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ABSTRACT  

Debris flow is one of the most serious geo-hazards threatening mountainous 

societies. Because catastrophic damage is often caused by debris flows, various 

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

developed for disaster mitigation. The key issue in the design of these 

countermeasures is how to estimate the parameters of a potential debris flow, such 

as flowing velocity, possible debris volume, and runout extension. Thus, it is 

necessary and important to develop a comprehensive debris-flow analysis tool for 

estimating the parameters so as to meet practical requirements.  

With the rapid development of GIS techniques, the complex topography of the 

potential debris-flow catchment can be digitalized, and some methods, including 

empirical, analytical, and numerical methods, have been proposed for debris-flow 

analysis. However, several problems are found in the existing methods. One 

problem in urgent need of a solution is that important parameters of a debris flow 

over complex topography are often underestimated. For this reason, the following 

important issues are studied in this thesis. (1) The flowing velocity distribution issue: 

mean velocity based on a uniform distribution in a complex cross-section is 

commonly assumed in most existing methods. In fact, velocity variation (i.e., a 

nonuniform distribution in a cross-section), has been observed from many in-situ 

measurements and experiments, which have implied that the maximum velocity 

exceeds the mean value; (2) The bed-sediment erosion issue: the volume of a debris 

flow cannot be estimated correctly if no rational bed-sediment erosion model is 

considered. Rational erosion estimation remains a great scientific challenge; (3) The 

runout estimation issue: numerical simulation methods are commonly used to 

estimate the runout of a potential debris flow, but it is hard to obtain accurate results 

because either models neglect the sediment erosion, or must incorporate empirical 

laws that lack physical understanding of the erosion mechanism. It is obvious that 

the countermeasures cannot be effective if they are designed based on an incorrect 

estimation of debris-flow parameters.  
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to estimate velocities distributed in the cross-section. The major advantage of this 

method is that the complex topography effect of a natural channel on the velocity 

distribution can be taken into account so that the maximum velocity can be 

estimated. An analytical result for a well-documented debris-flow event in China 

showed that maximum velocity could be twice as larger as the mean velocity at the 

flow surface along the thalweg. 

Chapter 4 proposes a preliminary method to estimate the volume of a potential 

debris flow and to determine the channel zones where erosion may occur. In a plan 

for countermeasures, it is important and necessary to estimate the volume of a 

potential debris flow which depends on not only the sediment from landslide but 

also on bed-sediment erosion. However, how to estimate erosion is still a big 

challenge. In this chapter, a theoretical analysis of the erosion mechanism is 

presented. Sediment erosion occurs if and only if the bed shear stress of the flow 

becomes larger than the basal resistance of the bed. And then, the method for 

estimating possible erosion depth and erosion volume is proposed. A so-called 

critical line is first proposed for determining whether erosion occurs so that the 

potential erosion zones can be easily estimated just based on the topography of the 

sub-reach. Also, a Monte Carlo simulation method is further incorporated to deal 

with uncertainties in the geological and hydraulic parameters. The major advantage 

of the new method is that the range of potential debris volume and erosion zones 

can be rapidly estimated. 

Chapter 5 develops a numerical method with a new dynamic erosion model 

for simulating the debris-flow process, so that important parameters for disaster 

mitigation can be estimated. How to deal with the bed-sediment erosion is a key 

issue for numerical simulation. The Takahashi model is widely recognized as good 

for considering erosion. However, since it involves some parameters that should be 

determined by complicated laboratory experiments and empirical adjusting, the 

adoption of this model has been very limited. For this reason, in this chapter an 

alternative model is proposed based on the momentum conservation of the fluid-

sediment system. It can be easily incorporated into the continuity equation of the 

numerical method. The rapid change of pore-water pressure in bed sediment can be 
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taken into account, and instantaneous erosion rate in each time step can be properly 

computed. A software package is developed for easy practical application. 

Chapter 6 applies the developed comprehensive methods to analyze the 2010 

Yohutagawa debris-flow event that occurred in Japan. Essential parameters, such as 

flowing velocity, total debris volume, and runout extension are assessed. Since the 

estimated results agree well with those from the in-situ survey, the effectiveness and 

usefulness of the tool are verified.  

Chapter 7 summarizes the results and major contributions of the study, and 

also makes recommendations for future research. 
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often endanger human lives and infrastructure facilities. A recent study (Dowling 

and Santi, 2014) has reviewed 230 events with 77779 fatalities on a global scale 

from 1950 to 2011. As shown in Figure 1.1, their work comes to a conclusion 

holding that fatal debris-flow events are increasing decades by decades. During 

these years, catastrophic debris flow disasters were sometimes reported. For 

example, in the case of the 2010 Zhouqu debris flow in China (Figure 1.2a), 1254 

residents were killed by the devastating debris flow, and economic loss was up to 

212 million RMB (Ren, 2014). Another example is the 2014 Hiroshima debris flow 

in Japan (Figure 1.2b), the urban area was struck by a series of debris flows and 

landslides, and 74 residents were reported dead in the event (Hasegawa et al., 2014).  

 

Figure 1.1 Occurrence number of fatal debris flows from 1950 to 2010 (Source 
data from Dowling and Santi, (2014)) 

  

Figure 1.2 Catastrophic debris-flow disasters in this decade. (a). Image of the 
2010 Zhouqu debris flows in China. Source from NASA. (b). Image of the 2014 

Hiroshima debris flows in Japan, data from www.ibtimes.com. 

http://www.ibtimes.com/
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Many researchers believe (e.g., Jakob and Hungr, 2005) that the tragedies 

caused by debris flows may increase in the future. At one hand, population growth 

has driven development farther into debris-flow-prone areas, increasing the risk 

from this hazard. At the other hand, because of a climatologically enforced upturn 

in debris flow frequency and magnitude, the potency of this hazard is anticipated to 

increase over the coming decades. As such, it is a significant task to conduct related 

studies and countermeasure works against debris flows.  

1.1.2. TRIGGERING FACTOR S FOR DEBRIS FLOW  

Many triggering factors should be responsible for a debris-flow event. These 

triggering factors, in general, show a chain effect when triggering debris flows. 

Debris flow is a phenomenon involving a mixture of solid debris material and water 

in its process. Triggering factors relating to the source of solid and fluid material 

can be summarized, (i) the solid debris material comes from the initial failure 

landslides and the deposited sediment along the path. Earthquake, and induced 

landslides in the channel are responsible for the solid debris material; (ii) the water 

component often comes from the rainfall precipitation in the watershed catchment 

and the outburst of the glacier lake and dam-breaking lake.  

In details: 

Rainfall: Rainfall precipitation is a common triggering factor for the 

occurrence of debris flow or landslides disasters (Wang et al., 2002). Increased 

subsurface pore pressures during periods of intense rainfall (Anderson and Sitar, 

1995; Chen et al., 1995; Iverson et al., 1997) sometimes results in instability of the 

channel slope. Many recent studies have demonstrated that rainfall-induced 

landslides can be transformed into debris flows as they are moving downslope (e.g., 

Fleming et al., 1989; Dai et al., 1999; Montgomery et al., 2000; Marchi et al., 2002). 

