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Abstract

Sediment flows generate ground vibrations by exerting basal force fluctuations on the riverbed, which motivates the use of

seismology to indirectly measure flow properties. Linking the force fluctuations and properties of highly concentrated sediment

flows, however, remains particularly challenging due to complexities that arise from grain-to-grain interactions. Here we conduct

downscaled flume experiments designed to investigate the influence of grain scale processes on the generation of force fluctuations

for stratified sediment flows associated with significant grain sorting. We demonstrate that, under such flow conditions, the

amplitude of force fluctuations decreases as the volumetric solid concentration increases. We suggest that this dependency

reflects the negative relationship between volumetric solid concentration and particle agitation, which in turn controls the

amplitude of force fluctuations. We therefore advance that volumetric solid should be incorporated in seismic models as a key

parameter describing the particle agitation of highly concentrated sediment flows.
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Abstract 18 

Sediment flows generate ground vibrations by exerting basal force fluctuations on the riverbed, 19 

which motivates the use of seismology to indirectly measure flow properties. Linking the force 20 

fluctuations and properties of highly concentrated sediment flows, however, remains particularly 21 

challenging due to complexities that arise from grain-to-grain interactions. Here we conduct 22 

downscaled flume experiments designed to investigate the influence of grain scale processes on 23 

the generation of force fluctuations for stratified sediment flows associated with significant grain 24 

sorting. We demonstrate that, under such flow conditions, the amplitude of force fluctuations 25 

decreases as the volumetric solid concentration increases. We suggest that this dependency 26 

reflects the negative relationship between volumetric solid concentration and particle agitation, 27 

which in turn controls the amplitude of force fluctuations. We therefore advance that volumetric 28 

solid should be incorporated in seismic models as a key parameter describing the particle 29 

agitation of highly concentrated sediment flows. 30 

Plain Language Summary 31 

Flowing through the landscape, a wide range of fluvial processes generate high-frequency 32 

ground vibrations (> 1 Hz) by exerting force fluctuations on the bed. This evidence has 33 

motivated the use of seismology to indirectly measure sediment transport properties, such as the 34 

diameter of the transported sediments, the flux, the thickness and velocity of sediment flows. 35 

However, it is still particularly challenging to link the force fluctuations and properties of highly 36 

concentrated sediment due to complexities that arise from grain scale processes. Here we focus 37 

our attention on grain sorting and rheological stratification, which are quite common in such 38 

sediment flows but whose effect on force fluctuations has rarely been investigated. To do so we 39 

conduct downscaled flume experiments designed to reproduce highly concentrated flows 40 

characterized by a wide bimodal grain size distribution typical of mountain streams. We identify 41 

the volumetric solid concentration as the key parameter describing the amplitude of basal force 42 

fluctuations through its unique link with the flow particle agitation. This finding offers new 43 

insights for the interpretation of the force fluctuations generated by highly concentrated flows 44 

and underline limits of current theoretical models. 45 

1 Introduction 46 

Flowing through the landscape, rivers generate high-frequency ground vibrations (> 1 47 

Hz) by exerting force fluctuations on their bed (Burtin et al., 2016; Larose et al., 2015). There is 48 

well-established evidence that seismic sensors detect ground vibrations from a wide variety of 49 

fluvial sediment transport events including very energetic ones (Arattano & Moia, 1999; Burtin 50 

et al., 2016; Cook et al., 2018, 2021; Govi et al., 1993; McCoy et al., 2013), calling for 51 

seismology as an appealing way to remotely monitor sediment transport characteristics and 52 

processes.  53 

Through laboratory experiments and field observations, numerous efforts have recently 54 

been dedicated to investigate the relationships between the amplitude of force fluctuations and 55 

the properties of various sediment flows, ranging from bedload to debris flows (Allstadt et al., 56 

2020; Bakker et al., 2020; Cole et al., 2009; Coviello et al., 2018, 2019; Gimbert et al., 2019; 57 

Haas et al., 2021; Hsu et al., 2014; McCoy et al., 2013; Zhang, Walter, McArdell, Haas, et al., 58 

2021). In parallel, physically-based mechanistic models have been developed to establish 59 

quantitative links between flow properties and the seismic signal (Tsai et al., 2012; Gimbert et 60 
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al., 2019; Bachelet et al., 2021; Farin et al., 2019; Lai et al., 2018; Zhang, Walter, McArdell, 61 

Haas, et al., 2021). Models concerning bedload transport predict that sediment flux and 62 

transported grain sizes are major control parameters, the former mainly setting the rate of 63 

impacts and the latter the impact-released energy. These theoretical expectations have been 64 

verified through experiments and field observations under relatively low bedload transport rates 65 

(Bakker et al., 2020; Gimbert et al., 2019; Lagarde et al., 2021; Roth et al., 2016). 66 

However, more complexity arises when dealing with highly concentrated sediment flows, 67 

for which existing observations reveal not straightforward relationships between flow properties 68 

and the amplitude of force fluctuations. Coarse granular and debris flows have been shown to 69 

generate stronger force fluctuations compared to finer ones (Haas et al., 2021; Hsu et al., 2014; 70 

