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CHAPTER 1 

INTRODUCTION 

 

1.1 GENERAL INTRODUCTION 

Long run-out rock avalanches, or Sturzstroms as called by Heim (1932), are defined as 

extremely rapid, massive, flow-like motion of fragmented rock derived from a bed-rock 

failure. They travel vast horizontal distances compared with its comparatively small 

vertical drop in height―as much as 20 or 30 times the vertical drop. Their extraordinary 

mobility appears to be a consequence of sustained fluid-like behavior during motion 

(Collins and Melosh, 2003). Rock avalanches flow across land fairly easily, and their 

mobility increases with the volume. That is, the deposit of a large rock avalanche with a 

volume larger than 106-107 m3 will usually extend much farther than smaller one (e.g. 

Scheidegger, 1973; Hsü, 1975; Legros, 2002). The large deposit also extend much farther 

than would be expected using a friction model (Hungr et al. 2001).  

  Rock avalanches have been extremely costly in terms of human lives and of 

engineering developments (Davies, 1982). Some historic rock avalanches in the world 

are listed in Table 1.1. One of the most notorious events is the Vaiont rockslide of 1963, 

which involved a mass of approximately 2.7×108 m3 collapsed into the reservoir 

generating a wave which overtopped the dam and hit the town of Longarone and other 

villages: almost 2,000 people lost their lives (Genevois and Ghirotti, 2005). The Val Pola 

rock avalanche that occurred close to Bormio in northern Italy caused 29 deaths and 

resulted in the Valtellina disaster (destruction of villages, road closure, and floodability 

threat) with the total cost of 400 million euro. The Frank rock avalanche with a volume 

of 4×107 m3 collapsed from the peak called the Turtle Mountain and killed more than 76 

people. The great Good Friday earthquake of 1964 triggered a large rock avalanche that 

fell 600 m and then spread 5 km across the Sherman Glacier, resulting in a blanket 3-6 m 

thick. An Ms 8.0 earthquake triggered a huge avalanche from the summit of Nevado 

Huascarán, the highest peak in Peru. Part of the avalanche jumped a 300 m ridge, wiping 

out the town of Yungay and killing 18,000 inhabitants, and this is the worst avalanche 

disaster in history. 
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Table 1.1 Historic rock avalanches in the world 

Event Location Date 
Volume 

(106 m3) 

Apparent 

friction 

coefficient 

Fatalities Remark 

Flims Switzerland Prehistoric 12,000 0.13 / / 

Köfels Austria Prehistoric 2,200 0.18 / Frictionite observed 

Bandai Japan 1888 1,500 0.11 500 Volcanic eruption 

Daguangbao China 2008 750 0.23 38 / 

Tombi Japan 1858 410 0.13 40 / 

Blackhawk USA Prehistoric 300 0.13 / / 

Vaiont Italy 1963 270 0.34 2,000 Flood wave 

Silver Reef USA Prehistoric 220 0.13 / / 

Huascarán Peru 1970 80 0.07 18,000 Giant bounces 

Hope (BC) Canada 1965 50 0.37 2 / 

Goldau Switzerland 1806 40 0.21 457 / 

Val Pola Italy 1987 40 0.46 29 Flood wave 

Frank Canada 1903 40 0.25 76 / 

Sherman USA 1964 30 0.21 / Run-out on glacier 

Donghekou China 2008 15 0.24 780 / 

Elm Switzerland 1881 10 0.31 120 / 

 

1.2 BACKGROUND AND MOTIVATION 

Numerous hypotheses have been put forward to explain the extraordinary high mobility 

of rock avalanches. Some of these have invoked the presence of a lubricating/fluidizing 

medium. Air as a means was first considered by Kent (1966) in the sense of fluidization 

of a solid mass in advanced state of disintegration by the action of thin air layers ‘trapped’ 

between the particles. Shreve (1968a, 1968b) formulated an alternative by assuming a 

comparatively thin layer of compressed air supporting the mass from below. Instead of 

air lubrication/fluidization, high pore pressure generation is often a necessary condition 

to trigger mass collapse under undrained conditions. Sassa et al. (1996) proposed a 
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conception of sliding-surface liquefaction as the reason of the high mobility of landslides. 

Water can further be added to the base of landslides by incorporation of saturated valley 

sediments or directly by mixing with water from a river (Goguel, 1978). Vapor (Habib, 

1976), volcanic gases (Voight et al., 1983), or a suspension of fine particles (Hsü, 1975) 

was also treated as a medium for the fluidization of landslides. Other authors proposed 

fluid-absent, granular models, e.g. acoustic fluidization (Melosh, 1979), spreading of a 

rapid granular flow (Davies, 1982), self-lubrication (Campbell, 1989), or spreading of a 

granular flow in a transition between frictional and collisional regime (Campbell et al., 

1995). A continuum model with bulk rheological properties was presented by Voight et al. 

(1983). Though many of the invoked mechanisms may be important in some specific 

events, no general agreement has been achieved and the debate continues (Davies and 

McSaveney, 1999; McSaveney, 2002; Legros, 2002). 

Unless the avalanches are artificially triggered, avalanche motion is difficult to 

observe and systematically record in nature because these events are devastating and 

their initiation is unpredictable. This is the reason why the dynamics of natural 

avalanches remain enigmatic and only the deposit morphology is generally known. If 

experimental flows are able to be up-scaled based on similarity law, the measurements in 

the laboratory allow inferences for the dynamics of natural avalanches. Furthermore, 

theoretical solution and numerical simulation provide a tool to predict the motion along 

its track from initiation to rest. The comparison between the predicted quantities by 

theoretical and numerical models and measured counterparts in the laboratory can verify 

the applicability of the theory and efficiency of numerical method. This, ultimately, can 

establish a nice and strong correlation among the theory, numeric, and experiment. 

The well-known depth-integrated avalanche model by Savage and Hutter (1989) has 

been generalized in different stages since the early nineties of the last century from 

simple to arbitrary channelized topographies. Today these are available in different 

versions of comparable performance and have brought the science of avalanche modeling 

an important step ahead (Pudasaini and Hutter, 2007).  

A number of researchers have contributed to numerical simulations of avalanching 

flows associated with demonstrate fundamental, physically interesting, and practically 

applicable results (e.g. Bouchut and Westdickenberg, 2004; Pudasaini et al., 2005b). The 

ultimate aim of all models is to establish numerical solution techniques in mountainous 
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avalanche prone regions, in which geographical information system (GIS) can be directly 

applied. 

In spite of these efforts devoted to the physical understanding of avalanche formation 

and motion, rock avalanches are by no means fully investigated even the fundamental 

mechanisms of motion are partially unknown, and a realistic prediction of future 

catastrophic events is far from being attempted (Erismann, 1979; Legros, 2002; Evans et 

al., 2009). 

 

1.3 SCOPE AND OBJECTIVES OF RESEARCH 

One of the most important physical quantities of rock avalanches is their velocity 

distribution. From a structural engineering and planning point of view, one must know 

the velocity field of rock avalanches in order to design buildings, roadways, and rail 

transportation and appropriately estimate impact pressures on obstructing buildings that 

may hit by an avalanche along its track down a mountain valley (Pudasaini and Hutter, 

2007). Equally important quantity is deposit characteristics. The information about the 

covered extent and impacted pressure of avalanches is the basis for hazard map, which is 

the primary tool that researchers and officials use for protection against rock avalanches. 

Remote sensing techniques have been used to record the front velocity of moving 

snow (Fily ea al., 1997). However, the disadvantage of such in-situ experiments is 

uncontrollable. Laboratory experiments are able to overcome this disadvantage, and thus 

errors may be more easily estimated. Many researchers (e.g. Manzella and Labiouse, 

2009; Valentino et al., 2008; Okura, 2000a) have conducted laboratory experiments to 

investigate the effects of potential factors on associated parameters―velocity and deposit 

characteristics of granular flows. 

In order to investigate propagation mechanisms and deposit characteristics involved in 

rock avalanches, a series of fundamental studies, including laboratory experiments, 

theoretic predictions, and numerical simulations, was conducted. Figure 1.1 shows 

technical roadmap. Small flume tests were carried out to investigate the effects of some 

factors, i.e., interactions between constitute particles, lower slope inclination, and seismic 

waves, on deposit characteristics of granular flows. Large flume tests were also 

performed to examine some potential factors, i.e., released material, material volume, 
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  In Chapter 2, small flume tests of granular flows are presented. Mono-materials and 

composites of them were released, and their run-outs and deposition height were 

measured. The effect of interactions between constitute particles on enhancing the 

mobility of granular flows was examined. 

  Small flume tests of granular flows on a shaking table are presented in Chapter 3, in 

order to investigate the propagation mechanisms and deposit characteristics of 

earthquake-induced rock avalanches and debris avalanches. Released material, input 

sinusoidal wave, and shaking subsequence were varied to study the dynamic behavior 

and response of these granular flows. 

  Chapter 4 focuses on some factors (such as released material, material volume, initial 

arrangement, consecutive release, obstacle, and bottom roughness) influencing the 

mass-front velocity and deposit characteristics of granular flows released in a large 

flume. 

  A simple lumped mass model, based on energy approach, to describe the velocity of 

granular flows is proposed in Chapter 5. Predicted velocity by this model was compared 

with the measured velocity of granular flows in the large flume presented in Chapter 4, to 

verify the applicability of the simple model. 

  In Chapter 6, numerical simulations by discontinuous deformation analysis are 

presented. Granular flows in the large flume and three large rock avalanches triggered by 

the 2008 Wenchuan earthquake were reproduced, and the key parameter used in the 

numerical analysis was discussed. 

  Shaking table tests for jointed rock slopes are presented in Chapter 7. The failure mode 

and dynamic behavior of the jointed rock slopes under dynamic conditions is described 

briefly.  

  Chapter 8, the final chapter of this dissertation contains a brief review of major 

contributions and conclusions of this research. 
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CHAPTER 2 

SMALL FLUME TESTS OF GRANULAR FLOWS 

 

2.1 INTRODUCTION 

Granular flows are widespread in nature as rockslides, volcanic block-and-ash 

pyroclastic flows, and dry rock and debris avalanches. An important feature of these 

flows is their extremely high mobility (up to tens of kilometers), which is capable of 

moving freely from their sources. Many researchers (e.g. Heim, 1932; Scheidegger, 1973; 

Hsü, 1975) claimed that the mobility of these flows is dependent on their volume, namely 

large events travel farther than smaller ones. However, the long run-out granular flows 

moved far beyond the distance that could have been expected when considering the size 

effect alone (Erismann and Abele, 2001). The fundamental understanding of the 

propagation mechanisms of granular flows remains an outstanding issue, in particular 

when geomorphological circumstances and mechanical properties of involved materials 

are varied according to different specific events. 

The physical behavior of dense granular flows has attracted considerable attention 

from laboratory experiment and numerical modeling points of view. The dynamics of the 

collapses of axisymmetric and two-dimensional granular columns onto a horizontal 

surface and the subsequent granular propagation were well investigated experimentally 

(e.g. Balmforth and Kerswell, 2005; Savage and Hutter, 1989; Lajeunesse et al., 2004, 

2005; Lube et al., 2004, 2005). The test results challenged the traditional view that the 

run-out depends only on the volume of the materials involved, and emphasized the 

importance of the initial aspect ratio of the column instead. Other researchers presented 

some numerical simulations to reproduce natural mass flows over complex terrains (e.g. 

Iverson and Denlinger, 2001; Denlinger and Iverson, 2001) and experimental flows (e.g. 

Crosta et al., 2009; Deangeli, 2008). Parameters used in the numerical simulations are 

usually obtained by back analyses of occurred events or by calibration, as a result of the 

extreme complexity of such phenomena and the still incomplete knowledge of the 

governing laws controlling the behavior of these materials (Crosta et al., 2009). 
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Experiment plays a significant role in contributing a better understanding of 

propagation mechanisms and factors influencing velocity and deposit characteristics 

(Manzella and Labiouse, 2009). A majority of previous experiments have focused on the 

case of mono-materials down inclined roughened slope (e.g. Davies and McSaveney, 

1999; Manzella and Labiouse, 2009) and particle segregation of binary mixtures (e.g. 

Savage and Lun, 1988; Möbius et al., 2001). The research accounting for interactions 

between constitute particles with different grain sizes and shapes is still out of reach. At 

present, some researchers have claimed that experimental granular flows containing a 

range of particle sizes can exhibit macro-scale properties that differ from flows 

containing a single particle size (Phillips et al., 2006; Roche et al., 2006). The variety of 

mechanical properties can lead to a diversity and complication of behavior due to the 

interaction of composite components. Actually, natural flows generally contain particles 

of a fairly wide range of sizes; in some cases, the size range of particles can vary from 

tens of micrometers up to the order of a meter (Roche et al., 2006). Fragmentation, which 

is a prominent process in the emplacement of field rock avalanches, causes materials 

extensively fractured/shattered (e.g. Davies and McSaveney et al., 1999; Davies and 

McSaveney, 2002, 2009; Crosta et al., 2007). Therefore, considering size grades as many 

as possible is important for realistically reflecting and understanding natural granular 

flows. 

Roche et al. (2006) performed experiments on a column of fluidized particles that were 

released into an enclosed channel, and the behavior of fine particles is distinct from that 

of larger ones. They concluded that the mobility is modified when the mixture of 

different-sized particles was used, especially with 30% fine particles in mass proportion. 

Another interesting work was conducted by Phillips et al. (2006). They presented 

laboratory measurements of flows of binary mixtures of fine and coarse granular 

materials, and showed that the interaction between them can result in significantly 

increased mobility. They used heuristic models to illustrate that some mechanisms are 

likely to occur in granular flows containing a wide range of grain sizes. 

In this chapter, the run-out and deposition height of granular composites moving over 

a rough inclined flume were investigated by conducting a series of laboratory 

experiments, and the effect of the interactions between composite components on the 

mobility of the granular flows was examined. These granular flows contained a range of 

particle sizes from 0.1 mm to 10 mm, which was limited relative to the materials 
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involved in natural flows. Determining the chief interactions with a wide size distribution 

are difficult, and the choice of the particle sizes in this study was helpful to easily 

understand propagation mechanisms of rock avalanches. 

 

2.2 EXPERIMENTS AND METHODS 

2.2.1 Experimental set-up 

The two-part flume used in the tests was consisted of two slopes, which were called 

upper and lower slope, respectively (Figure 2.1). Each slope was 1.5 m in length. The 

two slopes were connected by hinges in convenience of adjusting their inclinations. The 

angle of the upper slope was fixed at 45°, and the lower slope was inclined at angles of 

0°, 5°, 10°, and 15° to the horizon in these experiments. The width of the flume was 0.18 

m, which was sufficiently small for the flows to be one-dimensional; it was also 

sufficiently large for negligible the effect of side walls. A gate, perpendicular to the upper 

slope, can be lifted manually (but rapidly). The flows started moving down the flume 

immediately after granular materials behind the gate were released.  

 

 

Figure 2.1 Experimental set-up 

 

2.2.2 Employed materials 

Compositional effects in flows containing more than one particle size were examined. 
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Three granular materials were used. The photos of them are shown in Figure 2.2. 

a) Gravel: coarse particles; the grain size is 4.75~9.5 mm; 

b) Coarse sand: fine particles; grain size is 0.42~2.0 mm; 

c) Fine sand: Toyoura sand, which is a very fine material. The grain size is 0.1~0.3 

mm. 

 

 

(a) Gravel 

 

 

(b) Coarse sand 

Figure 2.2 Granular materials used (to be continued) 
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(c) Fine sand 

Figure 2.2 Granular materials used (continued) 

 

2.2.3 Data acquisition 

Each test was filmed by a video camera. The run-out and deposition height were 

measured manually after each test. The deposit was divided into two parts based on the 

accumulation of particles (Figure 2.3). The first part, i.e. the main part of the deposit, 

represented the coherent main mass of the deposit. The second part, the deposit which 

was a layer one particle height, was discontinuous from the first part and easy to 

distinguish. The measurements were conducted by taking into account only the main part 

of the deposit. Individual particles moved beyond the flume were also not considered in 

this study. In the literature, the run-out is commonly defined as the total horizontal travel 

distance from the top of the breakaway scar to the distal end of the deposit, or the 

horizontal distance travelled by the center of moving mass. In this chapter, the run-out 

was the length of the main part of the deposit accumulated on the lower slope. This 

choice facilitated to obtain homogeneous results easy to compare. The deposition height 

of the main part, perpendicular to the lower slope, was measured at the interval of 10 cm 

in length along the midstream path of the lower slope. 

A total of 88 cases were carried out. Each case was repeated at least three times to 

evaluate the repeatability and assess the validity of the corresponding measurements. 
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Figure 2.4 Run-out of the main part of the deposit for the three mono-materials on the 

slopes with different inclinations. The error bars show standard error of the 

average run-out for each test. 

 

  Figures 2.5, 2.6 2.7 and 2.8 show the deposit morphology of the main part of the 

deposit for the three mono-materials on the 0°, 5°, 10°, and 15° slope, respectively. The 

deposit morphology of the three mono-materials was similar on the slope with the same 

inclination. 

 

 

Figure 2.5 Deposit morphologies of the main part of the deposit for the three 

mono-materials on the 0° slope 
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Figure 2.6 Deposit morphologies of the main part of the deposit for the three 

mono-materials on the 5° slope 

 

 

Figure 2.7 Deposit morphologies of the main part of the deposit for the three 

mono-materials on the 10° slope 
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Figure 2.8 Deposit morphologies of the main part of the deposit for the three 

mono-materials on the 15° slope 

 

 

Figure 2.9 Mass of the materials accumulated on the second part of the deposit 
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that coarse particles were prone to travel farther than fine particles on the steep slope. In 

the next section, a series of tests is carried out to examine the interactions between coarse 

and fine particles by releasing composites containing various proportion of constitute 

particles. 

 

2.3.2 A composite with the same mass of gravel, coarse sand, and fine sand 

A composite was used, which consisted of 1.0 kg gravel (Mg=1.0 kg), 1.0 kg coarse sand 

(Mc=1.0 kg), and 1.0 kg fine sand (Mf=1.0 kg). The run-out of this composite is shown in 

Figure 2.10, combined with those of the three mono-materials. The mobility of the 

composite was significantly higher than the mono-materials. This implies that the 

interactions between coarse and fine particles were helpful to enhance the mobility of 

granular flows.  

 

 

Figure 2.10 Run-out of the main part of the deposit for the composite (Mg=Mc=Mf=1.0 

kg) on different slopes, comparing with the run-outs for the three 

mono-materials. The error bars show standard error of the average run-out 

for each test. 
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deposit shape of this composite was low and long.  

 

 

Figure 2.11 Deposit morphology of the main part of the deposit for the composite 

(Mg=Mc=Mf=1.0 kg) on the different slopes 

 

 

Figure 2.12 Mass of the second part of the deposit for the composite (Mg=Mc=Mf=1.0 kg) 

over three runs on different slopes  
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the materials accumulated on the second part of the deposit, and a majority of particles 

travelled a long distance. This implies that this situation was more destructive for human 

habitation and environmental protection. 

