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a b s t r a c t

To achieve the sustainable use of dams, the development of methods for sediment management in
reservoirs is required. One such method includes the use of Sediment Bypass Tunnels (SBTs) to divert
sediment around a dam, thereby preventing sedimentation in the reservoir. However, SBTs are prone to
severe invert abrasion caused by the high sediment flux. Therefore, it is necessary to establish a mea-
surement system of the sediment transport rate in these tunnels. One system to measure sediment
transport in rivers is the Swiss plate geophone, which can register plate vibrations caused by particle
impact. In Japan, the Japanese pipe microphone is used, and sediment transport is measured based on
the sound emitted by the particle impact. In this study an attempt was made to optimize the advantages
of both systems by fixing a microphone and an acceleration sensor to a steel plate. The results of cali-
bration experiments with this new system are presented and compared with the existing methods. It
was found that the acceleration sensor can detect sediment particles larger than 2 mm in diameter.
Moreover, a new parameter, referred to as the detection rate, was introduced to describe the correlation
between the actual amount of sediment and the registered output. Finally, two parameters - the
saturation rate and hit rate - are introduced and exhibit strong correlation with the detection rate.
& 2018 International Research and Training Centre on Erosion and Sedimentation/the World Association

for Sedimentation and Erosion Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Many dams throughout the world are prone to reservoir sedi-
mentation and require sedimentation management. An advanced
technique applied to address this issue is the use of sediment
bypass tunnels (SBTs), which are implemented to reduce sus-
pended load and bedload deposition in reservoirs by routing the
incoming sediment around the dam (Auel & Boes, 2011b; Sumi et
al., 2004). The use of SBTs, which can redistribute approximately
77 to 94% of incoming sediment, is an effective strategy (Auel et al.,
2016b). However, measuring and quantifying the sediment trans-
port in an SBT is a challenging research subject (e.g., Hagmann et
al., 2015). In particular, invert abrasion is a severe problem faced
g Centre on Erosion and Sedimen
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by most SBTs, as it increases maintenance costs (Auel & Boes,
2011a; Baumer & Radogna, 2015; Jacobs & Hagmann, 2015;
Nakajima et al., 2015). Invert abrasion is caused by a combination
of high flow velocities and high sediment transport rates (Auel,
2014). Sediment transport, which is ideally routed downstream of
a dam during floods, should be considered for comprehensive river
basin management and is also important regarding environmental
aspects of dam operation, as morphologic variability is enhanced
(Auel et al., 2017b; Facchini et al., 2015). Various techniques have
been developed to monitor suspended sediment, such as utilizing
turbidity current meters (Kantoush et al., 2011). However, a lim-
ited number of techniques for field observation of bedload sedi-
ment transport are available to understand the associated
mechanisms and quantify the bedload transport rates (BTRs).

As a direct BTR measuring system, sediment samplers have
been used for decades (Bunte et al., 2004; Helley & Smith, 1971;
Reid et al., 1980). Nevertheless, despite the high reliability of the
sampling systems, their disadvantages include their time-con-
suming and laborious nature and their ineffectiveness under
tation/the World Association for Sedimentation and Erosion Research. Published by
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Nomenclature

Amax maximum amplitude within each run [V]
B plate length [mm]
Ds grain size [mm]
Fr Froude number [dimensionless]
h flow depth [m]
Ips number of impulses measured by the microphone

[dimensionless]
Ipv number of impulses measured by the acceleration

sensor [dimensionless]
Lp jump length [m]
Pn number of particles fed in each run [dimensionless]
P(Lp) hit rate [dimensionless]

Q flow discharge [m3/s]
Rs saturation rate [dimensionless]
Rd detection rate [dimensionless]
Re Reynolds number [dimensionless]
Sp average value of voltage measured by the microphone

[mV]
T duration of single particle raw data of the signal [s]
V flow velocity [m/s]
Vp average value of the acceleration sensor signal [mV]
W sediment weight [g]
Δt impact time of one particle hitting the plate [s]
θ Shields’ parameter [dimensionless]
θc critical Shields’ parameter [dimensionless]
ν kinematic viscosity [m2/s]
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conditions of high flow velocity and transportation of coarse
sediment, which hinder them from being deployed in SBTs, where
the maximum water velocity reaches 10 m/s and a wide diameter
range of transported gravel prevails (Auel, 2014).

To overcome the inconvenience of samplers, recent studies
have attempted to collect indirect bedload transport observations
by developing different bedload surrogate monitoring techniques
(Gray et al., 2010; Mizuyama et al., 2010a; Rickenmann & McArdell,
2007; Taniguchi et al., 1992). These techniques involve the use of
microphones, acceleration sensors, and geophones placed on a
steel plate or a hollow steel pipe. Subsequently, they record
acoustic or acceleration data generated by particles as they collide
with each other, which are used to measure the bedload trans-
portation properties. These surrogate monitoring systems yield
continuous bedload monitoring, and previous applications have
covered a wide range of riverbed conditions.

