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ABSTRACT of thesis entitled
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Numerical Simulations'
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for the Degree of Master of Philosophy

at the Hong Kong Polytechnic University in January, 2001

The main objective of this paper is to study the runout distance of debris flow
by experimental simulations and to compare the runout distance observed in

experiments with numerical predictions.

In the experimental study, we design a new flume for modelling the real scale
debris flows, by ensuring the equivalence of three constitutive scaling parameters
(Bagnold number, Savage number and friction number) and four geometric scaling
factors (velocity factor, flow factor, yield stress factor and viscosity factor) between
the model tests and real events. The first three parameters reflect the relative
importance of dispersive force, the friction force and the viscous force at the
microscopic level, while the latter four factors ensure that the same macroscopic
governing equations are applicable to both model and prototype. Debris materals
collected by the Geotechnical Engineering Office (GEO) of the Hong Kong
Government from the site of the Tsing Shan Debris Flow of 1990 are used in our
study. It is found that the seven scaling parameters and factors of experiments are

comparable to those of the Tsing Shan Debris Flow. The development of debris fan
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and the maximum runout distance of debris flows are investigated as functions of
various parameters (including slope gradient, deposition board gradient, granular
content and cross section shape of flow channel). For experiments with a flat
deposition board, a slope angle increase from 26° to 32° of the flume leads to 84%
increase in the runout distance. However, a further 6 °increase (from 32° to 38°) in
the flume slope only gives a 42% increase in the runout distance. In addition, the
runout distance can increase by 59% on average when the flume cross-section is

changed from rectangular to triangular for various debris materials with flume slope at

26 “and deposition board slope at 0°.

The experimental simulations results are then compared to the predictions of
various theoretical models, including the dispersive model (Takahashi and Yoshida,
1979), constant friction slope model (Hungr et al., 1984), sled model (Heim, 1932)
and DAN model (Hungr, 1995). The DAN model prediction (Hungr, 1995) is found
to be more agreeable to our experimental results than the predictions by other models.
In the DAN model simulations, the Voellmy constitutive model is found to yield

agreeable results if proper values in friction and turbulence coefficients are employed.
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1.1 Landslide Hazards on Natural Terrain

There are many kinds of natural hazards on natural terrain including fire,
rainfall-induced landslides, earthquake-induced landslides and rockfall. Among these
dangerous natural hazards, debris flow is known to be one of the most disastrous

hazards to natural terrain in most mountainous areas of the world.

Debris flow is a flowing mixture of water, mud, soil, boulders and wood.
Debris flow is also known as lahar (in the case of a volcano), debris torrents (in
Canada), or mud flow. The geographical appearance of debris flow is extremely
widespread. Its grain composition is always nonuniform and ranges from clay to
boulders. The blending of these materials produces thick slurries that are normally
thoroughly mixed. The flowing slurries resemble wet concrete and is more fluid with
increasing water and decreasing solid particles. The majority of debris flows are
composed of (1) small shallow landslides, which are commonly termed soil slips,
occurred on steep slopes, and (2) those landslide failures developed into channelized
debris flow with a long runout distance (Lo and Ho, 1998). An idealized
representation of a debris flow failure showing the source area of failure, the flow

channel and the deposition fan is shown in Figure 1.1 (Turner, 1996).
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Scar — RArea of failure

Track of flow

Fan or mound
of deposition

Figure 1.1 Idealised representation of a debris flow failure (Turner, 1996)

SLOPE

Likelihood of |
soil ships |7

Effects on |
flow speed '

Figure 1.2 Typical description on the likelihood of soil slips and effect on flow
speed with slope gradient in Santa Monica, USA (Campbell, 1974)

According to Campbell (1974), debris flow usually begins with soil slips
which tend to form on steep slopes. The flowing debris accelerates down to the slope
with the gentler gradient. It will then slow down, stop and deposit on the downslope.
A typical description on the likelihood (frequency) of soil slips and the effect on flow

speed with slope gradient for Santa Monica, USA is shown in Figure 1.2 (Campbell,
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1974). Debris flow generated does not tend to accelerate on slopes of less than 26

degrees. Most begin to deposit their material on slope of about 11 degrees.

When a debris flow consisting of loose and unstable rocks and/or soil deposit
proceeds down a slope, a canyon or a ravine, materials can be scoured from its flow
path. When the flow reaches the base of the slope, or the fan at the mouth of the
canyon or ravine, the initial debris volume can increase greatly by the fully saturated
sediment scoured from channels along its way. The flow will spread out and deposit.
In some cases, the debris flow may slow down and stop if water separates and drains
from the debris material, or the flow may spread out and thin if the channel widens
abruptly. The speed of debris flow depends on the fluidity (water content), the
hydraulic depth of debris (volume scale of failure) and the steepness of the channel
(slope gradient). In gently inclined channels, some debris flows move at speeds as
slow as 0.3 m/s. At the Rubble Creek landslide (Moore and Mathews, 1978), the
velocity estimated from superelevation of flows in channel bends is as large as 20 m/s
(72 kmv/hr) and is capable of crushing buildings. Therefore, debris flows can cause
serious damage to buildings and structures in the downstream areas. Debris flow is
regarded as one of the most threatening natural hazards in some regions of the world,
such as Japan (about 90 lives a year on average were claimed by debris flows,
Takahashi, 1981) and China (occurred in almost two-third of mountainous regions in
China, Zhang, 1993). The worst debris flow of this century occurred on November
13, 1985 at Nevado del Ruiz volcano in Colombia, which claimed the nearby Armero
city,' kitled 22,000 people, and spread debris of volume 48,000,0.00m3 over an area of
30 km?® (Takahashi, 1991; Garcia and Savage, 1993). On Novermber 5, 1991 about

6,000 peoples were killed by debris flows in Philippines following the torrential rains
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from the tropic storm "Thelma" (Day, 1994). Another disastrous event in Thailand
which killed 373 lives and cost US$ 280 million in damages was the debris flow
between Novermber 19-23, 1988 {(Phien-Wej et al, 1993). At a conservative
estimate, over 60 countries of the world hav.e been attacked by debris flows, including
China, Japan, Canada, USA, Switzerland, New Zealand, U.K., Philippines, Peru,

Colombia, Brazil, Sweden, Tanzania, Indonesia, Thailand together with many other

countries.

1.2 Landslide Hazards on Natural Terrain in Hong Kong

Hong Kong is not immune to debris flow. The largest debris flow reported in
Hong Kong occurred on September 11, 1990 at Tsing Shan and involved the
movement of 19,000 m® of boulders and soils. The debris was deposited into the
"Area 19 Tuen Mun", a designated site for further development (King, 1996a). The
total path measured 1,035m in length along a V-shaped gully of slope angle 16-27
degrees. The path of the debris flow narrowly missed a nearby squatter area (San
Shek Wan San Tsuen) by less than 200m. Both telephone and electricity services
were cut off during the debris flow. On June 13, 1992, another smaller scale debris
flow (250m’) flowed down a nearby gully at Tsing Shan and covered a concrete
footpath (King, 1996b). On November 4-5, 1993, over 800 debris flows occurred on
Lantau Island (Wong et al., 1996) and many occurred along slopes on the south of the
recently-built North Lantau Link which is today playing an important role in
connecting the new airport and the urban area of Hong Kong. One of these debris
flows covered a road connecting to Tung Chung. An abandoned school located on a
mountain side about 1 km west of Lo Wu in Hong Kong was destroyed by debris flow

in 1996 (Ayotte and Hungr, 1998).
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1.3 Motivation

Natural hillsides cover over 60% of the total area of Hong Kong. In the past
50 years, more than 470 people have been killed by landslides on man-made slopes,
including fill slopes, cut slopes and retaining walls, and 4 people are known to have
been killed by boulder falls from natural hillsides. There is no known fatality record
caused by landslide on natural slopes. Therefore, not much attention has been drawn
to the natural slope failures in the past. The Hong Kong Government has given
priority to man-made slopes and retaining walls, and a Landslip Preventive Measures
(LPM) programme has been conducted to almost all man-made slopes and retaining
walls in the past. Landslip preventive works on natural hillsides are expensive, it
seems not justified to treat every natural slopes. More recently, a more systemtic

investigation against natural terrain landslides has been launched by the Geotechnical

Engineering Office of the Hong Kong Government,

However, there were typically more than 300 natural terrain landslides in
Hong Kong every year (Lo and Ho, 1998). Although there have been no recorded
instance of fatality from natural landslides, the risk of natural slope fatlure to the
community will inevitably increase as the population of Hong Kong grows and the
infra-structures and building development continue to spread into areas adjacent to
natural hillsides. For example, with the recent development of the new Chek Lap Kok
airport and other new satellite towns, such as Tuen Mun and Tung Chung, human

habitat and activities have moved into natural terrain which has been prone to debris

flows.
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Moreover, over the last few years there have been some "near miss" landslides
on natural terrain which could have caused very serious damage if existing or planned
developments had been presented. These cases remind us of the significance of debris
flows, and motivate the present study on debris flows. The outcome of this study
should be extremely beneficial to the general public in Hong Kong as well as in

mainland China.

-

1.4 Objectives

In order to minimize the potential hazards associated with landslide failures on
natural terrain, a proper prediction to the risk of landslides is necessary. One of the
landslide risk assessments is based on the runout distance of landslides because the
runout distance of landslides is directly related to their extend of potential destruction.
Factors affecting runout distance of debris flows consist of the slope gradient,
gradient of deposition ground, granular content, shape of cross section of flow
channel, water content, scale of failure, mechanism of failure, and debris entrainment

and/or deposition rate.

The main objectives of this study are:
(1) To study experimentally the development of debris fan and the maximum runout
distance of debris flow as functions of various parameters (including slope gradient,
gradient of deposition ground, granular content and shape of cross section of flow
channel) and;
(2) To compare the maximum runout distance of debris flow observed in experiments

with those predicted by various theoretical and numerical models.
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2.1 Debris Flows

Debris flows are usually triggered by an unusual presence of water due to
intense rainfall or rapid snowmelit and by earthquakes. The initiations of debris flows

are usually triggered by rain and earthquake as illustrated in Figure 2.1.

Initiations of Debris Flow

l
l l

Rainfall-induced Earthquake-induced
Debris Flow Debris Flow
For example, For example,
Campbell (1974) and Sassa (1996)
DeGraff (1994)

Figure 2.1 Initiations of debris flows

When loose and unstable soil deposits on slope disjoint from a soil mass, the
failed landslide mass starts to slip, remould, and incorporate water during the flow.
The mobilization of failed mass can be caused by liquefaction of soil due to

earthquake and by reduction of soil strength due to the perched water level induced by
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heavy rainfall. Debris flow generated during intense rainfall usually causes
remoulding of the saturated moving mass into viscous debris flow. Entrainment of
boulders or large rock fragments along the transport path of debris flow can also be
present. According to the physical properties, debris flows can be categorized into 3

types that are commonly used by Chinese scientists (Table 2.1): mud-rock flow, mud

flow and water-rock flow.

Classification Properties Zhang IGGAS Wang Chen et al.
(1993) (1982) (1999) (1583)
p (x10° kg/m*) ~217 1.4-22 / 1.2-23
n (Ns/m;) >1.5 0.1-3 / //’
g (N/m%) > 10 0.04-3 /
Mud-Rock [ PSD / / Consist of Consist of clay,
clay (3-5% by | silt, sand, gravel
Flow weight), silt, | and cobble
sand, gravel
and cobble
p (x10° kg/m’) ~1.6 >1.4 / 1.6-22
i (Ns/m%) > 1.0 0.1-2 / /
15 (N/m?) >5 0.03-0.5 / /
Mud-Flow PSD / Dsy <1 mm Maiqu Consist of clay
consist of {d<0.005mm)
clay (>15% and silt
by weight) (d<0.05mm)
and sand with little sand
and gravel
p (x10° kg/m™) ~1.2 / / 1.2-1.8
p (Ns/m?) / / / /
Water-Rock | 1 (N/m2) / / / /
PSD / / Mainly Consist of sand,
Flow consist of gravel and
coarse sand, cobble with little
gravel and silt and clay
boulder

p = Density, n = Viscosity, Ta= Yield shear strength, PSD = Particle size distribution

Table 2.1 Physical Properties of Debris Flows (after Wang, 1999)

The above classification is based upon the composition of granular materials

in the debris flow. The density of mud-rock flow and mud-flow is generally higher
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than that of water-rock flow. The mud-rock flow in general has a higher value in
viscosity and yield shear strength than those for mud flow. The mud-rock flow
consists of heterogeneous composition of soils while the mud flow is mainly
composed of clay and silt with little sand and gravel. In addition, the water-rock flow

basically consists of sand, gravel and cobble with little silt and clay content.

2.2 Debris Flow Rheology

There are a number of rheologies used for debris flows. Chen (1987) provided
an extensive review of debris flow rheology, and Iverson and Denlinger (1987) gave a
concise examination to the physical aspects of rheologies. In this section, we do not
intend to include a comprehensive review on the rheological models for debris flows.

Instead, we will outline the several rheological models used in the study.

