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10  Abstract. Accurate measurement of bedload transport flux in rivers remains an important issue in hydraulic engineering.
Acoustic-based devices provide a promising way to measure the transport rate with established calibration relationships
between the signal and bedload particles. We develop a novel acoustic bedload monitoring system with phased microphone
arrays (PMA) and accelerometer to localize the particle impact location and to better determine the particle size. Impact
experiments with quartz spheres in a flume setting were performed to investigate the dynamic signal response of the PMA

15 monitoring system for varying particle size and impact location. For a similar virtual set-up, the conventional beamforming
method was used to determine the source characteristics of the acoustic wave on the scanning plane of the PMA structure. The
model provides a calculation of the cross-power matrix of the recorded pressures generated by bedload which localizes the
particle impacts on the plate. The results give correlation relationships between the number of signal impulses per particle
mass, the amplitude, and the centroid frequency and the bedload grain size. The findings of this study contribute to the

20 measurement of the bedload transport with the PMA system, which helps to localize the bedload impact positions and improves

the predictions of particle size.

1 Introduction

The transport of bedload in mountain rivers is responsible for the evolution of channel morphology and bedrock incision
(Turowski et al., 2015). Quantification of the bedload transport is needed for the study of river dynamics, for the application
25 of hydraulic engineering structures, and for the assessment of flood hazards (Rickenmann, 2017). Moreover, accurate

measurements of bedload transport rates help to validate empirical models that rely on experimental and field data using
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traditional techniques (Habersack and Laronne, 2002). However, quantifying bedload transport processes particularly in steep
mountain streams still remains a considerable challenge. This is mainly due to the fact that the bedload transport process is
characterized by a large spatio-temporal variability (Recking, 2010; Rickenmann, 2018; Rindler et al., 2023), which is
30 complicated by streambed characteristics and sediment availability.
In the past decade, considerable efforts have spurred towards the development of novel surrogate monitoring technologies,
with a goal to better understand the bedload transport process especially in steep streams (Rickenmann, 2017; Rickenmann et
al., 2022). Acoustic monitoring devices, which record vibration signals generated by particle impacts, can provide continuous
and accurate bedload transport data, including hydrophones (Barton et al., 2010; Camenen et al., 2012; Geay et al., 2017,
35 Rigby et al., 2016), pipe microphones (Mizuyama et al., 2010), piezoelectric sensors (Krein et al., 2008; Rickenmann and
McArdell, 2007), geophones (Rickenmann, 2017) and seismic sensors (4Antoniazza et al., 2023; Gimbert et al., 2019; Roth et
al., 2016; Tsai et al., 2012). This is because the vibration signal contains useful information in the form of signal amplitude,
impulse and frequency (Barton et al., 2010; Burtin et al., 2011; Govi et al., 1993; Hsu et al., 2011; Vasile, 2020; Wyss et al.,
2016a), which can be transformed to bedload transport rates and particle size classes using predefined calibration functions
40  (Nicollier et al., 2021; Wyss et al., 2016a; Wyss et al., 2016c¢).
The Swiss plate geophone (SPG) system, as one of these surrogate monitoring techniques, has been deployed for bedload
measurement in numerous steep mountainous streams and rivers in Europe for about 30 years (Rickenmann, 2017; 2023).
Linear or power-law calibration functions between the electric signal and the bedload size or mass flux have been developed
based on continuous data recorded by the geophone sensor, which enable for the estimation of the spatio-temporal bedload
45  fluxes in steep streams. However, considerable differences were also observed between the calibration functions obtained from
the field measurement or lab-based experiments, and the linear calibration coefficients for total bedload mass flux can exhibit
a variation of approximately a factor of 20 across different measurement sites (Rickenmann and Fritschi, 2017; Rickenmann
et al., 2014). This is mainly considered due to variations of impact location of bedload particles (Turowski et al., 2013) and
other factors, including particle shape (Cassel et al., 2021; Krein et al., 2008), streamflow velocity (Wyss et al., 2016a), grain
50 size distribution (Nicollier et al., 2021), and particle transport mode (Chen et al., 2022b; Krein et al., 2008; Tsakiris et al.,
2014). In particular, it has been found that the acoustic amplitude of the recorded signal can be decreased approximately 50%
from centric to eccentric impact on the system plate (Chen et al., 2022a). Considering that the spatial location of bedload
particles could considerably affect the accuracy of particle size estimates using the pre-defined calibration relationships, and
therefore, there is a practical need for research into a refined recognition of bedload impact locations on the plate. Furthermore,
55  well known of the impact location of bedload particle helps to improve correlation relations (electric signal vs. bedload size or

mass flux) that have been developed.
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To address the problem of prediction uncertainties of sediment transport arising from its spatial variations, several efforts have
been made, including the use of i) dense networks of seismometers (4ntoniazza et al., 2023; Bakker et al., 2020; Piantini et
al., 2022) characterized by high temporal and spatial resolution; ii) multiple characteristics of the bedload-generated signals,
60 e.g. the hybrid approach of the amplitude-frequency-based method (Nicollier et al., 2022); and iii) different acoustic systems
which indicate varying signal sensitivities to the bedload transport process (Rickenmann et al., 2022). Given that i) the scale
of investigation here is limited to the plate dimensions, and ii) the seismic waves, particularly the solid waves propagating
inside the monitoring system, travel so fast (generally up to several kilometers per second in metallic materials), it is
conceivable that conventional localization methods using the seismic arrival times would be very challenging within the
65 dimensions of the plate. Therefore, we consider the use of air fluctuations, which propagate at a much slower velocity than the
elastic waves in solid materials, to construct a new monitoring system consisting of phased microphone arrays (PMA), which
use beamforming techniques with the goal of inverting the acoustic source distribution generated by bedload impacts and
localizing the spatial position of particles on the plate.
The aim of the present paper is to quantitatively investigate the effects of bedload size and particle impact location on the
70 signal response of the PMA system. The first step was to build the PMA system, which consists of a number of functional
layers and acoustic sensors, including an accelerometer and an array of microphone elements. Secondly, the system was
calibrated by laboratory impact experiments performed with quartz spheres of various diameters falling onto the plate at
different locations. Subsequently, we used a propagation model to simulate and reconstruct an acoustic source distribution on
the plate produced by the impact of a particle, which appears as an acoustic image with the center corresponding to the location
75  of the particle impact. Combined with the calibration relationship obtained from the acoustic signals, the prediction of bedload

size can be eventually improved in this way.

2 Methods

2.1 Phased microphone arrays bedload monitoring system

This section presents a bedload transport monitoring system based on microphone element arrays, which consists of a number
80 of microphone sensors set at a specific spacing on the lower internal plate of the PMA system (Fig. 1). The acoustic data

recorded by the microphone elements are then calculated and transformed to an acoustic source map (or so-called acoustic

image), which is used to detect the position of bedload particles impacting on the plate, thereby optimizing the prediction of

particle size.

