
P
os
te
d
on

20
F
eb

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
67
69
00
67
.7
36
47
73
5/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

How bed composition affects erosion by debris flows - an

experimental assessment

Lonneke Roelofs1, Eise W. Nota1, Tom C. W. Flipsen1, Pauline Colucci1, and Tjalling de
Haas2

1Utrecht University
2Universiteit Utrecht

June 30, 2023

1



manuscript submitted to Geophysical Research Letters

How bed composition affects erosion by debris flows -1

an experimental assessment2

Lonneke Roelofs1, Eise W. Nota1, Tom C. W. Flipsen1, Pauline Colucci1,3

Tjalling de Haas14

1Department of Physical Geography, Faculty of Geosciences, Utrecht University, Utrecht, The Netherlands5

Key Points:6

• Small changes in water and clay content of the bed significantly affect debris-flow7

erosion processes and magnitude.8

• Bed-water content increases erosion when the bed is nearly saturated, whereas for9

clay content an optimum exists for erosion around 3-4%.10

• Water and clay content of the bed affect debris-flow erosion by affecting bed pore11

pressure when the debris flow overrides the bed.12
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Abstract13

A solid physical understanding of debris-flow erosion is needed for both hazard predic-14

tion and understanding landscape evolution. However, the processes and forces involved15

in erosion by debris flows and especially how the erodible surface itself influences ero-16

sion are poorly understood. Here, we experimentally investigate the effects of bed com-17

position on debris-flow erosion, by systematically varying the composition of an erodi-18

ble bed in a small-scale debris-flow flume. The experiments show that water and clay19

content of an unconsolidated bed significantly control erosion magnitude by affecting the20

transfer of pore pressure, loading conditions, and contraction-dilation behaviour of the21

bed. As the water content increases and the bed comes close to saturation, erosion in-22

creases rapidly, whereas for clay content an optimum for erosion exists around a clay con-23

tent of 3-4 %. Our results show that small variations in bed composition can have large24

effects on debris-flow erosion, and thus volume growth and hazard potential.25

Plain Language Summary26

Debris flows are slurries of water, soil and rock that rush down mountainsides. In27

their path down-slope they erode material and ultimately may build up depositional fans28

in lower laying areas. These fans are often preferred sites for settlement. This means that29

new debris flows directly threaten human life and infrastructure. We know from other30

studies that the bigger the debris flow the larger the number of casualties. And we also31

know that debris flows rapidly increase in size when rushing down the mountain, by erod-32

ing and picking up loose sediment and rock. However, current computer models, used33

for hazard prediction, are bad at predicting erosion and therefore debris-flow size. We34

believe that an important factor for debris-flow erosion is overlooked in these models;35

the composition of the eroded material. Our experiments with small debris flows in the36

lab show that the amount of clay and water in the soil control how much erosion occurs.37

More water in the bed increases erosion, and for clay content, an optimum exists for max-38

imum erosion. This eventually implies that the geology of the catchment and the soil mois-39

ture conditions should be assessed carefully when making predictions on debris-flow haz-40

ard.41

1 Introduction42

Debris flows are an active geomorphological agent that, on the short term, pose a43

threat to human life, property and infrastructure (e.g., Rickenmann, 1999, 2005; Begueŕıa44

et al., 2009; Luna et al., 2012; Dowling & Santi, 2014; Zou et al., 2020). In the long term,45

debris flows play an important role in landscape evolution by eroding soil and rock, cut-46

ting valleys, and depositing sediments in large fan systems (Blair & McPherson, 1994;47

Stock & Dietrich, 2003, 2006; Cavalli & Marchi, 2008; De Haas et al., 2014; de Haas et48

al., 2018). Understanding debris-flow erosion is important to explain long-term landscape49

evolution, but it is also crucial for mitigating risks posed by debris flows. Debris-flow vol-50

ume has directly been linked to the number of casualties (Dowling & Santi, 2014), and51

volume growth of the debris flow, due to erosion and sediment entrainment, can be sev-52

eral orders of magnitude larger than the initial flow volume (e.g., Takahashi, 1978; Hungr53

et al., 2005; Santi et al., 2008; Navratil et al., 2013; Frank et al., 2015; Simoni et al., 2020).54

