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ESTIMATION OF THE MAXIMUM VELOCITY OF A SURGE OF
DEBRIS FLOW PROPAGATING ALONG AN OPEN CHANNEL

Carlo Gregoretti'

ABSTRACT

Il fronte di una colata detritica che si propaga lungo un alveo torrentizio, €’
costituito dagli elementi di dimensioni maggiori della fase solida della colata. La
velocita® del fronte dipende a parita’ di altre condizioni dalle dimensioni del materiale
di cui e’ costituito. Si propone un metodo per la stima della velocita® massima che puo’
raggiungere il fronte di una colata detritica in un alveo naturale, tarato sulla base di
misure di campo eseguite in due bacini italiani delle Alpi Nord-Orientali ed in uno
giapponese.

The borefront of a debris flow propagating along a natural channel is made by
coarser elements of the solid-phase of the mixture. Therefore the velocity of the
borefront depends on the dimensions of solid elements. An approach to calculate the
maximum borefront celerity in a natural channel is proposed and tested by field data of
two basins in Northeast Italian Alps and of a basin in Japan Alps.

Die Front eines Murgangs, der sich entlang eines Wildbaches ausbreitet,
besteht aus den grosseren Teilen der Feststoffe. Die Geschwindigkeit der Front hingt,
bei Uebereinstimmung aller anderen Werte, vom Material ab, welches die Front selbst
bildet. Man beschreibt hier eine Methode zur Vorhersage der héchsten erreichbaren
Geschwindigkeit eines Murgangs in natiirlichem Bachbett. Die Ergebnisse wurden,
mittels in zwei Einzugsgebieten der Nordoestlichen Italienischen Alpen und den
Japanischen Alpen durchgefuehrten Feldmessungen, geeicht.
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1 INTRODUCTION

Debris flow usually denotes the motion of a water sediment mixture driven by
gravity which propagates along natural channels or along slopes.
In the first case, the phenomenon is due to the rainfall which saturates the debris depot
and then mobilizes it by overland flow, whereas in the second case, the phenomenon is
a possible development of a landslide.
Debris flow is a not stationary flow which develops in a very short time with an elevate
damage power. A correct estimate of the impact of such a phenomenon on civil works
and structures should involves the velocity of debris flow front (Armanini, 1997).
Debris flow in open channels originates with the erosion of the finer material of the
sediment bed. When the volumetric concentration of the transported sediment exceeds
10%, debris flow increases its erosive powers incorporating even material whose
dimension is comparable with the flow depth. The coarsest solid size of flowing
material concentrates at the front of the surge, as it results from theoretical and
experimental studies resumed and enhanced by Gregoretti (1998).
The routing mechanism of the front and the velocity as well, depend on the
characteristics of flow and material, that is the ratio h/d where h denotes the flow depth
and d the diameter of the front element.
With low values of the ratio h/d the elements of the front tend to rubber and slide
instead of pivoting (quasi static regime) whereas with high values of the ratio hv/d
happens the contrary (grain inertial regime), as showed by experiments performed by
Gregoretti (1998). The value of the velocity is greater in the second case than in the first
case. Experimental results (Gregoretti, 1998) show that when the ratio h/d is lower than
3, the advancing part of the front is partially saturated and that the flow depth is
determined by the main granulometric class of the mobilized material which constitutes
the body.

2 FRONT CLASSIFICATION
e

Figure 1. Sketch of the front of a debris flow.

The study of the debris flow front can be approached by the routing mechanism which
is determined by the ratio h/d. When the ratio h/d is low the front elements exchange
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momentum by rubbing and sliding. Then the front can be schematized like a group of
coarse elements which translates pushed behind by the body of the debris front built
with finer elements as showed in figure 1.

The forces acting upon the front are: the along flow direction component of the weight
P, the pressure exerted by the body at the front rear Pm, the friction between the solid
elements and the bed F and the friction between the interstitial water and the bed R.
Assuming a trapezoidal shape of the front with linear saturation, it yields:

ps=p b ph| h
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PsC 8 [ Ps d Py d} 2tan @ W
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where d is the front element diameter, v is the solid phase volumetric concentration, @
is the friction angle and p is the cinematic rigid friction coefficient defined as the ratio
between the solid-phase weight component normal to the bed diminished by pore
pressure and friction between solid-phase and the bed. The pressure exerted by the
mixture at the rear front is computed assuming a hydrostatic distribution multiplied by a
coefficient f(v) estimated on the base of experiments performed by Di Silvio &
Gregoretti (1997).