 

2.3.3 Composites with various fractions of fine sand 

In order to further confirm the effect of the interactions between particles on enhancing 

the mobility of granular flows, composites with various fractions of fine sand were 

released. In each series, the mass of the gravel was maintained (1.0 kg, 1.4 kg, or 1.8 kg), 

and the rest was consisting of coarse sand and fine sand at different mixing proportions. 

Fine sand mass fraction Ff was defined as the proportion of fine sand in total mass, 

ranging from 0 (no fine sand) to 0.67 (all fine sand).  

Figure 2.13 shows the run-outs of flows on the 15° slope consisting of composites of 

coarse and fine particles: gravel as the coarse particle, and coarse and fine sand as the 

fine particle. The mobility was enhanced due to the interactions between particles on the 

15° slope, except in the case with 1.0 kg gravel and 2.0 kg fine sand where the run-out of 

this composite was significantly smaller than that of the three mono-materials. 

 

 

Figure 2.13 Run-out of the main part of the deposit for the composites with various 

fractions of fine sand on the 15° slope. The error bars show standard error of 

the average run-out for each test. 
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The trend of run-outs for the composites in the three series was similar. The run-outs 

increased with Ff until reaching a peak, and then decreased with further increasing Ff. 

This suggests that a certain amount of fine sand advanced the mobility of granular flows, 

and excessive fine sand obstructed their propagation. The reason was that a thin layer of 

fine sand acted as rollers for the rolling of the gravel, leading to reduce the effective 

friction resistance during the movement; the interactions between particles became more 

complicated than they just acted as a single-row roller to lubricate the gravel when 

excessive fine sand was involved. These rollers were in a dilemma so that the particles 

were either blocked or forced into sliding. Furthermore, from the point of view of energy, 

the energy was consumed significantly due to interegranular friction when so excessive 

fine sand was involved that the gravel was embedded in a matrix of fine sand. This 

implies that an appropriate proportion of fine particles were partly responsible for the 

long run-out of rock avalanches. 

When Ff was small (0< Ff ≤0.2), the flows with 1.8 kg gravel (dot line, Figure 2.13) 

exhibited the highest mobility. This implies that the composite containing more coarse 

particles travelled farther than that with less coarse particles at small Ff. The main cause 

was that the gravel typically had a high porosity, and the interactions between particles 

would be reduced by substituting a coarse particle for the same mass of fine particles. 

Frictional loss was proportional to the surface area of particles available for the 

interactions, and thus less energy was consumed by intergranular friction when the mass 

of the gravel increased.  

The flow with 1.8 kg gravel at Ff = 0.13 (1.8 kg gravel, 0.8 kg coarse sand, and 0.4 kg 

fine sand) travelled the longest run-out of 109 cm; the maximum run-out of 102 cm was 

observed for the flow with 1.4 kg gravel at Ff = 0.27 (1.4 kg gravel, 0.8 kg coarse sand, 

and 0.8 kg fine sand), and the peak in run-out was 98.3 cm for the flow with 1.0 kg grave 

at Ff = 0.27 (1.0 kg gravel, 1.2 kg coarse sand, and 0.8 kg fine sand). For the composites 

with different mass of the gravel, the flows exhibited the highest mobility at different Ff. 

The interaction of particles with different sizes and shapes became more complicated 

when internal structure of granular flows was varied. The precise details of interactions 

between constitute particles are still out of reach. 

The flows containing 1.8 kg gravel show a peak in run-out over a range of Ff between 
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0.1 and 0.2. The peak in run-out extended over a greater range of Ff between 0.1 and 0.3 

for the flows containing 1.4 kg gravel, and of Ff between 0.1 and 0.4 for the flows 

containing 1.0 kg gravel. The peak was sharper in the experiments with 1.8 kg gravel. 

This suggests that the mobility was more sensitive to the proportion of fine sand when 

more gravel was involved. 

The run-outs of flows on the 10°, 5°, and 0° slope are shown in Figures 2.14, 2.15, and 

2.16. The composites also travelled farther than the three mono-materials on these slopes. 

The trends of run-outs were similar to that on the 15° slope. However, the run-outs on the 

gentle slopes were shorter than that on the 15° slope. This indicates that the inclination of 

the lower slope was significantly influenced the mobility of granular composites. The 

difference in run-out was not significant for a range of Ff on these gentle slopes, 

comparing with that on the 15° slope. This implies that the effect of the interactions 

between coarse and fine particles on enhancing the mobility of composites was not fully 

developed on the gentle slopes, i.e. the rolling motion was difficult to occur on the gentle 

slopes. On the 5° and 0° slope, the run-outs were almost identical at large Ff (0.3~0.67) 

regardless of the mass of gravel. This was because the gravel embedded in a matrix of 

fine sand and was difficult to move on these gentle slopes. 

 

 

Figure 2.14 Run-out of the main part of the deposit for the composites with various 

fractions of fine sand on the 10° slope. The error bars show standard error of 

the average run-out for each test. 
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Figure 2.15 Run-out of the main part of the deposit for the composites with various 

fractions of fine sand on the 5° slope. The error bars show standard error of 

the average run-out for each test. 

 

 

Figure 2.16 Run-out of the main part of the deposit for the composites with various 

fractions of fine sand on the 0° slope. The error bars show standard error of 

the average run-out for each test. 
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on the lower slope with different inclinations. The three flows, consisted of various 

constitute particles, were selected for comparison. Each of the three flows typically 

exhibited the longest run-out in the series with the same mass of the gravel on the 15° 

slope. The deposit morphologies on the steep and gentle slopes significantly departed 

from each other. This indicates that the deposit morphology of granular flows was also 

influenced strongly by the inclination of the lower slope. The deposit profile was much 

flatter and longer on the steep slopes (15° and 10°) than that on the gentle slopes (5° and 

0°). This phenomenon implies that there was a critical inclination of the lower slope 

between 5° and 10° at which particle motion in flows changed. When the slope was 

steeper than the critical inclination, the particles were prone to rolling. Otherwise, the 

particles exhibited sliding motion. 

  For all composites of coarse and fine particles used in the experiments, the deposits 

exhibited some common features as follows. First, coarse particles segregated to the 

surface of fine particles. This phenomenon is also observed frequently in field 

investigations. Second, the region of maximum concentration of particles was farther 

from the flow origin on the steeper slope, that is, more materials were transported a long 

distance. A majority of granular materials accumulated a broad range from the position 

20 cm to the position 90 cm on the 15° and 10° slopes. This situation is riskier for human 

habitation and environmental protection in steep mountain slopes. On the gentle slopes, 

however, the deposits concentrated a narrow range from the position 0 cm to the position 

40 cm. The materials were prone to contribute to add the deposition height rather than the 

run-out on the gentle slope. Last, the deposit morphologies were almost similar on the 

same slope for the three flows with different composite components. This implies that the 

mobility of granular flows was more sensitive to the inclination of the lower slope than 

granular component. 
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(a) 

 

 

(b) 

Figure 2.17 Deposit morphology of the main part of the deposit accumulated on the 

lower slope with different inclinations: (a) 1.8 kg gravel with Ff = 0.13; (b) 

1.4 kg gravel with Ff = 0.27; (c) 1.0 kg gravel with Ff = 0.27 (to be 

continued) 
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(c) 

Figure 2.17 Deposit morphology of the main part of the deposit accumulated on the 

lower slope with different inclinations: (a) 1.8 kg gravel with Ff = 0.13; (b) 

1.4 kg gravel with Ff = 0.27; (c) 1.0 kg gravel with Ff = 0.27 (continued) 

 

2.4 CONCLUSIONS 
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particles on the mobility of granular flows. Test results indicate that the run-outs of the 
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granular composites. The fine sand was transported with the gravel, and naturally 
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lubricant for the gravel by the interactions with each other, and thus the friction 

resistance reduced during the movement. With increasing Ff, a greater proportion of 

gravel was completely supported by the fine sand, and the run-out reached its peak. This 

emphasizes that rolling motion was very important in flow propagation, and increasing 

proportion of rolling to sliding in particle motion reduced energy consumption. However, 

the run-out decreased with further increasing Ff. This was because intergranular friction 

dominated which was the primary source of energy loss, and thus limited the propagation 

of granular flows. Particle interactions played an important role within high-mobility 
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flows containing a wide range of grain sizes on the dynamics of some landslides and rock 

avalanches, though precise details of particle interactions is still unknown because the 

motion of fine particles within the flows is difficult to observe in the tests. 

The deposit characteristics on the steep and gentle slopes significantly departed from 

each other. The deposit profile was much flatter and longer on the steep slopes (15° and 

10°) than that on the gentle slopes (5° and 0°). The region of maximum concentration of 

particles was farther from the flow origin on the steeper slope, i.e., more materials were 

transported a long distance on steep slope. On the gentle slopes, however, the deposit 

was more concentrated on the gentle slopes because the materials were prone to 

contribute to add the deposition height rather than the run-out. The deposit morphologies 

were almost similar on the same slope for the three flows containing different constitute 

particles. This implies that the mobility of granular flows was more sensitive to the 

inclination of the lower slope than granular components. 
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CHAPTER 3 

SMALL FLUME TESTS OF GRANULAR FLOWS ON A 

SHAKING TABLE 

 

3.1 INTRODUCTION 

The destructive impact of earthquakes, in many parts of the world, is greatly enhanced by 

the triggering of landslides during or after the shaking (Bommer and Rodríguez, 2002). 

The earthquake-induced landslide has been broadly investigated and discussed in the past. 

Physical model tests, such as the centrifuge test and the shaking table test, have been 

widely used to investigate slope dynamic response. The centrifuge test utilizes the 

gravity force as the scale factor to simulate a prototype slope. Additionally, Wartman et al. 

(2005) carried out a series of shaking table tests to investigate the mechanisms of 

seismically induced permanent deformations in slopes, and compared test results with 

Newmark displacements. Lin and Wang (2006) conducted shaking table tests and 

numerical analysis to identify the initiation of landslide movement based on nonlinear 

behavior from acceleration records. Wang and Lin (2011) studied the initiation and 

displacement of a laboratory slope subjected to seismic load by a series of shaking table 

tests. These laboratory experiments are used to mainly study dynamic behavior and 

responses of earthquake-induced landslides. As far as I know, there is little information 

available in the literature that propagation process and deposit characteristics of 

earthquake-induced rock avalanches are investigated by shaking table tests. 

The most abundant types of earthquake-induced landslides are rockfalls and slides of 

rock fragments that form on steep slopes. A rockfall occurs when a small rock mass 

breaks free and disintegrates into blocks that bounce and roll down steep slopes. For the 

slides of rock fragments, there are several major types according to the size or type of 

debris generated and distance and speed moved as well, e.g. rock avalanches, debris 

avalanches, and rockslides. A rock avalanche is the disintegration of a large rock mass on 

a mountain slope and a rapid movement downhill. Debris avalanches involve the rapid 

mass movements of rock originating on the slopes. In a rock slide, fragments break away 
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from the face of a steep slope and fall down its side but do not travel far. The objective of 

this study is to investigate the run-out of granular flows using a shaking table model test, 

as a step to study propagation mechanisms and deposit characteristics of 

earthquake-induced rock avalanches and debris avalanches. 

 

3.2 EXPERIMENTS AND METHODS 

3.2.1 Experimental set-up 

The two-part flume used in the shaking table tests was the same one presented in Chapter 

2 (Figure 2.1). Each slope was 1.5 m in length and 0.18 m in width. The angle of the 

upper slope was 45°, while that of the lower slope was 10°. The flume was fixed tightly 

on the shaking table (2.0 m × 1.0 m) by channels to avoid any collapse during the tests. 

  Granular materials were released by removing a gate covering the entire width of the 

flume. Each case was repeated five times to guarantee the accuracy, and the run-out was 

measured after each test. In this chapter, the measurements were also conducted on the 

main part of the deposit, where a majority of materials accumulated.  

 

3.2.2 Employed materials 

Two composites were used, and their particle size distribution is listed in Table 3.1. 

 

Table 3.1 Particle size distribution of granular composites 

Granular materials 
Mass of composite component [kg] 

10 ~ 20 [mm] 1 ~ 2 [mm] 0.1 ~ 0.2 [mm] 

Coarse particles dominated materials 1.8 0.9 0.3 

Fine particles dominated materials 0.3 0.9 1.8 
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3.2.3 Input sinusoidal wave 

The frequency and amplitude of input sinusoidal waves were varied in order to 

investigate their effects on run-out. In the small flume tests under static conditions 

mentioned in Chapter 2, the duration of propagation process was less than three seconds 

from initiation to rest. Therefore, shaking time was three seconds to make sure that the 

propagation process of experimental flows throughout associated with the shaking. The 

frequency of input waves was ranging from 2 Hz to 10 Hz in increments of 2 Hz, and the 

range of the amplitude was from 100 gal to 400 gal in increments of 100 gal. 

 

3.2.4 Shaking subsequence 

Two shaking subsequences were designed to simulate different scenarios. In the first 

shaking subsequence, the materials were released meanwhile sinusoidal waves were 

input. This consideration was to simulate the propagation process of a large rock mass 

from a steep slope in conjunction with a long-period seismic shaking. For the 

propagation process of an existing mass originating on a gentle slope, the second shaking 

subsequence was designed in which the materials were released and deposited on the 

lower slope, and then sinusoidal waves were input. 

  In the first shaking subsequence, the run-out was measured after the test. The 

difference with the average run-out (65 cm) under static conditions was obtained, as a 

measurement of enhanced mobility due to the vibration. In the second shaking 

subsequence, the run-out was measured before and after the shaking, and the difference 

between them was the increase in run-out due to the shaking. This increase in run-out 

was because the existing deposit deformed, and particles within the deposit rearranged 

the conformation and leaded to some consolidation and movement during the shaking. 

 

3.3 EXPERIMENTAL RESULTS 

3.3.1 Frequency and amplitude of input waves 

Figure 3.1(a) shows that the run-outs of the coarse particles dominated materials reduced 

with the frequency of input waves. This was because the energy was significantly 
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dissipated caused by intergranular friction during the high-frequency vibration. The 

difference in run-out due to various amplitudes was significant in the experiments with a 

low frequency, and it gradually became not obvious with increasing frequency especially 

in the experiments with the frequency of 10 Hz. Furthermore, the decrease in run-out 

with frequency was more significant in the experiments with large amplitude than that 

with small amplitude. This implies that the run-out was more sensitive to the frequency 

at large amplitude than at small amplitude.  

 

 

(a) 

 

 

(b) 

Figure 3.1 Run-out of coarse particles dominated materials (first shaking subsequence) 
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The run-out increased with the amplitude (Figure 3.1 (b)). The increase in run-out with 

the amplitude was more significant at a low frequency than that at a high frequency.  

 

 

(a) 

 

 

(b) 

Figure 3.2 Run-out of fine particles dominated materials (first shaking subsequence) 
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Similar trends also were observed for the fine particles dominated materials (Figure 

3.2). However, the run-out of the fine particles dominated materials was significantly 

smaller than that of the coarse particles dominated materials under various dynamic 

conditions. One of the main causes was that intergranular friction greatly dissipated the 

energy when excessive fine particles were involved. This agreed with the conclusion 

drawn in Chapter 2 that a flow consisting of enough coarse particles and few fine 

particles had a high mobility. This also implies that this conclusion held under either 

static or dynamic conditions. 

  The decrease in run-out with frequency was more significant for the fine particles 

dominated materials than that for the coarse particles dominated materials. This was 

caused by dramatic energy consumption due to intergranular friction during the 

high-frequency vibration. 

 

3.3.2 Shaking subsequence 

The run-out increased due to the vibration in most experiments, comparing with that 

under static conditions. However, the increase in run-out was not observed at the 

amplitude of 100 gal. This implies that the vibration with small amplitude was difficult to 

enhance the mobility of granular flows.  

The increase in run-out of the coarse particles dominated materials in the experiments 

with the amplitude of 200 gal, 300 gal and 400 gal is shown in Figure 3.3. The most 

significant increase in run-out was observed in the experiments with the frequency of 2 

Hz, regardless of the shaking subsequence. The increase in run-out at the amplitude of 

200 gal and 300 gal was larger in the first subsequence than that in the second 

subsequence. This implies that the superposition effect of flow-propagation and seismic 

acceleration was significant at 200 and 300 gal. In the first shaking subsequence, the 

materials started to move meanwhile the waves were input. Less energy was consumed 

by intergranular friction due to the low concentration of the moving mass. In the second 

shaking subsequence, however, the materials were released and then accumulated on the 

lower slope. The materials were difficult to move, and more energy was dissipated by 

intergranular friction due to the high concentration of the deposit. The increase in run-out 

at the amplitude of 400 gal was smaller in the first subsequence than that in the second 
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subsequence. This was because the moving mass dramatically collided with the upper 

slope due to the large amplitude of input waves when they flowed along the upper slope, 

and the energy was significantly dissipated by the collision between the materials and the 

upper slope.  

 

 

(a) 

 

(b) 

Figure 3.3 Increase in run-out of the coarse particles dominated materials in different 

shaking subsequence: (a) the materials were released meanwhile the shaking; 

(b) the materials were released before the shaking 
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(a) 

 

 

(b) 

Figure 3.4 Increase in run-out of the fine particles dominated materials in different 

shaking subsequence: (a) the materials were released meanwhile the shaking; 

(b) the materials were released before the shaking 
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smaller than those of the coarse particles dominated materials in most experiments. This 

was because the coarse particles embedded in a matrix of the fine particles and was 

difficult to move even under dynamic conditions. The increase in run-out in the first 

shaking subsequence was larger than that in the second shaking subsequence in most 

experiments.  

 

3.4 CONCLUSIONS 

A series of shaking table tests was carried out to investigate some potential factors 

influencing run-out of granular flows released in a small flume under dynamic conditions. 

The frequency and amplitude of input sinusoidal waves were varied. Two composites 

were released before/meanwhile the sinusoidal waves were input to simulate debris 

avalanche/rock avalanche associated with seismic shaking. 

  Test results show that the run-outs of the two composites increased with decreasing 

frequency and increasing amplitude. The run-out of the fine particles dominated 

materials was significantly smaller than that of the coarse particles dominated materials. 