In current hazard analyses, volume growth is often predicted based on the availability55

of loose sediment (e.g., Jakob, 2005; De Haas et al., 2020), on volumes of past debris flows56

(e.g., Ékes & Friele, 2003; Giraud, 2005; Conway et al., 2010; de Haas et al., 2022), catch-57

ment and watershed characteristics (e.g., Takahashi, 1981; Wilford et al., 2004; Wan &58

Lei, 2009; de Haas & Densmore, 2019; Welsh & Davies, 2011) or on linear regression be-59

tween peak discharge and volume (e.g., Rickenmann, 1999). These criteria are based on60

the intrinsic and autogenic settings of the debris-flow systems. However, when bound-61

ary conditions change, for example by anthropogenic impacts or climate change, debris-62
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flow hazard will change accordingly (Rebetez et al., 1997; Cannon & DeGraff, 2009; Lu-63

gon & Stoffel, 2010; Stoffel & Huggel, 2012; Stoffel et al., 2014) and hazard predictions64

based on intrinsic settings will not always suffice.65

The importance of erosion in debris-flow volume growth has led to an increase in66

the number of numerical debris-flow models that incorporate erosion (Takahashi, 1978;67

Hungr et al., 2005; Iverson, 2012; Abancó & Hürlimann, 2014; Frank et al., 2015; Iver-68

son & Ouyang, 2015; Han et al., 2016; Li et al., 2020; Baggio et al., 2021). However, the69

vast amount of approaches, from empirical to physics-based, and the varying incorpo-70

rated physical mechanisms, highlight the lack of a unified debris-flow erosion theory (De Haas71

et al., 2020) and the need for a better physical understanding of the involved processes72

and parameters. Experiments in large- and small-scale flumes have highlighted the im-73

portance of certain parameters on erosion processes. For example, De Haas and Woerkom74

(2016) and Roelofs et al. (2022) showed that the water, gravel, and clay content of the75

debris flow itself affect erosion magnitude and patterns by changing the erosional shear76

and impact forces as well as the pore pressure in the debris flow that is transferred to77

the top layer of the bed. These studies showed that increasing gravel and water content78

linearly relates to an increase in erosion (De Haas & Woerkom, 2016; Roelofs et al., 2022),79

whereas clay content non-linearly interacts with erosion via interstitial fluid viscosity and80

increased pore pressures (Roelofs et al., 2022). In addition, experiments from large-scale81

flume studies by Iverson et al. (2011) and Reid et al. (2011) show that higher water con-82

tent of the bed results in higher bed pore pressures and larger quantities of erosion. This83

finding is in line with observations from the field (McCoy et al., 2012; de Haas et al., 2022)84

and the long-standing theory on how increased pore pressures facilitate erosion by de-85

bris flows (Bagnold, 1954; Iverson, 1997; Hungr et al., 2005; McCoy et al., 2012; Li et86

al., 2020).87

The large influence of water content of the bed on erosion can be explained by the88

difference between undrained and drained loading conditions. Drained loading occurs89

when air and fluid are able to drain through the pores without increasing pore pressure.90

In contrast, under undrained loading conditions, pore fluid in the soil is unable to drain91

out or into the pores, leading to increased or decreased pore pressure. In the most ex-92

treme case, the pore fluid bears the entire unit weight of the saturated debris (Major,93

2000). Increased pore pressure decreases intergranular friction between the grains and94

can enable liquefaction of the sediment, which enhances the erodibility of the bed (Major,95

2000; Hungr et al., 2005; Sassa & hui Wang, 2005; Iverson, 2012). The dissipation of ex-96

cess pore pressure can be described by the hydraulic diffusivity D (Major, 2000; McCoy97

et al., 2012). Diffusivity is controlled by the water content of the bed but also by the char-98

acteristics of the soil, i.e. permeability and matrix compressibility (see Major (2000); Mc-99