The force R is assumed to be a fraction of F by a coefficient a ranging between 0 and 1,
so that:

F+R =pgdgcosS 142570, 2 hp.(1+a)/tanCD 4
Ps d 2

The balance of forces in uniform flow condition yields:
P+Pm=F+R (5)

Substituting equations (1), (2) and (4) in equation (5) the following resolutive
relationship is obtained:
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—tan$
Ez OR )tan(D %) (6)
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A sensitivity analyses of equation (6) for a range of possible and compatible values
(n=0.7 tan @ (Egashira et al., 1985),0.3 <a<0.6,7<8<19°,35<d <45°%nd | <
f(v) £ 1.3) shows h/d < 3.
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When the ratio h/d is high the preceeding scheme is not valid anymore becouse the front
is made by material which coming from the body deposits in correspondence of the
advancement line of the front itself (Gregoretti, 1998). A uniform flow forces balance
has sense only considering the body, not the front of debris flow. Experiments
performed by Lanzoni (1993) show that average flow depth velocity U obtained by the
integration of velocity profile within the body is equal to the debris flow front velocity
computed as the distance between two fixed points divided by the time occurred by
debris flow front to travel it. Hypothesizing a grain inertial regime the uniform flow
balance yields:

2
dU
T = f,,(0)ps dz[g] ()

where f,, (v)is a coefficient and dU/dy is the velocity gradient (obtained
approximating the velocity profile with a straight line). The shear stress at the bottom is:

T = ((ps —p) v+p)ghsind (8)

Combining equation (7) with equation (8), it yields:

2
d
fxy (D) Ps d [—[{J
k_ dy ©)
d ((ps-p) v+p)gsind '

Substituting the experimental values of f,, (v)v ,dU/dy and 16° <8 < 19° from the

experiments performed by Lanzoni (1993) with uniform gravel of diameter d = 0.003 m,
the ratio h/d assumes values greater than 7 as confirmed by the experiments (Lanzoni,
1993). These last results are valid for sloping angles between 16° and 19°. At inferior
sloping angles the debris flow built with only minute material is immature (Lanzoni,
1993) and equation (7) looses its validity.

3 VELOCITY OF DEBRIS FLOW FRONT

The velocity of debris flow front can be estimated by an uniform relationship
as proposed by Tsubaki (1972):

U = C+/ghsin8 (10)

where C is a conveyance coefficient (no-dimensional). The equation (10) can be also
obtained by integrating, along the flow depth, the velocity gradient dU/dy extracted by
the equation (7).

The coefficient C can be estimated by laboratory and field results. Experiments
regarding quasi-uniform flow mature debris flow of uniform grains performed by
Lanzoni (1993) in a flume 10 m long, 0.2 m wide with sloping angles between 16° and
19° and h/d > 7 showed C ranging between 1.5 and 3. Experiments regarding an
accelerating, granular and mature debris flow with the front formed by the coarser
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elements performed by Gregoretti (1998) in a flume 2.5 m long, 0.15 m wide with
sloping angles between 15° and 17° and h/d < 3 showed C ranging between 0.6 and 1.
Flow depth and velocity data of debris flow occurred in torrents of two basins in North-
Eastern Italian Alps and in a basin in Japanese Alps are available.

The torrents are: the Rio Acquabona monitored by the Geological Department of
Padova University (Genevois et al., 1999), the Moscardo torrent monitored by the
National Research Italian Council (Arattano et al., 1999) and the Kamikamihori creek
monitored by the DPRI of Kyoto University and by the Public Works Research Institute
(Suwa, 1999) ' '

The Rio Acquabona is a natural channel of Dolomites which origins at an altitude of
1700 m.s.m. and ends in correspondence of the national road between Cortina and San
Vito di Cadore.Debris depots given by the erosion of the banks are mobilized by the
water flow following an intense rainfall. These depots are located at an altitude of 1600
m.s.m. downstream a rock chute where the runoff of the upper part of the basin
concentrates. The debris flow originated by the mobilization of these depots propagates
downstream along the channel and settles in a collecting basin before the national road
at an altitude of 1120 m.s.m. A measuring station was placed at an altitude of 1175
m.s.m. up the collecting basin. This station was equipped by an ultrasonic sensor to
measure the flow depth and one geophone. Other two geophones were placed 100 m
upstream and downstream the equipped station respectively. The comparison of the
signals recorded by the three geophones allowed the estimation of the debris flow front
velocity. A video camera synchronized with the geophones and the ultrasonic sensors
films the debris flow in correspondence of the measuring station. The channel bed
sloping angle in correspondence of the station is 7°.

