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Abstract Understanding the impact forces exerted by debris flows is limited by a lack of direct field
measurements and validated numerical models. In this study, we use real-time impact-force measurements

and field observations of debris flows recorded by a sensor network in Jiangjia Ravine, China, to quantify the
impact-force distribution of natural debris flows. We observed one debris flow event during and after a storm
on 25 August 2004, including 42 short-duration surges and seven long-duration surges, and impact-force signals
were successfully recorded for 38 surges. Our observed debris flows comprise high-viscosity laminar flows
with high sediment concentration and frequent solid-to-solid interactions. We identified a large magnitude (up
to 1 kN), high-frequency (greater than 1 Hz) fluctuating component of the impact force that we interpret as
solid particle impact on the sensors. The variability of particle impact forces increases with the mean impact
force. Our results show that a log-logistic distribution can describe the probability density distribution of impact
forces. Solid-dominated surges and fluid-dominated intersurge flows have similar impact-force distributions,
but surges usually have heavy tails. We created a dimensionless number to describe the impact force and
correlated it against existing dimensionless parameters. Finally, we develop a simple particle impact model

to understand the relationship between flow dynamics and the impact force inside debris flows that could be
applied to improve debris-flow flume experiments and design debris-flow hazard mitigation measures.

Plain Language Summary Debris flows are fast-moving mixtures of dirt and water that can cause
huge damage to buildings and infrastructures and harm people. For effective hazard protection, we need to
understand the impact forces exerted by debris flows. In this study, we measured impact forces at the high
temporal resolution of 49 debris-flow surges during and after a storm on 25 August 2004, recorded by a sensor
array in Jiangjia Ravine, southwestern China. We develop statistical descriptions of the mean and the variability
of the force and derive a relationship between flow dynamics and the impact force using a simple particle
impact model. Our results could be applied to improve the future design of debris-flow hazard mitigation
measures.

1. Introduction

Debris flows are common in steep alpine environments, with the potential to travel long distances, severely
damage objects in their path, and cause significant fatalities (Thouret et al., 2020). Dowling and Santi (2014)
reported around 77,800 fatalities between 1950 and 2011 in 213 debris-flow events, which makes debris flow
one of the most destructive natural hazards after earthquakes and floods. Debris-flow impacts on buildings and
infrastructure have been examined in several studies (e.g., Bugnion, McArdell, et al., 2012; Cui et al., 2015;
Gao et al., 2017; Hiibl et al., 2009; Iverson, 1997; Thouret et al., 2020; Zeng et al., 2015). Experiments meas-
uring debris-flow impact pressure have been conducted in small-scale laboratories and large-scale natural envi-
ronments (e.g., Proske et al., 2018; Scheidl et al., 2013). Medium- to small-scale laboratory experiments have
enabled engineers to learn how a debris flow hits an obstacle, how it varies, and to quantify its mechanical
impacts on a vertical wall (Zhao et al., 2018), ridge piers (D. Wang et al., 2018), or barriers (Song et al., 2019).
Most studies only consider the peak impact force rather than the range of impact forces, as it is assumed to be
most relevant for causing damage (e.g., Cui et al., 2015; Thouret et al., 2020; S. Zhang et al., 2019). In practice,
the maximum estimated pressure or force from debris flow is commonly used to indicate the peak energy when
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designing prevention and control measures for debris flow (e.g., Kwan, 2012; Kwan & Cheung, 2012). However,
this approach is only concerned with a single, local, instantaneous pressure, which gives a limited picture of the
impact of debris flows. Not only does the peak impact bring damage by debris flow, but other smaller impacts can
also cause damage, implying that the distribution of debris flow impact forces is relevant for damage prediction.
Thus, if the relationship between debris flow dynamics and the distribution of impact forces can be systematically
described, control measure design and hazard assessment can be correspondingly improved.

The basal force is one of the important components of debris flow impact force, and the basal forces generated by
debris flows can be measured using force plates on the channel floor or check dam and have been used to study
debris-flow properties and bed erosion mechanisms (e.g., Berger et al., 2011a; Berti et al., 2000; Cui et al., 2018;
Kean et al., 2015; McArdell, 2016; McArdell et al., 2007; McCoy et al., 2013). Some laboratory experiments (e.g.,
Gardel et al., 2009) and numerical modeling results (e.g., Lois et al., 2007) indicate that the probability density func-
tion (PDFs) of particle-bed contact forces has an exponential tail. In contrast, McCoy et al. (2013) found the PDFs of
normal basal forces for debris flow at the Chalk Cliffs, USA, followed a generalized Pareto distribution, which has
a higher probability of large forces. This disparity is probably due to differences in rheology and the concentration
of large particles. Similarly, Hsu et al. (2014), based on laboratory flume experiments, suggested that normal basal
forces greater than the mean can be described with a generalized Pareto distribution. However, the impact forces
inside natural debris flows and how they change with debris-flow magnitude are still little known, leaving several
unanswered questions. For example, what is the force distribution of natural debris flow impact on hard structures?
Is there a relationship between force distribution and flow dynamics? Which dimensionless number can be used
to quantify the impact force of debris flow Can we represent the impact force by a simple particle impact model?
Which aspects of impact force experiments and simulations apply to full-scale debris flows in natural settings?

Debris flows comprise a fluid phase and a solid phase (Iverson, 1997), and their interactions reflect intrinsic
properties and flow dynamics. In addition, observations show that debris-flow-related damage may be caused
by both fluid and particle impact (e.g., Thouret et al., 2020; D. Wang et al., 2018), and field measurements in
natural debris flows show that impact forces from large particles are several orders of magnitude larger than those
from the fluid phase (K. Hu et al., 2011). Hydrodynamic, hydrostatic, and particle collision forces contribute to
debris flow impact forces (e.g., Lei et al., 2018; D. Wang et al., 2018). Various approaches have been taken to
conceptualize and analyze each of these components in the field and laboratory (e.g., H. Hu et al., 2020; Iverson
et al., 2010; Thouret et al., 2020). Although these approaches can reproduce and estimate debris-flow impacts
and damages to some extent, the field-scale relationship between particle impact properties and flow dynamics
remains unquantified. This is because the large excursions of impact force magnitudes from the mean values
(e.g., 170 kN/m? in Figure 8b of K. Hu et al. (2011)) scale with variables characterizing flow dynamics (e.g.,
the discharge fluctuation is 2,000 m%/s in Li et al. (2015)), and their frequency-magnitude distribution remains
poorly quantified, especially in natural debris flows with broad grain size distributions. Hence, understanding the
impact mechanics of debris flows and encoding their flow dynamics is essential for discerning controls on impact
damage and their influence on channel evolution.

Debris flow dynamics arise through the interaction of several forces, including inertial force, frictional resistance,
and pore pressure, which may decrease the resistance force (Iverson, 1997). Several dimensionless numbers have
been proposed to characterize and analyze debris-flow dynamics and the forces acting on solid and fluid phases.
The Savage number represents the inertial force of the solid phase over effective shear stress, which is the ratio
between inertial collision forces and solid contact friction in the solid phase of saturated flows (Iverson, 1997). The
friction number compares the solid-phase contact friction to the fluid-phase viscous resistance, representing the
rheological characteristics of solid-fluid mixtures in debris flow (Iverson, 1997). The Bagnold number is a ratio
between inertial force and viscous force and distinguishes viscous-force-dominated flow and inertial-force-domi-
nated flow (Hunt et al., 2002). The mass numbers represent the ratio between the solid phase's inertial forces and
those of the fluid phase (Iverson, 1997). The particle Reynolds number was developed for mixed grain flows and
compares the inertial and viscous forces at the particle scale (Iverson, 1997). The Froude number represents the
ratio between inertial and gravitational forces and can differentiate critical and subcritical flow (Heller, 2011).
Dimensionless numbers are a simplified method for quantifying debris-flow dynamics and are compared among
small-scale experiments, direct field measurements, and numerical simulations.