Zhang, Walter, McArdell, Haas, et al., 2021), but the presence of big particles does not 71 

necessarily correspond to high force fluctuations, likely depending on their position relative to 72 

the bed (Piantini et al., 2021; Zhang, Walter, McArdell, Haas, et al., 2021). Certain 73 

investigations show amplitudes of force fluctuations that are positively correlated with flow 74 

thickness and mass (McCoy et al., 2013; Zhang, Walter, McArdell, Haas, et al., 2021), others 75 

report poorer correlations when bulk density varies fast (Allstadt et al., 2020), or even negative 76 

correlations in the case of mud-saturated debris flows (Hsu et al., 2014). Hsu et al. (2014) 77 

illustrate that sediment flow velocity exerts a primary control on force fluctuations, while 78 

Allstadt et al. (2020) and Zhang et al. (2021) observe a rather low correlation. 79 

These complex and sometimes contrasting observations suggest the need to investigate 80 

more deeply the control of grain scale processes on the generation of force fluctuations (Allstadt 81 

et al., 2020). Grain sorting processes (Frey & Church, 2009; Iverson et al., 2010; Johnson et al., 82 

2012) and rheological flow stratification, intended as the occurrence of significant variations of 83 

flow rheology over depth (Armanini et al., 2005; GDR MiDi, 2004; Manville & White, 2003; Y. 84 

K. Sohn, 1997), may play a role as they influence the distribution of grain sizes and reflect the 85 

degree of particle agitation (GDR MiDi, 2004; Iverson et al., 1997; Y. K. Sohn, 1997), 86 

respectively. However, these mechanisms have been rarely taken into account for interpreting 87 

observations or investigated in experimental works, and are typically neglected in theoretical 88 

models (Bachelet et al., 2021; Farin et al., 2019; Lai et al., 2018; Zhang, Walter, McArdell, Haas, 89 

et al., 2021). It thus remains unclear to which extent the above-mentioned processes may control 90 

the generation of force fluctuations, and whether such control may be described as a function of 91 

bulk flow properties. 92 

In order to address this lack, here we conduct downscaled flume experiments designed to 93 

reproduce self-triggered highly concentrated flows characterized by a wide bimodal grain size 94 

distribution typical of mountain streams, and experiencing significant rheological flow 95 

stratification and grain sorting. We investigate their propagation in a steep rough channel while 96 

independently measuring flow properties and its seismic signature. We identify the volumetric 97 

solid concentration as the key parameter describing the amplitude of basal force fluctuations 98 

through its unique link with the flow particle agitation. 99 

2 Methods 100 

2.1 Experimental setup and conditions 101 

We carry out laboratory experiments in a flume composed of a 5-m long and 0.1-m wide 102 

straight steep channel (slope of 18%), connected in its upstream part to a 1-m long and on 103 
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average 0.5-m wide storage area (slope of 0 − 1%) (Figure 1a-b). Every run consists in feeding 104 

the upstream storage area with constant liquid discharge 𝑄𝑙 (𝑄𝑙 ∈ [0.48; 0.55 𝑙/𝑠]) and sediment 105 

flux 𝑄𝑠 (𝑄𝑠 ∈ [70; 100 𝑔/𝑠]) whose values are based on similitude criteria to reproduce typical 106 

supercritical and fully turbulent flood conditions in mountain rivers (Piantini et al., 2021). We 107 

use a bimodal grain size distribution typical of mountain rivers (Casagli et al., 2003; John 108 

Wolcott, 1988; Sklar et al., 2017). The sediment size mixture is characterized by two modes 109 

corresponding to sand (0.5 mm < 𝐷 < 2 mm) and cobbles (4 mm < 𝐷 < 8 mm) (see Figure 4 in 110 

(Piantini et al., 2021)), with 𝐷50 = 5.16 mm and 𝐷84 = 9 mm. The bed and side walls of the 111 

flume are covered with sediments taken by the same sediment mixture and fixed with silicone. 112 

The sediment deposit that forms in the storage area is subject to alternating stages of aggradation 113 

and erosion (Figure 1a), with every erosion phases generating sediment pulses that propagate in 114 

the downstream steep channel (Figure 1b). Here we investigate specifically sediment pulses. We 115 

have investigated 4 sediment pulses in total, two of them are presented in the main text (hereafter 116 

referred to as Exp #1 and Exp #2) and the others in the Supporting Information. All the flow 117 

properties presented and discussed in the following sections are averaged over these two 118 

experiments. 119 

 120 

Figure 1. (a) Sketch of the experimental flume. (b) Frame taken from the video recording of the 121 

storage area during an experiment. The area interested by the erosion phase is circled in black. 122 

(c) Frame taken from the video recording over the force sensor during an experiment. 123 

2.2 Instrumentation 124 

Seismically relevant quantities are measured through seismic and force sensors. Four 125 

Glaser-type KRNBB-PC piezoelectric sensors, which we here refer to as seismic sensors, are 126 

mounted on the outside of one of the sidewalls of the channel, using mounting brackets and 127 

double-sided adhesive tape (Figure 1a and Figure S1). The sensors  are connected via an AMP-128 

12BB-J preamplifier to an Elexis Spectrum digitizer with sampling frequency 𝑓𝑠 set to 200 kHz. 129 

