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ABSTRACT 

Debris flow is a geo-hazard frequently occurred in mountainous regions. Due 

to the sudden occurrence, high-speed motion and large volume of sediment, debris 

flow can cause serious disaster and is one of the major threats to residents and 

structures in susceptible areas. For example, the 1999 Venezuela debris flow killed 

about 15,000 lives and destroyed or damaged more than 88,000 buildings. Various 

kinds of countermeasures, such as check dams and concrete canals, have been 

developed for disaster mitigation. In order to design proper countermeasure 

structures, it is important and necessary to estimate the kinematic and mechanic 

behaviors of a potential debris flow as well as impact forces on structures in risk.  

In recent decades, many studies on debris flows have been conducted by using 

numerical methods, analytical methods, empirical approaches based on in-situ 

investigations and laboratory experiments. With advancement of computer 

technique, numerical methods become more and more attracting in researchers in 

this field. Among them, conventional debris flow simulation (DFS) with a depth-

integrated model based on Navier-Stokes equations has been widely used because 

it can be easily applied to simulate evolution of debris flow with bed-sediment 

erosion as well as estimate kinematic behaviors such as flowing velocity, depth and 

volume of debris flow and inundated area with high efficiency. However, since DFS 

is based on two-phase fluid of water and solid, called pure debris flow here, using 

the so-called volume concentration for different ratio of solid to water, there are 

seldom debris flows of two-phase fluid in nature. In fact, large boulders and 

driftwoods are often involved in debris flows, called boulder debris flow here, 

according to a large number of past events. It is obvious that the behaviors and 

impact force of boulder debris flow cannot be correctly estimated by DFS with two-

phase fluid model. How to simulate boulder debris flows still remains unsolved 

problem. 

This study aims at developing a new numeric technique for simulating boulder 

debris flows by coupling Discontinuous Deformation Analysis (DDA) with 
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conventional DFS. DDA is a powerful numerical method for modelling dynamic 

behaviors of a rock mass system involving discontinuities, and it has been well used 

for rock-fall analysis and landslide simulation. Thus, the dynamic behavior and 

impact force of the transported boulders in debris flow can be estimated by three-

dimensional DDA while the kinematic and mechanic behaviors of two-phase fluid 

are estimated by conventional DFS. To this end, the existing 3D DDA is firstly 

improved by incorporating a damped contact model to simulate inelastic collisions. 

And then, a coupled method of improved DDA and DFS (3D DDA-DFS) is 

developed for simulating boulder debris flows. Subsequently, the impact force of 

large boulders on check dam are investigated and discussed through a series of 

conceptual examples. Finally, a case study is carried out using the developed 3D 

DDA-DFS method to discuss the kinematic and mechanic behaviors of a boulder 

debris flow based on a real catchment. 

The contents of the thesis are organized as follows: 

Chapter 1 introduces the background, the scope and objectives of the research. 

Previous studies on debris flow and the transported large boulders are reviewed. 

The existing methods are briefly discussed.  

Chapter 2 reviews the state-of-the-arts of 3D DDA and DFS. The basic 

theories and equations are introduced together with their advantages and 

applications. The above-mentioned unsolved problems are also clarified. 

Chapter 3 improves 3D DDA by incorporating a damped contact model for 

inelastic collision. Original DDA is based on perfectly elastic collision, but energy 

dissipation occurs almost in any real collisions in nature. If energy loss is not 

addressed, the collisions between large boulders, slope surface and structure could 

be inaccurate. In order to make DDA applicable to real collisions, a damped contact 

model based on linear spring-dashpot assumption is incorporated into 3D DDA. 

How to determine the control parameter viscous damping coefficient of dashpots is 

discussed and clarified using a predefined coefficient of restitution (COR). Inelastic 

collisions with unconstrained and fixed targets are carefully investigated. Rebound 

of a freefall block assembly is analyzed for demonstrating viscous damping effect. 
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The results show that the damping effect is significant and should be properly 

addressed.  

Chapter 4 develops a fluid-solid coupling method called 3D DDA-DFS by 

coupling 3D DDA with DFS for simulating boulder debris flows. First, a framework 

for flow-solid interaction is proposed. Then, an interactive module is incorporated 

for evaluating the interactive forces between DFS flow and DDA solid blocks 

through the synchronization of the 3D DDA module and DFS module since time 

steps in both methods are quite different. Thirdly, the flow force on solid blocks, 

including static pressure, buoyancy and drag force, are incorporated for arbitrarily 

shaped polyhedral blocks on complex 3D terrain. In addition, the drag effect 

between adjacent blocks is addressed so that the calculated drag force is more 

realistic. Fourthly, since direct implementing of force from DDA blocks on DFS 

flow is not easy, which involves large deformed boundary condition in the flow 

governing equation, an equivalent solution is proposed by taking the action of 

blocks on flow as time-varying elevation of terrain node. Finally, the coupling 

scheme as well as the calculations of the interaction forces are validated by a 

number of examples.  

Chapter 5 clarifies the behaviors of large boulders and driftwoods in debris 

flow. At first, a series of simulations are carried out on debris flows with boulders 

in a channel model with a downstream check dam. The impact forces and 

deformations that the dam suffers from are analyzed under different kinds of debris 

flows. The results show that (1) A boulder debris flow can destroy the check dam 

that cannot be destroyed by the corresponding pure debris flow, and the impact 

force of the boulder debris flow can be about 15 times larger in an example than 

that of the pure debris flow; (2) The impact forces and deformations are related to 

the size, distribution and shape of the boulders very much. The dam can be 

deformed slightly or largely and even destroyed totally under different boulders. 

Larger size, higher initial altitude, subcircular shape of the boulders are capable of 

causing more damages to the dam. And then, the behaviors of driftwoods in debris 

flow are also investigated. The movement looks reasonable, and the impact force is 

larger than that of pure debris flow but smaller than that of the boulder with the 
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same volume. The driftwoods can either be stopped by the dam or pass over the 

dam when overflowing occurs. The example shows that the driftwoods in debris 

flow can also be simulated by developed 3D DDA-DFS method. 

Chapter 6 performs a case study by using the 3D DDA-DFS method to 

simulate potential debris flow with large boulders based on a real catchment located 

in Amami Oshima, Japan, where the 2010 Yohutagawa debris-flow event occurred. 