The Swiss impact plate geophone (hereafter termed SPG) was
developed in the early 1980s by a Swiss research group at the
Swiss Federal Institute for Forest, Snow and Landscape Research
(WSL) and the Laboratory of Hydraulics, Hydrology and Glaciology,
Swiss Federal Institute of Technology (VAW). The SPG consists of a
50 cm by 36 cm steel plate with a geophone sensor (Geospace GS-
20DX, manufactured by Geospace Technologies, Houston, TX)
mounted underneath. The sensor is embedded in a steel frame and
installed directly in a riverbed. A similar impact sensor, consisting
of a metal plate with an accelerometer, has also been demon-
strated to work effectively (Reid et al., 2007; Tsakiris et al., 2014). It
is also recommended to make observations using two or more
sensors to gain detailed information on bedload transport (Beylich
& Laute, 2014; Mao et al., 2016). Recently, validation studies of
bedload surrogate monitoring systems in flume experiments have
been done, suggesting their usefulness for field observations in
natural rivers. Numerous studies have been summarized in several
recent reviews (Gray et al., 2010; Rickenmann, 2017b).

In particular, the SPG has been extensively used in European
countries, especially in the mountainous areas of Switzerland,
Austria, and Italy (Rickenmann, 2017a; Rickenmann et al., 2014).
The SPG estimates the BTRs based on the plate vibration caused by
passing sediment and recorded by the geophone sensor. At the
Erlenbach Stream in Switzerland, field observations were done,
and a high correlation between long-term BTRs and the SPG out-
put was confirmed (Rickenmann et al., 2012). Furthermore, the
SPG is resistant to the impact of sediment; therefore, installation
of an SPG on the invert of an SBT is feasible. An SPG system was
installed in an SBT for the first time at the Solis dam and has been
in operation since 2012 (Auel & Boes, 2011a; Hagmann et al.,
2015). However, it has also been found that the SPG cannot detect
fine sediments with diameters smaller than 1 to 2 cm
(Rickenmann et al., 2012, 2014; Wyss et al., 2016a, 2016b). To
clarify the effects of abrasion on the SBT invert, the grain size of
the particles making contact is important, as the amount of
abrasion on the invert not only depends on the sediment flux but
also on the grain size (Auel, 2014).

In addition to the SPGs in Switzerland, another similar indirect
BTR measuring system was developed and is widely used in Japan,
namely, the Japanese pipe microphone (hereafter termed JPM)
(Mizuyama et al., 2010a, 2010b). The JPM consists of a metal pipe
installed directly in a riverbed. When gravel and sand particles
pass over the pipe, the number of colliding particles is counted
based on the number of impulses in the sound pressure over time.
The JPM system is already installed in some rivers in Japan, e.g.,
the Yodagiri and Koshibu rivers, and bedload transport observa-
tion is done at the Hodaka Sedimentation Observatory, DPRI, Kyoto
University (Tsutsumi et al., 2010). The studies at the observatory
reveal that the JPM can detect sediment with a diameter larger
than 2 mm. However, the JPM often underestimates the bedload
when particle impacts are successive and overlap. Moreover, the
pipe has a small dimension in the flow direction (pipe diameter of
48.6 mm), resulting in particles jumping over the pipe. Addition-
ally, the JPM deforms easily when hit by large stones, which
negatively affects the sound collection.

For BTR monitoring in SBTs, the grain size distribution of the
transported sediment is important because grain size and the
number of particles are required elements for calculating the
amount of abrasion using Ishibashi's formula, which is widely used
in Japan (Auel et al., 2016a; Ishibashi, 1983). Moreover, the
installation costs should be limited for a surrogate bedload mea-
surement system because the combination of multiple systems
can realize a wide spatial bedload distribution in SBT, e.g., the
cross-sectional bedload transport distribution. Therefore, an
impact plate with a microphone has been selected for this study,
considering both the robustness of plate-type systems and the
JPM's ability to detect particles of Ds 4 2 mm. Moreover, an
acceleration sensor was mounted to the plate to compare the
sensitivity with that of the microphone. The acceleration sensor is
different from the traditional geophone sensor mounted on the
SPG.

In this study, a series of flume experiments were done to cali-
brate the impact plate. The primary purpose was to investigate the
basic characteristics of the impact plate, such as the minimal
detectable particle size, the correlation between the bedload
information, including the mass and the number of particles, and
the impact plate's microphone or acceleration sensor response, i.e.
the number of impulses and the average output voltage (intro-
duced in Section 2). In particular, the number of impulses is pro-
mising and used to estimate the grain size for JPM analysis, e.g.,
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Mao et al. (2016) successfully calibrated a JPM to observe transport
rates for different classes of sediment coarser than 9 mm. In
addition, the manner in which to address the expected difficulty of
quantifying the bedload mass or particle number based on the
aforementioned parameters, which was reported in past studies, is
discussed (see also Mao et al., 2016; Mizuyama et al., 2010b; Wyss
et al., 2016c).
Fig. 2. Impact plate mounted below the steel plate in the test flume.

Fig. 3. Back side of the impact plate, the smaller sensor represents the acceleration
sensor and the microphone is in the steel pipe (courtesy of Hydrotech Co., Ltd.).