The mean basal force and force fluctuations are measured by coupling a 0.07-m wide and 0.1-m 130 

long rectangular steel plate onto the channel bed with two piezoelectric force sensors (model 131 
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Kistler Typ 9601A21 connected to a Kistler 5073 charge amplifier) measuring the normal and 132 

downslope forces exerted by the flow on the plate (using 𝑓𝑠 = 30 kHz). The plate is 133 

mechanically isolated from the rest of the flume to minimize its sensitivity to flume vibrations, 134 

and is covered by sediments fixed with silicone (Supporting Information). 135 

 We also monitor several in-stream flow properties simultaneously. We measure the flow 136 

surface elevation in three different sections of the channel (Figure 1a) by means of three 137 

ultrasonic sensors (Banner Q45UR Series, using 𝑓𝑠 = 100 Hz). We sample and sieve the 138 

sediment flux by hand at the flume outlet with a frequency of about 1 sample / 5 sec. We 139 

estimate the volumetric solid concentration by evaluating the bulk density as the ratio between 140 

the mean normal stress and the flow surface elevation (Iverson et al., 2010). We also estimate the 141 

macroscopic velocity of the sediment flows (𝑈𝑥) and the downstream velocity of the biggest 142 

particles (𝑢𝑥) by combining multiple sets of observations (Supporting Information). We video 143 

record each experiment through a camera (Canon EOS 200D) and a webcam (Microsoft HD 144 

LifeCam Cinema) in the upstream and downstream parts of the flume, respectively (Figure 1a). 145 

The upstream camera is installed perpendicular to the channel bed and covers a stretch of 0.30 146 

m, while the webcam is inclined to allow a wider look on the channel length (Figure 1c). 147 

2.3 Seismic and force data processing 148 

We analyse the seismic and normal force fluctuation time series through computing the 149 

power spectral density (PSD) using Welch’s averaging method (Welch, 1967). Time series are 150 

split into 50% overlapping segments of 0.5 s for the seismic signal and 1 s for the force signal. 151 

Force power and flow property time series are smoothed using a 5-s moving window. We 152 

consider the frequency range 100 − 2500 Hz to avoid dealing with strong plate resonances and 153 

the contribution of impacts on the side walls, which are particularly noticeable above 2500 Hz 154 

(Figure S2), and to limit the contribution of water flow to the seismic noise (e.g. water pump, 155 

water flow in pipes and on the flume), which is significant below 100 Hz (Piantini et al., 2021). 156 

3 Results 157 

3.1 General observations 158 

3.1.1 In-stream transport dynamics 159 

The self-triggered destabilizations of the upstream sediment deposit generate a 160 

downstream propagating pulse made of three distinct sediment transport phases exhibiting 161 

different dynamics and grain size compositions: 162 

-  Phase I (“Front bedload” in Figure 2d, and Figure 2i and Figure 2m) is 163 

characterized by a constant and relatively low sediment flux (i.e. similar to that imposed 164 

by the boundary conditions to the storage area, 35 < 𝑄𝑠 < 100 g/s), and a coarse grain 165 

size distribution inherited from the coarser surface of the sediment deposit being the first 166 

to be destabilized (Piantini et al., 2021). This phase is dilute (𝜙 ∈ [0.15: 0.25]), exhibits 167 

typical bedload dynamics with grains saltating, rolling, and sliding on the bed (see movie 168 
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S1 and S2) with a mean downstream particle velocity  𝑢𝑥 ≈ 0.27 m/s (Figure 2e), and 169 

lasts for about 60 ± 30 seconds. 170 

- Phase II (“Highly concentrated sediment flow” in Figure 2b-c, and Figure 171 

2i and Figure 2m) is characterized by a high sediment flux (𝑄𝑠 > 150 g/s) exhibiting a 172 

wide grain size distribution made of a varying amount of fines (𝐷 < 2 mm). This phase 173 

corresponds to the maximum volume erosion in the sediment deposit causing a thick 174 

sediment flow (~3 − 3.5 cm) with a downstream propagation that lasts for about 30 ±175 

10 seconds (Piantini et al., 2021). The flow exhibits a strong vertical rheological 176 

stratification (see movie S1 and S2): surface particles are mainly driven by boundary 177 

shear stress (i.e. flowing water) and grain collisions, while deeper particles move slower 178 

likely as a result of frictional and enduring contacts between grains.  A strong increase in 179 

fine content during phase II leads to further vertical heterogeneities in terms of grain sizes 180 

thanks to the occurrence of grain sorting processes (Frey & Church, 2009; Johnson et al., 181 

2012), for which the biggest particles are pushed towards the surface (see movie S1 and 182 

movie S2). When the content of fines is low (𝐶𝐷<2 𝑚𝑚
𝑃ℎ𝑎𝑠𝑒 𝐼𝐼 < 10 %), we estimate a mean 183 

downstream surface particle velocity of 𝑢𝑥 ≈ 0.17 m/s, while when the content is higher 184 

(𝐶𝐷<2 𝑚𝑚
𝑃ℎ𝑎𝑠𝑒 𝐼𝐼 > 35 %) we have 𝑢𝑥 ≈ 0.39 m/s (Figure 2e). The average downstream 185 

velocity of the thick sediment flow is estimated to be much slower than surface particles 186 