The same source area of the debris flow is used, and a number of boulders are 

distributed in the valley path. When debris flow passes by, the boulders are driven 

and move along with debris flow. The simulation results show that the transported 

boulders can break the dam, and more area will be affected by the alluvial fan 

although the dam was not destroyed under the real debris flows due to no large 

boulders involved. The dam safety is further analyzed by a number of dam 

properties and the results suggest that the strength of the dam should be much higher 

if boulders are involved in a potential debris rather than a pure debris flow. 

Therefore, the developed 3D DDA-DFS method is applicable to simulation of 

debris flow with large boulders. The 3D DDA-DFS can be used to check whether 

the check dam is safe under boulder debris flow, and the critical strength of check 

dam can also be determined by 3D DDA-DFS simulation. 

Chapter 7 summarizes the conclusions and recommends the problems to be 

solved in future studies.
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of 213 fatal debris flow cases from their database were triggered or caused by 

rainfall. The relationship between intense rainfall and shallow landslides which 

transformed into debris flows sere first observed by Campbell, R. H. (1975). In his 

theory, the rapid rainfall provides sufficient water that infiltrates into the soil and 

creates temporary aquifers. The positive pore pressures compromise the structural 

stability. A critical rainfall threshold was proposed based on rainfall intensity and 

duration (Starkel, L., 1979). This concept was further studied by many scholars 

(Caine, N., 2017; Chen, C. et al., 2005; Chen, N. et al., 2009; Guzzetti, F. et al., 

2007; Van Asch, T. W. J. et al., 2013). 

As analyzed by Dowling, C. A. et al. (2013), the landslide mobilized debris 

flows are the second most dominant. The undrained loading process may generate 

high pore pressure and makes it easier for sediments to be dug up (Hutchinson, J. 

et al., 1971; Sassa, K., 2000; Sassa, K. et al., 2005). The rapid snowmelts also 

trigger debris flows because the water infiltration can be significant (Horton, R. E., 

1938). As another triggering factor, snowmelt is important especially in areas that 

have a low and changeable temperature (Decaulne, A. et al., 2005). The 

corresponding critical condition was also proposed by Chleborad, A. F. (1997) for 

the central Rocky Mountains, USA, which is a 6-day moving average of maximum 

daily temperature and 14.4°C. However, the rapid snowmelt caused debris flow has 

relatively low fatality (Dowling, C. A. et al., 2013). 

The other triggering factors, such as earthquakes and breakage of landslide 

dam, is not as common as the factors mentioned above. Nevertheless, they also need 

to pay attention to because those uncommon triggerings like earthquakes tend to 

cost higher fatalities. (Dowling, C. A. et al., 2013; Santi, P. M. et al., 2010). On 17 

Feb. 2006, a severe landslide and debris flow event was triggered by an earthquake 

in St. Bernard, Southern Leyte, Philippines. Two mild earthquakes (the stronger 

one has a magnitude of 2.6) were experienced. After the second earthquake at 10:30 

a.m., the event occurred. The estimated maximum velocity is 120-130 m/s. More 

than 1110 people were killed and 3.2 km2 area was covered. The approximate debris 

volume is 2 × 107 m3. (Catane, S. G. et al., 2006; Catane, S. G. et al., 2008; Evans, 

S. G. et al., 2007; Orense, R. et al., 2006). Evidence also shows that the area after 
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earthquake is more vulnerable to debris flow triggering factors (Lin, C. et al., 2004; 

Tang, C. et al., 2012). 

1.2. RESEARCH APPROACHES 

1.2.1. APPROACHES FOR DEBRIS FLOW 

The study of debris flow has been conducted for dozens of years. Those 

methodologies can be classified into three groups: empirical method, analytical 

method and numerical method. They will be briefed in this section. 

Empirical methods usually based on in-situ investigations or laboratory 

experiments. They explored the desired key attributions of debris flow by studying 

the relationships between them and easily measured factors (Benda, L., 1990; 

Breien, H. et al., 2008; Fannin, R. J. et al., 2001; May, C. L., 2002; Rickenmann, 

D., 1999; Scott, K. M. et al., 2005). For example, Hunger, O. et al. (1984) conducted 

a quantitative analysis of debris flow for remedial measures in a two-year study 

along the Squamish Highway, north of Vancouver. Important properties of the 

debris flow were discussed with the approaches to obtain them, such as volume, 

frequency, runout distance, and impact force. The empirical knowledge is also 

obtained by conducting experiments. Sediment entrainment is a complex and key 

characteristic of debris flow. By designing proper experiments under controlled 

conditions, the nature of the entrainment process begins to reveal (Bouchut, F. et 

al., 2008; Mangeney, A. et al., 2010; Rickenmann, D. et al., 2003; Takahashi, T. et 

al., 1992). Other experiments are performed about initiation (Chen, N. S. et al., 2010; 

Gregoretti, C., 2010; Reid, M. E. et al., 1997), deposition (Liu, X., 1996; Major, J. 

J., 2000) and runout (De Haas, T. et al., 2015; Iverson, R. M., 2015; Remaître, A. 

et al., 2005). 

Analytical method is to estimate the interesting properties in a semi-analytical 

way. Usually, they are mathematical deductions based on several assumptions. It 

has been used to obtain the erosion volume by the length and width of the erosion 

path (Luna, B. Q. et al., 2012; Medina, V. et al., 2010; Wang, G. et al., 2003). Hungr, 

O. (2000) analyzed debris flow runout by using the theory of uniformly progressive 
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flow and incorporating zoned longitudinal variation in rheology. Analytical method 

is also a good choice for designing of hazard mitigation structure. (Brighenti, R. et 

al., 2013) adopted a simplified analysis to estimate the impact force based on a 

simplified structural model. 

The investigation and research regarding a specific practical debris flow case 

are also important. However, the empirical method can only approximately provide 

some typical characteristics to the case instead of a comprehensive understanding. 

It is also usually too complex for analytical model. With the rapid development of 

modern computer technology and simulation methods, numerical simulation for 

debris flow has been extensively applied as an important approach. By 

incorporating selected governing equations and boundary conditions, the initiation, 

runout, erosion and deposition can be evolved by computer efficiently. In the 

research community of debris flow, there are two major categories, the method 

based on the cellular automata (CA) model (Scheidl, C. et al., 2010; Toffoli, T., 

1984), and based on Navier-Stokes equation (Brufau, P. et al., 2010; Hungr, O. et 

al., 2005). 