The decrease in run-out with frequency for the fine particles dominated materials was 

more significant than that for the coarse particles dominated materials. This was because 

intergranular friction dramatically dissipated the energy when excessive fine particles 

were involved. This conclusion agreed with that drawn in Chapter 2 that a composite 

consisting of enough coarse particles and few fine particles had a high mobility. This 

conclusion held under either static or dynamic conditions. The increase in run-out due to 

the shaking was observed in most experiments, except in the series with the amplitude of 

100 gal. The increase in run-out when the materials were released meanwhile the 

sinusoidal waves were input was larger than that when the materials were released before 

the shaking at the amplitude of 200 gal and 300 gal. This was because more energy was 

consumed by intergranular friction due to the high concentration of the existing deposit 

on the lower slope. However, the increase in run-out when the materials were released 

meanwhile the shaking was smaller than that when the materials were released before the 

shaking at 400 gal. One of the main causes was that the moving mass dramatically 

collided with the upper slope at the large amplitude when they flowed along the upper 

slope.  
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CHAPTER 4 

LARGE FLUME TESTS OF GRANULAR FLOWS 

 

4.1 INTRODUCTION 

Rock avalanches pose significant hazards in many parts over the world especially in 

mountainous areas. Extensive efforts have been directed to protect society from such 

hazards, and this has interested many researchers. Most attention is aimed at triggering 

mechanisms, movement dynamics, and material characteristics. From a practical point of 

view, rock avalanches, which have been extremely costly in human lives and engineering 

development, are among most dangerous natural granular flows due to their large volume 

and spreading. From a theoretical point of view, rock-avalanche propagation has been 

debated strongly because the run-out is often much larger than that would be predicted by 

a Coulomb slide-block model (Sosio et al., 2008). At present mechanisms involved in 

these events are thought only understood in broad outlines, and many important 

questions remain unanswered (Evans et al., 2009). 

Experiment plays a significant role in contributing to a better understanding of 

propagation mechanisms and factors influencing velocity and deposit characteristics 

(Manzella and Labiouse, 2009). A number of authors have performed small-scale 

(Acharya et al., 2009; Deangeli, 2008; Manzella and Labiouse, 2008, 2009; Lajeunesse, 

et al., 2004, 2005; Lube, et al., 2005; Ugai et al., 2009a, 2009b, 2009c, 2010; Valentino et 

al., 2008; Wang and Sassa, 2001, 2003; Yang et al., 2011b) and large-scale tests 

(Eckersley, 1990; Moriwaki et al., 2004; Okada and Ochiai, 2008; Okura et al., 2000a; 

Ugai et al., 2011; Yang et al., 2010, 2011a). It is well known that small-scale tests have 

problems with scale effects, similarity relations, and disruptive effects of sensors and 

their cables (Moriwaki et al., 2004). Therefore, a model as close as possible to a natural 

size is desirable for the purpose of realistically reproducing a rock avalanche 

phenomenon, even it is difficult to achieve. 

Modeling rock-avalanche run-out and deriving associated parameters—velocity and 

deposit characteristics—can provide guidance to the extent of the potential susceptible 
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area and get an insight into the propagation mechanisms (Sosio et al., 2008). A majority 

of previous studies have focused on the effects of various factors influencing run-out and 

angle of reach because the run-out (or angle of reach) is relatively visual. A velocity 

evaluation is helpful to analyze the propagation dynamics (e.g. rate-dependent resistance, 

kinetic energy, duration) and to explain some physical features observed. From a 

structural engineering and planning point of view, one must properly predict the velocity 

field of a possible avalanche in order to adequately design buildings, roadways, and rail 

transportations in mountainous regions and appropriately estimate impact pressures on 

obstructing buildings that may be hit by an avalanche along its track down a mountain 

valley (Pusasaini et al., 2005a). Scheidegger (1973) collected some data from the 

literature and proposed an empirical formula to predict rock-avalanche velocity from a 

relationship between the volume and velocity. Other researchers (Crosta et al., 2009; 

Deangeli, 2008; Evans et al., 2009; Okura, 2000b; Pudasaini et al., 2005b; Sosio et al., 

2008; Valentino et al., 2008) have used numerical models to simulate rock avalanches 

and obtain their velocities. However, velocity in tests is difficult to exactly quantify due 

to the relative indirectness of measurement and the short distance available for its 

evaluation. Several measurement methods have been offered in order to improve the 

feasibility of velocity evaluation in tests. Digital image analysis has been used to 

calculate the velocity of moving materials in laboratory tests, e.g. Acharya et al. (2009), 

Deangeli (2008), Evans et al. (2009), Moriwaki et al. (2004), Okada and Ochiai (2008), 

Sosio (2008), Valentino et al. (2008). Manzella and Labiouse (2008, 2009) adopted a 

fringe-projection method to derive mass-front velocity and deposit characteristics of 

experimental flows. Therefore, analysis is no longer limited to data such as run-out and 

friction angle; it also allows considering the velocity in tests. At present, the velocity of 

the Thurwiesser rock avalanche in the Italian Alps was reported based on digital analysis 

of broadcast-quality video (Sosio et al., 2008). Jibson et al. (2006) presented a formula to 

estimate flow velocity based on superelevation, the elevation difference of a channelized 

deposit between the inside and outside of a curve. Xu et al. (2010) evaluated velocities of 

some field rock avalanches, e.g. the Niumiangou landslide triggered by the Wenchuan 

earthquake in China, based on bend superelevation at some key locations, and compared 

the results with those calculated by the momentum transfer method (Zhang and Liu, 2008) 

and also the Scheidegger’s method (Scheidegger, 1973). 

Pudasaini et al. (2005a, 2007), Pudasaini and Hutter (2007), Pudasaini and Kröener 
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(2008), and Pudasaini and Domnik (2009) have analyzed and presented results on the 

complete dynamics of sand and gravel flows down chutes and rectangular channels in the 

laboratory scale from initiation to deposition. The velocity of the moving particles was 

measured by Particle Image Velocimetry technique. Experimental results were well 

predicted by the granular avalanche theories they used. 

Of particular interest is the work conducted by Manella and Labiouse (2009), who 

presented the behavior of small-scale, dry granular avalanches. The run-out, width and 

length of final deposits were measured by the tape, while mass-front velocity and deposit 

characteristics were derived by fringe-projection method. After mass front entered the 

accumulation zone, it initially decelerated uniformly due to friction resistance, and 

subsequently accelerated due to the impulse given by the rear part of moving materials. 

The authors denoted that this provided experimental evidence to the theory of transfer of 

momentum described by Van Gassen and Cruden (1989) and also earlier by Heim (1932). 

However, the energy associated with granular flows is a major concern to avalanche 

dynamics, rather than momentum (McSaveney, 2002; McSaveney and Davies, 2007; 

Pudasaini and Domnik, 2009; Crosta et al., 2007; Locat et al., 2003; Kokusho and 

Ishizawa, 2006). Additionally, Okura et al. (2000a) performed outdoor rockfall 

experiments with mono-sized blocks (one on top of the other), and denoted that the 

frequency of collision between blocks increases with the number of blocks.  

In spite of many studies, how a rock avalanche is triggered and propagated, and how 

the run-out or reach angle is affected by material characteristics, drop height, topographic 

constraints, and other influencing factors, are still poorly understood. There is little 

information available in the literature about the effect of factors, such as material 

characteristics of composites, and micro-topography (e.g. the convexity and forest 

model), on propagation process of rock avalanches. 

An aim of this study was to clarify the effect of released materials and topography on 

mass-front velocity in the direction of movement and deposit characteristics of rock 

avalanches. For this purpose, a series of tests was carried out with dry, rigid gravel and/or 

blocks moving down a large inclined flume. Gradation and volume of materials, shape 

and initial arrangement of blocks, consecutive releases, obstacles, and bottom roughness 

were varied independently. This chapter presents the influence of these factors on 

mass-front velocity and deposit characteristics of the rapid, dry granular flows in the 
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large flume. 

 

4.2 EXPERIMENTS AND METHODS 

4.2.1 Experimental set-up 

The two-part flume used in the tests was 15.5 m long, 5.7 m high, 1.0 m wide, and 1.0 m 

deep (Figure 4.1). An upper slope 5.5 m long, inclined at 45° was connected with a lower 

slope 10.0 m long, inclined at 10°. The inclinations of the upper and lower slopes of the 

flume were similar to those of the Xiejiadian rock avalanche in Sichuan Province, China 

(details of field investigation of that rock avalanche are presented by Yang et al., 2009).  

 

 

Figure 4.1 Experimental set-up 

 

A gate was arranged near the top of the upper slope to control the release of materials. 

One flume sidewall was made of transparent reinforced PMMA to allow side views of 

the movement of materials. Two tapes were fixed vertically to the sidewall at 1.0 m 

intervals to conveniently measure deposition height, and the other was installed along the 

bottom of the sidewall also as reference targets in order to determine conversion factors. 
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Table 4.1 Summary of large-scale flume tests 

Case 

No. 
Test conditions Initial geometry 

Released materials 

Cubes [kg] Cobbles [kg] 
Gravel 

[kg] 

Total 

mass  

[kg] 

Total 

volume 

[m3] 
Large Small Large Small 

1 Matting Trapezium 200 200 0 0 0 400 0.2975 

2 Matting Triangle 200 200 0 0 0 400 0.2738 

3 Matting Triangle 0 0 0 0 400 400 0.2738 

4 Matting Triangle 200 200 0 0 400 800 0.4802 

5 Matting ; Twice 

releases 

First, trapezium 200 200 0 0 0 800 0.2738 

Second, triangle 0 0 400 0.2701 

6 Matting ; Twice 

releases 

First, triangle 0 0 0 0 400 800 0.2701 

Second, trapezium 200 200 0 0.2853 

8 Matting ; Convexity Trapezium 200 200 0 0 0 400 0.2800 

9 Matting Triangle 0 0 100 100 0 200 0.1800 

10 Matting Triangle 0 0 200 200 0 400 0.2888 

11 Matting ; Convexity Triangle 0 0 100 100 0 200 0.1800 

12 Matting ; Convexity Triangle 0 0 200 200 0 400 0.2905 

13 Matting ; Convexity Triangle 100 100 0 0 0 200 0.1663 

14 Matting Triangle 0 0 200 200 400 800 0.5000 

15 Matting ; Forest model Triangle 200 200 0 0 400 800 0.5000 

16 Matting ; Forest model Triangle 0 0 200 200 400 800 0.4901 

18 No matting Triangle 200 200 200 200 0 800 0.5408 

19 No matting Triangle 200 200 200 200 400 1200 0.7442 

20 No matting; convexity Trapezium 200 200 0 0 0 400 0.2870 

21 No matting; convexity Triangle 0 0 0 0 400 400 0.2888 

22 No matting Triangle 0 0 0 0 400 400 0.2813 

 

  The test conditions varied in the experiments were: 

a) Released materials: blocks (cubes and rounded cobbles) and/or gravel; 

b) Material volume;  

c) Initial arrangement of blocks: trapezium (high and narrow), or triangular (low and 
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wide); 

d) Consecutive releases: first blocks and then gravel, or first gravel and then blocks; 

e) Obstacles: the convexity, or forest model; 

f) Bottom roughness. In most experiments, a mat was coated on the base of the flume 

unless otherwise stated. 

Despite the difficulty of matching scaling laws, the use of physical modeling enables 

studies of the influence of factors of interest, by comparing and analyzing one factor at a 

time. Due to the large quantities of materials employed in this research, the range of 

studied factors was limited. Table 4.1 shows those cases used for analysis described in 

this chapter. Case 2 was treated as a benchmark to facilitate the comparison of the results. 

 

4.2.2 Employed material 

This study used mono-materials (cubes, cobbles or gravel) and composites of them to 

examine their effects on mass-front velocity and deposit characteristics. The materials 

employed for the tests were: 

a) Blocks: Cube-shaped granite blocks as shown in Figure 4.2, of either 0.1 m or 0.05 

m on each side, were called large cubes or small cubes respectively; rounded blocks with 

diameter of either about 0.1 m or 0.05 m, were called large cobbles or small cobbles 

respectively. Released materials had a volume of 0.2738 m3 in the benchmark case. Thus, 

corresponding to a failed mass with a volume of 105 m3 in field situation, the scaling of 

grain size should be approximately 70 times according to the reference (Davies and 

McSaveney, 1999). The largest-sized block of 0.1 m used in this work corresponded to a 

large boulder with a diameter of 7 m in the field situation. Such boulders are somewhat 

too coarse; however, they are frequently observed in field investigations (Xu et al., 2010; 

Yang et al. 2009). These boulders have distinguished mobility. To examine and highlight 

effects of these large particles on the movement of granular avalanches, the blocks of 0.1 

m were thus employed in this study. 
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Figure 4.2 Employed cubes 

 

b) Gravel: The grading curve of the gravel (D50=4.0 mm) is presented in Figure 4.3. 

These grains were also insufficiently fine in scaling down model tests. Actually, it is 

impossible to represent at very small-scale prototype grains exactly following the scaling 

law, in order to avoid these extremely fine grains to bind together in a way different from 

that of corresponding grains in the large-scale situation ascribing to intergranular forces 

(e.g. cohesive and/or electrostatic force) (Davies and McSaveney, 1999). Davies and 

McSaveney (1999) used materials with volumes of 0.1, 1.0, 10, and 1000 L in laboratory 

tests. The three smaller containers were used to drop fine (D50=0.19 mm), well-sorted 

silica sand, and the largest one was used to drop well-sorted gravel (D50=2.0 mm). The 

gravel used in this work was close to the situation with the volume of 0.1 L in the tests 

(Davies and McSaveney, 1999) according to the scaling of grain size between laboratory 

and field situation. Furthermore, the particle size distribution of the gravel follows a 

similar manner with those of field rock avalanches reported by e.g. McSaveney and 

Davies (2007), Dunning (2006). Thus, the gravel used could be idealized as scaled-down 

representations of corresponding grains in typical large rock avalanches. Internal friction 

angle of the gravel was 32.5°, which was determined by large direct shear tests as listed 

in Table 4.2. 
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Figure 4.3 Grading curve of the gravel 

 

Table 4.2 Results of large direct shear tests 

Interface Cohesion/Adhesion [kPa] Friction angle [°] 

Gravel 0.056 32.53 

Interface between the gravel and the mat 0.442 31.52 

Interface between the gravel and the forest model 0.000 38.68 

Interface between the gravel and the wood (no matting) 0.089 22.58 

 

To the authors’ knowledge, the gravel has been seldom used in model tests, and 

different kinds of sand or beads have been used according to most literature. One of the 

main causes is to match the scaling law as close as possible in laboratory tests. Another is 

that sand is a more suitable material for the validation of numerical models based on 

fluid mechanics (i.e. grain diameters should be smaller than 1/10 of the flow depth to 

avoid a ‘bounce behavior’ and to assure a dense, one-phase flow) (Manzella and 

Labiouse, 2008). For small-scale laboratory avalanches down chutes and channels, quartz 

and sand are frequently used because the flow depth can be as small as 3~5 particle 

diameters (Pudasaini and Hutter, 2007; Pudasaini et al., 2005a, 2007; Pudasaini and 

Kröner, 2008; Pudasaini and Domnik, 2009). Davies (1997) conducted experiments and 

found that grain density, grain size, and grain-size distribution have negligible effects on 

run-out distance, and friction angle, fall geometry, and volume have significant effects.  
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Fragmentation is a prominent process in the emplacement of field rock avalanches 

(Davies et al., 1999, Davies and McSaveney, 2002, 2009, Crosta et al., 2007). However, 

it is not feasible to model the fragmentation process at reduced scale (Davies and 

McSaveney, 1999). The choice of a characteristic particle size of materials employed in 

this study did not accurately reproduce that corresponding to natural rock avalanches; the 

simplification using a well characterized material justified the choice attributing to 

enough strength of grains without regard to fragmentation from the view point of 

experimental goals. 

 

4.2.3 Data acquisition 

The deposit was divided into two parts based on the accumulation of particles. The first 

part of the deposit was a coherent main mass, and the second part was the deposit which 

was a layer one particle height. No account was taken of the second part of the deposit 

where it is possible to distinguish individual separated particles. Additionally, those 

blocks, moving beyond the flume and stopping on the horizon, were also not considered 

as a part of the deposit. 

Each test was filmed by three digital video cameras operating at 30 frames per second, 

as shown in Figure 4.4. Two cameras were positioned at the side of the flume to plot the 

side outline of moving materials, and the other was placed above the end of the flume at 

a height of 2.0 m above the horizon in order to record the movement by a frontal 

perspective. 

  Travel distance, deposition height, and length of the main part of the deposit were 

measured manually with the tape. The travel distance was defined as the distance from 

the gate, which was paralleling to the base of the flume. Mass-front velocity was derived 

with specific processing from the videos and images recorded during the tests. In this 

study, the mass-front velocity refers to the velocity of a characteristic point located at the 

tip of the mass front, such as a certain grain which was possible to identify. The mass 

front was diffusive, and those particles bounced violently were not considered as a part 

of the mass front. 

The mass-front velocity, hereinafter referred to as the velocity for simplification, was 

derived as follows. The same characteristic point was tracked in a series of frames 
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acquired at a known frequency of 30 fps. The travel distance of the characteristic point 

was obtained with the tape fixed along the bottom of the side wall, and corrected with a 

conversion factor which allowed for different distances in different images introduced by 

the shooting angle. The velocity was calculated as the travel distance divided by the time 

interval of 1/30 s between consecutive frames, and fitted with a smooth curve. 

 

 

Figure 4.4 Schematic illustration of the model flume and arrangement of cameras 

 

Data acquisition was primarily dependent on the visual resolution, and this was highly 

sensitive to contrast. Sometimes it was difficult to track the mass front especially in the 

tests with the gravel because the mass front was diffusive and the boundary of the mass 

front from the second part was indistinct. In addition, it was also difficult to follow the 

characteristic point due to dust clouds formed during the movement, and due to light 

reflection from the transparent sidewall. The accuracy of the measurement depended 

strongly on the visibility of the tracked characteristic point. The precision of measured 

distances was about 0.5 mm in images. The scaling of the reference tape was the largest 

and was about 20 times near the gate. Thus, the precision of the travel distance was 0.01 

m, and that of the velocity was about 0.3 ms-1. 

When a particular tracked characteristic point became untraceable, another 

characteristic point was redefined to track and the processing was continued from the 
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moment that a new point was defined. Additionally, when the flowing layer remained 

largely invisible in dust clouds especially near the concavity of the flume, the travel 

distance of a characteristic point in consecutive images was estimated based on the travel 

distance of the front of the dust. Nonetheless, the preciseness in velocity was still reliable 

because extremely fine particles were sparse and the duration of the dust was short.  

The relationship between the travel distance and velocity was plotted. The trend of 

velocities and also the peak velocity were observed and compared according to these 

plots. 

 

4.3 RESULTS AND DISCUSSIONS ABOUT MASS-FRONT VELOCITY 

4.3.1 Released materials 

4.3.1.1 Mono-materials 

Several tests were conducted on mono-materials of cubes in case 2, gravel in case 3, and 

cobbles in case 10. 

 

 

Figure 4.5 Mass-front velocity against travel distance from the gate for cases 2, 3, 10, 

and 22. (Point A indicates the distinguishing point between the upper and 

lower portions of the flume.) 
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  Figure 4.5 shows that trends of velocities were similar in the three cases. Herein, the 

trend of velocities for the cubes is presented in detail. The velocity of cubes, marked by 

the solid line, increased fluctuatedly when the materials flowed down the flume, showing 

a peak velocity of 5.3 ms-1 at a travel distance of 3.6 m. Afterwards, the velocity showed 

a sudden drop after the peak velocity due to the energy loss induced by the collision 

between the materials and the flume. Then, the velocity increased slightly from a certain 

point within a short time. After that, the mass front decelerated and came to rest slowly. A 

complete stop is not shown in the plots because the mass front stopped beyond the 

viewing angle of the camera.  