(𝑈𝑥 ≈ 0.10 m/s, Supporting Information). The volumetric solid concentration of phase II 187 

is highly variable in time (𝜙 ∈ [0.30: 0.50]), consistent with previous observations 188 

regarding debris flows (Iverson et al., 2010). The observed vertical stratification suggests 189 

an increasing volumetric solid concentration with depth, thus 𝜙 must be seen as depth-190 

averaged. This behaviour appears as similar to observed for sheetflows on steep slopes 191 

(Palucis et al., 2018) and highly concentrated sediment flows (Armanini et al., 2005; 192 

Manville & White, 2003; Y. K. Sohn, 1997), where a flux of particles driven by shear 193 

stress overlays a denser sediment flow that moves en masse. 194 

- Phase III %) (“Tail bedload” in Figure 2a, and Figure 2i and Figure 2m) is 195 

characterized by a low sediment flux (35 < 𝑄𝑠 < 150 g/s) and low values of volumetric 196 

solid concentration (𝜙 ∈ [0.15: 0.25]) similar to phase I. However, it exhibits a wider 197 

and finer grain size distribution (𝐶𝐷>8 𝑚𝑚
𝑃ℎ𝑎𝑠𝑒 𝐼 = 58% against 𝐶𝐷>8 𝑚𝑚

𝑃ℎ𝑎𝑠𝑒 𝐼𝐼𝐼 = 27. This phase 198 

lasts for about 90 ± 15 seconds, and corresponds to the final stage of the erosion 199 

processes occurring in the sediment deposit. Phase III is characterized by a typical 200 

bedload dynamics (see movie S1 and S2) with a mean downstream particle velocity  201 

𝑢𝑥 ≈  0.30 m/s. 202 

3.1.2 Force fluctuations and seismic observations 203 

The three phases documented above have distinct seismic and force fluctuation 204 

signatures (Figure 2f-g-h and Figure 2j-k-l). Phases I and III generate the highest seismic 205 

and force power over the whole frequency range of interest. Phase I is associated with 206 

force power on average 3 dB higher than phase III likely as a result of differences in 207 

grain size distribution and downstream particle velocity, as expected from existing 208 

theories (Farin et al., 2019; Lai et al., 2018; Tsai et al., 2012) and as discussed further in 209 

section 4.1. The passage of the highly concentrated sediment flow (phase II, showed 210 

between vertical dashed red lines in Figure 2f-i and Figure 2j-m) is materialized by the 211 

sharp increase in mean basal force (i.e. sediment flow mass 𝑀, Figure 2g and Figure 2k). 212 
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Interestingly, it is associated with a strong reduction of on average about 10 dB in both 213 

seismic and force power (Figure 2f-g-h and Figure 2j-k-l) compared to phase I and III. 214 

We also find that the largest drops in force and seismic power always occur when the 215 

maximum flux of fines passes through the sections closest to the respective seismic and 216 

force sensors (see yellow squares in Figure 2f-g-h and Figure 2j-k-l). These observations 217 

made using the camera are also confirmed by the time delay observed between the lowest 218 

levels of force power and the outlet sediment flux measurements characterized by the 219 

maximum content of fines, which is consistent with that predicted using the estimated 220 

downstream velocity of the sediment flux. In order to better interpret the variations in 221 
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force power associated with the highly concentrated sediment flow, we push forward our 222 

investigation by analysing the link between force power and flow bulk properties. 223 

 224 
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Figure 2. (a-d) Photos from the upstream camera showing the phases of a typical pulse; (e) Box 226 

plots for the downstream particle velocity for each phase. The bottom and top of each box are the 227 

25th and 75th percentiles of the sample, while the red line in the middle represents the median. 228 

The whiskers above and below each box go to the furthest observations. 𝑈𝑥 is shown with the 229 

horizontal dotted line. (f-h) and (j-l) Seismic power detected by the upstream and downstream 230 

seismic sensor, respectively. It is shown as a function of time and frequency. Different colors 231 

refer to different levels of power. (g-k) Force power and mean force detected by the force sensor. 232 

(i-m) Outlet sediment flux measurements. Each colored bar refers to the particle diameter 233 

displayed in the legend, and the bar length is proportional to the percentage in weight of the 234 

related size. The vertical dashed red lines divide the three different phases presented in the 235 

photos above, while the yellow squares delimit the time interval with the maximum content of 236 

fines in phase II. 237 

 238 

3.2 Linking force power with the properties of the highly concentrated sediment flows 239 

In Figure 3 we express flow surface elevation (ℎ), mean basal force (𝐹̅), and volumetric 240 

solid concentration (Φ) as a function of the measured force power. The very first seconds of the 241 

highly concentrated sediment flows are characterized by weak positive relationships between 242 

force power and ℎ, 𝐹̅, and Φ (Figure 3b-d and Figure 3f-h). However, at this stage of the 243 

experiment these measurements are quite uncertain as a result of being affected by local and 244 

transient grain depositions (Supporting Information). Past an inflexion point corresponding to 245 

