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ABSTRACT

Debris flows that entrain sediment by undermining channel beds or scouring channel banks can become exceptionally
mobile and destructive. Therefore, the calculation of entrainment plays an important role in debris flow runout analysis. An
entrainment model has been developed that takes into account surface erosional effects by considering progressive
scouring on the channel bed. Newton’s Law of Motion is used to calculate the acceleration, velocity, and displacement of
the erodible material. To understand the entrainment process in granular flow, a flow channel of 8 m long with 15-degree
slope is simulated using the Discrete Element Method (DEM). Results of the numerical experiment are compared with
analytical calculations. The variation of the depth and the rate of erosion are used to verify the analytical model. The results
indicate that the entrainment model is able to capture the mechanism of erosion and it can be used in the calculation of
the rate of erosion for granular material. The analytical entrainment model is incorporated into a runout model to study a
rock avalanche occurred on April 9, 2000 at Yigong Tibet, China. During entrainment, it is considered that the total mass
is changing due to basal erosion. In addition, the profile of the channel bed is adjusted accordingly due to erosion in each
calculation step. Measurements obtained from site investigation, including deposition depth and flow height at specific
location, are used to verify the model. It is found that the calculated runout distance and the modified deposition height

agree with field observations.
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1 INTRODUCTION

Debris flows are rapid mass movement in steep hilly
terrains where earthly materials flow down a valley or a
channel, usually triggered by a landslide or heavy rainfall.
They are wusually fast-moving with variable solid
concentrations and long runout distances. Due to its fast
moving characteristics, debris flow is one of the most
hazardous and unpredictable geological surface
processes, which results in the loss of many lives and
property damages (Schurch et al. 2011).

In many debris flow events, flow channels are typically
covered by surficial deposits, sometimes several meters
thick of loose granular material. A rapidly moving debris
flow could mobilize these materials, which could change
the volume of the debris flow significantly during the flow
process. The inclusion of material through erosion of the
flow channel is called entrainment. Many debris flows have
significant amounts of entrainment, resulting in a
substantially larger final volume than its initial volume,
which can occupy up to 90% of the total final volume for
same cases (Kang and Chan 2017).

To assess the extent of damages caused by a debris
flow event, numerical modeling and debris flow analysis
are often implemented. There are several approaches for
debris flow modeling, including the empirical approach
(Genevois and Romeo 2003; Moffat et al. 2011; Fannin et
al. 2012), the discontinuum approach (Cundall and Strack
1979; Chen and Qiu 2012), and the continuum approach
(Wang et al. 2010; Iverson 2012; Bouchut et al. 2016).

Various models have been developed for calculating
the amount and rate of erosion in debris flow analysis
(Brasil Cavalcante et al. 2013; Iverson and Ouyang 2015)
(Table 1). Some efforts have been made in the past to
estimate the volume of erosion and incorporate basal
entrainment. The models for calculating the amount of
material incorporated from channel beds can be roughly
categorized into analytical models and empirical models. In
the analytical approach, there are essentially two
approaches to calculating entrainment: the static approach
and the dynamic approach. Newton’s law of motion or the
force equilibrium is used to calculate the entrainment rate
or depth of erosion of the channel base. Shear stress and
shear resistance are the most important factors for
calculating entrainment. The diffusion process caused by
the difference in sediment concentration between the



erodible channel bed and the main body of the debris flow
is also considered as a possible mechanism of entrainment
(Iverson and Ouyang 2015). In the empirical approach,
however, the entrainment rate is empirically related to the
flow velocity or shear stress exerting on the erodible bed.
The coefficient of correlation between the entrainment rate
and flow velocity or shear stress is often determined by
model calibration based on a large number of documented
cases.

This paper aims to introduce a progressive scouring
model and demonstrates that entrainment of granular
material can be eroded by rolling motion and sliding
motion. Since field laboratories cannot detect very detailed
information of stress at the interface of debris and erodible
bed, numerical experiment was employed to validate the
entrainment model. Yigong rock avalanche was used to
verify the progressive scouring entrainment runout model,
in which the progressive scouring entrainment model was
incorporated into an energy based runout model.

