimentally obtained values of the actual soil
layer, the consideration of steel mesh etc. The inclusion of these factors
will be explored and discussed in the future development of the
method.
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Appendix

A. Results of DaiKai simulation

See Figs. A1–A5.
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Fig. A1. Global diagram of damage distribution (mesh size 0.1m for concrete).
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Fig. A3. Global diagram of damage distribution (mesh size 0.4m for concrete).
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B. Example of applying coupled SBFEM-FEM

See Figs. B1–B6.

Literature [42]

The columns are crushed at both ends
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Fig. A5. Comparison between the damage distribution and the actual seismic damage [42].
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Fig. B1. Situation in which the boundaries of different soil layers are considered.
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When two lines cross over in 3D space, traditional modeling 
methods do not allow dragging or automated discretization. 
Such a situation will be extremely difficult to handle using 
conventional means.

Unit m
70

90

Fig. B2. A portion of the metro infrastructure where two subway lines interleave each other.

The boundaries of layered soil can be 
addressed simply

The proportion of hexahedron is 91%

Fig. B3. Discretization of the metro station with layered soil using octree.
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Mesh is generated automatically and efficiently.

The proportion of hexahedrons is 87.33%

Ele 4,959,451
Node 5,850,173

Discretization time 346.53 s

Detail (1)

Detail (2)

Fig. B4. Discretization for interleaving subway circuit using octree.

Fig. B5. Partial detail (1) for discretization for interleaving subway circuit using octree.
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