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Abstract. The present study describes entrainment characflow either erodes bed material or leaves sediment on the bed

teristics of bed material into debris flow, based on flume testsfrom the body so as to form equilibrium bed slope.

numerical and dimensional analyses. Flume tests are con-

ducted to investigate influences of bed sediment size on ero=— = ¢, tan(¥ — 6,) (1)

sion rate by supplying debris flows having unsaturated sedi-

ment concentration over erodible beds. Experimental resultin which E is the erosion rate; is the depth averaged veloc-

show that the erosion rate decreases monotonically with inity of debris flow body,c, is the sediment concentration in

crease of sediment size, although erosion rate changes witthhe non-flowing layer by volume, is the bed slope, is the

sediment concentration of debris flow body. equilibrium bed slope corresponding to sediment concentra-
In order to evaluate critical condition of bed sediment en-tion of the debris flow body as follows.

trainment, a length scale which measures an effective bed _

shear stress is introduced. The effective bed shear stress jgng, — (0/p — 1) ctang, @)

defined as total shear stress minus yield stress on the bed sur- (6/,0 - 1) c+1

face. The results show that critical entrainment conditions,

can be evaluated well in terms of Shields curve using the ef" whicho is the mass density of sediment particless the

. ; mass density of watef,is the depth averaged sediment con-
fective bed shear stress instead of a usual bed shear stress. . . . . )
centration of debris flow by volume anrg is the interparti-

cle friction angle of sediment particles. Sediment deposition
takes place when the bed slope is milder than the equilib-
rium bed slope resulting in the negative value of erosion rate.
Takahashi et al. (1986) also proposed a formula for erosion
rate and another for deposition rate, separately.

In the previous author's study, Egashira et al. (2001)

1 Introduction

Debris flow size will increase when entrainment of bed sedi-

n;%ntt)ta}k%s plaﬁe, ar:d ptthervvlsebwnl d%(?r(taaje. Suc_h CITaQ ointed out that the bed entrainment is affected by grain size
ordebris flow characteristics can be predicted numericaily By o4 sediment. Actually, it is often observed that large

using governing equations, a flow resistance equation and altones cannot be removed even in a reach where erodible

erosion rate formula. Such studies have been conducted bP’egime of debris flow dominates. Therefore we need a for-

ig\é%rallg?sea{ggir_sl\(le'l?‘ Egash|:a, Ilgfg’gé b; :Ir_?]kahats)p_et ?nula for erosion rate to evaluate such a phenomena. In order
' ' , Nakagawa et al., )- €y oblaineq,, develop an erosion rate formula of debris flow, the present

interesting debris ﬂ.OW charactenstl(?s such as fI(_)w Vel.OC'ty’study describes the entrainment characteristics in case that
flow depth and sediment concentration from the inception ©hed sediment is different from the solid material in debris

the stop along the reach. However, there are notable differ OWS
ences between erosion rate formulas developed by each re-
searcher.

Egashira (1993a) proposed an erosion rate formula sup2 Experimental facility and procedures
posing that bed slope is always adjusted to its equilibrium

value in case of debris flows over erodible bed. A debrisFigure 1 shows the experimental flume, which is 10.0cm
wide, 20.0cm high and 12.0m long. The flume is divided

Correspondence tor. Itoh into two parts by a 10.0cm high sand stopper. In the up-
(itoht@se.ritsumei.ac.jp) stream reach, a debris flow with characteristics as required
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Fig. 1. Schematics of experimental flume. _—t 0
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Distance, which is measured along a channel, from down stream end: x (cm)
for tests can be produced by water and sediment supply. Sed- . i )
iment bed is set up smoothly by using the same material oiF'g' 2. Longitudinal bed profile obtained by flume test.
the supplied debris flow body, and the surface slope is ad-
justed to the equilibrium slope corresponding to the sediment
concentration of supplied debris flow in order to maintain atjcal velocity distributionu (z) in the equilibrium stage, are
steady saturated flow. In the downstream reach, a 10.0 Cheasured at a fixed point 60.0 cm upstream from the lower
high sand stopper is set at the lower end and an erodiblgng of the flume by pursuing the flow with high speed video
bed, 10.0 cm thick, is made of sediment with a uniform grain cgmera and analyzing the images. Herein, an equilibrium
size. The bed surface of this part is always kept the same astage means that no bed erosion takes place in downstream
slope of channel at the beginning of tests. The debris flowreach. Therefore, in each experiment, sediment is continu-

produced in the upstream side has a saturated nature and @@sly supplied until an entrainment of bed sediment does not
equilibrium bed slope. However, it can erode bed sedimentake place.

