
1. Introduction
Understanding the dynamics of debris flows is essential for early warning system design, damage reduction, and 
modeling landscape evolution. The sudden onset of debris flows, and their unpredictable and destructive char-
acter, inhibit direct field measurements of flow characteristics. Yet, recent studies showed that seismic signals 
contain information on flow characteristics of natural mass movements, such as landslides, rockfalls, and debris 
flows (e.g., Allstadt et al., 2018; Ekström & Stark, 2013; Walter et al., 2020; Zhang & He, 2019).

Much seismological debris-flow research has focused on event detection and early warning, rather than analyzing 
debris-flow dynamics (e.g., Chmiel et al., 2021; Coviello et al., 2019; Schimmel & Hübl, 2015, 2016; Schmandt 
et al., 2013; Walter et al., 2017). However, developing a physical model of the seismic signature of debris flows 
that can describe the generation of dominant high frequencies (>1 Hz) is still a challenge. The typical high fre-
quency seismic signals generated by debris flows are sensitive to small-scale ground heterogeneity near the sur-
face (Allstadt, 2013; Hibert et al., 2017; Ogiso & Yomogida, 2015; Tsai et al., 2012). To isolate seismic sources 
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Plain Language Summary Traditional methods have many limitations in observing and estimating 
debris-flow characteristics, such as flow depth and weight. Although an increasing number of studies has 
recently shown the potential of using seismic signals to observe these debris-flow characteristics, the physical 
relation between these characteristics and ground vibrations is not well understood. Here we develop a model, 
which describes how particles within a debris flow transmit forces as they collide with the ground. We focus 
on six debris flows at Illgraben, Switzerland, and observe a good agreement between modeled and measured 
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how seismic measurements can be used to obtain quantitative information about debris flows.
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within the debris flow, seismic propagation effects need to be deconvolved from the recorded seismograms. 
Seismic path effects of high frequency signals can be estimated using empirical Green's functions (Allstadt 
et al., 2020) or seismic ground models (Zhang et al., 2021).

The temporal flow patterns of debris flows are complex, which complicates formulation of seismic source models 
linking seismic signals to flow characteristics. Temporal changes in flow depth, mass density, and flow velocity 
of the debris material are likely too slow to affect high frequency seismic signals on the order of several Hz or 
greater, which are the frequencies typically recorded in close proximity to debris flows (Allstadt et al., 2020). 
Most existing theoretical descriptions of high frequency debris-flow seismicity are based on the bedload trans-
port model by Tsai et al. (2012), henceforth referred to as the “Tsai model”. This model allows estimation of 
debris-flow entrainment and the effective particle diameter using seismic recordings (Kean et  al.,  2015; Lai 
et al., 2018). Furthermore, it provides a relation between peak signal frequency and source-to-receiver distance, 
which can improve debris-flow warning (Lai et al., 2018). The predictions of the Tsai model rely on the idea 
that high frequency seismic signals are proportional to force fluctuations generated by stochastic particle impacts 
on the bed, although some modifications, specifically in the context of debris flows, have been proposed (Farin 
et al., 2019). Seismic signal generation via force transmission into the channel bed is a well-accepted concept 
and the Tsai model uses it to link a number of debris-flow properties to high frequency seismic signals. However, 
although various models based on the Tsai et al. (2012) paradigm have been tested against laboratory experi-
mental data (Arran et al., 2021; de Haas et al., 2021), these models have not yet been thoroughly verified against 
independent field data (Allstadt et al., 2020; Zhang et al., 2021).

Besides impact forces, other debris-flow processes may change over short time scales to produce high frequency 
seismic signals: dense particle concentration favors formation of force chains (Campbell, 2006; Majmudar & 
Behringer, 2005; Muthuswamy & Tordesillas, 2006), which transmit collision forces within the flow to the bed. 
As the flow density increases, the inter-particle forces in debris materials are expected to form a distributive 
network of filamentary force-accommodating chains (i.e., force chains; Estep & Dufek, 2012). The force of each 
contact in a force chain can be transmitted to the basal substrate via the particles, which are in contact with each 
other, thereby causing local basal forces many times greater than the weight of the single particle (Berhringer 
et al., 2008; Estep & Dufek, 2012; Furbish et al., 2008; Majmudar et al., 2007). The production and disruption 
of force chains within flowing debris materials are expected to occur rapidly (Furbish et al., 2008), and to cause 
significant basal force fluctuations in flows with high particle concentrations.

Besides force chains, the interactions of particle clusters with the bed can generate basal force fluctuations (Iver-
son, 1997; Iverson & LaHusen, 1989). However, seismic radiation is likely minor because clustering is expected 
to only affect the smallest size particles (Lamb et  al.,  2008). For the present study we also ignore dynamic 
pore-pressure fluctuations and the influence of fluid-bed interactions within debris materials in the flow front, 
because for events at our study site (Illgraben, Switzerland), coarse debris-flow fronts have rather low mean 
fluid pressures which are somewhat smaller than the mean pressures generated by the entire flow (McArdell 
et al., 2007).

In general, force transmission other than stochastic particle impacts may contribute to high frequency seismic 
signal generation. It is therefore not clear to what extent observed scaling relations between high frequency 
seismic signals and bulk flow characteristics (such as local flow depth, flow weight, and bulk kinetic energy; 
Allstadt et al., 2020; Coviello et al., 2019; Hsu et al., 2014; McCoy et al., 2013) can be explained with existing 
theoretical models.

To address these questions, we propose an extended physical model consisting of both multi-particle force chains 
and the random single-particle impacts that have been previously modeled. This provides a quantitative expla-
nation for relations between high frequency debris-flow seismicity and bulk flow characteristics. We calculate 
basal force fluctuations on the torrent bed using seismological observations of six well-documented debris flows 
at Illgraben, Switzerland. Verified against independent measurements from a large basal force plate, our inverted 
basal fluctuations correlate with the bulk properties of the flow, including flow depth and weight.
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2. Study Site and Data
The Illgraben catchment in southwestern Switzerland experiences three to five debris-flow events per year, usual-
ly from May through October (Badoux et al., 2009). The catchment extends from the summit of the Illhorn moun-
tain (2,716 m asl) to the fan apex at 850 m asl, after which the main channel drains into the Rhone River at 610 m 
asl (Hürlimann et al., 2003) (Figure 1). The slope failures that frequently occur on the steep lateral slopes (∼40°) 
of the upper catchment provide the source sediment material for the initiation of the debris flows (Schlunegger 
et al., 2009). The debris fan volume (∼500 𝐴𝐴 ×  106 m3) is relatively large for the Alps, and the fan has an average 
slope angle of ∼5.5° (Badoux et al., 2009).

A new force plate with an area of 8 m2 (4 m extend perpendicular to the flow direction and 2 m extend in the flow 
direction), was installed in 2019 with a design similar to that described by McArdell et al. (2007). The concrete 
check dam upstream of the plate guides the flow onto the plate without any abrupt changes in channel topography, 
thereby ensuring that the forces measured are generated by the weight of the flow and the fluctuations produced 
by the boulders carried by the flow. Both the force plate and the concrete base of the check dam upstream of it are 
horizontal (McArdell et al., 2007). Vertical forces are the sum of four load cells situated underneath the corners 
of the force plate. Herein, the vertical force data (collected at either 2,400 or 9,600 Hz) are grouped into adjacent 
non-overlapping bins of 1 s duration, and both the maximum values and the median values of the normal forces 
are determined for each bin. The measured basal (non-fluctuating) forces and the basal fluctuating forces are the 
median forces and the lower quantile (25%) of the maximum-to-median force differences in each bin, respectively 
(see Text S1 and Figure S1 in Supporting Information S1).

