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Abstract. Detection of debris flow occurrence can be effi- to measure surface velocity or the surveying of the deposits
ciently obtained through different types of sensors. A pair ofleft after the occurrence of a flood event (slope area method,
ultrasonic sensors placed at a known distance from each othéateral super elevation formula).

along a torrent have been used as a method to obtain mean The velocity of debris-flows cannot be easily measured
front velocity of debris-flows, in addition to their use as de- through all these hydraulic techniques. Debris-flow fronts
tectors of debris flow occurrence. Also seismic and acousticommonly contain large boulders and their tails, which are
sensors have been employed to measure debris-flow front vesertainly more fluid, remain charged with pebble-sized frag-
locity and discharge in the same manner. In order to obtairments. This impedes the use of current meters, weirs and
velocity measurements, however, these methods require thiumes that would be damaged or destroyed by the passage of
presence of a well identifiable and defined main front in thethe flow and require the use of non-contact sensors (Itakura
debris flow wave. The time lag between the recordings of theand Suwa, 1989; Zhang, 1993; Chang, 2003; Huang et al.,
front of the wave at two consecutive stations allows an esti-2003; Itakura and Sawada 2003). Recently some attempts
mation of its mean velocity. When a well-defined front is not have been made, in Europe and in Japan, to use detectors
present and no recurrent feature can be found along the wavehat can be immersed in the debris flow mixture (ltakura et
the measurement of velocity may prove difficult. The cross-al., 2000; Hanisch et al., 2003), however field data regarding
correlation technique may help identifying the mean velocity the efficiency of these tools are still lacking.

of the flow in such cases. In fact, cross correlation allows to  The sudden, often unpredictable, occurrence of debris-
determine the mean time lag elapsed between the recordinflows makes it very difficult for observers to be present at the
of two sets of data of the same event at different positionsmoment of their occurrence. This impedes the use of chem-
This technique may be also used to measure velocity usingcal tracers and other techniques that require an operator on
signals coming from different types of sensors, for instancethe scene of the event when it occurs, such as throwing float-
where a ground vibration detector has been placed along g objects in the channel to measure surface velocity. The
torrent where an ultrasonic sensor was already present dfifficulties in determining reliably the rheological properties
viceversa. An application has been made using field dataf the flowing mixture may also make uncertain the use of
recorded through seismic and ultrasonic sensors in a smathethods based on the surveying of the tracks left after the
instrumented catchment in the Italian Alps (Moscardo Tor- occurrence of the events, even though the superelevation for-
rent). mula is often used for this purpose.

As mentioned earlier, remote sensors are most suitable
for measurements of debris-flow velocity. Spatial filter ve-
locimetry and electromagnetic Doppler speedometers have
been used for continuous measurements of surface velocity

In hydraulics, several methods exist to measure flow velocit/(!takura et al., 1985; ltakura and Suwa, 1989; Suwa et al,,
and discharge in natural channels. Velocity measurementd993; Inaba etal., 1997). Discontinuous measurements have

are made through current meters, weirs, Venturi flumes, ParP@en obtained placing a pair of ultrasonic sensors at a known
shall flumes, chemical tracers, etc. (Chow, 1959). Less preglistance from each other along the torrent. These have been

cise methods resort to floating objects thrown in the channel'Sed as a method to obtain mean front velocity of debris-
flows (Pierson, 1986; Arattano et al., 1997). Seismic and

Correspondence tavl. Arattano acoustic sensors have been also employed to measure debris-
(m.arattano@irpi.to.cnr.it) flow front velocity and discharge (ltakura et al., 1997; Arat-

1 Introduction
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Fig. 1. (a)stage hydrographs recorded by a pair of ultrasonic sensors placed at a distance of 300 m (debris flow of 11 Jdty G88H)s

of Amplitude versus time recorded by a pair of ground vibration sensors placed at a distance of 300 m (debris flow of 22 June 1996) (see
Arattano and Moia, 1999 for a discussion on the meaning of Amplitude). Both events show the presence of a well identifiable and defined
main front in the debris flow wave.

The applications presented in this paper regard the
Moscardo Torrent, a small stream of the Eastern Italian Alps
equipped for debris-flow monitoring. Details about the in-
strumentation installed and the data recorded are reported in
Marchi et al. (2002).

