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Abstract

Soil bed erosion is perhaps the most important momentum exchange process that governs the
growth and destructive potential of landslides, such as debris flow. Existing erosion models only
consider shear stresses induced by the basal friction of the flow as the driving mechanism and
adopt saturated soil mechanics to describe the failure of the soil bed. However, field observations
have hinted at the importance of collisional stresses as a major driving mechanism of erosion and
soil beds in nature are rarely saturated when landslides occur. In this plenary paper, unsaturated
soil mechanics is used to characterize soil bed erosion by flows dominated by collisional stresses.
Experiments were conducted to model the erosion of unsaturated sandy beds with a wide range
of initial matric suction, which is a measure of the capillary stresses, by gravel flows. Key findings

and their implications to the delineation of debris flow hazards are discussed.

Keywords: Debirs flow, Physical tests, Unsaturated soil mechanics

1 Introduction

Landslides, such as debris flow, travel at high speeds and may cause fatalities and damage to
infrastructure in mountainous regions (Froude & Petley 2018; Jakob et al. 2012). The destructive
potential of a debris flow hinges on its ability to erode soil bed material along its flow path (Hungr et
al. 2005). Therefore, reliable predictions of erosion are crucial when delineating debris flow hazards.
Despite a strong foundation of research work on erosion (Cao et al. 2004; Fraccarollo & Capart 2002;
McDougall & Hungr 2005; Medina et al. 2008; Pirulli & Pastor 2012; Sovilla et al. 2006; Sutherland
1967; Takahashi 1978), it remains one of the most difficult momentum exchange processes to model
and predict (Hungr et al. 2005; lverson 2012). Reliable predictions of erosion have direct implications
on the design capacity of the mitigation measures used to arrest debris flows.

The bulk of existing erosion theories in the literature rely on shear stress induced by the friction at the
base of the flow as the driving mechanism (lverson 2012; Takahashi 1978). However, unique field
measurements of natural debris flows taken from lligraben, Switzerland, show that large boulders at
the flow front generate high collisional stresses (McArdell et al. 2007), which may have an even more
prominent effect on erosion compared to friction-induced basal shear stress. In fact, field observations
show that collisional stresses at the base of a flow may drive erosion by generating point loads as high
as 10 MPa (Okuda et al. 1980), which is more than sufficient to cause even bedrock to fail (Stock &
Dietrich 2006). Despite the important role played by collisional stresses, the bulk of existing erosion
theories for soil beds still focus on friction-induced basal shear stress as the driving mechanism and
overlook the effects of basal collisional stresses.

Another common idealization made in existing theoretical models of soil bed erosion is that the
strength of soil can be estimated using saturated soil mechanics (lverson 2012). However, channel
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beds are seldom saturated in nature when landslides occur (McCoy et al. 2012). In fact, for
unsaturated soils, capillary stresses due to the presence of air-water interfaces significantly contribute
to the shear strength (Fredlund et al. 1996; Vanapalli et al. 1996). The peak shear strength of
unsaturated soil has been reported to be up to three times larger than that at its saturated state
(Fredlund et al. 1996; Vanapalli et al. 1996). Furthermore, in saturated soils, any external undrained
loading is directly transferred to the pore water. However, for unsaturated soils, the compressibility
of the pore air also plays an important role in the transfer of undrained loading to the soil bed
(Skempton 1954). Evidently, considering the capillary stresses in the soil bed is an important step
towards the realistic modelling of debris flow erosion and growth in the event that the soil bed is
unsaturated.

In this plenary paper, details of a new theory on soil bed erosion based on unsaturated soil mechanics
and the assumption that soil bed erosion is driven by collisional stresses are presented. A series of

experiments were carried out to evaluate the proposed erosion theory.

