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a b s t r a c t

Landslide movement analysis over three-dimensional (3D) topography is crucial for hazard evaluation
and prevention. This paper presents a new approach to simulate landslide movement considering the
3D spatial effects of both the landslide mass and topography using discontinuous deformation analysis
(DDA). The approach involves two aspects: the ordered blocky topography (OBT) treatment for the base
slope and an algorithm for fast contact detection between the landslide block (LB) and the OBT. By intro-
ducing the OBT treatment, the LB-OBT contact detection can be simplified from the global range to the
local sub-topography using the current algorithm, which enhances the computation efficiency. The
approach has been implemented in the 3D-DDA program. Finally, the capability and performance of
the proposed approach for landslide movement modeling were well demonstrated by two numerical
examples.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Landslides are considered among the most notable natural haz-
ards around the world because of their frequent occurrence and
catastrophic consequences. There have been many reports about
landside-induced fatalities and economic losses, particularly along
mountainous areas. For instance, more than 20,000 landslides were
triggered by the 1999 Chi-Chi earthquake in Taiwan, causing
more than 8000 causalities and nearly 10 billion US$ in economic
losses [1–3]. Only a decade later, the 2008 Wenchuan earthquake
shocked southwestern China and induced as many as 60,104 land-
slides, which consequently caused approximately 69,227 fatalities
and destroyed innumerable infrastructures and houses [4–6]. The
severe threats of landslides to people, property and environment
depend largely on landslide velocity and travel distance, which
are the main components of landslide movement [7]. Hence, the
analysis of the post-failure behavior of a landside is of great impor-
tance to mitigation design and hazard evaluation and has drawn
the attention of scholars worldwide.
Over the past few years, many methods have been proposed to
analyze the post-failure movement of landslides based on the con-
tinuum mechanics. For example, Iverson et al. [7] employed a
shock-capturing finite-volume method (FVM) and adaptive mesh
refinement (AMR) to perform numerical simulation of a high-
mobility landslide in Oso, Washington, USA. Similar simulation
methods were also presented in previous studies [8–12]. In their
simulation, the landslide mass was more likely treated as a contin-
uous flow consisting of grain-fluid mixtures. Thus, they are very
suitable for investigating the movement of rainfall-induced land-
slides with flow type. However, for landslides dominated by dis-
continuity, the continuous-based methods disregard the contact
between individual rock masses, which causes difficulty in tracing
the position or trajectory of the discrete rock mass during the land-
slide movement. In addition, with respect to the vertical informa-
tion of the landslides in those simulations, only the landslide depth
variation is presented while neglecting the vertical velocity infor-
mation. Therefore, those simulations are not very useful for inves-
tigating landslide movement in three dimensions.

Regarding discrete numerical methods, the distinct element
method (DEM) [13–17] and discontinuous deformation analysis
(DDA) [18–25] are the most popular ones for modeling landslide
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movement and analyzing the deformation of mass bodies. Both
DEM and DDA adopt the equations of dynamic motion, which are
solved at finite points in a series of time steps, but there are some
significant differences in their formulations of the solution scheme
and contact mechanics [3]. In the solution scheme, the governing
equations in DDA are derived by the principle of minimization of
the total potential energy of the block system, similar to the finite
element method (FEM), whereas the equations in DEM are
obtained from the force balance. This implementation in DEM will
result in unbalanced force after a certain computation step, so arti-
ficial damping is required to dissipate energy [26]. In the contact
mechanics, DDA uses a penalty method in which the contact is
assumed to be rigid. No overlapping or interpenetration is allowed,
so the block system behaves like a real physical case. However, the
soft contact approach used in DEM requires joint stiffness deter-
mined by laboratory test or field investigation, which may be diffi-
cult to obtain in many cases [3]. In summary, the DDA method has
the advantages of both the DEM and FEM methods [27] and thus is
very capable of analyzing landslide movement with large deforma-
tion and large displacement in a discontinuous blocky system.