Figure 1.3 for instance, a heavy rain from July 11 to July 14, 2012, was recorded in 

the northern part of Kyushu Island, Japan. The strongest precipitation took place in 

Otohime, Aso city in Kumamoto prefecture accounting to 507.5 mm of rain 

precipitation in 24 hours with maximum hourly rainfall intensity of 108.0 mm/h 

(Japan Meteorological Agency, 2012). The heavy precipitation triggered several 
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debris flows, causing 32 fatalities. The severely impacted place was Aso city, where 

the tragedy occurred that 19 people were buried. Moreover, almost 400,000 people 

were asked to leave their homes. Figure 1.3 shows that this rainfall event triggered 

11 debris flows along a road with only 3.4 kilometers long.  

 

Figure 1.3 Aso debris flow event happened after a rainfall storm in Otohime, 
Kumamoto, Japan 

 

Earthquake: Earthquake is an indirect triggering factor contributing to the 

occurrence of debris flow disasters. Previous studies indicate that the earthquake 

does not direction trigger a debris flow, but make the debris flow prone to occur. 

The earthquake-induced debris flows are more destructive because the potential 

mass volume significantly increases as a consequent of the earthquake. (Chen et al., 

2006; Lin et al., 2006; Koi et al., 2008; Lin et al., 2008; Tang et al., 2009; Dong et 

al., 2009;Wang et al., 2009; Khattak et al., 2010). For example, after the 2008 

Wenchuan Ms 8.0 earthquake, more than 60000 landslides were triggered. These 

landslides provided a lot of loose material sources for the development of debris 

flows. A Huge amount of loose materials in the debris flow basin areas generated 

by the landslides after the earthquake also increased the magnitude of debris flow 

events. For this reason, 46 debris flows were found in an only 280 km2 area in 

Beichuan County (see Figure 1.4). In a scientific view, the earthquake usually 

amplifies the sediment availability manyfolds in the channel, making the channel 
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more prone to catastrophic debris flow disasters (Bovis and Jakob, 1999; Jakob et 

al., 2005; Cui, 2013; Abancó and Hürlimann, 2014). 

 

Figure 1.4 46 debris flows in an only 280 km2 area in the Beichuan County after 
the Wenchuan Earthquake (Tang et al., 2010) 

 

Dam-breaking flood from the glacier lake: the Dam-breaking flood is a special 

form of debris-flow triggering factor in the cold mountainous areas like the Alps, 

the Himalayas and the Andes (Cenderelli et al., 2003). The dam-breaking flood of 

the glacial lake is low-frequency but high-discharge drainage and sometimes 

tremendous erosive to the sediment covered along the channel. Many tragedies have 

been reported due to the dam breaking flood-induced debris flows. For instance, in 

Peru, 30 glacier disasters have killed 30,000 people since 1941 (Carey 2004). 

Breien et al. (2008) also reported a typical case of this kind of debris flow, in which 

a glacial lake outburst flood in Fjærland, Western Norway, May 8, 2004, with only 

25000 m3 initial volume lead to a 240000 m3 catastrophic debris flow disaster by 

entraining the bed sediment (as shown in Figure 1.5). 
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The analysis of the triggering factors of debris flow more or less provides two 

active ways and a passive way for the hazard mitigation and prevention work, (i) 

before the occurrence of debris flow, use the structural works to drainage rainfall to 

control the initial condition relating to the precipitation; (ii) when debris flow 

initiates, prevent the bed sediment to incorporate into the initial debris flow; (iii) 

passive mitigation work, using the check dams and canals to intercept the mass and 

change the debris flow direction. These mitigation works are introduced in the next 

section. 

 

Figure 1.5 A glacial lake outburst flood in Fjærland, Western Norway, May 8, 
2004, lead to a catastrophic debris flow disaster (Breien et al., 2008). 

 

1.1.3. COMMONLY USED M ITIGATION COUNTERMEASURES  

As described above, the immense impact of the debris flows often endangers 

human settlements and infrastructures in the mountainous regions, it is of great 

agency to do some countermeasure works to mitigate the debris-flow hazard (Figure 

1.6). The commonly-used methods can be concluded as two categories, structural 

measures and non-structural measures (Mizuyama, 2008). Non-structural measures 

include early warning systems, proper land-use strategy, and improvement of 

buildings. The purpose of non-structural measures is to reduce the vulnerable to 
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explanation on this issue in detail. 

1.2. KEY ISSUES AND EXISTED PROBLEM  

As described above, estimation of related parameters, such as flowing velocity, 

potential debris volume, and runout extension is critical for mitigation work. Many 

methods, including empirical methods, analytical methods, and numerical methods 

have been proposed for this purpose. However, these important parameters are still 

often underestimated. Especially that the flowing velocity, the debris volume, and 

runout extension. The problem can be explained in part by the following two key 

issues, (i) nonuniform velocity distribution over the complex cross-section, and (ii) 

volume enlargement due to bed-sediment erosion by debris flows. 

1.2.1. KEY ISSUE 1: NONUNIFORM VELOCITY D ISTRIBUTION IN A  COMPLEX 

CROSS-SECTION  

Direct in-situ measurement of debris-flow velocity is a significant challenge 

because debris flows often begin without warning and last short time periods. 

However, the existing measurement and observation data still provide insight into 

debris-flow velocity. Iverson and Vallance (2001), Tecca et al. (2003), Kang et al. 

(2004) and Johnson et al. (2012) reported a nonuniform distribution of surface 

velocity. As shown in Figure 1.8, they indicated that velocity is much greater along 

the thalweg than that of both sides.  
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Figure 1.8 Distribution of surface velocity in the experiments (Johnson et al., 
2012) 

Johnson et al. (2012) also demonstrated that debris-flow velocity is much 

higher at the top surface than that of the bottom. Laboratory flume experiments 

(Egashira et al., 1989; Hotta et al., 1998; Hotta and Ohta, 2000; Drago, 2002; 

Medina and Bateman, 2010) have highlighted this vertical distribution, and 

different profile laws were proposed to match the measurements. As shown in 

Figure 1.9, the debris-flow velocity is much greater at the top flow surface and 

decreases through the depth. 

 

 Figure 1.9 Real picture from subaqueous debris flow and velocity profile 
obtained through PIV technique (modified after Medina and Bateman, 2010). 

 

Studies on this issue come to a common consensus that the nonuniform 

velocity distribution can be partly explained by the basal shear strength and 

topographic relief of the cross-section. However, the nonuniform velocity 

distribution currently lacks fundamental physical understanding, and theoretically 

quantifying the velocity distribution is still a major task. 

1.2.2. KEY ISSUE 2: VOLUME AND RUNOUT  ENLARGEMENT DUE TO  BED-

SEDIMENT EROSION BY DEBRIS FLOWS  

Debris-flow erosion and deposition process should be responsible for the 

dynamic change of hazard magnitude. i.e., the magnitude grows when bed-sediment 

is eroded by the debris flow, and decreases when debris flow deposit at the gentle 
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Sabo dams are a commonly used countermeasure to mitigate debris flows. 

They are built in the upstream areas of mountain streams, accumulating sediment 

and suppressing production and flow of sediment. Especially, Sabo dam would be 

designed with necessary stability based on the debris-flow impact force. At the 

current stage, the impact force is widely accepted to relate to the velocity. The 

underestimation of velocity will consequently reduce the stability of sabo dams. 