The PMA system consists of a series of steel plates secured onto elastomers (elastic rubber) and embedded within a large

85 stainless steel U frame. The PMA plate is 510 mm in length, 510 mm in width and 15 mm in thickness, and has a total mass

3
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of 30.5 kg. The elastomer layer within the PMA system serves two primary functions: (i) to reduce the transmission of
vibrations to an acoustic sensor caused by bedload impacts on the surrounding material, and (ii) preventing water from entering
into the system. An internal plate was pre-punched with small circular holes distributed in a matrix and bolted to the lower
part of the system to hold the microphone sensors and the accelerometer (Fig. 1). The microphone element is the 4958-A
90 sensor from Briiel & Kjer, Neerum, Denmark, which is an acoustic sensor that records aerodynamic shocks of the air in the
PMA system. The accelerometer currently used in this system is the 1A316E piezoelectric acceleration sensor from DHC,

Jiangsu, China to record vibrations of the internal plate generated by bedload impact.

Bedload particle

Elastomer 4 e PMA Plate
= | 3- . |

Internal .l. .l.

steel frame™« ;

Ray path i
Screw
Internal
Plate " Mic. Sgnsor Acc. Sensor

Quter steel frame
Figure 1: Sketch of a bedload particle impacting the PMA system plate at an impact velocity V. The yellow blocks represent the

95 array of miniature microphone (Mic.) elements mounted on the internal plate of the PMA system. The acceleration (Acc.) sensor,

which is fixed to the same plate, is also shown in yellow.

When a bedload particle with an impact velocity ¥ collides on the PMA plate, both air pressure fluctuations and structural
vibrations are generated, which forces the microphone membranes and accelerometer to vibrate. A voltage potential signal (in
Volts) that is proportional to the air pressure in the sensor case is induced and recorded. Also, a triggered acceleration signal
100 is measured by the accelerometer, which is related to the deformation velocity of the internal plate. The calibration coefficients
of the microphone (the output voltage vs. the pressure) and the accelerometer (the output voltage vs. the acceleration) are 11.2
mV Pa! and 50.0 mV g, respectively. The signals from both the microphones and the accelerometer are recorded at a sampling

frequency of 10 kHz, using a DHC DH5902N data acquisition system with a total of 16 data channels.

2.2 Laboratory impact experiment

105 Controlled impact experiments were designed at WSL, Switzerland and were performed in the Key Laboratory of Mountain
Hazards & Earth Surface Processes at IMHE, CAS in Chengdu, China to investigate the signal responses of the PMA system
by controlling factors such as particle size and impact location. Systematic impact experiments were carried out with glass and
quartz spheres (Fig. 2, Tab. 1) of known particle mass ranging from 9.5x10- kg to 2.2x10' kg and diameter ranging from 20

mm to 116 mm. A height vernier caliper, as shown in Fig. 2a, was used to control the drop distance (the height measured from
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the sphere center to the plate surface), i.e. 100 mm for each size class. The impact velocity of each sphere colliding onto the
PMA plate, in both water and air, was calculated using experimental image frames recorded by a high-speed camera mounted
with a side view (Fig. 2a). Different particle impact locations were designed as a 4x4 matrix, i.e. a total of 16 positions (see
Fig. 2b) from centric to eccentric on the plate. The impact tests were repeated ten times for each sphere on each impact location
in both air and water environment. The signal characteristics of the PMA system, generated by quartz spheres impacting

vertically onto the plate, were then analysed. The detailed information can be found in Tab. 1.
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Figure 2: (a) Side view of the dropping sphere during the laboratory experiments. (b) Design of the particle impact locations “+” on
the plate of the phased microphones array (PMA) bedload monitoring system. The signal data generated by particles impacting on
the locations coloured in red (1.1, 1.2, ..., 4.1) are used for calibration, while the data generated by particles impacting on the locations
marked in blue (2.4, 3.3, ..., 4.4) are for validation.

Table 1: Characteristic values, including particle diameter D, mass M, particle density ps, and impact velocity V' (V4 and Vw) of the

spheres hitting at 16 impact positions (from 1.1 to 4.4) on the plate. V4 and Vw indicate the impact velocities measured in the air and
water, respectively.

Class Material D (m) M (kg) ps (kg m>) Vi (ms™h Vi (ms) Impact locations
1 Glass 0.020 0.0095 2303 1.35+0.01 1.02+0.01 1.1to4.4
2 Glass 0.025 0.0206 2582 1.31+0.01 1.05+0.02 1.1to4.4
3 Glass 0.030 0.0341 2463 1.30+0.01 1.01+0.01 1.1to 4.4
4 Quartz 0.049 0.1706 2753 1.22+0.02 0.96+0.02 1.1t0 4.4
5 Quartz 0.079 0.7040 2765 1.11£0.03 0.88+0.04 1.1to4.4
6 Quartz 0.100 1.4386 2748 1.02+0.04 0.80+0.04 14,23,3.2,4.1
7 Quartz 0.116 2.2420 2715 1.00+0.04 0.72+0.05 14,23,3.2,4.1

2.3 Conventional beamforming technique

The basic principles of the conventional beamforming technique are described in this section, with the first step being to

calculate the Fourier transforms of the recording pressure data for each microphone element of the array, as shown in Eq. 1.

EGUsphere\
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where p;(f) (i =1,...,N) are the components of the N-dimensional vector p that are obtained by fast Fourier transform (FFT)
on the recorded signals, N is the number of microphone sensors, [+-]T represents the transpose of the vector.

130 A propagation model to calculate the acoustic signal at the microphone locations can be selected as the “steering vector” g
(see Eq. 2), considering each node of scanning plane as a hypothetical sound source (see Fig. 3). The components g;,, of g
indicate the amplitude of the pressure signals recorded by the microphone sensors induced by an ideal sound source with unit

strength.

_ 1 —2mifAt;
o =—— ¢ jm 2
9im = lm=e]] @

135 where xp, is the coordinate vector of microphone sensor 1, §; is the coordinate vector of node j on the scanning plane, i?=

—1,and Atj,, is the emission time delay that can be expressed as:

_ Jem=l

Atjm =——, 3)

where c is the speed of sound.
Since Eq. 2 indicates the pressure amplitude induced by the unit-strength sound source, the complex amplitude A; of the
140  sound source must now be determined. One consideration is to minimize the following comparison (Sijtsma, 2010), which

indicates the differences Dy, between the measured or recorded pressure vector p and the calculated pressure vector A,g.
ng = ”P_Asg”Z > (4)

Eq. 4 can be fully rewritten as:

Dpg = llgl*As* — 2g"pAs + lIpll* | (©)

145  The minimization solution of Eq. 5 is given as T;”z “4llgh*lipll> — lI2g*pll?) = 0 when
_&p
As = g > ©
In general, it is convenient to consider the source auto-powers in the case of broadband noise as:
_1 «_1g'pp'g

Agq =445 = FEEEE ™)

Ifthe N X N cross-power matrix of the measured pressures is defined as C:
150 C=:pp’. ®)
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where p* is the complex conjugate transpose of p, then the calculated amplitude of the sound source can be written as:

— w*
Agg = W'Cw

where w is the weighted steering vector and can be expressed as:

g
w=—=
gl

&)

(10)

With the above cross-power matrix C (Eq. 8) and the weighted steering vector w (Eq. 10), the strength of acoustic pressure

over the nodes of the scanning plane can be calculated, resulting in an image of the sound source.
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Figure 3: Numerical model for the analysis of acoustic source generated by bedload particle impacts. (a) Sketch of the microphone

elements mounted on the internal plate of the PMA system at a spacing distance of dyic = 200 mm, where the element in the centric

position of the internal plate is marked in red. (b) Scanning plane with a standard rectangular grid and surface dimensions of

LpyvaxWpya m?, where Leva and Weya are the length and width of the PMA plate, respectively. (é’i, fl-) indicates a node of the

scanning plane on the plate, while (&,,,&,) is the source location on the PMA plate. Illustration of (c) input and (d) output signal

data during the numerical procedure.