Figure 1. Study site. (a) Illgraben catchment (location in Switzerland is marked by the red dot in the inset map) with dashed green line outlining the upper catchment. 
Solid blue lines represent the Illgraben torrent and the Rhone River. Yellow triangles represent locations of seismic stations. The magenta rectangle indicates the 
location of the force plate. Black bars are the locations of selected check dams (CD). (b) Conceptual model of a debris flow. Schematics of a particle (c) (diameter 
D) and force chain (d) impact on the bed showing the relevant angles. h is the flow depth. x, y, and z represent the downslope, transverse, and normal directions, 
respectively. V and H represent vertical and the vector sum of the two orthogonal horizontal directions, respectively. 𝐴𝐴 H′ represents the projection of horizontal direction 
H on the x–z plane. See main text for definition of velocities w(h), 𝐴𝐴 𝐴𝐴𝐴𝐴 , and � , and dimensionless function 𝐴𝐴 𝐴𝐴𝑖𝑖 .
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Flow depth is determined from a laser sensor installed on the bridge above the force plate (Figure S3a in Support-
ing Information S1). The average frontal velocity of the flow is measured as the time of travel between a check 
dam 140 m upstream of the force plate and the force plate itself. To quantify the number and size of the cobbles 
and boulders (referred to as boulders hereafter) transported within the debris flows we measured the long (a-axis) 
and intermediate (b-axis) axes of each boulder passing over check dam (CD) 29 at the measurement station. We 
did this on subsequent movie frames with a time interval of 1 s, which may have rendered the passage of some 
boulders unnoticed but gives a good overall representation of the boulder size and quantity throughout the studied 
flows. The minimum b-axis of the boulders clearly visible on the movie frames is ∼0.15–0.20 m, so only boulders 
exceeding these diameters have been measured. Furthermore, only boulders at the surface of the flow could be 
measured, and some boulders may be partly to completely shielded by larger boulders, inhibiting determination 
of their dimensions.

A seasonal campaign seismic network has been repeatedly installed around the Illgraben catchment to increase 
early warning capabilities (Chmiel et al., 2021, Figure 1). Except for station ILL11 operating with a Trillium 
compact sensor with a low frequency corner at 120 s, all stations are equipped with Lennartz-1s sensors with a 
flat response between 1 and 100 Hz. All stations have a sampling rate of 100 Hz. In this study, we analyze six well 
documented debris flows that occurred in 2019.

3. Model and Method
3.1. Sources of Debris-Flow Seismic Signals

While a diversity of potential sources of basal forces can generate seismic signals, only those forces that vary 
over relatively short time scales can generate high frequency seismic waves (Allstadt et  al.,  2020; Gimbert 
et  al., 2014). We neglected the contributions of changes in the debris-flow bulk properties, such as the flow 
depth, weight, and density, although their exact role in seismogenesis is poorly understood. Instead, we expect 
that the high frequency seismic signals generated by debris flows originate from basal force fluctuations on short-
er, sub-second time scales. This includes the random single-particle impacts (Farin et al., 2019) and force chain 
rearrangements (Campbell, 2006; Estep & Dufek, 2012). These source mechanisms are active at the same time 
(Campbell, 2006). Hence, at a given time 𝐴𝐴 𝐴𝐴 and over the area Sbed of the channel section, the typical magnitude 
of the basal force fluctuations 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑖𝑖  is controlled by the random impact force 𝐴𝐴 𝐴𝐴 𝑐𝑐
𝑇𝑇 𝑇𝑇𝑇 caused by multi-particle force 

chains and the random single-particle impact force 𝐴𝐴 𝐴𝐴𝑝𝑝
𝑇𝑇 𝑇𝑇𝑇 , where i = V for vertical and H for the vector sum of two 

orthogonal horizontal directions.

3.1.1. Random Single-Particle Impact

In flows with a small solid volume fraction, a series of random individual particle impacts dominates force 
transmission, as proposed in the Tsai model (Farin et al., 2019, Figure 1d). For an instantaneous Hertzian contact 
(Hertz, 1882; Johnson, 1987), following Farin et al. (2019) we suppose the impulse 𝐴𝐴 𝐴𝐴𝑖𝑖 (in units of kN) transferred 
by an individual particle to be:

𝐼𝐼𝑖𝑖 = (1 + 𝜆𝜆)𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖 ≈ (1 + 𝜆𝜆)𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖 (1)

where 𝐴𝐴 𝐴𝐴 is the basal coefficient of restitution (0 for a fully inelastic impact and 1 for a fully elastic impact), 𝐴𝐴 𝐴𝐴 is 
the particle mass (in units of kg), 𝐴𝐴 𝐴𝐴 is the impact velocity of particles with respect to the bed (in units of m/s), 𝐴𝐴 𝐴𝐴𝑖𝑖 is 
the unit impact vector (𝐴𝐴 𝐴𝐴𝑉𝑉 = cos𝜓𝜓 , 𝐴𝐴 𝐴𝐴𝐻𝐻 = sin𝜓𝜓 , where 𝐴𝐴 𝐴𝐴 is the polar angle of impact with respect to the vertical), 
w is the flow velocity (in units of m/s), and 𝐴𝐴 𝐴𝐴𝑖𝑖 is a dimensionless function of the ratio between fluctuating velocity 

𝐴𝐴 𝐴𝐴𝐴𝐴 and w. Gimbert et al. (2019) observed the basal coefficient of restitution 𝐴𝐴 𝐴𝐴 ≈ 0.13 in flume experiments. Here, 
we assume 𝐴𝐴 𝐴𝐴  = 0.13 for simplicity. For a spherical particle, 𝐴𝐴 𝐴𝐴 = 𝜋𝜋𝜋𝜋𝑠𝑠𝐷𝐷3∕6 , where D is the particle diameter (in 
units of m) and 𝐴𝐴 𝐴𝐴𝑠𝑠 is particle density (∼2,500 kg/m3; Iverson, 1997). For a sampling frequency less than 100 Hz, a 
single particle impact at time 𝐴𝐴 𝐴𝐴 = 𝐴𝐴′ can be approximated as an instantaneously exerted force𝐴𝐴 𝐴𝐴𝑝𝑝

1,𝑖𝑖(𝑡𝑡, 𝑡𝑡) = 𝐼𝐼𝑖𝑖𝛿𝛿(𝑡𝑡 − 𝑡𝑡′) 
(Tsai et al., 2012), where 𝐴𝐴 𝐴𝐴(𝑡𝑡) is the Dirac delta function.

In the frequency domain the typical magnitude of the sum of individual fluctuating forces that occur randomly 
in time scales linearly with the square root of the total number of forces (e.g., Tsai et al., 2012). Thus, the total 
impact force 𝐴𝐴 𝐴𝐴𝑝𝑝

𝑇𝑇 𝑇𝑇𝑇 (in units of kN) of the flow at a time 𝐴𝐴 𝐴𝐴 and over an area Sbed of the channel section (in units of 
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m2), has a frequency spectrum, which has a magnitude proportional to the spectral magnitude (Farin et al., 2019; 
Tsai et al., 2012). Hence, the power spectral density (PSD) of the total impact forces 𝐴𝐴 |𝐹𝐹 𝑝𝑝

𝑇𝑇 𝑇𝑇𝑇|
2(in units of kN2∕Hz) 

can be expressed as:

|

|

|

�∼
�
� ,�(�, �)

|

|

|

2
= ∫�

|

|

|

�̃ �
1,�(�, �,�)||

|

2
�(�)�bed�� (2)

where 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴 represents the total impact rate, per unit surface area of the debris flow, of particles with diameters 
in (D, D + dD) and 𝐴𝐴 𝐹𝐹𝑝𝑝

1,𝑖𝑖 is the short-time Fourier transform of a single particle impact force 𝐴𝐴 𝐴𝐴𝑝𝑝
1,𝑖𝑖 over time window 

𝐴𝐴 𝐴𝐴win . The integration over the distribution of particle size D can be removed if one determines an effective particle 
diameter De satisfying 𝐴𝐴 𝐴𝐴𝑥𝑥

𝑒𝑒 ≈ ∫𝐴𝐴 𝐴𝐴𝑥𝑥𝑃𝑃 (𝐴𝐴)𝑑𝑑𝐴𝐴 , where x is the power of D in the relation between seismic power 
radiated per unit area of debris flow and D, and 𝐴𝐴 𝐴𝐴 (𝐷𝐷) is the particle size probability density.