The first rheological model to be discussed is the Bingham model which was
put forward by Yano and Daido (1965). In the Bingham model, the shear stress is

given as:

dv
= tu (M

where 7, = Bingham yield stress

4 = Bingham viscosity

D _ shear strain rat
—— = shear strain rate
dh

The Bingham model behaves as a solid until a yield stress 7, is exceeded.

Subsequently the model exhibits a linear relation between the shear stress and the
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shear strain rate (rate of deformation), and flows as a linearly viscous (Newtonian)

fluid.

The second rheological model is the dilatant fluid model. The classical work
of Bagnold (1954) defined the following relationship.
T=-ptana 2)
where p = inter-particle stress normal to bed surface (dispersive stress)
tan g = kinematic friction factor and ¢ is an unknown angle affected by
collision conditions |
B <40, tana =0.75;
B>40and A< 12, tana =0.32;

B>40and 1> 12, tana = 0.4

P 21 .
The Bagnold number is denoted by B and is defined as rpoA , wherey is the
H

shear strain rate, p is the solid mass density, §is the particie diameter, p is viscosity

and A is the linear grain concentration that is defined as v'/(v}* - v"*). The
'v and v, are the volume concentration of solid phase and the (close-packed) volume
concentration of solid phase respectively. This model is characterized by the concept
of dispersive stress of grain flow that was originally introduced by Bagnold (1954).
Dispersive stress arises in shear flows of granular solids as adjacent grains collide and

exchange momentum as they move past one another.
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2.3 Deposition of Debris Flow

2.3.1 Sedimentology

A number of studies attempted to study the sedimentary characteristics of
debris flow (Major, 1997; Steijn and Coutard, 1989 and Middleton and Hampton,
1976). Textural features are usually used to identify debris flow deposits which
consists of large boulders embedded in a matrix of fine materials. Stratigraphic
successions showing details of debris flow deposits sometimes exhibit reverse
grading. Reverse grading was also observed at the deposit of the Tsing Shan Debris
Flow of 1990 as shown in Figure 2.2, which is based on a photograph taken in March
2000. Dispersive pressure may lead to boulder concentrations at the top of the deposit
and form reverse grading. The explanation for reverse grading was originally

proposed by Bagnold (1954).

Figure 2.2 Reverse grading of deposits in the Tsing Shan Debris
Flow
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2.3.2 Runout Prediction

Many landslides with long runout distance are in fluid form, and are normally
termed as debris flows. In contrast to the ordinary failure (rotational of man-made
slopes), potential destruction of debris flows often cannot be reduced practically and
cost effectively by the stabilization of the source triggering areas. Thus, landslide
hazard assessments, which include predictions of landslide volume, flow velocity,
impact force, thickness and spreading of debris, and runout distance, have been.
developed and applied to the barrier design. Runout distance is one of the important
parameters for hazard assessments.  Methods for predicting the runout distance of
debris flows can be classified into three main categories (Figure 2.3):
(1) Empirical modeling
(2) Experimental modeling

(3) Mathematical modeling
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2.3.2.1 Empirical Modeling
2.3.2.1.1 Angle of Reach Method

A well known ratio of the height of the highest point of landslide source (i.e.
the scar) and the projection of horizontal distance from this point to the distal margin
of the displaced mass (i.e. the edge of deposition fan) is defined as the "fahrboschung”
or the angle of reach by Heim (1932). In other words, the angle of reach is the angle
of the line connecting the head of landslide source to the tip of displaced mass.
Shreve (1968) called the tangent of this angle the equivalent friction coefficient. In
order to further explain the angle of reach, Scheidegger (1973) asserted that in a
frictional model the tangent of the angle of reach is the average friction coefficient of
the surface contact between the sliding mass and the slope base. Assuming the sliding
mass is a rigid body, Scheidegger's assumption is valid only when the angle of reach
is equal to the slope angle of the line connecting the centers of gravity of the landslide
source and the displaced mass. In other words, the tangent of the angle of reach is not
the friction coefficient but only an approximation for the friction coefficient. The
angle of reach of the Elm rockslide (Hsu, 1975), for example, is 17 degrees whereas

the line connecting the centers of gravity has an inclination of 23 degrees.

A detailed study to investigate the relationship between the landslide volume
and other various factors, and the angle of reach from 204 landslide records was
analysed by Corominas (1996). For simplicity, Corominas (1996) categorised the
landslide data into 4 classes based upon the movement mechanisms regardless of their
initial failure mechanisms. They are (1) rockfalls, (2) translational slides, (3)
earthflows and (4) debris flows. Regression equations for each kind of landslides

were developed. These equations showed that irrespective of mechanisms of
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movement the angle of reach experienced a contiuous reduction with increasing
volume. The angle of reach had no sudden change at any specific volume. Most of
the reduction of the angle of reach occurred at volumes smaller than 10° m>. As

remarked in Lau and Woods (1997), this clear relationship between the landslide

volume and the angle of reach was demonstrated by Corominas (1996).

The angle of reach has been adopted in Hong Kong as well for the purpose of
studying the relationship between the angle of reach and the landslide volume (Wong
and Ho, 1996). The landslide data consists of 250 failures of soil cut slope failures
which were triggered by a severe rainstorm on November 5, 1993 on Lantau Island.
Based on the failure modes, the landslides were grouped into (1) rain-induced, (2)
liquefaction of loose fill and (3) wash-out by convergent water flow. Results showed
that the angle of reach for rain-induced landslides generally ranged from 30 to 40
degrees, whereas for landslides caused by liquefaction of ioose fill or wash-out action
the angle of reach fell within the range from 15 to 30 degrees. As observed from the
results of Wong and Ho (1996), the angle of reach reduces with incteasing landslide

volume. This result is consistent with that of Corominas (1996).

According to the landslides data from Lantau Island of Hong Kong in 1992
and 1993, Lau and Woods (1997) performed a step-wise multivariant regression
analysis to establish an equation for calculating the angle of reach. Lau and woods
(1997) selected the initial landslide volume, material types, slope morphology,

vegetation type, slope angle and rainfall intensity as variables, and obtained the

following regression formula.
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log @ =14983 - 0.05384 logV — 0.03626G — 0.01755 M + 0.00306C + 0.00493S
-6.7x107°W

&)
where # = angle of reach (degree)

V = initial Jandslide volume (m®)

G = material type (1 = colluvium; 2 = residual soils)

M = slope morphology (1 = planar; 2 = concave; 3 = convex)

C = vegetation type (1 = grass; 2 = scrub; 3 = tree)

S = slope angle (degree)

W = rainfall intensity (mm/24hr)

However, the above method does not account for the physical properties of
debris materials, the mechanism of deposition or entrainment of debris material, and
the water content of the debris. The analysis also neglects the gradient of the

deposition ground.
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2.3.2.1.2 Channel Geometry Method

Benda and Cundy (1990) developed an empirical model for predicting the
deposition of coarse-textured debris flows in confined mountain channels based ona
field measurements of 14 debris flows in the Pacific Northwest of USA. This model
was firstly tested by the travel distance of 15 debris flows in the Oregon Coast Range
and 6 debris flows in Washington Cascades, and further tested by the travel distance
of 44 debris flows in Oregon Coast Range using aerial photos and topographic maps.
This model assumed two criteria for deposition: (1) channel slope less than 3.5
degrees and (2) tribﬁtary junction angle a greater than 70 degrees (Figure 2.4). The
tributary junction angle is defined as the upstream angle between the tangent lines of
two intersecting channels. When debris flows encounter a tributary junction of angle
greater than 70 degrees, it often collides with the opposite valley wall and starts to

deposit. When either one of these criteria is satisfied, the debris flow will deposit.

- Junction
~angle o

-
-

r

Contributing
channel

Vv Receiving
channel

Figure 2.4 Representation of junction angle a (Bendy and Cundy, 1990)
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This model consists of a hypothetical channel network (Figure 2.5) including
the locations of trigger hollows, first-order channel, second-order channel and so on.
When the deposition is predicted based on channel gradient, the predicted travel
distance is determined by measuring the map distance from the initial failure to the
midpoint of 2.5 to 4.5 degree contours. When the deposition is predicted based on
tributary junction angle, the deposition point is at the junction. This model is totally
based on the geometry of thé channel network, and does not account for the
rheological properties, landslide source volume, failure mechanism and channel cross
section of the debris flow. This model can only predict the travel distance of debris
flow up to the end of the confined channel and cannot be applied to debris fan
development. This model can be easily calibrated by using topograhpic maps and

aerial photos, but should be field checked prior to its use in other areas.

\'-... ‘ -— Trigger hollows
Hollows
First-order ——
- . Second-order
N =~
//% #
E

____/_\

Figure 2.5 Hypothetical channel network showing the location of trigger hollows, hollows,
first and second-order channels  (Benda andCundy, 1990)
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2.3.2.1.3 Volume Loés Rate Method

Field observations of debris flows indicated that debris material can be lost
from the flow by deposition in the form of levees or channel fill (Cannon and Savage,
1988). Cannon (1989) and Cannon and Savage (1988) suggested that the potential
travel distance of debris flows can be predicted by considering the volume loss

behaviour when the flows travel down hillsides. The flow stops when the volume of

actively flowing debris becomes negligible.

Cannon (1993) adopted this principle and established an empirical model
which can be combined with digital elevation models (DEM) to characterise the travel
distance of debris flows. Based on 26 debris flows at the Honolulu district of Oahu,
Hawaii, the average vol_ume change over distance (dependent variable) and the
variables of slope, confinement and vegetation type (independent variables) were
obtained. The average volume change over distance is characterized by dividing the
initial scar volume [determined from (1) direct measurement in field or (2) estimation
from measurements remotely in field or from aerial photos] by the distance
(determined from a 10-m digital elevation grid) traveled down the hillside. The initial
scar volume was assumed to decrease linearly with travel distance. This model is
applied only to debris flows that have nearly uniform channels, vegetation types and
slope angles. A step-wise multiple regression analysis was carried out to evaluate the
influence of the independent variables on the average volume change behaviour of
debris flows. The regression equation for Honolulu district is represented by the
following equation (Figure 2.6):

V;‘_Vf
log{ D ]=0.14logR—-140logf+2.16 (4)
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where V; = volume of material entering the debris trail (m®)
Vi= volume of material leaving the debris trail (m®)
D = length of the debris path along hillside (m)
0 = gradient of path (degrees)

R = transverse radius of curvature of channel in a vertical plane (m)

This volume-ioss rate model can be combined with a digital elevation model
to predict the runout distance of debris flow. Lau and Woods (1997) also applied this
method to predict the runout distance of debris flows in Hong Kong. The main
limitation of this model is that it is not capable of taking account of the physical
properties of moving debris and the mechanism of debris deposition. It does not
allow for the material entrainment or channel erosion, and the debris must stop on the
hillslope. This empirical model established for Honolulu shouid be calibrated prior to

use in other areas with different landslide conditions.

20
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Xy, Y. Iy of

H
HeZ,-Z,
\ D=(H2aL?)"?
pa%yt%lr:'gus 8=lan -{HL)

Figure 2.6 Three-dimensional view of debris flow (Cannon, 1993). Here H is
the vertical drop of path (m); L is the map length of path measured from scar
lip to terminus of deposits (m); D is the length of path along hillside (m); 8
is the gradient of path (degree); R is the transverse radius of curvature of
channel {(m) and V, is the vegetation type

21



Runout Distance of Debris Flows: Experimental and Numerical Simulations Chapter 2

2.3.2.2 Experimental Modeling

2.3.2.2.1 Large-Scaled Model

Large-scaled laboratory models permit systematic experimental study on the
behaviour and runout distance of debris flow from initiation to deposition (Mizuyama
and Uehara, 1983; Iverson and LaHusen, 1993; Iverson et al., 1992; Iverson, 1997
and Major, 1997). In 1991, the U.S. Geological Survey constructed a large flume for
conducting controlled experiments on debris flows. The flume is located about 45
miles east of Eugene, Oregon and near the headquarters of the H.J. Andrews
Experimental Forest, Blue River Ranger District, Willamette National Forest. This
flume is a reinforced concrete channel 95 m long, 2 m wide and 1.2 m deep. The
smoothly bedded flume slopes 31 degrees along the upper 88 m and flattens gradually
to 3 degrees over the last 7 m. The sediment comes down the flume and deposits on a
flat runout surface at the flume base. As much as 20 cubic meters of sediment which
is saturated with water from subsurface channels and surface sprinklers can be loaded
behind a steel gate at the head of flume. As debris flow is initiated, removable glass

windows built in the side of flume allows the passing flow to be observed and

photographed.

Iverson and LaHusen (1993) also introduced three dimensionless parameters
(Bagnold number, Savage number and friction number) to ensure compatibility of the
constitutive behaviour of the tested materials and the real debris. These three
dimensionless parameters have also been adopted in the experimental study in this
thesis and will be discussed in details in chapter 3. The flow depth and flow velocity

as well as the runout distance of debris flows have been compared with the model
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prediction of Savage and Hutter (1989, 1991). Major (1997) also used this flume and
studied the deposition mechanisms, in relation to the sedimentoiogy of field deposits
" and estimation of rheological properties of debris flows. The advantages of this
model are that the experiments can use realistic geological debris ranging in
composition from fine-grained silty-clay slurry to coarse-grained cobble-boulder

material. The effect of stresses and pore water pressure on the flowing debris can also

be measured.