2.4 Numerical simulation

In this section, numerical examples are presented to show the results of the reconstruction of the impact-induced acoustic
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source for a single bedload particle (monopole source) and for multiple particles (multipole sources) at different impact
locations and spacing distances. In addition, the effects of the arrangement of the microphone elements and the frequency of

the source emission signal on the reconstructed acoustic image are estimated using numerical methods.
2.4.1 Numerical simulation procedure

170  Due to the fact that the real sound source is distributed in three dimensions, a reconstruction of sound source necessitates
numerical scanning and calculation based on 3D grids and nodes, resulting in a rather long computation time for 3D source
localization. However, given that the approximately parallel spatial relationship between the PMA plate surface and the
riverbed, and we only focus on impact positions of bedload particles on the plate or bed. Therefore, the three-dimensional grid
collapses to a two-dimensional grid plane, which greatly simplifies the numerical calculations.

175 Numerical simulations are conducted with a planar array of N microphone elements positioned on the internal plate (in the
plane Z = 0 m) of the PMA system, as illustrated in Fig. 3. A monopole source (Mon.) and multipole sources (Mul.) are
simulated above the microphones array, respectively, which are located on the surface plate (in the plane Z = 0.25 m) of the
PMA system. Subsequently, an acoustic scan is carried out on the scanning plane (Z = 0.25 m) with a surface of Lpya*xWpua
m?, using a standard rectangular grid with a size of 0.01 m. The scanning plane during numerical procedure covers the PMA

180 plate dimensions in length Lpy and width Wpy, ranging from 0 m to 0.51 m, which totally contains N« = 1.02x10* grid
points using the following Eq. (11). The numerical solutions of the acoustic amplitude are obtained by conducting a
computational procedure in both X and Y directions, assuming that each node of the grid is an acoustic source. Consequently,

the result of this scanning process over the entire grid is presented as the acoustic image, as seen in the following section.

Nerig = (LZ”ZA + 1) (WZ—;M + 1) , (11

185 where Ax and Ay are grid sizes in the X and Y directions.

2.4.2 Microphone elements arrangement

Figure 3a displays an array with N =9 microphone elements, where the number of elements and the spacing, dc, are mutually

constrained because the structural dimensions of the PMA system have been predetermined. Hence, the planar dimensions of

the PMA in terms of its length Lpyy and width Wpy control the distribution range of the microphone element arrays, while
190 the height Hpuy constraints the wave propagation distance from the sound source to the element arrays.

An illustration of the output source plot from the scanning process over the grids (Fig. 3b) using the microphone signals (Fig.

3c) is presented in Fig. 3d which is also called “beam pattern” and generally ranges in dB. The beam pattern consists of the

main lobe which is determined by the peak value and its neighbourhood and a number of side lobes. The resolution Rs of the
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array can be then defined as the value of the beamwidth (width of the main lobe) that covers a range of 3 dB in general or 30%
195 and 10% below the peak value for the present study, as shown in Fig. 3d. The beamwidth shows dependencies on signal
frequency, wave propagation distance, microphone arrangement, beamforming algorithm, etc. In particular, the spacing of the
array element dy;. is an important parameter controlling the characteristics of beam pattern of the reconstructed acoustic source,
especially the beamwidth.
Theoretical and computational calculations show that the beamwidth decreases with increasing array spacing dy;. and the
200 signal frequency. Generally, in array and beamforming design we want a sharper beam (relatively higher main lobe and lower
side lobes), which indicates more concentrated energy in the beam pattern. Hence, the value of dui. can be adjusted
appropriately to achieve optimal results. However, a large value of du;. can produce undesirable outcomes, such as noise
suppression. In particular, spatial aliasing occurs when dy;c is larger than the half-wavelength of signal, resulting in less
differentiation between the main and side lobes. Therefore, on the internal plate of the PMA system, the designed value of

205 array spacing dyic must satisfy the Nyquist sampling theorem, that is,
1
dyie <32, (12)

where 1 = ¢/f'is the wavelength of signal; c is the speed of sound, 340 m s’; f'is the characteristic frequency of the signal.
During the numerical simulations, given that f= 1600 Hz, then d; < 106.3 mm, and the angular frequency w and wave number

k are calculated to be 10048 Hz and 29.6 m!, respectively, as shown in Tab. 2.
210  2.4.3 Numerical tests

The principle is to use a number of microphone elements (as few as possible) equipped on the internal plate to localize the
spatial position of the bedload particles. During the numerical tests, we firstly calculate the received signals for each
microphone element from an emission signal (a periodic cosine signal is considered here), by using the propagation model
(steering vector g). Next, a white noise is added to the received signal of each microphone element, with the signal-to-noise
215 ratio (SNR) of 10. Consequently, an acoustic image of the sound source can be reconstructed through the beamforming
technology. Some relevant parameters which are used in the numerical simulations can be seen in Tab. 2. In the numerical

simulations, N = 3 to 25 microphone elements are used, with varied layouts (see descriptions in Appendix A).

Table 2: Characteristic parameters of the sound source used for numerical simulations, including sound speed c, sampling frequency
fs, block length T, frequency of interest f, angular frequency w, wave number %, number of microphone elements /V, signal-noise
220 ratio SNR, grid size in the X and Y directions, Ax and Ay respectively.

Parameter Description Value Unit
c speed of sound 340 ms!
fs sampling frequency 10000 Hz

9
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T block length 0.1 s
f frequency of interest 1600 Hz
w angular frequency w = 2zf’ 10048 Hz
k wave number k= w ¢! 29.6 m!
N number of microphone elements 3-25 -
SNR signal-noise ratio 10 -
Ax grid size in the X direction 0.01-0.03 m
Ay grid size in the Y direction 0.01-0.03 m

2.5 Experimental signal processing

2.5.1 Maximum amplitude

Acoustic signals, including microphone signals and acceleration vibrations, can be triggered by bedload impacts and recorded
by the PMA system. Typical signals recorded by the centric microphone element (M05 mounted at the centric position of the
225 internal plate of the PMA system, Fig. 3a) during an impact experiment for a 24.8 mm diameter quartz sphere impacting the
PMA plate at the centric location 1.4 are shown in Fig. 4a. A packet is defined as an envelope (see blue lines in Fig. 4) of the
raw signals which is computed with Hilbert transform as introduced by Wyss et al., (2016a), reflecting an impact event of a
particle hitting on the plate. The packet-based amplitude histogram method was developed by Wyss et al. (2016a) to derive
bedload size information from geophone data recorded by the SPG system, through a predefined calibrated power-law

230 relationship.
Apqej = aDF (13)
Pac,j i

where Ap, ; indicates the mean amplitude (V) of a signal packet for each class j, D; (mm) is the mean particle size for class
J, and the two coefficients a and £ in Eq. (13) are determined by calibrated laboratory experiments or field bedload
measurements.