Comparing to the method depending on Navier-Stokes equation, CA model is 

simpler because the equation solving process is avoided (D'ambrosio, D. et al., 2003; 

White, R. et al., 2000). It is mostly be used to predict the inundated area in a debris 

flow event. However, the mechanism of erosion cannot be well considered. On the 

other hand, although more complicated in partial differential equation solving, the 

method based on Navier-Stokes equation is more adaptable. To implement the 

equation solver, usually shallow water assumption is adopted by transforming 

Navier-Stokes equation into a depth-integrated form (Savage, S. B. et al., 1989; 

Vreugdenhil, C. B., 2013). The depth-integrated models have three advantages 

comparing to three-dimensional models (Iverson, R. M. et al., 2015): First, they 

generate model output with a level of detail comparable to that of field 

measurements and large-scale experiments; second, They embed the effects of the 

evolving positions of the upper and basal flow boundaries directly into the 

governing conservation equations, eliminating the need to separately resolve 

domain boundaries; third, They reduce the degrees of freedom in the conservation 
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equations themselves. A scheme of finite difference method (FDM) is applied to 

solve it (Iverson, R. M. et al., 2015; Savage, S. B. et al., 1989; Wang, C. et al., 

2008). Some researchers also use Smoothed Particle Hydrodynamics (SPH) to solve 

the equation (Federico, I. et al., 2012). 

However, since debris flow simulation (DFS) is based on a two-phase fluid of 

water and solid, called pure debris flow here, using the so-called volume 

concentration for different ratio of solid to water, there are seldom debris flows of 

two-phase fluid in nature. In fact, large boulders and driftwoods are often involved 

in debris flows, called boulder debris flow here, according to a large number of past 

events. It is obvious that the behaviors and impact force of boulder debris flow 

cannot be correctly estimated with a two-phase fluid model. How to simulate 

boulder debris flows remains an unsolved problem. 

1.2.2. APPROACHES FOR THE TRANSPORTED BOULDERS 

The travelling boulders in debris flow can be catastrophic. Hunger, O. et al. 

(1984) addressed that the point loads due to the boulders in debris flow may be 

more important in designing, which is related to the maximum boulder size and 

structures stiffness (Figure 1.5). The impact forces in actual debris flow events 

maybe one of the most important factors in boulder transporting. Although 

measuring impact force in a real debris flow is difficult, some valuable data were 

still documented. For example, A debris flow occurred in Jiangjia Ravine, China 

on Aug. 25, 2004. Just several days before the occurrence, a system of measuring 

equipment was set up at the middle reach of the Jiangjia drainage (Hu, K. et al., 

2011). During the debris flow event, the impact force data was recorded. These data 

suggested that the impact forces generated by coarse grains are much larger than 

the fluid pressure (Hu, K. et al., 2011). Based on the measured impact forces, some 

empirical and semi-analytical theories were proposed to approximately estimate the 

impact force. Hunger, O. et al. (1984) suggested the following formula for impact 

force calculation of boulders: 

2F mv k   (1.1) 
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Comparing to the methods listed above, the numerical simulation has not been 

widely adopted for the mixture of debris flow and large boulders because of its 

complex nature. Although the numerical simulation approach for debris flow is 

well-developed, taking the travelling large boulders into consideration is still 

challenging because it is a coupled two-phase system involving fluid phase and 

discontinuous, large deformed solid phase. Some researchers already attempted to 

propose applicable methods to address the complex phenomenon by coupling 

methods. Some discontinuous method, such as Discrete Element Method (DEM) 

(Cundall, P. A. et al., 1979; Ting, J. M. et al., 1992), has been incorporating into 

debris flow (Asmar, B. N. et al., 2003). The original purpose of the coupling method 

in debris flow research is to simulate the motion of the solid particles as well as 

flow evolution as a multi-phase debris flow simulator (Leonardi, A. et al., 2013). 

Other coupling methods have also been proposed (Felix, D. et al., 2018; Kong, Y. 

et al., 2018). These coupling formed methods have the potential to solve the large 

boulder transporting problem in debris flow. A two-phase model, including a 

continuum depth-integrated fluid phase and a non-continuum large particle DEM 

phase, was proposed to simulate the transported large boulders amid debris flow 

(Martinez, C. et al., 2011; Martinez, C. et al., 2010; Martinez, C. E. et al., 2011). 

Those researches provided useful insights to the simulation of the phenomenon 

involving transported large boulders. 

However, the simulation of debris flow with large boulders, called boulder 

debris flow, is still challenging. The empirical or semi-empirical formulae are 

mostly adopted to describe the impact force caused by travelling large boulders. 

Although the research for numerical simulation approaches has been initiated, the 

consideration of boulders and the interaction between the two phases are simple. 

For example, the shape of boulders is sphere or quasi-spherical, the interaction force 

is simple, the drag force between adjacent blocks is not considered, and the boulder 

reaction to flow is not addressed. The related details will be discussed in the 

following section. Those factors are essential to reveal the true nature of the 

transported large boulders in debris flow. 
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1.3. SCOPES AND OBJECTIVES 

1.3.1. EXISTING PROBLEMS 

As introduced in previous sections, the large boulders transported by debris 

flow are capable of huge damages to structures. Methods were already proposed to 

simulate the phenomenon (Martinez, C. et al., 2011; Martinez, C. et al., 2010; 

Martinez, C. E. et al., 2011). Their works are inspiring, and the results are very 

useful to design the protective structures. But there is still room for improvement. 

First, the boulder shape is limited. Although DEM allows polyhedron particles, the 

DEM element used in their researches is spherical. This could partly because the 

transported large boulders in non-spherical shape may lead to complex geometrical 

and mechanical problems. Nevertheless, the large boulders involved can be of any 

shape, referring to Figure 1.1 and Figure 1.4. The shape of boulders clearly affects 

the dynamic behavior of the transported boulders. Second, the flow force on 

boulders in the previous study is simple. The boulders are assumed to be completely 

submerged by flow. Third, the boulder drag forces are also not affected by the 

existence of other nearby boulders in flow. Fourth, the existence of DEM elements 

does not interrupt the flow field. This would limit the application of the method in 

situations where the debris flow is blocked by obstacles such as a check dam. It also 

faces difficulties in the estimation of dam safety under the condition of debris flow 

and transported large boulders, which is very important in hazard mitigation 

analysis. 