Many field studies have used a combination of flow depth, channel geometry, and velocity measurements to
characterize debris-flow dynamics (e.g., Bel et al., 2017; Gregoretti et al., 2016; Okano et al., 2012), but very
few studies have attempted to determine the internal flow of a debris flow. A recent exception is a study by Nagl
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et al. (2020), who used conductivity sensors to determine velocity profiles in two natural debris flows. They
found that the velocity profiles in debris flow varied from front to tail and between flows at their study sites.
Some simple numerical models based on indirect measurements, such as using the seismic signals of seismic
stations for dynamics inversion (Yan, Cui, Huang, et al., 2022), or the seismic signals generated by bed-particle
interactions, have been proposed to reconstruct debris-flow dynamics (e.g., Farin et al., 2019; Kean et al., 2015;
Lai et al., 2018). Kean et al. (2015) found that the spectral power of the seismic signal systematically increased
as the debris flow entrained bed sediment. Lai et al. (2018) were able to estimate boulder sizes, debris-flow
speed, and distance from amplitude and frequency characteristics of seismic data. Farin et al. (2019) devel-
oped a process-based model for the high-frequency spectral distribution of seismic signal power generated by
debris flows based on four regions (flow body, coarser-grained snout, snout lip, and dilute front) with different
controlling mechanisms. These models can predict normal basal force and seismic signals, but the relationships
between basal force, impact force, and debris-flow dynamics are unclear (e.g., Z. Zhang, Walter, McArdell,
Chmiel, et al., 2021; Z. Zhang, Walter, McArdell, de Haas, et al., 2021). It would be useful to develop a simple
model to estimate the variability of debris-flow properties in the vertical direction (such as flow depth, vertical
velocity profiles, and dimensionless numbers) based on real-time impact force measurement.

In this study, we investigate the characteristics of impact forces and flow dynamics inside natural debris flows
using comprehensive field measurements, including real-time impact force measurements, with signal and dimen-
sional analysis. First, we present impact-force measurements from 38 debris flow surges from Jiangjia Ravine,
analyze them in both the time and frequency domain, and determine the essential characteristics of probability
density distribution (e.g., type and parameters). Then, we derive various debris-flow dimensionless numbers,
investigate the relationship between these numbers and impact-force signals, and compare them with examples
from other basins and flume experiments to assess the general physical mechanisms. To quantify impact pressure,
we define a new dimensionless number (non-dimensional impact pressure, P*) and explore its correlation with
other dimensionless numbers. Finally, we develop a simple particle impact model to quantify high-frequency
impact-force signals and combine the data set with numerical analysis to derive dynamics in the vertical profile
and interpret the impact-force signal. A key advantage of using such empirical relationships with a simple particle
impact model for control measure design and hazard assessment is that they can be more universally applied in
other areas, even without historical data on debris flows.

2. Methodology
2.1. Study Site

Our study site, Jiangjia Ravine, is located on the right bank of the Xiaojiang River, Yunnan, China (Figure 1a).
The total drainage area is about 48.5 km?, and the main channel is approximately 13.9 km long. The bedrock,
mainly composed of slate and dolomite, is usually highly weathered to fine particles that provide abundant sedi-
ment sources for debris flows (Cui et al., 2005). Sediment generally accumulates in the channel via landslides,
dry ravel, and rockfall from the steep hillslope during cold periods (Cui et al., 2005). The study site is subject to
the most frequent debris-flow activity in Southwest China, with an average of about eight debris-flow events per
year (Cui et al., 2005). Debris flows usually occur during summer rainstorms from late May to September when
runoff concentrates in channels and mobilizes sediment (S. Zhang et al., 2020). A typical debris-flow event at
Jiangjia Ravine consists of multiple steep-front, high-viscosity, coarse-grained surges separated by water-rich
intersurge flows. The debris-flow surge front surface usually contains a large amount of coarse-grained debris
and has a consistency such that material launches into the air when it impacts an obstacle. The debris-flow surge
commonly has a sediment concentration greater than 40%, while it is generally between 20% and 40% for inter-
surge flow; the latter flow is termed debris flood or hyperconcentrated flow in the literature (e.g., Cui et al., 2005;
McCoy et al., 2013). Here, we consider a debris-flow event composed of 42 short-duration surges and seven
long-duration surges (Tables S1 and S2 in Supporting Information S1). More details on the study site can be
found in Cui et al. (2005) and K. Hu et al. (2011).

2.2. Field Measurements and Observations

Field monitoring focused on two observation sections in the main channel of Jiangjia Ravine (130 m, short
green lines in Figure 1a). The monitoring system comprised three rain gauges, three impact force sensors, one
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Figure 1. Study site location and monitoring set-up: (a) Satellite image of the Jiangjia Ravine, Yunnan, China, showing the
location of the monitoring station, observation sections, and rain gauges (Adapted from Li et al. (2015)); (b) One-minute
rainfall intensity (blue) and accumulated rainfall (red) at Mayiping rainfall gauge for the storm of 25 August 2004, starting at
11:20 a.m. local time. The location is shown in panel (a); (c, d) Monitoring station set-up and detail of impact force sensors.

ultrasonic sensor for the flow stage, and one sampler to collect sediment from the debris-flow surface (Figures 1c,
1d, and 2). The monitoring system also included a coarse grain sampler comprising a 61 cm high cylinder with
an 18 cm inner diameter (Figure 2a). All sediment samples were collected from the debris-flow surface right
after the surge front (Figure 2b); initially, the sampler was placed close to the bed and then raised using hanging
cables and a pulley after the flow had passed (Figure 2b). Theoretically, the sampler could collect grains as large
as 18 cm, but grains over 10 cm were rarely collected in practice. Sample bulk density was estimated using the
mass-to-volume ratio. We used two synchronized stopwatches to manually record the arrival time of surge fronts
at the two observation sections (Figure 1a). We estimated the travel time between the two sections based on the
time difference to calculate the average velocity U,. Three bucket gauges recorded rainfall every minute during a
monitored storm event on 25 August 2004 (Figure 1a). The event began at 11:24 and ended at 13:14 local time,
with 17.6 mm total rainfall at the top of the basin (Mayiping station) and maximum one-minute rainfall intensity

Figure 2. (a) Details for sediment sampler and (b) the location of sediment sampler and impact force sensor. Sediment
samples for the debris-flow surface were collected a few meters downstream from the impact sensor and right after the debris-
flow front to protect the sampler. We collected all sediment particles up to 18 cm.
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of about 83 mm hr~! (Figure 1b). The debris-flow event started at 12:40 local time. We observed one debris
flow event with 49 surges during and after the storm, including 42 short-duration surges and seven long-duration
surges with no distinct surge front at the beginning and end of the event (Tables S1 and S2 in Supporting Infor-
mation S1). Impact-force signals were successfully recorded for 38 surges (No. 3-42, excluding No. 37 and 41)
from 12:56 until 14:55 local time. Additional details regarding the monitoring equipment and methods can be
found in K. Hu et al. (2011).

Bulk sediment samples were collected from the flow surface of the 10th, 21st, and 30th debris-flow surges right
after the flow peak. Their grain size distributions and bulk densities were determined in the lab (see Figure 4 in
K. Hu et al. (2011) for details and Figure S16 in Supporting Information S1). Based on the standard sieve method
(Cui et al., 2005), the median grain size (D) of the three bulk samples, excluding larger clasts and boulders,
was about 8—10 mm with wide distributions that spanned over six orders of magnitude (Figure S16 in Supporting
Information S1). Bulk densities ranged from 1,600 to 2,300 kg m~. Sediment concentration (C), a key input
parameter of the particle impact model (refer to Section 2.5 Simplified Particle Impact Model), constrained from
in situ field measurements based on the ratio of the volume of solid material in the sample and the total sample
volume. The flow stage was measured by an ultrasonic sensor suspended over the channel near the impact force
sensors (Figure 1c). The datum for stage measurements was the bottom of the impact force plate; thus, when no
sediment was deposited on the bottom, the flow stage was bed-normal flow depth. Due to erosion and deposition
during debris-flow events, the thickness of stationary bed sediment beneath the flow is not known precisely as a
function of time. During each surge, we roughly estimated flow depth (H,,) from the maximum height difference
between the flow surface and the pre-debris-flow channel bottom using the ultrasonic sensor.

All impact force instrumentation was located at the downstream station. Three impact sensors of 15 cm diame-
ter, designed and made by the Facility Design and Instrumentation Institute, China Aerodynamics Research and
Development Center, were installed vertically on the pile front at a uniform spacing of 30 cm (Figure 1d). The
lowermost sensor was about 65 cm above the pre-debris-flow event channel bed. The impact force sensor has a
response time of less than 1 ms, a maximum frequency of 8 kHz, a maximum value of 100 kN, and a minimum
value of 0.3 N, with an accuracy of about 3%. The sampling frequency was set to 2 kHz. The natural frequency
of the impact force sensor is above 200 Hz. The median diameter of grains is equal to Dy, and the maximum
flow velocity (12 m s~!), which means that the duration of the Hertzian collision is around 0.04 ms. Therefore,
we assumed each force measurement approximates an instantaneous measure of the force on the plate surface.
As plate area increases, the hydrostatic pressure acting on the plate increases, which increases the time-averaged
mean normal force on the plate. We expect that grain-scale dynamics are strongly controlled by solid phase in
debris flows, and a larger plate area permits more particles to contact the plate. If particle-plate contact forces
are spatially uncorrelated, then fluctuation amplitude relative to the time-averaged mean force will decrease as
contact forces are spatially averaged. Therefore, we chose a plate size close to the diameter of large particles in the
flow. Debris-flow dynamics are sensitive to location and whether flow has been disrupted; hence, flow dynamics
measured by our plate should represent that developed mid-channel and within a supercritical flow.