The materials should accelerate until the end of the upper slope at the travel distance 

of 3.7 m, but the peak velocity was shown at a travel distance of 3.6 m in case 2. This 

was because the time interval of 1/30 s between consecutive frames was somewhat long 

relative to a high velocity, and the maximum velocity measured sometimes did not just 

match the length of the upper slope. The maximum error in the position where the peak 

velocity appeared was less than 5% compared with the length of the upper slope. A better 

high-speed camera should be used in order to catch more precise data.  

A high velocity and its fluctuation were shown along the upper slope for the cobbles. 

Videos reveal that cobbles at the surface of the flow were prone to rolling and impact due 

to their high roundness. Rolling frictional resistance of the cobbles at the surface was 

lower than sliding frictional resistance at the base, and the velocity at the surface was 

higher than that at the base. Scrutiny of the videos also shows that subsequent cobbles 

with the high velocity at the surface gave propulsion to those at the front by the impact. It 

was possible that opportunities of collision between the cobbles were more than those 

between the cubes and between gravel. These were the reasons of the high velocity and 

great fluctuation for the cobbles. One may therefore wonder whether block rolling might 

be partly responsible for the mobility of natural rock avalanches, and to what extent the 

results are applicable to a field situation. It is common to observe boulder rolling ahead 

of the front of a pyroclastic flow as it races down the slope of a stratovolcano, but there 

is much evidence against rolling motion inside a rock avalanche. Scrutiny reveals that 

rolling motion occurred at the surface of the granular flows in our tests, and it might exist 

at the surface of a large rock avalanche. 

The velocity reduced at the concavity for the blocks and for the gravel as well. This 
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was because of added frictional resistance when the materials made contact with the 

lower slope. The added frictional resistance was caused by a higher overburden stress, 

which was due to the collision between the materials and the flume when the direction of 

movement changed. The decrease in velocity was more dramatic for the gravel than for 

the blocks. For the gravel, part of the energy was dissipated by the friction when the 

movement direction changed, and another part of the energy was consumed due to the 

internal deformation. Subsequent gravel-avalanches were allowed to make a perfect 

inelastic collision, in which energy loss was rather great, with those pre-existing deposit 

near the concavity. For the blocks, part of the energy was consumed by the friction, and 

little energy was dissipated by the internal deformation. Subsequent block-flows and 

pre-existing deposit made a non-perfect elastic collision, in which energy loss was less 

than the perfect inelastic collision for the gravel. These might be the reasons for the 

significant decrease in velocity for the gravel. 

 

4.3.1.2 Composites 

 

 

Figure 4.6 Arrangement of the composite (cubes and gravel) in layer in case 4 

 

Two composites were tested. The first (case 4) was a composite of gravel (400 kg) and 

cubes (200 kg large cubes and 200 kg small cubes), and the second (case 14) was a 

composite of gravel (400 kg) and cobbles (200 kg large cobbles and 200 kg small 
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cobbles). The composite of cubes and gravel was initially arranged as alternating layers 

of cubes and gravel (as illustrated in Figure 4.6). 

 

 

Figure 4.7 Mass-front velocity against travel distance from the gate for cases 2, 3 and 4 

 

The composite of cubes and gravel displayed a rather lower mobility in case 4 than the 

mono-material of cubes and of gravel (Figure 4.7). The maximum velocities were 5.1 

ms-1 at a travel distance of 3.84 m for the cubes and 5.4 ms-1 at a travel distance of 3.55 

m for the gravel respectively, compared with 3.91 ms-1 at a travel distance of 3.81 m for 

the composite of cubes and gravel. The mean velocities along the upper slope were 3.02 

ms-1 for the cubes, 3.22 ms-1 for the gravel, and 2.66 ms-1 for the composite, respectively. 

This implies that the effect of material characteristics on the velocity was not a simple 

superposition. Scrutiny shows that quite a number of cubes stayed at the rear of the main 

part of the deposit rather than the mass front, which means, the cubes were difficult to 

move at the surface of the gravel. It was possible that more energy was consumed by the 

friction between the cubes and the gravel when the cubes moved upward to the front and 

stayed at the surface. Pudasaini and Hutter (2007) gave more explanation on segregation 

during the flow and deposition of the particles by their physical properties. Another cause 

may have been that the composite had lower porosity, and greater particle concentration 

was able to consume more energy by intergranular friction. These were the reasons why 

the velocity was low for the composite of cubes and gravel even when the mass was 
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increased by about 100%. 

An unexpectedly high velocity, almost the same as those of mono-materials, was 

measured for the composite of cobbles and gravel (case 14, Figure 4.8). The velocity of 

this composite was considerably higher than that of the composite of cubes and gravel 

(case 4). Scrutiny of the videos reveals that the cobbles frequently moved upward and 

forward, and few cobbles stayed at the rear of the main part of the deposit. This 

phenomenon implies that the cobbles rolled at the surface of the gravel more easily than 

the cubes. Besides, the surface of cobbles was smoother than that of cubes, and the 

materials could shear easily internally and also slid easily along the base due to the small 

internal friction angle. This was not the situation in case 4. 

 

 

Figure 4.8 Mass-front velocity against travel distance from the gate for cases 3, 10 and 

14 

 

4.3.2 Material volume 

Cases 9 and 10 employed 200 kg cobbles (100 kg large cobbles and 100 kg small cobbles) 

and 400 kg cobbles (200 kg large cobbles and 200 kg small cobbles) respectively.  

The velocity of the materials with the smaller volume (case 9) was lower than that of 

the larger volume (case 10), as shown in Figure 4.9. Collisional opportunities increased 

with the volume in the constrained flume, and rear blocks gave propulsion to make 
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frontal ones accelerate. Moreover, the high velocity was probably caused by more 

potential energy involved in the materials with a large volume. Therefore, it is concluded 

that a large volume was partly accountable for the high velocity of rock avalanches, i.e., 

the ‘size effect’.  

 

 

Figure 4.9 Mass-front velocity against travel distance from the gate for cases 9, 10 and 

11. (Point B indicates the distinguishing point between the upper portion of 

the flume and the convexity.) 

 

Okura et al. (2000a) indicated that relative positions among falling blocks are 

essentially maintained in the downflow direction; the rear blocks cannot pass the front 

ones and so the blocks maintain their positional relations from rockfall initiation to final 

deposition. This phenomenon was also frequently observed in our tests and rear particles 

appeared to propel and accelerate frontal ones. However, it was also revealed by the 

video recordings that rear particles passed some originally frontal particles and moved far. 

Releasing mode might be the main cause for the difference from the results by Okura et 

al. (2000a). In their tests, blocks were arranged in a cube on a falling apparatus which 

was set on a flat surface at the top of the slope. A prop which was set under the apparatus 

was pulled out to induce a granular avalanche by the weight of the rocks and the 

apparatus themselves. When the prop was pulled out, the frontal blocks moved before the 

rear ones. Therefore, conservation of relative positions of blocks in a moving mass holds. 
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In our tests, however, the gate was opened when a pin was pulled out, which was set on 

the upper part of the gate (Figure 4.4); the basal blocks moved first, and then the top ones. 

Thus, the conservation of relative positions among the blocks was broken. 

 

4.3.3 Initial arrangement 

Two types of initial arrangement were designed for blocks by varying the shape of silo. 

In case 1, blocks were initially arranged in a high and narrow stack (indicated by the 

word ‘trapezium’ in Table 4.1). In case 2, blocks were initially arranged in a low and 

wide stack (indicated by the word ‘triangle’ in Table 4.1). The arrangements of the blocks 

are illustrated in Figures 4.10(a) and 4.10(b).  

 

           

Figure 4.10 Initial arrangement of blocks: (a) triangle; (b) trapezium 

 

  The hypothesis was that the velocity in case 1 would be higher than that in case 2 

because the height of original mass center in the ‘high and narrow’ initial arrangement 

was 1.25 times larger than that in case 2. Potential energy in case 1 was also higher than 

that in case 2. However, Figure 4.11 shows that the velocity in case 1 was slight lower 

than that in case 2. The influence of the initial arrangement seems not so significant in 
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this study. Many researchers reported that fall geometry has a considerably effect on 

run-out, such as Crosta et al. (2009), Davies (1997), Lajeunesse et al. (2004, 2005), Lube 

et al. (2005), Manzella and Labiouse (2008). The difference from their results was 

probably caused by two reasons. First, the height of the trapezium (1.0 m) in case 1 was 

not much higher than the side of the triangle (0.74 m) in case 2. Second, the materials 

arranged in the silo firstly moved in the vertical direction and contacted with the base of 

the silo after the gate was opened. In case 1, the added frictional resistance, caused by a 

higher overburden stress, consumed more potential energy due to the change in 

movement direction. 

 

 

Figure 4.11 Mass-front velocity against travel distance from the gate for cases 1, 2, and 

6-2 

 

4.3.4 Consecutive releases 

Some factors are not feasible to model in reduced scale tests. Examples of these are those 

involving environmental conditions not present in the laboratory, such as the presence of 

a saturated substrate, or ground shaking due to the impact of the avalanche on the ground 

at the toe of failed slopes (Davies and McSaveney, 1999). From a practical point of view, 

the presence of a substrate can be simulated by consecutive releases in the laboratory, 

and pre-existing deposits can be the substrate for subsequent avalanches. The effect of 
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the substrate on propagation process (e.g. entrainment) can thus be investigated in 

laboratory tests. Pudasaini and Kröner (2008) successively released different granular 

materials and stratified depositions in a channel flow very similar to that studied in this 

chapter.  

  Cases 5 and 6 were conducted to study the influence of consecutive releases on the 

velocity, and the order of the release is listed in Table 4.1. Cubes were released first and 

they deposited on the flume (case 5-1). Gravel was then released subsequently and they 

travelled over the pre-existing deposit of the cubes (case 5-2). Case 6 followed the same 

pattern but the release subsequence, i.e., gravel was released first (case 6-1) and then 

cubes (case 6-2). 

Mass front was hard to track and its velocity was not able to be determined in case 5-2 

because the second release of the gravel permeated into the pore of the pre-existing 

deposit of the cubes. This phenomenon demonstrates that the pre-existing coarse deposit 

had some influence in obstructing of movement of the fine materials. 

The velocity was determined in case 6-2 and compared with that in case 2. As shown 

in Figure 4.11, there was no significant difference in velocity when materials travelled 

along the upper slope for cases 2 and 6-2, and the velocity in case 6-2 was considerably 

lower than that in case 2 along the lower slope. One of the main causes was that part of 

the energy from the second release was absorbed by the pre-existing deposit of the first 

release, and another part of the energy was used due to entrainment. Entrainment along 

propagation path is confirmed in field investigations, such as the Xiejiadian rock 

avalanche (Xu et al., 2010). A soft, erodible substrate was of certain influence on the 

velocity and ability of entrainment during rapid movement along its propagation path. 

Additionally, the energy was also consumed by the friction when the cubes slid over the 

accumulation of the gravel.  

 

4.3.5 Obstacles 

It is reasonable that the propagation process of granular avalanches is affected by the 

locations of topographic constraints and obstacles on the path, such as bends, deflections, 

channeling, opposite-wall obstruction, and dense forest. These obstructions are defined in 

detail by Corominas (1996), and Pudasaini and Hutter (2007). Some of these obstructions 
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are found at the site of the Xiejiadian rock avalanche (Xu et al., 2010). In this study, a 

sharp convexity in the slope and a dense forest were simulated. 

 

4.3.5.1 The convexity 

The schematic plan of the slope convexity is illustrated in Figure 4.12. The sharp 

convexity was set in case 11. All other conditions were similar to those in case 9.  

 

 

Figure 4.12 Arrangement of obstacle: convexity 

 

The trend of velocities in case 11 significantly departed from that in case 9 (Figure 4. 

9). In case 11, the velocity increased when the materials slid along the upper slope, 

reaching a peak in velocity of 4.6 ms-1 when the mass front approached the convexity in 

the slope. After that, the velocity decreased because the materials travelled across the 

convexity with a gentle inclination, reaching a low velocity of 2.1 ms-1 close to the vertex 

of the convexity. Some subsequent particles at a relative high velocity gave propulsion to 

the slowed front, and those propelled frontal particles took a ballistic trajectory from the 

vertex of the convexity and briefly lost contact with the base of the flume (Figure 4.13). 

Their velocity increased gradually up to the second peak velocity of 4.7 ms-1 at a distance 

of 4.5 m when the materials finally made contact with the base of the lower slope, 

compared with the first peak velocity of 4.6 ms-1 at the travel distance of 2.4 m. 

Following this, the velocity decreased greatly due to the added frictional resistance. 
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Figure 4.13 Materials taking a ballistic trajectory from the vertex of the convexity 

 

  The second peak in velocity was shown in case 11 when the materials just landed on 

the lower slope, even though there was no source of the energy other than that derived 

from the loss in potential energy. It was attributed to two main reasons. First, part of the 

energy was conserved when the materials took the ballistic trajectory due to the lack of 

friction with the flume. It is logical that the low friction is partly responsible for the 

greater mobility in the actual situation. This is particularly evident for very rough slopes 

where more abundant, higher and slightly longer ballistic trajectory or jumps occur, 

which resulted in the high mobility. Second, particles dispersed considerably and 

individual particle could be distinguished easily when they lost contact with the flume, 

whereas particles maintained a high concentration when they flowed along the base of 

the flume, as could be observed in the video recordings. Less energy was consumed by 

intergranular friction and collision due to the low concentration. 

 

4.3.5.2 Forest model 

It is observed in our field investigations, e.g. rock avalanche sites in Sichuan Province, 

China, that there is a dense forest just after the transition from an abrupt slope to a gentle 

one. Vegetable is sparse on the surface of the abrupt slope, and crops covered the gentle 

slope. In order to simulate this scenario, a forest model, 0.9 m long and 1.0 m wide, was 
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placed in the lower slope from the concavity. 105 model trees with the height of 0.05 m 

were arranged as shown in Figure 4.14. A composite of cobbles and gravel was released 

onto the forest model (case 16), compared with case 14 in which all other conditions 

were the same except it had no forest model. 

 

 

Figure 4.14 Arrangement of obstacle: forest model 

 

  The velocity followed rather similar behavior in cases 14 and 16 when the materials 

flowed along the upper slope. After reaching the peak velocity, the mass front slowed 

suddenly near the concavity in both cases 14 and 16. The slowing was more remarkable 

in case 16 than that in case 14, due to the presence of the model forest, as shown in Fig. 

16. The mean velocity along the lower slope was 3.26 ms-1 in case 14 and 2.3 ms-1 in 

case 16 respectively, which means, the mean velocity reduced by 29.4% as a result of the 

resistance of the model forest. The velocity increased slightly after the mass front left the 

forest model in case 16. Some model trees were destroyed and entrained by the moving 

materials. Comparing with the size of blocks (0.1 m or 0.05 m), the trees with the height 

of 0.05 m (as the same order of magnitude in the size of blocks, even an order smaller 

than blocks) were of certain influence on the velocity in the tests. Corominas (1996) 

noted that the effect of obstacles is appreciated easily because falls developing through 

forest cover needed to be one or two orders of magnitude larger in volume to display the 

same tangent of reach angle as unobstructed rockfalls. It is difficult to draw a qualitative 
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conclusion how the model trees, e.g. their quantity, height, location, and arrangement, 

influenced the movement of granular flows, however, the result indicates a significant 

obstruction effect. 

A higher velocity was revealed for the composite of cobbles and gravel in case 16 than 

that for the composite of cubes and gravel in case 15 along the upper and lower slopes. 

The difference in velocity between the two cases was not so obvious when the materials 

travelled along the lower slope, as shown in Figure 4.15. This might be due to the 

obstruction of the forest model, which weakened the effect of block angularity on 

propagation process.  

 

 

Figure 4.15 Mass-front velocity against travel distance from the gate for cases 14, 15 and 

16. (The heavy line on x-axis indicates the arrangement of forest model.) 

 

4.3.6 Bottom roughness 

Case 22 was performed to examine the effect of bottom roughness referring to case 3.  

Cohesion and friction angles were determined for the gravel, and their interface with 

the mat, forest model, or wood (no matting) by large-scale direct shear tests (Table 4.2). 

For example, the forest model was fixed on the horizon, and a large shear box filled with 

the gravel was placed above the forest model. The adhesion and friction angle of the 

interface between the gravel and the forest model could be measured. 
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The mass front travelled at a higher velocity in case 22 than in case 3, especially 

beyond the travel distance of 4.5 m (Figure 4.5). From a geological/geotechnical point of 

view, this part of the flow region is more important because it explains the real mobility 

of the flow and the possible thread to settlement. The mean velocity along the lower 

slope was 2.94 ms-1 in case 3 and 3.71 ms-1 in case 22, which increased by 26.2% when 

the mat was absent. The high velocity in case 22 was due to the lower friction between 

the materials and the flume without matting. For detailed investigations and discussions 

on the effects of material frictions on the flow dynamics and settlements, we refer to 

Pudasaini and Hutter (2007) and Pudasaini and Kröner (2008). 

 

4.4 RESULTS AND DISCUSSIONS ABOUT DEPOSIT 

CHARACTERISTICS 

Much previous research has focused on deposit characteristics. Herein the deposit 

characteristics are also briefly presented.  

 

 

Figure 4.16 Deposit characteristics of the main part of the deposit in case 4 

 

Vertical segregation was evident, and the blocks that were much larger than the mean 
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diameter accumulated at the surface of the gravel (Figure 4.16). This is also observed in 

previous small-scale flume tests as well as in field investigations. See, Pudasaini and 

Hutter (2007) for detailed discussions on the segregation and the mechanisms generating 

the segregation in different geophysical mass flows and laboratory granular flows and 

depositions.  

Some factors influencing the characteristics of the main part of the deposit are reported. 

For laboratory flows of sand and quartz, the deposition processes, characteristics, and 

dynamics were discussed in detail in Pudasaini and Hutter, 2007; Pudasaini et al., 2005a, 

2007; Pudasaini and Kröner, 2008; Pudasaini and Domnik, 2009. 

 

4.4.1 Material volume 

 

 

Figure 4.17 Deposit characteristics for cases 9, 10 and 12 

 

As mentioned in section 4.3.2, 200 kg cobbles (100 kg large cobbles and 100 kg small 

cobbles) and 400 kg cobbles (200 kg large cobbles and 200 kg small cobbles) were 

employed in cases 9 and 10 respectively. As observed in Figure 4.17, the travel distance 

in case 10 was longer than that in case 9. The deposition height in case 9 was half of that 

in case 10, which was attributed to the smaller volume of employed materials in case 9. 

This result supported the conclusion that run-out is mainly dependent on the volume of 

involved materials, stated by many researchers, e.g. Corominas, 1996; Davies, 1982; Hsu� , 

1975; Legros, 2002; Okura et al., 2000a; Scheidegger, 1973; Ugai et al., 2010; Valentino 
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et al., 2008. The free surface of the deposition in case 9 was smoother than that in case 

10. Scrutiny shows that some large cobbles stayed at the surface of the main part of the 

deposit. There were less opportunities for large cobbles depositing at the surface due to 

the smaller volume, and this was the possible cause for the smooth surface in case 9. 