Φ = 0.36 for Exp #1 and Φ = 0.21 for Exp #2, the relationship between force power and flow 246 

properties becomes negative. We observe large counter-clockwise hysteresis in the relationships 247 

between force power and ℎ and 𝐹̅: a given mean basal force and flow surface elevation is 248 

associated with significantly different values of force power (5 up to 10 dB differences). This 249 

hysteresis behaviour is due to force power decreasing and remaining low after peak ℎ and 𝐹̅ are 250 

reached (Figure 2f and Figure 2j, and Figure 3a and Figure 3e). Interestingly, this hysteresis is no 251 

longer significantly observed when force power is evaluated versus Φ  (Figure 3d and Figure 252 

3h), in which case maximum Φ always corresponds to minimum force power (Figure 3b and 253 

Figure 3f). Although a small clockwise hysteresis may be distinguished between force power and 254 

Φ for the presently considered examples, we do not consider it as significant because (i) it is not 255 

systematically observed for other sediment flows presented in the Supporting Information, where 256 

the rising and falling limbs of Φ collapse on a unique curve, and (ii) it becomes much less clear 257 

when reducing the moving average window size applied for smoothing the data, as opposed to 258 

versus ℎ and 𝐹̅  (Supporting Information). Our finding of a direct link between force power and 259 

Φ is also supported by observations at shorter time scales. Indeed, we observe drastic changes in 260 

the relationship between force power and ℎ and 𝐹̅, materialized by a small loop around 𝑡 = 35 s 261 
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in Exp #2 (Figure 3f-g) that are no longer visible in Figure 3h as a result of being associated with 262 

according changes in Φ. 263 

 264 
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Figure 3. All panels refer to phase II. (a) and (e) show the evolution in time of the force power, 266 

ℎ, and Φ. The log-log scatterplots of (b-c-d) and (f-g-h) show force power on the x axis and flow 267 

properties on the y axis. 𝑀 is computed by multiplying the mean force by 𝑔. The time interval 268 

when the content of fines is maximum is marked in the scatterplots with red circles. 269 

 270 

4 Discussion 271 

4.1 Do existing theories explain our observations? 272 

We find that the front bedload (phase I) is characterized by a slightly higher level of force 273 

power (+3 dB) than that of the tail bedload (phase III), both of which generate significantly 274 

higher force power levels (+10 dB) than that of the highly concentrated sediment flow (phase 275 

II). Sediment transport dynamics in phase I and III appears to be most consistent with that 276 

described in previous theories (Farin et al., 2019; Lai et al., 2018; Tsai et al., 2012), where force 277 

power is generated by the sum of individual particles impacting the bed at a rate and with a force 278 

that is mostly set by (i) the average downstream grain velocity, (ii) the grain size and (iii) the bed 279 

roughness. Particles constituting the front bedload move slower than those of the tail bedload 280 

(𝑢𝑥 = 0.27 m/s against 𝑢𝑥 = 0.30 m/s), are associated with similar fluxes, but are on average 281 

coarser as the percentage of particles > 8 mm is double (𝐶𝐷>8 𝑚𝑚
𝑃ℎ𝑎𝑠𝑒 𝐼 = 58% and 𝐶𝐷>8 𝑚𝑚

𝑃ℎ𝑎𝑠𝑒 𝐼𝐼𝐼 =282 

27%). As a consequence, slightly larger grains likely explain the slightly higher force power of 283 

phase I, especially given the expected prevalence control of the larger grain fraction for our grain 284 

size distribution (Supporting Information).  285 

Sediment transport dynamics as formulated in existing theories however cannot explain 286 

the force power associated with the highly concentrated sediment flow (phase II, Figure 3a and 287 

Figure 3c). During this phase, force power decreases abruptly by about −10 dB in less than 5 288 

seconds (Figure 3a and Figure 3c). Such a reduction is not associated with a decrease in sediment 289 

flux, which in fact increases, nor in a decrease of grain size, as the coarse fraction of the highly 290 

concentrated sediment is almost constant (𝐶𝐷>8 𝑚𝑚
𝑃ℎ𝑎𝑠𝑒 𝐼𝐼 = 8% ± 2 for Exp #1 and 𝐶𝐷>8 𝑚𝑚

𝑃ℎ𝑎𝑠𝑒 𝐼𝐼 =291 

14% ± 2 for Exp #2). We also exclude strong decreases in the averaged sediment flow velocity 292 

as a potential origin of this behaviour, since we do not observe spatial disconnections within 293 

phase II. As presented in section 3.1, particles at the surface are more agitated and move faster 294 

than underlying sediments. This is particularly evident when grain sorting occurs. Another 295 

possibility could be that these particles constitute the main source of force fluctuations as a result 296 

of being the biggest and the fastest, and that the thicker sediment flow beneath them dampens 297 

their contribution, resulting in lower force fluctuations on the bed as observed in the presence of 298 

static sediment deposits (Kean et al., 2015; McCoy et al., 2013). However, we do not find this 299 

process primarily explains our observations because: (i) when particles at the surface reach 300 

maximum velocity, force power in fact reaches its minimum (phase II with the presence of fines, 301 

Figure 2e) and (ii) there is not a unique link but a hysteresis between force power and the 302 
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thickness of the sediment flow (see hysteresis in Figure 3b and Figure 3f) as one would expect if 303 

this latter controlled the attenuation of force fluctuations. 304 

4.2 Volumetric solid concentration helps deciphering the force fluctuations generated by 305 

the highly concentrated sediment flows 306 

The key observation yielding further insight into the underlying source of reduced force 307 

fluctuations of the highly concentrated sediment flow (phase II) is the negative relationship and 308 

suppressed hysteresis behaviour between force power and volumetric solid concentration (Figure 309 

