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Fig. 1 Acoustic impact plate or pipe bedload monitoring
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Fig.2 Bedload monitoring system based on hydrophones
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Tab.1 Comparison between various bedload measurement technologies
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Abstract:

Significance Quantitative prediction of bedload transport in mountain rivers is a key component in assessing water-related hazards and advancing
hydraulic engineering applications. However, bedload transport rates exhibit substantial spatio-temporal variability under given flow conditions,
leading to a limited understanding of bedload transport processes due to measurement difficulties, particularly in steep mountain streams. This
study aims to emphasize research progress in monitoring technology for bedload transport in mountain rivers to advance quantitative measure-
ment of bedload rates.

Progress Direct and indirect methods were generally two typical approaches for measuring bedload transport rate. The traditional direct methods
measured the transported bedload mass using installed physical samplers and traps on the riverbed for a short time duration. These direct methods
for measuring bedload were generally of low efficiency and limited accessibility due to the complex mechanisms of the bedload transport process,
which made it challenging to obtain continuous and long-term bedload rates under large flow discharges and steep mountain streams. In contrast,
the indirect methods, particularly the acoustic-based monitoring devices, including piezoelectric sensors, hydrophones, microphones, geophones,
and seismometers, provided long-term continuous data on the bedload transport process. Bedload transport triggered high-frequency acoustic vi-
brations, which offered new perspectives for bedload measurement and can be translated into bedload transport rates based on model inversion.
Considerable efforts were made toward developing various acoustic bedload monitoring systems, which were constructed and utilized to record
high-frequency acoustic vibrations generated by inter-collisions among particles and by bedload particles impacting the riverbed, with the goal of
improving the understanding of the bedload transport process. These acoustic-based indirect bedload monitoring technologies included the use of
the node seismometer system, the hydrophone or underwater microphone system, the acoustic Doppler current profiler, the Swiss plate geophone
(SPG) system, the mini-plate accelerometer (MPA) system, the Japanese pipe microphone (JPM) system, the phased microphone array (PMA)
system, and the square pipe system (SPS). The acoustic signals recorded by these systems were utilized to analyze the acoustic sources and ulti-
mately served to derive the bedload transport fluxes and grain size distributions based on calibration relationships that linked sediment-generated
signals with bedload characteristics such as particle size and transport mass. However, significant discrepancies between predictions and observa-
tions were found, possibly due to variations in the spatial impact locations of bedload particles, impact angles, particle shapes, streamflow veloci-
ties, grain size distributions, and particle transport modes. The key issues in monitoring the bedload transport process using high-frequency acous-
tic signals were summarized in the following four aspects: 1) the construction of a multimodal acoustic monitoring system to fully record the high-
frequency signals generated by transported bedload mass impacting the system plate or riverbed; 2) the characteristic analysis and processing of
bedload-generated signals through noise reduction, convolutional transformation, and characterization of vibration signals to obtain signal pack-
ets, numbers of signal impulses, maximum amplitudes, and characteristic frequencies including centroid and peak frequencies, power spectral de-
nsity, and other important parameters; 3) the development of algorithms for interpreting bedload-generated high-frequency signals, including lo-

calization of the acoustic source, establishment of the physical model of the acoustic source, and construction of the signal propagation and attenu-
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ation model; and 4) the inversion of physical parameters of bedload transport, utilizing the vibration signals with established quantitative calibra-
tion models to calculate key parameters such as particle size, transport velocity, and transport rate.

Conclusions and Prospects In this study, the research progress on high-frequency signals utilized to monitor the process of bedload transport in
steep mountain rivers is summarized based on the four aspects mentioned above, in combination with the latest findings of the authors. The cur-
rent discussion addresses several issues confronting this research field and provides recommendations to overcome these challenges. Of particular
concern are the inversion models and calibration relationships between the generated acoustic signals and bedload transport, whose adaptability to
different river environments remains open for further investigation. In addition, persistent issues such as the limited diversity of monitoring meth-
odologies and the challenges related to the comprehensive recording of signal characteristics continue to present obstacles. In response to these
challenges, the authors recommend developing a robust and comprehensive acoustic monitoring system based on multiple sensors. In addition,
the study emphasizes the necessity of conducting more detailed investigations into the source mechanisms of bedload-generated signals to en-
hance the understanding of the complex interactions between acoustic signals and bedload transport dynamics. In addition, the systematic estab-
lishment of databases that correlate various signal response indicators with bedload transport characteristics is essential. Finally, integrating in-
sights from machine learning theory can provide improved predictive capabilities, enhancing the accuracy of inferring bedload transport rates
from generated signals. Accordingly, this study provides a scientific reference for advancing the monitoring of bedload transport in steep moun-
tain rivers, quantitatively assessing hydrological hazards, and guiding the construction and long-term operation of hydraulic engineering str-
uctures.

Key words: mountain river; bedload; acoustic vibration signals; monitoring system; source mechanism; bedload transport rate
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