 

4.4.2 Obstacles 

4.4.2.1 The convexity 

In the cases with a convexity, travel distance was defined as the distance travelled along 

the base of the flume with no convexity to facilitate the comparison with those of other 

cases.  

  Cases 10 and 12 were performed under the same conditions except that case 12 was 

conducted with a convexity. Height and length of the main part of the deposit were 

closely similar in both cases. Travel distance in case 12 was shorter than that in case 10 

(Figure 4.17). The velocity reduced significantly and the energy was dramatically 

consumed due to the added frictional resistance after the contact with the base of the 

flume, and the materials deposited soon without moving farther. This was the probable 

cause for the short travel distance in case 12. 

Case 21 was conducted with a convexity, and its reference case was case 22 with no 

convexity. The two cases were carried out with no matting. Deposition height in case 21 

was larger than that in case 22, and length and travel distance were shorter than those in 

case 22 (Figure 4.18). In case 21, the materials took a ballistic trajectory from the vertex 

of the convexity and finally made contact with the base of the lower slope, which 

consumed energy by the added frictional resistance due to the changes in movement 

direction, and the velocity reduced significantly. The slowed frontal part obstructed the 

movement of rear particles, and this caused them to decelerate and deposit. This 

contributed mainly to building up the height of the main part of the deposit. That was the 

reasons why the main part of the deposit was short and high in case 21. 
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Figure 4.18 Deposit characteristics for cases 3, 21 and 22 

 

4.4.2.2 Forest model 

The composite of cubes and gravel was used in cases 4 and 15, with the forest model in 

case 15. The composite of cobbles and gravel was released in cases 14 and 16, and case 

16 had the forest model. As shown in Figure 4.19, the shape of the main part of the 

deposit was prone to be high and short in the cases with the forest, and low and long in 

the absence of the forest. This was ascribed to the resistance of the forest model. The 

materials was obstructed by the model forest and deposited without sliding farther. The 

travel distances in the cases with the forest were shorter than those in the cases without 

the forest. 

 

 

Figure 4.19 Deposit characteristics for cases 4, 14, 15 and 16 
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4.4.3 Bottom roughness 

The deposit shape tended to be short and high due to the presence of matting on the 

flume base (Figure 4.18). The travel distance in case 22, with the low friction between 

the materials and the flume, was larger than that in case 3. These results agree with the 

results presented in Pudasaini and Hutter (2007), Pudasaini and Kröner (2008), for flow 

of granular materials in different laboratory settings. 

 

4.5 CONCLUSIONS 

A series of large flume tests was conducted to clarify some factors influencing mass-front 

velocity and deposit characteristics of rapid, dry granular flows. Constrained flows were 

simulated by releasing gravel and/or blocks down a 15.5 m long flume with two slopes of 

different inclinations in these tests. Test conditions considered in this study were 

gradation and volume of released materials, shape and initial arrangement of blocks, 

consecutive releases, obstacles, and bottom roughness. A total of 20 cases with different 

test conditions were performed.  

  The velocity was affected significantly by the characteristics and concentration of 

involved materials. A high velocity and its fluctuation were shown for the cobbles, which 

were prone to rolling and impact due to their high roundness. The velocity reduced near 

the concavity for the blocks and for the gravel as well, and the decrease in velocity was 

more significant for the gravel than that for the blocks. The velocity added up with an 

increase volume for the cobbles. A composite of cubes and gravel with a large volume 

displayed a rather lower mobility than a mono-material of cubes and of gravel with a 

small volume. The velocity of a composite of cobbles and gravel with a large volume 

was almost the same as a mono-material of cobbles and of gravel with a small volume. 

The velocity for the case in a high and narrow initial stack was slightly lower than that in 

a low and wide initial stack, and the influence of the initial arrangement of blocks was 

not evident in this study.  

The progression of granular flows was controlled by the topography, including macro- 

(e.g. slope mean gradient) and micro-topography (e.g. bottom roughness and obstacle). 

The velocities in all studied cases reduced by approximately 25% when the materials 

changed the direction of movement near the concavity of the flume. A soft, erodible 
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substrate was of certain effect on obstructing of movement of subsequent flows and 

ability of entrainment along its propagation process. Two peak velocities were shown in 

the cases with a convexity, which significantly departed from those cases with no 

convexity. The mass front decelerated when it encountered the convexity, and then 

accelerated greatly when the materials took a ballistic trajectory from the vertex of the 

convexity and briefly lost contact with the base of the flume. The forest model obstructed 

the progression of granular flows. The bottom roughness had an effect upon the velocity. 

  Travel distance increased with the volume for the cobbles. The movement of materials 

was affected by micro-topography, such as convexity, forest model, and bottom 

roughness. Deposit shape was prone to be short and high in these cases; its effect on 

travel distance was not obvious. 
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CHAPTER 5 

A SIMPLE LUMPED MASS MODEL TO DESCRIBE 

THE VELOCITY OF GRANULAR FLOWS 

 

5.1 INTRODUCTION 

Rock avalanches exhibit much greater mobility than could be predicted using frictional 

models (Hungr et al., 2001), and the mechanisms involved in these events are still for 

most part unknown (Manzella and Labiouse, 2009). There are two distinct mechanisms 

to reduce the friction in granular materials as mentioned in Chapter 1: lubrication or 

fluidization. Due to numerous practical difficulties related to lubrication and fluidization 

of a material in motion, particular in geophysical flows, unlubricated (or non-fluidized) 

friction between coherent sliding bodies is normally treated according to the classical 

Coulomb law (Pudasaini and Hutter, 2007). Ancey and Meunier (2004) concluded that 

velocity-dependent sliding cannot convincingly be inferred and the Coulomb model can 

provide predictions in the velocity and run-out distance in good agreement with field data 

for most events by a back analysis of 15 documented snow avalanches from field data.  

The energy mechanics of geophysical mass flows have attracted the interest of civil 

engineers at the aspects of avalanche defense, hazard mitigation and disaster planning. 

Buildings and public spaces need to be designed to withstand at least the total destructive 

power of avalanches (Pudasaini and Domnik, 2009). Heim (1932) proposed a rigid mass 

model which is still widely used. The model analyzes basic features like an angle called 

Fahrböschung (apparent friction angle), the inclination to the horizon of the line joining 

the crown of the breakaway scar to the most distal deposit along the midstream path of 

the mass. In Heim’s model, a block slides steadily down an incline with constant 

frictional coefficient, and finally the potential energy is exhausted by friction. 
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Fahrböschung is a measure of the efficiency of mass movement, and this simple 

expression can be used to get information about flow characteristics without requiring 

the full equations of motion or determining the friction parameters from experimental or 

field observation (Pudasaini and Domnik, 2009). 

Kokusho and Ishizawa (2006) and Kokusho et al. (2009, 2011) presented an energy 

approach to make a simple evaluation for slope failures and subsequent flow 

deformations. Four energies, i.e., gravitational potential energy, earthquake energy, 

dissipated energy, and kinetic energy, were considered for the model of a rigid block 

resting on an inclined plane, and an energy balance was formulated. The earthquake 

energy was a function of input energy and impedance ratio of the upper layer to the base 

layer. The input energy was estimated by an empirical equation about the earthquake 

magnitude and focal distance. Slope displacement can be evaluated by this method if an 

appropriate friction coefficient of the slope is specified. 

McSaveney (2002) numerically simulated the displacement of the center of mass, 

calculating changes in mass and speed when it lost potential energy to friction, erosion, 

and viscous and turbulent drag. They concluded that this deforming, sliding-block model 

gives speeds and duration consistent with other evidence, contrasting with the findings of 

Voight and Sousa (1994) that simple friction models greatly overestimate speed and 

underestimate duration.  

Legros (2002) analyzed a model of a changing-mass granular flow, using the law of 

conservation of energy. He concluded that progressive deposition does not allow the 

center of mass to travel farther than the distance expected for a sliding block, as long as 

the Coulomb conditions of constant coefficient of friction holds. 

In spite of these researches, velocity measurements in the laboratory and their direct 

comparison with theoretical predictions are still lacking in the literature (Pusasaini et al., 

2005a). In this chapter, a simple lumped mass model was proposed based on energy 
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approach, and its validation was checked by comparing predicted results by this model 

with the measurements presented in Chapter 4. The model only considered retardation 

resulted from the constant basal friction, yielded the Coulomb law, between the moving 

mass and underlying surface. The outcome of this study could be the basis for better 

predicting the behavior of large rock avalanches by a simple model easy to handle, and 

calibration of theoretical and numerical models both in engineering practice and field 

rock avalanches in steep mountain slopes. 

 

5.2 EXPERIMENTS AND METHODS 

5.2.1 Experimental set-up 

The Wenchuan earthquake, Ms 8.0, which happened along the Longmen Mountain fault 

zone in southwestern China, triggered a large number of collapse and landslides reported 

by many researchers (e.g. Huang et al., 2011a; Xu et al., 2011; Sun et al., 2011; Yang et 

al., 2009). A series of tests was performed to investigate some propagation mechanisms 

involved in rapid, dry granular flows and to identify factors influencing the mass-front 

velocity in the large flume. The detailed description of the large flume was presented in 

Chapter 4.  

 

5.2.2 Experimental conditions 

The test conditions were gradation and volume of materials, shape and initial 

arrangement of blocks, consecutive releases, obstacles, and bottom roughness. Table 4.1 

shows the cases analyzed in this chapter; however, other cases, e.g. consecutive releases, 

were not considered in this study, because the simple lumped mass model was 

unavailable to describe these tests. For detailed presentation and discussion on the effects 

of these factors on the velocity, we refer to Yang et al. (2011a).  
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5.2.3 Experimental results 

Test results show that the trend of velocities was similar when the topography was 

exactly the same. For example, in the case with no convexity, the materials accelerated 

down the flume, and reached, immediately near the concavity, a peak velocity. When the 

materials just entered the lower slope, the velocity showed a sudden drop. Finally, the 

materials gradually came to a rest. When a convexity was introduced, the materials 

accelerated along the upper slope and reached the first peak in velocity at the concavity. 

After that, the velocity decreased when the materials travelled across the convexity with 

a gentle inclination, reaching the lowest velocity close to the vertex of the convexity. 

Some subsequent particles at a relative higher velocity collided with the slowed front, 

and propelled frontal particles to take a ballistic trajectory from the vertex of the 

convexity and briefly lose contact with the base of the flume. The velocity increased 

gradually up to the second peak immediately before the materials finally made contact 

with the base of the lower slope. The velocity decreased greatly due to the landing. 

Finally, the materials came to a rest gradually. A complete stop could not be observed 

directly from the videos because the mass front stopped beyond the viewing angle of the 

camera. The velocity was extended to zero with line at the largest travel distance of the 

main part of the deposit measured by the tape after each test, where mass front was 

deemed to cease.  

 

5.3 A SIMPLE MODEL FOR THE VALUATION OF VELOCITY 

A lumped mass model is presented here to describe the run-out and velocity of the center 

of mass, and the constant friction between the materials and bottom surface was 

considered as the only source of energy consumption. The slope configuration in the 

model was exactly the same as the experimental flume with the two slopes inclined at 
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different angles. The cases listed in Table 4.1 were reproduced to facilitate the 

comparison with the test results. Test results indicate that the trend of velocities departed 

significantly when the bed topography was changed, in particular when a convexity was 

present. Therefore, the model was constituted under two conditions: the condition of no 

convexity and that of convexity. 

 

5.3.1 The condition of no convexity 

Let us assume a simple case, a block down a slope with two inclinations corresponding to 

that in the large flume tests. The equation of motion can be written in its simple form 

( )θµθ cossin −= ga                        (5.1) 

where, a is the acceleration of the block in its flow direction, g is the acceleration of 

gravity, θ is the inclination of the slope, and µ=tanφ is the friction coefficient of the 

block with the basal surface. φ is the friction angle determined by large-scale direct shear 

tests as listed in Table 4.2. 

The velocity v and travel distance s along the upper slope are given by 

( )1 1 1sin cosv g tθ µ θ= −                        (5.2)
 

( ) 2
1 1 1

1
sin cos

2
s g tθ µ θ= −                       (5.3)

 

where, µ1 is the friction coefficient along the upper slope, and θ1 is the inclination of the 

upper slope. 

Eliminating the variation t, a relationship between the velocity v and travel distance s 

along the upper slope can be expressed as 

( )1 1 12 sin cosv g sθ µ θ= −    ( )1s L<                  (5.4)
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The materials reach the distal end of the upper slope at a velocity of vL1,  

( ) 1111 cossin2
1

LgvL θµθ −=                     (5.5)
 

where, L1 is the length of the upper slope. 

After that, the materials begin to move at an initial velocity along the lower slope. 

Here, the initial velocity v0 is considered as the projection of vL1 in the direction 

paralleling to the lower slope, as illustrated in Figure 5.1, that is, 

( )210 cos
1

θθ −= Lvv                         (5.6)
 

where, θ2 is the inclination of the lower slope. 

 

 

 

 

 

 

 

Figure 5.1 Velocity diagram used in the model for the case with no convexity 

 

Equation (5.6) simply follows a momentum transfer assuming a collision problem is 

involved when the inclination changes; the initial velocity v0, at which the materials 

begin to move along the lower slope, resulted from the projection of the velocity just 

approaching the concavity vL1 in the direction paralleling to the lower slope; the velocity 

in the normal direction is thus neglected. 

When the materials move along the lower slope, a relationship between the velocity v 
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and travel distance s is given by  

( )( )2
0 2 2 2 12 sin cosv v g s Lθ µ θ= + − −    ( )1s L≥

            
(5.7)

 

where, µ2 is the friction coefficient along the lower slope. 

 

5.3.2 The condition of convexity 

The velocity and travel distance until the materials approach the vertex of the convexity 

are the same as those for the case with no convexity.  

After the materials reach the vertex of the convexity, they take a ballistic trajectory 

from the vertex of the convexity and briefly lose contact with the base of the flume, as 

shown in Figure 4.13. This movement is treated as a projectile motion, without regard to 

interaction between particles. The velocity vL3 at which the materials initially take a 

ballistic trajectory from the vertex of the convexity is decomposed into the horizontal and 

vertical directions, and these components are written as, respectively 

30 cos
3

θLx vv =                           (5.8)
 

30 3siny Lv v θ=                            (5.9)
 

where, θ3 is the inclination of the convexity. The velocity diagram in the case with the 

convexity is illustrated in Figure 5.2. 

The materials finally make contact with the base of the lower slope at a velocity of vL2, 

whose angle to the horizon is given by 

2

21tan
xL

yL

v

v−=α                           (5.10)

 

where, vxL2 and vyL2 is horizontal and vertical component of vL2, respectively. 
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Figure 5.2 Velocity diagram used in the model for the case with the convexity 

 

The velocity v0’  at which the materials flow initially along the lower slope is the 

projection of vL2 at which they land the base 

( )
20 2cosLv v α θ′ = −                         (5.11)

 

When the materials flow along the lower slope, a relationship between the velocity v 

and travel distance s can be expressed as 

( )( )2
0 2 2 2 1 3 32 sin cosv v g s L L sθ µ θ′= + − − − −    ( )1 3 3s L L s≥ + +

    
(5.12)

 

where, s3 is the total travel length during the ballistic trajectory, and its increment in the 

x-direction △sx,i, and in the y-direction △sy,i at the time interval △t can be respectively 

expressed as follows 

∑ ∆+∆=
i

iyix sss
0

2
,

2
,3                       (5.13)

 

tvs ixix ∆=∆ −1,,                           (5.14)
 

2
1,, 2

1
tgtvs iyiy ∆+∆=∆ −                       (5.15)

 

  The velocity during the ballistic trajectory in the x-direction and y-direction can be 
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respectively given by 

, , 1x i x iv v −=                             (5.16)
 

gtvv iyiy += −1,,                          (5.17)
 

 

5.4 COMPARISON BETWEEN EXPERIMENTAL AND 

THEORETICAL RESULTS 

The experimental results were detailed by Yang et al. (2011a), comparing and analyzing 

one factor potentially influencing velocity and run-out at a time. 

 

5.4.1 The comparison between predicted and measured velocity 

The predicted velocity in each case is shown in Figure 5.3, comparing with the measured 

velocity. The trend of predicted velocities basically matched those of the measured ones. 

The predicted velocities were somewhat lower than those measured in most cases. 

Scrutiny of the videos shows that subsequent particles with a relative higher velocity 

collided with the slowed front to make them accelerate. The collisions between particles 

caused the high measured velocity of the mass front and its fluctuation. The simple 

model could not consider the collisions between particles because the released materials 

were assumed as a rigid block. This was the reason why the predicted velocity was lower 

than the measured one. This also implies that continual collisions between particles 

might be partly responsible for the high velocity and long run-out of natural rock 

avalanches. 
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(a) Case 1 

 

(b) Case 2 

 

(c) Case 3 

Figure 5.3 The comparisons between predicted velocities by this model and measured 

velocities of granular flows in the large flume tests (to be continued) 
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(d) Case 4 

 

(e) Case 8 

 

(f) Case 9 

Figure 5.3 The comparisons between predicted velocities by this model and measured 

velocities of granular flows in the large flume tests (continued) 
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(g) Case 10 

 

(h) Case 11 

 

(i) Case 12 

Figure 5.3 The comparisons between predicted velocities by this model and measured 

velocities of granular flows in the large flume tests (continued) 

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7 8 9

M
as

s-
fr

o
n

t v
el

o
ci

ty
 [m

/s
]

Travel distance [m]

Predicted

Measured

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7 8 9

M
as

s-
fr

o
n

t v
el

o
ci

ty
 [m

/s
]

Travel distance [m]

Predicted

Measured

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7 8 9

M
as

s-
fr

o
n

t v
el

o
ci

ty
 [m

/s
]

Travel distance [m]

Predicted

Measured



76 
 

 

(j) Case 13 

 

(k) Case 14 

 

(l) Case 15 

Figure 5.3 The comparisons between predicted velocities by this model and measured 

velocities of granular flows in the large flume tests (continued) 
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(m) Case 16 

 

(n) Case 18 

 

(o) Case 19 

Figure 5.3 The comparisons between predicted velocities by this model and measured 

velocities of granular flows in the large flume tests (continued) 
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(p) Case 20 

 

(q) Case 21 

 

(r) Case 22 

Figure 5.3 The comparisons between predicted velocities by this model and measured 

velocities of granular flows in the large flume tests (continued) 
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5.4.2 The comparison of the decrease in velocity due to the concavity 

Of particular interest is the sudden decrease in velocity near the concavity. After opening 

the gate, the materials started moving down the flume, quickly acquired large velocity, 

and formed a rather thin layer of rapidly moving materials. When the materials reached 

the concavity, the velocity showed a sudden drop, and the flow went through a violent 

transition from the thin-layered rapid flow with a continuous acceleration over a 

relatively short region to a rather large deceleration of particles and reorientation of their 

flow direction. There were several reasons for the considerable decrease in velocity. Part 

of the energy was dissipated by the collision between the materials and the flume, and 

secondly due to the added frictional resistance caused by a higher overburden stress 

when the direction of movement changed. Another part of the energy was also consumed 

by internal deformation, especially for the flow with the gravel. 