Since the theory and numerical code of DDA were presented,
many extensions and improvements to the original code have been
proposed for a wide range of applications—for example, DDA sim-
ulation for seismic landslide movement [3,23,28,29] and rockfall
analysis [18,30–32]. However, practical applications for landslides
using DDA have concentrated thus far on the 2D problem. To
extend to a more realistic practical problem, the 3D-DDA simula-
tions are necessary for two reasons. First, the 3D spatial effects
due to the rock fragment shape and topography are very important
for the landslide movement in lateral directions. Second, the trees
and barriers distributed in the 3D spatial could also affect the land-
slide movement.

Regarding the 3D-DDA method, only in recent years has a series
of developments been achieved, having been first proposed in 2001
by Shi [20]. However, the development of 3D-DDA is still at an
early stage, and most of the studies concentrate on the basic the-
ory, especially the contact theory, because the contact mechanism
between 3D blocks is rather complicated. To date, a set of contact
models have been proposed to address the contact mechanism
[24,27,33–42]. Particularly, Zhang et al. [24] presented a novel
algorithm that can detect contacts between arbitrarily shaped 3D
polyhedral blocks (both convex and concave blocks). Owing to
these contributions, many test models employing simple geome-
tries have been conducted to validate the performance and accu-
racy of 3D-DDA [43–45]. Nevertheless, the application for
realistic landslide movement simulation is still very rare owing
to the difficulties in topography implementation.

The purpose of this paper is to present a new approach for mod-
eling landslide movement over complicated 3D topography using
the 3D-DDA method. For this purpose, three problems should be
addressed. The first is how to consider the topography in the com-
putation. A proper method should then be developed to easily gen-
erate a complicated topography that can be incorporated in the
block system for DDA simulation. The last point will be how to
ensure the computational efficiency because more complicated
topography indicates many more faces and vertices for contact
detection. The details of the problems and their solutions could
be found in the following sections.
2. Theory of 3D-DDA

In the DDA method, the formulation of blocks is very similar to
that of finite element meshes. A problem is solved in which all
elements are physically isolated blocks defined by preexisting
discontinuities. The global equilibrium equations are derived by
the principle of minimization of potential energy contributed by
the noncontact and contact loadings. The large displacements are
the accumulation of incremental displacements and deformations
at each time step. Within each small time step, the incremental
displacements of all points are relatively small, so the displace-
ments can be reasonably represented by the first-order
approximation.

2.1. Displacement and deformation

In the first-order approximation of displacement, it is assumed
that each block has a constant strain and stress state in each time
step. The displacements of an arbitrary point P(x, y, z) in a 3D block
i with centroid coordinates (xc, yc, zc), [u v w]T are derived as fol-
lows [20]:

u v w½ �T ¼ ½Tiðx; y; zÞ�½Di� ð1Þ
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½Di�T ¼ uc vc wc rx ry rz ex ey ez cyz czx cxy
� � ð3Þ

where X = x � xc, Y = y � yc, Z = z � zc. [Ti (x, y, z)] is the displacement
transformation matrix of the block at point P(x, y, z). [Di] indicates
the vector of variables of the block center associated with the dis-
placements and deformations, including rigid body translations
(uc, vc, wc), rigid body rotations (rx, ry, rz), normal strain (ex, ey, ez),
and shear strains (cyz, czx, cxy).

Error due to the approximation of using a linear displacement
function causes block expansion, especially in problems involving
large rigid body rotations [27]. Therefore, the post-correction of
the displacement of point P(x, y, z) is applied after each step as
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Because the displacement function is a linear function of coor-

dinates (x, y, z), the 3D integration of 3D blocks for 3D-DDA are
of degree 0, 1, 2. The volume of 3D blocks can then be computed
by the 3D simplex integration [20]. Using the 3D simplex integra-
tion, the volume of a block with complex geometry (convex for
concave polyhedral) can be easily calculated without dividing it
into small blocks [46,47].
2.2. Governing equations

