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Abstract

Observations of debris flows at the Kamikamihori valley on
the eastern slope of Mt.Yakedake in the Japan Alps show
quantitatively that many large boulders would concentrate at the
frontal part of debris flows, and that the size of the largest
boulder is nearly equal to the maximum flow depth.

According to a well-circulated hypothesis, this focusing
phenomena is due to a combination of an inverse grading process
and higher velocity at the upper layers of a flow. Two types of
experiments showed that the inverse grading process may occur
due to the effects of kinetic sieving and dispersive pressure
depending on experimental conditions. However these effects were
unexpectedly small. Furthermore, the effect of upward motion of
the largest boulder whose diameter is nearly equal to the flow
depth is rather minor-

Results of model experiments of debris flows using particle
mixtures of three sizes with water on a sloping channel showed
not only a clear focusing of larger particles to a flow front,
but also a lack of incorporation of large particles into the rear
part of the flow. A test comparing the velocity of particles of
three different sizes in a bore water flow showed that larger
particles would soon attain a higher velocity and approached the
bore front faster than did smaller particles.

A theoretical model analysis of selective entrainment of
boulders by a flow due to their size difference concluded that
the larger size ratio of an overlain boulder to basal boulder
promotes an easier pivoting condition for the overlain boulder.

Another theoretical motion analysis of a boulder in a bore flow



on a steep valley slope of upper reach showed that the larger a
boulder is, the higher velocity exceeding the bore-front velocity
the boulder attains, so that a larger boulder can catch up with
the ©bore front faster. In summary, a larger boulder can start
faster than a smaller one, and it attains a higher velocity in

the flow so as to focus to the bore front.

Key Words: Debris flow, Frontal focusing, Large boulder,

Selective entrainment, Size segregation

Introduction

Many large boulders usually accumulate at the frontal part
of debris flows. 1In particular, a few remarkable boulders of the
largest size, whose diameters are nearly equal to the flow depth,
are found at the very fronts of debris flows in almost every case
at the field observation site of Mt.Yakedake. Debris flows pose
catastrophic hazards due to their large destructive forces. This
is mainly due to this distinctive boulder focusing and
accumulation phenomena, so that much effort has been paid by many
researchers to clarify this focusing mechanism.

This focusing phenomena formerly was well-known only
qualitatively, but recently the actual measurements by field
observations of debris flows (Okuda et al.,1976,1977; Suwa et al.
,1984, 1985a,b,1986; Ishikawa,1985; Pierson,1986) confirmed this
focusing phenomena quantitatively.

On the other hand, many experimental studies (Takahashi,



1980; Hirano et al.,1981;Hashimoto et al.,1983; Suwa et al., 1984,
1985a,1986;Yamano et al.,1985) discussed this focusing phenomena.
Although Hirano et al.(1981) experimentally showed 1lack of
incorporation of large particles into the frontal part of a flow,
other researchers followed Bagnold(1968), who suggested that
relatively large particles drift upwards (inverse grading), and
since the upper surface moves fastest, the large particles drift
towards the front of the flow. Takahashi(1980) applied Bagnold’s
(1954) dispersive pressure to his model to explain the upward
motion of a large particle in a grain flow. Suwa et al.
(1984,1985a,1986) and Yamano et al.(1985) considered kinetic
sieving or ©percolation of particles, which were reviewed by
Naylor(1980), for the explanation of upward motion of large
particles. Hashimoto et al.(1983) discussed the upward motion of
large particles with their concept of two forces from contact and
from collision between particles. Although Suwa et al.(1982,1983)
found an inverse grading structure among debris-flow deposits on
a fan, they couldn’t judge whether that structure was the frozen
remains of the inverse grading structure of flowing debris or was
a result of a special depositional process of a debris flow on
account of a lack of visual record during the stopping stage.
None of the above mentioned analyses actually evaluated the
upward velocity of larger particles or the focusing process of
the largest boulder whose size is nearly equal to the flow depth.
In order to explain this focusing mechanism, a series of model
experiments of debris flows and of new motion analyses on a
boulder in a flow have been executed from a viewpoint different

from those of the past.



Field Data from the Debris-Flow Observations

Field observations of debris flow have been carried out
since 1970 at the Kamikamihori valley of Mt.Yakedake in the Japan
Alps by our group of the Disaster Prevention Research Institute
in cooperation with the Matsumoto Sabo Construction Office in the
Ministry of Construction. The emphasis of measurement was
initially on the flow stage of debris flows (Okuda et al.,
1976,1977,1980,1981;Suwa et al.,1973a,1984,1985b,1986) during the
two periods from 1970 to 1975 and from 1983 +to 1986, secondly

on the occurrence stage (Okuda et al.,1979) from 1976 to 1978 and

from 1987, and thirdly on the deposition stage (Suwa et
al.,1982,1983) from 1979 to 1982, respectively. For the
measurement of the flow stage of a debris flow, an automatic,
remote-controlled observation system with two types of

speedometers, video-camera recording and time-lapse photography
was contrived by us and is being used at the main observation
site near the dam No.6 upper as found in Fig.l, to obtain
velocity, depth, flow rate and debris composition data for many
debris flows. Since 1970, 60 debris flows have occurred in this
valley. Of those flow stage data for 46 flows were successfully
collected, providing useful information not only for fundamental
studies of debris flows but also for practical countermeasures
against debris flow hazards.

