New Unsaturated Erosion Model for Landslide: Effects of Flow Particle Size and Debunking the

Importance of Frictional Stress

Author 1

e Clarence Edward Choi, Assistant professor

e Department of Civil Engineering, The University of Hong Kong, Hong Kong SAR, China
e ORCID: https://orcid.org/0000-0002-9712-1524

e Email: cechoi@hku.hk

Author 2

e Pengjia Song, PhD student

e Department of Civil Engineering, The University of Hong Kong, Hong Kong SAR, China
e ORCID: https://orcid.org/0000-0001-9945-5344

e Email: songpj@connect.hku.hk

Corresponding author:

Pengjia Song, PhD student

Department of Civil Engineering, The University of Hong Kong, Hong Kong SAR, China
ORCID: https://orcid.org/0000-0001-9945-5344

Email: songpj@connect.hku.hk



Abstract

Flow-type landslides, such as debris flows and rock avalanches, erode soil bed material as they flow
downslope. The eroded material increases the volume of a landslide, and thus, its destructive potential.
Among existing erosion theories, it remains unclear whether frictional or collisional shear stresses govern
the erosion process. Moreover, existing theories do not consider the flow basal slip condition on the erosion
dynamics at the flow-bed interface, nor do they consider the effects of volumetric response on the shear
strength of unsaturated soil beds. In this study, an erosion model that considers the effects of basal slip
condition and the volumetric response of unsaturated soil beds is proposed and evaluated with a unique set
of experiments. Boundary collisional stresses drive soil bed erosion, while boundary frictional shear
stresses are counteracted by the soil strength mobilized by overburden induced volume contraction. The
flow particle size and Froude number are shown to be adequate indicators of the of the boundary collisional
stresses that govern the erosion rate. Findings from this study hint at the conjecture that existing erosion
models may not be equipped with the necessary physics to provide realistic hazard assessments of flow-
type landslides eroding soil beds.
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1. INTRODUCTION

Flow-type landslides (Hungr et al., 2014) are masses of geomaterial that flow downslope under the
influence of gravity. They erode soil and rock bed material along the flow path (Jerolmack & Daniels,
2019). Erosion increases the size of flow-type landslides, resulting in longer runout distances and greater
destructive potential (e.g., Hungr & Evans, 2004). Evidently, advancing the current understanding of the
mechanisms of erosion by flow-type landslides is crucial for improving vulnerability assessments to

safeguard human life and infrastructure in mountainous regions globally.

The most important aspect of erosion modelling is describing the driving mechanism that causes soil bed
failure. Existing theories mainly propose that soil bed erosion is driven by frictional shear stress 7¢ at the
flow-bed interface (Takahashi, 1978; McDougall & Hungr, 2005; Pirulli & Pastor 2012)):

Tr = optang;’ = prghecosatang;’ (1)

where gy, is the normal stress induced by the flow overburden, ¢’ is the interface friction angle between
the flow and the bed, pr is the bulk flow density, g is the gravitational acceleration, hy is the flow depth
and « is the slope. The frictional shear stress induced by flow overburden is assumed to act uniformly on
a soil bed. In turn, erosion occurs when the frictional shear stress exceeds the soil bed strength. Field
measurements from lllgraben, Switzerland, hinted at the conjecture that soil bed erosion mainly occurred
during the passage of the bouldery and collisional flow front. During the passage of the flow front, the
measured frictional shear stress was smaller than the soil bed strength (Berger et al., 2012). But
interesting, erosion still occurred. This implies that another erosion mechanism besides frictional shear
stress must be driving the erosion process. Based on this important field observation, Song & Choi (2021)
carried out an experimental investigation to demonstrate that collisional stresses g, (Bagnold, 1954) at the

front of flow-type landslides play an important role in soil bed erosion:

Oc = prsyzDz 2

where vy is the solid volume fraction of the flow, ps is the density of the flow particles, y is the shear rate
defined as the velocity gradient normal to the bed, and D is the characteristic flow particle size. Equation
(2) shows that the flow particle size governs the magnitude of the collisional stresses and flow dynamics.
Boundary collisional stress can be viewed as the sum of the point loads acting over a unit area. Collisional
stress serves as an indicator of the magnitude of the point loads imposed by flow particles on a soil beds.
It is worthwhile to note that point loads act over a small contact area such that they can be several orders

of magnitudes larger than the collisional stresses calculated by using Equation (2).

Erosion induced by collisional stresses can be assessed based on the basal slip velocity, which is the flow

velocity at the flow-bed interface (Artoni et al., 2012). The velocity of the particles adjacent to the soil
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bed increases with basal slip velocity, which increases the collisional impact forces imposed on a soil bed.
A small or zero basal slip velocity means that the flow particles at the soil bed will come to rest and
deposit. The deposited material will then shield the bed from further erosion (Sklar & Dietrich, 2001;
Song & Choi, 2021). Despite the importance of the basal slip velocity, existing formulation (i.e., equation
2) does not consider it. Equation (2) only describes the inter-particle collisional stresses within the flow
(Bagnold, 1954) instead of those at the flow-bed interface (i.e., the boundary collisional stresses). Thus,
the expression of boundary collisional stresses by considering the basal slip velocity is necessary for

evaluating the soil bed erosion driven by collisional stresses.