Coy et al. (2012) for mathematical description). These are, themselves defined by the100

grain-size distribution of the soil and the clay content. In addition, the content of fines101

in the bed also influences the dynamic viscosity of the interstitial fluid and the fluid com-102

pressibility as it penetrates into the bed.103

Another physical soil characteristic that influences erosion susceptibility is shear104

strength θ, which is the ability of soils to resist movement along a slip surface. Shear strength105

is dependent on the composition of the soil, the level of compaction, and moisture con-106

tent. Furthermore, it is important to consider how soils react to compaction and shear-107

ing, as this directly influences pore pressures in the bed. When soils dilate in response108

to shear, pore pressures decrease, and when soils contract in response to shearing, pore109

pressures increase (Iverson, 2012; McCoy et al., 2012; Iverson & Ouyang, 2015). Mod-110

elling work by Iverson (2012) shows that if finer sediment is present in a bed, overrid-111

den by a debris flow, slight shear displacement can play a dominant role in generating112

pore fluid pressures. When enough fine sediment is present this makes the soil behave113

effectively undrained (Iverson, 2012). However, to date, it remains unclear how these bal-114

ancing forces and processes influence erosion by debris flows for different soil composi-115
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tions. To advance our understanding of debris-flow erosion, we want to elucidate the ef-116

fects of bed composition on debris-flow erosion processes. We aim to determine and quan-117

tify the effects of clay and water content of the bed on debris-flow erosion processes and118

magnitude. We also aim at gaining a better understanding of the interaction between119

different erosion mechanisms and influencing parameters, e.g. liquefaction, drained ver-120

sus undrained loading, and diffusivity. To this end, we perform experiments in a small-121

scale debris-flow flume with an erodible bed to systematically test the influence of the122

bed’s clay and water content on erosion processes and magnitude.123

2 Materials and methods124

2.1 Flume set-up, bed composition and data-analyses125

To study and quantify the effects of bed composition on debris-flow erosion mag-126

nitude and processes, we combined a series of flume experiments with geotechnical tests127

to determine the diffusivity and porosity of the soils used in the flume. The flume con-128

sisted of a 5.4 m long and 0.3 m wide chute with a depression in the lower 2.5 m, a mix-129

ing tank with a forced-action mixer (Baron E120), and a custom-made release gate (See130

Figure 1) (set-up is similar to de Haas et al. (2021); Roelofs et al. (2022)). In the depres-131

sion in the lower half of the chute, an erodible, unsaturated, and loosely packed bed was132

created, of which we systematically varied the composition. Erosion under the different133

bed compositions was tested at three different flume angles: 28◦, 31◦, 34◦. For all ex-134

periments, the debris-flow composition was kept constant (see Supplementary Table A1).135

To ensure repeatability and account for natural variability, every experimental setting136

was performed twice. Within the debris flows, frictional forces dominated flow dynam-137

ics (see Supplementary Table A1), similar to most debris flows in nature (Zhou & Ng,138

2010). For a small number of experiments, conducted under a flume angle of 28◦, vis-139

cous forces dominated over collisional forces.140

The loosely packed bed consisted of sand, clay (kaolin), and water in different ra-141

tios. To test the influence of the water content of the bed, we used a sandy bed with-142

out clay in which we systematically varied the total mass fraction of water from 0.09 to143

0.15 (Supplementary material Table A1). To test the influence of clay content of the bed,144

we used a total mass fraction of water of 0.11 and varied the dry mass fraction of clay145

within the sandy bed from 0 to 0.1, while keeping the sand porosity roughly constant146

(Supplementary material Table A1). For every experiment, the bed was prepared by mix-147

ing the sediment and water with a hand-held mortar mixer, after which the mixture was148

placed in the recess in the lower half of the flume. For the grain-size distribution of the149

used sediments see Supplementary Material Figure A1.150

Two pore pressure sensors were installed underneath the flume, 50 cm downslope151

of the start of the erodible bed. These sensors were connected to small plastic tubes, with152

permeable filters, that protruded into the bed at different heights (3 and 4 cm below the153

surface). The small tubes above the sensors were filled with de-aired water before ev-154

ery experiment and the recorded hydrostatic pressure was used as the reference pressure.155

To quantify the net erosion, the bed was scanned using a Vialux z-Snapper 3D scan-156

ner. This scanner created a 3D point cloud of sub-mm accuracy of the bed by structured157

light and imaging before and after the debris flow had passed. The point clouds were de-158

noised and transformed into gridded digital elevation models (DEMs) of 0.3 mm reso-159

lution by natural neighbour interpolation.160

2.2 Diffusivity and porosity tests161

The diffusivity of the bed compositions with varying amounts of clay was deter-162

mined following the methodology of Major (2000). Tests were conducted for dry bulk163
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Figure 1. Schematic (a.) and photo (b.) of the flume. Sketch: orange rectangle represents the

force action mixer and the dotted yellow trapezoid represents the erodible bed. All dimensions

are in centimetres.