Table 1 Summary of disadvantages and advantages of different approaches in entrainment calculation (revised from Kang

and Chan 2017)

Determination Range of Pore Application in
Approaches Physics Complexity of material nge ppiication References
applications | pressure case histories
parameters
Shear failure
of erodible Conventional .
Static material based Easy geotechnical Al types of Y N/A Medina et.al.
solil (2008a);
on shear tests
failure
Shear failure Font de la Llum Medina et al.
of erodible Conventional event; (2008b); Luna et al.
Dynamic material based Easy geotechnical Al types of Y Cardgmellgr (2012); lverson apd
solil debris flow; Ouyang (2015);
on rate of tests h |
shear failure 2003 _Faucon Bouchut et al.
debris flow; (2016);
Difference of
solid )
Diffusion concentration Geotechnical Non- Used in flume Egashira et al.
Complex tests and - . N ’ . .
process between flow . cohesive soll experiments; (2001);
. hydraulic tests
and erodible
bed
Correlate the
rate or erosion Soil
with average . Fjeeland debris lasi |
Empirical flow velocity -~ properties flow; The 1999 De Blasio et al.
Easy Statistical data | generally is Y ' ; (2011); McDougall
approach and shear not Nomash River and Hungr (2005);
stress from ) landslide; 9 ’
considered
runout
analysis
; : Conventional .
Progressive qullng an_d Easy geotechnical Granu]ar N Yigong rock Kang et al. (2017)
scouring sliding motion tests material avalanche

2 PROGRESSIVE ENTRAINMENT MODEL

Kang and Chan (2017) compared the force required for
initiating rolling and sliding motions, and found that
neglecting rolling motion could result in an underestimation
of the rate of erosion, since the required force for rolling
motion is less than that for sliding motion for many cases.
Therefore, a particle scale entrainment model is developed
to capture this erosion characteristic.

In the entrainment model, granular particles lying on
channel bed are eroded by rolling and sliding (Kang and
Chan, 2017). In the model, irregular granular particles are
represented by uniform size sphere (disk in the case of
analysis). According to analysis carried out by Wu and

Chou (2003), Cheng et al. (2003) and Shodja et al. (2003),
the drag force to initiate rolling action is normally less than
that required for basal shear failure. Therefore it is
considered that rolling motion is the dominant mechanism
in the initial stage of entrainment for granular material.
However both rolling and shearing motions should be
considered in the calculation of entrainment rate.

In calculating the drag force for the initiation of the
rolling action, it is assumed that a particle will rotate around
a point O as shown in Figure 1. Drag forces arising from
the moving debris above the bed are assumed to apply at
the center of the particle. It is assumed that the particle will
rotate around the contact point with the adjacent particle
located downstream. Newton’s Law of Motion is applied to
calculate the acceleration, velocity, and displacement of
the particle. The equation governing the motion can be
written as:
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where T is the drag force required to initiate rolling, R is
the characteristic particle size, | is moment inertial which is
equal to mR?/2, L = 1m for 2D, m is the mass of the particle
(for 2D, m=m R?m), p is the density of bed sediment
particle, ot is the angle between channel bed and
connection line of centers of those two particles, @is the
slope angle, g is the gravity acceleration, %ay/ 6t>— angular
acceleration and t is time.

Figure 1 lllustration of forces acting on an eroding particle

It is also assumed in the derivation that once the
particle moves over the adjacent particle located
downstream, it will become a part of the flowing debris
(Kang and Chan 2017). The entrainment rate is defined as
the height of particle exposed to the flow divided by the time
needed for it to be eroded. Therefore for different ao, the
initial condition of a, entrainment rate, £, is defined as:
2Rsinay; [1]
t.

