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ARTICLE INFO ABSTRACT

Keywords: This paper presents a novel BIM-Octree-FEM-SBFEM method (BOFSM) for rapid modeling and seismic dam-
Octree age analysis of structures. The BOFSM enables rapid and accurate modeling of structures by incorporating
SBFEM

three innovative improvements. Firstly, integrating the digital building information method (BIM) with the Octree
algorithm for discretization, a complex geometric model can be directly transformed into an analysis model. The
automated transformation process eliminates considerable manual efforts typically expended in the traditional
method. Secondly, the solver is improved using finite element method (FEM) to solve the hexahedrons elements
while using scaled boundary FEM (SBFEM) to solve the polyhedrons. Thirdly, a nonlinear similar element (NSE)
technique is proposed for cubes that occupy about 80% of the meshes. The matrices of one unit cubic element are
pre-computed and stored in memory. Subsequently, the parameters of each element can be directly computed by
scaling the dimensional coefficient and damage factor, thus offering an economical computational approach for
massive matrices in damage analyses. The above methods are implemented in an in-house program GEODYNA,
with CPU+GPU parallelization and multitasking capacity. Two refined seismic destruction analyses for frame
buildings were conducted and some potential advantages are discussed. The results demonstrate the efficiency,

Building information modeling
Detailed grids
Structure damage

universality and robustness of the BOFSM.

1. Introduction

The Finite Element Analysis (FEA) of structures typically involves the
following four procedures: (1) the construction of a geometric model,
(2) discretization, (3) numerical analysis and (4) post-processing. In
the first procedure, the most common approach is to build the 3D
geometric model starting from the basic elements (i.e. bottom-up
approach). Each elements (points, line and area) are created one after
another, according to the given design schematics. Correspondingly,
there is also an up-bottom modeling method, which builds the body
first, and then automatically generates the surfaces, lines and points,
which is suitable for general geometry (i.e. cylinder, cuboid, sphere,
etc.). In addition to the painstaking and time consuming process of the
bottom-up approach, we must also consider the iterative efforts taken
by structural engineers to come up with a feasible design. This entire
process of building the model is estimated to take over 57% of overall
analysis time [1]. This situation is a strong motivator to develop an
innovative pre-processing program that enables efficient modeling and
fast, automatic discretization and solution techniques.

In regards to the above problem, an emerging technique, called
Building Information Modeling (BIM), can serve as a powerful solution.
BIM has even been hailed as the marker of a second technological revolu-
tion in engineering structure design [2]. This technology has taken over
as the new computer aided design (CAD) paradigm increasingly in archi-
tecture, engineering, and construction (AEC) for both industrial and aca-
demic circles [2]. BIM benefits the structural design process by enabling
systematic modeling functions, interactive visualization, and standard-
ised data exchange interfaces [3]. While the advancement of compu-
tational technologies makes the modeling process easier than ever be-
fore, the above-mentioned benefits of BIM are rarely realized in FEA to a
lack of integration among modeling, discretization and solution modules
within FEA software. For now, the main application of BIM is geometric
representation, work planning, construction and operation. In order to
make full use of the advantages of BIM, it is necessary to explore new
discrete methods and solution techniques.

For the second procedure (discretization), the octree algorithm is
often used due to its highly efficient meshing methods as well as robust
grid adaptation, rapid mesh regeneration and straightforward data
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Fig. 1-1. Illustration of hanging node in grids generated from Octree algorithm.

access. Such advantages are made possible due to the use of simple
Cartesian structure and embedded hierarchy [4]. The octree algorithm
enjoys an increasing usage in the numerical computing community
for applications in computational fluid dynamics, plasma physics and
other fields [4-7]. However, the algorithm generates extra hanging
nodes on partial edges [8-10], which will lead to uneven displacement
on adjacent edges (shown in Fig. 1-1). On the other hand, the use of
polyhedron elements would be an effective solution for the problem;
the Scaled Boundary FEM (SBFEM), recently developed by Wolf and
Song [11], implements such a solution and is used in this study.