clay mass fractions ranging from 0 to 0.1, with a step size of 0.01. A smooth transpar-164

ent tube with a radius of 6.25 cm was filled with a sand-clay-water mixture up to an ap-165

proximate height of 55 cm. Fully suspended conditions at the beginning of every test were166

established by using rotating blades, connected to a drilling machine. Pore-fluid pres-167

sures were measured with piezoresistive transmitters (Keller Series) at 5, 15, 25 and 45168

cm above the impermeable bottom of the tube at predetermined time intervals, rang-169

ing from one measurement per second to one measurement per five seconds depending170

on the clay content. At the end of each test, the final height Hw of the water column was171

measured and the pressure conditions were assumed to be hydrostatic. The diffusion co-172

efficient D was determined by iterating between the measured and predicted excess fluid173

pressure (for details and equations we would like to refer to Major (2000)). The poros-174

ity of the beds with varying clay fractions was determined by inserting the different bed175

mixtures in soil sample rings, saturating the sediment in the rings with water, weighing176

the saturated samples, and comparing that to the dry weight of the sample.177

The porosity of the initial beds in the flume is larger than the porosity of the dry178

unconsolidated material (random loose packing) and dry consolidated material (random179

close packing), which are, respectively, 0.34 and 0.27 for beds without clay. In the ini-180

tial beds, the apparent cohesion caused by water in the unsaturated bed results in a larger181

porosity. Saturation of our bed mixtures occurs around a water volume fraction equal182

to the dry porosity, equal to a mass fraction of 14-20% for a bed without clay. In our183

experiments, a water mass fraction >15% led to saturation and denser packing of the184

sediment during mixing. The effect of this dense packing is increased intergranular con-185

tact and higher resistance against erosion, and caused different behaviour above the sat-186

uration threshold. These bed conditions were therefore excluded from the present anal-187

ysis but are included in the online dataset.188
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3 Results189

3.1 General erosion trends for varying clay and water content of the bed190

The net-change patterns for the different experiments clearly show the significant191

influence of the clay and water content of the bed for debris-flow erosion (Figure 2, Fig-192

ure A2). When the clay fraction of the bed is increased from 0 to 0.04, erosion increases193

(Figure 2.a) with increasing scour at the upstream part of the erodible bed. Under a fur-194

ther increase of the clay fraction, from 0.06 to 0.1, erosion slowly ceases and becomes more195

homogeneous over the length of the bed (Figure 2.a). The above-described trend is valid196

for all three flume angles under which experiments have been conducted (Figure 2.b).197

However, under a flume angle of 28◦, we observe a muted response in net change and ero-198

sion pattern, with less erosion but also less deposition. Under this flume angle, viscous199

forces dominate within the debris flow, in contrast to the dominance of frictional forces200

under higher flume angles. We hypothesize that this difference in flow characteristics un-201

der a flume angle of 28 ◦ explains the less pronounced erosion and deposition.202

Under an increasing water fraction, up to 0.13, net change stays stable and net de-203

position occurs (Figure 2.b). A further increase in water fraction results in a dramatic204

increase in net erosion under flume angles of 31◦ and 34◦ (Figure 2.b). The spatial ero-205

sion patterns under different bed water contents are comparable, with scour at the top206

of the erodible bed and deposition on the lower half.207

3.2 Diffusivity and porosity for different clay fractions of the bed208

To quantify how effectively interstitial fluid and pore pressure travel through the209

bed under varying clay content, the diffusivity and porosity of those different bed com-210

positions were determined. With an increase in clay fraction, the diffusivity and poros-211

ity of the bed decrease exponentially (Figure 2.c-d). The exponential decrease in diffu-212

sivity and porosity as a function of the clay fraction shows that clay fills up the pore spaces213

and decreases the flow of interstitial fluid and the transfer of pore pressure through the214

bed.215

3.3 Pore pressure in the bed under varying bed compositions216

To study if and how changing pore pressures in the bed influence erosion during217

our experiments, we explore the temporal pattern of pore pressure relative to the ini-218

tial conditions in the bed for six key bed conditions. In most experiments, we observe219