3b and Figure 3f). Volumetric solid concentration is known to be a proxy for particle agitation 310 

for dense granular flows, commonly described as granular temperature (Armanini et al., 2005; 311 

Campbell, 1990; GDR MiDi, 2004; Iverson et al., 1997). Rapid and agitated granular flows are 312 

characterized by low values of Φ as they dilate, while less agitated flows mean that particles 313 

have poor capability to move past one other and tend to jam with slow long-lasting contacts, 314 

leading to an increase in solid concentration (da Cruz et al., 2005; Forterre & Pouliquen, 2008). 315 

Since particle agitation controls inter-particle collisions and impacts to the bed (Bachelet et al., 316 

2021; Farin et al., 2019), high values of solid concentration are associated with low force 317 

fluctuations. The evolution of Φ over time may also explain the observed (i) presence of the 318 

hysteresis and (ii) negative relationships between ℎ and 𝑀 and force power. Hysteresis may be 319 

due to the percolation of fines in the voids within the coarse fraction of the mixture, which 320 

optimizes the space occupied by particles and allows for an increase in Φ and thus a decrease in 321 

the amplitude of force fluctuations regardless of ℎ or 𝑀. Fines thus help dampening force 322 

fluctuations primarily through increasing the Φ rather than pushing big particles far from the 323 

bed, although this latter mechanism may still occur at a secondary level. 324 

The finding of a negative relationship between force power and Φ is consistent with the 325 

results of Allstadt et al. (2020), who highlight the existence of a negative correlation between the 326 

normal fluctuating stresses and the bulk density of experimental debris flows. This finding could 327 

appear in contradiction with Coviello et al. (2018) who show that a hyperconcentrated flow 328 

generates higher seismic signals than more dilute sediment transport, however in their case the 329 

coarse grain fraction also increase dramatically with sediment concentration. Past observations of 330 

positive correlation in the relationships between ℎ and 𝑀 and force power as opposed to this 331 

study (Allstadt et al., 2020; McCoy et al., 2013; Zhang, Walter, McArdell, Haas, et al., 2021) 332 

could also be explained in terms of Φ. Indeed, in the debris flows investigated by Allstadt et al. 333 

(2020) and Zhang et al. (2021), bulk density decreases as ℎ and 𝑀 increase. Our interpretation 334 

may be also consistent with the experiments of Hsu et al. (2014), who argue that the slightly 335 

negative correlation observed between the force fluctuations and mean force for “the least 336 

collisional” mud-saturated granular flow could be explained by a high ratio of solid to fluid 337 

volume fraction. We therefore suggest that a positive relationship between force power and flow 338 

surface elevation holds only when the latter is the result of dilation of the flow, causing enhanced 339 

particle agitation. We acknowledge that this is often the case for natural debris flows (Iverson, 340 

1997), although the extent it would apply to other sediment flows such as sheetflows or highly 341 

concentrated sediment flows remains uncertain. Nevertheless, our present finding may provide a 342 
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path to unify these various flows into a single framework, in which the key requirement would 343 

be to properly describe the dependency of volumetric solid concentration on flow characteristics. 344 

4.3 Implications for theoretical models 345 

Particle agitation controls the rate of impacts and impact velocities of particles of 346 

sediment flows. In existing theoretical models, it is assumed to be a function of the average 347 

downstream velocity of the flow (Bachelet et al., 2021; Farin et al., 2019; Zhang, Walter, 348 

McArdell, Haas, et al., 2021), while volumetric solid concentration only comes into play through 349 

controlling the number of particles impacting the bed (Farin et al., 2019; Zhang, Walter, 350 

McArdell, Haas, et al., 2021). Here we propose that particle agitation should be incorporated as a 351 

function of volumetric solid concentration or bulk density, equivalently (Jenkins & Askari, 352 

1999). This would cause the link between force fluctuations and volumetric solid concentration 353 

to be negative rather than positive, at least for sufficiently highly concentrated sediment flows. 354 

5 Conclusions 355 

We carry out laboratory experiments to explore the influence of grain scale processes in 356 

the generation of force fluctuations of highly concentrated sediment flows. The key observation 357 

yielding further insight onto the underlying source of force fluctuations is the clear negative 358 

relationship between their amplitude and volumetric solid concentration. We interpret this result 359 

by considering the volumetric solid concentration as a proxy for the degree of particle agitation. 360 

Our present finding may also provide a path to unify various flows into a single framework, in 361 

which the key requirement would be to properly describe the dependency of volumetric solid 362 

concentration on flow characteristics. 363 
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Introduction  