One advantage of SBFEM is that only the boundary discretization
is required, similar to the boundary element method (BEM) [12,13],
and the fundamental solution is not required. A second advantage of
SBFEM is the flexibility and versatility inherited from FEM. The third
advantage is that this method is semi-analytical, wherein the linear ele-
ment has high accuracy compared to FEM. After two decades of devel-
opment, many researchers have made efforts to focus on expanding the
application and improving SBFEM. Liu et al. [14,15] analysed electro-
magnetic problems using SBFEM, and a good performance was demon-
strated. Ooi et al. [16] then improved the method to perform nonlinear
analysis. Subsequently, Chen et al. [17,18] formulated more convenient
and practical elasto-plastic solutions for 2D and 3D problems, and ex-
panded the application of SBFEM to geotechnical problems. As stress
singularities can be solved perfectly via SBFEM, multiple researchers
have used the method in crack propagation problems [19-22]. Lu et al.
[23] and Birk and Behnke [24] modified the SBFEM for the problems re-
garding layered soil and soil-structure interactions. Furthermore, SBFEM
based modeling of 3D steady-state heat conduction in anisotropic lay-
ered media was developed in [25]. Lin et al. [26] applied this SBFEM
for sloshing analysis of liquid storage tanks. A nonlinear analysis of dy-
namic interactions of CFRD-compressible reservoir system was intro-
duced by Xu et al. [27]. Use of SBFEM in wave interaction and propaga-
tion simulations were reported in [28-30]. Other applications include
heat conduction problems [31], computation of hydrodynamic pressure
in seismic problems [32,33], nonlinear dynamic liquefaction analysis
of saturated soil [34], and rapid automatic image-based stress analy-
sis [9,10]. More recently, some research findings have been published,
such as a novel error indicator and an adaptive refinement technique
are discussed [35], application of arbitrary faceted star convex polyhe-
dral [36], elasto-dynamics analysis has been conducted [37], mesoscale
fracture modeling in concrete using SBFEM [38], simulation of crack
propagation modeling in functionally graded materials [39], stress anal-
ysis of 3D complex geometries [40], Saputra and coworkers reported the
computation of three-dimensional fracture parameters [41], and Zhang
et al. conducted damage evolution analysis [42,43]. A global concur-
rent cross-scale nonlinear analysis approach (GCCNA) that is based on
SBFEM was published [44]. GCCNA is attractive for practical applica-
tions due to potential for efficient refinement analysis of large, complex
engineering structures.

In summary, we have three parallel developments (BIM technology
for modeling complex 3D architectures, octree generator for discretiza-
tion, and elasto-plastic polyhedron SBFEM for numerical computation),
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we can now aim to improve the process for analysing the evolution of
seismic damage on engineering structures. The feedback enabled by the
above developments will help increase the integrity and security of key
civil infrastructure.

The objective of this paper is to synthesize an innovative combina-
tion of BIM and an efficient octree-based mesh, as will be shown in
Section 2. In Section 3, we will introduce a simple SBFEM approach for
polyhedron formulation and developing the model for concrete dam-
age plasticity. The verification and practicality of the procedures is dis-
cussed in Section 4. Finally, remarks and conclusions about the method
are summarized in Section 5.

2. Integrating BIM and structural analysis

2.1. CAD-to-CAE-to-FEM (traditional: repetitive manual efforts,
cumbersome and error-prone)

There are two kinds of methods of analysing engineering structures:
wire-frame analysis with the bar and shell elements; and the other is
through solid elements. As shown in Fig. 2-1, in wire-frame analysis,
it is easy to use and can quickly understand the overall response of the
structure, while the method is difficult to capture structural damage and
destruction. Thus in this paper, we focus on the use of solid elements
for FEM modeling.

Establishing the solid model is the first step in finite element analysis,
and the model is the key to decide whether the analysis result is reason-
able or not. Traditionally, space structures are designed from a bottom-
up approach. Thus geometric elements such as points, lines and surfaces
are created on after another. All elements are subsequently combined to
generate the whole geometric model (see Fig. 2-1). Considerable man-
ual effort is needed from the engineer to construct the model, which
makes the pre-processing cumbersome and error-prone. Since the en-
gineer is not actually changing the original design of the structure in
this step, most of the work at this stage is repetitive work. The more
complex the structure is, the more difficult it is to completely match the
digital model to the original schematics. It is estimated that creation
of an analysis-suitable geometry requires about 57% of overall analy-
sis time [1]. Therefore, the modeling process has much potential for
improvement in terms of efficiency and accuracy.

2.2. BIM-to-bar-shell element analysis (difficult to capture failure
processes)

As a newly developed 3D structure design method, BIM is a general-
ized terminology that encompasses the integration of advanced methods
for a complete digital representation of a building’s geometry, perfor-
mance, planning, construction and operation [45]. BIM offers significant
benefits to project delivery standards, such as improvements in design
quality [46], reduction in construction costs [47], and improvements
in facility management [48]. Additionally, BIM provides an informa-
tion enriched environment for predicting building performance, thus
help improving sustainability throughout the building’s lifecycle [49].
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Fig. 2-1. Two design model for structural analysis.

In recognition of the benefits, BIM has recently been used to facilitate
AEC education [50].