E =

where ti is the time required for one particle to roll from
its initial position, ao, to vertical line at which a: equals (17/2-
6), because it was assumed that once the particle moves
over another particle, it will be a part of debris flow.
Therefore, for a given shear force applied on the particle,
ti, can be determined from equation [1]. When the shear
force applied on the particle is larger than the friction at the
particle contact, the entrainment mode changes from
rolling motion to sliding motion.

Since ao varies considerably in the granular assembly
and it is not easy to determine individual angles at each
particle contact, a statistical approach is used to provide an
estimate on the values and variations of ao. The variation
of ao can be approximated using a probability density
function (PDF). The model parameters for a PDF have
significant effects on the calculations of entrainment (Kang
and Chan 2017). Strictly speaking, parameters such as the
mean value of the normal distribution function would be

possible to measure on site (Fenton and Abbott 1977), but
it only can apply to the site where the test was made. It can
also be estimated using the correlation between void ratio
and internal friction angle, and the correlation between
particle protrusion and void ratio (Okada et al. 2007). The
overall entrainment rate E can be determined from
individual particle entrainment rate Ei and the probability
density function P; as:

E=(ER) 2]

where n is the number divisions of the probability
density function in the approximation over the range of the
values of ao. For instance, if the increment of ao is 1 degree
from O to 90 degrees, n will be equal to 91.

3 NUMERICAL EXPERIMENT

To simulate the entrainment process, an idealized model
with debris and erodible bed channel is constructed using
PFC2D (Kang and Chan 2018) (Figure 2). The model
consists of three sections: acceleration section, erosional
section and deposition section (Table 2). The acceleration
section is to provide sufficient kinetic energy when the
particle reaches the erosional section. The erosional
section, 0.15 m in depth, is the key part of this experiment,
which consists of frictional particles with diameter ranging
from 3 mm to 4 mm, the same as the particles in the tank.
Finally, these particles are deposited at deposition zone.
Since cohesionless particles are used here, parallel and
contact bonds does not exist between them. Model
parameters and material properties are summarized in
Table 3.

(Not in scale)

Figure 2: Geometrical sketch of the idealized model
considered in the study (adapted from Kang and Chan
2018)

Table 2: Geometrical parameters of the slope and tank

Parameters  Value Parameters Value
a, () 15 dl (m) 0.2

L1 (m) 3 d2 (m) 0.0375
L2 (m) 2 LTT (m) 0.3

L3 (m) 3 LTB (m) 0.6

L4 (m) 2 HT (m) 0.3

L5 (m) 4 HB (m) 0.15
Particle size 0.003~0.004 Density of 2600
(m) particles

(kg/m3)




Table 3: Parameter setup in modelling (for channel bed and

tank)
Microscopic
ltems mechanical
parameters of PFC
model
Maximum radius 0.004
Particle (”?). .
. Minimum  radius 0.003
size
(m)
PDF Uniform distribution
Particle density (kg/m?) 2600
Porosity 0.2
Particle normal stiffness (N/m) 1le9
Particle shear stiffness (N/m) 1e9
Contact bond normal and shear 0
strengths
Ball-ball friction 0.6
Ball normal stiffness (N/m) 1el0
Ball shear stiffness (N/m) 1el0
dt scale le-5
Local damping coefficient 0
Viscous damping coefficient 03
(normal) '
Viscous damping coefficient 0
(shear)

3.1 Simulation results

To test the effects of entrainment on debris flow runout,
particles located as specified locatiions are monitored
(Figure 2). The runout distance and the velocity of the
debris flow are obtained by monitoring moving and
stationary particles in the flow channel. Shear stresses
inside the measurement circles are monitored. To obtain
entrainment rate dynamically, stresses and variations of
the height at the interface between moving and stationary
particles are calculated.