Fig. 4. Example of raw waveform data measured by the acceleration sensor when a
single particle of Ds ¼ 50 mm collides on the plate at V ¼ 4.5 m/s.
2. Methods

2.1. Experimental setup

The experiments were done in a flume facility at the Laboratory
of Hydraulics, Hydrology and Glaciology (VAW) of ETH Zurich,
Switzerland. A series of experiments was done to measure the
signals produced by particles colliding with the plate. The
experimental setup consisted of an elevated water supply tank
that discharges water through a jetbox (Schwalt & Hager, 1992) to
a rectangular glass-sided flume with inner width, height, and
length dimensions of 0.50, 0.60, and 9.00 m, respectively (Fig. 1).
The jetbox enables regulation of the flow depth by vertically
moving the opening. The flume bed was horizontal and fixed. The
water flow was set to steady-state, supercritical conditions. The
discharge was controlled using a gate valve, and a magnetic dis-
charge meter was mounted inside the piping unit of the water
supply pump. The flow velocity was obtained by dividing the
discharge by the flow area, equal to the flume width times the flow
depth, which was measured using a point gauge.

2.2. BTR measurement devices

The impact plate, manufactured by Hydrotech Co., Ltd. (Japan),
was developed as an alternate surrogate BTR measurement system
to overcome the disadvantages of the Japanese pipe microphone.
The impact plate consists of a steel plate with the same dimen-
sions as for the SPG system, a microphone, and an acceleration
sensor. The same microphone model as for the Japanese pipe
microphone system is mounted to the plate, and it registers
microphone signals produced by the impact of sediment particles
on the plate. The impact plate is expected to record the impact of
small gravel particles with diameters of approximately 2 mm,
which the JPM can detect, to ensure resistance to the impacts of
coarse sediment. The detailed properties of the microphone can be
found in the work of Taniguchi et al. (1992) and Goto et al. (2014).

Another sensor is the acceleration sensor, which has already
been used for bedload monitoring in several studies (Beylich &
Laute, 2014; Møen et al., 2010; Reid et al., 2007; Rickenmann,
2017a; Rickenmann et al., 2017; Tsakiris et al., 2014). The impact
plate also includes an acceleration sensor (GH-313A, which serves
as a sensor, and GA-223, which functions as a converter;
Fig. 1. Schematic view of th
manufactured by KEYENCE, Japan), which improves the mea-
surement by recording data simultaneously with the microphone.
This concept originated from an attempt to replace the SPG's
geophone sensor with a sensor with a higher response frequency.
It is likely that a sensor with a higher response frequency is more
suitable for use on a rigid steel plate for detecting smaller grains
e laboratory test flume.



Table 1
Experimental conditions (see notation list for definition of parameters).

Flow Sediment

Case Q V h Fr Re Ds W Pn
No. [m3/s] [m/s] [cm] [dimensionless] [dimensionless] [mm] [g] [dimensionless]

1 0.10 2.5 8.0 2.82 610,000 2 50 3100
2 0.10 2.5 8.0 2.82 610,000 5 50 350
3 0.10 2.5 8.0 2.82 610,000 10 40 20
4 0.10 2.5 8.0 2.82 610,000 50 620 20
5 0.10 2.5 8.0 2.82 610,000 100 29376 20
6 0.18 4.5 8.0 5.08 1,090,000 2 50 3100
7 0.18 4.5 8.0 5.08 1,090,000 5 50 350
8 0.18 4.5 8.0 5.08 1,090,000 10 40 20
9 0.18 4.5 8.0 5.08 1,090,000 50 620 20
10 0.18 4.5 8.0 5.08 1,090,000 100 29376 20

Table 2
Dimensions of tested sediment.

Grain size Ds b-axis Average weight
[mm] [mm] [g]

2 2.00–2.36 3.2 of 200 particles
5 5.00–6.00 14.3 of 100 particles
10 10.0–12.0 2.0
50 45.0–55.0 149.8
100 95.0–105.0 1468.8

Fig. 5. Process of converting raw waveform data.

Fig. 6. Process to count the number of pulses.
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than are detectable by a geophone sensor, which was designed for
the observation of low-frequency seismic signals. The geophone
sensor (20DX geophones) has a natural frequency of 10 Hz and flat
response frequencies in the range of approximately 20–500 Hz,
which are classified as ultralow frequencies (Roth et al., 2016;
Wyss et al., 2016a). The frequency response of the replaced
acceleration sensor is much higher, i.e., 0.1 to 80 kHz. Due to this
difference, it might be expected that the acceleration sensor is
more suitable than the geophone, especially for small bedload
sediment fractions, because it has been reported that the domi-
nant frequency of raw data of the signals produced by sediment
impact increases as the sediment grain size decreases (Møen et al.,
2010; Wyss et al., 2016a).