Savage and Hutter (1989) introduced the Savage number Ng,,, which is defined as the ratio of the

collisional to frictional shear stresses:

202
vipsy™D

Nsay = (3)

pgghscosatang,’

Collisional stresses dominate the flow dynamics as well as soil bed erosion when the Savage number is
larger than 0.1. Otherwise, frictional shear stress dominates. In the field, the flow particle size can span
six orders of magnitude from 10 to 102 m (lverson, 1997). In turn, the boundary stresses that drive
erosion are strongly influenced by the particle size. Notwithstanding, in the experiments of Song & Choi
(2021), only a single particle size that enabled collision dominated flows was modelled. Consequently,

the competing effects between frictional and collisional stresses on soil bed erosion could not be revealed.

Another area of deficiency in existing theories of erosion by flow-type landslides is neglecting the effects
of the volumetric response of the soil bed on its strength. Existing theories (Takahashi, 1978; McDougall
& Hungr, 2005) assume that the soil beds are fully saturated when erosion occurs, and the soil volume
remains constant when subjected to the rapid undrained landslide loading. The landslide loading results in
the increase of pore water pressure, which in turn decreases the effective stress and the strength of the soil
bed. However, soil beds are rarely fully saturated in nature (McCoy et al., 2012). When subjected to the
rapid undrained landslide loading, the volume of unsaturated soil contracts due to the large
compressibility of pore air. In turn, compression enhances the effective stress, and thus the soil strength.
It is expected that the soil strength mobilized by the overburden of a flow will weaken the role played by

frictional shear stress on soil bed erosion. However, the aforementioned effect has yet to be evaluated.

In this study, the competing effects between boundary collisional stresses and the frictional shear stress in
soil bed erosion is examined by conducting a unique series of experiments by varying the particle size of
experimental flows travelling over unsaturated soil beds. A new erosion model, which considers the

boundary collisional stresses, is proposed and evaluated using the said experimental data.
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2. ANEW THEORETICAL MODEL OF BED EROSION BY BOUNDARY COLLISIONAL
STRESSES

In this section, the boundary collisional stresses, which consider the basal slip velocity, and the
unsaturated soil bed strength, which considers the effects of soil volume contraction under landslide
loading, are discussed. These additional considerations are advancements over the erosion model
proposed by Song and Choi (2021). Then, the driving and resisting mechanisms are used to quantify the

erosion potential of flow-type landslides.
2.1 Boundary collisional stresses at the flow-bed interface

Collisional stresses are defined as the sum of the instantaneous contact forces applied over a unit area
(Bagnold, 1954). Therefore, the boundary collisional stresses can be calculated as the product of the
impact force generated by a single flow particle I", number of particles in a unit area n, and the frequency

y of each particle colliding with the soil bed.

To deduce the scaling relationship between a particle and the impact force that it exerts on the soil bed,
we assume that particles impact the soil bed at the same velocity as the basal slip velocity ug;. Yohannes
et al. (2012) carried out theoretical analysis and numerical modelling based on the Hertzian contact
mechanics to investigate the impact force by a single particle on a rigid plane. It was proposed that the
impact force I' scales proportionally to the mass of the particle and exhibits a power-law dependence on

the impact velocity ug;:
D3 k
I o = psug) (4)

where k is a constant. The number of particles in a unit area can be calculated as the ratio of the solid
volume fraction of the flow v¢ to the square of the particle size D (Bangnold, 1954):

V.
n=_; (5)
The basal shear rate y describes the collision frequency between flow particle and the bed, and is
correlated to the boundary collisional stresses that are induced on the bed. Therefore, it is assumed that
the dependence of basal boundary collisional stresses on the shear rate y conforms to a power-law
relationship with a power-law coefficient of k (Farin et al., 2019). The basal boundary collisional stresses

Opc Can be calculated as follows:

Opc = foPSD(yusl)k (6)
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where £ is a constant with a dimension of (m/s2)17¥ to ensure the right side of the equation has the

same dimension with stress.

