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ABSTRACT

The performance of the Swiss Plate Geophone (SPG) system and three alternative indirect measurement systems is compared here based
on calibration measurements made at the Swiss Erlenbach stream. Then we quantify the uncertainty of the SPG system using 308 calibration
measurements at four channel sites in Switzerland. To determine total bedload transport, the SPG system allows robust calibration relation-
ships to be established between the impulses (summary signal response) and the total transported bedload mass. Uncertainty calculations
are also presented for the fractional bedload transport conversion of the SPG signal. Finally, we briefly introduce the new and relatively
inexpensive Square Pipe System (SPS) prototype which is equipped with geophones, an accelerometer and a microphone, to combine the
advantages of different systems.
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INTRODUCTION

The Swiss Plate Geophone (SPG) is a surrogate bedload transport measuring system, recording particle impacts on a steel plate. It has
been installed and tested in more than 20 gravel streams, mainly in the European Alps. The corresponding studies generally showed quite
robust calibration relationships between signal pulse counts and transported bedload mass. This contribution addresses three main findings
based on our extensive research studies over the last two decades: (A) a comparison of the performance of different impact type measuring
systems; (B) a quantification of the uncertainty for the SPG system, both for total and fractional transport inference from the signal; and (C)
a short presentation of the new prototype, the Square Pipe System (SPS), which is meant to combine the advantages of several surrogate

impact measuring systems.

METHODS

The methods for the performance comparison are summarized in Rickenmann et al. (2022), where also many references on earlier related
studies can be found. Regarding uncertainty analysis, the methods and more details are presented in Rickenmann et al. (2024). Here, a short
summary is given.

A total of 308 calibration measurements from four Swiss channel sites were used, for both the development of the conversion method to
determine fractional transport rates in Nicollier et al. (2022) and the uncertainty analysis presented here. The dependence of the uncertain-
ty on the amount of data was determined by using different proportions of the data for the calibration of the conversion parameters. We
calculated the uncertainty for both (i) the total transport and (ii) the fractional bedload transport. For both conversion methods (i) and (ii),
the calibration was performed separately for each of the four Swiss stream sites. The data was divided into a test data set (containing 20%
of available measurements) and a training data set (containing the remaining 80% of available measurements). The training data set (i.e. the
number of calibration measurements) was further split into different proportions (subsets): 1/1, 1/2, 1/4, 1/10. Each subset of the training
data was then used to optimize the model, and the performance of the model was validated with the test data set. This data splitting process

was repeated five times, i.e., for each possible consecutive 20-80 split.

For the model calibration, the already established methods for converting the SPG measurements to (i) total transport and to (ii) fractional
bedload transport were applied here. The conversion of the SPG measurements to total transport is based on a linear calibration relation-
ship between the number of pulses, IMP, and the bedload mass moved over the SPG plate. The conversion of the SPG measurements into
fractional bedload transport is based on the procedure of Nicollier et al. (2022). For the uncertainty quantification, for each subset of the

training (calibration) data set, all the coefficients and model parameters of this procedure were determined first using a Bayesian algorithm.

For the uncertainty quantification presented here, we calculated the mean relative prediction error (MRE) from the deviation between pre-

dicted mass and effectively measured mass, defined as:
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where M= measured bedload mass and M = predicted bedload mass, either for total transport or for fractional transport per grain size

d
class. This calculation was performed with the test data set and is a measure of model uncertainty.

RESULTS AND DISCUSSION

(A) Performance of different impact type measuring systems

Here we compare the Swiss Plate Geophone (SPG) system with three alternative indirect measurement systems for monitoring bedload
transport. These other systems are a variant of the SPG using an accelerometer instead of a geophone sensor, fixed underneath the impact
plate (GP-Aco), the so-called Miniplate Accelerometer (MPA) system, and the Japanese Pipe Microphone (JPM) system. To compare the
performance of the four systems, we used calibration measurements with direct bedload samples at three field sites and in an outdoor test
facility with controlled sediment supply. Here we show the results of the calibration measurements obtained at the Swiss Erlenbach stream
(Figure 1), where direct bedload measurements were made with an automatic metal basket collecting installation. A simple measure of the
vibration signal (above the background noise) is the so-called impulse (IMP) counts, which essentially represent the signal activity due to

bedload transport above the background noise level of the measuring system.