The ratio of the velocity immediately after and before the concavity, labeled as Rc for 

simplification, was a measurement of the decrease in velocity and hence the energy loss 

when the materials encountered a sudden change in inclination. In this model, as 

mentioned above, the predicted velocity at which the materials just arrived at the 

concavity was projected in the direction parallel to the lower slope, to be treated as the 

initial velocity along the lower slope. Therefore, the predicted Rc was 0.82 when the 

convexity was absent (Rc=cos(45˚-10˚), where 45° and 10° was the inclination of the 

upper and the lower slope, respectively, see Figure 4.4). In the case with the convexity, 

the predicted Rc was 0.92 when the materials encountered the convexity 

(Rc=cos(45˚-22˚), where 45° and 22° was the inclination of the upper slope and the 

convexity, see Figure 4.12). The predicted Rc varied only with the change in inclination, 

and was independent of other factors. 

The comparison between the predicted and measured Rc in each case is illustrated in 
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Figure 5.4. The cases with no convexity are shown on the left, and those with the 

convexity are on the right. When the convexity was absent, the measured Rc fell within a 

narrow range of 0.71~0.76. In the cases with the convexity, however, the measured Rc 

was relatively scattered with the minimum and maximum values between 0.80~0.87. 

Energy loss was more in the case with no convexity than that with the convexity, which 

was chiefly caused by the more dramatic change in inclination. 

 

 

Figure 5.4 Decrease in velocity when the materials changed movement direction due to 

the variation in slope inclination (Note: Case No. is marked below the 

legend.) 

 

The average measured Rc was 0.73 in the case where the convexity was absent, and 

was smaller than the predicted one of 0.82. This implies that more energy was consumed 

when the materials changed their movement direction. The average measured Rc was 

0.83 in the case with the convexity, compared with 0.92 for the predicted one. The 

measured Rc was smaller than the predicted one for all cases. One of the main reasons 

was that the simple model took no account of energy loss due to the collisions, and also 

the added friction resistances between the granular materials and between the granular 

materials and flume. Another reason was that this lumped mass model failed to consider 
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the internal deformation of materials.  

 

5.4.3 The comparison of the decrease in velocity due to the landing 

The trend of velocities in the case with the convexity significantly departed from that 

with no convexity. We are mainly interested in the energy loss when the materials finally 

made contact with the bottom surface of the lower slope. The ratio of the velocity 

immediately after and before the landing, labeled as Rl, was calculated and compared. In 

the simple model, as mentioned above, the ballistic trajectory was assumed as the 

projectile motion for simplification. Incident velocity and its angle with the horizon and 

the landing location can be determined based on kinematic equations.  

The flow was allowed only in the direction parallel to the base of the lower slope after 

the landing, and the component of the velocity in the direction perpendicular to the lower 

slope was neglected. The projection of the incident velocity in the direction parallel to 

the lower slope was thus the initial velocity at which the materials began to flow after the 

landing. Careful scrutiny reveals that the mass front did not simply follow projectile 

motion due to the interaction between particles; some particles underwent violent 

bouncing as the landing and this characteristic is not a feature of this model. 

The comparison between the predicted and measured Rl is illustrated in Figure 5.5. The 

data were widely scattered, and the predicted and measured values greatly differed from 

each other in cases 8 and 13. One of the probable causes was that there was violent 

bouncing when the particle contacted with the lower slope, which cannot be reflected in 

the simple model. Another was that the instant that the particle landed sometimes did not 

just match with the frequency of the frame edited from the video because the time 

interval of two consecutive frames is somewhat long (1/30 s) relative to the high landing 

velocity. These caused that the measured velocity was smaller than that in the predicted 

one in cases 8 and 13. A higher speed camera should be used in order to capture more 
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precise data. Except the two scattered cases, the difference between the measured and 

predicted Rl was estimated to be within 5%. 

 

 

Figure 5.5 Decrease in velocity when the materials finally made contact with the flume 

 

In nine out of twelve cases, the measured run-out was larger than the predicted one 

when the convexity was absent. This argument might partly account for the importance 

of collisions between particles. In five out of six cases with the convexity, however, the 

materials travelled farther in the model than in the test. This was particular evident for 

any situation in which there are frequent significant changes in movement direction, 

especially more abundant, higher and slightly longer ballistic trajectories or jumps 

occurred. The energy was consumed dramatically by the collision, friction, and internal 

deformation when the flow of materials reoriented, a situation which the simple lumped 

mass model cannot take account of. 

 

5.5 DISCUSIONS 

Although the simple lumped mass model assumed that retardation resulted only from the 

constant basal friction between the moving mass and underlying surface during the 
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propagation process, the comparison indicates that predicted results were in reasonable 

agreement with the measured ones, and the error introduced from the simplification was 

limited within a range of 10% or less. To our knowledge, such a direct comparison has 

not been presented before between the predicted velocity by theoretical predictions and 

the velocity measured in a large flume. 

When the model is extended to reproduce natural rock avalanches, the apparent friction 

angle, rather than the friction angle measured in the laboratory should be used to consider 

the ‘size effect’. As is known, ‘size effect’ means that the deposits of large rock 

avalanche with a volume larger than about 106-107 m3 will usually extend much farther 

than smaller ones (e.g. Scheidegger, 1973; Hsü, 1975; Legros, 2002). Large deposits also 

extend much farther than would be expected using a friction model. The extraordinary 

long run-out of natural rock avalanches is thus not expected to simply relate to the 

friction coefficients measured in the laboratory. The apparent friction angle refers the 

inclination to the horizon of the line joining the top of the breakaway scar and the distal 

end of the deposit. The tangent of the apparent friction angle is called as apparent friction 

coefficient, which is a measure of the mobility of moving mass. This simple expression 

can be used to get information about dynamic characteristics without regard to 

complicated propagation mechanisms.  

Figure 5.6 shows the relationship between the volume and apparent friction coefficient 

for some natural events (Yang et al., 2012). It shows a trend in reduction of the apparent 

friction coefficient with the volume, although different mechanisms of motion are 

involved and scattering of data is high. The volume-dependent apparent friction 

coefficient is a useful tool to estimate ‘run-out’ or ‘excess travel distance’ in natural rock 

avalanches, and also served as an important parameter in numerical simulations. The 

apparent friction coefficient for each case was calculated (Table 4.1). To facilitate the 

comparison between large and small events, the apparent friction coefficient in the large 

flume tests is also shown in Figure 5.6. In these tests, the basal friction had a limited 
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range although the volume of released materials differed by almost five times, because 

the ‘size effect’ is unavailable in laboratory tests which are really at much smaller scale 

relative to field events. Using the friction coefficient measured in the large flume tests, 

which was close to the apparent frictional coefficient, this model can predict the run-out 

and velocity of granular flows, which generally were consistent with the measured ones. 

 

 

Figure 5.6 Correlation between the volume and apparent friction coefficient 

 

As pointed out by Scheidegger’s (1973), the concept of the apparent friction coefficient 

obeys the law of conservation of energy. This is basically identical to the model proposed 

in this chapter. Therefore, if an apparent friction coefficient is used, the model not only 

could predict the run-out of rock avalanches but also their velocity at a given time during 

its movement, in which the ‘size effect’ and complex bed topography can be considered. 

In addition, observations in the laboratory and in nature show that the rapid flow 

regime is characterized by more or less uniform velocity profiles with the depth, and the 

flow state in the rapid flow regime of avalanches is reasonably approximated by a depth 

integrated dynamical model (e.g. Savage and Hutter, 1989; Denlinger and Iverson, 2004; 
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Pudasaini et al., 2007). However, the large flume tests clearly demonstrate that the flows 

were not uniform through the depth, particularly in the region where bed topography 

suddenly changed. In such a region, there was a considerable momentum transfer in the 

direction perpendicular to the bottom surface, which cannot be neglected as in the simple 

lumped mass models. In the model presented in this chapter, the propagation only in the 

longitudinal direction was taken into account, and the momentum transfer in the direction 

normal to the bed was thus neglected. This simplification introduced about 10% 

difference between the predicted and measured decrease in velocity when the materials 

encountered a sudden change in slope inclination. The difference would be added up with 

complexity of terrain, e.g. upward the concavity of the surface causing centrifugal 

acceleration additional to gravity and increasing the reaction of the materials on the 

surface and hence the available frictional retarding force. Therefore, a fully 

three-dimensional model is desirable for the purpose of realistically describing the 

complete three-dimensional intrinsic behavior of granular flows. Highly refined 

mathematical solutions and a Coulomb-like behavior have been successfully used for a 

three-dimensional flow description (Denlinger and Iverson, 2001; Iverson and Denlinger, 

2001). 

The internal deformation also cannot be neglected as in the simple lumped mass 

models. This becomes apparent when we consider the materials flowing down, impacting 

on and running out across a slope inclined at a gentler angle, in this situation an overall 

depth flow changes into a surface boundary layer flow. Furthermore, the model can only 

provide reasonable approximations to the movement of the center of mass rather than the 

mass front, which is often the most important aspect of dynamic analysis.  

 

5.6 CONCLUSIONS 

This chapter presents a simple lumped mass model to predict the run-out and velocity of 
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experimental flows released in the large flume presented in Chapter 4, and the 

comparisons between predicted and measured results allow the following conclusions to 

be obtained. 

(1) The simple lumped mass model based on energy approach could roughly predict 

the run-out and velocity of granular flows. The predicted velocity was somewhat lower 

than the measured one because the model neglected the collisions between particles. 

Subsequent particles with a higher velocity collided with slowed fronts to make them 

accelerate. This implies that continual collisions were a potential cause for the high 

velocity and long run-out of large rock avalanches. This simple model can also be 

extended to predict the run-out and velocity of rock avalanches if the apparent friction 

coefficient is used, and it assists in the design of safer human habitation and 

environmental protection. 

(2) The presented model predicted a decrease in velocity when the flow changed its 

movement direction due to the variation in slope inclination. The predicted decrease in 

velocity was less than the measured one within a reasonable range of no more than 10%. 

The difference would be added up with the complexity of bed topography, especially 

when more abundant, higher and slightly longer ballistic trajectories or jumps occurred 

as observed frequently in field investigations.  

(3) For some cases, in which a convexity was introduced, the model also predicted 

similar trends of velocities as measured in the tests. The materials took a ballistic 

trajectory from the vertex of the convexity, and reduced dramatically when they finally 

made contact with the base of the lower slope. The difference between predicted and 

measured decrease in velocity was estimated with about 5% due to the landing. 
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CHAPTER 6 

NUMERICAL SIMULATIONS BY DISCONTINUOUS 

DEFORMATION ANALYSIS 

 

6.1 INTRODUCTION 

Rock mass is an inhomogeneous, anisotropic geological material consisting of both 

continuous rock medium and discontinuous components, such as joints, faults, and bedding 

planes (Ning et al., 2011). Discontinuous rock masses, although formed from a wide range 

of geological processes, possess the common characteristics of lower shear strength and 

negligible tensile strength relative to intact rock. The distinct element method (DEM) and 

discontinuous deformation analysis (DDA) are the two most popular discrete element 

methods for discontinuous rock mass. Discrete element methods have the advantage of 

being able to capture the kinematics and dynamics of numerous individual blocks without 

assuming failure modes (Sitar et al., 2005). In these methods, the domain of interest is 

treated as an assembly of rigid or deformable blocks/particles, and the contacts among 

these blocks/particles need to be identified and updated continuously during the entire 

deformation/motion process and represented by appropriate constitutive models (Jing and 

Hudson, 2002).  

Although both DEM and DDA simulate the behavior of interacting discrete bodies, the 

two methods are completely different theoretically. In DEM, a rock mass is represented as 

a block assembly, and joints are treated as interfaces between blocks. Contact forces are 

computed using a soft contact approach in which the contact is assumed to be deformable. 

An artificial damping term is required to dissipate energy. The calculations alternate 

between the application of a force-displacement relationship at all of the contacts and 

Newton’s second law for all of the blocks. In contrast, DDA, which was originally 

formulated by Shi (1988), forms a system of algebraic equations based on the principle of 

minimum potential energy and uses displacements as variables in an implicit formulation. 

DDA uses standard FEM meshes over blocks, but all of the elements are real isolated 

blocks bounded by pre-existing discontinuities. DDA adopts a penalty-constraint method 
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using an opening-closing iterative scheme within each time step to achieve equilibrium of 

the blocks under contact constrains. The contact between the blocks is assumed to be rigid; 

thus, no overlapping or interpenetration of the blocks is allowed. Energy consumption 

occurs due to friction resistance at the contacts. 

DDA has emerged as an attractive model for geomechanical problems because other 

numerical methods cannot easily replace its advantages. The continuum-based method, 

which is limited to problems in which the slide mass deforms slowly and has few material 

discontinuities, is clearly not suitable for large deformation situations. Limitations of the 

explicit DEM include its very small step for numerical stability and the use of artificial 

damping to absorb the energy generated from the relaxation analysis to maintain 

equilibrium. Shi (1988) claimed that the energy-based DDA can overcome the two 

limitations of the force-based DEM. Jing (1998) summarized the following four basic 

advantages of DDA over DEM: (a) the equilibrium condition is automatically satisfied for 

quasi-static problems without the use of excessive iteration cycles; (b) the length of the 

time step can theoretically be larger than that in explicit DEM formulations without 

inducing numerical instability; (c) there is no contact overlap, which is an important aspect 

for the simulation of fluid flow in fractured rocks; and (d) it is easy to convert an existing 

FEM code into a DDA code and include numerous mature FEM techniques without 

inheriting the limitations of ordinary FEM, such as small deformation, continuous material 

geometry, and reduced dynamic analysis efficiency. Based on these advantages, this study 

selected DDA as the analysis method to investigate the behavior of granular flows released 

in the large flume presented in Chapter 4 and three large landslides triggered by the 

Wenchuan earthquake. 

Though DDA was developed by Shi during the late 1980s, and is thus a relatively new 

numerical simulation tool, it has been applied to a wide range of problems, and researchers 

in the DDA community have dedicated a great deal of effort to document the accuracy of 

this method by performing validation studies (MacLaughlin and Doolin, 2006). 

MacLaughlin and Doolin (2006) reviewed the validation of DDA with respect to analytical 

solutions, other numerical techniques, and laboratory and field data. Doolin and Sitar 

(2002) validated the displacement accuracy of DDA with respect to analytical solutions by 

studying the behavior of an idealized frictional sliding block under a range of material 

properties and analysis parameters. Lin et al. (1996) were likely the first researchers to 

quantitatively compare DDA and DEM. They provided some examples of the application 
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of DDA to rockfall, slope stability and underground excavation problems. A detailed 

comparison between DDA and DEM was discussed by Khan (2010) from both theoretical 

and practical points of view. Tsesarsky et al. (2005) investigated the displacement history 

of a single block on an incline subjected to sinusoidal loading, and examined the accuracy 

of DDA by comparing simulation results with analytical solutions and experimental results. 

Wu (2010) and Wu and Chen (2011) used DDA to simulate two field landslides triggered 

by the Chi-Chi earthquake in Taiwan. Hatzor et al. (2004) calculated the dynamic 

deformation of a real jointed rock slope using a fully dynamic version of DDA, and the 

authors found that in the multi-block case, 2% kinetic damping is necessary to realistically 

predict damage. Ishikawa et al. (1997) discussed the non-linear deformation behavior of 

coarse granular materials subjected to both monotonic and cyclic loading, and concluded 

that DDA is moderately successful in simulating the behavior of railroad ballast and 

provides better results than FEM for the same problem. 

The objective of this chapter is to present some numerical simulations by DDA and 

investigate propagation mechanisms involved in rock avalanches. DDA was applied to 

reproduce a series of granular flows released in the large flume to demonstrate the 

applicability of DDA for realistically describing the behavior of granular flows. The 

application of DDA was then extended to large events triggered by the Wenchuan 

earthquake. Suggestion is put forward regarding the determination of a key parameter used 

in the simulation of field events. 

 

6.2 BASIC MATHEMATICAL FORMULATIONS OF DDA 

A general description of the method and formulation of DDA is adapted from Shi and 

Goodman (1985, 1989) and Shi (1992). 

Assuming that each block has constant stresses and strains, the displacement (u, v) in the 

x- and y-directions at any point (x, y) within a block is the accumulation of displacements 

induced by six displacement variables: u0, v0, r0, εx, εy, and γxy. Summing these six sources 

of displacement gives 

( ) ( ) ( )
( ) ( ) ( ) [ ]0 0 0

0 0 0

1 0 0 2

0 1 0 2

y y x x y yu
D

x x y y x xv

 − − − − 
=   − − −   

        (6.1)
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where 

[ ] 0 0 0

T

x y xyD u v r ε ε γ =                      (6.2)
 

(u0, v0) is the rigid body translation of the center of gravity (x0, y0) of the block; r0 is the 

rotation angle of the block with a rotation center at (x0, y0), the unit of which is given in 

radians; and εx, εy, and γxy are the normal and shear strains of the block, respectively. 

Individual blocks are connected to form a block system by contacts between blocks and 

displacement constraints on single blocks. For a block system with n blocks, the 

simultaneous equilibrium equations (6n × 6n) have the following form: 

11 12 1 1 1 1

21 22 2 2 2 2

1 2

1 2

j n

j n

i i ij in i i

n n nj nn n n

K K K K D F

K K K K D F

K K K K D F

K K K K D F

     
     
     
        =     
     
     
     

         

L L

L L

M M M M M M

L L

M M M M M M

L L

              (6.3)

 

where Di represents the displacement variables of block i, and Fi is the load applied to 

block i distributed to the six displacement variables. The diagonal sub-matrices [Kii] in the 

coefficient matrix in equation (6.3) represent the sum of the contributing sub-matrices, 

such as mass, block stiffness, and so on, for the ith block. The off-diagonal sub-matrices 

[Kij] (i ≠ j) are 6 × 6 sub-matrices and represent the sum of the contributing sub-matrices of 

contacts between block i and block j, as well as other inter-block actions, such as bolting. 

The solution of the system of equations is constrained by the system of inequalities 

associated with block kinematics (no penetration or tension between blocks) and the 

Mohr-Coulomb joint failure criterion for sliding along the interface, which is the main 

source of energy consumption. These equilibrium equations, which are derived by 

minimizing the total potential energy of the block system, are used to determine the 

displacements. The ith row of equation (6.3) consists of six linear equations of the form 

0 ( 1, ,6)
ri

r
d

∂Π = =
∂

K                          (6.4) 

where dri is the displacement variable of block i. The equations for r = 1 and 2  
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0 0

0, 0
u v

∂Π ∂Π= =
∂ ∂

                          (6.5) 

represent the equilibrium of the loads and contact forces acting on block i in the x- and 

y-directions, respectively. The equation for r = 3 

0

0
r

∂Π =
∂

                              (6.6)
 

represents the moment equilibrium of the loads and contact forces acting on block i. The 

equations for r = 4, 5 and 6  

0, 0, 0
x y xyε ε γ

∂Π ∂Π ∂Π= = =
∂ ∂ ∂

                      (6.7)
 

represent the equilibrium of the external forces and stresses on block i in the x-, y- and 

shear directions, respectively. 