Furthermore, two assumptions are required to link the shear rate y and basal slip velocity ug to the bulk
flow properties (i.e., mean flow velocity & and flow height h¢). First, the velocity profile is assumed to be
linear with a basal slip velocity ug;. The shear rate y can then be calculated as follows:

Usy—Us] __ 2U—2Ug)

y =t = 2 ™

where ug, is the velocity at the flow surface. Secondly, ug; and y conform to the following relationship:

Us]

=S — 8

g P ®)

where S is a constant determined based on the flow basal resistance. Equation (8) was proposed by Artoni
et al. (2012) based on regression analysis of discrete element simulation results, which modelled slight

poly-dispersed granular flows down an inclined channel with different basal resistances. Combining

equations (7) and (8) yields:

. 2U
Y = zpone (%)
-
U = o (90)
Substituting equation (9) into equation (6) yields:
2k
_ ek [_48 1K .
O-bC - Eg [(1_'_23)2] prSD (\/g—hf) (10)
k 4B k . . . . .
Theterm &g [(1+zﬁ)2] has the same dimensions as acceleration and can be substituted with yg, where

X is a dimensionless coefficient related to the basal resistance. Equation (10) can then be rewritten as:

Ope = XgVeps DFr2¥ (11a)
u
Fr = E (11b)

where Fr is the Froude number. It is evident from equation (11) that the boundary collisional stresses are

governed by the Froude number and the flow particle size.



148 2.2 Unsaturated Soil bed strength and debunking the importance of frictional shear stress in soil bed
149  erosion

150

151  The volumetric response of soil subjected to undrained loading significantly influences the soil strength
152 by regulating the loading taken by the solid skeleton (i.e., the effective stress) (Fredlund et al., 1978).
153 Flow-type landslides travel at high speeds and induce rapid loading on the soil bed (Hungr et al., 2014),
154  and the soil bed is subjected to undrained shearing (Iverson, 2012) where load from the overriding

155  landslide is simultaneously sustained by the pore fluid and the soil skeleton due to the large

156  compressibility of the pore air. The increase of effective stress A(g;, — p,) can be described as follows:
157

158  A(o, —ps) = (1 —B)o, = (1 — B)ppghscosa (12)

159

160  where B is the pore fluid pressure parameter, which describes the proportion of the flow overburden
161  sustained by the pore fluids (Skempton, 1954). In fact, there are pore air pressure B, and pore water
162 pressure B, to represent the proportion of loading sustained by the pore air and pore water. Hilf’s

163 analysis (Hilf, 1948) has demonstrated that satisfying results can be obtained by assuming B, = B, =
164 B.

165

166  The strength of unsaturated soil subjected to rapid shearing by flow-type landslides can be expressed as
167  follows:

168

169 14 =ogytang’ + (1 — B)optand’ + (py — pw)Stang’ (13)
170

171  where p, is the pore air pressure, p,, is the pore water pressure, (p, — py,) is the matric suction, ¢’ is
172  the effective friction angle of the soil, gy, is the initial effective stress of the soil bed before erosion, S, is
173  the degree of saturation of a soil bed and m is a constant. The items on the right side of equation (13)
174 represent the unsaturated soil strength contributed by the initial effective stress, flow overburden and the
175 matric suction, respectively. Based on equation (13), the Factor of Safety (FoS) of an unsaturated soil bed

176  subjected to the frictional shear stress only can be defined as:

177

178 FoS = O'otan¢’+(1—3)0'r;zizf;;i'fpa—Pw)Sp’tan(l)l o
_ optangr | (1—-B)optand’ | (pa—pw)SPtang’

179 FoS = optangir optang;r ontang;r (14b)

180

181  where S; is the normalized degree of saturation, m is a constant. The second item on the right side of
182  equation (14b) (Noted as FoS,,s) represents the FoS determined by the soil strength mobilized by the
183  flow overburden due to the volume contraction of the soil bed. A minimum value of FoS,s can be

184  calculated with parameters shown in Table 1, and the calculated FoS,,s are larger than unity.
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Therefore, the frictional shear stress induced by flow-type landslides is normally totally counteracted by
the unsaturated soil strength mobilized by the flow overburden and is theoretically insufficient to erode an

unsaturated soil bed.

Table 1. Parameters adopted for the evaluation of the lower bound of FoSy,

Parameters value Reference
. McArdell et al. (2007); Berger
Interface friction angle, ¢; (°) 9.7
etal. (2011)
Friction angle of the channel
15 GEO report No.325 (2017)
sediment, ¢’ (°)
Maximum saturation of channel i Coe et al. (2008); McCoy et al.
sediment, S.(%) (2012)
Pore pressure parameter with the
0.3 Fredlund et al., 1993

maximum saturation, B

2.3 Modified expression of the erosion potential of flow-type landslides

It is acknowledged that flow-type landslides impose both boundary collisional stresses and the frictional
shear stress on the soil bed, but it is shown that frictional shear stress alone is insufficient to erode an
unsaturated soil bed. Furthermore, soil beds are rarely fully saturated when landslides occur in nature.
Therefore, the erosion potential of flow-type landslides can be defined solely by boundary collisional
stresses. Following Song & Choi (2021), Ngncs can be modified to N¢ to characterize the erosion

potential of flow-type landslides on a soil bed:

N = Tbe _ XxgvepsDFr?k
¢ Ts [0§+(1-B)on|tangr+(pa—pw)tangP

(15)

The erosion potential of the flow-type landslides is proportional to the erosion rate of the soil bed.