235 In the present study, we follow the above method to determine a packet of acoustic signals generated by a falling sphere
impacting on the PMA plate. Based on the calculated packet, the positive maximum amplitude of the generated signal is
defined as Apqyp in voltage (V) and the packet length (time duration) is determined as Lp, as shown in Fig. 4a. In addition
to studying the signal characteristics within an entire envelope, we also focus on the effective “first wave” of the signals, as its
physical properties are more significant than the entire signals following reflections, as illustrated in Figs 4d and 4e. The length

240 ofthe effective first wave is approximately one to two milliseconds, whereas Lp typically lasts tens to hundreds of milliseconds.

10
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2.5.2 Signal impulses
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Figure 4: Illustration of the internal plate vibrations of the PMA system generated by a centric impact with a sphere of 24.8 mm in
diameter. (a) The signals in the vertical direction were generated by a centric impact (location 1.4) onto the PMA plate with a velocity
245  of 1.05 m s\ A signal packet (see solid blue line) was presented as an envelope of the signal, which was computed with the Hilbert
transform. (b) Signal impulses 7 = 83 were counted as the number of times the signal exceeded the threshold value (see dashed
horizontal blue line) that is defined as 0.02 V in the positive domain. (¢) Spectrogram of the vibration signals. (d) Illustration of the

first wave. (e) The calculation of the centric f¢., and peak fy,, frequency of the first wave signal.

A packet contains a number of impulses / which can be obtained by counting the number of times the positive signal peaks
11
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250  cross the pre-defined amplitude threshold (Rickenmann et al., 2014; Wyss et al., 2016b), as illustrated in Fig. 4. On the basis
of impulses counting, we further define a calibration coefficient. This is the number of impulses per particle mass k;py, (see

Eq. (14)), which indicates the signal vibrations triggered by a single particle impact.

I
kIPMi_]- = ,]_ s (14)

where [;; are the signal impulses recorded by the system and generated by a single particle impact for an experimental run i

255  and particle size class j, and M, ; is the corresponding mass of that particle.
2.5.3 Centroid frequency

The centric frequency fre, of the plate vibrations is proposed as an important parameter which helps to identify the bedload
particle size, according to the Hertz contact theory (Chen et al., 2022a; Johnson, 1985; Rickenmann, 2017; Thorne, 1986 and
2014). In this study, the frequency spectrum of a signal packet is determined by a fast Fourier transform (FFT), and the centric
260 frequency of the microphone and acceleration signal of a packet are computed as frenmic and feen acc, respectively, using
the following Eq. (15). With regard to the signal of the first wave, we also consider calculating its centric frequency as well as

peak frequency fqy, as seen in Fig. 4e.

2 fmAFFT,m
== 15
fCen ZAFFT,m > ( )

where f;, is the spectrum frequency (Hz) and Apprp, is the amplitude (V-Hz') which is calculated by performing FFT on

265  the recorded signals.

3 Results

3.1 Performance of microphone elements array

12
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3.1.1 Number of microphone elements
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270  Figure 5: The acoustic image and beam pattern determined with varied microphone element numbers N ranging from 3 to 25. (a),
(b), (¢), and (d) The acoustic images derived from the monopole source (Mon.) at the centric location of the PMA plate, obtained by
using the beamforming technology with different numbers of microphones N=4, 9, 16, 25, respectively. The colour bar indicates the

<

non-di ional acoustic i ity Pnorm, representing the value of the reconstructed acoustic pressure normalized by the maximum

amplitude at the center of the acoustic image. (e) The corresponding beam patterns of N-sensor arrays when dy;. =100 mm and
275 frequency f = 1600 Hz for monopole sources. (f) Resolution of the beam pattern as a function of N (ranging from 3 to 25). The

emission coordinate (0.255, 0.255) is at the center of the plane, as marked by the white cross “+”.

Figure 5 shows the acoustic images of monopole sources (Mon.) determined with a number of microphone elements N. The
results of pressure distribution are displayed and normalized by the maximum amplitude of the main lobe. Figures 5a to 5d
present the monopole source images determined with N =4, 9, 16, 25, respectively. Figure Se plots the corresponding beam
280 patterns, with dp;. = 100 mm, and /= 1600 Hz, for different microphone arrays. The beam pattern consists of a total of one
main lobe for N =4 and 9, while two side lobes appear for N = 16 and 25. According to the results, the resolution value of the

beam pattern becomes finer as the number of microphone sensors increases, with N ranging from 3 to 25, as seen in Fig. 5f.

13
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3.1.2 Microphone elements arrangement
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Figure 6: The acoustic image and beam pattern determined with different microphone element arrangements. (a) to (d) The acoustic

h. 1

images for a monopole source determined with microp

t arrang ts Arr01 to Arr04, respectively. (¢) The beam

patterns of the 9-sensor array for different element arrangements Arr01 to Arr04, with dy;, = 100 mm and f = 1600 Hz for
monopole sources, respectively. (f) Resolution of the beam pattern for Arr01 to Arr04. See the caption of Fig. 5 for details regarding

the colour scale.

The acoustic images shown in Figs 6a-6d are determined with nine microphone elements for the four different sensor
arrangements ArrO1-Arr04. Figure 6e plots the corresponding beam patterns with N =9, dy;;. = 100-200 mm, and /= 1600
Hz, for different microphone arrangements. The spacing distances dj;. between microphone elements in an array range from
100 mm to 200 mm when changing their arrangement from Arr01 to Arr04, see Appendix A more information. The results
indicate that the microphone element array with the Arr04 arrangement (dy;;. =200 mm) has the finest resolution of the beam

pattern with the highest side lobes.
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3.1.3 Locations and spacing distances of sound sources
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Figure 7: The acoustic image and beam pattern. The acoustic image for a monopole source with different impact locations ((a) and
(b)) and for multipole sources with varying spacing distances ((c) and (d)), which are obtained by using the beamforming technology.
(e) and (f) The beam patterns of the 9-sensor array when dy;. = 100 mm and frequency = 1600 Hz for monopole and multipole
sources, respectively. The signal emission coordinates for (a) and (b) are (0.09, 0.09) and (0.145, 0.145), respectively. The emission
coordinates for (c) are (0.135, 0.255) and (0.375, 0.255), while for (d) they are (0.165, 0.255) and (0.345, 0.255). See the caption of Fig.

5 for details regarding the colour scale.

Figure 7 shows the reconstructed acoustic images of the sources generated with varying signal emission locations for monopole
sources and with different spacing distances for multipole sources (Mul.). The results of pressure distribution are displayed
and normalized by the maximum amplitude of the main lobe. Figures 7a-7b present the monopole source images under the
condition of the emission coordinates (0.09, 0.09) and (0.145, 0.145), respectively. The reconstructed acoustic images shown
in Figs 7c and 7d, on the other hand, are for multipole sources, with source spacings of 0.24 m and 0.18 m, respectively.
According to the results, the coordinates of the reconstructed acoustic source, corresponding to the center of the red-black area,
generally agree well with the locations of the emission signals.

Figure 7e plots the beam pattern for a microphone array with nine sensors, dy;. = 100 mm, and /= 1600 Hz, for different
signal emission locations. The beam pattern consists of a total of three beams for the signal emission locations close to the
boundary of the plate. The one with the maximum amplitude is the so-called main lobe and the rest are side lobes with relatively
smaller amplitudes, as mentioned above. In contrast, the shape of the beam pattern changes, becoming more symmetrical as
the emission location is moved from the boundary to the plate center (0.255, 0.255). The simulation results also show that the

heights of the two side lobes decrease significantly, indicating that the grain of the noises become weaker as the location of
15
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the emission signal approaches to center of the plate from the edge.