The total potential energy Π is the summation over the potential energies of individual 

stresses and forces. The potential energy of each force or stress and their differentiations 

can be calculated separately. The differentiations 

2

( , 1, ,6)
ri sj

r s
d d

∂ Π =
∂ ∂

K                        (6.8) 

are the coefficients of the unknowns dsi in equation (6.3) for variable dri. Therefore, the 

terms in equation (6.8) form the 6 × 6 sub-matrix [Kij] in equation (6.3). Equation (6.8) 

implies that the coefficient matrix [K] of equation (6.3) is symmetric. The differentiations 

( )0
( 1, ,6)

ri

r
d

∂Π
− =

∂
K                         (6.9) 

are the free terms of equation (6.4) after they are shifted to the right. Therefore, all of the 

terms in equation (6.9) form the 6 × 1 sub-matrix [Fi]. 

 

6.3 EXPERIMENTAL SET-UP 

The large flume tests were conducted to investigate some of the propagation mechanisms 
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involved in the rapid, dry, dense granular flows and to identify factors influencing the 

mass-front velocity of the flows. A detailed description of the large flume tests was 

presented by Yang et al. (2011a). 

The velocity is one of the most important physical quantities for the dynamic 

characterization of rock avalanches. DDA is used to predict the velocity of granular flows 

in the large flume, and the comparison between the predicted and measured velocity 

facilitate to evaluate the precision of DDA.  

 

6.4 LARGE FLUME TEST SIMULATION 

The geometry and initial configuration of the numerical model were based on a 2D 

reproduction of the experimental conditions. Cube-shaped blocks with 0.1 m and 0.05 m 

sides were called large cubes and small cubes, respectively. Cobbles were simulated by 

hexagons that were as close as possible in shape to those employed in the tests. The 

gravel layer was randomly divided into an assembly of polygons with different shapes 

and sizes. The mechanic properties of the granular materials were measured in the 

laboratory. Some of the numerical control parameters are as follows: the time step size = 

0.001 s, the maximum allowed displacement ratio = 0.00085, the contact spring stiffness 

= 1×106 kN/m, and the factor of over-relaxation = 1.3. 

The numerical model reproduced the experimental set-up as close as possible. The 

main discrepancy was the difference between the plane strain condition in the tests and 

the 2D nature of the model. In the 2D model, granular elements were treated as 2D 

polygons, out-of-plane movements were not considered, and the effect of the flume’s 

sidewalls was not taken into account because their roughness was sufficiently small to 

ensure the flow in 2D conditions.  

 

6.4.1 Released material 

6.4.1.1 Mono-materials 

In cases 2, 3, and 10, several tests were conducted on the mono-materials of cubes, gravel, 

and cobbles, respectively. Figure 6.1 illustrates the initial arrangement of the granular 
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elements in cases 2, 3 and 10. 

 

 

(a) Case 2 

 

 

(b) Case 3 

Figure 6.1 Initial geometry of the blocks in cases 2, 3 and 10 (to be continued) 
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(c) Case 10 

Figure 6.1 Initial geometry of the blocks in cases 2, 3 and 10 (continued) 

 

 

Figure 6.2 Comparison of the simulated and measured velocities in case 2 

 

Figures 6.2, 6.3 and 6.4 show the simulated and measured mass-front velocities for cases 

2, 3, and 10, respectively. The trend of the simulated velocities corresponded well with that 

of the measured velocities. Both the simulated and measured velocities fluctuated due to 

the propulsion of subsequent particles to the slowed front by impact. DDA accurately 

reflected this important phenomenon; this was an advantage of DDA over simple lumped 

mass models in which a moving mass is simplified as a rigid body without regard to 
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collisions between particles. 

 

 

Figure 6.3 Comparison of the simulated and measured velocities in case 3 

 

 

Figure 6.4 Comparison of the simulated and measured velocities in case 10 

 

In case 10, cobbles were also simulated by regular octagons. The simulated velocity for 

the regular octagons was much higher than that for the hexagons, and also much higher 

than the velocity measured in the tests. A majority of the octagonal blocks moved beyond 

the flume and stopped on the horizon, while a different situation occurred in the tests. Thus, 
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the velocity and run-out were highly sensitive to the shape and angularity of granular 

elements used in the numerical analysis. This conclusion corresponded with that drawn by 

Hatzor et al. (2004), who found that the DDA simulation results are extremely sensitive to 

the geometrical configuration, i.e., the computed mesh. Therefore, the shape and angularity 

of the blocks had to be determined carefully in the numerical model because the use of 

unrealistic granular elements may cause the grain behavior to be modeled inaccurately. 

 

6.4.1.2 Composites 

Two composites were tested, including a composite of gravel (400 kg) and cubes (200 kg 

large cubes and 200 kg small cubes) in case 4 and a composite of gravel (400 kg) and 

cobbles (200 kg large cobbles and 200 kg small cobbles) in case 14.  

 

 

(a) Case 4 

Fig. 6.5 Initial geometry of the blocks in cases 4 and 14 (to be continued) 
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(b) Case 14 

Figure 6.5 Initial geometry of the blocks in cases 4 and 14 

 

In case 4, the cube and gravel composite was initially arranged as alternating layers of 

cubes and gravel (Figure 6.5). A total of 68 cubes were arranged in the position as close as 

possible to that in the tests. Two layers of gravel were divided into 153 irregular polygons 

with different shapes and sizes. Though only a few irregular polygons were used in the 

numerical model and their shape was not exactly the same as that in the tests, the 

simplification was feasible with the objective of capturing the main features of granular 

flows. 

DDA accurately predicted the low velocity of this composite of cubes and gravel (Figure 

6.6). The agreement between the simulation and experiment indicates that DDA effectively 

described the granular flows. The cube and gravel composite with a large volume 

displayed a lower mobility than the cube and gravel mono-materials with small volumes 

because more energy was consumed by intergranular friction between the cubes and gravel. 

DDA accurately modeled the energy dissipation caused by the friction between particles; 

this is another advantage of the DDA over simple lump mass models in which retardation 

only resulted from the constant basal friction between a moving mass and the underlying 

surface without regard to intergranular friction. 
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Figure 6.6 Comparison of the simulated and measured velocities in case 4 

 

 

Figure 6.7 Comparison of the simulated and measured velocities in case 14 

 

An unexpectedly high velocity that was almost the same as those for the mono-materials 

was observed for the cobble and gravel composite in case 14. The velocity of this 

composite was considerably higher than that of the cube and gravel composite (case 4) 

because the cobbles rolled on the surface of the gravel more easily than the cubes. The 

global tendency of the simulated velocities, which are represented by the solid line, 

coincided with the experimental data, which are represented by the dashed line (case 14, 

Figure 6.7). However, the simulated velocity fluctuated greatly because the DDA did not 
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take the energy loss due to the collisions between particles and between particles and the 

flume into account. Thus, the velocity of the frontal particles increased more significantly 

when subsequent high-velocity particles provided propulsion to allow them to accelerate. 

Collisions occurred frequently and considerably dissipated energy. A restitution coefficient 

had to be introduced to consider the energy loss caused by the collisions. Ma et al. (2011) 

proposed a modified DDA method to address this problem in simulating rockfalls. The 

simulated results were compared with test results, and found that the velocity is most 

accurately predicted using a restitution coefficient of 0.7. 

 

6.4.2 Material volume 

Cases 9 and 10 employed 200 kg cobbles (100 kg large cobbles and 100 kg small cobbles) 

and 400 kg cobbles (200 kg large cobbles and 200 kg small cobbles ), respectively.  

The velocity of the materials with a smaller volume (case 9, Figure 6.8) was lower than 

that of the materials with a larger volume (case 10, Figure 6.4). DDA predicted the lower 

velocity in case 9; this confirms our previous conclusion that the velocity increases with 

volume for the cobbles. 

 

 

Figure 6.8 Comparison of the simulated and measured velocities in case 9 
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6.4.3 Obstacles 

6.4.3.1 Convexity 

A sharp convexity was used in case 11. The velocity trends, showing two peak velocities, 

significantly departed from the cases in which there was no convexity. The consistency 

between the simulated and measured velocities in this case (Figure 6.9) indicates that DDA 

was capable of describing the propagation behavior of granular flows even when the bed 

topography changed significantly. 

 

 

Figure 6.9 Comparison of the simulated and measured velocities in case 11 

 

6.4.3.2 Forest model 

A 0.9 m long and 1.0 m wide forest model was placed on the slope after the concavity. A 

cobble and gravel composite was released onto the forest model (case 16).  

The friction angle of the model forest was 38.68°, which was determined by large direct 

shear tests (Yang et al., 2011a). DDA reflected the obstruction of the propagation 

movement of granular flows due to the forest. Immediately after the concavity, the velocity 

dropped more significantly than in the previous case due to the resistance of the model 

forest, as illustrated in Figure 6.10. 
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Figure 6.10 Comparison of the simulated and measured velocities in case 16 

 

The comparison of the simulated and measured velocities indicates that DDA can 

satisfactorily reproduce granular flows in the large flume tests. In the next section, the 

numerical model will be applied to reproduce three large landslides triggered by the 

Wenchuan earthquake. 

 

6.5 SIMULATIONS OF LARGE ROCK AVALANCHES 

In this section, we extended the application of DDA to the reproduction of three large 

events triggered by the Wenchuan earthquake on May 12th, 2008, which were selected 

due to their relevance and the relatively large amount of data recorded before and after 

the failure. 

 

6.5.1 The Donghekou rock avalanche 

The Donghekou rock avalanche buried 7 villages and killed 780 people. It was a typical 

rapid, long run-out rock avalanche with an altitude difference of 540 m between the toe 

and main scarp, a sliding distance of 2,270 m, and a volume of 15 million m3 (Xu et al., 

2010). The landslide consisted of sandstone, shale, and schist from the Cambrian age, 

and was located approximately 4 km from the active fault-rupture (Yin et al., 2009). 
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After the event, a valley bottom of 1.08 km2 was covered with deposit with a maximum 

thickness of 60 m, and an impounded lake with a capacity of 250 million m3 was formed 

(Huang et al., 2011b). 

It is somewhat difficult to compare a 2D simulation with a 3D field case. Certain 

assumptions were made to capture the main features of the large rock avalanche. Blocks 

were treated as 2D quadrilaterals; the failed mass was assumed to be completely 

disintegrated before it moved without regard to fragmentation during the propagation 

process; the lateral constraint was neglected; and the initial geometry of the failed mass 

and initial topography of the sliding surface were highly simplified. Despite these 

assumptions, a 2D simulation is helpful for understanding the propagation mechanisms 

and behavior. A sketch of the DDA model of the slope is shown in Figure 6.11. The 170 

quadrilaterals composing the failed mass were randomly generated.  

 

 

Figure 6.11 Block geometry in the DDA simulation for the Donghekou rock avalanche 

 

The failed mass had an initial horizontal velocity to briefly consider earthquake energy. 

The initial horizontal velocity was 1 m/s, based on the effects of topographic amplification, 

seismic horizontal peak velocity, and distance to faults. Another similar case was also 

performed in which the avalanche was only triggered by the gravity, and the initial velocity 

was not considered. Comparing these two cases allows the effect of earthquake energy on 

the final deposit to be investigated. The laboratory-measured mechanical properties were 

reported by Huang et al. (2009), and the main numerical control parameters are as follows: 

the time step size = 0.01 s, the maximum allowed displacement ratio = 0.0015, the contact 

spring stiffness = 5×108 kN/m, and the factor of over-relaxation = 1.3. 
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Figure 6.12 Calculated final deposit of the Donghekou rock avalanche when measured 

friction coefficient was used 

 

The calculated deposit was combined with the actual final deposit observed in the field, 

as illustrated in Figure 6.12. The sliding mass remained in approximately the same place 

at 200 s (20,000 time steps) after the inception of motion. The calculated run-out was 

much shorter than the actual run-out. The trial calculations show that simulation results 

were significantly affected by friction coefficient. The friction coefficient measured in 

the laboratory was difficult to reproduce the extremely long run-out of the rock 

avalanche. This implies that the ‘size effect’ should be considered in the simulation of 

field events. The ‘size effect’ means that the deposits of a natural rock avalanche with a 

volume larger than 106~107 m3 typically extend much farther than those of smaller 

avalanches and extend much farther than the deposits simulated by a friction model (e.g. 

Scheidegger, 1973; Hsü, 1975; Erismann and Abele, 2001). The long run-out is thus not 

expected to relate to the friction coefficient measured in the laboratory. To account for 

this discrepancy, the apparent friction coefficient, a measure of the mobility of the rock 

avalanche, is the tangent of the apparent friction angle and refers to the inclination to the 

horizon of the line joining the top of the breakaway scar and the distal end of the deposit. 

The apparent friction coefficient was typically much smaller than the measured friction 

coefficient for large rock avalanches. Figure 6.13 illustrates the relationship between the 

volume and apparent friction coefficient for some natural events (including the 

Donghekou rock avalanche, which is represented by a solid circle). To allow these events 

to be more easily compared, the apparent friction coefficients in the large flume tests are 

also plotted in Figure 6.13.  

The apparent friction coefficient of 0.238 (Xu et al., 2010) was used. The failed mass 

had an initial velocity of 1 m/s in one case, and the initial velocity was not considered in 

the second case. When the apparent friction coefficient was used, the calculated deposit 

Actual deposit 
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corresponded well with the actual deposit in both cases (Figure 6.14). Whether the 

apparent friction coefficient can be served as a reasonable parameter in reproducing the 

actual deposit of field rock avalanches must be further confirmed. Furthermore, the 

comparison of the two cases implies that the effect of earthquake energy was not 

apparent on the final deposit. This ambiguity may confirm the statement proposed by 

Kokusho et al. (2009) that the contribution of earthquake energy is still indirectly 

important through the reduction of the friction coefficient through cyclic loading instead 

of directly through the supply of the driving energy.  

 

 

Figure 6.13 Correlation between the volume and apparent friction coefficient  

 

It is worth noting that the friction coefficient measured in the laboratory served as an 

appropriate parameter in the simulation of the large flume tests, which reasonably 

predicted the velocity of those granular flows. This was because the volume of granular 

materials released in the large flume tests was much smaller than 106 m3, and the ‘size 

effect’ was unavailable. For field events, however, a volume-dependent apparent friction 

coefficient should be used to consider the ‘size effect’. This result was confirmed by the 

Davies and McSaveney’s conclusion (1999) that granular avalanches with volumes 

ranging from 10-4 m3 to approximately 105 m3 show consistent run-out behavior, but the 

run-out behaviors of those with volumes greater than 106-107 m3 differ significantly from 

those at smaller scales. 
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Figure 6.15 shows the failure process from initiation to rest. Xu et al. (2010) and Yin 

et al. (2009) stated that a rapid throwing occurred during triggering period. Surprisingly, 

however, a rapid throwing from the upper gentle platform was not observed in our 

simulation. Instead, the entire failed mass slid nearly undisturbed, and the debris 

exhibited similar strata as the source. 

 

 

(a) With an initial velocity 

 

 

(b) No initial velocity 

Figure 6.14 Calculated final deposit of the Donghekou rock avalanche when apparent 

friction coefficient was used 

 

The maximum simulated velocity among the sliding blocks was 60.2 ms-1, and this 

block (No. 43) was located near the slope surface, as shown in Figure 6.11. This block 

traveled 447 m from its initial position, reaching the maximum velocity at an elapsed 

time of 19.7 s. This block accelerated and bounced due to the propulsion provided by 

subsequent blocks with higher velocities. Continuous propulsion was one of the potential 

causes for the high velocities and long run-outs of field rock avalanches. 

Actual deposit 

Actual deposit 
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Figure 6.15 Failure process of the Donghekou rock avalanche 

 

6.5.2 The Xinbei middle school landslide 

The Xinbei middle school landslide buried at least 1,000 students and teachers (Xinhua 

News Agency, 2008). The landslide was a complex of ancient landslide and cliff with a 

length of 650 m, a breadth of 200 m, an average thickness of 40 m, an altitude difference 

of 300 m, and a volume of approximately 2.4×106 m3 (Huang et al., 2010). The bedrock 

mainly consisted of thick limestone of Upper Devonian and Lower Carboniferous 

Periods. This landslide totally destroyed a three-storied school building in the Xinbei 

Middle School and adjacent building due to its huge impulsive force. In the leading edge 

of the landslide, there was ground ballooning along the former main street and took the 

lives of nearly 500 people, it might be related to the break thrust formed by the seism 

tectonic line (Huang et al., 2010). 

The failed mass was randomly divided into 206 polygons (Figure 6.16). The main 

numerical control parameters, i.e., time step size, maximum allowed displacement ratio, 

contact spring stiffness, and factor of over-relaxation, were the same as those used for the 

simulation of the Donghekou rock avalanche. The apparent friction coefficient of this 

landslide was 0.625. 
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Figure 6.16 Block geometry in the DDA simulation for the Xinbei middle school 

landslide 

 

The calculated deposit was combined with the actual final deposit observed in the field, 

as illustrated in Figure 6.17. The calculated deposit was similar to the actual deposit. 

 

 

Figure 6.17 Calculated final deposit of the Xinbei middle school landslide when apparent 

friction coefficient was used 

 

Actual deposit 
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6.5.3 The Shibangou rock avalanche 

The Shibangou rock avalanche was a large rock avalanche with a volume of 4.5 million 

m3, which buried a village and blocked the Qingzhu River, forming an impounded lake. 

The altitude difference between the toe and main scarp was 240 m. The deposit covered 

an area of 3.5×105 m2, with an average thickness of 15 m. 

The 176 quadrilaterals composing the failed mass were randomly generated (Figure 

6.18). The main numerical control parameters, i.e., time step size, maximum allowed 

displacement ratio, contact spring stiffness, and factor of over-relaxation, were the same 

as those used for the simulation of the Donghekou rock avalanche. The apparent friction 

coefficient of this avalanche was 0.268. 

 

Figure 6.18 Block geometry in the DDA simulation for the Shibangou rock avalanche 

 

 

Figure 6.19 Calculated final deposit of the Shibangou rock avalanche when apparent 

friction coefficient was used 

Actual deposit 
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The calculated deposit agreed well with the actual deposit observed in the field, as 

illustrated in Figure 6.19. 

 

6.6 CONCLUSIONS 

In this chapter, certain granular flows released in the large flume and natural rock 

avalanches triggered by the Wenchuan earthquake were accurately simulated by DDA. 

Their velocities and deposit characteristics were obtained by this numerical method and 

then compared with measurements. The comparisons indicate that the DDA simulation 

was satisfactory, and the differences between the simulations and measurements were 

limited to an acceptable range.  