a decrease in relative pore pressure at initial debris flow impact (Figure 3), followed by220

an increase of 100 to 400 Pa, depending on the bed composition. This pressure is lower221

than the maximum normal force (based on flow depth) exerted by the debris flows on222

the bed, which on average ranges between 500 and 600 Pa, depending on the angle of223

the flume.224

An increase in clay fraction has three notable effects on the pore pressure. First,225

the lowering of the pressure at flow-front arrival disappears (Figure 3.a-c). Second, from226

no clay to a clay fraction of 0.04, the maximum pore pressure becomes higher and dis-227

sipation of the increased pressure becomes slower (from 7.5 sec to 12 sec at a clay frac-228

tion of 0.04, Figure 3.a-b). Third, under the highest clay fraction, the change in pore pres-229

sure is significantly smaller, and the response is slow (Figure 3.c).230

Increasing the water content of the bed from 0.1 to 0.13 leads to an increase in the231

maximum pore pressure and a decrease in the initial pressure draw-down (Figure 3.d,e).232

Under these conditions, we also observe the establishment of a new pressure equilibrium233

(Figure 3.e, flattening of the blue line after 5 sec.). Under high water fractions of the bed234

(0.14), the increase in pore pressure is more rapid after flow-front arrival (Figure 3.f),235
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Figure 2. Overview of net change (cm3) under different (a.) clay fractions (dry bulk mass

fraction) and different (b.) water fractions (fraction of total mass) in the erodible bed, as well

as results of the diffusivity (c.) and porosity (d.) tests for varying clay fractions (fraction of dry

weight) with exponential trend lines. For the first two panels (a.-b.), the different colors of the

data points indicate the flume angle under which the experiment was conducted. Note that a

negative net change means more sediment was eroded in the flume than was deposited, and vice

versa for a positive net change.
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Figure 3. Relative pore-fluid pressure in the erodible bed measured by two pressure sensors

(P1 and P2) installed at different depths during six representative experiments conducted at a

flume angle of 34◦. Flow depth of the debris flow overriding the bed is plotted in black. Panels

a.-c. show results from experiments with increasing clay fractions (experiment 181, 153 and 157

respectively). Panels d.-f. show results from experiments with increasing water fractions (exper-

iment 180, 201 and 187 respectively). Note that the pore pressure displayed is relative to the

initial pressure created by the water in the protruding tubes. For pore pressures uncorrected for

initial conditions see Figure A3. P2 records a higher pressure, explained by its lower position

in the bed and thus the larger water column that can exist above it. Other differences between

the data from the sensors can be explained by small heterogeneities in the bed, caused by either

non-perfect mixing of the sediment, slight differences in packing during bed insertion, or other

simple stochastics.

and the response in pore pressure is more chaotic. The latter could be explained by se-236

vere erosion around the sensors.237

4 Discussion238

4.1 Effects of water and clay in the bed on erosion239

Our experiments show that bed composition strongly controls the magnitude of ero-240

sion by debris flows. The results of our experiments with varying bed water content are241

in agreement with earlier experimental results (Iverson et al., 2011; Reid et al., 2011)242

and field studies (McCoy et al., 2012; de Haas et al., 2022) that show that an increase243

in bed water content enhances erosion by debris flows. The studies by Iverson et al. (2011);244

Reid et al. (2011); McCoy et al. (2012); de Haas et al. (2022) show a linear response in245

erosion magnitude to bed water content, whereas, in our experiments, erosion exponen-246
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tially increases between a water fraction of 0.13 and 0.15. The difference between our247

and previous studies already hints at the possible importance of fines in the bed. In our248

water content experiments, fines were absent in the bed mixture, whereas fines were present249

in the bed in the experiments by Iverson et al. (2011) and Reid et al. (2011), similar to250

natural settings. Due to the lack of fines in some of our experiments, drainage of water251

in the bed is unhindered (up to a water content of 0.13) and the increase in pore pres-252

sure is limited when a debris flow overrides the bed (see Figures 3.d and 4.a). In addi-253

tion, the unhindered draining of fluid from a debris flow into the bed decreases the mo-254

mentum and velocity of the debris flow (as shown by Iverson et al. (2011); Reid et al.255

(2011); Roelofs et al. (2022)), further limiting the amount of erosion (see Figure 2.b,c).256