The major limitations listed above require further investigation. The 

simulation involves the following aspects: (1) the motion of debris flow; (2) the 

motion of large boulders and dam blocks if the dam is damaged (3) interactions 

between solid boulders, dam blocks and debris flow. Apparently, a single two-phase 

flow method is not enough for the entire simulation. Discontinuous deformation 

analysis (DDA) (Shi, G. et al., 1985; Shi, G. H. et al., 1989) is a rapidly developed 

method in recent years. Details about this method will be given in Section 2. The 

theory of DDA is built on blocky systems in which the blocks are of arbitrary 

polygon shape. Implicit scheme is adopted in DDA, which makes the result 
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unconditionally convergent. Three-dimensional DDA (3D DDA) will be used to 

simulate the solid phase, for example, the dam and travelling boulders, and the 

debris flow will be calculated using the widely accepted depth-integrated shallow 

water equation. In fact, large boulders and driftwoods are often involved in debris 

flows, called boulder debris flow here, according to a large number of past events. 

It is obvious that the behaviors and impact force of boulder debris flow cannot be 

correctly estimated by debris flow simulation (DFS) with yhe two-phase fluid 

model. How to simulate boulder debris flows remains an unsolved problem. 

1.3.2. OBJECTIVES OF THE THESIS 

The main objective of this study is to develop a new numeric technique for 

simulating boulder debris flows by coupling 3D DDA with conventional DFS, and 

then it is used to analyze the impact force of large boulders on check dam. It is 

worth mention that the large boulder referred to in this thesis means the boulder 

with diameters greater than 3 m as discussed in chapter 5. For this purpose, a series 

of developments should be fulfilled, in detail: 

(1) Development of a coupled 3D DDA-DFS method for simulating boulder 

debris flow; 

(2) Clarification of the behaviors of large boulders and driftwoods in debris 

flow; 

(3) Case study about dam safety based on a real catchment of Yohutagawa. 

1.4. FRAMEWORK OF THE THESIS 

The thesis consists of the following chapters. 

Chapter 1 introduces the background, the scope and objectives of the research. 

Previous studies on debris flow and the transported large boulders are reviewed. 

The existing methods are briefly discussed.  

Chapter 2 reviews the state-of-the-art of 3D DDA and DFS. The basic 

theories and equations are introduced together with their advantages and 

applications. The above-mentioned unsolved problems are also clarified. 
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Chapter 3 improves 3D DDA by incorporating a damped contact model for 

inelastic collisions. In order to make DDA applicable to real collisions, a damped 

contact model based on linear spring-dashpot assumption is incorporated into 3D 

DDA. Then the determination of the control parameter of dashpots and viscous 

damping coefficient is discussed and clarified using a predefined coefficient of 

restitution (COR). Inelastic collisions with unconstrained and fixed targets are 

carefully investigated. After that, the rebound of a freefall block assembly is 

analyzed for demonstrating a viscous damping effect.  

Chapter 4 develops a fluid-solid coupling method called 3D DDA-DFS by 

coupling 3D DDA with DFS for simulating boulder debris flows. First, a framework 

for flow-solid interaction is proposed. Then, an interactive module is incorporated 

for evaluating the interactive forces between DFS flow and DDA solid blocks 

through the synchronization of the 3D DDA module and DFS module since time 

steps in both methods are quite different. Thirdly, the flow force on solid blocks, 

including static pressure, buoyancy and drag force, are incorporated for arbitrarily 

shaped polyhedral blocks on complex 3D terrain. In addition, the drag effect 

between adjacent blocks is addressed so that the calculated drag force is more 

realistic. Fourthly, an equivalent solution is proposed by taking the action of blocks 

on flow as a time-varying elevation of terrain node. Finally, the coupling scheme 

as well as the calculations of the interaction forces are validated by a number of 

examples.  

Chapter 5 clarifies the behaviors of large boulders and driftwoods in debris 

flow. At first, a series of simulations are carried out on debris flows with boulders 

in a channel model with a downstream check dam. The impact forces and 

deformations that the dam suffers from are analyzed under different kinds of debris 

flows. And then, the behaviors of driftwoods in debris flow are also investigated.  

Chapter 6 performs a case study by using the 3D DDA-DFS method to 

simulate potential debris flow with large boulders based on a real catchment located 

in Amami Oshima, Japan, where the 2010 Yohutagawa debris-flow event occurred. 

The same source area of the debris flow is used, and some boulders are distributed 

in the valley path. The dam safety is further analyzed by several dam properties and 
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CHAPTER  2 

2. STATE-OF-THE-ART OF 3D DDA AND DEBRIS FLOW SIMULATION 

2.1. INTRODUCTION 

Discontinuous Deformation Analysis (DDA) was first introduced by Shi (Shi, 

G. H. et al., 1989). Up to now, DDA has gained wide usage in practical simulations 

in geotechnical and geological engineering (Hatzor, Y. H. et al., 2004; Wang, W. 

et al., 2017; Wu, J. H. et al., 2011; Zhang, Y. et al., 2015). DDA studies blocky 

systems controlled by discontinuities, being able to capture the motions and stresses 

both in static and dynamic conditions. In two-dimensional (2D) space, a single 

block is depicted by their geometries and six mechanical variables, including rigid-

body translations at the block center in two orthotropic directions, linear strains in 

two orthotropic directions, a rotation and a shear strain. When two blocks are in 

contact, stiff contact springs are added to prevent them from penetrating. DDA has 

been carefully verified in various conditions (Maclaughlin, M. M. et al., 2006) such 

as block sliding on an inclined plane (Hatzor, Y. H. et al., 2001; Tsesarsky, M. et 

al., 2005), stability (Zhang, Y. B. et al., 2015) and wedge-shaped block (Yeung, M. 

R. et al., 2003). Improvements are proposed to extend the application (Peng, X. et 

al., 2019c) or to acquire higher accuracy (Wu, J. H., 2015; Yu, P. et al., 2019a). 