2 Different types of sensors for debris-flow detection

The various types of sensors that can be used to monitor de-
bris flows and detect their occurrence (ground vibration sen-
sors, sonic sensors, ultrasonic sensors, videocameras, elec-
tromagnetic doppler speedometers, spatial filter velocime-
ters, trip wires) are suitable to different employment, accord-
ing to their characteristics and have different installation and

Fig. 2. Seismometer (seismic sensor), geophone and sonic sens .
(provided by Y. Itakura — Shiga University, Japan) installed in the%rperatlonal problems.

Moscardo Torrent. These sensors can be placed outside the channel, Ultrasonic sen_sors, for instance, need to be hung over t_he
need neither visibility of the torrent nor structures to sustain themtorrent through wires or more complex structures that are dif-

(they can be placed in a hole in the ground). ficult to install where steep and unstable slopes are present
along the banks of the torrent. Trip wires that are broken
by the passage of the flow cannot detect subsequent flows

] o without maintenance, are subject to breakage by animals or
tano and Moia, 1999). All these methods require, in order t0yher similar accidental occurrences and are also difficult to
allow velocr[y measu_rement;, the presence of a well 'd_e”t'f"install along steeps slopes. Doppler speedometers (Suwa et
able and defined main front in the debris flow wave (Fig. 1). 51 1993) are quite expensive and still require a clear visibil-

The time lag between the recordings of the front of the WaVveity of the torrent bed as well as a structure to sustain them

at two consecutive stations allows an estimation of its mean 5t needs a safe place for its installation. The same is true

velocity that is given by the ratio between the distance of theqt gpatial-filter speedometers (Itakura et al., 1985; Itakura

sensors and the time lag. and Suwa, 1989) and of video cameras (Inaba et al., 1997).

However, although the sudden rise of recorded signalsThese latter may also have problems monitoring debris flows
clearly indicates the occurrence of a debris flow, an uniquepccurring at night.

well-defined debris flow front is not always present, at least On the contrary, ground vibration sensors (seismic sen-

upstream of the fan apex (Arattano, 2000, 2003). In thesesors, geophones, sonic sensors, Fig. 2) can be also placed

cases, the recorded graphs, both from ultrasonic and seiguite far from the torrent bed, they need neither visibility of
mic sensors, do not show well-defined peaks that can be usethe torrent, nor structures to sustain them, nor have they any
for velocity measurements. In order to use such graphs foparticular problem at night. However, ground vibration sen-
velocity measurement purposes, the use of cross-correlatiosors may cause difficulties in interpretation of their record-
technique (described in Sect. 3) may help and provide a goothgs if placed near a highway, a railroad or other vibration
solution. sources.
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Fig. 3. Debris flow of 8 July 1996. Signals recorded along the torrent from upstream (left) to downstream (right) using different types of
sensors: A) and B) seismic recordings; C) and D) ultrasonic recordings. The graphs have been shifted to obtain a more understandable
drawing: graph A and B were recorded by sensors placed at a distance of few hundreds meters and are only separated by few tens of second
Graphs C and D were recorded about 800 m downstream of the previous graphs and they also were recorded by sensors placed at a distan
of few hundreds meters and are only separated by few tens of seconds.

For these reasons, when a torrent is instrumented for mon- 70-
itoring and detection purposes, normally all those sensors re-
quiring visibility of the torrent and structures to sustain them g
are placed on the fan, where structural supports, for instance ., 504 A
can be easily installed on the torrent banks. On the contrary 2
the sensors that can be also placed far from the torrent bec
can be installed also upstream of the fan where the collection
of data is still of great interest but the slopes are steeper anc
would make it much more difficult to install and maintain
support structures.

These factors cause difficulties when the signals obtained 0
from different sensors need to be used to calculate velocity t,
of propagation of the debris flow wave. A graph obtained

upstream of the fan apex uging_ground vibration detectorﬁ:ig. 4. Principle of cross-correlation: two signals have been

_rptl]ght ap%eafr 28 that shdovt\;n. mﬂFlg' 3 (left, graghz A a?]d Ifa)'recorded at two positions A and B. The different form of the sig-
e grapn of the same debris flow event recorde on_t €1aM,a1s does not allow to easily establish how much time has elapsed

800m downstream, through ultrasonic detectors might appeqyeen the recordings. Multiplying each value of the first signal

pear very different as that shown in Fig. 3 (right, graphs Cror the corresponding value of the second signal recorded at the
and D). Even knowing the exact distance between the twasame time increased of an amountit is possible to find the value

different sensors and having the clocks of the two record-of r that maximizes this product (through the construction of the
ing systems synchronized, how would one chose the time lagross-correlation functioty,). This value oft gives an objective
between the occurrence of the event at the two sites? A refefevaluation of the time elapsed between the recordings.

ence feature should be chosen to calculate that time lag, but

it would be very difficult to identify. Again, cross-correlation . ) . i

might help in solving the problem offering a reliable and ob- then the cross-correlation functiap.,, is defined as:

jective choice of the time lag to use.