We also plot the beam pattern for the microphone element arrays, as above, with nine sensors for multipole sources varying in
spacing distances. There are two main lobes of approximately the same amplitude, corresponding to two acoustic sources, as
shown in Fig. 7f. The number of beams decreases to one when the spacing is reduced. In the meantime, we see that the side
lobe between the two main lobes disappears, while the amplitudes of the rest side lobes increase significantly, which indicates
that the gain pattern of the competing sources becomes larger when the two sources are close to each other. Furthermore, as
the spacing distance drops to 0.12 m, the number of beams in the beam pattern remains as a single beam with a much higher
resolution of the main lobe. This demonstrates that the multipole sources cannot be distinguished at this point, indicating that

the spatial resolution for the multipole sources of the system is approximately 0.12 m under these conditions.

3.2 Signal responses of the PMA system generated by particle impacts

3.2.1 Maximum amplitude
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Figure 8: The maximum amplitude Ay, p as a function of the sphere diameter D for centric (1.4) and eccentric (2.3, 3.2, and 4.1)
impacts. (a) The maximum amplitude Apqyp_acc 0f 2 packet recorded by the accelerometer in the Z (vertical) direction of the PMA
system. In (b), the empirical relationship based on the laboratory flume experiments of Wyss et al. (2016a) and the results of the field
experiments at the Erlenbach site with the SPG system (Wjyss et al., 2016¢) are presented for comparison with the Apyqyp-ver-
Apax,p-ver indicates the maximum packet amplitude in voltage transformed from the velocity signals that are integrated from the
accelerations in the Z direction, using the calibration coefficient of the geophone of the SPG system. The different colours of the dots
from red to yellow represent four different impact locations (1.4, 2.3, 3.2, and 4.1). (¢) The maximum amplitude Apqyp-yic from

ph MO05

the micr ted at the centric position of the internal plate. Figure (c) also shows fitted lines of the maximum

amplitude for different impact locations as functions of particle size class.

To assess the signal response of the PMA system to bedload particle impacts at various spatial locations on the plate, a total
of 880 bedload impacts were analyzed for particle sizes D ranging from 19.9 mm to 116.4 mm and for eccentricity distances

d, ranging from 0 mm to 233.4 mm. The eccentricity distance d, indicates the distance between the plate center of the PMA
16
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system and the particle impact location. During the drop experiments, each impact generates 12 channels of acoustic signal
data. The maximum amplitude Apqyp-acc Of @ packet recorded by the accelerometer of the PMA system increases with
increasing particle size D for both the centric (at location 1.4) and eccentric (at locations 2.3, 3.2, and 4.1) impacts, as shown
in Fig. 8a. To make a direct comparison with the SPG system, we performed an additional calculation by integrating the
345 acceleration signals to obtain the deformation velocity which can be then transformed into a voltage signal using the calibration
coefficient (27.6 V m!' s) of the SPG geophone, as shown in Fig. 8b. An increasing trend can be observed for the Auay p—nic
data recorded by the microphone element MO5 (Fig. 8c). All measurements show a generally larger amplitude triggered by
centric impacts compared to that induced by eccentric impacts, except for the largest particles with D = 116.4 mm. The
differences between the centric and eccentric impacts also show an increasing trend with increasing particle size (up to size
350 class 6).
The mean of the maximum packet amplitudes m for each impact location (marked in red in Fig. 2b) were obtained
though repeated drop experiments across all particle size classes. Subsequently, the power-law functions were determined
from the acceleration and microphone signals, respectively, as: Apyqyp = aDP, where the coefficients o and § and the
correlation coefficient R are presented in Tab. 3. Significant deviations in the signal packet amplitude induced by the largest
355 particle size class (D = 116.4 mm) were observed in Fig. 8, which is likely due to the small accelerating distance measured

from the sphere center to the plate which is 10 cm for all size classes. Therefore, these data were not utilized for calibration.

Table 3: The coefficients in the power functions determined between the maximum amplitudes of the acceleration and microphone
signals with particle size. The fitting utilized signal data generated by particle impacts at various positions on the PMA plate, with
the eccentricity distance d, ranging from 0 mm to 233.4 mm. The coefficients a,.. and B,.. presented in Tab. 3 indicate the

360 values obtained from the vertical acceleration signals, while the coefficients with the subscript “Mic” were computed from the
microphone (sensor M05) signals.

Impact locations  d, (mm)  Oucc (x107%) Pace R osic (x107%) Puic R

1.4 0.00 3.47 1.98 0.93 3.78 1.96  0.90
1.3 55.00 1.32 2.22 0.96 1.39 2.12 097
2.3 77.78 1.48 2.23 096 1.51 2.07 097
1.2 110.00 141 2.21 0.97 1.02 2.16 097
2.2 122.98 0.72 2.56 0.99 0.59 233 099
3.2 155.56 1.36 2.20 0.99 0.85 224 098
1.1 165.00 1.77 2.15 0.96 0.58 231 096
2.1 173.93 1.01 2.35 0.98 0.32 2.51 0.99
3.1 198.31 0.67 2.45 0.99 0.44 237  0.99
4.1 233.35 1.24 223 090 0.83 2.16 098

17
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Figure 9: Relationship between the signal impulses per particle mass kmp and the quartz sphere diameter D with variable impact
locations 1.4, 2.3, 3.2 and 4.1 on the PMA plate. (a) The value of kivp.4cc calculated from acceleration vibrations (in the vertical
direction). In (b), the data obtained from the flume experiments by Wyss et al. (2016a) for two water flow velocities (1.5 m s™' and 4.7
m s') and the results of the Erlenbach snowmelt experiments for the geophone sensor G08 are presented for comparison with the
kimp-ver values that are calculated from the integrated velocity signals. The round and square dots in (b) indicate the kiyp-ver values
calculated using a threshold value of 0.02 V and 0.1 V, respectively. The different colours from red to yellow represent four different
impact locations (1.4, 2.3, 3.2, and 4.1). (c) The value of kip.uic calculated from microphone signals (recorded by the microphone

element M05).

The drop experiments data indicate that the signal impulses per particle mass k;p depend on particle size and impact location,
with a nonlinear decreasing trend with increasing sphere size D (Fig. 9). In general, the decreasing trend of the coefficients
kmp calculated from the signals recorded by the PMA system is consistent with that determined from the flume experiments
by Wyss et al. (2016a) and the Erlenbach field site (Wyss et al., 2016b) using the SPG system. However, the kjp values in our
study are within an order of magnitude larger than the data in Wyss et al. (2016a and 2016b), except for the two smallest
particle size classes when using a threshold value of 0.1 V (Fig. 9b). Also, the influence of the particle impact location on the

impulse-mass coefficient kyp is greater for the smallest serval classes than for the remaining size classes.
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Figure 10: Relationship between the centroid frequency fc.. of the generated signals and the quartz sphere diameter D for variable
impact locations. The centroid frequency was calculated from (a) acceleration vibrations (in the vertical direction) (b) velocity signals
integrated from the vertical accelerations, and (c) microphone signals (recorded by the microphone sensor M05). Figures (a) to (c)
display the data generated by particles impacting the plate at the locations 1.4, 2.3, 3.2 and 4.1 indicated by colours from red to

yellow.