in the downstream reach because bed slope is steeper than

equilibrium slope. The step and pool type's works are set

near upstream area in the downstream reach, in which bed

sediment are eroded, in order to avoid the bed fluctuation

due to debris flow erosion. 3 Results and discussions
Experimental conditions are shown in Table 1. A uniform

grain sizedp, of 0.218 cm is used to form the debris flow in ) o

all cases. Inflow sediment and water mixture discharge ratef19ure 2 shows the experimental results on the longitudinal
gm, is set a constant value at the upper boundary where drfrofiles of bed surface in equilibrium condition in case that
sands are mixed with supply water to produce a required detlux sediment conpentratipn of suppliied debri; flow is about
bris flow. Flux sediment concentratiary, of supplied debris ~ 0-10 and that sediment size of erodible beds0.218cm,
flow is about 0.05, 0.10 and 0.15 by volume in some cases?-438 ¢m and 0.8 cm, respectively. In the figure, the predic-
respectively. Herein, flux sediment concentratiop, is de- tion of bed profile in the equilibrium flow condition is shown,
fined asc; = qs/qm ,in which, ¢, is the sediment discharge because equilibrium bed slope in the steady flow condition is
rate. Four kinds of,uniform éediment which are 0.218 cm.Uniquely determined by sediment concentration in case that
0.438cm. 0.8cm. 1.1cm in diameter. are used for erodibldN€ Movements of sediment particles are laminar and that bed
bed, respectively. The mean value of the internal friction an-S€diment size is same as sediment size of debris flow body
gle of sediment particles @k=0.218 cm is 38.7. The solid (Egashira et al., 1997a, b). Moreover, those longitudinal bed

material in the erodible bed reach of the flume is always satProfiles are measured immediately after sediment and water
urated by water. from upstream end is stopped and flow condition seems to

reach equilibrium stages. It is remarkable that the bed ero-

Several runs are performed in the same experimental con-~" Hected by the bed sedi tsi d that bed d
dition in order to obtain reliable data. In all cases, sediment> 0" IS altected by the bed sediment Siz€ and that bed degra-

and water mixture discharge at the lower end of the flume,dat'on is smaller when the bed sediment size is coarser.
erosion depth of bed sediment, and flow depth and bed el- Figure 3 shows velocity distributions in an equilibrium
evation at a fixed point on the erodible bed reach are meastage in case af=0.218 cm, 0.438 cm and 0.8 cm, respec-
sured. In case af=dp, sediment discharge and discharge tively. If the sediment size of debris flow body is same as
of sediment and water mixture are measured at interval obed sediment size, the velocity profile is the same shape as
two seconds by using buckets. In addition, the flux sedimenin case of the flow over an erodible, equilibrium bed. When
concentration is calculated at the downstream end for eacthe bed sediment size increases, the velocity distribution be-
grain size by separating eroded material from that of sup-comes similar to a velocity profile in flow over the rigid bed.
plied debris flow. The erosion depth of bed sediment is meaThose mean that, in every equilibrium stage, shear stress due
sured by using point gauges immediately after stopping theo shear rate should be zero on the bed surface in case of
debris flow supply. Temporal changes foandz, and ver-  d=dp, and whereas be non-zero in casel sfdp.
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Table 1. Experimental conditions.