T

30 Position A Position B

Amplitude

400 800, 1200
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3 Cross-correlation function In case of the signals recorded by two stations (seismic or

. ) . ultrasonic) placed at a known distance along a torrent as in
In general, cross-correlation can be defined as the correlat|0|1ig_ 1,x, is the function expressing the signal recorded at the

of a series with another series, shifted by a particular nuMm, o upstream station at the timeand y,.. is the function

ber of observations. Cross-correlation is commonly used i, esging the signal recorded at the second, downstream sta-
signal processing (Stearns and David, 1996). When two tiM&ion at the timer+7; 7 is the time lag (unknown) elapsed be-

series {, y) havingM samples are available: tween the recording of the two time series.

In order to calculate velocity we need to know the time lag
[xi] = [0, x1. x2, ... xp1-1] 1) elapsed between the appearance of the event at the upstream
station and the appearance of the event at the downstream
[kl = [y0. y1, y2, ooves Yr—1] (2)  one. The maximum of the functiap,, locates the time lag
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Table 1. Values ofr from the cross-correlation function and velocity estimations for the debris flows recorded in the Moscardo Torrent
through ground vibration sensors.

Sensor 1-2 Sensor2-3 Sensor3-4 Sensor2-4  Sensor 1-4

T Vel. T Vel. T Vel. T Vel. T Vel.
(s) (m/is) (s) (mis) (s) (mis) (s) (m/s) (s) (m/s)
5 July 1995 33 3.0 33 3.0 58 3.4

22June 1996 11 9.1 13 7.7 14 7.1 2r 74 37 81
8July1996 17 5.9 18 5.6 13 7.7 26 77 44 6.8
24 July 1997 18 5.6 22 45 18 56 39 51 56 54

Sensor 1-2 Sensor2-3  Sensor 1-3
T Vel. T Vel. T Vel.
(s) (mis) (s) (mls) (s) (mis)

23July 2004 18 4.8 27 61 43 56
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Fig. 5. Debris flow of 23 July 2004. Signals recorded along the torrent from upstream (left) to downstream (right) through different types of
sensors: A) and B) seismic recordings C) and D) ultrasonic recordings. The graphs have been shifted like in Fig. 3.

we are looking for, which is given by the value efthat  superposition is ideally equivalent to the arrival of the wave
corresponds to that maximum. with the form recorded in A to the position B.

Figure 4 shows graphically the principle of cross correla- This offers a method for an objective and quick assessment
tion. Two signalst andy have been recorded along a torrent of velocity, even when no easily identifiable feature is present
at two positions A and B. If we calculate the functiditr) in the signal and the signals are different in form.
given by the sum of the products of the two signals:

M-1 4 Application of cross-correlation for velocity assess-
F(t) = Z Xty 4) ment
=0

The cross-correlation technique has been applied to debris-
flow records obtained through different types of sensors in
tiplied by the value ofy at#; which is practically zero (the  the Moscardo Torrent. Signals had been recorded that were
event has not yet reached the sensor B at the tijne obtained by the same type of sensor but that did not show eas-
However, if we multiply the value of atz; by the value of  ily recognizable features to be used for velocity estimations.
y att14. (Fig. 4) the result would be certainly different from Other signals had been recorded by different types of sensors
zero if t is close enough to the time required by the event tothat did not allow an easy estimation of velocity because of
reach the position B. their difference in form (Figs. 3 and 5). Cross-correlation has
It can be shown that it is possible to build the function been applied to solve both problems mentioned above.
¢yx(7) and that this function will have a maximum for the  Table 1 shows the velocity estimations performed for sig-
value ofr which gives the time lag elapsed between the de-nals obtained by the same type of sensor. In Fig. 6, the cross
tection of the signal at the two positions A and B. In fact, correlation function is shown for two of the signals that have
the maximum will occur for the best possible superpositionbeen processed. In 1995, 1996 and 1997, four seismic sen-
of the two signals: even though the signal may have changedors had been installed along a straight reach of the torrent a
its form between the two detecting stations A and B, the besfew hundred meters upstream of the fan apex (Arattano and