Some studies even believed that nearly 40% failure cases of check dams in Sichuan 

Province after the Wenchuan Ms 8.0 earthquake, were due to the underestimated 

debris-flow impact (Cai, 2012). An example to illustrate this viewpoint was 

reported by Xu and Yamada (2010). They implied that during the debris-flow event 

at August 13, 2010, the debris flow travelling with unexpected high velocity 

completely damaged the sabo dams in the gully (as shown in Figure 1.11), causing 

47 fatalities. 

 

Figure 1.11 The sabo dam in Wenjia gully, Sichuan Province, was completely 
damaged by the debris flow at August 13, 2010 (Photo from the presentation by 

Xu and Yamada, 2010). 

 

(2) Failure of debris-flow canal due to the underestimation of debris volume 

An example to illustrate this viewpoint was reported by Han et al. (2012). The 

canal was located in the mountainous region in China (28°40'35.31" N, 

102°15'21.24"E). It was built to protect the Ya-Lu highway against damages of 

debris flows. The channel was dug, and bed surface was covered with concrete. 

However, a subsequent debris-flow event occurred on Sept 17, 2008, completely 
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wasted the drainage canal, as shown in Figure 1.12. Another example was reported 

by You et al., (2011), in which a devastating debris flow occurred in Wenjia Gully, 

Sichuan Province, China on August 12, 2008, and destroyed the existed sobo dams 

at the downstream of the gully. In this case, the sobo was not only wasted by the 

debris flow, but also grow the magnitude of the debris flow.  

 

Figure 1.12 In Sichuan Province, China, a debris-flow drainage canal was buried 
at Sept 17, 2008, due to the underestimation of the magnitude of the event (Han et 

al., 2012)) 

These two cases show that the important parameters are sometimes 

underestimated, causing the failure of some countermeasures. In this sense, the 

described two key issues, (i) nonuniform velocity distribution over the complex 

cross-section, and (ii) volume enlargement due to bed-sediment erosion by debris 

flows, should be addressed to ensure the function and safety of countermeasures. 

1.3. M ETHODOLOGIES FOR ANA LYZING DEBRIS FLOWS  

In order to assess the important parameters of debris flow, many 

methodologies can be used. These methodologies can be categorized into three 

major kinds, empirical methods based on in-situ measurement or flume experiments, 

analytical methods, and numerical methods. To illustrate these methodologies, in 

this section, only key issue 2 is focused, detailed review on both issues will be given 

in Chapter 2. 
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1.3.1. EMPIRICAL METHODS  

Empirical methods are a simple way to estimate the debris flow magnitude. 

This kind of methods uses data collected from in-situ measurement or flume 

experiments, and builds empirical relations between debris flow magnitude and 

other involved parameters. In several studies, simple empirical relationships have 

been proposed to estimate these parameters (e.g., Hungr et al., 1984; Costa, 1984; 

Johnson, 1984; PWRI, 1988).  

Field observations and in-situ measurement are an available way to investigate 

debris flow. The studies (e.g., Hungr et al., 1984; Benda, 1990; Fannin and Wise, 

2001; Wang et al., 2003; May, 2002; Godt and Coe, 2007; Breien et al., 2008; 

Gartner et al., 2008; Scott et al., 2005; Guthrie et al., 2010; Procter et al., 2010) 

indicate that large volumes of sediment are entrained by debris flows from channel 

bed and banks in debris-flow events of diverse settings. Volumetric increases of 

fifty times the initial slide volume have been reported (Hungr et al., 2005), as have 

volumetric growth rates greater than 20 m3m-1 (Santi et al., 2008). Figure 1.13 

shows a well-monitored in situ measurement work done by McCoy et al. (2012), in 

which the instantaneous change of debris-flow behavior, magnitude, and bed-

sediment erosion process were measured. Although these studies illustrate the 

erosive nature of many debris flows, it is extremely difficult to determine the 

mechanics of sediment entrainment from post-flow observations.  

 

 

Figure 1.13 A well-monitored in-situ measurement done by McCoy et al., (2012)  
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Laboratory flume experiments are a unique way to gain insight into the 

entrainment process, manipulated conditions in the experiment make it possible to 

link the debris-flow process with flow dynamics or flow structure. Many 

experimental studies have investigated sediment entrainment by debris flows and 

related granular flows, yet little consensus has emerged as to which bed or flow 

properties dictate entrainment rates or style (e.g., Takahashi et al., 1992; Brufau et 

al., 2000; Papa et al., 2004; Takahashi, 2007; Rickenmann et al., 2003; Bouchut et 

al., 2008; Mangeney et al., 2010; Iverson, 2012).  

Details of the empirical methods relating to debris-flow erosion process are 

reviewed in Chapter 2. However, in a word the verification of the validity and the 

limits of these relationships is difficult mainly for three reasons: (i) the variety of 

material composition may limit  the applicability to a narrow range; (ii) the number 

of field observations is rather limited; and (iii) replication of debris flows in 

laboratory. As well as the lack of deep physical understanding of the debris-flow 

process, the empirical methods are sometimes limited, and other methods are 

required. 

1.3.2. ANALYTICAL METHODS  

Analytical methods for estimating debris-flow magnitude are mostly focused 

on the erosion in an individual point or a cross-section of a reach. Given the length 

and width of erosion path, the erosion volume of bed sediment and total post-

erosion volume of debris flow can be predicted. Two categories can be classified, 

(i) static approximating approaches, and (ii) dynamic approximating approach.  

The static approximating approaches use a static erosion model that sediment 

erosion is the result of drag forces acting at the base of the flow (Medina et al., 

2008), but may be aided by soil strength loss due to rapid change of undrained 

loading (de Joode and van Steijn, 2003; Luna et al., 2012), impact loading (Sovilla 

et al., 2006), and liquefaction of the saturated channel fill (Sassa, 1988; Wang et al., 

2003). The principle of this kind of approaches is simple. However, it only provides 

an erosion depth which may represent the maximum erosion depth under peak 
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condition of a debris-flow event, and could not use to estimate entrainment process. 

In this context, the dynamic approximating approaches use a momentum 

conservation model that the system consisting of the debris-flow mass and bed 

sediment can exchange momentum at each time step.It has been exhibited that the 

entrainment rate formula must satisfy boundary momentum jump condition 

(Medina et al., 2008; Iverson, 2012; Iverson and Ouyang, 2015; Han et al., 2015). 

The details of analytical methods are reviewed in Chapter 2, Section 2.5.2. 

However, the described analytical methods only provide erosion laws for an 

individual point. But the three-dimensional topography of a debris-flow catchment 

shows significant relief, making the debris-flow behavior difficult to predict. As 

such, there is pressing need to incorporate these erosion laws with models that can 

describe debris-flow behavior over complex three-dimensional topography in order 

to estimate the total mass volume in a debris-flow event.  

1.3.3. NUMERICAL METHODS  

In order to describe debris-flow behavior, many empirical methods are 

available, including the Manning-Strickler equation (e.g., Chen et al., 2007; Han et 

al., 2014b) and the vortex equation (e.g., Prochaska et al., 2008; Scheidl et al., 2014) 

to estimate debris-flow velocity (See Chapter 2.2 for details). However, these 

equations are only adapted to an individual point or a single cross-section in the 

channel, and the time-dependent change of debris-flow velocity could not be 

estimated. For these reasons, the empirical methods for describing debris-flow 

behavior are limited to estimate the erosion volume and total mass volume in a 

debris-flow event. 

