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Abstract. Bedload transport measurements with acoustic sensors were obtained during summer 2015 in the
Albula River in Switzerland. An impact plate measuring system was used with geophone and accelerometer
sensors. This system provides indirect estimations of bedload transport in water courses. In April 2015, 30
impact sensors were installed in a new permanent measuring station to monitor continuously bedload transport
in a mountain river with a large annual rate of sediment transport (around 90 000 m3 yr−1). Records of the first
year of measurement showed that (i) the signal response in terms of geophone and accelerometer impulses
is comparable for both types of sensors; (ii) there is a good correlation between discharge data and impulses
recorded by both types of sensors; (iii) the critical discharge at the start of bedload transport is around 5 m3 s−1;
(iv) a mean calibration factor for the geophone impulses can be estimated which is in a similar range as values
determined from other sites with field calibration measurements.

1 Introduction

Impact measuring systems have been used successfully over
the last decade to estimate bedload transport in mountain
streams (Rickenmann, 2017a, b; Rickenmann et al., 2012,
2014; Reid et al., 2007; Raven et al., 2010; Beylich and
Laute, 2014; Wyss et al., 2016a, b, c). As pointed out in
the conclusions of the International Bedload Surrogate Mon-
itoring Workshop in April 2007 (Gray et al., 2010) and of
the International Workshop of Acoustic and Seismic Moni-
toring of Bedload and Mass Movements in September 2013
(Rickenmann et al., 2013), indirect impact measuring sys-
tems have the advantage of providing continuous measure-
ments of bedload transport dynamics in both time and over
a cross section whilst minimizing spatial and temporal mod-
ification of hydraulic conditions near the sensors. Neverthe-
less, further laboratory and field calibration experiments are
needed to obtain reliable measurements of bedload transport
(i.e. Rickenmann et al., 2012; Wyss et al., 2016b, c). The
principle of these indirect measuring systems is to record the
signals generated by the vibration induced by moving bed-
load particles impacting on a structure, like pipes, plates or
columns (Rickenmann, 2017a, b). Impact measuring systems
include the Swiss plate geophone (Rickenmann et al., 2012,

2014; Wyss et al., 2016a, b, c), the Japanese pipe hydrophone
(Mizuayama et al., 2010a, b), and a wide range of other mea-
suring devices using impact structures and different types of
sensors such as geophones, accelerometers, and piezoelec-
tric sensors (Krein et al., 2008; Reid et al., 2007; Raven et
al., 2010; Tsakiris et al., 2014; Beylich and Laute, 2014).

Many previous studies using impact sensors have been
conducted in small headwater catchments with high chan-
nel slopes, but relatively low annual rates of transport (i.e.
Rickenmann et al., 2012, 2014; Reid et al., 2007; Raven
et al., 2010). Thus, experience with impact measuring sys-
tems and bedload transport in larger alpine catchments with
high annual rates of transport and bedload potential is rare,
though bedload transport processes in these rivers are asso-
ciated with important scientific, social and economic chal-
lenges (i.e. Badoux et al., 2014).

The Swiss plate geophone system has previously been ap-
plied successfully in many alpine streams (Rickenmann et
al., 2014). Since April 2015, a new surrogate bedload trans-
port measuring system has been operational in the Albula
River in Tiefencastel, canton Grisons, Switzerland. The mea-
surements are performed with the Swiss plate geophone sys-
tem, also using accelerometer sensors in addition to the geo-
phone sensors. The objective of this paper is to report the
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bedload transport monitoring during the first summer of mea-
surements, and to compare measurements using both geo-
phone and accelerometer sensors. The study site is of partic-
ular interest because of the relatively high annual sediment
transport rate of about 90 000 m3 yr−1.

2 Study site and measuring system

At the Albula River in Switzerland, the “Solis” hydropower
reservoir was built in 1986. The reservoir is situated in a nar-
row Alpine valley, and significant sediment transport from
upstream channel reaches resulted in a progressive reduction
of the reservoir volume. From surveys of the sediment de-
posits in the hydropower lake, the annual sediment delivery
has been estimated at 80 000 to 100 000 m3. The significant
annual sediment deposits in relation to the total reservoir vol-
ume resulted in a threat of the safety of the infrastructures by
potentially blocking the outlets. To solve this problem, a sed-
iment bypass tunnel was constructed in 2012, with an intake
structure on the right-hand side shore of the lake and an out-
let structure downstream of the concrete dam. The purpose
of the bypass tunnel is to purge coarse sediments regularly to
the river channel downstream of the reservoir, during periods
of elevated discharges resulting in significant sediment inputs
into the reservoir. The sediment bypass tunnel has a length
of 970 m, a width of 4.4 m and a constant channel slope of
1.9 % (Oertli and Auel, 2015). To monitor the bedload trans-
port during the flushing operations, a Swiss plate geophone
system (Rickenmann et al., 2014) was built at the outlet of the
bypass channel (Fachini et al., 2015; Hagmann et al., 2015).