Currently, the most widely used commercial software in the field of
architectural design is Revit [51]. Through a specialized structure analy-
sis module (Revit Structure) [52], users can perform structural response
analysis (e.g. Fig. 2-2). Despite the efficiency offered in analysis of the
wire-frame model, the module method is not capable of capturing the
process of failure. The conventional finite element solid analysis can
solve the problem of presenting the structural failure, but it is very dif-
ficult to directly dissect the BIM solid model using the discrete element
method, especially when hexahedrons are used. Therefore, it is difficult
to integrate traditional FEM with the new and efficient BIM.

2.3. BIM-to-octree-to-SBFEM (highly efficient, automated, refined mesh,
robust)

In order to begin process of integrating BIM with FEM, this section
proposes a top-down design mode (namely BIM-to-Octree-to-SBFEM) to
realize the efficient generation of spatial, structural model. A generic
building structure is investigated as a representative example (explana-
tory flowchart is shown in Fig. 2-3).

In the top-down design mode, the model is derived directly from
a BIM software (e.g. Revit, ArchiCAD, MicroStation) without spending
much time on defining each point, line, plate, and volume. The BIM
solid model can also directly be imported to the octree generator for per-
forming efficient mesh discretization. However, another problem arises:
due to the presence of polyhedron elements, traditional FEM cannot
solve the grids generated form octree generator. Polyhedron formula-
tions [53-57] are more versatile and flexible, and can overcome the
element shape limitation of traditional FEM. Thus, polyhedrons are suit-
able candidates for solving the grids generated form octree generator.
The advantages of both FEM and BEM thus synergized to create SBFEM,
which provides a much more practical and flexible approach compared
to its predecessors, especially when polyhedral elements are used. As
will be seen in the following section, the SBFEM formulation is simple,
easy to implement, and highly accurate.

3. Theory and element formulation
3.1. Formulation for polyhedron SBFEM

The detailed derivation of SBFEM has been introduced in the liter-
ature [8,58], and thus only the key equations are considered here. A
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polygonal, mean-valued shape function A formulated with local coordi-
nates (¢;, &) is introduced to interpolate the boundary surface element.
Then, a point (x, y, 2) on the boundary face can be represented as
X1, &) = M. &)x
V&1, 8) = U, &y
2(81,8,) = M¢;, &)z

where x, y, z are the coordinate vectors located on the boundary.
The scaling center O(%, Jy, 2,) and the boundary are connected using

the defined radial coordinates &. In this manner, a point (%,,2) inside
the polyhedron can be described via SBFEM coordinates (&, &1, &,):

R(&,&1,8) = EME1L &) (x — %) + X
P&, 81,8) = A&, &)y — o) + Do
2(8,&1,8) = EAE1,86)(z — 2p) + 29

A transformation matrix J,, is needed to map between SBFEM and
local cartesian coordinates, which is given in equations below:

@G.1

(3.2)

x(&1, &) (1, &) 2(¢1, &)
InG8) =|xC &) YE1L&)g 2618 (3.32)
x(¢, 52),52 v, fz),gz 2(81,62) ¢,
T8 = X0 26, = 2 95) + Y2 Xy = X 2)
+ z(x.51 Ve = Ve xvfz) (3.3b)
where the derivatives are obtained from Eq. (3.1) as:
x(61,8)) g, = ME1, 8 g X
J’(fpfz),gl = 1(51@2)4]513’
2(81,8) g, = M1, 6 ¢ 2 (3.42)
x(€1.8) g, = A1, 8) g X
V&1, 8) e, = A1, &) g Y
281,86 e, = 1(51>52),§ZZ (3.4b)

The gradient of the interpolation function with respect to the local
coordinates is defined as LDu and is defined in equation below

A1, &)

LDu = /1(51, 52)»51
MELE) g,

(3.5)
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Fig. 2-2. The analysis of a building in Revit structure.

The displacement components inside a pyramid can be described via
a radial function u(¢), which is defined below

u(g, &1, &) = A&, &Hu®) (3.62)

A(E1.&) = [A U], AL, A3[T], Ay[X] -] (3.6b)

where [I] is the 3x3 identity matrix, and 4; (i=1,2,3,...,n)
are the nodal displacement functions obtained by the canonical
isoparametric technique. An equilibrium equation is extracted using the
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mechanical equilibrium condition, where the unknown is the radial an-
alytic function u(¢)

EZu(&) g + QEy + EY — Eéu(®) . + (ET - Epu@) + FE) =0 (3.7

where the matrices E,, E;, and E, are temporary variables that de-
pend only on the geometry and material properties. E,, E;, and E, are
computed as follows:

+1 p+l
Ey= / / BITDB1|Jm|d§1d§2 (3.82)
-1 J-1
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8a +1 +1
M, = / / pAT AT ,|dé&,dE, (3.8d)
-1 J-1

where B;, B, and D represents transition matrices and the material con-

stitutive matrix, respectively.
Finally, the solution for the equilibrium equation is given in equation

da below

2a (@) =y, & we 3.9)
a where S, is a diagonal matrix, and its entries are composed of the real
. parts of the eigenvalues. The matrix y, is composed of the modal dis-
placements. The coefficient ¢ can be obtained from the boundary nodal

Fig. 3-1. The ratios of octree element size. displacement vector uy =u(¢=1)

c=ylu, (3.10)
Unit length . .
- - Substituting Eq. (3.10) into Eq. (3.9), u(¢) can be solved by
Stiffness matrix
Computed Stored S —05. —1
o————| Mass matrix D —— u@) =y, &y Ty, (3.11)
Damping matrix Substituting Eq. (3.11) into Eq. (3.6a), the displacement field u(¢,

&1, &) can be evaluated by

Retrieved and scaled as ratio coefficient |

= (. &1.6) = (A e Oy uy. (3.12)
Finally, the polyhedral interpolation function ®(&, &;, &) is ex-
- - — pressed as
Provide ratio coefficient
based on element size D ELE) = A, §z)wu§_(0'5+sn)y/;l. (3.13)

Using the strain formulation provided by Wolf and Song [11], the
expression for the strain of a polyhedron can be obtained by substituting
the formulation into Eq. (3.11)

£(8.81.6) =(B, (€. &)y (=S, — 0.5)E™ 13S0y 1y,

Read element information

2a
5 ()
5

4a

¥ (éBz(:l,r:z)wué‘(‘)‘S*s")w; 1>"b : G19

Extracting the coefficient before uy, the strain computed by SBFEM
can be simplified as

Fig. 3-2. Simple process of pre-computation.

€(¢&.¢1.8) = B¢, &, &H)uy (3.152)
+p B(.61.8) = (Bi(&1. &)y, (=S, — 0.5 155y )
E, = / / BIDB||7,|d¢ dé, (3.8b) |
-1/ + (EBZ(:I,r:z)wué—(““*"n)w;l) (3.15b)
+1 e+l where B(¢, &, &) is the strain—displacement matrix of a polyhedron.
E,= / / BIDB,|J,|d¢ d¢, (3.80)
-1 Ja
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In elasto-plastic analysis, the incremental strain field can be decom-
posed into incremental elastic and plastic strain components. The plastic
strain increment can then be determined from the plastic flow rule. As-
suming associative plasticity and using the yield functions F and plastic

multiplier A4, the plastic strain increment can expressed as

Ae =Ag, + Ag,,

oF
Ag, =—AA 3.16
& =35 (3.16)

where F=F(o, k) is defined as the yield function and is determined from
the current stress state o and the hardening parameter x. Using Hooke’s
law, the incremental stress field Ac can be written as

Ac = D,,Ae (3.17)

where D, is the elasto-plastic constitutive matrix. Substituting
Eq. (3.15a) into the formulation for the incremental strain field Ae
(Eq. (3.16)), the incremental stress field is expressed as

Ac6(¢.§1.8) = D, B¢, 6)Au,

where Au, is the incremental nodal displacement on the boundary.

Subsequently, the equation for the elastic—plastic strain of scaled
boundary polyhedron elements can be derived from the principle of vir-
tual work, as shown in equation below,

(3.18)

/ 5T Ao (£, &), &)dQ = / su” f,dT+ / su’ f,dl— / 5eT6(E,&1,5)dQ
Q r r Q
(3.19)

where Ac(¢, &7, &) is the incremental stress (Eq. (3.18)), f; and f;, rep-
resent the surface traction and intensity of body forces, respectively,

GPU
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AN
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v
Mass: M | | stiffness: K Equivalent stiffness: K,, I ‘T
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N S— y — : Equivalent load: R,

Multitasking
Output

Fig. 3-5. Heterogeneous parallel computing framework using both CPU and GPU.
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and 6¢e(¢&, &, &5) is the virtual strain field corresponding to the virtual
displacement field 6,(¢, £, £;). By substituting the equations for these
variables, the detailed formula of Eq. (3.19) can be rewritten as shown
in equation below.

( /Q BT(£,¢,,6)D,, B, él,fz)dQ>Aub

- < /r ®7(E.&,.8) f,dT+ /r o7, él,:»fbdsz)

- < /Q BT(£.¢,.8)0(t, 51,:2>ds2> (3.20)

The first set of parentheses on the left-hand side of Eq. (3.20) is
the elasto-plastic stiffness matrix K, the second term is the external
load vector R,,;, and the last term is the internal load vector R;,. Thus,
Eq. (3.20) can be simplified as

KepAub = Rext - Ri 3.21)

nt

Eqg. (3.21) is a system of nonlinear equilibrium equations which
can be assembled element-by-element. The equilibrium equation of the

Engineering Analysis with Boundary Elements 104 (2019) 332-346

Table 3-1
Comparison of computational effort between the similar element method and
conventional method.