Numerical simulation methods are an available way to estimate mass volume 

transferred by debris flows. Several models have been developed and applied for 

this purpose. Two categories can be summarized, (i) the numerical model based on 

the Navier-Stokes equations, and (ii) the numerical model based on the cellular 

automata (CA) model. 

In the first category, at the current stage the most commonly used methods are 

the numerical models using shallow water assumption (the depth-integrated model), 
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1.4. SCOPE AND O BJECTIVES 

1.4.1. M ETHODOLOGY SELECTION  

The brief review of the methodologies shows that many methods are available 

to assess debris-flow parameters. The merits and demerits of each method are 

illustrated below. 

(1) The empirical method is easy to use for practical work, but this kind of method 

only provide qualitative estimation, and conclusions in the empirical method may 

also differ from case to case. Some equations in the empirical method also contains 

user-defined coefficients, these coefficients are empirically based and difficult to 

evaluate. 

(2) The analytical method is based on the physical analysis of the process. 

Comparing to the empirical method, it is not only easy to use, but has a deeper 

physically understanding of debris-flow mechanism. But this kind of method 

limited on the simplification of the phenomenon. That is to say, the analytical 

method only provides a preliminary estimation and detailed analysis is still required.  

(3) The numerical simulation method is a means of solution to this issue. It can 

provide detailed and time-varied estimation on the debris-flow process, but it 

required many input data, including digital elevation model (DEM) data, the 

rheological properties, and so on. Some of these data are difficult to obtain in a short 

time. Besides, time consumption for the numerical computation is vast, it may take 

hours of times to compute the solution. In this sense, although it is advanced in 

providing more detailed analysis, it is not appropriate for the regional analysis of 

debris flows. 

For this reason, the usage of single method to analyze debris flow is not 

sufficient, and there is a pressing need for a systematic analysis method. In this 

thesis, analytical method and numerical method are selected, and a comprehensive 

analysis method for debris flow over complex topography is presented.  

1.4.2. OBJECTIVES OF THE THESIS 

The analytical and numerical method are selected as the core methodologies 
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for a preliminary estimation of erosion zones, erosion depth, and total debris 

volume. 

(c) To propose a dynamic erosion model for calculating the instantaneous erosion 

rate which is capable of estimating the dynamic erosion evolution.  

(d) To develop a numerical model that incorporates the dynamic erosion model, so 

that the debris-flow process and runout extension over complex topography can 

be detailed simulated.  

1.5. FRAMEWORK OF THE THES IS 

The thesis consists of the following chapters. 

Chapter 2 gives an overview to the existing methods for assessing important 

parameters of a debris-flow event. The commonly used methods are reviewed in 

detail; one of the major problems is clarified that important parameters of a debris 

flow over complex topography are often underestimated by the existing methods, 

which could lead to the failure of countermeasures. The following three core issues 

are emphasized: (1) flowing velocity distribution, (2) bed-sediment erosion, and (3) 

runout estimation. To deal with these issues properly, the adoption of both an 

analytical method and a numerical method is suggested. 

Chapter 3 presents an analytical method for estimating the debris-flow 

velocity distribution in a complex cross-section. Estimating velocity is crucial for 

countermeasure design. In many countries, current technical standards against 

debris flow just estimate a mean velocity based on uniform velocity distribution in 

a cross-section. However, it has been reported that the velocity could vary 

significantly in a complex cross-section, and the maximum velocity could be much 

larger than the mean value. Thus, it would be dangerous if the design of a mitigation 

structure is based on the mean velocity. In this chapter, the complex cross-section 

is partitioned into a number of small segments by linear interpolation, and a 

numerical integral method is used with the well-known Manning-Strickler equation 

to estimate velocities distributed in the cross-section. The major advantage of this 

method is that the complex topography effect of a natural channel on the velocity 

distribution can be taken into account so that the maximum velocity can be 
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estimated. An analytical result for a well-documented debris-flow event in China 

showed that maximum velocity could be twice as larger as the mean velocity at the 

flow surface along the thalweg. 

Chapter 4 proposes a preliminary method to estimate the volume of a potential 

debris flow and to determine the channel zones where erosion may occur. In a plan 

for countermeasures, it is important and necessary to estimate the volume of a 

potential debris flow which depends on not only the sediment from landslide but 

also on bed-sediment erosion. However, how to estimate erosion is still a big 

challenge. In this chapter, a theoretical analysis of the erosion mechanism is 

presented. Sediment erosion occurs if and only if the bed shear stress of the flow 

becomes larger than the basal resistance of the bed. And then, the method for 

estimating possible erosion depth and erosion volume is proposed. A so-called 

critical line is first proposed for determining whether erosion occurs so that the 

potential erosion zones can be easily estimated just based on the topography of the 

sub-reach. Also, a Monte Carlo simulation method is further incorporated to deal 

with uncertainties in the geological and hydraulic parameters. The major advantage 

of the new method is that the range of potential debris volume and erosion zones 

can be rapidly estimated. 

Chapter 5 develops a numerical method with a new dynamic erosion model 

for simulating the debris-flow process, so that important parameters for disaster 

mitigation can be estimated. How to deal with the bed-sediment erosion is a key 

issue for numerical simulation. The Takahashi model is widely recognized as good 

for considering erosion. However, since it involves some parameters that should be 

determined by complicated laboratory experiments and empirical adjusting, the 

adoption of this model has been very limited. For this reason, in this chapter an 

alternative model is proposed based on the momentum conservation of the fluid-

sediment system. It can be easily incorporated into the continuity equation of the 

numerical method. The rapid change of pore-water pressure in bed sediment can be 

taken into account, and instantaneous erosion rate in each time step can be properly 

computed. A software package is developed for easy practical application. 

Chapter 6 applies the developed comprehensive methods to analyze the 2010 
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Yohutagawa debris-flow event that occurred in Japan. Essential parameters, such as 

flowing velocity, total debris volume, and runout extension are assessed. Since the 

estimated results agree well with those from the in-situ survey, the effectiveness and 

usefulness of the tool are verified.  

Chapter 7 summarizes the results and major contributions of the study, and 

also makes recommendations for future research. 

The thesis framework is shown in Figure 1.14. 

 

Figure 1.14 Framework of the thesis. 
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Given the shape of a cross-section, the velocity can be roughly estimated 

because the peak discharge of debris flow equals the product of the mean velocity 

and the cross-section area. The relationship was exhibited in Chen et al. (2007): 

meanQ v A (2.3) 

Where Q is the peak discharge of debris flow, A is the cross-section area. It is a two-

dimensional method in a sense, and it is simple and convenient for the practical 

work. However, two limitations should be considered: (a) the cross-section area is 

also a function of flow depth, and it is difficult to estimate, (b) velocity is inhere 

assumed to be uniform in the cross-section, which may conflict with the observed 

feature of velocity distribution. 

2.2.2. LIMITATIONS  

Previous studies (e.g., Iverson and Vallance, 2001; Tecca et al., 2003; Kang et 

al., 2004; Johnson et al., 2012) have long reported the nonuniform distribution of 

surface velocity, i.e., that velocity is greater along the thalweg than that of both 

sides. Johnson et al. (2012) also demonstrated that debris-flow velocity is much 

higher at the top surface than that of the bottom. Laboratory flume experiments 

(Egashira et al., 1989; Hotta et al., 1998; Hotta and Ohta, 2000; Drago, 2002; 

Medina and Bateman, 2010) have also highlighted this vertical distribution, and 

different profile laws were proposed to match the measurements. Studies on this 

issue come to a common consensus that the asymmetrical velocity distribution can 

be partly explained by the basal shear strength and terrain relief of the cross-section. 

