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ABSTRACT 

 
Earthquake induced landslide is one of the most serious geo-hazards. 

Especially, for the coastal area with potential tsunami, evacuation sites and access 

roads for tsunami are generally located upland and surrounded by slopes. Since an 

earthquake can induce not only tsunami but also landslides, it is obvious that the 

tsunami evacuation sites and access roads are threatened by the potential 

earthquake induced landslides. Therefore, it is important and necessary to assess 

the hazard of earthquake induced landslides so as to secure the safety of tsunami 

evacuation sites and access roads.  

Hazard assessment of earthquake induced landslides includes slope stability 

analysis under seismic loading, landslide runout estimation and the evaluation of 

preventive effectivity such as anchor-reinforcement for a dangerous slope. With the 

development of the computer and computing sciences, various numerical 

simulation methods have been developed and shown their powerful capability in 

the landslide research. Discontinuous deformation analysis (DDA) is one of these 

simulation methods and has shown its advantage in theory and practice. There have 

been many research achievements reported by using 2D DDA. In order to 

overcome the limitation of 2D analysis, the development of 3D DDA is also 

undertaken. However, there still exist some key problems, which inhibit its 

practical application, in the development of 3D DDA program. For example, there 

is no effective tool for 3D DDA model construction; it is unavailable to perform 

slope stability analysis under seismic loading and with the anchor reinforcement.  

This study aims at (1) developing a practical 3D DDA program by solving the 

above problems and (2) applying the new 3D DDA to the practical hazard 

assessment of potential earthquake induced landslides in a coastal area with 

potential tsunami of Oita prefecture, Japan. The new 3D DDA includes (1) 

developing an effective pre-processor for the 3D model construction; (2) adding the 

function of seismic loading and (3) adding the function of using anchor 

reinforcement. 
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The contents of this thesis are organized as follows:  

Chapter 1 introduces the background, objective and organization of the 

thesis. The existing numerical simulation methods for landslide study are reviewed. 

The development of DDA in theory and practical application is briefly introduced 

and the advantages of DDA are clarified.  

Chapter 2 provides an overview on 3D DDA. The 3D DDA formulation, 

contact principle, and program structure are illustrated in detail. The following 

unsolved problems of the existing 3D DDA program are discussed: (1) without an 

effective pre-processor for complex slope model construction, which is especially 

fundamental and necessary for practical application to landslide study; (2) unable 

to perform slope stability analysis and landslide runout simulation under a potential 

earthquake; (3) unable to evaluate the preventive effect of using anchor 

reinforcement.  

Chapter 3 performs a close comparison between the 2D and 3D DDA to 

reveal the limitation of the 2D analysis and the necessity of 3D DDA. Their 

advantages and disadvantages are illustrated based on slope stability analysis and 

run-out simulation. The current 2D DDA program contains effective user friendly 

pre-processor and post-processor, which are powerful and necessary for practical 

slope study. There have been many achievements reported from practical 2D DDA 

applications. However, the limitations of 2D analysis also become obvious. Since 

lateral effect of a 2D slope section model cannot be considered, the factor of safety 

is often underestimated and lateral spread movement cannot be estimated in run-

out analysis. On the other hand, the lateral friction and the lateral spread movement 

can be considered in 3D DDA analysis, the factor of safety can be estimated and 

the reasonable run-out can be simulated more accurately. But, a practical 3D DDA 

program has not been developed.  

Chapter 4 develops a practical pre-processor to easily construct a complex 

3D slope model for the 3D DDA program. Since construction of a complex 3D 

slope model is always a troublesome problem which including the following two 

big issues: (1) how to cut the blocks; (2) how to generate blocks of the 3D slope 
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terrain. The developed pre-processor solves these problems by taking the advantage 

of the commonly used commercial software: 3ds Max and ArcGIS. Arbitrary-

shaped 3D bocks are made with 3ds Max and complex slope terrain mesh data are 

obtained from the ArcGIS. A pre-process program is developed to combine the 

output data from both 3ds Max and ArcGIS and translate them to the 3D DDA 

model format. It has been shown that a 3D DDA slope model can be easily and 

effectively made for any real slope with complex terrain by using the newly 

developed 3D DDA pre-processor, which makes it possible for applying 3D DDA 

to practical landslide study. 

Chapter 5 extends the existing 3D DDA program by adding the function of 

seismic loading and the function of anchor reinforcement. The stability analysis 

and run-out estimation of a potential earthquake induced landslide need the 

function of dealing with seismic loading in a 3D DDA program. The added seismic 

loading function can use either displacement wave or acceleration wave, which 

depends on the data available. In addition, when a slope is judged unstable under a 

potential earthquake, the slope should be reinforced in general. Rock anchor 

reinforcement is one of typical preventive methods. Thus, it is necessary to 

evaluate the preventive effect and provide the useful information for optimum 

design of the size and number of rock anchors. By adding these two functions, the 

new 3D DDA program makes it possible to assess the hazard of earthquake induced 

landslides for securing the safety of tsunami evacuation sites and access roads.  

Chapter 6 applies the new 3D DDA program to practical hazard assessment 

of earthquake induced landslides for securing the safety of tsunami evacuation sites 

and access roads in the coastal area of Oita prefecture. The Daiganji slope is taken 

as an example. An access road to a tsunami evacuation site and several houses are 

located at the slope downward. At first, the slope stability is analyzed by using both 

2D and 3D DDA. The results are compared with those from the commonly used 

limit equilibrium method. The adaptability of DDA and the difference between 2D 

and 3D analysis are shown. Secondly, the factor of safety is analyzed by using 

earthquake loading. And the influence of seismic directivity on the slope stability is 
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analyzed. The landslide run-out is estimated by using the new 3D DDA program 

under the condition of the earthquake. It is shown that the access road and some 

houses are threatened by the potential landslide. Finally, the stability analysis of an 

anchor reinforced slope is performed to evaluate the preventive effect. It has been 

shown that the new 3D DDA is very useful and powerful enough for hazard 

assessment of earthquake induced landslides.  

Chapter 7 summarizes the results and achievements of this study. The 

problems for the future study are highlighted. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 BACKGROUND 

1.1.1 LANDSLIDE 

The word “landslide” is normally used to describe the movement of the slope 

such as the falling, sliding and toppling or the combination of them. The materials 

that forming the landslide can be soil, rock or some artificial materials according to 

the references (Jackson, 1997) and other refers(Varnes, 1974; Hutchinson, 1988; 

WP/WLI, 1990; Cruden and Varnes, 1996; Highland and Bobrowsky, 2008; 

Gokceoglu and Sezer, 2009). 

Landslide is a global and frequently occurred disaster which can cause huge 

damages and casualties (UNEP, 1997; EM-DAT, 2003). Some huge landslides or 

landslide causing disasters happened are catastrophic for humankind such as more 

than sixty thousand landslides causing by the 2008 Wenchuan earthquake causing 

more than twenty thousand fatalities. As can be seen by Table 1.1, landslide takes the 

7th position of the global major natural hazards in EM-DAT (2003). Moreover, it is 

normally think that the number fatalities caused by landslide in the database is 

underestimated because only the first triggers are recorded (Nadim et al., 2006; Yin 

et al, 2009). 
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Table 1. 1 The earthquake caused landslides. 

 

1.1.2 LANDSLIDE-INDUCED DISASTERS 

Landslides can induce secondary disasters, such as debris flows, landslide dams. 

1.1.2.1 DEBRIS FLOW 

The landslide induced by the earthquake is normally considered as a major 

sediment-supply for the mountainous area (Pearce et al., 1986). It is generally 

consider that the landslide deposit may transfer to debris flow if other factors are 

satisfied such as the heavy rainfall. 

For example, the 2008 Wenchuan earthquake triggered more than 60,000 

landslides in the mountainous areas in Sichuan Province, China. The rock materials 

and loose deposits of these landslides are distributed on steep slopes or in channels, 

and they can easily lead to debris flow in the moist season. In addition, the 

earthquake widely increased slope instability, providing lots of rock debris to initiate 

future debris flows. 

A heavy rainfall triggered resulted in 72 debris flows in Beichuan County, 

Sichuan Province on September 23 and 24, 2008. These debris flows led to 42 people 

killed as well as great damages to roads and relocation area for people suffered from 

the earthquake.  

Besides, a rainstorm triggerd 21 debris flows around Yingxiu Town, Sichuan 

Province on 14 August, 2010 (Figure 1.1). Among the 21 debris flows, the severest 
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one occurred in Hongchun Gully, Yingxiu Town. It carried large amount of sediment 

to Minjiang River and formed a natural debris dam, which is up to 10 m high, 100 m 

long and 150 m wide and subsequently changed the channel of Minjiang River and 

caused a flood in the newly reconstructed Yingxiu Town. The flood with a depth of 

about 2.5-3.0 m as estimated, lasted for 7 days and thus caused 13 people killed and 

59 missing. Approximate 8,000 residents had to leave their residence communities. 

 

 

Figure 1. 1 Aerial photograph showing debris flow fans produced by rainstorm near 

Yingxiu town on August 14, 2010 (taken by the Ministry of Land and Resources, 

PRC) 

1.1.2.2 LANDSLIDE DAM 

The river near the landslide may be blocked by the landslide forming the 

landslide dam. Once the dam break happens, the huge inventory and rapid stream 

may be a serious disaster for the people living downstream. An example of the 

landslide dam can be found in Figure 1.2. 
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Figure 1. 2 Helicopter view of the artificial spillway in the Tangjiashan landslide 

dam (adopted from Xinhua News Agency) 

The failure of landslide dam can be found worldwide. As an typical example, 

the 2008 Wenchuan earthquake caused many landslide dams. The landslide dam 

caused by the earthquake is considered as one of the most serious earthquake induced 

disasters (Costa 1985; Costa and Schuster 1991; Kallen et al. 2006).  

For conclusion, landslide or it induced disasters such as debris and landslide 

dam are huge threaten for humankind. It is meaningful and necessary to make a deep 

research on the landside-prone slope, such as its stability, run-out analysis and also 

the countermeasures such as the anchor reinforcement.  
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1.2 Research Methods 

It is important to the capture the accurate or reasonable landslide movements in 

the landslide prevention engineering. Normally, there are three major research 

methods for studying the landslide movement: the experimental, the empirical and 

numerical method. Although there are some so-called analytical methods, because of 

some assumptions and simple models are used, it can be considered as one kind of 

numerical method. The following will show the detail review of the three research 

methods.. 

1.2.1 EXPERIMENTAL METHOD 

Because the direct experiment is not easy to perform and it is dangerous and 

expensive, scale model is always been used for the experimental study of the 

landslide movements. Before scale modeling, some physical experiments are 

necessary, for instance the tri-axial test. According to the paper review, some 

artificial landslide mode experiment have been performed (Okura et al. 2000a, 

2000b, 2002; Ochiai et al. 2004; Moriwaki et al. 2004; and others). Although some 

research result can be get by the experiment method, there are some limits. Firstly, as 

the material comparison is always heterogeneous, it is difficult to reflect the real 

material characteristics and the model has to be simplified. Secondly, it is nearly 

impossible to make a deep research of all the impact factors, as with one factor 

changes, the model should be rebuilt. Thirdly, it is obvious that it is time and money 

consuming. However, as it can get the qualitative data, it is fundamental and 

meaningful for the landslide research. 

1.2.2 EMPIRICAL METHOD 

As can be seen by the review of Hungr (2002), empirical method is very useful 

to estimate the runout distance of the landslide. These empirical methods normally 

estimate the run-out distance by creating the relation between the topography and the 

runout zone length. Generally, these methods can be called the statistical method 
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(Keylock and Domaas 1999). The Fahrböschung principle which is proposed by 

Heim (1932) is recommended and modified by many researchers such as Toppe 

(1987) and Hungr (1993) to estimate the runout zone. The basic theory of the 

Fahrböschung principle is to define the travel angle between the landslide source and 

the deposits, which results from the practical observations. Some modified principles 

have been proposed such as the minimum shadow angle by Evans and Hungr (1993), 

which follow the step of Lied (1977), which is the angle between the highest point of 

the slope and the deposit stop point. This theory has been testified and shown a good 

effect by Evans and Hungr (1993) depending on the practical study of sixty slopes in 

British.  

A detail research has been conducted by Keylock and Dommas (1999), in which 

three kinds of models are used and compared. Its focus was on their ability to 

estimate the length of run-out are. The first mode that was used was the height 

function model, which can predict the runout length by building a connection with 

the height of rock face and the slope. The second model was theα-β model, proposed 

by Hsü (1975) and Köner (1980), which sources from the average energy theory. The 

last one was named as runout ratio model from McClung and Lied (1987), which can 

predict the horizontal runout distance according to the slope horizontal length and the 

rock face. This method was shown to be more accurate comparing with the other two 

methods according to the practical investigation. 

Improved empirical model notable performing regressions on subsets with 

varying scopes were presented by Cannon (1993), Corominas (1996), Rickenman 

(2005) and others. 

The empirical models can be used as a rudimentary evaluation and are 

meaningful for the landslide research, and besides the empirical models are easy for 

use. These models can be refined by other models if more detail research is needed. 

There are some disadvantages of the empirical models. Firstly, these models are 

over-simplified and cannot reflect the detail deformation and movement information 

of the landslide; Secondly, these models are born from the database of specific 

locations making them be very difficult for the general usage; Thirdly, although some 
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models have been created to try to consider the detail parameters(Japan Road 

Association 2000), it is impossible for these models to take the topography into 

consideration not to mention the properties of the landslide mass such as the water 

content, shear strength and et al.  

1.2.3 ANALYTICAL METHOD 

Generally, there are two major numerical methods for the landslide or the 

landslide-prone slope: the continuous method and the discontinuous method. When 

using the numerical method, the simulation sliding or slide-prone body is usually 

broken into small elements which can contact and influence with each other. The 

advantage is obvious that it can take the strength and interaction into consideration 

when simulation the source masses, and the entrainment can also be modeled during 

the runout. This allows for modeling the source mass with accounting for internal 

strength and entrainment throughout runout.  

For the continuous methods, a typical and most used is the FEM (Finite Element 

Method). The FEM takes the simulation area as many small units connected by nodes 

which use the sub-domain approximation solution and can approach the infinite 

knowns by finite unknown variables. The FEM can be used to solve the linear 

problems and nonlinear issues. When simulating the debris, especially when the 

dimension of the elements is greatly smaller than the depth and length, the 

continuum method is more appreciate. A typical method called the Saint Venant 

method is built based on the average depth assuming the mass is incompressible, the 

relation between the mass and the the momentum equation is in form of depth-

average. Some researchers (e.g., Soussa and Voight 1991; Takahashi et al. 1992; Cao 

et al. 1996) developed their simulation method according to the conventional 

Eulerian method. However, other published papers (e.g., Savage and Hutter 1989; 

Hungr 1995; Chen and Lee, 2000; Pirulli 2005 and McDougall 2006) value more 

another classical method which is based on the Lagrangian coordinate. The major 

differences of these re-built models are how to represent the resistance of the base 

and the constitutive models used to describe the mechanical performance of the 

simulated material. 
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For the landslide mass that is considered as large small fragments, the assembly 

of blocks can be used to model the sliding mass. When considering the individual 

block, the relevant constitutive law, the contact mechanism related to contacted 

block(s), the force applied can be reproduced, therefore, the movement 

characteristics such as velocity, displacements can be simulated and studied during a 

certain simulation period. In order to represent the simulated block, some researchers 

used the polygon shape model, while some recommended the circular shape mode 

(e.g., Poisel et al. 2008). For the polygon model, although it has the advantage of 

reflecting the real nature pattern, because of the inherent complexity of contact 

mechanism and the low computation efficiency, it is more appreciate for problems 

limited to limited blocks. For the circular model, it does not have the disadvantage of 

the polygon model, as a proximate method, when the block number is large enough, 

it can be used to simulate the runout process and evaluate the deposit value and 

position.  

DDA method is a typical discontinuous method, in which the simulated subject 

can be an assembly of individual contacted blocks. The verification and usage of it 

has been worldwide. For instance the usage of DDA method in analysis the single 

blocks such as the rockfall and the assemble blocks such as the landslide can be 

found in the literatures such as Ohnishi et al. (1996), Koo and Chern (1998), Yang et 

al. (2004) and Ma et al. (2011). The obvious advantages of the numerical method in 

analysis the dynamic behavior of the landslide or the landslide-prone slope are:  

1) The mass shape pattern can be accurately or similarly reflected. 

2) The constitutive law of the block, the contact mechanism, and the complexity of 

the topography of landslide can be reflected. 

3) Some other conditions such as the earthquake and the rainfall can be simulated  

4) The dynamic behavior such as the single block’s deformation and the whole 

blocks’ movement can be captured and analysis directly. 
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1.1.3.4 NUMERICAL METHOD 

Numerical methods break the failing volume into elements that may interact 

with each other. This allows for modeling the source mass with accounting for 

internal strength and entrainment throughout runout. These models mainly include 

continuum fluid mechanics models and discontinuum method. 

When considering that the dimensions of a typical particle is much smaller than 

the depth and length of the debris, the debris mass is treated as continuum. According 

to depth averaged Saint Venant method, the material is assumed to be incompressible 

and the mass and momentum equations are written in a depth-averaged form. Some 

authors (e.g., Soussa and Voight 1991; Takahashi et al. 1992; Cao et al. 1996) 

configure their analysis in the conventional Eulerian framework, whereas others 

(e.g., Savage and Hutter 1989; Hungr 1995; Chen and Lee, 2000; Pirulli 2005 and 

McDougall 2006) prefer the Lagrangian coordinate. The primary differences are their 

representation of basal resistance force and the constitutive relations describing the 

mechanical behavior of the considered material.  

When the landslide mass consists of large fragments and boulders, the runout 

mass is modelled as an assembly of blocks moving down a surface. By applying 

known individual constitutive properties, contact laws, velocities, displacements and 

body forces, their dynamic behavior can be studied over a selected period in time. 

Some authors take circular shape models for their runout analysis to evaluate 

maximum runout and final deposit position of past or potential events (e.g., Poisel et 

al. 2008). Although polygonal shapes have the disadvantages due to the complexity 

of the contact patterns and penalty in computational time, methods using non-circular 

shapes will be required for more real-world problems. It is more appropriate when 

problems are limited in finite blocks.  