From the drop experiments, the centroid frequencies fcen-ce, feen-ver and feen-usic Of the signals of acceleration, integrated velocity,
and microphone sensors, respectively, generally decrease with increasing sphere size D for all impact locations (Fig. 10). For
the different sphere classes, the value of fc., for the eccentric impact at the location 4.1 is generally the largest. For particle
size D ranging from about 78.6 mm to 116.4 mm, the fces.4. values are in fairly good agreement with the contact model
(Thorne, 2014). However, for the smallest size classes, our data show better agreement with the flume experiment results
(Wyss et al., 2016a). The empirical model proposed by Wyss et al. (2016a) is approximately 2.0 and 1.3 times as large as the
value of fcen-rer for the smallest four particle size classes and the largest three size classes ranging from 78.6 mm to 116.4 mm.

In general, the values of fcen-uic are larger than those of feen-ace-
3.3 Acoustic source image reconstructed using the PMA data

Acoustic images of the source calculated from the measured signals of the PMA system are presented in overhead view in Fig.
11. They show the intensity of the air shock on the underside of the PMA plate after centric and eccentric impacts of a class 4
sphere (D =49 mm). The impact location of the sphere is indicated by the center of the main lobe in the reconstructed acoustic
image. The acoustic intensity is normalized by the maximum amplitude at the center of the acoustic image.

Figures 11a and 11b display the acoustic images obtained with the centroid frequency and the peak frequency, respectively, as
the frequency of interest in the calculation process, using the signals within the entire packet generated by a particle impact at

the center of the plate and recorded by the array of microphone elements. For comparison, Fig. 1 1c shows the results calculated
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using only the first wave signal from the microphone array. The comparison between Figs 11a, 11b and 11c reveals that the
use of signals induced by the entire impact event leads to very complex results, mainly showing an increase of the side lobes,
which is a challenge for the derivation of particle location information. In contrast, calculations using only the first wave
405 information from the microphone array produced generally good results. We also present the acoustic images obtained using
the experimental signals for eccentric impacts (e.g. Loc2.3, Loc 3.2 and Loc4.1; Figs 11d-11f) to facilitate comparison between

results from different impact locations.
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Figure 11: The acoustic image of a monopole source triggered by eccentric and centric impacts. (a) and (b) The results obtained with

410 the centroid (a) or peak (b) freq y as the freq y of interest in the calculation process, using the signals within the entire packet

“P” generated by a particle impact at the center of the plate “Loc1.4”, marked by the white cross “+”. (c) The results which are
calculated using only the signal of the first wave “F” from the microphone array. (d), (e) and (f) The acoustic images are determined
using experimental signals (the first wave) for eccentric impacts, e.g. Loc2.3, Loc 3.2, and Loc4.1, respectively. The triangles “ A”
colored in gray in (c) to (f) indicate the acoustic centers calculated from the model. The colour scale indicates the non-dimensional
415 acoustic intensity.
In order to quantitatively evaluate the accuracy of localization based on vibration signals generated by particle impacts, we
conducted computations of acoustic images for 10 impact locations. The coordinate of the impact location was determined by
considering the center of the reconstructed sound source image through model inversion. Furthermore, the localization error
was determined by measuring the width of the main lobe at 70% of the peak intensity of the sound source. Finally, the

"™t were calculated by dividing the data obtained from the model inversion by the real coordinates.

420 normalized coordinates 7;
As aresult, the dimensionless localization accuracy in both X and Z directions on the plane was obtained, as shown in Fig. 12.

The results reveal that the data for each impact location are very close to the value of one, suggesting a good agreement between
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increases as the impact location moves away from the center of the PMA plate and approaches its edge.
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Figure 12: The ratio r]'-"' of the coordinates of a particle impact location and Iga as functions of the eccentricity distance d,. (a)

The ratio was calculated based on acoustic images by the model inversion to the true coordinates of the sphere impact location for
particle size class j = 4. The boxes in green and red are the results for the X and Z directions, respectively. The dashed / dotted lines
and the error bars indicate the beam pattern resolution that covers a range of 30% and 10% below the peak value, respectively. (b)
The values of Iga calculated from the data presented in Tab. 3, and by fixing the exponent S of the power law relation between Amax

and D.

4 Discussion

4.1 Effect of bedload impact location on the PMA signal response

4.1.1 Maximum amplitude

The maximum amplitude of a packet Ay, p for the acceleration and the microphone signal shows similar trends with
increasing particle size for power-law approximations of the data (Fig. 8), except for the largest size class (D = 116.4 mm).
The results indicate an asymptotic behaviour of reaching an upper (maximum) limit of Ayq,p for larger particles, which
shows similarities with the results obtained by finite element modelling for the SPG system in Chen et al. (2022a) and observed
for the Obernach flume experiments data for the saltation particles in Chen et al. (2022b). This resembles the asymptotic
behaviour of the signal frequency reaching a lower limit for larger particles (Rickenmann, 2017). The following two reasons
may be raised to explain this behaviour: i) The low impact velocity caused by small accelerating distance for the large particles
measured from the sphere center to the plate which is 10 cm for all size classes. ii) The maximum particle size that can be
detected by an impact plate system may be essentially determined by the total mass of the plate, which is indicated by theory
(Thorne, 2014) and by Erlenbach data for the SPG system (Rickenmann, 2017).

We should note the fact that the PMA system measures acceleration vibrations using an accelerometer, while the SPG system
measures deformation velocity using a geophone, when comparing the two systems. Furthermore, the PMA and SPG plates
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are quadratic and rectangular, respectively, with a thickness of 15 mm and comparable boundary constraints. In terms of
structural dynamics, the material deformation velocity of the SPG plate may be smaller than that of the PMA plate under an
impact, but it is not comparable to that of the internal plate of the PMA system. One may rigorously compare the differences

450 in signal types recorded by different types of sensors. Thus, we integrated the acceleration signals from the PMA system to
obtain material deformation velocity signals (Fig. 8b), and observed that the maximum amplitude of the velocity signals
recorded by the geophone in the SPG system is approximately equal to that of the PMA velocity signals.

For the PMA system, the amplitude of the acceleration signal packet generated by eccentric impacts exhibits an attenuation
ranging from approximately 19% to 38% compared to centric impacts across all particle size classes, as illustrated in Fig. 8a.

455  As aresult, the presence of eccentric impacts can lead to an underestimation of bedload particle size when using a calibration
relationship between the signal amplitude and particle size. This observation is qualitatively consistent with findings obtained
with the SPG system (Chen et al., 2022a). However, compared to the impact test results obtained for the SPG system in Chen
et al. (2022a), the decay in signal amplitude Apqyp for the PMA system is relatively smaller when the impact location is
moved from the center to an eccentric position. This indicates that the acceleration signal from the PMA system is

460 comparatively less sensitive to changes in particle impact location than the SPG system. This discrepancy is likely due to the
different sensor mounting positions in the two systems. In the PMA system, the acceleration sensor is mounted on the internal
plate, whereas the geophone in the SPG system is positioned on the underside of the plate. As a result, the dissimilarities in
elastic wave propagation distance and refraction at the component interface contribute to the different sensitivities of the signal
responses to impacts in these two systems.