However, the nonuniform velocity distribution currently lacks fundamental 

physical understanding, and theoretically quantifying the velocity distribution is 

still a major task. 

At the current stage, I have proposed a new approach for analyzing the velocity 

distribution in Han et al. (2012; 2014). In my previous studies, cross-sections were 

classified into three categories (V-shaped, trapezoidal, and rectangular) and direct 

solutions to double integration for flow depth and velocity distribution were given 

(result is shown in Figure 2.1). However, to reduce the complexity of double 
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integration, a compromise had to be made that complex cross-sections were 

reproduced by three simple polygons. In this procedure, some terrain relief of the 

bed surface, as well as superelevations at the bend, could not be taken into account. 

In this sense, the preliminary approach is still limited, especially for natural 

channels with irregular beds. 

 

 Figure 2.1 In my previous studies, asymmetrical distribution of debris-flow 
dynamics was considered, and theoretical solution for the issue was proposed. But 
it is limited in the consideration of complex topography (Han et al., 2012; Han et 

al., 2014).   

2.3. BED-SEDIMENT EROSION  ISSUE 

2.3.1. REVIEWS ON THE G OVERNING FACTORS OF EROSION PROCESS 

A better understanding of governing factors in sediment erosion process would 

be instrumental for further analysis. However, these governing factors and their 

influence on the erosion process have only been studied by few authors (e.g., Chen 

et al., 2005; Guthrie et al., 2010; Mangeney, 2011). In this part, four dominant 

factors governing the erosion process are systematically summarized from the 

existed studies. These factors are classified below. 

(1) Topography of the reach 

Topography at the reach includes reach-averaged slope angle and cross-section 

shape. Some studies (e.g., Takahashi, 1991; Rickenmann and Zimmermann, 1993; 

Wise, 1997; Guthrie et al., 2008) have explored the relation between entrainment 







 

 44 

 

Figure 2.3 Graph describes the relationship between stream flow velocity and 
particle erosion, transport, and deposition (Pidwirny, 2006). 

(4) Recharge rate and sediment availability of the gully 

The importance of this factor rests on the fact that the entrainment depth is 

sometimes constrained. For example, in some channels, reaches show unlimited 

sediment that the entrainment depth can be a few meters thick. While in other 

channels, the lack of bed-sediment limits the entrainment. Sediment accumulation 

relates to the complex progress of rock weathering and disintegration. Special 

events, e.g., landslide dam failure in the gully, may also contribute a lot to amplify 

the recharge rate of the gully (Cui et al., 2013). Its importance on the entrainment 

has long been demonstrated in the previous studies (Bovis and Jakob, 1999; Jakob 

et al., 2005; Abancó and Hürlimann, 2014). 

As a first attempt to address this issue, people devoted themselves to 

investigate the mechanisms of bed-sediment erosion. Most of the previous studies 

come to a common wisdom holding that the bed destabilization under debris-flow 

impact should be responsible for the sediment erosion (e.g., Hutchinson et al, 1971; 

Takahashi, 1978; Sassa, 1988; Abele, 1997; de Joode and van Steijn, 2003; Hungret 

al, 2005; Sovilla et al., 2006; Medina et al., 2008). The combination of gravity and 

drag forces imposed by over-riding flow, the transported bedload in a stream 

channel, and rapid change of pore-water stress lead to strength loss of the sediment. 
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This part of sediment is subsequently detached, entrained, and finally incorporated 

into the flow mass. Up to date studies (e.g., Hungr et al., 2005) also speculated that 

bed-sediment entrainment may be also resulted from instability of stream banks, 

because they found that steep stream and channel are often being actively incised.  

2.3.2. EMPIRICAL METHODS  

In order to quantify the erosion and entrainment of the bed sediment, it is 

necessary to figure out related erosion laws. At the current stage, different 

researchers have proposed various indexes to access the erosion ability of the 

debris-flow event, including the yield rate Y, the erosion depth heroded, and the 

erosion/entrainment rate E (detailed description will be given below). These topics 

have long called the attention of researchers throughout the world, and remarkable 

contributions have been made. These parameters can be roughly estimated by the 

empirical relations, or be calculated by the erosion/entrainment laws which are 

empirically regressed and theoretically analyzed. In this part, an overview of these 

methods will be discussed in detail. 

Bed-sediment erosion by debris flows is a complex process. At the early stage, 

difficulties of erosion estimation started with the ambiguities in the definition of the 

governing factors in the process, as well as the uncertainties of the mechanism. As 

such, people inclined to use empirical methods to detect the erodible channels and 

estimate the erosion.  

In-situ surveys and data regression is a frequently used approach to obtain the 

empirical laws of erosion. Many qualitative criteria were proposed (e.g., Ikeya, 

1981; Okubo and Mizuyama, 1981; Benda and Cundy, 1990). These studies 

connected erosion to the slope angle of channels. Thurber Consultants (1983) and 

Hungr et al. (1984) gave a direct method for roughly estimating the yield rate Y. 

The yield rate is defined as the volume eroded per meter of channel length (Hungr 

et al., 1984). It is also defined by the following equation: 

i i entY b h   (2.4) 

where bi is the width of the channel reach i, and hent is the erosion depth. They 
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but mainly limited in view of the instantaneous variation of debris-flow dynamics. 

Previous studies (e.g., Arattano and Marchi, 2008) have demonstrated the rapid 

change of debris-flow flux during the debris-flow process as shown in Figure 2.6. 

For this reason, it is widely accepted that debris-flow velocity v and flow depth h 

are functions of the elapsed time. However, erosion depth estimated by the above 

approaches is static ones against time. It is failed to represent the temporal variation 

of the erosion process, as well as the evolution of the erosion process.  

 

Figure 2.6 Monitoring data of a typical debris-flow event shows the rapid change 
of the flux against time (Arattano and Marchi, 2008). 

The second method to estimate the bed-sediment erosion by debris flows is 

dynamic approximating approaches. The dynamic approaches are commonly used 

to estimate the erosion rate of bed sediment. The erosion rate here denotes the 

increasing erosion depth per unit time. The relationship between the erosion rate E 

and erosion depth hent can be expressed by: 

 or entdhE
dt

 (2.18) 

where T is the duration of the debris-flow process.  

The hypothesis of dynamic approximation approaches is nearly the same as 

the described static approaches. The sediment entrainment is supposed to occur if 

the bed forces are greater than the resistance. The difference between two 

approaches rests on that the entrained sediment is incorporated into the flow and 

accelerates the mean flow velocity.  
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velocity v and flow depth h, are key factors resulting temporal and significant 

change of erosion ability. However, except numerical simulation approaches, it is 

very difficult to estimate them quantitatively. In the next section, relating to the 

erosion, the debris-flow dynamic analysis methods will be discussed.  