For example, recent utilisations of DDA in analysing falls of single blocks and 

block assemblies were described by Ohnishi et al. (1996), Koo and Chern (1998) , 

Yang et al. (2004) and Ma et al. (2011). 

The most merits of movement behavior analysis using numerical methods are 
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that: 

5) The internal strength of debris mass and complex conditions of landslide can be 

simulated; 

6) Various conditions such as earthquake or intense rainfall can be considered 

without additional assumption;  

7) The movement behaviors can be directly output. 

1.3 COMPARISON BETWEEN DDA AND OTHER NUMERICAL METHODS 

1.3.1 Compare with FEM 

The FEM (Finite Element Method) is a typical continuum method, which can be 

used for dynamic pattern and nonlinear material analysis. It can be used for not only 

solid but also fluid. In rock engineering, if the rock mass is intact or heavily 

fractured, the FEM may be a reasonable as an approximation method. However, in 

practice, the mechanics of rock mass is controlled by the discontinuities including 

joints and fractures, which makes the FEM unreasonable because of its nature pattern 

(Zheng et al. 2013). Another problem is it cannot handle large deformation problems 

such as runout of the landslide and the rockfall because the continuum assumption 

and the elements distortion. Some attempts have been made to fix this problem, such 

as the re-mesh method. But the large deformation problem is so difficult for FEM 

and up to now no reliable method can be proposed. Besides, as the simulation mass is 

assumed as continuum material connected by elements, it cannot simulate the broken 

and discreteness of the simulation body.  

If we look at the formulations of the DDA method, it can be found that the DDA 

method is actually a parallel method compared with FEM. The DDA method, as its 

name shows, simulates the system as discontinuous blocks. It uses the energy 

minimization principle method, using the displacements as the basic variables (for 

2D DDA six variables, twelve for 3D). Then the equilibrium equation which is in 

matrix form can be solved and the detail movement pattern can be got in each 

simulation step. What is more, the DDA method can also absorb totally the 
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advantage of FEM method by discretizing the discrete blocks internally (Grayeli and 

Hatami 2008; Beyabanaki et al 2009a, b; Liu et al, 2012). As Wu (2010)mentioned, 

the easy introduction of simple or the high order deformation function to the discrete 

elements of DDA is one major advantage of DDA method when simulation rigid 

body movements. 

1.3.2 Compare with DEM 

The distinct element method (DEM) is a typical discontinuous method 

representing the simulated materials as independent discrete elements which can 

interact with contacted element(s). It has a major application advantages: it is 

suitable for simulating a system comprising of non-deformable elements such as the 

granular material. The DEM method was firstly proposed by Cundall and Strack 

(1979) in literature. Generally, the calculation procedure includes two major steps: 1) 

to compute the interact forces based on the “Force-displacement” method, in which 

the force is got from the penetration displacement. This kind of penetration 

represents the deformation of the contacted surface as pointed by Cundall and Hart 

(1992); 2) to obtain the acceleration of each distinct element based on the Newton’s 

second law. Then, the relevant velocity and displacement can be got by integration 

with time. Then the position of each element is updated during each simulation time 

step. This kind of process continues until the simulation is finished. This kind of 

numerical solution process is named as the MD (Molecular Dynamic) formalism.  

There are three obvious differences between the DDA and the DEM：1）the 

time integration method. For the DDA, it uses the implicit version, while the DEM 

uses the explicit version; 2) the fundamental dynamic theory. For the DDA, it is 

based on the energy minimization principle, while Newton’s second law for the 

DEM; 3) the unknown variables. For the DDA, its unknowns are displacements (6 

for 2D and 12 for 3D), while for the DEM, its unknowns are accelerations.  

Although both the DDA and DEM can be considered as the members of the big 

family of discrete element method, the DDA method has its instinctive advantage 

compared with the DEM method, which owns the following five basic advantages 

11 



 

(Jing, 2003): 

1) For the quasi-static problem, the DDA can satisfy the equilibrium conditions 

automatically, while for DEM, it has to use extra iteration process; 

2) The system’s failure pattern and numerical instability do not need to be 

preliminary introduced, making the simulation time can be very larger; 

3) The Gaussian quadrature technique (a kind of discrete variable approximation 

method) is not need, as the DDA can perform the integration in a closed form; 

The penalty method in contact mechanism is more reasonable compared with the  

“Force-displacement” method in DEM;  

As mentioned above, the internal deformation pattern can be got by coupling the 

existed FEM code. This kind of process can be finished easily in DDA. Moreover, it 

can avoid the limitations of the FEM, such as the continuous geometry and low 

accuracy and efficiency when dealing with the dynamic problems. So, a perfect 

bridge connecting the continuous and discontinuous can be created. While for the 

DEM, it is not possible to do so. 

1.3.3 Compare with NMM 

The NMM (Numerical Manifold Method) was developed based on the DDA 

method and also absorb the characteristics of FEM. The NMM and DDA method 

have some common patterns such as using the minimization of potential energy when 

solving the equilibrium functions, the same contact detection technique and contact 

mechanism, also they are available for both static and dynamic simulation. 

The difference between these two methods is obvious. The NMM uses the 

physical cover to represent the material boundary or the block boundary, and etc. 

Also, the weight function is used, which is just like the nodal shape function in FEM. 

In other words, the NMM will be exact the DDA when each of the simulated element 

is discretized to be finite cover, in this case, each element (or block) in DDA owns 

the displacement filed in a linear form.  
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However, as in the NMM, the degrees of freedom will be raised because of the 

existing of covers, which will cause the technique difficulty and lower efficiency 

problems especially for the 3D case. That is also the main reason why the 3D NMM 

is rare to be found in the practice use according to the literature research. 

1.4 Development of the DDA method 

The DDA (Discontinuous Deformation Analysis) (Shi, 1998, 2001), in theory, is 

a typical energy based numerical discrete method (by minimization the system’s 

potential energy). It can be used for both the static and dynamic analysis. It is very 

available for simulation a system comprising of individual blocks that are separated 

by discontinuities, such as joints and rock faces. One of its major advantages is there 

is no need to assume the failure modes beforehand. Another obvious advantage is 

that when it is used for the rock engineering, each individual block’s movements 

such as translation and rotation, and the deformation can be easily captured and 

reshown. Moreover，large scale movements such as the sliding relevant to 

discontinuities can be correctly represented. 

 Significant development has been achieved since DDA was first introduced as a 

two-dimensional (2D) numerical model (Shi and Goodman 1985) and the focus has 

been mainly on 2D state in the past decades. MacLaughlin and Doolin (2006) 

provided a review of more than one hundred published and unpublished validation 

studies on 2D DDA. 

The original edition of 2D DDA technique focuses mainly on the deformable 

block by coupling the rigid body movements with the uniformed state of strain for 

the block can be in arbitrary shape. In order to represent the deformation pattern for 

each block in arbitrary shape, there are mainly three kinds of attempts has been 

made: 1) each block can be artificially divided into many sub-blocks (Lin et al, 

1996), in which the artificial joints are used to glue the sub-blocks together glued 

together (Ke, 1993), (2) Coupling the FEM method represent the internal by using 

the finite elements such as (Shyu, 1993), (3) To make some modification of the 

displacement function by using polynomial terms such as (Koo and Chern, 1996; 
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Koo and Chen, 1997; Shyu, 1993; Ma et al, 1996; Hsiung, 2001). 

Another technique that is necessary to be mentioned is the penalty method, 

which is used to avoid penetration and get the reasonable contact force for the 

contacted blocks. For the original 2D DDA edition, it uses almost the same penalty 

method just as the method used in the FEM (Campbell 1974; Felippa 1986; Munjiza 

and Andrews. 2000), using this method the block(s) will be pushed apart when the 

first entrance position is judged to avoid inter-penetration. In order to improve the 

accuracy of detection the contact force and also increase the efficiency of prevention 

of penetration of blocks, the ALM (Augmented Lagrangian Method) was used in the 

original 2D DDA program by Lin et al (1996). The good result can be got using this 

improvement and also the restriction of penalty number to be ten-thousand times the 

material’s Young’s modulus (Shi 1988) is not needed. In the original 2D DDA 

program, when considering the energy dissipation, the algorithm in DDA itself can 

represent it automatically. In order to capture the dissipation of energy more 

accurately, adding the viscosity coefficient has been made by Sasaki et al, 2005. This 

improvement makes the energy dissipation in the 2D DDA more physically 

reasonable. 

However, if we use the 2D DDA in many practical problems, the results are 

unavoidable unreasonable because the slope is highly in 3D shape and orientation of 

the rock joints is also in 3D orientation. For example, in the slope stability analysis, 

when the 2D DDA method is used the lateral friction cannot be considered, which 

will lead the underestimation of the factor of safety compared with the 3D analyse. 

When the runout analysis is made, the 2D DDA method cannot consider the lateral 

spread in the real case. Therefore, the 2D DDA has its natural and unavoidable 

disadvantages, and the development of 3D DDA is very necessary and meaningful.  

1.4.1 Development of the 2D DDA 

The 2D DDA has been developed maturely not only in theory but also in the 

practical engineering usage. The very useful user-friendly pre-processor and post-

processor has been developed (Chen et al, 1996; Doolin and Sitar, 2001), which 
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makes it convenient for the deep research and more widely used in the practical 

engineering problems. The practical usages of the 2D DDA can be listed as 

followings: 

1) analyse of rock fall (Chen, 2003; Wu et al, 2005; Ma et al, 2011; Kaidi et al, 

2012; Chen et al, 2013), 

2) slope (landslide) (Sitar et al, 1997, 2005; Wu, 2007, 2010, 2011; Kveldsvik et al, 

2009; Wu et al, 2009; Zhang et al, 2013), 

3) the mining engineering and the tunnel (Yeung, 1993; Yeung and Leong, 1997; 

Law and Lam, 2003; Wu et al, 2004; Tesesarsky and Hatzor, 2006), 

4) the underground openings’ stability and failure (Hsiung and Shi, 2001; 

MacLaughlin and Clapp, 2002; Hatzor, Talesnick and Tsesarsky, 2002; Bakun-

Mazor et al, 2009; Hatzor et al, 2010; Shi, 2014; Zhang et al, 2014), 

5) stability analysis of dam (Dong et al, 1996; Kottenstette, 1999; Shi, 2009), 

6) static and dynamic analysis of masonry structures (Bicanic and Stirling, 2001; 

Kamai and Hatzor et al, 2008; Rizzi et al, 2014), 

7) fracture propagation in rock (Ning, Yang, An et al, 2011), 

8) simulation of the process of rock blasting (Ning, Yang, Ma et al, 2011), 

9) process of flow-stress (Kim et al, 1999; Jing et al, 2001; Rouainia et al, 2006; 

Koyama, 2011, Kaidi et al, 2012; Chen et al, 2013), and other practical 

engineering usages (Hatzor and Benary, 1997; Thomas and Bray, 1999). 

Moreover, some remarkable engineering projects were researched by the 2D 

DDA, for example, the Three Gorges Dam project in China, Pueblo Damin Colorado, 

Yerba Buena tunnel portal in San Francisco, Gjovik Olympic Cavern in Norway, 

Masada National Monument in Isreal (Dong et al, 1996, Kottenstette, 1999, Law and 

Lam, 2003, Scheldt et al, 2002 Hatzor, Arzi and Tsesarsky, 2002; Hatzor et al, 2004)  

15 



 

1.4.2 Development of the 3D DDA 

According to the literature review, compared with the 2D DDA method, much 

more few works on the 3D DDA can be found. There works are mainly focus on the 

basic contact theory development and some simple model verifications. The main 

developments of the 3D DDA can be summarized as followings: 

1) The developments of the basic formulations. The basic formulations in 3D DDA 

for all kinds of potential terms’ sub-matrices have been specified by Shi (2001) 

and Liu et al. (Liu, 2004). For the contact theory, a point to plane entrance 

model was illustrated by Jiang et al. (Jiang and Yeung, 2004). As a modification, 

a new contact theory called the frictionless point to plane contact algorithm was 

proposed by Wu et al. (Wu et al, 2005). Some researchers have made some 

contributions on the high order displacement formulations such as Beyabanaki 

Jafari and Yeung (2010) and Beyabanaki, Yeung et al (2010). 

2) The improvements of contact detection method. An effective and efficient 

contact detection method PEM (Penetrated Edges Method) has been proposed by 

Chen et al. (2004), which is available for just convex 3D blocks. Another contact 

detection method related with the 3D convex block is the IB (Incision Body) 

scheme, which was used by Wang et al. (2006) for both the static and dynamic 

stability analysis. Moreover, the CPA (Closest Points Algorithm) and the MP 

(Main Plane) method have been proposed by Beyabanaki et al. (2008) and 

Keneti et al. (2008) separately, both of which are efficient for solving the contact 

detection problem between convex blocks in 3D DDA. Moreover, a virtual 

entrance plane based vertex to vertex contact algorithm was proposed by Ahn 

and Song (2011) called ISM (Inscribed Sphere Method). An unavoidable 

problem when dealing with the large scale 3D problem is the efficiency 

problem, in order to fix this, two techniques were used by Mikola and Sitar 

(2013). The first one is the usage of explicit formulation and the other is the FCP 

(Fast Common Plane) method. 
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3) Modify the contact constraints. The ALM (Augmented Lagrange Multiplier) 

method was adopted by Beyabanaki, Mikola et al (2009) to perfect the point to 

plane contact theories. A cross-line entrance model was presented by Yeung et 

al. (Yeung, 2007) and Wu (20008), which was modified by Beyabanaki, Ferdosi 

and Mohammadi (2009).  

4) To couple with the FEM. The DDA method and FEM are typical methods for 

the discontinuous and continuum media respectively. The coupling between 

these two methods bridges these two methods and makes the simulation 

technique move to a new and high level. In order to solve the fissured elastic 

problem, Grayeli and Hatami (2008) applied the 4-noded tetrahedral elements in 

3D DDA block to obtain the more accurate stresses and deformation 

distribution. The trilinear and serendipity hexahedron FE was introduced into the 

3D DDA to improve the deformation ability of single block by Beyabanaki et al. 

(2009a, b). Moreover, the tetrahedron FEM was adopted and coupled with the 

3D DDA by Liu et al. (2012), whose research has showed the powerful ability of 

the coupled method. 

5) Practical applications. Actually, there are few applications relevant to the 

applications because of some technique barriers. The classical wedge model and 

key block theory were used by Yeung et al. (2003) and Bakun-Mazor (2012) et 

al. to clarify the availability of the 3D DDA program. The real 3D rock-fall 

problems were solved by Chen et al. (2013) using the 3D DDA combined with 

the 3D terrain created from the GIS (Geographic Information System) data. 

Moreover, the spherical-shaped materials can be simulated by the spherical-

block 3D DDA by Other developments by Zhao (2000). 

1.5 Scope and objective 

Earthquake induced landslide is one of the most serious geo-hazards. Especially, 

for the coastal area with potential tsunami, evacuation sites and access roads for 

tsunami are generally located upland and surrounded by slopes. Since an earthquake 

can induce not only tsunami but also landslides, it is obvious that the tsunami 
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evacuation sites and access roads are threatened by the potential earthquake induced 

landslides. Therefore, it is important and necessary to assess the hazard of earthquake 

induced landslides so as to secure the safety of tsunami evacuation sites and access 

roads.  

Hazard assessment of earthquake induced landslides includes slope stability 

analysis under seismic loading, landslide runout estimation and the evaluation of 

preventive effectivity such as anchor-reinforcement for a dangerous slope. With the 

development of the computer and computing sciences, various numerical simulation 

methods have been developed and shown their powerful capability in the landslide 

research. Discontinuous deformation analysis (DDA) is one of these simulation 

methods and has shown its advantage in theory and practice. There have been many 

research achievements reported by using 2D DDA. In order to overcome the 

limitation of 2D analysis, the development of 3D DDA is also undertaken. However, 

there still exist some key problems, which inhibit its practical application, in the 

development of 3D DDA program. For example, there is no effective tool for 3D 

DDA model construction; it is unavailable to perform slope stability analysis under 

seismic loading and with the anchor reinforcement.  

This study aims at (1) developing a practical 3D DDA program by solving the 

above problems and (2) applying the new 3D DDA to the practical hazard assessment 

of potential earthquake induced landslides in a coastal area with potential tsunami of 

Oita prefecture, Japan. The new 3D DDA includes (1) developing an effective pre-

processor for the 3D model construction; (2) adding the function of seismic loading 

and (3) adding the function of using anchor reinforcement. 

1.6 Thesis organization 

Chapter 1 introduces the background, objective and organization of the thesis. 

The existing numerical simulation methods for landslide study are reviewed. The 

development of DDA in theory and practical application is briefly introduced and the 

advantages of DDA are clarified.  

Chapter 2 provides an overview on 3D DDA. The 3D DDA formulation, 
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contact principle, and program structure are illustrated in detail. The following 

unsolved problems of the existing 3D DDA program are discussed: (1) without an 

effective pre-processor for complex slope model construction, which is especially 

fundamental and necessary for practical application to landslide study; (2) unable to 

perform slope stability analysis and landslide runout simulation under a potential 

earthquake; (3) unable to evaluate the preventive effect of using anchor 

reinforcement.  

Chapter 3 performs a close comparison between the 2D and 3D DDA to reveal 

the limitation of the 2D analysis and the necessity of 3D DDA. Their advantages and 

disadvantages are illustrated based on slope stability analysis and run-out simulation. 

The current 2D DDA program contains effective user friendly pre-processor and 

post-processor, which are powerful and necessary for practical slope study. There 

have been many achievements reported from practical 2D DDA applications. 

However, the limitations of 2D analysis also become obvious. Since lateral effect of 

a 2D slope section model cannot be considered, the factor of safety is often 

underestimated and lateral spread movement cannot be estimated in run-out analysis. 

On the other hand, the lateral friction and the lateral spread movement can be 

considered in 3D DDA analysis, the factor of safety can be estimated and the 

reasonable run-out can be simulated more accurately. But, a practical 3D DDA 

program has not been developed.  

Chapter 4 develops a practical pre-processor to easily construct a complex 3D 

slope model for the 3D DDA program. Since construction of a complex 3D slope 

model is always a troublesome problem which including the following two big 

issues: (1) how to cut the blocks; (2) how to generate blocks of the 3D slope terrain. 