The evening of the 17" of August a debris flow occurred in Rio Acquabona: runoff
given by a precipitation of 0.015 m in ten minutes mobilized both the debris depot in the
triggering area both all the material laying on the channel bed and due to precedent
erosive events. This debris flow event was constituted by a series of surges: the first
three due to the material mobilized along the channel bed were followed by other eight
surges originated in the triggering zone. Table I shows for each surge the average front
velocity U, the flow depth h, the ratio h/d estimated by the videocamera images analysis
and the computed value of the conveyance coefficient C computed by equation (10).
The surges with h/d > 7 were not mature but could be considered an hyperconcentrated
flow.

The Moscardo torrent, located in the Carniscen Alps (North East Italy), origins at an
altitude of 1800 m.s.m. and ends at the confluence with the But torrent at an altitude of
800 m.s.m.. A measuring station placed at an altitude of 850 m.s.m. was equipped with
three ultrasonic sensors equally spaced along the reach and synchronized with a
videocamera.

The velocity of the debris flow front is estimated by the comparison of the signals
recorded by the three ultrasonic sensors. The sloping angle of the bed channel reach
close to the station is 6°. A debris flow constituted by three surges occurred the 22th of
June 1996, after an hyperconcetrated flow. Table II, analogous to table I, refers to the
debris flow occurred in the Moscardo torrent.
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Table I — Measured and computed quantities relative to debris flow occurred at the Rio

Acquabona the 17" of August 1998

Surge n. U (m/s) h (m) h/d C
1 1.91 157 3< 1.34
2 4.0 0.5 7> 517
3 2.7 0.45 7> 3.68
4 427 1.7 3< 2.99
5 6.79 1.34 7> 5.36
6 7.18 1.2 7> 5.99
7 4.61 0.56 T 5.63
8 4.17 1.11 7> 3.60
9 5.06 1.2 7> 4.20
10 2.62 1.31 j< 2.09
11 5.51 1.99 7> 3.57

Table IT — Measured and computed quantities relative to debris flow occurred at the

Moscardo torrent the 22th of June 1996

Surge U (m/s) h (m) h/d G
1 3.5 2.8 i< 2.06
2 7.5 1.0 7> 7.40
3 7l 13 7> 6.15

The Kamikahori creek origins at an altitude of 2000 m.s.m. beneath the summit of the
Mount Yakedake in Japan Alps. A measuring station, at an altitude of 1600 m.s.m. was
equipped with pressure sensors to measure the debris flow front velocity, with
ultrasonic sensor to measure the flow depth and with a videocamera. All the instruments
are synchronized. The sloping angle of the stream channel at the observation site is 8.2°.
Table III refers to the monitored debris flow occurred in a large period of observations.

The image and settled material analysis show that debris flows occurred in Rio
Acquabona were denser and richer of debris than those occurred in the Moscardo
torrent. In fact the monitored debris front velocities were greater in the Moscardo torrent
than in Rio Acquabona even if the bed sloping angles are nearly equal in both the
streams. The debris flow occurred in Kamikahori creek were denser than those occurred
in the two Italian basins.

4 ESTIMATION OF THE MAXIMUM VELOCITY OF THE DEBRIS FLOW
FRONT

The value of the maximum velocity of the debris flow could be estimated
through the the conveyance coefficient C, showed in tables I IT and IIL, which depends
on the ratio h/d, that is the routing mechanism, on the nature of the channel bed and on
the slope. The coefficient C, reasonably, increases with the increasing of the ratio h/d,
with a no-mobile bed and with the increasing of the slope.
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Table IIT Measured and computed quantities relative to debris flow occurred at
Kamikahori creek