2.4. RUNOUT ESTIMATION ISSUE  

2.4.1. EMPIRICAL AND ANALYTI CAL METHODS  

Runout analysis is important for risk assessment and design of 

countermeasures against debris flows (Hungr, 1984). At present, most practical 

runout predictions are empirical, making use of correlations among historical data 

(e.g. Corominas, 1996; Zimmermann et al., 1997; Rickenmann, 1999). These 

methods often relate the runout distance L with the vertical elevation of debris 

source H and source volume V. Iverson (1997) gave a physical analysis on the 

runout distance, in which he indicated that the bulk gravitational energy of debris 

source would transit to the kinetic energy, making the debris flow travels a long 

distance (as shown in Figure 2.8). Iverson (1997) implied that the runout distance 

is controlled by the mass volume and the resisting force of the travel path, and a 

coefficient R is proposed to present these two factors. 

 

 

Figure 2.8 Schematic illustration of runout distance L and vertical elevation of 
debris source H (graph from Iverson, 1997). That runout distance L can be 

estimated by L = H/R. 
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estimate a mean velocity in a cross-section. It may be conflicted with the in-situ 

measurement that nonuniform velocity distribution has been observed. I have 

proposed a direct integral method for estimating the nonuniform velocity 

distribution in a cross-section, but it is still limited for complex topography of 

natural channels with irregular beds. 

(2) Bed-sediment erosion is supposed to increase the debris volume. 

Governing factors of erosion are summarized, and two major categories of the 

methods can be used to estimate it. The empirical methods generally propose simple 

laws regressed from in-situ surveys or laboratory experiments. They are easy to use 

but have limitations relating to the lack of physical understanding and user-defined 

coefficient. While process-based methods consider erosion as destabilization of 

sediment and derive laws based on force equilibrium (static method) or momentum 

balance (dynamic method). But issues regarding the three-dimensional effects, 

rapid change of pore-water pressure, and spatial and temporal uncertainties of 

parameters should be addressed. 

(3) Runout extension over complex topography can be well simulated by the 

numerical method. The numerical method shows advantages of providing detailed 

and time-varied estimation of debris flows. But at the current stage, the most of 

these numerical models, as well as the commercial software, show a limitation to 

taken into account the sediment erosion. Up-to-date studies support this view, and 

some of them incorporate simple empirical laws in the numerical models to 

represent the complicated erosion process. But these empirical laws contain user-

defined coefficients controlling the erosion process, and these coefficients are 

without any physical meaning but difficult to determine. It is necessary to 

incorporate a process-based erosion law into the numerical models, in order to 

simulate the sediment erosion and provide accurate estimation for debris-flow 

magnitude. 
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CHAPTER   3 

3. NUMERICAL INTEGRAL ME THOD FOR EXPLORING T HE DEBRIS-

FLOW VELOCITY DISTRI BUTION 1 

3.1. INTRODUCTION  

Debris flows travel at high velocity down the channel and starts to deposit over 

a fan where the slope angle decreases distinctly (Whipple and Dunne, 1992). 

Accompanying with the high travelling velocity, immense destructive impact of 

debris flows (e.g., impact force, run-up, and superelevation of the flow) often 

endangers human lives and infrastructure facilities, and causes severe fatalities 

every year. In a debris-flow event, the flowing velocity is an essential and important 

parameter, a high-velocity debris flow is likely to travel further and also capable of 

a greater impact force. Moriguchi et al. (2009) implies that the impact force 

imposed by a debris flow is in proportion to the velocity squared (v2). For this reason, 

in order to ensure the safety of the countermeasures, it is necessary to give a rational 

estimation on it. 

However, as described in Chapter 1 and Chapter 2, flowing velocity is 

sometimes underestimated. It can be explained that a uniform distribution and mean 

                                                 
1 Chapter 3 is based on the following journal papers:  

[1] Han, Z., Chen, G.Q., Li, Y.G., et al. 2015. Exploring the velocity distribution of debris flows: 
an iteration algorithm based approach for complex cross-sections. Geomorphology. 241, 72-
82. DOI: 10.1016/j.geomorph.2015.03.043  

[2] Han, Z., Chen, G.Q., Li, Y.G., et al. 2014. A new approach for analyzing the velocity distribution 
of debris flows at typical cross-sections. Natural Hazards. 74, pp: 2053-2070. DOI: 
10.1007/s11069-014-1276-3. 
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velocity is often used in the previous methods, but it is conflict with the in-situ 

measurements and flume experiment that they described a nonuniform distribution 

of debris-flow velocity in a cross-section. Besides of the numerical simulation 

methods, the commonly used approaches are empirically based, and only estimate 

the mean velocity and max flow depth in the channel. Neglecting the observed 

nonuniform velocity distribution consequently underestimates the debris-flow 

velocity. Previous studies (e.g., Iverson and Vallance, 2001; Tecca et al., 2003; 

Kang et al., 2004; Johnson et al., 2012) have also substantiated the nonuniform 

distribution of surface velocity, i.e., that velocity is greater along the thalweg than 

that of both sides. 

The relief of the complex topography is responsible for the nonuniform 

distribution of debris-flow dynamics. Empirical equations, e.g., Manning-Strickler 

equation, have revealed that debris-flow velocity is internally related to the mud 

depth. Along the thalweg of the channel, the mud depth is largest, as well as the 

consequent flow velocity. As such, in order to estimate the distribution of debris-

flow dynamics and sediment erosion in a two-dimensional cross-section, a 

procedure including three steps should be considered, (i) estimating mud depth, (ii) 

calculating velocity, and (iii) integrating mud depth and velocity in the erosion laws.  

 

Figure 3.1 Schematic illustration of the theoretical solution to an unknown flow 
surface at a complex cross-section. Z(x) is a function of the channel bed, and H(x) 

is a function of the flow surface. 
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The methodology in this section has been published in a famous journal 

Natural Hazards (Han et al., 2014). 

 

 

Figure 3.3 Velocity distribution of three assumed cross-sections: a) upstream zone; 
b) midstream zone; c) downstream zone. 

3.3. NUMERICAL INTEGRAL  SOLUTION FOR MUD DEP TH AND VELOCITY  

3.3.1. LIMITATION OF THE DIR ECT INTEGRAL METHOD  

The simplicity of the cross-section geometry in section 3.2 significantly 

reduces the complexity of direct usage of the equation (3.2), but it is still 
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questionable whether these assumptions are appropriate for natural channels with 

irregular beds. Moreover, consideration of complex bed surface is also instrumental 

to improve the accuracy of velocity distributions. As shown in Figure 3.4, the real 

bed surface of the channel is represented by the dashed line, and the reproduced bed 

surface by the generalized trapezoidal model is represented by the solid black line. 

It can be found that small relief of the bed surface could not be reproduced, and 

overestimation and underestimation of the area of the cross-section are observed, 

making the results implausible. Besides, the top surface of the debris flow is prior 

assumed horizontal, the superelevations at the bend of the channel cannot be taken 

into account either. In this sense, the preliminary approach is still limited, especially 

for natural channels with irregular beds. For this reason, in this section, rather than 

the generalized model, a new approach, using an iteration algorithm based 

numerical integral method is proposed to address this issue. 

 

 

 Figure 3.4 The limitation of the generalized model in the theoretical integral 
method. Small relief of the cross-section will be neglected when reproducing the 

natural bed by a simple polygon.  