The developed pre-processor solves these problems by taking the advantage of the 

commonly used commercial software: 3ds Max and ArcGIS. Arbitrary-shaped 3D 

bocks are made with 3ds Max and complex slope terrain mesh data are obtained from 

the ArcGIS. A pre-process program is developed to combine the output data from 

both 3ds Max and ArcGIS and translate them to the 3D DDA model format. It has 

been shown that a 3D DDA slope model can be easily and effectively made for any 
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real slope with complex terrain by using the newly developed 3D DDA pre-

processor, which makes it possible for applying 3D DDA to practical landslide study. 

Chapter 5 extends the existing 3D DDA program by adding the function of 

seismic loading and the function of anchor reinforcement. The stability analysis and 

run-out estimation of a potential earthquake induced landslide need the function of 

dealing with seismic loading in a 3D DDA program. The added seismic loading 

function can use either displacement wave or acceleration wave, which depends on 

the data available. In addition, when a slope is judged unstable under a potential 

earthquake, the slope should be reinforced in general. Rock anchor reinforcement is 

one of typical preventive methods. Thus, it is necessary to evaluate the preventive 

effect and provide the useful information for optimum design of the size and number 

of rock anchors. By adding these two functions, the new 3D DDA program makes it 

possible to assess the hazard of earthquake induced landslides for securing the safety 

of tsunami evacuation sites and access roads.  

Chapter 6 applies the new 3D DDA program to practical hazard assessment of 

earthquake induced landslides for securing the safety of tsunami evacuation sites and 

access roads in the coastal area of Oita prefecture. The Daiganji slope is taken as an 

example. An access road to a tsunami evacuation site and several houses are located 

at the slope downward. At first, the slope stability is analyzed by using both 2D and 

3D DDA. The results are compared with those from the commonly used limit 

equilibrium method. The adaptability of DDA and the difference between 2D and 3D 

analysis are shown. Secondly, the factor of safety is analyzed by using earthquake 

loading. And the influence of seismic directivity on the slope stability is analyzed. 

The landslide run-out is estimated by using the new 3D DDA program under the 

condition of the earthquake. It is shown that the access road and some houses are 

threatened by the potential landslide. Finally, the stability analysis of a anchor 

reinforced slope is performed to evaluate the preventive effect. It has been shown 

that the new 3D DDA is very useful and powerful enough for hazard assessment of 

earthquake induced landslides.  

Chapter 7 summarizes the results and achievements of this study. The problems 
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for the future study are highlighted. 
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CHAPTER 2 

OVERVIEW ON THE 3D DDA METHOD 

 

2.1 INTRODUCTION 

In the rock engineering, the rock masses are inborn consisted of discontinuities 

such as joints and faults such as the Fig.2.1 shows. The size of the discontinuities 

such as the length and the width varies greatly and also the number and the 

directivity can be in many cases. As a result, the mechanism behavior of the rock 

mass is mainly controlled by the rock discontinuities, this point has become a 

common sense for rock engineering and has been proved by many researchers such 

as (Ohnishi, 1999; Hwang et al., 2002; Ohnishi, 2002; Hwang, 2003; Hwang and 

Ohnishi, 2003; Hwang et al., 2003; Hwang, 2004; Hwang et al., 2004). 

 

 Figure 2. 1 Dicontinuties in rock mass.  

DDA was created by Shi (1998, 2001), which can simulate not only the 
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translation, rotation but also the strain characteristics of the individual simulated 

block just like the Figure 2.3 shows. For the 3D DDA, each kinds of displacement 

can own 3 subclasses on the relevant three direction, therefore for there will be 

twelve unknowns.  

The DDA method just like its name shows is very adaptable for simulation the 

behavior of rock mass consisting of rock joints. As Figure 2.2 shows, two rock joints 

in three dimensions cut the rock into four parts, which can be modeled and simulated 

in 3D DDA method.  

The major advantages or features can be summarized in the following five 

points: 1) the solution is unique without assuming the failure mode beforehand 

because of the minimization of potential energy of the whole system is used; 2) the 

simulation mode static or dynamic can be selected freely according to the simulation 

purpose; 3) the constitutive law of individual block can be adjusted and incorporated 

into the program easily; 4) the contact criteria, such as the classical Mohr-coulomb 

criteria, the boundary state, the loading state can be represent easily and accurately; 

5) comparing the DEM, the simulation is more stable because of no damping terms 

are considered. All of these features make the 3D DDA method can capture the large 

displacements accurately and efficiently when simulating the discrete block(s).  

 

Figure 2. 2 The illustration of block cut by joints. 

Since most geotechnical engineering problems are three dimensional, however, 

a two-dimensional representation is, at best, a crude approximation. In the case of 

slopes and tunnels, the orientation and geometry of discontinuities are unlikely to be 
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suitable for two-dimensional idealization, even though the dimension perpendicular 

to the plane of analysis may be large. To simulate the behavior of rock masses with 

discontinuities more precisely, the numerical method is required to consider the 

effects of the distributions of discontinuities, the terrains, the contacts among blocks, 

and the large displacements in three dimensions. 

     

Figure2. 3 Displacements of the block in 3D DDA. 

2.2 FUNDAMENTAL THEORY OF THE DDA 

2.2.1 3D DDA FORMULATIONS 

2.2.1.1 TIME INTEGRATION SCHEME 

The equations related to motion in the 3D DDA method are originally derived 

from the theory of minimization of potential energy, which is just the similar as 

FEM. The sources of the potential energy can be all kinds of mechanisms such as the 
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internal force or the external loading, contact forces. If the Ui is used to represent all 

kinds of potential energy according to the deformation mechanism, K, the dynamic 

energy and W, means the energy that dissipated, the system’s total energy E can be 

obtained by adding the energy together as the following equation:  

 ( )iE U K W= + −∑  (2.1) 

According to the theory of minimization potential energy of the whole system, 

the following equation can be found: 

 ( ) 0iU K WE
D D

∂ + ∂ − ∂∂
= =

∂ ∂
 (2.2) 

Actually, the Eq. (2.1) is just a weak formulation form of the system’s 

equilibrium function that is used to describe the motion. If we expand all terms in Eq. 

(2.2), a general equation form for motion can be got: 

 ( ),t+ + = MD CD KD F D  (2.3) 

In the Eq. (2.3), M is the term of global mass, and C and K are matrices of 

damping and stiffness separately. The F(t, D) means the force vector which is time 

related. D is the displacement vector of the system, and accordingly, D  and D  represent 

the velocity and the acceleration vectors for the simulation system respectively. 

If we use the Dn  to represent the displacement at the beginning of the time step 

D(t), and Dn+1 represents the displacement after a time step Δt, D(t+Δt), the Eq. (2.3) 

comes 

 1 1 1 1n n n n+ + + ++ + = MD CD KD F  (2.4) 

The initial state is, D(0) = 0 and ( ) ( )0 0=D V . 

Using the Newmark’s scheme, the displacement and the velocity can be 

represented in the following form: 
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 ( ) ( )
2

1 11 2 2
2n n n n n

t
t β β+ +

∆
 = + ∆ + − + 

  D D D D D  (2.5) 

 ( )1 1= + 1n n n nt γ γ+ + ∆ − + 
   D D D D  (2.6) 

In which, the β and γ are weight parameters for the velocity and acceleration 

individually. 

Just as mentioned by Doolin and Sitar (2004), if the 3D DDA uses γ = 1 and β = 

1 / 2, it will be an implicit iteration form, which is normally called the DDA 

Newmark-β method. By doing this, the Eq. (2.5) and (2.6) becomes: 

 ( )2

1 12n n n n

t
t+ +

∆
= + ∆ + D D D D  (2.7) 

 1 1= +n n nt+ +∆  D D D  (2.8) 

Another thing that is needed to mention is that in the 3D DDA simulation, for 

each time step, the deformation will be refreshed and the displacements are set to be 

zero Dn = 0 at the beginning. Therefore, the Eq. (2.7) can generate the following two 

functions to obtain the accelerations and velocities. 

 
( )1 12

2 2
n n ntt+ += −

∆∆
 D D D  (2.9) 

 1 1
2=n n nt+ + −
∆

 D D D  (2.10) 

Combining Eq. (2.9) with (2.10), the Eq. (2.4) can be created.  

 
( ) 1 12
2 2 2

n n nt tt + +

   + + = + +   ∆ ∆ ∆  


M C MK D F C D  (2.11) 

As the 3D DDA method uses an implicit integration method, the damping term 

C =0. Then the Eq. (2.11) can be rewrite in a simple expression as  
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  =KD F  (2.12) 

Because Eq. (2.12) assembles the system’s mass matrix and stiffness matrix, the 

iteration solver is normally used to solve the function. 

2.2.1.2 DISPLACEMENT FUNCTION 

In the 3D DDA program, the displacements of each block are obtained from the 

first-order approximation function Eq. (2.13). There are two main assumptions under 

this: 1) the displacement and deformation during each time step is small; 2) the stress 

and strain are both in uniform distribution.  

 
0 1 2 3

0 1 2 3

0 1 2 3

u a a x a y a z
v b b x b y b z
w c c x c y c z

= + + +
 = + + +
 = + + +

 (2.13) 

In which, ( ), ,x y z  are positions of a certain point, and ( ), ,u v w  are its 

displacements for a block, moreover,
0 1 2 3

0 1 2 3

0 1 2 3

a a a a
b b b b
c c c c

 
 
 
  

 are constant terms. 

If the gravity centroid is considered, the Eq. (2.13) will becomes:  

 
c 0 1 c 2 c 3 c

c 0 1 c 2 c 3 c

c 0 1 c 2 c 3 c

u a a x a y a z
v b b x b y b z
w c c x c y c z

= + + +
 = + + +
 = + + +

 (2.14) 

In which ( )c c c, ,u v w  and ( )c c c, ,x y z represent the same meaning as before, and 

c is on behalf of the centroid. 

Combing Eq. (2.14) with Eq. (2.13), it comes: 

 
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

c 1 c 2 c 3 c

c 1 c 2 c 3 c

c 1 c 2 c 3 cc

u u a x x a y y a z z
v v b x x b y y b z z
w w c x x c y y c z z

= + − + − + −
 = + − + − + −
 = + − + − + −

 (2.15) 
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Then the parameters 
0 1 2 3

0 1 2 3

0 1 2 3

a a a a
b b b b
c c c c

 
 
 
  

 can be transformed into the parameters

c

c

c

x x yz

y y zx

z z xy

u r
v r
w r

ε γ
ε γ
ε γ

 
 
 
  

. In these parameters, ( ), ,x y zr r r  are the rotation angle related to 

the rotation center ( )c c c, ,x y z , ( ), ,x y zε ε ε  and ( ), ,yz zx xyγ γ γ  represent the normal 

and shear strain individually. 

Then, the new parameters can be: 

 

1

2

3

2

3

3

1

1

2

1
2
1
2
1
2
1
2
1
2
1
2

x

y

z

yz x

yz x

zx y

zx y

xy z

xy z

a
b
c

c r

b r

a r

c r

b r

a r

ε
ε
ε

γ

γ

γ

γ

γ

γ

=
 =
 =

 = +


 = −



= +

 = −

 = +

 = −


 (2.16) 

Denoting the displacement function as  

( )

( )

( )

( )

2 2

2 2

2 2

1 0 0 0 0 0 0

, , 0 1 0 0 0 0 0

0 0 1 0 0 0 0

c c
c c c

c c
i c c c

c c
c c c

z z y y

z z x x

y y x x

z z y y x x

x y z z z x x y y

y y x x z z

− −

− −

− −

 − − − −
 
 = − − − − 
 

− − − −  

T

 (2.17) 
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and iD  are the unknowns- displacements and deformations in the following 

form: 

 

1

2

3

4

5

6

7

8

9

10

11

12

c i

c i

c i

x i

y i

z i
i

x i

y i

z i

yz i

zx i

xy i

u d
v d
w d
r d
r d
r d

d
d
d
d
d
d

ε
ε
ε
γ
γ
γ

   
   
   
   
   
   
   
   
   = =   
   
   
   
   
   
   
   
     

D  (2.18) 

The displacements for all points in the i block can be represented using the 

following equation:  

 ( ), ,i i

u
v x y z
w

 
  = ⋅ 
  

T D  (2.19) 

 

2.2.1.3 GLOBAL EQUILIBRIUM EQUATIONS 

As mentioned before, the 3D DDA’s equilibrium equation is created by 

minimization the system’s potential energy, which is also called the Lagrangian 

energy method. There are many kinds of potential energy sources. Generally, the 

potential energy for a single block can be summarized in the following seven kinds: 

(1) the elastic stress, (2) the initial constant stresses, (3) the point load, (4) the body 

forces, (5) the inertia forces, (6) the measured displacements and (7) contact forces 

between blocks. The total potential energy of an n blocks’ system is formed as: 
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11 12 1 1 1

21 22 2 2 2
1 2 1 2

1 2

1
2

n

nT T T T T T
n n

n n nn n n

Constant

     
     
        Π = + +        
     
     





 

     



K K K D F
K K K D F

D D D D D D

K K K D F
(2.20) 

where ijK  is a 12×12 stiffness sub-matrix of block i, iD  is 12×1 displacement 

sub-matrix and iF  is 12×1 load sub-matrix of Block i, respectively. The symmetries 

T
ij ji=K K  can be seen. 

By minimizing the total potential energy, all terms of the differentiations of an n 

blocks’ system assemble the simultaneous equilibrium equations as a matrix form as 

below: 

 

11 12 1 1 1

21 22 2 2 2

1 2

n

n

n n nn n n

     
     
     =
     
     
     





     



K K K D F
K K K D F

K K K D F

 (2.21) 

where sub-matrix iiK  depends on the material properties and ,  ij i j≠K  
depends on the contacts between Block i and j. 

For Block i, equations  

 

c

c

c

0

0

0

u

v

w

∂Π =∂
∂Π

=∂
 ∂Π

=∂

 (2.22) 

represent the equilibrium of all loads and contact forces acting on the block 

along x, y and z directions respectively. Equations 
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0

0

0

x

y

z

r

r

r

∂Π =∂
∂Π

=∂
∂Π

=
∂

 (2.23) 

represent the moment equilibrium of all loads and contact forces acting on the 

block. And equations 

 

0

0

0

0

0

0

x

y

z

yz

zx

xy

ε

ε

ε

γ

γ

γ

∂Π =∂
∂Π

=∂
∂Π

=
∂

 ∂Π =
∂

∂Π =∂


∂Π =∂

 (2.24) 

represent the equilibrium of all external forces and stresses on the block. 

The differentiations 

 
2

,  ,s 1, ,12
ir js

r
d d
∂ Π

=
∂ ∂


 (2.25) 

are the sub-matrix ijK  in Eq. (2.21). The differentiations 

 ( )0
,  1, ,12

ir

r
d

∂Π
− =

∂
  (2.26) 

are the free terms of Eq. (2.21) after shifting to the right side of the equation, 
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which are the sub-matrix iF . 

2.2.3.1.1 SUB-MATRIX OF ELASTIC STIFFNESS 

The elastic strain energy generated by the elastic stresses of Block i is 

 e
1Π d d d
2

i

T

V

x y z= ∫∫∫ ε σ  (2.27) 

where the integral domain Vi is the volume of Block i. For each time step, 

blocks are assumed as linearly elastic. The relations between stress and strain can be 

established as 

 =σ Eε  (2.28) 

where 

 ( )0 0 0 0 0 0
T

x y z xy yz zxσ σ σ τ τ τ=σ  (2.29) 

 ( )0 0 0 0 0 0
T

x y z xy yz zxε ε ε γ γ γ=ε  (2.30) 

For both plane stress and plane strain, 
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( )( )

0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0

= 0 0 0 0 0 0 1 0 0 01 1 2
0 0 0 0 0 0 1 0 0 0

10 0 0 0 0 0 0 0 0 0 0
2

10 0 0 0 0 0 0 0 0 0 0
2

10 0 0 0 0 0 0 0 0 0 0
2

i
E υ υ υ

υ υ υυ υ
υ υ υ

υ

υ

υ

 
 
 
 
 
 



 −


−+ −
 −


−

 −

 − 

E


















(2.31) 

where E is is Young’s modulus and υ  is Possion’s ratio of block material. 

Eq. (2.27) can be represented in terms of the block displacement variables 

 
e

1Π d d d
2

=
2

i

T
i i i

V

Ti
i i i

x y z

V

= ∫∫∫ D E D

D E D

 (2.32) 

Minimizing eΠ  by taking the derivatives, the corresponding 12 × 12 sub-

matrices is obtained and added to the global stiffness matrices iiK  in the global 

equilibrium equation, as shown as below 

 i i iiV →E K  (2.33) 

2.2.3.1.2 SUB-MATRIX OF INITIAL STRESS 

In the DDA, the computed stresses of the previous time step will be transferred 

to the next step as initial stresses. For Block i with initial constant stresses, 
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 0 0 0 0 0 0
0 0 0 0 0 0 0

T

x y z xy yz zxσ σ σ τ τ τ =  σ  (2.34) 

the potential energy can be expressed as: 

 
σ 0

0

1Π d d d
2

=
i

T

V

T
i i

x y z

V

= ∫∫∫ ε σ

D σ
 (2.35) 

Minimizing σΠ  by taking the derivatives, the corresponding 12 × 1 sub-

matrices is obtained and added to the global force matrices iF  in the global 

equilibrium equation, as shown as below 

 0i iV− →σ F  (2.36) 

2.2.3.1.3 SUB-MATRIX OF POINT LOADING 

Assuming the point loading ( ), ,x y zF F F  acts on any point ( )0 0 0, ,x y z  within 

Block i. The potential energy of the point load is 

 

[ ]

( )

p

0 0 0

Π

, ,

x

y

z

x
T T
i i y

z

F
u v w F

F

F
x y z F

F

 
 = −  
  

 
 =  
  

D T

 (2.37) 

Minimizing pΠ  by taking the derivatives, the corresponding 12 × 1 sub-

matrices is obtained and added to the global force matrices iF  in the global 

equilibrium equation, as shown as below 

 ( )0 0 0, ,
x

T
i y i

z

F
x y z F

F

 
  → 
  

T F  (2.38) 
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2.2.3.1.4 SUB-MATRIX OF BODY FORCE 

Self-weight of rock masses is the most common body force. Assuming that 

( ), ,x y zf f f  is the constant body force acting on the entire volume of Block i, the 

potential energy is 

 

[ ]

( )

vΠ d d d

= , , d d d

0 0 0 0 0 0 0 0 0

i

i

x

y
V

z

x
T T
i i y

V
z

TT
i x i y i z i

f
u v w f x y z

f

f
x y z x y z f

f

f V f V f V

 
 = −  
  

    −     
    

 = −  

∫∫∫

∫∫∫D T

D

 (2.39) 

Minimizing vΠ  by taking the derivatives, the corresponding 12 × 1 sub-

matrices is obtained and added to the global force matrices iF  in the global 

equilibrium equation, as shown as below 

 0 0 0 0 0 0 0 0 0
T

x i y i z i if V f V f V  →  F  (2.40) 

The constant body force is equivalent to a point load on the centroid of gravity. 