3.1.1  Average velocity and total volume

During the simulation process, average velocity and total
volume are calculated. The average velocities of all moving
particles are calculated. The total volume is defined as the
volume of all particles mobilized. Figure 3 shows the
calculated velocity and total volume. The average velocity
increases linearly until the moving particles reach the
erodible bed. The maximum velocity, around 2.10 m/s,
occurs at the beginning of entrainment process. After that,
the average velocity decreases continuously until t= 4.5s.
Variation of the total volume of the moving particles starts
at t = 3.2s. Therefore, the analysis of simulation results is
focused on the velocities and total volume in the shaded
region, between t = 3.2s and t = 4s, as shown in Figure 3.
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Figure 3: Average velocity of moving particles (Kang and
Chan 2018)

3.1.2  Rotational velocities

Figure 4 shows the calculated rotational velocity of the
particles closest to monitoring points at the erodible
channel surface. These particle are selected at the initial
stage of the numerical experiment and the rotational
velocities are tracked throughout the flow process.
Physically, particles closest to the surface of the erodible
channel at P1 are moved first and then particles at P2 and
P3 are moved subsequently. Positive value indicates
counterclockwise rotation according to the default setting
in PFC2D. The time when particles start to rotate agrees
with the time when erosion starts. It means that the
rotational velocities correspond to physical analysis though
negative rotational velocities observed that are probably
caused by particles climbing over the monitored particles.
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Figure 4: Variation of rotational velocities of particles at
monitoring points (Kang and Chan 2018)

Figure 5 shows the distribution of x-velocity, rotational
velocity and shear stress in the granular flow during the
flowing process along the cross sections. Since friction



dominates the properties of granular flow, which is different
from viscous flow in which viscosity dominates flow
characteristics, being that highest x-velocity appears at the
top of the flow channel, notably at B1 and C1. At Al, due
to the boundary effect, x-velocity of particles near the initial
erodible surface is smaller than that below the initial
erodible surface, however in B1 and C1, the calculated x-
velocity is almost linearly distributed similar as simple
Couette flow.

The rotational velocity at the monitored sections varies
considerably between positive and negative values with
depth. Since particles override each other, the underlying
particles requires larger force to move than the particles
above. When the upper particle rolls forward, counter
clockwise rotation, the lower particle then rolls backward,
clockwise rotation, due to friction at the contact. This
results in rapid changes in the direction of rotation between
positive and negative values with depth.

Shear stresses also vary along the cross sections.
However shear stresses increase from top to bottom in the
moving particles. Since stresses are calculated using
average values in a volume depending on porosity, it is
expected that shear stresses will vary a little bit along the
cross sections.

2000 3000 4000
Shear stress (Pa)

 velocity (s
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Figure 5: Flow properties along monitored cross sections
(A-1, B-1 and C-1 are monitored x-velocity along cross
sections P1, P2 and P3. A-2, B-2 and C-2 are monitored
rotational velocity along cross sections P1, P2 and P3. A-
3, B-3 and C-3 are monitored shear stress along cross
sections P1, P2 and P3, which have been transformed to
the direction parallel to flow channel) (Kang and Chan
2018)

3.1.3  Verification of the rate of erosion

The rate of erosion is calculated by dividing the depth of
erosion by the time. The progressive scouring entrainment
model is verified by comparing the entrainment rate
between progressive scouring entrainment model and the

PFC results. Figure 6 indicates the entrainment rates
calculated using the progressive scouring entrainment
model and using PFC. The deviation of entrainment rate
calculated can be explained by the errors in identifying the
erosion depth in discrete model which is different from
continuous model.

The calculated rate of erosion from the progressive
scouring entrainment model at P1 varies between 0.13 m/s
and 0.21 m/s, while the entrainment rates of the other two
lines change almost evenly along the diagonal line. By
monitoring the entrainment process at P1, it is found that
the boundary effect has an impact on the entrainment
calculation since the height of moving mass is probably
overestimated which is used to calculate the shear stress
in the progressive scouring entrainment model. It is
because some of the particles at the top part of the flow are
not fully contacted with underlying particles in PFC model.
These particles do not develop shear stress on the flow
channel.
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Figure 6: Comparison of entrainment rate between
progressive entrainment model and PFC2D simulation
(Kang and Chan 2018)