DDA is a Lagrangian work-energy-based method, the formula-
tion of which is derived using the principle of minimum total
potential energy. The summation of the potential energy con-
tributed by: (1) the elastic stress, (2) the initial constant stresses,
(3) the body forces, (4) the point loading, (5) the inertia forces,
(6) the constraint spring of fixed points and (7) contact forces of
the block system should be minimized at each computation step.
By applying the principle, the equilibrium equations are assembled
by all of the terms of the differentiations of the n block system as
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Because each block i has 12 degrees of freedom, [Kii] is a
12 � 12 stiffness sub-matrix depending on the material properties
of block i, and [Kij] ( i– j) is defined by the contacts between blocks
i and j. [Di] and [Fi] are 12 � 1 displacement and loading submatri-
ces of block i, respectively. The final displacement variables for a
given time step are actually obtained by solving Eq. (5) iteratively
until no tension of penetration is found over all contacts, which is
well known as ‘‘open-close” iteration [19].

2.3. Contact mechanism

Any block in 3D can be presented by a set of boundary vertices,
edges and polygons. The contact between the blocks in the blocky
system can occur only at their boundaries. Therefore, the contact
can be categorized into seven types, including vertex-to-vertex
(V-V), vertex-to-edge (V-E), vertex-to-face (V-F), crossing edge-
to-edge (E-E), parallel edge-to-edge (E-E), edge-to-face (E-F), and
face-to-face (F-F). However, only the first four type of contacts
are examined during the contact detection, because the other three
types of contacts can be treated as combinations of the four basic
types [24,26]. As illustrated in Fig. 1, an F-F contact is examined
between block i and block j. It is then converted into four basic con-
tacts—i.e., C1 (V-V), C2 (V-E), C3 (V-F), and C4 (E-E).

After determining the contact type, the entrance mode to define
the entrance plane (EP) of the contact will be assigned to each con-
tact. In 3D-DDA, there are two types of entrance modes: point-to-
plane entrance (P-P) and crossing line-to-line entrance (L-L). For
the V-F contact, there is only one EP, which is defined by the P-P
entrance. For the crossing E-E contact shown in Fig. 2, the entrance
mode can also be directly termed as the L-L entrance, and only one
EP exists. In terms of V-E and V-V contacts, there will be multiple
entrances modes and EPs. Regarding the details of the contact
mechanism between polyhedral blocks in 3D, readers can refer to
the fundamental study presented by Zhang et al. [24].

After the determination of the entrance plane based on the
entrance mode, the subsequent contact force can be calculated.
In the DDA method, the penalty technique is used to prevent inter-
penetration between blocks. When two blocks make contact with
each other and penetration occurs, a deformed spring can be
added in normal or/and sliding direction(s) to avoid penetration.
The spring force magnitude is calculated according to the penetra-
tion distance. In fact, at each time step, adding or removing a
spring (open-close iteration) is used to satisfy no-tension, no-
penetration conditions for every contact before proceeding to the
next time step. In the DDA method, the contact state between
blocks has three types: locked, sliding and open. The contact state
is determined by the Mohr–Coulomb failure criterion as follows:

if kndn > 0; and ksds 6 kndn tanuþ cA ! locked;

if kndn > 0; and ksds > kndn tanuþ cA ! sliding;

if kndn < 0 ! open:

where dn and ds are the penetration distance in the normal and
shear directions, respectively. kn and ks are the stiffness of the nor-
mal and shear spring, respectively. c (cohesion) and u (friction
angle) are the strength parameters of the joint, and A is the contact
area. For the open state, there is no normal or shear spring added
between the contacts. In contrast, both the normal and shear
springs will be added between locked contacts. A pair of frictional
springs and a normal spring will be added on a sliding contact.
Fig. 3 shows the disposal of the sliding state for a V-F contact.
3. Treatment of the topography