2.2.3.1.5 SUB-MATRIX OF MEASURED DISPLACEMENTS 

As boundary condition, displacement ( ), ,m m mu v w  are sometimes fixed or pre-

determined on any prescribed point ( )0 0 0, ,x y z  within Block i. Assuming that the virtual 

displacement of the point is ( ), ,u v w , it imposes a stiff spring to force its displacement 

( ), ,u v w  to ( ), ,m m mu v w . Then, the total strain energy of the spring is 
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( ) ( ) ( )

( ) ( ) ( ) [ ]

2 2 2
m

0 0 0 0 0 0 0 0 0

Π
2

, , , , , ,
2 2

m m m

m m
T T T T
i i i i i i m m m m m

m m

k u u v v w w

u u
k kx y z x y z k x y z v u v w v

w w

 = − + − + − 

   
   = − +   
      

D T T D D T

(2.41) 

where k is the stiffness of the spring. 

Minimizing mΠ  by taking the derivatives, the corresponding 12 × 12 sub-

matrices and two 12 × 1 sub-matrices are obtained and added to the global stiffness 

matrices, iiK , and the global force sub-matrices, iF , in the global equilibrium 

equation respectively, as shown as below 

 ( ) ( )0 0 0 0 0 0, , , ,T
i i iik x y z x y z →T T K  (2.42) 

 ( )0 0 0, ,
m

T
i m i

m

u
k x y z v

w

 
  → 
  

T F  (2.43) 

It should be noted that the stiffness of the springs could not be increased 

infinitely to lock the fixed points. It is usually set under the order of magnitude 

arounf 10 ~ 100E0L0 to ensure that the whole coefficient matrix will not become ill-

conditioned as the introduction of these springs. E0 is the Young’s modulus of the 

block material and L0 is the average block “diameter”. 

2.2.3.1.6 SUB-matrix OF INERTIA FORCE 

In DDA, the time steps are chosen such that the maximum displacements in 

each time step are small and the formulae for small displacements are accurate 

enough. The time steps are used by both statics and dynamics. The dynamic 

computation inherits the full velocity at the end of the previous time step. The static 

computation inherits only a part of the velocity at the end of the previous time step as 

the initial velocity at the beginning of this time step. For large deformation, the 
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statics is a stabilized limit case of dynamics after very long time. 

Denote ( ) ( ) ( )( ), ,u t v t w t  as the time dependent displacement of any point 

( ), ,x y z  of Block i and ρ as the mass per unit volume. The force of inertia per unit 

volume is 
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The potential energy of inertia force applied on Block i is 
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 (2.45) 

Denote t∆  as the time interval of the time step, iD  as the displacement 

increment during this time step. Assume the acceleration is constant over this entire 

time step. Then applying the scheme of the average acceleration in Eq. (2.9) 
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where 

 ( ) ( )i
i

t
t

t
∂

=
∂

D
V  (2.47) 

The velocity at the end of this time step is 
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 ( ) ( )2+i i it t t
t

∆ = −
∆

V D V  (2.48) 

Then, the potential energy becomes 

 ( ) ( )
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2 2Π , , , , d d d
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i i i i i

V

x y z x y z x y z t
tt

ρ
 

= ⋅ − 
 ∆∆ 

∫∫∫D T T D V  (2.49) 

Minimizing iΠ  by taking the derivatives, the corresponding 12 × 12 sub-

matrices and two 12 × 1 sub-matrices are obtained and added to the global stiffness 

matrices, iiK , and the global force sub-matrices, iF , in the global equilibrium 

equation respectively, as shown as below 

Mass matrix: 

 
( )

( ) ( )2
2 , , , , d d d

i

T
i i ii

V

x y z x y z x y z
t
ρ

→
∆ ∫∫∫T T K  (2.50) 

Velocity matrix: 

 ( ) ( ) ( )2 , , , , d d d
i

T
i i i i

V

t x y z x y z x y z
t
ρ

→
∆ ∫∫∫V T T F  (2.51) 

The integration can be obtained from 
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where 
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( ), ,c c cx y z  is the centroid of Block i and 1
iS , x

iS , y
iS , z

iS , 
2x

iS , 
2y

iS , 
2z

iS , xy
iS , 

zx
iS  and yz

iS  will be given in the 3D Simplex Integration (Section 2.2.2). 

2.2.2 SIMPLEX INTEGRATION 

Shi (1996, 1997a, b) introduced the method of summing up the oriented area to 

get the area of the 2D block with any shape (Figure 2.4). Simplex integrations can 

compute ordinary integrations on any complex without subdividing mesh. P can be 

the point of anywhere in the 2D domain. 

 

Figure 2. 4 Simplex integration on complex in 2D. 

Integration domains of the 3D blocks usually have complex shapes in 3D DDA. 

Therefore, integrations are more difficult than those of FEM. Integration domains are 

the major differences between the two methods. The FEM computes the complex 

functions in simple domains, while DDA computes simple functions in complex 

domains. The simplex in 2D is a triangle, while it is a tetrahedron in 3D domain, as 

shown in Figure 2.5. 
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(a) 2D simplex (b) 3D simplex 

Figure 2. 5 Simplex in 2D and 3D. 

The coordinates of the vertices P0, P1, P2, P3 on the 3D simplex are supposed as 

( )0 0 0, ,x y z , ( )1 1 1, ,x y z , ( )2 2 2, ,x y z  and ( )3 3 3, ,x y z  respectively. Hence, the 3D 

simplex volume can be calculated by using Eq. (2.55) 

 

0 0 0

1 1 1

2 2 2

3 3 3

1
11
16
1

x y z
x y z

V
x y z
x y z

=  (2.55) 

3D simplex has both positive and negative orientations which are defined as 

positive and negative volumes respectively. Furthermore, any general block can be 

divided into simplexes. And the integrations of the general block can be treated as the 

summation of the oriented subdivided simplexes. 

Assume the vertex list of Polygon j is  

 ( )0 1 1
j j j

mP P P − j  (2.56) 

where ( )m j  is the sum of vertex on Polygon j. Define 

 ( )0
j j

mP P= j  (2.57) 

to complete the definition of loops of Polygon j by repeating the first vertex on 

the face. The coordinate of each vertex can be expressed as: 
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 ( ), ,j j j j
k k k kP x y z=  (2.58) 

The current block is assumed to be composed by s polygons in total and set 

( )0,0,0P = . The volume of this block is given by Eq. (2.59). Calculated by simplex 

integrations integrals for 1, x, y, z, x2, y2, z2, xy, yz, zx are represented by the 

coordinates of the boundary vertices only. 
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2.2.3 CONTACT DETECTION 

In 3D DDA, a rigorous contact theory is an essential part because it governs the 

interaction of the blocks. A comprehensive theory mainly involves contact detection 
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and contact mechanics (Beyabanaki, Jafari and Yeung, 2010). The former is mainly 

concerned with the geometric aspects of the method, e.g. the type of contact between 

two blocks. The latter is mainly concerned with the physical aspects of the method, 

e.g. the mechanical response of blocks in contact. 

2.2.4 CONTACT MECHANICS 

DDA uses a penalty-constraint approach in which the contact is assumed to be 

rigid. As a result, no overlapping or inter-penetration of the blocks is allowed. This is 

called an impenetrability constraint. Shi (1988) used the penalty method in the 

original DDA. 

In the penalty method, when two blocks overlap, an impenetrability constraint is 

implemented by applying a numerical penalty function analogous to stiff springs at 

the contacts in the direction of the penetrating corner to prevent inter-penetration. 

Numerically, this is done by adding penalty value (usually a large number) to the 

contact terms in the global equations. In the original DDA program, within each time 

step, the global equations are solved iteratively by repeatedly adding and removing 

contact springs (penalty values) until each of the contacts converges to a constant 

state. This procedure of adding and removing contact springs (penalty values) is 

known as open-close iterations in the DDA literature. The open-close iterations are 

continued until there is no penetration at any contact point. If the no-penetration 

constraint is not satisfied within a specified number of iterations (typically 6-8 

iterations), the time step is reduced by one third and the process is repeated with the 

reduced time step. 

The Mohr-Coulomb joint failure criterion is used in DDA to check failure along 

discontinuities just like Figure 2.6 shows. 
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Figure 2.6 The sketch of Mohr-Coulomb law 

 In the original DDA, the normal component of the contact force, Fn is 

compressive, i.e., 

 n n n n0,  0F k d d= − > <  (2.1) 

where n 0d <  means penetrations in DDA. The shear component of the contact 

force satisfies 

 s n ctanF F cAφ< +  (2.1) 

where φ  is the joint friction angle, c is the joint cohesion and cA  is contact area 

of the joint. If the driving shear force, sF , is larger than the Mohr-Coulomb resisting 

shear force causing sliding, contact is in the “sliding” state. For this contact state, the 

stiff penalty spring is applied only in the normal direction to prevent inter-penetration 

between blocks and to allow sliding controlled by the friction law. The sliding force 

is calculated from the normal contact force of the previous iteration. The contact state 

can have three basic types, locked, sliding, and open. For the locked contact, both 

normal and shear spring are applied. For the sliding contact, only the shear spring is 

applied, but a pair of frictional force is added. There will be no spring and force 

when the contact is judged as open contact. The locked and sliding contacts are 

showed in Figure 2.7. Additionally, it should be mentioned that once the contact 

status changes from locked to sliding, the cohesion will be not taken into 

consideration. 
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(a) 

 

(b) 

Figure 2.7 The schema of locked contact (a) and sliding contact (b) 

 

2.3 The 3D DDA program structure 

2.3.1 OPEN-CLOSE ITERATION 

In the mechanical computation process of 3D DDA, a three-parameter (friction 

angle, cohesion, tensile strength) Mohr-Coulomb law is applied to determine the 

contact state (open, sliding, locked ) between blocks. 

Within each time step, the global equilibrium equations are solved repeatedly 

while selecting the closed entrance positions. The procedure of adding or removing 

penalty springs and/or frictional force, which depends on the changes in contact 
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state, is known as open-close iteration (Shi, 1988). Each contact has three possible 

states: open, locked, and sliding. No springs or frictional forces are applied on an 

open contact. A normal spring and a pair of frictional forces are applied on a sliding 

contact. A normal spring and a shear spring are applied on a locked contact. 

2.3.2 GENAERAL PROCEDURE FRO 3D DDA PROGRAM 

For the general procedure of 3D DDA program, there are several steps for the 

whole process. For simplicity, it can be summarized as the following steps: 

1) Inputting the geometric data (such as the point coordinates, lines and faces 

constitute elements), the physical parameters (for example, density, Young’s 

modulus, and Poisson’s ratio), the computational parameters (such as spring’s 

penalty, simulation time, time step, and maximum allowed displacement ratio) and 

etc. 

2) Initiate the global equilibrium equation and assemble non-contact terms. 

During this step, the contacts and contact forces will be updated, meanwhile, the sub-

matrices of non-contact terms will be assembled and added, which includes the 

inertia term, fix point or displacement boundary, the stiffness, the initial stress, the 

point loading, the volume forces and etc. 

3) The above mentioned open-close iteration will be performed. Firstly, 

according to the contact state of each contact point, the addition or remove spring or 

frictional forces will be executed. Then, the system’s equilibrium equation will be 

solved and each block’s position will be updated. However, this is not the end. The 

verification of the consistency of open-close for each contact before and after the 

iteration will be performed. 

4) Once the consistency is satisfied, the process of open-close iteration can be 

jumped. Moreover, if the consistency is not satisfied and at the same time, the 

iteration step is more than six, the time reduction will happen. 

5) When the open-close iteration is finished, the maximum displacement ratio 

will be checked. If it is bigger than the pre-defined maximum displacement ratio, the 
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time increment will be reduced. If it is under the pre-defined, the result will be 

outputted and the close contact will be transferred until the final simulation step is 

achieved. 

tion step is achieved. 

 

Figure 2.8 General procedure of 3D DDA program. 
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2.4 UNSOLVED PROBLEMS IN THE EXTISTING 3D DDA PROGRAM 

Although there are many achievements has been made on the DDA method, the 

main research focus on the 2D DDA. For the 2D DDA method, from the basic theory 

and large-scale application, it has shown its advantages both in accuracy and 

efficiency. For the 3D DDA method, the research is in a preliminary state. According 

to the literature review, the research about the 3D DDA is mainly on two aspects: 1) 

the basic formulations, the contact detection and constraints (Shi 2001, Liu 2004, 

Jiang and Yeung 2004, Beyabanaki Jafari and Yeung 2010, Beyabanaki, Yeung et al 

2010, Chen et al. 2004, Wang et al. 2006, Beyabanaki et al. 2008, Keneti et al. 2008, 

Ahn and Song 2011, and Mikola and Sitar 2013); 2) the basic verification 

applications such as the classical wedge model and key block theory were used by 

Yeung et al. (2003) and Bakun-Mazor (2012) et al. to clarify the availability of the 

3D DDA program, and The real 3D rock-fall problems were solved by Chen et al. 

(2013). The unsolved problems of the existing 3D DDA program which will be 

discussed in this thesis are listed as followings: 

1) Without an effective pre-processor for complex slope model construction. 

When creating the 3D model for the real slope simulation, there are two major 

necessary steps 1) the construction of blocky systems that consisting of 

discontinuities, in which the block formulation and cutting are unavoidable. For the 

latter, the original pre-processor is not effective and even lost its ability when dealing 

with complex cutting problems; 2) the accurate construction of real 3D terrain, which 

play an important role in the 3D DDA simulation such as the stability, run-out 

analysis if the more accurate result is needed. 

2) Unable to perform the stability analysis and runout simulation under a 

potential earthquake. As we know, the earthquake is one of the major factors that can 

cause the landslide. Although the seismic loading can be applied in the 2D DDA, the 

research about the slope under earthquake in the 3D DDA is rare in the literatures 

especially when take the 3D terrain into consideration. For the stability analysis, how 

to judge the factor of safety is also a problem in the 3D DDA. 

59 



 

3) Unable to evaluate the preventive effect of using anchor reinforcement. The 

anchor reinforcement is an important countermeasure for the slide-prone slope. If the 

slope is judged as unstable when certain earthquake is applied, the anchors can be 

applied to improve the stability. Although some work has been done on the 2D 

anchor reinforcement simulation, how to add the anchor function into the 3D DDA 

program is a problem that exists. 
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CHAPTER 3 

COMPARISON BETWEEN 2D AND 3D DDA 

 

3.1 INTRODUCTION 

The 2D DDA has been developed maturely not only in theory but also in the 

practical engineering usage. The very useful user-friendly pre-processor and post-

processor has been developed (Chen et al, 1996; Doolin and Sitar, 2001), which 

makes it convenient for the deep research and more widely used in the practical 

engineering problems. The practical usages of the 2D DDA is widely such as rock-

fall, landslide, underground openings and etc. 

Since most geotechnical engineering problems are three dimensional, however, 

a two-dimensional representation is, at best, a crude approximation. In the case of 

slopes and tunnels, the orientation and geometry of discontinuities are unlikely to be 

suitable for two-dimensional idealization, even though the dimension perpendicular 

to the plane of analysis may be large. To simulate the behavior of rock masses with 

discontinuities more precisely, the numerical method is required to consider the 

effects of the distributions of discontinuities, the terrains, the contacts among blocks, 

and the large displacements in three dimensions. 

For the slope analysis, there are two key points: 1) the stability analysis before 

the slope failure such as the determination of the factor of safety; 2) the run-out 

analysis after the failure of the slope. These two points are very meaningful for the 

slope research not only in theory but more the practical meaning. Because for the 
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former, the landslide-prone slopes can be recognized and for the latter, the dangerous 

area can judged accordingly. 

In order to realize definitely the difference between the 2D DDA and 3D DDA 

when dealing with the slope stability and runout analysis, the simplified wedge 

model is used for the simulation in 3D DDA and different section resulting for the 

3D model are adopt for the 2D DDA simulation. The reason of using the wedge 

model is it not only exists in the nature (Figure3.1) but also owns the theoretical 

solution for the safety factor. 

 

Figure3.1 The failure wedge by the road. 

3.2 THE STABILITY ANALYSIS 

The stability analysis is of great importance in the slope analysis. The factor of 

safety is the most generally used value that can evaluate the stability of the slope. 

However, for the geotechnical engineering, it is very difficult to get the theoretical 

solution of the factor of safety (FOS). Even if some numerical method can get the 

FOS, if there is no theoretical solution as standard, the result is more or less 

questionable. 

The wedge, as it owns the theoretical solution and exists in nature, is always 

been used as the typical model in the verification of the accuracy of numerical 
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methods. For the 3D DDA, there is no direct way to get the FOS when the slope 

mode is used for analysis because of the nature of the program. The strength 

reduction method is an easy and typical method to get the FOS in the slope analysis. 

By introducing the strength reduction method to the 3D DDA method, the FOS can 

be got. In the following two sections, the wedge’s theoretical solution and the 

strength reduction method are illustrated in detail separately. 