The impact plate consists of four parts: a steel plate, a micro-
phone, an acceleration sensor, and a data logger. The steel plate is
49.2 cm in width, covering the whole flume width to allow all the
test particles to pass over the plate, 35.8 cm in length in the
flow direction and 1.5 cm in depth, being identical to the SPG
(Rickenmann et al., 2014). The impact plate (shown in Fig. 2) was
placed at the flume outlet, 7.56 m from the inlet (Fig. 1). The plate
was affixed to the flume using four screws and acoustically iso-
lated using a rubber material to minimize the detection of vibra-
tions from the flume structure. Fig. 3 shows the downward facing
side of the plate, where the smaller sensor represents the accel-
eration sensor and the microphone is connected to the steel pipe
by a 90° angle pipe piece. The computer records the sig-
nals detected by the acceleration sensor and microphone sensor of
the steel plate during each test with a sampling frequency
of 50 kHz. The raw signal data were collected by both the micro-
phone and the acceleration sensor at a rate of 50 kHz. Fig. 4 shows
an example of the raw signal data recorded by the acceleration
sensor when a single particle of Ds ¼ 50 mm collides with the
plate at V ¼ 4.5 m/s.

2.3. Experimental conditions

A series of experiments was done to determine the behavior of
the impact plate during particle impacts for various water velo-
cities and grain sizes. The experimental conditions are listed in
Table 1. The flow depth, h, was kept constant at 0.08 m, with the
jetbox located at the entrance of the flume, whereas the water
velocity was varied between two levels by controlling the flow
discharge. Table 1 also lists five grain size fractions of gravel, which
were tested in the experiment; the permutation of two flow
velocities and five grain sizes yielded 10 different test cases. Each
case was repeated 50 times; hence, 500 runs were made, although
12 runs were not recorded due to technical problems.

All gravel particles used in the experiments were sampled from
a natural river, and, thus, had various shapes, including round,
irregular, and angular shapes. The sediment was sieved in the
laboratory to five uniform grain size fractions. Table 2 lists
the mean particle size of each sieve fraction Ds, the sieve grid size
(b-axis), and the average weight of each fraction. According to the
average weight and Ds, the sediment particle density can be cal-
culated as ρs ¼ 2700 kg/m3. The number of particles for each
release, Pn, in Table 1 was calculated based on these parameters.
Sediment particles were released into the test flume by hand just
downstream of the jetbox. These gravel particles were transported
along the flume, detected by the impact plate and captured using a
basket. A constant sediment weight, W, of 50 g was used for two
small grain sizes, i.e., Ds ¼ 2 mm and 5 mm. For Ds ¼ 10 mm,
50 mm, and 100 mm, a fixed number of 20 stones was added
manually to the flow every five seconds.



Fig. 7. Raw data of the signal waveform of case 10 (V ¼ 4.5 m/s, Ds¼100 mm, 20
particles) for a) the microphone, and b) the acceleration sensor.

Fig. 8. Raw data of the signal waveform of case 6 (V ¼ 4.5 m/s, Ds¼2 mm,
approximately 3100 particles) for a) the microphone, and b) the acceleration
sensor.
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2.4. Data processing

2.4.1. Microphone signal
In accordance with previous observations made using the JPM

(Mizuyama et al., 2008; Suzuki et al., 2010), the following two
parameters were calculated from the signal of the impact plate
during each experiment: the number of impulses, Ips, and the
average value of the sound pressure, Sp. Both values were obtained
via electronic processing of the analog signal in the data logger,
and, thus, calculated simultaneously with the recording of the
impact signals.

The recorded number of impulses Ips represents the number of
particles hitting the plate, and similar approaches are utilized not
only for JPMs but also for SPG using a parameter called a packet
(Wyss et al., 2016b). This approach significantly reduces the
amount of data compared to collecting the raw data of the signal
while keeping some information about the frequency and
amplitude fractions of the signals produced by the particle
impacts. To compute Ips, the following steps were done using the
data logger after the raw data of a signal was recorded. First, the
raw data of the signal were amplified by a factor of 20 and sent
through a band-path filter to extract a frequency of approximately
4.6 kHz, which was previously computed as the most effective
frequency for distinguishing particle impacts on a plate by
Hydrotech Co., Ltd. Subsequently, the filtered raw data of the
signal were transformed into an absolute value since all the
negative values were changed to positive ones (Fig. 5). An envel-
ope curve was generated and amplified by a factor of 10 to
accentuate the signals caused by particle impact. Then, the
enveloped data were exported to 6 different channels in which the
wave was amplified by a factor of 2, 4, 16, 64, 256, and 1024.
Finally, the Ips value for each amplification factor was defined as
the number of impulses, which were counted for each envelope,
exceeding a predefined threshold of 2 V (Fig. 6). The amplification
scheme was originally developed to identify the best value to
detect the highest number of particle impacts (Mizuyama et al.,
2003).

Although Ips is already commonly used with the JPM system to
analyze field observations in Japan, it is also reported that Ips can
lead to underestimation of the number of particles because of the
overlapping of single impulses when the sediment transport rate
is high or when several gravel particles hit the plate simulta-
neously (Mizuyama et al., 2010a, 2010b). To address this short-
coming, the other summary value, obtained by using the envel-
oped data determined in the process of calculating Ips, was used, as
suggested by Suzuki et al. (2010). The Sp value was also auto-
matically recorded for all runs and is referred to as the average
value of the sound pressure in Japan. In the analog signal processing
system, a function for computing Sp was added. The system out-
puts the mean value of the enveloped raw data of the signal,
which was computed to determine Ips/Ipv, every 10 s, which is
recorded as Sp by the data logger.
2.4.2. Acceleration sensor signal
The raw data of the signal obtained by the acceleration sensor