2  Modified Strength Normalised Collisional Stress for Erosion of Unsaturated Soil Beds

The point loads imposed on a soil bed by a debris flows scale with the collisional stresses oi, which is
defined by Bagnold (1954) as follows:

0, = VspsDEY? (1)

where vs is the solid fraction of the debris flow, ps is the density of the solid particles, D is the
characteristic grain diameter of the solid particles and y is the shear rate near the base of a debris
flow. The erosion rate é of a soil bed by collisional stresses is proportional to the strength normalized
collisional stress Nsncs, which is defined as the ratio of the basal collisional stresses to the shear

strength of the soil bed t:

€ = K * Ngncs (2a)
DZ -2
Nsnes = % (2b)

where K is a coefficient related to the properties of the flow material and may be interpreted as the
ratio of the stresses from point loads imposed on the soil beds to the collisional stresses (Equation 1).
Equation 2 was originally proposed to estimate the erosion of bedrock by collisional flows (Stock &
Dietrich 2006), where the erosion rate was reported to exhibit a linear relationship with Nsycs.
However, the failure mechanisms for soil and rock are different. For soil beds, failure occurs when the
induced shear stress exceeds the shear strength (Terzaghi 1936). After which, soil particles will slide
along a failure plane. In contrast, rock beds fail by tensile failure, which is initiated at discontinuities
(Jaeger et al. 2009). Thus, the denominator of Nsncs is modified to cater for unsaturated soils.

For unsaturated soils, the voids and soil skeleton enable capillary action, whereby air-water interfaces
called contractile skins act as elastic membranes to hold soil particles together via surface tension
(Fredlund et al. 1978). The shear strength of unsaturated soils T can be expressed as follows (Fredlund
et al. 1978; Lu 2008):

7= (0, —uy)tan ¢’ + (uy — uy,) tan ¢p° (3)

where o, u, and uy, are the normal stress, pore air pressure and pore water pressure, respectively, ¢’
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is the internal friction angle of the soil and tang® quantifies the effect of matric suction (u, — u,,) on
the shear strength. Equation 3 shows that the shear strength of unsaturated soils is governed by two
stress state parameters, specifically the net normal stress (g, — u,) and the matric suction. Although
the shear strength of soil subjected to rapid loading may be rate-dependent, these effects are not
considered here for simplicity.

Debris flows impose rapid loading on soil beds (Hungr et al. 2014; Takahashi 1978). If the rate of
loading is higher than that at which the pore fluid drains from the soil matrix, the loading is considered
undrained and pore pressure will increase. The response of the pore air pressure Au, and pore water

pressure Auy to external undrained loading Ao can be calculated as follows (Skempton 1954):

Au, = B, - Ao (4a)
Auy, = By, - Ao (4b)
where B, is the pore air pressure parameter and B, is the pore water pressure parameter.

In saturated soils, the pore water pressure parameter is assumed to be unity because the
compressibility of the pore water is relatively low compared to that of the soil skeleton (Bishop 1954;
Hasan & Fredlund 1980; Skempton 1954). However, in unsaturated soils, the high compressibility of
the pore air renders increases in both the pore water pressure and pore air pressure smaller than the
external loading. For unsaturated soils subjected to undrained loading, the pore pressure parameters

can be expressed as follows (Hilf 1948):

By =B, = 1/[1+ -0 | (5)

my (Uap+AUsy)
where Sp is the initial degree of saturation of soil bed, ng is the initial void ratio of the soil, m, is the
compressibility of the soil and uyo is the initial pore air pressure. If the pore air pressure is assumed to

be atmospheric, then the pore pressure during undrained loading can be calculated as follows:

Uy = B, Ao (6a)
Uy = —(Uy —uUy)o + By - Ao (6b)
where (u, — uy)g is the initial matric suction. Equation 6b can then be used to explain why positive
pore water pressure is more readily generated for soil beds with a higher bed water content, as
observed by Iverson et al. (2011). The change in the pore pressure during undrained loading results in
a change in the shear strength of the unsaturated soil. By substituting Equation 6 into Equation 3, the

shear strength of an unsaturated soil bed undergoing undrained loading can be expressed as follows:

¢ = optang’ + (U, — uy)otang® — Byo,tang’ (7)
Equation 7 can then be substituted into Equation 2 to estimate the erosion rate of an unsaturated soil
bed subjected to collisional stresses:

€ = K- Nsncs (8a)

2,2
VsPsDeY (8b)

N. =
SNCS ™ 4 tan ¢’ +(ua—tw)o tan P —Baop tan ¢’
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The modified dimensionless number Nsncs will be evaluated using the physical experimental data,

which will be discussed later in this plenary paper.

