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Abstract. Monitoring of debris flows aimed to the assess- tection and warning, and for specific research purposes have
ment of their physical parameters is very important both forbeen installed in Japan (Suwa and Okuda, 1985; Itakura et
theoretical and practical purposes. Peak discharge and tal., 2000), the Philippines (Marcial et al., 1996), Indonesia
tal volume of debris flows are crucial for designing effective (Hadley, 1991; Lavigne et al., 2000), Columbia (LaHusen,
countermeasures in many populated mountain areas wherE96), China (Zhang, 1993) and Italy (Arattano et al., 1997;
losses of lives and property damage could be avoided. Genevois et al., 2000). In 1997 an automated monitoring sys-
This study quantifies the relationship between flow depth,tem has been installed in the Acquabona channel (Dolomites,
acoustic amplitude of debris flow induced ground vibra- Eastern Italian Alps) aimed to the knowledge of the meteoro-
tions and front velocity in the experimental catchment of logical and hydrogeological conditions leading to debris flow
Acguabona, Eastern Dolomites, Italy. The analysis of datanitiation, the dynamic properties of debris flow motion and
brought about the results described in the following. Debrisdeposition processes.
flow depth and amplitude of the flow-induced ground vibra- The aim of this study is to quantify the relationship be-
tions show a good positive correlation. Estimation of both tween flow depth, acoustic amplitude of debris flow induced
mean front velocity and peak discharge can be simply ob-ground vibrations and front velocity. Continuous geophone
tained monitoring the ground vibrations, through geophonesecordings find application not only for the measurement of
installed close to the flow channel; the total volume of de-front velocities but also for the estimation of debris flow dis-
bris flow can be so directly estimated from the integral of thecharge (Suwa et al., 2000). The study in the Acquabona
ground vibrations using a regression line. The applicationcatchment is still in progress; preliminary results presented
of acoustic technique to debris flow monitoring seems to behere are based on data collected at one of the monitoring sta-
of the outmost relevance in risk reduction policies and in thetions during the event of 17 August 1998.
correct management of the territory. Moreover this estima-
tion is possible in other catchments producing debris flows
of similar characteristics by means of their acoustic charac2  Study site
terisation through quick and simple field tests (Standard Pen-
etration Tests and seismic refraction surveys). The Acquabona Creek is located on the left side of the
Boite River Valley, near Cortina d’Ampezzo, in the Eastern
Dolomites, ltaly (Fig. 1). The upper rock basin is formed
of Upper Triassic to Lower Jurassic massive dolomite and
limestone cliffs. A thick talus covers the slope from the base

Monitoring of debris flows aimed to the assessment of theirOf the rock-cliffs to the valley bottom; it consists of poorly
physical parameters is very important both for theoretica/SOrtéd debris containing boulders up to 3—4m in diameter
and practical purposes. Peak discharge and total volum@nd includes heterogeneous scree, alluvium and old debris
of debris flows are crucial for designing effective counter- flow deposits. The flow channel is deeply incised mostly into
measures in many populated mountain areas where lossd@€ talus, and its depth reaches more than 30m in the inter-
of lives and property damage could be avoided. Differentmediate part. In order to contain the debris discharged by the

types of sensors systems designed both for debris flow geflows and protect the national road running downstream the
Acquabona Creek, a retention basin was built at the channel

Correspondence td?. R. Tecca outlet. The artificial embankment, made of the same debris
(pia.tecca@irpi.cnr.it) material is about 4 m high.

1 Introduction
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Fig. 2. Grain-size distribution of Acquabona debri@) initiation
area (5 samplesjb) flow channel (7 samples) and deposition area
(3 samples).
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Fig. 1. Geological sketch and location of monitoring stations 1, 3 us o] VCZ ﬁ
and 5.

Table 1. Main morphometric parameters of Acquabona rock basin
and channel.