The Solis reservoir is fed by the two mountain rivers; the
Albula and Julia. Two artificial lakes (hydropower reservoirs)
in the Julia River limit the contribution of coarse sediment
into the Solis reservoir. The main input of bedload particles to
the Solis reservoir therefore stems from the Albula River. An-
other Swiss plate geophone system to monitor bedload trans-
port in the Albula River was built in the village of Tiefen-
castel in spring 2015, some 1.5 km upstream of the upper
end of the Solis hydropower reservoir. The main aims of the
bedload transport monitoring at this site are: (i) to develop
acoustic systems further for bedload transport measurements
in coarse-bedded gravel bed rivers, and (ii) to determine a
more reliable sediment budget in the area of the Solis reser-
voir and thus to help optimize sediment management during
the flushing operations.

The new bedload measuring station is located at an ele-
vation of 855 m a.s.l., where the catchment area is around
529 km2, of which only an insignificant portion is covered
by glaciers (< 1 km2). There are a number of water intakes
related to the Solis hydropower plant, making the discharge
and bedload transport partly dependent on hydroelectric op-
erations. However, snowmelt during spring and early sum-
mer, together with rainfall events, represent the main periods
of high discharges and bedload transport over the entire year.

Figure 1. Bedload measuring site in the Albula River in Tiefencas-
tel, Switzerland. Steel plates with acoustic sensors are embedded
into a sill. The width of the sill is 15 m, including a total of 30
steel plates with one sensor under each plate. Both geophones and
accelerometers are installed. The view on the photos is upstream.
(a) Low flow conditions on 16 April 2015 with a discharge of about
2 m3 s−1; numbers with yellow background refer to geophone sen-
sors, numbers with violet background to accelerometer sensors (see
also Table 1); (b) medium flow conditions on 7 May 2015 with a
discharge of about 8 m3 s−1.

The channel width at the measuring cross-section in the
Albula River at Tiefencastel is 15 m. A concrete sill of the
same width was installed, and a steel construction was em-
bedded into the sill. A total of 30 steel plates were mounted
flush with the sill level in the steel construction (Fig. 1). The
downstream side of the sill is locally slightly steeper than the
bed slope upstream of the sill, which should avoid sediment
deposition over the steel plates. Each steel plate is acousti-
cally separated by elastomer elements. The steel plates are
492 mm wide, 358 mm long (in the direction of flow), and
15 mm thick.

The 20DX geophone sensors from Geospace Technologies
(Houston, Texas, USA) were installed in a PC801 LPC Land-
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case and fixed in an aluminium box under the steel plate.
Moving bedload particles impacting the steel plate cause vi-
brations which are transmitted by the plate to the geophone
sensor. The current induced is proportional to the vibration
velocity of the sensor (Rickenmann and al., 2012). The ac-
celerometer sensor is the model KS 78.10 from Metra Mess-
und Frequenztechnik (Radebeul, Germany) with a sensitivity
of 10 mV g−1, a maximum detectable acceleration of±500 g
and a detectable frequency range of 0.56 to 23 kHz. The mea-
suring system includes an industrial PC sampling the sig-
nal of the acoustic sensors with a frequency of 10 kHz for
both the geophone and accelerometer sensors (but including
oversampling to prevent aliasing). To store the bedload trans-
port measurements efficiently, summary values are calcu-
lated from the raw acoustic signal (Rickenmann et al., 2014)
and these are stored with a resolution of one minute. Bed-
load transport intensity is expressed here by the number of
impulses. Whenever the signal exceeds a preselected thresh-
old value of 0.1 V (geophone sensors) or 0.4 g (accelerom-
eter sensors), an impulse is recorded and the summed im-
pulse counts (IMP) are stored for a given time interval of one
minute.

For the first year of measurements (2015), only 23 sen-
sors were connected to the data acquisition system (due to a
limited number of available analogue-digital converter chan-
nels). During 2015, measurements were made with 15 Swiss
plate geophones and 8 acceleration sensors distributed over
the entire river cross-section, according to the scheme pre-
sented in Table 1.

To investigate the relationship between bedload transport
and discharge at the Albula River, geophone and accelera-
tion data were analysed together with discharge measure-
ments. Discharge is measured at the stream gauging sta-
tion of Tiefencastel, operated by the Federal Office of En-
vironment (FOEN) and located some 500 m downstream of
the acoustic bedload transport measuring station. These dis-
charge data were corrected for bypassed water used by the
hydropower company Albula-Landwasser Kraftwerke AG.

