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Abstract

Natural aswell asfill slopes are commonly found in Hong Kong, China and many other countries,
and slope failures with the subsequent debris flows have caused serious|oss of lives and properties
in the past till now. There are various processes and features associated with debris flow for which
the engineers need to know so as to design for the precautionary measures. In this study,
experiments on flume tests, friction tests, deposition tests, rebound tests have been carried out for
different sizes of ballsto determine the parameters required for the modelling of dry granular flow.
Different materials and sizes of balls are used in the flume tests, and various flow pattern and
segregation phenomenon are noticed in the tests. Distinct element (DEM) dry granular flow
modeling are also carried out for the flow process. It isfound that for simple cases, the flow process
can be modelled reasonably well by DEM which is crucial for engineers to determine the pattern
and impact of granular flow which will leads to further study in more complicated debris flow.
From the laboratory tests, large scale field tests and numerical simulations of the single and
multiple material tests, it is also found that the particle size will be the most critical factor in the
segregation process during granular flow. It is aso found from the laboratory tests and numerical
simulationsthat ajump in the flume can help to reducethe fina velocity of the granular flow which
isuseful for practical purposes.

Keywords:. flume test, field test, balls, granular flow, distinct element, flow process

1- Introduction

Theterrain of Hong Kong is hilly. Many slopes (fill, cut and natural slopes) and roads are formed
to cope with the rapid development of Hong Kong, China and many other devel oped cities. Hong
Kong has a high rainfall, with an annual average of 2300mm which falls mostly in summer
between May and September. The stability of man-made and natural slopesis of major concern to
the Government and the public. Landslides and the subsequent debris flows have caused loss of
life and significant amount of property damage in the past. In Hong Kong, for the 50 years after
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1947, and more than 470 people died due to slope failures and debris flow associated with man-
made cut slopes, fill slopes and retaining walls.

There are many reported serious slope failures and debris flow problemsin Chinain the recent ten
years, due to the significant amount of constructions and inadequate stabilization to many
temporary or permanent fill or natural slopes. The destructive power of large scale debrisflow is
well known, and the prevention of slope instability, reduction of debris flow destructive power by
the use of rigid, flexible barrier or other means are well practiced in many countries. There are
many cases where the slopes fail with subsequent debris flows in Hong Kong and China (Scott
and Wang 1997), which have created various serious problems. Based on a conservative estimate,
over 60 countries in the world have faced the problems of debris flow over the years. With
referenceto Fig.1, the debrisflowsin Hong Kong and China have created traffic problems, serious
loss of livesand properties, and currently there are many active research worksin the areaof debris
flow in Hong Kong and China. The research works include three-dimensiona slope stability
analysis, debris flow process, impact loads on flexible and rigid barriers and others. An example
on three-dimensional slope stability analysis using 16000 columns has been carried out by Cheng
in 2016/2017 whichisshownin Fig.2a (Lo et. al. 2018). The analysis of the non-spherical surface
is achieved by the use of Nurbs function as discussed by Cheng et a. (2005). Upon the
determination of the critical failure mass, and the flow path of the soil can be estimated from a
distinct element analysis using the method as discussed by Cheng et al. (2015). The slope failure
and the subsequent debris flow (2100m? of debris) as shown in Fig.2b is finally protected by the
use of three levels of flexible barrier against the future potential debris flow. The authors are also
considering the use of meshless method in the assessment of debris flow, which will be the next
stage of the present work (Wong 2018).

YISEIZRAR

(b)

Fig.1 Representative debris flow in Hong Kong and Shenzhen, China (a) Tsing Shan debris flow
in 1990 (King 2013); (b) debris flow in Shenzhen 2015 (see Wikipedia).
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(@) 3D dlope stability analysis (b) Debrisflow after slope failure

Fig.2 Three-dimensional slope stability analysis by Cheng (the triangulation represent the
geometry as defined by the GIS information) and the subsequent debris flow for a slope in Hong
Kong has blocked the Sai Wan Road traffic

Granular flow asapilot study of debrisflow has some fundamenta difficultiesin the physical tests
aswell as numerical analysis. In general, various particles sizes will be present in aflow, and the
debrismix is usually far from uniform in composition. For physical tests, it is difficulty to apply a
representative debris flow mix, and the flow process is further complicated by the presence of
water. For numerical simulation, it isvirtually impossible to accommodate too much particlesin a
model, ranging from a very small particle size to cobbles or even boulder in the extreme range.
Even if such anumerical model can be established, there will be serious numerical problemsif the
particles sizes differ too much in the system. Granular flow can be induced from gravity, driven
by fluid dynamic or from both factors. The classification of debris hasbeen given by Varnes (1978),
and later modified by Furuya (1980), Ohyagi (1985), Pierson and Costa (1987), Coussot and
Meunia (1996), Cruden and Varnes (1996), Hungr et al. (2001), Takahashi (2001, 2006) and others.
A detailed theoretical treatment of dry granular flow similar to some of the single material testsin
the present study has been given by Takahashi (2014) and will not be repeated here. In this study,
we will concentrate mainly on the action of gravity, while the effects of water is under study by
the authors as the next stage of research work.