Above a water content of 0.13 en-masse failure occurs (Figure A2.c,d) as the bed becomes257

saturated when overridden by the debris flow.258

Our experiments with varying bed clay fractions further illustrate the significant259

effects of fines in the substrate for debris-flow erosion magnitude and processes (see Fig-260

ure 2.a). A small increase in the bed clay fraction (up to a dry weight fraction of 0.04)261

increases erosion. The clay in the bed decreases its diffusivity exponentially (Figures 2.c262

and 4.b), which decreases the ease at which fluids drain through the bed and increases263

the pore pressure in the bed directly underneath the debris flow (conceptualized in Fig-264

ure 4.b). This causes local undrained loading conditions, enhanced bed pore pressures,265

and erosion aided by liquefaction of the top of the bed related to an increase in water266

fraction of the bed (also discussed by e.g. Major (2000); Sassa and hui Wang (2005); Berger267

et al. (2011); Iverson et al. (2011); Iverson (2012); McCoy et al. (2012)). In this case,268

the debris flow loses little momentum, which further enhances erosion (Iverson et al., 2011;269

Roelofs et al., 2022). The increased pore pressure decreases intergranular friction (Iverson,270

1997), promoting erosion of the bed sediments by shear and impact forces. We hypoth-271

esize that the clay-related effects on erosion described above will be amplified under higher272

bed water content, in line with the findings of Iverson et al. (2011); Reid et al. (2011).273

A further increase of the bed clay fraction, beyond a fraction of 0.04, results in very274

limited erosion (conceptualized in Figure 4.c). Under these conditions, we hypothesize275

that undrained loading still occurs, but that the infilling of the pore spaces by clay par-276

ticles alters the response of the bed to shear, which becomes more dominated by dila-277

tion. This should result in decreasing pore pressure at debris-flow arrival, which we ob-278

serve in one of the pore pressure sensors but not in both (Figure 3.c). We expect that279

a small amount of compression still occurs as a result of the normal force exerted on the280

bed by the debris flow, which mutes the dilation response. Furthermore, the severe de-281

crease in diffusivity under high bed clay fractions (see Figure A2.c) will hamper the trans-282

fer of water from the debris flow into the bed.283

Our results thus show that a small increase in clay fraction (0-4%) of the bed, while284

keeping the sand porosity roughly similar, can have a dramatic impact on erosion mag-285

nitude and thus volume growth and hazard potential. We do want to highlight that un-286

der different clay fractions in our experiments the total porosity decreased. We, there-287

fore, cannot draw conclusions on the erodibility of bed mixtures of similar porosities with288

varying amounts of clay. It is of interest to note that the observed fines content in nat-289

ural debris flows is consistent with our tested parameter space. Bulk fraction of fines in290

real-life debris flows and their deposits ranging from 2-20 % have been reported (Phillips291

& Davies, 1991; Remâıtre et al., 2005; Ni et al., 2011; Yong et al., 2013). These deposits292

also form the unconsolidated beds in debris-flow gullies and variations in clay content293

may therefore help explain the widely contrasting erosion rates and magnitudes we ob-294

serve in the field (e.g., Hungr et al., 2005; Santi et al., 2008; de Haas et al., 2022).295
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Figure 4. Schematic representation of the non-linear effects of bed clay content on erosion

by debris flows. Without clay (a.), interstitial fluid from the debris flow can drain unhindered

through the bed and erosion occurs as limited scour due to shear and impact forces imposed on

the bed. With the optimal amount of clay (b.), in our experiments 2-4% of the dry bulk mass of

the bed, transfer of pore pressure in the bed occurs but is hindered by clay particles decreasing

the diffusivity of the bed. Therefore, undrained loading occurs, and erosion is increased due to

liquefaction of the top layer of the bed. With very high clay fractions in the bed (c.), the soil is

relatively more compacted due to the clay particles filling up the pore space and the behavior of

the soil becomes more dominated by dilation. Therefore, erosion is limited.