3 Preliminary results and discussion

3.1 Comparison of measurements using the two sensor
types

In this section we consider data from the first “summer”
season of measurements at the Albula station in Tiefencas-
tel. For the period from 16 April until 5 July 2015, Fig. 2
presents discharge data together with the impulses summed
over the 15 geophone sensors (IMPG). Discharge data show
an increase in melt intensity from the beginning of May and
discharge remains relatively high until the middle of July.
Later, during the summer and autumn of 2015, discharge
was mostly lower than 5 m3 s−1, and almost no geophone
impulses were recorded. The geophone impulses correlate
fairly well with discharge, and a critical discharge value cor-

Table 1. Numbering of the steel plates (left column) and the sen-
sors (right column), indicting their lateral distribution; plate 1 is at
river right hand side, plate 30 at river left hand side (see Fig. 1).
Accelerometers in parenthesis were not connected to the data ac-
quisition system during the measurements undertaken in 2015.

Plate Sensor

1 Geophone 1
2 Accelerometer 1
3 Geophone 2
4 (Accelerometer 2)
5 Geophone 3
6 Accelerometer 3
7 Geophone 4
8 (Accelerometer 4)
9 Geophone 5
10 Accelerometer 5
11 Geophone 6
12 (Accelerometer 6)
13 Geophone 7
14 Accelerometer 7
15 Geophone 8
16 (Accelerometer 8)
17 Geophone 9
18 Accelerometer 9
19 Geophone 10
20 (Accelerometer 10)
21 Geophone 11
22 Accelerometer 11
23 Geophone 12
24 (Accelerometer 12)
25 Geophone 13
26 Accelerometer 13
27 Geophone 14
28 (Accelerometer 14)
29 Geophone 15
30 Accelerometer 15

responding to the start of bedload transport of about 5 m3 s−1

can be inferred from the geophone measurements.
Figure 3 compares discharge and number of impulses

recorded by 8 acceleration sensors (IMPA). Generally, the
trend is similar as for the geophone impulses, and again,
the signal correlates fairly well with discharge. Nevertheless,
some absolute and relative discrepancies can be noted. The
acceleration sensors are more sensitive for recording higher
frequency oscillations than the geophone sensors. In addi-
tion, the preselected threshold value for the impulse counts
was found be relatively lower for the accelerometer sig-
nal (0.4 g) than for the geophone signal (0.1 V). For these
reasons, the total number of impulses recorded by the ac-
celerometers (IMPA) is around 31 times higher than the to-
tal number of impulses recorded by geophone (IMPG), if the
impulse counts of the accelerometers are extrapolated to the
same number of sensors as for the geophones. Furthermore,
the accelerometer sensors also recorded (a relatively small
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Figure 2. Discharge (Q) and number of geophone impulses (IMPG)
summed over the 15 geophone sensors, shown as a time series for
the period 16 April until 5 July 2015.

Figure 3. Discharge (Q) and number of accelerometer impulses
(IMPA) summed over 8 acceleration sensors, shown as a time series
for the period 16 April until 5 July 2015.

number) of impulses later in the season, from July until Oc-
tober 2015, when discharge was mostly lower than 5 m3 s−1.

The sensor distribution over the cross-section allows in-
vestigation of the spatial distribution of bedload transport ac-
tivity and impulse counts. Figure 4 shows the sum of im-
pulses recorded with the two types of sensors summed over
the entire season. To make the impulse counts comparable
for the two sensor types, the number of impulses recorded by
acceleration sensors was scaled using the following factor:

α = (8/15)× (6IMPG/6IMPA) (1)

where 6 IMPA is the total number of impulses recorded by
accelerometer sensors, 6IMPG the total number of impulses
recorded by geophone sensors over the entire season, and
(8/15) the ratio between the number of recording accelera-
tion (8) and geophone (15) sensors, respectively.

After scaling, the number of impulses recorded by the ac-
celeration sensors appears to follow a similar pattern regard-
ing lateral bedload transport activity as recorded by the geo-
phone sensors. The sensors that recorded the most impulses
over the season are located in the middle of the stream (sen-

Figure 4. Total sum of impulses (IMP) recorded by each geophone
sensor (yellow) and acceleration sensor (violet) during the summer
of 2015. The number of impulses recorded by acceleration sensors
was scaled according to Eq. (1). The view is in the upstream direc-
tion.

sors 7 and 8, corresponding to plate no. 13 to plate no. 15).
From this location, the number of impulses recorded de-
creased gradually in both directions towards the river banks.
However, the decline is more pronounced towards the oro-
graphic right bank (sensors 6 to 1, plates no. 11 to no. 1),
than towards the orographic left bank (sensors 9 to 15, plates
no. 17 to no. 30).

It appears that both the geophone and the accelerometer
sensors are suitable for indirect measurements of bedload
transport in gravel-bed streams. The pre-processing using
simple counts of impulses (i.e. excursions of the signal above
a threshold amplitude value) also works for the accelerome-
ter sensors. The bedload transport intensity, as expressed by
the impulse counts, shows a reasonable dependence on dis-
charge.