In the results from the above observations, several common
characteristics can be found in the relationship between the
composition of debris material and hydraulic values of the flow.
These characteristics can be seen clearly in the data for the

first surge of the 1985 July 21 debris flows. Three series of



35 mm pictures of this flow are shown in Photo 1 - 3. Three 35 mm
cameras have been used for photographing the flows at the same
point from different angles to measure material composition and
an exact shape in three-dimensions. Photo 1 shows a frontal view
of a flow from which cross sectional area of the flow can be
extracted. A lateral-angle picture, Photo 2, shows a typical
steep slope of the debris-flow front and a remarkable
accumulation of many big boulders at the frontal part (head) of
the flow.

A vertical-angle picture, Photo 3, shows a boulderly and
muddy top surface of the flow. The first two views of Photo 3
show an important fact that the finer matrix slurry is absent in
the interstices of large boulders at a frontal edge zone of the
flow. For later discussion, note the slurry absence at the edge
front and the continuous transition from a highly boulderly zone
to muddy flow head (Suwa et al.,1984,1985a,b,1986). Concerning
this property of debris flows, Ishikawa(1985) also observed a
frontal accumulation of large boulders in a debris flow at the
Name river, which is a tributary of the Kiso river in Japan,
while Pierson(1986) found that the muddy slurry did not fill up
the Dboulderly interstices of the front edge of debris flows on
the slope of Mount St.Helens in USA.

Time changes 1in the content and the size distribution of
gravel particles whose diameters are larger than 10 cm were
extracted from the same series of Photo 3, and they are shown in
Fig.2 along with the time change of hydraulic values of the flow.
In this diagram, content of gravel means the areal percentage of

the picture occupied by gravels. The largest diameter of each



gravel particle on the picture was picked for each nominative
diameter instead of adopting mean diameter to avoid an
underestimation due to the hiding effect of immersion of gravel
in muddy slurry or to the overlapping of gravels each other.
Fig.2 distinctively shows focusing of large boulders to the flow

front and a piling up of a huge amount of boulders in the flow

head which gave a very massive shape to the flow front. Besides
the frontal focusing of large Dboulders, there 1is another
significant fact +to be observed in Fig.2; the sizes of the

several ’biggest’ boulders are larger than or nearly equal to the
flow depth, and those biggest boulders are also concentrated at
the flow front.

The frontal part of debris flows have a lower flow velocity
than the following part as shown in Fig.2 as a result of two
effects. The first is the greater frictional forces between the
large Dboulders and the valley Eottom and the other is greater
friction between boulders in the local absence of muddy slurry.
As a result of this significant change in the mechanical state of
flowing debris, peak hydraulic values generally occur
sequentially following the order of flow depth, flow rate and
surface velocity as found in Fig.2. After the peak 1in surface
velocity, all values gradually diminish. The graph in Fig.2
further shows that the second surge exhibits the same appearance

order of peak hydraulic values.



Criticism of Past Explanations of Frontal Focusing

by Inverse Grading Process

An original hypothesis by Bagnold(1968) about the focusing
mechanism of large boulders to a debris-flow front has been
adopted by almost every researcher who thereafter discussed this
phenomena. His idea is that the upward motion of relatively large
boulders and the higher velocity at the upper layer of the flow
cause the frontal accumulation of larger boulders. This upward
motion gives a flow an inverse grading structure of gravels which
is attributed to either the dispersive pressure effect (Bagnold,
1954,1968; Takahashi,1980,1984) or the kinetic sieving effect
(Middleton,1970; Naylor,1980).

Concerning the above explanation, the author proposes his
alternative view for the following reasons. Firstly an
alternative explanation is necessary for the frontal focusing of
'largest’ boulders whose upward motion cannot occur because their
diameter is larger than or nearly equal to the flow depth.
Secondly, experimental study is necessary to evaluate the effect
of inverse grading quantitatively for practical application to
large Dboulders which are also relatively smaller than the flow
depth. Accordingly, the following two kinds of experiments were
carried out to evaluate the inverse grading effect. One 1is a
vibrating test of a particle mixture to determine size
segregation due to kinetic sieving, and the other is a shearing
test of a particle mixture for size segregation due to dispersive
pressure and kinetic sieving.

Here kinetic sieving means an upward motion of relatively

large particles as a result of a percolation (=falling down) of



smaller particles through the interstices of large ones. The
effective force due to kinetic sieving is unknown at the present.
On the other hand, dispersive pressure, Py’ originates from
momentum transfer in the grain flow by the collision of particles
in neighbouring layers of different velocity and was expressed

P, = 2,6 AH0) D“(%‘;)"w o (1)
in a two dimensional uniform steady shear flow by Bagnold(1954),
where a; is a constant, Cr is the particle density,
)~={(CO/C)1/3—1}_1 is the linear concentration of particle in the
flow, Co is a possible closest volume concentration of particle,
C 1is the volume concentration of particle in the flow, D is the
particle diameter, u is velocity of fluid in the main flow
direction, y is the coordinate perpendicular to an equal-velocity
rlane and 04. is an inertial friction angle due to particle
collision. According to the equation (1), the dispersive stress
appears to push the relatively large particles towards the region
of least shear rate.