3. PHYSICAL MODELLING OF SOIL BED EROSION

3.1 Configuration of the flume

To evaluate the proposed erosion model (equation (15)), a flume with a length of 3 meters and a width of
0.2 meter was used (Fig. 1(a)) to conduct experiments to simulate the erosion of a soil bed. The flume
consists of a storage container with a pneumatic gate to store and release the source material, a rigid
section to accelerate the flow and an erodible section to simulate the soil bed. The rigid section has a

length of 1.45 m, and the erodible section has a length of 0.85 m and a depth of 72 mm.

3.2 Instruments



216

217  Aforce plate with a length, width, and thickness of 200 m, 50 mm, and 9 mm, respectively, is installed
218 (Fig. 1(b)) at an inclined distance of 0.15 m upstream from the interface between the rigid and erodible
219  sections. The force plate sits flush with the surface of the rigid channel bed. A load cell is installed

220 underneath the force plate to measure the basal stresses induced by the model flows. In addition, an
221 ultrasonic sensor, with a sampling rate of 2000 Hz, is mounted above the centre of the force plate to
222  measure the flow depth. A high-speed camera, which has a sampling rate of 500 frames per second, is
223 mounted at the side of the erodible section of the transparent acrylic side wall of the flume to capture the
224 flow kinematics.

225
(a)
Pneumatic gate —
Storage o )
container Rigid section Erodible section
I(— 700
Loadcell
Interface between the rigid and erodible
sections (R-E interface)

(b) Rigid section Erodible section

|

I

L P - \_“:w, ;;._..”l - . _L—
: S : Erosion
i f column Removable rod
1 column .
1 Washer string
R-E interface
LRI —- - )B
(d) Before erosion After erosion
Initial soil bed surface
Deposited material
Soil
i Erosion column
226 Erosion column

227 Figure 1. Experimental setup: (a) side view of the flume; (b) top view of the force-bearing plate and

228 loadcell; (c) erosion columns at the base of the erodible bed without soil used in Song & Choi (2021)
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(courtesy of the Journal of Geophysical Research: Earth Surface) and (d) Schematic illustration of the

working principal of the erosion column. All dimensions are in millimetre.

A total of 14 erosion columns (Fig. 1(c)) were installed along the centreline of the erodible section to
measure the erosion depth, which is often masked by the deposited material. The erosion columns are
strings of washers, which are prepared to the same elevation as the soil bed before each experiment. The
threaded rods are removed before the gravel flows are released down the channel. When the gravel flows
over the erodible section, the washers are entrained with the eroded soil bed. The erosion depth is
deduced based on the difference between the height of the erosion columns before and after each

experiment (Fig. 1(d)).

Table 2. Test program and the properties of flow and bed material

Grain size  Representative  Flow solid volume Volumetric bed water ~ Bulk density of the

T range, mm grain size, D: mm fraction, vg content, 8: % erodible bed, peq: kg/m?
F11D130B5 10-12 11 0.54 5 1464
FO0D130B5 8-10 9 0.51 6 1438
F7D130B5 5-8 7 0.53 6 1464
F4D130B5 24-5 4 0.51 5 1472
F1.5D130B5 0.6-24 1.5 0.52 6 1430
F0.2D130B5 0.1-0.3 0.2 0.53 6 1472
FI1D110BS 10-12 11 0.54 6 1413
F11D90B5 10-12 11 0.54 6 1481
F11D70B5 10-12 11 0.54 6 1430
F11D50B5 10-12 11 0.54 6 1455
F11D30B5 10-12 11 0.54 6 1455
FAD130B28 24-5 4 0.51 28 1667
F4D130B25 24-5 4+ 0.51 25 1650
FAD130B20 24-5 4 0.51 20 1565
F4D130B17 24-5 4+ 0.51 17 1599
F4D130B13 24-5 4 0.51 14 1523
F4D130B10 24-5 4 0.51 10 1523

3.3 Scaling consideration, test program and test procedures

Equation (15) reveals that the boundary collisional stresses as well as the erosion potential of the flow
scales to the flow particle size and the flow Froude number. The prototype particle size typically ranges
from 10 to 10* m (lverson, 1997) and the Froude number of typical flow-type landslides ranges from 0.4
to 7.6 (McArdell et al., 2007; McCoy et al., 2012; Kwan et al., 2015; Zhou et al., 2019). In this study, we
model mono-disperse dry gravel flows composed of angular particles with different sizes from 10 to 102
m. The flows modelled in the experiments have a narrow range of grain size to minimize the effects of
grain-size segregation (Zhou et al., 2020). More importantly, dry granular flows are modelled to avoid
scaling issues that arise from the interstitial fluid (Iverson, 2015). In this study, it is idealized that the
erosion of soil bed mostly occurs during the passing of the highly-porous partially-saturated boulder-

enriched flow front (Berger et al., 2011), where the effects of the interstitial fluid are diminished. The
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flow Froude number was varied by changing the length of the rigid section from 0.3 to 1.3 m. The

strength of the soil bed is varied by changing its water content.