Another 20 ¢m wide and 25 m long flume (jointed by five 5 m long segments)
was used to investigate deposition process and runout distance of debris flows in
channels with abruptly change in width and gradient (Mizuyama and Uehara, 1983).
The first segment of flume is at 25 degrees, and each subsequent segment of flume
slope decreases by 5 degrees (from 25 to 5 degrees). A layer of sand with constant
thickness of 10 cm is placed at the flume base and constant discharge of water was

supplied from the top of the flume to start the flow.

Since almost all debris flows occur under adverse conditions of severe
rainstorm and/or earthquake, very few field observations have been made on debris
flow. The large-scaled model can provide a reasonable and reliable way to study
debris flow dynamics and physical phenomena under well-designed conditions.

These observations can be used in assessing both theoretical and numerical debris

flow models.

2.3.2.2.2 Small-Scaled Model
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A series of model experiments using samples collected from Jiangjia Creek at
Yunnan, China were conducted to study the deposition and runout distance of debris
flow (Liu, 1996). These model experiments studied the influence of debris deposition
on the channel slope, deposition board slope, unit weight of debris samples and the
initial debris flow volume. The physical model consisted of a 150cm length channel
(16cm width and 18cm depth) and a 150cm width and 200cm length deposition board.
As the channel and the deposition board are adjustable from 10 to 34 degrees and 1 to
10 degrees respectively, thus enabling the runout distance of debris flow to be
simulated according to different parameters. This physical model provides a direct
means to assess the effect of different parameters to the runout distance of debris flow
in a reasonable manner. But the limitation of this miniature experiment is its
inadequate geometrical and constitutive similitude to the real debris flow cases, due to

arbitrary selection of channel dimension and unlikeness to use actual physical

properties of debris material.

Another experimental model has been used to study the total initial debris flow
volume to the maximum values of the fan length, fan width and fal; depth (Shieh and
Tsai, 1997). The advantage of this method is that it relates the initial volume of debris
to the maximum fan length, maximum fan width and maximum fan depth by an
empirical coefficient. As the shape of the debris fan is assumed to be half ellipse, this

method is unsuitable for landslides with a very long runout distance.
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2.3.2.3 Mathematical Modeling

2.3.2.3.1 Analytical Modeling
2.5.2.3.1.1 Sled Model

The sled model was originally proposed by Heim (1932). This model assumes
that all energy loss during motion is caused by friction only. But the nature of friction
during motion is not blear, many reseachers tried to interpret this landslide motion by
an apparent friction angle ¢, . For example, Shreve (1968) proposed the use of
equivalent friction coefficient and Scheidegger (1973) proposed the use of average
friction coefficient. When a debris flow has a potential head h, the energy line being
divided by mg is shown in Figure 2.7. This line represents the total energy head (the
kinetic energy head + the potential energy head). The kinetic energy head (v¥/2g) is
shown by the height between the energy line and thé center of the moving mass.
When the debris mass having potential energy head h moves by a horizontal distance

x along the sliding path as shown in Figure 2.7, the energy loss due to friction {(Eg¢) is:
y dx

E, = [(mgcos6)tang,(——) = mgxtang, )
5 cost

where ¢ = apparent friction angle

m = mass of debris

g = gravitational acceleration

& = slope gradient

25
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L Center of Gravity
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- Energy Loss x tand,

~-Kinetic Energy vZ/2g

Potential Enerqgy —] T2
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X

Figure 2.7 Sled model for the motion of landslides Sassa, 1988)

By considering the conservation of momentum and assuming debris mass is constant,

we have :
dv i
m— = mgsin & — (mgcosé) tan g, _ (6)
dv :
then, i gsin@—(gcosf)tang, = gcosf(tanf —tang,) @)

where v is the velocity.

For simplicity, Lo and Ho (1998) gave a formula for the determination of the
runout distance of debris flow from the initial point of deposition. Based on the
assumption that the slope gradient is constant and the velocity decreases linearly, the
formula for a runout distance can be obtained. Integrating both sides of equation (7)

where v, is the entry velocity (the entry point at which initial deposition occurs), we

have:

J.dv = jgcos&‘(tam‘)— tan ¢ )dt (&

¥y
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2X
V, = gcosf(tan g, - tan &)t = gcosH(tan ¢, — tan ) v £ %
VZ
- “ 1
0, X, 2gcosf(tang, - tanh) (19)

where X, = runout distance of debris flow

The above method can provide an effective means to predict the runout
distance of debris flows. However, the apparent friction angle ¢, is usually estimated
from past failure events (for example, correlation between landslide volume and
apparent friction angle, Sassa 1988) such that it is sometimes difficult to determine
the apparent friction angle precisely and specifically for each prediction. This model
assumes the debris mass as a single point (lump mass model), and it is unable to take
account for the internal deformation and to simulate the motion of the flow surge. It
also overlooks the effects of channel cross section and the constitutive relationship of

the debris mass.

2.3.2.3.1.2 Improved Sled Model

Sassa (1988) assumed that the apparent friction angle @, can be approximately

(as an estimation because causes of energy loss during motion is not solely due to
friction but other causes such as energy loss due to collision) expressed as a

combination of the internal friction angle during motion and the pore pressure as:
o—u
tang, =——tang, (1
c

where ¢ = apparent friction angle
¢, = internal friction angle during motion

o = normal stress
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u = pore pressure

Sassa (1984) developed a new ring shear apparatus to measure the internal
friction angle during motion. However, it is difficult to estimate the pore pressure
during motion, Sassa (1988) classified pore pressure generation mechanism into three
cases. (Case A): A landslide mass is moving on a ground without generation or
dissipation of pore pressure (for example, flow on concrete channel); {Case B}: A
landsiide mass is moving on a saturated or partially saturated ground, and high pore
pressure will be generated by undrained loading; and (Case C): A landslide mass is
moving on a relatively dry and permeable ground, and pore pressure from moving
mass 1s dissipated to the ground. Adopting the pore pressure parameters (Bp and Ap)
proposed by Skempton (1954) and expressing Bp in terms of the compressibility of
soil and pore liquid (Lambe and Whitman, 1979), Sassa et al. (1985) formulated a

new equation for case B to estimate the pore pressure during motion:

1

BD=]+ n S o 10-S(raByho) 1 12)
— - C, +

C. o0 100 us + Bypc

where »n = porosity

C., = three dimensional compressibility of soils

S, = degree of saturation {in %)

u, = initial pore pressure including atmospheric pressure
C, = compressibility of water

Ao, = confining pressure increment

« = constant for absorption of air into water
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The pore pressure Ap for fully saturated debris can be determined from measurement
of pore water pressure during application of principal stress difference under
undrained conditions in a triaxial test. For simplicity, Sassa (1988) simplified

equation (11) and expressed the apparent friction angle in terms of ¢, , Bp and Ap by

equation (13).
_ (1 - BD)ta'n¢m
tang, = 1+ BpA,tang, 13)

By the use of the apparent friction angle estimated by laboratory testings,
Sassa (1988) called the conventional sled model as the improved sled model. The
improved sled model can determinate ¢, for each part of the expected travel distance
by laboratory testings, for instance, a low ¢ for a saturated and less permeable
ground, and a high ¢ for a relatively dry and permeable ground. The improved sled
model can overcome the limitation of the conventional sled model which is limited to
estimate a single ¢, for the whole travel distance by introducing different ¢, for each
part of the travel distance. Nevertheless, the improved sled model suffers the same
limitations as the sled model because it simulates the debris flows to be a lump mass

model.

2.3.2.3.1.3 Kinetic Model

Kang (1997) assumed the movement of viscous debris flow can change from
grain-shearing collision to grain shearing slide after reaching the deposition section or
alluvial fan. When debris mass (assumed as saturated mixture with slurry filled in
between the coarse grains) moves at a steep slope, the weight of coarse grains in

debris flow is transmitted to the channel bed through inter-particle collisions and the
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flow is considered similar to the fluid movement (grain shearing colliston). As the
channel slope becomes milder, the debris flow starts to decelerate and deposits. The
debris flow can be considered as solid movement (grain shearing slide). Kang (1997)

expressed the deceleration and deposition location in terms of dynamic friction angle

of grains and bed slope of alluvial fan. For a debris flow reaches an alluvial fan
where ¢ > @, its deceleration is:
a = gcosf(tand—tang_) (14)
where a = deceleration

¢ = bed slope angle of alluvial fan

¢, = dynamic friction angle of grain

g = gravitational acceleration
Denoting ¥V, as the velocity of debris flow in the conveyance section (similar to the
entry velocity in the sled model), the velocity and runout distance of debris flow aﬂe;'
time t of deceleration are:

V.=V, + gtcos@(tané - tan g, ) (13)

1
S, =V0r+§gt2cos¢9(tam9—tan¢m) (16)

VO
gcosf(tan@d—tang, )

When V, = 0 (stoppage of debris flow), ¢ = — and

the runout distance of debris flow is

v,

" 2gcosé(tan €—tang ) (17

S, =

The above model is simple and provides a theoretical prediction for deceleration,
velocity and runout distance of debris flow. The deceleration of debris flow can also

be applied to estimate its impact force to adjacent structures. But this model takes no
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account of the channel morphology, mechanism of movement, and deposition or
entrainment of debris mass.
2.3.2.3.1.4 Frictional Model

When a layer of loose, dry and purely frictional material slides down an
inclined surface and enters its accumulation zone with a given velocity Vj,
VanGassen and Cruden (1989) derived that the runout distance of rock avalanches
depends on the momentum transfer within the slide mass. According to the Newton's
second law, the change of momentum of the system is equal to the resultant of
external forces acting on the system:

d( MV) as)

F=
dt

where F = resultant of external forces
M =mass
V = velocity

Assuming the resistance against movement of sliding mass along a slope of angle 8 is

ds
caused by friction only, we have (by chain rule, V' = E)
av  dM av aM M d(?) dM
FeM—+V—=MV—+V’ —=— P— 1
a " d ast a2 as T as (19)
MdWy? ., dM .
- = Mgsin@ - Mgucosé (20)

2 ds  dS
where & =slope angle

4 = coefficient of friction

dS = incremental distance along the slope
Gassen and Cruden (1989) developed three models for the prediction of runout

distance: (1) constant mass model or sliding block, (2) linear mass-change model, and
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(3) exponential mass-change model. For a constant mass model, we can set
dM / dS = 0 into equation {20) and obtain

d(r®)
ds

=2g(sin@ - ucosé) : : 2D

Integrating both sides of equation (21), where ¥V, is the initial velocity and L the

runout distance,

- V02
L= 2g(sin@ - ucos@) (22)

This equation is identical to equation (17) if we set u = tang_

If the slide mass is changing linearly with distance, we have

S, -8
M=M, (23)
Sy
Where M, = initial mass
§, = distance at which velocity and mass become zero.
Equation (20) becomes v’y " 2g(sinf - ucosf) (24)
- = in@- ycos
a ds 5, -s ERmeTA

and can be solved as

Vi(s-8 )2-{Vz+z inf — as Sz-¢~z ing HS-S,) (25
5! = 38(3"1 Hcosd) f} r 33(5"1 — pucosf)(S - f) (25)

When V' =0, §=.5, (boundary condition for deposition zone)

15%,° 26
f —_g(siné?*,ucosﬁ) (26)

By assuming a rectangular deposition profile with a center of gravity at midpoint, the
runout distance L becomes

S 1507
f__ 0 27

2 2g(sin@ - ucosf)

L=
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If the slide mass is changing exponentially with distance,

-8

M= Me* (28)
where L, = travel distance of the center of gravity for the exponential deposition
profile. Gassen and Cruden (1989) assumed that the exponential deposition profile
can be truncated at S = 5Ly and the sliding mass beyond S > 5L is negligible. For the

truncated profile at S = 5L,, the center of gravity is at L =0.966L,. Similarly, when

V=Vat S=0and V' =0at §=5L;, we have,

1937,
> (29)

T 2g(sind— pcosb)

A comparison of equations (22), (27) and (29) show that the runout distance of the
sliding mass depends on the rate of deposition along the slope. This result indicates if
a slide with a changing mass is assumed to be a sliding block with a constant mass,
the runout distance of slide would have been underestimated. Accordingly, it also
indicates that the runout distance predicted by a lump mass model would be

underestimated if the rate of deposition is not zero.