Contact treatment is essential in DDA, and attentions are attracted to improve the 

contact searching algorithm (Jafari, A. et al., 2007; Shi, G., 2015; Wang, X. et al., 

2019; Zhang, H. et al., 2015; Zheng, F. et al., 2018) and mechanism (Peng, X. et 

al., 2019b; Zhang, Y. et al., 2014). The calculational amount of DDA is usually 
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quite large due to complex contact condition, and therefore parallelization of DDA 

in 2D (Fu, X. D. et al., 2016; Peng, X. et al., 2020b) and 3D (Cheng, X. et al., 2015; 

Peng, X. et al., 2019a) space were proposed. The further investigation of DDA 

allows it to be used in varies practical cases (Chen, G. Q. et al., 2013; Chen, K.-T. 

et al., 2018; Peng, X. et al., 2018; Wang, W. et al., 2016; Wang, W. et al., 2019; 

Wu, J.-H. et al., 2017; Wu, J. H. et al., 2011; Wu, J. H. et al., 2004; Yu, P. et al., 

2019b). 3D DDA shares similar theory with the 2D version, however it is more 

suitable for the practical application because most of the cases are three dimensional. 

Since only 3D DDA is used in this research, the introduction in this section will 

focus on 3D DDA. 

Although more complicated in partial differential equation solving, the method 

based on Navier-Stokes equation is more adaptable. To implement the equation 

solver, usually shallow water assumption is adopted by transforming Navier-Stokes 

equation into a depth-integrated form (Savage, S. B. et al., 1989; Vreugdenhil, C. 

B., 2013). The depth-integrated models have three advantages comparing to three-

dimensional models (Iverson, R. M. et al., 2015): First, they generate model output 

with a level of detail comparable to that of field measurements and large-scale 

experiments; second, They embed the effects of the evolving positions of the upper 

and basal flow boundaries directly into the governing conservation equations, 

eliminating the need to separately resolve domain boundaries; third, They reduce 

the degrees of freedom in the conservation equations themselves. A scheme of finite 

difference method (FDM) is applied to solve it (Iverson, R. M. et al., 2015; Savage, 

S. B. et al., 1989; Wang, C. et al., 2008). Some researchers also use Smoothed 

Particle Hydrodynamics (SPH) to solve the equation (Federico, I. et al., 2012). 

2.2. 3D DDA: STATE-OF-THE-ART 

2.2.1. GENERAL DYNAMIC EQUATIONS 

In general, a dynamic system can be described by a matrix-formed equation 

  (2.1) 
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  (2.33) 

Substituting equation (2.33) into formula (2.32) results in 

T

T
d d di i x y z  (2.34) 

with 6×6 submatrices: 
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where the symbols S1 to S6 are defined as 
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2.2.3. ASSEMBLY OF NON-CONTACT MATRICES 

Matrices of contact terms are unique in DDA method, which is worth a detailed 

illustration. This content will be given in Section 2.2.4. Here the non-contact 

matrices include inertia force, body force, point loading, point displacement 

constrain, initial stress, and elastic stress. The method to obtain the matrices are 

similar: obtain the potential energy first, then take derivatives with respect to each 

variable. To unify the symbols, displacement vector in block i is rewritten as 

T

1 2 3 4 5 6 7 8 9 10 11 12[ ]i i i i i i i i i i i i id d d d d d d d d d d d   (2.39) 

where dji is the j-th displacement component of block i. Moreover, rigid block 

translations Ui = [ui, vi, wi]T of a point in block i can be calculated by 

i i i   (2.40) 

where ui, vi, wi are the translation components in of an arbitrary point within block 

i, and the displacement transformation matrix Ti is expressed by: 

1 0 0 0 0 0 0 2 2

0 1 0 0 0 0 2 0 2

0 0 1 0 0 0 2 2 0

i

z y x z y

z x y z x

y x z y x

  (2.41) 

where 0x x x , 0y y y  and 0z z z  are local coordinates, and (x0, y0, z0) 

is the coordinate of a reference point in block i. In 3D DDA, the center of a block 

is chosen to be the reference point because, in this way, the expressions can be 

simplified. Detailed derivations will be given in the following sections. 
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 (2.157) 

where the superscripts involving n denote the quantity in step n, i.e. current step. 

Discharge N is also derived in a similar way from equation (2.144). With the new 

variables in step n + 2, the flow depth is also derived using  

3 1 2 2 2 2

1/2, 1/2 1/2, 1/2 1, 1/2 , 1/2 1/2, 1 1/2,

2

n n n n n n

i j i j i j i j i j i j

n

h h M M N N
E

t x y
 (2.158) 

which is discretized from equation (2.132). The updated flow motions are used to 

estimate the bed entrainment E by equation (2.156). The parameters will be further 

discussed in the following sections based on adopted examples. The computer code 

based on the theory given in Section 2.3 for debris flow simulation is named DFS. 

2.4. CONCLUSIONS 

In this chapter, a brief introduction has been presented for both 3D DDA and 

DFS together with their recent development and application. 

As a discontinuous method, 3D DDA is suitable in analyzing cases involving  

large deformation, such as the large boulders and detached dam blocks. In addition, 

the block shape in 3D DDA can be arbitrary polyhedron, the influence of boulder 

shape thus can be studied by altering boulder polyhedron. However, in current 3D 

DDA, the energy dissipation during impacts cannot be addressed, which may lead 

to the over-estimation of post-collisional velocities of the blocks. Moreover, the 

flow action should be included. They will be illustrated in the following sections. 

DFS used in this research is based on depth-integrated equations. The 

equations are then solved by FDM. How to address the block actions to flow is still 

problematic because the positions and gestures of blocks keep changing during a 

simulation. It will also be introduced in the following sections.  
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introduces an additional algorithmic or numerical damping (Doolin, D. M. et al., 

2004). Under the condition of low damping, the numerical damping relates to the 

circular frequency and step size (Fu, X. D. et al., 2015), which is not appropriate to 

address the energy loss during collisions as well. 

A damped contact model is a good solution to dissipate additional collisional 

energy. Although the viscous damping in contact has been established in DDA 

(Mortazavi, A. et al., 2001; Sasaki, T. et al., 2005; Yu, P. et al., 2019), detailed 

investigation of collision phenomenons is still desired. A predictable rebounding 

simulation will certainly benefit the parameter selections, which in turn increases 

the simulation precision. The control parameter of the damper, viscous damping 

coefficient, is derived from a given coefficient of restitution (COR). COR is a 

fundamental parameter to measure the collisions. It has been proven that a simple 

relationship between COR and viscous damping coefficient can be established if a 

linear spring-dashpot model is employed in contacts (Campbell, C. S., 2002; 

Schwager, T. et al., 2007). Therefore, 3D DDA is promising to accurately model 

the collision phenomenon by a calculated viscous damping coefficient with 

predefined COR, thus showing more realistic simulation results. 