4.2 The bed, the flow, or both?296

Our results show that the composition of the bed can have a significant impact on297

both the amount of erosion caused by an overriding debris flow and the relative impor-298

tance of contrasting processes. Previous experimental work has also shown that the com-299

position of the debris flow affects erosion magnitude and processes (Egashira et al., 2001;300

Hungr et al., 2005; Fagents & Baloga, 2006; De Haas & Woerkom, 2016; Roelofs et al.,301

2022). Combining these results, we can state that debris-flow erosion is significantly af-302

fected by the abundance of water and clay in both the debris flow and the erodible bed.303

The importance of shear and impact forces on debris-flow erosion has long been recog-304

nized (Takahashi, 1978, 1981; Hungr et al., 2005; Stock & Dietrich, 2006; Mangeney et305

al., 2007; Hsu et al., 2008; Berger et al., 2011; Frank et al., 2015; Roelofs et al., 2022;306

de Haas et al., 2022), as well as the importance of pore pressures for debris-flow dynam-307
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ics (e.g., Costa, 1984; Iverson, 1997; Major & Iverson, 1999; McCoy et al., 2010). How-308

ever, the influence that clay has on the relative importance of different erosion forces has309

been overlooked. This study and Roelofs et al. (2022) show that the effects of bed and310

debris flow composition, and especially clay and water content of both the unconsolidated311

bed and the debris flow itself, should be accounted for. The presence of water and fines312

directly affects the mobility and momentum of the debris flow (Iverson et al., 2011; De Haas313

& Woerkom, 2016; Roelofs et al., 2022), draining conditions (as also discussed by Roelofs314

et al., 2022), the effectiveness of pore pressure transfer, and the occurrence of liquefac-315

tion. Whereby the presence of clay can also influence bed porosity (as in this study) as316

well as the contractive or dilative behaviour of the sediment.317

Our results show that the composition of the soil can have a large but complex ef-318

fect on debris-flow erosion and thus highlight the importance of incorporating bed com-319

position effects in debris-flow erosion models. In current debris-flow erosion models, ero-320

sion is predicted based on the forces exerted on the bed by the debris flow (e.g., Iver-321

son, 2012; Chen & Zhang, 2015; Iverson & Ouyang, 2015; Frank et al., 2017; Pudasaini322

& Fischer, 2020). Soil composition is at best incorporated as an erodibility factor (Chen323

& Zhang, 2015; Frank et al., 2015, 2017; Gregoretti et al., 2019; Baggio et al., 2021). We324

advocate that for accurate erosion prediction among different catchments, where cali-325

bration is not always possible, an erosion model in which the erodibility of the soil is de-326

scribed in a physics-based manner is needed.327

4.3 How the small particles matter - lab vs field328

Many studies have shown that small-scale debris flows in laboratory flumes can be329

used to study natural debris-flow behaviour, and depositional and erosional mechanisms330

(Egashira et al., 2001; Iverson et al., 2011; De Haas et al., 2015; De Haas & Woerkom,331

2016; Zheng et al., 2021; Roelofs et al., 2022). In our specific case, the erosion trends ob-332

served in our experiments clearly link to physical processes and parameters that affect333

debris-flow erosion in the field, i.e. diffusivity of the bed, pore pressures, (un)drained load-334

ing conditions, contractive or dilative behaviour of the sediment, and bed shear strength.335

Therefore, we believe that the trends in our data related to clay and water content of336

the bed are of relevance to the field.337

However, scale effects cannot be fully neglected. In our study, special attention should338

be given to the reduced effects of fluid pore pressure in lab-scale debris flows (Iverson,339

1997; Iverson & Denlinger, 2001; Iverson et al., 2010). The ability of a flow to retain ex-340

cess fluid pressure increases quadratically over increasing flow depth, which significantly341

affects debris flow dynamics (Iverson & Denlinger, 2001) and possibly erosion. In our ex-342

periments, the recorded pore pressures in the bed did not rise above the normal force343

exerted by the debris flows, opposing observations from the field (McArdell et al., 2007;344

McCoy et al., 2012), larger-scale debris-flow experiments (Iverson et al., 2011), and debris-345

flow experiments in centrifuges (Bowman et al., 2010). Despite this discrepancy, the bed346

pore pressures are clearly influenced by changes in the water and clay content of the bed347

in our experiments, and there is no physical argument for why this would be different348

on a larger scale. However, it is likely that the trends we observe related to clay and wa-349

ter content of the bed might shift slightly in response to larger debris flows.350

5 Conclusions351

We studied the effects of bed composition on debris-flow erosion magnitude and352

processes by performing experiments in a flume with an erodible, unconsolidated bed.353