2.3. Impact-Force Signal Processing and Analysis

The impact-force signals from the sensor require processing before analysis; impact-force signals from debris
flow are usually non-linear and non-stationary, with harmonics of multiple frequency points, significant fluc-
tuation, and background noise. Using the code of Y. Wang et al. (2014) with zero added noise, empirical mode
decomposition (EMD) was applied to separate vibration from harmonics and remove noise from the impact
vibration signal (Boudraa & Cexus, 2007; N. E. Huang & Wu, 2008; Yan, Cui, Guo, et al., 2020; Yan, Cui, Tian,
etal., 2020). The prominent noise of concern in our data comes from the same-frequency harmonics of the sensor,
most of which are very high-frequency (>180 Hz). EMD allows us to remove these high-frequency components
by decomposing the signal into intrinsic mode functions (IMFs) with spectral content at incrementally decreasing
frequencies, the number of IMF is determined by the EMD processing process adaptively, and its range is usually
7-15. We exclude the first 3 or 4 IMFs from the signal, as Chang and Liu (2011) shows to reduce noise without
causing signal phase delay or distortion. For the impact force, the noise of the middle sensor is stronger than the
other two sensors. Therefore, the number of IMF noise components used by the middle sensor is four. The IMF
noise component used by the data of the top and bottom sensors is three. The number of IMF is selected manually
according to removing noise while keeping useful signal components as much as possible. Several groups of
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typical filtering results with different noise numbers are supplemented in Figures S18—S25 in Supporting Infor-
mation S1. The short-time Fourier transform method (Yan, Cui, Guo, et al., 2020; Yan, Cui, Tian, et al., 2020)
was used to transform the impact-force signal into a joint time-frequency domain to quantify the characteristics
of the force signal. The power of each frequency that corresponds to a given debris-flow period can be calculated
based on the power spectral density (PSD) of the vibration signal as a function of frequency (f) (Oppenheim
et al., 1997):

PSD(f) = |F()I*/Af, (1

where F is the Fourier transform of the impact force F(z), Af is frequency resolution which is equal to 1/T (T is
window length). We used the Welch method to calculate PSDs. The Welch estimate method is a windowed mean
periodogram method in PSD calculation, which can improve the resolution of spectral estimation and reduce energy
leakage (Welch, 1967). We used a window length of 2,048 data points and an 80% overlap of the two windows,
which is 1,638 data points. The impact force (F(r)) as a function of time can also be separated into a moving
median of the impact force (F(r)) and a fluctuating component of the impact force (F(f) = |F(f) — F(1))|. F(f)is
set largely by hydro-pressure (McCoy et al., 2013). In contrast, through the time-domain moving-window-median
filter with a 400 points window (0.2 s or 5 Hz) set by grain-scale processes, the median and fluctuating compo-
nents of the impact-force signal are separated to obtain £(r).

The fluctuating component is usually high frequency and is difficult to define objectively; in this study, we
considered all signals above 5 Hz as the high-frequency component. The relative impact energy transferred from
the impact to the sensor was calculated using the formula:

@

N
(1 — e)F(i)AtU,,
E= ; —_—

where e is a constant coefficient of restitution, our impact sensor is stainless steel plate (¢ = 0.7), At is the
sampling interval, F(i) is the ith sampling value of impact force, U,, is averaged flow velocity.

We analyzed probability density functions (PDFs) for impact force to determine their distribution shape and
understand how the distributions change across debris-flow events and measurable flow properties. Our goal
in this analysis was to determine which flows have the potential to generate the large magnitude impact forces
more likely to cause damage. We separated the force data into populations based on the time of each event. First,
the impact forces of all the surges and intersurges were normalized by the median impact force to remove the
influence of variability in F(z) on the distribution of F(#) and to isolate the influence of grain-scale processes. We
normalized each force measurement F(¢) by its concurrent F(z) (McCoy et al., 2013):

Fa(t) = 20 3)

F@)

A single master population was created by combining force plate measurements from all events. They were separated
into two groups (debris-flow surge and water-rich intersurge) based on the magnitude and shape of the impact-force
signals, following Cui et al. (2015). Similar to stage data (Kean et al., 2013; Tang et al., 2019), we identified
debris-flow surges as asymmetric shapes in the impact-force signal, with an abrupt rise followed by a slow decline
(Figure 3 and Figures S1-S4 in Supporting Information S1). The debris-flow surge group includes measurements
with high-magnitude impact force under relatively deep flow. The intersurge flow group contains measurements
from the water-rich flow between two surges when the impact force is less than 10% of the peak (Cui et al., 2015).

To aid the quantitative comparison of flow dynamics, we calculated PDFs for measurements from the debris-
flow surge period, the water-rich intersurge period, and the entire debris-flow period. We tested six distributions
(exponential, gamma, generalized Pareto, Nakagami, normal, and log-logistic), which have been used in the
literature to fit PDFs with maximum likelihood optimization (e.g., Hsu et al., 2014; McCoy et al., 2013), and
evaluated them using the residual sum of squares (RSS). The RSS, which emphasizes the difference between
the fitted distribution and the original data, is typically used to compare the statistical goodness of fit (Draper &
Smith, 1998). We determined RSS by

N
RSS = Y (W Fn(i)) - F(Fn(i), @
i=1
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Figure 3. Summary of impact-force signals for the 19th surge (I-top sensor; II-middle sensor; and III-bottom sensor). (a) Power spectrum of the impact-force signal by
short-time Fourier transformation; Most signals from impact force sensor are below 100 Hz for the 19th surge. (b) Time sequence of total impact force, F(), fluctuating
component, F (1), mean impact force, f(t); The total impact force can be 50 times larger than mean impact force as shown in (I-b). (c): Power spectral density (PSD) for
the entire impact-force signal (F()); The highest PSD, in terms of frequency, locates at the low-frequency part (<5 Hz). (d): Probability density functions of normalized
impact-force measurements (black dots) and fitted log-logistic distribution (LLD) (red line). The LLD fits well for all impact-force measurements from three sensors.
The impact-force measurements from the top sensor have shown apparent heavy tails above two.

where y(Fn(i)) is the ith value of the probability to be predicted and is an empirical distribution function, Fn(i)
is the ith value of the normalized impact force, and belongs to a cumulative distribution function, and f{Fn(i)) is
the value at Fn(i) of the best-fit cumulative distribution function. A perfect fit will give an RSS of zero (Tables
S3-S7 in Supporting Information S1). The probability density for the log-logistic distribution (LLD), which fits
best for impact forces, can be written as:

—u\1/p—1

pet [1 + (Fne*")]/p]2 .

p is a shape parameter (p > 0), but for 0 < p < 1, a mean of the distribution does not exist, so here p > 1. The
distribution is unimodal when p > 1, and its dispersion decreases as p increases (Ashkar & Mahdi, 2006). The
scale parameter u is related to the median, which is equal to e*. We also used the Kolmogorov-Smirnov test
(KS-Test) (Stephens, 1974) to check the similarity between distributions from the surge and intersurge flow
groups within each event. We assume the two distributions are similar when the Kolmogorov-Smirnov statistic
is greater than 0.05.