Gn.3 L pT

Rock basin area (kf) 0.30 “qevin

Basin maximum elevation (m a.s.l.) 2667 5 EE-= i)

Basin outlet elevation (m a.s.l.) 1650 ,_m(

Average rock basin slop&) 43

Channel length (m) 1632

Channel slope in the initiation are?) ( 30 Fig. 3. Channel view of the monitoring station 3. A: antenna; SP:
Channel slope in the deposition aréj ( 7 solar panel; G: geophone; PT: pore pressure transducer; LC: load
Average channel slop&) 18 cell; US: ultrasonic sensor; VCZ: zenithal videocamera.

cameras take motion picture of the events at the initiation

The main morphometric parameters of Acquabona basirf°"€: in the lower channel and in the deposition area.
and channel are listed in Table 1. The system is completely automated and remotely con-
The ravine produces 1-2 debris flows per year duringtrolled, and consists of three on-site stations and an off-site
summer-early autumn season. Small flows, with total vol-Station located 1.3km from Acquabona site. The three on-
umes generally less than 1008,rare triggered by rain- site stations (Fig. 1) are located on the right debris channel

storms characterised by peak intensity of about 6 mm/10 mirPank- f:'ontinuous data acquisition is set up in two different.
and total precipitation of 10~12 mm. Larger flows (more than M0des: in pre-event mode, with a sampling rate of 0.011 Hz;
8-9000 ) are triggered by intense localised rainstorms &N €vent mode, with a sampling rate of 5Hz. Data from the

with higher peak intensity (more than 10-12 mm/10 min) andon—site stations are radio-transmitted to an off-site station and
total precipitation (more than 30 mm). stored in a host PC, from where they are telemetrically down-

Particle size analyses were carried out on the fraction finef02ded and used by the Padova University for the study of

than 20 mm of debris sampled in the initiation area, along thed€Pris flows.

flow channel and in the deposition area (Fig. 2). o _
2.2 Lower channel monitoring station

2.1 Monitoring system

The measuring station 3 (Fig. 3) is set up near the middle
The monitoring system is equipped with sensors for measurof a 300 m straight reach of the lower channel, which has an
ing rainfall, pore-water pressure in the mobile channel bot-average slope of°6
tom, ground vibrations, debris flow depth, total normal stress An ultrasonic sensor and a video-recording system (com-
and fluid pore-pressure at the base of the flow. Three vide@osed of an analogical video-camera and a VCR) are sus-
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Fig. 4. Hydrograph and geophone logs of 17 August 1998 debrisFig. 5. Acoustic amplitude vs. flow depth.
flow.

_ Moreover, using the same SPT instrumentation as seismic
pended on a rotating steel arm about 6.5 m above the channghyrce it has been possible to characterise the ground re-

bed. Four induction-type geophones are set along the changponse in terms of wave propagation velocities, energy prop-
nel at a distance of 100 m from each other; geophone no. 3iggation and attenuation. Recent superficial debris flow de-
set up in correspondence of the ultrasonic sensor. The MOYosits (3—4 m) at Acquabona site are characterised by max-
suitable distance of the geophones from the channel axe hgg,um wave velocity values of about 300 m/s, whilst more

been chosen based on the results of a refraction seismic SUgep and compacted sediments show higher values (more
vey carried out in the channel bed deposits as well as in thenan 400 mys).

talus. The best performance was obtained in the range of 50—
130Hz, at a distance of 10m from the signal source. The3 2  yjtrasonic logs
sensors are induction geophones, sensitive to ground vibra-

tions with a specific frequency of 10 Hz. Mean front velocity Hydrographs during the debris-flow propagation are obtained
is calculated from the time interval between the passage Ofrom the ultrasonic sensor, which has a reading range be-
a single debris surge and the distance between the sensofgeen 0 and 10 m, with a resolution of 3cm. The sensor
considered. measurements, calibrated on the base of laser topographic
Aload cell and two pore pressure transducers complete thgurvey carried out before and after each event, provide the
measuring system at station 3. relationship between flow section area and flow depth.