  DDA captured the main features of granular flows in the large flume tests, and the 

simulated velocity corresponded well with that measured in the tests. Energy dissipation 

caused by intergranular friction was accurately described in DDA. Collisions between 

particles, which were one of the possible reasons for the high velocity and long run-out, 

were also reflected realistically. However, energy loss caused by the collisions was not 

taken into account in DDA. This caused that the simulated mass-front velocity to 

fluctuate more than that measured in the tests. Furthermore, the simulated results were 

highly sensitive to the shape and angularity of granular elements; thus, the use of realistic 

elements was important for obtaining reliable results. 

  The friction coefficient strongly influenced the simulation results for the large rock 

avalanches. The calculated deposit was only similar to the actual deposit when the 

apparent friction coefficient, which was determined by field investigation, was used 

instead of the friction coefficient measured in the laboratory. In contrast, for the large 

flume tests, the measured friction coefficient served as an available parameter to predict 

the velocity of experimental granular flows. Furthermore, the calculated deposit was 

similar regardless of the initial horizontal velocity. This implies that the final deposit was 

mainly determined by the potential energy of the failed mass and was not significantly 

influenced by the earthquake energy.  
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CHAPTER 7 

STABILITY OF JOINTED ROCK SLOPES 

INVESTIGATED BY SHAKING TABLE TESTS 

 

7.1 INTRODUCTION 

A rock mass is a largely discontinuous, inhomogeneous, anisotropic, and non-elastic 

material in nature (Harrison and Hudson, 2000). Rock formations usually contain 

naturally occurring fractures or planes of weakness such as bedding planes, faults, 

fissures, joints and other mechanical defects (Khan, 2010). ‘Jointed rock’ is usually used 

to describe the rock mass which contains these mechanical defects. The stability of rock 

slopes is mainly governed by the geometrical and strength characteristics of these defects, 

i.e., jointed behavior, rather than by the mechanical properties of intact rock (Giani, 1992; 

Hoek and Bray, 1981; Einstein et al., 1983). 

  The stability of jointed rock slopes is more vulnerable when the slopes are situated in 

earthquake prone areas, and engineering practices have shown that the instability and 

destroy of rock engineering always related to dynamic loads. Earthquakes with a very 

small magnitude may trigger a failure in slopes in jointed rock masses which are 

perfectly stable otherwise (Latha and Garaga, 2010). From the point of view of dynamic 

stability, it is very important to investigate the dynamic response of jointed rock slopes 

subjected to seismic shaking. 

Experiments play an important role in contributing to a better understanding of failure 

mechanisms involved in jointed rock slopes. McBride and Scheele (2001) studied a 

model slope consisted of 50 blocks, and compared the failure pattern observed in the 

experiments with DDA numerical simulation. Li et al. (2005) also carried out physical 

model tests to study the stability of jointed rock slopes, and compared the failure mode 

and factor of safety with those predicted by DEM.  

The dynamic analysis of slopes in rock masses also has been studied using physical 

model tests and numerical simulations. Ai et al. (2010) conducted explosion model tests 



111 
 

to investigate the dynamic response of consequent rock slope under seismic loading. 

Other researchers (e.g. Hatzor et al., 2004; Bhasin and Kaynia, 2004; Sosio et al., 2008) 

simulated dynamic behavior of jointed rock slopes by various numerical analysis. 

Despite of these studies, failure mechanisms in rock masses associated with seismic 

shaking are still unknown. There is little information available in the literature about the 

failure mode and dynamic response of jointed rock slopes investigated by shaking table 

tests. This chapter presents some shaking table tests to study failure process of jointed 

rock slopes associated with seismic shaking. 

 

7.2 EXPERIMENTAL SET-UP 

Experimental set-up employed in this study is showed in Figure 7.1. A frame was fixed 

tightly over a shaking table (2.0 m × 1.0 m). The back wall was covered with a white 

plastic film to achieve a better contrast in the photographs. A piece of polyfoam with a 

thickness of approximately 5 cm was mounted on the right sidewall of the frame in order 

to absorb the energy impacted by the right sidewall during the shaking. The base of the 

frame was covered three layers of blocks to limit boundary layer effects. Concrete blocks 

with the same dimensions of 45 mm long and a cross section of 25 mm × 25 mm were 

used. Jointed rock slopes were stacked with different joint configurations: horizontal and 

vertical straight joints, or joints inclined at 45°. A rock slope with straight joints was 

treated as a benchmark to facilitate the comparison with other cases. 

 

 

Figure 7.1 Experimental set-up  

Frame 

Shaking table 

Polyfoam 
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The model slope was subjected to sinusoidal waves with a peak acceleration of 300 gal 

and a frequency of 5 Hz, which were applied to the base of the slope and allowed to 

propagate upwards. Sensors were attached to some blocks to measure the acceleration 

and evaluate the amplification effect. A high-speed digital video camera was operated at 

210 fps to record the movement and failure process by a frontal perspective, and another 

digital video camera was positioned at the side of the shaking table in order to capture the 

side outline of moving blocks. 

 

7.3 EXPERIMENTAL RESULTS 

7.3.1 A slope with straight joints 

7.3.1.1 Benchmark 

The slope configuration of the benchmark is shown in Figure 7.2. 

 

 

Figure 7.2 A rock slope model with straight joints (benchmark) 

 

The failure process of the benchmark is reported herein (Figure 7.3). First, some 

cracks appeared at the slope surface usually with a depth of five blocks about 12.5 cm 

due to the inertia force induced by the sinusoidal waves. Second, when the slope moved 
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in the opposite direction, some of such cracks closed; however, other cracks kept open 

although their width became small. The cracks widened and propagated into the slope 

when the second sinusoidal wave reached. Third, when the acceleration of the wave 

increased, the cracks further enlarged, and toppling occurred and some blocks rotated. 

Last, a large failure occurred. Shaking table tests show that the failure was largely 

influenced by the joint configuration. Significantly different failure pattern was observed 

in the shaking table tests if vertical joints near the slope surface were discontinuous 

especially when the length of the vertical discontinuous joints was within the depth of 

five blocks. This was because the cracks were difficult to propagate in the direction of 

depth. 

 

 

(a) Some cracks appeared at slope surface 

Figure 7.3 Failure process of the benchmark case (to be continued) 
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(b) Cracks widened and propagated into the slope  

 

(c) Toppling started 

 

(d) The slope failed 

Figure 7.3 Failure process of the benchmark case (continued) 
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(e) The slope failed completely 

Figure 7.3 Failure process of the benchmark case (continued) 

 

7.3.1.2 A slope with one free face 

In most experiments, the configuration of the slope crest was similar to that in the 

benchmark, i.e., with two free faces (Figure 7.2). This consideration was to eliminate the 

effect of the frame on the stability of the slope by impact during the shaking. In this case, 

however, a slope with one free face was designed to facilitate the investigation the effect 

of the impact by the frame (Figure 7.4(a)), in which all other conditions were similar to 

those in the benchmark except the configuration of the slope crest. 

  Figure 7.4(b) shows the photography of the slope with one free face after failure. The 

failure surface was deeper in this case than that in the benchmark. This was due to the 

impact between the slope crest and the frame during the shaking. 
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(a) Before failure 

 

 

(b) After failure 

Figure 7.4 A slope with one free face 

 

7.3.2 A slope with joints inclined at 45° 

7.3.2.1 With supporting 

Another joint configuration was inclined at 45°. At the bottom of the slope, a wood slab 

was fixed to avoid any collapse of the blocks laid on the bottom before the shaking 

(Figure 7.5). The slope did not fail under sinusoidal waves with a peak acceleration of 

300 gal and a frequency of 5 Hz.  
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Figure 7.5 A rock slope model with 45° inclined joints (with supporting) 

 

7.3.2.2 No supporting 

In this case, there was no supporting at the bottom of the slope (Figure 7.6(a)).  

 

 

(a) Before failure 

Figure 7.6 A rock slope model with 45° inclined joints (no supporting) (to be continued) 

 

 

 

Supporting 

No supporting 
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(b) After failure 

Figure 7.6 A rock slope model with 45° inclined joints (no supporting) (continued) 

 

The failure involved gradual buckling of the blocks near the toe of the slope, followed 

by almost wholly downward and leftward movement of the slope, and correspondingly 

the blocks higher up on the slope failed along a weak interlayer.  

 

7.4 CONCLUSIONS 

To give a demonstrative overview of the generally complex process of slope failure 

associated with seismic shaking, a series of shaking table tests was performed. These 

tests give a qualitative description of various failure modes: sliding, toppling, and 

buckling. These qualitative descriptions provide a basis for a quantitative description, 

such as limit equilibrium or numerical analysis that is properly constrained and 

meaningful. Shaking table tests show that the failure was largely influenced by the joint 

configuration. Significantly different failure pattern was observed in the shaking table 

tests if vertical joints near the slope surface were discontinuous especially when the 

length of the vertical discontinuous joints was within the depth of five blocks. This was 

because the cracks were difficult to propagate in the direction of depth.  
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

 

Rock avalanches pose significant hazards in many parts over the world especially in 

mountainous areas. Understanding the propagation mechanisms from imitation to rest is 

extremely important for hazard mapping of mountainous regions, for the prevention, 

reduction, and mitigation of the natural hazards causing devastating damage of property 

and claiming the lives of the people on a large scale. In order to investigate propagation 

mechanisms and deposit characteristics involved in rock avalanches, a series of 

fundamental studies, including laboratory experiments, theoretical predictions, and 

numerical simulations, has been performed. Based on these work, some conclusions are 

obtained in this study. 

  In Chapter 2, small flume tests were carried out to study the effect of interactions 

between constitute particles on the mobility of granular flows. Test results indicate that 

the run-outs of the flows with a wide range of grain sizes were larger than those of the 

flows only containing mono-sized particles. The proportion of fine sand strongly 

influenced the run-out of granular composites. The fine sand was transported with the 

gravel, and segregated naturally to the base of the flow under gravity. The rolling of fine 

sand acted as a lubricant for the gravel by the interactions with each other, and thus the 

friction resistance reduced during the movement. With increasing mass of fine sand, a 

greater proportion of gravel was completely supported by the fine sand, and the run-out 

reached its peak. This emphasizes that rolling motion was very important in flow 

propagation, and increasing proportion of rolling to sliding in particle motion reduced 

energy consumption. However, the run-out decreased with further increasing mass of fine 

sand. This was because intergranular friction dominated which was the primary source of 

energy loss, and thus limited the propagation of granular flows. The deposit morphology 

on the steep and gentle slopes significantly departed from each other. The deposit profile 

was much flatter and longer on the steep slopes (15° and 10°) than that on the gentle 

slopes (5° and 0°). The region of maximum concentration of particles was farther from 

the flow origin on the steeper slope, i.e., more materials were transported a long distance 
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on the steep slope. On the gentle slopes, however, the deposit was more concentrated 

because the materials were prone to contribute to add the deposition height rather than 

the run-out. The deposit morphologies were almost similar on the same slope for the 

three flows containing different constitute particles. This implies that the enhanced 

mobility of granular flows was more sensitive to the inclination of the lower slope than 

granular components. 

  In Chapter 3, a series of shaking table tests was conducted to investigate some potential 

factors influencing the run-out of granular flows released in a small flume under dynamic 

conditions. Test results show that the run-outs of the two composites increased with 

decreasing frequency and increasing amplitude. The run-out of the fine particles dominated 

materials was significantly smaller than that of the coarse particles dominated materials. 

The decrease in run-out with the frequency for the fine particles dominated materials was 

more significant than that for the coarse particles dominated materials. This was because 

intergranular friction dramatically dissipated the energy when excessive fine particles were 

involved. This conclusion agreed with that drawn in Chapter 2. This implies that coarse 

materials had a higher mobility than fine materials under static and dynamic conditions. 

The increase in run-out due to the shaking was observed in most experiments, except in the 

series with the amplitude of 100 gal. The increase in run-out when the materials were 

released meanwhile the sinusoidal waves were input was larger than that when the 

materials were released before the shaking at the amplitude of 200 gal and 300 gal. This 

was because more energy was consumed by intergranular friction due to the high 

concentration of the existing deposit on the lower slope. However, the increase in run-out 

when the materials were released meanwhile the shaking was smaller than that when the 

materials were released before the shaking at 400 gal. One of the main causes was that the 

moving mass dramatically collided with the upper slope at the large amplitude when they 

flowed along the upper slope. 

  In Chapter 4, granular flows were released in a large flume to clarify some factors 

influencing mass-front velocity and deposit characteristics. The mass-front velocity was 

affected significantly by the characteristics and concentration of involved materials. A 

high velocity and its fluctuation were shown for cobbles, which were prone to rolling and 

impact due to their high roundness. The velocity reduced near the concavity for blocks 

and for gravel as well, and the decrease in velocity was more significant for the gravel 

than that for the blocks. The velocity added up with the volume for the cobbles. A 
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composite of cubes and gravel with a large volume displayed a rather lower mobility than 

a mono-material of the cubes and of the gravel with a small volume. The velocity of a 

composite of cobbles and gravel with a large volume was almost the same as a 

mono-material of the cobbles and of the gravel with a small volume. The velocity for the 

case in a high and narrow initial stack was slightly lower than that in a low and wide 

initial stack. The progression of granular flows was controlled by the topography, 

including macro-topography (e.g. slope mean gradient) and micro-topography (e.g. 

bottom roughness and obstacle). The velocities in all studied cases reduced by 

approximately 25% when the materials changed the direction of movement near the 

concavity of the flume. A soft, erodible substrate was of certain effect on obstructing of 

movement of subsequent flows and ability of entrainment along its propagation process. 

Two peak velocities were shown in the cases with a convexity, which significantly 

departed from those cases in the absence of the convexity. The mass front decelerated 

when it encountered the convexity, and then accelerated greatly when the materials took 

a ballistic trajectory from the vertex of the convexity and briefly lost contact with the 

base of the flume. The forest model obstructed the progression of granular flows. The 

bottom roughness had an effect upon the velocity. Travel distance increased with the 

volume of released materials. The movement of materials was affected by 

micro-topography, such as convexity, forest model, and bottom roughness, and deposit 

shape was prone to be short and high. However, its effect on travel distance was not 

obvious. 

In Chapter 5, a simple lumped mass model was proposed to describe the velocity of 

granular flows. The model based on energy approach could roughly predict the velocity 

of granular flows in the large flume. The predicted velocity was somewhat lower than the 

measured one because the model neglected collisions between particles. Subsequent 

particles with a higher velocity collided with slowed fronts to make them accelerate. This 

implies that continual collisions were a potential cause for high velocities and long 

run-outs of large rock avalanches. The presented model predicted a decrease in velocity 

when the flow changed its movement direction due to the variation in slope inclination. 

The predicted decrease in velocity was less than the measured one within a reasonable 

range of no more than 10%. The difference would be added up with the complexity of 

bed topography, especially when more abundant, higher and slightly longer ballistic 

trajectories or jumps occurred as in field investigations. For some cases, in which a 
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convexity was introduced, the model also predicted the similar trend of velocities as 

measured one in the tests. The materials took a ballistic trajectory from the vertex of the 

convexity, and reduced dramatically when they finally made contact with the base of the 

lower slope. The difference between predicted and measured decrease in velocity was 

estimated with approximately 5% due to the landing. This model can be also extended to 

predict the run-out and velocity of rock avalanches if the apparent friction coefficient is 

used, and it assists in the design of safer human habitation and environmental protection. 

In Chapter 6, some experimental flows presented in Chapter 4 and three large rock 

avalanches were reproduced by discontinuous deformation analysis. DDA captured the 

main features of granular flows in the large flume tests, and the simulated velocity 

corresponded well with that measured in the tests. Energy dissipation caused by 

intergranular friction was accurately described in DDA. Collisions between particles, 

which were one of the possible reasons for the high velocity and long run-out, were also 

reflected realistically. However, energy loss caused by these collisions was not taken into 

account in DDA, causing the simulated mass-front velocity to fluctuate more than that 

measured in the tests. Furthermore, the simulated results were highly sensitive to the 

shape and angularity of granular elements; thus, the use of realistic elements was 

important for obtaining reliable results. The friction coefficient strongly influenced the 

simulation results for the large rock avalanches. The calculated deposit was only similar 

to the actual deposit when the apparent friction coefficient, which was determined by 

field investigation, was used instead of the friction coefficient measured in the laboratory. 

In contrast, for the large flume tests, the measured friction coefficient served as an 

available parameter to predict the velocity of experimental granular flows. Furthermore, 

the calculated deposit was similar regardless of the initial horizontal velocity. This 

implies that the final deposit was mainly determined by the potential energy of the failed 

mass and was not significantly influenced by the earthquake energy.  

In Chapter 7, to give a demonstrative overview of the generally complex process of 

slope failure associated with seismic shaking, a series of shaking table tests was 

performed. These tests give a qualitative description of various failure modes: sliding, 

toppling, and buckling. These qualitative descriptions provide a basic for a quantitative 

description, such as limit equilibrium or numerical analysis that is properly constrained 

and meaningful. Shaking table tests show that the failure was largely influenced by the 

joint configuration. Significantly different failure pattern was observed in the shaking 
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table tests if vertical joints near the slope surface were discontinuous especially when the 

length of the vertical discontinuous joints was within the depth of five blocks. This was 

because the cracks were difficult to propagate in the direction of depth.  

The most general aim of this work was to deepen the knowledge on rock avalanche 

behavior and to open some perspectives for further advancement of the research in this 

field. I hope to have given a contribution to the knowledge of some aspects associated 

with propagation mechanisms involved in rock avalanches. As previously note, 

interactions between constitute particles influenced the mobility of granular flows. A thin 

layer of fine particles acted as rollers for the rolling of coarse particles, and the effective 

friction resistance was reduced during the movement; when excessive fine particles were 

involved, however, coarse particles were embedded in a matrix of the fine particles so 

that the particles were either blocked or forced into sliding. Rolling motion was thus very 

important in flow propagation, and increasing proportion of rolling to sliding in particle 

motion reduced energy consumption and enhanced the mobility of granular flows. 

Furthermore, subsequent particles with a higher velocity gave propulsion to these at the 

front by impact, and thus continued collisions were partly responsible for the high 

mobility of rock avalanches. Size effect should be considered to realistically reproduce 

large rock avalanches by theoretic model and numerical analysis.  

Though an extensive set of factors influencing the velocity and run-out of 

experimental granular flows has been taken into consideration, the range of studied 

factors was limited in this research due to the limit of space and time. Some factors such 

as the angularity and grain size of granular materials have been found to have influences 

on the propagation of granular flows and needs be considered in future tests. The present 

lumped mass model should be extended to the reproduction of field rock avalanches to 

check its applicability. Furthermore, the conclusion that the apparent friction coefficient 

served as a reasonable parameter for the reproduction of large events needs to be further 

confirmed by simulating a number of large events. 

There are still many challenges to be met in the field of avalanche research. The main 

intention of future researches in this field should be directed towards modeling and 

solving the real problems so as to minimize the casualties and hazards induced by natural 

avalanches. This includes knowledge and understanding from the initiation, propagation, 

to deposition. Ultimately, we can set up a system, or a set of systems linked to form a 
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network that are enable the observation and collection of detailed information about the 

location and level of rock avalanches, region prone to be hit, etc., for a safer world. 
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