Size segregation by kinetic sieving is considerd to Dbe
generated only if a particle mixture is in a fluidized state
where rearrangement of particles is possible in the presence of
gravity field. 1In the first experiment, a vibration test of a
particle mixture was executed to evaluate the effect only by
kinetic sieving (Suwa et al.,1984,1985a). As a result of this
experiment, it was shown that the following two conditions are
necessary for kinetic sieving to occur. One is that the maximum
acceleration of vibration must exceed a large critical value,

15G, in water which can hardly be generated in a debris flow

according to our observation. The other is that a size ratio,



which is defined as a diameter ratio of a large particle to a

small one, must exceed a critical value, Ty which is a certain
value between 2 and 3, coinciding with Hayashi’s(1970) similar
value, 2.5 . On the other hand, rearrangement of particles is

always possible in a shear flow of a particle mixture, but the
rate of kinetic sieving in such a flow was difficult to evaluate
from the results of the vibration test.

Shearing tests of particle mixtures were carried out using a
ring-shaped flume (Suwa et al.,1986) to study the size
segregation due to the dispersive pressure effect and the kinetic
seiving effect with glass particles, and to study the size
segregation due to only the former effect with neutrally buoyant
particles made of ABS or polystylene plastics. The segregation
results of the shear test depended on experimental conditions.
The velocity distribution of the shear flow did not agree with
those in studies by Bagnold(1968) and by Takahashi{(1980), where
the shear rate increased with depth. That is, all the shear tests
with glass particles showed an almost linear distribution of flow
velocity as shown in Fig.3, where a high content of large
particles generated an inverse grading structure in the flow, and
a low content of large particle resulted in normal grading. 1In
these segregation test, kinetic sieving was possibly present, but
dispersive pressure had no effect on the vertical motion of large
particles due to the constant shear rate.

Every shear test with neutrally buoyant particles had a
convex upward distribution of velocity as shown in Fig.4. In this
case large particles drifted upward contrary to +the predicted
effects of dispersive pressure and in the absence of kinetic

sieving due to the neutral buoyancy of the particles in water.



Consequently, although inverse grading may occur wunder
specific conditions and with enough time, a strong inverse
grading process was by no means verified. Furthermore, the
frontal focusing of the largest boulders cannot be explained by
an inverse grading process when the boulder size is nearly equal
to the flow depth and when the largest boulders are transported
almost continuously contacting the bottom surface. The largest
boulders surely run down frequently protruding from the tops of
flows in some debris flows. But the author does not think that
this occasional saltation is a major cause of the frontal
focusing of the largest boulders. Therefore more experiments to
test the direct process of frontal focusing of large boulders

were needed.

Tests of Movement of Large Particles towards a Bore Front

on a Sloping Channel

The structure of a sloping flume is shown in Fig.5. 1In the
experiments, mixtures of the test particles were distributed
uniformly over the reach between x=50 and 470 cm on the flume
whose surface was laid with a woven net of 1 mm wire in the
pattern of 1 cm regular square grid for the particles not to slip
on the bottom surface. When the gate of a water tank at the upper
end of the flume was released, a water bore ran downward
entraining the particles successively to generate a typical bore
flow of particle mixture very similar to a real debris flow. Two

video cameras were used to take pictures from vertical and
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lateral angles to obtain velocity and flow depth.

In the first experiment, a particle mixture of three
different sizes was utilized. The diagram of particle content of
each size in Fig.6 shows a distinctive concentration of large
particles towards the flow front. The bottom diagram shows the
time change of flow depth and the distribution of flow velocity
at the times of 0.48, 0.71, 0.95, 1.41 second. Specific attention
should be paid to the velocity distributions, which are almost
linear or sigmoidal, contrary to that of the dilatant flow model
of Bagnold(1968) and Takahashi(1980). A sigmoidal velocity
profile, which has two layers of low shear rate near the top
surface and near the bottom boundary, can be seen at the time
0.95 second Jjust similar to the profile by Tsubaki et al.(1982).

The second experiment tested the process causing lack of
incorporation of a large particles into the rear part of flows.
The initial distribution of particles was the same as that in the
experiment of Fig.6 except that the large particles were divided
into four equal weight groups and painted in four different
colors for observation. The four groups were set individually on
four sections of equal length on the sloping reach. As a result
of this test, it was found that the large particles were moved
towards the flow front preserving the initial arrangement order
of large particle in the four groups, as shown in Fig.7. This
result means that the large particles took the arrangement
position in the order of the entrainment and accumulated at the
frontal part of the flow in that order, because newly entrained
large particles would tend not to be incorporated in the flow due
to the repulsive action of collision with other particles already

collecting in the flow front.
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A series of third tests were carried out to observe whether
frontal focusing of particles would occur using a single size of
particles. It was also found that the frontal focusing of
particles was generated by the test with particles of every
uniform size. Fig.8 shows the result of this test, where a
frontal focusing of particles was observed under the condition of
the same bore water flow running down over the particle deposits.
These results of frontal focusing of single-size particles cannot
be explained by the well-circulated theory by Bagnold(1968) which
explains frontal focusing of larger particles only in a flow
consisting of particles of different sizes. A combination of this
result and the former result of the tests with particles of three
sizes suggests that the relatively forward location of the larger
particle as shown in Fig.6 and 7, should be ascribed to a higher
rate of frontal focusing of the larger particle.