465 In contrast, the amplitude of the signal packet from the microphone, when excited by an eccentric impact, exhibited a decrease
ranging from 13% to 60% compared to the centric impact (see Fig. 8c). The attenuation in microphone signal amplitude
surpasses the reduction observed in the acceleration signals, indicating that the microphone signals are more sensitive to the
changes in the impact location than the latter. By utilizing the signals captured by the microphone element arrays, we can
derive the location of the acoustic source on the PMA plate. This information can be then employed to eliminate the

470 acceleration variations due to changing impact locations by constructing an appropriate compensation function.
4.1.2 Impulses-mass coefficient

The impulses-mass coefficient k;py provides an effective way for the conversion of the vibration signals recorded by the PMA
system into the bedload mass transported over the plate. The values of k;py tend to change less with decreasing size for the
smallest several particle size classes for a constant impact location (Fig. 9), which indicates a qualitative agreement with the
475  results obtain by the SPG system (Chen et al., 2022a). However, the variability of k;py calculated from the signals generated

by different impact locations increases with decreasing particle size. This is possibly because the smaller particles generate
22
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less impulses due to the lower impact energy but at a higher frequency, which makes the generated elastic waves more sensitive
to changes in the propagation medium in the PMA system due to changes of the impact locations. The decrease in the impulse
coefficient ke resulting from the PMA signals is generally consistent with findings from Wyss et al. (2016a)’ flume
480 experiments and the Erlenbach filed site (Wyss et al., 2016b) utilizing the SPG system. However, direct comparison using
deformation velocity signals show that the kjp values calculated using a threshold value of 0.1 V in our work are approximately
1.0 to 6.1 times of those reported by Wyss et al. (2016a and 2016c¢), except for the two smallest particle size classes. This is
due to the fact that, as mentioned above, the installation positions of the accelerometer and the geophone sensor in the PMA
and SPG systems are different, resulting in a larger number of signal impulses of the PMA system than of the SPG system.
485 This may be also partly due to the PMA accelerometer output range being limited to 100 g, whereas the limiting 10 V for the

SPG geophone sensor corresponds approximately to 500 g.
4.1.3 Centroid frequency

The centroid frequency fi., of the generated signals decreases with increasing particle size, demonstrating qualitative
agreement with the findings of the SPG system (Wyss et al., 2016a) and conclusions derived from the contact theory (Thorne,
490 2014). Specifically, the centroid frequency fren—ve; derived from the integrated PMA velocity in this study are somewhat
lower than the predictions of the contact theory and slightly lower (ca. 0.5-0.8 times) than the results of the flume experiments
conducted by Wyss et al. (2016a). This may be due to the fact that, as discussed by Chen et al. (2022a) in relation to the SPG
system, the calculation of the centroid frequency is based on the signals within the entire packet generated by an impact event.
In contrast, the contact theory considers the transient duration of the contact, which typically lasts only a few milliseconds,
495  whereas the former usually persists for tens or hundreds of milliseconds. The discrepancy between the drop test results in this
study and Wyss’s flume experiment results may also be attributed to structural differences between the two systems.
Furthermore, the process of integrating from the acceleration signal to the deformation velocity signal may also result in the
loss of frequency.
Furthermore, the signal data reveal that the centroid frequency fien—pic calculated from the microphone signals is a bit higher
500 than that determined from the acceleration signals fio,_acc. This indicates that the microphone sensor is slightly more
sensitive to air fluctuations than the accelerometer responds to material vibrations of the internal plate of the PMA system,
which is likely to be a result of different sensor types. Both sets of data indicate that the outcomes resulting from eccentric
impacts tend to have larger f., values than those resulting from centric impacts. This is likely to be due to the fact that the

edge of the PMA structure is more complex and more constrained, resulting in higher frequency responses.

505 4.2 Improved estimation of particle size
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We used signals generated at 10 different impact locations (see positions marked in red in Fig. 2b) for calibration, as presented
in Tab. 3. The data in Tab. 3 indicates that the effect of impact location on the power-law coefficient a is much greater than
that on /. In the following analysis, we can reasonably assume constant  values using the mean values as 2.26 and 2.22 for
acceleration and microphone data, respectively. This is characterized by changes in the vertical axis intercept (Iga) of the
510  calibration relationship between signal amplitude and particle size in log-log coordinates as: lg (A Maxlp) =lg (aD”’ ) =lga +
BlgD. A similar shift in the calibration relationships was also observed in field and experimental measurements of bedload at
different flow velocities utilizing the SPG system (Wyss et al., 2016a).
For the remaining six impact locations (2.4, 3.4, 3.3, 4.4, 4.3, and 4.2, marked in blue in Fig. 2b), the data generated were then
used for particle size validation, which was processed as follows: i) The calibrated data revealed a correlation between the
515  coefficient Iga and the eccentricity distance d,, as illustrated in Fig. 12b. ii) For particle sizes ranging from 19.9 mm to 116.4
mm, the signal data generated by particle impacts was used to calculate the sources’ center coordinates using the acoustic
model developed earlier in this study. iii) The value of d, for each impact is to the distance from the acoustic center according
to the model inversion to the center of the PMA plate. The value of a can be then calculated using the relationship lga — d,.
iv) With the previously determined value of « and the assumed constant value of 5, along with the application of the power-

520 law relationship Apgyp = aD# | the particle size D, after mitigating the influence of eccentricity, can be calculated as follows:

1
Dy = — Apaxp®, where Dr and ap are the optimized particle size and coefficient a after reducing the influence of
ag ’

eccentricity, respectively; Ayqrxp is the mean value of the maximum amplitude of a packet for 10 repetitive impact tests.

For a better comparison between the optimized and the non-optimized predicted particle sizes, the packet amplitudes resulting

from eccentric impacts (e.g., impact at 2.4, 3.4, ..., 4.2) were employed for the computation of particle size D,. This was
525 achieved using variable calibration relationships, employing the original values of a, which were determined at different impact

locations (1.4, 2.3, 3.2, and 4.1).
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Figure 13: Predicted and optimized particle size vs. true particle size in the drop experiments with different impact locations. Particle
sizes are derived from the signal amplitude recorded by the (a) accelerometer and (b) microphone sensor M05. The transparent red
and black areas between the dashed lines represent the prediction bands for D4 and Dk, respectively. The black area between the

solid lines is the confidence band for Dk.

Figure 13 compares the true size with the non-optimized particle size D, and the optimized size D, derived from acceleration
signals as well as microphone (sensor M05) signals, respectively. The results show that using the present acoustic model with
the optimized coefficient a significantly reduces the variations in predicting bedload size by approximately 37% (up to 65%)
on average over the entire particle size range, except for the largest size class. This is due to the fact that the signal amplitudes
for the largest size class have not yet been used for calibration. The reason for this is that the impact velocity of the largest
particle is observed to be significantly smaller than the rest of the particle classes, as the drop height remains at 10 cm for all
size classes, which consequently causes some deviations in the signal amplitude. The microphone signals recorded by the
PMA system are more sensitive to the impact location of the particles on the plate than the acceleration signals, as seen in Fig.
13. This could also explain why the optimized particle size using the microphone signals (Fig. 13b) performs better than that
utilizing the acceleration signals (Fig. 13a). As a result, we may think that the acoustic model proposed in the present paper
might be more effective for the improving the predicted particle size when employing signals captured by an accelerometer
(or a geophone) mounted underside of an impact plate (of the impact plate system) rather than an internal plate. Nevertheless,
the judicious utilization of multiple types of signals (both microphone and acceleration vibrations in this study) helps to
improve the accuracy of particle size prediction compared to relying on only one-type signal features, thereby reducing spatial

uncertainty.