Computation method Status Multiplication Addition
Similar element: K=aXx [K,]24x24 Elastic 577 0
K=aXY" af xKu, Damaged 4624 4608

Conventional method: K = 218:] [B," 1546 [ DYoo [ B loxosdV; 34,560 39,168
problem domain is defined as
nPol nPol
<2 Kep>AUb =) Ry, —R,) (3.22)
i=1 i=1

where AUj, is the incremental nodal displacement vector on the bound-
ary of the entire domain, and nPol represents number of integration
points in all polyhedrons. Standard nonlinear iterative solvers, such as
the modified Newton—-Raphson method, can be employed to solve this
Eq. (3.22).

3.2. Plastic-damage model for concrete material

In this paper, the concrete of a frame structure is modeled using the
Lee-Fenves model, which can describe the damage propagation process.
The main components of the model are discussed here. Interested read-
ers can find a more detailed derivation in [59,60].

The total strain ¢ is decomposed into two parts in the theory of plas-
ticity:
e=¢+eP (3.23)
where £¢ and P represent the elastic and the plastic components, re-
spectively. Then, the stress—strain relationship is defined as
6=(1-D)6=(1 - D)E, : (c—¢P) (3.24)
where & is the effective stress, E, is the undamaged elastic stiffness,

and D is a scalar parameter that reflects decreased elastic stiffness (i.e.
damage degradation).

a 03 b 03
0.2 0.2F
o0 )
= 0.1 = 0.1F
.2 .8
g 00 g 00
[} [}
o -0.1 © -0.1F
51 51
< -02 < 02
-0.3 03 . . .
0 5 10 15 20
Time/s
C 03
0.2F
K
B 0.1F
g 00
[}
o -0.1F
51
< -02F
03 | | |
0 5 10 15 20
Time/s

Fig. 4-2. Input excitation: (a) x-direction, (b) y-direction and (c) z-direction.
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The total strength, which is determined by the plastic strain in
Lubliner et al. [61], and the corresponding formula is expressed as

on(€P) = frol(1 + ay) exp(—bye”) — ay exp(—2bye”)] (3.25)

where fyq is the initial yield strength, and ay, by are constants. X = ¢t
indicates uniaxial tension state, while the state of uniaxial compression
is represented by N = c.

The parameter xy expresses the state of damage, and is defined as
follows:

1 &P oo
Ky = —/ on(eP)del; gy = / on(eP)de?
8x Jo 0

where g, represents the density of dissipated energy as micro-cracks
nucleate and propagate. gy can also be derived from the ratio of the
fracture energy Gy [61] to the characteristic length Iy (i.e., gy = Gn/Ix)
[61].

Additionally, to describe the opening and closing behaviour of the
crack, a weight factor s is introduced. Then the degradation damage
parameter D in Eq. (3.24) can be rewritten as

(3.26)

D=1-(1-D,(k)(1 = sD,(x,)) (3.27)

3.3. Element similarity technique

As reported in [8,58], the grids consist of cubes and polyhedrons.
One of the primary advantages of using octree discretization is that cu-
bical elements occupy a major proportion of the elements in the mesh.
Throughout the grids, a 2:1 mesh ratio is implemented (i.e. size ratio
between two adjacent cells is 2). The dimensions of the elements are
proportional, as shown in Fig. 3-1.

In order to improve the computational efficiency by taking advan-
tage of the similarity among the grids, we propose the 3D element sim-
ilarity technique. At the current stage, only the similarity of cube ele-
ments will be considered. In theory other types elements with hanging
nodes can also be similar to each other, but their discussion is beyond
the scope of this paper.

As shown in Fig. 3-2, for applications in homogeneous isotropic ma-
terials, the matrix of one unit cube can be pre-computed and stored in
the background memory. The matrix or matrices are subsequently re-
trieved as a ratio coefficient during each load step. The detailed process
is shown in Fig. 3-3.

First, the ratio coefficients (aX, a¥, a) of each element is obtained
according to the element size. Then at each load step, the damage status
is judged according to the damage factor. If no damage has occurred,
the stiffness matrix, the mass matrix, and the damping matrix are ob-
tained directly from the pre-computed parameters (stiffness, mass, and
damping matrices) in memory according to the ratio coefficient. This
strategy has been reported in [61] for elastic problems. If the element is
damaged, the parameters of each Gaussian point are computed accord-
ing to the coefficients of modulus degradation («X (i, j), a™ (i, j), a€ (i, j),
where i is the load step and j represents the Gaussian point). Then the
summation of all Gaussian points can be carried out, and the parameters
can be obtained after the damage has occurred. The method developed
in this paper can perform such similarity-based computations for elastic
conditions (at the element level). For nonlinear damage, the similarity
of Gaussian points can also be used. In general, this method reduces
the computation time of Lee-Fenves plastic damage and optimizes the
efficiency of seismic destruction analyses.