this would be zero: the value afatz; would be in fact mul-
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Moia, 1999). The sensors were located at distances of abou gl
100 m from each other. In 1995, the most upstream sensol
did not properly work and only the data recorded by the other 0 2 4 6 8 10
three sensors were available. In 2004, the seismic network main peak velocity (n/s)

consisted of only three sensors. The distances between the
sensors were about 85m (sensors 1 and 2) and 165m (SeRig 7. comparison between velocity estimations through cross-
sors 2 and 3). Cross-correlation has allowed us to determinggrrejation and measurements obtained calculating the ratio of the
the values of the time lag between the appearance of the distance between the sensors to the time lag between the appearance
signal at the different sensors. of a signal peak at two consecutive detectors.

Velocity measurements without using cross-correlation
were possible only for two of the four recorded events,
namely, the events that occurred on 22 June 1996 and ofistimation of velocity using signals coming from different
24 July 1997. These events presented some features (a mai¥iPes of detector_s once time synchronization between differ-
peak in the front part of the signal) that allowed for the veloc- €nt recorders exists.
ity measurements. Figure 1b shows the 22 June 1996 event:
the peak used for the measurement is clearly visible. In ,
Fig. 7, the measurements made without cross-correlation ar@ ~ conclusions
compared with the velocity estimations obtained with cross- . . . _
correlation. The least squares regression of the data shown #1‘ pair of ultrasonic, seismic or acoustic sensors placed at

Fig. 7 has arR? of 0.76. The agreement between two series? ktr;]ov(\j/nt d|stt)r;1n.ce from ;aac? °t|he.“t alofng z Forfrlent Oﬁﬁ: a
of measurements is fairly good, particularly if we consider method 1o obtain mean Iront velocity of debris-Tlows. €

that the cross-correlation gives an estimation of the averag%me lag betvxtlg en the TeCOff"?gs of Itlhe frc;nt of the wave at t
velocity of the entire moving mass and not of a single feature, v]:/o conseclu |\_{[e qrahuglng sta |0nsf a ovv”s dO;_ andassgs?metn
such as the debris-flow front. of mean velocity. The presence of a well-defined main fron

. in the debris flow wave is required however, in order to al-

In th_e o_ther events, the lack of a recognizable featurg Now velocity measurements. When a clearly-defined front
the seismic graphs prevents the use of standard technique not present and no recurrent features can be found along

for velocity assessment, so that a comparison with the result e wave, measurement of velocity is often difficult. In such

ﬁf cross-ci[(r)]rrteiﬁtlon I'S r.l(.)t pOSSIb|e.d|t IS possible to nlmﬁ’cases the cross-correlation technique helps objectively defin-
owever, that the velocilies assessed using cross-correla IOlﬂg the mean velocity of the flow. This technique may also

(Table 1) are consistent with those recorded in the Moscard%e used to measure velocity using signals coming from dif-

Torrent since the beginning (.Jf monitoring activities (Marchi ferent types of sensors placed along a torrent. An application
etal., 2002 Arattano and Moia, 1999). has been carried out using field data recorded through seis-

Velocity measurement between the seismic and the ultrajc and ultrasonic sensors in the Moscardo Torrent, a small
sonic stations in the Moscardo Torrent were not possibléinstrumented catchment in the Italian Alps. The results show
for previously recorded events because the seismic networ,s consistency of velocity values assessed through cross-

placed upstream from the fan apex and the ultrasonic networkorrelation with those obtained in the same basin by means
on the fan were not time synchronized. However the Crossyf standard techniques.

correlation function obtained from the two types of signals

recorded in 1996 (22 JU”? and 8 July) and on 23 July 2Qo‘lﬂ\cknowledgementsThe research presented in this paper has
showed a very neat maximum: thus the cross-correlatiorbeen carried out within the context of the E.U. Project THARMIT
technique seems to offer a good method for an objectivgProject No. EVG1-CT-1999-00012), the GNDCI Project 13/Line 3
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