corresponding to the sediment particle impacts were also regis-
tered in the experiment in the same manner as for the microphone
signal. Similar to the microphone data processing, two parameters,
Ipv and Vp, respectively corresponding to Ips and Vp in the micro-
phone signal processing, were calculated. Although Vp was com-
puted in the same manner as for Sp via analog signal processing, Ipv
was not computed for the acceleration signal because the perfor-
mance of the data logger was not adequate for the computation.
Therefore, Ipv was manually calculated along with the microphone
signal, but the raw signal data were directly amplified by a factor
of 2, 4, 16, 64, 256, and 1024 without converting the absolute
values nor the enveloped signal data. Therefore, Ipv can be regar-
ded as a kind of traditional impulse count made for the SPG sys-
tem (Wyss et al., 2016b), which does not represent the number of
detected particles. Subsequently, the value of Ipv for each amplifi-
cation factor was defined as the number of times the amplified
signal went above a predefined threshold of 2 V. Calculation of the
Ipv parameters was simpler compared to that for the microphone
signals because Ips was computed by the data logger via analog
signal processing; thus, it was difficult to completely reproduce
and apply the analog processing to raw data of the acceleration
signal on a PC.



Fig. 10. a) Average value of sound pressure (Sp), and b) Average value of the
acceleration sensor signal (Vp) versus the bedload transport rate (BTR) (V ¼ 2.5 m/
s).

Fig. 9. Results of the number of pulses of each amplification factor (V ¼ 2.5 m/s)
for a) the microphone, and b) the acceleration sensor.
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3. Results

3.1. Raw data of the signal

Fig. 7 (case 10, V ¼ 4.5 m/s, Ds ¼ 100 mm) and Fig. 8 (case 6,
V ¼ 4.5 m/s, Ds ¼ 2 mm) show examples of the raw data of the
signal recorded by the microphone and that recorded by the
acceleration sensor, hereafter referred to as the microphone raw
data of the signal and acceleration raw data of the signal,
respectively. The top wave (a) is the microphone raw data of the
signal, and the bottom wave (b) is the acceleration raw data of the
signal. Both devices detected the impinging of gravel particles
(Fig. 7). However, their forms are dissimilar. It was observed that
the wavelength over time resulting from one gravel impact mea-
sured by the microphone is much longer than that measured by
the acceleration sensor. Hence, the acceleration sensor has the
advantage of avoiding the overlapping of waves when a large
amount of sediment passes over it. It was also observed that the
output voltages were sometimes saturated in the results of both
sensors, especially for the acceleration sensor.

Fig. 8 clearly shows the difference between both devices when
fine sediment hits the plate. Fig. 8a shows that the number of
impulses registered by the microphone was limited because the
impacts caused by sediment particles of Ds ¼ 2 mm were so small
that the produced signals were concealed under signal noise and
the impacts were not detected. In contrast, the acceleration sensor
detected several impulses apparently induced by the impact of
sediment particles (Fig. 8b). Therefore, the microphone's limited
sensitivity to small particles can be compensated for by using the
vibration sensor.

3.2. The number of impulses

Fig. 9 shows the relation between the amplification factor and
the number of impulses for V ¼ 2.5 m/s (cases 1–5, Table 1),
revealing that the number of impulses increases with increasing
amplification. The reason is that more particle impacts exceeded
the threshold voltage, and, thus, more particles were detected. The
number of impulses of the acceleration sensor is many orders of
magnitude higher than that of the microphone because of the
different sensor characteristics (Section 2.4). The difference
between the microphone raw data of the signal (Fig. 9a) and the
acceleration raw data of the signal (Fig. 9b) is that the microphone
cannot detect Ds o 2 mm, while the acceleration sensor can.

3.3. Integrated value of output voltage

Fig. 10a and b show the values of Sp and Vp, respectively, versus
the BTR for V ¼ 2.5 m/s (cases 1–5). Here, the BTR is the weight
used for each experiment and is divided by the duration T of each
experiment. The duration T is defined as the time period between
the first and last recorded signals resulting from particle impact in
one experiment. Generally, the range of the BTR is limited because
the test particles are fed manually. Data from the acceleration
sensor (Fig. 10b) clearly indicate that the signals caused by sedi-
ment of sizes Ds ¼ 2, 5, and 100 mm vary considerably between
zero and several 100 mV, with Vp increasing with increasing
diameter.

It should be considered that signal noise may also be shown in
the figure. In particular, the Sp for a Ds of 2 mm is likely affected by
noise. Indeed, the Sp for a Ds of 2 mm shows a scatter distribution
ranging from 0.1 to 1.1 mV and is seemingly irrelevant with
respect to the impact signal for particles with a Ds of 2 mm.
Therefore, to achieve a reliable observation of small particles, a
certain threshold should be determined to offset the signal noise
based on the impact plate signal without any sediment transport
(Rickenmann et al., 2014). Although the data of 5 and 10 mm
gravel are distinguishable, those of 50 and 100 mm gravel are not,



Fig. 11. Relation between the maximum amplitude (Amax) and the grain size (Ds). (a) microphone with V ¼ 4.5 m/s, (b) microphone with V ¼ 2.5 m/s, (c) acceleration sensor
with V ¼ 4.5 m/s and (d) acceleration sensor with V ¼ 2.5 m/s.
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as they are in the same energy range. It can be concluded that the
waves overlapped when large sediment was transported. The
microphone data (Fig. 10a) also show a positive correlation for Ds

¼ 10, 50, and 100 mm, similar to the acceleration sensor data.
However, the Sp values for Ds ¼ 2 and 5 mm vary widely and show
no correlation with the BTR. Thus, it is concluded that the micro-
phone hardly detects fine sediment less than Ds ¼ 10 mm.