The similar element technique saves a large amount of computa-
tional resources. As shown in Table 3-1, when the element is in the
elastic state, only 577 multiplications are needed to obtain the element
stiffness matrix. Only 4624 multiplications and 4608 addition opera-
tions are required to solve and obtain the damaged status. However, by
using the conventional method, 34,560 multiplications and 39,168 addi-
tions are necessary to obtain the elemental stiffness matrix. The compu-
tational resources required for conventional methods thus far outweigh
the requirements when the similarity technique is used instead.
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Fig. 4-3. Distribution of tensile damage of representative time using FEM and
SBFEM.
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Additionally, the building floors are treated differently since the di-
mension along thickness direction (h) is quite different from the other
directions, as shown in Fig. 3-4. The maximum difference can be as large
as 124 times. For such structures, it is a more computationally econom-
ical alternative to use anisotropic discretization (discrete, nonuniform
dimensions for each direction). If rectangular parallelepiped elements
are used, the number of elements can be reduced, thus leading to a de-
crease in the computation time. Moreover, the cuboid elements can also
use element similarity to improve the efficiency of the solution step. As
long as the length [, width w and height h meet a uniform ratio, the
element stiffness matrix can be obtained by using the similarity coef-
ficient for saving computational costs. This paper mainly discusses the
application of the similarity technique for cube elements.

3.4. CPU+GPU parallel computation

The graphic processing unit (GPU) is extremely efficient in solving
large systems of equations. Therefore, a high-performance GPU graph-
ics card (NVIDIA Tesla V100) is used to accelerate the solution process.
Fig. 3-5 illustrates how parallel CPU and GPU computation can be used
to speed up the solution process. Further, through using the multitask-
ing output mode to avoid delays associated with writing information to
the disk, the augmented solver is nearly 8 times faster than with using
traditional CPU multi core parallel solver.

4. Verification and application
4.1. Verification of simple frame building

4.1.1. Model and parameters

A four-storey concrete frame structure with the height of 16m
was selected for analysis and for verifying the methods described in
Section 3. The geometry is shown in Fig. 4-1. The structure is 6.4m
and 16m long in the x and y directions, respectively. The length in
the z-direction is 12.4m across two spans. The height of each floor
is 3.9m, the thickness of the plate is 0.1 m, the beam section size is
0.2m x 0.4m, and the column section is 0.4m x 0.4m. A refined grid
scheme where each element is 0.1 m in length, thus leading to 61,506
elements, and 346,944 DOFs.

A 3D FEM and SBFEM analysis program, GEODYNA, developed by
Zou et al. [63] and used in many prior studies [64-68], is employed
in this paper. The isoparametric element, scaled boundary polyhedron
FEM, plastic damage constitutive models and the solution methods men-
tioned in Section 3 have been incorporated into GEODYNA. In this
section, in order to verify the program, traditional isoparametric FEM
and SBFEM were used to separately conduct the seismic damage
analysis.
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Fig. 4-4. Distribution of compression damage after earth-
quake.

FEM

SBFEM

Fig. 4-5. Deformation pattern of two methods (Magnified 10 times).

The concrete material was described using the plastic damage
model [59,60], and the parameters were defined as follows: density p=
2400kg/m?3, elastic modulus E = 30.0 GPa, Poisson’s ratio v =0.18, ulti-
mate compressive strength f, =25.6 MPa, and ultimate tensile strength
f,=2.0MPa.

4.1.2. Input ground motion

A Hanshin earthquake record with maximum accelerations of
0.276 g, 0.156 g and 0.226 g along the x-, y- and z-directions, respec-
tively, was used as the excitation with time steps of 0.01 s. The acceler-
ation records of the seismic waves are shown in Fig. 4-2.

4.1.3. Results

The distribution of primary tensile damage using FEM and SBFEM
are shown in Fig. 4-3. As can be seen in the figure, when the structure
has been excited for 6.3 s, tensile damage can be observed in the cor-
ners within the structure. Then, at 7.5 s and 8.7 s, the damage distribu-
tion increased gradually and concentrated at the intersections of beams,
columns and plates. From 9.9 s to the end of the analysis, the distribu-
tion range of damage remained essentially the same. The main reason
that not much change was observed anymore is that the peak intensity
of the earthquake is mainly concentrated between 5 s and 10 s. Thus the
bulk of the tensile damage inflicted upon the structure occurred during
this time. Beyond 10 s, the excitation intensity rapidly reduced and con-
sequently, the vibration of the structure was also reduced, thus limiting
the progression and distribution of damage.