3.1.2. Multi-Particle Force Chains

Inter-particle forces in flows with high particle concentrations often form force chains (Estep & Dufek, 2012). 
These force chains rapidly rearrange in dynamic granular systems due to further shearing, vibration, and particle 
collision, which cause locally extreme basal forces (Campbell, 2006; Estep & Dufek, 2012; Furbish et al., 2008; 
Majmudar & Behringer,  2005). We ignore the energy loss caused by the differences of particle sizes in the 
force chain and plastic deformation in the interaction between particles and muddy fluid. Force transmission via 
force chains is expected to be instantaneous and does not require stable chains for long periods of time (Estep & 
Dufek, 2012), and can be simply conceptualized as the correlated impacts of multiple particles.

For simplification, we assume that (i) the polar angles 𝐴𝐴 𝐴𝐴 of impact with respect to the vertical are constant in a 
force chain (Campbell, 2006; Thomas & Vriend, 2019), and (ii) the particle diameters D in a force chain are the 
same. We further assume that all force chains (iii) extend in a straight line from the channel bed to a given height 
(Campbell, 2006), and (iv) move as a block, implying that a force chain of 𝐴𝐴 𝐴𝐴1 particles has an effective mass of 

𝐴𝐴 𝐴𝐴1𝑚𝑚 and transfers an impulse of magnitude 𝐴𝐴 𝐴𝐴1𝐼𝐼𝑖𝑖 to the bed during each impact. Assumptions (i) and (iii) agree 
with the simplified model of Campbell (2006) and assumption (i) is partially justified by the experimental results 
of Thomas and Vriend (2019). Assumption (ii) is reasonable when analyzing the effective particle diameter De. 
Assumption (iv) is not included in Campbell (2006), but equivalent results are obtained by supposing that each 
particle in the force chains impacts its lower neighbor at the same rate as the basal particle, with the entirety of 
the force transmitted directly to the bed. Furthermore, for assumption (iv), a force chain as a block, having a larger 
effective mass than an individual particle, will undergo impacts of longer duration. However, even if the mass of a 
force chain reaches the mass of a spherical particle with diameter similar to the flow depth 𝐴𝐴 𝐴 (which is always less 
than 2 m in the Illgraben torrent), the impact time can be expected to be instantaneous for a sampling frequency 
less than 100 Hz (Tsai et al., 2012).

Hence, at a given time window 𝐴𝐴 𝐴𝐴win and over an area Sbed of the debris flows, the random impact force spectral 
magnitude 𝐴𝐴 |𝐹𝐹 𝑐𝑐

𝑇𝑇 𝑇𝑇𝑇| caused by multi-particle force chains can be expressed as:

|𝐹𝐹 𝑐𝑐
𝑇𝑇 𝑇𝑇𝑇(𝑓𝑓𝑇 𝑓𝑓)| = 𝑁𝑁𝑐𝑐|𝐹𝐹𝑃𝑃

𝑇𝑇 𝑇𝑇𝑇(𝑓𝑓𝑇 𝑓𝑓)| (3)

where 𝐴𝐴 𝐴𝐴𝑐𝑐 is the root-mean-squared (RMS) number of particles in the multi-particle force chains over the area 
Sbed. Note that for 𝐴𝐴 𝐴𝐴𝑐𝑐 = 1 , implying the basal fluctuations are generated by random single-particle impacts, then 

𝐴𝐴 |𝐹𝐹 𝑐𝑐
𝑇𝑇 𝑇𝑇𝑇(𝑓𝑓𝑇 𝑓𝑓)| = |𝐹𝐹𝑃𝑃

𝑇𝑇 𝑇𝑇𝑇(𝑓𝑓𝑇 𝑓𝑓)| . This means that the random single-particle impact case can be treated as a special case 
of the multi-particle force chains where the particle's number in the force chains is 1. If 𝐴𝐴 𝐴𝐴 is regarded as the RMS 
number of particles over all impacts from multi-particle force chains and single particles at a time window 𝐴𝐴 𝐴𝐴win and 
over the area Sbed, the basal fluctuating force spectral magnitude 𝐴𝐴 |𝐹𝐹 𝑡𝑡

𝑖𝑖 | can be expressed as:

|𝐹𝐹 𝑡𝑡
𝑖𝑖 (𝑓𝑓𝑓 𝑡𝑡)| = 𝑁𝑁|𝐹𝐹𝑃𝑃

𝑇𝑇 𝑓𝑖𝑖(𝑓𝑓𝑓 𝑡𝑡)| (4)

N can be expressed as: 𝐴𝐴 𝐴𝐴 = (𝐿𝐿𝑐𝑐∕𝐷𝐷)𝜂𝜂 , where 𝐴𝐴 𝐴𝐴𝑐𝑐 (in units of m) is the maximum length of force chains at a time 
window 𝐴𝐴 𝐴𝐴win and over the area Sbed, and 𝐴𝐴 𝐴𝐴 is a dimensionless parameter reflecting the relative contributions of ran-
dom single-particle impact and of random impact caused by multi-particle force chains to the basal fluctuations, 

𝐴𝐴 0 ≤ 𝜂𝜂 ≤ 1 . Note that both the single particles and the multi-particle force chains with length less than 𝐴𝐴 𝐴𝐴𝑐𝑐 can cause 
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𝐴𝐴 𝐴𝐴  < 1. Furthermore, changes in both the number of particles in a force chain and the number of multi-particle 
force chains can change the relative contribution of the force chains to the basal fluctuation. For simplicity, we do 
not distinguish the changes in the relative contribution of multi-particle force chains caused by these two physical 
processes. To estimate 𝐴𝐴 𝐴𝐴𝑐𝑐 , we assume that the debris-flow particles interact with bed roughness of similar length 
scales 𝐴𝐴 𝐴𝐴 as the bed consists of deposits from previous flows so that 𝐴𝐴 𝐴𝐴 = 𝐷𝐷 (Farin et al., 2019). Accounting for the 
range of accessible angles given a bed of closely spaced particles with uniform size similar to that of the impact-
ing particle, the impact angle with respect to the channel bed normal 𝐴𝐴 𝐴𝐴 + 𝜃𝜃 is in the range of 0–𝐴𝐴 𝐴𝐴∕6 (Figure S3b 
in Supporting Information S1), and thus 𝐴𝐴 𝐴𝐴𝑐𝑐 = ℎ∕cos(𝜋𝜋∕6) (Figure 1).

3.1.3. Flow Velocity and Rate of Particle Impact

The calculation of the force spectral magnitude 𝐴𝐴 |𝐹𝐹 𝑡𝑡
𝑖𝑖 | requires estimates of the flow velocity 𝐴𝐴 𝐴𝐴 and the rate of 

particle impact 𝐴𝐴 𝐴𝐴 . Here, for the thin flow case (𝐴𝐴 𝐴 ∼ (1 − 10)𝐷𝐷 ), we assume that the vertical flow velocity profile 
can be approximated by a constant-velocity plug flow, even if 𝐴𝐴 𝐴𝐴  > 1. We simply use the depth-averaged flow 
velocity � (in units of m/s) to approximate 𝐴𝐴 𝐴𝐴 . � depends on flow rheology, which in turn depends on flow depth, 
bed slope, and material properties (water content, particle sizes, bed roughness; Johnson et al., 2012; Silbert 
et al., 2001). Simplified empirical formulas assume a non-linear relation between � and flow depth h (in units 
of m), which is generally expressed as (Hungr, 1995; Hungr et al., 1984; Rickenmann, 1999): � = Λℎ� , where 

𝐴𝐴 𝐴𝐴 is an empirical constant, 𝐴𝐴 Λ = 𝐶𝐶(tan𝜃𝜃)𝛽𝛽 with the empirical constants 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 . 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 and C depend on the debris 
material characteristics, such as the flow-resistance coefficients, lumped coefficient, and dynamic viscosity and 
density of the grain-water mixture.