3.2. DAMPED CONTACT MODEL IN 3D DDA 

The diagram in Figure 2.3 is borrowed here to illustrate the implementation of 

the damped contact model, in which the normal and shear contact force imposed on 

the contact point Pa is exerted by a spring and a viscous dashpot which is 

proportional to the relative velocity, as shown in Figure 2.5. In the normal entrance 

plane direction, the contact force Fn is given by 

  (3.1) 

where kn and cn are the normal spring stiffness and the normal viscous damping 

coefficient, respectively; n indicates the external unit normal of the entrance face 

and can be expressed as (nx, ny, nz); vrn is the normal relative velocity of Pa with 

respect to the contact point Pb and can be calculated by taking the dot product of n 

and the relative velocity (va - vb) (with va and vb being the velocity vectors of Pa and 
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CHAPTER  4 

4. DEVELOPMENT OF A FLUID-SOLID COUPLING METHOD 3D DDA-

DFS FOR SIMULATING BOULDER DEBRIS FLOWS 

4.1. INTRODUCTION 

Given the complex nature of the coupled problem involving solid and fluid 

(shown in Figure 4.1), numerical simulation is regarded as a powerful tool to 

capture the developing process and interaction mechanism. Several approaches 

have been employed to simulate the fluid phase in a coupled system, such as Finite 

Element Method (FEM) (Kaidi, S. et al., 2012) and Smoothed Particle 

Hydrodynamics (SPH) (Mikola, R. et al., 2013; Wang, W. et al., 2016; Wang, W. 

et al., 2017).  

In research area of debris flow, a theoretical fluid method is generally adopted 

in which the flow is considered as depth-integrated, thus transforming a 3D flow to 

2D. Such flow form is commonly used in numerical simulation for debris flow (Gao, 

L. et al., 2017; Han, Z. et al., 2015; Han, Z. et al., 2014; Shen, W. et al., 2018). In 

this approach, the fluid model is defined upon a meshed terrain. The terrain can be 

hypothetical, or a real observation extracted from Digital Elevation Model  

database. In each terrain grid cell, the physical condition of fluid is determined by 

density, velocities and flow depth. This solution is based on a two-phase flow model 

which regarding the solid phase as a volume concentration, as mentioned in the 

previous sections. However, in many practical debris flow cases, there are many 
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Computational efficiency is also an important aspect of extensive applications of 

DDA. Researchers tried to improve calculation speed by refining contact search 

algorithm (Hopkins, M. A., 2014; Wang, X. et al., 2019) or implementing parallel 

technology (Jiao, Y.-Y. et al., 2019; Peng, X. et al., 2019a). However, current three-

dimensional DDA (3D DDA) only deals with solid blocks, and the fluid phase 

cannot be considered yet. 

Based on the introductions of solid and fluid phase, a debris flow simulation 

method incorporating 3D DDA (3D DDA-DFS) is proposed in this paper. The 

interaction between solid and fluid is passed by interactive forces, which include 

buoyancy, drag force and static pressure. An algorithm is proposed to calculate 

buoyancy for blocks of arbitrary shape in the condition of uneven fluid surfaces. 

The drag forces on blocks are derived by a simplified formulation related to the 

local velocity of the blocks and then implemented facet by facet. The static pressure 

is also applied if the block is not entirely surrounded by flow. In addition, the drag 

effect between adjacent blocks is addressed so that the calculated drag force is more 

realistic. An equivalent solution is also proposed by taking the action of blocks on 

flow as time-varying elevation of terrain node since the direct evaluation of forces 

on debris flow by blocks is difficult. Finally, the coupling scheme as well as the 

calculations of the interaction forces are validated by a number of examples.  

4.2. FRAMEWORK FOR FLOW-SOLID INTERACTION USED IN 3D DDA-DFS 

An appropriate interactive framework is fundamental for the coupled 3D 

DDA-DFS method. It should be able to simultaneously solve the problems of: (1) 

large solid displacement; (2) debris flow evolution on complex terrain and (3) the 

real time interactions between solid and flow. Therefore, a 3D-DDA program 

incorporating a proper interactive module is a good solution. The brief framework 

is given in Figure 4.2. In this scheme, the interactive actions are performed by forces 

on solid blocks, and the representative variations in terrain. The fluid field can be 

defined in accordance with in-situ investigation or calculated together with the solid 

model by solving Navier-Stokes Equations. Since the fluid actions on solid blocks 

should be considered, they are first calculated and then added to the corresponding 
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CHAPTER  5 

5. CLARIFICATION OF THE BEHAVIORS OF LARGE BOULDERS AND 

DRIFTWOODS IN DEBRIS FLOW2 

5.1. INTRODUCTION 

Conventional debris flow simulation with a depth-integrated model based on 

Navier-Stokes equations has been widely used because it can be easily applied to 

simulate evolutions of debris flow with bed-sediment erosion as well as estimate 

kinematic behaviors such as flowing velocity, depth and volume of debris flow and 

inundated area with high efficiency. However, large boulders and driftwoods are 

often involved in debris flows according to a large number of past events. It is 

obvious that the behaviors and impact force of boulder debris flow cannot be 

correctly estimated by DFS with a two-phase fluid model. 

Those involved large objects may be able to cause serious damage to the 

structures in its path. It is important to investigate the impact forces and 

deformations that the dam suffers from are analyzed under different kinds of debris 

flows. In this section, the impact force and deformation that the dam suffers from 

 

2 Chapter 5 is partially based on the following journal paper: 

Yu P, Zhang Y, Peng X, Wang J, Chen G, Zhao JX (2019) Evaluation of impact force of rock 

landslides acting on structures using discontinuous deformation analysis Computers and 

Geotechnics 114 doi:10.1016/j.compgeo.2019.103137 
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are studied under the varying factors of existence of the boulders, the size, the 

distribution and the shape of the boulders. 