Many scientists have carried out granular flow analysis. Lo (2004) has compared the different
composition of granular flow in landsidesin Hong Kong and examined the coarse and fine particle
concentration. Hutter et al. (2005) has considered the flow envel ops and the deposition of the flow.
In year 1991, the U.S. Geologica Survey has made alarge scale flume for detailed experimental
tests on debris flows. Mizuyama and Uehara (1983) have made a flume which is 20 cm wide and
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25m long, and the slope angle ranged from 5 degree to 25 degree. Liu (1996) has made a 18 cm
depth, 16 cm width and 150 cm length flume in Y unnan, China, and the flume inclination can be
adjusted from 10 to 34 degrees. Lin (2009) has made a 20 cm width 8m length flume witha2.2 m
width 3 m length catchment. There are also various flume tests that have been carried out by
various researchers in Hong Kong and many other countries.

During the transportation period, segregation occurs when debris starts to flow. Iverson (1997)
studied the factors that influence the segregation process. He found that particle size has a great
effect on the segregation process, and debris with larger particle size move upward while fine
particles go downwards. This phenomenon is the opposite of “normal grading” in which the finer
particles arefound at the upper layersin thelake or river and large particles rest at the bottom. The
main reason for the segregation is kinetic sieving, and finer particle can go through the gaps
between particles more easily than the larger particle. Large particles can a so be found at the front
of the flow because of the relatively high velocity of the larger particles at the upper layer,
compared with the finer particles with lower velocity at the lower layer. When a stable contact
network for large particleisformed at the free surface, the segregation cease to occur and the balls
finally deposit at the catchment area.

For distinct element modeling (DEM) of granular flow, Jiang et a. (2003) has studied the methods
of generations of ball in PFC2D (Cundall 1971, 1988, Cundall and Hart 1992, Cundall and Strack
1979), namely the expansion method and i sotropi c compression method. Zohdi (2007), Halsey and
Mahta (2002) discussed about the physics of granular flow; the contact model and the limit of the
friction coefficient. Sullivan (2011) also compared the theory and computation in distinct element
analysis. Itiswell known that the use of DEM can only provide qualitatively instead of quantitative
study up to the present (see also the discussion part), and most researchers adopt DEM for
gualitative analysis only.

In the present study, dry granular flow experiments will be conducted under different conditions
using glass and rubber balls for a basic study on the flow process and segregation. Both glass and
rubber balls of different diameters have been used in the tests, and combination of different size
and materials have also been tried in the tests for the illustration of the segregation problem. The
experimental results are aso analyzed by distinct element analysis using program PFC2D. It is
truethat three-dimensional distinct element modelling can be abetter tool for the present problems,
but the previous experience in three-dimensional distinct element modelling by the authors suggest
that the amount of computer time can be significant. For the present study, the flume in both the
laboratory and field tests are relatively narrow, and off-track movement of the balls/grains are not
major. Inview of that, two-dimensional modelling has been adopted in the present study, and good
resultsare actually obtained. Thetestsare performed at relatively simple condition so that the basic
problem of flow and segregation can be studied easily. It should aso be mentioned that more than
10 ten thousands photos are taken from the laboratory and field tests, and such amount of
information cannot be fed into a paper. In views of that, only representative intermediate photos
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which are used for illustration are given in the present paper, while some of the observed
phenomena are simply description without the support of the photos.

2. Physical flume modeling of granular flow
2.1 Instrumentation and Test M aterial

To enhance the knowledge on the granular flow mechanism, many laboratory and large scale field
tests have been carried out by the authors. The laboratory model isabout 1.5m long and 1.3m high
(adjustable). Theflumein the laboratory is made of polystyrene and is designed to be flexible, and
the angle of inclination can be adjusted if necessary. The flume model is40cm depth, 40 cm width,
140 cm length of upper flume and 100 cm for the lower flume with a 60 x 60 catchment area at
the bottom. Fig. 3 and Fig 4 show the schematic design of flume and flume model in the laboratory
tests. In order to record the motion of the particles, two high speed cameras are adopted. The first
one is mounted on the upper flume while the second one is fixed to the bottom flume. In the
laboratory tests, different sizes of glass beads and rubber beads are used to replace the use of sand,
and this simplification can help to assess the effects of shape and material on the segregation
process. In the large scale field test, real sand is used. For the materia parameters, the dynamic
friction angle is measured by using tilting test (Pudasaini & Hutter (2007), Mancarella & Hungr
(2010)). The property of the glass and rubber beads are determined experimentally, and the details
aregivenin Table 1.