There are about 𝐴𝐴 4�̄�𝜙𝜙𝜙 (𝐷𝐷)∕(𝜋𝜋𝐷𝐷2) particles per meter square of the bed, where P(D)dD is the probability that the 
particle size lies between D and D + dD, and 𝐴𝐴 �̄�𝜙 is the average solid volume fraction. The solid volume fraction 
in debris flows generally ranges from 0.4 to 0.8 (Iverson, 1997). For simplicity, 𝐴𝐴 �̄�𝜙 is assumed to be 0.6. The ve-
locity fluctuation 𝐴𝐴 𝐴𝐴𝐴𝐴 departing from the steady state flow (Farin et al., 2019) causes the particle impacts. Hence, 
the rate of random particle impacts per unit surface area of the bed, per unit particle diameter, is expected to be 

𝐴𝐴 𝐴𝐴 ≈ 𝛿𝛿𝛿𝛿�̄�𝜙𝜙𝜙 (𝐷𝐷)∕(𝑙𝑙𝐷𝐷2) = 𝛿𝛿𝛿𝛿�̄�𝜙𝜙𝜙 (𝐷𝐷)∕𝐷𝐷3 . For the thin flow case, most clasts impacting roughness elements of the 
channel bed will significantly disturb � , forcing the velocity to depart from the average flow speed, and thus 
imply that the fluctuating velocity scales with the flow velocity �� ∼ � (Farin et al., 2019). Hence, the rate of 
particle impacts can be expressed as: � ≈ ��� (�)∕�3 .

3.2. Basal Force Fluctuation

Using Equations 1, 2 and 4, the impact rate 𝐴𝐴 𝐴𝐴 and the depth-averaged flow velocity � , we can now express the 
spectral magnitude 𝐴𝐴 |𝐹𝐹 𝑡𝑡

𝑖𝑖 | of the theoretical basal fluctuating force at a time window 𝐴𝐴 𝐴𝐴win and over an area Sbed of the 
channel section:

|𝐹𝐹 𝑡𝑡
𝑖𝑖 (𝑓𝑓𝑓 𝑡𝑡)| ≈

𝜋𝜋(1 + 𝜆𝜆)𝜌𝜌𝑠𝑠Λ1.5
√

�̄�𝜙𝜙𝜙bed

6(cos 𝜋𝜋
6
)𝜂𝜂

𝐷𝐷𝑒𝑒
1.5−𝜂𝜂ℎ1.5𝛼𝛼+𝜂𝜂𝑓𝑓𝑖𝑖 (5)

where 𝐴𝐴 𝐴𝐴𝑖𝑖 is a dimensionless function of the ratio between 𝐴𝐴 𝐴𝐴𝐴𝐴 and � , as specified by Farin et al. (2019), and can be 
expressed as: 𝐴𝐴 𝐴𝐴𝑉𝑉 ≈ 𝐴𝐴𝑧𝑧cos 𝜃𝜃 − 𝐴𝐴𝑥𝑥sin 𝜃𝜃 , 𝐴𝐴 𝐴𝐴𝐻𝐻 =

√

𝐴𝐴 2
𝐻𝐻 ′ + 𝐴𝐴 2

𝑦𝑦 ≈
√

(𝐴𝐴𝑧𝑧sin 𝜃𝜃 + 𝐴𝐴𝑥𝑥cos 𝜃𝜃)2 + 𝐴𝐴 2
𝑦𝑦  , where the subscripts 

x, y, and z represent the downslope, transverse, and normal directions respectively, and 𝐴𝐴 H′ represents the projec-
tion of horizontal direction H on the x–z plane. For thin flow, we can simplify and assume �� ∼ � , and thus 𝐴𝐴 𝐴𝐴𝑥𝑥 , 

𝐴𝐴 𝐴𝐴𝑦𝑦 , and 𝐴𝐴 𝐴𝐴𝑧𝑧 are 0.17, 0.15, and 0.59, respectively (Farin et al., 2019). To verify the theoretically predicted basal 
fluctuations against the force plate data, the basal fluctuating force spectrum in the frequency domain needs to 
be converted into the basal fluctuating force in the time domain. Here, we calculate the RMS basal fluctuating 
force for each 𝐴𝐴 𝐴𝐴win , and treat it as the typical magnitude of theoretical basal fluctuating forces 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑖𝑖  . According 
to Parseval's theorem, the 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑖𝑖  (in units of kN) in the time domain for each 𝐴𝐴 𝐴𝐴win can be expressed as (Text S2 in 
Supporting Information S1):
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Δ𝐹𝐹 𝑡𝑡
𝑖𝑖 (𝑡𝑡) =

√

√

√

√
𝐾𝐾

𝑀𝑀𝑡𝑡win

𝑀𝑀−1
∑

𝑚𝑚=0

|𝐹𝐹 𝑡𝑡
𝑖𝑖 (𝑓𝑓𝑚𝑚, 𝑡𝑡)|

2 (6)

where M is the number of samples in the fast Fourier transform, 𝐴𝐴 𝐴𝐴𝑚𝑚 is the frequency at sample m, and K is the num-
ber of samples in 𝐴𝐴 𝐴𝐴win . Here, we choose time windows of 1 s, and assume that the basal fluctuating force spectrum 
is constant over the frequency range of 1–30 Hz, and thus 𝐴𝐴 1∕𝑀𝑀

∑𝑀𝑀−1
𝑚𝑚=0 |𝐹𝐹 𝑡𝑡

𝑖𝑖 (𝑓𝑓𝑚𝑚, 𝑡𝑡)|2 = |𝐹𝐹 𝑡𝑡
𝑖𝑖 (𝑓𝑓0, 𝑡𝑡)|2 . Furthermore, 

because sampling rates of the parameters on the right side of Equation 4 are around 1 Hz, 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑖𝑖 (𝑡𝑡) = |𝐹𝐹 𝑡𝑡

𝑖𝑖 (𝑓𝑓𝑚𝑚, 𝑡𝑡)| .

3.3. Seismic Wave Propagation

To model high frequency seismic signals generated by debris flows, we begin with the theoretical model of Zhang 
et al. (2021) for the PSD of debris-flow seismic signals (see Text S3 in Supporting Information S1). We assume 
that the signals recorded at a given seismic station are controlled by the debris flows flowing through a channel 
section with unknown area Sbed, that the contribution of force fluctuations applied outside Sbed can be neglected, 
and that force fluctuations applied inside Sbed can be approximated as being concentrated at a single point.

We represent the source-station distance r by the shortest distance from the channel to the recording seismic sta-
tion. For station ILL11, the value of r is 15 m. The basal fluctuation is assumed to be composed of delta functions 
so that its PSD is independent of frequency. When the peak frequency is measured for a known r, the value of the 
soil's scattering damping ratio 𝐴𝐴 𝐴𝐴 can be estimated to reproduce the measured peak frequency (Zhang et al., 2021). 
We then obtain a value of the soil's scattering damping ratio 𝐴𝐴 𝐴𝐴 of 0.5 for station ILL11, corresponding to the peak 
frequency of 14 Hz (Figure 2a). For a given station, r and 𝐴𝐴 𝐴𝐴 are constant. However, the peak frequency of seismic 
signals is not stationary due to the sediment deposition and erosion during run out, which causes uncertainties 
in the value of 𝐴𝐴 𝐴𝐴 . In order to account for scour/fill between events in the seismic ground model, we calculate a 𝐴𝐴 𝐴𝐴 

Figure 2. Peak frequency of power spectral density (PSD) of seismic signals. (a) The theoretical PSD calculated with 
different scattering damping ratios of soil 𝐴𝐴 𝐴𝐴 . (b) The PSD of measured seismic signals of 10 s time windows, generated by the 
August 11, 2019 debris flow. (c) The peak frequency of PSD within individual time windows for each event. The black solid 
line is the peak frequency (14 Hz) corresponding to when 𝐴𝐴 𝐴𝐴 is 0.5. The black dotted lines represent a 𝐴𝐴 𝐴𝐴 uncertainty of 30% 
corresponding to a peak frequency range between 11 and 18 Hz.
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uncertainty of 30%, corresponding to a peak frequency range between 11 and 18 Hz that contains most frequency 
peaks (Figures 2b and 2c).