Then a fourth test was executed to compare the motion of
particles of different size. Fig.9 shows a result of this
experiment with only four particles, and the position of

particles in a bore flow is indicated along with the velocity at

each measurement position. There was the following tendency in
the motion of each particle: just after the entrainment, though
two small particles took the most forward position, they could

then only achieve a lower velocity than the frontal velocity of
the bore. Therefore, the distance between the particle and the
flow front would gradually become longer. Similarly although a
medium particle achieved a higher velocity and preceded a large
particle Jjust after +the entrainment, thereafter it was left

behind a large particle due to its lower acceleration. Finally,
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however, it achieved a high velocity nearly equal to the frontal
velocity of the flow. On the other hand, a large particle only
achieved a lower velocity and was left behind other particles
just after the entrainment, but it soon arrived at the flow front
fastest due to its higher acceleration. Afterward it can be seen
that the large particle would keep its position at the flow
front. Above all, every motion of particles seemed to be
controlled by a force balance between the down-slope component of
body force (gravity force of particle), a frictional force on the
flume bottom, and a drag force by the flow of water acting on
each particle. The motion of boulders in a starting stage and
running stage in a flow will be theoretically analyzed in the

following two sections.

Model Analysis of Selective Entrainment of Boulders by a Flow

due to their Size Difference

Recent studies by Komar et al.(1986) on gravel entrainment
thresholds in rivers and offshore tidal currents showed that
variations in pivoting angles for grain entrainment have
significant effects on selective sorting due to grain size and
shape. In general, +there are debris deposits with boulders of
various sizes and shapes accumulating in the valley bottom at a
source area of debris flow as shown in Photo 4. When a muddy
water flow occurs along such a valley bottom, the boulders will
be entrained selectively due to their size and shape differences
and also depending on the flow velocity.

First, consider the model of pivoting conditions of a

13



spherical boulder sitting on basal boulders as shown in Fig.10.
There are five kinds of forces acting on the fully submerged
sitting ©boulder in a uniform current: FG=(4/3)ZCR36'g is the
gravity force, FB=(4/3)9Z:R39 g cos is the buoyancy,
Fp=(1/2)€ chvzysz is the drag force, (1/2) £, PVER? is

the 1ift force, and the forces at the contact points P and Q,
where (¥ is the density of boulder, p the density of muddy
water, g the acceleration of gravity, V the flow velocity
of fluid, CD the drag coefficient, CL the 1lift coefficient and &
a coefficient of partial sheltering. This & is similar to that of
Ashida et al.(1977) in their study of the critical tractive force
for gravel.

The critical equilibrium condition for a sitting boulder to
pivot and +to move downwards can be given by equation (2),
considering a balance of the moments around the contact point P
in Fig.10. This assumes that the effect of partial sheltering of
the sitting boulder by the basal boulders is negligible so that
£ is approximately equal to 1,

L CopVPreRoeosg + L CpV TR P+ S RIpG cacl oing

=G£7LR¢O/3¢PFVL(¢—(9> (2)
where & is the slope angle and.?Sthe pivoting angle. Equation (2)
is rewritten as:

Frz:Fp(R/r) (3)

where two dimensionless numbers are defined respectively as

Y—g {(4)
—%—B—{ ein(p—0)— 503(9?’“75}/60%5—!— d"é’mgé) (5)

The sitting boulder will pivot and become entralned in the flow

14



at the instant when the left hand term (same form as square of
Froude number) of equation (3) exceeds the right term, which is
called the ’pivoting factor’ in this paper.

The pivoting angle gfdefined as in Fig.10 is a function of
size ratio R/r which is empirically given as

#=k(R/r) " (6)
by Li et al.(1986). According to the results of their
experiments, the parameters k and m as given in Table 1 depend on
the shape of the gravel and the rotational types of pivot. As for
the pivot types, saddle rotation means the case where the sitting
boulder pivots through the 1lower saddle between two Dbasal
boulders, and the top rotation means the case where the upper one
pivots directly over the top of a basal boulder.

Results of the calculation of Fp(R/r)'using equation (6) are
shown in Fig.11 for the case of the slope angle &= 5° and
assuming that CL/CD=0.2, because of the difficulty in evaluating
CL strictly- Values of pivoting factor Fp(R/r) are compared with
three examples of Fr2 value in this figure. The variety of
boulder shapes that permit pivoting increases with flow velocity,

and it is easier for boulders to pivot with a larger size ratio

R/r.

Fp(R/r) for saddle rotation of ellipsoidal gravel is shown
in Fig.12 for changes in slope angle. This figure shows that it
is easier for a boulder to pivot on a steeper slope. As for

angular gravel, pivoting is more difficult because a steeper
slope is necessary for the gravel to pivot as shown in Fig.13. A
common property in Figs.11,12,13 is that it is easier for a
boulder to pivot with larger size ratio. In other words, a larger

boulder is able to pivot earlier when the flow velocity of muddy
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water is increasing with flow depth.

Fig.14 shows a critical size ratio in which the gravel can
pivot without any flow, if the special condition 67:§ﬁ is
satisfied. Using this diagram, the ease of pivoting of boulders
with different shapes and different types of rotation can be
compared.

However, the boulders in actual debris-flows do not always
pivot in the manner described by the rule mentioned above. For
example, in the case where a large boulder is buried in a thick
deposit of basal boulders, there is no tendency for a boulder to
pivot in the order of the size from the larger to the smaller.-
However, if a muddy water flow runs downward along a valley and
selectively entrains larger boulders earlier as mentioned above,
and grows into a debris flow, one of the factors promoting the
frontal focusing of larger boulders is operating even in the
initial stage of debris-flow generation. In this model, it is

assumed that all boulders are fully submerged in a flow. A sudden

rise of water-stage may be brought about by a positive surge. We
experience surges under the condition of heavy rainfall. We call
it a "Teppo mizu" in Japanese which means a flash flood . In the

field, roll wave trains or temporal natural dams made from small
slides of side wall would often break down and cause such floods
on valley Dbottom. Or we can regard a successive rise of
water-stage in a short time approximately as a sudden rise of

water-stage.
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Mechanical Analysis of Large Boulders Focusing to a Bore Front

According to the result of the former section and of the
study on initiation of boulder motion by the impact force of a
bore-flow front (Suwa et al.,1973b), a boulder on a slope starts
its downward motion after it is entrained in a flow. Accordingly
we consider the motion of a boulder which is already submerged in
a flow and discuss the motion from its start with a simple model
that closely corresponds to the conditions of the experiments
represented in Fig.8 and Fig.9. The model is used to explain the
mechanism for the frontal focusing of large boulders in the
motion of debris flows.