148 Fig.3 Schematic Design of Flume
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151 Fig.4 Flume modé in laboratory
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153 Fig 5. Flume mode with asmall jump in laboratory
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155  Fig.6a Transparent glass Fig.6b Blue glass ball
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157  Fig.6¢c Green glass ball Fig.6d White plastic ball
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159  Fig.6e Red plastic ball Fig.6f Black plastic ball
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161 Table 1. The propertiesfor the glass balls and plastic ballsin laboratory granular flow test
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i Average Density External Fricti Internal Fricti
Plastic D(mm) : xternal Friction nternal Friction
Weight (kg/ m°) Coefficient Coefficient
0.781 0.547
White 50 105.35 1609.64
0.630 0.429
Red 30 23.382 1653.97
0.222 0.365
Black 15 2.862 1619.56
Average Density External Fricti Internal Fricti
Glass D(mm) : xternal Friction nternal Friction
Weight (kg/ m°) Coefficient Coefficient
0.102 ]
Transparent 40 78.686 2348.11
0.053 /
Blue 25 21.121 2581.64
0.104 ]
Green 16 5.744 2678.28

2.2 Test Programme

In the present study, the angle of the flume in laboratory is kept to be 45 degree. The effect of the
slope inclination will not be discussed in this paper, but the test results by the authors show that
the segregation process will basically remain unchanged with different flume inclination. The
effect of flume inclination can affect the degree of segregation as well asimpact forces which will
be covered by a separate paper later. Totally 68 |aboratory tests have been carried out. The 68 tests
aredivided into two groups: thefirst group of tests were conducted on the flumewith asmall jump,
and the other group of tests were carried out on the flume without a jump. Such a jump is also
commonly adopted in Hong Kong, and this helps to lower the velocity of the granular flow (for
small scaleflow). Fig 5 showsthe flumein laboratory with asmall jump. The effects of the particle
size and the flowing mass are also studied through the use of balls with different diameter, mass
and combination of different balls. Table 2 shows only some of the test programme. Test 1 to test
48 belong to thefirst tests group with asmall flume jump. Test 1 to test 6 were carried out by using
six different kinds of balls separately with the same mass of 10 kg. The mass of the bals is then
changed to 13.55kg and the above tests are repeated again (for test 7 to 10). In order to study the
segregation process for test 11 to 40, two kinds of balls with different diameters were combined
together, and for the same purposein test 40 to test 48, three kinds of balls were combined together.
Test 49 to test 68 belong to the group without a small flume jump. Same as the first group of tests
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with asmall flume jump, test 49 to test 55 were carried out for same material but different sizes of
balls. In test 56 to test 63, combinations of two kinds of balls were tried. The last five tests were
the combination of three kinds of balls.

Table 2. Test Programme

Flume with asmall jump
Test Number Flow Mass Balls
1 10Kg G(Transparent)
Onekind of balls 2 10Kg P(White)
7 13.55Kg G(Green)
8 13.55Kg P(Red)
Two kinds of balls Test Number Top Layer Bottom Layer
11 P(White) P(Red)
26 G(Trans) P(White)
Test Number | Top Layer Middle Bottom
Three kinds of Layer Layer
bals 41 P(White) P(Red) P(Black)
45 G(Trans) P(Red) P(Black)
Flume without a small jump
Test Number Flow Mass Balls
49 10Kg G(Transparent)
One kind of balls 50 10Kg G(Blue)
Two kinds of balls Test Number Top Layer Bottom Layer
55 P(White) P(Black)
56 G(Trans) P(Black)
Test Number | Top Layer Middle Bottom
Three kinds of Layer Layer
bals 67 G(Trans) P(Red) P(Black)
68 G(Trans) P(Red) G(Green)

P: Prefersto plastic balls, G: G refersto glass beads

2.3 Test procedure and test results

Test materials with different particle size combinations (single type of balls to multiple types of
balls) were put into the container which is on the top of the flume. Figure 7 shows the flow pattern
of single type dry granular material flowing aong the flume. The video captured by high speed
camera can show this process clearly. When the gate of the container was pulled up, the front part
of flow mass become loose and start to flow along the upper flume under the action of gravity,
while the latter part of flow mass followed behind. Flow mass elongated when it moved forward,
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and the shape of flow front is wedge-like type. At the moment when the particles reached the
bottom of the flume, the velocity direction of the balls changed because of the angle difference
between the upper flume and the lower flume. During the transportation period, alarge amount of
potential energy of the initial flow mass was transferred to momentum energy accompanying by
energy dissipation through the grain collision and friction. Particles at the front of the flow
reflected back when they impacted on the wall of deposition zone and collided with the subsequent
particles immediately, which consumed the residual momentum energy of flow particles. Finally
all the particles rested in the deposition zone.

In redlity, there are sediments and water in a debris flow. The effect of water is complicated and
will not be studied in the present work. The grain size distribution is usually not uniform asin the
present laboratory tests. Consequently, a good understanding of the particle flow under a mixture
of ball sizesisimportant. Particle sizeisavital parameter for the good understanding of multi-size
particle flow because it not only has an effect on the flow dynamic, but also influence the energy
attenuation during the whole flow process. Furthermore, the tilting test that is mentioned above
demonstrates that the dynamic friction angle depends on the particle size, specifically, larger
particle size will has smaller dynamic friction angle while smaller particle size will has larger
dynamic friction angle. The flow pattern of multi-size particle flow is more complicated when
compared with the single size particle flow.