4. Results
4.1. Seismically Derived Basal Force Fluctuation

For all events, we calculate the PSDs for signals within time windows of 10 s. All PSDs are smoothed with a 5 Hz 
running average. Using damped least squares inversion and the PSD of seismic signals between 1 and 30 Hz in 
individual time windows (Zhang et al., 2021), we obtain the spectral magnitude 𝐴𝐴 |𝐹𝐹 𝑠𝑠

𝑖𝑖 | of the seismically derived 
basal fluctuating force for each time window of 10 s (Text S3 in Supporting Information S1), and assume that it 
is a constant over the frequency range of 1–30 Hz. We calculate the RMS seismically derived basal fluctuating 
force 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠

𝑖𝑖  for each time window with Equation 6, and treat it as the typical magnitude of seismically derived basal 
fluctuating force for each time window.

To compare with the measured data (i.e., the flow depth and the weight), we then resample 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠
𝑖𝑖  to 1 Hz using 

an anti-aliasing FIR filter with a Kaiser window. Note that station ILL11 is located 140 m upstream of the force 
plate. Because there are no video data at this position, it is difficult to accurately estimate the time when the flow 
front arrives at the seismic source section with area Sbed. Hence, we manually align the inverted force with the 
measured data recorded at the force plate to ensure the best match between the two. Furthermore, we ignore sedi-
ment deposition and/or erosion of debris in the 140 m channel section between station ILL11 and the force plate.

For unknown reasons, there exist outliers in the force plate and flow depth data. For example, the maximum 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  

of the June 21 event is about 6.9 𝐴𝐴 × 1013  kN, which is far greater than the expected range of 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  . If the 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉 (𝑡𝑡) is 
greater than 𝐴𝐴 100 × 𝐹𝐹𝑚𝑚

𝑉𝑉 (𝑡𝑡) , it is treated as an outlier. Furthermore, if the flow weight does not change significantly 
during run-out, the corresponding flow depth will generally not change significantly. If the flow depth 𝐴𝐴 𝐴(𝑡𝑡) is 
greater than 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉 (𝑡𝑡)∕𝑔𝑔𝑔𝑔𝑤𝑤𝑆𝑆bed , where 𝐴𝐴 𝐴𝐴𝑤𝑤 is the water density (𝐴𝐴 𝐴𝐴𝑤𝑤 =1,000 kg/m3), the 𝐴𝐴 𝐴(𝑡𝑡) is treated as an outlier. 
These outliers in 𝐴𝐴 𝐴 and 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  account for only a small fraction of the measured data (Figures S4 and S5 in Sup-
porting Information S1), and are ignored in the following analysis.

Due to the difference in the area of Sbed and of the force plate Splate and the simplification in the seismic ground 
model, we cannot directly compare the absolute magnitude of the seismically determined basal force fluctuation 
with the force plate. However, as expected, there exists a scale relation between the RMS seismically derived 
basal fluctuating force 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠

𝑉𝑉  and the measured basal vertical force fluctuations 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  (Figure 3a). The linear fit be-

tween the 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and the 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠

𝑉𝑉  corresponding to the 𝐴𝐴 𝐴𝐴 uncertainty of 30% contains about 75% of 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  measurements. 

Using the scale correlation between 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠
𝑉𝑉 (𝜉𝜉 = 0.5) and 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  , we scale 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠
𝑉𝑉  to obtain a corrected seismically de-

rived basal force fluctuation 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠′
𝑉𝑉  . As expected 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠′

𝑉𝑉  correlates with 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  over the full extent of individual flows 

(Figure 4), which validates the seismically derived basal fluctuating forces.

Figure 3. Basal fluctuating forces. (a) Basal vertical fluctuating forces measured at the force plate 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  versus root-mean-

squared (RMS) seismically derived basal fluctuating forces 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠
𝑉𝑉  . The solid line represents the linear fit between 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  and 
𝐴𝐴 Δ𝐹𝐹 𝑠𝑠

𝑉𝑉 for 𝜉𝜉 = 0.5 . Dashed lines represent the linear fit between 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠

𝑉𝑉 for 𝜉𝜉 = 0.35 and 0.65 . (b) Ratio of the 
horizontal to vertical RMS seismically derived basal fluctuating forces horizontal-to-vertical force fluctuations ratio (HVR). 
The black line represents the average HVR of all events (∼0.75).
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For each event, the seismically derived horizontal-to-vertical force fluctuations ratio (HVR) is nearly constant 
during the passage of the debris flows past the seismic station. The HVR is close to a constant 0.75 for all events. 
Nevertheless, there exist some deviations in the average HVR within and between events. For example, the July 
15, 2019 event consistently shows the lowest HVR.

4.2. Correlations Between Basal Force Fluctuations and Bulk Flow Characteristics

We observe that the measured basal (non-fluctuating) vertical forces 𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  correlate with the envelope of the meas-

ured basal fluctuating forces 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  , except for the flow front (Figures 5b and S6b-S10b in Supporting Informa-

tion S1). Therefore, there exists a relationship between the 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and the 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉  at a force plate (Figure 6b). We tested 
both linear and power law fits to the relation between 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  and 𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  . The non-linear relation can better explain 

the relation between the 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and the 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉  (R2 = 0.80 for the power-law fit, R2 = 0.67 for the linear fit; Figure 6b 
and Table 1). The seismically derived basal fluctuating forces 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠

𝑉𝑉  are nonzero before the flow front reaches 
the seismic station because station ILL11 records the seismic signals generated by the approaching flow front. 
Similar to the weight 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉  , there is a relationship between 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and the flow depth h (Figure 5d). For individual 

events, the temporal variation of 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  correlates with that of h, except for the flow front (Figures 5d and S6c-S10c 

in Supporting Information S1). A non-linear relation better explains the relation between 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and h (Figure 6a). 

We then separate data from different events and fit a power law to the relation between 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and h for each event 

(Figure 7 and Table S1 in Supporting Information S1). We observe that the flow depth dependence of basal force 
fluctuations varies between events, which in the context of our model implies that the relative contributions of 
single-particle random impacts and of random impacts caused by multi-particle force chains on the basal force 
fluctuations is different in each event. Furthermore, we find that there is a negative correlation between h and 

Figure 4. Measured basal vertical force fluctuations 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  (gray lines) at the force plate and corrected seismically derived 

basal vertical force fluctuation 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠′
𝑉𝑉  (blue lines).
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the bulk density 𝐴𝐴 𝐴𝐴 expressed as 𝐴𝐴 𝐴𝐴 = 𝐹𝐹𝑚𝑚
𝑉𝑉 ∕𝑔𝑔𝑔𝑔𝑔bed (Figure 6d). This may be one of the reasons why the power of 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉  
(2.35) in the non-linear relation between the 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  and 𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  is larger than the power of h (1.69) in the non-linear 

relation between the 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and h because 𝐴𝐴 𝐴𝐴 only affects the latter relation. An interesting phenomenon is that the 

bulk flow characteristics (𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  and h) always slightly lag behind 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  in the roll-wave-like surges in the debris-flow 
tail (Figures 5c and 5e). This may be another manifestation of the conveyer-belt mechanism that usually concen-
trates large particles near the flow front (Pierson, 1986) and in this case traps coarse grains in front of roll wave 

Figure 5. Measurements at CD 29 and seismically inverted results from the August 11, 2019 debris flow. (a) Spectrogram of 
vertical seismic signal recorded at the station ILL11. (b and c) Corrected seismically derived vertical basal fluctuating forces 

𝐴𝐴 Δ𝐹𝐹 𝑠𝑠′
𝑉𝑉  , measured vertical basal fluctuating forces 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  and basal (non-fluctuating) forces (weight) 𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  recorded at the force 

plate. Panel (d and e) 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠′
𝑉𝑉  , 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  and flow depth 𝐴𝐴 𝐴𝐴 (f and g) Size and number of boulders from video recordings. The average 
size denoted by the black line in panel f corresponds to the mean b-axis of all the measured boulders (number displayed in 
panel g) at each point in time.
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surges. Alternatively, evenly distributed coarse particles in the flow tail are transiently compressed as roll wave 
surges pass (Viroulet et al., 2018).