3 Physical Modelling of Soil Bed Erosion by Collisional Flows

The goal of the erosion experiments was to model a debris flow front, which generally consists of a
permeable assembly of coarse grains (lverson 1997). The viscous stress caused by the interstitial fluid
can be neglected compared to the collisional inter-particle stresses generated by the coarse grains at
the front of a debris flow (McArdell et al. 2007). The Savage number Ns,, which characterizes the
relative importance between interparticle collisional and frictional stresses, is the most relevant

dimensionless number for scaling the modelling flows:

4 Png)"Z
Ng,, = == 9
Sav = ,ghtan ¢’ (9)

The inter-particle collisional stresses dominate the interaction of solid grains when the Savage number
Ns,y is greater than 0.1 (Savage & Hutter 1989). The configuration of the experimental setup was
selected based on the aforementioned scaling considerations to ensure the generated flows are
dominated by collisional stresses.

The flume model (Fig. 1) used in this study is 2 m in length and 0.2 m in width. The channel bed has a
1.3-m long rigid section, followed by a 0.7-m long erodible section. During each test, a gravel assembly
with an initial depth ho of 0.48 m and a width ro of 0.5 m was prepared in the container. The friction
angle for the gravel is 43.5°. The grain size of the gravels used in this study range from 10 mm to 15
mm, with an effective diameter D. of 12 mm. The gate lifts vertically and is controlled pneumatically
to simulate dam-break initiation of the dry gravel material retained behind the gate (Stansby et al.
1998). Upon dam-break initiation, the mass of gravel was allowed to accelerate down the rigid bed
before flowing on top of the erodible one. The erodible bed consists of sandy soil with negligible clay
content to represent the channel bed deposits observed in the field (Chen & Lee 2004). The volumetric
water content of the erodible bed was varied from 0 to 0.3, corresponding to initial matric suctions
from 97.8 kPa to 0.1 kPa. The dry density of the bed material was controlled and only varied by less
than 3% for each test. Table 1 shows a summary of the test program. Details of the experimental setup
are discussed in Song & Choi (2021).

A pore pressure transducer installed at a depth of 0.12 m in the erodible soil bed along the centerline
of the channel and at an inclined distance of 0.4 m downstream from the interface between the non-
erodible and erodible beds. A high-speed camera was installed at the side of the flume to capture the
flow kinematics. The images captured by a high-speed camera installed at the side of flume. Images
from the camera are analyzed with the Particle Image Velocimetry (PIV) technique (Thielicke &
Stamhuis 2014) to deduce the velocity field of the flow. An ultrasonic sensor was mounted above the
channel bed just before the erodible bed to measure the flow depth. The initial matric suction of the
soil bed was measured using a tensiometer. To reveal the erosion depth, 12 erosion columns were
installed along the centerline of the erodible section at distances of 0.04 m, 0.08 m, 0.12 m, 0.16 m,
0.20 m, 0.26 m, 0.32 m, 0.38 m, 0.44 m, 0.50 m, 0.56 m and 0.62 m from the interface between the
non-erodible and erodible beds (Fig. 2). The washers have inner and outer diameters of 3.1 mm and 7

mm, respectively The washer columns were prepared before the soil bed was prepared to the same
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height as the initial height of the columns. Then, the rods were removed without disturbing the soil
and washers. The erosion depth is the difference between the height of the columns before and after

each test.
Ultrasonic sensor
1.0 o
0.4
Figure 2: Erosion columns.
Table 1. Summary of test program (Song & Choi 2021)
Dry Volumetric Initial matric Pore Shear strength
) Void ratio, . )
TestID density, pq water suction, (u.- pressure at failure, Tt
n