3.2 Preliminary calibration of the Swiss plate geophone
measuring system

From previous investigations with the Swiss plate geophone
(SPG) system, it is known that a liner relation between the
number of impulses IMPG and mass M of bedload trans-
ported over the steel plates provides a reasonable calibration
relationship (Rickenmann et al., 2014):

IMPG = kbM [kg] (2)

where kb [kg−1] presents a linear calibration coefficient,
which was found to depend on site-specific conditions.

For the Albula River measuring station, the total number
of IMPG recorded for the summer 2015 was about 7× 107

impulses. Since only half of the bedload transport activ-
ity was monitored by the geophone sensors (as there is an
accelerometer sensor under every second plate), the total
number of impulses for the entire channel width is about
IMPG,tot ≈ 1.4× 108. For an average year, the total volume
of sediment transported into lake Solis is about 90 000 m3,
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which is largely input from the Albula River (see Sect. 2).
The geophone measuring site is situated about 1.2 km up-
stream of the upper end of the lake, and the mean channel
slope in this reach is about 1.2 %. The mean channel slope
over 50 m upstream of the monitoring site is about 1 %. We
therefore assume that over longer time periods, the sediment
transport at the measurement site is similar to the sediment
input to the lake. It is known from other studies that bed-
load transport volumes integrated over a certain time pe-
riod correlate approximately linearly with the effective runoff
volume Vre (Rickenmann, 1997, 2001; Lenzi et al., 2004),
which is the integration of the discharge above the critical
discharge at initiation of transport, here taken as 25 m3 s−1

for the FOEN stream gauging station Tiefencastel at the Al-
bula River, based on the acoustic measurements. The hydro-
logic year 2015 in Switzerland was generally quite dry. A
comparison of the Vre values for the Albula River at Tiefen-
castel for the years 1987 to 2014 suggests that the Vre value
for the year 2015 was only about 46 % of an average year.
It is also known from earlier studies with the SPG system,
that the impulse counts with geophone sensors only detect
particles larger than about 20 mm. It is estimated that only
about 20 % of the sediment deposited in (the upper part of)
the lake comprise particles coarser than 20 mm, which is la-
belled here as BL20, and it is assumed that the deposits have
a porosity of about 30 % and that the grains have a density
of 2650 kg m−3. Thus, the total mass of bedload transported
past the geophone measurement site is estimated as: BL20 =

0.46×90000 m3
×0.2×0.7×2650 kg m−3

= 1.5×107 kg.
With these estimates, a mean calibration coefficient for the
Albula River geophone monitoring site is estimated as kb ≈
IMPG,tot/BL20 ≈ 9 [kg−1]. This value is in a similar range as
values determined from field calibration measurements based
on direct bedload samples (Rickenmann et al., 2014).

A similar calculation can be made to arrive at a rough cal-
ibration of the accelerometer measurements. The following
calibration relation is assumed to hold:

IMPA = kAM [kg] (3)

where kA [kg−1] is a linear calibration coefficient. The to-
tal number of accelerometer impulses over the entire sea-
son and extrapolated to the entire channel width is about
IMPA,tot ≈ 4.3×109. Thus, a mean calibration coefficient for
the Albula River accelerometer measurement system is esti-
mated as kA ≈ IMPA,tot/BL20 ≈ 290 [kg−1].

4 Conclusions

An impact measuring system using geophone and ac-
celerometer sensors was successfully installed at the Al-
bula River (Grisons, Switzerland), an alpine mountain river
with a high annual rate of sediment transport (around
90 000 m3 yr−1). Preliminary results after one season of mea-
surements showed a fairly good correlation between dis-

charge and impulses recorded by both types of sensors, al-
lowing the estimatation of a critical discharge correspond-
ing to the start of bedload transport at around 5 m3 s−1 at the
monitoring site. Most of the bedload activity occurred dur-
ing the snow melt period, that is from the beginning of May
until mid-July. Later, during the summer, and only for a few
periods, weak bedload transport activity was recorded. Im-
pact measuring systems also allow the investigation of the
spatial distribution of bedload transport over the river cross-
section. Sensors recorded a higher concentration of bedload
in the middle of the stream with a gradual decrease towards
the channel banks. A mean calibration coefficient for the geo-
phone measurements was estimated based on the total num-
ber of impulses and the annual sediment delivery to the Solis
lake. The calibration coefficient was found to be in a similar
range to values determined previously from other sites with
field calibration measurements.

5 Data availability

The data used in this study represent measurements of the
first summer of recordings, and some values have to be used
with caution (e.g. accelerometer impulses may include some
signal noise due to the low threshold value). Those interested
in using this data may contact the first author.
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