3.2.1 THE THEORETICAL SOLUTION 

The factor of safety of the wedge model can be got by the limit equilibrium 

method, which was proposed by Kovari and Fritz (1975). The illustration of the 

wedge slope mode can be found in Figure 3.2. 
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Figure 3.2 The illustration of the geometry wedge slope model 

In the Figure 3.2, the 𝑖𝑖𝑎𝑎 is the plunge of the intersection for the section I-I', and 

the 1ω  is the angle between surface A and the vertical and 2ω  is the angle for the 

surface B and the vertical direction as shown in the section A-A'. If we assume that 

the failure of the wedge block obeying the Mohr-coulomb criterion and according to 

the limit equilibrium method, the factor of safety (SF) can be obtained in the 

following form: 

 1 2cos ( )
sin

a

a

w i c A ASF
w i

λ + +
=  (3.1) 

Where, the w  is the weight of the wedge, and the c  represents the cohesion 

strength of the surface. The 1A  and 2A are the lateral surface area of surface A and 

surface B separately. The factor λ  is called the wedge factor (Kovari and Fritz, 

1975), which is the defined as: 

 1 2

1 2

cos cos
sin( )
ω ωλ
ω ω
+

=
+

 (3.2) 

The meaning of 1ω  and 2ω  have been illustrated before. 

Therefore, for the certain wedge model, if the geometry and physical parameters 

are known, the factor of safety can be easily obtained. For the DDA analysis, because 

of no failure mode is preliminarily defined, the strength reduction method is 

recommended for the calculation of factor of safety. 

3.2.2 THE STRENGTH REDUCTION METHOD 

In the DDA method, the Mohr-coulomb criterion is used for judge whether the 

contact(s) state is in the failure state. However, for different kind of cohesion and 

frictional angle, we just know its state and the factor of safety can not to be got. In 

order to get the exact value of safety, the theory of shear strength is introduced into 

the DDA method. Defining SRF as shear reduction factor, the basic formulation this 
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method is: 

 tan
n

c
SRF SRF SRF
τ ϕσ= +  (3.3) 

The other form of this formulation is: 

 tannc
SRF
τ σ ϕ′ ′= +  (3.4) 

 c
SRF
τ′ =  (3.5) 

 1 tantan ( )
SRF

ϕϕ −′ =  (3.6) 

In which, the c and ϕ  are the cohesion strength and frictional angle separately. 

The c′ and ϕ′  are the value of these two parameters after reduction. 

Through the reduction of cohesion and frictional angle at the same time, the 

limit state can be determined. The SRF value that locates at the limit state is used as 

the FOS (Factor of Safety) in the DDA’s stability analysis. What is needed to be 

mentioned is that the choosing of the initial strength values is important for obtaining 

a reasonable FOS. The initial strength values (cohesion and frictional angle) can be 

got from the experience, or more recommend from the real laboratory data when the 

real slope site is chosen for study. During shear strength reduction, it has two kinds 

of conditions: 1) if the initial strength parameters are large enough to make it stable, 

the SRF should be improved more than one for the next time’s calculation, which 

will lead to a FOS more than one; 2) if the initial shear parameters is small that can 

make it unstable, the SRF will be reduced bellow than one for the next turn’s 

simulation, which will result in a FOS bellow than one. 
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3.3 THE SLOPE MODEL FOR 3D AND 2D DDA 

The slope mode that is used for the analysis is the typical wedge model. The 

reason of using this kind of model is: 1) the wedge-shape slope is a typical common 

slope type in the engineering, using the simplified wedge mode is of practical 

meaning; 2) the theoretical solution for the wedge’s factor of safety can be easily got, 

which can be used to verify the accuracy of DDA method. 

 

Figure 3.3 The 3D slope model for 3D DDA 

The detail coordinates of the slope’s model can be found in Fig3.3. As the 

sliding part should not be one big block, it is divided into many some blocks in the 

3D DDA analysis. There are three types of 3D DDA model according to slide part’s 

division: 6 blocks, 12 blocks, and 24 blocks like figure 3.4-3.6 shows. Moreover, the 

influence of the 3D block number on the runout distance and maximum velocity can 

be preliminarily evaluated by the 3D DDA methods 
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Figure 3.4 The 3D model of 6blocks 

 

 

Figure 3.5(a) The 3D model for of 12 blocks 
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Figure 3.5(b) The 3D model of the sliding part with 12 blocks 

 

Figure 3.6 (a) The 3D model of 24 blocks 
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Figure 3.6(b) The 3D model of the sliding part with 24 blocks 

For the 2D DDA stability analysis, different sections are used as Figure 3.7 

shows. Because of the asymmetry of the 3D model, there are total five section model 

are used, with interval between each sections are 5 meters as shown in Figure 

3.7.The section 3 located at the position that is mostly close to the axis, the 2D model 

of which is shown as figure 3.8. 

 

Figure 3.7 Five sections used for the 2D simulation. 
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Figure 3.8 The model of section 3 for 2D analysis. 

In order to make the comparison results are available, the simulation parameters 

that are used for the 2D and 3D DDA are kept consistent. The simulation parameters 

that are used for the DDA are listed in Table 3.1. 

Table3. 1 Mechanical properties and computational parameters for DDA 

Parameters Value 

Density ρ (kg/m3) 2000 

Young’s modulus E (GPa) 1 

Poisson’s ratio υ 0.3 

Gravity acceleration (m/s2) 9.8 

Penalty spring stiffness k 15 E 

Friction angle ϕ (°) 15(for runout analysis) 

Max. allowed displacement ratio 0.001 

Time interval (s) 0.001 

Total time steps 15000 
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SOR factor 1.3 

 

3.4 COMPARISON ON THE STABILITY ANALYSIS 

In this section the stability analysis will be performed. For the theoretical 

solution, the method mentioned in Section 3.2.1 will be used, and for the 2D and 3D 

solution, the strength reduction method mentioned in Section 3.2.2 will be used. A 

comprehensive comparison between the 2D and 3D solution related to FOS (Factor 

of Safety) will be performed. 

Firstly, the influence of cohesion and frictional angle on the FOS is determined. 

When the 2D DDA analysis is performed, the profile section 3 is used. 

When to evaluate the influence of cohesion strength, the frictional angle should 

be fixed, in this part, it is fixed as 20 degree. It can be found from Figure 3.9 that, the 

3D DDA can obtain a more accurate FOS, while the 2D DDA underestimate the FOS 

apparently especially when the cohesion strength is greatly increased. 

 

Figure 3.9 The relation between the cohesion strength and FOS  
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When to evaluate the influence of frictional angle, the cohesion strength should 

be fixed, in this part, it is fixed as 20 kPa. Similarly, the FOS from the 3D DDA is 

more close to the theoretical solution. The difference between the 2D DDA solution 

and the theoretical is increasing slightly when the frictional angle is improved.  

It can be conclude that the 3D DDA is more accurate for the slope stability 

analysis, especially when the strength is get larger. For the 2D DDA, it 

underestimates the FOS for a certain degree, this is more obvious when the shear 

strength is much larger, and in this case, the 2D may lose its value. 

 

Figure 3.10 The relation between the friction angle and FOS.  

Secondly, a comparison between different profiles section (section 1- section 5 

illustrated in 3.2) with the 3D DDA solution is made. For this part, the initial strength 

is chosen as cohesion 20kPa and frictional angle 20 degree. For the convenience, the 

3D solution is assumed as section 0. 

Figure 3.11 shows the change of FOS when different section is chosen for the 

2D DDA analysis, and the red bar is the 3D DDA solution. If takes the 3D solution as 

the correct solution, as showed before, it is very close to the theoretical solution, the 
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relative error between the 2D solution and it can be seen in Figure 10. It can be found 

from the Fig.3.11 and Fig.3.12 that, for most of the 2D DDA solution, it will 

underestimate the FOS around 20%. The reason is that in the 2D simulation, the 

lateral friction cannot be taken into consideration. Moreover, the chosen of different 

section has an influence on the final result, as the result of section one, which is 

because of the asymmetry of the 3D model.  

 

Figure 3.11 The varies of FOS with different profile sections.
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Figure 3.12 The change of relative error with different profile sections. 

3.5 COMPARISON ON THE RUNOUT ANALYSIS 

In order to realize definitely the difference between the 2D and 3D when 

dealing with the runout analysis, this section performs the relevant simulation about 

this issue. Because of no theoretical solution for the runout analysis, just the results 

from the 2D and 3D simulation are used to illustrate the problem. For the 2D DDA 

simulation, the profile section 3, which is just located at the failure direction, is used. 

For the 3D DDA simulation, similar to the stability analysis, three kinds of model, 

owing sliding parts of 6, 12, and 24 blocks are used. For both the 2D and 3D, the 

physical parameters are the same as Table 3.1. The study focuses on the runout 

distance, velocity on the failure direction, and the lateral spread. These three patterns 

are of practical meaning for safety evaluation and alert area determination.  

The failure process in the 2D DDA is shown in Figure 3.13. 
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(a) 2D DDA, simulation time=0 

 

 

(b) 2D DDA, simulation time=3s 

 

 

  

(c) 2D DDA, simulation time=6s 
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(d) 2D DDA, simulation time=9s 

 

(e) 2D DDA, simulation time=12s 

Figure 3.13 The runout process in 2D DDA simulation 

The 3D DDA simulation process for the runout analysis is illustrated by Figure 

3.14, Figure 3.15 and Figure 3.16. 

(a) 6blocks, time=0 

(b) 6blocks, time=3s 

95 



 

(c) 6blocks, time=6s 

 

(d) 6blocks, time=9s 

(e) 6blocks, time=12s 
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(f) 6blocks, time=15s 

Figure 3.14 The runout process for 6 blocks’ sliding parts 

(a) 12blocks, time=0 

(b) 12blocks, time=3s 
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(c) 12blocks, time=6s 

(d) 12blocks, time=9s 

(e) 12blocks, time=12s 
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(f) 12blocks, time=15s 

Figure 3.15 The runout process for 12 blocks’ sliding parts 

 

(a) 24blocks, time=0 

(b) 24blocks, time=3s 
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(c) 24blocks, time=6s 

(d) 24blocks, time=9s 

(e) 24blocks, time=12s 
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(f) 24blocks, time=15s 

Figure 3.16 The runout process for 24 blocks’ sliding parts 

It can be found that the runout process can be simulated by the 3D DDA method 

from the start of failure and the final deposit.  

 

Figure 3.17 The comparison between the 2D and different 3D DDA model on 

the toe block’s velocity pattern 
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no matter how many blocks the sliding part is comprised of, the velocity shows two 

peak points. The reason is, for this wedge model, the blocks in the central parts are 

accelerated by the compact from the lateral blocks; 2) the maximum velocity of the 

toe block in the is generally bigger than that in the 3D DDA simulation, if just the 12 

blocks and 14 blocks’ models are taken into consideration., as there is no lateral 

restriction. 

 

 

Figure 3.18 The comparison between the 2D and different 3D DDA model on 

the toe block’s runout distance pattern. 

The Figure 3.18 shows the pattern of toe block’s runout distance development. 

It can be found that: 1) the difference between the 2D and 3D on the runout 

displacement analysis is huge. In this case, the runout distance in 2D DDA analysis is 

much smaller than that in 3D DDA. We cannot conclude this is a common 

conclusion, because the special wedge mode that make the toe block obtain the twice 

acceleration from the lateral blocks just like its velocity pattern  if the sliding parts 

are increased from 12 blocks to 24 blocks, the runout displacement pattern tend to be 
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consistent, which shows that for the runout displacement analysis in the 3D DDA 

method, a certain number of blocks is enough to get the reasonable results. 

 

(a) The lateral distribution for 12 blocks’ model 

 

(b) The lateral distribution for 24 blocks’ model 
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Figure 3.19 The lateral distribution characteristics of sliding part with 12 blocks 

and 24 blocks 

The Figure 3.19 shows the lateral distribution patterns of the 12 blocks and 24 

blocks’ model. Because of there is almost no lateral spread for the 6 blocks’ model, 

its pattern are not shown. For sure, it is a common sense that there is no lateral spread 

in the 2D analysis. Form figure 3.19, we can find that for the 3D simulation, the 

lateral spread is obvious. When the sliding block number increases the spread 

distance may increase. If we calculate this spread distance from the symmetry line, 

for this certain case, the spread distance will increase from 13 meters to 30 meters 

when the sliding block number varies from 12 to 24. 
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3.6 CONCLUSIONS 

In this section, in order to show the limitation of 2D analysis and the advantage 

of 3D DDA, a close comparison between the 2D and 3D DDA on the certain slope 

model is made. The focus is mainly on two aspects the stability analysis and run-out 

simulation. The main conclusions are listed as follows: 

1) For the stability analysis, the factor of safety is different from section to 

section. The 2D analysis underestimates the factor of safety around 20% as the lateral 

friction cannot be considered, and the relative error may increase when the strength 

parameters increases.  

2) When the run-out analysis is compared it can be concluded that run-out 

distance of the 2D DDA analysis is greatly different from the 3D DDA solution, and 

the run-out distance is different from section to section. Moreover, the lateral spread 

can be considered in the 3D DDA method, a lateral spread of 30 meters can be found, 

which is of practical meaning for the disaster mitigation. 

3) The FOS from the 3D DDA is in good agreement with the theoretical 

solution. Therefore, it is more meaningful and accurate to use the 3D analysis than 

the 2D. 

REFERENCES 

Benz W. (1988). Applications of smooth particle hydrodynamics (SPH) to 
astrophysical problems. Comput Phys Commun 48(1):97-105 

Benz W, Asphaug E. (1995). Simulations of brittle solids using smooth 

particle hydrodynamics. Comput Phys Commun 87(1):253-265 

 Berczik P. (2000). Modeling the star formation in galaxies using the 
chemo-dynamical SPH code. Astrophys Space Sci 271(2):103-126 

Beyabanaki SAR, Ferdosi B and Mohammadi S. (2009). Validation of 
dynamic block displacement analysis and modification of edge-to-edge 

105 



 

contact constraints in 3-D DDA. International Journal of Rock 
Mechanics and Mining Sciences, 46(7), 1223-1234. 

Dong X, Wu A and Ren F. (1996). A preliminary application of 
discontinuous deformation analysis (DDA) to the Three Gorges Dam 
project. In: MR S, D B, editors. The first international Forumon 

discontinuous deformation analysis (DDA) and simulations of 
discontinuous media. Berkeley, CA: TSI Press: Albuquerque, NM; 1996, 
310-317. 

Dong X, Wu A and Ren F. (1996). A preliminary application of 
discontinuous deformation analysis (DDA) to the Three Gorges Dam 
project. In Proceedings of the First International Forum on 

Discontinuous Deformation Analysis (DDA) and Simulations of 
Discontinuous Media, Berkeley, CA, Salami MR, Banks D (eds). TSI 
Press: Albuquerque, NM, 310-317. 

Doolin DM and Sitar N. (2004). Time integration in discontinuous 
deformation analysis. Journal of engineering mechanics, 130(3), 249-
258. 

Gotoh H, Sakai T (2006) Key issues in the particle method for 
computation of wave breaking. Coast Eng 53(2-3):171-179 

Gotoh H, Shao SD and Memita T. (2004). SPH-LES model for numerical 

investigation of wave interaction with partially immersed breakwater. 
Coast Eng 46(1):39-63. 

Grayeli R and Hatami K. (2008). Implementation of the finite element 
method in the three-dimensional discontinuous deformation analysis 

(3D-DDA). International journal for numerical and analytical methods 

in geomechanics, 32(15), 1883-1902. 

106 



 

Kim Y. (2007). Experimental and numerical analyses of sloshing flows. J 
Eng Math 58(1-4):191-210. 

Kim YI, Amadei B and Pan E. (1999). Modelingthe effect of water, 
excavation sequence and rock reinforcement with discontinuous 
deformation analysis. International Journal of Rock Mechanics and 

Mining Sciences, 36(7), 949-970. 

Kipfer P and Westermann R. (2006). Realistic and interactive simulation 
of rivers. In: Graphics interface 2006, Quebec, Canada. 

Monaghan JJ. (1990). Modelling the universe. Astron Soc Aust Proc 
8(3):233-237. 

Monaghan JJ. (1992). Smooth particle hydrodynamics. Annu Rev Astron 

Astrophys 30:543-574. 

Monaghan JJ. (1994). Simulating free surface flows with SPH. J Comput 
Phys 110(2):399-406. 

107 





 

CHAPTER 4 

DEVELOPMENT OF A PRACTICAL 3D DDA PRE-PROCESSOR 

 

4.1 INTRODUCTION 

The model construction is the first and the indispensable step for the numerical 

simulation. The 3D model construction is still a challenge for the 3D DDA 

simulation just like the benchmark paper Gony (2016) published recently pointed: 

“Modeling three dimensional multi-block structures in 3D-DDA is an elaborate and 

challenging task”. Although the original task has been developed, it has the 

following drawbacks:  

1) It is not suitable for construct a blocky system with multi-blocks. It does not 

allow the whole block input as its data element is the triangle face. If the rectangular 

face of one block is needed, it is avoidable to input two triangles both of which 

owning three points. It can be acceptable if there are just a few block is needed. 

However, if a blocky system consisting of many blocks is needed, this process is 

exhausting and un-tolerable. 

2) The block cutting function is insufficient. The block cutting contains two 

aspects, the block(s) cutting by the cutting plane(s) and cutting between blocks. As 

mentioned before, the 3D blocky system may contain many blocks interfacing by 

joints and discontinuities, so it is unavoidable to use the cutting plane(s) to cut the 

block(s) during the model construction. The Figure 4.1 shows one block is cut by 

two planes forming four blocks just like the shear joint in nature. Moreover, 
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sometimes, the cutting between blocks is needed. For example, to build the 3D 

tunnel model, it is more convenient to use one block to cut the other to form the 

internal space of the tunnel as Figure 4.2 shows. 

 

Figure 4.1 One block cut by a pair of planes 

 Figure 4.2 One block cut by the other block 

 

3) No user-friendly graphic interface. The modification of the model is based on 

the point data edit and modification of the model is not by the direct operation on the 

3D interface which resulting an exhausting operation if the model is slightly 

complicated. 

4) Cannot handle the real 3D terrain data. Up to now, the 3D DDA is just on the 

level of basic verification and simple application owing a few of blocks. For the real 
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3D simulation, such as rockfall and landslide, it is unavoidable to use the real 3D 

terrain. 

 Therefore, for the 3D model construction in 3D DDA method, there are two 

major issues needed to be solved: 1) how to build a blocky system with multiply 

blocks; 2) how to create the real 3D terrain.  