Figure 8 shows the flow pattern of multi-size particle flow. Segregation occurred when the
combined particles started flowing along the flume. Figure 8a demonstrates the flow pattern of
multi-size particle flow composing of white and black plastic balls. The diameter of the white
plastic ball is much larger than the black plastic ball as shownin Table 1. From the video captured
by the high speed camera, it is easy to observe that during the transportation period, white plastic
balls flowed on the upper layer while black plastic balls stayed at the bottom layer. This
phenomenon is consistent with the segregation theory of Savage et a. (1988). Besides, it is not
difficult to find that white plastic ball always stayed at the front of the flow where the velocity was
the highest, in other word, the velocities of the white plastic balls with relative larger diameters
are higher than the black plastic balls. Besides, at the upper layer where larger white plastic balls
arelocated, theinertial force dominated the flow dynamic and the energy dissipation was less than
that of the lower layer where the flow motion is mainly controlled by the contact forces. For the
forgoing reasons, it can be seen that large particle size leads to higher velocity during the flow.

Figure 8b shows the flow pattern of multi-size material composing of green glass balls and black
plastic balls. The diameter of green glassball is similar to the diameter of black plastic ball, while
the density of green glass ball is amost two times larger than black plastic ball. In the upper
container, green glass balls were put statically at the top of the black plastic balls. After pulling up
the door, the black plastic balls flowed out firstly at the beginning and stayed at the bottom layer
due to the arrangement of the initial position of balls in the container, green glass balls quickly
moved downwards under the action of gravity, which leads to the green glass balls at the upper
layer replaced by black plastic balls subsequently. When the black plastic balls form a stable
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contact network at the upper layer of the flow, the position transition or segregation process
stopped. In this case, the difference of particle sizes between two kinds of ballsis not obvious, and
segregation was initiated due to the density difference only. During the segregation process in
which green glass bals moved downwards and black plastic balls migrated upwards, the
momentums of these two kinds of balls were transferred to each other at neighbor location,
therefore green glass balls and black plastic balls arrived at the catchment area amost at the same
time, whilefor the test in which balls were arranged in an opposite order (black plastic balls at top
and green glass balls at bottom), the green glass balls move faster and deposit earlier at catchment
area compared with the black plastic balls due to the smaller dynamic friction angle as well asthe
larger kinetic energy of the green glass balls.

Similar to the above two figures, Figure 7c shows the flow pattern of transparent glass balls and
black plastic balls. In this case, both the density and particle size of the transparent glass balls are
larger than that of the black plastic balls. As shown in high speed camera video, during the flow
process, the transparent glass balls flow upwards and move faster in comparison with the black
plastic balls. Hence, although the density of the transparent glass balls is larger than the black
plastic balls, the transparent glass balls still stay at the upper layer of the granular flow dueto their
relatively large particle sizes, which means that particle size has greater contribution for the
segregation process than density in the analysis of granular flow.

Fig. 7. Flow pattern of mono-size particle flow in physical model
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a) Theinfluence of particle size on segregation process

b) Theinfluence of density on segregation process

¢) Theinfluence of particle size and density on the segregation process
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Fig. 8. Flow pattern of multi-size particle flow

3. Numerical M odeling of granular flow
3.1 Model generation

Previous model tests by Chan (2001) for the runout were calibrated by the Dan model, where the
problem of segregation and flume jump were not considered. In general, the results are in
agreement with those from Rickenmann (in Jackobs and Hungr 2005). For the present studies
where multi-size particles are considered, the use of the simple Dan model isinsufficient. The use
of meshless method to model debrisflow has recently been considered by the authors (Wong 2018).
While the meshless method can give a prediction of the debris flow process, the segregation
phenomenon is totally neglected in the analysis, but such phenomenon is found to be critical for
many cases in Hong Kong. In views of the limitations of these numerical methods, the laboratory
tests in the present study are modelled using the distinct element method, which is more
appropriate for the large deformation, segregation and separation phenomenon during the
transportation process. Once the appropriate numerical model is established, the numerical
technique will be extended to the field tests for which natural sand is adopted. In this paper
commercia program PFC2D using DEM has been adopted to implement the numerical simulation
of dry granular flow. Totally, there are five different methods of model generation in PFC2D
program, and based on the consideration of time requirement, the rain method was adopted finally.
The parameters used in the numerical simulation are the micro-properties which are difficult to be
determined. Benchmark tests have been carried out in order to calibrate the micro-mechanical
properties of the dry granular material. Some of the micro-parameters of the balls are determined
through changing their values so that the macroscopic behaviors in numerical simulation are
consistent with that in physical test. The detailed micro-properties of the balls are shown in Table
3. Except for thewall friction (should be small asthewallsarerelatively smooth) and wall stiffness,
al the other parameters in Table 3 are determined by laboratory tests. In order to get different
frictional coefficients among the balls, two piece of wood which have plastic balls stick on it
regularly and shear force is applied. Furthermore, depositional tests, rebound tests are carried out
to measure the frictiona angle and rebound coefficients of the balls. For each parameter, five
laboratory tests have been carried out, and the mean values are presented in Table 3. It should be
noted that there is not awide distribution in the laboratory determined parameters, hence the range
of these parameters are not shown for clarity. The diameters of the particles in the numerical
analysis are the same as that used in the physical tests.

Table 3. Microscopic parameter of the balls for granular flow analysis
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Balls Ball tiffness | Ball Ball density | Ball Wall Wall
(N/m?) damp | (kg/md) friction | friction | stiffness
(N/m?)