4 FIELD CASE STUDY

4.1 Case description

On April 9" 2000, a rock avalanche occurred at Yigong,
Tibet, China (Figure 7). This event is considered as one of
largest non-seismic mass movement in recent years
(zhang and Yin 2013). The Yigong rock avalanche (YRA)
is located near Zamu Creek, a tributary of the Yigong River
(Lv et al. 2002). Zamu Creek is a typical channeling valley.
The slopes of its lateral mountains are between 30° and
35°. The bottom width of the creek is between 50 m and
150 m (Zhang 2013). The elevation at the source zone of
the rock avalanche is about 5,350 m, and the elevation of
the Yigong River bed is about 2,188m (Figure 8) (Wang
2006). The runout path is plotted in Figure 8 denoted by
line P-P’, which is also the profile line used in the current
simulation.
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Figure 8: Digital elevation model of Yigong Rock Avalanche
(Kang et al. 2017)

During the sliding process, drag forces exerted by the
sliding debris could erode materials lying on the channel
bed. This process could increase the final deposition
volume and increase the velocity of the moving debris. The
entrainment zone in Zamu Creek is mainly composed of
loose colluvial materials, distributed not only on the creek
banks, but also on the channel bed. Erodible material in
Zamu Creek is mainly located at an elevation between
3000m and 4000m.

The deposition zone consists of boulders moved from
the source area and loose debris materials in the
entrainment zone. In this region, particle size changes from
the central area to deposition boundary. The accumulated
debris at the central area in the deposition zone composes
mostly of bounders having a diameter over 3 m, and the
total volume of the boulders is around 30x103 m3.

Elevation variation of Zamu Creek before and after YRA
is shown in Figure 9. It seems that the maximum elevation
variation is around 500 m which is larger than that reported

by Wang (2006). The digital elevation model used to plot
the elevation variation map is based on survey a few month
after the event. Snow melt and other topographic evolution
process may introduce errors in the elevations.

Elevation
variation (m)

50
-50
-150
-250

-350

1000

3000 m .
Figure 9: Elevation variation obtained by subtracting DEM
after event from that before event (Kang et al. 2017)
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Figure 10: Longitudinal profile along YRA path (Kang et al.
2017)

4.2 Numerical simulation

According to the data collected in the field, granular
particles deposited at the rock avalanche fan mainly came
from the source area and transported from the entrainment
zones. If the entrainment zone is close to the deposition fan
and rock fragmentation has not taken place, particles
located in the entrainment region should be about the same
size as those in the deposition zone. Although samples can
be collected in the deposition fan, it is very difficult to
conduct sieve analysis since the particle ranges from very
fine (clay) to very large (boulder). Therefore, a practical
way to estimate the characteristic size of the material is to
analyze the composition of the material. According to the
description of the loose material at the deposition area (Xu
et al., 2012) and particle size distribution curve obtained
from the laboratory test, it is estimated that the
characteristic size of the erodible material is around 300
mm.

Since it is nearly impossible to measure ao for all
particles in place, an indirect method to estimate the mean
of normal distribution is used here. The value of ap may be
obtained from the pivoting angle and the slope angle. In the



simulation, the pivoting angle of the angular particle, ¢p, is
estimated using the empirical relationship from Li and
Komar (1986). The average slope angle can be obtained
from the digital elevation model. Based on the results of
sensitivity analyses, the standard deviation is found to be
equal to 0.1 for this case. When the particles are eroded,
close-packed particles mobilized and becomes loose.
Porosity of the eroded material increase. This will cause
the expansion of the material. Based on the Law of
Conservation of Mass, a bulking factor is defined as ratio
between the density of the material in the channel bed and
the density of the debris. In the calculation, the volume of
the eroded material in the debris is equal to the volume
before it is eroded times the bulking factor.