Before each experiment, the pneumatic gate is closed, and 70 kg of gravel is placed in the storage
container to use up the storage capacity and maximize the erosion potential. Then, the erosion columns
are installed. Afterwards, standard testing Toyoura sand is mixed uniformly with water to achieve the
appropriate water content and then placed in the erodible section with a target dry density of 1400 kg/m?®
to ensure a representative dry density as that in the field (McCoy et al., 2012). In each experiment, the
flume is inclined to 34 degrees. The pneumatic gate is then opened to a height of 0.12 m to allow the
gravel to discharge downslope and generate quasi-steady flows. A summary of the test program and the

properties of the materials are given in Table 2.

4. RESULTS AND DISCUSSION

The flow velocity and erosion duration during each test can be deduced by the images captured by the
high-speed camera. Flow depth is captured by the ultrasonic sensor and the erosion depth can be deduced
with the erosion columns. A summary of the test results is shown in Tables 3 and 4. Typical flow
kinematics captured by the high-speed camera on the erodible bed are shown for test F11D130B5 in the
supporting information. It is evident from the Figure 2 that the flow particles adjacent to the soil bed
decelerate when they override the soil bed. The particles deposit when their velocities reach zero and

consequently shield the soil bed from erosion.

4.1 Boundary collisional stresses generated by flows with different particle sizes and Froude number

Figure 3 shows a typical time-history of the load measurements from the loadcell in test F11D130B5. The
grey curve shows the denoised measurement of the basal force generated by the overriding flow by using
the wavelet transform method (Lang et al., 1996). The black curve shows the moving average of the basal
force with a bin size of 100 samples. The moving average of the basal force represents load contribution
from the flow overburden (McCoy et al., 2013). The measured basal force fluctuates widely from its
moving-average value after the arrival of the flow front (¢t = 0). Figure3 indicates that basal forces tend
to be underestimated in existing theories because only the load contributed from the flow overburden (i.e.,
the black curve) is considered. Nevertheless, the basal force can be up to four times (in this study) or five
times (field measurement obtained by McCoy et al., 2013) larger than the overburden due to the

collisions of flow particles with the bed.

The fluctuating component of the basal force can be analysed statistically to quantify the contribution of
the basal collisional stresses (Hsu et al. 2014). The probability distribution of the normalized basal force,
which is obtained by dividing the denoised basal force by its moving-average, in Figure 3 is calculated

when a nearly steady mean basal force is measured (i.e., bracketed by the two vertical dash lines). When
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the normalized basal force is unity, it means that the flow basal force is equivalent to the flow overburden
pressure and the basal collisional stresses are negligible. By contrast, when the normalized basal force is

larger than unity, it means that the boundary collisional stresses contribute to the flow basal force.

| soilbed
material

Figure 2. Flow kinematics captured by the high-speed camera since the flow reached the R-E interface (t
= 0)
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Denoised measured :
basal force |
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Figure 3. Time-history of a typical denoised basal forces and the moving-averaged basal forces measured
by the loadcell in the test F11D130B5 (D = 11 mm, Fr = 6.7, 6 = 5%)

The probability distribution of the normalized basal force induced by flows with different particle sizes

and Froude numbers are compared in Figure 4a and Figure 4b, respectively. The probability of basal

10
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normal forces decays with an increasing normalized basal force. Similar distribution of the normalized
basal force was also observed by McCoy et al. (2013) in their field measurements. It is evident that the
basal forces fluctuate more significantly from their moving average as the particle size and the flow
Froude number increase. In Figure 4(a), the weighted average value of the normalized basal forces with a
positive fluctuation are calculated to be 1.03, 1.19 and 1.55 for experiments carried with flow particles of
1.5, 7 and 11 mm, respectively. In Figure 4(b), the weighted average of the normalized basal forces with a
positive fluctuation are calculated to be 1.30, 1.46, and 1.55 for experiments with Froude numbers of 3.6,
4.8, and 5.4, respectively. The increasing trend of the normalized basal forces with the flow particle size
and Froude number exhibits a strong dependency on the boundary collisional stresses. This increasing
trend agrees with equation (11) and implies that the flow particle size and the Froude number are the two
governing parameters that determine the boundary collisional stresses and the erosion potential of flow-

type landslides.