2.4. Dimensionless Analysis

We used seven dimensionless numbers to give insights on simplified debris-flow dynamics and investigate the role
of flow dynamics on impact-force distribution: dimensionless flow discharge (Q.), Froude number (Ny,), Savage
number (Ng,), Bagnold number (Vy,), mass number (N,,), friction number (Nf)’ and particle Reynolds number
(Ng,) (Bagnold, 1954; Iverson, 1997; Iverson & Vallance, 2001; Savage & Hutter, 1989; Zhou & Ng, 2010). Each
dimensionless number is well-defined and has been applied widely in previous experimental and field-based
research (Bagnold, 1954; Iverson, 1997; Iverson & Vallance, 2001; Savage & Hutter, 1989). We compared the
dimensionless numbers derived from our study with experimental data reported in Lanzoni et al. (2017) and field
data from other basins in the literature (Arattano & Franzi, 2004; Badoux et al., 2009; Bennett et al., 2014; Berger
et al., 2011b; Berti et al., 1999; Chou et al., 2013; Coe et al., 2008; Marchi et al., 2002; McCoy et al., 2010, 2013;
Okano et al., 2012; Suwa et al., 2009). Below we briefly define and describe each dimensionless number. The
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dimensionless flow discharge (Q.) is estimated from the flow discharge per unit width and the sediment grain
size (Parker, 1979; Parker et al., 2007):

U’n H’n
’ (6)
Vé Dy,

where H,, is flow depth, U, is averaged flow velocity, g is the gravitational acceleration. We constrained the

Q*=

median grain size, Dy, based on particle size analyses from three samples. We use 8 mm as Dy, for 21 surges at
the first part of the event and 10 mm as D, for rest of the surges. The Froude number (V) is defined as:
Un

NFr = . 7
e, O]

The Froude number reflects the wave-making resistance in free-surface flow and can distinguish subcritical
(Ng, < 1), critical flow (Vg = 1), and supercritical flow (Vg > 1). The Savage number (Ng,) represents the ratio
between the inertial and quasi-static stresses associated with collisions and long-lasting contacts of sediment
grains (Savage & Hutter, 1989):

ps D2 y?

Ngy = —2—, ®)
Oe

where p_ is the density of sediment, and y is the shear rate, which can be estimated as U,/H,. o, represents the
effective normal basal stress equal to ¢ — P. o is the normal compressive stress (pghcos(d), where 0 is channel
gradient), and P is the pore fluid pressure (pfghcos(e)); these two parameters are calculated based on the measured
data. Based on several experiments (Savage & Hutter, 1989), grain collision stresses prevail over the grain friction
stresses in granular flows when Ny, exceeds about 0.1 (Iverson, 1997). The Bagnold number, N, (Bagnold, 1954)
is the ratio between the inertial and quasi-static stresses associated with collisions and viscous fluid stresses:

12, 2

ApD S0V

Npo = ———, ©
Hy

where 4 is the linear concentration and equal to C'/3/ (C,L{; -C's3 ) C is the bulk sediment concentration. C,__
is the closest packing sediment concentration and is equal to 0.65. y, is the viscosity of the interstitial fluid.
#, of each surge can be obtained by rheological experiments, but here it is assumed to be 0.1 kg m~! s7! The
Ny, can help distinguish the dominant model of momentum transport in a two-phase flow: large values of Ny,
(>200) indicate that grain collision dominates viscous drag stress (Iverson, 1997). A collisional regime (Ng, > 0.1
and Ny, > 450) prevails in the laboratory-generated debris flows and those observed at the field. According to
Armanini et al. (2005), the transition from a frictional to a collisional behavior is also controlled by the viscosity
of the interstitial fluid and occurs for Ny, about 1,000. The mass number N, (Iverson & Vallance, 2001) repre-
sents the ratio of inertia force between solid and slurry in the debris-flow mixture:

__Cos
(1-C)py’

m 10)
where p, is density of water. A value of N,, greater than one suggests that solid grain dynamics dominate momen-
tum transport and that an increase in sediment concentration increase N, . N is the friction number (Iverson, 1997),
and the ratio between the Bagnold number and Savage number, which indicates the importance of collision and
represents the inertial and quasi-static stresses associated with long-lasting contacts and viscous fluid stresses:
Mg
Nyp=——=. an
YHf
Large values of N, suggest that frictional shear stresses tend to exceed viscous shear stresses. Ny, is the particle
Reynolds number (Iverson, 1997) and is the ratio between the Bagnold number and mass number, which indicates
the role of viscous drag associated with solid-fluid interactions:

_ prDyy

Nrge = (12)
Hy
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The particle Reynolds number describes the turbulence magnitude within a fluid and quantifies the degree of
turbulence at the particle scale. The seven dimensionless numbers and sediment concentration represent many
degrees of freedom to investigate the first order of debris-flow dynamics (Figure 5).

In addition to the existing dimensionless number, we aim to establish a new dimensionless number to charac-
terize debris-flow impact pressure quantitatively. The size of the sensor determines the area of the impact force,
so in order to uniformly characterize the impact force, we determined that the new number should be based on
pressure rather than force. Force is proportional to the change rate of the impulse; particle pulse depends on mass
and impact velocity. Mass scales with the product of density and volume. Therefore, particle density and grain
diameter are relevant parameters. We assume that impact velocity scales with the averaged flow velocity (U,,).
We considered two approaches to create the new dimensionless number to describe debris flow impact pressure.
The first one is based on the viscous flow Bernoulli theorem, where impacts are altered by viscous damping. The
gain in kinetic energy due to loss of height is matched by energy loss to heat due to friction. The second method
assumes that surface and bed effects are not negligible, so we need to incorporate flow depth (H,,) and height of
the sensor above the bed (%), which leads to a particle Reynolds number approach. For the Bernoulli approach,
fluid density was used to describe debris-flow impact pressure, while debris-flow density (mixture of particles
and slurry) was used for particle impacts. Considering the measured parameters of the field observation, we used
debris-flow density for both approaches. We found that both methods produce the same dimensionless pressure.
Given the need for more direct samples (measurements of viscosity,u,) with the second method, we derived our
non-dimensional impact pressure P* from impact pressure (P,), averaged flow velocity (U,,), and debris-flow
density (p,) as:

= U (13)

P, is the average impact pressure derived from measurement. The impact-force measurement is the impact pres-
sure multiplied by the area of the impact sensor. This definition is very similar to that used for estimating the
impact load of geophysical flows against barriers using a momentum-based approach (P, = fipv?, v, the average
flow velocity, p, the bulk density of flow, 3, a dynamic coefficient accounting flow composition and barrier type)
(Hungr et al., 1984; Mizuyama, 1979; VanDine, 1996). There is a large amount of work trying to characterize the
coefficient from analytical and experimental aspects (e.g., Choi et al., 2017; Zheng et al., 2022). The dynamic
coefficient in the proposed formula can range from 0.4 to 17.0 in flume experiments (Choi et al., 2017; Zheng
et al., 2022). Some theoretical and experimental investigations have indicated that it is a function of the Froude
number (5.3Nf,~"?) (e.g., Cui et al., 2015; Hiibl et al., 2009).

We performed correlation analysis between the non-dimensional pressure and concentration (C, Figure S11 in
Supporting Information S1), relative flow depth (H = h/H,, Figure S12 in Supporting Information S1), particle
Reynolds number (M,
in Supporting Information S1). For the non-dimensional pressure (P*), we took the average value of impact pres-

Figure S13 in Supporting Information S1), and Froude Number (Vp,, Figures S14 and S15

sure (P)), and particle density was assumed to be a constant (2,650 kg m~*). The Pearson correlation coefficient
was used to analyze linear correlations between multiple attributes of the non-dimensional impact pressure and
the dimensionless numbers, calculated as follows:

cov(X,Y)

OxOy

Rxy = 14)
where R,, is the Pearson correlation coefficient between two variables, o, and o, are the standard deviation
of X and Y, cov(X, Y) is the covariance of X and Y. Concerning the range of values of the Pearson correlation
coefficient between X and Y, we can distinguish the following cases: R, = 1, variable Y is perfectly correlated
with variable X; 0.8 < R,, < 1, the strong correlation of variable Y with variable X; 0.3 < Ry, < 0.6, moderate
correlation of variable Y with variable X; 0 < R,,, < 0.3, weak correlation of variable Y with variable X; R, ~ 0,
no linear correlation of variable Y with variable X.