The distribution of compressive damage and the structural deforma-
tions are shown in Figs. 4-4 and 4-5. As can be observed from the figures,
there is a significant compressive damage at the bottom corners and the
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Fig. 4-6. Geometry of a complicated frame structure.

Octree mesh generation

Efficient, Automation
Refined discretization

Size: 0.1 m
Ele: 499,602

Node: 783,294  Discrete time: 153 s

Fig. 4-7. Mesh discretization using Octree algorithm (element size 0.1 m).

end of the columns because the bottom storey was subjected to the max-
imum load. The distribution of damage computed by the two methods
are consistent, and only the exact values of the local damage is different
(e.g. SBFEM returned slightly larger values than FEM).

The deformation patterns are also consistent between the two meth-
ods. Fig. 4-5 shows that the SBFEM can be as convenient as the
traditional isoparametric FEM for simulating structural seismic re-
sponses. The consistency between the results verify the accuracy and
feasibility of SBFEM.

4.2. Application of a complex BIM model

4.2.1. Geometry and efficient discretization

In order to demonstrate the advantages of the proposed method in
modeling complex models, a detailed seismic analysis of frame structure
generated from BIM was carried out. Fig. 4-6 shows the model geom-
etry and the corresponding dimensions. The model is 32m along the
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y-direction, 27 m in the x-direction and 16 m in the z-direction. There
are many components in the model, and the beams, columns and plates
intersect frequently to form a complex structure, thus leading to a more
cumbersome and time-consuming discretization process.

This paper uses an efficient octree generator to discretize the com-
plex model. The primary advantage of the generator is that the BIM
entity model can be directly imported to generate grid information.
Figs. 4-7-4.9 show three different grid sizes used during discretization.
The results show that the automated octree discretization technique is
highly efficient, with only a few minutes required for the different dis-
cretizations. The technique was rapid especially for secondary modifi-
cations (e.g. different discretization sizes, local refinement) of the com-
putational model. A grid density of 0.1 m was selected for the analysis
model.

As shown in Fig. 4-7, the minimum size of the element is 0.1 m, re-
sulting in 499,602 elements and 2349,882 DOFs; it is worth noting that
the entire discretization process took only 153 s. Another notable feature
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Size: 0.2 m
Ele: 89,410

Node: 172,584  Discrete time: 80 s

Fig. 4-8. Mesh discretization using Octree algorithm (element size 0.2 m).

is that since the frame structure is relatively regular, the hexahedrons
comprised 95.31% of the model. Out of the hexahedrons, the proportion
of cube elements was 82.2%. With the similar element method used to
improve the solution efficiency, the number of polyhedrons was only
4.69% (see Table 1). In addition, the SBFEM-FEM coupling procedure
was used, where the hexahedral elements are computed via FEM, and a
small amount of polyhedron elements is solved by SBFEM. This division
of labor ensures efficiency throughout the computational processes.

Size: 0.05 m
Ele: 3,511,495
Node: 4,579,345

Discretization time: 785 s

Fig. 4-9. Information of octree mesh discretization (element size 0.05m).
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4.2.2. Parameters and results

The concrete material was represented by the plastic damage
model [59,60], and the parameters were defined as follows: density
p=2400kg/m?3, elastic modulus E = 30.0 GPa, Poisson’s ratio v = 0.18, ul-
timate compressive strength f. = 25.6 MPa, and ultimate tensile strength
f+=2.0MPa. The time history curve of Fig. 4-2 was used as the input in
the form of ground motion, and the time interval was set to 0.01s.

Fig. 4-10 shows the overall distribution of tensile damage at selected
times. As can be seen, structural failure occurred during peak acceler-
ation. At 6.3 s, the structure exhibited obvious signs of damage, and
then at 7.9s and 8.7 s, the degree and scope of damage increased con-
siderably. From 9.9 s onwards, the earthquake record, while active, was
essentially subsided. Thus from 9.9s to 20's, the damage distribution did
not change much. In general, the damage distribution was concentrated
at the intersection between the bottom columns and the floor, as well
as at the intersections among beams and columns. Such a distribution
may be expected from the perspective of structural mechanics.

Fig. 4-11 show the damage distribution from another perspective
and Fig. 4-12 shows the overall deformation along with the tensile and
compressive damages. As suggested by the figures, there is serious dam-
age to the end and left plate of the bottom column, the main reason
being that the bottom load was large. The left end is an overhanging
plate, and its structural similarity to a cantilever beam makes it prone
to yielding. The oscillating action of the earthquake load easily induced
a stress concentration at the end of the plate and thus inflicted damage.
Therefore, corresponding reinforcement should be implemented in such
areas to mitigate potential earthquake damage.