However, there is strong objection against this model. More specifically,
equation (18) which is the foundation of this model is for a rocket with an implicit

assumption U = 0 or Uy = -V (Hungr, 1990a,b; Erlichson, 1991):
M—I+V—~—.U——-=F | (30)

or

M—-U,—=F G

where V = absolute velocity of rocket
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U = absolute velocity of the gases expelled from the rocket engine

U = velocity of the gas relative to the rocket

M = changing mass of rocket

F = resultant of external forces acting on the system
Analogous to the rocket equation, Cannon and Savage (1988) and Gassen and Cruden
(1989) attempted to apply the rocket equation to the deposition of a sliding mass.
Unfortunately, the application of rocket equation to the deposition of the sliding mass
is not justified (Hungr, 1990a,b; Erlichson, 1991). For a rocket, it is obvious that the
exhausted gas is ejected from the rocket. This process assumes the action-reaction of
forces to be internal in the rocket system. But, for the deposition system of a sliding
mass, the depositing mass just separates from the flow, drops down on adjacent land
and is decelerated from flow speed to zero speed by the friction of adjacent land. This
process involves momentum change to the adjacent land that is external to the
deposition system of a sliding mass. In other words, the depositing mass is not
ejected or spurted at a velocity Uy = -V by the sliding mass itself, but it is brought to
rest by the adjacent land. To further elaborate this, Erlichson (1991) supposes a man
is sitting at the rear of the shding mass and this man is considered as a part of the
flow. Supposing this man throws a rock from the flow in the backward direction with
a speed equal to the flow speed. The speed of the rock is zero relative to the ground
and the rock simply drops to the ground behind the sliding mass. If this is the case,
the rocket equation can be applied to the deposition system of sliding mass. But, it is

not.
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2.3.2.3.1.5 Dispersive Model

For a steadily moving debris flow traveling abruptly from a steep channel to a
lower channel of gentler slope, Takahashi and Yoshida (1979) formulated an equation
for its stoppage based on the principles of momentum conservation and continuity
equations. For simplicity, Takahashi and Yoshida (1979) made the following
assumptions: (1) shape of longitudinal profile is assumed to be trapezoidal (Figure
2.8); (2) all parts of flow proceed at the same velocity u; (3) concentration of granular
phase c, is constant throughout the process and (4) slope of channel abruptly level out

without expansion in width.

Figure 2.8 Process of stoppage of debris flow (Takahashi and Yoshida, 1979)

Where u, = upstream velocity
, = upstream flow depth
8, = slope of upstream channel
8, = slope of downstream channel
t=time

x = distance

35



Runout Distance of Debris Flows: Experimental and Numerical Simulations Chapter 2

For momentum conservation, we have

d 1 1 .
5 Ot hy)xpuy = (h+ hs)xp.gsing, + pgu,cos(6, — 6,)
(32)

2 8 cos,co5(6,~B)(@ 2ok, + ) F
where p_ = density of interstitial fluid
p, = apparent density of debris flow = (o - p, )¢, + o,
ka = coefficient similar to active earth pressure coefficient
o = density of particle
g = gravitational acceleration
F = friction force at the bed surface
¢, = volume concentration of solid phase
g, = discharge
Where the left term expresses the temporal momentum change, the first term on the
right expresses force due to gravity, the second term momentum flux from upstream,

the third term the forces due to hydrostatic and earth pressure and the fourth term the

friction force at the bed surface.

The shear stress at the bed surface 7, is the sum of granular shear stress 7, and
shear stress r, produced by turbulence and by viscosity of the interstitial fluid. 7z, is

normally considered negligible. Bagnold (1954) found the following relationship.

7, = —ptana (33)

where p = inter-particle stress normal to bed surface (dispersive stress)

tan ¢ = kinematic friction factor and & is an unknown angle affected by

collision conditions

B <40, tanag = 0.75;
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B>40and A<12, tana=0.32;
B>40and 4> 12, tana =0.4
B -= Bagnold number (see definition given in Section 2.2)
Takahashi (1978) assumed that
p =—(o — p)cghcosl (34)

and, thus, the friction force can be approximated by
1
F= 5(0‘ - P.)8¢,(h + h)xcosG, tana (35)
From continuity equation, we also have
1
E(h +hy)x = hut (36)

Substituting equations (35) and (36) into equation (32), and simplifying the results,
we obtain

@+E ~ (gsing, - (c—p,)gc,cosf, tana
dr -t ‘ (0= pn)C, + Py
[(o — pn)ek, + p,]c0s6,8h,

Ao-pen+pli’

} +%uu cos(8, — G,){1+
(37)

or E_ YU 38
[—+—=—-
dt { t ( )
[(oc-p,)c.k, +p,lcosB, gh,

Ao - p,)e, + palu,’

where U =u_cos(@, —8,){1+

(o - p,)gc,cos@ tana
(o= p)c, +p,

fia

r . a
as integrating factor, we have

G =-{gsing, -

To solve equation (38) and take e

—=¢

L!drﬂ I:dr U J-}d.r g_ :
e ol (-6 (39)

a I}dt _ I}dt g—
d!(e u)=e (’ G) (40)
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Integrating equation (40) by parts,

Sy J'e}w(%—G)dt - I(U—Gr)del P _W-Gne™ - J'eI “aw-cn @D
= -ane™ 6 [l a “2)
where

j‘eﬁdtdt = e’[%d’t - Itd(e”dt) = e'[;]wt - _[Ie”d:d( Edt)

1 Il 1 J-l Itdr (43)
-dt ~dr ~df -
=eI’ t— _[te f—di=e'" I—Ie tdt
t
! 1 (!
so, felar = el | (44)
Substitution of equation (44) into equation (42),
jld: ] la 1 _[ld:
et u=U-Gte’* +GEe’ t (45)
Gt
u=(U——Gt)+? (46)
Gt
u=-—+U (47)
2
Under the mitial conditiont =0, x =0,
Gr*
x=—-——+Ut (48)
4
When u = 0 the debris flow stops,
U
Imp = E‘ 49)
2
We have x = — (50)

G
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The above method provides a simple analytical prediction of the runout
distance of debris flows. But the limitation is that the width of gentler slopes cannot

be abruptly changed and is the same as the width of steeper slopes.

2.3.2.3.1.6 Constant friction slope model

Hungr et al. (1984) simplified the above model and combined the model with
the concept of a constant friction slope (Takahashi, 1978).
7, = {(0 - p)c+ p}ghsin@ (51)
where o = particle density

p = density of interstitial fluid

€ = slope angle

h = flow depth

¢ = volume concentration of solid phase

g = gravitational acceleration

__(o-p)
y ————(O__p)c+ptana (52)

Substitution of equation (52) into equation (32) and assuming k, = 1 as for fluid like
flowing and simplifying, we have

d(tu) gh, cosé,

dr OO Bt T 15,8 c0s8y ~ g sinéy) (>3)
d(tu)
=V - 4
or gl V -Gt | (54)
h, cos6,
where V = u, cos(8, - 8,){1+ %} (55)
G = g(S, cosf}, —sing) {56)

Solving equation (54) similar to equation (38), we have
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& (57)

. gh, cosd, )
For simplicity, if we neglect the terrncos(é,"-@){1+——-2';2—}, the result is

u

simplified to:

2
x= —r (58)
g(S, cosd, —sinb)

Equation (58) is similar to equations derived by Gassen and Cruden (1989) as both
equations are based on the principle of momentum conservation. The difference is
that Gassen and Cruden (1989) attempted to incorporate the mass change function.
When comparing equation (22) (for constant mass) and equation (58), runout

calculated from equation (22) is 2 times less than that from equation (58), because the

h,cosd,
term cos(4, — g, ){1+ %(i%g-i} is neglected in equation (58). Thus, equation (58) is
u

u

more conservative.

However, from the principle of energy conservation (i.e. total work done is
equal to the summation of kinetic energy loss and potential energy loss), we can
simply obtain an expression which is very similar to equation (58).

Work done = change in K.E. + change in P.E.
. 1 2 .
mgx(sinf — pcosd) = -—Emuu — mgxsinf : (59)

where m= mass of slide

1 = coefficient of friction

u, = entry velocity
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g = gravitational acceleration

x = runout distance

& = slope of deposition ground

2

u
therefore, x = - —t 60
erefore, ¥ 2g(2sin@ - pcosd) (60)

If we neglect the potential energy change (Hungr, 1990a), we have

2
u
= — u 61
* 2g(sin@ — ucosd) 6

which is the same as equation (22) given earlier.

2.3.2.3.1.7 Sliding Consolidation Model

A sliding consolidation model in loose, cohesionless materials is proposed for
the behaviour of flow slides (Hutchinson, 1986). Excess pore water pressure is
generated by undrained loading caused by collapse of flow slide source. When the
flow slide travels on an impermeable and unerodible ground (Figure 2.9), the excess
pore water pressure decays gradually due to consolidation to a value that brings the
slide to rest, while at the same time the friction during motion increases accordingly.
The resulting flow slide travels until the degree of consolidation approaches close to

unity for the moving mass to freeze.
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b

Piezometer

A
sh h
% (\
Sliding surface Fj

,
R=R'+U N\~

Figure 2.9 Forces on an element of the flow slide (Hutchinson, 1986)

Where F; = total interslice force ( assumed =F; )
m = mass of slide
b = length of slide
h = flow depth of slide ( s = fractional number )
R = total normal force on base
R’ = effective normal force ( = mgcosé)
U = force due to pore water pressure ( = u,bsecf)
¥ = unit weight of flow slide
¥ = unit weight of saturated flow slide

u, = basal pore pressure
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It is assumed the flow slide consolidates by means of a single upward one-
dimensional consolidation. The forces acting on an element of flow slide is shown in
Figure 2.9. Agsummg the basal resistance to be purely frictional, we have
ma = mgsiné — (mg cos@ ~ ubsecH)tang (62)
where ¢ = undrained friction angle

mg = bh{(1-s)y +sy,,}

a = acceleration

Hence,

a = g{sinf-(cosf— )tan g} (63)

5
heos@(1-5)y +5y,,]

Assuming the flow velocity decreases from initial velocity v, to zero linearly, one

obtains
v=al+v, (64)
and
at?
X=—+vy ] (65)

where t = time required for basal excess pore water pressure to decay from up, to us

Td*?
[ = (66)

C

v

T = time factor for degree of dissipation of basal excess pore water pressure

U,
=1-— (67)

Hpo
Upo = pore pressure at t = ( and is assumed to be
=[(1-s)y +sy_, |hcos’ @ (68)
d = average length of drainage path = shcos@ (69)

¢, = coefficient of consolidation of material
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Using the above relationship the acceleration and velocity, and runout of flow slide
can be calculated. The main limitation of model is that it is difficult to determine the

thickness ratio (s) of the saturated flow slide and the average thickness of flow slide.
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2.3.2.3.2 Numerical modeling
2.3.2.3.2.1 Shallow Water Model

Laigle (1997) treated debris flows as movements of a continuum flow based
on the 2 dimensional shallow water equations.

g

3 (u, h)=0 (70)

o J -
2 +"é':c-(uxh)+

Equation (70} is the continuity equation for 2-D shallow water equation,

where h = flow depth

u, and u, = mean velocity in x and y direction respectively

Laigle adopted the Herschel-Bulkley rheological model and the equation of

conservation of momentum in x direction as,

-, 1 oo
- 2
a(hux)-'-é(h&u, +§gh2)+§(h5uxuy)_gsin9h u, % 1
i x Y ' \/;c ey
: ¥ ¥ )

Similarly in y direction,

. T - -
ﬁ(huy)+a(h5uy +§gh )_'_é‘(h&u’ u,) - osing h Uy
2 g} = = gsing h - ———
1fux2+uy2

where g = gravitational acceleration

T
— (72)
0o

p = density of debris flow
0. and 9y = slope angle in x and y direction respectively

h -
7, =7,{l+ 1.93[%(\/_:‘—)3]'0‘9} (Herschel-Bulkley rheclogical model)
u:l+u,’

7,= yield strength

K = a parameter of the fluid
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On the basis of the governing equations (70}, (71) and (72), the model is solved by the
simplified Godunov type explicit scheme. However, the limitation of this model is
that the propagation time, during the stoppage stage, varies largely especially when
flow velocities are low. The flow heigﬁt near the front also varies rapidly. In
addition, O’Brien et al. (1993) applied a finite difference method to solve the 2-
dimensional shallow water equations and to simulate clear debris flow on alluvial fan
and urban floodplains. ﬁut the main limitation is that detailed boundary conditions on

the alluvial fan should be specified.

2.3.2.3.2.2 Particle-in-cell model

The formation of an alluvial fan was simulated by using a particle-in-cell
model (Wang et al., 1997). Wang et al. (1997) assumed the debris medium to be an
assembly of a large number of debris particles. According to the two-phase theory,
each particle is composed of water, fine and coarse solid grains. The liquid phase
consists of water and fine grains while the solid phase is composed of coarse grain
only. The particle-in-cell model is represented by a fixed-and-moving grid (2-
dimensional and squared). The debris flow depth and topographic elevation is

represented at each fixed grid point.

With regard to the two-phase theory, the friction of debris flow S, is due to
the friction of solid phase S ; and the friction of liquid phase S, : That is
Sy=58;+8, {73)
This model takes account of the gravity term due to topographical elevation and the

friction term related to the flow rheology, but neglects the pressure gradient of the

flow.
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However, it should be noted that as the individual particles are discrete points
and cannot behave as a continuum flow, a long distance translation of particles during
a time interval may lead to discontinuities or numerical instability. Thus the
maximum translation distance of particles during time increment must be constrained.
The boundary conditions (flow discharge at the entrance of the alluvial fan and its

time duration) required for this model are also difficult to determine.