2.5. Simplified Particle Impact Model

In this section, we developed a simple model based on the fundamental physics of particle-sensor interaction to
investigate the relationship between particle impact behavior (PSD) and overall hydrodynamics (e.g., averaged
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Figure 4. Summary of field measurements, statics, and simulations for the debris flow on 25 August 2004: (a): The residual
sum of squares for different distributions used to fit probability density functions: EX: Exponential distribution; GA: Gamma
distribution; GP: Generalized Pareto distribution; NA: Nakagami distribution; NO: Normal distribution; La: Log-logistic
distribution for all measurements; Ls: Log-logistic distribution for measurements during the debris-flow surge; and Li:
Log-logistic distribution for measurements during the intersurge flow. Box with quartiles represents 75% of the data range,
the black line represents the mean, and the red cross represents outliers. (b): Estimated sediment flux from field observation
for each surge; (c): Estimated particle impact energy ratio (E (F ) /E(F), where E (1:" ) represents the impact energy of particle
and E(F) represents the total energy). (d): Estimated dimensionless discharge from field measurements and a simplified
particle impact model over the surface of three impact force sensors.

flow velocity, U, and sediment flux, g,) in debris flows. We develop the conceptual model considering a single
impact between the sediment particle and sensor. We mainly focused on the high-frequency component of the
impact-force signal generated by particle impact with sensors from the flow body. Therefore, we average the
theoretical PSD (PSD,,) from the model over the frequency 1 Hz to 2 kHz range that our instruments measure,
and equating the equivalent average from field measurements. It should be noted that PSD from field measure-
ments (PSD)) is a signal form of PSD, which needs to transform to a physical power spectrum to compare with
PSD,, (See Text S2 in Supporting Information S1 for details). To quantify the magnitude of debris-flow surges
and compare them with other on-site estimations, we assume that the averaged sediment flux over three sensors
and depth-averaged sediment concentration represents the entire channel. We estimated the unit dimensionless
flow discharge for all debris-flow periods (Q.) by replacing U, with estimated averaged particle velocity U)
from the model in Equation 6. In practice, discharge, especially peak discharge, and total volume are widely
used to characterize debris flow events. The dimensionless discharge is more representative than velocity as a
non-dimensional variable. We validate our model by comparing Q. based on field measurements of average surge
velocity (U, from Table S1 in Supporting Information S1) and the particle impact model at the end (Figure 4d).

First of all, we assume the theoretical PSD (PSD,) is the sum of the impact force radiated over the surface area of
the sensor in the y and z-direction for all recorded frequencies (f) and grain diameters (D):

PSDm(f)=///RimmemdzdydD. (15)
DJyJz

R is the rate of particle impact per unit volume and grain size:

impact
UCG(D) _
v

Rimpact =

2UcGD), (16)
m
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Figure 5. Summary of comparison between field measurements, experiment, and our observation for the debris flow on 25
August 2004: (a—d) Dimensionless number spaces for (a) Savage number and Bagnold number; (b) Particle Reynolds number
and friction number; (¢c) Mass number and sediment concentration; (d) Froude number and sediment concentration with data
from debris flows observed at different field sites (Illgraben, Switzerland; Acquabona, Italy; Moscardo, Italy; Chalk Cliffs,
USA; Yake Dake, Japan; and Houyenshan, China). All field data from other basins and experiment data are adapted from
Lanzoni et al. (2017).

where U is the average particle velocity normal to the sensor, C is the sediment concentration, G(D) is grain size
distribution, and ¥ and m are the average particle volume and mass, respectively. Suppose the particle impacts

the sensor with impact speed, u at an impact angle, a, to the sensor surface, and we assume the impact is

impact®
instantaneous. In that case, the measured impact energy is given by (See Text S1 in Supporting Information S1

for details):
En=(1-e)’(1 +epymU . an

Here, ¢, is the basal coefficient of restitution, which is zero for a fully inelastic impact and one for a fully elastic
impact. Our sensors are made of stainless steel plate, so e, ~ 0.7. We also assume that grains are spherical and
have a uniform grain size, Dy

z
6

m=m=

ps D3, (18)

Combining equations from 15-18, we can estimate the PSD,, for different debris-flow periods (See Text S1 in
Supporting Information S1 for details):

—3
PSDu(f) = (1 —e))*(1 + ep)ps; ACU . (19)
Here, A is the sensor area. Equation 19 is expected to give an order-of-magnitude estimation of the PSD when the

averaged particle velocity U and particle concentration C are known.

2.6. Uncertainty Calculation

The uncertainty is used to evaluate the flow velocity, the median grain size (D), and other data of different
groups of debris flows. The uncertainty refers to the uncertainty of the obtained results due to the existence of
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errors such as measurement and investigation. In turn, it also indicates the reliability of the results. It is an indica-
tor of the quality of data results. The smaller the uncertainty, the higher the data quality. Given the limited data,
the maximum deviation is used to quantify the uncertainty:

Uc=max{|Z—A,-|,i=1,2,...,n}, 20)

where A, is each data in the data group for which we want to analyze the uncertainty, A is the average of the data
group, and U, is the uncertainty of the data group. Based on the average flow velocity of all debris flows (Tables
S1 and S2 in Supporting Information S1), the uncertainty using Equation 20 is 5.39 m/s.

3. Results
3.1. Field Observations

In general, field observations indicate debris-flow surges in Jiangjia Ravine are muddy, relatively shallow, and
fast-moving, with high sediment concentration (see Movie S1). Surges were usually characterized by a distinguish-
able front and could be easily detected visually in the impact-force signal using the criteria of Cui et al. (2015).
Surge fronts were often characterized by a large number of coarse-grained particles (10 cm) at the flow surface
due to grain segregation and were typically over 10 cm deep. Water-rich intersurge flows lacked coarse particles
on the flow surface and were characterized by turbulence, waves, and splashes. Debris-flow surges lasted about
8-39 s. The mean velocity of surge fronts ranged from 4.2 to 11.8 m s~! with an average value of around 6.5 m s™!
between the two observation sections (Tables S1 and S2 in Supporting Information S1). The flow depth for
debris flows was about 0.4-2.0 m, and flow width varied from 2 to 40 m. We estimated discharge and sediment
concentration for each surge (Tables S1 and S2 in Supporting Information S1), with discharge ranging from 4.
in the last debris-flow period to 840.0 m?® s~! in the first surge. During all observed debris flow events, sediment
concentration was about 51% at the start, reduced to 42% around 1 hr later, and decreased to 33% by the end of
the debris-flow event. No clear water flows were observed.

3.2. Impact Force Time Series and Statistics

Field observations indicated no visible sedimentation at the bottom of the sensor during the 19th surge (like
the other flows), suggesting conditions at the sensor did not change throughout the debris-flow event. The
impact-force measurements from debris-flow surges show some general characteristics, which we illustrate
regarding the 19th surge (Figure 3). Impact force data for other selected debris flows are shown in the Figures
S1-S4 in Supporting Information S1. Figure 3 shows the impact-force measurements varied from different sensor
locations (top, middle, and bottom) and flow magnitudes. No significant fluctuations in the time-averaged mean
force were recorded when the force plates were impacted by a debris flow greater than one m. However, the
magnitude of high-frequency force components varied by more than 20-fold (Figure 3). Given the significant
variation in high-frequency (>5 Hz) force components, we focused on those measurements directly related to
grain behavior in debris flows.

While debris flows directly impact the sensor, the impact-force signal (F(¢)) has a significant fluctuating compo-
nent (1:“ (t)) with a maximum amplitude that can exceed the median (F() by several orders of magnitude. Above
80 Hz, power spectra from each surge and sensor decreased quickly (Figures 31,a, 311,a, and 3III-a). The general
pattern of higher spectral density at lower frequencies is apparent in spectrograms of impact force (Figure 3).
When impact-force measurements are separated into groups based on the location of the sensor (top, middle,
bottom), the magnitude of high-frequency fluctuations (>5 Hz) usually increases in each group with an incre-
ment of the mean impact force (Figures S1-S4 in Supporting Information S1). The low-frequency part (1-5 Hz)
has the highest PSD (Figure 3, Figures S5 and S6 in Supporting Information S1). The decomposed signals show
that, on average 21%, of the particle impact energy is delivered in the high-frequency region (11%-33% for the
top sensor, 13%—43% for the middle sensor, and 1%—-53% for the bottom sensor in Figure 4c). Changes in flow
depth occurred slowly and persisted over long periods, which would not cause short-duration, large-magnitude
fluctuations. However, the responsible specific particle-sensor interactions are challenging to determine from the
force-time series alone. The large magnitude impact-force fluctuations and their spectra from granular surges
and water-rich intersurge shared similar characteristics (Figures 3Lb, 3ILb, and 3III-b). Granular surge fronts
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commonly showed distinct rapid increases in the impact-force signal, but the transition from granular surge to
watery intersurge flow sometimes was difficult to determine. Both flow types recorded similarly large impact
forces and exhibited instances in which large pulses saturated the measured frequency band (Figure 3).