For the flow front, the basal fluctuating forces 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  measured at the force plate and the seismically inverted 

basal fluctuating forces 𝐴𝐴 Δ𝐹𝐹 𝑠𝑠
𝑉𝑉  exhibit distinct peaks (Figures  5 and S6-S10 in Supporting Information  S1) 

while the measured basal (non-fluctuating) vertical forces at the force plate 𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  and the flow depth h do 

not. The differences between the bulk flow characteristics and the basal force fluctuations in the flow front 
may be due to the concentrations of large particles at the front (Figures 5f and 5g) that are transported to 
the flow front due to size segregation (Johnson et al., 2012). These large particles have larger impact forces 
on the bed and generate strong seismic signals (Figure 5a). However, only some of these peaks correspond 
to the observed passage of large boulders (such as the June 21, 2019 debris flow; Figure S6 in Supporting 
Information S1). This discrepancy may well be the result of the limitations in the boulder size measurement 
described earlier. Depending on other factors such as the concentration of particles in the flow, it is also 

possible that some of the largest particles, when transported above a ma-
trix of smaller-size particles (such as upstream of the flow front), may be 
effectively carried in suspension in the flow and may not always generate 
force chain interactions with the bed.

4.3. Theoretical Basal Force Fluctuation

Using the measured data in the Illgraben torrent, we obtain an empirical re-
lation between the depth-averaged downslope velocity 𝐴𝐴 �̄�𝑤 and the flow depth 

𝐴𝐴 𝐴 expressed as 𝐴𝐴 �̄�𝑤 = 3.57ℎ0.81 (see Text S4 and Figure S2 in Supporting Infor-
mation S1). The force plate is horizontal (i.e., 𝐴𝐴 𝐴𝐴  = 0°). Based on Equations 5 
and 6 and the empirical relation between 𝐴𝐴 𝐴 and 𝐴𝐴 �̄�𝑤 , the typical magnitude of 
the theoretical basal fluctuating forces over a force plate with area of 8 m2 for 
each time window of 1 s can be expressed as:

Δ𝐹𝐹 𝑡𝑡
𝑖𝑖 (𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡𝑒𝑒) ≈ 21.8𝑓𝑓𝑖𝑖(cos

𝜋𝜋
6
)
−𝑡𝑡
𝑡𝑡𝑒𝑒

1.5−𝑡𝑡ℎ1.22+𝑡𝑡 (7)

Figure 6. Measured basal fluctuating forces and the bulk flow characteristics. (a and b) Measured basal fluctuating forces 
𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  versus the flow depth h and the measured basal forces 𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  , respectively. (c) 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉  versus the flow depth. (d) Bulk density 𝐴𝐴 𝐴𝐴 
versus the flow depth. The red and black lines are the power and linear law fits, respectively. R2 is goodness of fit, subscripts 
L and P denote linear and power law fits, respectively. 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  and 𝐴𝐴 𝐴𝐴 are smoothed with a 20 s running average. Outliers in h and 
𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  are ignored.
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𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  (kN) h (m) 4.54 −0.76 0.72 3.24 1.69 0.78

𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  (kN)𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉  (kN) 0.03 −1.06 0.67𝐴𝐴 2.4 × 10−5 2.35 0.80

𝐴𝐴 𝐴𝐴𝑚𝑚
𝑉𝑉  (kN) h (m) 131.80 13.21 0.95 148.00 0.82 0.97

𝐴𝐴 𝐴𝐴 (t/m3)a h (m) −0.49 2.50 0.25 1.97 −0.12 0.29

Note. 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and 𝐴𝐴 𝐴𝐴𝑚𝑚

𝑉𝑉  are the measured vertical basal fluctuating force and basal 
(non-fluctuating) force (weight) recorded at a force plate, respectively. h is 
the flow depth. 𝐴𝐴 𝐴𝐴 is the debris-flow bulk density.
at represents metric tons.

Table 1 
Linear and Power-Law Fits Between Various Flow Characteristics
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where 𝐴𝐴 𝐴𝐴𝑉𝑉 ≈ 0.59cos0 − 0.17sin0 = 0.59 and 𝐴𝐴 𝐴𝐴𝐻𝐻 ≈
√

(0.59sin0 + 0.17cos0)2 + 0.152 = 0.23 . The particle size 
distributions in torrents are rarely available (e.g., Rickenmann et al., 2012) and the effective particle diameter 𝐴𝐴 𝐴𝐴𝑒𝑒 
is therefore difficult to estimate. Here, we take the average boulder sizes estimated from the video recordings to 
be the effective diameter 𝐴𝐴 𝐴𝐴𝑒𝑒 .

When the dimensionless parameter 𝐴𝐴 𝐴𝐴 is 0 (i.e., N = 1), 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑖𝑖 = 21.8𝑓𝑓𝑖𝑖𝐷𝐷𝑒𝑒

1.5ℎ1.22 , which means that all impacts 
on the force plate result from single particles, the mechanism causing basal force fluctuations is the same as in 
the “thin-flow” model with 𝐴𝐴 𝐴𝐴𝐴𝐴 ∼ �̄�𝐴 of Farin et al. (2019). The difference between this “thin-flow” model and 

𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉 (𝜂𝜂 = 0) is that we use an empirical relation between flow velocity and flow depth to estimate depth-averaged 

flow velocities and hence representative particle impact velocities and the relation between basal force fluctu-
ations and flow depth. We also used the “thin-flow” model to predict the basal force fluctuations (see Text S5 
in Supporting Information S1). We observe that, except for July 15 and 26 events, 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉 (𝜂𝜂 = 0) is similar to the 
predictions of the “thin-flow” model of Farin et al.  (2019) (including amplitude and shape; Figure 8), which 
provides support for our empirical relation between flow velocity and flow depth. One reason for the prediction 
discrepancies between these two events may come from the limitation of flow-velocity estimation.

When the value of 𝐴𝐴 𝐴𝐴 is 1, 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑖𝑖 = 25.2𝑓𝑓𝑖𝑖𝐷𝐷𝑒𝑒

0.5ℎ2.22 , which implies that all basal fluctuating forces are transmitted 
to the force plate via force chains extending from the surface of the flow to the base. We observe that the value 
of 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉 (𝜂𝜂 = 1) is always greater than that of 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉 (𝜂𝜂 = 0) in the flow front, while the differences between the 

two gradually decrease in the flow tail (Figure 8). As both flow depth and coarse particles decrease in the flow 
tail, both number of contacts in a force chain and number of force chains decrease, and the force transmission 
via a force chain to the force plate is closer to the individual particle random impact force. Furthermore, we 
observe that there are some limitations in predicting the basal force fluctuations using the random force caused 
by multi-particle force chains or the random single-particle impact force, separately. For example, the measured 

Figure 7. Measured basal force fluctuation 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  versus flow depth. Black lines indicate power law fits. Outliers in h and 

𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  are ignored.
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basal force fluctuations are always in between the theoretical predications for random single-particle impacts 
(𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉 (𝜂𝜂 = 0) ) and those for impacts of multi-particle force chains (𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉 (𝜂𝜂 = 1) ). Because the power of flow 

depth in the relation between the measured basal force fluctuations and the flow depth is 1.69 (i.e., 𝐴𝐴 𝐴𝐴 = 0.47 ; 
Figure 6), we take 𝐴𝐴 𝐴𝐴 = 0.47 and recalculate 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉  . As expected, we observe that 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉 (𝜂𝜂 = 0.47) can better predict 

the basal force fluctuations (Figure 8). Furthermore, we observe that although, by themselves, neither impacts of 
single particles nor impacts of multi-particle force chains can predict the basal force fluctuations for most events, 
the basal force fluctuations are closer to the multi-particle force chain prediction in the flow front of the July 15 
event, and the basal force fluctuations are closer to the random single-particle impact prediction in the flow front 
of the July 26 event. Our model thus suggests that the basal force fluctuations are controlled by the random sin-
gle-particle impacts and the random impacts caused by multi-particle force chains, and the relative contributions 
of these two physical mechanisms on the basal force fluctuations varies for different events and flow positions.

5. Discussion
In this study we examined high frequency force fluctuations at the base of debris flows and compared meas-
urements with theoretical predictions based on a new model incorporating impact forces both from individual 
particles and from multi-particles force chains. We find that the measured basal force fluctuations at a force plate 
can be better predicted when both types of impact are considered at the same time.