Run Bed material Channel Bed slope Supply condition
size,d (cm) slopef) indown stream from upstream
reachd (°) of channel
cf gqm (cmPls)
030 0.438 10 8.53 0.0893 98.4
031 0.438 12 10.2 0.140 96.3
032 0.438 12 10.2 0.155 98.0
133 0.218 10 8.53 0.101 97.8
034 0.218 10 8.21 0.0953 99.2
035 0.8 10 8.99 0.104 99.2
036 0.8 10 8.68 0.156 101
137 0.438 7.7 5.60 0.0476 100
038 0.8 7.7 5.88 0.0472 99.5
039 0.8 8.3 5.84 0.0288 46.3
040 0.8 13.6 11.7 0.151 48.1
Run 133 Run 030 Run 035
25+ q,,= 97.8 cefs 25—+ q,.= 98.4 cne/s 25— g,= 99.2 cnels
[ ¢=0.101 c=0.0893 [ ¢=0.104
z(em) ¢ h=142 cm z(em) h=1.25 cm z(em) | h=1.31cm
27 d=0.218cm 2 d=0.438cm 2 d=0.800cm
r d,=0.218cm d,=0.218cm r d,=0.218cm
15| 6=8.23 deg. 151 =853 deg. 151 6=8.99 deg.
t o o © E
o O‘?%o ‘%@
A
100  y(cvs) 200 100 y(cvs) 200 3 10  u(cmis) 200

-0.5

-05 -

Fig. 3. Velocity distributions in equilibrium stages in case that flux sediment concentratiois about 0.10.

4 Critical condition of bed materia

4.1 Flow model

Egashira et al. (1989, 1997a, b) suggest that energy dissi-
pation in debris flows is mainly dominated by static interpar-
ticle contacts, inelastic particle collisions and turbulence of
interstitial water, which leads to

A steady, longitudinally uniform, uni-directional flow of a

sediment-water mixture is illustrated in Fig. 4. The momen-
tum conservation equations for such a simple flow reduce to;

3)

h
r(z):/ omg Sind dz
Z

h
p @) =f pmg COSH dz
Z

in which &, is the flow depth, is the acceleration due to
gravity, z is the bed-normal coordinat®, is the inclina-

(4)

IT=7+71T4+ 1y

P = Ds+ pd+ puw

®)

(6)

in whichz, is the yield stressy, is the shear stress due to in-
elastic particle-particle collisionsy is the shear stress sup-

ported by interstitial waterp, is the pressure of static inter-
particle contactsp, is the dynamic pressure due to inelastic

tion from horizontal,r is the shear stress in planes paral- Particle collisions,p,, is the isotropic pressure of water. If

lel to the bed,p is the isotropic component of stress, i.e. the turbulent suspension of particles is negligibly small, and
“pressure”,p,, is the mass density of the sediment mixture; thus the particle motion is laminar, the pore water pressure,
om = (0 — p) ¢ + p, in whicho is the mass density of sed- Pw, satisfies
iment particles,o is the mass density of water ards the

sediment concentration by volume.

Pw (2) = pg (h — z) cOSY

@)
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Fig. 4. Schematic of steady and longitudinally uniform debris flow
over erodible bed.

Moreover, they applied Miyamoto’s study (1985) on inelas-
tic particle collisions, and presented constitutive equations as
follows (Egashira et al., 19974, b; Itoh et al., 1999).

Ty = ps tang, 8
rd=kd<1—ez)od2c1/3|8u/81|(3u/8z) (9)

Fig. 5. Schematic of debris flow over a bed of uniform grain size,
v =pvy(Bu/dz) + pksd? (1~ )3 2B |ou/az|(3u/dz) (10) 4. (a)d is coarser thady. (b) d is as same as the sediment size,
do, of debris flow body.
pa = kgo 2 d?M3 (9u/dz)? (11)
s shear rate. Therefore, it is expected that-t,, is dimen-
ps/(ps + pa) = (c/cx) / (12)  sionally expressed as follows.

in which ¢, is the interparticle friction angle,is the restitu- > ~ 2 = k(o —p)gd (13)
tion coefficient of particle to particle, is the sediment parti-  in which k is the coefficient with unit order,,,;, is the yield
cle sizeu is the local velocity in the flow directior, is the  stress on the bed surfaces0.