Fig. 4-13 shows the location of the destruction in a similar type of
structure in the actual earthquake. The photos captured severe dam-
age at the end of the columns and at the intersections of the multi-
component junctions. The bottom structure was burdened with the
greatest load and suffered the most damage, thus leading to an in-
evitable collapse. This phenomenon is highly consistent with the above
numerical simulation, which indicates the accuracy and applicability of
the proposed method.

Efficient and simple local refinement of the interested region is the
primary advantage of the octree discretization. Based on the preliminary
computation results, the local structure can be further refined in severely
damaged areas (Fig. 4-14). The refinement in local structure can pro-
vide guidance for the optimization of the structural design. In addition,
Table 2 lists the detailed grid type statistics. The ratio of conventional
hexahedron elements is 95.31%, and the proportion of cube grids from
among the hexahedron elements is approximately 85%, which demon-
strates that the quality of the generated mesh is very high.
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Fig. 4-10. Distribution of tensile damage of
representative time using SBFEM.

Table 1
Statistics of the element types in the frame building model with an octree discretization.
Element types Faces in one element Number Percentage (%) Sum (%)
Hexahedron Cube 410,688 82.20 95.31
Non-cube 65,473 13.11
Polyhedron >6 23,441 4.69 4.69
Table 2
Statistics of the element types in the frame building model with another octree
discretization.
Element types Faces in one element Number Percentage (%) Sum (%)
Hexahedron Cube 479,483 84.37 95.31
Non-cube 67,459 11.87
Polyhedron >6 21,368 3.76 3.76
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Severely damaged area

Tensile damage factor

Fig. 4-13. Failure of a frame structure building similar to
the one used during simulation.

Collapse of the first floor in a frame structure
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Detail

The interested region can be
refined simply using octree mesh

Discrete time: 248 s

Refined area

Fig. 4-14. Mesh refinement for the interested region.

5. Conclusion

The proposed BIM-to-Octree-to-FEM-SBFEM (BOFSM) methodology
allows the highly efficient generation of complex geometry and anal-
ysis of structural response. First the geometry is generated and auto-
matically using BIM. The geometry is subsequently converted into an
octree discretization for rapid simulation of the structural damage pro-
cess. In order to speed up the simulation, the following features were
used: coupled and scaled boundary polyhedron finite element analysis,
nonlinear similar element technique, CPU+GPU computational paral-
lelization with multitasking. The superiority of BOFSM is demonstrated
through the comprehensive seismic damage analysis of two frame struc-
tures. From the results, three conclusion can be summarized as follows:

(1) The contribution of this work is to propose a practical and
highly-efficient modeling and simulation protocol for predict-
ing damage in large-scale engineering structures subjected to
seismic excitation. Seamless integration of BIM with octree
discretization enables the key advantages of automation and
flexibility in allowing users to make edits and modifications to
the model. The presented in this paper alleviated the difficulty in
integrating BIM with structural analysis and pre-preprocessing
can be achieved in a timely manner (estimated to be dozens of
times faster than conventional means).

Three techniques are recommended to optimize the analysis ef-
ficiency. Firstly, a coupled SBFEM-FEM strategy is suggested for
enhancing the computational efficiency. In the strategy, FEM is
employed to solve hexahedron isoparametric elements occupying
more than 90% of the model while SBFEM is used to solve the
polyhedron elements which comprised about 10% of the model.
Secondly, a nonlinear similar element method for 3D problems
is proposed for further improving solution speeds. Taking full
advantage of characteristics of the octree discretization, more
than 80% of the cube elements were processed economically.
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Leveraging the similarity among differently sized elements (with
same aspect ratios), the stiffness matrices K, mass matrices M,
damping matrices C and the value in the Gaussian points K;, M;
and C; of one unit cubic element are pre-computed once and
stored in the memory. The data can be subsequently retrieved
and scaled as necessary in each load step. Thirdly, CPU+GPU
parallelization and multitasking were incorporated to accelerate
the solving of equations, matrix operations, and disk read-write
speeds. In this manner, approximately 40% computational time
has been reduced.

The proposed method has strong versatility, practicality and ro-
bustness. It can be readily extended to perform detailed damage
simulation for other complex engineering problems. The advan-
tages of the method were demonstrated through an exemplary
numerical simulation of a complex frame structure. We envision
that the method can be extended to a broader range of applica-
tions, such as the simulation of urban catastrophes, seismic anal-
ysis of underground structures and the failure analysis of major
civil engineering structures, all of which will be investigated in
the future.
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