5.2. MODEL SETTINGS, PARAMETERS AND CONSTRUCTION 

A conceptual model is built to clarify the influence of large boulders on the 

flow evolving and dam safety. The general setting of the adopted model is giving 

in Figure 5.1. A slope with an inclination of 20° is placed on a horizontal plane. At 

the middle of the slope, there is a wedged channel. The upper surfaces of the slope, 

channel and the horizontal plane together form the terrain of the model. The terrain 

has been meshed in 2.5×2.5 m cells. To reflect the ground coarseness in reality, 

random height variations are assigned to the terrain nodes. The terrain has a total 

dimension of 200×300×53 m. A dam with a rectangular section profile 5×3 m is 

settled at the bottom of the channel, which is comprised of hundreds of sub-blocks. 

Given to the channel shape, the maximum dam length is 47 m. Above the dam along 

the slope there are some boulders, and above the boulders is the initial position of 

the debris flow mass. When the simulation begins, the mass starts to move 

downslope due to gravity, which further triggers the motions of boulders when flow 

passes by. The mixture of flow mass and boulders then collapses with the dam. If 

the dam is strong enough, the mixture will be stopped at the dam; otherwise, the 

dam will be damaged or even destroyed, the fragments of the dam will travel 

together with the mixture and finally be stopped when the kinetic energy is 

dissipated. The influence of boulder, flow property to the debris flow runout and 

dam safety will be tested in the following sections. 

The dam used in the examples is meshed by joints in prior. There are two types 

of joints in 3D DDA: real joints and virtual joints. The real joints are generated due 

to the existence of fractures in a single material or the boundary between two objects. 

Whereas the virtual joints represent the block boundary of the continuous area, 

which are created to enable the detailed cracking failure process (Zhu, W. et al., 

2014). The strength of virtual joint is determined by the strength of the continuous 

material, and it is generally much larger than that of a real joint. When the stress 

exceeds the strength of the virtual joint, it will be developed to be a real joint. The 
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Figure 5.14 shows the total forces acted on the dam in case 4 to 7. The total 

dam force includes the flow action and boulder impacts. The impact force of large 

boulders is calculated by referring to the research of Yu, P. et al. (2019). The forces 

include the flow actions and boulders collisions. In general, the impact forces of the 

boulders are transient, however much larger than the relatively continuous flow 

actions. The highest impact force of case 7 is nearly 1.6 × 108 N, meanwhile it is 

about 4.5 × 107 N in case 6. The occurrence of impacts is also earlier in case 7. 

However, the existence of boulders does not change the trend of force. For example, 

the force curves of case 4 and case 6 are quite close, and the amplified figure shows 

that both curves converge to about 7.3 × 106 N, which is the double of case 5 and 

case 7. The transient large impact forces of case 7 are generally greater than those 

of case 5, which suggest that the impact force increase with the growth of flow mass 

volume. From the discussions above it is clear that the existence of large boulders 

is capable of creating great damage. Sometimes the dam is stable under the 

condition of flow action, it still can be dangerous when boulders are considered. 

Moreover, the impact forces also grow as the flow mass volume increases. Because 

of the higher speed, the impacts are also earlier in cases with more flow mass. 

Therefore, the proper address of the large boulders in debris flow is both necessary 

and important. The following sections will focus on the factors that influence the 

flow mobility and dam safety. 

In addition, the collisions are also presented in detail in Figure 5.15-Figure 

5.17. Given the size of the boulders, the major impact position is the middle and 

upper levels of the dam blocks. The close view of the dam further proves that the 

dam is destroyed by the boulders. Since the impact position does not show many 

patterns, those figures are not included in the following discussions. 

5.5. THE EFFECT OF BOULDER SIZE 

The influence of the size of the boulders is discussed in this section. Before 

that, two cases with boulder diameter 1 m and 2 m are simulated in advance to 

determine the boulder size that has a significant impact on dam safety. The 

calculation results are given in Figure 5.18 and Figure 5.19, which suggest that the 
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understanding of the influence factors may help the prevention and mitigation of 

the damages caused by large boulders in debris flow.  

The clarifications are based on on a channel model, and at the bottom of which 

there is a check dam. A mixture of debris flow and boulders are flushed downslope 

and hit the dam. The position, size, shape and material of the boulders are chosen 

as variables, and the mobility of the boulders, deformation of the dam and imposed 

impact force on the dam are investigated. The following conclusions can be drawn: 

(1) boulder debris flow can destroy the check dam that cannot be destroyed by 

the corresponding pure debris flow, and the impact force of the boulder debris flow 

is about 15 times larger than that of the pure debris flow. 

(2) A boulder can run in front of fluid when its size is large enough in a boulder 

debris flow. 

(3) Boulders with larger sizes are capable of causing more damages to the dam 

within a certain range. 

(4) Higher initial position of the boulders is capable of causing more damages 

to the dam within a certain range. 

(5) The subcircular shaped boulders create large damages to the dam than 

subangular shaped boulders. 

(6) The driftwood in debris flow is also studied by modifying the shape and 

density of the 3D DDA blocks. The result suggests that the driftwoods tend to 

accumulate in front of the dam, some of them also pass the dam if the flow is deep 

enough in front of the dam. The impact force is larger than that of pure debris flow 

but smaller than that of the boulder with the same volume. 
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with debris flow. The dam safety is analyzed by a number of dam properties. The 

following conclusions can be drawn: 

(1) The transported boulders can break the dam, and more area will be affected 

by the alluvial fan although the dam was not destroyed under the real debris flows 

up to now due to no large boulders involved. In the studied cases, when the internal 

friction angle equals 10°, the dam is safe under the condition of pure debris flow, 

however it will be destroyed under boulder debris flow. 

(2) The 3D DDA-DFS method is applicable to the simulation of debris flow 

with large boulders. The strength of the dam should be much higher if boulders are 

involved in a potential debris flow rather than a pure debris flow. For example, in 

the studied cases, when the friction angle is 45°, the safe cohesion is 40 MPa; when 

the friction angle is 55°, the 1 MPa of cohesion is enough. 

(3) Given to the simulation results, the effect of the transported large boulders 

in a debris flow should be thoroughly considered for the design of protective 

structures. 
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CHAPTER  7 

7. CONCLUSIONS AND FUTURE STUDIES 

7.1. HIGHLIGHTS AND MAJOR CONCLUSIONS 

Debris flow is a geo-hazard frequently occurred in mountainous regions. Due 

to the sudden occurrence, high-speed motion, and the large volume of sediment, 

debris flow can cause serious disaster and is one of the major threats to residents 

and structures in susceptible areas. For example, the 1999 Venezuela debris flow 

killed about 15,000 lives and destroyed or damaged more than 88,000 buildings. 