100
o D=11mm (F11D130B5)
- o D=7mm (F7D130B5)
i w D=1.5mm (F1.5D130B5)
=
E
81
[<]
o
0.1
0.01 d
1 2 3 4
Normalized basal force
(a)
10 ¢

© Fr=6.7 (F11D130B5)
. ) Fr=4.8 (F11D90B5)
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(b)

Figure 4. Probability distribution of the measured basal forces with a positive fluctuation generated by
flows with different particle sizes (a) and Froude number (b) in the test F11D130B5 (D = 11 mm, Fr =
6.7, 0 = 5%)

11



326  Table 3. Summary of experiment results

Test ID Repres§ntative flow Reprc.asentative flow Froude Soil strength, Eros:ion Erosion depth, Erosion rate,
velocity, v (m/s) height, # (mm) number, Fr cu (Pa) potential, N, e (mm) é (mm/s)
F11D130B5 29 19.3 6.7 985 0.36 15.1 6.7
FODI130B5 3.0 18.3 7.0 950 0.29 11.4 4.1
F7D130B5 3.0 18.9 6.9 905 0.24 9.9 3.6
FAD130BS5 2.8 18.3 6.6 1001 0.11 5.6 2.5
F1.5D130B5 2.7 18.8 6.2 954 0.05 1.3 0.4
F0.2D130B5 2.5 21.3 5.4 967 0.01 0.1 0.02
F11D110B5 2.7 22.6 57 981 0.35 12.6 6.3
F11D90B5 24 25.8 4.8 947 0.34 11.3 35
F11D70BS5 23 26.1 4.6 961 0.33 10.7 5.6
F11D50B5 2:2 29.7 4.0 1010 0.30 8.2 4.8
F11D30B5 2.0 323 3.6 1004 0.29 7.4 4.7
F4D130B28 2.9 21.3 6.3 1726 0.06 3.6 0.8
FAD130B25 29 20.7 6.5 1576 0.07 2.6 0.5
F4D130B20 3.0 21.8 6.6 1321 0.08 2.6 0.5
F4D130B17 29 19.6 6.5 1239 0.09 33 0.8
F4D130B13 3.0 20.4 6.7 1071 0.10 4.5 0.9
FAD130B10 3.0 20.8 6.7 992 0.11 4.9 1.5

327
328 Note: 2In the test ID, F represents the flow particle size, D represents the distance between the gate and the erodible bed, and B represents the volumetric bed water content

329 bBasic properties of Toyoura sand reported by Unno et al. (2008) and Ishihara (1993) are used to estimate the soil strength

330  °The average flow front velocity on the erodible bed is chosen as the representative flow velocity. The representative Froude number is calculated with the representative
331  velocity according to Equation (11b)

332



333  Table 4. Erosion depth measured by the erosion columns

Erosion depth, e: mm

Test ID [=30 [=85 [=140 [=195 [=250 /=305 [=360 [=415 [=470 [=525 [=580 /=635 [=690 [=745
mm mm mm mm mm mm mm mm mm mm mm mm mm mm
F11D130B5 11.6 31.9 43.1 429 37.7 9.95 1.25 2.2 2.2 2.95 4.9 6.35 7.6 8.6
F9D130B5 3.9 232 40.1 42.7 16.8 4.9 2i5 1.5 1.5 1.0 4.0 5.4 6.3 5.4
F7D130B5 3.0 16.2 393 314 8.6 0.5 0.5 2.0 0.7 2.0 52 5.9 53 4.4
F4D130BS5 4.9 26.1 13.0 1.0 0.7 0.0 0.5 4.4 10.5 6.8 52 2.2 2.2 1.0

F1.5D130B5 10.3 0.5 0.0 0.0 0.0 2.5 3.5 0.5 0.5 0.0 0.0 0.0 0.0 0.0
F0.2D130B5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.5 0.0
F11D110B5 14.8 33.5 427 355 10.2 22 5.1 32 2.9 3.0 3.4 59 7.1 7.3

F11D90B5 16.6 30.0 38.3 21.1 5.6 29 4.9 3.9 4.9 5.6 5.1 53 7.4 6.8
F11D70BS5 17.4 32.2 37.2 233 6.6 1.0 3.2 2:9 1.5 6.7 5.4 34 34 6.3
F11D50B5 19.7 274 16.6 6.1 2.0 4.5 5.9 4.2 4.0 4.4 4.5 3.3 6.3 6.4
F11D30B5 21.5 323 11.8 2.9 2.4 2.2 24 3.9 39 39 4.4 2:5 4.9 4.4

F4D130B28 11.3 12.6 0.0 0.0 0.0 1.0 6.1 34 3:9 3.9 2.0 34 1.2 1.5
F4AD130B25 6.4 19.2 0.0 0.0 0.0 0.0 0.0 0.7 1.5 0.0 5.4 24 0.0 0.0
F4D130B20 5.4 18.9 0.0 0.0 0.0 0.0 0.0 0.0 3.4 3.5 2:9 1.5 0.5 0.0
F4D130B17 3.9 21.5 1.5 0.0 0.0 0.0 0.0 1.5 4.7 2:5 2.9 5.6 1.9 0.0
F4D130B13 4.0 24.1 3.9 0.0 0.0 0.5 0.0 0.5 4.9 7.4 7.4 3.5 4.4 1.9
F4D130B10 3.5 22.7 19.9 0.5 0.0 0.5 0.0 0.0 0.0 5.9 19 7.3 0.5 0.0
F11D130B5 8.8 30.5 40.9 40.3 383 11.7 2.0 34 4.4 3.0 6.4 7.8 8.4 9.3