(kg/m?3) content, & uw)o (kPa) parameter, B (kPa)
g0 1305 1.01 0.00 - 0.48 0.62
¢ 006 1307 1.00 0.06 97.8 0.51 1.10
¢ 011 1315 0.99 0.11 79.5 0.54 5.60
¢ 013 1329 0.97 0.13 68.0 0.55 7.38
¢ 016 1319 0.99 0.16 26.0 0.58 6.74
¢ _018a 1319 0.99 0.18 14.0 0.59 4.12
¢ _018b 1310 1.00 0.18 10.8 0.59 3.24
g 020 1339 0.96 0.20 5.0 0.60 1.93
g 021 1327 0.97 0.21 1.7 0.61 0.95
g 022 1329 0.97 0.22 1.3 0.63 0.85
g 024 1323 0.98 0.24 0.9 0.64 0.71
g 028 1329 0.97 0.28 0.4 0.68 0.53
¢ 030 1340 0.96 0.30 0.1 0.71 0.37
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Figure 3: Observed flow kinematics captured using the high-speed camera with PIV analysis with a bed
volumetric water content ¢ = 0.22. (a) t = 0.22 s, flow front passes the erodible bed; (b) t = 1.19 s,
deceleration of the flow; (c) t = 2.16 s, deposition of the flow; (d) t = 3.14 s, final deposited profile.

4 Interpretation of Results
4.1  Erosion Kinematics

Typical kinematics captured by the high-speed camera mounted at the side of the 2-m flume and the
corresponding PIV analysis for each snapshot are shown in Fig. 3. The size of the vectors denotes the
magnitude of the velocity. Fig. 3a shows the arrival of the dispersed flow front of gravel flow in the
field of view. The dispersed flow front was collisional and without sustained contact. The gravel
particles at the flow front were observed to collide with the erodible bed and some of the bed material
is observed to be picked up into the flow. This indicates that on top of friction induced stresses,

collisional stresses in the flow front also play a role in erosion. Erosion occurs without persisting
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contacts between gravel particles. This implies that collisional stresses are the dominant grain stress
causing erosion at the flow front. Fig. 3b shows the deceleration of the flow, which is accompanied by
the gradual increase of the flow height. The motion of the gravel particles exhibits a transition from a
gas-like flow to a dense one. The velocity of the gravel particles at the base of the flow gradually
decreases. Fig. 3c shows the deposition process, where the velocity of the gravel at the bottom layer

of the flow decreases to zero and deposits (Fig. 3d).

4.2 Effects of Matric Suction on Soil Bed Erosion

Fig. 4 shows the relationship between the average erosion rate, the shear strength of the soil bed at
failure, and the initial matric suction of the soil bed. The average erosion rate is calculated by dividing
the average erosion depth by the erosion duration estimated from the videos captured by the high-
speed camera. The variation in the average erosion rate with initial matric suction exhibits a parabola-
like relationship. The average erosion rate decreases with increasing matric suction until a minimum
is reached. Afterwards, the average erosion rate increases with the matric suction. However, the
variation in the shear strength with the matric suction exhibits an inverted parabola-like relationship.
This observation agrees with Equation 2 in that the erosion rate should be inversely related to the
shear strength. Ilverson et al. (2011) shows that the average erosion depth increases linearly with the
bed water content from the large-scale flume experiments. However, a linear trend only tells part of
the story. The erosion depth tends to increase with the bed water content when it is higher than a
specific value, as shown by the parabola-like relationship proposed in this study (Fig. 5a). The
measured data exhibits parabola-like relationship between the average erosion depth and the bed
water content. A more comprehensive set of field data reported by McCoy et al. (2012) can be used
to validate the proposed parabola-like relationship between the erosion rate and the bed water
content (Fig. 5b). The field data was obtained from an observation station at Chalk Cliffs, Colorado,
U.S., from September 2009 to June 2011. The field data further corroborates the parabola-like
relationship between the average erosion rate and the bed water content. Thus, to improve the
fundamental understanding and predictions of soil bed erosion, it is necessary to consider hydro-

mechanical coupling.
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Figure 4: Measured erosion rate é and the calculated shear strength of bed material at failure

against the measured initial matric suction of the erodible bed (ua-uw)o. The shear strength at failure

¢ is calculated using Equation 7.
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Figure 6: Erosion rate é against the strength normalized collisional stress Nsycs.