For the multi-blocks construction, the mature commercial soft 3ds Max 

(Derakhshani, 2014) is always used because of its user-friendly operation. If its 

output data format can be transferred to the one that 3D DDA used, to build the 3D 

multi-blocks is not a problem for 3D DDA. The practical pre-processor proposed in 

this thesis uses the advantages of the 3d Max and the built model data can be 

transferred to the one that the 3D DDA can be used. 

For the 3D terrain, normally, the ArcGIS (ESRI, Arc GIS 10) is normally used 

to store and emerge the data. If the 3D terrain data in ArcGIS can be transferred to 

the data format in 3D DDA, the construction of 3D terrain in the 3D DDA will not be 

a problem.  

The developed practical pre-processor takes the advantage of both the 

commercial software 3ds MAX and Arc GIS to solve the problems of building multi-

blocky system and real 3D terrain resulting in the model construction for 3D DDA 

comes to an more easy issue, which will benefit the development of 3D DDA on the 

practical issues. 

4.2 THE DATA FORMAT IN 3D MAX AND 3D DDA 

The output data from the 3ds MAX cannot be read directly by the 3D DDA 

because of the inconsistency data format. There are many output data format for 3ds 

MAX, of which the most common and general is the one with suffix “obj” and 

hereinafter called obj file. For the 3D DDA method, the input geometrical data is 

with suffix “blk” and hereinafter called blk file. The developed pre-processor can 

transfer the obj file from the 3ds MAX to the blk file. The data format of the obj flie 

and the blk file are illustrated in this section. 
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To illustrate the data structure of the output file- obj file in the 3ds MAX, a 

cubic block is built with the side length of 5 meters as Figure 4.3 shows. 

Figure 4.3 The cubic model in the 3ds MAX 

The origin of coordinate is on the center of the lower surface. The output “obj” 

file is as Figure 4.4 shows. The output data owns 8 vertices and 6 polygons and the 

“V” and “f” represent the vertices and faces respectively. The data structure owns the 

following patterns: 1) the vertices are ranked from the top to the bottom from 1 to 8; 

2) each polygon is formed based on the vertices that following the right-hand low, 

such as the top polygon in Figure 4.4 is formed by the vertices from 5 to 8. 
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Figure 4.4 The data structure of the obj file for the cubic 

The data structure of the blk file- the needed geometrical input file for the 3D 

DDA is in the form as Figure 4.5 illustrates. It should be mentioned that its material 

ID and joint ID are arranged from the number zero. From the first line to the last the 

data are illustrated as following: 1) the number of fixed points, load points and 

measure points, in the example, there are 4 fixed point and the coordinates of them 

are listed at the end the file; 2) the second and third line demonstrates the vertex 

index and the material ID, in the example, the vertex index is from 1 to 7 and the 

material ID is zero(the material type can be more than one, the ID zero is just an 

example of one kind of material type); 3) the eight lines of number is the vertex 

coordinates; 4) then the facet index and joint ID are needed, for the cubic, there are 

six facet indexed from 0 to 5 and for each facet the joint ID is set to be zero(the joint 

type can be various and the zero is just an example of one kind of joint type ); 5) 

after that, the six lines show the facet orders, which is similar like that in the blk file, 

while its index starts from the zero; 6) at the end of the file is the 4 fixed coordinates 

and if the load and measure points are exist, the relevant coordinates should be listed. 
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Figure 4.5 The data structure of the blk file for the cubic 

4.3 THE PROCEDURE OF THE NEW PRE-PROCESSOR 

As illustrated before, the new practical pre-processor for the 3D DDA model 

construction take advantage of the commercial software 3ds MAX and ArcGIS, the 

main procedure of its model construction is illustrated as Figure 4.6. Using new pre-

processor, the 3D DDA model can be easily constructed containing not only sliding 

parts which are created original from the 3ds MAX but also the 3D terrain base part. 

The main procedure includes the following three steps in order: 

1) Creating the 3D blocks from 3ds MAX. During this step, the 3D blocks can 

be constructed by the 3d MAX using the function of either direct block construction 

or block cutting function. After this, the output file that is from the 3ds MAX will be 

114 



 

transferred to the blk file by the pre-processor, which can be used for the 3D DDA 

program; 

2) Creating the 3D terrain original from ArcGIS. In this process, the real terrain 

data in the ArcGIS platform no matter in the counter map or the DEM form can be 

used and transferred to the blk file that the 3D DDA can be used; 

3) Combination of the two above blk files together to form the complete blk file 

which contains both the 3D sliding blocks and the 3D terrain base. 

Figure 4.6 The main process of the new pre-processor 

There are two important steps in the new pre-processor as mentioned before the 

3D model construction and the 3D real terrain, which are the cores of this new pre-

processor and will be illustrated in detail at the following sections. 

 

4.4 3D BLOCK CONSTRUCTION USING 3D MAX 

The construction of the 3D block is one necessary and important step for the 

numerical simulation. In order to construct the 3D model conveniently, the pre-

processor is developed taking advantage of the commercial software 3d MAX. The 
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main process of 3D block mode construction is shown as Figure 4.7. 

 
 

Figure 4.7 The process of 3D model construction 

This process contains mainly two major steps: firstly, the 3D model is 

constructed by the 3dMAX and is output in the data format of obj; then, the obj file 

is transferred to the blk file which can be read by the 3D DDA as the geometrical 

input data. 

The 3D model construction in the 3dMAX can be performed by  

1) Direct model construction; the 3dMAX platform provides many object types 

which can be selected and constructed by the user easily, as Figure 4.8 shows, such 

as the box, sphere and etc., which are listed in the option “ standard primitives”. 
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Figure 4.8 The options of object type in the 3dMAX interface. 

2) Cutting function; the cutting function in the 3dMAX is in two forms: the 

normal cutting of the object (s) by the cutting faces and the blocks cutting each other. 

The Figure 4.8 illustrate one yellow block is cut to six small blocks by three cutting 

planes using the function of “ProCutter” provided by the 3dsMAX 

 

Figure 4.8 The example of “Procutter” function in 3dsMAX. 

The “ProCuttter” function is listed in the option of “Compound Objects” as in 

the Figure 4.9. The operation of the “ Procutter” should be cautious: 1) The cutter 

objects should be the cutting faces and the stock objects are the ones that needed to 

be cut; 2) the cutter tool mode must auto extract mesh and explode by elements; 3) 

the cutter parameters must stock outside cutter and stock inside cutter. Moreover, 

117 



 

after the operation of “ProCutter” the cutting planes should be deleted because they 

are not useful anymore. 

 

Figure 4.9 The selection of sub-options in the “Procutter”. 

4.5 3D TERRAIN USING ARCGIS 

In order to make sure the accuracy of the simulation, the real 3D terrain is very 

necessary, for example, the runout of the landslide and the rock-fall, in which the 3D 

terrain influences the result a lot. For the 3D DDA method, to capture and reproduce 

the 3D terrain is a big challenge. In this section, an approach is proposed in the new 

pre-processor taking advantage of the ArcGIS as in Figure 4.10.
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Figure 4.10 The main process of creating 3D terrain 

The process of the 3D real terrain construction by the developed pre-processor 

includes the following two main steps: 1) creating the ASCII file by the ArcGIS; 

during this step, the counter map of this area should be transferred to the raster map 

firstly, then the relevant research slope need to be masked to form the ASCII file of it; 

2) The ASCII file of the research slope is transferred into the obj file, which can be 

read and adjusted by the 3dMAX conveniently. After this, the operation is just like 

the construction of 3D block as illustrated before. It should be mentioned that “the 

other way” in the Figure 4.10 means a parallel way to extract the research slope from 

the whole area data, which “mask” the Tin map of the relevant slope directly from 

the Tin map of the whole area, while the method in the flow chart doing this after the 

formation of the whole area’s Raster map. The “mask” means to use the polygon 

shape file to target the research slope from the whole data of the area. The process of 

the operation is illustrated in the Figure 4.11. 
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Figure4.11 The operation of forming raster map by “Extract by mask” 

The operation of the “mask” is necessary because we need to extract the 

relevant research slope from whole area’s map. As we can find from Figure 4.11, the 

raster map of the whole area is masked by a polygon, which locks the research slope. 

Then by using the function “Extract by mask” provided in the ArcGIS, the raster map 

of the slope can be extracted easily. 

When the Tin map is transferred to the Rater map as illustrated in Figure 4.12, it 

should be very cautious that the “cell size” needs to be proper. The cell size in the 

Figure 4.12 is in the unit of meter. Its value is neither too big nor too small. If it is 

too big, the precision is not enough, while if too small, despite it is accurate enough, 

its data size is so large that the computational efficiency is greatly influenced. 
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Figure 4.12 The operation of transferring Tin to Raster 

 

The operation of the “Raster to ASCII” by the ArcGIS is shown in Figure 4.13 
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Figure 4.13 The “ Raster to ASCII” by ArcGIS. 

4.6 THE EXAMPLE OF THE PRE-PROCESSOR IN THE DAIGANJI SLOPE 

The Daiganji slope located at the Oita prefecture in Japan. The field 
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investigation has been performed and the slope area and slide surface can be roughly 

estimated. Besides, the relatively accurate counter map can be acquired. Therefore, 

the condition is mature for building the 3D slope model. 

 

Figure 4.14 The counter map of the slope area 

The counter map of the Daiganji slope can be transferred to the raster map 

easily by the ArcGIS, as Figure 4.15 shows. Because of the slope has been located by 

the field investigation, after getting the raster map of this area, the raster map of the 

slope can be obtained by the “mask” function that mentioned before. Then, the 3D 

model can be visualized and modified in the 3ds Max platform (figure 4.16). Surely, 

by the data, the model can be recognized by the 3D DDA. 
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Figure 4.15 Transfer counter map of the Daiganji area to Raster

 

Figure 4.16 Transfer from Raster to 3D model 

     Because the slope area and the slide surface have been located by the field 

investigation, the 3D terrain model should be modified. The slide body can be easily 

constructed by the pre-processor, as illustrated in figure 4.17 (a). It should be 

cautious that the block number should be proper. If it is too large, the calculation 

efficiency can be greatly influenced, while if it is two small, it is impossible to make 

sure the accuracy. In this model the block number is around 70. The slide part and 

the constructed 3D DDA model can be found in figure 4.17. 

(a) 
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(b) 

Figure 4.17 The slide part (a) and the 3D DDA model (b) 
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4.7 CONCLUSIONS 

1) A practical pre-processor has been developed by combing the commonly 

used commercial software: 3ds Max and ArcGIS. Arbitrary-shaped 3D blocks are 

made with 3ds Max and complex slope terrain mesh data are obtained from the 

ArcGIS. 

2) A pre-process program is developed to combine the output data from both 

3ds Max and ArcGIS and translated them to the 3D DDA model format. 

3) The effectivity of the newly developed 3D DDA pre-processor has been 

verified by building the 3D Daiganji slope model, which makes it possible for 

applying 3D DDA to practical landslide study. 
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CHAPTER 5 

EXTENSION OF ORIGINAL 3D DDA BY ADDING FUNCTION OF SEISMIC 

LOADING AND ANCHOR REINFORCEMENT 

 

5.1 INTRODUCTION 

To evaluate the seismic performance of a slope during seismic loading is of 

great importance in geotechnical engineering. The existing methods fall into three 

categories: 1) force-based pseudo-static methods; 2) displacement-based methods; 3) 

numerical methods; 

In the pseudo-static analysis, the earthquake acceleration is treated as a 

permanent body force acting on the potential landslide mass. Based on the limit-

equilibrium analysis, the performance of the slope is evaluated by the factor of safety. 

When the factor of safety drops below unity, ‘failure’ is predicted. The earthquake 

acceleration need to reduce the factor of safety to unity is called the yield 

acceleration. However, the pseudo-static analysis tells the user nothing about what 

will occur when the yield acceleration is exceeded (Jibson 1993).Usually, earthquake 

damage is associated with displacements, and just knowing when the damage happen 

is not enough. Therefore, earthquake-induced slope failure should be evaluated in 

terms of permanent displacement. 

The displacement-based methods were generally known as the ‘Newmark’ 

analysis, which is firstly introduced by Newmark (1965) and by Goodman and Seed 

(1966). The Newmark analysis is a rigid block sliding on a plane approach. The 
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permanent displacement of a block can be accumulated by numerically integrating 

twice the seismic acceleration over time when the acceleration exceeds the yield 

acceleration of the sliding block. The Newmark’s method is a powerful tool to 

estimate the displacement a mass would experience during ground shaking. However, 

there are two disadvantages: (1) the analysis is limited to a single and rigid mass, and 

(2) the failure is restricted to sliding. For rock engineering, the occurrence of 

discontinuities in rock results in a discrete system. Moreover, the failure models for 

rock mass during earthquake can be sliding, toppling and slumping. Therefore, using 

the Nemark’s method is too simplified to comprehensively evaluate the seismic 

performance of landslide during earthquake. 

To use the numerical methods is another way to evaluate the seismic 

performance of slope. The DDA method is a powerful numerical tool that can model 

the static and dynamic behaviors of discrete blocks. Being different with the 

Newmark’s method, it can analysis a blocky system with discrete blocks, and the 

failure model of the blocky system can be not only sliding but also toppling and 

slumping. As summarized by MacLaughlin and Doolin (2006), its availability on 

dealing with block kinematics has been verified by various examples. For the seismic 

related problems, this method can be used in the rock-falls (Sasaki et al. 2004) and 

run-out simulations of landslide (Zhang 2013). However, these studies focus on the 

two-dimensional scope and verification of the 3D-DDA’s availability on the seismic 

induced block sliding problem is necessary. 

Modeling the rock anchor mechanism in rock masses is a difficult work. The 2D 

DDA has been used to simulate the anchor mechanism by some researches. Yeung 

(1993) presented the qualitative validation of the mining roof reinforced by rock 

anchors. Shi (2009) analysed the rock block topping with anchor reinforced. The 2D 

DDA uses the simplified linear elastic anchor model and shows the reasonable result, 

which can help us to make basic assessment of the block mass reinforced by anchors. 

During the simulation, the anchor can be treated as an elastic Newton element, which 

is a basic simplified model and used in the 2D DDA simulation. Recently, He (2014) 

proposed a new kind of anchor (He anchor), which serves constant resistance and 
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large deformation (CRLD). This anchor has been used in engineering and shown 

excellent performance. However, how to simulate the anchor using 3D-DDA is still a 

problem. 

5.2 THE PROCEDURE OF ADDING SEISMIC LOADING 

The equations of motion of the DDA method are derived by the principle of 

minimization of potential energy, which is similar to the method used in the finite 

element method. By solving the global equilibrium equations, the displacement 

unknowns can be get during each simulation step. For a blocky system, the total 

energy is sourced from the internal and external energy as well as contacts. The 

Fig.5.1 (a) shows a basic flow chart of the 3D-DDA method, and some parts of the 

procedure are omitted because it will be out of the range of this paper. The Fig.5.1 (b) 

illustrates the memberships of the ‘assemble of non-contact terms’. When adding the 

seismic loading to the DDA method, the red terms in the Figure.1 should be modified. 

 

Fig.5.1 (a) The simplified procedure of DDA method; Fig.5.1 (b) The 

memberships of the ‘assemble non-contact terms’.  
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5.2.1 TIME-DEPENDENT ACCELERATION INPUT METHOD 

In the time-dependent acceleration input method, the acceleration is treated as 

the volume acceleration and works as the volume force on the relevant block. The 

sub-matrices of volume forces should be added to the ‘Assemble non-contact terms’. 

Assuming that  (𝑓𝑓𝑥𝑥, 𝑓𝑓𝑦𝑦,𝑓𝑓𝑧𝑧)is the volume force caused by the seismic acceleration 

acting on the entire volume Vi of block i. By minimizing the potential energy of the 

volume force, the corresponding 12 × 1 sub-matrices is obtained and added to the 

global force matrices in the global equilibrium equation, as shown below: 

 0 0 0 0 0 0 0 0 0
T

x i y i z i if V f V f V  →  F  (5.1) 

The acceleration can be input into the sliding block or the base block (Fig. 5.2). 

When the former way is used, the simulation equals to a Newmark’s type analysis. 

Using this way, Hatzor and Feintuch (2001) attempted firstly on validation of the 

DDA method by simulating the block sliding on an inclined plane with different 

sinusoidal horizontal accelerations. Tsesarsky et al. (2005) tested the accuracy and 

validation of DDA method by comparing the simulation results with the analytical 

solutions and shaking table experiments. Alternatively, the time-dependent 

acceleration can be applied on the base block not to the sliding block. Sasaki et al. 

(2004) applied DDA to simulate the seismic behavior of a slope with sliding blocks 

using this input method. It should be noted that in order to avoid the influence of 

gravity and the contact force between the base block and the sliding block on the 

applied acceleration, the base block is assumed to be not submitted to gravity and the 

density must be significantly large (Zhang, 2013) .Moreover, because of the 

movement of the base block, there is no need to add constraint points on the base in 

the DDA simulation. 
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Fig.5.2 The sketch of time-dependent acceleration inputs. 

5.2.2 TIME-DEPENDENT DISPLACEMENT INPUT METHOD 

The time-dependent displacement can be input into the base block on the 

prescribed displacement-constraint points (Fig.5.3). During simulation, the 

displacements of these points are enforced to following the value of time-dependent 

displacement input. The behavior of the upper sliding block is governed by the 

gravity force, frictional and contact forces. This input method was used by 

Nishiyama et al. (2004) on simulation the behavior of a masonry retaining wall in 

Japan.  

 
Fig.5.3 The sketch of time-dependent displacement inputs. 

 
Assuming ( ), ,u v w  as the displacement of the prescribed displacement constraint 

point ( )0 0 0, ,x y z   in block i, a stiff spring is used to force its virtual displacement to

( ), ,u v w . By minimizing the strain energy of the spring, the corresponding 12 × 12 
sub-matrices and 12 × 1 sub-matrices are obtained and added to the global stiffness 
matrices kii, and the global force sub-matrices, Fi , in the global equilibrium equation 
respectively, as shown as below 
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( ) ( )0 0 0 0 0 0, , , ,T
i i iikT x y z T x y z k→                                                    (5.2) 

 

( )0 0 0, ,T
i i

u
kT x y z v F

w

 
  → 
  

                                                   (5.3) 

Where, k is the stiffness of the spring, and iT  is the displacement function of 

block i. This method is an indirect method because the input displacements are 

double integrated from the time-dependent accelerations. Therefore, in theory, this 

method can get the same result as acceleration input method. 