3  Methods 4 Results and discussion
Among all debris flow data recorded at station 3, only geo-Data elaborated in this study are related to the debris flow
phone and ultrasonic recordings have been utilised for théecorded on 17 August 1998.
present study. The ultrasonic sensor at station 3 recorded the passage of
16 surges over 40 min.
Figure 4 shows the debris-flow hydrograph and corre-
sponding geophone log.
Continuous geophone recordings are used to compute the It can be observed that, although the flow-induced ground
mean front velocity of individual surges from the ratio of vibrations start a little bit before, their peaks occur at the
the travelled distance between two neighbour sensors to theame time of hydrograph peaks (Suwa et al., 2000).
elapsed time. The use of this kind of seismic sensors for Debris flow discharge is computed from the mean front
debris-flow monitoring has been already analysed in Italy byvelocity and the flow section area.
Arattano (1999). The amplitude of the flow-induced ground vibrations rep-
In order to choose the best location of the geophones, theesents the typical voltage response of the used geophones
velocities of seismic waves were measured in the channel beflO Hz central frequence) with a circuit resistence of 1
deposits as well as in the talus by refraction seismic surveysKOhm; its values were obtained from the recorded geophone
Obtained results have been compared with Standard Penetrépgs.
tion Test data carried out in order to detect the thickness of A linear relationship has been found between amplitude
the loose bed material and its in situ relative density. of flow-induced ground vibrations and flow depth of differ-
Standard Penetration Tests were executed in order to deent surges (Fig. 5). Such a relationship may be then used
tect the depth of the loose bed material and to measure the ito predict the flow depth of other debris flows occurring in
situ relative density of the material. other channels featuring similar characteristics, and giving

3.1 Geophone recordings
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Fig. 6. Mean front velocity and discharge of 17 August 1998 event.

the same ground response in terms of wave propagation ve-
locities, energy propagation and attenuation.

Based on field survey, the considered flow section is trape-
zoidal in shape, with the channel bed 3.5m wide, and banks
having a slope of 60 The bed scouring after the passage of
the flow has proved negligible. Flow section areas have been
evaluated by the flow depth values both measured by the ul-
trasonic gauge and by the equation represented in Fig. 5.

d =013\, 1)

whered is flow depth and. is acoustic amplitude.

Mean translational velocities (Suwa et al., 1993; Ricken-
mann, 1999) range between 2.00 and 7.7 m/s (Fig. 6) and the
obtained values of debris flow peak discharge range from 4—
5 and 25-30 iYs for both cross sections evaluation methods.
The total volume of the debris flow has been computed by in-
tegrating the discharge data of the recorded surges, obtained
both by geophone logs (Fig. 6: acoustic) and ultrasonic hy-
drographs (Fig. 6: US): volumes of 15508 and 13 700 ri
have been obtained, respectively.

Peaks in the initial (200-600s) and final (after 1600 s)

A. Galgaro et al.: Ground vibrations measurements and debris flow discharge estimates

This correlation results from the fact that the larger
the peak discharge the higher the acoustic wave ampli-
tude is, as a consequence of the largest collision force
of blocks and boulders on the channel banks and bed.
An improvement of the estimation accuracy of the flow
depth deduced from the output acoustic amplitude can
be attained increasing the sampling frequency during
acquisition, from 5Hz to 5000Hz. In such a way, it
is possible to filter the signal and eliminate the noise
(Itakura et al., 1997), discarding frequencies out of the
range typical of a debris flow (from some Hz to around
100 Hz).

Estimation of both mean front velocity and peak dis-

charge can be simply obtained from flow-induced

ground vibrations; the total volume of debris flow can

be so directly estimated from the integral of the ground
vibrations using a regression line like that presented in
this paper.

— Peak discharge and total volume of debris flows are

among the most important parameters for risk assess-
ment and planning countermeasures. Since they can
be estimated by the only monitoring of the ground vi-
bration, through geophones installed close to the flow
channel, the application of acoustic technique to debris
flow monitoring seems to be of the outmost relevance in
risk reduction policies and in the correct management
of the territory. Moreover this estimation is possible in
other catchments producing debris flows of similar char-
acteristics by means of their acoustic characterisation
through fast and simple field tests. The acoustic ampli-
tude should be evaluated by means of seismic refrac-
tion surveys using the SPT hammer as a seismic source
so that the system of transmission of the energy to the
ground is standardized. Measuring the vibrations re-
sponse at the geophones array in different areas allow to
compare different lithostratigraphical settings, normal-
ize the acoustic amplitude and characterize the studied
sites.

Edited by: M. Arattano
Reviewed by: V. Itakura and L. Marchi

phase have not been considered as they rise, respectivelytarances

from the acoustic interference of thunders and from differ-
ent material transported by the debris flow tail.
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