Figure 8. Measured basal force fluctuations 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  at a force plate (gray lines) versus theoretical basal force fluctuations 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉  . 
The blue, green, and red lines represent the basal force fluctuation predictions with the value of 𝐴𝐴 𝐴𝐴 equal to 0, 1, and 0.47, 
respectively. The yellow lines are the basal force fluctuation predictions from the “thin-flow” model of Farin et al. (2019) (see 
Text S5 in Supporting Information S1). All theoretical basal force fluctuations are smoothed with a 10 s running average.

0 500 1000 1500 2000
0

20

40

60

80

F
lu

ct
u

at
in

g
 f

o
rc

e 
 [

k
N

]

Time [s]

2019−06−21

∆F
V
t
(η=1)

∆F
V
t
(η=0)

∆F
V
t
(η=0.47)

0 500 1000 1500 2000
0

5

10

15

20

25

F
lu

ct
u

at
in

g
 f

o
rc

e 
 [

k
N

]

Time [s]

2019−07−01

0 500 1000 1500 2000
0

2

4

6

F
lu

ct
u

at
in

g
 f

o
rc

e 
 [

k
N

]

Time [s]

2019−07−02

0 500 1000 1500 2000
0

1

2

3

4

F
lu

ct
u

at
in

g
 f

o
rc

e 
 [

k
N

]

Time [s]

2019−07−15

0 500 1000 1500 2000
0

5

10

15

20

F
lu

ct
u

at
in

g
 f

o
rc

e 
 [

k
N

]

Time [s]

2019−07−26

0 500 1000 1500 2000
0

10

20

30

40

50

F
lu

ct
u

at
in

g
 f

o
rc

e 
 [

k
N

]

Time [s]

2019−08−11

∆F
V



Journal of Geophysical Research: Solid Earth

ZHANG ET AL.

10.1029/2021JB022755

14 of 19

5.1. Relation of Basal Force Fluctuations to Flow Characteristics

With the basal force fluctuation model, we are able to explain the relation between the high frequency seismic sig-
nals and the other bulk properties, such as the bulk kinetic energy per unit bed area 𝐴𝐴 𝐴𝐴𝑘𝑘 and the momentum per unit 
bed area 𝐴𝐴 𝐴𝐴𝑎𝑎 . Based on the simplified fitting relation between the depth-averaged downslope flow velocity � and 
the flow depth, 𝐴𝐴 𝐴𝐴𝑘𝑘 and 𝐴𝐴 𝐴𝐴𝑎𝑎 can be expressed as: �� ∼ 0.5�ℎ�2 ∼ 6.369�ℎ2.61 , and �� = �ℎ� ∼ 3.569�ℎ1.81 . 
Assuming that the flow bulk density 𝐴𝐴 𝐴𝐴 remains constant, the bulk kinetic energy per unit bed area 𝐴𝐴 𝐴𝐴𝑘𝑘 and momen-
tum per unit bed area 𝐴𝐴 𝐴𝐴𝑎𝑎 are controlled by the flow depth. In our model the flow depth dependence of basal force 
fluctuations has an exponent between 1.22 and 2.22, and a larger 𝐴𝐴 𝐴𝐴 value corresponds to the larger flow depth 
dependence. Furthermore, because the amplitudes of high frequency seismic signals are nearly proportional to 
the basal fluctuating forces (Allstadt et al., 2020), there exists a non-linear relation between the high frequency 
signal amplitudes and the flow depth, with exponent between 1.22 and 2.22. This is expected to explain the 
findings of Hibert et al., (2017), who found a roughly linear relation between high frequency signal amplitudes 

𝐴𝐴 (∼ ℎ1.22 − ℎ2.22) and momenta of large landslides 𝐴𝐴 𝐴𝐴𝑎𝑎 (𝐴𝐴 ∼ ℎ1.81 ). In addition, although the flow depth exponent 
(2.61) in the relation between 𝐴𝐴 𝐴𝐴𝑘𝑘 and flow depth exceeds the flow depth dependence range of high frequency 
signal amplitudes, there exists a theoretically non-linear relation between 𝐴𝐴 𝐴𝐴𝑘𝑘 and the flow depth. This relation is 
close to the findings of Coviello et al. (2019), who found a roughly linear relation between the bulk kinetic energy 

𝐴𝐴 𝐴𝐴𝑘𝑘 (𝐴𝐴 ∼ ℎ2.61 ) and the peak amplitude of seismic vibrations.

5.2. Basal Force Fluctuation Model

5.2.1. Relative Contributions of Single Particles and of Multi-Particle Force Chains

For each debris-flow event in the Illgraben torrent, we calculate the best-fit relations 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉 = 𝑚𝑚𝑚𝑛𝑛 between differ-

ent events' flow depths and measured vertical basal force fluctuations (Figure 7 and Table S1 in Supporting Infor-
mation S1). We observe that the best-fit exponents 𝐴𝐴 𝐴𝐴 are different for different events (with non-overlapping 95% 
confidence intervals), but are in the range 1.22–2.22 predicted by our model. Similarly, measurements of Coviello 
et al. (2019) in the Gadria basin (eastern Italian Alps) show that the power of h in the best-fit relation between 
the peak amplitude of seismic signal (which is proportional to the typical magnitude of basal force fluctuations) 
and the flow depth is in the predicted range (1.22–2.22; Figure 9). Besides natural events, Allstadt et al. (2020) 
observed the best-fit flow depth dependence 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉 ∼ ℎ2.04 in two large-scale flume experiments, which is in the 
flow depth dependency range predicted by our model. These findings imply that according to our model, both 
random single-particle impacts and random impacts caused by multi-particle force chains are active during run 
out (e.g., Campbell, 2006).

The flow depth dependence of basal force fluctuations varies among events, which according to our model im-
plies that the relative contributions of multi-particle force chains and of single particles to basal force fluctuations 
differ between events. The change in the relative contribution of multi-particle force chains is controlled by the 
changes in the number of particles in a force chain and/or the number of multi-particle force chains. However, 

Figure 9. Peak amplitude of vertical seismic velocity generated by flow surges versus the flow depth of the surges, for debris 
flows in the Gadria basin (eastern Italian Alps) (see Coviello et al., 2019).
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based on our measurements, it is challenging to distinguish between these two factors. We can only expect that in 
flows with large solid volume fraction, force chains are longer and/or more likely to form, and so are the dominant 
cause of basal force fluctuations. For example, in Allstadt et al. (2020)'s flume experiments with nearly saturated 
sediments, the best-fit exponent connecting flow depth to basal force fluctuations (2.04) is closer to the exponent 
that our model predicts when all impacts are of force chains extending from the flow's base to its surface (2.22) 
than to the exponent predicted when all impacts are of single particles (1.22). In natural events, however, a flow's 
solid volume fraction is rarely known.

In order to better simulate the measured basal vertical force fluctuations 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  at a force plate, the dimensionless 

parameter 𝐴𝐴 𝐴𝐴 is treated as an empirical fitting variable that is time dependent and reflects the flow depth depend-
ence of basal force fluctuations. Because the length of a representative force chain should be between the particle 
size D and the maximum force chain length 𝐴𝐴 𝐴𝐴𝑐𝑐 , 𝐴𝐴 𝐴𝐴 is expected to be in the range of 0–1. Here, we calculate the 
theoretical basal vertical force fluctuations 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉  using different 𝐴𝐴 𝐴𝐴 values, and then obtain the 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉  with the small-

est disagreement to 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  and the corresponding best-fit 𝐴𝐴 𝐴𝐴 value (Figure 10). As expected, we observe that the 

best-fit 𝐴𝐴 𝐴𝐴 value can be used to accurately predict the 𝐴𝐴 Δ𝐹𝐹𝑚𝑚
𝑉𝑉  , and is consistent with the force chain length being in 

the physically expected range. Furthermore, possibly due to the fluctuation of local solid volume fractions in a 
flow, the best-fit 𝐴𝐴 𝐴𝐴 value varies significantly even within an event (Figure 10).