5.2.3 VERIFICATION BY THEORETICAL SOLUTION 

The time-dependent acceleration input method is used in the following 3D-

DDA simulation. When the sliding system is excited by seismic loading added on the 

base block (Fig. 1), the velocity and displacement of the base can be calculated by 

the Newmark’s iterative equations. When the sliding block slides, it will be displaced 

under the seismic loading, the supporting force N , and the friction force f . If the 

upper block slides downwards relatively to the base, it can be derived that  

( )2 2sin - cos - sinx ymg f m a aa a a=                                                    (5.4) 

     ( )2 2cos sin + sinx yN mg m a aa a a− =                                                    (5.5) 

where 2xa  and 2 ya  are the accelerations of the upper block in the x and y 

direction, respectively. Defining 1xa  and 1ya  are the accelerations of the base block in 

the x and y direction, respectively. The requirement of the upper block of the upper 

block to slide along the base incline can be represent as  

( ) ( )2 1 2 1 tany y x xa a a a a− − = −                                                    (5.6) 
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Combined with the sliding friction law tanf N φ= , the downward acceleration of 

the upper block in x direction can be deduced as  

1 1
2

(cos tan sin )( tan )
(cos tan sin ) tan (sin tan cos )

x yd
x

g a a
a

a φ a a
a φ a a a φ a

− + +
=

− − +                (5.7) 

                                                             

where the superscript ‘d’ indicates the downward movement of the upper block 

relatively to the base. When the upper block slides upwards relatively to the base, the 

sliding friction law is tanf N φ= − . The upward acceleration of the upper block in x 

direction can be deduced as 

1 1
2

( cos tan sin )( tan )
( cos tan sin ) tan ( sin tan cos )

x yu
x

g a a
a

a φ a a
a φ a a a φ a
− − + +

=
− − − − +          (5.8) 

                                                

here the superscript ‘u’ indicates the upward movement of the upper block 

relatively to the base. 

Defining the velocity of the base block and upper block in the x direction as 1xv

and 2xv respectively, the acceleration of the upper block in x direction 2xa  can be 

drowned by the following criteria: 

 if 
2 1x xv v=  

if 1 2
d

x xa a<  2 2
d

x xa a=  

  if 1 2
u

x xa a>  2 2
u

x xa a=  
  if 

2 1 2
d u

x x xa a a≤ ≤  
2 1x xa a=  

 if 
2 1x xv v≠  

if 1 2x xv v<  
2 2

d
x xa a=  

  if 1 2x xv v>  
2 2

u
x xa a=  

  (5.9) 

A similar 3D model (Fig. 5.4) is used by DDA to compare the simulation result 

with the above theoretical solutions. In Fig. 3, the inclined angle is set to 30 degree 
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and the friction angle between the two blocks is 15 degree. Only the horizontal 

acceleration is used for simulation. A harmonic function is added to the base block as 

the excitation of the system, which is 1 5sin(2 )xa tπ= . 

  
  

Fig. 5.4 The simulation model                  Fig. 5.5 The snapshot of DDA simulation 
process, simulation time is 1.413s 

In Fig. 5.4, the color has no physical meaning and is used to distinguish the 

sliding block and the base. The Fig. 5.5 shows a snapshot of the simulation process, 

the color represents the magnitude of the velocity. The simulation period is 2 seconds, 

with a time step of 0.001s. As the excitation is add on the base block, with a simple 

harmonic form, the theoretical displacement can be get by twice time integration. 

The Fig. 5.6 shows the simulated displacement of the base block coincide greatly 

well with the theoretical solution. 

 

Fig. 5.6 A comparison between the simulated and the theoretical result of base 

block’s horizontal displacement 

A compare between the analytical solution and simulation result of the 

0

0.5

1

1.5

2

0 0.5 1 1.5 2 2.5

D
is

pl
ac

em
en

t/m
 

time/s 

Displacement-
theoretical
Displacement-
simulated

135 



 

horizontal displacement of sliding block is shown in Fig. 5.7. It can be seen that the 

DDA simulated result agrees well with the theoretical solution.  

 
Fig. 5.7 A comparison between the simulated and the theoretical result of 

sliding block’s horizontal displacement. 
 

Although the DDA simulation result agrees well with the theoretical solution, 

the simulation result can not coincide exactly with the theoretical solution. One 

reason is the theoretical solution is based on the assumption that both the sliding 

block and the base are rigid bodies. Another reason is the simulate result somewhat 

depend on the control parameters it used. One important parameter is the simulation 

time step. If we take the theoretical solution as the true value, the relative difference 

between the simulated result and the theoretical solution can be seen as the relative 

error. When using the different time step, the relative error of the simulated 

displacement is different. Fig.5.8 shows the relative error when time step is 0.01s and 

0.001s respectively. It can be found that when time step is 0.001s, the relative 

difference is easier to get close to zero than the 0.01s. In order to get a more accurate 

simulation result, a smaller time step is needed. 
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Fig. 5.8 The relative difference of displacement when the simulation time step is 

0.01s (top) and 0.001s (bottom). 

5.3 ADDING ANCHOR REINFORCEMENT FUNCTION IN DDA 

5.3.1 THE ALGORITHM OF ADDING ANCHOR REINFORCEMENT 

 

Figure 5.9 The main process of adding anchor function in DDA 
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Consider a anchor passing through point a ( )1 1 1x y z and b ( )2 2 2x y z  

belonging to blocks i and j, separately as shown in Fig.5.10. 

 
Fig5.10. Geometry of the anchor 

 

The length of the anchor is ( ) ( ) ( )2 2 2
1 2 1 2 1 2l x x y y z z= − + − + − . Defining the 

direction cosines of the blot are ( )1 2
x

x xl L
−= , ( )1 2

y
y yl L
−=  and ( )1 2

z
z zl L
−= . 

If the blocks move, the integral is the blot length dl can be expressed by 

 

[ ] [ ]
x x

T TT T
i i y j j y

z z

l l
dl D T l D T l

l l

    
       = −       
        

         (5.10) 

  

The potential energy can be expressed as  

2Π =
2b
k dl
l                                                (5.11) 

Where k represents the elastic stiffness of the anchor. 

Minimizing the potential energy by taking the derivatives, the corresponding 

four sets of 12 × 12 sub-matrices are obtained and added to the global force matrices 

in the global equilibrium equation, as shown as below 
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[ ][ ] [ ]T
i i ii

k E E k
l

→                                         (5.12) 

  
 

T

j j j j
k E E k
l
     →                                    (5.13) 

  
 

[ ] T

i j i j
k E E k
l

   − →                                 (5.14) 

  
 

                                                [ ]Tj i j i
k E E k
l
   − →                                (5.15)  

In the above four functions the iE  and jE  are expressed by [ ] TT
i i x y zE T l l l =  

and 
T T

j j x y zE T l l l   =     separately. During the simulation the length of anchor is 

updated after each time step. The limit of the anchor extension length can be set 

beforehand. Besides the simple elastic model, the elastic-plastic anchor model can 

also be used.  

5.3.2 THE NEW TYPE ANCHOR MECHANISM 

As a kind of elastic-plastic model, the constant resistance and large deformation 

are two main characteristics of the CRLD anchor, of which He anchor (2014) is one 

typical example. This anchor consists of mass element, spring element, and a stick-

slip element. For the spring element, it can be simulated easily. The stick-slip 

behavior can be seen in Fig. 5.11. The maxP and minP represents the maximum and 

minimum resistance force. The constant resistance zone exists between these two 
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values. The elongation of this kind of anchor can reach 1000mm showing the pattern 

of large deformation. 

 

Fig. 5.11 Force- displacement relationship showing the stick-slip behavior, after 

He (2014). 

This paper uses a simplified model, which uses a constant resistance force. The 

simplified model performs like a elastoplastic model as Fig. 5.12 shows.  

 

Fig. 5.12 Simplified model of the CRLD anchor 

In the Fig. 5.12, the point a represents the constant resistance when the elastic 

displacement completes, which can be seen as a tension limit.  The point b is the 

maximum elastic displacement, c is a displacement limit, the maximum displacement 

of the anchor when the anchor lost its efficiency, and k is the elastic stiffness of the 

anchor. 

5.3.3 SIMULATION VERIFICATION 
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To verify the anchor is very important before using it. A simple but direct 

simulation model is built containing two blocks. Two blocks are both cubic with side 

length of 5 meters having a separation distance of 1 meter. The red block is fixed by 

eight fixed points at corners. The blue one owns the gravity force of 2500kN, with 

density of 2000 kg/m3. A anchor is added shown as write dash line, which is located 

at the center of each block with a length of 6 meters as Figure 5.13 shows. 

 

Fig. 5.13 The example with two blocks 

Firstly, the simplified anchor model is completed by testifying the coincidence 

between the pre-set model type and the simulated result. The pre-set parameters for 

the He anchor model are constant resistance, anchor stiffness and displacement limit, 

which are 2000kN, 100Mpa and 1.5m. Using the dynamic mode, the simulated result 

of the relationship between the anchor displacement and anchor force can be seen 

from Fig. 5.14. We can see that the anchor mechanism behaves a well consistency 

with the pre-set model. 
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Fig. 5.14 The relationship between anchor displacement and anchor force 

In the above example, the below anchor will finally drop because the gravity 

force 2500kN is larger than the constant resistance 2000kN. If the value of anchor’s 

constant resistance is increased to be equal or larger than the gravity force, the under 

block will finally stop. Fig. 5.15 shows two kind of situation when the simulation 

time is one second, the left one with a constant resistance of 2200kN and right one of 

2800kN.  

 

Fig. 5.15 Compare the block state of different constant resistant force, left one 

2200kN and right one 2800kN; Simulation time is one second. 

A simplified slope model is built, as Fig. 5.16 shows. There are total 347 blocks 
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in the simulation. The dip angle of foliation plane is 60°. A horizontal anchor is set 

inside the slope shown as a green line. Some parameters of the 3D DDA simulation 

are listed as Table 5.1.  

Table5.1. Mechanical properties and computational parameters 

Parameters Value 

Density ρ (kg/m3) 2,000 

Young’s modulus E (GPa) 5 

Poisson’s ratio υ 0.2 

Gravitational acceleration 

(m/s2) 
9.8 

Friction angle (°) 10 

Penalty spring stiffness k 

(kN/m) 
5.0 × 1010 

Time step (s) 10-3 
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Fig. 5.16 Geometry of the simulation model 

 

 

Fig. 5.17 The simulation of the anchor effect; simulation time is 1s 

Computation of three dimensional DDA uses 10000 time steps, 0.001 second 

per step. The dynamic ratio is 1.00. It means the next time step inherent all of the 

velocity from the previous time step. The slope will failure as the friction angle 10 
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degree is much smaller than the dip angle of the plane. The final failure situation 

needs a rather long time, and the simulation result just shows the state of the 

beginning of the failure happens. As shown in Fig. 5.17, the anchor has an evident 

influence on the deformation of the slope. The two blocks locating above the 

reinforced block are extruded, which does not happen when blot is not added. The 

anchor has influence on the block at the toe area resulting in a different velocity 

pattern compared with no anchor example.  

5.4 CONCLUSIONS 

The existing 3D DDA method can be extended by adding the function of 

seismic loading and the anchor reinforcement. These two extensions are necessary 

and meaningful as the seismic loading is one of the major factors that can induce the 

landslide and the anchor reinforcement is a common and useful technique for the 

reinforcement of the slide-prone slides. 

For the adding of seismic loading function, there are two major adding methods, 

adding the displacement wave or the acceleration wave, the chosen of which depends 

on the data available. Then, the verification has been made to demonstrate that not 

only the base block, on which the seismic loading is applied, but also the relevant 

slide block can perform accurately when compared with the theoretical solution. 

Moreover, the time steps affect the simulation accuracy when the seismic loading is 

applied. In theory, the smaller the time step is the more accurate the simulation result 

can be got if the efficiency is not considered.  

For adding the function of anchor reinforcement in the 3D DDA program, the 

sub-matrices sourcing from the anchor’s strain energy can be implied into the 3D 

DDA program, and the anchor’s mechanism can be simulated accurately. Moreover, 

not only the common anchor function but also the new type of blot can be simulated 

by the 3D DDA method. 
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CHAPTER 6 

VERIFICATIONS AND APPLICATIONS 

 

6.1 INTRODUCTION 

The Daiganji slope located at the coastal area of Oita prefecture, as Figure 6.1 

shows.  

 

Fig. 6.1 The location of the Daiganji slope 
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A field investigation of this slope has been made and found that this slope has 

just located upward the tsunami excavation road and the houses (Figure 6.2 ) 

  

Fig. 6.2 The houses and tsunami excavation road downward the Daiganji slope 

Once the tsunami happens, the Daiganji slope may failure under the earthquake, 

which may lead to the damage of not only the houses but also the excavation road. 

When the excavation road is destroyed by the earthquake, the threat of earthquake 

induced tsunami will be enlarged, and the catastrophe may happen. In history, the big 

earthquake and tsunami has happened, as we can found from the monument shown in 

Figure 6.3. Therefore, it is of practical meaning to make a research about this slope. 

table 
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Fig. 6.3 The monuments of the historical big earthquake and tsunami 

The field investigation and laboratory tests have been made on this slope to 

prepare for the deep research. The investigation net can be found in the Figure 6.4 

and the blue points represent the sites that the simple penetration tests are performed 

(Figure 6.5). According to simple penetration tests, the depth of the upper slide-prone 

parts can be determined. This depth is very useful for the estimation of sliding 

surface for the 2D and 3D analysis. 

 

Fig. 6.4 The investigation area and the sites of simple penetration test 
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Fig. 6.5 The operation of simple penetration test 

According to the simple penetration test (SPT), the Nd value can be got, which 

is the impact number for the penetration depth of 10 cm. This Nd number can be 

used to estimate the slide-prone depth under rain or earthquake condition (Figure6.6). 

The estimated sliding depth can be found in Figure 6.7. It should be mentioned that 

the colors used in these two figures are kept in consistence. 

 

Fig. 6.6 The estimation of sliding depth based on Nd 
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Fig. 6.6 The estimated slide depth for different test sites based on Fig. 6.5 

According to the laboratory test, the physical parameters such as the density, the 

frictional angle and the cohesion strength can be obtained (Figure 6.7). The soil 

distribution of all sections in Figure 6.4 can be obtained, for instance the profile of 

section E can be found in Figure 6.8. 

 

Fig. 6.7 The physical parameters obtained from laboratory tests 
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Fig. 6.8 The profile of the Section E according to the Nd value 

Moreover, the GIS data has been prepared. Therefore, according to the 

introduction above, the condition for the deep research of the Daiganji slope is 

enough, and which will be performed in the following section parts.  

6.2 THE STABILITY ANALYSIS WITHOUT SEISMIC LOADING 

Firstly, the 2D DDA analysis is performed. For the section E (Figure 6.9), 

which can be considered as the symmetry section of the slope, the 2D DDA mode is 

constructed (Figure 6.10). There are totally 24o blocks are used for the simulation. 

The physical and simulation parameters that are used is listed in Table 6.1.  

Table 6.1 The physical and simulation parameters for the 2D DDA simulation 

Parameters Value 

Density ρ (kg/m
3
) 2000 

Young’s modulus 

E (GPa) 
5 
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Poisson’s ratio υ 0.3 

Cohesion (KPa) 5 

Frictional 

angle(°) 

30 

Penalty spring 

stiffness (GPa) 
10 

Step allowed 

displacement ratio 
0.001 

Time step 

(second) 
0.001 

The shear strength reduction method that mentioned in 3.2.2 will be used to 

determine the factor of safety. 

 

Fig. 6.9 The location of the section E 
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Fig. 6.10 The 2D DDA model for the section E 

The toe block is set as the monitored point. The change of horizontal 

displacement with the shear reduction factor (SRF) when the simulation time is five 

seconds can be found in Figure 6.11. It is obvious that when the SRF is bigger than 

1.31, the horizontal displacement will increase seriously, so this limit SRF is 

considered as the factor of safety. 

 

Figure 6.11 The change of SRF with the toe block’s horizontal displacement 
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when the simulation time is five seconds 

Another way to evaluate the factor of safety is the traditional limit equilibrium 

method. In this method, the potential circular sliding surfaces will be searched until 

the minimum factor of safety is achieved. The result of the equilibrium method can 

be found in Figure 6.12, in which factor of safety is 1.43. 

 

Figure 6.12 The factor of safety from the limit equilibrium method 

The 3D DDA model was created for the 3D analysis of stability of the Daiganji 

slope, as shown in Figure 6.13. There are totally 67 blocks for the slide body. 
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Figure 6.13 The 3D DDA model for the stability analysis 

Similar to the 2D DDA analysis, the simulation uses the strength reduction 

method. The physical and simulation parameters for the 3D DDA simulation are 

listed as Table 6.2.  

Table 6.2 The physical and simulation parameters for the 3D DDA simulation 

Parameters Value 

Density ρ (kg/m
3
) 2000 

Young’s modulus 

E (GPa) 
5 

Poisson’s ratio υ 0.3 

Cohesion (KPa) 5 

Frictional 

angle(°) 

30 

Penalty spring 

stiffness (GPa) 
5 

Step allowed 

displacement ratio 
0.01 

Time step 

(second) 
0.0001 

Table 6.2 The physical and simulation parameters for the 3D DDA simulation 

The monitored block is block 57, which is locating at the toe of the slope 

(Figure 6.14). When the strength reduction performs each time, the displacement of 

the monitored block will be recorded at a certain simulation time. 
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Figure 6.14 the monitored block for the 3D DDA simulation 

The Figure 6.15 shows the horizontal displacement along the slide direction 

various when the SRF changes, using the monitored time of two seconds. It can be 

found that the limit of SRF, also the factor of safety (FOS) is around 1.7. The Table 3 

summarized the result of three methods when calculating the FOS without 

considering the seismic loading. It can be seen from table 6.3 that: 1) the FOS got 

from the 3D DDA is almost 25% bigger than the result from the 2D analysis; 2) the 

FOS from the 2D methods, the DDA or limit equilibrium is nearly the same with the 

DDA’s is slightly higher than the limit equilibrium. 