2.3.2.3.2.3 Two steps model

Jan (1997) simply treated debris flows as movements of a continnum which
follows the continuity and conservation of momentum equations. For a 2-D
incompressible and unsteady debris flow in a wide channel (shallow water), the

governing equations are:

a4 29 99,

2t 2t a0 (74)
2, 2. .0’ & Q9 & Tpe

& +d_(ﬂ h )+@(ﬁ hy)'—_gh&-l-ghgx_pm (75)
9, & 0.0, & 0} o T,

2 +E(ﬁ ) )+E(ﬁ Y )=—8h5+gh3y—g (76)

where h = flow depth
Qy, Qy = flow discharge in x and y direction respectively
Sy, Sy = bed slopes in x and y direction respectively
g = gravitational acceleration
pm = density of debris flow

J = momentum correction factor

Ty » Ty, — Ded shear stress components
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The Bingham model is used to express the rheological behavior of debris flows and

the assumed the bed stress shears are :

oy U a7
P
" JUrer? 1 #
2 6h
4 JTA 4
RN oA -
2 6k

where 7, = Bingham yield stress
4y = Bingham viscosity

U, V = flow velocities (U= Q, /hand V =0, / k)

H=h-8,
8, = —2— = plug thickn
= = U ICKNESS
.88 7%

S=82+8}
The above model was used to simulate debris flow in inclined channels having

constant bottom slope and gradually varying slope with reasonable results, but

comprehensive verification with experimental or field data for this model is

necessary.

2.3.2.3.2.4 FEM model

Chen and Lee {1998) developed a three dimensional model for unsteady
gravity-dri%n debris flows based on the Galerkin finite element method to simulate
the flow along the longitudinal direction and the spread in the transverse direction.
This method uses Lagrangian scheme in space and explicit Eulerian framework in

time. This model has been applied to simulate a disastrous landslide in Hong Kong
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(Shum Wan Road landslide) and gives reasonable results in comparison with the field

observation.
2.3.2.3.2.5 DAN model

Because the conventional lump mass model is unable to take account of
internal deformation and simulates the motion of flow front, Hungr (1995) developed
a "Dynamic Analysi;" model. The abbreviation of this model is “DAN” model. The
DAN model simulates ﬁ slide mass as a number of blocks in contact with each other,
free to deform and retaining fixed volumes of material (Figure 2.10). This model is

basically an extension of the conventional lump mass model.

(b)

Figure 2.10 (a) Flow is represented in curvilinear coordinates where boundary blocks (1
=1 to n } and mass blocks (j =1 to n-1 ). (b) Forces acting on boundary block (except
the self weight)(Hungr, 1995).
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Perhaps most existing models are associated with one distinct rheological
material, the DAN model is designed to allow selection of a variety of material
rheologies, which can vary along slide path or within slide maés. In this model, an
equivalent fluid, whose properties will approximate the prototype behavior, is
proposed to replace the real heterogeneous moving slide mass. Thus, the constitutive
properties of the equivalent fluid must be obtained by back analysis. In order to
facilitate such back anﬁlysis, the model must be flexible to account for major
characteristics of landslide motion. That is why the DAN model is designed to allow
selection of a variety of material rheologies. The model is referenced to curvilinear
coordinates and a moving mesh, as illustrated in Figure 2.10. The momentum
equation is applied to boundary blocks numbered i = 1 to n. The continuity equation
is then applied to the mass blocks of fixed volume numbered j = 1 to n—1. There are
2n-1 unknowns for longitudinal displacements of boundary blocks and average
normal depths in mass block. The available motion equations for boundary blocks
and continuity equations for mass blocks are also 2n-1, therefore the problem is
determinate. The solution is explicit and occurs in time steps. As shown in Figure
2.10(b), for a boundary block, the net driving force (F) acting on the boundary block
is equal to the sum of tangential component of weight, the tangential internal pressure
(P) and the basal resisting force (T).

F=yH Bdssina+ P-T (79)
where ¥ = unit weight of debris flow

H; = height of boundary block 1

B; = width of boundary block i

a = slope angle
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The new velocity v, of boundary block at the end of a time step is obtained

from the velocity v, at the previous time step.

. g(FAt - M)
=y, . 80
T (80)

where g = gravitational acceleration
At = time step interval
M= momentur.n flux resulting from erosion of material
The new displacement S; of boundary block at the end of a time step is

obtained from the displacement S;' at the previous time step.

LY .
S =S +?(v,. -v,) (81)
The new average depth of flow in mass block with constant volume v ;15 now

determined as:

h a 2
' = S ~5.)(B,, + B) (82)

The new height of boundary block is obtained as the mean depth of adjacent mass
blocks:

o h_ +h,
! 2

h
while the end mass blocks are assumed to be triangular so that H, = ?', H, =

The lateral pressure coefficient k at the boundary block is evaluated as

dH | kj(hj_Hi) kj—l(Hf_hj—l)
— == 84
ki ds 2[ s, =, " Si =8, ] (84)
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This coefficient is determined both for the boundary blocks and mass blocks. The

incremental tangential strain in mass block is calculated from displacements of

adjacent boundary blocks.

S.-8)—(8m-8%)
Agj B ( l S'i+l “ES'.‘I (85)

The tangential internal pressure (P) is obtained based on the assumption that the flow

line is approximately parallel to the bed surface and that the pressure increases

linearly with depth:

dh a
P=-y kg(l +—;—)H,.B,. cosa ds (86)
dh . . . . .

where k—sls obtained by equation (84). The value k; is based on tangential strain at
mass block and expressed as:

k; =k'; +5,Ag, (87)
where S. = stiffness coefficient. For compression, S;=(ks-k,)70.05, or for unloading
Sc=(ka-kp)/0.025. The maximum and minimum value of kj can be estimated

corresponding to the active and passive states.

The basal resisting force (T) depends on -the rheology of material. Seven
rheological models have been incorporated into the computer program DAN.
(1) Plastic flow: This flow occurs under constant shear strength, c, of liquefied
material. 7 = cA4, : (88)
where A, = Bds
(2) Friction flow: The resisting force of this flow is a function of the effective normal

stress on the flow base and the centrifugal acceleration.
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T= A,.yH,.(cosm%)(l-r,,)tan(zs (89)

where a, =v,”/ R= centrifugal acceleration, dependent on the vertical curvature
radius of the path R, r, = pore pressure coefficient (ratio of pore pressure to total
normal stress at base of block), ¥ = unit weight of debris flow, a = slope angle
and ¢ = friction angle.

(3) Newtonian laminar flow: The resisting force of this flow is a linear function of

flow depth and velocity with dynamic viscosity z.

3A4,v,u
== (90)

i

T

(4) Turbulent flow: The resisting force of this flow is a function of velocity v squared
and flow depth H. The Manning roughness coefficient n is used.

-
T=Aw’n’H3 (91)

(5) Bingham flow: The resisting force of this flow is a function of flow depth,

velocity, constant Bingham yield strength 7 and Bingham viscosity . The resisting
force T requires the solution of the cubic equation (92).

H, 2T 47
(—/4—_—3r+ 72 ) (92)

v 61

T

(6) Coulomb viscous flow: When the Bingham yield strength in equation (92) is not

constant and is dependent on the normal stress, the Coulomb viscous flow occurs.
ac
T = yH (cosa + ?)(1 —-r,)tang (93)

Substitution of equations (93) into equation (92) leads to a cubic equation for the

resisting force T.
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(7) Voellmy fluid: Voellmy (1955) introduced this model, which contains a friction

term and a turbulent term, for snow avalanches.

2

T = A,[yH, (cosx +%)tan¢+yr;e—] _ (94)

where & = turbulence coefficient (m/s*). The laboratory results of Bagnold (1954)
suggested a physical justification for this relationship. Bagnold (1954) found the
strength of a granular material rapidly sheared under constant volume conditions will
increase with the square of the shear strain rate. For a landslide moving on a thin and
partially liquefied undrained basal layer, the landslide starts movement with a low
frictional resistance and increases with the squé.re of velocity at higher speed.

Implicitly the turbulence coefficient & included the thickness of the basal layer.

The above model has been compared favorably with results of controlled
laboratory experiments. The runout of coal mine flow slides in the southeast part of
British Columbia has been predicted satisfactorily through back analysis by this
model. It is alsq found to be able to predict the observed runout distance of debris
flows in Hong Kong (Ayotte and Hungr, 1999). It is simple and can incorporate a
numbgr of rheolégical models. However, this model approximates the complex and
heterogeneous 3-D problem into a simple 1-D formulation. It will be used later in

chapter 5 to compare with the experimental observations obtained in this study.
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3.1 Introduction

Efforts have been made in assessing the potential hazards for debris flow
prone areas in mountainous regions. One of the way to express debris flow hazards is
the use of its runout distance. One way to contain debris flow is to build a catchment
basin in restraining the extent of the deposition fan and to control the maximum
runout distance. Before designing the catchment basin, a good understanding of the
mechanisms of debris flow deposition is required. However, since most debris flows
occur unexpectedly under adverse conditions of severe rainstorm and/or earthquake,
except in some designated areas, such as Mt. Yakedake in Japan (Okuda et al., 1981;
Takahashi, 1991), Jiangjia Ravine in Yunnan, China (Wu et al., 1990), and Mount St.
Helens in USA (Pierson, 1995), very few field observations have been made 0h debris
flows. One alternative to study debris flow dynamics is the use of experiments under
well-designed conditions in laboratories. However, to date all previous experiments
on debris flow has been done in a rather ad-hoc manner (except those by Iverson and
LaHusen, 1993), to the best of our knowledge no complete dimensionless analysis has
been proposed and used in flume design. Thus, scaling problems may lead to the

observed phenomena in laboratories differing from the real debris flows in the field.

55



Runout Distance of Debris Flows: Experimental and Numerical Simulations Chapter 3

In view of this deficiency in the experimental approach, we propose to design
an appropriate flume for modeling the real scale debris flows, by ensuring the
equivalence of three constitutive scaling parameters (the Bagnold number B, Savage
number S, friction number F) and four geometric scaling factors (velocity facto-r Ty,
flow factor mq, shear strength factor m., and viscosity factor m, ) between the model
tests and real events. The next section presents a new flume and material design in

simulating debris flows in laboratory according to dimensionless analysis.
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3.2 Basic Properties of Debris Materials

On September 1990, the largest debris flow reported in Hong Kong occurred
on September 11, 1990 at Tsing Shan. This Tsing Shan debris flow involved the
movement of 19,000 m’ of boulders and soils. The debris was deposited into the
"Area 19 Tuen Mun”" which was a designated site for further development at that time
(Figure 3.1 and 3.2). A detailed study of the Tsing Shan Debris Flow was conducted
by the Geotechnical Engineering Office of the Hong Kong Government (King,
1996a). In March 2000, a visit was made to the site of the Tsing Shan Debris Flow.
The site has not been developed yet and the debris flow scar is still clearly visible on

the upper valley (Figure 3.3). However, most of the deposits and surface soils have

been washed away by rain.

In this study, the experimental samples that are provided by the Geotechnical
Engineering Office (GEO) of the Hong Kong Government are the debris materials

obtained from the Tsing Shan Debris Flow site.
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Figure 3.1 Site location of the Tsing Shan Debris Flow (King, 1996a)
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Figure 3.2 A photograph for the Tsing Shan Debris Flow in September 14, 1990
(King, 1996a)
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aph for the Tsing Shan Debris Flow in March 2000

Figure 3.3 A photogr
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3.2.1 Granular Content

Three granular mat¢rials with different particle size distributions (PSD)
plotted in Figure 3.4 were used in our study. The standard dry sieving analysis was
performed according to BS 1377 (part 2). The material ml consists of 50% fine
gravel and 50% sand by weight while the material m2 is composed of 20% fine gravel
and 80% sand by weight. The material m3 used is somewhere between the PSD
curves of material m1 and material m2. Except for the removal of particles of size
larger than 5mm (i.e. medium gravel or larger), the fine grain PSD should closely
resemble that of the dgbris of the actual event at Tsing Shan (see Figure Al and A2 of
King, 1996a).

DETERMINATION OF PARTICLE SIZE PISTRIBUTION
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Figure 3.4 Particle size distribution of debris materials used in our study
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3.2.2 Compaction

The optimum water content of debris materials as shown in Figure 3.5 were
assessed by Proctor test (BS1377, Part4) so that v, can be determined. This result
will be used to determine the linear grain concentration A of the debris materials
(Bagnold, 1954) which depends on vand v,, where vand v, are the volume fraction
of solid phase and maxi_mum (closed-packed) volume fraction of solid phase of debris

materials. In particular, we have the following equation:

173

Vv
A= m (95)
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Figure 3.5 Relationship of dry density and water content of debris materials

62



Runout Distance of Debris Flows: Experimental and Numerical Simulations Chapter 3

3.2.3 Viscosity

As debris material is a complex material consisting of various compositions of
granular materials and water, many rheological models for debris flows have been
developed empirically and theoretically under idealized flow conditions (Wan and
Wang, 1994; Bagnold, 1954; Chen, 1988 and Johnson and Rodine, 1984). In our

study, the well-known Bingham model was adopted to characterize the constitutive

flow behavior :

dv
T=1, +‘“E (96)

where 1 is the shear stress, g is the shear strength, p is the viscosity and dv/dh is the
shear strain rate. The viscosity of debris material is defined as the slope of the shear
stress-shear strain rate curve, and the shear strength of debris material is defined as
the shear stress required to initiate the movement of debris flow. These rheological
properties of debris materials were measured by a variable speed-type viscometer
(Figure 3.6), that is made by Brookfield Engineering Laboratories Inc. By adjusting
the rotational speed of the viscometer from 20 to 200 revolutions per minute (rpm),
the obtained peak-torque values can be used to determine the shear stress and shear
strain rate in each experiment (equations for shear stress and shear strain are
summarised briefly in Appendix 1). The shear stress - shear strain rate curves of
debrts materials ml, m2 and m3 used in this study are shown in Figure 3.7. Then,
7zand g of equation (96) can be determined from the intercepts and line slopes shown
in Figure 3.7. Table 3.1 summarizes the basic physical properties of the debris
materials used. It should be noted that we have taken out all large particles (i.e. sand
and gravel content) when we applied the viscometer test. In terms of the yield stress,

Fei and Yang (1985) showed that the yield stress is independent of whether the coarse
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particles were taken out or not. But, in terms of the viscosity, Shen and Xie (1985)
suggested that the measurement of viscosity may depend on the amount of coarse
particles taken out. They also gave an empirical relation for correcting the measured
value if the viscometer test was done without the coarse particles. However, the full
details of their experimental procedure in obtaining this correction formula is not
given, and such correction has not attained a wide acceptance yet. We, therefore, will
not attempt to make such correction in this study. Nevertheless, further experiments

are still needed to examine this.