Red plastic | 2.36e9 0.4 1250 0.462 0.1 1.11ell

ball

Black plastic | 7e8 0.2 1250 0.1 0.1 1.11ell

ball

Blue glass 7€10 0.3 2500 0.1 0.1 1.11e11

ball

Greenglass | 7€10 0.2 2500 0.1 0.1 1.11el11

ball

3.2 Numerical test results

A detailed comparison of the granular flow pattern modeled by the physical tests and discrete
element analysis is shown in Figure 9. Figure 9a shows the physical test in which both the red
plastic balls and green glass balls were used (too many test results are available, and only selected
results are used for illustration in this paper). Large blue balls and small red ballsin the numerical
model represent the actua red plastic balls and green glass balls in the physical model tests
respectively. A full-scale numerical ssmulationisrareto be conducted for discrete element analysis
dueto the limitation of the computer resource, but thisis considered to be necessary and acceptable
for the present study. Figure 9b shows the numerical results of the flow pattern of the multi-size
particles. Particles start to flow along the flume after the initiation of the flow. During the flow
process, the flow mass became longer under the action of shear force. Particles moved apart from
each other and pushed other particles forwards. During this process, the momentums of the balls
were exchanged and transferred to other balls at the neighbor locations. The flow velocity keep
increasing until thefront of theflow hit onthewall of the deposition zone. When the kinetic energy
of the balls was exhausted, the balls eventually ceased to move at the catchment area. Figure 10
shows the flow pattern of multi-size balls flows composing of black plastic balls and green glass
balls of which the diameter are relative smaller than the other balls as considered in the present
paper. A pronounced Saltation was observed as ballsflowed, implying that the collisional character
of the flow mass where the savage number islarger than 0.1 (if the savage number is smaller than
0.1, theflow belongsto frictional flow, Iverson 1997). Savage number istheratio between inertial
force and frictional force. The comparison between Figure 10 and Figure 9b indicates that the
larger the ball size, the more collisional the flow mechanism would be. As a result, the inertia
forces dominate the flow dynamic compared with the frictional forces in the present tests.
Furthermore, the balls at the upper region of the flow associated with higher velocity had more
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collisions and moved freely compared with that at the bottom region. The balls at the lower region
were compacted with lower flow velocities. By comparison, the numerical simulation results of
the flow pattern have a very good agreement with the physical test results when the micro-
parameters were selected suitably.

Asshown in Figure 9b and Figure 10, segregation was also observed in the numerical model after
the dry granular balls started to move. In Figure 9b, it was evident that the blue balls with larger
ball size moved upwards and forwards, while the red balls with smaller ball size went to the lower
layer and stayed at the rear of the flow, which was consistent with the results in the physical model
tests. Smaller particles are more likely to move through the void between the larger particles, and
thiswill inturn squeezethelarge particlesto the upper layer of the flow. Because of the momentum
exchange between the balls and the flow mass dilation resulting from the shear deformation, a
dispersive pressure was caused which result in larger dry granular balls moved faster than the finer
particles and went upwards, and lead to the results that larger balls flowed to the upper layers
where the shear strain islow and accumulated at the front of the flow, while the finer balls tend to
moved downwards and accumulated at the bottom of the flow (Takahashi (1981)). Besides, the
difference of the ball size induce an unbalance forces on the balls which restrict the vertical
movement of the bals, this will also affects the flow segregation in the vertical direction.
Furthermore, the density difference between the balls the in numerical model is another factor that
influence the segregation process. Particles with lower density are more likely to rise to the free
surface while particles with higher density are more likely to segregate to the bottom of the flow.
From Figure 5b, it can be noticed that it is easily for the red balls with larger density traveled
through the gap generated by the shear deformation and squeezed the particle with smaller density
up to the upper flowing layer. The balls with higher density at the bottom pushed the balls with
smaller density forward. It is worth to mention that from the ssmulation results, the velocities of
the blue balls at free surface isthe largest, which result in that the balls with large size migrated to
the front of the flow. The segregation mechanism simulated in the numerical model isin consistent
with what is aforementioned in the physical model tests. Ashwood and Hungr (2016), Choi et a.
(2014), Choi et a. (2015), Kwan (2012), Lo (2000), Ng et a. (2014), Ng et a. (2017) have
investigated the impact forces on the barrier which is however not considered in the present study,
asthisis not the main theme of the present work.
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Fig. 9a. Flow pattern of multi-size Fig. 9. Flow pattern of multi-size
balls flow in physical test balls flow in numerical test

Fig. 9. Flow Pattern of multi-size particle flow composing of red plastic balls and green glass
balls
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(f) photo at 1/3 of flow time

(9) photo at 2/3 of flow time (h) photo at final stage

Figure 10. Flow Pattern of multi-size particle flow composing of black plastic

balls and green glass balls

3.3 Theeffect of the flume jump

To reduce the impact force and velocity of the granular flow mass, the authors have proposed to
add ajump in the flume as a pilot test in this study. From the results in this study, it is found that
the construction of a jump which has a very low cost has some small advantage in reducing the
impact from debris flow. Based on the present result, some rigid barriers in Hong Kong have
started to include a jump as a small benefit to the control of debris flow, and thisisthe reason for
carrying out such atest in the present research programme which is seldom considered in the past.
Figure 11 shows the numerical results of the flow pattern of the blue glass balls flowing on the
flumewith or without ajump. The flow pattern of the blue glass balls flowing on the flume without
ajump in the numerical model is amost the same as the flow pattern of the red plastic ballsin the
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physical tests aforementioned. From the comparison of the flow pattern between Figure 11a and
Figure 11b, an important phenomenon was observed. The run up height of the balls flowing on the
flume with ajump is obviously lower than the run up height of the particles flowing on the flume
without a jump, which indicates that flume jump is able to facilitate the process of energy
attenuation and thereby has a good effect on suppressing the run up height of granular flow.