For the simulation of landslide movement over 3D topography,
a very large base area is required, which should include the source
area, slope and potential run-out area. In the original 2D-DDA, the
base of the slope or named topography is treated as a single block.
By this treatment, the original 2D-DDA can be extended for more
practical engineering problems.
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Regarding the treatment of topography in 3D-DDA, very few
works on this problem have been published. A possible solution
for the problem is to introduce the topography as the contact face
element (CFE) in 3D-DDA [18,48]. In this treatment, the surface of
the topography is discretized as a series of ordered contact faces
that function as the boundary constraint for the falling blocks.
The CFE implementation for the topography takes advantage of
ordered contact faces, so it greatly improves the efficiency of the
contact detection between the base slope and landslide blocks.
However, in the CFE implementation, the contact between the
landslide blocks and topography has only two types, V-F and E-E,
which is not sufficient compared with the four basic contact types
in the current study.

If the topography is treated as a single block, it is able to
develop more extensions for practical engineering using 3D-DDA,
especially for the movement modeling of seismic landslides. Fur-
thermore, the previously introduced improved contact mechanism
(Section 2.3) can be naturally inherited for the contact detection
process between the landslide blocks and topography block. Nev-
ertheless, computational complexity can arise during the calcula-
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Fig. 5. Projection view of the upper surface of the OBT.
tion, because a vast number of faces is always required for the
topography block to present the 3D terrain. In this case, numerous
iterations of detection for potential contact will be consumed even
between one landslide block and the topography. As a result, the
computation efficiency will decrease, especially for a practical case
involving many blocks.

In summary, both the CFE and single block treatments for the
topography have their own merits and limitations. To ensure
extensibility and computational efficiency, we consider the topog-
raphy as a single block in which the upper surface is made up of a
series of ordered triangle faces as that in the CFE implementation.
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The proposed new treatment is named ordered blocky topography
(OBT), which combines the merits of both the CFE and single block
treatments. The advantages of the OBT are the following:

1. It is easy to implement the contact detection algorithm
between the landslide blocks (LB) and OBT because the regular
faces in the upper surface are arranged orderly.

2. The computation efficiency can be largely enhanced by the
implementation of the fast contact detection algorithm.

3. The contact mechanism can be naturally inherited during the
contact detection process between the LB and OBT without
any special treatment.

4. Ordered blocky topography

4.1. Overview

The main feature of the OBT is that the upper surface consists of
a series of regular triangular faces that are arranged orderly. Fig. 4
shows a simple OBT model. In this model, the upper surface of the
OBT is made up of 30 vertices ranging from 8 to 37, and 40 faces
numbered from 6 to 45.

To present the features of the OBT in detail, the projection view
of the upper surface in the xy plane is presented in Fig. 5. Appar-
ently, the surface is first decomposed into 5 rows and 4 columns,
totaling 20 cells and 30 vertices. Each vertex of the upper surface
is continuously numbered and given a certain elevation (z value)
to form the 3D topography shown in Fig. 4. Moreover, each cell
has a size of Dl and is divided into 2 basic triangles. Finally, the
upper surface has a total number of 40 basic triangles continuously
numbered in the y direction. Therefore, the data structure of the
vertices and faces of the OBT is rigorously ordered, which will ben-
efit the contact detection between the LB and OBT.

4.2. Model generation

To simulate the landslide movement over a 3D topography
using OBT, a proper method should be developed to easily generate
the OBT model in the first step. Considering the features of the OBT
introduced in Section 4.2, the data structure is analogous to the
ASCII raster data in ArcGIS. In addition, it is very convenient to
address any complicated topography data using the GIS platform
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because of its robust abilities in working with maps and geo-
graphic information. Therefore, it is possible to generate an OBT
model originating from raw topography data such as a contour
map using the GIS platform.