We assume a steady advance of a uniform bore as shown 1in
Fig.15, and we perform a force balance on a spherical boulder in
the flow. Positive velocities and forces are in the downslope
direction. The equation of unsteady motion for the boulder is:

£ 7RG+ )j‘{; LaRiggsind— LaR(q—P)u G cor 9

+ 4 Co P R¥ (V=) V=V | (7)
in which R 1is the radius of boulder, v is the velocity of
boulder, V is the flow velocity and/;(is the coefficient of
kinetic friction. It is assumed that the effect of the 1lift force
is negligible for the evaluation of the frictional force in the

right-hand term of eq.(7). Equation (7) is rearranged to give:

%—Q & +D (8)

in which

=—“_O/ 3/
G=Grppd =S mgeos b )

D= i% S+ 972 (V ’U)IV—U‘I C(V—-’lf) —’\)‘I (10)

where CE3CD{P/(G+P/2)}/(8R). Here G is a term combining gravity

and
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and friction forces independent of the radius R, and D is a drag-
force term, which decreases in inverse proportion to R.

We analyze the motion of a boulder using a flow chart, which
embodies 5 stages as shown in Fig.15. 1In the first stage, which
represents a steep slope in an upper reach of a valley bottom, a
resting Dboulder begins to move and accelerates to approach the
flow velocity, Vu. In the second stage, also on the steep slope,
the ©boulder accelerates to approach a terminal velocity, which
exceeds Vu. In the third stage, after arriving at a gentle slope
in a lower reach, the boulder decelerates to approach the flow
velocity, Vl' Then, in the fourth stage, also on the gentle
slope, the boulder further decelerates to approach a terminal
velocity less than Vl or to cease motion. Finally, a fifth stage
corresponds to a process in which, at the end of the first stage,
the ©boulder runs onto the gentle slope from the steep slope

before attaining the flow velocity V it then approaches a

1°
terminal velocity below Vl or ceases motion.

The motion analysis in each stage is as follows, making
frequent references to Fig.15 and Table 2 & 3. In this analysis
different values of flow velocity Vu and Vl are assumed on the
upper and lower reaches respectively, because an approximately
constant velocity of flow is attained by a bore in a short
distance on a constant slope as seen in Fig.9.

Stage 1: Substituting the velocity of the boulder, v, from
the definition of a velocity deficiency of a boulder (that is
UEVu—V) for v in eq.(8) yields:

%=—Q—CMZ (11)

Solution of equation (11) on the initial condition v=0 namely

18



u=Vu at time t=0 is:

(,(:/—gf——tam{fwfl(/% VLJ—(/G_CJ[} (12)

Putting u=0 in eq.(12) gives the time Q&

T = \/é/—c W_'(\/g Vu) (13)

which is necessary for a boulder to attain the flow velocity, Vu

The time ‘Z& in field phenomena can be estimated wusing the
assumptions in Table 3 and Vu=10 m/sec according to the
observation results at Kamikamihori valley (Okuda et al., 1977,
1979; Suwa et al.,1984,1985c,1986). For example, T&:Z.B seconds
for a small boulder of radius R=0.1 m, and Z1=7.0 seconds for a
large Dboulder R=1 m. Because 7; is a monotonically increasing
function of the radius, R, every boulder which initially rested
on the slope would easily attain the flow velocity Vu in a very
short time.

Stage 2: Putting v from the definition formula of a
velocity excess of the boulder (that is usv—Vu) into v in eq.(8),
we get a slightly different equation of motion:

A — G —Cu* (1)
using the initial condition u=0 at t=0, solution of the
differential eq.(14) becomes:

L{=\/—g"—'&m/u (VGC t) (15)
In this stage, the velocity of a boulder v gradually approaches a
terminal velocity vu+/676 from the initial velocity Vu' Putting
u=0.95/G/C in eq.(15) gives the time'Zé

T, = —/9%_ tan QA (16)
which 1is necessary for a velocity excess u of the boulder to
attain 95 % of the final value\/676: The velocity excess u=1.3
m/sec is evaluated with the time Y;=1.4 seconds for a boulder of

radius R=0.1 m, and the velocity excess u=4.8 m/sec withrZé=5.3
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seconds for R=1 m. The larger boulder attains a higher terminal
velocity because u is approximately proportional to /E_due to the
tending of tanh(/GCt) to 1. And the attaining time Zé is very
short because 'Zz is a monotonically increasing function of R.
Consequently, there is a very significant feature about the
motion of boulders in a bore flow on a steep slope: the larger
boulders can approach the front of the flow faster than can
smaller boulders, owing to a higher terminal velocity, which is
much larger than the flow velocity, Vu'

Although a large boulder might tend to precede the bore
front just after it caught up to the front, the boulder cannot
actually precede the front. This is true because outside the
flow, the effect of a large frictional force on the boulder due
to the 1lack of buoyancy in muddy water (density of air f> is
negligible in eq.(8)) makes the boulder decelerate.