Figure 12 exhibits the velocity of the blue glass balls at different time step. In PFC2D, we have
devel oped the code to monitor the maximum velocity of the balls for comparison purpose, and the
monitored results are used to produce Fig.12. Black line represent the maximum velocity of the
blue glass ballswith 10K g weight flowing on the flume without ajump at different time step, while
the red line represent the same kind of balls with 13.55K g weight on the flume with ajump. The
comparison of the velocities at point A and point B indicates that the peak velocity of the balls
flowing on the flume with ajump is pronouncedly smaller than that on the flume without a jump,
and the peak speeds of the balls on the flume with ajump were achieved earlier than balls on the
flume without a jump. It is worth to mention that the velocity of the balls is independent of the
mass of the test material, except that at the peak period.

Figure 13 shows the velocity profile of mono-size particles (blue glass balls) aong the flume with
or without a flume jump. The length of the velocity vector represents the speed of the particles.
From Figure 13, it can be noticed that the front flow velocities are the largest compared with the
velocities of the particles at the rear of the flow. When these particles approached the lower part
of the flume, the velocity directions changed due to the difference of the flume angles. Thisisin
good agreement with the laboratory results mentioned above. Figure 13b shows that the velocity
of mono-size particles on the flume with ajump increased after the initial state. The largest flow
velocity was achieved at the moment when these particles intend to jump into the deposition zone.
The directions of flow velocities changed and the speed of particles decrease as soon as they fell
into the deposition zone. As with those particles moving on the flume with ajump, the velocity of
the particles flowing aong the flume without a jump increased when they approached the
deposition zone, however, the velocity of these particles kept increasing when they flowed into the
deposition area and the peak speed was achieved just before the moment when they reached the
boundary of the deposition area. When the granular front impacted on the wall of the deposition
area, these particles at the front of the flow reflect back and collide with the following particles,
and that is the moment when the flow speed decel erated.

According to Figure 12 and 13, the peak velocity of the balls on the flume with a jump achieved
before they impacted on the wall of deposition zone compared with that without ajump, whichis
meaningful to the engineers because the flume jump can effectively reduce the impact force on the
barrier. Besides, thejump of the flumeis capable of reducing the peak velocity of the dry granular
particle flow as well. To sum up, flume jump plays a useful role in attenuating granular flow,
therefore, flume jump is recommended to be applied in the design of debris flow barrier (whichis
actually sometimes adopted in Hong Kong).
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Fig. 11a Flow pattern of blue glass balls Fig. 11b. Flow pattern of blue glass balls
flowing along the flume without jump flowing aong the flume with jump

Fig. 11. Flow pattern of blue glass balls flowing on the flume with or without ajump
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Fig. 13a. Velocity profile of ballson theflume  Fig. 13b. Velocity profile of balls on the
without ajump flume with jump

Fig. 13. Velocity profile of blue glass ballsin numerical model

It should be noted that the actual flow velocity of the balls can be traced back from the high speed
camera photos and the movie, but we do not present the results here because it is not the main
theme of the present study. Most importantly, DEM usually cannot give a good fer—which
quantitative prediction unless the micro-parameters are fine tuned. The authors do not prefer such
tuning of the parameters, as such tuning cannot be performed before the tests. However, the
gualitative results from the DEM analysis and the laboratory tests are reasonable as found from
the present study, hence we can still accept the results from DEM in our discussion. Actually, the
authors have carried out limited tuning of the micro-parameters (not shown in this paper) in our
internal studies. Since the flow and segregation process are practically not affected by the change
of these micro-parameters (but the actual value of the flow velocity, run-out ... are affected), we
have not included these results in the present paper, and the authors prefer to concentrate on the
segregation and jump for aflume test.

5. Largescalefield tests

After the laboratory studies using a 1.5m long flume and glass/rubber balls, the authors have
carried out alarge scale flume test which is shown in Fig.14. The flume is about 6m long, and 5
types of sand as shown in Fig. 15 are used in the field tests. The particle size within each typeis
relatively uniform, and they ranged from 1-3mm, 3-5mm, 5-7mm, 7-8mm and above 8mm. The
friction anglesfor the 5 types of sand as determined from the deposition tests as shown in Fig.15b
are given by 28°, 30.3°, 29.1°, 31.5° and 33.7° respectively.
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Fig.15a Sand used for granular flow tests  Fig.15b Deposition tests for sand