3.4. Maximum amplitude

To estimate the largest particle size of the transported particles,
the maximum amplitude, Amax, for each run is extracted from the
microphone and acceleration raw data of the signal. It is already
known that Amax is strongly correlated with the maximum grain
size, which can be regarded as Ds in this study, since a uniform
grain size was tested and is well fitted by a power law regression
curve:

Ds ¼ a⋅Amax
b ð1Þ

where a and b are constants (Rickenmann et al., 2014; Wyss et al.,
2014). Fig. 11, which shows the relation between Amax and Ds with
standard deviations, indicates that Amax increases as Ds increases.
However, the standard deviation at Ds ¼ 50 and 100 mm is almost
zero for all results. According to the microphone and acceleration
raw data of the signal, it is revealed that the output of both sensors
became saturated when the microphone and the acceleration
sensor received strong impacts, reaching 1.1 and 2.6 V, respec-
tively. In the results, all values of Amax at Ds ¼ 100 mm and more
than half of the Amax values at Ds ¼ 50 mm are saturated. There-
fore, regression curves were calculated based on Eq. (1) without
including the results for Ds ¼ 50 and 100 mm. As shown in the
figure, for both sensors, R2 for V ¼ 2.5 m/s is higher than R2 for V
¼ 4.5 m/s. This is likely related to the V ¼ 4.5 m/s results exhi-
biting a higher standard deviation than those of V ¼ 2.5 m/s
because the higher flow velocity is more prone to turbulence,
various particle transport modes (e.g., rolling, sliding, and salta-
tion), and longer saltation length. The results also suggest that the
Amax values obtained from the microphone signal are better fitted
than the Amax values obtained from the acceleration sensor, as
indicated by the R2 value.

3.5. Detection rate

The detection rate, Rd, is defined as the number of detected
impulses, Ips (Ipv in the case of the acceleration sensor) divided by
the number of particles used in one experiment, Pn, and it
describes how much sediment is detected by the devices com-
pared to the total sediment amount:

Rd ¼
Ips
Pn

ð2Þ

Fig. 12 shows the relation between Rd and the amplification
factor (for V ¼ 2.5 m/s). In general, Rd increases with the ampli-
fication factor. The results of the microphone revealed that the
values of Rd for Ds ¼ 2 and 5 mm are low, hindering an acc-
urate sediment transport rate estimation. In particular, the



Fig. 12. Relation between the detection rate (Rd) and the amplification factor. (for V
¼ 2.5 m/s) for a) the microphone, and b) the acceleration sensor.

Fig. 13. Parameters which compose the saturation rate, Rs.
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Rd values for Ds ¼ 2 mm with 2-, 4-, 16-, and 64-fold amplific-
ation, for Ds ¼ 5 mmwith 2-, 4-, and 16-fold amplification, and for
Ds ¼ 10 mm with 2-fold amplification are zero. However, the
detection rate for particles with Ds 4 10 mm is good in general.
Some Rd values are higher than one. This means that more than
one impulse was generated by one particle impact because of the
echo of that impact and the transport modes of rolling and sliding.

In Fig. 12b, the acceleration sensor Rd has a much larger range
of values than that of the microphone Rd. This difference is
attributed to the different methods used to process the signal. As
noted in Section 2.4, Ips was computed based on the enveloped raw
data of the signal, whereas Ipv was computed based on the raw
data. This difference resulted in a one to five orders of magnitude
higher number of impulses compared to the number of impulses
detected by the microphone (Fig. 9). The results of the acceleration
sensor revealed that fine sediment with particle sizes less than
10 mm can be detected when the amplification factor is high.
Moreover, focusing on an amplification factor larger than 4, Rd
increases for all diameters.

Two parameters are proposed for characterizing Rd, namely, the
saturation rate, Rs, and the hit rate, P(Lp).

3.6. Saturation rate

As the BTR increases, the particle impacts tend to overlap with
each other, which causes underestimation of the Ips (Ipv); hence, a
parameter that represents the bulk density is used to compute an
accurate Rd value (Wyss et al., 2016b). The saturation rate, Rs, is the
number of particles, Pn, that pass over the plate simultaneously,
with the bulk density expressed as