These special features of a large boulder in motion already
been observed empirically as shown in Fig.9; faster arrival of
larger particles at the flow front is seen at a distance of
210 cm from the starting point, and retaining of a large particle
at the flow front is seen at the section between 210 cm and
410 cm. On the other hand, newly entrained boulders, especially
larger ones, would tend not to be incorporated in the flow
because of the repulsive action of collision with other boulders
already having collected at the flow front. This was seen in the
experiment shown in Fig.7. Retention of those boulders at a flow
front forms a boulderly frontal part of a debris flow in which
the muddy slurry is almost absent, as shown in Photo 3.

Stage 3: Substituting v from a velocity excess of the
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boulder (that is u=v-V ) for v in eq.(8) yields:

LU — lél—ClA (17)

Solution of equatlon (17) using the initial condition u:vO—Vl at

U= _I% tm[tayfl{ TC%W_%)}—‘/IQ' C tj (18)

Putting u=0 in eq.(18) gives the time Zé:

t?zf_la—ll—d,—_t&ﬂ{‘/’:%(%_%)} (19)

which is necessary for a boulder to decelerate and to attain the

t=0 is:

smaller flow velocity V1 on the gentle slope of a lower reach.
Suppose the terminal velocity vu+/676 has been attained by the
boulder in the end of Stage 2, then using Table 3, Z;=2.4 seconds
for a boulder of radius R=0.1 m, and z;=17.6 seconds for R=1.0 m.
In this way, every boulder will decelerate to the same flow
velocity in a short time soon after its arrival at a gentle slope
from the upper steep slope.
Stage 4: Putting v from a velocity deficiency (that is
qul-v) into v in eq.(8), we get an equation of motion:
= |4 - Cu* (20)
On the initial condition u=0 at t=0, we obtain a solution of
eq.(20):
M.—./@‘fmk (/alc t) (21)
This solution represents two alternative cases as shown in
Fig.15. If the final velocity deficiency anr76.is smaller than
Vl’ the velocity v will gradually approach a terminal velocity

Vl—,HGI/C. If, on the other hand, the value of /|G| /C is larger
than Vl’ the boulder will stop its motion at the time 71(2)

Tacu:_ﬁf‘mw Vﬂ/ﬂﬁ ) (22)

Putting u=0. 95,NG|/C in eq. (21) gives the tlme'Zi(l)

Cey = /l__ —L_ b g Q98 (23)
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which is necessary for a velocity deficiency of the boulder u to
attain 95 % of the final wvalue /|G| /C. While a velocity
deficiency u=2.3 m/sec 1is predicted for the example at
za(1)=21.7 seconds for a boulder of radius R=1 m, another
velocity deficiency u=0.3 m/sec is evaluated at T;(1)=3.0 seconds
for R=0.1 m. This means that when the flow velocity on the gentle
slope Vl is smaller than 2.3 m/sec, a boulder of radius R=1 m
will stop its motion within 22 seconds, and if Vl is smaller than
0.3 m/sec, a boulder of R=0.1 m will stop within 3.0 seconds.
There is a similar discussion by Ashida et al.(1978) about the
terminal velocity of gravel and the flow velocity for critical
traction of gravel in the similar situation.

The above results demonstrate a special but natural feature
in the motion of many boulders with different sizes: the boulders
will stop in the order from larger one to smaller one in a
decelerating stage of flow velocity Vi because VﬂﬁT?E is
proportional to J_l In the field, the larger boulders are
observed to be left earlier in the decelerating and depositing
stage of debris flow on a fan (Okuda et al.,1979).

Stage 5: Substituting v from a velocity deficiency (that is
usVl—v) for v in eq.(8) yields:

%= 4l — Cu* (24)
The solution of equation (24) with the initial condition

u=uO < Vl at t=0 is:

UuU— |&|/(i (/(o—\/lgﬂ/d
= —2/lalc
rare  wlae creact) e

This solution includes two alternative cases for the motion of a

boulder as shown in Fig.15 and Table 2; when the final velocity
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deficiency /|G| /C is smaller than Vl’ the velocity of the boulder
will gradually approach a terminal velocity Vl-VIGl/C, and when
the value of /|G|/C is larger than Vl’ the boulder will stop at a

time 7%(2) as written in Table 2.

Discussion and Conclusion

Frontal focusing of large boulders in debris flows was
quantitatively measured during observations of debris flows at
the Kamikamihori valley of Mt.Yakedake. According to the results
of field observations and experimental tests, it seemed unlikely
that the mechanism of such frontal focusing could be explained
with a combination of inverse grading and higher velocity in the
upper layer in the flow, particulary with respect to the largest
boulders in the flow. Kinetic sieveng and dispersive pressure
were not sufficient to generate an inverse grading structure in
all debris flows. In particular, the velocity distribution in the
flow was not suitable to push a relatively large boulder upward
with dispersive pressure. Furthermore, the largest boulders
cannot make any vertical motion due to dispersive pressure or
kinetic sieving in a relatively thin flow. On the other hand, the
largest boulders rotate in a relatively thin flow, contacting a
bottom surface (Okuda et al.,1976), so that those boulders are
expected to climb over small boulders as suggested by Iverson et
al.(1987). But such climbing motion has been yet demonstrated
neither during our observations nor by the tests on the sloping
flume except when particles were entrained.