A series of tests with single, double and triple types of sand have been carried out, and only some
of theresults are shown in this paper for comparisonswith the laboratory tests. Asshownin Fig.16,
the final deposition profile using type 1 (1-3mm) and type 4 (7-8mm) sands is shown. It is noticed
that the coarse grain sand moveto thetop of the flow, which areillustrated by Fig.17ato 17c. Such
results comply well with the laboratory studies. The control tests using coarse and finer sands are
shownin Fig.18. A closer look into the difference between Fig. 18aand Fig.16 isthe profile at the
rear can revea an important difference. For granular flow with 2 types of materials, the difference
in the height of deposit for the first meter as measured from the left is greater than that for the test
with single material (truefor al single sand tests). Such phenomenon can be attributed to the effect
of the differencein the velocity flow between type 1 and 4 material, and type 1 materia deposit at
the bottom during the flow. Based on the field tests, the importance of the particle size during the
segregation process as derived from the laboratory tests can be further verified.
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Fig.17 aDeposition at the rear of the deposit

Fig.17b Deposition at the front of the deposit



495
496  Fig.17c Front view of the deposition (2 materials)

497

498
499  Fig.18aFront view of the deposition (type 4 material) Fig.18b Close up view of the deposition

500

501  With reference to Fig.19, it is clear that the formation of the flow front, flow head, channelized
502  flow and levee from the present field test is very similar to that by Johnson et al. (2012). The
503  surface trgectories of the particles by Johnson et al. (2012) are also captured by the high speed
504 camerain the present laboratory and field tests. A coarse enriched surface layer has been obtained
505 by Johnson et al. (2012), and such phenomena are al so obtained from the laboratory and field tests
506 and is clearly illustrated in Fig.17. Iverson (1997) has aso found similar segregation from the
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granular flow at Oregon (1996). It should be noted that for all the granular flow testsin the present
study, such segregation phenomenon is aways obtained, as long asthere are more than 1 materials
in the problems.

Fig.19 Front of the runout
6. Discussion

Laboratory tests were carried with numerical simulations through distinct element method to study
the flow pattern of dry granular flow. The study is important for the basic understanding of the
granular flow segregation problem and the importance of providing ajump in the flume e in the
actual protective measures. For the present tests, the flume base is even and smooth which result
in relative small dynamic frictional angle and less energy attenuation compared with the rea
granular flow. Besides, the surfaces of the glass and plastic balls used in the experiments are
regular and smooth, while for debris flow occurring in nature, the debris materials are always
irregular and rough, which cause the dynamic internal frictional shear force between real scale
debris flow particles are relatively large with a lower and-henee-the run up height-istower. Asa
consequence, the present tests is a conservative test to study the flow pattern of granular flow.
Such arrangement is necessary so as to separate the contribution of particle size distribution from
other parameters in the segregation process.

Physical tests were conducted to study the flow pattern of mono as well as multiple size particle
flows. In general, the results from the present study comply well with those from the literature.
Test results indicate that flow mass elongated under the action of shear force during the particles
flowed on the flume. For multi-size particles with different particle sizes, segregation always
occurs. Particles with larger diameters migrated upward and small particles moved downwards
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because particles with smaller diameter can go through the gap between the larger particles. In
addition, the density of the particle is another factor that play arole in the segregation process.
Under the action of gravity, particles with higher density moved downwards faster and other
particles with lower density were squeezed up. For the real scale debris flow, the debris material
ranges from clay and silt to boulders while the differences in the densities between different types
of particles are relatively small, hence particles size will be the most dominant factor which
influence the segregation process. The top view from high speed camera indicates that the
velocities of the large particles are higher than the velocities of the small particles. Granular
particleswith larger particles sizestravelled to the front of the flow where the velocities are higher.
Larger particle size is observed to lead to a higher velocity. Such results are also in general
agreement with the results by Takahashi (1980).

For the present work, the detailed movement of individual particle is hard to trace even with the
help of high speed camera. Instead of that, the authors choose to trace the segregation process
through the macro phenomenasuch as grain migration, segregation and the formation of the levee.
Combined with the DEM analysis, the interpretation of individua grain movement as well as the
formation of the segregation and levee can be assessed. Based on the various laboratory and field
tests on flow with mixture of different material sizes, stiffness and density, it is established that
the grain size distribution is the most critical factor in the flow process, as grain movement occur
and control the flow process at about half of the flow process. The formation of the force chain
which actually affect the flow processis also controlled by the grain size distribution. This result
has an important implication in that most of the natural flow process involve debris of different
grain sizes.

For the flow pattern of dry granular particles simulated through distinct element method, the
simulation results of flow pattern are almost the same as the physical tests. Berger (2016), Chen
and Lee (2000), Ghilardi et al. (2001) also obtained a reasonably well numerical modeling of the
flow process for relatively simple flow problem which support the use of nhumerical analysis for
the granular flow problem. In the present numerical model, a pronounced segregation process was
observed as well, which comply well with many previous studies by Gray et a. (2003),
H&konarddttir et a. (2003), Iverson (1997), Johnson et al. (2012) and many others. Large particles
went upwards while small particles went downwards. From the velocity vector figure, the
velocities of the particles at upper layer as well as the velocities at the front of the flow were the
largest. Savage numbers of the dry granular particles in present tests were larger than 0.1, which
represent the collisional character of the flow. The flow behavior was hence more inertia than
frictional. Flume jump have a significant influence on the impeding granular flow. When the
particles flowed through the jump a large quantity of kinetic energy were consumed during this
process. The peak velocities of particles flowing on the flume with a jump were lower than that
without a flume jump. Besides, the peak velocities of the particles on the flume with ajump were
achieved earlier, and after that the flow velocity started to decrease, which would make a great
contribution for reducing the impact load. The run up height of the particles on the flume with a
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jump was apparently lower than that without ajump. Thus, flume jump can help to reduce the flow
velocity as well as suppress the run up height. In previous sections, detailed discussion about the
formation of force chain from DEM are investigated, and such force chain has a major effect to
the flow and segregation process which is actually observed from the tests. Without the DEM
results, these phenomenon cannot be explained clearly. In this respect, the use of numerical
modelling has provided an important help to the understanding of the flow and segregation process.