5.2.2. Practical Considerations

Our model shows that basal force fluctuations (which are proportional to the high frequency seismic signals) 
are strongly controlled by particle size and flow depth, which has also been shown experimentally (de Haas 
et al., 2021). It is difficult to measure the particle size distributions in torrents. Using the video data to estimate 
the particle size has unavoidable limitations and uncertainties, which is one of the reasons for the differences 

Figure 10. Basal fluctuation forces and best-fit dimensionless parameter 𝐴𝐴 𝐴𝐴 (blue lines). The black lines are measured basal 
force fluctuations 𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  at a force plate. The red lines are the basal fluctuations simulated by Equation 7 that best match the 
𝐴𝐴 Δ𝐹𝐹𝑚𝑚

𝑉𝑉  . The best-fit 𝐴𝐴 𝐴𝐴 is smoothed with a 100 s running average.
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between simulated and measured basal force fluctuations. Furthermore, de Haas et al. (2021) found that repre-
sentative particle diameters 𝐴𝐴 𝐴𝐴𝑒𝑒 cannot be accurately estimated even in small-scale experiments. According to our 
model, 𝐴𝐴 𝐴𝐴𝑒𝑒 satisfies 𝐴𝐴 𝐴𝐴1.5−𝜂𝜂

𝑒𝑒 ≈ ∫𝐴𝐴 𝐴𝐴1.5−𝜂𝜂𝑃𝑃 (𝐴𝐴)𝑑𝑑𝐴𝐴 , so it will vary within a flow according to changes in 𝐴𝐴 𝐴𝐴 or in the 
local particle size distribution. Here, for simplicity, we use the average boulder size from the video data as the 
effective particle size. This average boulder size is likely larger than the 73rd percentile 𝐴𝐴 𝐴𝐴73 of particle size distri-
bution, which is the effective particle size derived by Farin et al. (2019) for the “thin-flow” model, and perhaps 
closer to 𝐴𝐴 𝐴𝐴94 predicted by Tsai et al. (2012). With our data, we cannot say which percentile most closely resembles 
the effective particle size. Furthermore, for a given flow height, the force chain prediction has a weaker particle 
size dependence (𝐴𝐴 𝐴𝐴1.5−𝜂𝜂

𝑒𝑒  ) than that of the impact force prediction (𝐴𝐴 𝐴𝐴1.5
𝑒𝑒  ; Tsai et al., 2012; Zhang et al., 2021).

There are uncertainties in the local solid volume fraction, influencing the amplitude of 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉  . For the solid volume 

fraction, the 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉  are proportional to the square root of the average solid volume fraction 𝐴𝐴 �̄�𝜙 . In addition, the ex-

pected range (0.4–0.8) of the solid volume fraction is not large (Iverson, 1997), so the changes in 𝐴𝐴 �̄�𝜙 cannot signif-
icantly influence the amplitude of 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉  . However, it is meaningless to analyze only the influence of the change of 
𝐴𝐴 �̄�𝜙 on 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡

𝑉𝑉  , because the influence of 𝐴𝐴 �̄�𝜙 on the 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉  manifests itself via the number and length of the force chains. In 

flows with larger local solid volume fractions, the particles are expected to more readily form force chains which 
dominate the basal force fluctuations. However, based on our data set, we cannot analyze the relation between the 
solid volume fraction and the particle numbers in a force chain and/or the number of force chains.

Another source of uncertainty is the basal coefficient of restitution 𝐴𝐴 𝐴𝐴 , which will affect the amplitude of 𝐴𝐴 Δ𝐹𝐹 𝑡𝑡
𝑉𝑉  . 

Although some dedicated experiments (e.g., Durda et al., 2011; Jackson et al., 2010) found 𝐴𝐴 𝐴𝐴 to be 𝐴𝐴 ≈  0.6, greater 
than the value of Gimbert et al. (2019) for similar materials (steel and rocks), we still choose the value (∼0.13) 
from the Gimbert et  al.  (2019) flume experiments. This is because the concerns of Gimbert et  al.  (2019) on 
both the inelasticity of the mechanical response and the extra impact energy loss caused by the geometrical ef-
fect of the particles, may exist in our theory and measurement background. Similar to the concerns of Gimbert 
et al. (2019), particles contact each other in force chains with their center of mass not being perfectly aligned, 
generating extra impact energy loss with respect to aligned particles. Furthermore, the loose sediment (clay and 
small sized particles) carried by the debris flows will reside between the force plate and the particles, making the 
mechanical response of the force plate particularly inelastic. In these cases, we expect the observed 𝐴𝐴 𝐴𝐴 (∼0.13) by 
Gimbert et al. (2019) to apply to our work.

The particle density 𝐴𝐴 𝐴𝐴𝑠𝑠 and the soil's scattering damping factor 𝐴𝐴 𝐴𝐴 are also associated with uncertainties. However, 
𝐴𝐴 𝐴𝐴𝑠𝑠 is not expected to vary enough between events in order to provide the increase in predicted basal force fluctu-

ations, which would compensate for missing frontal peaks of the events on 1 July and 2 July 2019. Similarly, 𝐴𝐴 𝐴𝐴 
varies little unless bedrock is exposed (Kean et al., 2015), which is not the case on the Illgraben debris fan.

6. Conclusions
In this study we analyzed force plate data with high temporal resolution, and seismic and flow depth measure-
ments in the Illgraben torrent (CH), to investigate the generation of fluctuating basal forces during debris flows. 
We extended the work by Zhang et al. (2021) to use high frequency seismic signals to invert the debris-flow basal 
fluctuating forces. These seismically derived fluctuating basal forces match well with the measured basal force 
fluctuations at a force plate, though we were unable to invert the absolute amplitude of basal force fluctuations 
due to the unconstrained surface area of the seismic signal's source region and the simplification of the seismic 
ground model. We observe that the bulk characteristics (weight and flow depth) of the debris flow are related to 
the seismically derived basal fluctuating forces and the measured basal force fluctuations, which implies that high 
frequency seismic signals can be used to extract the debris-flow bulk characteristics.

In order to quantitatively explain the relation between the high frequency seismic signal generated by the debris 
flows and the flows' bulk characteristics, we propose a new physical model in which a high frequency seismic 
signal is generated by the impact forces of multi-particle force chains and of individual particles, within a debris 
flow. In the cases in which only single particles or only force chains undergo impacts, the exponents of flow depth 
in our model's expression for basal force fluctuations are 1.22 and 2.22, respectively. We observe that the flow 
depth dependence of the basal force fluctuations for all events is within this predicted flow depth dependence 
range, which is also similar to the measurements from other debris-flow torrent (Coviello et al., 2019) and flume 
(Allstadt et al., 2020) experiments. This suggests that in order to predict debris-flow basal force fluctuations, 
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the random single-particle impacts and the random impacts of multi-particle force chains need to be considered 
simultaneously, because these two mechanisms are active at the same time. Furthermore, for different events and 
different instances within an event, the relative contributions of single particles and of multi-particle force chains 
vary significantly. The relative contribution of multi-particle force chains is expected to be larger in the flow 
front, where particle concentrations are higher. As the flow depth and/or the concentration of coarse particles 
decrease in the flow, the relative contribution of multi-particle force chains decreases. We have observed that a 
reasonable 𝐴𝐴 𝐴𝐴 reflecting the relative contributions of single particles and of multi-particle force chains can signif-
icantly improve predictions of the debris-flow's basal force fluctuation, though the exact value of 𝐴𝐴 𝐴𝐴 is generally 
difficult to constrain.

Data Availability Statement
The data from the Illgraben network is collected under the network code XP, https://doi.org/10.12686/sed/net-
works/xp, and all seismic data are openly available after a 1-year embargo (in 2022) via the Swiss Seismologi-
cal Service, http://arclink.ethz.ch/webinterface, and the European Integrated Data Archive (EIDA), http://www.
orfeus-eu.org/data/eida. Force plate measurements, flow depth data and boulder data are available at https://doi.
org/10.3929/ethz-b-000437719. The data in Figure 9 was reused from Coviello et al. (2019) with permission from 
John Wiley and Sons.
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