An experimental test on a sloping flume and a theoretical
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analysis were carried out to explain the mechanism of frontal
focusing. An analysis of unsteady motion of a spherical boulder
in a steadily advancing bore flow predicted that larger boulders
would attain a higher terminal velocities in a short time and
would catch up with the bore front faster than would smaller
boulders. This process was simulated very well by a flume test.
This analysis does not suppose a collective motion of
boulders during flow initiation, but rather a surface flow of
muddy water which grows and entrains boulders one after another.

Then the flow further grows gradually to form a flow of

collectively moving boulders, which focus forward soon after
entrainment.
There are two successive processes; one is that the larger

boulder can start its motion earlier because of selective
entrainment, the other is that the larger boulder attains a
higher terminal velocity on a steep slope and focuses faster to
the front. Moreover, these boulders would form a boulderly front
due to boulder retention and to the lack of boulder movement into
the body of the flow. The fact that the larger boulder attains a
higher terminal velocity, in other words, reveals a very simple
and natural aspect of forces which act on the boulder in the
flow: body forces (gravity directly and kinetic friction
indirectly) act on it in the third power of radius R of the
boulder, and surface force (drag) acts in the second power of R.
Since the increase of the former force is of course greater +than
the latter with increasing R, a larger relative velocity is
necessary between boulder and flow to get a terminal state in

which body forces balance with surface force.
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We can understand two processes from the above results. The
first one is that, on the upper reach of a valley, there is a
very remarkable tendency of erosion in which larger particles
have to be entrained more easily, contrary to a popular result of
past studies which concludes that smaller particles are removed
more easily- This remarkable tendency was explained in the
section of the model analysis of selective entrainment, and is
surely comfirmed to be one of the fundamental properties in the
erosional processes.

The second process is that, on the lower reach of a valley,
particularly on a debris-flow fan, there is a natural tendency of
sorting, in which size of boulders decreases from the upper part
to the lower. This is a result of the depositive processes of
debris flows, which corresponds to the second case of the fourth
stage in the motion analysis of a boulder: the larger boulders
are Jleft earlier on the upper part of a gentle slope than the

smaller ones.
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Captions

Fig.1l. Location of debris flow observations at Kamikamihori
valley.- R:rain gauge, SS:spatial filter speedometer, RS:radar
(Doppler effect) speedometer, 35:35 mm time lapse camera, 81:8 mm
time lapse camera, V:video camera, S:seismometer, edge

arrows:wire sensor for detecting debris-flow arrival.

Fig.2. Change in the composition and in hydraulic factors of
debris flow extracted from Photo series 3, a video tape record,
and radar speedometer data. Flow depth means the maximum flow
depth at one side as seen in Photo 1, which is nearly twice as

mean flow depth. After Suwa et al., 1986.
Fig.3. Velocity distribution in a shear flow of glass particles.

Fig.4. Velocity distribution in a shear flow of neutrally

buoyant particles.

Fig.5b. Sloping flume for test of focusing of large particles to

a bore-flow front.

Fig.6. Frontal focusing of large particles in a bore flow of a
glass-particle mixture and velocity distribution observed at
x=490 cm point. Time=0 indicates when a bore front crossed the
center of the view field. 24 mq¢ particle:2.2 kg, 12 mm¢:4 kg,

4 mm¢:9.2 kg, water:20 lit., slope angle £=9°



Fig.7. Distribution of four groups of large particles observed

at x=490 cm point, which came from four different sections of the

upper depositing reach of particle mixture. Composition of
particles and water is same as in Fig.6. Slope angle(9=6.20.
Fig.8. Frontal focusing of glass particles of wuniform size

(A: 24 mmgﬁparticles, B: 12 mm¢). Change in flow depth observed

at x=490 cm point. Amount of particles: 0.56 kg, water: 20 lit.,

f=6.2°.

Fig.9. Changes in differential position and velocity of each
particle in a bore water flow at three localities at distances

10, 210, 410 cm from the initial position of the particles. Only

four particles were set in the flow. L, M, S indicate one 25 mmgf
particle, one 12 mm¢ particle and two 4 mm;ﬁ particles
respectively.

Fig.10. Definition sketch for particle entrainment. Four forces

operate to rotate a sitting boulder around the pivoting point P.

FG:gravity force, FB:buoyancy, FD:drag force and FL:lift force.

Fig.1l1. Pivoting factor Fp(R/r) for different shapes of gravel as
a function of size ratio R/r and three examples of Frz.
Pivotable ranges of boulder for r=0.1 m are drawn with bold lines
for V=0.5 m/sec and by double lines for V=1 m/sec. Intermediate

axial radius is adopted for ellipsoidal gravel and nominative

radius for angular gravel.



Fig.12. Pivoting factor Fp(R/r) for ellipsoidal gravel in the
case of saddle rotation as a function of R/r for various slope

angles.

Fig.13. Pivoting factor Fp(R/r) for angular gravel as a function

of R/r for various slope angles.

Fig.14. Critical size ratio, which means the critical pivotable
size ratio without any flow, for different shapes of gravel as a

function of slope angle &L

Fig.15. Flow chart connecting the five stages of the motions of
a spherical boulder in a steadily advancing and uniform bore flow
on a slope. Illustrations show the situations of motion and
solutions of their equations of motion. Upper reach, for example,
corresponds to the section above the dam No.2 in Fig.l and 1lower

reach to the section below it.

Table 1. Parameters k and m for equation (6). After Li et al.
(1986).
Table 2. Summary of motion analyses of a spherical boulder in

five stages as shown in Fig.5.