Comparing the physical and numerical test results, the macroscopic flow behavior in numerical
models are consistent with the physical tests. Through a good selection of the model generation
method and micro parameters, the distinct element method can produce a reasonable qualitative
simulation of the behavior of dry granular flow for the consideration of the engineers. These results
have useful contributions to the better understanding of the granular flow behavior which is not
possible for the other classical methods. Up to the present, the engineers are still relying on some
empirical methods such as dynamic impact earth pressure coefficient (Kwan 2012) or similar
approaches for the design of flexible or rigid barrier, as granular flow process is complicated by
many geotechnical and geographical complexities. The design of the barrier is still more an art
than science up to the present, though some guidelines are available to help the engineersin the
design. However, The DEM analysisin this study can supplement the field and laboratory studies
for which theinternal forces between the particles cannot be determined.

The flow process and segregation process from laboratory and field tests are similar in many
respect — largely controlled by the particle size distribution. Thisis clearly illustrated from about
50 tests in our study. Limited photos are shown in this paper to limit the length of the paper.
Thousands of photos and about a hundred movie files are obtained from the laboratory and field
tests in this study, and only selected photos which are sufficient to illustrate the main purposes of
the present work are shown in the present paper. The authors are however happy to share these
materials upon request at ceymchen@polyu.edu.hk.

In the present paper, the effect of the flume inclination has not been investigated. Actually, the
authors have carried out some tests on the effects of flumeinclination. For the segregation process,
the test results indicate that the basic conclusions from the present work remains unchanged, for
practical purposes. Flume inclination has more important effects on the impact forces and erosion
which are to be covered by the next stage of the present research work.

7. Conclusion

In the present study, two important phenomena in granular flow are studied. The first problem is
the segregation process which is captured in all the tests in the present studies. The segregation
phenomenon can affect the design of the barrier in different ways. The finer materials will be
deposited at the bottom of the runout, and the relatively lower permeability of this layer will tend
to drive the water level upward (somewhat similar to the perch water table phenomenon). This
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may increase the destructive power of water. For the design of rigid barrier, the use of a suitable
water table will aso be crucial to maintain adequate factor of safety of the barrier. Since
segregation will occur practically for majority of the debris flow problems, this effect should be
well studied and considered in the design of flexible and rigid barriers.

The authors have chosen flexible spherical rubber beads as well as rigid glass beads for the
laboratory, and the range of stiffnesswould be sufficient to cover most of the natural flow materials.
The segregation process as found from the laboratory test is actually similar to that in the field

tests using non-spherical sand. Through such selection, it is clearly demonstrated that particle size
distributionisavery critical factor in the segregation process, and it appears that it ismore critical

than particle shape or stiffness.

To reduce the destructive power of the debris, a small jump in the flow channel is sometimes
applied in Hong Kong if the site condition allow. In general, the effect of this jump is small, and
is effective only for small volume debris flow which is the common case for Hong Kong.
Nevertheless, such provision can dlightly reduce the destructive power of the debris. It is
interesting to note that there is virtually no study about the effect of the jump in the past, and the
present work provide some useful pilot works, for which more works may come out in the future.

One of the main limitations for the present study isthat the flow material islimited to granular but
not cohesive material. The reason is that all debris flows in Hong Kong are practically granular
debrisflows. The most critical factorsin debris flow for Hong Kong include also different particle
size distribution (studied in the present work), topography and the effects of water. The present
work do not aim to consider all these effects simultaneously, but is confined to address the critical
issues asfound in Hong Kong. Nevertheless, the present work will still be useful to many countries
where the flow material is mainly granular.

The authors are currently considering the next stage of field tests, for which the wet test will be
carried out (limited tests have been so far), and more equipment and measurements will also be
used. Currently, the authors are constructing a laboratory flume where the base is rough. The
combined effect of base roughness and flume inclination angle will be carried out soon, and
hopefully the results will form the extension of the present paper. For the field test, most of the
researchers place acontained of wet sample and | et the sample flow down. Thisapproachissimple
to be executed, but the actual debris flow may not be like that. From the observations of several
debris flows in Hong Kong, the authors have noticed that erosion process is sometimes an
important phenomenon which is not simple to be reproduced in the field flume. The composition
of the flow material actually changes during the flow process. More thoughts will be given to the
setup of the wet field test in the future, and the base of the flume may be specially prepared with
some soil bedding to allow for erosion in the future tests.
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