Probability density functions (PDFs) of normalized impact force for each measured debris flow were right-skewed
and decayed slowly with a heavy tail that probability distribution functions with polynomially decreasing upper
tails (regularly varying tails) (Alves et al., 2006; McCoy et al., 2013; Pisarenko & Rodkin, 2010) (e.g., Figure 31-d,
30th surge in Figure 7). The averaged RSS for all distributions with LLD was about 2.04 (La in Figure 4a), which
indicates a good fit. The estimated scale parameter for PDFs that fit with LLD varied from 0.02 to 0.23, and the
estimated shape parameter, p, ranged from —0.08 to 0.00, with the mean value around —0.01. The results of fitting
show a weak positive correlation (RSS, Tables S3—S7 in Supporting Information S1) with measures of event
magnitude, such as event-averaged flow depth. When impact-force measurements are plotted by sensor loca-
tion (top, middle, and bottom), they fit the LLD better than the Generalized Pareto distribution and exponential
distribution (Figures 6 and 7). However, the top sensor sometimes has slightly higher variability with a heavier
tail than the middle and bottom sensors (e.g., Figures 31-d and 8). The LLD is usually a better fit for the heavy
tail part than for data below the time-averaged mean impact force (Figure 7). We attribute the poor separation of
distributions for the three sensor depths to their relatively close spacing (30 cm), and flow depth is an imperfect
predictor of impact force in natural debris flows. The normalized impact-force PDFs for surge and intersurge
flows overlap and show similar scale and shape parameters within error. Seventy-Six percentage of PDFs from
surges have a heavy tail that is over double the time-averaged impact force, while 30% of PDFs from intersurge
flows have a heavy tail (Figure 8). Also, the impact-force PDFs for intersurge flows show less variation between
the three vertically separated sensors than surges (except the 24th surge, Figure 8). As the time-averaged mean
force increases, indicating increasing surge magnitude, the mean and dispersion of the distribution increase, but
the type and shape of the distribution only change slightly. The slight increase in the time-averaged mean force
from the top to bottom sensor results in stretching the distribution to accommodate the increasing mean and
dispersion around the mean, but the overall shape remains the same.

Tables 1 and 2 summarize the Kolmogorov-Smirnov test (KS-Test) results for all 38 debris-flow surges. P, is the
asymptotic p-value, and D, is the test statistic. H, is the hypothesis test result in each Kolmogorov-Smirnov test.
When P, > 0.05, H, is equal to zero, indicating that the distributions from surge and intersurge flow are similar,
as shown in Figure S9 in Supporting Information S1 (third surge). When P, < 0.05, it is assumed that H, = 1, the
distributions from surge and intersurge flow are not similar, such as in channel one (top sensor) and channel three
(bottom sensor) in Figure S10 in Supporting Information S1 (12th surge). For the 114 results from the 38 surges,
100 cases show similar surge and intersurge distributions. Sixteen cases (14%) were not similar, of which four
were in the top sensor (3.5%), four in the middle sensor (3.5%), and eight in the bottom sensor (7%).

3.3. Flow Dynamics

Overall, debris flows at Jiangjia Ravine are characterized by small Ny, (23.5-90.8) and Ng, (0.0003-0.0146),
which suggests a mixed regime between friction and collision for grain-to-grain processes at our study site
(Figure 5a). The low Ny, (13.6-56.0) of flows at Jiangjia Ravine corresponds to a stress regime dominated by
viscous, quasi-static actions with a low degree of turbulence at the particle scale (Figure 5b). Large values of N,
(14,000-340,000) suggest that frictional shear stresses exceed viscous shear stresses. Values of N, greater than
one (Figure 5c¢) indicate that solid grain dynamics dominate momentum transport in debris flows. All debris-flow
surges at our study site are supercritical since the Froude number is higher than one (Figure 5d). There are signif-
icant differences between the seven dimensionless parameters from our study site and those determined experi-
mentally by Lanzoni et al. (2017) (Figure 5). The laboratory-generated debris flows from Lanzoni et al. (2017)
exhibit collisional regimes (Ng, > 0.1 and Ny, > 450), while debris flows at Jiangjia Ravine usually show a
transitional regime between friction and collision. Lanzoni et al. (2017) results also have higher particle Reyn-
olds numbers (>2,500) and subcritical Froude numbers (<1). Surge development at Jiangjia Ravine is often
driven by the transport of medium- and fine-grained sediment within the channel in slurries and non-Newtonian
fluids (Cui et al., 2005), which differentiates them from the laboratory debris flows that are coarse-grained.
These differences suggest different stress-generating mechanisms causing spatially varied rheology (frictional
or collisional) at Jiangjia Ravine than those observed in flume experiments by Lanzoni et al. (2017). Real debris
flows from Jiangjia Ravine are generally characterized by an abundance of fine-grained sediment with wide grain
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Figure 6. Percentage-percentage plots for debris-flow surges No. 7, 9, 16, 19, 24, and 30 with log-logistic distributions. This
visualization allows an assessment of the goodness of fit for both low and high-normalized impact forces from measurements.
The red lines represent a 1:1 match between measurements and the fitting function. When the red line and black dots are
completely overlapping, the distribution is perfectly fitting to the measurements. Overall, the right top part (percentage fit
>0.75 and percentage data >0.75) of the red line fit better than other parts of the line.
size ranges and low turbulence, which may further complicate direct comparisons between our results and the
experiments of Lanzoni et al. (2017). Overall, the analysis of dimensionless parameters shows that debris-flow
behavior at Jiangjia Ravine differs from that observed in stony debris flows. From the results of the correlation
analysis (in Table 3, Figures S11-S15 in Supporting Information S1), the Pearson correlation coefficients for
non-dimensional impact pressure P*, particle Reynolds number, concentration, relative flow depth, and Froude
number are 0.1665, 0.0715, 0.1298, and 0.0457, respectively. Non-dimensional impact pressure P* and particle
Reynolds number have the strongest correlation, but all values are less than 0.3. This shows that non-dimensional
impact pressure P* is weakly correlated with all other dimensionless parameters.
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Figure 7. Percentile ratio plots for debris-flow surges No. 7, 9, 16, 19, 24, and 30 fitted with log-logistic distributions,
generalized Pareto distributions, and exponential distributions: the ratio equal to one (solid red line) indicates a perfect
fitting. The generalized Pareto distributions (the red line with dots) overestimate the impact force. In contrast, the exponential
distribution (the green line with dots) significantly underestimates impact force. They have done a slightly better in the heave
tail part (normalized force greater than 2). The log-logistic distributions tend to underestimate normalized impact force under
one and do a good fitting in the heave tail part, which slightly overestimates the overall impact force.
Non-dimensional discharge Q. from field observation and Q. from impact force between different debris flows
are approximately linearly related with about 20% error (Figure 4d). The relatively good fit of our model results
for debris-flow sediment flux and its vertical variation at Jiangjia Ravine demonstrates that a simple particle
impact model can be used to interpret grain-scale behavior in debris flow with real-time impact-force meas-
urements. This cannot be achieved through traditional methods or dimensionless numbers. Based on sediment
flux (q,) over the sensor surface and dimensionless discharge during debris-flow periods (Q.) from the model,
sediment flux is generally higher on the top sensor than on the middle and bottom sensors (Figure 4b). The flux
on the top sensor ranges from 0.31 to 0.94 m?® s~!, and that on the bottom sensor from 0.26 to 0.89 m3 s~!. The
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Figure 8. Probability density functions of normalized impact forces for debris-flow surge (red) No. 7, 9, 16, 19, 24, and 30
and following intersurge flows (blue): the red and blue solid lines indicate the fitting lines with log-logistics distributions.
The red and blue circles are original field measurements. Except for the middle sensor during the 9th surge, all surges show a
heave tail (normalized force greater than 2). In contrast, only intersurge flow after the 16th and 24th surges has shown a heavy
tail. In addition, the impact force from the top sensor during intersurge flow after the 19th surge also shows a heavy tail.
maximum dimensionless discharge from the simplified particle impact model is 6,452 for the 19th surge, and the
minimum is 670 for the 36th debris-flow period (Figure 4d).
4. Discussion
4.1. Impact Force
The average flow velocity between the two sections is measured by using the method mentioned in Methodology.
Then the average flow velocity of all debris flows is calculated (Tables S1 and S2 in Supporting Information S1),
so the uncertainty is calculated as 5.39 m/s by Equation 20. Our field measurements show large fluctuations
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Table 1 in impact force during debris flows. Similar to the normal force exerted
Kolmogorov-Smirnov Test (KS-Test) Results by debris flows (McCoy et al., 2013), large fluctuations are exclusively
Top sensor Middle sensor Botfom sensor hlgh.-frequency (>§ Hz), higher than the mean 1rnpact-.f0rce 51g.na‘l (0-5 Hz).
We interpret the high-frequency nature of large-magnitude variations due to
SurgeNo. H, P, D, H P, D, __H, P D momentum exchange between particle and sensor by solid-phase impacts.
3 0 090 010 0 082 011 0 039 016  The median grain size (Dy,) of the three bulk samples, excluding larger clasts
4 0 043 014 0 08 008 0 059 016 and boulders, the Dy of the three groups of grain size data are 10, 8, and
5 I 000 026 0 006 022 1 000 033 19 mm respectively (Flgl?re S16 in Supporting .In.formatlon S1). Athough the
diameter of our sampler is small, only 18 cm, it is found through field obser-
6 0 010 023 0 033 012 0 027 0.16 . L . . . .
vation that the grain size in these debris flows is small, and the particle size
b I ey v ey os 1 s e exceeding 10 cm is rarely seen. The rare instances when larger particles hit
8 1 004 020 0 029 015 0 015 024  the impact sensors do not affect the overall results. When a large particle hits
9 0 056 015 1 001l 027 0 033 0.3 the sensor, the impact-force signal can be eight times greater than the mean
10 0 044 017 O 044 015 1 004 024 impact force caused by slurry pressure (e.g., Figure 31-b). In contrast, slurry
1 0 021 019 0 011 021 0 066 015 impact char%ges occurred. muc.h more.slowly and r.esulted in long-duration,
small-magnitude fluctuations in the signal (e.g., Figure 31I-b). Two sensors
12 1 003 026 0 093 0.09 1 0.01 0.29 . . . . .
nearby may simultaneously show an impulse if a particle is large enough to
13 0 024 015 0 036 014 0 030 019 impact both of them (Figures 31-b and 31I-b). When the flow depth is larger
14 0 038 016 0 051 015 0 055 016  than 1.0 m, the particle impact energy ratio E(F¥)/E(F) increases over time
15 0 020 017 0 051 018 0 020 0.18 (Figure 4c). Even though the mean impact force resulting from the slurry
16 0 016 019 0 018 016 0 035 0.15 component provides most of the impact energy (Figure 31I), large magni-
17 0 012 021 0 080 010 0 015 016 tude fluctuations (.splke pul.se) are likely destructive due to the nonlinearity
of forces from solid-phase impact. However, our force measurements alone
18 0 061 015 O0 021 018 0 028 0.13 . L . . .
cannot easily discriminate between particle impacts and other grain-scale
19 0 049 020 0 006 025 1 004 023 processes that may also cause force fluctuations.
20 0 013 021 0 019 017 0 0.14 0.19
2 1 000 032 0 012 020 0 055 013 The probability de.n31.ty func.tlons of normz.lhzed impact force were. br.o.ad
but decayed fast with increasing force magnitude due to the large variability
22 0 070 015 0 054 0.11 0 050 0.15 . . . o
exerted by grain-scale processes (Figure 4a). The good fit of the distribution
23 U with LLD indicates more variability in impact-force magnitude in natural
24 0 034 019 1 000 036 0 092 0.11 debris flows than the normal basal force. There is very limited literature on
25 0O 038 018 0 051 068 0 054 0.17 direct impact-force measurements from natural debris flows; most publica-
2 0 060 014 0 024 014 0 038 o016 tionsfocuson basal forces and their distribution. Bermudez and Kotz (2010)
27 0 078 013 0 048 013 0 069 0.14 found that generz.lhzed Pareto distributions .well-d.esc?lbed d1§tr1but10ns of
basal force, as did McCoy et al. (2013) with their field-derived data set.
28 0 062 016 0 0.14 020 1 0.03 0.19 . . .
In laboratory experiments and simulations, Y. Huang (2017) demonstrated
29 0 08 014 0 037 012 0 023 0.14