Table 3. Examples for the physical constants and variables for

the calculation of velocity and attaining time of a boulder-



Photo 1. Frontal view of the first surge of debris flows on July
21, 1985, running down over the dam No.6 upper as seen in Fig.l1.
The number in the photo shows the time interval by seconds from

the shuttering time of the first photo.

Photo 2. Lateral view of the same debris flow shown in Photo 1.

The channel length in the view field is 12 meters.

Photo 3. Top surface of the same debris flow shown in Photo 1 and
2 just above the dam No.6 upper. Size of the view field is about

4.7 m x 6.6 m, The flow direction is toward the right.

Photo 4. Deposits of different sizes of boulders on the bottom
slope in the source area of debris flows at the Kamikamihori

valley.
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Fig.10. Definition sketch for particle entrainment. Four forces
operate to rotate a sitting boulder around the pivoting point P.

FG:gravity force, FB:buoyancy, FD:drag force and FL:lift force.
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Stage 2 G<0, D>0
4
Upper reach G>0, D<0O F=-lGl+DZ0

F=6-|D|>0 v=V >V+ /BT

V=, < Vu+ vG/C

Lower reach
Ge<0, D>0
= -|G[+ D <0

Stage 3

-n
;

Lower reach G<0, D<O
F=-l6-[Df <0 v=v >V,

<
H

VZ -> VZ_ |%J or 0

Case |

Fig.15. Flow chart connecting the five stages of the motions of
a spherical boulder in a steadily advancing and uniform bore flow
on a slope. Illustrations show the situations of motion and
solutions of their equations of motion. Upper reach, for example,
corresponds to the section above the dam No.2 in Fig.l1l and lower

reach to the section below it.



Table

(1986).

1. Parameters k and m for equation (6). After Li et al.
Rotation Range of R/r k m
Sphere Saddle 0.3 < R/r 20.4 0.75
Top 0.3 <R/r<1 36.3 0.55
1 <R/r 36.3 0.72
Ellipsoidal | Saddle 0.25 < R/r 31.9 0.36
gravel
Top 0.25 <R/r <1 | 42.0 0.32
1 <R/r 36.8 0.53
Angular gravel 0.3 < R/r 51.3 0.33




Table 2. Summary of motion analyses of a spherical boulder in
five stages as shown in Fig.5.
Stage 1 2 3 4 5
Gradient of steep steep gentle gentle gentle
valley slope (upper reach) (upper reach) (Tower reach) (Tower reach) (1ower reach)
G + + - - -
Relative velocity deficiency excess excess deficiency deficiency
of boulder uzV-vy uszv-YV uzv-YV usV-~-v usz=Vv,.-yv
u u A A 1A
D + - - + +
Combined force G+D>0 G -|D|> 0 -|6[-|p|< 0 -|Gl+D <0 -l6j+D 20
. : d 2 d 2 du 2 du 2 d 2
Equation of motion a%= -G-~Cu H%= G-Cu rr -|G|-Cu Hf=|m-Cu H%=]M—Cu
Initial condition at u = Vu u=20 u=v.- VZ u=290 u=ug
each stage (t = 0) (v=0) (v-= Vu ) (v= Vo ) (vs= v, ) (v-= vy < VZ )
Equation of solution (12) (15) (18) (21) (25)
v at the final state v = Vu v = Vu+ vG/C v = VZ Case 1: Case 1:
of each stage at t = T at t = = at t = T, for /TG]/T < Vl for /]GJ/C < VZ
vG/C = const.x /R v = VZ—/ G[/C v = VZ-/|G[/C
Attaining time: 21 -1, /C - 1 -1, /C at t = o at t = e«
T,= tan" (/% V), T.= tan ( fer(v - V.))
L & G 'u 3 /[G]C [6l* 0" 72 Case 2: Case 2:

1
/|G|C

Ta2y”

-1 G
tanh (Vz/)

1
L In
> aTEre

( uo-/ G[/C VZ+/|G]/C )

u +/TET7C v,-/GI7¢

for /|G|/C > VZ
v=020

at t = 5 (2)




Table 3. Examples for the physical constants and variables

the calculation of velocity and attaining time of a boulder.

o= 2.4 g/cm3 , p=1.8 g/cm3
My = 0.6 (for large value) > ug= 0.3 (for small value)
6= 20° (for an upper reach) , 8= 5° (for a lower reach)

RZ= 1 m (for a large boulder), Rs= 0.1 m (for a small boulder)
C,= 0.4 (for a range of Reynolds number 10—10° )

then o= 1.93 m/sec’
G, (for an upper reach) U, max "
G . = 1.43 m/sec
u,min
6, = -0.087 m/sec?
G; (for a lower reach ) 2 5
7 min - -0.44 m/sec
Jmin
and , -1
Crin = 0:081 m = for a large boulder (RZ =1 m)
C_=0.81 m' for a small boulder (R_ = 0.1 m)
max S

for



Photo 1. Frontal view of the first surge of debris flows on July
21, 1985, running down over the dam No.6 upper as seen in Fig.1l.
The number in the photo shows the time interval by seconds from

the shuttering time of the first photo.



Photo 2. Lateral view of the same debris flow shown in Photo 1.

The channel length in the view field is 12 meters.



Photo 3. Top surface of the same debris flow shown in Photo 1 and
2 just above the dam No.6 upper. Size of the view field is about

4.7 m x 6.6 m. The flow direction is toward the right.



Photo 3. (Continued)
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Photo 4. Deposits of different sizes of boulders on the bottom

slope in the source area of debris flows at the Kamikamihori

valley.
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