The Voellmy model is used to calculate the shear stress
exerting on channel bed. Xu et al. (2012) used the friction
angles ranging from 0.52° to 20° on different longitudinal
sections of YRA based on the calibration. Since the model
is developed based on dry granular flow, a lower friction
angle and basal friction angle are suggested to offset the
effect of water on the soil friction. An internal friction angle
of 13° and basal friction angle of 12° were used in the
simulation which is smaller than that used by Xu et al.
(2012). A turbulent coefficient of 500 m/s? is adopted in the
simulation which is a little bit larger than the medium value
suggested for rock avalanche (Luna et al. 2012), but it is
still within the reasonable range of values. Parameters
used in the simulation are summarized in Table 4.

Table 4 Parameters in the simulation

Run-out model parameters Values
Unit weight (KN/m3) 20
Internal friction angle (°) 13
Basal friction angle (°) 12
Turbulent coefficient (m/s?) 500
Entrainment model parameters

Particle size dso (mm) 300
Standard deviation of aw (°) 0.1
Mean value of ao (°) 12
Particle density (kg/m3) 2600
Bulking factor 13

The longitudinal profile shown in Figure 10 is divided
into three zones from top to bottom: source zone,
entrainment zone and deposition zone. In the simulation,
the original slope surface changes due to entrainment in
the central part of the profile. Based on the observed
source volume and area of source material in 2D, a uniform
width, 173 m, is calculated which is kept constant in the
simulation. The number of slices could impact the
calculation results. To investigate the sensitivity of the
number of slice on the model results, the source material
is divided into 50 slices in another run. The difference in
runout distance, velocity and total volume are 0.6%, 0.1%
and 1%, respectively. After evaluating the required time for
the calculation and resolution of calculated results, the
model with 30 slices is adopted.

4.3 Simulation Results

43.1 Results of runout and entrainment analyses

In the simulation, the front velocity of the rock avalanche
was calculated. The calculated front velocity of YRA
increases in the first 30 seconds and then gradually drops
when the material reaches a relatively flat area as shown
in Figure 10. A plot of the velocity versus path distance is
shown in Figure 11. The maximum velocity occurs at a path
distance around 3,500 m. At about 140s, the front of the
debris almost stops moving but the remaining part keep
moving at a very small velocity.
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Figure 11: Velocity and its variation in the simulation (Kang
etal. 2017)

Since YRA has a large initial volume travelling at high
velocity, the entrainment rate is expected to be very large.
The entrainment depth is assumed to be 280 m in the
runout analysis using DAN (Zhang 2013). The entrainment
rate of each slice at different times in this simulation is
shown in Figure 12. The maximum entrainment rate is 1.79
m/s at the initial stage (Figure 13). The entrainment rate
increases after 100s since the accumulated flow height has
increased. This is an important drawback in 2D analysis. In
the first half of the analysis, the entrainment rate increases
to 1.7 m/s rapidly varying between 1-2 m/s before the
debris stops moving. The maximum height of the rock
avalanche decreases with time until the front suddenly
reaches the flat area. The calculated maximum height of
debris in the deposition area is about 320 m. The
calculated maximum entrainment depth is 108 m located at
x=4,218 m (Figure 14).
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Figure 12: Entrainment rate along the channel at different
time stage (Kang et al. 2017)
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0 2000 1000

The initial volume of the debris starts at 90x10% m3 and
increases gradually until the front has moved about 10 km
(Figure 15). When the front has almost stopped, the total
volume is still increasing due to the entrainment in the tail
region. The maximum increase in volume of 1.03x106 m?3
occurs at a run-out distance of about 5,161 m. The front
velocity at that location is higher than 100 m/s. The
calculated accumulated volume is not as large as that
observed in the field due to neglecting bank entrainment
and broadening of flow channel in the entrainment zone.
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Figure 15: Entrainment volume and total volume in the
simulation (Kang et al. 2017)

4.3.2  Validation of modelling results

Validation of the runout and entrainment model is based on
field observations such as the estimated runout distance
and deposition height. Also, results from published
literature are used in evaluating the model. In the model the
calculated runout distance is about 10 km which matches
field observation. Since the width of the flow channel
doesn’t change a lot in the entrainment zone, based on the
volume of the debris, the depth of entrainment can be
calculated. The calculated entrainment depth is the change
in the elevation of the points in the channel bed in the
calculation, which is adjusted to the direction perpendicular
to the slope surface. The observed depths of entrainment
versus the calculated values at entrainment zone with a
100m interval are shown in Figure 16.