In text S1 we give supplementary information about the installation of the piezoelectric sensors 
and the installation and calibration of the force plate and sensor. In text S2 we provide specific 
information on how we estimate the volumetric solid concentration and the downstream 
particle and sediment flow velocity. In text S3 we show the results of a supplementary 
experiment carried out to investigate the seismic signature of different particle impacts on the 
flume. In text S4 we show the uncertainties in flow properties measurements at the beginning 
of the highly concentrated sediment flow. In text S5 we show other experiments not presented 
in the main manuscript. In text S6 we show the control of the coarse fraction of the sediment 
mixture on force fluctuations through applying a simplified framework from the model of Tsai 
et al. (2021). Finally, in text S7, we show the relationships between flow properties and force 
power by changing the moving average window size for the experiments presented in the main 
manuscript. 
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Text S1. Installation of the piezoelectric sensors and force plate and sensor 

 
The piezoelectric sensors are mounted on the outside of one of the sidewalls of the 

channel, using mounting brackets and double-sided adhesive tape (Figure S1a). The force plate 
and force sensor have been installed to maximize its isolation from external flume vibrations. 
The force plate is supported by the two force sensors (Figure S1b), which in turn rest on a steel 
support piece that is mechanically connected to the channel substructure (Figure S1a and 
Figure S1b). The stiffness of the support piece is high enough to consider that all impacts on the 
force plate are totally transmitted to the force sensors. As the flume rests on a substructure, 
shock absorbers are placed between the flume and the substructure to avoid the transmission 
of vibration to the force sensors from the substructure (Figure S1c). The force plate and the rest 
of the flume bed are connected by 5 mm-long seals (Figure S1d). To ensure continuity with the 
channel bed roughness, we cover with silicone and sediments the seals and the force plate like 
the rest of the channel bed (Figure S1e). The force sensors have been fitted under a preload of 
25 kHz to ensure measurements stability and linearity between the applied load and the sensor 
output. 
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Figure S1. (a-e) Photos of the experimental setup and instruments. (a) Side view of the 
piezoelectric sensor mounted on the flume sidewall. Below are the different parts installed for 
the force measurements, i.e. the force sensors and their supports. (b) Photo of the force 
sensors, force plate, and steel support before installation. (c) Side view of the flume with shock 
absorbers between the channel bed and substructure. (d) Top view over the force plate. Lateral 
seals are visible. (e) Top view over the force plate after adding silicone and sediments. 

 

 

 

Text S2. Estimations of volumetric solid concentration and particle and sediment flow 
velocity 

 
We estimate the bulk density of the sediment flows following Iverson et al. (2010): 

𝜌(𝑡) ≈
𝜎𝑏𝑒𝑑(𝑡)

𝑔ℎ(𝑡)𝑐𝑜𝑠𝜃
 (1) 

  
where 𝜎𝑏𝑒𝑑 is the mean basal normal stress, i.e. the mean basal normal force divided by the 
area of the force plate, 𝑔 is acceleration due to gravity, ℎ(𝑡) is the flow surface elevation, and 𝜃 
is the channel slope. We assume that the mean basal normal stress balances the slope-normal 
static weight of the flow, which is totally supported by the force plate. From the bulk density 
estimation, the volumetric solid concentration can be computed as follow: 

𝜙(𝑡) = 1 −
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌(𝑡)
(2) 

 
We estimate the macroscopic velocity of the highly concentrated sediment flow (𝑈𝑥) in 

three different ways: (i) by tracking the flow through the cameras installed along the channel; 
(ii) by evaluating time delays in the surface flow elevation measurements; (iii) by evaluating 
time delays in the seismic measurements. If one of the three estimations differ from the others 
by ±50%, we consider it incorrect and we compute the average of the remaining ones. We also 
estimate the local downstream velocity of individual particles in the upper part of the flow (𝑢𝑥) 
by manually tracking their displacement between consecutive frames taken by the upstream 
camera. We consider the biggest particles of the sediment mixture for practical reasons, as they 
are coloured in blue and therefore easy to identify, and because they play a major role in 
generating seismic vibrations through highly energetic impacts (Tsai et al., 2012). 

Text S3. The sensitivity of the piezoelectric sensors to particle impacts 

 
We carry out specific experiments to investigate the sensitivity of the piezoelectric sensors 

to different mechanisms potentially generating flume vibrations such as particle impacts on the 
bed and on the sidewalls. To do so we drop a pebble of known mass (𝑚 = 6.6 g) from a fixed 
height (𝑧 = 5 cm) and we use a hand-made pendulum that allows for the same force impact on 
the sidewall where the sensor is installed. We produce three identical impacts at the same 
section and then we compute the power spectral density with the Welch’s method.  In Figure S2 
we show the seismic power of the average over the three impacts. We observe that impacts on 
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the sidewall dominate over impacts on the bed in the whole frequency range, but this 
difference is significant especially at high frequency (over 2500 Hz). 

 
 

Figure S2. Seismic power as a function of frequency for the impact to the bed (blue curve) and 
to the sidewall (orange curve). The brownish area shows the frequency range chosen for the 
analysis.   