Figure 3.6 A rotational viscometer with variable speeds
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Figure 3.7 Rheological properties of debris materials
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Materials m1 m2é m3
Particle Density (kg/m’) 2620 2620 2620
Max. volume concentration of solid | 0.7669 | 0.7924 | 0.8024
Yield strength (N/m?) 18.02 10.99 | 45.02
Viscosity (Ns/m?) 1.53 1.80 1.57
dso (Mm) 1.90 1.35 1.50
d3o*/degg 1.68 1.13 1.20
Particle Size deo/d1o 6.39 . 7.08 13.33
Gravel 50% 20% 40%
Sand 50% 80% 60%

Table 3.1 Physical properties of debris materials used in our study
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3.3 Dimensionless Analysis for Debris Flow Modeling

3.3.1 Determination of Field Parameters

In choosing the parameters for the flume design, we focus on the debris flow
episode occurred at Tsing Shan on September 11, 1990, although it is noted that many
of the flow parameters were not recorded accurately during the flow. But, following
‘the discussions by Johnson and Rodiné (1984), all flow parameters can in fact be

estimated by interpreting properly the field observations after the debris flow event.

King (1996a) has estimated some of the flow parameters. Other parameters
have not been calculated by King (1996a) were also esttmated here by using the

following equations (Johnson and Rodine, 1984).

X 2ty
Radius of plug R, = —
y siny (96)
1z R R
Flow rate O =———R* sing[(—D)* -4(—) +3
Q=g R syl ~ 47+ o)
. . rBwp w 2
A" t = _——
iscosity  u v (Wp 1) (98)

w
Shear strength 7, = -4—p ysind (99)

Where 7, is the yield shear strength of debris material, y is the unit weight of the
reconstituted debris, v is the velocity (by assuming v__ = 2v, where v is the average
flow velocity), w is the channel width, w, is the plug width, i is the slope angle of
the upper and lower surfaces of deposit, x is the viscosity of debris materials and
R is the equivalent channel radius. The properties of the Tsing Shan Debris Flow are

tabulated in Table 3.2.
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Properties of the Tsing Shan Debris Flow

Channel length (m) 330
Channel width W(m) 20
Flow depth (m) 3-5
King (1996a) | Mean velocity (m/s) 12.5
Shear strain rate (s”) 2.50 -4.17
Typical grain diameter (i.e. dsp) 200
Density of reconstituted debris (kg/m’) 1877
Slope angle of upper and lower surfaces 10°
of deposit
Width of Plug W, (m) 5
Present study Radius of channel R (m) 8
Mean volume fraction of granular phase 0.56
Radius of plug Ry (m) ' 2.5
Flow rate Q (m’/s) 839
Viscosity u (Ns/m°) 1877
Shear strength 7, (N/m*) 4171

Table 3.2 Properties of the Tsing Shan Debris Flow
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3.3.2 Constitutive Scaling Parameters
In this study, three constitutive scaling parameters proposed by Iverson and
LaHusen (1993) were adopted in controlling the constitutive behavior of the debris

materials.

Iverson and LaHusen (1993) speculated that solid friction, liquid viscosity and
particle collisions may play important roles in determining the mechanisms of debris
flow, and thus proposed the following three dimensioniess numbers (i.e. Bagnold
number B, Savage number S and friction number F). These dimensionless numbers

were adopted for modeling debris flows in this study. They are defined as

B__J./p52/1"2 (100)

H

2

y o
S= 1
- (101)

h
F=fE 102
vH ( )

where ):is the typical shear-strain rate, p is the debris density, & is the typical grain
diameter, gz is the viscosity, h is the typical flow depth and g is the gravitational
acceleration. The definitions of 4 and vare the same as those given in section 3.2.2.
The definitions of B and S were obtained by Bagnold (1954) and Savage (1984)

respectively, and F was defined as A"*B/S by Iverson and LaHusen (1993). They
represent different ratios of the characteristic shear stresses due to grain collisions,

liquid viscosity and solid friction as shown in Figure 3.8. In particular, we have:
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Debris flow surge

Moving debris

Coarsc particles in suspension

* - Collision -

Figure 3.8 Theoretical representation of the mechanism of debris flow
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where ;’2 pdlis the grain collision term, ;, 4 is the liquid viscosity term and vpghis
the solid friction term. Experiments by Bagnold (1954) demonstrated that the stresses
due to the grain collision dominate the viscous stresses if B > 450, or vice versa if B <
40. Savage and Hutter (1989) concluded that if S > 0.1 the grain collision dominates
the grain friction, while if F > 1400, the grain friction dominates the viscosity (Iverson

and LaHusen, 1993).

The use of these constitutive dimensionless numbers has been adopted in
designing the debris material for the 95m long and 2m wide flume located in Eugene,
Oregon USA (Iverson and LaHusen, 1993). However, due to financial and space
limitations, this kind of full-scale flume is not feasible and practical in our laboratory.
Thus the four geometric scaling factors proposed by Hua (1989) have beén adopted in

this study and are discussed next.
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3.3.3 Geometric Scaling Factors

Hua (1989) proposed to use four dimensionless scaling factors for velocity V,

flow rate Q, yield strength 7, and viscosity p :

m == (109
m, =Q—Qm=(i)’”2 (104)
m = (;";)(ﬁ) (105)
7, =im = (%)(ﬁ)”2 (106)

where L and p are the length and density of the debris in the prototype, and those for
model is denoted by the subscript "m". In essence, the debris flow phenomena
occurring in the model and the prototype are both governed by the same Navier-
Stokes equations of fluid flow and the same Bingham constitutive model. The
derivation of these scaling factors is briefly summarised in Appendix 2. Equations
(103 - 106) show that the ratios of velocity, flow rate, shear strength and viscosity can
be expressed in terms of the ratio of the length scale and the ratio of density. The
required scaling parameters and factors shown in Table 3.3 are obtained from using
the physical parameters obtained for the Tsing Shan Debris Flow given in Table 3.2.
Therefore, the proposed experiments are expected to yield phenomena that are
observable in debris flow events comparable to those of the Tsing Shan event. In
short, microscopically the three constitutive scaling parameters can reflect the
importance of the grain collisions, liquid viscosity and solid friction while

macroscopically the characteristics of the debris flow can be reflected by the Bingham
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fluid (the four geometric scaling factors). The application of the seven scaling

parameters and factors are expected to be able to simulate the debris flows in the field.

Required Dimensionless Scaling Parameters

Hua (1991) Iverson and LaHusen (1993)

7, = VIV = (L/L)" 105 | B =(y*p *51'" %)/ 0.3163 - 0.5271
7o = Q/Qu = (L/Lp)"> 126905.9 | S =(y™*8*)/(v*g*H) | 9.10x10”° - 4.21x107
7 = Uty = (p/Pm)*(L/Lm) 1047 |F =(prosgsH)(y+w) | 3.9551-10.9864
M = Wit = (p/pm)*(LLy)"° | 1098.1

Table 3.3 Required scaling parameters for dimensionless analysis
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3.4 Flume Design

3.4.1 Experimental Setup

By examining the requirements in Table 3.3, a flume for debris flow
simulation was constructed in the Department of Civil and Structural Engineering of
the Hong Kong Polytechnic University (Figure 3.9). The schematic configuration of
the debris flow flume is shown in Figure 3.10. The dimension of the flume is
300x20x30cm with adjustable slope angles ranging from 10° to 40°. The main flume
can also be decomposed into three sub-sections, each 1 meter long enabling the
topography of the flume to be adjusted. Two different cross sections of the flume
have been constructed: one rectangular and the another triangular. Markers are placed
along the lower part of the channel. The sidewall of the channel is made from
transparent plastic board so that the movement of the debris flows can be viewed and
measured from the side. The deposition board at the flume toe can also be adjusted
from 0° to 10°. A supply tank for storing the debris (maximum volume of 60,000
cm’®) is inclined at 40° and placed at the upper end of the flume. Although, in general,
the channel base can be erodible, the experiments in this study have been done on a
rigid bed. That is the effect of an erodible bed is ignored. A rough surface of the
channel base is simuiated by gluing particles of 2.68mm mean diameter onto the base
of the flume. The front of the supply tank is equipped with a hinged opening gate.
Two digital video cameras were used to capture the transient motion of the debris

flows in the low channel and at the deposition board.
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Figure 3.9 A photograph for the new flume
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3.4.2 Flume Comparison

A comparison of the features of the new flume with those of some previous
flumes is shown in Table 3.4, and indicates that the present design is more versatile.
The new flume can model debris flows with different cross section and flume
topography. The size of the flume was designed by a dimensionless analysis, rather
than in an arbitrary manner. Such flume design is used to scale up the experimental
simulations and to yield.debris flow phenomena that are comparable with the real

debris flows of size similar to that of the Tsing Shan event.
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3.4.3 Experimental Procedures

One of the most important factors that can affect the rheological behavior of
debris materials is temperature. Consideration of the temperature effect on viscosity
is essential in the experimental simulation of debris flow. It is because the shear
stress is a function of temperature. All experiments were conducted in laboratory

under well-controlied conditions and the debris materials were kept at 19°C before

each test.

Owing to the fact that the amount of debris materials provided by the
Geotechnical Engineering Office was limited, the debris materials used in each
experiment had to be reused. The debris materials used were oven dried after each
usage. After oven drying, the debris materials stuck together. It is important that
under no circumstance should the oven-dried debris materials be applied by
mechanical crushing because this would normally lead to breakage of the coarse
debris particles and hence change the particle size distribution. Instead, the oven-
dried debris material should be soaked in water with water content equal to that

required in the next experiment.

A total of 10,000cm’ debris material of water content 0.2545 was poured into
the supply tank. In order to reduce segregation of the coarse particle during pouring,
the debris material was mixed in the supply tank for one minute continuously before
the debris was allowed to slide down the flume. To avoid the undesirable loss of
water content during the flow, we sprayed 300cm’® water onto the flume surface before
each experiment. Two digital video cameras were set up to capture the motion of the

debris flow along the flume and on the deposition board. The shape of the debris fan
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was recorded after its development was completed. Various depths of the debris fan
were measured at 10cm x 10cm grid points by a digital calliper to an accuracy of

0.01mm.
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M

i

A series of experiments were conducted by using debris materials with
different granular content and by varying the flume slope (a ) and deposition board
slope ( ). The cross-section used was either rectangu'lar or triangular in shape. As
discussed in the last chapter, the water content of the debris samples was fixed at
0.2545 unless otherwise specified and the temperature of debris material waslkept at
19 °C at all times because the viscosity of debris material is highly dependent on the
temperature variation. To avoid loss of water, the channel bed was wetted and
sprinkled with 300ml of tap water. In order to reduce segregation of coarse granular
materials in debris samples, the debris was mixed thoroughly and steadily for 1
minute after pouring into the supply tank. The experiments were conducted within 1
minute after mixing. To capture the transient motions of the flow at the lower part of
the channel and deposition board, two digital video cameras were used in this study.
In the following sections, the effects of flume slope, deposition board slope, granular

content and flume cross section are summarised separately.

4.1 Effect of Flume Slope
In order to study the runout distance of debris flow travelling on different

flume slopes, experiments Al11-A13, in which the flume angle was set to be 26 - 38°,
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were conducted for méterial ml. The experimental results are tabulated in Table 4.1

and the shapes of deposition fans are reported in Figure 4.1(A).
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Figure 4.1 Shape and spreading of deposition fans for different materials
and flume slope
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For experiment A13 with the flume angle of 26°, the lateral spread was larger

than the longitudinal runout, forming a semi-elliptic fan. While for experiments Al 1

and Al2 with a steeper flume angle at 38 and 32° respectively, the longitudinal runout
increased more rapidly than the lateral spread and lead to a pear-shape deposition fan.
These results were quantitatively the same for both material ml1 and m3 (see Figure
4.1 (A) and (B)). As expected intuitively, the runout distance increased with the
flume slope. It is interesting to note that when the flume slope increased from 26 to
32° for material m1, the runout distance increased by 84%, while it increased by 42%
only for ﬂ.ume slope increasing from 32 to 38°. It is because the debris runout
distance depends on the flume slope nonlinearly. The runout distance no longer

increased at the same rate if the flume slope became steeper.