Fig. 6 shows the process flow of the means by which to generate
an OBT model from a contour map. Providing a contour map of the
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topography, the ASCII raster data (OBTModel.asc) of the topogra-
phy can be obtained using a series of 3D analytical operations in
the GIS platform. The ASCII raster data file will then be converted
into a formatted file (OBTModel.obj) representing the 3D geometry
of the OBT by the DDA pre-processor. The OBJ file format is a sim-
ple data format adopted by many 3D design applications so that
the OBT can be visualized and edited easily by making use of soft-
ware such as the 3ds Max. Finally, the OBJ file of the OBT will be
converted to a block file (OBTModel.blk) that can be processed in
the next DDA simulation.

4.3. LB-OBT contact detection

Owing to theordered structure of the faces andvertices in theOBT,
anefficient searchalgorithmcanbe implemented todetect thepoten-
tial contact faces and vertices between the LB andOBT. To explain the
search algorithm for the LB-OBT contact detection, Fig. 7 showsa sim-
ple example inwhich an upper block (hereinafter referred as LB) falls
down to a base block (hereinafter referred asOBT). Fig. 8 shows the xy
projection view of the model, in which the projection of the LB is
located in the upper-right corner of the projection of OBT.

The first step of the LB-OBT contact detection is to search for the
potential contact faces (CFs) of the OBT. Denote xmin, ymin, xmax, and
ymax as the coordinates of the minimum and maximum bound
points of the LB in the projection view. The potential CFs can be
restricted in the cover box of the LB defined by theminimum bound
point (bmin) and maximum bound point (bmax), respectively. The
bound points of the cover box are enlarged from the bound points
of the LB by a contact tolerance (CTL) and can be expressed by

bmin � x ¼ xmin � CTL

bmin � y ¼ ymin � CTL
bmax � x ¼ xmax þ CTL

bmax � y ¼ ymax þ CTL

9>>>=
>>>;

ð6Þ

Furthermore, if the bound points of the cover box in Fig. 8 are
out of the extent of the OBT, the coordinates of these points will
be adjusted. Denote tmin and tmax as the minimum and maximum
bound points of the OBT; the adjustment is described as

bmin � x ¼ maxðbmin � x; tmin � xÞ
bmin � y ¼ maxðbmin � y; tmin � yÞ
bmax � x ¼ minðbmax � x; tmax � xÞ
bmax � y ¼ minðbmax � y; tmax � yÞ

9>>>=
>>>;

ð7Þ

Because the projection of the OBT has a fixed number of regular
rows and columns, the cell index (Xcellmin, Ycellmin, Xcellmax,
Ycellmax) of the point bmin and bmax can be directly calculated by

Xcellmin ¼ int bmin�x�tmin�xþDl
Dl

� �
Ycellmin ¼ int bmin�y�tmin�yþDl

Dl

� �

Xcellmax ¼ int bmax�x�tmin�xþDl
Dl

� �
Ycellmax ¼ int bmax�y�tmin�yþDl

Dl

� �

9>>>>>>=
>>>>>>;

ð8Þ

where tmin is the origin of the OBT in the projection view; Dl is the
cell size; and operation ‘‘int()” indicates integer conversion. It
should be noted that the basic face of the upper surface in an OBT
is the triangle, and each cell is divided into 2 such triangles. There-
fore, the minimum and maximum indexes of the potential CFs
(Fidmin, Fidmax) can be determined by

Fidmin ¼ StartFidþ 2ðYcntðXcellmin � 1Þ þ YcellminÞ � 2
Fidmax ¼ StartFidþ 2ðYcntðXcellmax � 1Þ þ YcellmaxÞ � 1

�
ð9Þ

where StartFid is the index of the first triangle of the OBT; Ycnt indi-
cates the number of cells in one column. Through this procedure,
Fidmin and Fidmax of the illustrated model are defined as 12 and
25, respectively. Based on this, the calculation of the index of all
potential CFs (12–15, 22–25) can be programmed as

int fcnt; //count of potential CFs

int⁄ fid; //index of whole CFs

icnt=xcellmax-xcellmin+1; //count of potential

cells in x direction

jcnt=ycellmax-ycellmin+1;

fcnt=0;

for (int i=0; i<icnt; i++)