sediment concentration by volume in non-flowing layer and  Substituting Egs. (3), (8) and (12) into Eq. (13) yields the

kg andk rare empirical constantgf =0.0828 k  =0.16). following equation using the size of bed sediment particles,
d.
4.2 Definition of critical bed shear stress for bed erosion ¢, — ¢, S
Y
Figure 5 shows schematics of flow velocity and shear stress(a P

distribution for an unsaturated debris flow running down over u? _

an erodible bed. In Fig. 5d,is coarser thatp, of debris flow ™ = m’ ur = +/ghsing,

body, and in Fig. 5b¢ is the same as the sediment siZg,

andr is the total shear stress or the stress component of bod{F = (0/,0 - 1) c+1,

force in the flow directiong, is the yield stress caused by

particle contacts, andlis the critical depth from bed surface Y = (E/c*)ll5 (c/p—1)

to the level where is equal tor,. According to constitutive o _ .

relations developed by Egashira et al. (1997 a, b), a shedp Whichc¢ is depth-averaged sediment concentration.

flow which is shown in Fig. 5 takes place in accordance with [N @ clear water flow on the sediment bed, the yield stress

T—1,. on the bedzy,, is equal to zero. Taking into account critical
Bed erosion due to unsaturated debris flow is exp|ained uscondition of bed sediment entrainment, the flow condition

ing Fig. 5 as follows. If bed sediment siz&,is much greater ~ SUch as no erosion of bed sediment corresponds to critical

thans, no erosion takes place. In contrast, bed sediment aréondition of sediment movement of bed sediment particles.

_tang;
s
tano

eroded in case that bed sediment sizds smaller thars. It is expected that Eq. (14) is rewritten in case of clear water
Let us discuss critical condition for sediment movement flow: ¢ =0, as follows.
in the critical depthg, as shown in Fig. 5a. Effective shear T 8

Toe = k — (15)

. d

stress on the bed should bg-1y;; that is responsible for (5 — 0) gd

¢
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87 102 108117 5 Conclusions

Flume tests and a dimensional analysis are conducted to in-
vestigate the characteristics of bed erosion. The results are
summarized as follows.

(2) If the sediment size of debris flow body is same size as
bed sediment, the velocity profile is that on the erodible bed
in the equilibrium flow condition. However, when the bed
sediment size increases, the velocity distribution becomes
similar to a velocity profile in flow over the rigid bed. Those

L
4 117 deg. means that shear stress due to shear rate should be non-zero
0.01 +——— S E— in case that bed sediment is coarser than sediment of debris
0 0.05 0.1 0.15 02 - 025 flow body.

(2) A new parameter, that is non-dimensional effective bed
Fig. 6. Relationship between depth-averaged sediment concentrashear stress, is proposed for evaluating the critical condition
tion and non-dimensional effective bed shear stress. of bed erosion. Effective bed shear stress is defined by the
difference in a value between the total shear stress and the
yield stress on the bed surface. The equation for critical bed
The under-suffix “c” means “critical condition” of bed sed- erosion, that is Eq (17)’ proposed using non-dimensional ef-
iment movement. The parametey,, is Shields parameter fective bed shear stress. According to Eq. (17), the critical

for sediment movement. value change monotonically with sediment concentration, es-
Herein, in the critical condition of bed sediment erosion, pecially depth-averaged sediment concentration. Predictions
Eq. (14) is deduced as follows. obtained using the equation are confirmed by flume data. It

tends to shift to the critical value of sediment movement in
clear water flow when sediment concentration of debris flow
reaches zero.

T — Tyb 1)
——————| = (G -Y) ., =(G —=Y) tuea = k—=| (16
o edl = €N Bl=G-Vnu=ky| (16)
Tycq COINCides withr,. in case of clear watet(=0) because  AcknowledgementsParts of this study are supported by by
the value ofG — Y takes unity. The following equation is Grant-in-Aid for Scientific Research of Young Scientists (B) from
obtained using Egs. (15) and (16) assuming that the values ghe Japanese Ministry of Education, Culture, Sports, Science and

the right hand termk (8/d)c, of those equations are uniquely Technology. Helpful discussions with K. Miyamoto, University

determined and take some constant value. of Tsukuba, are gratefully acknowledged. In addition, the authors
should be grateful to J. C. Wells, associate professor of Ritsumeikan

Tred 1 University, who made valuable suggestions concerning English

Tye G—Y 17) contents of this study.
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