Earlier investigations already showed that the approach using impulse counts to determine bedload transport is well suited for the SPG sys-
tem. The same applies to the GP-Acc and JPM systems for periods with a stable background signal, e.g. for the Erlenbach site for the period
before June 2016. The application of similar calibration relations for the MPA system generally led to less accurate results. A comparison of
the signal response for different grain size classes showed that the impulse counting of the MPA is more sensitive to smaller grains (ca. 20-50
mm), while the SPG is more sensitive to larger grains (ca. 50-100 mm). As the bedload samples used in this study were generally dominat-

ed by the latter fraction, this could at least partially explain better calibration relationships between pulses and bedload mass for the SPG.
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Figure 1. Calibration relationship for each measuring system, as determined at the Swiss Erlenbach stream: number of impulses IMP as a function of transported bedload mass M. Samples
weighing less than 5 kg were excluded, and of the direct samples only grains with D > 9.5 mm were considered. In June 2016, the data acquisition of the GP-Acc- and JPM systems was
changed; the same acquisition system was used to record the MPA measurements from that point on. For GP-Acc and JPM, the regression equations only refer to the period before June

2016. The SPG measurements were recorded with a different system that was not changed in the period 2013 to 2020. (Figure from Rickenmann et al., 2022)
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(B) Quantification of the uncertainty for the SPG system

The analysis of the four Swiss stream sites (Erlenbach, Albula, Avan¢on, Navisence) in terms of the mean error in prediction (MRE) as a

function of the total mass used in the model calibration is shown in Figure 2 and Table 1. For the total transport calculations, an increased

total mass in the calibration (training) data set tends to lead to a slight decrease in uncertainty. For all sites, the prediction with the direct

estimation of the total mass is more accurate than the separate estimation (via fractional bedload transport) and subsequent addition of the

transport for the 10 individual grain size classes (ranging from 10 to 180 mm). This suggests that the direct estimate is overall better suited

or more robust for predicting total transport.

Figure 2 and Table 1 also compactly summarize the main difference between the four sites, namely that the uncertainty is lower for the

Erlenbach and the Albula than for the Avancon and the Navisence. This could be due to differences in hydraulic discharge conditions and

variability in the transport mode of the grains transported across the plates, as well as different quality of direct bedload measurements at

the different sites (e.g. slight deviations from exact downstream sampler positioning).
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Figure 2: Mean relative prediction error (MRE). Shown is the total transport in green colour and the summed fractional transport in purple colour. The title of each panel refers to the channel

site with SPG measurements. The abscissa shows the mass used for calibration (training data set). The MRE value was determined from the (independent) test data set.

Channel site | Total bedload Fractional bedload transport
transport
MRE smaller Range of MRE smaller Range of MRE smaller
than (*) particle size D than (*) particle size D than (*)
[mm] [mm]
Erlenbach 0.23 10-112 1.0 112 -180 3—5
Albula 0.35 10-83 1.0 83-180 2=5
Avancon 0.85 10-180 1-2
Navisence 11 10-150 1-2 150-180 4

Table 1: Qverview of uncertainty estimation using the mean relative error (MRE) in the test data set. (*) The values or ranges of values in the columns "MRE smaller than" are based on a

rough visual estimate, whereby approx. 90% of the realizations have a smaller MRE value than indicated in the table.
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(C) The new prototype, the Square Pipe System (SPS)

A short introduction of the new prototype, the SPS (Figure 3), was given in in Rickenmann et al. (2022). This device is more compact and
cheaper in fabrication and installation costs than the SPG but is expected to have a similar performance. A first comparison of the SPS with
the SPG system was made for sorted grain size experiments conducted at an outdoor flume facility in Obernach (Germany) in summer 2021.