334
335



336  Table 5. Experiment results of bedrock erosion obtained by Hsu et al. (2008)

Test ID F l.ow particle Drum Velocity, Flovy surface Flow depth, Froude Tensile strength, Erqsion Erosi(zn rate,
size, D: mm Ug: m/s Velocity, ug: m/s  hezmm  number, Fr 7. kPa potential, Ncg ~ é: 10~ mm/s
1 10 0.78 0.4 60 1.54 814 0.55 1.57
2 10 0.78 0.4 85 1.29 814 0.50 1.21
3 10 0.31 0.4 55 0.97 814 0.42 0.42
4 10 0.28 0.4 90 0.72 814 0.36 0.31
5 4 0.79 0.4 50 1.70 814 0.23 0.76
6 4 0.54 0.4 50 1.34 814 0.20 0.33
7 6 0.53 0.4 60 1.21 592 0.55 0.57
8 4 0.53 0.4 60 1.21 592 0.36 0.32
9 10 0.53 0.4 65 1.16 592 0.89 1.61
10 1 0.52 0.4 40 1.47 592 0.10 0.00
11 4 0.77 0.5 50 1.81 592 0.46 0.25
12 1 0.52 0.4 40 1.47 407 0.21 0.28
13 1 0.7 0.4 40 1.76 407 0.24 0.32
14 10 0.52 0.4 65 1.15 407 1.87 7.20
15 4 0.52 0.5 50 1.46 407 0.85 1.99
16 6 0.52 0.4 60 1.20 407 115 4.78
17 4 0.77 0.5 50 1.81 653 0.37 0.61
337
338
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4.2 Effects of flow particle size and Froude number on soil bed erosion

Figure 5 shows the effects of the flow particle size on the soil bed erosion rate. The erosion rate increases
linearly with the flow particle size. Figure 4(a) shows that the boundary collisional stresses increase with
flow particle size. Consequently, the erosion potential and the erosion rate also increase. For the
experiment conducted with a flow particle size of 0.2 mm, minor basal force fluctuation is observed and
the measured basal force is approximately equal to the overburden of the flow because the boundary
collisional stresses are negligible compared to the frictional shear stress. A measured erosion rate of 0.02
mm/s with a particle size of 0.2 mm agrees with the previous demonstration whereby the frictional shear
stress is insufficient to erode an unsaturated soil bed. This is because the soil strength mobilized by the
overburden and the soil strength provided by matric suction counteract the induced frictional shear stress.
Thus, the erosion potential of flow-type landslides on a soil bed can be predicted solely with the boundary

collisional stresses.
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Figure 5. Effects of flow particle size on the erosion rate of unsaturated soil bed

In this study, the Froude number of the experimental flows is varied over a broad range from 3.6 to 7.0 to
verify the increasing trend of erosion with the Froude number. Equation (15) dictates that the erosion rate
of flow-type landslides follows a power-law relationship with the Froude number. However, theoretical
analysis can only provide the range of the power-law coefficient. The lower bound of the power-law
coefficient is 0. A power-law coefficient of 2 is the upper bound whereby the particle collisions are
perfectly elastic. However, the experiment results in Table 3 show that the erosion rate increases with the

Froude number, which agrees with Equation (15).

Figure 6(a) shows the correlation between the proposed erosion potential N, and the soil bed erosion rate
e with a power-law coefficient of 0.2, which yields the best linear fit with the experimental data. A
power-law coefficient of 0.2 is between the upper and lower bounds and implies that the collisions
between the flow particles and the soil bed are inelastic. It is worthwhile to note that the trend line
intersects the x-coordinate (i.e., erosion potential) at N = 0.045. The intersection 0.045 is the minimum

erosion potential required for the boundary collisional stresses to erode the soil bed material in this study.
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Figure 6(b) shows the correlation between the erosion rate and the strength normalized collisional stresses
Ngncs (Song & Choi, 2021). A general observation is that the correlation coefficient between the erosion
rate and Ngycs is lower than that between the erosion rate and N¢. Ngncs is defined based on the inter-
particle collisional stresses within the flow, while N is defined based on the boundary collisional stresses
by considering the basal slip velocity. Therefore, N yields a more accurate representation of the erosion

potential of flow-type landslides compared to Ngn(s-
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Figure 6. Correlation between the erosion rate and (a) the Nc and (b) the Nsncs defined by Song & Choi
(2021)

4.3 Effects of boundary collisional stresses on the erosion of rock bed

Research in the literature shows that the dominant mechanism of rock bed erosion is also collisional
stresses (Stock & Dietrich, 2006; Hsu et al., 2008), and the failure of rock is governed by T2 /Eg, where
T is the tensile strength and Ef is the Young’s modulus (Jaeger et al., 2009). However, existing theories

neglect the effects of basal slip condition when representing the driving mechanism of rock erosion.