We tested the effects of the water and the clay content of the bed, while keeping the com-354

position and volume of the debris flow constant. With data from DEMs, we quantified355

net change, and with data from pore pressure sensors and additional diffusivity and poros-356

ity tests, we identified the forces and processes working on and in the bed.357
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The results from our experiments show that the water and clay content of the bed358

influence erosion magnitude by affecting pore pressures in the bed, loading conditions,359

and dilative/contractive behaviour. In our experiments, an optimum exists for maximum360

erosion under a specific clay content (4% of the dry bulk mass). Under this optimum clay361

fraction, drainage in the bed is partly hindered, resulting in undrained loading, elevated362

bed pore pressures, and possibly liquefaction of the top of the bed. Together, these re-363

duce inter-particle friction and promote erosion. An increase in bed water content in-364

creases debris-flow erosion in our experiments by filling up pore space with water, result-365

ing in elevated bed pore pressures when the debris flow overrides the bed. When the bed366

is close to saturation, this causes en-masse failure.367

From our results, we can infer that small changes in hydrological and geological set-368

tings of a catchment may significantly impact debris-flow erosion, as small changes in369

soil moisture and the grain-size distribution of the sediment can lead to significant changes370

in final debris-flow volume and hazard potential. In addition, a changing climate and re-371

sulting environmental change, such as altered precipitation intensity, retreating glaciers,372

melting permafrost, and changing wildfire occurrence, influence the hydrological settings373

of the catchment as well as the availability and grain-size distribution of sediments. There-374

fore, understanding and incorporating bed effects in a more physics-based manner in debris-375

flow erosion modeling is important for current and future hazard prediction as well as376

for anticipating longer-term morphological change. Despite the importance of incorpo-377

rating these effects for accurate predictions, we acknowledge that the data necessary to378

do so are difficult to obtain and not available for the vast majority of catchments. There-379

fore, effort should be made to test the relevance of our results in the field and assess if380

relatively easily obtainable predictors can be used to estimate bed erodiblity (e.g. catch-381

ment lithology).382
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Appendix A Supplementary material401

Table A1. Key characteristics of the experimental settings of the flume experiments, includ-

ing the varied parameters (flume angle, bed composition) and the debris flow composition and

characteristics. For the extended list of all experiments, including experiment numbers, see online

data supplement (DOI: 10.24416/UU01-Y0RH2E).

Debris flow components Unit Values

Clay weight fraction (of dry weight) 0.05
kg 2.4

Sand weight fraction (of dry weight) 0.75
kg 36

Gravel weight fraction (of dry weight) 0.2
kg 9.6

Water weight fraction (of total weight) 0.2
kg 12

Debris flow characteristics Unit Values

Bagnold number - 200-260
Savage number - 0.018-0.035
Friction number - 7500-12000

Flume settings Unit Tested angles

Flume angle ° 28, 31, 34

Bed components Unit Tested range

Sand weight fraction (of dry weight) 1-0.9
Clay weight fraction (of dry weight) 0-0.1
Water weight fraction (of total weight) 0.09-0.15
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Figure A1. Grain-size distribution of the sand and gravel used for the bed sediment and

debris-flow mixtures: a) cumulative particle-size distribution, b) frequency distribution.
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Figure A2. Overview of erosion patterns and magnitude under different clay fractions (frac-

tion of dry weight) and different water fractions (fraction of total weight) in the erodible bed.

Panel a. shows six DEMs of difference of experiments with key clay fractions conducted under a

flume angle of 34°. Panel b. depicts the net change in cm3 for all experiments with varying clay

fractions conducted under three flume angles. Panel c. shows six DEMs of difference of experi-

ments with key water fractions. Panel c. depicts the net change in cm3 for all experiments with

varying water fractions, conducted under three different flume angles. Note that the width of the

DEMs is 30 cm, height is 250 cm
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Figure A3. Pore-fluid pressure in the erodible bed measured by two pressure sensors (P1 and

P2) installed at different depths during six representative experiments conducted at a flume angle

of 34◦. Flow depth of the debris flow overriding the bed is plotted in black. Panels a.-c. show re-

sults from experiments with increasing clay fractions (experiment 181, 153, and 157 respectively).

Panels d.-f. show results from experiments with increasing water fractions (experiment 180, 201,

and 187 respectively).
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