 

3.3.2. M ETHODOLOGY  

In consideration of complex bed surface and incline flow surface at the bend, 

the directly calculation on the flow depth may be complex. I develop the previous 

method and subsequently propose a new iteration algorithm in this section to search 
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3.4. CASE STUDY  

To test the performance of the presented approach, a debris-flow events in 

Sichuan Province, China, are analyzed (Figure 3.10). The well-documented debris-

flow event in Chen et al. (2007) is used to illustrate the presented approach. The 

basin is located in a mountainous region in Sichuan Province, the southwest of 

China. It is about 14 km north of the Kangding town (Figure 3.10). The torrent is a 

tributary of the Yala River. It has a catchment area of 0.9 km2, and high attitudes of 

ca. 2750 to 4000 m a.s.l. The basin is underlain mainly by quartz sandstone and 

slate of the Triassic age. However, as a consequence of strong tectonic movements 

in this region, bedrock and massif in the basin are rather fragmented. Scars on the 

upper slope were reported and reduced the stability of the slope under extreme 

conditions, e.g., earthquake or heavy rainfall.   

 

 

 Figure 3.10 Location of the two cases in Sichuan Province, China (Terrain data 
from OpenTopography, http://opentopo.sdsc.edu/). 

 
The chosen debris-flow event occurred on June 13, 1995. It was induced by a 

small scale of the landslide after a week of continuous rainfall. The landslide rapidly 

http://opentopo.sdsc.edu/
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transformed into a debris flow, entrained fractured material along the path, and 

finally deposited on the lower slope, but luckily no deaths were reported. The 

authors reported that clear mud line was residual on the sidewalls of the channel 

during the in-situ survey, and a well documentation and delineation on the 

investigated data were recorded. Their work is beneficial to back-analyze and 

reproduces the flow surface of the event. Six cross-sections through the flow path 

were delineated, three (Cross-section #1, #5, and #6) were at the bend, and the other 

three (Cross-section #2, #3, and #4) were in the straight channel.  

To illustrate the presented approach, all of these cross-sections with different 

bed relief are selected (Figure 3.11). Cross-section #1, #5, and #6 are selected to 

verify the capability in treating inclined flow surface, and Cross-section #2, #3, and 

#4 are selected for the horizontal flow surface. Parameters in each cross-section are 

summarized in Table 3.1. We replicate the bed surface of each cross-section, and 

then record the horizontal location and relative elevation of the vertex of the bed 

surface into ASCII-format file. The program reads the geometric file and 

controlling parameters, and analyzes the velocity distribution in the cross-section. 

 Table 3.1 Controlling parameters of the individual cross-sections along the 
debris-flow path. 

Channel  
Zone No. H (m) S (%) nc k**  Rc (m) Qevent  

(m3 s-1) 

#1 1.40 43.6 0.28 2.00 24.9 8.36 

#2 1.25 29.7 0.27 --- --- 6.68 

#3 1.50 36.7 0.25 --- --- 18.0 

#4 2.34 38.4 0.25 --- --- 35.7 

#5 2.46 23.0* 0.26 2.00 31.4 19.1 

#6 1.37 45.4 0.22 2.00 48.9 20.8 

Notes: *Because of strong erosion on the bed, I was rather small (5.2~7%) in the 
investigation report. Here calibration was made to generate a better result.  ** Detailed 
discussions on the correcting factor k is given in section 5.1 
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 Figure 3.11 Measured cross-section along the debris-flow path (Chen et al., 
2007). 

 

Figure 3.12 represents the velocity distribution at the bend in cross-section #1, 

#5, and #6. Figure 3.13 represents the velocity distribution along the straight 

channel in cross-section #2, #3, and #4. It is obvious that the presented approach 

can deal with the complex geometric of the bed surface. Incline flow surface at the 

bend can be also reproduced. Generally speaking, velocity would be greatest at the 

top surface of debris flow, and significantly decreases through the flow depth. 

Velocity is also greater along the center line of the channel than that of the sidewalls, 

as a consequent of the decreasing flow depth. Important indexes implied in Figure 

3.12 and Figure 3.13 are summarized in Table 3.2. It demonstrates that the attained 

flow surface, superelevation, and mean velocity in each cross-section well 

reproduce the results in Chen et al. (2007). Major errors in superelevation and mean 

velocity usually result from the iterated flow surface, i.e., that replication of the bed 
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surface was not precise enough, causing some tiny missing of the bed relief. This 

will be further elucidated in the discussions. Comparison of results from the direct 

integral solution and the numerical integral solution is also made in Table 3.2. 

 

 

 Figure 3.12 The resulting velocity distribution at the chosen cross-sections. (a) 
Cross-section #1 at the bend. (b) Cross-section #5 at the bend. (c) Cross-section 

#6 at the bend. 
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 Figure 3.13 The resulting velocity distribution of the chosen cross-sections. (a) 
Cross-section #2 at the straight channel. (b) Cross-section #3 at the straight 

channel. (c) Cross-section #4 at the straight channel. 

 

The meaning of the studies on the velocity distribution is also implied in Figure 

3.12 and Figure 3.13, i.e., that the previous method may more or less underestimate 

the magnitude of the debris-flow velocity. The two graphs show that the maximum 

velocity at the top surface of the thalweg is approximately 1.4 to 1.5 times the mean 

velocity. According to Moriguchi et al. (2009), who indicated that the impact force 

imposed by debris flows is in proportion to the velocity squared (v2), the impact 

force at the top may be 1.96 to 2.25 times the mean value as expected. However, 
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the current standards often use the mean value with a conservative factor (1.20 to 

1.50 are commonly used) to design the sabo dams, the underestimated impact force 

is likely to make the dams failure. It may explain the phenomenon in part that nearly 

40% of the failed sobo dams in Sichuan Province after the Wenchuan Ms.8.0 

earthquake, were damaged due to debris-flow impact (Cai, 2012). As a suggestion, 

it will be instrumental to analyze the velocity distribution and check the maximum 

velocity in the site before the designing work.   

 Table 3.2 Geometrical data of each cross-section and comparison between the in-
situ survey and theoretical analysis 

Cross-section 

No. 

Flow depth at the channel h (m) 

In-situ 

measurements 

Direct integral method in 

Han et al., (2014) 

Numerical integral 

method 

#1, Case 1 1.40 × * 1.38 

#2, Case 1 1.25 1.43 1.41 

#3, Case 1 1.50 1.85 1.53 

#4, Case 1 2.34 2.64 2.56 

#5, Case 1 2.46 × 2.43 

#6, Case 1 1.37 × 1.29 

Notes: * Notation × in the table denotes that the direct integral method could not adapt 
to the channel at the bend 

 

3.5. D ISCUSSIONS  

3.5.1. SENSITIVITY ANALYSIS OF THE INPUT PARAMETER  

As demonstrated in the equation (3.14), section 3.3, the presented approach 

contains a crucial parameter k. It is introduced to correct the velocity of debris flow 

due to viscosity and vertical sorting (Hungr et al., 1984; McClung, 2001). However, 

the choice of factor k is somewhat difficult, because in reality k varies widely 

regarding the flow rheology, flow condition, and channel slope (Scheidl et al., 2014).  

Many studies typically use k = 1, which strictly applies to water (e.g., Costa, 
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3.5.2. D ISCUSSION ON  THE SOURCE OF ERRORS 

The approach is adapted to run with a well-reproduced bed surface. Care 

should be taken when replicating the measured bed surface of the cross-section, 

because the bed surface can be poorly represented, and it will have important 

consequences for the iterative solution of the flow surface. This context can be 

demonstrated in Figure 3.15. Gray area in the figure denotes the cross-section of 

debris flow. Figure 3.15a shows that the real bed surface is well replicated with a 

high resolution (5m-interval), and errors in the cross-section will be rather small. 