4.3 Evaluation of the Nsncs

The strength normalized collisional stress Nsncs can be calculated using Equation 8b with the necessary
parameters obtained from the experiments. The experimental erosion data exhibits a positive linear
correlation between the average erosion rate and Nsncs (Fig. 6). This trend shows that the erosion of
a soil bed is strongly influenced by the collisional stresses at the base of the flow. In the flume
experiments carried out in this study, the maximum basal friction induced shear stress is estimated to
be 1.4 kPa based on a flow depth of 0.1 m, which is the maximum flow depth obtained from all the
experiments. Even though the shear strengths of the soil beds, with water contents from 0.11 to 0.20,
are larger than the estimated maximum shear stress induced by the flow, erosion still occurs.
Therefore, traditional erosion theories may need to be supplemented by the proposed collision-
induced erosion theory to enhance erosion predictions. Another interesting observation supporting
the notion that collisional stresses play a dominant role during erosion is that the dispersed fronts
observed from the high-speed imagery do not have enduring contacts among grains, so the shear
stress imposed on the soil bed can be assumed to be negligible. Yet, the soil bed is still eroded.

Similar evidence supporting the notion of collision-induced erosion can also be found in the field
measurements reported by Berger et al. (2011) at lligraben, Switzerland. For the debris flow that
occurred on the 1%t of July 2008, the basal normal stress, pore water pressure and basal shear stress
were measured by the force plate and reported to be 35 kPa, 2 kPa and 14 kPa, respectively, when
erosion was detected by the erosion sensor. If the internal friction angle of the bed material is

assumed to be 34°, then the shear strength can be calculated as the product of the normal effective
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stress (i.e., measured normal stress 35 kPa minus the measured pore water pressure 2 kPa) and the
tangent value of the assumed friction angle (i.e., 34°). The shear strength calculated is approximately
22 kPa, which is still larger than the measured basal shear stress. This simple back-of-the-envelope
calculation shows that aside from basal friction-induced shear stress, there undoubtedly should be
other stresses (i.e. collisional stresses) contributing to the erosion of the soil bed. Another observation
that supports the importance of collisional stresses on soil bed erosion is that the basal shear stress
measured by the force plate remains relatively stable during the entire flow process (Berger et al.
2011). However, erosion predominantly occurs during the passage of the flow front, where the most

collisional stresses were reported (McArdell et al. 2007).

5 Discussion and Conclusions

The findings from this study demonstrate the importance of hydro-mechanical coupling for
delineating debris flow hazards. This is evident from the measured parabola-like relationship between
water content and erosion, which is a stark contrast from the notion that erosion increases linearly
with the bed water content as demonstrated by Iverson et al. (2011). There are of course many
guestions that remained unanswered from this conclusion alone. For instance, it appears that
modelling of debris flow erosion is even more complicated of a problem than initially thought. Erosion
not only depends on both the dynamic properties of the flow and the water content of the soil bed in
a highly non-linear manner. Further compounding the challenges of modelling this problem are the
effects of three-dimensional channel geometries and the non-uniform spatial distribution of bed
water content that may occur in the field (i.e., higher water content along the centerline than further
up the banks). A clear and indirect outcome from this study is that there is a pressing need to couple
the hydrological and mechanical effects of soil behavior to advance the current state of debris flow
modelling and hazard assessment. More importantly, soil-atmospheric interaction is very much
relevant to debris flow hazard mitigation. Given the importance of capillary effects, the question that
remained unanswered are how the competing effects between rainfall and humidity, driven by
climate change, govern the strength of soil beds and their susceptibility to erosion? Answering these
questions will help to advance the current state of landslide growth modelling and prediction.

Based on the unique field observation data (Berger et al. 2011) and the findings from this study, the
theory of collision-induced erosion can help to explain the deficiencies of theories relying on purely
basal friction-induced erosion. The theory of collision-induced erosion can explain why most erosion
occurs mainly during the passage of the flow front (Berger et al. 2011; McCoy et al. 2012), which
typically consists of highly-collisional boulders. In contrast, insignificant erosion occurs during the
passage of the flow body and tail (Berger et al. 2011; McCoy et al. 2012), which have low
concentrations of large boulders, and thus, weak collisional stresses. Therefore, highly erosive debris
flows may develop in channels that are enriched with boulders. It is acknowledged that collisional
stresses may not be the sole mechanism that drives erosion, but collisional stresses are important and
often overlooked. Perhaps, models that can capture the spatial variation of collisional stresses would
yield even more realistic erosion volumes and rates compared to the existing models. These

considerations are required to advance debris flow predictions and delineations.
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