388
389
390

391

392
393
394
395
396
397
398
399
400
401
402

403
404

405
406
407
408
409
410
411
412
413
414

Based on the above derivation of boundary collisional stresses, the erosion potential of flow-type

landslides on a rock bed Ncg can be expressed as:

Obc _ xgvepsDFr2k
Ncr

T T2/Eg  T2/Eg

(16)

The rock erosion rate should be dependent on the N¢g. Equation (16) can be evaluated by using the
experiment data obtained by Hsu et al. (2008), where the erosion of rock by granular flow in a 0.56-m
rotating drum was simulated. A summary of the test results is shown in Table 5. Figure 7 shows the
correlation between the erosion rate and N¢g. The data points collapse on a linear trend line with a high
correlation coefficient of 0.91 if a power-law coefficient of 0.56 is adopted. The linear correlation
between the erosion rate of a rock bed and the erosion potential defined by equation (16) shows that the
boundary collisional stresses (equation (11)) are properly formulated. This implies that it may be possible
to unify the theories of bedrock erosion and soil bed erosion. This finding can facilitate an improved

understanding of the evolution of the geomorphology in mountainous settings by flow-type landslides.
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Figure 7. Correlation between the erosion rate of rock bed and the Ncr

4.4 Implications on the modelling of flow-type landslides

This study shows that existing erosion models do not explicitly capture the role of basal slip velocity on
the boundary collisional stresses and the effects of the volumetric response on the unsaturated soil bed
strength. The conventional models are a gross simplification of the actual phenomenon, and such
idealizations will limit advancement towards the replication of field observation. The newly-proposed
model (equation (15)) shows that both the boundary collisional stresses and the erosion of soil bed
increase with the flow particle size and Froude number. Therefore, future research work that improves the

estimation of the characteristic flow particle size and Froude number is critical for vulnerability
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assessments of flow-type landslides. There is a pressing need to advance non-invasive methods (i.e.,
Kanellakis & Nikolakopoulos, 2017) for realistic estimation of the potential particle size distribution of
the debris material. Furthermore, to model the correct volumetric response and the mobilized strength due
to the volumetric contraction under landslide loading, it is evident that prior knowledge of the antecedent

bed water conditions is required.

This research aimed to mimic soil bed erosion at the front of flow-type landslides, where solid stresses
(i.e., frictional and collisional) dominate the erosion process. Recent field observations (De Haas et al.,
2022, McCaoy et al., 2012) show that the fluidized body and tail of the flow, where the fluid stress
dominate the flow dynamics, also contribute to soil bed erosion. The fluid shear stress is not determined
by flow overburden but by flow velocity (Zagarola & Smits, 1998). Furthermore, the mobilized soil
strength caused by overburden may not entirely counteract the fluid shear stresses imposed by the flow
body or tail. Moreover, the infiltration of fluid into an unsaturated soil bed will destroy the matric suction
and reduce the soil bed strength. Evidently, fluid stresses may also play a significant role in soil bed

erosion.

5. CONCLUSIONS

The mechanics of soil bed erosion is investigated and a new model of the erosion potential of flow-type
landslides is proposed. A total of 17 physical experiments were carried to evaluate the newly proposed

model. Conclusions may be drawn as follows:

e \When subjected to landslide loading, the volume contraction of unsaturated soil due to the
compressibility of the air phase mobilizes shear strength, which counteracts the induced frictional
shear stress by the flow overburden. Consequently, frictional shear stress alone is insufficient to
erode unsaturated soil beds. The finding highlights the importance of considering unsaturated soil
mechanisms in assessments of soil bed erosion caused by flow-type landslides. It is evident that the
assumption of saturated soil bed in existing theories is unrealistic. Furthermore, the finding implies
that the assumption of friction-driven soil bed erosion, which existing models are based on, does not

constitute the dominant driving mechanism correctly and requires further evaluation.

e Boundary collisional stresses govern the erosion of unsaturated soil beds, and the erosion potential of
the flow-type landslides can be quantified with the ratio of boundary collisional stresses to the
unsaturated soil strength. Both the boundary collisional stresses and the erosion rate of the soil bed
increase linearly with the flow particle size and demonstrates a power-law relationship with the
Froude number. This finding reveals the importance of the effects of flow particle size and the
Froude number on the assessment of soil bed erosion. Further, this study highlights the need for non-
invasive method (e.g., remote sensing and computer vision) to estimate the particle size of the debris

materials on the slopes for the assessment of erosion potential of the potential flow-type landslides.
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e Boundary collisional stresses dominate the erosion of both rock and soil beds, and the theories of
rock erosion and soil bed erosion can be unified with the dimensionless number defined as the ratio
of boundary collisional stresses to the strength of the bed material. The unified theory can facilitate
the modelling of the evolution of the geomorphology of the mountains and the evolution of flow-type

landslides in the field, where there is hybrid of rock bed and soil bed.
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