However, some local relief of the bed surface will be missed with a low resolution 

(10 m interval) as shown in Figure 3.15b. The fuzzy reproduction of bed surface 

will consequently overestimate or underestimate the cross-section shape. In general, 

it will be beneficial that the resolution of the reproduced bed surface is high enough 

to cover all the vertices on the real bed surface.   

 

 Figure 3.15 Effect of the reproduction resolution of the bed surface. (a). Bed 
surface is well reproduced when all the vertices are covered. (b). Some local relief 
of the bed surface will be missed with a low resolution, resulting underestimation 

or overestimation of the cross-section. 
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3.6. CONCLUSIONS  

The estimation of debris-flow velocity in a cross-section is of primary 

importance due to its correlation to impact force, run up and superelevation. 

However, previous methods commonly assume a uniform velocity distribution, 

neglecting the observed nonuniform velocity distribution, and consequently 

underestimate the debris-flow velocity. This chapter presents a numerical integral 

method for exploring the debris-flow velocity distribution in a cross-section. In 

detail: 

Based on the theoretical analysis on the distribution of debris-flow dynamics 

in a cross-section. A new approach to estimating the asymmetric velocity and the 

erosion distribution in the complex cross-section are presented in this Chapter. It is 

a straight-forward development of the previous integral method (Han et al., 2014a). 

As a core function of the approach, an iteration algorithm based on the Riemann 

integral method is proposed to search the approximate solution for the unknown 

flow surface, and then horizontal and vertical velocity distribution laws are 

integrated to analyze the velocity distribution in a cross-section. To validate the 

presented approach, a hypothetical debris-flow scenario with a perfect triangular 

cross-section is tested, and compared with the theoretical solutions. Results 

indicated that the approximation by the presented iterative approach well 

reproduces the integral solution in the previous approach. The presented approach 

has been coded in MATLAB environment, and the program is available. A well-

documented debris-flow event occurred in 1995 in Sichuan Province, China, was 

used to illustrate the performance of the approach. The comparison shows that the 

solutions of the flow surface and the mean velocity well reproduce the investigated 

results. With these verification, it is believed that the described methodology 

represents a rational approach to exploring the velocity distributions in a cross-

section, and can be adapted to natural channels typically with irregular beds and 

superelevations at the bend of the channel. 

Discussions regarding the sensitivity analysis of input parameters, and the 

source of the errors when estimating velocity distribution conclude this chapter.  



 

 98 

 

REFERENCE 

Abancó, C., Hürlimann, M., 2014. Estimate of the debris-flow entrainment using 

field and topographical data. Natural Hazards 71, 363-383. 

Arattano, M., Franzi, L., 2003. On the evaluation of debris flows dynamics by 

means of mathematical models. Natural Hazards And Earth System Sciences, 

3(6), 539-544. 

Brayshaw, D., Hassan, M.A., 2009. Debris flow initiation and sediment recharge in 

gullies. Geomorphology 109, 122-131. 

Breien, H., De Blasio, F.V., Elverhoi, A., Hoeg, K., 2008. Erosion and morphology 

of a debris flow caused by a glacial lake outburst flood, Western Norway. 

Landslides 5, 271-280. 

Bulmer, M.H., Barnouin-Jha, O.S., Peitersen, M.N., Bourke, M., 2002. An 

empirical approach to studying debris flows: Implications for planetary 

modeling studies. Journal Of Geophysical Research-Planets, 107(E5). 

Cai, H.G., 2012. Investigation of Damage Features and Study Failure Mechanism 

to Protection Engineering for Debris Flow in the Wenchuan Earthquake 

Region. Master Thesis. Chengdu University of Technology. (in Chinese) 

Chen, C., 1987. Comprehensive review of debris flow modeling concepts in Japan. 

In: J.E. Costa, G.F. Wieczorek (Eds.), Debris Flows/Avalanches: Process, 

Recognition, and Mitigation. Rev. Eng. Geol, pp. 13-29. 

Chen, J.C., Chuang, M.R., 2014. Discharge of landslide-induced debris flows: case 

studies of Typhoon Morakot in southern Taiwan. Nat. Hazards Earth Syst. Sci., 

14(7), 1719-1730. 

Chen, N.S., Yue, Z.Q., Cui, P., Li, Z.L., 2007. A rational method for estimating 

maximum discharge of a landslide-induced debris flow: A case study from 

southwestern China. Geomorphology, 84(1-2), 44-58. 

China Digital Science and Technology Museum, 2013. Science Column of 

Mountain hazard. 

http://amuseum.cdstm.cn/moundisaster/page/knowledgec.jsp?pid=2100303#. 









 

 102 

CHAPTER   4 

4. PRELIMINARY ESTIMATIO N OF DEBRIS VOLUME CONSID ERING 

SEDIMENT EROSION 2 

4.1. INTRODUCTION  

Erosion of underlying sediment by debris flows can significantly increase the 

debris-flow magnitude. Therefore, an estimation on sediment erosion will be 

critical for the total debris volume. For emergency mitigation work of debris-flow 

disaster, it is beneficial to estimate preliminarily erosion zones and erosion volume 

using a simple method. The parameter of mass volume after erosion can be used to 

assess the debris-flow magnitude, and possible runout distance can be roughly 

estimated according to Iverson (1997), who related the mass volume and descent 

height to the runout distance. As to the estimation of erosion zone, it is helpful for 

the pre-siting of sabo dams, because it is better to construct sabo dams at 

nonerodible region.   

For this reason, a simple method for preliminarily estimating bed-sediment 

erosion depth is presented. In order to detect erodible zones in a gully. The whole 

channel is discretized into many sub-reaches, and erosion depth, erosion volume of 

each sub-reach can be calculated separately and added to enlarge the total mass 

                                                 
2 Chapter 4 is developed from the following papers:  

Han, Z., Chen, G.Q., Li, Y.G., et al. 2015. Assessing entrainment of bed material in a debris-flow 
event: a theoretical approach incorporating Monte Carlo method. Earth Surface Processes and 
Landforms. In press. DOI: 10.1002/esp.3766. 
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an erosion depth hent of 1.36m. A sensitivity analysis is performed to assess the 

impact of input parameter variations on the model outputs. All initial parameters 

are kept constant, but one chosen for sensitivity analysis. Figure 4.2 shows the 

resulting erosion depth predicted as a function of the chosen parameters. As 

demonstrated in Figure 4.2, the most sensitive parameters in the model are the pore-

pressure ratio, internal friction angle of the bed-sediment, and slope angle, since the 

full variation range of plausible erosion depth extends upward to more than 400% 

(more than 5.44 m) for the extreme conditions (e.g. completely saturated, steep 

slope, or the small friction angle). 

 

 

 Figure 4.2 Sensitivity analysis of the erosion model. Grey zone denotes that no 
erosion occurs. The figure demonstrates that pore-pressure ratio, internal friction 
angle, and slope angle of the channel, significantly influence the erosion depth. 

 

The equation (4.11) estimates the erosion depth at each individual reach, and 

the increment of erosion volume follows: 

( ) ( )ent
L

V h x b x dx (4.12) 


















































































































































































