The performance of the calibration relations was found to be very similar for the SPG and SPS systems Rickenmann et al. (2022).

0.37 m

!

Figure 3. New prototype, the Square Pipe System (SPS). It is equipped with four sensors, 2 geophones (Geo), 1 accelerometer (Acc) and 1 microphone (Mic).

Some further results regarding the system performance are based on recent observations at the Swiss Erlenbach stream. For two flood events
with a total duration of about 100 min, the signal response in terms of impulse counts IMP of the SPG and SPS systems were found to be

similar (Figure 4.)
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Figure 4. Two flood events at the Erlenbach on 12 July 2023. Several variables are shown as a function of time, namely discharge (Q), and the sum of IMP values of the following two sensors:
SPS-Geo_0 at the first element (no. 1 in flow direction), SPS-Geo_U at the second element (no. 2 in flow direction), and SPG (07-08) includes the two neighboring plates of the traditional

SPG system (no. 3 in flow direction).

CONCLUSIONS
We compared the performance of the SPG system with the three alternative indirect measurement systems GP-Acc, JPM and MPA, based on
calibration measurements with direct bedload samples at three field sites and in an outdoor test facility with controlled sediment supply.

Earlier investigations already showed that the approach using impulse counts to determine bedload transport is well suited for the SPG
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system. The same applies to GP-Acc and JPM for periods with a stable background signal, e.g. for the Erlenbach site for the period before

June 2016. The application of similar calibration relations for the MPA system led to less accurate results.

The performance of the SPG system was assessed using 308 calibration measurements at four channel sites in Switzerland. The SPG system
allows robust calibration relationships to be established between the impulses (summary signal response) and the total transported bed-
load mass. The uncertainties of the conversion of the SPG system signal to bedload transport were determined using a Bayesian modelling
approach. For total bedload transport, the relative mean error varies between about 25 % and 110 %, depending on the channel location.

For fractional bedload transport, the relative mean error is generally somewhat larger, particularly for some of the larger grain size classes.

The new and relatively inexpensive SPS prototype system is equipped with geophones, an accelerometer and a microphone to combine
the advantages of different systems. Preliminary observations at two sites including the Erlenbach stream indicate that the system provides

relatively stable calibration relations between impulses and bed load and that it has good potential for identifying different particle sizes.

ACKNOWLEDGEMENTS

The present study was supported by the Swiss Federal Office for the Environment FOEN (contract no. 00.5027.PZ/5563FD038), the Swiss
Federal Institute for Forest, Snow and Landscape Research WSL, the University of Lausanne UNIL and the Swiss National Science Founda-
tion (projects 200021_137681 and 200021L_1726006). The project support group from FOEN included Mario Koksch, Florian Storck, Manuel
Nitsche, and Robert Lukes.

REFERENCES
Nicollier T, Antoniazza G., Ammann L., Rickenmann D., Kirchner J.W. (2022). Toward a general calibration of the Swiss plate geophone system for fractional bedload
transport. Earth Surface Dynamics 10: 929-951.

Rickenmann D., Ammann L., Nicollier T, Boss S., Fritschi B., Antoniazza G., Steeb N., Chen Z, Wyss C., Badoux A. (2022). Comparison of calibration characteristics of
different acoustic impact systems for measuring bedload transport in mountain streams. Earth Surface Dynamics 10: 1165-1183.

Rickenmann D., Hug Peter D., Ammann L., Nicollier T, Badoux A., et al. (2024). Indirekte Geschiebetransportmessung, Teil 2: Fraktionierter Transport, Unsicherheiten,
Perspektiven. Wasser, Energie, Luft, Juni 2024, in print.

CONFERENCE PROCEEDINGS | INTERPRAEVENT 2024 695