{

for (int j=0; j<jcnt⁄2; j++)
{

fid[fcnt]=fidmin+i⁄10+j;
fcnt++;

}

}

The second step of the LB-OBT contact detection is to search for the
potential contact vertices (CVs) of the OBT. In the same manner, the
index of the potential CVs of the illustrated model can also be deter-
mined as shown in Fig. 8 (i.e., vertex in blue1 dots in the current
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model). In fact, the key idea of the algorithm for the LB-OBT contact
detection is to extract the sub-topography from the entire OBT that
can potentially interacts with the upper LB, shown in Fig. 9.

In addition, it should be noted that when the minimum Z coor-
dinate (bmin�z) of the cover box of the LB is beyond the maximum
elevation of the sub-topography (Zmax), the contact detection
between the LB and OBT can be skipped. As shown in Fig. 10, it
is impossible for the LB to make contact with the sub-
topography even if the xy projection of the LB is included in the
sub-topography.

In summary, the process flow of the LB-OBT contact detection
can be presented in Fig. 11. ‘‘⁄” indicates the last operation in step
3, which was clarified in detail by Zhang et al. [24]. By implement-
ing the algorithm for LB-OBT contact detection, the potential CFs
and CVs can be detected quickly, which greatly accelerates the
computational efficiency. After the contact detection, the OBT is
excluded from solving the global equilibrium equation (5). In the
Table 1
Material properties and control parameters in the simple model test.

Description Notation Value

Density q (kg/m3) 2000
Elastic modulus E (GPa) 1.0
Poisson’s ratio t 0.3
Cohesion of discontinuities c (MPa) 0
Friction angle of discontinuities u (�) 10
Gravity acceleration g (m/s2) �9.8
Contact spring stiffness k (kN/m) 106

Time interval Dt (s) 0.0005
Total time steps N 5600

Fig. 12. Simulation sequences of the simple model test. (a) t = 0 s;
proposed approach, the OBT acts as the bottom boundary of the
LB, whereas the sub-matrices of the contact terms (i.e. normal
spring force, shear spring force, frictional force) for the landslide
blocks are still assembled into the global stiffness matrix. By this
treatment, the convergence of the time stepping in the open-
close iterations due to large differences in size is ensured, and
the improved contact algorithm between the landslide block and
base block can be naturally inherited.
5. Numerical examples

To validate the capability and performance of the proposed
approach for modeling the landslide movement over 3D topogra-
phy, two numerical examples were carried out. The first one
employs a simple model introduced in Section 4.3, and the second
example shows the landslide movements over complicated 3D
topography.

5.1. Simple model test

As depicted in Fig. 7, the simple model consists of 2 blocks, a
base block and a falling block. The base block is treated as the
OBT with 40 basic triangles forming the upper surface. The cell size
of the OBT is 1 m, and the falling block is a 1 m � 1 m � 1 m cube.
The falling block is initially placed slightly beyond the upper-left
corner of the base block. The material properties and control
parameters for the test are illustrated in Table 1.

Fig. 12 shows the photo sequences of the simulation. It can be
seen in the simulation result that the falling block moves along
one side of the slope in the first 1.1 s. Subsequently, the falling
(b) t = 0.5 s; (c) t = 1.1 s; (d) t = 1.7 s; (e) t = 2.2 s; (f) t = 2.8 s.



Table 2
Material properties and control parameters for the simulation with complicated 3D
topography.