Observed depth (m)

0 50 100 150 200
Calculated depth (m)
Figure 16: Comparison between observed entrainment
depth in field after event and calculated entrainment depth
(Kang et al. 2017)

To compare the calculated final height of the
depositional fan in 2D with field observation which is in 3D,
the calculated depositional height has to be adjusted to
represent the field situation. A correction coefficient, Cus,
for lateral spreading is defined as

CLS :Wmodel /Wfan [3]

where Wmodel and Wran are, respectively, the channel width
in the model and the width of deposition fan. Wmodel Which
is the width of the channel calculated by dividing the total
volume of source material by total area of source material
in the 2D profile; Wran is the average width of the deposition
fan. A volume and height (hran) relationship and volume and
width (W+an) relationship can be found for this area based
on the digital elevation model of the deposition fan. Based
on this relationship, an equivalent width (Wmodet) can be
determined for a rectangular model cross section with the
same debris height (hran) and the same volume. Since the
debris flow channel on site is always triangle, the cross
section of debris flow channel is changed to rectangle
before calculating Wrn. The final deposition height is
modified by multiplying the correction coefficient, see
Figure 17. The average flow height measured using a total



station is also shown in the figure. It is seen that the
modified deposition height is very close to the average
value although there are some variations at some points.

YRA is described as a very rapid rock avalanche, but
there are very few evidences that can directly provide a
measurement of its actual velocity. From the trees
destroyed by air pressure wave on two sides of the valley
and the slurry attached on the trees on the top of a
mountain located at left side of the outlet, it can be
assumed that YRA occurred at a very high velocity. The
calculated maximum velocity is around 110 m/s which
agrees reasonably well with the value calculated by Zhang
(2013) using DAN 3D. This is a controversial value since
this is a very high velocity compared with velocity observed
in other cases. Description from witness and charred tress
along the channel indicated YRA has a very high flow
velocity. Such high peak velocity, 81-100 m/s, has been
reported by Evans et al (1989) for case of Pandemonium
Creek rock avalanche.
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Figure 17: Modified deposition fan by taking lateral
spreading into consideration (Kang et al. 2017)

5 CONCLUSION

A particle-scale entrainment model has been developed
that takes into consideration both rolling and sliding
motions rather than simply considering shear failure as in
existing analyses. In this new model, the rate of erosion,
which is equal to the available entrainment depth divided
by the erosion time, is dependent on the particle size, soil
density, slope angle, driving force and probable locations
of two adjacent particles, estimated from the pivoting angle.
Therefore, the new entrainment model can incorporate
both rolling motion and sliding motion into the erosion
calculation, which results in a more accurate calculation of
the rate of erosion for granular material.

According to the numerical experiment, the calculated
depth of erosion using the progressive scouring
entrainment model is closer to the actually measured depth
comparing with that calculated using the static and
dynamic formulas, showing that only considering shear
failure motion in erosion calculation could cause the
underestimation of erosion depth.

YRA is an extremely large mass movement in recent
years. The proposed scouring entrainment model
calculates entrainment volume with time. This is more
reasonable in considering progressive scouring since
material are eroded gradually. Therefore the model can be

used to simulate entrainment of channel eroded by flow at
different elapsed time. Moreover channel bed elevation is
adjusted after each time step to reflect changes due to
entrainment which provides a more realistic simulation.
This is more important in short channel with a lot of
entrainment than a long channel with little entrainment.

In summary, entrainment is an important part in many
debris flow runout analysis. The results from the numerical
experiment and case studies reveal that the progressive
scouring entrainment model has the ability to capture the
primary characteristics of granular particle erosion.
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