4.2 Effect of Granular Content

In order to study the effect of the runout distance of debris flow with different

granular materiais, experiments Al, A3 and A13 were conducted for flume slope of

26° for materials m3, m2 and mi respectively (Figure 4.1C). It is noted that the
runout distance for material m2 with richer sand content (20% gravel and 80% sand)
was 31% longer than that for material m1 with richer gravel content (50% gravel and
50% sand). While the runout distances for materials m1 and m3 were about the same
owing to their richness in gravel content. According to the experimental results, it
appears that debris with richer sand content can produce a longer runout distance
compared to that with lesser sand content but richer gravel content. Thus, it is
concluded that empirical data fitting of runout distance to slope angle irrespective to

local soil conditions is not appropriate.
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4.3 Effect of Volume and Water Content

In addition, comparing the results of experiments A13 and A22, Table 4.1
shows that the runout distance of experiment Al3 increased by 132% as the initial
volume of debris material increased from 10,000 cm’ to 15,000 cm’. The effect of
water content on the runout distance of debris flow was also studied. Results of
experiments Al13 and A23 in Figure 4.2 show that the runout distance increased by
95% when the water content of material m3 changed from 0.2545 to 0.2763. It should
be noted that m experimen.t A24 debris flow ran all the way down to the end of the
deposition board (i.e. 170cm). The runout distance of experiment A24 should be
longer than 170cm. It is noted that the runout distance of debris flow was very
sensitive to an increase in water content. As a result, it is concluded that apart from
the topography and channel gradient the permeability of local soil may also be a

critical factor to the runout predictions of debris flows.
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Figure 4.2 Relationship between runout distance and water content
(experiments Al, A23 and A24)
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4.4 Effect of Deposition Board Slope

In order to study the effect of runout distance of debris flow with different

deposition board slope, experiments A3-A10 and A13-A21 in which the deposition

board slope was varied from 0°to 5°for materials m2 and ml respectively were

conducted.
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For rectangular channels, Figure 4.3 shows that the runout of material m]
increased by 186 % from 44 cm to 126 ¢m while that of material m2 increased 113 %
from 63.5 cm to 135.5 cm when the deposition board slope increased from 0° to 5°.
Figure 4.4 shows that the runout distance of debris flow tended to increase at a faster
rate when the deposition board slope increased. Conversely, the maximum widths of
debris fans decreasé;i 37% for rectangular cross-section of flume and 25% for
triangular cross-section of flume for material ml when the deposition board slope
increased from 0°to 5°. The average fan area of debris flow for material ml increased
43% when deposition slope increased from 0°to 5°. As expected gentler deposition
ground can greatly reduce the runout distance and, thus reduces the potential hazards |

of debris flow.
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Figure 4.4 Relationship between runout distance and deposition board slope
(experiments A13, AlS5 and A21)
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4.5 Effect of Flume Cross Section

In Figure 4.3, it is observed that the runout for triangular cross-section was

farther than the rectangular one. It is interesting to note that when deposition board

slope ‘increased from 0 to 5°, the runout distance increased on average for materials
ml and m2 by 150% for the rectangular channel and 70% only for the triangular
channel. In general, the runout distance increased up to 100% as the rectangular
cross-section changed to triangular (see material ml and zero deposition slope in (A)
of Figure 4.3). However, this increment can also be as little as 20% if the debris
material m2 was used (see (B) of Figure 4.3). Therefore, for actual catchment basin
design, we have to know the cross-section of the gully and the material of debris that
is going to run down the gully. Hence, a detailed site investigation is needed if a
reliable design is needed. This also suggests that empirical formulas for runout
distance, which have been widely used for design, shoqld not be used indiscriminately
to Hong Kong. Empirical formulas must be obtained from areas with similar

geological conditions, and its use should not be generalized to other situations.
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4.6 Debris Fan Development

The temporal process of a typical debris fan in the experimental simulation
(experiment Al2) is shown in Figure 4.5. As the flow reached downstream at the
mouth of the lower channel, it began to spread out aﬁd to deposit. When time T =
0.12 sec, the fan shape resembled to a half circle. The fan length quickly developed
and reached.7.‘;% of its maximum runout distance at this stage after 0.6 sec. The other
25% of fan length was developed gradually in the follbwing 2.96 sec. When the flow
no longgr proceeded downstream and increased its fan length, the fan width began to
spread out to the debris fan sides. At the same time, the debris fan thickness
developed and the fan became stable after 6.56 sec. It is also noted that coarser
particles were found to be more concentrated at the debris fan boundary. This result
suggested that the flow carried large particles at the surge when flowing along the
channel. This result matched the physical phenomena of real debris flow that is
capable of carrying large boulders at the surge (Takahashi, 1991; Johnson and Rodine,
1984). For the case of the deposition board sl_ope B = 5°in experiment A5 (see
Figure 4.6), the temporal formation of debris fan was basically similar to that in
Figure 4.5, except that the lateral spread did not develop at the last stage. In Figure
4.7, an apparent surge at the lower channel is observed. Its shape remains basically
constant as the surge progresses. This indicates that the change in velocity of the
surge 15 small along the lower channel, although the velocity of surge is decreasing
gradually along the lower channel. A typical three dimensional view of the deposition

fan of debris flow in experiment A19 is shown in Figure 4.8.
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Figure 4.6 Temporal formation of debris fan for the case of g =5°
(experiment AS5)
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Velocity
v= 2.19m/s

DEPOSITION BOARD

Figure 4.7 Schematic representation of a debris flow surge.
Note: vertical scale is exaggerated.

Figure 4.8 A three dimensional view of the debris fan (experiment A19)
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4.7 Prototype Results by Dimensionless Analysis

As shown in Table 4.2, the three constitutive scaling parameters and the four
geometric scaling factors of the corresponding prototype are comparable with those of
the Tsing Shan Debris Flow. Therefore, the present design should yield meaningful
results that can be used to study debris flow of a size comparable to the Tsing Shan
event. In additional to providing insight on the debris flow mechanism under various
conditions, the experimental results can also be used to assess the validity of various

theoretical models. This will be considered in Chapter 5.
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5.1 Selection of Mathematical Models for Comparison

As suggested by Ayotte and Hungr (1998) in a study on the debris flows of
Hong Kong, the Voellmy model is the most capable for predicting the observed
runout of debris flows in Hong Kong. In Figure 5.1, the runout predictions by the
dispersive model (Takahashi and Yoshida, 1979), the constant friction sldpe model
(Hungr et al., 1984), the sled model (Heim, 1932), and the DAN model (Hungr, 1995)
were plotted against experimental observations. The parameters used for these
models are based upon the experimental measurements and those used by Ayotte and
Hungr (1998). All input values used for the above models are tabulated in detail in

Table 5.1 and their selections are explained in the following paragraphs.

According to Bagnold’s experiment (Bagnold, 1954), the kinematic friction
factor tan‘a is taken as 0.75 when the Bagnold number B < 40. Because the Bagnold
number of the experiments (see Table 4.2) is less than 40, the kinematic friction factor
is taken as 0.75 for the dispersive model. The density of interstitial fluid is taken as
the same as the density of water 1000 kg/m’. The density of soil particle is taken as
2620 kg/m’ (King, 1996a). The active earth pressure coefficient of soil is assumed to
be 0.3. The surge velocity is measured at the middle of the lower channel (i.e. 0.5m

from the mouth of the lower flume). The debris layer thickness is taken as the
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maximum depth of the flowing mass or the surge height at the lower channel. All
these parameters are used for the dispersive model in equation (50). Similarly, the
parameters above are also adopted for the constant friction slope model in equation

(58) whereas the friction slope St is assumed to be tan10° (Hungr et al.,1984).

The parameters for the sled model in equation (10) are the same as those given
above. The apparent friction angle ¢ used in the sled model was measured in each
experiment as gradient of the energy line connecting the centers of gravity of the

initial debris mass and the deposited debris mass.

As shown in Figure 5.1, the prediction by the DAN program appears to be
superior to other models, whereas most of these models underestimate the runout

distance except the for constant friction slope model.
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Figure 5.1 Comparison of runout predicted by the DAN model, the dispersive
model, the sled model and the constant friction slope mode with the experimental
observations. The open circles are data for calibrating the Voellmy model in DAN.
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5.2 Calibration of the Voellmy Model in DAN Program

In this section, adoption of the program DAN to simulate the experimental
modelling of debris flows is discussed. Instead of directly adopting the constitutive
parameters used in the study of debris flows in Hong Kong (Ayotte and Hungr, 1998),
an independent calibration using the experimental data for material ml (experiments
Al2 and A13) through back analyses has been done. As expected in the experiment,
the basal resistance of the flume surface is larger than that of the deposition board.
Different combinations of the model parameters (the turbulence coefficient K and the
friction coefficient F) are assumed for the flume surface (Region II) and the surface of
deposition board (Region III) then (see Figure 5.2 and Figure 5.3). As a first input,
we adopted the typical model parameters (K, = 300 m/s®, F, = 0.3) used in Ayotte and
Hungr (1998) for the initial slide mass (Region I}, where the subscript of the model
parameters represents the region name in the model. The lateral pressure coefficients
(ka and kp) and coefficient at rest k, are taken as 0.8, 2.5 and 1 respectively. These
~ coefficients were adopted from the back analysis of twenty debris flows in Hong
Kong (Ayotte and Hungr, 1998). Details of the input data for the DAN program are

shown in Figures 5.2 and 5.3.
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Bl B2
Region [ B4
BS
B6
B7
Y B&:
Region 11 }\
> X BIS
Region III B Bl6
Input Data for DAN program ‘
a=26° B=0° a=26" p=2° a=26" f=5°
X-coord. | Y-coord. | X-coord. | Y-coord. | X-coord. | Y-coord.
Bl -28.3 182.8 -28.3 182.8 -28.3 182.8
B2 19.3 182.8 19.3 182.8 19.3 182.8
B3 0.0 159.0 0.0 159.0 0.0 159.0
B4 4.0 157.0 4.0 157.0 4.0 157.0
BS 23.0 147.7 23.0 147.7 23.0 147.7
B6 48.0 135.4 48.0 1354 48.0 135.4
B7 67.5 125.8 67.5 125.8 67.5 125.8
B8 85.0 117.2 85.0 117.2 85.0 117.2
B9% 135.0 92.5 135.0 92.5 135.0 92.5
Bl10 202.5 59.2 202.5 59.2 202.5 59.2
Bll 232.5 44 .6 232.5 44.6 232.5 446
B12 265.0 26.5 265.0 26.5 265.0 26.5
B13 270.0 26.0 270.0 26.0 270.0 26.0
B14 360.0 26.0 360.0 22.86 360.0 18.13
B15 440.0 26.0 440.0 20.06 440.0 11.13
Bl6 560.0 26.0 560.0 15.87 560.0 0.63

Figure 5.2 [nput data for DAN program

(Region I, B! — B3; Region I, B4 — B12; Region III, BI13 - B16)
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c1 C2
Region 1 $
C4
Cs
C
C7
Y S
Region II 1%
Clo
X
> | C17 ST B . N
Region [II c20 C21
Input Data for DAN program
a=32° g=0° a=38 pg=0°
X-coord. Y-coord. X-coord. Y-coord.