Rs ¼
Pn⋅Δt
T

ð3Þ

where, Δt ¼ the average impact time of one particle hitting the
plate. Δt was calculated based on additional flume experiments, in
which a single particle was fed into the system to measure the
impact duration caused by a single particle of Ds ¼ 5, 10, 50, and
100 mm (ten runs for each grain size) (Fig. 13). It should be noted
that Pn includes the particles that do not hit the plate; therefore, it
is better to calculate Rs using the summed width of detected
impulses instead of Pn⋅Δt, similar to the overlapping probability
presented in Wyss et al. (2016b). In this study, however, Rs was
defined as Eq. 3 because the analog signal processing system
outputs only Ips and the width of each impulse cannot be deter-
mined affordably. Figs. 14 and 15 show the relation between Rd
and Rs for amplification factors larger than 4 for Ds ¼ 50 mm and
V ¼ 2.5 m/s. As Rs increases, Rd tends to decrease, presumably
because of the increase in overlapped raw data of the signals
resulting from interfering particles. Therefore, it can be concluded
that particle impact saturation is one of the reasons for low Rd
values. This tendency is confirmed for both devices, but the results
for the acceleration sensor with the low amplification factor do not
show the correlation well. The reason for this is that the impulses
registered by the microphone tended to overlap because every
wavelength was generally longer than those for the acceleration
sensor, as mentioned in Section 3.1.

3.7. Hit rate

The particle saltation length directly affects Rd because longer
saltation lengths cause a decrease in the hit rate for the plate. The
saltation length, Lp, for supercritical flows can be calculated as
follows (Auel et al., 2017a):

Lp
Ds

¼ 2:3
θ
θc
−1

� �0:8

ð4Þ

where Lp ¼ saltation length, θ ¼ Shields’ parameter, and
θc ¼ critical Shields’ parameter (in this study, θc ¼ 0.005
was chosen, in accordance with the study conducted by Auel
et al. (2017a)).

Finally, the hit rate P(Lp), which is based on the saltation length
Lp, was defined as follows:

PðLpÞ ¼ B
Lp

ð5Þ

where B ¼ the plate length in the direction of the flow. The results
obtained using Eq. (5) are shown in Fig. 16, where Rd is given as a
function of P(Lp). The data reveal that P(Lp) increases with
decreasing fluid velocity for both devices, as indicated by the
arrows. According to the results of the microphone (Fig. 16a), at
V ¼ 4.5 m/s, particles tended to jump longer, and, hence, did not



Fig. 14. The relation between the detection rate (Rd) and the saturation rate (Rs) of the plate microphone. (Ds ¼ 50 mm, V ¼ 2.5 m/s, amplification factor of (a) ¼ 1024,
(b) ¼ 256, (c) ¼ 64, and (d) ¼ 16.

Fig. 15. The relation between the detection rate (Rd) and the saturation rate (Rs) of the acceleration sensor. (Ds ¼ 50 mm, V ¼ 2.5 m/s, amplification factor of (a) ¼ 1024,
(b) ¼ 256, (c) ¼ 64, and (d) ¼ 16).
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hit the plate often, whereas at V ¼ 2.5 m/s, particles tended to roll
or only jumped short distances, therefore, yielding a higher
detection rate, Rd.
4. Discussion

Based on the laboratory calibration (more than 500 runs in
total), one of the most important findings, as shown in Fig. 8, is
that the acceleration sensor can detect particles with Ds ¼ 2 mm.
This result suggests that the impact plate successfully shows the
desirable sensitivity to small particles at the Ds 4 2 mm level
while maintaining its robustness, although contrary to the
authors’ expectations, the microphone is found to exhibit less
sensitivity than the acceleration sensor. However, Fig. 7a and b
indicate that the signal of the acceleration sensor has many more
peaks than that of the microphone, hence, inducing an over-
estimation of the number of particles. Therefore, to monitor
sediment with a wide range of grain sizes, both sensors need to be
used for proper sediment analysis. Relatively large particles, which
cause several impacts per particle because of their rotating and
sliding modes, should be analyzed using microphone data. Small
particles and saltating particles, on the other hand, which produce
Fig. 16. The relation between the detection rate, Rd, and the hit rate, P(Lp), for a) the
microphone, and b) the acceleration sensor. Amplification factor ¼ 256 times.
a single impact per a particle, can be analyzed using acceleration
sensor data.

Although the simultaneous use of two sensors can improve the
performance of sediment monitoring, distinguishing overlapping
particle impacts might not easy. To disregard the influence of
overlapping, Rs was introduced in this research. Another approach
that can be used to address this problem is signal processing,
which has been actively applied recently. In these studies, the
characteristic frequency determined for single particle impacts
was demonstrated to have a strong correlation with grain size
(Møen et al., 2010; Wyss et al., 2016a). In particular, Belleudy et al.
(2010) and Barrière et al. (2015) focused on signal processing and
showed a considerable opportunity to exploit the raw data of
signal analysis. Thus, the microphone and acceleration raw data of
the signal were recorded as well as other parameters of the
Koshibu SBT, in which impact plates are installed for monitoring
sediment (Koshiba et al., 2016).