that contact forces in the tail are distributed exponentially. However, when

Note. H, is hypothesis test result, P, is asymptotic p-value, and D, is test applied to our field measurements, we found that exponential and general-

statistics.

a

ized Pareto distributions under-predict or over-predict the probability of large

magnitude fluctuations by orders of magnitude (Figure 7). The heavy tail of

debris-flow surges' PDFs also suggests that surges transfer momentum inside
the flow primarily through frequent particle-particle interactions (i.e., collisions between grains, Iverson, 1997,
Lanzoni et al., 2017). This corresponds to our field observation of high flow density in debris-flow surges and
the presence of coarse grains on the flow surface.

As the mean impact force increased, indicating increasing surge magnitude, the shape parameter of the
impact-force distribution increased, but it still fitted well with the LLD. An increase in the LLD shape parameter
indicates an increased probability of observing large-magnitude impact forces. In this case, debris flow surges
with a large magnitude have a high likelihood of extreme impact forces and high destructive potential. Normal-
ized force distributions for both surge and intersurge flow are similar in most cases without the distribution tails
based on the Kolmogorov-Smirnov test (86% of cases with Kolmogorov-Smirnov statistic greater than 0.05, see
Tables 1 and 2). Only a few cases are different for the entire normalized force distribution, which corresponds
with findings for the normal basal force in natural debris flow (McCoy et al., 2013). Overall, the findings imply
that the main difference between debris-flow surge and intersurge flow lies in the impact-force distribution,
specifically in the heavy tails. In addition, normalized impact-force distributions for the three sensors collapsed
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Table 2 to the same distribution after the impact force normalized by the mean impact
Kolmogorov-Smirnov Test (KS-Test) Results force, indicating the similarity of grain-scale dynamics in the debris flow
Top sensor Middle sensor Bottom sensor vertical profile.
Surge No. H, P, D, H 2 P, D, H, P, D,
30 0 047 020 0 013 023 0 073 013 %2 Flow Dynamics
31 0 079 013 0 035 015 0 049 0.23 The small Ny, (23.5-90.8) and N, (0.0003-0.0146) of debris flows at Jian-
32 0 053 017 1 003 023 0 067 015 Jia Ravine (Figure 5a) is similar to that found at field sites in Houyenshan,
33 0 010 024 0 014 016 0 030 0.8 China, and Illgraben, Switzerland, while debris flows at other field sites—
Acquabona, Italy; Chalk Cliffs, USA; Moscardo, Italy, and Yakedake, Japan—
34 0 0.15 0.24 0 043 0.14 0 0.22 0.19 . .
are characterized by large Ny, and Ny . The differences between the two sets
= UGl 2 L b Gy 0 B3 Gl of sites could be attributed to their grain size characteristics and the nature
36 0 079 013 0 039 020 1 000 024 of grain-to-grain processes. The former sites are characterized by the trans-
38 0O 008 027 0 072 013 0 068 0.14 port of fine-grained material in slurries and a mixed regime of grain-to-grain
39 0 006 031 0 095 008 O 032 013 processes between friction and collision. The latter sites are characterized by
40 0 018 023 0 062 014 1 003 027 more stony debris-flow surges, where a collisional regime dominates. Hence,
our field observation and analysis provide new insight into the quantification
42 0 0.74  0.17 0 0.15 0.20 0 0.50 0.15 . . . . . .
of impact force for studying debris-flow dynamics, which could help improve
understanding of debris-flow behavior elsewhere in the field. Significant
differences exist between all six dimensionless numbers from our study site
and those determined experimentally by Lanzoni et al. (2017) (Figure 5).
4.3. Relationship Between Flow Dynamics and Impact Force
When we normalized each force measurement for the corresponding impact force, distributions from all events
collapsed toward a single distribution. This indicates the fluctuating component responsible for the observed
impact-force variability scales with the time-averaged mean force. All distributions can be described by two
parameters: a scale and a shape parameter. We estimated the non-dimensional impact pressure and used the
Pearson correlation coefficient to analyze correlations between the non-dimensional impact pressure and
several dimensionless numbers (concentration, relative flow depth, particle Reynolds number, and Froude
number) (Table 3). The Pearson correlation coefficients are smaller than 0.3, indicating a weak correlation.
This was a surprise as, intuitively, we were expecting non-dimensional pressure to be strongly correlated with
relative flow depth, particle Reynolds number, and Froude number, as has been indicated in previous studies
(Cui et al., 2015). According to experiments by Cui et al. (2015), the dynamics coefficients g and Ng ' should
also show a strong correlation, but our study could not confirm this. This is mainly due to the variability of
field observation data and uncertainty in the theoretical basis for data processing and quantification of dimen-
sionless numbers. For example, Zhou and Ng (2010) mentioned that the analysis of dimensionless numbers,
such as F*, which can reflect that reverse segregation, can significantly influence the debris flows mobility
(e.g., transport distance and impact area) and the flow regimes. For non-dimensional impact pressure P*, P, is
the average impact pressure of each surge. Due to strong turbulence in the head of the debris flow, there is a
certain amount of noise in the impact pressure measurement (e.g., the noise of channel one of the sixth surge is
about 4.5 kPa, Figure S18 in Supporting Information S1), while the tail of the debris flow is almost calm, and
the signal-to-noise ratio of the impact pressure is low (reduces from the head of debris flow surge (5.8) to the
tail of debris flow surge (0.3), Figure S18 in Supporting Information S1). Concentration has not been directly
measured in the field but was derived from other measurement parameters and averaged for each surge. For the
Reynolds number, the calculation method of using flow depth as a substitute for grain size also introduces an
error. There is also an error associated with the measurement of flow depth
by the ultrasonic level gauge due to the strongly turbulent debris flow with
Table 3 mud splashing, typical of Jiangjia Ravine. The weak correlation between P*
e and Ny, (or Nj w 1) further shows a gap between the results of the laboratory
Ng. (particle hiH,, Np, experiments (e.g., Cui et al., 2015) on debris-flow impact force and the
Reynolds C (sediment  (Relative flow  (Froude in-field observations (e.g., K. Hu et al., 2011), indicating that results in the
number) concentration) height) number) Ny '3 . . . .
laboratory experiments for impact force on barriers may not be simply and
P 0.1665 0.0715 0.1298 0.0457  0.0529 fully applied to in-field observations.
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4.4. Limitations and Implications for Debris-Flow Hazard Mitigation