Cl -28.3 ~182.8 -28.3 182.8
C2 19.3 182.0 19.3 182.8
C3 0.0 159.0 0.0 159.0
C4 8.0 156.0 7.88 152.84
CS 36.5 137.65 31.52 134.37
Cé6 65.0 119.3 63.04 109.74
Cc7 97.5 99.4 94.56 85.11
C8 130.0 79.5 126.08 60.48
C9 162.5 59.65 157.60 35.85
Cl0 195.0 39.8 189.12 11.22
Cl1 224.7 19.91 220.64 -13.41
Cl12 254.4 0.01 228.52 -19.57
C13 260.0 0 236.60 -25.73
Cl4 250.0 0 250.0 -25.73
Cl5 260.0 0 260.0 -25.73
Clé 270.0 0 270.0 -25.73
Cl17 280.0 0 280.0 -25.73
Ci8 320.0 0 320.0 -25.73
Cl19 400.0 0 400.0 -25.73
C20 480.0 0 480.0 -25.73
C21 560.0 0 560.0 -25.73

Figure 5.3 Input data for DAN program
{Region I, C1 — C3; Region 1], C4 = C12; Region III. C13 - C21)
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A number of combinations of the model parameters (the turbulence coefficient
K and the friction coefficient F) were found to be capable of matching the observed
runout distance of 44 ¢m observed in the experiment A13 (see Figure 5.4). In order to
select the most probable pair of parameters, the predictions by each probable péir with
those observed in another experiment A12 were examined. The results obtained by
using the best-fitted parameters of the Voellmy model compare extremely well with
expériments as shown in Figure 5.1. That is the two parameters K and F that can be
found by two observations made in experiments Al2 and Al3. The friction
coefficients and turbulence coefficients used in Figure 5.1 for the path of flume and
deposition board are 0.506 and 900m/s?, and 0.1 and 700mvs® respectively. It should
be noted that because the channel widtﬁ abruptly widens at the mouth of the lower
channel, the width input for the deposition board (Region III) is assumed as the
maximum width of the debris fan observed in experimental simulations. All these

parameters are comparable to those calibrated by Hungr (1995} for field events.
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Figure 5.4 Calibration of the friction and turbulence coefficients of material ml
using the runout of experiment A13
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5.3 Decposition Dcpth Profiles

In addition to the maximum runout, valuablc data can be obtained by
examining the prediction of the deposition fan thickness along the distance measﬁred
from the toe of the flume. . Figures 5.5 and 5.6 plot the experimental observations (in
dotted lines) with the theoretical prediction by the DAN model (in soiid I'me;) for the
variation of flume slope (from 26 ° to 38" ) and of deposition board slope (from 0° to
5% ). The experimental observations shown in Figures 5.5 and 5.6 are obtained along
the centrelines of the deposition fans; whereas those predictions by the DAN model
arc only two-dimensional equivalent predictions because the DAN model is not truly

a three-dimensional model. Nevertheless, the longitudinal profile of the deposition

fan can be predicted better for the case of deposition board slope = 07 than that

forf=5".
7 L T T ¥ I L) i 3 ] T | T ] | 1 ] [ T T ¥ l L) ¥ 3 l T T I A
A (26,0) ]
6 F —8- DAN's simulation ]
- -E8- Experiment
sk (26,2) ]
@ ——&— DAN's simulation ]
N -& - Experiment .
4 g (26,5) ]
- S —w— DAN's simulation ]
3w B -V - Experiment -
2 ]
1 ]

0 20 40
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80

100 120

140

Horizontal distance from toe of flume (cm)

Figure 5.5 A comparison of the deposition fan depth of material ml predicted
by DAN modcl and that observed in experiments with different deposition
board slope (F.=0.506, K, =900 m/s*; F, = 0.1, K, = 700 m/s*)
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Figurc 5.6 A comparison of deposition fan depth of material ml predicted by DAN
model and that observed in experiments with ditterent flume slope
(F.=0.506, K, = 900 nv/s*, F, = 0.1, K, = 700 m/s%)

5.4 Discussion and Concluding Remarks

A comparison of the applicability of models tor the runout prediction of debris
flow is made. Apart from the DAN and the constant friction slope model, most of the
other models underestimate the runout distance of debris flows. However, the DAN
modc! can closely predict the runout distance of debris flow except for the result of
experiment A22. This discrepancy may be due to the increase of initial volume of
debris material.  As a result, it is concluded that the Vocllmy model of the DAN
program is capablc of predicting the maximum runout distance of debris tlow in the
laboratory if the model parameters are properly calibrated against the c.\'pcrimcmal»

obscrvations. This model can provide a good and rcasonable prediction to the runout
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distance of debris flow provided that the maximum width of deposited material can be
estimated in a ravine. However, the prediction for the longitudinal profile of debris

fan by the DAN model needs to be further refined.
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A dimensionless analysis has been used for the design of a debris flow flume

is proposed. The designed flume is used to model the real scale debris flows by
ensuring the equivalence of the three constitutive scaling parameters (Bagnold
number, Savage number and friction number) and the four geometric scaling factors
(velocity factor, flow factor, yield stress factor and viscosity factor) between the
model tests and real events. The first three parameters reflect the relative importance
of the dispersive, friction and viscous forces at the microscopic level, while the latter
four factors ensure that the same macroscopic governing equations are applicable to
both the model and prototype. It has been shown that the corresponding parameters
of the prototype are comparabie to those of the Tsing Shan Debris Flow. Thus, the
experiments should be capable of simulating debris flow mechanisms of scales
comparable to those of the Tsing Shan Debris Flow. This flume design is able to
scale up the experimental simulations and to yield debris flow phenomena that are
similar to the real debris flows. More specifically; the debris ﬂlow runout was
reported as functions of the flume slope, deposition board slope, granular content and
flume cross section. In addition, the experimental observations are compared with the
dispersive model {Takahashi and Yoshida, 1979), the constant friction slope model
(Hungr et al., 1984), the sled model (Heim, 1932), and the DAN model (Hungr,

1995).

105



Runout Distance of Debris Flows: Experimental and Numerical Simulations Chapter 6

As expected intuitively, the runout distance increased with the flume slope.
For material ml (50% sand and 50% gravel), when the flume slope increased from
26°to 32°, the runout distance increased by 84%; while it increased by only 42%
when the flume slope increased from 32°to 38°. This is because the debris runout
distance depends nonlinearly on the flume slope. It is also interesting to note that the
lateral spread of debris fan on a flat deposition ground was larger than the longitudinal
runout for a flume angle at 26° (forming a semi-eiliptic deposition fan). While the
lateral spreads of debris fan on a flat deposition board were smaller than the
longitudinal runouts for flume angle at 32°and 38 ° (forming a pear-shape deposition

fan).

It is observed that when the deposition board slope increased from 0°to 2° the
runout of debris flow for material m1 can increase by 57 % from 44 cm to 69 cm for a
rectangular cross-section of flume. While a further 3° increase to the deposition
board slope (i.e. deposition board slope is 5°) can lead to 83 % increase in the runouf
distance. As a result, it is concluded that the runout distance of debris flow tends to
increase at a faster rate when the deposition board slope increases. As expected, a

gentler deposition ground slope will lead to a shorter runout distance.

For experiment with flume slope at 26° and deposition board slope at 0°, the
runout distance for material with richer sand content (20% graveil and 80% sand) was
31% longer than that for material with richer gravel content (50% gravel and 50%
sand). While the runout distances for materials with similar gravel content were
comparable. Thus, it is concluded that empirical data fitting of runout distance to

slope angle irrespective to local soil conditions is not appropriate.
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In general, the runout distance of debris flow on a flat deposition ground may
increase by 100% when the cross-section changed from rectangular td triangular.
However, this increment can be as little as 20% if other debris material was used.
Therefore, the granular content of debris flow must be considered for the runout

prediction and thus a detailed site investigation is needed if a reliable design of a

catchment basin is desirable.

Simple analytical formulas of the dispersive model, the constant friction slope
model, the sled model, and the numerical program DAN developed by Hungr (1995)
were used to yield runout predictions for comparison with the experimental results.
The dispersive model, the constant friction slope model and the sled model are unable
to fit the data adequately. Whereas the prediction by the DAN model is found to be
comparable if the Voellmy constitutive model was used. As suggested by Ayotte and
Hungr (1998) in a study on the debris flows of Hong Kong, the Voellmy model of
DAN program is capable of predicting the observed runout of debris flows in Hong
Kong. Thus, it is plausible that our experimental observations are indeed comparablc
to the real phenomena of debris flows because both can be modelled adequately by
the Voellmy model of DAN program. However, more studies are needed for

verification.
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Some recommendations on the experimental simulations of debris flows with
regard to superelevation of curved channel, impact pressure of debris flow, and

vertical run-up distance can be made for further study.

As most natural debris flows move on curved paths, the curvature of channel
and bed morphology plays an important role in the flowing mechanism. In addition,
studies on superelevation of debris flow in channel bends can provide information
both for the barrier design at the outside of the channel bends and for the estimation of
velocity of past events. Thus, both the effect of course meandering and bed

morphology on the runout distance needs to be examined experimentally.

In general, barriers are commonly used for alleviating hazards induced by
debris flows. The barrier design needs a thorough understanding of the impact
pressure of debris flow as a function of velocity and discharge. However, field data
are rarely measured in the field and are usually obtained by back-calculation. Thus, in
general, the design of barriers is primarily done empirically or analytically. An
alternative is to study impact pressure of debris flow by experimental simulation,

provided there is appropriate scaling in the experimental design.
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However, on some occasions debris flows deposit materials in front of the
barrier at which subsequent debris flow could climb up against the maximum barrier
height. Whether analytical prediction of run-up distance is applicable to the run-up in
actual events is questionable (Lo and Ho, 1998). Again, an alternative to study the

run-up distance against barrier is by experiments.

The above recommendations offer further directions for experimental studies.
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The Brookfield DV-II+ viscometer which is capable of measuring viscosity
ranging from 15cp to 6x10°%p is used. The viscometer can rotate from 0.1 to 200
revolution per minute (RPM). In the viscosity test, the following equations are used

to determine the shear stress and shear strain rate in terms of the rotational speed of

the viscometer and the rotating torque:

M
Shear stress: 7= m (B1)
. 2oR’ R}
Shear strain rate: y = ——og <" (B2)

x*(R! - R;)

Where @ = angular velocity of spindle (rad/sec)

(%)

N = revolution per minute

R_= radius of container = 4.8cm for a 600ml beaker

R, = radius of spindle (cm) - 0.16cm

x = radius at which shear strain rate is being calculated

M = torque input by instrument = torque x 673.7/100 (dyne/cm®)

L = effective length of spindle = 3.1cm

A sketch showing the viscometer and the spindle dimensions is shown in Figure A2.1.

117



Runout Distance of Debris Flows; Experimental and Numerical Simulations Appendix 1

1

Brookfield
Viscometer
oo
oA
ooo
L
> <«
% % 2Rb
Rotational Viscometer Details of spindle

(A) (B)

Figure A2.1 A sketch of the rotational viscometer
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For the derivation of the geometric scaling factors for modeling debris flows
in experimental simulation, Hua (1989) assumed that the flow mechanism of debris

flow can be described by the equations of motion in fluid mechanics (Equation Al).

Ye vy Ve vy W‘+V5V"-— —1-(5P“+&’“+&"")

a ahg i aTE a7 &

oV v b7 4 4 1 P or or

y y y y L% 4 b
d+V‘dc+V”o}+’c?z g, p(a}+0,k+&) (Al)
d/'z V O‘Vz +V éVz V aVz l(ﬂ)z +§r.|z +&)7)

+ _. L
a2 gt e TE e Ta T 4

where p is density, V,, V,, V, are velocities in x, y and z directions, g is gravitational

acceleration, P and 7 are the normal stress and shear stress respectively.

For simplicity, the equation in x direction is considered here. The parameter
1 is a characteristic scale and is used here to denote the ratio of the same kind

variable of prototype and model. In particular, the following ratios are defined:
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where L is length, V is velocity, p is density, ris shear stress, P is pressure, t is time

and subscript "p" is used for prototype, and those for model are denoted by subscript

"m". Along the x direction, substituting all these characteristic scales into equation

(A1), we have

1 ’T’P P M "?'r &W;M ;i'r &8-M
;Lg Lem ™ +— +—
Ay Ay &y A Py A Cy

]

7.4 av 17/ 4 av.
A Few gy T Gy L D
Al' aM ' j'.L &M ’ A'L @’M /IL &M

Comparing coefficients of equation (A2), we obtain,

2

L

(A2)

(A3)

(A4)

(AS)

(A6)

(A7)

As shown above, equations (AS) and (A6) are identical. For steady flow, Hua

(1989) remarked that equatioﬁ (A7) can be neglected. Therefore, equations (A4) and

(A5) must be satisfied for ensuring the similarity of the prototype and the model.
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Considering the Bingham fluid, it is given that

av
T=1, +p$ (A8)

av
where 7, = Bingham yield stress, p= Bingham viscosity, e shear strain rate.

The shear stress is controlled by two components (yield strength and viscosity), and

all of their characteristic shear stress scale should be satisfied. That is,

A=Ay =LAy (A9)
dy
Substituting equations (A9) into (A6), we obtain two conditions:
(a) Condition 1
A, A, A ALY 1 i
L e T T e =] (A10)
LAY AR A, AF A A,
A’ _Apﬂ.f
A AR,

(characteristic Reynold number scale}, Reynold number

where A, = 7

1

2

VLp rppL
Re = —— and Hedstrom-1 number He = ——— (Johnson, 1998)
y7,

y7]
(b) Condition 2
A2
p%— bty LI (Al1)
AT A A MMy Ay,
’111
or A, =1

2

A4,

8

=1lor A, =1 (where Froude number

By using equation (A4), we obtain

). The geometrical scaling factors for velocity and flow rate are:

V
=T
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Velocity: 4, = 2,4, = 1, (AI2)
Flow rate: 4, = A, 4,” = 4,"°2,% = 1, | (A13)
By using equation (A11), the following visco;ity factor is obtained:
= Aply,l" =
=T ’

Viscosity: 4, = A, 4,4, = 4,4, (A14)
By using equation (A10), the following yield stress factors is obtained:

’q'He _ 'lfa ’19’1'!-2 ’1;-2 _ 'q'fs ~1

B AT AT AR
Yield stress: 4, = 4,4 = 4,4, (Al15)

Therefore, the four geometric scaling factors can be derived. A summary table

for these four geometric scaling factors are tabulated as follows:

Ggometric scaling factors
| Veloc‘ity factor, 7, A, =4,
Flow rate factor, 7o AQ'= A,
Yield strength factor, 7, 5 Ay = 4,
Viscosity factor, , A, =20

Table Al.1 Geometric scaling factors (Hua, 1989)
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