Various kinds of countermeasures, such as check dams and concrete canals, have 

been developed for disaster mitigation. In order to design proper countermeasure 

structures, it is important and necessary to estimate the kinematic and mechanic 

behaviors of a potential debris flow as well as impact forces on structures at risk.  

In recent decades, many studies on debris flows have been conducted by using 

numerical methods, analytical methods, empirical approaches based on in-situ 

investigations and laboratory experiments. With the advancement of computer 

techniques, numerical methods become more and more attractive in researchers in 

this field. Among them, DFS with a depth-integrated model based on Navier-Stokes 

equations has been widely used because it can be easily applied to simulate 

evolutions of debris flow with bed-sediment erosion as well as estimate kinematic 

behaviors such as flowing velocity, depth and volume of debris flow and inundated 

area with high efficiency. However, since DFS is based on a two-phase fluid of 
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water and solid, called pure debris flow here, using the so-called volume 

concentration for different ratios of solid to water, there are seldom debris flows of 

two-phase fluid in nature. In fact, large boulders and driftwoods are often involved 

in debris flows, called boulder debris flow here, according to a large number of past 

events. It is obvious that the behaviors and impact force of boulder debris flow 

cannot be correctly estimated by DFS with a two-phase fluid model. How to 

simulate boulder debris flows remains an unsolved problem. 

(1) Development of a new numeric technique for simulating boulder debris flows 

by coupling 3D DDA with conventional DFS: 

Firstly, 3D DDA is improved by incorporating a damped contact model for 

inelastic collisions. In order to make DDA applicable to real collisions, a damped 

contact model based on linear spring-dashpot assumption is incorporated into 3D 

DDA. How to determine the control parameter of dashpots and viscous damping 

coefficient is discussed and clarified using a predefined coefficient of restitution 

(COR). The results show that the damping effect is significant and should be 

properly addressed. 

Secondly, a framework for flow-solid interaction is proposed. An interactive 

module is incorporated for evaluating the interactive forces between DFS flow and 

DDA solid blocks through the synchronization of the 3D DDA module and DFS 

module. The flow force on solid blocks, including static pressure, buoyancy and 

drag force, are incorporated for arbitrarily shaped polyhedral blocks on complex 

3D terrain. In addition, the drag effect between adjacent blocks is addressed so that 

the calculated drag force is more realistic. An equivalent solution is proposed by 

taking the action of blocks on flow as a time-varying elevation of terrain node. The 

coupling scheme as well as the calculations of the interaction forces are validated 

by a number of examples. 

(2) Clarification of the behaviors of large boulders and driftwoods in debris flow: 

A series of simulations are carried out on debris flows with boulders in a 

channel model with a downstream check dam. The impact forces and deformations 

that the dam suffers from are analyzed under different kinds of debris flows.  
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The results show that: a boulder can run in front of fluid when its size is large 

enough in a boulder debris flow; A boulder debris flow can destroy the check dam 

that cannot be destroyed by the corresponding pure debris flow, and the impact 

force of the boulder debris flow is about 15 times larger in one case than that of the 

pure debris flow; The impact forces and deformations are related to the size, 

distribution and shape of the boulders very much. The dam can be deformed slightly 

or largely and even destroyed totally under different boulders. Larger size, higher 

initial attitude, subcircular shape of the boulders are capable of causing more 

damages to the dam.  

The behaviors of driftwoods in debris flow are also investigated. The 

movement looks reasonable, and the impact force is larger than that of pure debris 

flow but smaller than that of the boulder with the same volume. The driftwoods can 

either be stopped by the dam or pass over the dam when overflowing occurs 

(3) Performing of a case study by using the 3D DDA-DFS method based on a real 

terrain territory model with a real check dam located in Amami Oshima, Japan, 

where the 2010 Yohutagawa debris-flow event occurred: 

The same source area of the debris flow is used and a number of boulders are 

distributed in the valley path. When debris flow passes by, the boulders are driven 

and move along with debris flow.  

The simulation results show that the transported boulders can break the dam, 

and more area will be affected by the alluvial fan although the dam was not 

destroyed under the real debris flows up to now due to no large boulders involved. 

The dam safety is analyzed by a number of dam properties and the results suggest 

that the strength of the dam should be much higher if boulders are involved in a 

potential debris flow rather than a pure debris flow.  

Therefore, the effect of the transported large boulders in a debris flow should 

be thoroughly considered for the design of protective structures. It has also been 

shown that the 3D DDA-DFS method is applicable to simulations of debris flow 

with large boulders. 



 

 190 

7.2. FUTURE STUDIES 

This study aims at developing a new numeric technique for simulating boulder 

debris flows by coupling DDA with conventional DFS. The impact forces of large 

boulders on check dams are investigated and discussed through conceptual 

examples. A case study is carried out using the developed 3D DDA-DFS method 

to discuss the kinematic and mechanic behaviors of a boulder debris flow based on 

a practical model. However, there is still space for further improvements. 

(1) The developed 3D DDA-DFS has been proven to be applicable to boulder 

debris flow simulation. However, a real application is still desired. The boulders 

used in this study are conceptual with regular shapes. In future work, the method 

will be used to a real district that is vulnerable to debris flow. The potential large 

boulders in the flow path should be investigated in prior. The real shapes and 

distribution of the boulders are first measured and then input to the model. In this 

way, the developed method can be used to predict the boulder debris flow disaster. 

(2) The implementation of force from DDA blocks on DFS flow is solved by 

an equivalent solution of taking the action of blocks on flow as a time-varying 

elevation of terrain node. It has sufficient accuracy in debris flow research, but the 

equivalent method is not delicate enough if a high precision simulation is desired. 

Future work should be performed about more accurate estimations of actions of 

blocks on flow. 

(3) The terrain used in this study can be complex. But it is fixed. Earthquakes 

can also trigger debris flow. Apparently, a fixed terrain cannot represent the 

dynamic behavior of terrain under earthquake. Further research is desired to 

introduce flexible terrain so that the effect of an earthquake can be addressed. 

(4) The safety of the check dam is focused on in this research. In reality, many 

structures are threatened by boulder debris flow. The different kinds of structures 

show different safety characteristics. In addition, sometimes the interaction among 

structures during a boulder debris flow event is also significant. In future studies, 

more structures should be involved and discussed under the condition of boulder 

debris flow. 