Method 3D DDA 
Limit equilibrium 

method 
2D DDA method 

FOS 1.70 1.43 1.31 
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Figure 6.15 the horizontal displacement of the monitored block when the SRF 

changes (time=2seconds) 

6.3 THE STABILITY ANALYSIS WITHOUT SEISMIC LOADING 

In this section, the analysis of the Daiganji slope under the seismic load by the 

3D DDA method will be performed. Before doing the seismic analysis, it is 

necessary to make sure that the seismic loading is accurately reflected especially 

when it is applied to the huge 3D terrain. Therefore, preliminarily, the relevant 

verification is executed. Then the focus is on two objects: 1) the failure under seismic 

loading; 2) the influence of seismic loading on the stability. 
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6.3.1 THE VERIFICATION OF APPLIED SEISMIC LOADING 

The applied seismic loading is on the base 3D terrain (Figure 6.15). This is 

more proper than other seismic applied methods. If the seismic loading is considered 

on the sliding parts no matter the real seismic loading or the weight related factor as 

that in the quasi-static method, they all deviates the real situation. For the real 

earthquake, the seismic shake directly happened on the ground, and the performance 

of the sliding parts is just the indirect result. 

 

Figure 6.15 the seismic loading on the base for the 3D DDA model 

In this section, no vertical seismic loading is considered. The applied seismic 

loading 𝑎𝑎𝑥𝑥𝑦𝑦 is almost on the same as the slide direction (Figure 6.16). The 

components 𝑎𝑎𝑥𝑥 and 𝑎𝑎𝑦𝑦 are applied on the x and y direction separately. 
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Figure 6.16 The illustration of the direction of seismic loading 

These two components are necessary because of the data structure in the 3D 

DDA makes only the seismic on three directions, x, y, and z, can be read directly. In 

this section, the 𝑎𝑎𝑥𝑥 = 𝑎𝑎𝑦𝑦= 15sin (8𝜋𝜋t), which will lead the 𝑎𝑎𝑥𝑥𝑦𝑦 = 21.21sin (8πt), 

shown as Figure6.16. It is clearly that the peak acceleration of the applied sine-shape 

acceleration wave is 21.21m/s2, and the period is 0.25s. 

 

Figure 6.17 The applied acceleration pattern  

If the initial velocity and displacement is set to be zero, that is v𝑖𝑖𝑖𝑖𝑖𝑖 = 0 and 

-25

-20

-15

-10

-5

0

5

10

15

20

25

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

A
cc

el
er

at
io

n 
(m

/s
2 )

 

Time/s 

161 



 

d𝑖𝑖𝑖𝑖𝑖𝑖 = 0. The relevant velocity and displacement can be calculated by once and 

twice time integration individually. The calculated velocity and displacement 

are𝑣𝑣𝑥𝑥𝑦𝑦 = 21.21(1 − cos(8𝜋𝜋𝜋𝜋)) /8𝜋𝜋 , and 𝑑𝑑𝑥𝑥𝑦𝑦 = �− 21.21sin(8𝜋𝜋𝜋𝜋)
64𝜋𝜋2

� + 21.21𝜋𝜋
8𝜋𝜋

 shown as 

Figure 6.18(a), (b). 

 

(a) The calculated velocity pattern, 𝑣𝑣𝑥𝑥𝑦𝑦 

 

(b) The calculated displacement pattern, 𝑑𝑑𝑥𝑥𝑦𝑦 

Figure 6.18 The calculated velocity and displacement pattern, 𝑣𝑣𝑥𝑥𝑦𝑦 and 𝑑𝑑𝑥𝑥𝑦𝑦 
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Then the acceleration will be applied on the base terrain of the 3D Daiganji 

model. There are important points that are needed to be illustrated: 1) using the 

difference method to resolve the inconsistent between the input accelerated data’s 

time interval and the 3D DDA’s time interval. The normally input time interval of 

acceleration wave is 0.01s. However, for the 3D DDA simulation, the time interval 

for calculation is almost ten or thousand times smaller than this value so, the 

difference method is used to make 3D DDA get the more accurate result; 2) the set of 

velocity to be zero when the seismic loading is finished loading. In the example of 

this section, it is not obvious because of the full for period of sine-shaped 

acceleration makes the velocity to be zero at the end. However, if the real earthquake 

acceleration wave is input, there is normally a residual velocity at the end of seismic 

loading during the simulation, for the real situation, there will be no velocity left 

after the earthquake. So, it is necessary and of practical meaning. As just an example 

to show the dynamic movement of the 3D terrain, two snapshots during the 

simulation are given in Figure 19 (a) and (b). 

 

 (a) 
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(b) 

Figure 6.19 The snapshots to show the movements of the 3D terrain. (a) 

time=0.25s, (b)time=0.9s. 

The comparison between the simulated velocity and the above mentioned 

calculated theoretical solution is shown on Figure 6.20. It can be found that this is a 

great consistent between the velocity result of 3D DDA and the theory. 
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Figure 6.20 Comparisons between the 3D DDA and the theoretical solution on 

velocity 

The comparison on the displacement between the 3D DDA and the theoretical 

solution can be found on Figure 6.21. The very consistency can be discovered. 

Although there is a difference about 2cm between them, compared with the whole 

displacement around 80cm, this very small error is acceptable. 

 Figure 6.21 Comparisons between the 3D DDA and the theoretical solution on 

displacement 

Therefore, it can be conclude that when the 3D terrain is used, the 3D DDA can 

reflect the seismic loading accurately according to the close comparison between the 

3D DDA simulation result and the theoretical solution. This step makes sure the 

accuracy of the subsequent research. 
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6.3.2 THE FAILURE UNDER SEISMIC LOADING 

The seismic loading 𝑎𝑎𝑥𝑥𝑦𝑦 = 21.21sin (8πt) is applied on the Daiganji slope, and 

the physical and simulation parameters have been illustrated before. Under this 

seismic loading, the slope tends to be failure. The failure process is shown in Figure 

6.21. 

 

(a) t=1s 

 

(b) t=3s 
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(c) t=5s 

 

(d) t= 5.68s 

Figure 6.22 the failure process under the seismic loading 

The color in the Figure 6.22 represents the velocity. It can be seen clearly under 

this certain seismic loading, the Daiganji slope failures resulting the positon of the 

excavation road has been influenced which may cause its damage, meanwhile, the 

houses located downward the slope have been impacted by the failure sliding parts. 

The detail information of the monitored block’s velocity is illustrated by Figure 6.23 
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Figure 6.23 the velocity pattern of the monitored block 

In the Figure 6.23, the velocity-x, y, z represents the velocity components on the 

three directions individually. The total velocity is resulted by 𝑣𝑣 = �𝑣𝑣𝑥𝑥2 + 𝑣𝑣𝑦𝑦2 + 𝑣𝑣𝑧𝑧22 . 

The Figure 6.23 shows the following information: 1) the maximum of the total 

velocity is more than 20 m/s2, which is very dangerous for both the people and 

houses;2) a clear decrease of the velocity happens around 5.2s, resulting from the 

impact on the house downward located; 3)during the whole process, the velocity on 

the x and y direction is different, which illustrate the development of the lateral 

movement because the sliding direction is almost on the symmetry of x and y 

direction. 

In order to know exactly how much the factor of safety (FOS) is, the shear 

strength reduction method is used. As the Daiganji slope is unstable before the 

reduction, the strength reduction factor (SRF) will be below the unit one until a 

stable state can be found. The monitored block is just the same as that in stability 

analysis. Differently, in this section, the whole displacement 𝑑𝑑  is used, 𝑑𝑑 =

�𝑑𝑑𝑥𝑥2 + 𝑑𝑑𝑦𝑦2 + 𝑑𝑑𝑧𝑧22 , in which the three components are its displacement on the three 

direction separately. 
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Figure 6.24 The change of SRF with displacement when simulation time is 3s 

A strong drop of displacement can be found when the SRF value drops. This 

means with the increase of the shear strength, the slope will be more stable just as the 

Figure 6.24 shows. An obvious inflection point can be found when the SRF is 0.58 

this point is considered as the value of FOS under this certain seismic loading. 

6.3.3 THE INFLUENCE OF SEISMIC DIRECTIVITY ON THE STABILITY 

“Although the presence of site response directivity is not frequently reported in 

literature, this does not mean that it is uncommon in hillslope areas” (Vincenzo Del 

Gaudio, 2011). The scheme of the applied directional seismic loading is illustrated in 

Figure 6.25. There are three pints need to be illustrated:1) the case one is just that in 

section 6.3.2; 2) for case 3, because the nearly perpendicular on the sliding direction, 

the seismic loading doesn’t make any efforts on the FOS; 3) all the magnitude of the 

applied directional seismic loadings is kept in consistent. 
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Figure 6.25 The direction of applied seismic loading 

Because case 1 has been performed during the section 6.3.2 and case 3 got the 

very nearly the same result as without seismic loading, only the results of case2, case 

4 and case 5 are shown in Figure 6.26 (a), (b) and (c).Jut like before mentioned. The 

displacement is related the monitored block and the SRF represents the strength 

reduction factor.  
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(a) Case 2 

 

(b) Case 4 

 

(c) Case 5 

Figure 6.26 The change of SRF with the monitored block’s displacement for 

Case 2, 4 and 5. 

If we take the SRF at the inflection point as the FOS, then the factor of safety 

for Case 2, Case 4 and Case 5 are 1.1, 1.4 and 1.3 seperately. 
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Then, the factor of safety for these 5 cases mentioned in Fig. 6.24 can be listed 

together as Fig. 6.27 shows. 

 

Figure 6.27 The FOS for different seismic loading cases 

It can be found that the direction of seismic loading has a huge influence on the 

slope’s factor of safety. Same conclusions can be drawn as: 1) the most dangerous 

state for the direction of seismic loading is when it is the same as the slide direction 

(Case1); 2) the most stable case is when the applied seismic loading perpendicular to 

the slope’s sliding direction (Case3); 3) when the direction of seismic loading is 

opposite to slope’s slide direction (Case5), it will cause of a certain small reduction 

of the factor of safety. 

6.4 THE EFFECT OF ANCHOR REINFORCEMENT 

The anchor reinforcement is a normal way that is used in the slope prevention. 

In order to test the function of anchor reinforcement under the earthquake, five 

anchors are arranged (Figure 6.28).  
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(a) 

 

(b) 
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(c) 

Figure 6.28 The arrangement of the anchors, (a) the whole view of the anchors, 

(b) the overlook and the anchor interval, (c) the anchor length and space angle. 

During the earthquake, there are four anchors are arranged with a horizontal 

interval of 5.7m each by each. The seismic loading is just as case 1 shows. The four 

anchors are of the same physical parameters with the stiffness of 100 MPa (the 50 

MPa has been tried), resistance force 10 KN, and limit strain 30%.  
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(a) Anchor with stiffness 50 MPa, simulation time around 7s 

 

(b) Anchor with stiffness 100 MPa, simulation time around 7s 

Figure 6.29 (a) Anchors with stiffness 50 MPa, simulation time around 7s; (b) 

Anchors with stiffness 100MPa, simulation time around 7s. 

It can be found from that with the increase of the anchor’s stiffness from 50MPa 

to 100 MPa, the slope is tender to be stable. When the stiffness of 50MPa is used, the 

Daiganji slope failures under the seismic loading, While if the stiffness is 100MPa, 

the slope is stable under seismic loading after a long period of simulation time. The 

effect of the anchor reinforcement can also be found by the increase of factor of 

safety as figure 6.30 illustrated. When the anchor stiffness is 0, it means no anchor 

reinforcement is arranged. If can be found that, when the anchor stiffness is increased 

from 50MPa to 100MPa, an obvious increase of factor of safety (FOS) happens, 

which illustrates that the anchor really works and if the parameters of the anchor are 

suitable the effect of landslide reinforcement under the seismic loading is obvious 
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Figure 6.30 The relationship between the anchor stiffness and the FOS 

6.5 CONCLUSIONS 

(1) In the stability analysis without seismic loading, a great different between 

the 2D and 3D DDA can be found. For the 3D DDA, it is around 1.7, which is bigger 

than the 2D, 1.31 

(2) When the certain seismic loading is applied on the direction of sliding 

direction, a great drop of FOS may happen, from 1.7 to 0.58. 

(3) The directivity of seismic loading has a huge influence on the stability. The 

most dangerous case is when its direction is the same as the slope sliding direction. 

(4) The effect of anchor reinforcement is obvious. During the most dangerous 

seismic case, the arranged anchors can improve the FOS from 0.6 to 1.3. 
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CHAPTER 7 

CONCLUSIONS 

 

7.1 SUMMARIES AND RESULTS 

(1) A close comparison between the 2D and 3D DDA has been performed to 

reveal the limitation of the 2D analysis and the necessity of 3D DDA. Their 

advantages and disadvantages are illustrated based on slope stability analysis and 

run-out simulation. The limitations of 2D analysis is obvious, without considering 

the lateral effect, the factor of safety is often underestimated and lateral spread 

movement cannot be estimated in run-out analysis. On the other hand, the lateral 

friction and the lateral spread movement can be considered in 3D DDA analysis, the 

factor of safety can be estimated and the reasonable run-out can be simulated more 

accurately. Some meaningful conclusions have been drawn: 1) The factor of safety is 

different from section to section. The 2D analysis underestimates the factor of safety 

around 20% as the lateral friction cannot be considered, and the relative error may 

increase when the strength parameters increases. 2) When the run-out analysis is 

compared it can be concluded that run-out distance of the 2D DDA analysis is greatly 

different from the 3D DDA solution, and the run-out distance is different from 

section to section. Moreover, the lateral spread can be considered in the 3D DDA 

method, a lateral spread of 30 meters can be found, which is of practical meaning for 

the disaster mitigation.3) The FOS from the 3D DDA is in good agreement with the 

theoretical solution. Therefore, it is more meaningful and accurate to use the 3D 

analysis than the 2D. 
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(2) A practical pre-processor to easily construct a complex 3D slope model for 

the 3D DDA program has been developed. There are two major barriers for 

constructing a real and complex 3D slope model for 3D DDA: (1) how to generate 

the blocks; (2) how to consider the 3D slope terrain. The developed pre-processor 

solves these two problems by taking the advantage of the commonly used 

commercial software: 3ds Max and ArcGIS. Arbitrary-shaped 3D bocks are made 

with 3ds Max and complex slope terrain mesh data are obtained from the ArcGIS. A 

pre-process program is developed to combine the output data from both 3ds Max and 

ArcGIS and translate them to the 3D DDA model format. The example of building 

the Daiganji slope has shown that the 3D DDA slope model can be easily and 

effectively made for any real slope with complex terrain by using the newly 

developed 3D DDA pre-processor, which makes it possible for applying 3D DDA to 

practical landslide study. 

(3) The existing 3D DDA program has been extended by adding the function of 

seismic loading and the function of anchor reinforcement. The stability analysis and 

run-out estimation of a potential earthquake induced landslide need the function of 

dealing with seismic loading in a 3D DDA program. The added seismic loading 

function can use either displacement wave or acceleration wave, which depends on 

the data available. In addition, when a slope is judged unstable under a potential 

earthquake, the slope should be reinforced in general. Rock anchor reinforcement is 

one of typical preventive methods. Thus, it is necessary to evaluate the preventive 

effect and provide the useful information for optimum design of the size and number 

of rock anchors. By adding these two functions, the new 3D DDA program makes it 

possible to assess the hazard of earthquake induced landslides for securing the safety 

of tsunami evacuation sites and access roads.  

(4) The application of the new 3D DDA program on practical hazard assessment 

of earthquake induced landslides for securing the safety of tsunami evacuation sites 

and access roads in the coastal area of Oita prefecture has been performed. The 

Daiganji slope is taken as an example. An access road to a tsunami evacuation site 

and several houses are located at the slope downward. At first, the slope stability is 
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analyzed by using both 2D and 3D DDA. The results are compared with those from 

the commonly used limit equilibrium method. The adaptability of DDA and the 

difference between 2D and 3D analysis are shown. Secondly, the factor of safety is 

analyzed by using earthquake loading. And the influence of seismic directivity on the 

slope stability is analyzed. The landslide run-out is estimated by using the new 3D 

DDA program under the condition of the earthquake. It is shown that the access road 

and some houses are threatened by the potential landslide. Finally, the stability 

analysis of an anchor reinforced slope is performed to evaluate the preventive effect. 

It has been shown that the new 3D DDA is very useful and powerful enough for 

hazard assessment of earthquake induced landslides. 

 

7.2 RECOMMENDATION AND FUTURE STUDIES 

1) For the original 3D DDA program, the contact detection and contact 

mechanism theory is not mature, especially when the concave blocks are taken into 

consideration. It is necessary to put efforts on this issue. 

2) It is necessary to introduce the viscous boundary into the 3D DDA, which is 

necessary when simulation the press wave propagation. Although some efforts have 

been made on the 2D DDA, it is still a blank for the 3D DDA. 

3) The fluid flow should be considered in the 3D DDA. For the fractured rocks, 

the fluid flow has a significant influence on the solid deformation. However, up to 

now, the relevant research by the 3D DDA is just in the very beginning. 

4) It needs a deep research on the joint’s constitutive model in the 3D DDA. In 

the current 3D DDA program, the Mohr-Coulomb is used to simulate the mechanism 

of the rock joint. How to simulate the residual strength of the rock joint and how to 

consider the strength reduction under cyclic loading are two issues need to be solved. 

5) To improve the computation efficiency of the 3D DDA. Besides of the 

contact detection, the other aspect that greatly influences the computation efficiency 

is the 3D DDA’s program organization, which is not designed for the parallel 
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computation. It is believed that if the 3D DDA program can be re-organized and 

edited to be the parallel edition, with the help of the GPU (Graphic Processing Unit), 

the computation efficiency of the 3D DDA should be greatly improved. 

6) Deep research on the coupling the 3D DDA with the FEM. By coupling these 

two programs, not only the block’s large deformation can be considered but also its 

inner stress and deformation can be obtained. Although some efforts have been made 

on this, this research is just on the preliminary level and should be continued.  

7) More practical applications should be performed such as the 3D slope， 

rock-fall, underground cave and etc.. Because the powerful pre-processor has been 

developed, it is necessary and meaningful to make more practical applications.  
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