The SPG also uses a steel plate but has a geophone. The current
research is in agreement with other studies on the SPG, revealing
that the impact signals increase as the grain size or sediment
volume increases (Wyss et al., 2014, 2016c). Therefore, the
approach to measuring the sediment volume or grain size by
counting the number of impulses (“packets” for the SPG) or signal
amplitude, respectively, is similar to that for the SPG. The differ-
ence is that the impulses were computed with six levels of Amp.
This parameter helps in analyzing the signals of a mixture of grain
sizes. As in Fig. 12, Rd depends on the grain size; however, if Rd is
calculated using only one Amp level, then Rd is not an efficient
parameter for investigating the grain size when Rd has high var-
iance. To solve this problem, the relation between Rd and Amp for
each grain size seems to be useful. Theoretically, using Rd, the
number of particles (Ds ¼ i) that hit a plate, i.e. pi, can be deter-
mined by solving the following equation:

Ij ¼∑
i
dijpi ð6Þ

where, Ij is the observed Ips or Ipv with Amp ¼ j, dij ¼ Rd for Ds ¼ i,
and Amp ¼ j. To confirm the effectiveness of Eq. 6, additional
mixed grain size experiments with more recordings of the Amp
value (i.e. smaller intervals) should be done.

The difference between the sensitivities of the impact plate and
the SPG is implied. Although the SPG cannot detect fine sediment
with diameters smaller than 2–4 cm, Fig. 8b indicates that the
impact plate can detect particles of Ds ¼ 2 mm. Meanwhile, there
is an upper boundary of the detectable grain size for the accel-
eration sensor, as shown in Fig. 11c and d. In contrast, for the SPG,
such an upper boundary has not been found in the literature, even
when the grain size is larger than 100 mm (Wyss et al., 2016b).
This difference might be caused by the difference between sensors,
as both systems include a steel plate with the same dimensions.

Fig. 12 shows that Ips and Ipv do not increase linearly with the
amplification factor because of the increase in the sensitivity
results when the impulse count is saturated (Mao et al., 2016;
Mizuyama et al., 2010b). The newly introduced Rd measure is
meaningful, as it directly connects the detected number of
impulses and the actual amount of gravel impacting the plate.
Therefore, if the Rd value for each grain size is calculated under the
flow conditions, the actual amount of gravel can be calculated
practically as the detected impulse number divided by Rd accord-
ing to Eq. 6. As parameters representing the sediment transpor-
tation density and particle hop length, respectively, Rs and P(Lp)
are successfully found to have a correlation with Rd, as shown in
Figs. 14–16. However, it is still difficult to accurately calculate these
parameters. To obtain Rs, the number of particles is required,
which is unknown for natural rivers; therefore, another method
for calculating Rs is needed. In this case, turbidity can be used in
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the Koshibu SBT. To compute P(Lp) more accurately, other sedi-
ment particle modes of movement should be considered (Rick-
enmann et al., 2012; Tsakiris et al., 2014).

Impact plates are already installed at the outlet of the Koshibu
SBT in the Nagano Prefecture in Japan and will be used from 2016
onward. Although the fundamental features of an impact plate are
investigated in this study, it is indispensable to conduct calibration
experiments at each field site where observations using the impact
plates are planned because a device may exhibit behavior different
from those observed in the flume experiments at the field sites
(Beylich & Laute, 2014; Wyss et al., 2016c).

Moreover, in a SBT, the flow velocity reaches 10 m/s, which is
much higher than that tested in this study. The authors’ concern is
that a higher flow velocity and a deeper flow depth will cause
many more particles to jump over the plate. To mitigate this
problem as much as possible, Auel and Boes (2011a) suggested
utilizing plate inclination. In their study, it was concluded that a
10° SPG plate inclination increases the detection rate from 50% to
100% (V ¼ 7.4 m/s). In response to this result, the eight SPGs
deployed at the Solis SBT have the same 10° inclination angle
(Hagmann et al., 2015). Accordingly, in the Koshibu SBT, one
impact plate with a 10° inclination angle has been installed in
addition to the five normal impact plates to compare their
sensitivities.
5. Conclusions

Monitoring sediment transportation is necessary to operate
and manage SBTs appropriately. In SBTs, however, robustness and
the ability to detect a wide range of grain sizes under high flow
velocity conditions are desired for monitoring systems. In this
study, an impact-plate-type sediment monitoring system was
introduced for monitoring sediment in SBTs. Approximately 500
runs of experiments were done to calibrate the impact plate with
high flow velocity in a laboratory flume.

In the experiments, the acceleration sensor detected fine
sediment with Ds ¼ 2 mm, which cannot detected by the SPG or
the JPM. However, the microphone could not detect sediment with
Ds ¼ 2 or 5 mm well. The different processes used to determine
the attenuation time imply the efficiency of using both sensors
simultaneously.

In addition to the raw data of the signals, two summary values,
namely, Ips and Ipv, were recorded. To acquire the actual number of
particles from the number of impulses, the detection rate, Rd, was
suggested. Making measurements using several amplification
factors might improve the analysis of natural sediment that con-
sists of particles of various grain sizes. Additional mixed grain size
experiments with smaller intervals of amplification factors should
be done to analyze the mixed size classes.

To calculate Rd for a given flow condition, the saturation rate, Rs,
and plate impact rate, P(Lp), were proposed, and high correlation
between Rd and both parameters was found. Although more
experiments are required to quantify Rd, Rs, and P(Lp), these
parameters might be field-dependent. Therefore, several field
calibrations at the Koshibu SBT, in which a predefined amount of
sediment is artificially placed inside the tunnel and then flushed
out, are being done.
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