 

 

 

 

 

 

 

 

Text S4. Uncertainties in flow properties measurements at the beginning of the highly 
concentrated sediment flow 

 
The very first seconds of phase II are characterized by a different relationship between the 

investigated flow properties and force power compared to the rest of the highly concentrated 
sediment flow (Figure 3b-c-d and Figure 3f-g-h). A similar behaviour was observed by Allstadt et 
al. (2020), who pointed out that the unsaturated flow front showed a different link with basal 
force fluctuations compared to denser parts of the debris flow. It may indicate that below a 
certain value, an increased bulk density coincides with higher particle impact rate to the bed, 
leading to stronger force fluctuations as hypothesized by existing theoretical models (Farin et 
al., 2019; Tsai et al., 2012). However, we must acknowledge that in our setup there exist 
uncertainties on flow properties computations within this early stage of phase II. Indeed, the 
video recordings reveal that sometimes clusters of sediments get stuck along the channel (as 
presented by Piantini et al. (2021)) just before the development and passage of the denser flow. 
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When occurring above the force plate, these temporal depositions affect the measurements, 
leading to incorrect conclusions since they do not reflect the dynamics of phase II. 

Text S5. Additional experiments 

 
 

 
Figure S3. (a-c) and (e-g) Seismic power detected by the upstream and downstream seismic 
sensor, respectively. It is shown as a function of time and frequency; different colours refer to 
different levels of power. (b-f) Force power detected by the force sensor. We note that a band 
of resonance is visible around 1000 Hz. (d-h) Outlet sediment flux measurements. Each 
coloured bar refers to the particle diameter displayed in the legend, while the bar length is 
proportional to the percentage in weight of the related size. It’s worth recalling that the 
absence of sediment flux measurements does not necessarily correspond to zero sediment flux, 
as measurements are by hand and not continuous in time. The vertical dashed red lines divide 
the three different phases, while the yellow squares delimit the time interval with the maximum 
content of fine sediments in phase II. 
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Figure S4. All the panels of Figure S4 refer to the time intervals between the vertical dashed 
red lines in Figure S3b and S3f. Figure S4a and S4e show the evolution in time of the force 
power, flow surface elevation, and volumetric solid concentration associated with the highly 
concentrated sediment flows, while the log-log scatterplots of Figure S4b-c-d and Figure S4f-g-
h have force power on the 𝑥 axis and flow properties on the 𝑦 axis, where dots’ color changes 
with time. As stated in the main text, we are able to identify the time interval when the content 
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of fine sediments is maximum. These moments are marked in the scatterplots with circled dots. 
All the measurements are smoothed on a time window of 5 sec. 

 

 

 

Text S6. The control of the coarse fraction of the sediment mixture on force fluctuations 

 
Tsai et al. (2012) propose that the seismic signal 𝑃 generated by a sediment flow is directly 

related to two main geometric parameters of the flux, i.e. the number of particles 𝑛 and the 
mass 𝑚 (i.e. the diameter) of them, and two dynamic parameters, which are the rate of impact 
1/𝑡𝑖 and the impact velocity 𝑤𝑖. Their model can be written as: 

 

𝑃~
𝑛

𝑡𝑖
𝑚2𝑤𝑖

2 (1) 

  
 
The model is built under simplistic assumptions, but it can be adopted to better 

understand the influence of each of these parameters on the generation of seismic power. As 
we are interested in investigating the role of the particle diameter, we express the seismic 
power as a function of the mass, under the assumption that the other parameters (i.e. 𝑛, 1/𝑡𝑖, 
and 𝑤𝑖) do not depend on the grain size. If we further consider that the mass of the particle is 
proportional to the third power of the particle diameter, we can rewrite equation 1 in the form: 

 

𝑃 = ∫ 𝑝(𝐷) 𝐷6𝑑𝐷 (2) 

 
 
where p(D) is the percentage of grains of diameter 𝐷. The seismic power for phase I, II, 

and III is shown in Figure S7. We can observe that in the frequency range of interest (100 −
2500 kz) the coarse fraction of the sediment flow generates most of the seismic power. For 
each phase most part of the seismic power is always related to the coarse fraction of the flux. 
Although phase II can reach high contents of fines (~30 %), their contribution to seismic power 
is low. The contribution of particle diameters of 4 mm is 12 dB lower than that of particles of 8 
mm. 
 



 

 

8 

 

 
 
Figure S5. Predicted seismic power as a function of particle diameter following Tsai et al. 

(2012). Predictions are shown for each phase in a log-log plot. Particle diameters are truncated 
at 3.15 mm since the contribution of smaller particles is negligible. 
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Text S7. Changing the moving average window size  

 In Figure S6 we show the equivalent of Figure 3 from the main text but with a moving 
average window size of 2 s instead of 5 s. We observe that the hysteresis behaviour remains 
clear for flow surface elevation and mean force against force power (Figure S6a-b and Figure 
S6d-e), while the rising and falling limbs of volumetric solid concentration collapse on a unique 
curve (Figure S6c and Figure S6f). These observations confirm that the small clockwise 
hysteresis showed in Figure 3b and Figure 3f is not significant. 

 
Figure S6. All the panels of Figure S6 refer to the time intervals between the vertical dashed 
red lines in Figure 2f and 2j. The log-log scatterplots of Figure S6a-b-c and Figure S6d-e-f have 
force power on the x axis and flow properties on the y axis, where dots’ color changes with 
time. All the measurements are smoothed on a time window of 2 sec. 
 
 
Movie S1. Movie S1 is from the webcam installed above the force plate. It refers to Exp #2. 
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Movie S2. Movie S2 is from the camera installed close to the upstream piezoelectric sensor. It 
refers to Exp #2. 
 
 
 