Description Notation Value

Density q (kg/m3) 2500
Elastic modulus E (GPa) 5.0
Poisson’s ratio t 0.3
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block reaches the bottom of the base block and interacts with the
other side of the slope. Finally, the falling block moves out of the
base block and starts a free-fall. Apparently, the interaction
between the falling block (LB) and the base block (OBT) is well pre-
sented during the whole process using the proposed approach. In
addition, the topography and 3D effect of the block geometry can
be well demonstrated by the 3D-DDA method.
Cohesion of discontinuities c (MPa) 0
Friction angle of discontinuities u (�) 15
Gravity acceleration g (m/s2) �9.8
Contact spring stiffness k (kN/m) 2.0 � 107

Time interval Dt (s) 0.0002
Total time steps N 132,000
5.2. Landslide with complicated topography

In order to demonstrate the performance and applicability of
the proposed method in dealing with the landslide movement over
complicated 3D topography, the numerical example in this section
employs a slope with rather complex terrain. In this case, the slope
has a length of 650 m, and width of 390 m. The generation process
of the OBT model for the base block is presented by a sequence of
pictures shown in Fig. 13.

The landslide mass has a length of 50 m, average width of 40 m,
and average depth of 22 m. The landslide mass consists of 36 LBs,
with a volume approximate 44,000 m3 in total. The material prop-
erties and control parameters for the movement simulation are
given in Table 2. The total time of the simulation is approximate
26 s with more than 132,000 steps, which takes about 3 h on a
Windows device with an Intel Core(TM) i7 CPU (3.60 GHz) and a
24 Gb RAM.

Fig. 14 presents the typical simulation instance of the landslide
movement over the complicated 3D topography. The simulated
results show that the initiation of the sliding occurs in the first
4 s. Soon thereafter, most of the landslide blocks are sliding along
the slope, while a few blocks remain on the upper slope
Contour map 

TIN data 

Raster data 

OBJ model 

Block model 

Fig. 13. Model generation process of the OBT for
(Fig. 14c and d). Subsequently, the landslide mass travels to the
foot of the slope, and many of the blocks are stopped by the slight
rise in the topography. In general, the landslide movement in the
3D space coincides well with the local topography.

In this numerical example, blocks with relative regular size and
shapes were generated to present the landside mass. In general,
the size and shape of the blocks may have influence on the numer-
ical stability and convergence. There are two major reasons to
explain this problem. First, the complexity of the block shape
may arise difficulties in determining the entrance plane of the con-
tact. Second, large difference in size may result in interpenetra-
tions, such as the problem of very small edge. Shi recently
[36,37] published a new contact theory to deal with this problem.
It is expected to significantly facilitate the contact treatment after
the code is totally completed and successfully implemented in the
current program.
the base block with complicated topography.



Fig. 14. Simulation sequences of the landslide movement over complicated 3D topography. (a) t = 0 s; (b) t = 4.0 s; (c) t = 8.0 s; (d) t = 12.0 s; (e) t = 14.0 s; (f) t = 20.0 s; (g)
t = 23.2 s; (h) t = 26.3 s.
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6. Conclusions

Three-dimensional simulation of landslide movement over
complicated topography is very important for hazard evaluation
and mitigation design in practical engineering. For this purpose,
we proposed a new approach involving the OBT treatment and
contact detection algorithm between the OBT and LB.

By introducing the OBT, LB-OBT contact detection can be sim-
plified from the global topography to the local sub-topography,
which enhances the computation efficiency. The generation
method of the OBT was also well clarified. The new approach
was then implemented in the 3D-DDA code, and two numerical
examples were carried out for the performance and capability
evaluation.

In the simple model test, the interaction between the falling
block (LB) and the base block (OBT) is well presented during the
whole process using the proposed approach. In the second exam-
ple, the landslide (LB) movement in the 3D space coincides well
with the local topography (OBT), which demonstrates the applica-
bility and performance of the proposed approach in dealing with
the landslide movement over 3D topography.

Although a reliable approach has been proposed to fulfill the 3D
simulation of landslide movement over complicated topography in
this study, there still remain some issues to be addressed in the
future. For instance, in the model generation, a proper method
should be developed to cut the landslide blocks directly from the
topography block. In addition, the current code of 3D-DDA should
be applied for more complicated, realistic cases, such as those with
a large number of blocks. Nevertheless, the approach in this study
is believed to provide a solid foundation for landslide movement
analysis for practical engineering cases.
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