4.3 Spatial resolution of the PMA system

Figure 11 illustrates acoustic images obtained through model inversion using the measured microphone signals generated by
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particle impacts at different locations on the PMA plate. The acoustic pressure intensity shown in the images is normalized to
550 the maximum amplitude at the center of the calculated sound source. When the drop position is moved from the center to
eccentric locations of the PMA plate, the beam pattern shows some asymmetry, with notable side lobes. This characteristic
arises from the increased gain of interfering signals as the sound source approaches the plate’s boundaries from its center.
Furthermore, the inversion results derived from the measured signals within the entire packet are complicated compared to the
results calculated using only the signal of the first wave. This applies in particular to the enhanced side lobes and a shift in the
555  center of the acoustic source. One factor that may contribute to these differences is that the refraction and reflection of the
acoustic signals by the PMA plate and the internal structural layers throughout an entire impact event may add to the
complexity of the inversion process.
Figure 12 presents the results of size class 4 particle impacts (D =49 mm) at 10 different locations on the PMA plate. The data
obtained from all impact locations exhibit values close to one, indicating a general agreement between the inverted positions
560 determined by the model and the true coordinates. In addition, the beamwidth increases as the impact location moves away
from the center of the plate. This can be attributed to the fact that some components of the PMA system, such as the surrounding
locking components, might generate noise interference which could influence the structural dynamic responses and the
inversion results.
We also conducted numerical simulations for the case of a multipole with two sources, as shown in Fig. 7. The results
565 demonstrate that as the spacing between the sources decreases, the two main lobes merge, eventually reducing to a single lobe.
Under these conditions, the spatial resolution for detecting the multipole sources is approximately 0.12 m, as the two sources
become indistinguishable. However, it is important to note that this resolution is also dependent on particle size, with the
frequency value of 1600 Hz utilized in our numerical tests corresponding to a particle size of approximately 50 mm. By

employing higher frequency signals in simulations, the spatial resolution can be improved.
570 4.4 Microphone array performance

We evaluated the performance of the microphone element array and specifically investigated the effect of the number of
elements and their arrangement on the accuracy of the model inversion, as shown in Figs 5 and 6, respectively. The results
demonstrate that as the number of microphones increases, the accuracy improves (a decrease in the value of Rg). However,
the decrease of R; tends to weaken with large numbers of microphone elements. Meanwhile the fourth arrangement Arr04
575 displayed the optimal performance of the four types of arrangements tested. These findings highlight the need of striking a
balance between accuracy and cost considerations, thus providing a reference for the design of monitoring systems. In the
future, it will also be worth investigating the inclusion of microphone elements into the existing surrogate bedload monitoring

system (Rickenmann et al., 2022), and exploring the combined use of microphone and geophone signals, as we have tried with
26
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the latest bedload monitoring device, the square pipe system (SPS). Such efforts have the potential to enhance the prediction

580 accuracy of bedload particle size and transport rates.

5 Conclusion

In this study, we have developed a novel acoustic bedload monitoring system, the phased microphone array (PMA) system,
which consists of an accelerometer and an array of microphone elements. To evaluate the system’s performance, we conducted
controlled drop experiments using quartz particles with varying size, impact velocity, and impact location. Several essential
585 parameters that characterize the signal responses (acceleration and microphone signals) to an impact were investigated,
including the maximum amplitude of a packet Ay rac, the number of impulses per particle mass kzpu, and the centroid
frequency fc... By analyzing the PMA signals generated by the particle impacts, we were able to determine the particle impact
location on the plate. This allowed us to calculate the particle size using a pre-calibrated relationship, which effectively
minimized variations associated with eccentric impacts, leading to improved accuracy of bedload size estimation. The main
590 conclusions of this study are as follows:
(1) In the drop experiments, the maximum amplitude of a signal packet measured by the accelerometer of the PMA system
increases with increasing particle size for both centric and eccentric impacts. A similar trend is observed for the data recorded
by the microphone sensor. For the PMA system, the amplitude of the acceleration and microphone signals generated by
eccentric impacts can be attenuated by up to 38% and 60%, respectively, compared to centric impacts across the entire range
595  of size classes.
(2) The experimental data show that the number of signal impulses per particle mass knp is dependent on particle size and
impact location, with a nonlinear decreasing trend with increasing particle size. The centroid frequencies of the signals
generated by both the accelerometer and microphone sensors generally decrease with increasing sphere size.
(3) We developed a theoretical model for acoustic imaging inversion based on bedload-generated signals. Using beamforming
600 techniques, we have successfully reconstructed acoustic images of bedload particle impacts, allowing their spatial location to
be accurately determined. The accuracy of spatial localization is affected by factors such as particle size, the number of
microphone elements, and their arrangement.
(4) The use of an established function between the power exponent and eccentricity distance significantly reduces prediction
uncertainty in particle size caused by eccentric impacts by approximately 37% up to 65%. Optimal utilization of multiple types
605 of signals (both microphone and acceleration signals in this study) improves the accuracy of bedload size prediction. This
offers potential advantages over the traditional independent use of either microphone systems or accelerometer/geophone plate

systems.
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Appendix A

Figure A1 shows different microphone arrangements with various element number ranging from 0 to 25 on the internal plate
610 of the PMA system. Figures Ala-Ald and Ali-Alk Different numbers of microphone elements which are used in numerical
simulation as presented in Fig. 5. Figures Ale- Alh Four arrangements ArrQl to Arr04 of the microphone elements arrays

with nine elements are used in the corresponding calculations of Fig. 6.
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Figure Al: Microphone element arrangements with various number ranging from 0 to 25 positioned on the internal plate of the

615 PMA system.

Notations
AFFTm amplitude obtained by FFT of the signal (V-Hz")
Amtax,p maximum positive amplitude of a packet (V)
Apacy mean amplitude of a signal packet for each classj (V)
A complex amplitude of the sound source (-)
C cross-power matrix (-)
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kipy
Lp

LPMA

M .

PNr)rm
mit
Rs

SNR

Va

Vw

sound speed (m s™!)

particle size (m)

eccentricity distance (m)

mean particle size for class j (mm)

spacing distance of the microphone elements (m)
difference between the measured or recorded pressure (Pa?)
frequency of interest (Hz)

centric frequency (Hz)

fast Fourier transform (-)

sampling frequency (Hz)

steering vector (-)

signal impulses triggered by one impact of a single particle for experimental run i and

particle size class j (-)

wave number (m™)

number of impulses per particle mass (kg™

length of a signal packet (s)

length of the PMA plate (m)

particle mass (kg)

particle mass for experimental run i and particle size class j (kg)
number of microphone elements (-)

N-dimensional vector of pressure data (-)

complex conjugate transpose of p (-)

non-dimensional acoustic intensity (-)

ratio of coordinates obtained from model inversion to the real (-)
resolution of the microphone array (m)

signal-noise ratio (-)

block length (s)

impact velocity in the air (m s')

impact velocity in the water (m s™")

weighted steering vector (-)
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w angular frequency (Hz)

Wenia width of the PMA plate (m)

Xm coordinate of microphone sensor m (-)

o coefficient in power-law function (-)

s coefficient in power-law function (-)

Atjm emission time delay (s)

Ax grid size in the X direction (m)

Ay grid size in the Y direction (m)

&ij coordinate of a node on the scanning plane (-)
Ps particle density (kg m™)
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