Our impact-force measurements and simplified particle impact model results are sensitive to impact sensor size,
structural deformation of the sensor, and sensor location, all of which contribute to signal noise. Our measure-
ments are mainly subject to high-frequency harmonic noise (greater than 180 Hz) filtered through EMD. Impact
force is distributed in each EMD component as a sharp pulse of about 10 s, and this part of the effective signal
component is removed in the filtering process. However, there are real signals in the high-frequency range. For
example, boulder impact can generate a signal above 500 Hz, which would also have been removed. We cannot
systematically measure the impact contact area to quantitatively analyze the sensitivity to impact-force meas-
urements. A large sensor usually has a higher probability of being impacted by particles of different sizes, and
signals measured by a large sensor are generally smoother than those measured by a small one that often has more
extreme values (Hsu et al., 2014). Deformation of the sensor surface due to solid-phase impact could reduce the
impact-force signal generated, underestimating the actual grain impact component (K. Hu et al., 2011). However,
there is no easy way to accurately estimate the deformation effect on the measurements. The middle sensor
had about a 5% higher noise level than the other two sensors for all debris-flow surges, but this noise does not
influence the PSD, and our inverse model results (less than 9%) based on Equation 19. Laboratory studies have
shown that the shape of the velocity profile is similar across the flume (Cui et al., 2015; Lei et al., 2018). Still,
the magnitude of the velocity reduces close to the channel bank due to wall friction (Kaitna et al., 2014; Schaefer
et al., 2010). We assumed no cross-channel difference in velocity profile shape or magnitude, so our estimations
of the total volume of dimensionless discharge may be too high.

Several flume experiments have been conducted to investigate impact load distribution (e.g., Cui et al., 2015;
Zanuttigh & Lamberti, 2006), and field experiments have been used to validate impact force sensor measure-
ments (e.g., Bugnion, Botticher, & Wendeler, 2012; K. Hu et al., 2011; Wendeler et al., 2007). However, many
of these studies are small or medium-scale controlled experiments that suffer from scaling problems and were
designed for stony debris flows. Numerical studies tend to ignore the extreme impact forces caused by large
grains (K. Hu et al., 2011; S. Zhang, 1993) or model them using simplified equations to represent them as slurry
impacts or particle impacts rather than as a statistical distribution (e.g., He et al., 2016). While the absolute values
of impact forces are specific to the Jiangjia Ravine site, the impact-force distribution is potentially portable to
other locations that can be tested in future research. The design of control measures and quantitative vulnerability
assessment for debris flows usually depends on impact-force estimations as an order of magnitude in most cases
(Cui et al., 2015; Thouret et al., 2020). Therefore, our results offer the potential for developing more accurate
guidelines for control measure design and vulnerability assessment for high-viscosity debris flows similar to
those at Jiangjia Ravine. Finally, our particle impact-based model could be applied to analyze seismic signals,
which have been used to monitor landslides, debris flows, and outburst flood processes (e.g., Arattano, 1999;
Burtin et al., 2014; Cook et al., 2018).

5. Conclusion

In this study, we presented and analyzed field measurements and observations of 49 debris flow surges at Jiangjia
Ravine, China, during an intense rainstorm on 25 August 2004. By analyzing the measured real-time impact-force
signals in both the time and frequency domains, the essential characteristics of impact force are determined.
Impact-force measurements during debris-flow events show a high-magnitude, high-frequency fluctuating
component. We interpreted fluctuating components as resulting from particle-sensor interaction processes. A new
dimensionless number is established to describe the impact force, and its correlation with the existing dimension-
less parameters is analyzed. Our results accurately estimate the impact-force distribution needed for designing
debris-flow control measures. We found that the broad probability density distribution of impact force that resulted
from large variability in the impact force was well-described by a LLD. Meanwhile, solid-dominated surges and
fluid-dominated intersurge flows have similar impact-force distributions, but surges usually have heavy tails. We
estimated flow discharge using a simple particle impact model and real-time impact-force measurements, and it
successfully gave us an order-magnitude estimation for the sediment flux. Dimensionless discharges derived from
the proposed model are consistent with other field-based flow discharge estimates at Jiangjia Ravine. The field
observations and dimensionless analysis indicate that debris flows at Jiangjia Ravine are mostly muddy, with high
sediment concentration and intensive grain-grain interaction processes dominated by a mixed rheological regime.
We found that a simple particle impact model can explain these impact force signals from our field measurements
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and provide support for the hypothesis that grain-scale dynamics are strongly controlled by solid phases in debris
flows. Comparing our dimensionless analysis with flume experiments showed systematic differences between
field and experimental debris-flow dynamics that should be considered in future flume experiments.
Notation
A Average value of given data group (-)
A, data point in give data group (-)
C Sediment concentration (1)
Cux Closet packing sediment concentration (1)
cov(X, Y) Covariance of variable X and Y (1)
D Grain diameter (L)
D, Test statistic in Kolmogorov-Smirnov test (1)
Dy, Median grain size (L)
E Impact energy (ML*T~?)
E, Impact energy for each particle (ML*T—2)
e Constant coefficient of restitution (1)
e, Basal coefficient of restitution (1)
For F(f) Fourier transform for the impact force (MLT~?)
F(1), F(n), F(i) Impact force (MLT-?)
F(I) Moving median of the impact force (MLT~?)
F(t) Fluctuating component of the impact force (MLT2)
Fn(z) or Fn(i) Normalized impact force (1)
Af Frequency resolution (771)
[f(Fn(i)) Predicted value of Fn(i) from the fit distribution (1)
g Gravitational acceleration (LT~?)
G(D) Probability density function of the grain size distribution (L~!)
H Relative flow depth (1)
H, Hypothesis test result in Kolmogorov-Smirnov test (1)
H, Flow depth (L)
h Height of the sensor above the bed (L)
I, Impact momentum vertical to sensor (MLT")
m Particle mass (M)
N Number of data points (1)
Ng, Bagnold number (1)
Ng, Froude number (1)
N, Friction number (1)
N, Mass number (1)
Nge Particle Reynolds number (1)
Ng, Savage number (1)
P Pore fluid pressure (ML~'T~?)
PDF(Fn, u, p) Probability density function of impact force (1)
p* Non-dimensional impact pressure (1)
P, Asymptotic p-value n Kolmogorov-Smirnov test (1)
P, Average impact pressure (ML™'T~2)
PSD or PSD, Power spectral density of the vibration signal (M*L*T~)
PSD,, Theoretical power spectral density (M2L>T-3)
P Shape parameter (1)
0. Dimensionless flow discharge (1)
q, Sediment flux (L3T~1)
impact Rate of particle impact per unit surface area (L3T"")

Ry, Pearson correlation coefficient (1)
RSS Residual sum of squares (1)
r Sensor radius (L)
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T Window length (7T)

At Sampling interval (T)

U Averaged particle velocity normal to the sensor (LT-")
U, Uncertainty of given data group (-)

U, Mean velocity of the surge front (LT~")

%4 Particle volume (L)

v Average flow velocity (LT™")

Uipmpact Impact speed (LT ")

y(Fn(i)) Value of the probability to be predicted for point i (1)
a Impact angle (°)

p Dynamic coefficient (1)

Y Shear rate (T-")

0 Channel gradient (°)

y) Linear concentration (1)

u Scale parameter (1)

Hy Viscosity of the interstitial fluid (ML~'T~")
p Bulk density of flow (ML™3)

Py Density of water (ML)

2, Density of sediment (ML)

o, Effective normal basal stress (ML~'T-2)

c Normal compressive stress (ML™'T~2)

Oy, Oy Standard deviation of variable X and Y (1)
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