Date U (m/s) h (m) h/d C
23/05/1975 4.0 33 3< 0.87
19/07/1976 3.4 3.4 i< 0.72
17/08/1978 5.1 3.8 j< 0.96
21/08/1979 1.3 0.9 3< 1.03
19/07/1980 0.9 1.0 3< 0.64
23/08/1980 4.3 4.2 3j< 0.85
5/09/1983 2.0 25 3 < 0.57
21/07/1985 43 4.2 3< 0.73
12/09/1988 4.4 4.2 3< 0.75
14/07/1993 3.5 2.1 3< 1.19
31/08/1995 2.8 3.3 3= 0.61
17/07/1997 4.2 43 3< 0.7
8/09/1997 1.79 1.4 3< 0.28
5/08/1997 0.55 1.4 3 < 0.91

The channel bed is denoted no-mobile after a flood event which swept away
downstream all the debris and is denotes mobile before a whichever flood if covered by
debris material due to previous erosive events.
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Figure 2. Computed values of C versus h/d.
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Figure 2 shows the computed values of the coefficient C of tables I, [T and IIT versus the
value of the ratio h/d which can assume or the value 3 or the value 7. In the first case the
ratio h/d is less than 3, in the second case is greater than 7.

These results, relative to bed sloping angles less than 10°, suggest a maximum
coefficient C equal to 2 in the case of mobile bed and equal to 3 in the case of no-
mobile bed when h/d is less than 3. The debris flow with h/d greater than 7, propagating
along a bed whose sloping angle is less than 10° can be denoted as hyperconcentrated
flow and the coefficient C ranges up to 10 (report n. 2492 of PWRI). In this case the
value of C depends on the viscosity of the interstizial fluid and on the granular material
volumetric concentration. The knowledge of h/d is request in the estimation of C. If d is
known, h can be computed in according to the method written in the appendix and
proposed by the report 2492 of PWRI.
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SYMBOLS

coefficient relative to the friction bed-mixture liquid-phase
area of the basin

conveyance coefficient

diameter of solid material

gravity acceleration

flow depth

homogenization coefficient

active earth pressure coefficient

Manning’ s roughness coefficient

peak discharge coefficient

component of the weight along the flow direction
pressure exerted by the mixture at the front rear
liquid discharge

peak liquid-discharge

total discharge corresponding to Qp

time averaged rainfall intensity

friction due to liquid-phase

friction due to solid-phase

average front velocity

channel bed sloping angle

water density

solid-phase density

solid-phase volumetric concentration

dry volumetric concentration of debris depot

solid-phase volumetric concentration according to Takahashi (1978)

i cinematic rigid friction
debris friction angle
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APPENDIX

The estimation of the flow depth h due to-the runoff for an assigned rainfall can
be computed in according to the report 2492 given by PWRI which was calibrated with
field data.

3/5
h:[" QSPJ (11)
Jsend

where Qsp is the total discharge and n is the Manning’ s roughness coefficient to be
assumed equal to 0.1. The value of Qsp can be computed by the peak liquid-phase
discharge Qp:

*

Qsp =

Qp (12)

v *_UT

where v * is the dry volumetric concentration of the debris material at rest, and
v =ptan S/(pS—p)(tanCD—tan B) is the solid-phase volumetric concentration of the
mixture according to Takahashi (1978). The peak liquid discharge is obtained by
hydrological computations:

Qp:%prA (m*/s) (14)

where p is a peak coefficient, r is the average rainfall intensity (mm/h) and A is the area
of the basin (km?). This calculations are valid only if referring to the surge relative to
the considered runoff.

In the case of the Rio Acquabona, the area of the basin relative to the triggering zone is
A = 0.27 km® and p r = 108 mmvh (0.03 mm/s; Genevois et al., 1999). Assuming v* =
0.65. vy = 0.096, it yields Qp = 8.1 m/s and Qsp = 9.5 m’/s. The equation (11) gives h
= 1.82 m which differs about 7% from the measured flow depth (h = 1.7 m) of the first
surge (the forth measured) coming from the triggering area.

Adopting the cinematic method to compute the runoff discharge with the monitored
maximum rainfall intensity equal to 0.03 mm/s a runoff coefficient Cr = 0.9 and with k
~ (0.278 constant to homogenize the different measurement units, it can be written Qp =
k Cr0.03 A3600=723 m’/s, Qsp = 8.1 m’/s. Then substituting Qsp in equation (11)
the computed flow depth is h = 1.7 m which coincides with the measured one.
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